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Abstract

Silicon (Si)–containing compounds, such as silica (SiO2), play a crucial role as fillers, binding
phases, and linking agents in sustainable materials. Coating biochar with SiO2 can enhance
its performance as a carbon-negative filler in composites such as bioplastics, rubber, asphalt,
and cement, making it more competitive with conventional fillers. Biochar, derived from
biomass pyrolysis, contains a high concentration of biogenic SiO2—typically 50–80% of
its total inorganic content. However, conventional extraction methods such as solvent
extraction or gasification detach SiO2 from the biochar matrix, leading to energy-intensive
and environmentally unfavorable processes. The objective of this study was to develop
an environmentally friendly and energy-efficient approach to induce the migration of
embedded biogenic SiO2 from within biochar to its surface—without detachment—using
ultrasonic treatment. Fifteen biochar samples were produced by pyrolyzing five biomass
types (sugarcane bagasse, miscanthus, wheat straw, corn stover, and railroad ties) at 650,
750, and 850 ◦C. Each sample was subsequently subjected to ultrasonic irradiation in an
isopropanol–water mixture for 1 and 2 min. Scanning Electron Microscopy (SEM) and
Energy-Dispersive X-ray Spectroscopy (EDS) analyses confirmed that ultrasound treatment
significantly enhanced SiO2 migration to the biochar surface, with up to a 2.5-fold increase
in surface Si and O concentrations after 2 min of sonication. The effect was most pronounced
for biochar synthesized at 850 ◦C, corresponding to higher surface porosity and structural
stability. Fourier Transform Infrared (FTIR) spectroscopy revealed an increased intensity
of the Si–O–Si asymmetric stretching band at 1030 cm−1, indicating surface enrichment
of siloxane networks and rearrangement of Si-containing functional groups. Overall,
the results demonstrate that ultrasound-assisted treatment is a viable and sustainable
technique for enhancing SiO2 surface concentration and modifying the surface chemistry
of biochar. This SiO2-enriched biochar shows potential for advanced applications in soil
amendment, CO2 capture, water purification, and as a reactive additive in cementitious
and asphalt composites.

Keywords: pyrolysis; biochar; ultrasound waves; surface engineering; silica; filler

1. Introduction
The Food and Agriculture Organization of the United Nations (FAO) data for 2022

reveals significant crop residue (biomass) burning practices both globally and in the
United States. On a global scale, maize (corn) residue burning was the most substan-
tial at 203.47 million tonnes of dry matter, followed by rice at 90.77 million tonnes, wheat
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at 87.66 million tonnes, and sugarcane at 16.96 million tonnes. In the United States, maize
residue burning led with 32.05 million tonnes (15.75% of global), followed by wheat at
5.74 million tonnes (6.55% of global), rice at 0.48 million tonnes (0.53% of global), and
sugarcane at 0.24 million tonnes (1.44% of global). Crop residue (biomass) burning poses
significant environmental and health risks, contributing to air pollution, climate change,
and soil degradation while releasing harmful particulate matter and greenhouse gases
into the atmosphere [1,2]. Biomass burning poses risks to both the environment and hu-
man health while also leading to the loss of valuable elements and compounds present
in biomass [3–8], which should be preserved. Instead of burning, biomass can be uti-
lized through more sustainable processes like pyrolysis, which produce valuable products,
including syngas, bio-oil, and biochar [9].

Biochar is a carbon-rich material produced from the pyrolysis of biomass under lim-
ited oxygen conditions. It is widely used for soil improvement, carbon sequestration,
pollutant adsorption, and as a filler in composites due to its porous structure and stability.
Silica (SiO2) is a common inorganic component in biochar, especially when derived from
plant-based biomass like rice husks, wheat straw, and other silica-rich feedstocks. The
origin of silica in biochar comes primarily from the biomass feedstock used in its pro-
duction. Silicon (Si) is widely found in biomass (0.1–10%) and is considered an essential
nutrient for the growth of rice husk (18% [7]), wheat [3], and corn stalk (9.4% [7]) [4–6].
At a low temperature (<250 ◦C), the polymerizing monosilicic acid in biomass pyrolytic
carbon partially forms polymeric silicic acid through carbonization dehydration, resulting
in a dense C–Si structure. At a medium temperature (250–350 ◦C), the morphology of
monosilicic acid mainly forms the polymeric silicic acid. Furthermore, at a high charring
temperature (500–700 ◦C), Si crystallizes to form Si crystal minerals. Above this tempera-
ture (>700 ◦C), the embedded Si is converted to SiOx [10,11]. Hence, Si ash (Si-containing
functional groups) is one of the highest inorganic elements in biomass pyrolytic carbon
(biochar) [8,12–14], and Si-containing functional groups may present in different forms
including Si(OR)x, Si–O–Si, SiOx, and C–Si [11], with C–Si forming a layered structure of
C–Si–C. The current ways to access the embedded biogenic SiO2 are solvent extraction or
gasifying the biochar, processes that release the SiO2 into the solvent [7] or as fly ash [13–16],
respectively. Solvent extraction methods often require strong mineral acids or alkalis which
pose environmental hazards and demand extensive reagent use. Gasification or thermal
treatments, on the other hand, require prolonged heating at temperatures typically above
600 ◦C and up to 1000 ◦C to decompose organic components and release SiO2 as fly ash or in
solution. These processes are energy-intensive and environmentally deleterious, releasing
CO, CO2, and other hazardous gases, while physically detaching SiO2 from the carbon
matrix. Additionally, the associated high temperatures can alter the structural and chemical
integrity of biochar, limiting the quality and functional performance of the reclaimed silica.
Therefore, while biogenic SiO2 constitutes a significant proportion (50–80%) of the inorganic
content in biochar, accessing it efficiently remains technologically challenging using these
conventional methods. These limitations underscore the need for novel, environmentally
friendly, and energy-efficient techniques to selectively enrich SiO2 on biochar surfaces
without compromising the biochar matrix.

