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a b s t r a c t

The adsorption of methylene blue and indigo carmine, respectively a basic and an acid dye, was studied
on raw Brazil nut shells. The dye removal from solution by BNS was governed by: (i) polarization effects
between the colored ions and the surface sites, leading to physisorbed species due to weak electrostatic
forces and (ii) diffusion limitations affecting the kinetic parameters. Thermodynamic studies showed that
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the adsorption of methylene blue and of indigo carmine was spontaneous and exothermic occurring with
entropy decrease. H0 values confirmed the physical nature of the adsorption processes. The adsorption
followed the Langmuir model and pseudo-second order kinetics over the entire range of tested concen-
trations but the process was controlled by intraparticle diffusion. The maximal uptakes were 7.81 mg g−1,
for methylene blue, and 1.09 mg g−1 for indigo carmine, at room temperature. These results indicate that
Brazil nut shells may be useful as adsorbent either for basic or acid dyes.

© 2009 Elsevier B.V. All rights reserved.
. Introduction

Dye residues are aesthetically unpleasant and interfere with
he transmission of light necessary to photosynthesis, causing dis-
urbance in the ecological systems of the receiving waters. The
yestuffs are very difficult to decompose and the conventional
ethods such as coagulation, photodegradation, ozonation and

dsorption, although widely used, are not efficient for all efflu-
nts or dyes [1–5]. These methods are expensive (activated carbon
dsorption), produce concentrated sludges (Fenton’s reagent treat-
ent) or are inadequate to treat large volumes of effluent without

he risk of clogging (membrane filtration) [5].
The adsorption processes give the best results as they can be

sed to remove different types of coloring materials, providing an
ttractive treatment, especially if “low-cost” adsorbents are avail-
ble. According to Bailey et al. [6], a low-cost adsorbent requires

ittle processing, is abundant in nature or is a byproduct or waste

aterial from another industry. Several non-conventional sorbents
ave been investigated including banana pith [7,8], coir pith [9,10],
agasse pith [11], corn cob [12], sawdust [13], apple pomace [14],

∗ Corresponding author. Tel.: +55 752248086; fax: +55 752248086.
E-mail address: smobrito@uefs.br (S.M. de Oliveira Brito).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.09.020
date pits [15], peat [16,17], fruit peel [18,19], rice husk ash [20],
spent tea leaves [21], etc. Nigam et al. [22] reported that the degra-
dation of dyes occurred in a few weeks by solid state fermentation
of dye adsorbed residues in the presence of fungi and that the pro-
tein content was increased in the presence of fungal biomass [5].
In this way, provided an appreciable extension of fungal colonies,
the fermented substrate could be useful as soil fertilizer, avoiding
extra costs of regeneration or disposal of dye saturated biomass
biosorbent.

Brazil nut (Berthollitia excelsa H.B.K.) is found throughout the
Amazon rain forest and the annual production in 2007 was
30 000 tons [23] and this production generates a huge amount of
shells as waste material. In this work, Brazil nut shells (BNS) were
investigated as biosorbent to remove methylene blue (MB) and
indigo carmine (IC) from aqueous solutions. MB is used in different
fields, such as medicine and chemistry [24,25], and has been used
as model molecule in a great number of adsorption and photocatal-
ysis studies for environmental purposes. IC is one of the synthetic
indigo dyes and is used as a colorant for food, pharmaceuticals and

cosmetics [26,27]. MB and IC are, respectively, basic and acid dye
molecules and therefore release negative and positive charged col-
ored moieties in aqueous solution, allowing the assessment of any
preferential surface interaction. The chemical structures of these
dyes are shown in Fig. 1(a) and (b).

