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Abstract This study evaluated the copper ion adsorp-
tion capacity of sugarcane bagasse in natura and
chemically modified with citric acid and sodium
hydroxide. Adsorption analyses in batch system were
carried out in function of contact time with the
adsorbent and adsorbate concentration. Flame atomic
absorption spectrometry was used to determine the
copper concentrations. Adsorption experimental data
were fitted to Langmuir and Freundlich linear models,
and the maximum adsorption capacity was estimated
for copper ions in function of modifications. The
chemical modifications were confirmed at 1,730 cm
peak in infrared spectra, referring to the carboxylate
groups. The required time for the adsorption to reach
equilibrium was 24 h and the kinetics follows the
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behavior described by the pseudo-second order equation.
Besides, a significant improvement of the copper
adsorption has been observed after the bagasse treatment,
where the maximum adsorption capacity was
31.53 mg g ' for copper using modified bagasse with
nitric acid according to Langmuir isotherm linear model.
The high uptake of copper ions from aqueous medium
verified by chemically modified sugarcane bagasse
makes this material an attractive alternative for effluent
treatment and avoids environmental contamination.

Keywords Adsorption - Sugarcane bagasse - Metals -
Biosorption - Renewable sources

1 Introduction

One of the most serious problems that affect the
environment is the contamination caused by organic
and inorganic chemical contaminants (Pergher et al.
2005). Due to the constant demographic and indus-
trial growth of many regions, associated to the
consumption, production, and exploitation of raw
materials like fossils and minerals, the generation of
effluents containing heavy metals like copper has
been increasing. Most heavy metals, when thrown
away without previous treatment, are highly mobile
besides being bioaccumulative in the food chain,
becoming harmful to fauna, flora, and the human
health (Rodrigues et al. 2006; Albertini et al. 2007;
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Sousa et al. 2007). Copper is considered essential in
certain concentrations (0.6 mg/day for woman and
0.7 mg/day for man); however, in excess, it causes
intoxication and may cause hepatitis, erythematosus
lesions, brain congestion, and bleeding (Schvartsman
1991; Gaetke and Chow 2003).

Heavy metals can express their polluting potential
directly on the soil because of their availability to plants
through the contamination of superficial waters due to
erosions, and sub-superficial waters due to their
movement. Therefore, it is essential to know the
destination of these elements in the soil to evaluate the
environmental impact (Oliveira et al. 2002; Mehrasbi et
al. 2009). Thus, governmental organs like the National
Council for the Environment (CONAMA-BRASIL),
through resolution no. 357 of March 17, 2005,
established 1.0 mg L' of copper as the maximum
concentration level for discharge of aqueous effluent
(CONAMA-BRASIL 2005); whereas other interna-
tional organs like the Environmental Protection Agen-
cy (EPA) established 1.3 mg/L as the maximum
allowed level of copper in drinking water (EPA 2010).

For effluents contaminated by metals, conventional
treatment methods like precipitation, ionic exchange,
electrochemical treatment, flocculation, ozonization,
and filtration are many times limited by technical and/
or economical inviabilities. These techniques gener-
ally need a long detention time, making the imple-
mentation difficult, mainly when the metals are
dissolved in great volumes of water. Another relevant
factor in these treatments is the generation of solid
residues that are stored and disposed, causing another
serious problem (Sousa et al. 2007; Ferreira et al.
2007; Abbas et al. 2008; Karnitz Junior et al. 2010).

Adsorption is an alternate treatment which is very
efficient to remove toxic metals (Sousa et al. 2007).
During adsorption, there is the accumulation of a
certain element or substance in the interface between
two phases, i.e., between the solid surface and the
adjacent solution (Cohen-Shoel et al. 2002; Sousa et al.
2007; Karnitz Janior et al. 2009).

