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This study describes the applicability of two chemically modified sugarcane bagasses containing either
adsorbed Co?* or Cr?* ions as heterogeneous catalysts for the autooxidation of monoterpenes. The main
objective was to investigate new uses for these adsorbent materials which had been previously employed
for treatment of aqueous solutions or effluents containing metals such as Co?* and Cr3*. The adsorption
efficiency of Co?* and Cr3* on SCB2 and EB was evaluated by adsorption isotherms and other techniques
such as XRD, ICP-AES and TGA. Catalytic activity of the four new catalysts, SCB2-Co, SCB2-Cr, EB-Co, and
EB-Cr, were assessed in the oxidation reaction of B-citronellol(1), (+)-limonene(2), and (—)-B-pinene(3)
in a free solvent system. Results obtained demonstrated that these materials were promising catalysts for
the oxidation of monoterpenes. Reactant conversion ranged from 49 to 78% as determined by GC analysis
and a combined selectivity up to 59% for the oxidation products was achieved.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the use of lignocellulosic materials as solid sup-
ports for the adsorption of metallic cations has received much
attention due to the low costs associated with these promis-
ing alternative materials (Gurgel et al., 2008a; Sud et al., 2008).
Thenceforward, various research groups have developed adsorp-
tion materials based on lignocellulosic matrices as solid supports
with good chemical affinity for metallic cations. Noteworthy is the
fact that amongst the biomass sources available, those originat-
ing from agricultural residues such as sugarcane bagasse, wood
bark, and wood sawdust have been the most intensively inves-
tigated for the development of new adsorbent materials (Ajmal
et al., 1998; Gurgel et al.,, 2008b; Karnitz et al., 2009; Naiya
et al., 2009; Pereira et al., 2009; Sud et al., 2008; Yu et al.,,
2008). In the Brazilian scenario, the use of agricultural residues
for novel applications is a particularly attractive and promising
source of new materials, given the continually growing investments
in recent years by local industry in the production of renew-
able fuels. According to the Brazilian Ministry of Agriculture, the
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sugarcane harvest in the 2011/2012 season is expected to reach
571.4 million tons, which will generate about 142.9 million tons of
bagasse and 116.6 million tons of straw (CONAB, 2011). Or in other
words, one ton of sugarcane produces about 250 kg of bagasse and
204 kg of straw with an estimated moisture content of 50%, and thus
highlighting the potential of bagasse derivatives for other industrial
applications.

Sugarcane bagasse is mainly composed by 40-50% cellulose,
25-30% polyoses, and 20-25% lignin (Karnitz et al., 2007). The
chemical structures of such macromolecules are endowed with
hydroxyl groups that can be transformed by modifying agents
to incorporate certain functional groups able to adsorb metallic
cations with high selectivity. One example of a compound that
can be “grafted” into the sugarcane bagasse structure is ethylene-
diaminetetraacetic dianhydride (EDTAD). In this case, amine and
carboxylic acid functions are released producing a very efficient
complexing substructure into the lignocellulosic matrix for metal
adsorption (Karnitz et al,, 2009). Other agents such as succinic,
maleic or phthalic anhydrides can be used to modify the surface of
sugarcane bagasse through an esterification reaction resulting in a
surface containing carboxylic acid functional groups (—COOH). This
kind of functionalization clearly increases the adsorption capacity
of the lignocellulosic materials, which has been demonstrated in
the literature (Karnitz et al., 2007; Liu et al., 2007, 2008; Naiya et al.,
2009; Srivastava et al., 2006; Sud et al., 2008; Sun et al., 2003; Xiao
etal., 2001).


dx.doi.org/10.1016/j.indcrop.2013.07.047
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2013.07.047&domain=pdf
mailto:laurent@iceb.ufop.br
mailto:pard@iceb.ufop.br
dx.doi.org/10.1016/j.indcrop.2013.07.047

A.G.M. da Silva et al. / Industrial Crops and Products 50 (2013) 288-296 289

Modified sugarcane bagasse can efficiently adsorb metallic
cations present in water bodies (Ajmal et al., 1998; Gurgel et al.,
2008a; Karnitz et al., 2009; Naiya et al., 2009) and effluents mak-
ing this strategy of adsorption very interesting from an economic
and environmental point of view (Pereira et al., 2009, 2010). Nowa-
days, sugarcane bagasse generated after the crushing of sugarcane,
is burned to produce steam for the generation of electric energy at
sugar and ethanol plants.

Chromium is present in the earth’s crust at an average con-
centration of 10 mg/kg and in the ores it may reach up to more
than 50% in weight. After processing of the ore, the metal can
be converted to several compounds and used in many industrial
processes such as the production of alloys, electrolytic plating,
refractory bricks, pigments and tannic agents for leather. Toxic
chromium compounds occur naturally at low concentrations in
the earth’s crust and it is through industrial activities such as
fabrication of cement, electroplating, foundries, welding, mining,
industrial and municipal waste, incineration, fertilizers, and spe-
cially in its use in tanneries that contamination can occur at higher
levels (Gurgel et al., 2009). In this context, an alternative use for
sugarcane bagasse is described, in principle, as very promising in
the removal of heavy metal ions such as Cr3* from contaminated
waters and effluents. However, even after solving the problem of
water contamination, the disposal of adsorbent materials contam-
inated with metal ions after the adsorption process does not have
an obvious solution nor a specific destination and/or subsequent
use, which could therefore make this process economically unfea-
sible.

