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ABSTRACT: Sugarcane waste ash, a Si-rich source, is generated in large quantity and can create
a serious disposal problem. The production of silica nanoparticles (silicaNPs) from sugarcane
waste ash varying ash:NaOH mass ratio was evaluate. The samples were characterized by total
X-ray fluorescence spectroscopy, SEM, TEM, XRD, surface area and pore distribution, FTIR and
TGA and applied as biosorbent for methylene blue dye removal. The yield of silicaNPs extraction
remained constant from ash:NaOH mass ratio 1:1.5. Si content was 77.32 wt.% and 94.89wt. %
for sugarcane waste ash and silicaNP 1:1.5, respectively. SilicaNP 1:1.5 presented particles
smaller than 100 nm, surface area of 63 m? g* and adsorption capacity of 37 mg g for methylene
blue. The results indicate that was possible to obtain a biosorbent, from a renewable source, with
low cost and with easy and fast synthesis procedure.
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1. INTRODUCTION

Brazil is the largest producer of sugarcane in
the world, producing about 657 million tons per
year (CONAB, 2017), specially utilized to produce
sugar and ethanol, generating straw and bagasse as
main waste. These wastes are burned as fuel in
boilers that generate the water vapor used in the
production of sugar and ethanol. Only waste ash
remains after burning, this ash present Si as the main
chemical element generally above 70 % by mass
(Norsuraya et al., 2016).

Adding value to agro-industrial solid waste,
produced on a large scale, especially raw material
rich in Si, is a challenge for sustainable and green
chemistry. There are still few studies about the use
of sugarcane bagasse and ash as raw materials for
the production of silica nanoparticles (silicaNPs),
opening up opportunities for this material (Vaibhav
et al., 2015; Boza et al., 2016; Arumugam and
Ponnusami, 2013).

The development of new studies related to the
use of sugarcane waste ash for the production of
silicaNPs is fundamental. They have a wide range
of applications in paints, biopolymers, catalysts,
stationary phases for chromatographic columns, and
adsorbents, among other applications (Wang et al.,
2016).

Adsorption has an important functionality in
the environment, being considered one of the most
promising techniques for treating waste water. The
preparation of adsorbents utilizing agro-industrial
waste generates a material known as biosorbent. A
good biosorbent must be low cost and have
satisfactory adsorption properties (Kyzas and
Kostoglou, 2014). The success of the adsorption in
wastewater processes depends on many factors,
such as the high degree of porosity, the extensive
internal surface area and the favorable chemical
surface of the adsorbents. Several studies already
use silicaNPs for the adsorption of organic
contaminants with success (Chen et al., 2017;
Mahmoodi et al., 2014; Nayab et al., 2014).
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Thus, in this study, silica nanoparticles were
produced from sugarcane waste ash, characterized
by different techniques. These nanoparticles were
applied as biosorbent for the removal of methylene
blue dye from aqueous solution.

2. MATERIALS AND METHODS

2.1. Materials

All aqueous solutions were prepared using
deionized water (resistivity > 18.2 MQ cm)
obtained from a MilliQ deionizer (Elix Millipore).
Sugarcane waste ash (SWA) was donated by
COSAN S. A., Brazil. Sodium hydroxide micro
pearls (> 99 %), hydrochloric acid (35-37 %) and
methylene blue dye (MB) were purchased from
Synth, Brazil. Ammonia solution 25 % was
purchased from Merck, Germany.

2.2. Experimental

Extraction of sodium silicate from sugarcane
waste ash was carried out by reaction of sodium
hydroxide melted and SWA at 550 °C for 1 h,
varying the proportion (w:w) of ash:NaOH (1:0.5,
1:1.0, 1:1.5 and 1:2.0) (Rafiee et al., 2012; Hassan
etal., 2014; Alves et al., 2017).

Subsequently, it was added to the mixture
distilled water and refluxed (boiling temperature)
for 4 h to leave all the sodium silicate dissolved in
aqueous medium. Then, hydrochloric acid solution
(6.0 mol L?) was added, dropwise, a until pH
decrease to 2.0, and a finally NH,OH concentrated
was added until pH increased to 8.5 (Rafiee et al.,
2012; Hassan et al., 2014). The resulting gel was
aged at room temperature for 12 h. This aged
nanosilica gel was washed with distilled water,
filtered and oven dried at 120 °C overnight. The
dried samples were washed a second time with
distilled water, aiming a complete removal of the
"NaCl" salt, filtered and oven dried at 120 °C
overnight. Experimental procedure can be resumed
by the Equation 1 and 2:

A
2NaOH + SiO2 (from sugarcane ash) — Na2SiOs + H20 (1)
Na2SiOs + 2HCI — SiO: (pure silica) + 2NaCl + H20 (2)

Samples were labeled as following:
ash:NaOH 1:0.5 (silicaNP 1:0.5); ash:NaOH 1:1.0
(silicaNP 1:1.0); ash:NaOH 1:1.5 (silicaNP 1:1.5)

and ash:NaOH 1:2.0 (silicaNP 1:2.0). The silica
nanoparticles extraction vyield (wt. %) was
calculated by the Equation 3:

= silica nanoparticles obtained (g) (x 100)
ash used (g) x (% silica on ash by TXRF) g

®

2.3. Characterization

Chemical composition of sugarcane waste
ash and silica nanoparticles were analyzed by total
X-ray fluorescence spectroscopy (TXRF) using a
Bruker PICOFOX S2 equipment.

Scanning electron microscopy (SEM) images
were recorded on a microscope with field emission
cannon  (SEM-FEG), model JSM-6701F, from
JEOL, at a typical acceleration voltage of 2.0 kV.

Transmission electron microscopy (TEM)
images were registered using a microscope from
JEOL, model-JEM-2100. TEM samples was
prepared dispersing a small amount of sample in
water (~1.0 g L), sonicated in high shear, and then
1uL of suspension was placed onto a copper grid
covered by a carbon thin film and dried in air.

X-ray diffraction analyses (XRD) were
performed using a diffractometer Rigaku Multiflex
with Cu anode using Co Ka radiation at 40.0 kV and
20.0 mA over the range (20) of 5-80° with a scan
time of 0.5° min.

The specific surface area and pore
distribution of samples were analyzed by N
adsorption-desorption isotherms at -196 °C using a
Micromeritics ASAP 2000 instrument.

UV-visible spectra of the samples were
obtained in a spectrophotometer Varian, model
Cary 1E, using quartz cuvettes with a 1.0 cm path
length, and scanning sample from 200 to 700 nm.

Fourier transform infrared spectroscopy
(FTIR) were performed using a spectrometer from
Bruker, model Alpha, operating in attenuated total
reflectance (ATR) mode. The spectra of samples
were obtained using 200 cumulative scans, range
from 375 to 4000 cm™.

Thermogravimetric analyses were recorded
in a thermogravimetric analyzer TGA/SDTA from
Mettler Toledo. It was weighted ~10.0 mg and
analyzed under nitrogen atmosphere with a flow of
100.0 mL min?, using an alumina-port sample
heated 1000 °C with a heating rate of 10 °C min™.
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2.4. Adsorption Study

The adsorption studies of MB dye onto
silicaNPs were conducted at different initial MB
concentrations. Experiments were carried out
agitating MB solution with silicaNPs at 190 rpm and
adsorbent dose of 1.0 g L for different times from
0 to 360 min. All experiments were performed in
triplicate and at 25 °C. Analytical curve prepared for
MB is presented in Figure 1, the concentration of
MB before and after adsorption was detected by a
UV-visible spectrophotometer.
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Figure 1. UV-Vis spectra of solution containing
MB at concentrations from 0.050 to 5.00 mg L.
Insert: analytical curve of MB.

The equation of the analytical curve was
A =-0.0126 +0.16593 [MB] (mg L), and the value
of the coefficient of determination adjusted (R%;)
was 0.9976. The amount of MB removal was
expressed as the removal percentage of
contaminants and calculated by the Equation 4

(G —Cp)

i

% Removal = x 100 4)

where C; and Ct are the initial and final
concentration of contaminants, respectively. The
amount of contaminants adsorption as a function of
time and at equilibrium, g and g. (mg g?),
respectively, were calculated using the following
Equations 5:

(Ci - Ce)
— X

- % (5)

qt 0T qe =

g 5 ' -

where Ci, Cf and C. (mg L% are
concentrations of contaminants at initial, final and
equilibrium, respectively, V (L) is the volume of
contaminants solution and m (g) is the mass of the
adsorbent (Rovani et al., 2016).

The adsorption kinetics of MB by silicaNPs,
were tested using pseudo-first order and pseudo-
second order models. The Langmuir and Freundlich
models were applied to fit the equilibrium data
(Lima et al., 2015).

3. RESULTS AND DISCUSSION

The vyield of silica nanoparticles was
evaluated by different ratios of ash:NaOH, from
1:0.5to0 1:2.0 (Table 1). It was observed that yield
increases up to ratio 1:1.5 and after that remaing
approximately constant (close to 96 %).