In Brazil, due to the large agricultural production,
there is a generation of several agro industrial byproducts
and residues, such as sugarcane bagasse, cashew, green
coconut, wood, algae, and compost. However, the
disposal of these residues has become an environmental
problem. A lot of them are reused, but most of them are
still not utilized at all (Ajmal et al. 2000; Annadurai et al.
2002; Kadirvelu et al. 2003; Tarley and Arruda 2004;
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Rodrigues et al. 2006; Albertini et al. 2007; Khormaei et
al. 2007). Thus, due to economical viability and origin
of renewable sources, some studies have been done on
the use of these agro industrial residues as alternative
biosorbents of heavy metals in order to treat aqueous
effluent (Tarley and Arruda 2003; Tarley and Arruda
2004; Karnitz Jinior et al. 2010). Biosorption results
from the electrostatic interaction and also from the
formation of complexes between metallic ions and
functional groups present in biomass, when they have
chemical affinity to the metal. In addition, these
properties can be significantly increased when the
biomass undergoes chemical modification. For example,
a significant increase of the biomass capacity to retain
metallic ions was verified in soybean hull submitted to a
treatment with alkaline solution (NaOH), followed by a
modification with citric acid at high temperatures
(Annadurai et al. 2002; Tarley and Arruda 2003; Tarley
and Arruda 2004; Feng et al. 2009; Pérez-Marin et al.
2007; Karnitz Janior et al. 2009; Karnitz Junior et
al. 2010).

The utilization of sugarcane bagasse as biosorbent is
considered economically viable to industries that need to
treat effluents containing heavy metals because large
amounts of this material are discharged from alcohol
distilleries. Although most of them is processed and used
to feed furnaces, there is exceeding sugarcane bagasse
that corresponds to 8% in auxiliary distilleries and 12%
in independent ones. Hence, this residue can be reutilized
to improve the quality of the environment as a biosorbent
of heavy metals (Karnitz Junior et al. 2009; Karnitz
Junior et al. 2010).

According to comments, in this study, sugarcane
bagasse in natura and chemically modified was
evaluated as a new and alternate biosorbent of copper
removal from aqueous medium.

2 Experimental
2.1 Reagents

Analytical grade chemical reagents were used throughout
the experiment. Copper stock solution of 1,000 mg L™
was prepared from copper nitrate (Cu(NO;), Vetec,
99%), and necessary dilutions were done with deionized
water; 0.1 mol L' NaOH (F. Maia, 97%), 0.1 mol L'
HCI (F. Maia, 37%), and 1.2 mol L' HNOj; solutions
were used for pH adjustment.
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2.2 Equipment

A BOMEM (model MB-102) FT-IR infrared spec-
trometer was used to elucidate the functional groups
present in the adsorbents. Bagasse samples were
proportionally macerated with KBr crystals (1 mg
sample/100 mg KBr) and put in a pastillator, then
4,000 to 400 cm ' spectral range was analyzed. A
flame atomic absorption spectrometer (FAAS; GBC
932plus), equipped with deuterium lamp for back-
ground correction and a hollow cathode lamp as
radiation source for lead, was used for metal
quantification.

2.3 Adsorbent Preparation—Sugarcane Bagasse
Modification

Sugarcane bagasse was obtained from Santa Terezinha
mill, located in Ivaté—PR, Brazil. Prior to use, the
sugarcane bagasse was ground and sieved (Bertel sieve,
100 mesh) in order to obtain a more homogenous
particle size. Furthermore, three chemical modifications
were performed.

2.3.1 Modification Using NaOH (B-S)

The modification of sugarcane bagasse with NaOH
[NaOH (B-S)] was done in the following way: for
each gram of the material, 20 mL of a 0.1 mol L™
NaOH solution was added; then the mixture was
agitated for 2 h and the supernatant was discharged.
Then, the material was repeatedly washed with
deionized water and dried at 55°C for 24 h. This
procedure was carried out in order to withdraw any
impurity that could interfere in the effluent quality
(Rodrigues et al. 2000).