Solid materials containing transition metals such as chromium
and cobalt are widely used as heterogeneous catalysts in various
reactions of interest for chemical, petrochemical, pharmaceutical
and food industries (Boor, 1979; Keii, 2004; Robles-Dutenhefner
etal., 2004,2011). An example is the functionalization of monoter-
penes to obtain compounds of interest to the fine chemicals
industry as well as other substances categorized as essential oils
(Robles-Dutenhefner et al., 2009; Sales et al., 2003).

Terpenes constitute a class of natural products that can be
transformed into compounds commercially important for indus-
trial production of fragrances, perfumes and flavors (Pybus and
Sell, 1999). The application of cobalt and chromium as catalysts
for homogeneous and heterogeneous oxidation of terpenes was
already reported in the literature by various research groups (da
Silvaetal.,2003; Robles-Dutenhefner et al., 2004, 2005; Rocha et al.,
2009; Speziali et al., 2005, 2009).

Thus, this study aims to develop a process that uses agricultural
by-products such as sugarcane bagasse, modified with organic lig-
ands such as succinic anhydride and EDTA dianhydride, and use the
adsorbent materials produced to remove Co2* and Cr3* from single
metal ion aqueous solutions. Finally, the application of these adsor-
bent materials containing adsorbed Co%* and Cr3* as heterogeneous
catalysts for the chemical transformation of natural terpenic sub-
strates in valuable oxygenated derivatives is presented.

2. Experimental
2.1. Chemicals

Succinic anhydride and pyridine were purchased from Vetec
(Brazil). EDTA (disodium salt), acetic anhydride, and N,N'-
dimethylformamide (DMF) were purchased from Synth (Brazil).
The monoterpenes ([3)-citronellol (1), (+)-limonene (2), (—)-B-
pinene (3) were purchased from Sigma-Aldrich. Pyridine was
refluxed overnight with NaOH and distilled prior to use. DMF was
treated with molecular sieve (4A) prior to use. CoCl,-6H,0 and
CrCl3-6H,0 were purchased from Merck.

2.2. Preparation of the catalysts SCB2-Co and SCB2-Cr from
succinylated sugarcane bagasse

The chemical modification of sugarcane bagasse (B) was per-
formed according to the synthetic route shown in Fig. 1. To this
end, sugarcane bagasse was initially milled using a tungsten ring
mill and sieved using a sieve system composed by screens of 1.68,
0.251,0.152,and 0.075 mm. Subsequently, the fraction of 0.075 mm
was washed with hexane:ethanol 1:1 (v/v) in a Soxhlet appara-
tus for 24 h and dried in an oven at 80°C. Sugarcane bagasse (3 g),
dry powder (0.075 mm), succinic anhydride (9 g), and anhydrous
pyridine (30 mL) were added to a round-bottom flask equipped
with a reflux condenser. The suspension was heated at pyridine
reflux for 24 h. At the end of the reaction, the succinylated sugar-
cane bagasse (SCB1) was transferred to a sintered glass funnel with
porosity 4 and successively washed with 1.0 mol/L of acetic acid
in dichloromethane, 95% ethanol, 0.01 mol/L hydrochloridric acid
solution, distilled water, 95% ethanol and then with acetone. SCB1
was dried at 80°C in an oven for 2 h. Next, SCB1 was cooled in a
desiccator and weighed (Gurgel et al., 2008a).

SCB1 was treated with a saturated sodium bicarbonate solution
in order to release the carboxylate groups, producing the sorbent
material SCB2. Then, SCB2 was washed with distilled water, 95%
ethanol, acetone, and dried at 80°C in an oven for 2 h. After that,
SCB2 was separately treated with aqueous spiked solutions of Co2*
(0.2 mol/L) and Cr3* (0.2 mol/L) for 1 h, and the solid and liquid frac-
tions were separated using a sintered glass funnel with porosity 4,
washed with distilled water, and dried at 80°C in an oven for 2 h.
SCB2 treated with CoZ* and Cr3* aqueous solutions was referred to
as SCB2-Co and SCB2-Cr, respectively, as can be seen in Fig. 1.

2.3. Preparation of the catalysts EB-Co and EB-Cr from sugarcane
bagasse modified with EDTA dianhydride (EDTAD)

The chemical modification of sugarcane bagasse (B) with EDTA
dianhydride was carried out using the synthetic route shown in
Fig. 2. Sugarcane bagasse (3g), dry powder (0.075mm), EDTA
dianhydride (15 g), and anhydrous N,N'-dimethylformamide (DMF)
(126 mL) were added to a round-bottom flask equipped with a
reflux condenser. The mixture was heated at 75 °C under constant
magnetic stirring for 24 h. At the end of the reaction, sugarcane
bagasse modified with EDTA (EB) was transferred to a sintered glass
funnel with porosity 4 and washed with DMF, 95% ethanol, distilled
water, saturated sodium bicarbonate solution, distilled water, 95%
ethanol, and then with acetone. EB was dried at 80°C in an oven
for 2 h, and then cooled in a desiccator and weighed (Karnitz et al.,
2009). After that, EB was subsequently treated with aqueous spiked
solutions of Co%* (0.2 mol/L) and Cr3* (0.2 mol/L) for 1h, and then
solid and liquid fractions were separated as described in Section
2.2. EB treated with Co?* and Cr3* aqueous solutions was referred
to as EB-Co and EB-Cr, respectively (Fig. 2).

