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-
| A novel composite of sugarcane bagasse with multi-walled carbon nanotubes (MWCNTS) in the ratio of 3:1 (m/m), respectively, was |
prepared. The bagasse was initially combined with functionalized MWCNTSs using an HNOs-H,SO, mixture, after which it was crosslinked |
with glutaraldehyde. Several characterization techniques like SEM, TEM, FTIR, Raman spectroscopy and thermal gravimetric analysis,
were used to demonstrate the successful functionalization of the MWCNTs and the covalent anchorage of the bagasse onto the functionalized |
MWCNTs. The composite was subsequently evaluated alongside bagasse for its effectiveness in removing heavy metal ions from a multi- |
component metal ion mixture through batch adsorption studies. The findings indicated the enhanced sorption properties for some heavy |
metals. This composite, therefore, shows good potential for applications that involve pre-concentration and removal of water pollutants. |
|
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[

INTRODUCTION

Sugarcane bagasse is the fibrous residue leftover after the
extraction of juice from sugarcane. In South Africa, the sugar
industry crushes over 20 million tons of sugarcane and about
5 million tons of bagasse are produced annually. This agricul-
tural residue is mainly composed of cellulose (42.3%), pentosans
(25.1%), lignin (24.7%), ash (3.5%) and some nitrogen cont-
aining compounds [1]. These major biopolymer constituents
have many hydroxyl and/or phenolic groups that can be chemi-
cally modified to form new materials with distinctive properties
[2].

Due to its versatile properties, this biomass material has been
used in many ways. For example, it is burnt for power genera-
tion at sugarcane mills and any excess energy is fed to national
grids, processed into pulp for papermaking, used as a reactant
in the chemical industry and for the production of animal feed,
ethanol, enzymes and food additives. A report by Gurgel &
Gil [3], among others [4-7], indicates that a large amount of
bagasse is still not effectively reutilized [8,9]. Due to the large
quantities of bagasse produced and the fact that it is an environ-
mentally friendly and renewable resource, which would promote

the green chemistry principles, there has been a growing interest
towards the development and optimization of procedures that
use this agro-industrial waste as a valuable raw material. One
area of application is for the minimization or removal, of trace
pollutants, such as heavy metals, in the environment [10].

Rapid industrialization has not made this challenge easy
and instead has increased the concentrations of hazardous heavy
metals in wastewaters. Since these metals are non-biodegradable
and can be accumulated in living tissues and can thereby cause
various diseases and disorders, they must be removed prior to
effluent discharge. Adsorption has been shown to be a cost-
effective and efficient means of heavy metal removal. Several
studies [11,12] have shown that agricultural wastes with little
or no economic value, that often cause a disposal problem, can
be used as suitable adsorbents for environmental pollutants.
The use of bagasse as an adsorbent material for the removal of
metal ions and organic compounds from water and wastewaters
already occurs [3,13-17]. Nevertheless, similar to several types
of plant wastes, its ability to adsorb is limited and requires chemical
enhancement. Hence, study into the inclusion of other materials
such as carbon nanotubes (CNTs) has become increasingly
important.
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CNTs have aroused widespread attention because of their
unique physicochemical properties which include electrical
and thermal properties [18]. These advantageous properties
include large surface areas [19] and the ability of CNTs to be
functionalized by introducing oxygen groups on their surface
which enhances the development of materials with improved
properties [20-22]. Multi-walled carbon nanotubes (MWCNTs)
have recently been reported to have better adsorption affinity
than other commonly used adsorbents for the removal of heavy
metal ions [23-29] and organic compounds [30-32] from aqu-
eous solutions. Their high mechanical strength makes them
suitable for the formation of composites [33].

Although research on the chemical alterations of sugar-
cane bagasse exists, there are no studies addressing the develop-
ment of a composite of sugarcane bagasse and MWCNTs for
the extraction of heavy metals from aqueous solutions. Thus,
the objective of this study is to develop, characterize and eval-
uate a bagasse/MWCNT composite for the removal of heavy
metal ions from aqueous solutions under ambient conditions.
To improve interfacial adhesion and achieve uniform disper-
sion of MWCNTSs within the bagasse matrix, the nanotubes
were treated with acid oxidation to introduce oxygen containing
functional groups on their surfaces.

