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Abstract: A thermo-chemical treatment method was used to produce biogenic amorphous silica
from South African sugarcane and maize residues. Different fractions of South African sugarcane
(leaves, pith, and fiber) were processed for silica production. The biomass samples were leached
with either 7 wt% citric acid or 7 wt% sulfuric acid at 353 K for 2 h prior to being rinsed, dried and
combusted using a four-step program ranging from room temperature to 873 K in a furnace. The
characterization of the pre-treated biomass samples was conducted using thermogravimetric analysis
(TG/DTA), X-ray fluorescence analysis (XRF) and elemental analysis (CHN), while the final products
were characterized by XRF, X-ray diffraction (XRD), elemental analysis, nitrogen physisorption and
scanning electron microscopy (SEM). Citric acid pre-treatment proved to be an attractive alternative
to mineral acids. Amorphous biogenic silica was produced from sugarcane leaves in good quality
(0.1 wt% residual carbon and up to 99.3 wt% silica content). The produced biogenic silica also had
great textural properties such as a surface area of up to 323 m? g~!, average pore diameter of 5.0 nm,
and a pore volume of 0.41 cm3 g1,

Keywords: biogenic amorphous silica; green chemistry; maize leaves; sugarcane fiber; sugarcane
leaves; sugarcane pith

1. Introduction

Plants can either be classified as silica accumulators or silica non-accumulators. Sugar-
cane, maize, and other types of Gramineae (grasses) fall under silica accumulators. Besides
water, agricultural residues such as maize leaves or sugarcane leaves, pith, and fiber consist
of cellulose, hemicellulose, lignin, as well as inorganic matter that is generally referred
to as ash. Extensive research has been conducted to extract biogenic silica from different
agricultural residues such as rice husk [1,2], wheat straw and cereal remnant [3], rice straw,
oat husk and spelt husk [4], and corn cob [5].

Biogenic silica can be obtained, e.g., from diatomite. However, this procedure utilizes
complex thermal and mechanical treatments that result in biogenic silica with impurities
like CaO, FeO3, and Al,Os [6]. Hence the production of high-quality porous silica from
silica accumulating plants has become an area of interest to most researchers [1-5]. For
the production of silica from biomass, pre-treatment of the biomass by leaching prior
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to combustion is essential as it improves the purity of the ash by increasing the SiO;
content while decreasing the share of all the other inorganic constituents (C1~, KO, P,Os,
MgO, etc.) [2]. Acid leaching disrupts the lignin-carbohydrate matrix in order to enable
cellulose hydrolysis [7]. Inorganic acids (e.g., sulfuric and hydrochloric acid) and bases
(e.g., sodium hydroxide and ammonium hydroxide) have been used for biomass leaching
in previous studies [1,8,9]. Inorganic acid leaching protocols, however, are environmentally
unfriendly. They have several drawbacks as they require a lot of water to rinse the biomass
post leaching, are not economical since they require the usage of expensive corrosive
resistant processing equipment and in addition, a special disposal treatment of the used
acids is required. Several researchers have therefore opted for the use of carboxylic acids
as are bio-based and economical with no special equipment needed. During the leaching,
the carboxylic group is involved in the successful removal of inorganic impurities via a
chelating reaction with the metal ions [10].

The importance of the incineration temperature has also been emphasized in litera-
ture [3]. Silica can exist in an amorphous form or in a variety of crystalline forms: cristo-
balite, tridymite, and quartz. Amorphous silica can be partially converted to crystalline
silica at approximately 1280 K in sugarcane-related biomass [11]. Higher temperatures
cause the cellular microstructure to collapse, and that results in the merging of the small
pores [12]. Consequently, a crystalline phase will form, leading to a reduced specific sur-
face area [12]. The phase-transition temperature, however, is dependent on the presence
of impurities in the sample; i.e., the higher the impurity content in a sample, the lower
the temperature at which amorphous silica converts to crystalline silica. This makes the
incineration protocol an important aspect in removing organics while retaining amorphous
silica from biomasses.