Considering the very high percentage of Si ash (Si as SiO2, roughly 50–80% [8,12–14]) in
biomass pyrolysis derived biochar, the challenges/in-efficiencies of conventional techniques
in accessing embedded biogenic SiO2 [7,13–16], and the vast applications of SiO2-coated
biochar, the aim of this study is to leverage ultrasound waves to induce the embedded
biogenic SiO2 to migrate to the biochar surface. Additionally, the potential applications for
which biochar, with biogenic SiO2 migrated to its surface (resembling SiO2-coated biochar),
are also briefly discussed.
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2. Materials and Methods
In this study, 15 biochar samples, produced by pyrolysis (at three different tempera-

tures: 650 ◦C, 750 ◦C and 850 ◦C) of five distinct biomass types—Sugarcane Bagasse (SG),
Miscanthus (MIS), Wheat Straw (WS), Corn Stover (CS), and Railroad Ties (RRTs)—were
used. The selected pyrolysis temperatures of 650, 750, and 850 ◦C were chosen based on
their well-documented influence on the physicochemical characteristics and mineral content,
particularly silica, in biochar. Literature indicates that pyrolysis within this temperature
range effectively enhances biochar stability and increases the concentration and crystallinity
of embedded biogenic silica [17]. Temperatures below 600 ◦C generally do not fully convert
silica precursors into stable forms, while temperatures above 900 ◦C may cause structural
alterations that reduce silica accessibility. Thus, the 650–850 ◦C range optimizes both biochar
yield and silica enrichment, promoting desirable surface and pore properties conducive
to silica migration and surface modification. The selection of the five biomass feedstocks
was based on their diverse chemical compositions and ash silica contents (Tables 1 and 2,
respectively), making them representative of common lignocellulosic agricultural residues
and energy crops. SB, MIS, WS, and CS are abundant global residues with varying inherent
silica levels, while RRTs serve as a contrasting woody biomass source with distinct mineral
and organic profiles. This diversity enables a comprehensive investigation of ultrasound-
induced silica migration dynamics across biochars with different physical and chemical
matrices. Together, these pyrolysis conditions and feedstock selections provide a scientifi-
cally robust framework to study the effects of ultrasonic exposure on silica migration from
embedded mineral phases to the biochar surface. In a typical experiment, 4 g of biomass
was prepared by drying at 60 ◦C, grinding, and sieving. The sample was then placed in
the constant temperature zone of a quartz tube reactor. Prior to pyrolysis, the system was
purged with N2. The furnace was then heated to the desired temperature (650 ◦C, 750 ◦C, or
850 ◦C) at a rate of 20 ◦C/min, with an N2 flow rate of 50 mL/min. During pyrolysis, the
biomass underwent thermal decomposition in the absence of oxygen, producing biochar,
volatile organic compounds (VOCs), and gaseous products. Each biochar sample was then
subjected to ultrasound-generated Rayleigh waves in a 50:50 solvent of water and isopropyl
alcohol for two different durations: 1 min and 2 min. After ultrasound treatment, scanning
electron microscopy (SEM) was employed to determine the presence of SiO2 on the sur-
face of biochar samples. The concentration of SiO2 on the surface was compared among
three different treatments: one not exposed to ultrasound, one exposed to ultrasound for
1 min, and one exposed to ultrasound for 2 min (as all other variables, such as biomass
source and pyrolysis temperature, were kept across the samples). The comparative analysis
aimed to assess how varying ultrasound treatment durations induce migration of biogenic
SiO2 from within the biochar structure (through micropores within the biochar structure)
to the surface. Ultrasonic treatment was carried out using a VCX-750 ultrasonic processor
(Sonics & Materials, Inc., Newtown, CT, USA) operating at a fixed frequency of 20 kHz
and 100% amplitude, corresponding to a nominal power of 750 W. Each biochar sample
was dispersed in a 50:50 (v/v) isopropanol–water mixture without prior degassing, and the
sonication was performed in an open system without active temperature control. Ultrasonic
irradiation was applied for 1 min and 2 min under identical conditions. Longer exposure
durations were ruled out, as literature reports [18,19] indicate that excessive sonication leads
to thermal accumulation and particle re-agglomeration, which reduce surface activation
efficiency. Energy-dispersive X-ray spectroscopy (EDS) mapping was also conducted to
compare the surface elemental composition and distribution among the three treatments of
15 biochar samples. EDS maps were generated for C, Si, and O, both individually and as
a composite map. These surface maps were utilized to visualize the spatial distribution of
elements across the biochar surface, revealing the relative concentrations of key elements,
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particularly Si and O, which indicate the presence of SiO2. By examining the surface Si and
O maps in conjunction with the C background, we sought to identify areas of increased SiO2

concentration on the biochar surface. Additionally, Fourier Transform Infrared Spectroscopy
(FTIR) was performed to identify the Si-containing functional groups (Si(OR)x, Si–O–Si, SiOx,
and C–Si), which could be present either within the structure or on the surface of the biochar
and to assess the impact of ultrasound treatment on these groups. As the objective was to
identify the Si-containing functional groups and assess the impact of ultrasound treatment
on them, FTIR was performed only on biochar from MIS pyrolyzed at 650 ◦C, 750 ◦C, and
850 ◦C. The analysis compared the FTIR results of biochar produced at the same temperature
but subjected to ultrasound for different durations: zero minutes (control), 1 min, and 2 min.
This approach allowed us to evaluate how varying ultrasound treatment durations influence
the presence and characteristics of Si-containing functional groups, such as Si(OR)x, Si–O–Si,
SiOx, and C–Si. By correlating any observed changes in these functional groups with varying
ultrasound treatment durations, we aimed to understand how ultrasound treatment affects
the chemical properties of biochar, particularly regarding its Si-containing content.

Table 1. Proximate and ultimate analysis of biomass composition.