2.4. Biobased catalysts characterization

2.4.1. Fourier transform infrared spectroscopy (FTIR)

Sugarcane bagasse (B), succinylated sugarcane bagasse (SCB1)
and modified bagasse with EDTA dianhydride (EB) were charac-
terized by FTIR spectroscopy. Infrared spectra were recorded on a
Nicolet Impact 410 FTIR spectrometer by using KBr disk from 4000
to 400 cm~! with 32 scans and 4cm~! of resolution. The samples
were prepared by mixing 1 mg of previous dried B, SCB1, and/or EB
with 100 mg of spectroscopic grade KBr powder.

2.4.2. Specific surface area and pore size distribution
The specific surface area (BET method) of SCB2 and EB was
measured by the N, adsorption/desorption isotherms at liquid
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Fig. 1. Synthetic route used to prepare the catalysts SCB2-Co and SCB2-Cr.

nitrogen temperature (77K) on an Autosorb-Quantachromium
(NOVA-1200). The pore size distributions were calculated from
the desorption isotherms using the Barrett-Joyner-Halenda (BJH)
method.

2.4.3. X-ray diffraction

X-ray diffraction (XRD) patterns of adsorbents containing
adsorbed Co?* and Cr3* (SCB2-Co, EB-Co, SCB2-Cr and EB-Cr) were
recorded on a Shimadzu diffractometer model XRP-6000 using Mg-
filtered Fe K4 radiation (A =1.9374 A) generated at a voltage of 40 kV
and current of 30 mA with a scan rate of 2°/min from 7° to 70°.
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2.4.4. Thermogravimetric analysis

Thermogravimetry analyses (TGA) of catalysts were carried out
in a simultaneous TGA-DTA equipment model SDT 2960 (TA Instru-
ments). The samples were heated from 25 to 900°C at a linear
heating rate of 10 °C/min under synthetic air atmosphere at a flow
rate of 50 mL/min.

2.4.5. Co?* and Cr3* contents in the adsorbents

The amount of Co?* and Cr3* adsorbed on SCB2 and EB was
determined using inductively coupled plasma atomic emission
spectrometry (ICP-AES Spectro model Ciros CDD). For this, a sam-
ple of 0.2500 g of catalyst was accurately weighed and transferred

(0]

Na* O

O Na* EB

Fig. 2. Synthetic route used to prepare the catalysts EB-Co and EB-Cr.
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to a 250 mL Erlenmeyer flask. After that, 10.0 mL of hydrochloric
acid/nitric acid aqueous solution, 3:1 (v:v), prepared from concen-
trated acids were added. The suspension was transferred to a hot
plate and heated to 80°C and kept in this temperature for 15 min.
The suspension was cooled and the solid and liquid fractions were
separated by single filtration. The concentration of Co?* and Cr3*
was determined by ICP-AES.

2.5. Adsorption study of Co?* and Cr3* on SCB2 and EB

The adsorption studies of Co?* and Cr3* on SCB2 and EB were
divided into three steps: (1) adsorption as a function of contact
time; (2) adsorption as a function of pH of the metal ion solution;
and (3) effect of initial metal ion concentration on adsorption.

2.5.1. Adsorption study of Co?* and Cr3* as a function of contact
time

Adsorption experiments of Co?* and Cr3* on SCB2 and EB were
performed for the purpose of determining the adsorption equi-
librium time. 100 mg samples of SCB2 and/or EB were accurately
weighed and transferred to 250-mL Erlenmeyer flasks with a
100.0 mL of aqueous Co%* and/or Cr3* solutions of known concen-
tration (190 mg/L for Co2* and 180 mg/L for Cr3*). The Erlenmeyer
flasks were mechanically stirred for different periods of time on a
rotary shaker at 100 rpm at 25 °C. The pH of the suspensions was
adjusted by adding a few drops of aqueous NaOH and/or HCI solu-
tions (0.1-5.0 mol/L) in order to achieve values of 6.4 and 6.0 for
adsorption of Co2* on SCB2 and EB and 3.7 and 3.2 for adsorption
of Cr3* on SCB2 and EB. At the end of each period of time, adsorbate
and adsorbent were separated by single filtration using Whatman-
41 quantitative filter paper for instrumental analysis. Three aliquots
of 10.0 mL of each metal ion solution were used to determine metal
ion equilibrium concentration. Co2* equilibrium concentration was
determined by direct titration with aqueous EDTA standard solu-
tion (3 mmol/L) at pH 10 using murexide as an indicator and Cr3*
equilibrium concentration was determined by back titration of an
excess of aqueous EDTA standard solution (3 mmol/L) with aque-
ous Mg2* standard solution (2 mmol/L) at pH 10 using Eriochrome
Black T as an indicator. A buffer solution comprised of NH3/NH4*
was used to adjust the pH to 10 in the both titrations (Gurgel et al.,
2008b).