Sugarcane (scientifically known as Saccharum officinarum) is one of the principal agri-
cultural crops that are cultivated in tropical countries. The annual world production of
sugarcane in 2018/2019 was approximately 1904 million tons (of which approximately
19 million tons are produced in South Africa [13]. From the produced volume, approxi-
mately 279 million metric tons of biomass residues are generated worldwide [14], with
South Africa responsible for about 2 million metric tons [15]. Sugarcane residues mainly
consist of leaves and bagasse, where the bagasse can be further separated into fiber and pith.
Maize (Zea mays L.) is the most important grain crop in South Africa, which is produced
throughout the country. Approximately 8 million tons of maize are produced in South
Africa annually, and a significant percentage of leaves are produced as trash [16].

In South Africa, 90% of the sugarcane is burnt prior to harvest to facilitate cane
cutting and to reduce fungus as well as other plant disease growth on the soil, while
10% is harvested green [17]. The burning of the sugarcane leaves prior to harvest is not
environmentally friendly as it causes pollution and health-related issues [11]. Fiber and
pith can be produced from excess sugarcane bagasse, which is otherwise used in boilers
in the sugarcane mills to generate steam, giving an opportunity to process them to value
added materials. Maize leaves are used to feed livestock in rural areas, while they have no
significant use in most urban areas. Silica has been exploited in several applications across
many fields such as electronics, image sensing, solar power conversion and as a precursor
for silicon production (the birth of semiconductor evolution) [18]. Silica has been used in
desiccant packets for specimen storage [19], the manufacturing of toothpaste [20], and to
synthesize amorphous silica nanowires [21].

Several studies that utilize citric acid as a biomass leaching agent have been conducted
by various researchers [2,4,10,22]. Selective results obtained from the literature are reported
in Table 1. All the presented results in Table 1 are based on pre-treatment methods that
employed only carboxylic/organic acids. Rice husk seems to be the most utilized biomass
when it comes to the separation of biogenic silica from agricultural residues.
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Table 1. Comparison of different citric acid pre-treatment conditions for the production of biogenic silica from different biomasses.

Pre-Treatment Silica Content BET Surface Area

Type of Biomass  Pre-Treatment Acid Tem}:le:)ature (Wt%) (m2g-1) References
Rice husk 10% (v/v) citric acid 423 98.8 n.d. [22]
Rice husk 5 wt% citric acid 323 99.1 n.d. [10]
Rice husk 5 wt% citric acid 353 97.7 313 [2]
Rice Straw 323 99.1 264 [4]
Spelt husk o 95.8 185
Oat husk 3.25 M citric acid 991 248
Horsetail 91.6 301

n.d: not determined.

There is no substantial existing literature that focuses on the usage of either sugarcane
or maize leaves residues. This study focuses on the valorization of South African maize
(maize leaves) and sugarcane (sugarcane leaves, pith, and fiber) residues for the first time
to produce amorphous biogenic silica using a thermo-chemical method that utilizes an
organic acid. This study aimed to demonstrate the effectiveness of citric acid pre-treatment
on the utilized South African biomass residues in terms of purity and textural properties
despite the nature of the biomass. Hot water pre-treatment and inorganic acid (sulfuric
acid) pre-treatment was also carried out for comparison sake. Despite the different physical
appearance of these biomasses, they were all handled /utilized the same way in order to
highlight the effectiveness of the employed thermochemical method using citric acid as
a leaching agent to produce biogenic silica with high silica yield and impressive textural
properties. The results obtained from all the utilized biomasses were presented based on
ash purity, morphology, textural and structural characteristics.

2. Materials and Methods
2.1. Materials

Sugarcane and maize leaves were supplied by farmers in Durban, South Africa.
Sugarcane fiber and pith were supplied by the Sugar Milling Research Institute (SMRI)
in Durban, South Africa. Upon collection, the biomasses were dried in an oven at 375 K
overnight to reduce the moisture content. After drying, the leaves were cut into pieces
of about 1.5 cm long prior to any treatment, while the pith and the fiber were used as
supplied.

2.2. Methods
2.2.1. Preparation of Biogenic Silica

In separate experiments, about 50 g of each agricultural residue biomass was washed
with 1200 mL distilled water while being agitated for 2 h at ambient temperature and then
dried in the oven at 373 K overnight prior to leaching with either 1200 mL hot distilled
water, 7 wt% citric acid or 7 wt% sulfuric acid (in the case of sugarcane leaves) at 353 K for
2 h with continuous stirring. After leaching, the biomass was rinsed with deionized water
to remove excess acid, followed by drying at 323 K for 24 h.