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:smobrito@uefs.br
dx.doi.org/10.1016/j.jhazmat.2009.09.020
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Nomenclature

BNS Brazil nut shells
MB methylene blue
IC indigo carmine
SEM scanning electron microscopy
PZC point of zero charge
pHPZC pH of the point of zero charge
�H0 standard enthalpy of adsorption
�S0 standard entropy of adsorption
�G0 Gibbs free energy of adsorption
KC equilibrium constant of adsorption
R gas constant 8.314472 J K−1 mol−1

Cads concentration of adsorbed dye
Ce equilibrium concentration (mg L−1)
Qe amount of adsorbed dye per mass of adsorbent at

equilibrium (mg g−1)
Qt amount of adsorbed dye at time t (mg g−1)
kad pseudo-first order rate constant (min−1)
k2 or Ka pseudo-second order rate constant (g mg−1 min−1)
Ea activation energy (J mol−1)
Qmax Langmuir monolayer capacity (mg g−1)
KL Langmuir constant (L mg−1)
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KF Freundlich constant (L mg−1)
n Freundlich heterogeneity factor

. Materials and methods

.1. Chemicals and samples

The BNS samples were crushed, washed with distilled water and
ried in an oven at 105 ◦C for 24 h. The dry material was sieved

nto the following particle size ranges: >710 �m, 710–500 �m and
500 �m. The samples were stored in closed bottles to be used in
he adsorption studies without any further pre-treatment in order
o avoid extra costs. The density of dry BNS was 0.63 g L−1.

MB (MM = 319.85 g mol−1) was supplied by Cinética Química
tda. and IC (MM = 466.36 g mol−1) was purchased from Vetec
uímica Ltda. Aqueous solutions of the dyes were prepared using
eionized water.

.2. Characterization of the biosorbent

.2.1. Scanning electron microscopy images
SEM images were collected in a Carl Zeis LEO 1430 VP equip-

ent using aluminum stubs with adhesive carbon tape with the
NS powder covered with gold for best results.

.2.2. pH of BNS suspensions
The pH of adsorbent suspension was measured to investigate
hanges in pH due to any soluble species released from the natu-
al material in water. The procedure was the same of Al-Degs et
l. [3]. The samples were shaken in distilled water (10% (w/v) mix-
ure) for 3 h and then the pH was measured in a MARTE MB-10
otentiometer with a glass electrode.

ig. 1. Chemical structures of (a) methylene blue (MB) and (b) indigo carmine (IC).
ardous Materials 174 (2010) 84–92 85

2.2.3. Studies on BNS surface acidity and basicity
The surface acidity studies were performed in accordance to Al-

Degs et al. [3]. Before testing, the BNS powder was washed with
distilled water and dried at 100 ◦C for 24 h. Triplicate samples (0.5 g)
were shaken in 50 mL of 0.0100 mol L−1 sodium hydroxide solution
for 24 h, at room temperature. Thereafter, the samples were fil-
tered and the remaining NaOH was titred with 0.0100 mol L−1 HCl
solution in a MARTE MB-10 potentiometer with a glass electrode.

The surface basicity was determined in a similar way, using a
0.0100 mol L−1 HCl solution. The remaining acid was titred with
NaOH. The results were expresses in mmol H+ or OH− per gram of
BNS.

2.2.4. Point of zero charge
The point of zero charge (PZC) of BNS was determined by the

solid addition method, as described by Vieira et al. [28]. Eight vials
containing solutions of pH in the range of 3–10 (pH0) and 0.10 g
of BNS were shaken for 24 h at room temperature and the final pH
was measured with a MARTE MB-10 potentiometer and a glass elec-
trode. The difference between the initial and final pH (�pH) was
plotted against the initial pH (pH0) and the point where �pH = 0
was taken as the point of zero charge.

2.3. Effect of solution pH on adsorption

In order to study the effect of pH on dye adsorption, the pH of
the solutions was varied from 3 to 10, by adding 0.1 M NaOH or
0.1 M HCl solutions. The batch procedure at each pH was followed
as above described using an initial concentration of 1100 mg L−1.
The pH of the solutions during adsorption was monitored using a
MARTE MB-10 potentiometer with a glass electrode.