2.3.2 Modification with Citric Acid (B-CA)

The second treatment of sugarcane bagasse was carried
out by using citric acid (B-CA). A solution of
1.2 mol L™" citric acid was added to the bagasse at
8.3 mL solution/gram of bagasse ratio. After that, the
mixture was agitated for 30 min and the supernatant
discharged. The bagasse was dried at 55°C, and after
24 h the temperature was increased to 120°C and kept
for 90 min. Afterwards, the bagasse was repeatedly
washed with deionized water and dried at 55°C for 24 h
(Rodrigues et al. 2006).

2.3.3 Modification with NaOH and Citric Acid
(B-CAS)

In the third treatment, the sugarcane bagasse was
modified with NaOH followed by a chemical modifica-
tion with citric acid solution (B-CAS). For each gram of
the material, 20 mL of 0.1 mol L' NaOH solution was
added for this procedure; the mixture was agitated for
2 h and the supernatant discharged. Next, the material
was repeatedly washed with deionized water and dried
at 55°C for 24 h. Then, 8.3 mL of a 1.2 mol L! citric
acid solution was added per each gram of bagasse and
agitated for 30 min; the supernatant was discharged
and the bagasse was dried at 55°C. The temperature
was raised to 120°C after 24 h and kept for 90 min;
next, the bagasse was repeatedly washed with deion-
ized water (60-80°C) and dried at 55°C for 24 h
(Rodrigues et al. 2006).

2.4 Metal Adsorption Experiment
2.4.1 Adsorption in Function of Time

The adsorption of copper ions in the modified bagasse
(B-S, B-CA, and B-CAS) and natural bagasse (B-N)
was carried out by using 50 mL of 1,000 mg L™ Cu*"
solutions, which was agitated with 0.5 g of bagasse in
an orbital shaker. Ten aliquots of 500 uL were
collected from supernatant in a time interval ranging
from 15 to 1,440 min, and deionized water was added
until the volume reached 50 mL. The concentration of
copper ions was determined by FAAS. Necessary
correction regarding the amount of copper ions in
initial solution was made for each aliquot. The
amount of adsorbed metal per gram of bagasse (gcq)
in function of time was calculated as the following:

Co— Ceg)*V
g =) MQ) (1)

where Cy and Cq are the initial metal concentration
and in equilibrium of the solution (mg L"), respec-
tively, V is the solution volume (mL), and M the
bagasse mass (g).

2.4.2 Adsorption Isotherms

Solutions of Cu®" ions at different concentrations
were prepared, ranging from 100 to 1,000 mg L™".
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Afterwards, 50 mL of Cu®" solutions at pH 5.0 were
individually used and agitated with 0.5 g of bagasse
in an orbital shaker for 24 h. Next, the mixtures were
filtrated and the solutions were analyzed by FAAS.
Using the Eq. (1), the amount of adsorbed metal per
gram of bagasse was calculated and a plot of g.q in
function of C.q was built.

3 Results and Discussions
3.1 Adsorbent Characterization

Figure 1 shows the infrared spectra of modified and in
natura sugarcane bagasse. After the bagasse modifi-
cation with citric acid (Fig. 1 (C and D)), the presence
of carboxylate groups at 1,730 cm™' was observed.
Such result corroborates the study done by Rodrigues
et al. (2006) that verified the occurrence of carboxylic
groups in Paraju sawdust after treatment with NaOH
and citric acid. Considering that carboxylic groups
present in natural adsorbents are usually weak acids
and make negative sites in medium moderately acid,
the interaction of cations in solution becomes easier.
According to Rodrigues et al. (2006), Sousa et al.
(2007), and Feng et al. (2009), the adequate pH for
these sites to become more reactive is usually around
pH 5. Therefore, pH 5 was chosen to be used
throughout the experiments and was maintained at 5
with the addition of hydrochloric acid or sodium
hydroxide 0.1 mol L.