2.5.2. Adsorption study of Co?* and Cr3* as a function of pH

Adsorption experiments of Co2* and Cr3* on SCB2 and EB were
carried out to determine the effect of pH on the metal ion adsorption
process. Samples of 100 mg were accurately weighed and trans-
ferred to 250-mL Erlenmeyer flasks with 100.0 mL of aqueous Co2*
and/or Cr3* solutions of known concentration (190 mg/L for Co2*
and 180 mg/L for Cr3*). The Erlenmeyer flasks were mechanically
stirred for 30 min on a rotary shaker at 100 rpm at 25 °C. The contact
time used in this study was that obtained from study of adsorption
as a function of contact time (Section 2.5.1). The pH of the suspen-
sions was adjusted by adding a few drops of aqueous NaOH and/or
HCl solutions (0.1-5.0 mol/L). The pH range used in the studies was
from 2.4 to 7.1 for SCB2-Co, from 1.2 to 6.6 for EB-Co, from 2.0 to 4.5
for SCB2-Cr, and from 2.0 to 4.6 for EB-Cr. Throughout the exper-
iments the pH was checked, and if any variation took place, the
pH was corrected to the initial value chosen for each set of exper-
iments. The metal ion equilibrium concentration was determined
as described in Section 2.5.1.

2.5.3. Adsorption study of Co?* and Cr3* as a function initial
metal ion concentration—adsorption isotherms

Adsorption experiments of Co?* and Cr3* on SCB2 and EB were
performed to determine the effect of initial metal ion concentration
and to obtain the adsorption isotherms. Samples of 100 mg were

accurately weighed and transferred to 250-mL Erlenmeyer flasks
with 100.0mL of aqueous Co?* and/or Cr3* solutions of known
concentration from 120 to 290 mg/L and from 130 to 290 mg/L for
Co%* and SCB2/EB adsorbent materials, and from 105 to 280 mg/L
for Cr3* and SCB2/EB adsorbent materials, respectively. An equilib-
rium time of 30 min was chosen for all adsorption systems based
on the study of adsorption as a function of contact time. The pH of
suspensions of SCB2-Co, SCB2-Cr, EB-Co, and EB-Cr was adjusted
for 6.5, 5.8, 5.9, and 4.5, respectively. Some variations of the pH
of suspensions were corrected along the time by adding drops of
aqueous NaOH and/or HClI solutions (0.1-1 mol/L). The equilibrium
concentration of Co%* and Cr3* was also determined by titration as
described in Section 2.5.1. Equilibrium adsorption capacities were
calculated as follows:

_ (G —Ce) x Vi
Mg

e (M
where ¢. (mg/g) is the equilibrium adsorption capacity, C; and C,
(mg/L) initial and equilibrium metal ion concentration, Vy; (L) the
volume of the metal ion solution, and m4, (g) the mass of adsorbent
material.

2.6. Free energy of adsorption

According to Liu (2009), the Gibbs free energy change (AG°)
indicates the degree of spontaneity of an adsorption process. The
AG° of adsorption is calculated as follows:

AG® = —RTInK, 2)

where Ris the gas constant 8.314 J/K mol, T (K) the absolute temper-
ature, and Kj is the thermodynamic equilibrium constant without
units. The Langmuir equilibrium constant has been often used for
calculation of AG° using Eq. (2) in adsorption studies (Liu, 2009).
However, it should be pointed out that the thermodynamic equi-
librium constant in Eq. (2) is unitless, whilst the Langmuir constant
has units of L/mol. Liu (2009) has demonstrated in detail that the
relationship between the Langmuir equilibrium constant, K;, and
the thermodynamic equilibrium constant, K, can be given by the
following equation.

Ko = %xm mol/L)] 3)

where y, is a function of the ionic strength (I,) (logy. = — Az21,1/2)
of the solute at adsorption equilibrium and the charge carried by
the solute (z) (Debye-Hiickel law). According to Liu (2009), in the
case of neutral adsorbates, adsorbates with weak charges or for a
dilute solution of charged adsorbate, the thermodynamic equilib-
rium constant of adsorption can be reasonably approximated by the
Langmuir equilibrium constant. In this case, the Langmuir equilib-
rium constant can be applied for determination of AG°, and Eq. (3)
turns to:

AG° ~ —RTIn [KL x (1 mol/L)] = —RTInK; (4)

A detailed reading of Liu’s discussion is strongly recommended
by authors to avoid erroneous use of this approach in the calculation
of AG°.