2.4. Batch and kinetic studies

In order to evaluate the feasibility of adsorption, laboratory
batch studies were carried out using 100-mL conical flasks con-
taining 25 mL of the test solutions at the desired initial dye
concentration. A previously defined amount of the adsorbent mate-
rial (BNS) was then added and the flasks were shaken at room
temperature, for different contact times. After filtration through
filter paper the solution dye concentration was determined using a
Femto 700 Plus UV/VIS spectrophotometer at 660 nm and 610 nm
for MB and IC, respectively.

Blank tests were conducted in two ways: (i) without adsorbent,
to check for the retention of the dye at the filter paper surface and
other possible losses, and (ii) without the dye (in pure water), to
verify if any colored species present in the shells were water soluble
and would contribute to the color of water, masking in the results.

Dye losses at the filter paper surface were negligible and no
significant color effect could be accounted to the BNS adsorbent.

The maximum contact time (equilibrium) was established in
appropriate tests and for the isotherms it was taken as 120 min. The
initial concentration of dyes varied from 100 mg L−1 to 1500 mg L−1.
The amount of adsorbent used was arbitrarily taken as 2.5 g.

Unless when otherwise indicated, the experiments were car-
ried at pH = 6.50 which corresponded to the initial pH of both dye
solutions.
2.5. Effect of particle size

In order to study the effect of particle size on adsorption, batch
experiments as above described were carried out using the BNS
fractions >710 �m, 710–500 �m and <500 �m and an initial dye
concentration of 1100 mg L−1, at room temperature.
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ig. 2. SEM images of BNS showing (a) a particle and (b) the cavities of the material.

.6. Effect of temperature

The effect of temperature on the adsorption was investigated
n the range 293–333 K (20–60 ◦C) in batch experiments already
escribed and initial concentration of 1100 mg L−1.

. Results and discussion

.1. Scanning electron microscopy images

The SEM images of BNS particles are shown in Fig. 2. The mean
ize of surface cavities was measured on the image and the average
iameter was 7 �m. These cavities are large enough to allow the
olecules of dyes to penetrate into the lignocellulosic structure

nd interact therein with the surface groups.

.2. pH of BNS suspension and surface acid–base properties

The pH of BNS aqueous suspension corresponded to that of the
eionized water (pH = 6.50), even after 3 h under stirring. This indi-
ates that the adsorbent does not introduce acid or basic species
o the solution. Additionally, the pH of the dye solutions did not
ary during the adsorption procedure, maintaining the initial value
djusted either with HCl or NaOH. These results suggest that ion

xchange does not occur between the BNS surface and the aqueous
olution.

The amount of surface acid and basic sites was determined
y the previously described titration method and results corre-
ponded to 7.24 mmol H+/g and 2.20 mmol OH−/g respectively.
Fig. 3. Point of zero charge of BNS.

These figures indicate that the surface is mostly acidic. Accord-
ingly, it could be expected that the adsorption of negatively charged
species should be favored, namely the adsorption of the colored
anionic IC moiety should be preferential in detriment of the colored
cationic MB moiety.

Nevertheless, as shown in Fig. 3, the pHPZC of BNS was deter-
mined to be 6.57. Therefore, at a solution pH > 6.57, the BNS surface
is negatively charged and the adsorption of MB+ moieties is favor-
able while at pH < 6.57 the BNS surface becomes positively charged
and then the adsorption of IC− moieties is favorable. In order to
compare the adsorption properties of BNS toward acid and basic
dyes, the experiments were carried out at pH = pHPZC, correspond-
ing to a nearly neutral surface.

3.3. Effect of adsorption pH

In order to confirm these last assumptions, the pH effects were
investigated and the results are shown in Fig. 4. As expected, the
percentage of MB removal increased with the increase of solution
pH as the surface becomes progressively more negatively charged.
Nevertheless, the MB removal was nearly constant in the pH range
of 7.0–10.0, suggesting the BNS adsorption was attained.

