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Abstract: The interest in transforming biomass into new sources of energy and new materials has been encouraging
studies around the world. The ash resulting from the burning of straw and sugarcane bagasse, for example, is a
material rich in silica. In the present study, samples of fly ash and bottom ash from sugarcane residues were collected
in three different mills (Cerradinho Iracema and Guaira), located in regions where the soils are classified as oxisols. The
ashes were characterized by XRD, EDX, ICP-OES, SEM, FTIR spectroscopy and TGA/DTG techniques. Most ash samples
showed silica as the main constituent (42-69%) and silica in crystalline form in all. Biosilica was obtained from ash
samples using alkali extraction and acid precipitation. The physical and chemical properties of the extracted biosilica
are described. The biosilica samples have amorphous phases and purity ranged from 93 to 97 wt.%. The results showed
that the different origins of sugarcane residue ash used as raw material did not affect the quality of the extracted

Revised: 10" March 2023
Accepted: 10" March 2023
Published: 29" March 2023

biosilica.
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1. Introduction

Brazil is the largest producer of sugarcane in the world, followed by
India, China, Thailand, Pakistan and Mexico. According to CONAB,
Brazil produced a total of 642.7 million tons of sugarcane in the
2019/2020 harvest."”

Sugarcane bagasse ash (SCBA) is the by-product generated on
large scale as a result of the burning of sugarcane bagasse in energy
cogeneration. There about 2.5% of the mass from the cane is
transformed into ash, of which most of its reuse is in the form of
fertilizers in Brazil and China' and is generally disposed of in landfills
in others countries.”

The use of SCBA as fertilizers mixed with vinasse can alter the
physical and chemical characteristics of soil. In addition, SCBA has a
low nutritional value and heavy metals may penetrate into the
ground and pollute the soil and groundwater.m

Thus, studies that evaluate others possibilities of reusing the
SCBA in addition to use as a fertilizer are promising, given that this
material will have a destination in an ecological and economical
way.[sl
Ashes from sugarcane residues can be considered suitable
renewable raw material for obtaining biosilica because present SiO,
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as the main chemical compound. The conditions under which the
bagasse is burned in the boiler (600-800°C) for electricity generation
produces ash with polymorphic and amorphous crystalline phases.
Synthesis of silica from agrowaste materials has become a
considerable concern because of its physicochemical properties and
wide industrial application.[ﬁ’sl

The physical properties and compositions of SCBA vary with
many factors, such as sugarcane varieties, combustion temperature
and duration, purity of bagasse, bagasse ash collection, cooling type,
boiler equipment, ash fineness, etc.” Bagasse ash collected from the
bottom of the boiler is coarser and contain irregular particles, and
the bagasse ash collected through a filtration system contains less
carbon and finer particles.[m] It was estimated that 11% of the ashes
generated in boilers are fly ash-type, whereas 89% of the ashes are
bottom-type.[n]

The main aim of this study is to investigate the physicochemical
characteristics of bottom and fly bagasse ash generated by three
different sugarcane mills. The characteristics of biosilica derived from
these residues as a possible alternative source for reuse was also

investigated.

Chem. Sci. Eng. Res., 2023, 5(12), 1-7.
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Table 1. Chemical composition of sugarcane waste ash samples

(wt. %)
C-BA' I-1A-FA> 1-1B-BA’ G-2A-FA'  G-2B-BA’

Si0, 68.88 54.96 65.26 42.10 25.37
Fe,0, 13.80 12.64 14.24 33.61 59.99
Ca0  8.092 9361 5.929 3.713 1.603
K0 5835 11.19 8.718 6.839 3.286
TiO, 2.483 4.439 3.168 7.889 3.936
P,0s - 4.032 - - -

SO; - 2.358 1.227 0.900 1.752
BaO 0572 - 0.874 3.131 2.930
V,05 - - - 0.606 -

MnO 0.197 0.506 0.353 0.587 0.329
0, - 0.155 - 0.153 0.124
ZnO  0.096 0.088 0.034 0.060 0.074
SrO  0.044 0.076 0.053 0.051 -

Ccuo - 0.082 - - 0.107
Cr,0; - 0.077 0.119 0.014 0.490

(1) Cerradinho-Bottom Ash; (2) Iracema 1A —Fly Ash; (3) Iracema
1B-Bottom Ash; (4) Guaira 2A-Fly Ash; (5) Guaira 2B-Bottom Ash