2.7. Catalytic evaluation of adsorbent materials

In catalytic oxidation experiments, monoterpenes (3-citronellol
(1), (+)-limonene (2), and (—)-B-pinene (3) were used. Reactions
were carried outin a glass reactor equipped with a magnetic stirrer.
The glass reactor was connected to a gas buret containing molecular
oxygen to measure the gas uptake. In a typical run, a mixture of 3-
citronellol (14 mmol), dodecane (4.4 mmol) and the catalyst (0.1 g,
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Fig. 3. Comparative FTIR spectra of (a) B and SCB1 and (b) B and EB.

ca. 6.5-12 wt.%) was intensively stirred at 80 °C and oxygen pres-
sure of 1 atm. The reactions were followed by measuring the uptake
of oxygen and by gas chromatography (GC) using dodecane as an
internal standard (Shimadzu 2014 instrument, Carbowax 20 M cap-
illary column, FID detector). The reactors were placed in an oil bath;
then, the solutions were intensively stirred at 60 °C for the reported
time. Structures of products were confirmed by gas chromatogra-
phy coupled to mass spectrometry (Shimadzu QP5000 instrument,
DB5 capillary column, 70 eV). Upon completion of the reaction, the
catalyst was filtered off, washed with distilled water, EtOH, and
reused. To control metal leaching, the catalyst was removed at the
reaction temperature after 2 h and the solution was allowed to react
further.

3. Results and discussion
3.1. Biobased catalysts characterization

Fig. 3a and b shows FTIR spectra for raw sugarcane bagasse (B),
succinylated bagasse (SCB1) and sugarcane bagasse modified with
EDTA dianhydride (EB). As can be seen in Fig. 3a and b, the com-
parative FTIR spectra of both materials show a broad and intense
band at 3440 cm~! assigned to the vibrational (voy) modes of the

Table 1
Textural properties of SCB2 and EB materials.

Material BET surface area Total pore volume Average pore
(m?/g) (cm3g1) diameter (A)

SCB2 2.7 10.0 155.0

EB 1.5 4.0 108.0

hydroxyl groups present in the polysaccharide fraction of sugar-
cane bagasse. In Fig. 3a, it is noteworthy that functionalization
of sugarcane bagasse surface is evidenced by the appearance of
bands 2970, 2929, and 2852 cm™!, corresponding to asymmetric
and symmetric stretching of the methylene groups (yCH,) present
in succinyl group (Gurgel et al., 2008a). The bands at 1419 and
1215cm™! are related to out of plane bending vibrations for the
carboxylic acid hydroxyl groups (30H). Bands 1653 and 1655 cm™!
correspond to carbonyl groups stretching (yC=0) also present in
the succinyl group. In Fig. 3b, it should be mentioned that in the
comparative spectra of Band EB, the appearance of the strong bands
at 1743 cm™! are attributed to axial deformation of ester groups
(—0—C=0) and the peak observed at 1631 cm™! is attributed to
axial symmetric deformation of carboxylate groups, both present
in the molecule of EDTA which is chemically bonded to sugarcane
bagasse. These bands confirm the introduction of EDTA dianhydride
in the solid support with consequent release of carboxylate groups
(Karnitz et al., 2009).

Table 1 summarizes the textural properties of SCB2 and EB
before adsorption experiments. Their BET surface areas are very
small with large total pore volume values indicating that function-
alization of the sugarcane matrix for the adsorption experiments
was effective. Moreover, it also suggests that a chemisorption
phenomenon may be occur between the organic matrix and the
selected metallic ions.

X-ray diffraction patterns for SCB2-Co, EB-Co, SCB2-Cr, and EB-
Cr (figure not shown) indicate that the crystalline structure of
cellulose I was maintained after chemical modification of sugarcane
bagasse with succinicanhydride and EDTA dianhydride. In addition,
no diffraction peaks characteristic for chromium and cobalt phases
were noticed in the diffractograms.

Thermogravimetric curves for SCB2-Co, EB-Co, SCB2-Cr, and
EB-Cr are shown in Supplementary Fig. 1. As can be seen in Sup-
plementary Fig. 1a-d and in Table 2, the initial small weight loss,
which occurred at temperatures between 49 and 60 °C, represent-
ing approximately 10-14% of the total weight loss was attributed
to the vaporization of bound water in the samples. For all samples,
the initial weight loss was followed by a plateau that extended to
the start of the main decomposition events and causing weight
losses around 70-83%. According to Ouajai and Shanks (2005)
and Bilba and Ouensanga (1996) depolymerization, deacetylation
and dehydration of hemicelluloses and dehydration and break of

Table 2
Thermogravimetric data for thermal decomposition of SCB2-Co, SCB2-Cr, EB-Co, and
EB-Cr.

Raw sugarcane SCB2-Co  SCB2-Cr EB-Co EB-Cr

bagasse
Tp,1 (°C) 70 55 53 60 49
AM; (%) 6.3 14 10 12 10
Tp2 (°C) 320 324 318 310 284
Tp3 (°C) 376 366 349 349 334
Tpa (°C) - 392 366 371 359
AM3 34 (%) 83 70 79 80 83
Residue (MyOy, %) 10.7 16 11 8 7
Co (%)? - 12.6 - 6.3 -
Cr (%) - - 7.5 - 48

2 In the calculation of the percentages of Co and Cr on SCB2 and EB the formation
of CoO and Cr,03 was considered.
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a- and B-aryl-alkyl-ether bonds in lignin occurred at about 320°C.
As can be seen in Table 2, the second decomposition tempera-
ture (Tp_) for the samples SCB2-Co, EB-Co, and EB-Cr is closer to
320°C, which is in good agreement with the observation made
by Ouajai and Shanks (2005) and Bilba and Ouensanga (1996).
Ouajai and Shanks (2005) and Bilba and Ouensanga (1996) also
noticed that the decomposition event around ~376°C, third and
fourth decomposition events (Tp 3 and Tp4) could be attributed to
cellulose decomposition and breaking of C—C bonds between struc-
tural units of lignin. This would allow for the decarbonylation and
decarboxylation reactions to take place and result in large weight
losses.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.indcrop.
2013.07.047.