Contrarily, the adsorption of indigo carmine was not affected by
pH, over the entire studied range. This unexpected behavior sug-
gests that diffusion limitations could affect the adsorption of the
heavier anionic dye onto the BNS surface.

Consequently, these findings suggest that the dye removal
from solution by BNS could be governed by: (i) polarization
effects between the colored ions and the surface sites, leading to
physisorbed species due to weak electrostatic forces, and (ii) dif-
fusion limitations affecting the kinetic parameters, namely mass
transfer of the dye molecules into the porous structure of the
biosorbent.

3.4. Effect of temperature

Fig. 5 shows the effect of temperature on the adsorption of MB
and IC on BNS, in the range of 293–333 K (20–60 ◦C). The amount
of adsorbed dye decreased with the increase of temperature, as
expected for an exothermic adsorption process. The set of thermo-
dynamic parameters, enthalpy (�H0), entropy (�S0), Gibbs free
energy (�G0) and equilibrium constant (KC), were determined for

the MB-BNS and IC-BNS systems, using Eqs. (1)–(3) [29]:

log KC = − �H0

2.303RT
+ �S0

2.303R
(1)

�G0 = −RT ln(KC) (2)
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Fig. 4. Influence of pH on the adsorption capacity of (a) MB and (b) IC on BNS. Ci = 1100 mg L−1, T = 303 K, and t = 120 min.

Fig. 5. Effect of temperature on adsorption of (a) MB and (b) IC onto BNS. Ci = 1100 mg L−1, pH = 6.50, and t = 120 min.

Fig. 6. Influence of particle size on the adsorption of (a) MB and (b) IC over BNS. Ci = 1100 mg L−1, T = 303 K, pH = 6.50, and t = 120 min.

Table 1
Thermodynamic properties of adsorption of MB on BNS.

T (K) Kc �H0 (kJ mol−1) �S0 (J/K mol) R2 �G0 (kJ mol−1) % dye removal

293 2.54 −5.22 −112.23 0.999 −2.27 71.77
303 2.29 −2.09 69.61
333 2.04 −1.97 67.07

Table 2
Thermodynamic properties of adsorption of IC on BNS.

T (K) Kc �H0 (kJ mol−1) �S0 (J/K mol) R2 �G0 (kJ mol−1) % dye removal
293 0.11 −3.20 −29.39
303 0.10
333 0.09
0.998 −5.42 9.75
−5.71 9.40
−6.60 8.45
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Fig. 7. Effect of contact time on the uptake of (a) MB and (b) I

C = Cads

Ce
(3)

he values of the thermodynamic parameters for the adsorption of
B and IC onto BNS are respectively collected in Tables 1 and 2

nd indicate that the adsorption processes are spontaneous
nd exothermic, involving entropy decrease. In addition, these
alues further confirm some of the assumptions previously dis-
ussed in this work. Thus, the values of �G0, ranging from
1.97 to −6.60 kJ mol−1 are consistent with electrostatic interac-

ions between the surface sites [30] and the charged adsorbates,
hile the small and negative �H0 values, namely −5.22 and
3.20 kJ mol−1 for MB and IC respectively, further confirm the phys-

cal nature of the adsorption processes, involving weak attractive
orces [31,32].

.5. Effect of particle size

Although finer particles have been reported in most adsorption
tudies [10,18,28,31] larger particles have been used [11,16] and
eem to be more advantageous for practical uses due to reduced
osts of grinding and easier recovery of the saturated biosorbent.
ig. 6 shows the influence of the particle size on the adsorption
f MB and IC onto BNS. No significant change was observed in
he particle size range 500 �m < dp < 710 �m but the adsorption
ate increased as the particle size decreased. For larger particles,
he diffusion limitations are usually more significant and conse-
uently the amount of molecules that reach the internal surface of
he biosorbent is small.
.6. Kinetics of dye removal

The adsorption of both dyes was studied as a function of contact
ime in order to determine the required time for maximum adsorp-

Fig. 8. Intraparticle diffusion plots for (a) methylene blue and (b) índi
NS at different initial concentrations and pH = 6.5 and 303 K.

tion. The plots for MB and IC, are shown respectively in Fig. 7(a), (b)
and (e), for different initial concentrations.