Transmitance

1730 cm’

4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm™')

Fig. 1 FT-IR spectra of B-N (4) and B-S (B); B-CA (C); B-
CAS (D)
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3.2 Influence of Time on Adsorption

Figure 2 depicts the copper adsorption in the B-S, B-C,
B-CAS, and B-N materials as a function of shaking
time. The highest adsorption was observed for the B-
CA material, and thus, preliminarily, it was observed
that the chemical modifications improved the adsorb-
ing properties of the bagasse. Regarding the shaking
time, it was observed that, for all experiments, the
system tends to reach equilibrium around 500 min;
however, a slight increase on adsorption was verified
around 1,440 min (24 h). Pergher et al. (2005) obtained
system equilibrium after a longer period, around 12 h.

From data presented in Fig. 2, it was possible to
characterize the kinetics for each adsorbent, using
pseudo-first and pseudo-second order kinetic models.
The pseudo-first order kinetics follows the Lagergren
model expressed by Eq. 2 (Dogan et al. 2004; Noeline
et al. 2005; Ozcan et al. 2005; Pérez-Marin et al.
2007; Feng et al. 2009).

lef

lOg(Qeq - Qt) = log Geq — m (2)

where ¢, is the amount of adsorbed metallic ions
(mg g') in ¢ time (min) and K is the pseudo-first
order constant (min~'). Through the linear and
angular coefficient of the log (geq—¢y) plot in function
of time, geq and K; can be calculated, respectively.
When comparing the experimentally obtained values
of geq to the one calculated by Eq. 2, it is observed
that they are not close (Table 1). Besides, the values
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Fig. 2 Adsorption of Cu** by B-CA (4—square), B-CAS (B—
arrowhead), B-N (C—circle), and B-S (D—triangle) in
function of time
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Table 1 Kinetic parameters

of the pseudo-first and Material geq (eXp.;

Pseudo-first order kinetics

Pseudo-second order kinetics

pseudo-second order model mg g ') S
for Cu®" adsorption K 9eq (Cﬂl'; r K> 9eq (°7"11~; r
mgg ) mgg )
B-N 6.87 5.50x107°  7.56 0.818 1.30x107° 6.29 0.996
B-S 11.87 1.40x107  3.98 0.857 1.84x107° 8.43 0.982
B-CA 3153 2.30%107° 11.56 0.877 7.39x107* 21.28 0.989
B-CAS 24.89 2.53x107°  5.64 0.922 1.27x107° 10.00 0.989

of #* are far from 1, suggesting that the adsorption
does not fit the first order reaction.

Therefore, the pseudo-second order model (Eq. 3)
was applied for the kinetics of metal adsorption
(Dogan et al. 2004; Noeline et al. 2005; Ozcan et al.
2005; Pérez-Marin et al. 2007; Feng et al. 2009).

o L )

qt B quﬁq Geq

where K is the pseudo-second order constant (gmg "
min ') obtained by the angular coefficient of linear
plot (#/q; vs t; Fig. 3) and g.q can be calculated using
the linear coefficient. Experimental and calculated
values of geq, K>, are > are shown in Table 1.
Taking into account the values of correlation
coefficient for pseudo-first order and pseudo-second
order kinetic models, it can be verified that the second
one fits those experimental data very well. Besides,
the values of g.q for this model are superior to the
ones obtained for the pseudo-first order model, and
closer to the experimentally obtained values of g,

250 .

200

g™

€ 150

min g

— 100

t/q;

50

0 250 500 750 1000 1250 1500 1750
Time (min)

Fig. 3 Pseudo-second-order kinetic equation for adsorption of
Cu”* on modified and in natura sugarcane bagasse. Where B-
CA (square), B-CAS (arrowhead), B-N (circle), and B-S
(triangle)

but they are not equal to the experimental data of geq.
Thus, the value of r (linear correlation) around 1 for
the pseudo-second order confirms that the adsorption
kinetics is controlled by this order and that there is a
strong interaction between adsorbent and adsorbate.