Chromium and cobalt contents in SCB2-Cr, EB-Cr, SCB2-Co, and
EB-Co were quantified by ICP-AES after acidic digestion of catalysts
to give values of 6.5%, 5%, 12%, and 9 wt¥%, respectively. These val-
ues may vary according to the adsorption experiment performed.
This study aims mainly to assess the reactivity of the material after
the adsorption experiment. The influence of optimization of the
adsorption process on the catalytic activity of material was not
studied in this investigation, but instead, the feasibility of obtaining
promising new applications for adsorbents containing metal ions
was the main focus here.

3.2. Adsorption study of Co?* and Cr3* on SCB2 and EB

3.2.1. Effect of contact time

Experiments to investigate the effect of contact time on adsorp-
tion of Co2* and Cr3* on SCB2 and EB were carried out to determine
the adsorption equilibrium time (t.). As can be seen in Fig. 4a, te
was attained after 5 min for both metal ions and adsorbent materi-
als. Therefore, a contact time of 30 min was used for the adsorption
studies as a function of pH. This time is enough to handle those
pH variations that inevitably occur and corrections were made to
ensure that initial pH was similar to end pH.

3.2.2. Effect of pH

One of the most important parameters that directly affect the
adsorption of Co2* and Cr3* is the pH. The dependence of metal
ions uptake on pH is related to pK; of the functional groups on the
surface of the adsorbent material and the form of the metal ion in
the solution, i.e. presence of the species such as M™*, M(OH )("~1)*,
and M(OH),. Solubility product constants (Lide, 2012) (Ksp) for
Co%* (5.92 x 10-1%) and Cr3* (3.0 x 10~29) were used to calculate
the maximum pH at which these metal ions may not occur as
hydrolyzed species. Based on Co%* and Cr3* concentrations and
their Ksp, the maximum pH values that can be used for adsorption
studies were found to be 8.1 and 5.3, respectively. SCB2 is expected
to be a weakly basic ion exchanger, while EB is an amphoteric and
contains both acidic and basic functional groups as can be seen in
Figs. 1 and 2. As can be seen in Fig. 4b, at pH lower than 3.5, func-
tional groups of SCB2 are essentially protonated and the adsorption
capacity (g) of Co?* and Cr3* is very low at this pH. Increasing the
PH, the carboxylic acid groups are deprotonated and the adsorption
capacity consequently increased and reached a plateau for SCB-
Co2*. For the adsorption system SCB-Cr3*, increasing pH increased
the adsorption capacity, however no plateau was noticed due to
restriction of the maximum pH for Cr3* adsorption. As can be seen
in Fig. 4b, at low pH 1-2, functional groups of EB are partially pro-
tonated and the adsorption capacity (q) of Co%* and Cr3* is low, but
larger than for SCB2 at the same pH range. Increasing the pH, the
adsorption capacity is also increased. For Co?*, q increases as pH
was increased and reached a plateau, while for Cr3* g increases as
pH was increased, but no plateau was attained. This observation is
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Fig. 4. Studies of adsorption of Co?* and Cr3*on SCB2 and EB: (a) effect of contact
time, (b) effect of pH, and (c) effect of initial metal ion concentration-adsorption
isotherms.

similar to that noticed for Co%* and Cr3* adsorption on SCB2. The
larger adsorption capacity of EB in relation to SCB2 at low pH val-
ues is attributed to the chemical properties of iminoacetate groups
from EDTA, which have lower pKj, values than succinyl groups. The
low pK; values of the iminoacetate groups make it possible for EB
to adsorb metal ions at low pH values, which gives to EB adsorbent
material special properties.
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Table 3

Langmuir parameters for adsorption of Co?* and Cr3* on SCB2 and EB.

A.G.M. da Silva et al. / Industrial Crops and Products 50 (2013) 288-296

Metal ion Material pH Langmuir adsorption data
Qmax (Mg/g) Qmax (mmol/g) b (L/mg) R? —AG°(kJ/mol) SSR
Co?* SCB2 6.4 11312 + 332 1.92 + 0.06 0.184 + 0.101 0.9957 23.04 + 1.36 0.004
EB 5.8 85.69 + 2.44 1.45 + 0.04 0.083 + 0.027 0.9960 21.06 + 0.82 0.007
Cr3* SCB2 5.9 61.92 + 6.90 1.19 £ 0.13 0.009 + 0.002 0.9522 15.18 £ 0.48 0.167
EB 45 45.09 + 1.21 0.87 + 0.02 0.013 + 0.001 0.9964 16.13 + 0.16 0.028