EXPERIMENTAL

Sugarcane bagasse was provided by Mr SNWalford of
the Sugar Milling Research Institute (SMRI) in Durban, South
Africa. Ferrocene (Sigma-Aldrich, South Africa, 98% purity),
toluene (BDH Chemicals Ltd., England, 99.5% pure AR), hydro-
chloric acid (chemically pure reagent, Promark Chemicals, C
CImelman (Pty) Ltd., South Africa, 32% w/w), nitric acid (Sigma-
Aldrich, South Africa, 69% pure), sulfuric acid (Saarchem,
Merck, South Africa, 99-100% pure), NaOH pellets (Merck
Chemicals (Pty) Ltd, South Africa), glutaraldehyde (Merck,
South Africa, 25% aqueous solution), NaHCO; (SMM Instru-
ments, South Africa, chemically pure reagent), Na,CO; (Sigma-
Aldrich, Germany, = 99.5% purity), lead powder (Saarchem,
Merck, South Africa, chemically pure), granulated cadmium
(Thomas Baker Chemicals, Mumbiai, India, 99.9% AR), copper
powder (Johnson Matthey Chemicals Ltd.), granulated zinc
(Sigma-Aldrich, South Africa, 99.8% purity), chromium powder
(Sigma-Aldrich, South Africa, 99.55% purity) and nickel powder
(Sigma-Aldrich, South Africa, < 150 pm, 99.9% trace metal
basis) were used as received. The gas mixture of H, in Ar (10%
H, in Ar (v/v) was obtained from Afrox, South Africa and was
certified to be 10.1% (v/v) H..

Sugarcane bagasse preparation: Sugarcane bagasse was
first dried under sunlight for 72 h. The fibres were then manu-
ally broken into small pieces and dried at 100 °C in an oven
for approximately 24 h. The dried broken fibres were further
milled with the aid of an electrical grinder with a tungsten ball
and sieved through a 215 pum sieve. The resulting fine powder
was washed with distilled water under stirring at 60 °C for 1 h,
filtered and dried in a vacuum oven for 12 h at 80 °C.

Preparation of MWCNTs: MWCNTs were prepared by
the thermal chemical vapour deposition (CVD) method. The
reactor design and setup has been previously described [34].

In a typical reaction, the metal catalyst (ferrocene, 0.125 wt.%)
was dissolved in the carbon precursor (toluene, 10 mL) and
the solution was injected into the system at a rate of 0.8 mL
min"'. The transformed gases were then carried by a reducing
carrier gas mixture of Ho/Ar (10/90 v/v), at a flow rate of100
mL min™, into a horizontal quartz tube housed in a cylindrical
furnace heated at 800 °C, where gas pyrolysis led to the deposi-
tion of a MWCNT layer on the substrate. The system was left
at the maximum temperature for 45 min, after which the furn-
ace was switched off and allowed to cool. The gas (H»/Ar)
flow was left running until the system temperature fell below
250 °C. Thereafter, the carrier gas was switched off and the
system was left to cool to ambient temperature overnight. The
nanotubes were then collected from the hot zone by scraping
the walls of the quartz tube. This procedure yielded 1.20 g of
crude MWCNTs.

Purification of MWCNTs: Impurities were chemically
removed from the crude MWCNTs by dispersing HC1 (20 mL
of 6 mol dm™ HCI) under stirring for 6 h at room temperature.
The tubes were subsequently filtered and washed over vacuum
with distilled water until Universal indicator paper showed the
pH of the filtrate to be neutral. The procedure was then repeated
with 20 mL of 6 mol dm™ HNO;. Thereafter, the MWCNTs
were oven-dried at 100 °C overnight, ground and calcined at
300 °C for 30 min to remove any amorphous carbon.