The dried, leached biomass was subjected to sequential combustion at a heating rate
of 10 K min~! in a furnace. The incineration program was as follows: 30 min at 583 K,
60 min at 723 K, 210 min at 783 K, and lastly 30 min at 873 K. After cooling of the ash, the
resulting samples were kept at room temperature for characterization.

The samples were labeled sugarcane (SC) leaves-raw (for dried but unprocessed
sugarcane leaves), SC leaves ash -HW (for the hot distilled water leached sugarcane leaves),
SC leaves ash-CA (for citric acid leached sugarcane leaves), SC leaves ash-SA (for sulfuric
acid leached sugarcane leaves), SC pith-raw (for dried unprocessed sugarcane pith), SC
pith ash-CA (for citric acid leached sugarcane pith), SC fiber-raw (for dried but unprocessed
sugarcane fiber), SC fiber ash-CA (for citric acid leached sugarcane fiber), Maize leaves-raw
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(for dried but unprocessed maize leaves) and Maize leaves ash-CA (for citric acid leached
maize leaves).

2.2.2. Characterization of the Biogenic Silica

A Vario EL micro analyzer system (Heraeus, Hanau, Germany) was used for carbon
content analysis, approximately 3 mg of the biomass sample was used. The elemental
composition of the specimen was carried out using X-ray fluorescence (XRF) analysis (54
Explorer, WDXRF Bruker, Karlsruhe, Germany). For this purpose, 0.75 g of the sample was
mixed with 0.25 g of a wax powder. The mixture was ground to form a fine powder prior
to being pressed with a hydraulic press (PerkinElmer, Germany) at 10 tons for 2 min to
produce a round pellet with 20 mm diameter.

The phase identification was carried out using a Seifert XRD 7 apparatus that is
equipped with Ni-filtered, Cu-K« radiation (A = 1.54 A). Thermal analysis of the biomass
samples was performed using a Thermo Gravimetric/Differential Thermal analyzer TG/DTA
equipment (DST2960 simultaneous apparatus, TA Instrument, New Castle, DE, USA) that
had a supplement air flow rate of 150 mL min~! and a heating rate of 10 K min~!. Ap-
proximately 7 mg of each sample was used for the analysis. The operating temperature
range was between 293 and 1073 K, while the heating rate was 10 K min~!. The surface
morphology was studied by Scanning Electron Microscopy (SEM) using an Ultra 55 (Zeiss,
Jena, Germany) that was operated at 10 keV. Nitrogen sorption analysis was used to deter-
mine the textural properties of the biomass samples. This was carried out using an ASAP
2010, Micromeritics, Nocross, GA, USA). Prior to measurements, the biomass samples were
degassed for 12 h at 523 K under ultra-high vacuum. The relative pressure (p/py) of 0.995
was used to calculate the total pore volume. The Brunauer-Emmett-Teller (BET) model was
used in the relative pressure of the range of (p/py) between 0.05 and 0.25 to evaluate the
specific surface area. The value of 0.162 nm? was used as cross-sectional area of a nitrogen
molecule. The adsorption branch of the isotherm was used to determine the pore size
distribution by applying the Barret-Joyner-Halenda (BJH) method [23].

3. Results and Discussion
3.1. Thermal Analysis and Assessment of the Combustion Protocol

The elemental analysis (CHN) of the untreated biomass and produced silica ash
samples is given in Table 2.

Table 2. Elemental analysis (CHN) for sugarcane and maize-based biomass, as well as the ash derived from the respective

biomass samples.