3.2.3. Effect of initial metal ion concentration and adsorption
isotherms

Adsorption isotherms can be used to describe how adsor-
bates interact with adsorbents. In this sense, Langmuir adsorption
isotherm model has traditionally been used to quantify and con-
trast the performance of different biosorbent materials. Alinearized
form of Langmuir equation is shown as follows (Langmuir, 1918):

Ce 1 Ce

a - QTTIaXb * QITIEIX (5)

where g, (mg/g) is the equilibrium adsorption capacity, Qmax (mg/g)
is the maximum amount of metal ion per unit weight of SCB2
and/or EB to form a complete monolayer coverage on the surface
bound at high equilibrium metal ion concentration, C. (mg/L) is the
equilibrium metal ion concentration, and b (L/mg) is the Langmuir
constant related to the affinity of binding sites. Qmax characterizes
the practical limiting adsorption capacity when the surface is fully
covered by metal ions and b represents the bond energy related to
the adsorption phenomenon between metal ions and biosorbent
materials.

A linearized plot of C/qe against Ce is obtained from the Lang-
muir model and is shown in Fig. 4c. Qmax and b were computed
from the slopes and intercepts of different straight lines obtained
from linear regression analysis of the experimental data (Fig. 4c).
The high coefficients of determination obtained by fitting exper-
imental data with Langmuir model indicate that the adsorption
phenomenon of Co?* and Cr3* can be described by this model.

The results for Co?* and Cr3* adsorption on SCB2 and EB using
Langmuir model are presented in Table 3. These results are very
close to those obtained by ICP-AES. For example, Qmax for Co2*
adsorption on SCB2 is 113.1 mg/g, corresponding to 11.31 wt% of
Co2*, which is coherent with those results obtained by ICP-AES
(12 wt%). For all the obtained materials, EB-Cr, EB-Co, SCB2-Cr, and
SCB2-Co, the variations between the obtained results from ICP-AES
method and adsorption isotherms were in a range from 5 to 10%,
and thus confirming the content of Co2* and Cr3* in the adsorbents.

SCB2 exhibited larger maximum adsorption capacity (Qmax)
and Langmuir constant (b) than EB for Co2* and Cr3* adsorption.
Recapitulating, SCB2 showed larger Qmax values for Co2* and Cr3*
adsorption in pH values closer to 6, however SCB2 exhibited a
smaller adsorption capacity (q) than EB in pH values from 1 to 3.
Therefore, SCB2 may be used to treat effluents containing metal
ions in pH values higher than 3.5-4.0, while EB may be used to
treat effluents in more acidic pH values.

The majority of the materials tested for metallic cationic adsorp-
tion in the literature do not present a good capacity of adsorption
in acidic conditions (Karnitz et al., 2009). In addition, the results
obtained in this study showed that there is the possibility of modu-
lating the performance of the adsorbent materials to suite the pH of
the aqueous system by specific surface modifications. In acidic pH
values, EDTA ligand grafted to bagasse provided good adsorption
performance for the adsorbent material EB, while in less acidic pH,
succinic anhydride grafted to bagasse provided a larger adsorption
capacity for the adsorbent material SCB2. Therefore, mixing both

adsorbent materials could be very useful for treating effluents with
varying pH ranges and thus affording highly versatile materials.

3.3. Catalytic evaluation

The aim of the present study was to investigate the application
of the biosorbents SCB2 and EB as heterogeneous catalysts. These
materials were applied in the catalytic oxidation of terpenic sub-
strates as [3-citronellol (1), (+)-limonene (2) and (—)-3-pinene (3).
Citronellal (4) and citronellol epoxide (5) are the main products
from B-citronellol (1) oxidation. The oxidation products of (+)-
limonene (2) are carveol (6), carvona (7) and limonene epoxide (8).
Pinocarveol (9), myrtenal (10) and myrtenol (11) are the oxidation
products of (—)-B-pinene (3) with neither epoxide nor correspond-
ing glycol derivatives being detected in the reaction medium. The
obtained results are shown in detail in Table 4.

The allylic oxidation and epoxidation products were obtained,
despite the main mechanism being allylic oxidation according
to literature (Sales et al.,, 2003). In these reactions a free radical
chain mechanism is usually suggested a competition between the
abstraction of the allylic hydrogen to give allylic oxidation prod-
ucts and the addition of the alkylperoxy radical to the double
bond resulting in epoxide products is expected (Sheldon and Kochi,
1981). However, citronellal (4) is the main product of citronellol
oxidation corresponding to alcohol function oxidation. Further-
more, it is also possible to notice that the chromium ion adsorbed
on both materials promoted the highest conversions to citronellal.

As expected (Robles-Dutenhefner et al., 2009) there is a strong
effect of monoterpene structure on the product nature as can be
seeninTable4.(+)-Limonene (2)and 3-citronellol (1) yielded epox-
idation products, while the oxidation products of (—)-f3-pinene (3)
were only formed by allylic oxidation, which also occurs with (+)-
limonene (2).

A blank reaction with all substrates, in which no catalyst was
added showed virtually no activity (<10% conversion for 24 h)
(these reactions are not shown in the Table 4). The effect of mod-
ified matrices containing adsorbed Co?* and Cr3* in succinylated
bagasse (SCB2) and sugarcane bagasse modified with EDTA dian-
hydride (EB) was evaluated.

