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The present investigation explores the chemical modification of natural dry babassu coconut (Orbignya
speciosa) mesocarp (BM), using a quasi solvent-free procedure in which the precursor was added to
molten succinic (S), maleic (M) or phthalic (P) anhydrides, to give new products named BMS, BMM and
BMP (babassu coconut mesocarp modified with succinic, maleic and phthalic anhydride, respectively).
These synthesized biopolymers were characterized by infrared spectroscopy and thermogravimetry and
the degree of substitution was calculated, based on the number of carboxylic groups covalently attached
to the lignocellulosic polymer. The chemically modified biopolymers suspended in aqueous or hydroal-
coholic solutions have the ability to remove copper from aqueous or aqueous-alcohol solutions in the
order BMS >BMP >BMM. The kinetic process followed a pseudo-second-order model and the results for
sorbents were better represented by the Langmuir sorption model. The effectiveness of these biopoly-
mers for application to real samples of sugar cane spirits reflected in using only 1.0 gdm~3 to reduce the
copper to a value lower than 5.0 mgdm~3 for all sorbents. Thus, these inexpensive chemically modified
biopolymers may be useful to permit sugar cane spirits to meet the requirements of Brazilian legislation

with respect to copper contamination.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Annually, agricultural residues, such as the class of lignocel-
lulosic biomass, represent an abundant, inexpensive, and readily
available source of sorbents. The potential uses attract increas-
ing interest all over the world, particularly, for production of
environmentally friendly, novel materials, mainly when industri-
ally extractable by-products can be chemically modified [1,2]. For
example, bagasse-based ion sorbents were prepared by chemically
modifying the original materials with acrylonitrile and hydroxy-
lamine, with the aim of enhancing the ability of heavy metal ion
removal from wastewater [3].

Raw native wheat, soybean straw, corn stalk and corn cobs were
studied to determine their efficiency in removing different heavy
metal ions from contaminated samples. In attempting to increase
their sorption capacities, efforts were directed to a variety of ways
to chemically modify the original material and the effects of these
treatments were evaluated in copper removal assays [4].

* Corresponding author. Tel.: +55 98 33019233; fax: +55 98 33018245.
E-mail addresses: sirlane@ufma.br, sirlaneufma@hotmail.com (S.A.A. Santana).

1385-8947/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2010.04.036

A great variety of reagents are able to react with lignocel-
lulosic components, due to their high reactivity towards the
available hydroxyl groups on the polymeric polysaccharide sur-
faces. For example, the chemical modification of sugar cane
bagasse cellulose components with succinic anhydride in ionic
liquids as the reaction medium was successfully accomplished
with the carboxylic groups being covalently attached to the main
polymeric structure [5]. Another aspect related to such chem-
ical modification consists in the phthalation process under the
same experimental condition, but in absence of any catalyst [6].
On the other hand, the ultrasound technique has improved the
maleation of the free hydroxyl groups present in sugar cane
bagasse, when the respective anhydride was used in pyridine as
solvent [7].

Other important features associated with chemical modification
are those related to lignocellulose esterification with dicarboxylic
acid anhydrides, to yield synthesized material with improved
abilities to trap heavy metals from aqueous solutions [8-10]. In
addition, sugar cane bagasse was modified by mercerizing with
aqueous sodium hydroxide solution, followed by reaction with
succinic anhydride and the resulting materials were success-
fully applied for divalent copper, cadmium and lead sorptions
[11,12].
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As a general procedure, the use of low-cost sorbents has been
intensively investigated as sources of replacement materials for
current costly methods of metal removal. Thus, this procedure was
applied for copper with different natural sorbents such as lentil
pods, wheat and rice husks. The sorption equilibrium level was
determined as a function of the solution pH, temperature, contact
time, initial sorbate concentration and sorbent quantity [13].