The results also show that the amount of adsorbed dye, Qt,
increased with the increase of MB initial concentration. For IC
the effect was negligible after 300 mg L−1. The plots in Fig. 7 also
indicate that the adsorption is initially fast and then becomes
progressively slower with increasing contact time, reaching the
equilibrium in less than 30 min. This probably is due to rapid and
slow diffusion of dye molecules into the macro- and micropores of
the biosorbent. Adsorption processes in liquid–solid interfaces are
frequently affected by boundary layer diffusion, or external mass
transfer, and intraparticle diffusion. Gong et al. [33] related both
diffusion limitations, respectively, to the presence of macropores
and micropores in the matrix of biosorbent.

The intraparticle diffusion was investigated using the empirical
relationship based on the model of Weber–Morris [34]:

qt = ki

√
t + C (6)

where ki is the intraparticle diffusion rate constant
(mol g−1 min−1/2). A plot of Qt versus t1/2 should be a straight
line whose slope gives the value of the diffusion constant. If
C /= 0, intraparticle diffusion is not a single rate controlling step
[31,33,35].

Fig. 8 shows the plot of intraparticle diffusion for MB and IC
onto BNS at initial dye concentration of 1100 mg L−1, pH = 6.50 and
T = 303 K.

The linear plots in Fig. 8 did not cross the origin, indicat-
ing that although intraparticle diffusion had been significant and

that the adsorption of MB and of IC onto BNS surface occurred
as a multistep process. Thus, the two linear sections with dif-
ferent slopes were assigned to two intraparticle diffusion steps
occurring during the adsorption process, namely, intraparticle dif-
fusion in the macropores and in the micropores. Similar results

go carmine onto BNS. C0 = 1100 mg L−1, pH = 6.50, and T = 303 K.
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Table 3
Intraparticle diffusion constants.

ki,1 (mg g−1 min−1/2) R2 ki,2 (mg g−1 min−1/2) R2

Methylene blue 0.88 0.988 0.08 0.96
Indigo carmine 0.07 0.904 0.02 0.98

Fig. 9. Pseudo-second order plots for the adsorption of (a) MB and (b) IC at 303 K and initial concentration of 1100 mg L−1 and pH = 6.50.

Fig. 10. Langmuir isotherm for MB (a) and IC (b) on BNS at pH = 6.50 and 303 K.

Fig. 11. Langmuir isotherm linear plots for the sorption of MB (a) and IC (b) on BNS at pH = 6.50 and 303 K.

Table 4
Langmuir and Freundlich Isotherm parameters.

Dye Langmuir parameters Freundlich parameters

Qmax (mg g−1) K (L mg−1) R2a KF (L mg−1) n R2a

Methylene blue 7.81 0.15 0.998 0.216 0.876 0.996
Indigo carmine 1.09 0.018 0.999 0.206 4.223 0.931

a Linear correlation coefficients.
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Fig. 12. Plot of linearized Freundlich isotherm for the s

ave already been reported for dye adsorption onto different
iomass materials [31,33,36,37]. The slopes of the linear sections
f the plots are shown in Table 3 together with their correla-
ion coefficients. For both dyes ki,2 < ki,1, indicating that the global
dsorption process was controlled by intraparticle diffusion in
he micropores of the biosorbent. Moreover, at the same exper-
mental conditions, diffusion limitations are more significant for
C as it is the heavier molecule (MM = 466.36 g mol−1) than MB

olecule (MM = 319.85 g mol−1). As previously shown in Table 2,
G0 was more negative for the adsorption of IC than of MB

nd thus the IC uptake should be more favorable than that of
B, at the same experimental conditions. Contrarily, as shown

n Figs. 4, 6 and 8, the IC uptakes were always lower than that
f MB, independent of the initial pH, temperature or concentra-
ion. Therefore, the IC adsorption onto BNS was thermodynamically
avorable but kinetically limited, since only a small amount of
ye molecules could slowly reach the microporous surface of the
iosorbent.