Element Miscanthus
(wt%)

Corn Stover
(wt%)

Sugarcane
Bagasse
(wt%)

Wheat
Straw
(wt%)

Railroad
Ties

(wt%)

Fixed
carbon 13.06 16.7 13.41 13.89 18.9

Volatile 85.53 79.0 76.02 77.04 90.9
Ash 1.40 4.3 10.56 9.07 0.4

Carbon 50.64 48.7 45.24 45.02 61.3
Hydrogen 5.85 5.7 5.38 5.90 6.6
Nitrogen 0.21 0.7 0.36 1.06 0.4
Oxygen 41.88 - 38.41 38.82 28.8
Sulfur 0.01 - 0.05 0.12 0.1

Table 2. Ash composition of biomass samples.

Compound Miscanthus
(wt%)

Corn Stover
(wt%)

Sugarcane
Bagasse
(wt%)

Wheat Straw
(wt%)

Al2O3 0.29 0.28 7.20 2.77
CaO 18.34 8.99 2.74 10.83

Fe2O3 1.20 1.12 2.40 2.99
K2O 6.44 26.38 4.46 15.45
MgO 9.03 6.09 1.30 2.69
MnO 1.11 0.09 0.06 0.07
Na2O 0.18 0.08 1.30 1.16
P2O5 3.58 2.79 0.95 2.15
SiO2 52.31 51.99 79.19 58.16
TiO2 0.02 0.01 0.40 0.11
SO3 3.15 2.20 0.57 2.34

3. Results and Discussions
3.1. SEM and EDS Analysis

The SEM and EDS analyses of the 15 different biochar samples were summarized
in Figures 1–5. The results revealed that ultrasound treatment caused the migration of
embedded biogenic SiO2 to the biochar surface, resulting in a significant concentration of
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SiO2 on the biochar surface. EDS provides elemental analysis [20], enabling identification
of specific elements (like Si and O) on the biochar surface. The EDS maps (Figures 1–5)
revealed a significant increase in the concentrations of Si and O on the surface of the biochar
samples subjected to ultrasound. EDS maps thus further confirmed the presence of SiO2 on
the biochar surface, as Si and O are key components of this compound.

Figure 1. SEM images, BSE images, EDS composite maps, and EDS maps of C, O, and Si elements of
biochar samples produced by pyrolysis (at three different temperatures: 650 ◦C, 750 ◦C, and 850 ◦C)
of Sugarcane Bagasse and subjected to ultrasound for different durations (1 & 2 min).
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Figure 2. SEM images, BSE images, EDS composite maps, and EDS maps of C, O, and Si elements of
biochar samples produced by pyrolysis (at three different temperatures: 650 ◦C, 750 ◦C, and 850 ◦C)
of Miscanthus and subjected to ultrasound for different durations (1 & 2 min).
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Figure 3. SEM images, BSE images, EDS composite maps, and EDS maps of C, O, and Si elements of
biochar samples produced by pyrolysis (at three different temperatures: 650 ◦C, 750 ◦C, and 850 ◦C)
of Wheat Straw and subjected to ultrasound for different durations (1 & 2 min).
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Figure 4. SEM images, BSE images, EDS composite maps, and EDS maps of C, O, and Si elements of
biochar samples produced by pyrolysis (at three different temperatures: 650 ◦C, 750 ◦C, and 850 ◦C)
of Corn Stover and subjected to ultrasound for different durations (1 & 2 min).
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Figure 5. SEM images, BSE images, EDS composite maps, and EDS maps of C, O, and Si elements of
biochar samples produced by pyrolysis (at three different temperatures: 650 ◦C, 750 ◦C, and 850 ◦C)
of Railroad Ties and subjected to ultrasound for different durations (1 & 2 min).
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Ultrasound treatment likely induced cavitation [21], which disrupted the biochar
structure and caused the migration of embedded biogenic SiO2 to the surface. The cavita-
tion events generated during sonication create transient hot spots and microjets exceeding
100 m/s, which impart sufficient localized stress to weaken Si–O–C and Si–C linkages
within the biochar–silica interface [22,23]. The resulting increase in surface energy pro-
motes the detachment and redeposition of SiO2 moieties onto energetically favorable carbon
domains, leading to surface enrichment and structural reorganization [23,24]. In addition,
when ultrasound waves encounter a solid surface, the differing acoustic impedance be-
tween the liquid and the solid causes some of the waves to bounce off the interface while
another portion transforms into surface acoustic waves (SAWs), such as surface Rayleigh
waves (SRWs). The majority of waves energy becomes focused within the solid, particularly
in its immediate vicinity near the surface [25]. SRWs propagate along the interface be-
tween the solid and liquid, while also penetrating into the solid structure, generating both
vertical and horizontal components of motion in the direction of the waves [26], Figure 6.
The penetration depth of SRWs is approximately of the order of the wavelength of the
waves [27]. These combined effects contribute to the observed migration and condensation
of SiO2 networks, consistent with previous findings in ultrasonically treated silica–carbon
composites. This is mainly true for graphite, where the estimated penetration depth (d) of
SRWs is calculated by [28]: (

C44

C11

)1/2
≪ kd ≪ C33

C11

(
C11

C44

)3/2
(1)

 
Figure 6. The grey arrow indicates the direction of Rayleigh wave propagation along the surface,
while the white arrows represent the instantaneous direction of particle displacement caused by the
Rayleigh wave, illustrating the characteristic elliptical motion of particles (indicated by red dot) on
and beneath the surface [27,29].

The elastic constants Cxx of graphite in various directions determine the wavenumber
(k) of the waves, where k is calculated as k = f.(ρ/C44)

1/2, with f representing the ultra-
sound frequency and ρ denoting the density of graphite [30]. As a result, the penetration
depth spans from hundreds of microns to several millimeters, exceeding the biochar’s
particle (50 to 150 µm) and cluster size (2 to 5 nm) [29].