Biomass Nitrogen (%) Carbon (%) Hydrogen (%)
SC leaves—Raw 0.40 £ 0.00 39.50 4+ 0.00 5.42 +£0.10
SC leaves Ash-HW 0.031 + 0.01 0.19 4+ 0.00 0.42 £+ 0.01
SC leaves Ash-CA 0.02 £ 0.00 0.14 £ 0.01 0.31 £ 0.00
SC leaves Ash-SA 0.01 +0.01 0.02 +0.01 0.12 £ 0.01
SC Pith-Raw 0.10 +0.01 45.30 £ 0.10 5.80 4+ 0.05
SC Pith Ash-CA 0.01 £ 0.01 0.04 £ 0.01 0.38 + 0.04
SC Fiber—Raw 0.03 £ 0.00 45.20 £ 0.10 5.90 4 0.00
SC Fiber Ash-CA 0.01 4+ 0.00 0.03 4+ 0.00 0.14 £ 0.03
Maize leaves—Raw 0.10 + 0.00 45.30 + 0.10 5.80 + 0.10
Maize leaves Ash-CA 0.03 4+ 0.01 0.05 4+ 0.01 0.37 £ 0.04

In order to assess the combustion method for the biomasses, thermogravimetric
analysis (TGA) was conducted (air, 10 K min~!, max. temperature 1073 K). Figure 1 shows
the TG/DTA profiles of the utilized biomass samples, indicating similar decomposition
patterns irrespective of the type of biomass. The first observed peak was at 339 K, 352 K,
334 K and 355 K with a weight loss of 3.7, 7.1, 6.3 and 5.2 wt% for sugarcane leaves, pith,
maize leaves, and sugarcane fiber, respectively. This peak is due to the evaporation of
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moisture and other volatiles. The second observed peak (first degradation peak) occurred
at 575 K, 578 K, 562 K and 554 K, with a weight loss of 59.8, 54.1, 60.6 and 58.7 wt% for
sugarcane leaves, sugarcane pith, maize leaves and sugarcane fiber, respectively. This peak
is due to the thermal degradation of hemicellulose [4].
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Figure 1. TG/DTA profiles of SC pith-Raw, SC leaves-Raw, Maize leaves-Raw and SC fiber-Raw.

Pure cellulose has been reported to thermally degrade at 628 K [10]. In the thermo-
grams of the materials investigated herein, the third observed peak (2nd degradation peak)
was at 619 K, 619 K, and 617 K with a weight loss of 29.9, 37.7, and 28.9 wt% for sugarcane
leaves, pith, and maize leaves, respectively. Sugarcane fiber exhibited a somewhat lower
degradation temperature of 607 K with a corresponding weight loss of 35.6 wt%. According
to Alyosef et al. [2], the presence of high concentrations of potassium and other inorganic
species found in biomass samples reduces the thermal stability of cellulose, in line with the
results reported in this work: all the biomass samples contain potassium (see Table 3), with
the highest potassium concentration found for sugarcane fiber.

Table 3. Chemical analysis of inorganics from sugarcane leaves, pith and fiber, as well as maize leaves, before and after

pre-treatment with hot water or acids (determined by XRE).

. Maize
sc Lo LS. SCLeaves e SC Pith sc SCFiber A% [eayes
Constituent Leaves-Raw Ash-SA Pith-Raw Ash-CA Fiber-Raw Ash-CA Ash-
(Wt%) Ash-HW  Ash-CA (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) Raw CA
(wt%) (Wt%) (wt%) o
(Wt%)
Si0, 638 87.6 95.4 993 392 94.8 37 943 514 93.0
P,0s 14 07 0.4 01 13 11 40 26 53 33
K0 38 14 02 <LOD 24 01 120 0.1 58 03
Ca0 14.9 75 26 0.2 19.0 04 149 0.6 214 13
MgO 15 12 04 <LOD 22 03 29 0.9 20 0.4
50, 45 0.9 08 03 44 03 73 0.4 55 0.4
FesOs 23 02 01 <LOD 57 0.9 25 0.2 24 03
ALO; 31 0.1 01 0.1 1.7 08 124 02 17 0.6
cl 17 <LOD <LOD <LOD 5.6 <LOD 62 <LOD 0.8 <LOD
Others ® 3.0 04 0.0 0.0 85 13 41 07 37 0.4

Others: ? Other metal oxides; LOD: limit of detection = 0.1 ppm.



Sustainability 2021, 13, 577

6 of 14

Kumar et al. [24] and Yang et al. [25] reported the degradation of lignin to take place
over a wide temperature range of 453-1173 K, concurrent with both the 1st and 2nd
degradation peaks.

