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Developing high-yield, non-combustion applications for low-rank coals is critical for their sustainable
utilization. This study demonstrates a rapid ultrasonic process, using H,O, in an alkaline medium, to
efficiently convert four distinct low-rank coals (humalite, leonardite, peat, and subbituminous) into
valuable humic and fulvic acids. The process achieved high conversions for all feedstocks, with the more
oxidized coals, leonardite and humalite, showing the highest conversions (91% and 88%, respectively)
and humic acid yields (81% for both). A double triangular lump kinetic model revealed that
ultrasonication preferentially favors the reaction pathway toward humic acids over fulvic acids and CO,,
with lower apparent activation energies for humic acid formation across all feedstocks. This was most

pronounced for humalite and leonardite (51 and 58 kJ mol™). Spectroscopic and titrimetric analyses
Received 17th September 2025

Accepted 16th November 2025 confirmed the successful incorporation of oxygen-containing functional groups (COOH and OH) into

the coal structure, driven by the attack of "OH radicals generated during sonication. Overall, this work

DOI: 10.1035/d55u00752f establishes an efficient and selective pathway for producing humic acids from low-rank coals, presenting

rsc.li/rscsus a scalable technology for converting these resources into high-value soil amendments.

Sustainability spotlight

Low-rank coal is abundant but traditionally burnt for power, releasing large amounts of greenhouse gases and pollutants. We present an ultrasonic conversion
process that transforms these coals into humic- and fulvic-acid analogues under mild conditions, cutting energy demand and CO, emissions compared with
conventional extraction or combustion. The resulting bioactive products can serve as soil amendments, improving fertility and supporting circular nutrient
management. This scalable approach turns a high-emission fossil resource into value-added materials, advancing resource efficiency and waste reduction. The
work supports UN Sustainable Development Goals 12 (Responsible Consumption and Production), 13 (Climate Action), and 15 (Life on Land) by enabling lower-

emission coal valorization, enhancing soil health, and promoting sustainable resource use.

1. Introduction

Governments and corporations are actively working to phase
out coal, which is typically used in electricity generation, as part
of the transition to low-carbon energy systems, to mitigate the
impacts of climate change.* This transition requires significant
investment in clean energy technologies. One area of focus is
the utilization of coal for producing value-added products,
which presents an opportunity to repurpose this abundant
resource more sustainably. However, the complex and hetero-
geneous nature of coal can impose technical challenges for its
direct conversion to valuable products. These challenges
include low selectivity, limited yield, and challenging separa-
tion processes, all of which severely limit the efficiency and
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economic viability of coal utilization.> Addressing these gaps
requires the development of technologies capable of achieving
high yields while minimizing greenhouse gas (GHG) emissions.

Low-rank coals, such as subbituminous, leonardite, huma-
lite, and peat (precursor of coal), are characterized by lower
carbon content and higher moisture content compared to
higher-rank coals like bituminous and anthracite.® These coals
are typically used for power generation and serve as an impor-
tant source of energy, particularly in developing countries with
limited access to other sources of energy. However, the distinct
physical and chemical characteristics of these coals, such as
their lower heating value and higher emissions profile, pose
challenges to their utilization.* Due to their lower heating value,
larger amounts are needed to generate the same amount of
energy compared to higher-rank coals. Additionally, their
combustion releases higher levels of volatile organic
compounds, contributing to air pollution and emissions of
GHG.® The high ash content tends to deposit on furnace walls,
leading to corrosion and a reduction in heat transfer efficiency.
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In this study, we focused on four types of coals, namely:
leonardite, humalite, peat, and subbituminous coals, to convert
them into humic and fulvic acid analogs. Leonardite is a natu-
rally oxidized variant of lignite coal,® while humalite is
a weathered by-product of subbituminous coal and carbona-
ceous shales.” Peat, on the other hand, is a partially decom-
posed accumulation of plant material in wetland environments
characterized by high water content and low carbonization,
resulting in a fibrous and organic-rich substance.® While peat is
not classified in some literature as a low rank coal, it is never-
theless a precursor to low rank coals and exhibit similar char-
acteristics chemical and physical. Subbituminous coal has
a dull black appearance, relatively high moisture content, lower
carbon content compared to bituminous coal, and a slightly
higher energy content than lignite.” The selection of these four
feedstocks allows the evaluation of diverse physical and chem-
ical attributes and enhances the robustness of the proposed
process in addressing the variability inherent to these feed-
stocks. By focusing on these variations, this study aims to
develop a reliable method for transforming the four feedstocks
into humic and fulvic acid analogs, thereby providing
a sustainable utilization pathway with a lower environmental
impact.

Humic substances are complex organic molecules that play
roles in soil chemistry and plant growth. The naturally
occurring humic substances are primarily derived from the
decomposition of plants, animal residues, and coals and are
composed of a variety of molecules, including humic acids,
fulvic acids, and humin." Extraction of humic substances from
soil or coals involves several sequential steps, which can include
chemical, physical, and biological processes.”” A variety of
methods have been established for extracting humic substances
from sources like coal and soil, including hydrothermal
extraction, solid-phase activation process, bioconversion, non-
catalytic oxidation with oxygen, oxidation with H,0,, alkaline
extraction, water-oxygen system, and the International Humic
Substance Society method."*"” While foundational to the field,
a critical assessment of these processes reveals significant
limitations that impede their efficiency and sustainability. A
primary challenge is process inefficiency, often characterized by
low yields and prohibitively long reaction times. Reported
humic acid yields vary drastically depending on the feedstock,
from as low as 5-15% for compost to a maximum of 80-90% for
high-quality leonardite, with most sources falling somewhere in
between.'®?° Moreover, achieving these higher yields often
requires extreme processing conditions or multi-day reaction
times, as seen in thermophilic aerobic processes that can take
up to two days.*® For instance, even advanced KOH-
hydrothermal extractions can require over seven hours of pro-
cessing.” Compounding these issues is the reliance of many
methods on harsh chemical reagents like HCl, HNO;, and
various organic solvents. This dependence not only introduces
environmental risks associated with chemical waste disposal
but also adds significant operational complexity and cost.
Consequently, there remains a pressing need for an alternative
production strategy that is simultaneously rapid, high-yield,
and environmentally friendly.
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Building upon these goals, the ultrasonication process has
recently emerged as a promising technological approach for the
transformation of coals into humic substances.?»** While our
previous study established the proof-of-concept for this tech-
nique using a single lignite feedstock, the present study makes
several significant new contributions.*® First, we demonstrate
the broad applicability and versatility of the process by
extending it to four distinct low-rank coals: humalite, leo-
nardite, subbituminous, and peat, each with unique physico-
chemical properties. Second, we develop a comprehensive
lumped kinetic model for each feedstock to explain the reaction
pathways and quantify the rates of formation for all major
products. Finally, by correlating these kinetic parameters with
the elemental composition of the feedstocks, we provide direct,
quantitative evidence for the underlying reaction mechanism,
advancing beyond the qualitative observations of prior work.
This effort validates the versatility of ultrasonication in gener-
ating humic and fulvic acid analogs from various feedstocks.
The employment of ultrasonic waves as an enhancement
mechanism offers a reduction in reaction time and an increase
in conversion efficiency relative to existing techniques. Ultra-
sonication facilitates the breakdown of LRC by cavitation,
a process where rapid pressure changes create microbubbles
that collapse, releasing intense energy.> The collapse of these
cavitation bubbles generates extreme localized conditions, with
temperatures reaching up to 5000 K and pressures exceeding
1000 atmospheres.?® These conditions provide sufficient energy
to break the molecular bonds of water (H,0) and other di-
ssolved gases such as O,, which can disassociate into "O radicals
that react with H,O, leading to the formation of highly reactive
hydroxyl radicals. The generation of ‘OH radicals in an ultra-
sonic horn reactor is a critical part in the mechanism of the
formation of humic and fulvic acid analogs from LRC.
Comprehensive characterization techniques, including FTIR,
TGA, CHN, '"H NMR and potentiometric titrations, confirmed
the incorporation of oxygen into the LRC molecular structure
through the formation of new carboxylic and phenolic func-
tional groups. Reaction kinetics revealed that more oxidized
types of LRC, such as humalite and leonardite, are easier to
convert to humic and fulvic acid analogs, evident in lower
activation energies. Moreover, reaction pathways to forming
CO, were found to be the least favourable among the six reac-
tion pathways in all four types of LRC investigated. Optimizing
reaction and reactor parameters demonstrated the effectiveness
of ultrasonication, achieving humic acid yields of 66-81%,
depending on the maturity of the LRC. The process minimized
CO, emissions and significantly reduced reaction time to
40 min. This study emphasizes the potential of ultrasonication
as a scalable, efficient, and environmentally sustainable
method for the conversion of LRCs into high-value humic
substances. The research directly aligns with several United
Nations Sustainable Development Goals (SDGs). Specifically,
our approach contributes to SDG 13 (Climate Action) by creating
a low-emission alternative to coal combustion, supports SDG 12
(Responsible Consumption and Production) by upcycling
a fossil resource into high-value materials, and advances SDG

© 2026 The Author(s). Published by the Royal Society of Chemistry
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15 (Life on Land) by producing amendments that enhance soil
health and agricultural sustainability.