2. Experimental Section
2.1. Materials

All aqueous solutions were prepared using deionized water
(resistivity > 18.2 MQ cm) obtained from a Milli-Q deionizer (Elix
Millipore). Five samples of sugarcane ash were collected from two
points in the sugarcane mills, three samples were collected at the
bottom of the boilers (Cerradinho, Iracema 1A, and Guaira 2A) and
two were collected near the chimney, derived of the washing of
gases and particulates with the water (Iracema 1B and Guaira 2B).
The location of the plants is Cerradinho (Chapaddo do Céu, Goias,
Brazil), Iracema (lracemapolis, Sdo Paulo, Brazil) and Guaira (Guaira,
Sdo Paulo, Brazil). Sodium hydroxide micro-pearls (>99%),
hydrochloric acid (35-37%) were purchased from Synth, Brazil.

2.2. Synthesis of Biosilica from the Sugarcane Waste Ash

It was first prepared a sodium silicate solution from sugarcane waste
ash according to adapted methodology described previously.m]
Briefly, a mixture of ash and sodium hydroxide (proportion of ash :
NaOH 1:2.0 w/w) was heated at 350°C for 30 min. Then 100 mL of
distilled water was added to the mixture and refluxed for 1 h, and
the mixture was filtered to separate the silicate solution from the
residue. In the second step, hydrochloric acid solution (6 mol L™) was
slowly added to the sodium silicate solution for complete silica
precipitation until the pH decreased to 2.0. The resulting gel was
aged at room temperature for 12 h, washed with distilled water,
filtered and oven dried at 120°C overnight.

2.3. Characterization Methods

The chemical composition of the samples was analyzed by Energy-
dispersive X-ray spectroscopy (EDX), using Shimadzu equipment, and
model EDX 720 and by Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) model Perkin Elmer Optima 8300. The ash
morphology was evaluated by scanning electron microscopy (SEM)
using a Hitachi bench microscope, model TM 3000. Before the SEM
analysis, the sample was fixed in a sample holder with carbon tape
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Table 2. Trace elements content of the sugarcane waste ash samples

(mgkg™)

C-BA' I-1A-FA? I-1B-BA’ G- 2A-FA° G-2B°
Ca 5829 9202.9 2831.4 9556.8 769.9
Mg 2146 4940.6 1863.2 4284.1 350.3
Na 530 - - - -
K 7534 13657.9 4609.4 17206.2 5592.0
Al 16896  17166.1 3893.2 27390.7 24109.6
Cu 11 29.5 7.2 68.2 120.1
Fe 14595 9255 16621 22162 43751
Mn 135 437.6 236.5 707.1 398.2
Zn 60 50.4 17.8 52.9 52.8
B 10 <D.L <D.L <D.L. <D.L
S 546 983.9 480.8 871.5 147.9
Pb 3 5.0 4.8 2.8 19.2
Cd <D.L. <D.L. <D.L. <D.L. <D.L.
Ni 2 4.4 5.9 10.8 18.5
Cr 50 - - - -

(1) Cerradinho-Bottom Ash; (2) Iracema 1A —Fly Ash; (3) Iracema 1B-
Bottom Ash; (4) Guaira 2A-Fly Ash; (5) Guaira 2B-Bottom Ash (< D.L. =
less than the detection limit).

and covered with gold using a sputtering equipment BAL-TEC
SAMPLE COATER/SPUTTER, model SCD 050.

The mineralogical analysis of the both samples was performed by
X-ray powder (XRD), wusing a Rigaku Multiflex
diffractometer with Cu anode using Co Ka radiation at 40 kV and 20

diffraction

mA. The angular velocity was 1° min™ and the scanning interval was
20 = 5-80°, with a scanning time of 0.5° min™.

The ashes and the silica were also characterized by Fourier-
(FTIR)
spectrophotometer, model Alpha, operating in the attenuated total
reflectance (ATR) mode. The spectrum was obtained using 200

transform infrared  spectroscopy using a  Bruker

cumulative scans, within the spectral range from 375 to 4000 em™

Thermogravimetric analyzes of the sugarcane waste ash samples
were recorded on a TGA/SDTA 851 thermogravimetric analyzer
produced by 130 Mettler Toledo. The dry samples (~10.0 mg) were
analyzed under an oxygen atmosphere with a flow of 50 mL min'l,
using an alumina sample holder heated from room temperature to
900 °C with a heating rate of 10 °C min™.