Functionalization of MWCNTs: In a further step, oxid-
ation of purified pristine MWCNTSs was carried out by refluxing
them in an acid solution consisting of a mixture of concentrated
nitric acid and sulfuric acid in the ratio of 3:1 (v/v), respectively.
The MWCNT-acid mixture (0.3 g MWCNTs in 20 mL acid
solution in a round-bottomed flask) was refluxed for 5 h at
room temperature. The mixture was then neutralized by adding
1.0 mol dm™ NaOH solution. The resulting suspension was
vacuum filtered and the black powder deposited on the filter
was washed with distilled water until Universal indicator paper
showed the pH of filtrate solution to be neutral. The MWCNTs
were further washed with ethanol and acetone and eventually
dried in an oven at 120 °C for 12 h. The yield was found to be
95.3%. The functionalized MWCNTSs were characterized and
used in the subsequent experiments.

Preparation of sugarcane bagasse/MWCNT composite:
An amount of 1.0 g of fine dry bagasse powder was sonicated
for 2 hin 50 mL of deionized water at room temperature until
the mixture was homogeneous. Separately, approximately 0.33 g
of functionalized MWCNTs were dispersed in deionized water
(20 mL) and sonicated for 2 h. Glutaraldehyde (2 mL) was
added to the bagasse suspension to crosslink the bagasse fibres.
The two suspensions were then mechanically mixed and the
mixture was continued to be stirred for 2 h to increase the homo-
geneity. The resulting black product (bagasse/MWCNT comp-
osite) was filtered, washed with water and left to dry overnight
in a vacuum oven at 80 °C. It was subsequently ground to a
fine powder and stored for characterization.

Characterization: A field emission gun scanning electron
microscope (JEOL JSM 6100, Tokyo, Japan) was used to obtain
three dimensional SEM topographical information, at an electron
acceleration voltage of 10 to 15 kV with a magnification between
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10 to 50 000 diameters for suitable image contrast and a resol-
ution of 10 nm to 50 nm. A high resolution transmission electron
microscope (JEOL JEM-1010, Tokyo, Japan) was used for TEM
image visualization. The micrographs from TEM were taken
at an acceleration voltage of 200 kV. Infrared spectra were
obtained by using a Fourier transform infrared spectrometer
(Perkin-Elmer Spectrum RX1) using KBr method in the wave
number range of 4000 to 400 cm™. The crystallinity of the crude
and functionalized MWCNTs was determined with a DeltaNu
Advantage 532™ Raman spectrometer. The excitation source
was a Nd: YAG solid state crystal and the NuSpec™ software
was used to manipulate the scan durations, which typically
ranged between 10 to 59 s. All the spectra were recorded at
room temperature in the spectral range of 200 to 3400 cm™. The
thermal analysis of sugarcane bagasse, crude and functionali-
zed MWCNTs and the bagasse/MWCNT composite was cond-
ucted with a TA Instruments SDTQ 600 instrument. A mass
of 2 mg of each sample was placed in an aluminium pan and
heated at a heating rate of 10 °C min™.

Surface area analysis: The specific surface areas of baga-
sse, MWCNTs and bagasse/MWCNT composite were deter-
mined by nitrogen adsorption/desorption experiments at liquid
nitrogen temperature with a Micromeritics ASAP 2020surface
area and porosity analyzer. The Brunauer-Emmett-Teller (BET)
model was applied to calculate the surface area. Approximately
250 mg of ground and homogenized samples were degassed
at 200 °C in N, overnight and this was followed by the surface
area determination at 77 K.

Determination of acidic surface functional groups: The
acidic functional groups on the surface of the bagasse, function-
alized MWCNTs and bagasse/MWCNT composite were deter-
mined by means of the Boehm titration method [35]. For the
determination of the acidic sites, an amount of 0.2 g of each
materials was mixed with 20 mL of each of three base solutions
(0.1 mol dm™ NaOH, 0.1 mol dm™® NaHCO; and 0.05 mol dm™
Na,CO:s) in 100 mL plastic bottles with stoppers. The mixtures
were shaken in a thermostated shaking water bath for 24 h at
28 °C. The solutions were filtered through Whatman No. 1 filter
paper and aliquots were titrated with 0.1 mol dm™ HCI.