2. Materials and methods

2.1. Chemicals and reagents

Four types of LRCs were used in this study, namely subbitu-
minous coal, humalite, leonardite and peat. Subbituminous
coal sample was obtained from Dodds Coal Mining Company
Ltd (Alberta, Canada), and leonardite was obtained from Leo-
nardite Products LLC (North Dakota, USA). Humalite was ob-
tained from WestMET Group Canada Ltd (Alberta, Canada).
Peat was sourced locally from a store in Calgary, Alberta.
Humalite, leonardite, and peat were received in powdered form,
whereas subbituminous coal sample was initially crushed with
a hammer and subsequently processed in a mill grinder (2000g
Electric Grain Grinder Mill, Marada) to produce fine powder
with particle sizes ranging between 75 and 590 um. Hydrogen
peroxide (30 wt% H,0,), procured from VWR (Ontario, Canada),
used as an oxidizing agent. In accordance with the principles of
green chemistry, hydrogen peroxide was selected as the oxidant
due to its high atom economy and the generation of water as its
sole byproduct. The use of a dilute (3 wt%) solution ensures that
the process is safe and poses a negligible environmental burden
at the laboratory scale, as any residual oxidant readily decom-
poses into harmless components. Potassium hydroxide (KOH,
ACS reagent, =85 wt%, Sigma-Aldrich, Ontario, Canada) was
used to create the alkaline media for the reaction and adjust the
pH during titrations. Sodium hydroxide (ACS reagent,
=97.0 wt%, pellets) and hydrochloric acid (37 wt%) were both
obtained from Sigma-Aldrich (Ontario, Canada); the latter was
employed to separate humic acids from fulvic acids. Addition-
ally, potassium bromide (KBr, Sigma-Aldrich, Ontario, Canada)
was used in the FTIR analysis.
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2.2. Sonoreactor setup and procedure

The chemical reaction was performed in a stainless steel
ultrasonic reactor with a maximum capacity of 65 mL and a wall
rated for a maximum pressure of 690 kPa. The reactor, equipped
with a high-frequency transducer, converts electrical energy
into mechanical vibrations, creating ultrasonic waves that
promote cavitation, micro-jets, and acoustic streaming within
the reaction mixture, as shown schematically in Fig. 1. Reac-
tants, including LRC, water, KOH, and H,O, were added to the
reactor vessel (this is considered time zero in the reaction).
Then the vessel was tightly closed, and the ultrasonic waves
started to create micro-jets and micro-streams in the liquid,
promoting mixing and enhancing mass transfer.>® Additionally,
the cavitation bubbles produced by the ultrasonic waves help
break down larger LRC particles into smaller ones, further
increasing the surface area of the reactants and making them
more accessible to each other.””

Reaction parameters, including reaction time, amplitude,
and ultrasonic pulsing, were controlled using the control panel.
Higher amplitudes were avoided to reduce energy consumption,
prevent tip degradation, and prevent the generation of elevated
temperatures. Temperatures were monitored during reactions
using a thermocouple inserted at the bottom of the reactor. A
pressure gauge was used to monitor pressure buildup, and gas
samples were collected using double-ended sample cylinder
fitted with pressure gauges (Swagelok, Canada) for gas chro-
matography (GC) analysis. Upon completion of the reaction, the
reactor is left to cool down, gas samples were taken from the
closed reactor vessel. The produced liquid (i.e., desired prod-
ucts) was collected and centrifuged to remove any suspended
and undissolved/unreacted particles and then characterized to
quantify the humic and fulvic acid content. Humic acids were
separated from fulvic acids based on ISO 19822 standard. The
general concept behind the standard is based on acid titration

Computer
Pressure
Gauge
=

Thermocouple Display
Unit

Fig. 1
monitoring setup (not to scale).

© 2026 The Author(s). Published by the Royal Society of Chemistry

Illustrative sketch for the ultrasonic reactor unit showing reactor vessel, transducer, cooling jacket, control panel and temperature
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to precipitate the humic acids from the solution as the pH of the
solution is reduced to 1. The extracted humic fraction is then
separated from the solution using centrifugation at 3900xg for
30 min.** Residual solids (leftover undissolved/unreacted
material after centrifugation) were collected, vacuum dried at
65 °C and weighed. A mass balance was performed to account
for the distribution across gas, liquid (humic and fulvic acid)
and solid residue phases.

2.3. Analytical methods

2.3.1. Potentiometric analysis. Potentiometric analysis was
performed on a single sample of liquid humic acids derived
from each type of LRC at the optimized conditions. The purpose
of this analysis is to quantify the functional groups of phenolic
and carboxylic acids. Initially, a standardized solution of 0.1 M
HCl was prepared. Subsequently, the liquid humic acid solution
was titrated with the HCI solution while monitoring the pH
change throughout the process. As HCl was added, the pH of
the solution decreased, causing humic acids to precipitate. The
precipitated humic acid was collected for further treatment and
characterization. The titration endpoint was determined at the
inflection point on the titration curve, indicating complete
saturation of the acidic functional groups. The inflection point
was identified using the derivative of the titration curve, and the
volume of HCI at that point was recorded. The total acidity,
including both carboxylic and phenolic functional groups, was
calculated based on the titration data. The differential method
ApH/AV = f(Vuc)) was used to find the maximum inflection
points. The first inflection point is assigned to carboxylic
functional group and the second for OH functional groups.

2.3.2. Fourier transform infrared (FTIR). All precipitated
humic acid samples were vacuum dried at 65 °C before FTIR
analysis. A portion of each dried sample was finely ground and
mixed with KBr; a reference material used for FTIR. The prepared
mixture was then transferred to the sample holder for analysis.
The FTIR spectra were obtained using an IRAffinity-1S (Shimadzu
Corporation, Model No. 3116465, Mandel, USA). The spectra range
covered from 400 to 4000 cm ™' with a resolution of 2 cm™. To
enhance the accuracy and interpretability of the results, normali-
zation and smoothing of the spectra were performed, minimizing
noise and allowing for direct comparison between samples.

2.3.3. Proximate and ultimate analysis. Proximate analysis
was conducted using a thermogravimetric analyzer (TGA; SDT
Q600 TA Instruments, Inc., New Castle, DE) first under
a nitrogen (N,) atmosphere to study mainly pyrolysis (thermal
decomposition), followed by an air atmosphere to study
oxidation/combustion based on the ASTM E1131-20.%® TGA was
also used to carry out the mass balance calculations by
analyzing feedstock, humic acids and fulvic acid analogs under
an air atmosphere to determine the moisture and ash content.
From these measurements, the values for moisture, volatile
matter, fixed carbon, and ash were determined.

For ultimate analysis, a PerkinElmer 2400 Series II CHNS/O
Elemental Analyzer (Waltham, Massachusetts, USA) was utilized
to quantify the carbon, hydrogen, and nitrogen content in humic
acids, fulvic acids, and virgin feedstock samples. Before analysis,
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all samples were thoroughly dried and homogenized to ensure
uniformity. The oxygen content was determined indirectly by
subtracting the total percentages of carbon, hydrogen, nitrogen,
and ash from 100%. Ratios such as oxygen-to-carbon (O/C),
hydrogen-to-carbon (H/C), and oxygen-to-hydrogen (O/H) were
subsequently calculated from the elemental composition to
provide insights into the structural characteristics of the samples.

2.3.4. 'H nuclear magnetic resonance (‘"H NMR). The 'H
NMR spectrum of the humic acid sample was obtained using
a Bruker 600 MHz spectrometer (Avance III, Bruker BioSpin
GmbH, Billerica, MA, USA) with a 4 mm BL4 liquid probe. The
spectrum acquisition employed an across-polarization program
and spin rate of 8 & to ensure resolution and spectral clarity. The
collected data were analyzed using Mnova NMR software for
processing and interpretation.” The NMR results provided
detailed insights into the hydrogen-containing functional
groups within the humic acid structure, complementing the
elemental and functional group analyses.

2.3.5. Gas chromatography analysis (GC). After completing
the ultrasonication reaction and allowing the system to cool
down to room temperature, gas compositional analysis was
performed using a GC (SRI 8610C Multiple Gas #5 gas chro-
matograph SRI Instruments, Torrance, CA) equipped with
a thermal conductivity detector (TCD) and flame ionization
detector (FID). Each sample was repeated at least three times for
reproducibility and accuracy of the measurements, and the
standard deviations were calculated and presented in the
figures. The data obtained were used for closing the mass
balance on the bulk materials (coal, humic acids, fulvic acids
and CO,) and performing the kinetic analysis of the reaction.

2.4. Reaction kinetics modeling

The lumped double triangular kinetic reaction model is
proposed here to determine the key kinetic parameters, like rate
constants, apparent activation energies, pre-exponential
factors, and reaction orders. Fig. 2 shows a schematic
diagram of this proposed reaction. This approach simplifies the
complex network of reactions by grouping multiple compo-
nents and elementary reactions into an apparent reaction
model to describe the chemical reactions involved in the
transformation of LRC into humic acids, fulvic acids, and CO,.3°
This model utilizes the Arrhenius equation (eqn (1)) to charac-
terize the rate of these reactions based on temperatures and
apparent activation energies. The LRC-to-humic substances
process is divided into six pathways, each governed by its
specific reaction constant (k;). This allows for the examination
of how each reaction pathway contributes to the overall
conversion and how temperature influences these contribu-
tions. A limitation of this lumped approach is that it simplifies
the structural diversity of the reactants and products into single
entities. Consequently, the derived kinetic parameters, such as
activation energies and rate constants should be interpreted as
apparent values that describe the net effect of numerous
parallel and sequential reactions, rather than corresponding to
distinct mechanistic steps. Despite this, the model remains an
invaluable tool for engineering applications, effectively

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic representation of the reaction kinetics model proposed for the conversion of LRCs to humic substances.

capturing the macroscopic behavior of the system and enabling
process optimization.