The kinetics of adsorption of the dyes on BNS was studied by
tting the data to the model of Lagergren first order equation, given
y [38,39]:

og10(Qe − Qt) = log10Qe − kad

2.303
t (7)

here Qe and Qt are equilibrium uptake and uptake (mg g−1) at
ime t (min), respectively, and kad is the adsorption rate constant
min−1) at 28 ◦C. The obtained linear plots of log10(Qe − Qt) versus t
or the studied dyes gave correlation coefficients of about 0.995,
uggesting first order adsorption kinetics (graphics not shown).
evertheless Ho and co-workers [16,17,38–40] found that the
seudo-second order equation fits better the results. According to
umar [41] the pseudo-second order equation was proposed by
lanchard et al. and has the advantage of predict equilibrium uptake
Qe) directly from the plot. This equation can be written in different
orms. In this work we used the linearized form proposed by Ho et
l. [42]:

t

Qt
= 1

k2Q 2
e

+ 1
Qe

t (8)

here Qe and Qt are equilibrium uptake (mg g−1) and uptake at
ime t (min) and k2 is the pseudo-second order rate constant
g mg−1 min−1). Fig. 9 shows the plots for pseudo-second order
inetics for both dyes at initial concentration of 1100 mg L−1.

Indeed, the correlation coefficient of about 0.999 indicates that

he pseudo-second order equation fits better the results.

The activation energies (Ea) of MB and IC adsorption processes
ere calculated using the Arrhenius equation [29]:

n Ka = ln A − Ea

RT
(9)
n of methylene blue (a) and indigo carmine (b) on BNS.

The global activation energies were calculated as 12.40 kJ mol−1

and 16.10 kJ mol−1 respectively for MB and IC. These values further
confirm that rate of adsorption of MB and IC onto BNS is affected
by intraparticle diffusion.

3.7. Adsorption isotherms

The adsorption isotherms of MB and IC onto BNS were collected
at pH 6.50 and are shown in Fig. 10, as a plot of Qe (amount of
adsorbed dye per mass of adsorbent) versus Ce (equilibrium con-
centration). Monolayer saturation is attained for both dyes, but the
MB uptake is higher than that of IC, as previously discussed.

The adsorption data were treated by Langmuir and Freundlich
isotherms, two widely used models. The Langmuir isotherm applies
to the adsorption on homogenous surfaces and is based on the
assumption that maximum adsorption corresponds to a monolayer
coverage on the adsorbent surface. For a single sorbate, Langmuir
isotherm is given by:

Qe = QeKCe

1 + KCe
(10)

where Qe is the amount adsorbed per mass of adsorbent (mg g−1),
Qmax is the monolayer capacity (mg g−1), Ce is the equilibrium con-
centration (mg L−1) and K is a constant that is related to the energy
of adsorption. Although Langmuir isotherm has been developed for
gas phase adsorption, Giles et al. [43,44] have demonstrated that
this equation can also be useful for liquid phase adsorption.

A linear expression of the Langmuir equation is given by

Ce

Qe
= Ce

Qmax
+ 1

KQmax
(11)

Thus, a plot of Ce/Qe versus Ce gives a straight line of slope 1/Qmax

and intercept 1/KQmax. Fig. 11 shows the obtained results.
The experimental results fit the linearized Langmuir isotherm

for both dyes over the investigated concentration range and the
correlation coefficients are as shown in Table 4. These values for
the correlation coefficients strongly support the assumption that
the adsorption data follows the Langmuir model of sorption. The
isotherm constants Qmax and K are also shown in Table 4. These
results suggest that the adsorption is less favorable for indigo
carmine than for methylene blue. The plot in Fig. 11 demonstrates
that the Langmuir equation provides an accurate description of the
experimental data, which is confirmed by the high values of the
correlation coefficients.