Batch adsorption: A multicomponent solution containing
CddI), Crd1I), Cr(VI), Cu(I), Ni(II), Pb(II) and Zn(II) each
at the same concentration of 20 mg dm™ and pH 6.5 was used
for adsorption studies. Batch adsorption experiments were per-
formed by mixing 1.0 g of bagasse or bagasse/MWCNT comp-
osite with 50 mL of multi-metal ion solution in 100 mL plastic
bottles with stoppers. The mixtures were agitated in a thermo-
stated shaking water bath for 24 h at a constant speed of 150
rpm at 28 °C and subsequently filtered through Whatman No. 1
filter paper. The filtrates were analyzed for the equilibrium
concentrations of the unadsorbed metal ions by using induc-
tively coupled plasma-optical emission spectrometry (Perkin-
Elmer Optima 5300 DV spectrometer). The adsorption efficiency
and adsorption capacity were calculated from eqns. 1 and 2,
respectively:

Adsorbed (%) € =Ca )00
SOroe = —
0=~ (1)

i

G -C,
W Y @
where C; is the initial concentration of metal ion (mg dm™),
C.q is the equilibrium concentration (mg dm™), m is the mass

of adsorbent (g) and V is the volume of solution (mL).

RESULTS AND DISCUSSION

The crude MWCNTs obtained from the CVD synthesis
contain impurities such as carbon spheres, carbon fibres and
metal catalyst particles encapsulated in the closed tips and
around the walls. In addition, sometimes unwanted amorphous
carbon is obtained, which significantly affect the properties
of the MWCNTs. Hence, a purification step was needed in order
to remove the unwanted byproducts and metal particles and to
open the closed MWCNT tips. After the purification step an
oxidative functionalization step was performed on the MWCNTs.
This step was essential in order to develop an adsorbent with
good adsorption properties. As mentioned earlier, the adsor-
ption capacity of bagasse is low and that of pristine MWCNTs
is also low [36]. The introduction of oxygen-containing func-
tional groups onto MWCNTSs has been shown to improve their
adsorptive capacities [37]. Functionalization of the MWCTs
also served to make the CNTs more hydrophilic and easier to
disperse in aqueous media and thereby combine with bagasse.
The van der Waals interactions along the length of the CNTs
naturally make them hydrophilic and if not functionalized they
aggregate in aqueous solution. However, the purification and
functionalization treatments of the MWCNTSs introduce different
defects on the hexagonal ring structure of the CNT walls and
on the CNT tips. The closed tips open and some long tubes are
shortened [22,27,38]. The effectiveness of the purification and
functionalization steps was revealed when the various charact-
erization methods were carried out.

Morphological studies: The microstructure of the crude,
purified and functionalized MWCNTSs was observed by means
of SEM and high resolution TEM images. Significant differ-
ences in the morphology of MWCNTs before and after acid
treatment were observed; the MWCNTs before acid treatment
have smooth surfaces, are longer and some have closed tips as
shown in Fig. 1a. In TEM micrograph (Fig. 1f), the metallic
particles (arising from ferrocene catalyst) are distinctly observed
in the form of black spots. As observed from the SEM image
of purified MWCNTs (Fig. 1b), they are shorter in length, the
tips have been partially opened and the metal particles have
been removed from them. This is supported by the TEM results
as shown in Fig. 1g, where it can further be observed that the
purified MWCNTs are smooth and clean. Fig. 1c¢ and h show
a SEM and a TEM micrograph, respectively, of a functionalized
MWCNT sample. It is clear that the tubes have curved and cylin-
drical shapes and that surface defects and agglomeration are
enhanced after the acid treatment. The defects appear as grooves,
which can be attributed to the functional groups introduced [39].
The functionalized MWCNTs appear shorter than the crude
MWCNTs. Moreover, the outer diameters of the functionalized
MWCNTs are larger than those of the crude MWCNTs, owing
to the oxygen functional groups introduced after acid treat-
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Fig. 1. SEM images of (a) crude MWCNTSs, (b) purified MWCNTs, (c) functionalized MWCNTSs, (d) bagasse and (e) bagasse/ MWCNT
composite and high resolution TEM images of (f) crude MWCNTs, (g) purified MWCNTSs and (h) functionalized MWCNTSs