The kinetic analysis facilitated by the proposed model is
essential for optimizing ultrasonication conditions. By identi-
fying the dominant reaction pathways and their temperature
sensitivity, it is possible to fine-tune processing parameters,
ensuring maximum yield and efficiency of humic substance
production. This approach has been widely applied in chemical
and biochemical reaction systems to simplify the analysis of
multi-component reactions, as supported by prior studies.**

Eqn (1)-(5) show the rate of the reactions for the lumped
double triangular kinetics model presented in Fig. 2 along with
the Arrhenius equation. These rate equations were used to fit
the experimental data by estimating the rate constants (ky, k,,
ks, k4, ks, k). Once the squared errors between calculated values
and experimental values were minimized, the rate constants
values were used to solve eqn (1) graphically by linearizing the
equation first and plotting the natural logarithm of the rate
constants against the reciprocal of temperature (1/7). The slope
of each Dbest-fit-line represents (—E,/R), and the intercept
represents (In(A)).

—Eai
k; = A;eRT: 6))]
—ra = k1Ca + kaCp + keCha (2)
i = kaCa — k3Chy — kaCiy 3)
rg = keCa + kaCrt — ksC (4)
rc =kiCa + k3Cy + ksCr (5)

© 2026 The Author(s). Published by the Royal Society of Chemistry

where r, 'y, 7 and r¢ are the reaction rates for the disappear-
ance of LRC and the formation of humic acids, fulvic acids and
CO,, respectively. C,, Cy, Cr, and C¢ are the concentrations of
LRC, humic acids, fulvic acids and CO,, respectively. The term
(4, s~ ") represents the pre-exponential factor, also known as the
frequency factor. A higher value of A typically indicates that the
reaction inherently has a higher tendency to occur. The
magnitude of the apparent activation energy (E,, k] mol ") can
provide insights into the probability of a reaction to occur.

The kinetics model was conducted on the bulk reactants and
products based on moisture-free and ash-free basis following
this equation:

Min = Mya + Mga + Mco, + mr + e (6)

where m;, is the mass of reactants fed into the reactor, my, is
the mass of humic acid produced, mg, is the mass of fulvic acids
produced, mco, is mass of CO, released during the reaction, mg
is the mass of any residual or unreacted material, and e is the
error value for closing the mass balance. Concentrations have
been calculated based on the following equation:

MA HAFA — My — My (7)

mS

CaHAFA =

where 14 14 ra is the initial mass of either LRC, humic acids, or
fulvic acids obtained through acid treatment separation. m,, is
the mass of moisture; m, is the mass of ash and m; is the mass
of solution.

2.5. Statistical analysis

To ensure reproducibility, all reported values, including
conversion, yield, and quality metrics, were derived from at
least three independent experiments. The values reported in
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text and figures represent the arithmetic mean, and the corre-
sponding error bars indicate the standard deviation of these
replicates. The goodness-of-fit for the kinetic model against
experimental concentration data was evaluated using the Root
Mean Square Error (RMSE). For the linear regression of the
Arrhenius plot, the coefficient of determination (R*) was used to
assess the quality of the fit.

3. Results and discussion
3.1. Reaction conversion and yield of humic and fulvic acids

The conversion of LRC samples using ultrasonication process
was calculated based on the following equation:

Conversion =

The amount of coal consumed(free ash and moisture)

View Article Online
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diffusion and, consequently, higher reaction rates. Ambedkar
et al. described four stages of particle breakage in an Indian
coal, namely surface pitting, crack formation, crack widening,
and particle breakage.*® Chemically, ultrasonication generates
hydroxyl radicals ("OH), which attack the molecules of LRC,
causing oxygenation and allowing for the incorporation of
oxygen in the molecular structure as hydroxyl (OH) and carboxyl
(COOH) groups. Makino et al. confirmed the formation of
hydroxyl radicals during sonolysis experimentation using spin
trapping.**

Among the four LRCs, subbituminous coal exhibited the
lowest final conversion (79%), while leonardite showed the
highest conversion (91%). At the beginning of the reaction,

MLrc, — MLRC

The amount of coal fed to the reactor(free ash and moisture)

where m; gc, is the amount of LRC added to the solution at the
beginning of the reaction (free ash and free moisture) and m; ¢
is the amount of residue of LRC at the end of the reaction (free
ash and free moisture). Fig. 3a shows the conversion for the four
types of LRCs at different reaction times ranging from 5-40 min,
and at fixed operating parameters, such as ultrasonic ampli-
tude, pH of solution, and ratio of LRC to water. As seen, the
reaction conversion of all LRCs depends on the reaction time, as
evidenced by an increasing trend in conversion with longer
sonication. Prolonged ultrasonication physically and chemi-
cally affects the LRC molecules, enhancing mixing through
microjets and cavitation-induced microbubbles, which promote
diffusion and higher reaction rates. Yaralioglu et al. observed
rapid mixing under similar conditions when introducing
phenolphthalein solution and sodium hydroxide dissolved in
ethyl alcohol.** The formation of microbubbles through cavi-
tation can fracture the particles of the LRC, causing more

(a) 100
B Subbituminous
] I Peat I
80- B Humalite
‘E Leonardite I
3
2 604
c
)
2 I
@ 401
g 4
o I |
204

5 10 20 30 40
Time (min)

= x 100% (8)
MmrRrc,

subbituminous coal outperformed other types of LRCs, while
peat had the lowest conversion. Over time, the conversion of
subbituminous coal plateaued, likely due to its higher aroma-
ticity, which results in fewer aliphatic chains that have favour-
able attack sites for 'OH radicals.’**® Peat, with its fibrous
nature, required extended exposure to ultrasonication time to
overcome particle agglomeration, allowing a greater number of
particles to participate in the reaction as exposure time
increased. In contrast, leonardite and humalite exhibited the
highest conversion due to their elevated oxygen content,
providing ideal sites for ‘OH radicals generated through ultra-
sonication to attack. These oxidized LRC molecules, humalite
and leonardite, contained reactive sites such as carbonyl (C=0)
groups and weakened C-H or C-C bonds, which facilitated
hydroxylation.*” The hydroxylated intermediates formed during
the reaction underwent further reactions such as polymeriza-
tion and condensation, leading to the formation of larger humic

100
(b) . 3 Fulvic Acids

W Humic Acids
80

OIE ||f| |EI L

Subbituminous  Humalite Leonardite Peat

Yield (% wiw)

Fig. 3 Conversion of the four types of LRCs across the reaction time (a) and yield of humic and fulvic acids (b) (conditions: 40 min reaction time,
55% amplitude and 3 wt% H>0O,). Results are shown as mean + SD (n = 3).
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acid molecules.?® The combination of hydroxylation, polymeri-
zation, and condensation reactions driven by the reactive
intermediates results in a better conversion values for leo-
nardite and humalite.

To further understand the behavior of LRC in the sonor-
eactor, the yield of humic and fulvic acids at the highest
conversion conditions was calculated based on the following
equation:

The amount of humic or Fulvic acids
The amount of LRC in solution

= % % 100% (9)
LRCy

Yield =

where mya/ra is the mass of humic or fulvic acids produced (free
ash and free moisture) and Myrc, is the amount of LRC intro-
duced into the reaction. Fig. 3b shows the yield of humic and
fulvic acids under fixed conditions, including a reaction time of
40 min, 55% ultrasonic amplitude, pH of the solution, LRC-to-
water ratio, and 3 wt% H,0O, concentration. Under these
conditions, humalite and leonardite achieved the highest yield
of humic acids at 81%, while peat had the lowest yield at 66%.
Leonardite also exhibited the highest yield of fulvic acid
analogs. The high yield of humic acid analogs from leonardite
and humalite can be attributed to enhanced mass transfer and
improved contact between reactants facilitated by ultrasonic
treatment.** Compared with previous studies on humic acid
production, these findings demonstrate an improvement over
conventional technologies in terms of amount of artificial
humic acid produced, the reaction time, or both. Sabar et al.
reported the yield of humic acids of 54.2% and 45.7% generated
from subbituminous coal treated with addition of HNO; and
H,0,, respectively, over 11 days of incubation by fungal trans-
formation, compared to 76% for subbituminous coal in this
study.*® Zhu et al. achieved a yield of 54% by converting lignite
to humic acids using hydrothermal processing at 200 °C.** Aftab
et al. used microwave assisted conversion to achieve ~40% yield
of humic acid from low-grade coals.”> This suggests that ultra-
sonic irradiation can effectively direct the reaction pathway
towards the desired product, by providing the necessary acti-
vation energy and breaking down undesired reaction interme-
diates, as will be elaborated in the kinetics section.** The impact
of ultrasonic intensification on the conversion and yield of
transforming LRC is a significant aspect of this process. Ultra-
sonic irradiation provides a method of intensifying chemical
reactions by generating high shear forces, localized hot spots,
and transient cavitation bubbles that result in improved mass
transfer, enhanced heat transfer, and mechanical mixing.** It is,
however, necessary to carefully control the ultrasonic parame-
ters to avoid potential negative effects such as excessive heat
generation and undesired side reactions. Another observation
from the data reveals that, although subbituminous coal
exhibits a lower conversion rate than peat, it contains a higher
amount of humic acids, with a calculated yield of 76%
compared to 66% for peat. This indicates a greater proportion of
reacted peat has been converted to gases, as evidenced by the
lower calculated apparent activation energies for CO, formation
from peat reported in this study. Overall, the ultrasonication of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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LRC is an effective method to produce humic and fulvic acid
analogs at high conversion and yield by improving the mass
transfer and increasing the incorporation of oxygen through
hydroxyl radical formation.