Hence, for the sequential combustion protocol, the first programmed temperature was
kept at 583 K for 30 min to allow for the removal of residual water from the sample. The
second step was performed at 723 K for 60 min. This focused on thermal degradation of
organic components and the transformation of cellulose, hemicellulose, and lignin into
carbon/CQO;, which can be noticed by the formation of smoke. However, the smoke ceases
after this step. The third step kept the temperature at 783 K to achieve the complete
combustion of carbon in the ash, hence resulting in a white ash [2].

3.2. The Influence of Leaching on the Chemical and Elemental Composition

Elemental analysis (CHN) of the untreated biomass and produced silica ash samples
was performed to determine their chemical composition, where the focus was on carbon,
hydrogen, and nitrogen (Table 2). Three measurements were carried out, an average of
each set of analyses was considered and a standard deviation calculated. As expected,
the biomass samples have a high carbon content, with the lowest found for untreated
sugarcane leaves. Incidentally, sugarcane leaves have the highest ash content and the
lowest loss on ignition when compared to the other biomass samples, as shown below. As
expected, the thermo-chemical treatment reduces the content of the selected three elements
to below 0.5 wt%, as indicated in Table 2.

Although citric acid is a weaker acid than sulfuric acid, it reduced the carbon content
significantly by >99.7% for all biomasses, while the nitrogen contents were reduced by
>68.0%, respectively. Citric acid leaching and subsequent combustion produced very white
ashes, indicating almost quantitative combustion and removal of organic components. In
comparison, pre-treatment of sugarcane leaves with a strong inorganic acid (7 wt% sulfuric
acid; -SA) lead to a quantitative removal of carbon, and a reduction of >97.0% for nitrogen.
In addition, the pre-treatment of sugarcane leaves with hot water (HW) resulted in 99.5%
reduction of carbon and 92.2% for that of nitrogen.

The chemical analysis of the biomass samples was performed using XRF to study the
influence of chemical treatment on the biomass samples. The results obtained are shown in
Table 3. The leaching with hot citric acid resulted in white ashes with high silica contents of
more than 94 wt% for all the sugarcane-based biomass samples and 93 wt% for the maize
leaves sample.

The effect of hot water leaching (-HW) was investigated using sugarcane leaves, and it
was found that even in the absence of an acid, the silica content in the formed ash increased
to 87.6 wt% while the chlorine was reduced below the detection limit. The extraction of
aluminum, iron, and sulfur was as effective as when using citric acid pre-treatment, but
hot water leaching was not that effective in the reduction of phosphorus, alkali and alkali
earth metals.

When comparing pre-treatments of sugarcane leaves with citric and sulfuric acid, a
silica purity of 95.4 wt% was obtained from citric acid pre-treatment while sulfuric acid
pre-treatment resulted in 99.3 wt% as illustrated in Table 3. This silica content obtained
from sulfuric acid pre-treatment of the sugarcane leaves is incredible when compared
to those from other agricultural residues. Cereal remnant, wheat straw, and miscanthus
were all pre-treated with sulfuric acid and their resulting biogenic silica was reported to
be 91.3 wt%, 92.8 wt% and 95.0 wt%, respectively [3]. Alyosef at al. [2] reported a high
silica content of 97.7 wt% from the pre-treatment of rice husk but is still lower than the
one reported in this work. Based on the results obtained from this study, it indicates that
for applications where a high purity of biogenic silica is essential, only the silica obtained
from the pre-treatment of sugarcane leaves with sulfuric acid can be utilized. The biogenic
silica obtained through the pre-treatment of sugarcane leaves with citric acid pre-treatment
can only be used if the employed thermochemical method is optimized through varying
variables like time, temperature, acid concentration, etc. to obtain silica with an increased
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purity. Sulfuric acid leaching resulted in a reduction of potassium, manganese, iron, and
chloride below the detection limits. Phosphorus and sulfur were both reduced by 93%,
while aluminum and calcium were reduced by 97 and 99%, respectively. For citric acid,
phosphorus, alkali earth metals, and sulfur were removed only between 71-83%, while
potassium, iron, and aluminum contents were reduced by 95-97%.