ment, which also suggests that the functional groups have been
successfully grafted on the surfaces of the MWCNTs. It is
reported that oxidation, by a mixture of H,SO,and HNO; acids,
cuts the highly tangled long tubes into shorter, open-ended
pipes and produces many functional groups on the sidewalls
and at the open ends [40]. Further confirmation of the micro-
structure of the walls and surfaces of the functionalized MWCNT's
was obtained by Raman spectroscopy.

The morphology and homogeneity of bagasse/MWCNT
composite was visualized by means of SEM. Fig. 1 also shows
SEM images of the surface of bagasse (Fig. 1d) and bagasse/
MWCNT composite (Fig. 1e). The bagasse sample exists as
fibres with no common structure. The image of bagasse/MWCNT
composite shows that the components are homogeneously
mixed and that the MWCNTs are embedded and well-dispersed
within the bagasse material.

Functionalization: The FTIR spectra of bagasse, purified
and functionalized MWCNTs and bagasse/MWCNT composite
were recorded in order to confirm the presence of oxygen cont-
aining functional groups (Fig. 2). The main features of the
spectrum of bagasse (Fig. 2a) are consistent with the presence
of lignin, cellulose and hemicelluloses [41]. The strongest peaks
occur at approximately 3328 and 1033 cm™. These arise from
O-H and C-O stretching vibrations, respectively. The FTIR
spectrum of pristine MWCNTs (Fig. 2b) is essentially feature-
less due to the poor infrared transmittance of these samples.
However, two peaks are present in all the spectra (Fig. 2b-c)
at approximately 3444 and 1636 cm™. These can be attributed
to hydroxyl and carbonyl moieties, respectively and both absor-
ptions increase on functionalization as expected. The presence
of these peaks in the purified samples indicates that some degree
of functionalization pre-exists. This is consistent with the
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Fig. 2. FTIR spectra of (a) bagasse, (b) purified MWCNTS, (c) functionalized MWCNTs and (d) the bagasse/MWCNT composite

findings of Santagelo et al. [42], where a small degree of funct-
ionalization exists in pristine CNTs. There are differences in
the spectra of the purified and functionalized MWCNTs which
indicate that the structure of the CNTs has changed. The spec-
trum of the composite (Fig. 2d) shows a number of the peaks
present in the spectrum of bagasse but a new peak emerges at
1713 ¢cm™ indicative of the C=0 stretching mode and the
covalent binding between the MWCNTs and bagasse. Hence,
there is evidence that the MWCNTSs were successfully funct-
ionalized and dispersed within the bagasse.

Crystallinity: Raman spectroscopy is a powerful physical
technique that is widely used in the structural characterization
of crude, purified and functionalized carbon nanotubes [43,44].
The technique shows a high sensitivity to the disorder structure
on various carbon nanotube surfaces. It can be used to provide
qualitative information about the status of the functionalization
of MWCNT surfaces which corresponds to a functional group
grafting on the surface of the MWCNTs. The Raman spectrum
of crude MWCNTs showed the absence of the radial breathing
modes expected in the range between 200-610 nm [14,45],
which confirmed the MWCNT nature of the sample. The peak
observed at 1344 cm is attributed to the disorder structure of

