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Abstract

The growing environmental problem of nitrogen-rich pig wastewater, with total nitrogen (TN)
concentrations ranging from 500 to 1,500 mg/L. and ammonia (NH4"-N) concentrations
between 50 and 70 mg/L, requires innovative treatment solutions. This study examines the
effectiveness of ozone-modified biochar (SPO) derived from acacia wood sawdust in removing
nitrogen, with an oxygen uptake rate increased ftom 17411 wt% to 22.28 wt% at 5 L/min. Under
conditions (pH 7, 0.2g dosage/50mL; 270/min_contact time), SPO achieves a maximum
adsorption rate of 32.38 mg/g and a removal rate of 46.39 mg/L at an initial TN of 279 mg/L.
Characterisation by SEM, EDSyand FTIR,revealed a porous, oxygen-rich surface with
functional groups (e.g., -OH, “COOH) that facilitate both chemisorption and multilayer
adsorption. The kinetic studies favoured the pseudo-second-order model (R? = 0.9310) and the
Elovich model (R? = 0.9484), while heteérogeneous adsorption was indicated by the Freundlich
isotherm (R? = 0.9612). Machine learning models, including the extreme gradient boosting
(XGB) model with an R? 0f'0.998, predicted the removal efficiency and identified adsorption
dose (average SHAP =7.736) and nitrogen concentration (average SHAP = 3.607) as the main
drivers. The study _shows the potential of SPO as a sustainable adsorbent, confirmed by
experimental data and predictive modelling, to mitigate the harmful effects of pig wastewater.
SPO demonstrated moderate reusability over five adsorption-desorption cycles, retaining
53.27% of its-initiahcapacity (17.35 mg/g from 32.57 mg/g) at an estimated production cost of
0.15-0.25/USD/kg, outperforming commercial zeolite (0.5—1.0 USD/kg) and activated carbon
(1-2 USD/kg) in cost-effectiveness for scalable swine wastewater treatment.

Keywords: Ozone-modified biochar, Nitrogen adsorption, Pig wastewater, optimization, Sustainable remediation
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1. Introduction

The global expansion of intensive pig production has
significantly increased the volume of pig wastewater, posing
significant environmental problems due to its high pollutant
content, particularly nitrogen. Pig wastewater typically has a
tertiary nitrogen (TN) concentration of 500-1,500 mg/L;
dilution and farming practices influence these levels [1-3].
The most common form is ammonium nitrate (NH4"-N),
which accounts for 50 to 70% of the TN in this waste stream.
Matrix organic nitrogen compounds, such as amino acids and
proteins, also contribute significantly, typically at
concentrations between 20 and 40%. At the same time, in
aerobic conditions, the smaller fractions are nitrogen trioxide
(NOs5") and nitrite (NOy) [4,5].

The increased ammonium content in pig wastewater is a
major environmental concern as it may lead to eutrophication,
deplete dissolved oxygen in aquatic ecosystems and have toxic
effects on aquatic organisms [6,7]. The presence of
contaminants in pig waste, including veterinary antibiotics
such as tetracyclines, aggravates the environmental impact of
these operations [8,9]. These negative impacts underscorethe
urgent need for efficient wastewater treatment technologies to
mitigate their environmental impacts.

Various treatment methods have been developed to
address nitrogen pollution in pig waste, including biological
processes such as nitrification-denitrification and anaerobic
digestion, as well as chemical processes such as chemical
precipitation, ion exchange, membrane filtration and
adsorption [10—12]. Although bio-based treatments arewidely
used, they may be sensitive to operational parameters such as
pH, temperature and dissolved oxygensitequiring precise
control systems to ensure optimum performance. Conversely,
adsorption has gained prominence, as an effective
physicochemical treatment méthod due to,.its operational
simplicity. Various adsorbents,”such, as activated carbon,
zeolites, and biochar derived from agricultural residues, were
assessed for their efficacy in removing ammonia from pig
waste [1,13,14]. However, conventional adsorbents often have
limited affinity for polarised contaminants such as ammonia,
underscoring the urgent need for advanced materials with
greater adsorption capacity.

Biochar — a carbon-rich material obtained by the pyrolysis
of biomass - has been identified as a promising adhesion agent
due to its high surface area and porosity. However, untreated
biochar often exhibits® suboptimal ammonia removal
properties due to “its hydrophobic nature, which limits
interactions with polar molecules [15]. To address this
limitation, various surface modification techniques have been
explored torenhance biochar’s adsorption capacity.