It is known that acid treatment leads to the hydrolysis of hemicellulose and cellulose,
the degree of which depends on the medium acidity as well as time and temperature.
Sulfuric acid treatment is hence a more efficient hydrolysis catalyst, increasing the ex-
tractability of inorganics from biomass [26]. However, the extraction selectivity observed
for the citric acid-treated sample indicates specific interactions between carboxylic acid
groups of citric acid with some the metal ions. These interactions are known to occur by
chelation [9,25-30].

The biogenic silica obtained from this study using citric acid as a leaching agent
demonstrated a higher purity of silica when compared to the purity of other residues
from sugarcane and maize reported in literature. For an example, Worathanakul et al. [31]
pre-treated sugarcane bagasse (i.e., a mixture of fiber and pith) with 3M HCl to produce
biogenic silica with a silica content of 89 wt% compared to 94.8 and 94.3 wt% for pith and
fiber obtained in this work, respectively. On another study, [32] pre-treated sugarcane
bagasse with 1M HCl and obtained an even lower silica content of 66 wt%. In yet another
recent study a silica content of 85.6 wt% was obtained from the pre-treatment of sugarcane
bagasse with 9% sulfuric acid [33]. Similarly, for maize leaves pre-treated with HCl, a
silica content of 64 wt% was obtained by Lanning et al. [34], compared to 93 wt% obtained
from this study. Considering the above argument regarding the effect of the acidity of
the medium, this finding is somewhat surprising. However, it is noted that the biomass
investigated here had been subjected to a sequence of drying, washing, and drying prior to
acid treatment, which may affect the efficiency of acid treatment [2]. This demonstrates
the incredible ability of hot citric acid pre-treatment in significantly removing/reducing
organic compounds and accompanying metal oxides in the biomasses.

3.3. Phase Identification

XRD analysis was performed to identify different phases of the produced biogenic
silica from the pre-treatment of sugarcane-based biomass (leaves, fiber and pith) and maize
leaves as displayed in Figure 2. Judging from the broad peak with an equivalent Bragg
angle of 20 at 21.8° of the sugarcane-based samples, it can be deduced that the silica formed
was amorphous with almost no traces of crystalline phases [12]. This finding indicates that
the combustion protocol is indeed suitable for producing amorphous silica from sugarcane
residues. Contrary to this, a presence of additional peaks for biogenic silica produced from
maize leaves was observed. These peaks are in addition to the detected broad peak with
an intensity of Bragg angle of 20 = 21.8° and the internal standard (CaF2) peaks. This is an
indication of the ash not being entirely amorphous. The peaks at 20 = 20.9° and 20 = 28.6°
correspond to crystalline silica, quartz to be specific [35]. The presence of quartz in this
biogenic silica is suspected to be due to the incomplete removal of the sand/impurities
during the washing process.

3.4. Textural and Structural Properties

The textural properties of both sugarcane and maize-based biomass samples were
obtained from nitrogen sorption measurements (Figure 3). The isotherms have a closed
hysteresis loop and consist of a small knee at p/pg = 0.05 that is followed by a continuous
increase in the nitrogen uptake. All the biomass ash samples followed a similar pattern
categorized as class IV isotherms [16].



Sustainability 2021, 13, 577 8of 14

——— SC leaves ash-CA ~———SC fibre ash-CA
=
.
2 ——
g —— SC pith ash-CA ~——— Maize leaves ash-CA
o S
—
£
IS
IS
Jw«"kvrw\.
0 10 20 30 40 50 60 70 10 20 30 40 50 60 70
2-Theta scale /°

Figure 2. XRD patterns of sugarcane-based biomass (leaves, fiber, and pith) and maize leaves. IS is the internal standard
(CaF2) and Q is the quartz.

250 _m— sC Pith Ash-CA
—m— SC Fibre Ash-CA

m— Maize leaves Ash-CA
—m— SC Leaves Ash-CA

200
)
e 150
5 _
6_\ 12
|_
9 100(
>§ ./'/'/’/
w2 [ o= E=
/. /‘ "
50 _f .’."/l - l 7 .—;/.‘ -
] 1 Sl
) '. ._.-."-
ov 1 1 $- 1 1
0. 0.2 0.4 0.6 0.8 1.0

P/Py

Figure 3. Nitrogen sorption isotherms of biogenic silica derived from sugarcane biomass (leaves, pith and fiber) and maize

leaves.