Babassu coconut mesocarp, an abundant agricultural lignocel-
lulosic by-product, is a fibrous residue left after crushing and
extracting the nuts. It is a non-toxic, renewable and modifiable
material with wide potential as an excellent industrial material,
as recently demonstrated by its high capacity for textile dye sorp-
tion from aqueous solutions [14]. From the structural point of view,
its hydroxyl and phenolic chemical functions can be converted to
carboxylic groups by using succinic, phthalic or maleic anhydrides.
The great advantage in introducing some functional groups on these
biopolymer structures is related to the increase in cation sorption
capacity, which contrasts to the very low capacity before modifi-
cation. A clear recent illustration is the chemical modification that
was carried out by attachment of ethylenesulfide onto the surface;
the final biopolymer demonstrated affinity to sorb copper from
aqueous solution [15].

As far as the authors are aware, lignocellulosic esterifica-
tion in the absence of both solvent and catalyst has not been
reported. Thus, the present investigation deals with babassu
coconut mesocarp chemically modified with succinic, phthalic or
maleic anhydrides, which resulted in materials that were applied
for copper sorption from aqueous and hydroalcoholic solutions.
This last composition resembles sugar cane spirits that, in many
cases, are distilled using pot stills made of copper, so that the dis-
tillate is contaminated with this metal [16,17]. The level of this
undesirable metal is restricted to less than 5.0 mg dm—3 by Brazilian
law and even lower amounts at the 2.0 mgdm~3 level, are permit-
ted in distillates by northern hemisphere countries [18]. Based on
these legal requirements, development of new inexpensive mate-
rials that can be useful for removing undesirable species from the
environment is an important objective, as is proposed herein.

2. Methods
2.1. Materials and reagents

The mesocarp from raw babassu coconut and commercial sugar
cane spirits were obtained in the city of Sdo Luis, Maranhdo
state, in the northeast region of Brazil. The raw material was
crushed to give particle sizes in the 0.088-0.177 mm range. N,N-
dimethylacetamide (DMA) and the succinic, phthalic and maleic
anhydrides were all of analytical grade.

2.2. Synthesis of derivatives

The lignocellulose derivatives containing free carboxylic groups
were prepared by reaction of babassu coconut mesocarp (BM) with
succinic, phthalic or maleic anhydrides in the absence of solvent
[19]. This procedure consists in heating the dry mesocarp with an
amount of each anhydride in an oil bath at the anhydride fusion
temperature. In each case, the anhydride/mesocarp ratio was main-
tained in the 10:1 ratio, the mixture was stirred for 20 min and the
reaction was stopped by addition of DMA. The solid was separated
by filtration with a sintered filter, washed in sequence with acetone
and distilled water to remove the unreacted anhydride, DMA and
by products and dried at 353 K for 12 h. This resulted in the chemi-
cally modified biopolymers BMS, BMP and BMM after reaction with
succinic, phthalic or maleic anhydrides, respectively. The complete
scheme of the reactions is shown in Fig. 1.

2.3. Degree of substitution

The degree of substitution of the chemically modified biopoly-
mers was determined by measuring the amount of carboxylic
functions attached on the surface through retro-titration. For this
purpose, 0.1000 g of each material was treated with 100.0 cm3 of
400.0mgdm~3 sodium hydroxide solution for 1h under constant
magnetic stirring. The solid was separated by filtration and three
aliquots of 20.0cm3 of each solution obtained were titrated with
365.0 mgdm~—3 aqueous hydrochloric acid [11]. The concentration
of the carboxylic function was calculated by Eq. (1):

(CnaoH % VNaon) — (5 x Cycr % Vhal) 1)
Mmat

CcooH =

where Cy,op and Cyc are the concentrations of hydroxide and acid
(mgdm~3), Vnaon and Vyyq are the volumes of initial hydroxide
and hydrochloric acid (dm3) used in the titration of the excess of
non-reacted base and mpa; (g) is the mass of the final chemically
modified material.

2.4. Measurements

Infrared spectra were obtained by accumulating 32 scans in the
4000-400cm~! range on a MB-Bomem FTIR spectrophotometer
using KBr pellets with a resolution of 4cm~1. Thermogravimetric
curves (TG) were carried out with a Shimadzu TGA-50 instrument
under a nitrogen flow rate of 0.50 cm? s~1, in the temperature inter-
val from 298 to 1000K, with a heating rate of 0.167Ks~! for a
sample mass of about 10 mg. The experiments of the visible spec-
trophotometry were carried with VARIAN-AA 50 instrument.