Thermogravimetric analyzes of the silica samples were recorded
on a DTG-60 (simultaneous DTA-TG apparatus) thermogravimetric
analyzer produced by Shimadzu. The dry samples (~5.0 mg) were
analyzed under an air atmosphere with a flow of 50 mL min'l, using
an alumina sample holder heated from room temperature to 900 °C
with a heating rate of 10°C min™.

3. Results and Discussions

3.1. Characterization of Sugarcane Waste Ash Samples

The chemical composition of each ash of sugarcane residues from
the mills was performed by Energy-dispersive X-ray spectroscopy
(EDX) and the results are shown in Table 1. The composition of most
of the samples is similar and is dominated by SiO,.The ash from the
Cerradinho and Iracema 1B mills presented the highest SiO, content
among the studied sugarcane waste ash. The SiO, content in the
ashes of these two mills was similar to published studies by Usina da
Barra, Barra Bonita, SP,[Z] Usina Sapucaia, Campos dos Goytacazes,
RI™ and Usina S3o Jodo da Barra, RJ.14

Chem. Sci. Eng. Res., 2023, 5(12), 1-7. 2
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Fig. 1. X-ray diffractograms of the sugarcane waste ash from the mills (a) Iracema 1A (fly ash) - 1B (bottom ash), (b) Guaira 2A (fly ash) - 2B (bottom ash)

and (c) Cerradinho (bottom ash). Q = Quartz; Cry = Cristobalite; Ca = Calcite.
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Fig. 2. FTIR-ATR spectra of sugarcane waste ash (fly ash 1A and 2A),
(bottom ash 1B, 2B and Cerradinho) from the Iracema, Guaira and
Cerradinho mills.

The type of soil (Brazilian Oxisols) in the sugarcane plantation region
can explain the great similarity in the composition. The samples from
the Guaira mill had a different composition from the others, mainly
concerning Fe,05; and CaO (high Fe content and low Ca amount),
suggesting changes in the original soil (addition of soil acidity
correctives, for example). It can be noted that the Guaira 2B sample
presented iron oxide as the main compound.

Semi-quantitative analysis of oxides present in sugarcane ash
samples from mills in different regions of the country are in previous
studies.”****”! The trace elements present in the sugarcane ash
samples were determined by ICP-OES (Table 2). The highest
concentrations found were for Al, Fe, K, Ca and Mg, which are the
same elements observed in residues (straw and bagasse) reported in
the literature.™®

The ash from the Cerradinho and Iracema 1B mills showed the
lowest concentrations of most elements, corroborating with the
semi-quantitative analysis of the oxides present in the ashes (Table
1).

The X-ray diffractograms of the ash samples from the mills are
shown in Fig. 1. In the diffractograms, the presence of only crystalline
phases related to quartz, cristobalite, and calcite was observed. The
presence of only crystalline phases in these ashes is related to the
temperature and burning time of the straw and sugarcane bagasse.

Generally, when the firing temperature is higher than 800°C and
a long incineration durations occurs, the amorphous silica present in

. . . . - 15,19,20
the sugarcane residues is converted into crystalline silica.! !
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In addition, the crystalline silica may also come from the sand in
the soil, which adheres to the sugarcane.m] Another result that
confirms that the ashes from the Iracema 1B and Cerradinho mills
have predominantly crystalline SiO, (quartz) can be seen in the X-ray
diffractograms in Fig. 1.

The infrared spectra of sugarcane waste ash samples were
recorded in the range of 4000-375 em™?, but the most significant
absorption bands were observed only in the range of 1300-375 cm?
(Fig. 2).

The Si-O bonds are the strongest in the silicate structure and can
be readily recognized in the infrared spectrum of sugarcane ash. The
bands at 1085 or 1080 and 1166 cm™ correspond to the transverse
optics (TO) and longitudinal optics (LO) of asymmetric stretching
vibrations of the Si-O-Si connection.

The doublet in the 767-816 cm™ range indicates the presence of
a—quartz.m'm The presence of quartz can also be seen by the
asymmetric and symmetrical Si-O angular deformation in 520 and
690 cm'l, respectively.m'zsl The bands at 618 and 561 cm'l, for the
sample Guaira 2 A, is related to double ring vibrations.