3.3 Adsorption Isotherms

The adsorption isotherms (Fig. 4) were built by setting
the equilibrium time between adsorbate and adsorbent
at 24 h. An improvement on adsorption at 10-fold for
B-CA was verified regarding the in natura bagasse.
Similar results have been observed in copper adsorp-
tion in Paraju sawdust modified with sodium hydrox-
ide and citric acid (Rodrigues et al. 2006 ) and other
studies by Marshall et al. (1999) and Han et al. (2010).
The high adsorption efficiency provided by chemical
modification can also be assessed by comparison with
other natural materials. The results obtained by Guerra
et al. (2008), in which pillar smectites were used in the
copper adsorption process, provided lower values of
(eq than those observed by using B-CAS material.

25! T T T T T T T T T
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20 /. -
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Geq (MY/g)

\'
|

=>;/> *
oL \o 4
1 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

Ceq(mg/L)

Fig. 4 Adsorption isotherms of Cu®" on B-CA (4—square), B-
CAS (B—arrowhead), B-N (C—circle), and B-S (D—triangle)
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Table 2 Langmuir

and Freundlich isotherm Adsorbent Langmuir Freundlich

constants for Cu®" o o o

adsorption on B-CA, dm (mgg ') b (Lmg ") ” K¢ (mgg ") n ”

B-CAS, B-S, and B-N
B-N 6.87 1.20x1072 0.872 0.55 2.34 0.574
B-S 11.87 1.11x1072 0.995 9.98 0.05 0.389
B-CA 31.53 2.12x107° 0.998 1.18 2.24 0.851
B-CAS 24.89 5.44x107* 0.990 243.10 0.93 0.976

In order to verify the adsorptive behavior of copper
ions in materials, Langmuir and Freundlich models,
Egs. 2 and 3, respectively, were applied.

Cq _ 1 Cq
Geq dmb  Gnm

(4)

where b is a constant that indicates the adsorption
intensity; ¢, is the capacity measurement that
indicates the maximum adsorption intensity:
1

log geq = log K¢ + (;) logCeq (5)

In which Ky can indicate the ion adsorption in the
biomass and » indicates, quantitatively, the biomass
energetic site reactivity (Sodré et al. 2001).

Langmuir model states that the forces that act on the
adsorption are similar to chemical reactions; it is also
observed that there is no interaction among adsorbed
species, only between them and the adsorbent. The
adsorption on the solid surface of the adsorbent occurs
in one single layer (monolayers). Freundlich model, on
the other hand, was one of the first proposed equations
to relate the amount of adsorbed ions to the material
concentration in the solution and corresponds to the
exponential distribution of adsorption values (Ozacar
and Sengil 2003; Dogan et al. 2004; Dahiya et al. 2008;
Gongalves et al. 2008).

According to Table 2, Langmuir model presents a
better adjustment than Freundlich model. Thus, the
maximum adsorption capacity of biosorbent towards

copper ions was determined from Langmuir linear
model.

In fact, Langmuir adsorption model has been
broadly used to estimate the adsorption capacity of
several elements and chemical species, and its main
advantage on other isotherms is that it allows
quantifying the adsorption capacity of chemical
species (n) and evaluating the constant related to
liking energy (b) (Sodré et al. 2001).

Considering the results obtained from Langmuir
linear model, it is easily noted that those chemically
modified materials adsorb higher amounts of copper
ions, specially the sugarcane bagasse modified with
citric acid, B-CA. Comparing g.q value for B-CA with
other biosorbents (Table 3), a clear advantage in terms
of maximum adsorption capacity is attained by using
the chemically modified material.