3.2. Particle size effect

The effect of particle size on humic acid yield was examined for
the four types of LRCs considered in this study. Particle size
ranges evaluated included >590 pm, 590-425 pm, 425-150 pum,
and 150-75 pm. Fig. 4 shows histograms of humic acid yield as
function of particle size for each LRC type.

Within the experimental error, the results show that particle
size (within the considered range) does not significantly affect
the yield of humic acids from leonardite, humalite, and
subbituminous coals during ultrasonic processing. However,
smaller particle sizes yielded a higher amount of humic acids
from peat, likely due to its fibrous structure. This highlights the
role of particle size in overcoming mass transfer constraints
specific to peat, enhancing the efficiency of ultrasonic pro-
cessing. In contrast, the absence of significant yield variation
with particle size for leonardite, humalite, and subbituminous
coals suggests that mass transfer limitations do not play a key
role in the ultrasonic conversion process for these materials.
Consequently, any of the tested particle sizes can be used
effectively for these types of LRC without compromising the
yield of humic acids. However, with the traditional humic acid
extraction methods, smaller particle sizes have improved the
conversion of coals to humic acids. Pajaro-Payares et al. showed
that finer particle sizes improved the yield of humic acids from
Colombian mineral coal through oxidation using KMnO,.*
Cheng et al. found that particle sizes lower than 200 pum
improved the yield of humic acids for brown coals using
hydrothermal treatment.” In this study, ultrasonication facili-
tated particle fragmentation, as there were no significant
differences in the yield across the particle size ranges, except in
the case of peat, where its fibrous nature led to variations.** This
follows our previous observations on the conversion of peat,
which require longer ultrasonication times to achieve higher
conversion values. Therefore, we recommend either allowing
sufficient ultrasonication time for ultrasonic waves to break
down the fibrous structure of peat or grinding the samples to
a size below 425 pm. Overall, this emphasizes the importance of
particle size optimization depending on the LRC type and

highlights the impact of ultrasonication on particle
fragmentation.
3.3. Effect of KOH concentrations

Although the conversion of LRC can be achieved using other
alkalis such as NaOH, high sodium content in humic and fulvic
acids has been associated with negative effects on soil health
and plant growth.** Therefore, here we focus on examining the
effect of varying the concentrations of KOH on the conversion of
LRC to humic and fulvic acid analogs, as potassium is an
essential nutrient for plants and crops, making KOH a more
suitable choice for agricultural applications. The potassium
ions (K') from the KOH neutralize the acidic carboxylic and
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Fig. 4 Particle size effect on the yield of humic acids for four types of LRC (conditions: 40 min reaction time, 55% amplitude and 3 wt% H,O5).

Results are shown as mean + SD (n = 3).

phenolic functional groups formed on the humic and fulvic acid
backbones. Potassium is one of the three essential primary
macronutrients for plant growth (the ‘K’ in N-P-K fertilizers).
Fig. 5 shows the effect of three different concentrations of KOH
(1.25, 2.5, and 3.75 wt%), at a fixed amount of LRC, on the
conversion rates of the four types of LRC. Concentrations
exceeding 3.75 wt% were avoided based on our previous find-
ings on lignite, where it was observed that higher concentra-
tions, beyond 3.75%, did not

improve conversion.*

m 1.25 wt% KOH
100 -

E

N o 0
o o o
| | ]

Conversion (% w/w)

)
o
|

0=

Additionally, higher base concentrations were shown to reduce
the yield rates of humic acids due to decreased solubility at high
ion strengths, as humic acids behave as colloids.***” As shown,
the four types of all four LRC exhibit a consistent increasing
trend with higher KOH concentrations. This suggests that the
conversion process is strongly influenced by the concentration
of the KOH. Huey et al. studied the effect of KOH on the
conversion of peat to humic acids and showed a similar
increasing trend.*® Li et al. also reported similar trends working

W 2.5wt%KOH & 3.75 wt% KOH

ra

1 4

Leonardite

Subbituminous

Peat Humalite

Fig. 5 Effect of KOH concentrations on the conversion for the four types of LRC (conditions: 40 min reaction time, 55% amplitude and 3 wt%

H>05). Results are shown as mean =+ SD (n = 3).
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with lignite conversion to humic acids.*” The roles of KOH in
the ultrasonication reaction can be explained across multiple
stages. KOH acts as a solubilization agent, aiding in the solu-
bilization of produced humic and fulvic acid analogs. During
the reaction, monovalent K' ions substitute protons on
carboxylic (COOH) and phenolic groups, disrupting hydro-
phobic and hydrogen bonds and enabling the acids to dissolve
as salts (i.e., K-humates).*® This prevents humic and fulvic acid
intermediates from further converting into CO,, as observed in
the kinetics study, where CO, forming reactions exhibited the
highest activation energies. Furthermore, KOH acts as a cata-
lyst, facilitating the adsorption of hydroxyl ("OH) radicals onto
LRC molecules, enhancing diffusion, and increasing reaction
rates.*>** It also participates in reactions such as saponification,
further contributing to the conversion process.> These roles of
KOH, beyond being a simple solubilizing agent, account for
variations in trends observed among the four types of LRC.

3.4. Effect of LRC concentrations

Increasing the concentration of LRC in the reaction reduces the
water usage and improves the quality of the humic substances
produced (defined as the concentration of humic substances in
the liquid solution). Experiments were conducted for the four
types of LRC at concentrations of 5, 10, and 15 wt% while fixing
all other parameters. Fig. 6a shows the effect of LRC concen-
trations on the reaction conversion at fixed ultrasonication
parameters (55% amplitude and 40 min reaction time). As seen,
for all the types of LRC, the higher the concentration, the lower
the conversion. This trend is attributed to the nature of the
chemical reaction involved in LRC conversion, which requires
a well-dispersed LRC-water matrix to maximize surface area
interaction.>*

At higher LRC concentrations, issues such as viscosity,
solubility, agglomeration and sedimentation increase, con-
straining the effective surface area available for reactions.
Furthermore, acoustic streaming, which is responsible for
mixing in the sonoreactor, becomes inefficient as more solids
are introduced. Solubility plays an important role, a higher
concentration of LRC can lead to a saturation point where these

HS5wt% W 10wt % @ 15wt %

(a) 1004
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604 _}

Conversion (% w/w)

204
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substances exceed their solubility in water, causing precipita-
tion and inhibiting further conversion.*>* Additionally, high LRC
concentration could lead to a relative scarcity of essential
reacting species, such as "OH radicals, slowing down the
conversion rate due to limited availability of these groups. Thus,
achieving an optimal balance in LRC concentration is impor-
tant for efficient conversion into products. These findings align
with other studies, such as Rashid et al. who showed a reduction
of 25-60% in the extraction of humic acids when increasing the
concentration of coal due to lower cohesive energy and higher
viscosity of the treated mixture.*® Despite the lower conversion
rates, higher concentrations of LRC improve the quality of the
humic acid products due to the same water volume being used
in all the experiments, but it results in increased unreacted LRC
residues (Fig. 6b). For example, at 5 wt% leonardite, a conver-
sion of about 91% corresponds to a quality of about 3.6 wt%,
using the ISO 19822 method; while at 15 wt% leonardite, the
conversion drops to around 60% but the quality improves to
7.2 wt%.

Consequently, ultrasonication becomes less effective as
acoustic streaming, essential for mixing, diminishes with
higher solid content. For optimal results, we recommend using
5 wt% LRC to obtain higher conversion rate with minimal
residue. However, if solid handling is not a limitation, higher
LRC concentrations can be advantageous for achieving
improved product quality, as they yield a more concentrated
humic acid solution.

3.5. Optimization of sonoreactor parameters

3.5.1. Ultrasonic pulsing. Ultrasonic pulsing involves
alternating the ultrasonic energy on and off in either a fixed or
random pattern, typically within seconds. This parameter is
used to reduce the overall ultrasonic power utilization, reduce
heat generation during the reactions, improve reaction rates,
and improve the efficiency of ultrasonic waves. Xu et al. found
that pulsing is effective in increasing the extraction yield of all-
trans-lycopene from red grapefruit.’” Kobus reported that
pulsed ultrasound accelerated the extraction of bioactive
components from dried roots of valerian compared to

W5w% HE10wt% B 15wt%
(b) 10+
8—
g
2 6
>
z
g 4
(¢}
2
0
Leonardite Subbituminous Peat Humalite

Fig. 6 The effect of LRC concentration on the conversion (a) and quality (b) of humic acids under the optimized conditions (conditions: 40 min
reaction time, 55% amplitude and 3 wt% H,O,). Results are shown as mean + SD (n = 3).
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continuous ultrasound.*® Similarly, Kadkhodaee et al. found
that sonication at 50% on and 50% off had a beneficial impact
on the extraction process and yield of active compounds from
saffron in comparison to continuous sonication.> Building on
these findings, we tested three fixed patterns of pulsing to
evaluate their impact on the conversion of LRC to humic and
fulvic acids, aiming to optimize the reaction process and
enhance efficiency. Fig. 7 shows the effect of ultrasonic pulsing
on the conversion of subbituminous coal and the energy used
during the reaction. Increasing the ultrasonic pulsing (time
when sonication is on) improves the conversion of LRC.
Extending the pulsing time from 5 s on and 1 s off to 15 s on and
1 s off resulted in a 4% increase in the conversion. However, this
increase comes at a disadvantage of 30% incremental energy
consumption, which diminishes the overall efficiency of the
process. Therefore, for optimal conversion of LRC using ultra-
sonication, shorter pulsing intervals are recommended to
balance energy efficiency and conversion performance. The
high energy increase could be attributed to the reduction of the
effective area for sonochemical reactions due to the develop-
ment of degassing bubbles in the presence of continuous-wave
ultrasound. By employing frequent pulse modulation, the
generation of degassing bubbles is reduced during the periods
of ultrasound inactivity. This facilitates the clarification of the
cavitation zone and amplifies the efficiency of sonochemical
reactions.®®®