SEM and EDS analysis reveal that biochar from SG has the highest surface SiO2

concentration (Figure 1), likely due to its inherently high ash content (10.56%), primarily
composed of SiO2 (79.19%) as shown in Tables 1 and 2. Among all biochars, SG biochar
has the most extensive SiO2 coverage, with maximum coverage in the sample pyrolyzed at
850 ◦C and exposed to ultrasound for 2 min. Moreover, although SiO2 is also observed on
the surface of the untreated sample, the number of discrete SiO2 micro-islands increased
in samples exposed to ultrasound for 1 and 2 min, particularly at 2 min. Biochar samples
produced by the pyrolysis of MIS biomass show relatively lower SiO2 concentrations
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on their surfaces (Figure 2). MIS has a higher volatile matter content (85.53%, Table 1),
which reduces ash yield (1.4%, Table 1). However, during pyrolysis, the volatilization of
organic components concentrates the SiO2 in the residual ash, and ultrasound treatment
may further enhance this effect by exfoliating the biochar surface and exposing additional
SiO2-rich regions. As observed in Table 2, MIS ash contains a high percentage of SiO2

(52.31%, Table 2), therefore, migration of silica to the surface is observed due to pyrolysis
as well, although ultrasound cavitation can further enhance the SiO2 migration onto the
surface of the biochar in the form of discrete micro islands. Biochar samples produced
by the pyrolysis of WS has similar specifications as SG in terms of fixed carbon (13.89%),
volatile (77.04%) and ash (9.07%) contents. However, WS has a lower SiO2 content in its ash
compared to SG (58.16% versus 79.19% Table 2). As a result, fewer discrete SiO2 islands are
present on its surface (Figure 3). In addition to these micro-islands, a thin SiO2 coating is
also observed on the biochar’s surface (Figure 3). Despite this, biochar produced from WS
is likely less susceptible to cavitation as not much difference is observed by exposing to
ultrasound waves.

Biochar samples produced by the pyrolysis of CS have a lower ash content (4.3%
compared to 10.56% in SG and 9.07% in WS), though 52% of which is composed of SiO2. The
SEM results indicate that synthesis temperature plays a crucial role in the micro-migration of
silica. No discrete silica islands are observed on the surface of biochar samples synthesized
at 650 ◦C and 750 ◦C, even after 2 min of exposure to ultrasound waves (Figure 4). However,
in the case of CS biochar synthesized at 850 ◦C, a strong synergistic interaction with
ultrasound waves is observed. This sample showed the highest concentration of SiO2 and
its corresponding elements (Si and O) on its surfaces after exposure to ultrasound for 2 min
(Figure 4). The high pyrolysis temperature causes the removal of VOCs, reducing the C, H,
and O content, and other labile materials from the biomass, which results in an increased
formation and retention of biogenic SiO2 in the biochar matrix [31–34]. The effect of
elevated biomass pyrolysis temperature on the pore structure development of the resulting
biochar is substantiated by BET surface area and pore volume data of the biochars derived
from the similar biomass feedstocks at different pyrolysis temperature (Section 3.4) [17].
The surface area of the biochar derived by the pyrolysis of MS at 600 ◦C (303 m2 g−1) is
more than that of the biochar derived by the pyrolysis of MS at 500 ◦C (119 m2 g−1) [17].
The corresponding pore volumes also show the significant difference (0.14 → 0.06 cm3 g−1).
These results confirm that elevated pyrolysis temperature facilitates graphitization and pore
widening, yielding a more open and thermally stable structure. The consistency of these
quantitative trends from the study [17] with the morphological evidence observed in the
this study strengthens the interpretation that high biomass pyrolysis temperature enhances
the surface area and porosity of the resulting biochar. Moreover, elevated temperatures
also foster the formation of stable Si-O-Si bonds within the biochar structure, as identified
by the characteristic peaks in the FTIR analysis (Section 3.2), thus increasing both the SiO2

content and its stability.
The biochar samples produced by the pyrolysis of RRTs showed no discernible pres-

ence of SiO2 and its corresponding elements (Si and O) on their surfaces after ultrasound
treatment (Figure 5). This can be explained by the very low or negligible concentration of
ash (0.4%) in the RRTs, compared to more naturally siliceous materials like MIS or WS.

RRTs are typically made from wood, which has undergone chemical treatments and
possibly preservation processes, and contains SiO2 in the range of 0.07% to 3% [35,36].
The chemical treatment and preservation processes used in creating RRTs likely reduce or
eliminate SiO2 content in the wood, leaving little to no SiO2 in the final product (RRTs).

Table 3 is showing the the surface Si atomic % (quantitative EDS analysis of the biochar
samples produced from wheat straw pyrolyzed at temperature 850 ◦C and exposed to
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ultrasound for 0, 1, and 2 min. We focused on wheat straw as a representative case to
clearly demonstrate the effect of ultrasound on surface Si enrichment. The results confirm
that biochars exposed to ultrasound exhibit higher surface Si atomic %, highlighting the
migration and surface enrichment phenomenon.

Table 3. Si atomic % on the biochar surface produced by pyrolysis of WS at different temperatures,
and exposed to ultrasound for different durations.