2.5. Point of zero charge

The point of zero charge of the synthesized biopolymers was
determined by the solid addition method [20]. To a series of
100.0 cm? conical flasks were transferred 50.0 cm? of solution with
pH varying from 1 to 12 and the pHj values of each solution were
adjusted by adding either 0.10 moldm~3 of hydrochloric acid or
sodium hydroxide. The pHg of the solutions was then accurately
measured and 0.1000 g of one of the solids was added to each flask.
The suspensions were then shaken for 24 h and the pH values of
the supernatant were measured. The difference between the ini-
tial pHp and final pH¢ values, given by pH = pHg — pH¢, was plotted
against pHp and the point of intersection of the resulting null ApH
corresponds to the point of zero charge, pHpzc.

2.6. Sorption studies

2.6.1. Effect of pH

The precursor and the three chemically modified mesocarps
were assayed. To determine the effect of pH on metal ion adsorp-
tion, an amount of 0.1000g of each material was suspended in
100.0cm? of copper solution having an initial concentration of
200 mg dm~3 under constant stirring for 24 h. The pH range stud-
ied was from 1.0 to 6.0 and these values were adjusted with
0.010-1.0moldm—3 aqueous hydrochloric acid solutions. After
filtration, the cation concentration in the supernatant was deter-
mined by EDTA titration [21].

2.6.2. Kinetics

For this study 0.1000g of each sorbent was mixed with
100.0cm?3 of aqueous or 40% hydroalcoholic solution having con-
centrations of 200 mg dm~3 under stirring for different times. For
all experiments in the aqueous solution the pH was adjusted at
6.0, using hydrochloric acid/sodium hydroxide solutions. After fil-
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Fig. 1. A general scheme for synthesis of the biopolymers BMS, BMP and BMM.

tration, the cation concentration was determined as previously
described [21].

2.6.3. Sorption

The batchwise sorption experiments used a series of flasks con-
taining 0.1000 mg of each material suspended in 100.0 cm3 of the
aqueous or the 40% hydroalcoholic solutions having concentrations
of copper cation that varied from 200 to 500 mgdm—3 at 298 + 1K.
The suspensions were shaken for 30 min at the pH established from
the previous experiments to ensure maximum adsorption. At the
end of this process, the solid was separated by filtration and the
metal ion amount sorbed was determined by difference between
the initial solution concentration and that found in the supernatant
by titration [21].

2.6.4. Sorption from sugar cane spirit samples

Sugar cane spirit samples obtained from a local market were
doped with copper to simulate high levels of this metal. For this
operation, an aliquot of 8.0cm? of copper solution (40% ethanol)
was diluted to 1L of sugar cane spirits, to result in a sugar cane
spirit having a final metal concentration of 8.0 mgdm~3. The sorp-
tions by 1.0-4.0g of each chemically modified mesocarp BMS,
BMP and BMM were assayed. For each biopolymer four indepen-
dent determinations were performed, using 30 min of stirring. The
concentration of copper remaining in the sugar cane sample was
determined by a calibration curve in visible spectrophotometry. For
each spectrophotometric determination 1.0 cm? of pyridine were
added to aliquots of 9.0 cm? of the supernatant and the absorbance
of the copper-pyridine complex formed was measured at a wave-
length of 610 nm [16].

3. Results and discussion
3.1. Characterization

The amounts of carboxyl groups covalently attached to the syn-
thesized biopolymers are shown in Table 1. A considerable increase

Table 1

Degree of substitution of the biopolymers.
Biopolymer Ceoon (mgg™")
BM 36.19 + 0.03
BMS 176.99 £ 0.10
BMP 149.27 + 0.05
BMM 141.79 £+ 0.05

in carboxylic groups is detected when compared to the unmod-
ified precursor, confirming the success of the proposed chemical
modification.