3.5.2. Ultrasonic amplitude. Ultrasonic amplitude deter-
mines the energy transferred to the solution during sonication.
Fig. 8 shows the effect of varying amplitudes on the reaction
conversion. At lower amplitudes, such as 25%, the cavitation
effect is weak, resulting in limited microbubble formation.
Consequently, the interaction between the ultrasonic waves and
the LRC particles is less intense, leading to only a moderate
increase in the conversion. As the amplitude increases to 40%,

100 35
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O\\O/ 604 CE)
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Fig. 7 Ultrasonic pulsing effect on the conversion (grey) for subbitu-
minous coal and ultrasonic energy used during the reaction (blue)
(conditions: 40 min reaction time, 55% amplitude and 3 wt% H,O,).
Results are shown as mean + SD (n = 5).
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the cavitation effect becomes more pronounced. The higher
energy promotes the formation and subsequent collapse of
more microbubbles, generating localized elevated temperatures
and pressures within the liquid. This environment produces
'OH radicals, which drive the conversion process more effec-
tively.®* These reactive radicals, formed inside the microbubbles
or in the thin film separating the microbubbles from the bulk
solution, initiate and accelerate chemical reactions, leading to
an increase in the rate of conversion by breaking down complex
organic structures into simpler forms. At the highest amplitude
of 55%, the cavitation reaches its peak intensity. The formation
and implosion of microbubbles become extremely intense,
creating intense shear forces and localized hotspots within the
liquid. This cavitation condition enhances the disintegration of
large LRC molecules into smaller fragments and promotes the
release of soluble components such as humic and fulvic acid
analogs. As a result, conversion increases as more complex
structures are converted into soluble forms. Studies have
consistently demonstrated the positive impact of amplitude or
ultrasonic power on the extraction, treatment, and conversion
of various chemicals.®*%®

In this study, we limited the amplitude to 55% to maintain
a less severe process in terms of temperature and pressure.
Beyond this point, the temperatures of the sonicated solutions
started to increase above 70 °C, and pressure buildup increased
inside the reactor, potentially due to the increase in CO,
concentrations. While ultrasonic amplitude is a key factor to
enhance the conversion of LRC to humic and fulvic acid
analogs, excessive amplitudes are not recommended as higher
amplitudes can lead to a rapid temperature increase, increased
CO, formation, and accelerated degradation of the ultrasonic
horn. This erosion of the probe tip, a known challenge in high-
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Fig. 8 Effect of ultrasonic amplitude on the conversion of subbitu-
minous coal (conditions: 40 min reaction time, 55% amplitude and
3 wt% H,0,). Results are shown as mean & SD (n = 3).
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power sonochemistry, represents a significant operational cost
and is a primary consideration for industrial scale-up. There-
fore, operating at optimized, moderate amplitudes is crucial for
ensuring the long-term viability and economic feasibility of the
process.

3.5.3. Ultrasonic probe immersion depth. Probe immer-
sion depth refers to the extent to which the ultrasonic probe is
submerged into the solution being treated. The longer the
immersion depth, the closer the tip of the ultrasonic probe is to
the bottom of the reactor vessel. Adjustments were made by
repositioning the clamp that holds the horn, ensuring the probe
was lowered appropriately. For the reactor vessel, a beaker
matching the dimensions of the reactor vessel was used. Fig. 9
shows the conversion of LRC samples at immersion depths of
15, 20, 25, and 30 mm with all other experimental parameters
held fixed. As shown, conversion increased as the probe depth
was extended. While variables such as amplitude remained
unchanged, the solution temperature increased as the probe tip
of the ultrasonic approached the vessel's bottom. This
temperature increase is likely linked to the transducer's
impedance, as Asakura et al. observed that changes in liquid
height between the transducer and the rigid reflector, inversely
impacting the oxidation level.®

The enhanced conversion at longer depths can be attributed
to multiple factors, including the change of the cavitational
activity distribution and the extreme mixing in the liquid
phase.*®® Klima et al. reported a numerical modeling study that
showed probe position influence in ultrasonic cavitational
distribution.” The results here are in agreement with other
studies done on extraction, emulsification, and degradation
using sonochemical processes.®®”*”* The results are significant
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for the application of ultrasonic treatment in continuous
processes. For such operations, positioning the vessel outlet
higher to accommodate a deeper probe immersion depth is
recommended, as it can enhance conversion efficiency.

3.6. Characterization of products

3.6.1. Fourier transform infrared spectroscopy. Fig. 10
shows four spectra of humic (a) and fulvic (b) acid analogs
produced from peat, leonardite, subbituminous coal and
humalite. The presented spectra were baseline-corrected prior
to analysis. An important finding is the consistency of bands
across these spectra, suggesting that humic acid analogs
synthesized via ultrasonication of LRC exhibit structural simi-
larities in functional group composition. Based on previous
studies, there are characteristic bands common to all the
spectra of humic acids.””” For example, the broad absorption
band centered around 3400 cm™ ' corresponds to the O-H
stretching of phenol and alcohol, visible in all samples.” The
presence of carboxylic acids represented by carbonyl stretch
(C=0) is observed at around 1700 cm . A strong band around
1300 cm ™" can be attributed to OH and C-O stretching defor-
mation. Other notable bands include the 1500 cm ™" band rep-
resenting CH blending, 1370 cm™ "' for symmetric blending of
CH; in CCHj, and 1000 cm™* for CO stretching in acetate ester.
While most of the absorption bands are similar, there are some
differences observed. For example, at 2300 cm ", humic acid
analogs produced from peat lack the band seen in the other
spectra. This band, attributed to (O=C=0) carbon dioxide,
may result from CO, adsorption from air during sample prep-
aration. The results suggest that humic acid analogs synthe-
sized from LRC exhibit uniform chemical structures and are not
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Fig. 9 Reaction conversion for leonardite at different probe immersion depth (h) (conditions: 40 min reaction time, 55% amplitude and 3 wt%

H,0,). Results are shown as mean + SD (n = 5).
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Fig. 10 FTIR spectra showing four samples of humic (HA) (a) and fulvic (FA) (b) acid analogs from four samples of LRC (H: humalite, L: leonardite,

P: peat and S: subbituminous).

feedstock-dependent. To quantitatively support this, the inten-
sity ratio of the carboxylic C=0 peak to the aromatic C=C peak
(A1700/A1600) Was calculated, yielding a consistently low value
between approximately 0.2 and 0.5 for all humic acid samples.
Ultrasonication process effectively achieves higher yields of
humic acids within shorter reaction times, without compro-
mising the quality of the resulting humic acids. Along with
humic acid spectra, fulvic acid samples generated from four
different LRC under identical ultrasonication conditions were
analyzed. Despite structural similarities, fulvic acids exhibit
notable distinctions from humic acids. Specifically, the pres-
ence of stronger carboxylic acid (C=0) signals at 1700 cm ™" in
fulvic acids suggests higher concentrations of carboxylic func-
tional groups compared to humic acids. This observation is
confirmed numerically, as the A;500/A1600 intensity ratio for the
fulvic acid samples was significantly higher, ranging from
approximately 0.8 to 1.1, providing quantitative evidence for
a greater degree of oxidation. Fulvic acids derived from leo-
nardite display a prominent band at 1000 cm ", indicative of
CO stretching in acetate esters, while those from humalite
exhibit a distinct band around 2500 cm™!, associated with
carboxylic acid groups.