Sample Element Atomic %

WS-850-0 Silicon 2.47346

WS-850-1 Silicon 22.67204

WS-850-2 Silicon 28.19271

3.2. FTIR Analysis

The FTIR spectra (Figure 7) of biochar samples exhibited several absorption bands
associated with Si-containing functional groups, present in biochar. These absorption
bands are: at 450 cm−1, representing siloxane (Si–O–Si) functional groups (linkages),
with Si–O–Si bonds exhibiting bending vibrations, and/or O–Si–O bonds with bending
vibrations [37,38]; at 570 cm−1, indicating siloxane (Si–O–Si) functional groups (linkages),
with Si–O–Si bonds exhibiting bending and/or stretching vibrations [37,39]; at 780 cm−1,
representing siloxane (Si–O–Si) functional groups (linkages), with Si–O–Si bonds exhibiting
symmetric stretching vibrations, and/or Si–C bonds with stretching vibrations [38,40–42]; at
860 cm−1, indicating methylsilane (Si–CH3) functional groups, with Si–C bonds exhibiting
stretching vibrations, or Si–O bonds with stretching vibrations, and/or siloxane (Si–O–Si)
functional groups (linkages), with Si–O–Si bonds exhibiting stretching vibrations [42,43];
and at 1030 cm−1, representing siloxane (Si–O–Si) functional groups (linkages), with Si–
O–Si bonds exhibiting asymmetric stretching vibrations [37,40–46]. By comparing the
intensities of all the absorption bands representing Si-containing functional groups, it
is evident that the absorption band at 1030 cm−1 has the highest intensity (Figure 7).
This suggests that siloxane (Si–O–Si) functional groups (linkages), with Si–O–Si bonds
exhibiting asymmetric stretching vibrations, are the dominant Si-containing functional
groups in biochar.

Siloxane (Si–O–Si) functional groups (linkages) form the backbone of many Si-based
materials and contribute significantly to their structural integrity and chemical properties.
The presence of siloxane (Si–O–Si) functional groups (linkages) in biochar, as confirmed by
the FTIR spectra with absorption bands at 450 cm−1 and 1030 cm−1 (Figure 7), indicates
the existence of SiO2 compounds and/or SiO2 networks (a silicate tetrahedron [SiO4]−4 is a
structural unit in which central Si atom is bonded to four O atoms, and a SiO2 network con-
sists of interconnected silicate tetrahedra) in biochar. The intensity of the absorption band
at 1030 cm−1 is significantly higher compared to that of the absorption band at 450 cm−1

(Figure 7), suggesting that siloxane (Si–O–Si) functional groups (linkages), with Si–O–Si
bonds exhibiting asymmetric stretching vibrations, dominate in biochar. This observation
indicates that the Si–O bonds are inherently strong and that the SiO2 compounds and/or
SiO2 networks present in biochar are hydrophobic (water-repellent), highly rigid, and
resistant to corrosion and other chemical reactions.

The absorption band at 450 cm−1 (spanning from around 400 cm−1 to 530 cm−1)
and the absorption band at 1030 cm−1 (ranging from around 900 cm−1 to approximately
1280 cm−1) are broader and less intense (Figure 7), indicating that the SiO2 compounds
and/or SiO2 networks present in biochar are amorphous in nature.
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Figure 7. FTIR spectra of biochar (a) produced by pyrolysis of biomass (Miscanthus) at different
temperatures, (b) produced at 650 ◦C and exposed to ultrasound for different durations, (c) produced
at 750 ◦C and exposed to ultrasound for different durations, and (d) produced at 850 ◦C and exposed
to ultrasound for different durations.

FTIR spectra (Figure 7) showed several other absorption bands that are not related
to Si-containing functional groups but provide valuable insights into the chemistry of
the biochar. These absorption bands are at 1400 cm−1, representing C–O bonds with
stretching vibrations, or C–C bonds with stretching vibrations, and/or C–H bonds with
bending vibrations; at 1600 cm−1, indicating C=C bonds with stretching vibrations; and
at 3410 cm−1, representing –OH functional groups, with O–H bonds exhibiting stretching
vibrations. The absorption band at 1400 cm−1 and the absorption band at 1600 cm−1 have
relatively low intensity (Figure 7), suggesting that C–O, C–C, and C=C bonds are present in
smaller quantities or are less prominent in biochar. On the other hand, the absorption band
at 3410 cm−1 is quite pronounced (Figure 7), indicating a significant presence of hydroxyl
(–OH) groups, which are typically linked to surface hydroxylation, contributing to the
biochar’s hydrophilicity and potential for water retention.

The changes observed in the FTIR spectra, particularly the increased intensity of
the 1030 cm−1 band and the attenuation of the 450 cm−1 band, indicate enhanced sur-
face condensation of SiO2 networks accompanied by a relative decrease in bulk silicate
features. In transmission (KBr pellet) mode, the infrared signal probes both surface and
near-surface layers [47]; however, compositional segregation during ultrasonic activation
can result in surface-dominated spectral responses. The strong cavitation and interfacial
shear produced during sonication likely promote the exposure and reorganization of Si–
O–Si frameworks on the biochar surface [21,48]. Comparable spectral evolution, with
intensified Si–O–Si stretching and diminished bending modes, has been reported for ultra-
sonically modified silica–carbon systems undergoing surface enrichment [48,49]. Although
ultrasound-induced removal of C–O groups may slightly influence the 1200–1600 cm−1

region, such effects cannot account for the selective increase of the 1030 cm−1 Si–O–Si
band [48–50]. Hence, the spectral evolution is attributed primarily to the surface migration
and condensation of SiO2 networks rather than to artifact-related alterations To further
strengthen the claim that the 1030 cm−1 increase arises from surface migration (rather
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than only from removal of overlying organics), we therefore use the FTIR results together
with SEM/EDS surface maps that directly show increased surface Si and O signals after
sonication; the agreement between surface-sensitive FTIR trends and independent surface
elemental mapping supports the surface enrichment hypothesis.

Ultrasound-assisted extraction offers significant qualitative advantages over conven-
tional chemical or thermal extraction methods for silica recovery from biochar. Ultrasonic
cavitation generates localized microenvironments with high temperatures and pressures,
which enhance the release of embedded silica under mild bulk conditions (20–60 ◦C, short
durations of 30 s to few minutes). This contrasts sharply with traditional approaches that
require strong mineral acids or prolonged heating above 500 ◦C, which are energy-intensive
and chemically demanding. Ultrasonic methods thus reduce reagent consumption and
energy use while minimizing environmental hazards. Additionally, ultrasound can im-
prove surface porosity and functional group accessibility, further facilitating extraction
and modification without degrading biochar structural integrity [22,23]. Consequently,
ultrasound-assisted extraction achieves comparable or superior efficiency with substan-
tially lower chemical and thermal inputs, making it a more sustainable and economically
favorable technique.