The bands at 798 and 450 cm™ are attributed to the symmetrical
stretch Si-0-5i.27%3" The band observed at 395 cm™ is related to Si-
O-M angular deformation "M = metallic impurities".m] The band at
1166 cm™ is attributed to the C-C stretch.*”

The TG and DTG curves of the ash samples were performed
under an oxygen atmosphere and are shown in Fig. 3. According to
the TG and DTG curves, the greatest mass loss observed in each of
the graphs (200-490°C) it is due to the decomposition of organic
structures'® and above 490 °C due to the structural rearrangement
that begins with the heating of mineral quartz.ml Finally, above
600°C, only inorganic components remain.

According to Fig. 3, the ashes from the Iracema 1A and Guaira 2A
mills, both fly ashes, had about 20% carbon and/or organic
components. Whereas, the ashes Iracema 1B, Guaira 2B, and
Cerradinho, both bottom ash, presented less than 2 % of carbon
and/or organic components. The ashes of the Guaira 2B mill, despite
having a low carbon content and/or organic component, have a very
high content of some contaminants such as Al, Fe and have a low Si
content (Table 1 and Table 2).

The morphology of the sugarcane waste ash samples supplied by
the mills was obtained by scanning electron microscopy (SEM) at
different magnifications and is shown in Fig. 3.

Chem. Sci. Eng. Res., 2023, 5(12), 1-7. 3
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Fig. 3. TG and DTG curves and SEM images of the sugarcane waste ash from the sugarcane mills: Iracema 1A (Al and A2), Iracema 1B (B1 and B2), Guaira

2A (C1 and C2), Guaira 2B (D1 and D2) and Cerradinho (E1 and E2).

The images indicated that the ash particles are quite
heterogeneous; the fly ash (A2 and C2) has more fibrous particles.

On the other hand, bottom ash (B2, D2 and E2), that is, boiler
bottom ashes, have smooth, round-shaped particles that are
characteristic of quartz.[4’15] Some porous particles were also
observed. The morphologies of the bottom ash samples are similar to
those observed in the literature. ">+

According to Fig. 3, it was possible to relate the result of TG
analyze very well with the SEM images.

The TG curves of the samples Al and C1 show a great loss of
mass weight around 400°C related to the loss of carbon and organic
components, and their respective SEM images (A2 and C2) present a
fibrous structure characteristic of organic matter.

On the other hand, in the TG curves of the lower ash samples B1,
D1 and E1, the loss of mass was minimal and their respective SEM
images (B2, D2 and E2) presented larger and rounded particles
characteristics of quartz and absence of fibrous material.

Therefore, it can be concluded that in future studies only one of
these characterizations already defines whether the material is fly
ash or bottom ash.

h

Ariviyal

Publishing

3.2. Characterization of Silica samples

The experimental procedure used for silica particle synthesis was
based on previous studies, where the parameters of the processes
have been already optimized.m] The EDX results indicate that this

Table 3. Chemical composition of silica obtained from sugarcane waste
ash of the mills

(wt. %)

silica’  Silica’ silica® silica silica®
Si0,  96.19 96.26 96.20 97.10 92.65
Fe,0; 1.619 0.939 0.673 0.154 0.717
Cca0 - - 0.017 - -
K,0 0.152  0.117 0.190 0.064 0.040
TiO, 0264 0.396 0.546 0.150 0.162
SO; 1.748  2.266 2.226 2.532 1.855
BaO - - 0.127 - -
V,05  0.005 - - - 0.090
MnO  0.015 0.010 0.009 - -
o, - 0.002 - - -
ZnO  0.010 0.005 - - -
Cr,0; - - 0.014 - 0.007

Silica from:(1) Cerradinho-Bottom Ash; (2) Iracema 1A —Fly Ash; (3)
Iracema 1B Bottom Ash; (4) Guaira 2A-Fly Ash; (5) Guaira 2B-
Bottom Ash

Chem. Sci. Eng. Res., 2023, 5(12), 1-7. 4
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Fig. 4. TG curves of the amorphous silica obtained from the sugarcane waste ash from the mills: (a) Iracema 1A, (b) Iracema 1B, (c) Guaira 2A, (d) Guaira
2B, (e) Cerradinho and (f) all TG curves.