3.6.2. Potentiometric titration. Table 1 summarizes the
potentiometric titration results for four humic acid samples
derived from four LRC types under the same ultrasonication
conditions. Across all samples, the carboxylic functional group
content is consistently higher than the phenolic functional
group. This trend was also confirmed by FTIR analysis. Higher
carboxylic groups contribute to enhanced water solubility and
improved reactivity with metals and other cations, which is
advantageous in various applications.”®”® Additionally, the total
acidity, both carboxylic and phenolic functional groups, is
notably higher in humalite and leonardite compared to peat
and subbituminous coal. This suggests a higher chelating
capacity of humic acids, making these humic acids particularly
suitable for agricultural use. These findings align with those

392 | RSC Sustainability, 2026, 4, 381-403

reported in the literature, with carboxylic group content ranging
from 3 to 7 mmol g~ " and phenolic group content between 1
and 5 mmol g~ .58

3.6.3. Proximate analysis and thermogravimetric analysis.
LRCs are characterized by their high moisture and volatile
content compared to high-rank coals, presenting distinct ther-
mogravimetric profiles. Thermogravimetric analysis was con-
ducted to evaluate the thermal stability and decomposition
characteristics of humalite, leonardite, peat, and subbitumi-
nous coals. The results are presented in Fig. 11a. Under inert
conditions (nitrogen), samples were heated to 110 °C and held
for 5 min to eliminate moisture, and then heated to 950 °C,
where they were maintained for 15 min. The gas was then
switched to air while the temperature was constant at 950 °C.
Under a nitrogen inert environment, the decomposition of the
material primarily involves thermal degradation without
oxidation, breaking bonds such as C-H, C-C, C-O, and other
non-oxidative cleavages. It should be noted that these LRCs
typically contain a mix of both aliphatic (C-C and C-H) and
aromatic (C=C) carbon bonds, and heteroatomic (C-O, C=0,
C-N) bonds, each contributing differently to the thermal
behavior.**** The thermal degradation resulted in significant
mass loss primarily due to the decomposition of volatile
components. Peat exhibited the highest mass loss under
nitrogen, followed by leonardite, while subbituminous and
humalite coal showed lower losses, indicating higher carbon
bond stability in the latter two. Under an air environment,
oxidative degradation caused further mass loss, where subbi-
tuminous coal showed the highest mass loss, followed by leo-
nardite and humalite, whereas peat displayed the least mass
loss. Under an air environment, the breaking of C-H, C-C, C-O
bonds occurs alongside the formation of C=0, CO,, and H,O.
The order of mass loss reflects the sensitivity of the materials to
oxidation and oxygenation reactions, with subbituminous coal
being the most sensitive due to its high carbon and volatile
content. The results highlight the complexity between thermal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Potentiometric titration of four humic acid samples obtained from different types of LRC
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Sample name COOH, mmol g * OH, mmol g * Total acidity, mmol g*
Humic acid peat 5.4 3.2 8.6
Humic acid humalite 6.3 4.5 10.8
Humic acid leonardite 5.5 4.2 9.7
Humic acid subbituminous 4.4 3.8 8.2

degradation and oxidative reactions, leading to differing
behaviors in inert against oxidative environments.

The region up to 200 °C is typically attributed to the release
of inherent moisture and some light volatile components. This
phase is primarily associated with the breaking of weaker non-
covalent interactions rather than the cleavage of specific
chemical bonds. The temperature region of 300-500 °C corre-
sponds to the pyrolysis of the LRC, involving the breakdown of
aliphatic carbon bonds and the release of volatile compounds
not previously released. More stable aromatic carbon structures
and other thermally resistant organic components decompose
between 500 and 800 °C. Although peat, subbituminous coal,
leonardite, and humalite are all classified as LRCs, the TGA
curves reveal differences in their chemical structures. These
differences influence their distinct behaviors under ultra-
sonication, as evidenced in the conversion and yield of humic
acids from these LRCs. Fig. 11b shows the TAG profiles for
humic acid analogs produced from four LRC samples at the
same ultrasonic conditions (55% amplitude and 40 min reac-
tion time). As seen, the TGA profile shows four main stages of
mass loss occurring at different temperatures. The first stage is
characterized by moisture loss due to the evaporation of phys-
ically bound water or the loss of highly volatile materials. Peat
shows a smaller weight loss in this stage due to its lower
moisture content, while subbituminous and leonardite humic
acids show the same loss. Humalite humic acids, on the other
hand, display the highest loss. This trend may be attributed to
the organic matter composition and the maturity of the LRC
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80- / — Leonardite L 800
,." — Peat —
s — Subbituminous g
S 60- ! F600 D
5 ' g
3 , £
< 40- / L400 @
=
204 / -200
or+—¥—7+0
0 10 20 30 40 50

Time (min)

types. The four types of LRC contain various and types of
organic matter, leading to variation in humic acid analog
structure and behaviour, as is evident through the various
characterization techniques shown in this study. Additionally,
the maturity or rank of the coal can influence the volatile
materials content in the humic acids. This observation also
provides insight into the water adsorption capacity of humic
acids derived from these four types. In agriculture applications,
humic acids play an important role in improving water reten-
tion, enhancing aeration, and facilitating root penetration,
thereby promoting better plant growth.*

The second stage represents the loss and evaporation of
volatile components, along with the breakdown of weakly
bonded organic compounds, including aliphatic chains,
carbohydrates, and initial aromatic structure degradation. This
stage is similar among the four samples of humic acid analogs.
The third stage shows the further degradation of aromatic
structures and the formation of char. Peat's humic acids show
the highest loss in this stage, which can be explained by the
immaturity of peat compared to other feedstocks such as
humalite, leonardite and subbituminous.?® The less mature
nature of peat may result in a more complex and heterogeneous
composition, leading to higher weight loss during thermal
decomposition.”” It may also be an indication of a higher
content of functional groups, such as hydroxyl, carboxyl, and
phenolic groups. The final stage represents mass loss under air
at 950 °C, where any residual carbon or char undergoes oxida-
tion, leading to the formation of CO, and other oxidation
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Fig. 11 TGA profiles of humic acids (HA) (b) samples produced from low rank coals (a). TGA was conducted following the ASTM E1131-20.28 The

dotted lines represent the temperature profiles.
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products. This stage is most pronounced for subbituminous
humic acids, while peat shows the least loss. Humalite and
leonardite show similar trends at this stage. The humic acids
produced from subbituminous coal may contain more aromatic
and condensed structures, which are more resistant to decom-
position at lower temperatures, leading to higher weight loss
during this stage. Overall, TGA results show similarities and
differences in the humic acids formed from the four types of
LRC considered in this work, as the maturity and complexity of
the source can play a factor in the final product. Table 2
summarizes the values of moisture, volatile matter, fixed
carbon, and ash obtained from the TGA curves for all the four
types of LRCs and humic acid analog samples.

3.6.4. Ultimate analysis. Table 3 shows the ultimate anal-
ysis of virgin LRC samples along with humic and fulvic acid
analogs. The oxygen percentage was calculated by the difference
between the percentages of carbon, hydrogen, nitrogen, and ash
(derived from proximate analysis). Ratios of O/C, H/C, and O/H
were calculated on a mass basis. As shown, subbituminous coal
exhibits the highest carbon content among the four types of
LRC, highlighting its maturity compared to the rest. Conversely,
hydrogen content remains similar across all the virgin samples.
Nitrogen levels are below 1% in all the four LRC. Leonardite and
humalite have higher oxygen content than other feedstocks, as

Table 2 Proximate analysis for LRC and humic acid samples (VM:
volatile matter, FC: fixed carbon)

Proximate analysis (%)

LRC type Sample Moisture VM FC Ash
Subbituminous Virgin 10 35 47 8
Humic acid 5 52 33 10
Peat Virgin 12 50 18 20
Humic acid 2 63 14 21
Leonardite Virgin 15 43 26 16
Humic acid 5 40 37 18
Humalite Virgin 12 28 34 26
Humic acid 10 45 24 21
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these are oxygenated LRC. The oxygen content in humic and
fulvic acids is higher than the virgin sample for all LRC. This
observation confirms the incorporation of oxygen through
ultrasonication. Another observation is that the oxygen content
in fulvic acids consistently exceeds that in humic acids, attrib-
uted to the higher prevalence of oxygenated functional groups
in fulvic acids. This characteristic contributes to the enhanced
ability of fulvic acids to solubilize over a wider range of pH. The
degree of oxygenation, reflected by higher O/C ratios, is higher
in humic and fulvic acid samples, with humalite-derived humic
and fulvic acids showing the most pronounced oxygenation.
This can be explained by their high oxygen content and low
carbon content compared to other feedstocks. The H/C ratio
reflects the aromaticity, does not exhibit a clear trend, indi-
cating that ultrasonication of LRC does not directly break
aromatic rings in the virgin LRC. Instead, it attacks aliphatic
branches, facilitating the formation of carboxylic and phenolic
functional groups.*® Similarly, the O/H ratio mirrors the O/C
trend, reconfirming the higher degree of oxygen incorporation
onto humic and fulvic acid analogs. Moreover, humic acids
produced from humalite exhibit the highest O/C ratios, sug-
gesting a greater prevalence of O-alkyl and carboxylic acid
groups. This correlation is supported by the findings of poten-
tiometric titration. Overall, the elemental analysis confirms the
successful incorporation of oxygen into the structure of LRC
and the conversion of aliphatic chains to carboxylic and
phenolic functional groups.