3.3. Impact of Ultrasound on Si-Containing Functional Groups in Biochar

The impact of ultrasound on Si-containing functional groups in biochar was examined
by comparing the FTIR spectra of biochar samples produced from the same biomass
(MIS) via pyrolysis at the same temperature but subjected to ultrasound for different
durations. The FTIR spectra of biochar samples (produced at 650 ◦C and 750 ◦C) subjected
to ultrasound for 1 min and 2 min exhibited notable changes compared to the FTIR spectra
of biochar samples not subjected to ultrasound (Figure 7b,c). Firstly, there was a subtle
decrease in the intensity (absorbance value) of the absorption band at 450 cm−1 (Figure 7b,c).
The subtle reduction in the intensity (absorbance value) of the absorption band at 450 cm−1

indicates that ultrasound causes the rearrangement of SiO2 compounds and/or breakdown
and rearrangement of the larger SiO2 networks within the biochar structure. Furthermore,
there was a notable increase in the intensity (absorbance value) of the absorption band at
1030 cm−1 (Figure 7b,c). FTIR technique primarily interacts with the surface or near-surface
regions of the material. The intensity (absorbance value) of the absorption band in the FTIR
spectra reflects the concentration of the specific functional groups or substances present
in the sample. High intensity (absorbance value) typically suggests that the measured
substance (such as a functional group or bond) is present in greater concentration or is more
prominent on the surface of the sample. Thus, the increased intensity (absorbance value) of
the absorption band at 1030 cm−1 suggests that ultrasound induces the breakdown of larger
SiO2 and the migration of SiO2 compounds and/or SiO2 networks from within the biochar
structure through micropores to the surface. This explanation of the effect of ultrasound
on SiO2 compounds and/or SiO2 networks in biochar is supported by the SEM and EDS
results, as SEM showed more SiO2 on the surface of ultrasound-treated biochar samples,
and EDS exhibited higher concentrations of Si and O elements on the surface of these
biochar samples. The increased SiO2 concentration on the biochar surface may enhance its
reactivity and adsorption capacity, thereby making it valuable for various applications.

Additionally, a notable decrease in the intensity (absorbance value) of the absorption
band at 1400 cm−1 was observed (Figure 7b,c), suggesting that ultrasound might selectively
remove or modify surface C–O bonds and/or C–C bonds in biochar. This alteration in
surface chemistry may impact the biochar’s overall reactivity and its interaction with the
environment. The minimal change in the intensity of the absorption band at 1600 cm−1

(Figure 7b,c) indicates that the core C structure of the biochar remains largely unaffected by
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ultrasound, preserving its overall stability. Ultrasound also led to the broadening of the ab-
sorption band at 3410 cm−1 (Figure 7b,c). This broadening suggests that ultrasound causes
an increase in surface hydroxylation, which may enhance the biochar’s hydrophilicity and
improve its ability to retain water.

In the FTIR spectra of biochar samples (produced by the pyrolysis at 850 ◦C) subjected
to ultrasound for 1 min and 2 min, several important changes were observed compared
to the FTIR spectra of biochar not subjected to ultrasound (Figure 7d). The absorption
band at 570 cm−1 and the absorption band at 780 cm−1 nearly disappeared, while the
intensity of the absorption band at 450 cm−1, at 860 cm−1, and at 1030 cm−1 increased
(Figure 7d). These observed changes suggest that larger SiO2 networks, Si–O bonds, and/or
Si–O–C bonds in biochar produced at higher pyrolysis temperatures (>750 ◦C) are more
susceptible to breakdown by ultrasound. The changes also indicate that SiO2 compounds
and/or SiO2 networks in biochar produced by pyrolysis at higher temperatures (>750 ◦C))
can migrate more easily from within the biochar structure through micropores to the
surface. This interpretation of the amplified impact of ultrasound on SiO2 compounds
and/or SiO2 networks in biochar produced by pyrolysis at higher temperatures (>750 ◦C)
is supported by the SEM and EDS results. SEM showed a higher presence of SiO2 on the
surface of ultrasound-treated biochar samples produced by pyrolysis at 850 ◦C, compared
to ultrasound-treated biochar samples produced at 650 ◦C and 750 ◦C. Furthermore, EDS
analysis showed higher concentrations of Si and O elements on the surface of ultrasound-
treated biochar samples produced at 850 ◦C, compared to ultrasound-treated biochar
samples produced at 650 ◦C and 750 ◦C. The ultrasound-treated biochar produced by
pyrolysis at higher temperatures (>750 ◦C), with its higher SiO2 content on the surface,
may be a better choice than the ultrasound-treated biochar produced at lower temperatures
(<750 ◦C) for certain applications, particularly those requiring increased reactivity and
adsorption capacity.

Interestingly, there was a slight increase in the intensity of the absorption band at
1400 cm−1 (Figure 7d). This was in contrast to the decrease in the intensity of the absorption
band at 1400 cm−1, observed in the FTIR spectra of ultrasound-treated biochar samples
produced at lower temperatures (650 ◦C and 750 ◦C) (Figure 7b,c), suggesting that the
C–O bonds, C–C bonds, and/or C–H bonds, in biochar produced at higher temperatures
(>750 ◦C), are more resistant to ultrasound-induced breakdown/modifications. The in-
tensity of the absorption band at 1600 cm−1 remained stable (Figure 7d), similar to the
absorption band at 1600 cm−1, observed in the FTIR spectra of ultrasound-treated biochar
samples produced at lower temperatures (650 ◦C and 750 ◦C) (Figure 7b,c), confirming
that the core C structure of biochar remains intact. The broadening of the absorption
band at 3410 cm−1 was observed (Figure 7d), similar to the observation in the FTIR spec-
tra of ultrasound-treated biochar samples produced at lower temperatures (650 ◦C and
750 ◦C) (Figure 7b,c), indicating that ultrasound enhances surface hydroxylation in biochar,
regardless of the pyrolysis temperature applied for its production.