The infrared spectra of the unmodified and all chemically mod-
ified mesocarps are shown in Fig. 2. The precursor biopolymer BM
in Fig. 2a shows a broad and intense band in the 3000-3700 cm™!
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Fig. 2. Infrared spectra of the initial mesocarp BM (a), chemically modified biopoly-
mers BMS (b), BMP (c) and BMM (d).
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Fig. 3. Thermogravimetric curves for BM (a), BMS (b), BMP (c) and BMM (d).

range due to the presence of free and hydrogen bonded OH
stretching vibrations. The hydroxyl groups bonded to the cellulosic
structure correspond to the §(0-H) band at 1640 cm~"! and those
between 1200 and 1000 cm~! are related to v(C-0) [22]. The spec-
tra of chemically modified biopolymers are very close to that of the
precursor, however, the most remarkable differences are the strong
band at 1723 cm~! assigned to the C=0 stretching vibration [10].
The presence of CH, and CH groups proceeding from the anhydrides
added to the biopolymer backbone is shown by the stretching
bands at 2930 and 2890cm™!, respectively [14]. Based on the
difference from the precursor and the sorptions related to the mod-
ified biopolymers, mainly the carbonyl stretching frequency, these
results clearly confirm the attachment of the anhydride molecules
onto the polymeric structure.

The thermogravimetric curves for all biopolymers are shown
in Fig. 3, from which a very similar behavior in decomposition is
observed, in agreement to other lignocellulosic materials [23]. The
first step of decomposition can be attributed to the release of water
physically sorbed on the surface. This stage corresponds to a mass
loss 0f 16.0, 4.3, 8.2 and 5.3% up to 375K, for the BM, BMS, BMP and
BMM, respectively. The second stage corresponds to the decompo-
sition of organic material, as expected for the breakdown of fibers
to give the final residue, and occurs in the 477 to 623 K temperature
range. The mass loss that corresponds to this interval of tempera-
ture for BM is 60%, while for BMS, BMP and BMM, these percentages
are 89.3, 81.2, and 82.7%, respectively.

3.2. 3.2 pH effect and point of zero charge

The unmodified mesocarp BM demonstrated a null sorptive
capacity in the presence of copper cations under the conditions
studied. As previously observed, its pHpc is 6.7 and the sorption
of positively charged species will be favored only at pH> pHp,c
[14]. However, it is expected that at pH higher than 6.7 species
related to copper hydroxide can be formed, that will affect free
cation sorption.

All anhydride-modified mesocarps presented an increase in the
amount of copper sorbed with the increase of the pH of the solution
with a maximum value at pH 6.0. The pHp, for these biopoly-
mers are 5.6, 5.4 and 5.7 for BMS, BMP and BMM, respectively,
as shown in Fig. 4. These values indicate that cation sorption is
favored in solutions with pH higher than pHp, for each specific
material. Under acidic conditions, the chemically modified biopoly-
mers can be protonated, due to the higher concentrations of protons
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Fig. 4. Point of zero charge for BMS (W), BMP (®) and BMM (a).
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Fig. 5. Kinetics of copper sorption for BMS (H), BMP (®) and BMM (a) in water (a)
and hydroalcoholic (b) solution, both at pH 6.0 and at 298 +1K.

and the amount of cations sorbed decreases. On the other hand,
the increase in pH deprotonates carboxylate groups, a condition
that favors their chelating abilities and, consequently, the amount
of sorbed Cu?* ions is increased. An identical behavior was previ-
ously observed for other systems, in which the attached function,
derived from succinic anhydride, chelated bivalent and trivalent
cations [10-12,24,25].

3.3. Kinetics of sorption

The complete curves of sorbed amount versus time for the three
chemically modified mesocarp biopolymers at pH 6.0 are shown
in Fig. 5, where the sorption process in aqueous solution is com-
pared with that of hydroalcoholic solutions, as observed in Fig. 5a
and b, respectively. From these isotherms it is clearly evidenced
that the equilibrium in aqueous solution is reached after 20 min
of contact between copper and the suspended solids. However, in
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hydroalcoholic solution the amount adsorbed becomes constant
after 30, 15 and 20 min for BMS, BMP and BMM, respectively. The
results of the kinetic data were investigated by pseudo-first-order
[20] and pseudo-second-order [26] models, as given by Egs. (2) and
(3), respectively. The initial rate of sorption, h(mgg~! min—1), can
be obtained from Eq. (4):

kit
log(ge — q¢) = l0g qe — 3303 (2)
t 1 1
- = 4+ — 3
Gt kogZ  get 3)
h = k2q? (4)

where g. and q; are the amounts of metal sorbed on sorbent
(mgg~1) at equilibrium and at time ¢t (min), respectively, k; and k;
are the rate constants for first order (min—') and for second-order
(gmg~'min~!) of such sorption processes.