The particle pores can either be micropores (<2 nm), mesopores (2-50 nm) or macro-
pores (>50 nm). Each of these is characterized with a specific adsorption isotherm. The
opening of micropores consists of a diameter of a few molecules and that causes the poten-
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tial fields of the connection pore walls to overlap with one another [36]. The interaction
between the adsorbent and the molecule is therefore automatically intensified, which
results in a steep increase in adsorption quantity even at low relative pressures. The
adsorption, however, levels off eventually due to the achieved saturation pressure [37],
resulting in a long plateau in the isotherm over a wide range of relative pressures [35].
There is a presence of a hysteresis loop with a lower closure point at about p/pg = 0.42-0.45,
which can be classified as H3 [37] as is the case for all four examined samples of biomass
ash samples. This indicates that there is a presence of additional macropores and also
stipulates that accessibility of the larger mesopores can only be through the smaller meso-
pores [4]. In the case of the sugarcane leaves ash sample (citric acid-treated), additional
microporosity cannot be excluded. In addition, none of the isotherms reach a plateau at
high p/po = 1 values. This is a characteristic for incomplete pore filling by an adsorbate
and suggests that larger meso- and macropores are also present in the materials [4,36].

The textural properties, including BET surface area (ABET), average pore size (Dp),
and pore volume (Vmeso) of all porous silica products are given in Table 4. The citric acid
pre-treated sugarcane leaves ash sample is characterized by the largest BET surface area
of 323 m?-g~ 1. This is quite a competitive specific surface area when comparing it with
that of other agricultural residues from the literature: rice husk ash and cereal remnants,
after pre-treatment with citric acid, showed specific surface areas of 313 m?-g~! [2] and
245 m2-g~! [3], respectively. Citric acid leached sugarcane fiber, pith and maize leaves had
BET surface areas of 136,203 and 182 m?-g~!. Even though sugarcane fiber and the pith
are from the same material (bagasse), their textural properties differ. The average pore
diameter of the produced ash is 5 nm for sugarcane leaves, both sugarcane pith and fiber
have 6 nm while the maize leaves have an average pore diameter of 7 nm. Sugarcane fiber
has the lowest pore volume of 0.21 cm3-g~!, while sugarcane leaves show the highest value
of 0.41 ecm3-g~ 1.

Table 4. Textural properties of sugarcane and maize-based biomass ash samples (determined by
nitrogen sorption).

Sample Aggr (m? g~1) D, (nm) Vimeso (cm® g—1)
SC leaves Ash-CA 323 5.0 0.41
SC leaves Ash-SA 326 4.7 0.47
SC leaves Ash-HW 133 8.0 0.25
SC Pith Ash-CA 203 6.0 0.29
SC Fiber Ash-CA 136 6.0 0.21
Maize leaves Ash-CA 182 7.0 0.34

The effect of hot water and sulfuric acid leaching on the textural properties was also
investigated using sugarcane leaves. Although the BET surface area of hot water leached
sugarcane leaves is relatively low (133 m? g~ 1), with average pore diameter of 8.0 nm and
a pore volume of 0.25 cm® g~ 1, it is noteworthy that it is similar to that of citric acid-treated
sugarcane fiber. Compared to citric acid pre-treatment, sulfuric acid leaching resulted in
a slight increase of BET surface area (0.9%) but decreased the pore diameter by 6% while
the pore volume increased by 15%. It can be stated that the biogenic silica ashes produced
from sugarcane leaves with either citric or sulfuric acid fall within the specifications of
commercial products such as silica gels (ABET = 2501000 m? g !, DP = 2-20 nm, narrow
pore width distribution) [38].