Table 4. Thermogravimetric analyses of silica samples N 1080
——(a) Silica Iracema 1A
Sample 1° wt. loss (%)  2° wt. loss (%) Residue (%) —— (b) Silica Iracema 18
1 25-130°C 130-540°C 1540 °C —— (c) Silica Guaira 2A
Silica 15.8 5.1 79.1 —— (d) Silica Guaira 2B
25-128°C 128-635°C 1635 °C o (6) Siies Cerradinho
. 2 - - O
Silica 8.8 71 84.1 c 8
} o ) o B a
Silica® 25-115°C 115-712°C T712°C 5 o
6.5 7.6 85.9 K 0 S 2
Silica® 25-130°C 130-562 °C T562°C < @
12.2 5.4 82.4
5 25-132°C 132-591°C T591°C
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Silica from: (1) Cerradinho-Bottom Ash; (2) Iracema 1A —Fly Ash; (3) T T T T T T T
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Fig. 5. FTIR-ATR spectra of amorphous silica obtained from the
sugarcane waste ash from the mills: Iracema 1A (fly ash) - 1B (bottom

silica synthesis method was completely effective for all raw materials ash), Guaira 2A (fly ash) - 2B (bottom ash) and Cerradinho (bottom ash).

(Table 3). From Table 3, confirms that silica (SiO,) is the predominant
compound in all samples. Even in the sugarcane residue ash sample

where SiO, is not the main element (Guaira 2B), it was possible to f«morphou& Silica
synthesize silica with high purity (93%). i
The results of thermal gravimetric analysis (TG) of silica samples ! -
are shown in Fig. 4. As reported in the literature, two-step weight \A kacama 1A
losses were observed. !
The loss in weight up to 130°C (step 1) is ascribed to dehydration

{

s

Guaira 2B
caused by the loss of physically adsorbed H,0. The second mass loss, 3
between ~130-700°C, can be assigned to the decomposition of ,__,,:/\ Guaira 24 |
remaining organic structures. Above 700°C, no further weight loss \_—L/\\ ,
was observed indicating thermal stability of extracted silica. 2% ‘ e
The weight loss for each sample is shown in Table 4. 10 20 30 40 5 60 70 8

20 (degree)
Fig. 6. X-ray diffractograms of the amorphous silica from the sugarcane
waste ash of the mills: Iracema 1A (fly ash) - 1B (bottom ash), Guaira 2A
(fly ash) - 2B (bottom ash) and Cerradinho (bottom ash).

The FTIR spectra for silica samples are shown in Fig. 5. The
doublet that indicates the presence of a-quartz in the sugarcane ash
samples and the bands in 520 and 690 em™ referring to quartz, did
not appear in the FTIR-ATR spectra of the silica samples.

N |
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This was an indication that the silica samples are amorphous. All
the samples showed major peaks at 3400, 1640, 1060, 950, 800, 560
and 450 cm™ which is very close to match with SiO, prepared using
tetraethylorthosilicate as a silica precursor.[37’38]

The strong band at 1060 em™is assigned to Si-O-Si asymmetric
stretching, and the band at 950 em™ is due to the OH angular
deformation of free silanol groups. The bands at 800 and 450 em™
are attributed to the symmetrical stretch Si-O-Si.

In addition, the two bands at 3400 cm™ and 1640 cm™ indicate
high-water content with weak interaction in the amorphous silica
particles, i.e. the presence of free water. The 560 cm™ band is related
to double ring vibrations.**4!

The band at 1640 cm™ also corresponds to silica "overtones",
silanol forming a bridge or interacting with other species adsorbed
on the surface in wavenumbers close to 3400 cm™ which in general
produces broad bands. These results agree with the TG analysis of
the silica, which indicates high free water content.

Fig. 6 shows the XRD diffractograms of the silica samples from
the sugarcane waste ash of the mills. The diffractograms of silica
samples indicate the presence of amorphous silica only, which is
characterized by the presence of a single broad peak, reaching its

maximum around 23° (26), corroborating with the literature. 24

4. Conclusions

The fly and bottom ash samples collected in three different
sugarcane mills (Cerradinho, Iracema and Guaira) from Sao Paulo
State were characterized and four samples present quartz as the
main crystalline phase. The ashes generated at the Guaira mill
differed because they contain high concentrations of iron and
aluminum and the lowest concentration of silicon oxide among all
samples. The vibrational, mineralogical, thermal stability and
morphological properties were very similar in the ash samples.

All ash samples could be used as a precursor of biosilica.
Precipitated biosilica materials were produced by neutralization of
sodium silicate solution with hydrochloric acid solution and
presented high purity (93-97% wt% silica content). XRD analysis
revealed the appearance of a typical hump indicative of amorphous
structure, as FT-IR spectrum and TGA/DTG curves. Considering the
continuous generation of sugarcane residue in Brazil, sugarcane
waste ash collected in different mills have the potential to be the

feedstock for the production of biosilica with good quality.
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