3.6.5. Proton nuclear magnetic resonance. Using insights
from previous studies on humic acid NMR spectra, the "H NMR
was interpreted.®*' The 'H NMR spectrum, as depicted in
Fig. 12, reveals the presence of aliphatic entities, reflected in
chemical shifts ranging between 0 and 3 ppm. The peak at
1.8 ppm typically corresponds to protons in the o-position to
carbonyl groups, such as -CHj; in acetyl groups or -CH,- in alkyl
chains adjacent to carbonyl groups. At 2.4 ppm, the signal
corresponds to protons on carbon atoms adjacent to carbonyl
groups, such as in acetyl (CH;-CO-) or methylene (-CH,-) groups
near carbonyls. Peak at 2.6 ppm can be associated with protons in
the B-position to aromatic rings or carbonyl groups, for example,

Table 3 Ultimate analysis of virgin LRC, the produced humic acids, and fulvic acids samples®

Elemental analysis

Mass ratios

LRC type Sample %C %H %N %0O* o/C* H/C* O/H*
Sub-bituminous Virgin 49.2 4.4 0.98 374 0.76 0.09 8.5
Humic acid 43.6 3.7 0.81 41.7 0.96 0.09 11.2
Fulvic acid 45.2 4.3 0.51 45.8 1.01 0.10 10.6
Peat Virgin 45.3 4.7 0.47 29.1 0.64 0.10 6.1
Humic acid 42.3 5 0.41 31.3 0.74 0.12 6.2
Fulvic acid 43.3 5.3 0.31 45.9 1.06 0.12 8.6
Leonardite Virgin 36.8 4.9 0.73 40.8 1.11 0.13 8.2
Humic acid 35.4 4.3 0.52 41.7 1.18 0.12 9.6
Fulvic acid 35.2 4.2 0.62 54.2 1.19 0.12 9.96
Humalite Virgin 29.8 4.4 0.74 38.9 1.31 0.15 8.9
Humic acid 29.3 3.1 0.66 44.9 1.53 0.11 14.5
Fulvic acid 25.2 3.5 0.52 66.9 1.61 0.14 12.85

% *Calculated values.
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Fig.12 H-NMR spectra for leonardite-derived humic acids sample at the optimized conditions (40 min reaction time, 55% amplitude and 3 wt%

—-CH,- in phenylacetic acid derivatives or aliphatic chains. The
signal at 3 ppm indicates protons on carbon atoms adjacent to
electronegative atoms like oxygen or nitrogen, as in -CH,-OH or
—-CH,-NH,. The small signal at 3.5 ppm reflects protons on
carbon atoms bonded to oxygen atoms in alcohols or ethers. A
weak signal at 5.2 ppm is associated with vinylic protons (e.g., =
CH- in alkenes) or protons in hydroxyl groups of alcohols (OH).
The peak at 7.8 ppm is typical for aromatic protons in electron-
withdrawing or deshielded environments, influenced by adja-
cent functional groups. Lastly, the 8.4 ppm signal is characteristic
of highly deshielded protons, such as aromatic protons adjacent
to strongly electron-withdrawing groups like aldehydes and
formyl groups. These observations suggest that during the
humification process, carboxyl derivatives and oxygen-bearing
hydrocarbons are the predominant water-solubilized fractions.
This aligns with our FTIR spectroscopy results and with prior
research conducted on humic acid characterization.®*

3.7. Reaction kinetics

3.7.1. Mathematical modeling. The reaction initiates with
the breakdown of the complex LRC structure. During this stage,
the high-molecular-weight LRC structure is converted into
soluble organic compounds, primarily humic and fulvic acid
analogs. This conversion is achieved by exposure to oxidizing
agents such as hydrogen peroxide. Following the initial
conversion into humic acids, further degradation often occurs
chemically, resulting in the formation of fulvic acid analogs.
These compounds have lower molecular weight and higher
solubility than humic acids. Fulvic acids have a greater abun-
dance of carboxyl and hydroxyl functional groups, as reflected
in their higher O/C and O/H ratios compared to humic acids, as

© 2026 The Author(s). Published by the Royal Society of Chemistry

was shown previously. This degradation also results in the
release of CO,, a byproduct of ultrasonication. Further degra-
dation of fulvic acids may lead to the release of CO,, completing
the transformation of LRC into simpler substances. The
concentration profiles for leonardite, shown in Fig. 13, were
calculated based on bulk materials after eliminating moisture
and ash. Concentration profiles for subbituminous coal,
humalite and peat are provided in the SI Materials (Fig. S1-S3).

Mass balance was conducted based on the concentration of
LRC introduced into the reactor and the amount of products
formed in liquid, solid and gas. Once the mass balance was
completed, the concentrations of LRC (C,), humic acids (Cy),
fulvic acids (Cg), and CO, (Cc) were plotted over time for three
reaction temperatures. Dashed lines in Fig. 13 show the mathe-
matical model fit of the rate equations (eqn (2)-(5)) to the
concentration profiles obtained from the experiments. The
squares of the errors were minimized, and rate constants (k;) were
obtained. The goodness-of-fit for the model was evaluated by
calculating the Root Mean Square Error (RMSE) between the
experimental and predicted concentrations, with values ranging
from 0.27 to 2.70 across all components and conditions. Using
Arrhenius equation, the apparent activation energies (E,) and
pre-exponential factors (4) were calculated graphically. The
quality of the linear regression for the Arrhenius plots was
confirmed using the coefficient of determination (R?), with all
values falling between 0.9727 and 0.9985, indicating a strong
linear fit. For the four types of LRC studied, at higher amplitude,
corresponding to higher average temperature, the formation of
humic acids is higher, and the rate of disappearance of LRC is
also higher. This agrees with our findings from conversion and
yield calculations. Another observation is the lower amount of
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Fig. 13 Concentration profiles showing concentration of leonardite (Ca), concentration of humic acids (Cy), concentration of fulvic acid (Cg) and
concentration of CO, (C¢). (a) 55% amplitude (b) 40% amplitude and (c) 25% amplitude (d) Arrhenius plot.

CO, produced during the reaction at high and lower amplitudes
for all LRC types. In stark contrast to direct combustion, which
releases 2.4-2.8 kg of CO, per kilogram of bituminous coal, our
ultrasonic conversion process generates minimal direct emis-
sions, averaging only 0.03 kg of CO, per kilogram of feedstock.
Crucially, as the process relies on electricity, its overall carbon
footprint can be rendered negligible by sourcing power from
renewable or other carbon-free energy sources." Furthermore, the
production of fulvic acids does not significantly change by
changing the amplitude. Table 4 presents the kinetics data for
the six reaction pathways involving for four types of LRC, ob-
tained based on the model presented in Fig. 2. The conversion
pathways of LRC, humic acid and fulvic acid to CO, (Reaction 1,
3, and 5) exhibit higher apparent activation energies compared to
other reaction pathways. This indicates that the formation of CO,
is the least favourable reaction pathway, as also evident in the low
concentrations obtained after the ultrasonication. On the other
hand, the formation of humic acids (Reaction 2) emerges as the
most favourable pathway, with the lowest apparent activation
energy among the six pathways. Specifically, the formation of
humic acids requires lower activation energy for leonardite and
humalite compared to subbituminous coal and peat. This is
likely the result of the oxygenated nature of leonardite and
humalite, which makes the incorporation of oxygen during

396 | RSC Sustainability, 2026, 4, 381-403

ultrasonication easier. This finding is confirmed with the FTIR,
TGA, potentiometric titration, and elemental analysis, presented
in earlier sections. This relationship is quantitatively illustrated
in Fig. 14, which plots the O/C ratio of the feedstock against both
the activation energy and the maximum humic acid yield. A clear
inverse correlation is observed between the O/C ratio and the
activation energy; humalite, with the highest O/C ratio (1.31), has
the lowest activation energy (51 kJ mol '), while peat, with the
lowest O/C ratio (0.64), requires the highest (64 k] mol™").
Concurrently, a positive correlation exists between the O/C ratio
and the maximum yield. These trends provide direct quantitative
evidence that a higher density of oxygenated functional groups in
the feedstock lowers the kinetic barrier for the reaction and leads
to a more efficient conversion.

The pathway with the greatest activation energy is identified
as Reaction 5, involving the conversion of fulvic acids to CO,
across all examined LRCs. This suggests that the ultrasonic
reaction conditions may not sufficiently facilitate the conver-
sion of fulvic acids into CO,. Fulvic acids are characterized by
high levels of carboxylic and phenolic functional groups,
rendering them more susceptible to reaction with potassium
hydroxide (KOH). The interaction with KOH can subsequently
serve to shield the molecule from undergoing further degra-
dation into CO,.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Reaction kinetics parameters, frequency factors and apparent activation energies. The uncertainty is reported as the 95% confidence

interval (Cl)

No. Reaction

1

Frequency factor A, s~ Activation energy E,, k] mol "

Subbituminous — CO,
Subbituminous — humic acids
Humic acids — CO,
Humic acids — fulvic acids
Fulvic acids — CO,
Subbituminous — fulvic acids
Leonardite — CO,
Leonardite — humic acids
Humic acids — CO,
Humic acids — fulvic acids
Fulvic acids — CO,
Leonardite — fulvic acids
Humalite — CO,

Humalite — humic acids
Humic acids — CO,
Humic acids — fulvic acids
Fulvic acids — CO,
Humalite — fulvic acids
Peat — CO,

Peat — humic acids
Humic acids — CO,
Humic acids — fulvic acids
Fulvic acids — CO,

Peat — fulvic acids

DU R W N R OU R WNRE U R WN RO U R WND R

The activation energy for LRCs conversion to humic acids
ranges from 51 to 64 k] mol~", which is lower than that of the
79 k] mol " reported in our previous study on the conversion of
lignite to humic acids using the same process.* This difference
is likely attributed to the utilization of bulk concentrations in
the current study against carbon-specific concentrations as
employed in previous work. Furthermore, lignite, as a more
complex and mature type of LRC than the ones utilized in this
study, inherently requires higher energies. For example, Man-
asrah et al. reported an activation energy for the conversion of
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Fig. 14 Influence of feedstock O/C ratio on the apparent activation

energy (E;) and maximum humic acid yield.
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petcoke through the oxycracking reaction to humic acids of
71 kJ mol .7 Another study showed an apparent activation
energy of 26.14 k] mol ™' through a water-oxygen system to
produce humic acids from lignite.”” The difference in reported
activation energies is due to the different models used, type of
feedstock, process operating parameters and chemical reac-
tions involved. In contrast, the formation of fulvic acids
requires higher activation energies, compared to the formation
of humic acids, ranging from 61 to 91 k] mol™*. This is due to
smaller molecules of fulvic acids and higher oxygenated func-
tional groups, as was confirmed in the characterization section.
The structural complexity necessitates more energy to overcome
the reaction barrier. It is worth noting that forming fulvic acids
by further decomposition of humic acids appears to be ener-
getically more favorable than direct formation from LRCs. This
stems from the structural similarities between humic and fulvic
acids, both rich in carboxylic and phenolic functional groups,
facilitating the conversion process, which makes these products
easier to oxygenate than the virgin LRC.** In contrast, the robust
graphite-like structures present in the original coal matrix
require significantly higher energy to decompose into smaller
molecules like fulvic acids. The stability and complexity of these
graphite-like structures in coal requires substantial energy
input to break down, making the direct formation of fulvic acids
from LRCs less favorable.