Table 1. Yield silica nanoparticles extraction.

Ash:NaOH 1:05 1:1.0 1:15 1:2.0
(w:w)
Yield
(Wt. %) 35.33 74.68 9545  95.94

Figure 2 presented the XRD diffractograms
of silica nanoparticles for samples synthetized.
XRD analysis showed a broad peak at 22° (20), a
characteristic of silica in amorphous form, and the
absence of any crystalline phase in the material due
the presence of impurities, such as NaCl. Sugarcane
waste ash sample showed only crystalline silica
(quartz) (Alves et al., 2017).

The infrared spectra were recorded in the
range of 4000-375 cm™ (Figure 3), where we can
observe the characteristic bands of the silica
nanoparticles samples.

The bands at 450 cm™ and 798 cm™ can be
assign as symmetric stretching of siloxane groups
(Si-O-Si), as well as the band at 1060 cm?, an
asymmetric stretching of these groups. The band at
960 cm™ is related to the angular deformation Si-
OH of the silanol group (Hu e Hsieh, 2014; Boza et
al., 2016).

In Figure 4 are shown TG curves of the
samples, performed under nitrogen atmosphere.
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Figure 2. XRD patterns of the silica nanoparticles
samples.
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Figure 3. FTIR-ATR spectra of the silica
nanoparticles samples.

Analyzing the TG curves, all samples have
thermodecoposition behavior similar, where in the
the first stage of decomposition (until 180 °C)
occurs a loss attributed to moisture and water
physically adsorbed on the surface. The second
mass loss, between 180-550 °C, is due to the
decomposition of organic structures (Mourhly et al.,
2015). The third decomposition stage between 550-
900 °C is due to the loss of residual silanol and
decomposition of NaCl around 800 °C (Liou e
Yang, 2011). Above 900 °C for all samples the loss
of mass can be attributed to the surface

e Dindox o Gramads

dehydroxylation reaction (Mourhly et al., 2015).
The results obtained in the TG analysis are in
agreement with the data reported by the analysis of
infrared vibrational spectra (see Figure 3), where all
samples show the presence of silanol (Si-OH).
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Figure 4. TG curves of the silica nanoparticles

samples. The measures were performed under N..

Considering similar characteristics among
the samples, the sample 1:1.5 was choose to be
better explored, in the point of view of morphology,
superficial area and adsorption capacity. In the
Figure 5 is presented the morphology of the
silicaNP 1:1.5, obtained by SEM and TEM in
different magnifications. The images confirm the
presence of silica nanoparticles, less than 100 nm. It
was also observed the presence of irregular
aggregates of nanometric particles. EDS of silicaNP
1:1.5 sample (Figure 6), shows only Si and O.

Composition of elements present in
sugarcane waste ash and silicaNP 1:1.5 sample were
determined by TXRF (Table 2). The content of Si
determined in sugarcane ash was 77.32 wt. % and in
silicaNP 1:1.5 sample was 94.89 wt. %. The amount
of Al decreased from 4.100 wt. % (ash) to 1.672 wt.
% (silicaNP 1:1.5), Fe decreased from 8.644 wt. %
(ash) to 2.572 wt. % (silicaNP 1:1.5), K decreased
from 4.220 wt. % (ash) to 0.129 wt. % (silicaNP
1:1.5). The content of Ca decreased from 2.002 wt.
% (ash) to 0.125 wt. % (silicaNP 1:1.5) and Ti
decreased from 1.549 wt. % (ash) to 0.401 wt. %
(silicaNP 1:1.5).

BET analysis and textural properties of the
silicaNP 1:1.5 sample are reported in Figure 7 and
Table 3, respectively.
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Figure 5. SilicaNP 1:1.5 sample SEM images in (A - B) with two different magnifications and TEM images
in (C — D) with two different magnifications.
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Table 2. Total reflection X-ray fluorescence
(TXRF) of sugarcane waste ash and silica
nanoparticles.

Elements Sugarcane Ash SilicaNP 1:1.5
(wt. %) (wt. %)
Si 77.32 94.89
Al 4.100 1.672
Fe 8.644 2.572
K 4.220 0.129
Ca 2.002 0.125
Ti 1.549 0.401

Others 2.165 0.209

SilicaNP 1:1.5 sample isotherm was found to
be Type Ilb (Rouquerol et al., 1998), associated
with aggregates of plate-like particles, with non-
rigid, slit-shaped pores, resulting in large pores size
distribution. The absence of the plateau in the P/P°
close to 1 evidence the presence of macropore and
the hysteresis loop observed between the
adsorption-desorption branches is related to the
presence of mesopore (Santos et al., 2017). Thus,
the mesoporous structure was evaluated through the
BJH method (insert in Fig. 7).