The Freundlich isotherm is an empirical equation widely

employed to describe solid–liquid adsorption, encompassing the
surface heterogeneity. The mathematical expression for the Fre-
undlich isotherm is written as

Qe = KFC1/n
e (12)
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Table 5
Comparison of maximum adsorption capacity for MB of some adsorbents.

Adsorbent Max. capacity (mg g−1) pH of adsorption T (K) Ref.

BNS 7.81 3–10 303 This work
Marine seaweed 3.42 3–11 300 [45]
Spent tea leaves 300.05 2–11 303 [21]
Coffee husks 90.09 3–11 303 [46]
Pineapple stem 119.05 2–11 303 [47]
Coir pith carbon 5.87 2–11 308 [48]

Table 6
Comparison of maximum adsorption capacity for IC of some adsorbents.

Adsorbent Max. capacity (mg g−1) pH T (K) Ref.

Brazil nut shell 1.09 3–11 303 This work
Rice husk ash 29.28 2–10 303 [49]
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Bottom ash 0.00017
De-oiled soya 0.00038
Chitin 0.0058
Chitosan 0.072

here Qe is the amount adsorbed per mass of adsorbent, KF is the
reundlich constant, Ce is the equilibrium concentration and 1/n
s interpreted as an heterogeneity factor [29]. A linear form of the
reundlich isotherm can be written as

n Qe = 1
KF

+ 1
n

ln Ce (13)

herefore, a plot of ln qe versus ln Ce should be a straight line of
lope 1/n and intercept ln KF. Fig. 12 shows the plot of Freundlich
sotherm for methylene blue and indigo carmine on BNS.

The values of maximum adsorption of MB and IC onto some
lternative adsorbents reported in the current literature are col-
ected in Tables 5 and 6. Although BNS are not among the best
dsorbents for MB, they still present higher adsorption capacity
han some other adsorbents and may be useful where they are
eady available. On the other hand, BNS are among the most effi-
ient adsorbents for indigo carmine (Table 6) at the same pH range.

. Conclusions

The results above discussed indicated that

Brazil nut shells (BNS) are useful as low-cost biosorbent for the
removal of acid and basic dyes from aqueous solutions.
The surface of BNS are mostly acid and the amount of surface acid
and basic sites corresponded to 7.24 mmol H+/g and 2.20 mmol
OH−/g, respectively. The mean size of the surface cavities is 7 �m,
allowing the dye molecules to penetrate into the lignocellulosic
porous structure and interact therein with the surface groups.
At pHPZC (pH = 6.57) the dye removal from solution by BNS was
governed by: (i) polarization effects between the colored ions and
the surface sites, leading to physisorbed species due to weak elec-
trostatic forces and (ii) diffusion limitations affecting the kinetic
parameters, namely transfer of the dye molecules into the porous
structure of the biosorbent.
Thermodynamic studies showed that, at the experimental condi-
tions, adsorption of methylene blue, a basic dye and of indigo
carmine, an acid dye, were spontaneous and exothermic pro-
cesses, occurring with entropy decrease. �H0 values, namely
−5.22 and −3.20 kJ mol−1, confirmed the physical nature of the

adsorption processes, involving weak attractive forces.
Kinetic studies showed that the adsorption of MB and IC onto BNS
followed pseudo-second order kinetics and that the activation
energy values further confirmed that the adsorption was affected
by intraparticle diffusion.

[

[

2–8 303 [50]
2–8 303 [50]
Not cited 298 [51]
Not cited 298 [51]

• MB was more efficiently removed by the adsorption onto BNS
than IC. Intraparticle diffusion limitations were more significant
for the heavier dye molecules.

• The equilibrium data fitted well in the Langmuir isotherm equa-
tion and the maximal uptakes were 7.81 mg g−1 for MB and
1.09 mg g−1 for IC, at room temperature.
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