MWCNTs (D-band), such as defects of the graphite structure.
The peak observed at 1595 cm™ is attributed to the graphitic
structure of MWCNTs (G-band). The ratio of the intensity of
the defect band to the graphitic band is presented as the Ip/Ig
parameter. The values of the Ip/Ig ratio (Table-1) can be used
to estimate the relative extent of the MWCNT structural defects
and hence to distinguish between the three different structural
carbon nanotubes (crude, purified and functionalized). The
intensity ratio (Ip/Ig) of the purified MWCNT sample was
reduced from 0.99 to 0.96. It became more graphitic since the
sample is more pure due to the removal of impurities (in parti-
cular, metal particles and amorphous carbons) from the surface.
After functionalization of the MWCNTs, the relative intensity
ratio (In/Is) increased to 1.18 compared with that of the puri-
fied MWCNTs of 0.96. This shows that the introduction of
the functional groups on the surface of the functionalized
MWCNTs causes an increase in the D-band relative to the G-
band and hence in the number of defects. Yudianti et al. [46]
and Datsyuk et al. [38] report a (In/Ig) ratio of 1.68 and 1.01
respectively after the oxidation of MWCNTs by refluxing in a
1:3 (v/v) mixture of sulfuric and nitric acids as was done in
this work.
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TABLE-1
RAMAN DATA ON THE OXIDATIVE
TREATMENT OF THE MWCNTSs
MWCNT Treatment Iy/1G"
Crude - 0.99
Purified 6 M HCl, 6 M HNO, 0.96
Functionalized Conc. HNO; + H,SO, (3:1 v/v) 1.18

‘Ratio of the intensity of the defect band, I, (arb. units) and the
graphitic band, I (arb. units), as measured by Raman spectroscopy.

Thermal stability: Thermogravimetric analysis (TGA)
was conducted to estimate the thermal stability of bagasse/
MWCNT composite. The TG and DTG thermograms of samples
of bagasse, MWCNTs and the bagasse/MWCNT composite
obtained in air are presented in Fig. 3. The curves for bagasse
show an initial mass loss below 100 °C ascribed to the evapor-
ation of physically adsorbed water. The DTG curve then shows
two overlapping peaks with a maximum occurring at 320 °C,
which corresponds to the degradation of hemicellulose and
cellulose. A second peak occurs with a maximum at 460 °C due
to the oxidation of char and non-volatile material [47]. The
decomposition temperatures observed agreed well with those
reported by Ramajo-Escalera et al. [48]. The amount of residue
remaining at a temperature of 1000 °C is approximately 6.5