The results of B-citronellol (1), (+)-limonene (2) and (-)-
B-pinene (3) oxidation showed that the catalysts tested were
promising for oxidation reactions of the studied monoterpenes,
with conversion results ranging between 49 and 78% and with com-
bined selectivity for oxidation products up to 59%. The difference in
mass balance (Table 4) was attributed to the formation of oligomers,
which were not identified by gas chromatography.

Both chromium and cobalt promoted high conversions and
selectivity values in succinylated bagasse matrix (SCB2). The
adsorbents containing cobalt were more active than those with
chromium (Table 4). The difference in activity between catalysts
canbe attributed to different oxidative mechanisms between cobalt
and chromium. However, the highest turnover number (TON) val-
ues, which consist in the molar ratio between converted substrate
and metal under consideration, were obtained for catalysts in EB as
a result of lower metal content adsorbed to this matrix.
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Table 4
Oxidation of B-citronellol (1), (+)-limonene (2) and (—)-B-pinene (3) catalyzed by Co and Cr adsorbents under solvent-free conditions.*
Substrate Catalyst Conversion® (%) Selectivity® (%) TON¢
4<://:< 4<:/f< O
1) “4) (5)
Oxidation Epoxidation
SCB2-Cr 58 23 21 125
EB-Cr 49 19 18 137
SCB2-Co 67 32 14 104
EB-Co 61 28 13 108
HO. f (0] (0]
(2) (6) (7) X @8)
Allylic oxidation Epoxidation
SCB2-Cr 75 15 19 13 180
EB-Cr 60 12 14 5 185
SCB2-Co 78 27 22 10 115
EB-Co 73 21 17 8 143
CHO OH
OH
A3) ) (10) (11)
Allylic oxidation
SCB2-Cr 70 9 19 21 180
EB-Cr 58 7 16 19 192
SCB2-Co 76 9 22 27 119
EB-Co 69 8 19 22 144

2 Reaction conditions: 0.100 g of catalyst, 353 K, substrate=5mL, O, 1atm, and 12 h.

b Determined by gas chromatography. The other products were not identified.
¢ TON - mol of substrate/mol of Cr or Co.

A preliminary analysis of differences in results obtained by the
studied matrices indicated that SCB2 favors cobalt and chromium
metals to promote higher conversions and selectivities than EB. The
lower conversion and selectivity results obtained using catalysts in
EB can be attributed to the EDTA moiety, which is a polydentate
ligand and forms a stable coordination complex with the metal ion.
For this reason, only few coordination sites are available for the
catalytic process.

In addition, reports on the autoxidation of a number of monoter-
penes including a-pinene (Gomes and Antunes, 1997; Lajunen,
2001; Lajunen et al., 2000; Rothenberg et al., 1998), B-pinene
(Gomes and Antunes, 1997), and limonene (Gomes and Antunes,
1997) in the presence of cobalt complexes have been previously
published. These reports have demonstrated that these substrates
yielded complex mixtures of oxygenated derivatives with a very
low selectivity for allylic oxidation products. Furthermore, homo-
geneous and heterogeneous catalytic oxidations of monoterpenes
(a-pinene, (3-pinene, and limonene) using cobalt as catalyst were
also previously studied (Gomes and Antunes, 1997; Lajunen,
2001; Lajunen et al, 2000; Robles-Dutenhefner et al., 2004;
Rothenberg et al., 1998). Thus, comparing the results reported
above with the results obtained in this study it is possible to notice

that the oxidation of monoterpenes (a-pinene, [3-pinene, and
limonene) also yielded products from allylic oxidation. However,
a higher conversion of the substrates was observed in the present
study.

The Co and Cr catalysts can be removed from the reaction mix-
ture by simple centrifugation or filtration and washed after the
reaction with a mixture of ethanol/water. The recovered catalysts
after washing can be reused several times without a signifi-
cant loss of activity and selectivity. No significant leaching was
observed suggesting a strong interaction between the matrix and
the metallic ion, since the adsorption process occurs by com-
plexation of a cation by carboxylate (—COO~) and amino groups
(—NR1Ry), resulting in the formation of chelates with high stabil-
ity. This behavior is very important technologically. Thus, as the
catalyst did not release cobalt and chromium to the medium, it
can be easily recovered either by centrifugation or filtration and
re-used.

The use of biomass-based compounds, chromium and cobalt
immobilized on a solid matrix as the catalysts, molecular oxygen
as the final oxidant and free solvent conditions are significant prac-
tical advantages of this environmentally friendly process and add
value to the metal contaminated adsorbents.
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4. Conclusions

In this study, an alternative application for adsorbent mate-
rials was proposed. To the best of our knowledge, this study is
the first case in which lignocellulosic adsorbents are applied in a
catalytic oxidation process. The oxidation of 3-citronellol(1), (+)-
limonene(2) and (—)--pinene(3) resulted in highly valuable allylic
oxygen derivatives. In addition, the adsorbents may be reused at
least three times as catalyst without detectable leaching and sig-
nificant loss of their activity. Furthermore, the adsorption studies
alsodemonstrated that the adsorbents can be used to treat effluents
in alarge pH range, which can be very useful in industrial processes.
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