XXXX-XXXX/ XX/ XXXXXX

Among the various biomass feedstocks. for biochar
production, acacia wood sawdust stands out as a particularly
promising candidate in tropical and &ubtropical |regions,
especially Vietnam - a global leader in acacia plantation with
over 3 million hectares and annual woodproductionexceeding
40 million m3.[16] The wood prdcessing industry generates
millions of tons of sawdust annually as a low-value byproduct,
which is often disposed in landfils er'through open burning,
contributing to greenhouse gas emissions and local air
pollution. Converting this » abundant, lignocellulosic-rich
residue into biochar via pyrolysj{not only valorizes waste but
also yields a carbon-rich, petous material with inherently high
structural stability/and low ash/content, making it an ideal
precursor for functional #modification. This localized,
sustainable, and scalable ‘approach aligns with circular-
economy principles, transforming an industrial waste stream
into a high-performance adsorbent tailored to regional
environmental challenges.

In_this centext, ozonation stands out as a highly effective
and(sustainable modification method compared to other state-
oftthe-art approgches, such as acid/alkali treatment, metal
impregnation, and steam activation. Acid or alkali treatments,
while capable of introducing functional groups, often require
hazardous chemicals and generate secondary waste, posing
environmental and operational challenges [17,18]. Metal
impregnation enhances adsorption by adding active sites but
may lead to metal leaching, compromising long-term
sustainability [19]. Steam activation increases surface area but
lacks the ability to selectively introduce oxygen-containing
functional groups, which are critical for polar-molecule
adsorption [20]. In contrast, ozonation employs ozone gas, a
clean and powerful oxidant, to functionalize biochar surfaces
with oxygen-rich groups (e.g., -OH, -COOH) without
generating significant waste. This process enhances
hydrophilicity and selectivity for nitrogen species, particularly
ammonium, by increasing surface polarity and creating
additional active sites for chemisorption and multilayer
adsorption [15,21]. Furthermore, ozonation is operationally
straightforward, requiring minimal chemical inputs, and
leverages the abundant availability of acacia wood sawdust as
a sustainable feedstock, aligning with circular economy
principles. These advantages position ozone-modified biochar
as a superior alternative for addressing nitrogen pollution in
pig wastewater, offering both environmental and practical
benefits over conventional modification methods.

This study introduces a new adsorbent: ozone-depleted
biochar from the pulp of commercial timber. Acacia wood
sawdust serves as a sustainable feedstock. At the same time,
ozone treatment at a controlled flow rate improves the
properties of the modified biochar, yielding a highly porous,
oxygen-rich surface with a higher nitrogen affinity,

© xxxx IOP Publishing Ltd
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distinguishing it from conventional biochar and other
adsorbents. The use of machine learning in wastewater
treatment research has gained momentum because of its ability
to model complex processes and optimise treatment outcomes.
Advanced ML techniques excel in predicting adsorption
performance and identifying key influencers by processing
large datasets and capturing complex relationships [22—24].

The main objectives of this research are to: create and
characterise the structural and chemical properties of ozone-
treated biochar, and assess its role in enhancing nitrogen
adsorption, optimising the adsorption conditions with a focus
on key parameters: pH (3-10), contact time (30-360 min), SPO
dosage (0.05-1g/50mL) and initial TN concentration of the pig
waste (27-278 mg/L) to maximise the removal effect.
Investigation of the adsorption mechanism by means of
kinetic and isothermic studies, together with the results of the
comparative research. Use of machine learning techniques to
predict absorption performance and identify critical
absorption factors.

By integrating experimental characterization, adsorption
optimization, and predictive modeling, the aim of this study is
to develop a sustainable, effective, and innovative solution to
remove TN from pig wastewater and hence address the
environmental problems caused by intensive livestock
farming. Integrating experimental characterisation, adsorption
optimisation and predictive modelling, this research
contributes to the development of wastewater treatment
technologies and promotes environmental sustainability.