wt.%. The TG and DTG curves of crude, purified and function-
alized MWCNTs are presented in Fig. 3b-c, respectively. It is
obvious that the weight loss starts at temperatures greater than
430 °C. The weight loss below this temperature (3.5%) is due
to the evaporation of absorbed moisture, combustion of organic
impurities, or the evolution of the attached functional groups.
For the crude MWCNTs, the maximum weight loss occurs at
650 °C and corresponds to the combustion of CNTs [5,49].
Further heating of the MWCNTs up to 1000 °C leaves a residue
of approximately 16 wt.%, which is expected to be the residual
catalytic iron metal particles from the synthesis. After purifi-
cation an improvement of the thermal stability occurs and the
maximum weight loss is reached at a higher temperature of
665 °C. This is evidence of the successful removal of attached
amorphous or structured carbon (e.g. carbon spheres) with acid
treatment. This provides additional support for the findings
derived from morphological analysis using SEM and TEM
techniques. The residue remaining at a temperature of 1000
°C decreased to 4.5 wt.% indicative of the successful removal
of metal particles. After functionalization in a concentrated
mixed acid solution, weight loss was observed in two steps.
The first occurred at approximately 480 °C and corresponds
to the decomposition of the attached surface functional groups
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Fig. 3. (a) TG and DTG thermograms for bagasse, (b) TG thermograms for crude, purified and functionalized MWCNTs, (¢) DTG thermograms
for crude, purified and functionalized MWCNTs and (d) TG and DTG thermograms for the bagasse/MWCNT composite determined
in an atmosphere of air with a flow rate of 50 cm® min" and a heating rate of 10 °C min™ from room temperature to 1000 °C
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and the release of CO,.The maximum weight loss (90%) was
reached in the second stage at 610 °C, corresponding to the
combustion of the CNTs. Further heating of the functionalized
MWCNTs up to 1000 °C left a residue of approximately 7.1
wt.%. These results are in full agreement with the reports of
Scheibe et al. [50], Hsieh et al. [51] and Titus et al. [52].
The TG and DTG curves of the composite (Fig. 3d) show
a number of weight losses occurring in distinct stages within
the temperature range between 25-1000 °C. Initially, between
50-115 °C a weight loss of about 9.8 wt.% occurs which is
ascribed to the evaporation of adsorbed moisture. Then four
overlapping peaks occur with maxima at approximately 177,
313, 480 and 616 °C. These losses arise from the components
of bagasse, the functional groups on the MWCNTs and the
decomposition of the MWCNTs. The thermal stability of the
composite is intermediate between that of bagasse and the
functionalized MWCNTs. The residue remaining at 1000 °C
is approximately 4 wt.% which is similar to the amount of
residue remaining after the combustion of the MWCNTs.
Acidity of functional groups: The oxygen containing func-
tional groups with acidic character on the surface of bagasse/
MWCNT composite can be quantified by the Boehm titration
method [35] and the results obtained are tabulated in Table-2.
The carboxylic and hydroxyl functional groups are responsible
for the acidic properties of the composite surface. The concent-
ration of the strong acid groups on the composite surface was
found from the NaHCO:s titre. These are purported to be carbo-
xylic groups and were found have a concentration of 0.9030
mmol g'. The total amount of strong and weak acidic funct-
ional groups on the composite was determined from the amount
of Na,COsneutralized. The amount of the weak acid functional
groups is the difference between these two titration values. For
the composite this was 0.9810 mmol g and this acidity arises
from the laconic groups [53]. From the amount of NaOH neutr-
alized, the total concentration of the phenolic, strong and weak
acidic functional groups scan be determined (Table-2). The total
amount of the acid functional groups on the composite surface
is 3.5 mmol g'. Tt is observed that the total concentration of the
acid groups on the composite surface is higher than for either
the bagasse (1.7 mmol g™') or the functionalized MWCNTs (2.0
mmol g") from which it is formed. The concentration of the
phenolic functional groups was calculated from the difference
between the three titration methods. For the composite the

amount of phenolic groups was1.666 mmol g"'. As reported
by Santangelo et al. [42] in each case the concentration of the
phenolic groups is greater than the sum of the other acidic
groups. Itis expected that these surface acid functional groups
are suitable for metal ion removal from aqueous solutions.
The results are in agreement with other studies in the literature
[54-56].

Surface area analysis: The surface areas, pore volumes
and pore diameters of the crude and functionalized MWCNTs,
bagasse and bagasse/MWCNT composite were determined
from nitrogen adsorption/desorption isotherms at liquid N,
temperature (77 K). The specific surface area was calculated
with the BET model. All the isotherms obtained could be classi-
fied as type IV isotherms according to the [IUPAC1985 classifi-
cation. The surface areas for the crude MWCNTs, function-
alized MWCNTs, bagasse and bagasse/MWCNT composite
are shown in Table-3. It is clear that crude MWCNTS possess a
larger pore volume than the functionalized MWCNTs. This
reduction in the pore volume of the MWCNTs after function-
alization can be attributed to blockage of the pore cavity by
the functional groups introduced. The surface areas of the crude
MWCNTs and functionalized MWCNTSs were found to be
124.8 and 177.6 m* ¢!, respectively. This indicates an increase
in the functionalized MWCNT surface area. Bagasse shows a
small surface area relative to the composite of bagasse and
MWCNTs, which shows a larger surface area and thereby
indicates the excellent dispersion of the MWCNTs within the
bagasse fibres and, as a result, an improvement in nitrogen
adsorption.