The pore size distribution of the pre-treated biomass samples was also determined
using the adsorption branch of the nitrogen sorption isotherms (Figure 4), indicating a
broad pore size distribution of disordered meso and macropores.
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Figure 4. Pore size distribution of biogenic silica derived from sugarcane biomass (fiber, pith and leaves) and maize leaves

(determined by an adsorption branch of nitrogen sorption isotherms).
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Figure 5. SEM pictures of biogenic silica derived from sugarcane leaves after pre-treatment with citric acid and subsequent

burning from different parts of inner epidermis with high (A,B), intermediate (C) and low magnification (D).
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Figure 5A-D show the SEM images of the produced ash from sugarcane leaves leached
with citric acid, demonstrating that the produced biogenic silica ash possesses numerous
types of pore shapes and sizes. Figure 5A visualizes the evident porosity of the ash at
higher magnification while Figure 5B indicates agglomeration of small particles. Intra-
particle meso- and macropores can be observed from Figure 5A. Figure 5C (intermediate
magnification) and Figure 5D (low magnification) show a broken inner epidermis from
different parts with several shapes such as double rods and backbone structure. However,
these fragments seem to have retained their original structure. In addition, a smooth
surface is observed.

Figure 6A-D present the SEM images of biogenic silica ash resulting from the pre-
treatment of maize leaves with citric acid, indicating the presence of different pore shapes
and sizes. Figure 6A demonstrates intraparticle macropores in inner epidermis at a high
magnification. Figure 6B shows agglomeration of small particles, while Figure 6C,D show
the broken structure of the inner epidermis that has an intact silicified structure, and this is
shown from different parts in different magnifications.

Figure 6. SEM pictures of biogenic silica derived from maize leaves after pre-treatment with citric acid and subsequent

burning from different parts of inner epidermis with high (A,B), intermediate (C) and low magnification (D).

4. Conclusions

This study demonstrates the production of biogenic silica with high purity (99.3 wt%
silica content) and exceptional textural properties. Different South African agricultural
residues (sugarcane leaves, pith and fiber, as well as maize leaves) were utilized for the first
time in the production of amorphous biogenic silica through a thermo-chemical procedure
that employed hot citric acid leaching and subsequent combustion. Furthermore, the
possibility of using sugarcane-based materials as an additional feedstock in the production
of biogenic silica was demonstrated.
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When compared to sulfuric acid, citric acid pre-treatment of sugarcane leaves resulted
in fully amorphous silica with excellent quality, with 99.7% removal of carbon and 95.4 wt%
silica content, which is higher than the purity obtained from other agricultural residues in
the literature such as wheat straw, miscanthus and cereal remnant [3]. While the removal
of inorganic impurities was somewhat less efficient with citric acid than with sulfuric
acid pre-treatment (silica content of 99.3 wt% vs. 95.4 wt%), similar textural properties
(323 m? g~ ! surface area, 5.0 nm average pore diameter and 0.41 cm3 g~! pore volume)
were still obtained from the produced amorphous biogenic silica. The advantage of citric
acid lies in it being an organic and bio-based acid, which affects both costs of effluent
treatment and material of construction when compared to strong mineral acids such as
sulfuric or hydrochloric acid.

When comparing the citric acid pre-treatment of all the utilized biomasses, the
sugarcane-based starting materials resulted in biogenic silica with higher purity
(94.3-95.4 wt%) compared to that of maize leaves (93.0 wt%). Sugarcane leaves provided a
material that consisted of best textural properties than sugarcane fiber and pith, as well as
maize leaves.

Our study focused on biogenic silica production; hence, future research will investigate
if an additional extraction step with citric acid could lead to further improvement regarding
the removal of inorganic impurities.

Considering the high sugar production in South Africa with an export markets in
Africa, the Middle East, Korea, Japan, and the North America, the continuous generation
of sugarcane trash is predicted to increase. Therefore, sugarcane-based starting materials
can be used to expand the feedstock for the production of biogenic silica. In addition,
the production of biogenic silica from sugar cane trash will be a plus in solving disposal
problems, and thus contribute to the mitigation of climate change and other environmental
impacts that could result from the burning of its trash.

Finally, with growing potentials and opportunities of sugarcane agricultural residues
in sugarcane-growing countries like South Africa, our future research will assess the effect
of upscaling on the morphology of the products in terms of the potential of generating en-
ergy during combustion while producing biogenic silica, especially from sugarcane leaves.
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