2. Materials and methods

2.1 Fabrication and modification of acacia »wood
sawdust biochar

2.1.1 Fabrication of acacia wood sawdust biochar(SP600)
Acacia wood sawdust biochar (SP600) was fabricated by
slow pyrolysis, adapted from the methodology of Zhang et al.
(2015) [25]. The acacia sawdust was air—dried\and stored in
closed containers before pyrolysis to ensure moisture control.
The slow pyrolysis process was carried out in a cylindrical
stainless steel reactor designéd to . withstand high
temperatures. The reactor is composed of an outer stainless
steel shell and an inner heat-resistant stainless steel shell, with
a 30 mm-thick layer of asbestos insulation. The reactor has a
vertical cylindrical design; with an external diameter of 770
mm and an internal voluime of 0.665+m>. The entrance to the
combustion chamber is via @ 460X 670.mm port, and the heat
source chamber has a 200 x 200 mm port. The pyrolysis
reactor is equipped with a gas'supply system consisting of a
heat-resistant metal pipe (diameter: 48 mm) for initial heating
with natural gas; arecirculation pipe (diameter: 48 mm) for
the recovery of orgamic vapours, and an exhaust pipe
(diameter: 52 mm)‘for the release of the gas from the heat
exchanger. During pyrolysis, the organic steam produced by

the sawdust is collected, recirculated, and ignited in a heat
source chamber to provide the heat required for pyrolysis. For
biochar production, 5 kg of dried acacia wood ash was loaded
into a pyrolysis chamber and heated to approximately 600 °C
for 2 hours. After the pyrolysis, the material wasrallowed to
cool overnight to room temperature in a closed'chamber. The
resulting biochar, designated SP600, was collected and stored
in sealed plastic bags for reuse as a primer.

2.1.2. Modification of SP600 with Ozone gas (Os)

The SP600 biochar was further modified using 0zone (0O3)
treatment, as described by Eldeeb et al. (2024) [26]. A 100 g
sample of SP600 was placed in d plastic cylinder with an inner
diameter of 56 mm and a height of 1,000.mm. The ozone was
produced by a NEXT OZONE genetator (Vietnam) with a
capacity of 10 g/h. O3 gas was introduced into the column
containing SP600 at different flowrates (1 L/min, 3 L/min and
5 L/min) and a maximum’ flow rate was selected to avoid
column leakage. The,ozonation process lasted for 2 hours and
resulted in modified  biochar products designated SPOI,
SPO3, and SPOS, corresponding to gas flow rates of 1 L/min,
3 L/min, and. 5 L/min, respectively. Modified biochar was
collected and stored for later use as a primer.

2.2 Characterization of biochar

To comprel?ensively characterize the structural and
chemical properties of the biochar (SP600 and SPO), multiple
analytical 'techniques were employed. Scanning Electron
Microscopy (SEM) was performed using a JEOL JSM-7600F
(JEOLLtd., Japan) at an accelerating voltage of 15 kV and a
resolution of 1.0 nm to examine the surface morphology and
porous structure. Energy-dispersive spectroscopy (EDS) was
performed with an Oxford Instruments X-Max 50 mm?
detector integrated with the JEOL JSM-7600F, operating at 15
kV, to determine the elemental composition (e.g., carbon,
oxygen, nitrogen) of the biochar samples. Fourier Transform
Infrared Spectroscopy (FTIR) was conducted using a Thermo
Scientific Nicolet iS50 FTIR spectrometer (Thermo Fisher
Scientific, USA) within the wavenumber range of 400—4000
cm™!, with a resolution of 4 cm™, to identify functional groups
on the biochar surface. Brunauer-Emmett-Teller (BET)
surface area, pore-size distribution, and porosity analyses
were conducted to quantify the textural properties critical to
adsorption performance. Nitrogen adsorption-desorption
isotherms were measured using a Micromeritics ASAP 2020
analyzer (Micromeritics, USA) at 77 K. The BET method was
applied to calculate the specific surface area. In contrast, the
Barrett-Joyner-Halenda (BJH) method was used to determine
the pore-size distribution (adsorption and desorption pore
widths) and pore volume (adsorption and desorption). These
techniques provide insights into the enhanced porosity and
surface area of SPO, which are essential for understanding its
adsorption capacity for total nitrogen (TN) from pig
wastewater [27].
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2.3. Adsorption experiments for TN removal from pig
wastewater