TABLE-3
SPECIFIC SURFACE AREA, PORE VOLUME AND AVERAGE
PORE DIAMETER OF CRUDE MWCNTs, FUNCTIONALIZED
MWCNTs, BAGASSE AND BAGASSE/MWCNTs COMPOSITE

Sorbent Surface area Pore volume  Pore diameter
(m’ g (em’ gt (nm)
Crude MWCNTSs 124.8 0.71 22.8
F-MWCNTs* 177.6 0.59 13.2
Bagasse 15.90 0.13 32.7
Composite 124.3 0.46 14.7

*F-MWCNTSs: Functionalized multi-walled carbon nanotubes.

Application of bagasse/MWCNT composite for the
adsorption of heavy metals: The effectiveness of the bagasse/

TABLE-2
CONCENTRATION OF ACIDIC GROUPS ON THE SURFACE OF BAGASSE, MWCNTs AND THE
BAGASSE/MWCNT COMPOSITE DETERMINED BY THE BOEHM TITRATION METHOD

Solution PHinia PHeuitibrium mmol g Functional group
NaOH 11.84 11.74 1.661 Phenolic, strong, weak acidic
Bagasse NaHCO, 8.98 8.10 0.5427 Strong acidic
Na,CO, 10.58 10.41 0.8734 Strong and weak acidic
NaOH 13.04 11.94 1.987 Phenolic, strong, weak acidic
F-MWCNTs* NaHCO, 8.98 8.44 0.7564 Strong acidic
Na,CO, 11.78 10.89 0.8729 Strong and weak acidic
NaOH 12.65 12.01 3.525 Phenolic, strong, weak acidic
Composite NaHCO; 9.90 8.75 0.9030 Strong acidic
Na,CO, 10.52 10.42 1.884 Strong and weak acidic

“F-MWCNTs: Functionalized multi-walled carbon nanotubes
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MWCNT composite in adsorbing heavy metal ions, which
contribute to environmental contamination in wastewater, was
examined through analysis. These metals included copper, lead,
cadmium, nickel, zinc and chromium ions since these metal
ions are highly toxic in nature even at low concentrations. A
batch adsorption procedure was conducted and the removal
efficiency for each metal ion determined. It can be observed
that the composite shows distinct improvement over bagasse
for all the metal ions but particularly for Cu(II), Pb(Il), Zn(II)
and Cr(IIl) (Fig. 4). As with other studies involving the comp-
etitive adsorption of heavy metal ions with CNTs, the binding
affinity of the composite is highest for Cu(II) and least for Ni(II)
[57,58]. The superior metal adsorption ability of the composite
can be attributed to the incorporation of the functionalized
MWCNTs into bagasse. They markedly increased the surface
area and the number of functional groups available for metal
binding. In addition, the MWCNTs bring with them their strong
binding ability as a result of electron delocalization over the
hexagonal carbon rings on the surfaces. The dispersal of the
MWCNTs between bagasse has also decreased the agglome-
ration between the CNTs and thereby exposed more sites for
metal adsorption.

120
0 Bagasse

1001 B Bagasse/MWCNT

Adsorbed (%)
B [e2] [
o o o

N
o
L

Cd(ll)  Cu(ll)  Pb(l)  Ni(ll) — zn(ll)  Cr(lll)
Metal ions
Fig. 4. Efficiency of heavy metal ion removal from aqueous solution by
bagasse and the bagasse/MWCNT composite (50 mL of multicom-
ponent metal ion solution in which each metal ion concentration is
20 mg dm?, 1.0 g of adsorbent, an agitation speed of 150 rpm, a
contact time of 24 h and a temperature of 28 °C)

" crv)

Conclusion

A novel composite derived from sugarcane bagasse and
functionalized MWCNTs has been successfully prepared. The
morphological analysis of the composite confirms the homoge-
nous distribution of the MWCNTSs within the bagasse fibers.
The incorporation of the functionalized MWCNTs in bagasse
has improved both the thermal stability and surface area. The
most significant change is in the number of acidic surface func-
tional groups, which proved suitable for the removal of heavy
metals from aqueous solutions. The adsorption capacity of the
composite is much greater than that of bagasse. Therefore, this
composite is an attractive and promising alternative for waste-
water cleaning and environmental contamination control and
supports the principles of green/sustainable chemistry.
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