3.4 Thermodynamic Parameters

The thermodynamic parameters for the adsorption of
AH (enthalpy), AS (entropy), and AG (Gibbs energy)
were calculated using the Eqs. 6 and 7 (Sari et al.
2007; Gongalves et al. 2008):

AG = —RT InKq (6)
AG = AH — TAS (7)

where Ky corresponds to the ratio between g.q and

Ceq» R is the gas constant and has the value of

8314 JK 'mol™', T is the experiment temperature

Table 3 The list

of adsorbents available Adsorbents Gm (mgg ™) References

for adsorption of Cu*"
Cotton ball 11.40 Ozsoy and Kumbur (2006)
Orange peel 3.65 Annadurai et al. (2002)
Sour orange waste 23.47 Khormaei et al. (2007)
Activated carbon (Filtrasorb 200) 24.1 Chen and Wu (2004)
Sugarcane bagasse(B-CA) 31.53 This study
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Table 4 Thermodynamic o -

parameters obtained Adsorbent Ky AG (kJmol ) AH (kJmol ) AS » 3

from bagasse adsorption (JK~" mol ™)
B-N 436 -3.47 —20.02 —55.54
B-S 10.43 -5.52 25.81 105.13
B-CA 14.76 —6.34 11.82 60.94
B-CAS 19.67 -7.01 0.05 23.69

expressed in Kelvin (K). Enthalpy and the other
parameters (Table 4) were obtained from the graphic
construction of InKd versus 1/T, from Van’t Hoff
equation.

After the bagasse modification, it was possible to
verify a negative increase in the values of AG, when
compared to the bagasse without modification. Such
result shows that the modifications made in the
bagasse lead to a more energetically favorable
adsorption, especially for B-CA material, corroborat-
ing the higher adsorption capacity. Besides, after the
modification, there was an inversion in the system
enthalpy and entropy. Enthalpy after the modification
became endothermic and there was an increase in the
system disorder. Therefore, the process spontaneity
after the modification was governed by the disorder
increase. In addition, based on values found in
enthalpy, it can be reported that the interaction
between adsorbate and adsorbent is oriented by a
physical adsorption.

3.5 Copper Desorption

The assay to evaluate the copper desorption from
materials was carried out by loading the bagasse with
known amount of copper (1,000 mg L"), followed by
washing with 150 mL milli-Q water and drying for
24 h in an oven at 50°C. After this period, the bagasse
was soaked in a 0.1 mol L' HCI solution for copper

recovery. The obtained values are expressed in Table 5.

Considering the percentage found for desorption, it
is verified that B-CA material is also significant in the

desorption process, as well as in adsorption, where the
desorbed concentration is higher than the others.
Desorbed percentage can be considered satisfactory
for a possible reutilization of these materials for new
adsorption phases. The precision of repeatability
based on relative standard deviation (RSD) was
evaluated for the modified bagasse with citric acid,
whereas the RSD was found to be 2% for four cycles
involving adsorption and desorption.

4 Conclusion

In this study, chemical modification of sugarcane
bagasse was carried out aiming to introduce carbox-
ylate groups to improve the adsorption of copper. The
modifications were confirmed by infrared data, where
the band close to 1,730 cm™ " indicated the presence of
the carboxylic group. Significant increase on adsorp-
tion capacity was verified in all modified materials,
with predominance of sugarcane bagasse modified
with citric acid. The adsorption process fitted the
Langmuir linear model very well and the copper
adsorption in aqueous solution followed the pseudo-
second order kinetics. In addition, the chemical
modification of the sugarcane bagasse made the
system more energetically favorable, as demonstrated
by the values of Gibbs free energy; the process was
considered endothermic with disorder increase. Final-
ly, it was also verified that, after the modifications,
there was an improvement in the copper desorption,
indicating that this material can be reutilized.

Table 5 Adsorption—

desorption of Cu*? values Material Adsorbed amount Desorbed amount Desorption %
> -1 -1
initial concentration (mg L) (mg L)
of 1,000 mg L'
B-N 58.20 37.14 63.82
B-S 82.00 57.02 69.54
B-CA 211.6 199.91 94.67
B-CAS 94.90 77.17 81.32
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