Pig wastewater was collected from household pig farming
operations in Tich Luong Ward, Thai Nguyen City, Thai
Nguyen Province. The wastewater underwent preliminary
filtration to remove suspended solids before its use in
adsorption experiments. The initial adsorption experiments
were optimised to assess the effectiveness of adsorption in
removing TN from post-biogas water from pigs. The
experiments were conducted in 100 mL glass conical flasks,
utilizing varying masses of adsorbent material with 50 mL of
pig wastewater, which exhibited TN concentrations ranging
from 27 to 279 mg/L. The adsorption process was carried out
for up to 360 minutes at ambient temperature (25 + 2 °C). Key
parameters investigated included the effect of ozone-modified
adsorbent types (SPO1, SPO3, and SPOS5, corresponding to
ozone treatment flow rates of 1, 3, and 5 L/min, respectively),
the pH of the wastewater (ranging from 3 to 10), adsorption
contact time (30 to 360 min), adsorbent dosage (0.05 to 1.00
g/50mL), and initial TN concentration (27.88 to 278.79
mg/L). All experiments were performed in triplicate on a
shaker (HY-4A, Zenith Lab, China) at 120 rpm under
controlled conditions. Post-adsorption, samples were filtered
through filter paper to quantify residual TN concentrations..

Data processing and statistical analysis were conducted
using Microsoft Excel and Origin 2025 (OriginLab
Corporation, USA). To evaluate experimental variability and
ensure reproducibility, statistical analyses included one-way.
Analysis of variance (ANOVA) to assess the significance of
differences in adsorption capacity and removal‘efficiency
across different experimental conditions (e.g., pH, dosage,
contact time, and TN concentration). Pest-hoc Tukey’s
honestly significant difference (HSD) tests were applied to
identify specific differences between groups.when ANOVA
indicated significance (p < 0.05). Linear and nonlinear
regression analyses were used to fit kinetichand isotherm
models, with the coefficient of determination” (R?)‘used to
evaluate model fit. Data points are reported as mean =+
standard deviation (SD) to reflectsexperimental variability,
ensuring robust, reliable interpretation of the adsorption
trends.

The TN content in pig wastewater samples before and after
adsorption was determined using the catalytic mineralization
method with Devarda’ssalloy reduction, following TCVN
6638:2000 (ISO 10048:1991) [28]. Nitrogen compounds were
reduced to ammonium using Devarda’s alloy (45% Al, 50%
Cu, 5% Zn). The samples were€vaporated to a near-dry state
and the nitrogen was converted to ammonium sulphate in the
presence of coneentrated sulphuric acid containing potassium
sulphate todraise the boiling point, with copper as a catalyst.
The ammonia was extracted by adding sodium hydroxide (300
g/L), then distilled into a solution containing boric acid and an

indicator. The ammonium content of the distillate was
quantified by titration with 0.02 mol/L of hydrochloric acid.

2.4. Determination of the total nitrogen (TN)_adsorption
isotherm and kinetics onto SPO

The adsorption capacity of TN onto/SPO, »an ozone-
modified biochar, was quantified at specific time intervals (qt,
mg/g) and at equilibrium (qe, ing/g) using the following

equations:
(Co-CelV
de = — (1)
(Co-COV
Qe = =2 2)
Here, Coy, C; and C. (mg/L) represent the initial TN

concentration, the concentration at timet, and the equilibrium
concentration, respectively. V(L) denotes the volume of the
TN solution, and W (g) is theddry mass of the SPO adsorbent.

The kinetics of TN adsorption onto SPO were evaluated
using three established models: pseudo-first-order, pseudo-
second-order, and the Elovich model. These models describe
the temporal “evolution of the adsorption process and are
expressed as follows:

Pseudo — first— order model: In(q. — q;) = Inq, —

kqt 3)
PSeudo — $econd — order model: — = — > =
S ac  kodg  de
“4)
Elovich model: — = =In (o) + ~Int
a B B
®)

In these equations ge and qt (mg/g) denote the adsorption
capacities at equilibrium and at time ttt (min), respectively; k1
(min") and k2 (g'mg 'min!) are the rate constants for the
pseudo-first-order and  pseudo-second-order = models,
respectively; o (mg-g~'-min!) represents the initial adsorption
rate in the Elovich model, and B (g-mg™') relates to surface
coverage and chemisorption activation energy.