For Reaction 1, the apparent activation energies are in the
range of 93 and 112 kJ mol ". Comparatively, Knight et al. re-
ported activation energies for LRC to CO, through gasification
to be 219-233 k] mol *,** while Kwon et al. reported a range of
79.07 to 155.64 k] mol ™" for various types of coals.* It is critical
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to distinguish between the apparent activation energy (E,),
which is the microscopic energy barrier for a reaction (in k-
J mol™"), and the macroscopic specific energy consumption
(SEC) required to run the entire process (in kJ g '). In conven-
tional thermal methods, a high activation energy necessitates
high operating temperatures, leading directly to high process
energy consumption. Our ultrasonication process, however,
decouples these factors. By supplying energy via acoustic cavi-
tation, it provides a mechanism to overcome the activation
energy barrier without requiring high bulk temperatures. This
explains how our process can have activation energies in the
range of 93-112 kJ mol " while exhibiting an exceptionally low
SEC of a mere 20 kJ per gram of feedstock (0.0056 kWh g™ 1).
This figure is over two orders of magnitude lower than even the
most efficient hydrothermal processes reported, which typically
range from 0.81 kWh g~' to over 4.0 kWh g~'. This result
emphasizes the efficiency and environmental sustainability of
the ultrasonic process in producing valuable humic and fulvic
acids while minimizing CO, emissions, making it a promising
alternative to conventional methods.

It should be noted that ultrasound waves at frequencies of 20
kHz (20 000 cycles per second) produce alternating adiabatic
compression and rarefaction in the reaction zone. During the
rarefaction phase, microbubbles form due to the reduced
pressure, a large negative pressure. These microbubbles, typi-
cally containing vaporized liquid or gas, grow to a certain size
and then explode or implode during the compression cycle. The
energy transferred into the liquid through the transducer
creates the micro-voids, which, upon collapse, create high local
pressures up to 1000 atm and transient temperatures reaching
up to 5000 K.°*®* The phenomenon is called acoustic cavitation
or cold boiling.*”

Table 5 lists several common reactions occurring inside the
cavity generated by the ultrasonic energy. The formation of
hydroxyl radicals ("OH) is caused by the thermal dissociation of
water vapor present in the microbubble during the compression
phase, as described in eqn (E1). However, additional products
such as H,0, and hydrogen gas can also form via interactions
involving hydroxyl radicals and hydrogen atoms, as shown in
eqn (E2), (E4), and (E5). To increase the generation of ‘OH
during the reaction, H,O, was introduced to function as
a scavenger of hydrogen atoms, thereby reducing the recombi-
nation of "H and "OH. Moreover, hydroperoxyl radicals (HO,"),
which function as oxidizing agents, are also formed, as repre-
sented in eqn (E3). This aligns with previous studies, such as
Lin et al. who reported that the combination of ultrasound with
H,O0, increased the efficiency of 2-CPOH decomposition up to
6.6-fold."* These results were attributed to the increase of "OH
produced by the addition of H,O,. Overall, three primary
pathways are proposed for the LRC conversion to humic and
fulvic acid analogs under sonication. These include oxygen
incorporation by hydroxyl radicals, pyrolytic decomposition,
and supercritical water oxidation.'”* Hoffmann et al. reported
that at the layer between the bubble and solution interface,
temperature and pressure may reach the critical conditions of
water (647 K, 22.1 MPa).**> They showed that supercritical water
is obtained during the collapse of cavitation bubbles generated
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under ultrasonic treatment. In the interface between the
microbubble and bulk liquid, temperatures can reach 2000 K
and reactions here are comparable to pyrolysis reactions.
Tauber et al. found that under ultrasonic energy and low pH,
oxidative-pyrolytic reactions predominate for substrates such
as 4-nitrophenol, whereas under high pH, "OH-radical-induced
reactions dominate.'® In this study, experiments were con-
ducted at higher pH levels, which will result in “OH-radical
dominating the mechanism of converting LRC to humic and
fulvic acid analogs. The attack of "OH radicals facilitate the
formation of oxygenated functional groups such as hydroxyl (-
OH) and carboxyl (-COOH), as evidenced in FTIR, TGA and 'H
NMR, elemental analysis, and potentiometric titration. Once
fragmented by ultrasonic energy, the LRC particles undergo
decomposition of the unstable oxygenated intermediates,
yielding gaseous products and stable complexes functionalized
with hydroxyl (phenolic ~-OH), carbonyl (-CO), and carboxyl (-
COOH) groups. Hydroxyl radicals exhibit a pronounced reac-
tivity towards organic substrates, including the molecular
structures inherent to LRC. Within the LRC matrix, aliphatic
hydrogens attached to sp*-hybridized carbons are prime targets
for radical abstraction. Similarly, hydrogens situated on the
periphery of aromatic moieties, characterized by conjugated -
systems, are susceptible to radical attacks. Furthermore, LRC's
inherent functional groups, such as hydroxyl (-OH), carbonyl
(C=0), and carboxyl (-COOH) moieties, present electrophilic
sites conducive for nucleophilic attack by these radicals.
Unsaturated loci, delineated by 7-bonds in alkenes or alkynes
within the LRC structure, also serve as reactive sites for ‘OH
addition. Lastly, bonds associated with heteroatoms like
nitrogen, sulphur, and oxygen, embedded within the LRC
matrix, may undergo cleavage upon interaction with "OH. The
subsequent intermediates formed following "OH attack can
then participate in an excess of reactive pathways, finishing in
an array of products, including CO, CO,, H,O, and various
oxygenated organic derivatives such as humic and fulvic acid
analogs.

Potassium hydroxide plays an important role in the chemical
transformation of LRC into humic and fulvic acid analogs.
Under alkaline conditions induced by KOH, LRC molecules
undergo alkaline hydrolysis, leading to the cleavage of ester and
ether linkages. Concurrently, the alkaline conditions induced
by KOH promote demethylation and dealkylation processes,
facilitating the removal of methyl and other alkyl groups from
the aromatic structures inherent to LRC. This demethylation is
instrumental in the formation of carboxylic acid groups,
a defining feature of humic and fulvic acid analogs.'** Addi-
tionally, the alkaline media encourages the insertion of oxygen
into LRC structures, resulting in the creation of phenolic and
carboxylic acid groups. Furthermore, KOH enhances the

Table 5 Radical formation and reactions in the sonolysis of water

H,0 —» H' + 'OH El  "OH+'OH — H,0, E5
H +H — H, E2  "OH+ 'OH — H,0+O’ E6
H' +0, — HO,’ E3 ‘'OH+ 'HO, » H,0+0, E7
HO, +HO,” - H,0,+0, E4 O +0 — O, ES

© 2026 The Author(s). Published by the Royal Society of Chemistry
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solubility of specific LRC fractions, making them more available
to subsequent reactions and facilitating the extraction and
isolation of humic acids from the LRC matrix. This was
observed by higher activation energies calculated for reactions
producing CO, from humic and fulvic acids. The inherent
acidic functional groups present in LRC are neutralized by
KOH, a process that can further steer the reactions in favor of
humic substance formation. Through a series of reactive path-
ways, KOH facilities along with H,0, and "OH radicals the
conversion of LRC's complex structure into the more refined
and stable humic and fulvic acid analogs. This mechanism
highlights the synergistic effects of ultrasonic cavitation and the
powerful oxidizing capability of "OH radicals in transforming
LRC into humic substances. However, it is worth noting that the
exact reaction pathways during this process are likely to be more
complex and multifaceted, potentially involving a wide range of
intermediates and side reactions.

4. Conclusion

This study highlights the effectiveness of ultrasonic reaction in
converting low-rank coals (LRCs), including subbituminous,
leonardite, humalite, and peat, into humic and fulvic acid
analogs with minimal CO, emissions. The optimization of
reactant concentrations and sonoreactor parameters reveals
relationship of factors governing the reaction conversion.
Higher reaction times, amplitudes, and ultrasonic pulsing
achieved higher conversions and yields. The important role of
amplitude in the ultrasonic reaction is emphasized, with an
advisory note against excessive amplitudes due to their poten-
tial to produce undesirable CO, emissions. Characterization
techniques, including FTIR, TGA, elemental analysis, "H NMR
and potentiometric titration, confirmed the formation of humic
and fulvic acid analogs with carboxylic and phenolic functional
groups. This method represents an advancement over tradi-
tional methods of producing humic substances, which often
involve higher CO, emissions and less efficient processes. The
ultrasonic reactor process not only improves yield and product
quality but also offers a more environmentally friendly alter-
native. Kinetic analysis, using the double triangular lump
kinetic model, further confirmed that oxygen-rich LRCs, such as
humalite and leonardite, are more efficiently converted into
humic and fulvic acid analogs. Additionally, reactions forming
CO, have the highest activation energies, while those forming
humic acids have the lowest. This highlights the environmental
sustainability of the process, making it a promising technology
for large-scale application.
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