3.4. Applications of Pristine and Engineered Biochar

Exposure of biochar to ultrasound waves can increase porosity and induce silica migra-
tion to the surface. The enhancement in porosity and surface area observed upon ultrasonic
treatment is supported by quantitative BET measurements reported for similar biochars
by the corresponding author [17]. In that study, ultrasonication increased the microporous
surface area and total pore volume for various biomass-derived biochars, as summarized
in Figure 8 [17]. For instance, the BET surface area increased from 303 to 520 m2/g for MS-
derived biochar, from 290 to 486 m2/g for SG-derived biochar, and from 284 to 399 m2/g for
CS-derived biochar upon sonication. The pore volumes exhibited a similar trend, reaching
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up to 0.21 cm3/g for MS-derived biochar. These results clearly demonstrate that ultrasound
cavitation promotes exfoliation of graphitic layers, removal of occluded mineral matter,
and opening of micropores, thereby enhancing the accessible surface area for further mod-
ification. The morphology changes observed by SEM in the present study (Figures 1–5)
are consistent with this pore development behavior. Increased porosity and induce silica
migration to the biochar surface open the opportunities for diverse applications, from
removing organic pollutants from water to advancements in the cement industry.

Figure 8. Surface area analysis of raw and sono-chemically activated biochars samples synthesized at
different pyrolysis temperatures [17].
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Conventional Biochar in Cementitious Matrix: Cement-based materials at low water-
to-binder ratios are prone to early-age cracking induced by autogenous shrinkage. External
curing with water is a common practice for restricting shrinkage of concrete. However,
it may not be efficient for mixtures with low water-to-cement ratio, low porosity and
permeability mixtures, because water does not penetrate beyond the surface layers of the
concrete [51]. The porous structure of biochar can act as an internal curing agent. Superior
water retention properties, yet the hydrophobic nature of biochar allows it to adsorb and
restore water during the cement mixing, while releasing water if the neighboring humidity
reduces during concrete hardening [51]. Water migration from biochar to concrete increases
the effective water to cement ratio after the concrete will set and offsets the empty pore
spaces of the matrix created during the chemical shrinkage reactions at the early stages of
hydration [52].

Ultrasound-Treated Biochar in Cementitious Matrix: The thin thicknesses of cement
paste around aggregates, called the interfacial transition zone [38] is known to have unfa-
vorable properties (larger porosity, lower mechanical strength, higher permeability) [53].
The ITZ is the weakest link in concrete, meaning that microcracks often initiate in this
region. Under stress concentration and higher loading, microcracks may develop into
macrocracks or become connected to the adjacent microcracks, forming branches and
resulting in failure. SiO2 on the surface of biochar can act as a pozzolanic material. Poz-
zolanic reactions occur when pozzolanic materials (e.g., silica-rich substances) react with
calcium hydroxide [Ca(OH)2] in the presence of water to form additional calcium silicate
hydrates (C-S-H), which enhance the strength and durability of cement. This reaction
(SiO2 + Ca(OH)2 + H2O → C − S − H) is crucial in blended cement that incorporate sup-
plementary cementitious materials (SCMs) like fly ash, silica fume, and rice husk ash.
C-S-H phase inhibits the formation of micro-cracks between the biochar aggregate and the
cement matrix.

Conventional Biochar in Asphalt Matrix: Biochar-modified asphalt, with 5% to 15%
biochar content, improves asphalt’s complex modulus, penetration, and high-temperature
stability. Biochar enhances asphalt’s aging resistance and reduces rutting at high tempera-
tures. Additionally, biochar improves asphalt’s ability to adsorb VOCs, including alkanes,
polycyclic aromatic hydrocarbons (PAHs), and sulfur compounds, which helps reduce
harmful emissions. This adsorption capacity is also enhanced at higher temperatures, offer-
ing both performance and environmental benefits [54]. However, despite these benefits,
they are prone to oxidation aging. Although incorporating silica nanoparticles can improve
the aging resistance, their effectiveness is limited by their poor dispersion in the matrix.

Ultrasound-Treated Biochar in Asphalt Matrix: Silica coated biochar may enhance the
service life of asphalt particularly in cold regions. This is attributed to stronger hydrogen
bonding or dipole-dipole interactions between silica and polar groups in the matrix of
asphalt binder increasing fracture energy and rutting resistance.

Conventional Biochar in Wastewater Treatment: Biochar has shown promising results
in removing heavy metals such as Zn2+, As3+, and Pb2+ by means of physical adsorption,
ion exchange, complexation, electrostatic interactions and precipitation occurring either
simultaneously or independently which are the main adsorption mechanisms for heavy
metals on biochar [55]. However, its efficiency to remove contaminants is limited by factors
such as surface area, porosity and pyrolysis conditions.

Ultrasound-Treated Biochar in Wastewater Treatment: It has been continuously proven
that organic functional groups (e.g., −COOH, C = O), inorganic minerals (e.g., carbonates,
silicates), and cations (e.g., Na+, Ca2+, Mg2+) in biochar play a key role in removing the
heavy metal ions [56–60]. Certain anions (e.g., CO2−

3 , PO3−
4 , SiO4−

4 ) can further enhance
heavy metal removal through co-precipitation reactions [61]. A novel and underexplored
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modification approach involves synthesizing Si-modified biochar via ultrasound treatment
with intentionally elevated silicon concentrations to remediate heavy metals in soils. The
silica rich biochar promotes ion exchange between metal cations and silicates, producing
metallic silicate precipitation and reducing the mobility of hazardous metals [61–63]. Si con-
taining functional groups provide sufficient adsorption sites to facilitate the complexation
of Cd2+ and form CdSiO3 precipitate through chemical chelation and ion exchange [64].