To characterize the equilibrium adsorption behavior of TN
onto SPO, the Langmuir and Freundlich isotherm models were
applied. The Langmuir model assumes monolayer adsorption
on a homogeneous surface with uniform site energies, while
the Freundlich model accounts for multilayer adsorption on a
heterogeneous surface with varying site energies. The
mathematical formulations are as follows:

Langmuir model: q, = %
L%e
(6)
1
Freundlich model: q, = KgCg
(7

In these models, q. (mg/g) is the equilibrium adsorption
capacity, and qm (mg/g) is the maximum adsorption capacity;
C. (mg/L) is the equilibrium TN concentration; Ki (L/mg) is
the Langmuir constant, reflecting adsorption affinity; Kg
(mg/g) and n are Freundlich constants, with n indicating
adsorption intensity.

Page 4 of 26
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2.5. Machine learning methodology for predicting TN MAE = 1 nolyi = %l (10)

. . n -
adsorption capacity These parameters collectively enable a thorough

To improve the accuracy of predictive models for TN
adsorption capacity using SPO from pig wastewater, a
structured model development approach has been
implemented in RStudio. The critical first step was to select
the appropriate performance metric and to identify the key
input variables to ensure robust model design. In this study,
the adsorption capacity of TN was chosen as the primary
response variable, with the four main input parameters being
the initial pH, the SPO dosage, the TN concentration, and the
contact time. Although reliance on a single metric may
introduce slight bias, this approach provides an initial
framework for evaluating adsorption performance across a
variety of experimental conditions, potentially reducing the
number of resource-intensive experiments and increasing
cost-efficiency.

Four distinct machine learning algorithms - Linear
Regression (LR), Support Vector Machine (SVM), Gradient
Boosting Machine (GBM), and Extreme Gradient Boosting
(XGB) - were implemented to model nitrogen removal
efficiency. A dataset consisting of 111 experimental
observations was employed, with 89 samples allocated to the
training set and 22 reserved for testing, following an 80:20
partition ratio. The primary goal was to enhance predictive
performance by minimizing the Root Mean Square Errer
(RMSE) and Mean Absolute Error (MAE) while maximizing
the coefficient of determination (R?), thereby ensuring a
strong correlation between predicted and measured outcomes
and reducing prediction errors.

Model evaluation was conducted using R, RMSE;»and
MAE as key performance indicators. The R%yvalue represents
the proportion of variance in the response variable explained
by the model, with higher values indicating abetter fit to the
data. RMSE quantifies the standard deviation of residuals,
providing a measure of prediction accuracy.by eomputing the
square root of the average squared’ difference 'between
observed and predicted values; lower RMSE values indicate
greater precision in capturing data trends. MAE, calculated as
the average absolute difference »between observed and
predicted values, provides anmadditional /metric of error
magnitude, offering a linear perspective on prediction
deviations without the influence of squared terms. These
metrics collectively enablera thorough assessment of model
reliability across diverse adsorption scenarios. The equations
for these metrics are presented below [29]:

2 _ DRG A

R =1-S v ®

where yi is the actual value, “yi is the predicted value, y is
the mean .of observed «values, and n is the number of
observations.

RMSE <S040 — 72 (9)

assessment of model efficacy, ensuring robust predictions of
POC degradation across diverse experimental conditions [30].

3. Results and discussion

3.1. Characteristics of SPO

The examination of biochar from"acacia wood sawdust, in
particular SP600 and its ozonated variant, SPO, provides
essential insights into their microstructural “and elemental
properties (Fig. 1). Initial .scanningelectron microscopy
(SEM) images show distin¢t morphological features that are
in line with the literature on biochar production (Fig. lal). The
SP600 sample, whenheated 102600 'C, exhibits a porous
structure with a rough, irregular surface, a characteristic
associated with incteased surface area, which is advantageous
for various adsorption/ applications [31,32]. The
correspondingt, Energy " Dispersive Spectroscopy (EDS)
analysis (Fig. 1a2) indicates a composition primarily
composed of carbon (82.50 wt%) and oxygen (17.11 wt%),
consistent with findings that underscore the carbonaceous
nature.of biochars produced from lignocellulosic biomass
([33.34]. These. carbon and oxygen ratios, with atomic
percentages, confirm that carbon is dominant at 86.42% and
oxygen at 13.45%, in accordance with the thermal degradation
processes documented in previous studies [33].