The pore size distribution between 2 and 50
nm and the distribution of pores above 50 nm (insert
in Fig. 7) indicate the presence of mesopore and
macropore, respectively (Sing, 1985). The average
pore diameter of silicaNP 1:1.5 sample was 33 nm
(mesoporous materials) see Table 3. The surface
area and the pore volume of silicaNP 1:1.5 were 63
m? g* and 0.47 cm® g, respectively. We obtained
silicaNPs with surface area more than 2.8 times
higher than that obtained by Bhakta et al., 2016 for
Stober-NPs sample.
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Figure 7. N, adsorption/desorption isotherm of the
silica nanoparticles (* adsorption and © desorption)
silicaNP 1:1.5 sample. Insert: Pore size distribution.

Table 3. Experimental textural properties of the
silicaNP 1:1.5 sample.

Sample surface Pore Pore volume®
P area? diameter®
Silica 63 m?g? 33 nm 0.47 cm3 gt

3BET method; °BJH method.

Adsorption Study

Fig. 8 shows the variation of the amount of
MB adsorbed (g:) onto silicaNPs as a function of
time. It is possible to observe that MB adsorption
occurs very fast in the first minutes, and saturation
occurring after 120 min. According to the kinetic
models, the pseudo second-order model presented
the best fit of the experimental data with higher
coefficient of determination adjusted value (R%qj)
with the g values calculated of 32.7 mg g* (Table
4).

Table 4. Kinetic parameters for MB adsorption onto
silicaNPs.

® Experimental points C, = 40 mg L
—— Pseudo first-order model

0+ Pseudo second-order model
0 100 200 300 400
Time (min)

Figure 8. Pseudo first and second-order model
kinetics plot for the removal of MB by silicaNP
1:1.5 biosorbent (T= 25 °C; min, Ci = 40.0 mg L?,
adsorbent dose =1.0 g L%).

The adsorption isotherms describe the
relationship between q. and C. at a constant
temperature. The comparison of nonlinear fitted
curves from experimental data and Langmuir
and Freundlich isotherms models is shown in

Fig. 9.

Pseudo first-order

ke (h'h) 5.16
de (mg g 27.1
R 0.61628
Pseudo second-order
ks (g mgt h?) 0.005
ge (mg g?) 32.6
R2,qj 0.97204
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Figure 9. Adsorption Langmuir and Freundlich
isotherms models for the removal of MB by
silicaNP 1:1.5 biosorbent (T= 25 °C; min, adsorbent
dose =1.0g L.

The coefficients of determination and
isotherm parameters from nonlinear regressive
method were listed in Table 5. The Langmuir
adsorption model was found to fit the experimental


https://www.sciencedirect.com/science/article/pii/S1878535214000239#f0045

12° Encontro Brasileiro sobre Adsor¢ao
~ 23 a 25 de abril de 2018 | Gramado - RS

“ 5 ' -

a2

2018

data in accordance with the larger values of R%y;.
Moreover, it was observed from Fig. 9 that the fitted
curve from the Langmuir isotherm was most near to
the experimental data. Thus, adsorption equilibrium
of MB dye molecules by silicaNP 1:1.5 biosorbent
occurs in monolayer in a finite and defined number
of adsorption sites.

Table 5. Parameters isotherm models for MB
adsorption onto silicaNPs.

Langmuir
Qmax (Mg g™*) 37.3
KL (L mg?) 1.77
Radj 0.97338
Freundlich
Ke (mg g* (mg L)1) 19.8
N 5.61
Radj 0.83826

4, CONCLUSION

Silica nanoparticles were successfully
produced from sugarcane waste ash. The yield of
silicaNPs extraction remained constant = from
ash:NaOH ratio 1:1.5. SilicaNP 1:1.5 sample were
characterized by SEM and TEM, which showed the
presence of very small nanoparticles (< 100 nm) and
by the BET method, which presented a specific
surface area of 63 m? g. Isotherm results, indicated
that MB adsorbed to silicaNPs, forming monolayer.
Besides, the biosorbent showed adsorption capacity
around 37 mg g*. The results indicate that was
possible to obtain a good biosorbent, from a
renewable source, with low cost and with easy and
fast synthesis procedure.
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