The parameters obtained from these equations, based on the
correlation coefficients for the best fit, are listed in Table 2. The
sorption process described by the pseudo-second-order model is
preferred. The correlation of this model for these systems corrob-
orates with the studies when BM biopolymer was used as sorbent
for textile dyes, demonstrating that all examined dyes showed
better fit with the pseudo-second-order equation [14]. Other sor-
bents such as peat [27,28], chemically modified chitosan [29] and
green coconut [30], that also present the ability to sorb copper, also
showed a better adjustment to this model.

3.4. Sorption isotherms

The data used to build the sorption isotherms compared two
well-known models Langmuir and the Freundlich models. The first
model assumes that the sorbate forms a monolayer on a surface
containing a finite number of sites with uniform strategies for sorp-
tion, without transmigration of sorbate on the plane of surface,
while the Freundlich model assumes an energetic and heteroge-
neous surface. Based on the results obtained from the Langmuir
equation, the energetic term varies as a function of surface cov-
erage, as the sorption is in progress [31,32]. Taking into account
the correlation coefficients, R2, then the applicabilities of these
isotherm equations can be compared. Both models permit the lin-
earization of the isotherm data as indicated by Egs. (5) and (6):

Ce 1 Ce

9K T ®

where C is the equilibrium concentration of the sorbate (mg dm—3),
ge is the amount of sorbate per unit mass of sorbent (mgg=1), Qm
(mgg~1) and K; (dmmg~1) are Langmuir constants related to the
capacity and rate of adsorption, respectively, K (dm mg-1) and n
are Freundlich constants and give an indication of how favorable
the process and the capacity of the sorbent are, respectively. The
values of the parameters of the isotherms and the related corre-
lation coefficients are listed in Table 3, showing that the Langmuir
model produces a better fit for all materials investigated. The essen-
tial characteristics of the Langmuir isotherm can be expressed in
terms of a dimensionless equilibrium parameter (R;) [33], which is
defined by:

1

Ri=—
L=17K.G

(7)
where K; is the Langmuir constant and Cy is the initial concen-
tration of metal (mgdm~3). The value of R; indicates the type of
isotherm to be either unfavorable (R; > 1), linear (R; = 1), favorable
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Fig. 6. Adjustment of the data to the Langmuir isotherms for copper sorption by
BMS (m), BMP (@) and BMM (a) in water (a) at pH 6.0 and hydroalcoholic solution
(b), both at pH 6.0 and at 298 + 1 K.

(0<Rg<1)orirreversible (R, = 0). For all biopolymers R; values var-
ied between 0 and 1, which confirms that the sorbents are favorable
for copper sorption with the conditions used for this study. The
sorption curves according to the Langmuir model for the system in
aqueous and hydroalcoholic solutions are shown in Fig. 6a and b,
respectively.

Earlier studies associated with copper sorption for a series of
materials such as wheat and lentil and rice husks without mod-
ification [13] as well as materials such as sugar cane bagasse
and cellulose [10-12] chemically modified with specific agents,
revealed a tendency for Langmuir model adjustment. The param-
eters related to this model reflect the nature of the adsorbent and
can be used to compare the performance of sorption, as regards the
maximum capacity. According to the maximum sorption capac-
ity for copper per gram of sorbent, Qn, the order of amount
adsorbed on the systems investigated was BMS>BMP>BMM. A
similar sequence is found for the degree of functionalization with
the carboxylic acids introduced into the mesocarp structure, 177.0,
149.3, 141.8mgg~! for the same sequence, respectively. This fact
explains the sorption capacity of each material, because the pres-
ence of these functional groups is essential for cation sorption. The
maximum capacity, Q. indicates for the hydroalcoholic solution
that copper sorption is higher for these biopolymers than in the
aqueous solutions. This can be explained based on the hydration
energies of the hydrated copper ion with coordination number 6,
as in alcohol solution, the solvation is hindered, which reduces the
solubility of ions and can promote the sorption process [34].