Moreover, this biochar can function as a framework for holding fertilizers, while the
silica, with its adjustable dissolution properties, can serve as channel for releasing the
fertilizers, enabling adaptive, controlled release. Si application in soil has been reported to
have a significant effect on decreasing total arsenic concentrations in plant tissue, which is
otherwise highly toxic and resistant to removal from the environment [65].

Conventional Biochar in CO2 Capture: Biochar can be used as an effective CO2

adsorbent due to its porous structure and presence of basic functional groups. The use of
pristine biochar for CO2 capture is hampered by low porosity and poor surface chemistry.
The physisorption of CO2 onto biochar primarily depends on its pore structure and surface
area, whereas chemisorption is largely influenced by the Lewis acid-base interactions
associated with the surface functional groups [66]. Therefore, it needs modification via
modern techniques to improve its physicochemical properties, such as specific surface
area, pore structure, and surface functional groups like nitrogen and sulfur containing
groups that increase the basicity and increase the affinity towards CO2 via dipole-dipole,
H bonding and covalent bonding [67–70]. However, an increase in the specific surface
area of biochar can only be achieved if activation of biochar is done without damaging
its structure.

Ultrasound-Treated Biochar in CO2 Capture: Physical adsorption is the main mech-
anism for CO2 capture. Biochar, with its high surface area, porous structure, and strong
hydrophobic and highly aromatized properties, shows great potential as a CO2 adsorbent,
especially when enhanced by ultrasound treatment. The role of biochar’s pores in CO2 cap-
ture can be summarized as follows: (1) macropores primarily serve as diffusers, allowing
CO2 to fully contact the biochar material, (2) mesopores act as transporters, facilitating CO2

movement within their channels, and (3) micropores are the key sites for CO2 adsorption
and storage [71]. Due to its hydrophobic nature, attributed to the abundance of siloxane
(O-Si-O) bonds, ultrasound treated biochar exhibits a high CO2 adsorption capacity, making
it an effective carbon sequestration material.

Practical considerations and limitations: While the ultrasound-treatment described
herein offers a promising route to mobilise biogenic SiO2 to the surface of biochar for
enhanced reactivity, several practical issues must be borne in mind when scaling toward
real-world applications. First, the cost and scalability of applying high-power ultrasound
(20 kHz, 700 W in our current study) to large volumes of biochar must be considered:
continuous high-power sonication for industrial-scale quantities may entail significant
capital and operating expenditures (sonotrode systems, power consumption, cooling,
maintenance, etc. [72]). Although specific cost-data for material-processing ultrasound are
scarce, studies in related fields note the high energy demand and equipment investment for
cavitation-based treatments [72–75]. Second, the long-term stability of the surface-migrated
SiO2 under field or composite conditions remains to be demonstrated: while silica-rich
biochars show enhanced oxidation resistance [76,77], the potential for SiO2 mobilisation,
detachment or re-distribution under specific mechanical, chemical or thermal stresses may
reduce the functional benefit in service. Third, in soil or composite matrices the potential
for SiO2 loss or migration should be acknowledged: biochar particles incorporated in
cementitious or asphalt matrices, or amended in soils, may experience abrasive wear,
dissolution, or SiO2 particle detachment over time and thus a decline of the beneficial
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surface-coated SiO2. Hence, although our results indicate promising enhancements, further
work is needed to quantify energy cost per mass of biochar treated, to assess the durability
of the SiO2 layer under application conditions and to evaluate retention of SiO2 in realistic
matrices and environmental contexts.

4. Conclusions
Ultrasound treatment induces the migration of embedded biogenic SiO2 to the sur-

face of the biochar, as confirmed by SEM and EDS analyses. FTIR results highlight that
ultrasound treatment causes the rearrangement of siloxane (Si–O–Si) functional groups,
enhancing their exposure on the biochar surface. Additionally, ultrasound treatment
selectively modifies other surface functional groups, such as C–O and C–C bonds, and
increases surface hydroxylation, which may improve the biochar’s hydrophilicity and
water retention properties.

Biochar samples produced at pyrolysis temperature of 850 ◦C exhibited a more pro-
nounced effect of ultrasound on embedded SiO2 migration to its surface, which suggests
that these samples may be particularly advantageous for applications requiring enhanced
reactivity and adsorption capacity. The results underline the effectiveness of ultrasound as
a novel and sustainable method to enhance the surface characteristics of biochar, especially
in relation to its SiO2 content. This enhanced biochar may have significant potential for
diverse applications, including water purification, soil amendment, and C sequestration. In
addition, silica, as the carbon-negative filler, can be used in asphalt mix and cementitious
composites where pozzolanic activity is required. Moreover, the findings open up new
directions for utilizing biochar, transforming it from a waste byproduct of biomass pyrolysis
into a functional material with increased surface area, reactivity, and environmental utility.

Future studies should focus on exploring the detailed mechanisms governing silica
migration and surface coating during ultrasonication, particularly through in situ spec-
troscopic and microscopic analyses. Incorporating advanced cross-sectional imaging and
time-resolved cavitation diagnostics would provide deeper insights into the spatial dis-
tribution and bonding behavior of SiO2 networks. Additionally, optimizing ultrasound
parameters such as frequency, power density, and exposure time could enhance material
porosity and surface activation in a more energy-efficient manner. Comparative studies in-
volving different biomass precursors and scaling of the sonochemical process to pilot-scale
operations would further expand the practical applicability of this approach for sustainable
material synthesis.
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Abbreviations
The following abbreviations are used in this manuscript:

FAO Food and Agriculture Organization
SG Sugarcane Bagasse
MIS Miscanthus
WS Wheat Straw
CS Corn Stover
RRTs Railroad Ties
VOCs Volatile Organic Compounds
SEM Scanning Electron Microscopy
EDS Energy-Dispersive X-ray Spectroscopy
FTIR Fourier Transform Infrared Spectroscopy
SAWs Surface Acoustic Waves
SRWs Surface Rayleigh Waves
ITZ Interfacial Transition Zone
PAHs Polycyclic Aromatic Hydrocarbons
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