3.5. Sorption from sugar cane spirit samples

The variation of the final copper concentrations according to the
dosage of each sorbent, varying from 1.0 to 4.0 gdm=3, is shown in
Fig. 7. It is observed that the copper content in sugar cane spir-
its can be reduced to that permitted by Brazilian law, specified as
5.0mgdm—3, when only 1.0gdm™3 of each sorbent was used. As
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Table 2

Pseudo-first- and pseudo-second-order rate constants for copper sorption on chemically modified mesocarp at pH 6.0 and 298 +1K.

Condition Biopolymer Geexp (Mgg1) Pseudo-first order Pseudo-second order
Geca (Mgg™') ki (min"')  R? Geca (Mgg™')  kx(gmg~'min')  h(mgg'min"') R
Water BMS 33.53 62.80 0.202 0.928 37.19 0.005 7.586 0.992
BMP 26.01 9.85 0.085 0.883 27.62 0.011 8.595 0.997
BMM 17.50 15.54 0.127 0.952 19.46 0.009 3.625 0.988
Hydroalcoholic BMS 38.58 45.98 0.126 0.951 44.86 0.002 5.720 0.982
BMP 30.63 6.46 0.091 0.944 30.66 0.039 37.25 0.999
BMM 19.88 4.66 0.092 0.753 2043 0.033 13.94 0.999
Table 3
The Langmuir and the Freundlich parameters for copper adsorption on chemically modified mesocarps at pH 6.0 and 298 +£ 1 K.
Condition Biopolymer Langmuir Freundlich
R? Qn (mgg!) K; (dm? mg-1) R R? Kr(dm* mg~1) N
Water BMS 0.994 40.98 0.021 0.084 0.834 8.015 3.859
BMP 0.986 40.47 0.010 0.166 0.901 3.221 2.557
BMM 0.946 34.36 0.005 0.263 0.901 1.048 1.897
Hydroalcoholic BMS 0.980 64.06 0.012 0.144 0.909 7.812 3.094
BMP 0.995 44.11 0.015 0.120 0.939 6.526 3.373
BMM 0.967 31.51 0.007 0.222 0.876 1.548 2.167

observed, the initial high concentration of cation of 8.0mgdm~3
was reduced to 0.48, 1.41, 4.26 mgdm—3 for BMS, BMP and BMM,
respectively, at the end of the sorption process. However, northern
hemisphere countries permit only up to 2.0 mgdm—3 of copper in
sugar cane spirits, which requires a dosage of 3.0 mgdm—3 of BMM
to fit within the required standards.

The present chemically modified mesocarp has considerably
higher sorption capacity when compared with other studied mate-
rials. For example, the most investigated sorbent activated carbon,
has the ability for copper removal from sugar cane spirit [35], show-
ing that it would require concentration of 12.0 gdm~3 and a stirring
time of 60 min to obtain sugar cane spirits with copper levels below
the limit allowed under Brazilian law.

Although the biopolymers of this study have demonstrated good
efficiencies for copper removal from real samples of sugar cane spir-
its, a solid base for commercial application requires further studies
on the changes in the profiles of inorganic and organic components
of the sugar cane spirits, economic feasibility and the ideal flow
conditions.

-3

C ../ mgdm

Cu

dosage / g dm”

Fig. 7. Copper sorption form a sample of sugar cane spirit by BMS (a), BMM (b) and

BMP (c) at 298 + 1 K after 30 min of contact. ( - - - ) maximum allowed by the laws of

countries of the northern hemisphere; (—) maximum allowed under Brazilian law.

4. Conclusion

Through a quick and ready methodology it was possible to
devise a strategy to introduce chelating carboxylic acid functions
onto natural babassu mesocarp. The synthesized biopolymers pre-
sented good sorption capacities for copper in hydroalcoholic and
aqueous solutions, with maximum values obtained at pH 6.0. The
corresponding kinetics of sorption is governed by a pseudo-second-
order model, with better adjustment to the Langmuir model. The
results also demonstrated the effectiveness of copper removal from
a sample of sugar cane spirits, requiring only 1.0 gdm~3 of sorbent
and 30 min of contact to meet the requirements of Brazilian law.
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