In contrast, the ozonated biochar SPO (Fig. 1bl) exhibits
a more developed porous network compared to SP600. This
enhanced porosity is attributed to the ozonation process,
which typically increases the abundance of oxygen-containing
functional groups such as carboxyl and hydroxyl [35]. The
EDS results for SPO (Fig. 1b2) reveal a slight increase in
oxygen content (22.28 wt%) alongside a decrease in carbon
(77.31 wt%), highlighting the transformation that occurs
during ozonation. This increase in oxygen is significant
because it indicates an increased adsorption capacity for polar
molecules, as introduced functional groups may interact
favourably with adsorbing [36]. Atomic ratios also reflect this
trend and reinforce the idea that ozonation-induced structural
modification may improve adsorption properties, enabling
more efficient interactions with nitrogen and other gases [31].

When analysing the response of the samples to nitrogen
adsorption, notable changes are observed in the SPO sample
after adsorption. The resulting fibre structure shows possible
changes or atom deposition related to the adsorbed nitrogen
(Fig. 1cl). The complexity of the EDS spectrum reveals
carbon at 71.31 wt%, alongside nitrogen at 9.28 wt%, and
oxygen at 18.50 wt% (Fig. 1c2). The presence of nitrogen
indicates successful adsorption, which is probably enhanced
by the ozonation process, which increases the abundance of
functional groups that interact with nitrogen molecules of high
affinity. The slight decrease in carbon and oxygen weights
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may be interpreted as a dilution effect due to the addition of
nitrogen. At the same time, the magnesium and calcium

residues indicate trace inorganic material remaining in the
precursor biomass.

) spectra depicted in
ations in the peak
created from acacia

Fig. 2 elucidate sig
characteristics associa

er nitrogen adsorption. These
clear indication of chemical
nation and its interaction with
nitrogen,
research.
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a of SP600 before (al, a2), SPO (b1, b2) before and SPO after TN adsorption (c1, c2)

A comparison of the spectra of the SP600 (green line) and
the SPO before adsorption to nitrogen (blue line) shows some
notable shifts and increases in peak intensity. For example, the
O-H stretching region, which is observed at approximately
3616 cm™ and 3085 cm! in the SP600, corresponding to the
hydroxyl groups retained in the original lignocellulosic
biomass, is shifted to a broader and more intense peak at 3330
cm! in the SP600. This increase in the concentration of
hydroxyl groups is consistent with the literature, which
suggests that ozonation typically results in oxidation of the

Page 6 of 26
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biochar surface, thereby increasing the concentration of
oxygen-containing functional groups [21,37]. Furthermore,
the C=0 stretching peak, initially observed at 1710 cm™ in
SP600, is slightly shifted to 1698 cm™ in SP600, reflecting the
osmotic process that results in increased carbonyl or carboxyl

functionality. New peaks at 1255 cm™ and 878 cm™,
corresponding to C-O stretching and aromatic C-H bending,
respectively, further illustrate the introduction of functional
groups that enhance surface polarity and can (Significantly
increase the material's adsorption potential [38].

Transmittance (a.u.)

O
=t -
™~

g 3330 .
— SPO BefordlN 438, . |
s 0]
:,,.,-,’}\‘.‘ ) \ g f“v J" T‘: T
s a,_‘“ P~ '.‘ e AW A i
| 3616 A 1 'RV oo
X 1, 1456 | @05 |
3085 1710, @} [ =
| ", |“\ '1
> l'
i SpPAns * 7
—(SPY . . | 16051280

4000.3500,.3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 2. ETIR results of SP600, SPO before and after TN adsorption.

When the SPO sampleds examined after the adsorption of
nitrogen (the red line), further.changes are noticeable in the
thickness of the'sediment.,The O-H stretching peak at 3330
cm-1 is significantly broadened to 3791 cm-1, suggesting
hydrogen-bonding interactions with adsorbed nitrogen or
increased/ water fetention capacity due to nitrogen
incorporation. This gbservation is consistent with the findings
of several studies, which show that increased nitrogen

incorporation can alter biochar's surface chemistry, thereby
improving its hydrophilicity and its ability to retain dissolved
ions. [21,39]. Concurrently, the C=0 stretching peak at 1698
cm’! intensifies and shifts to 1707 cm’!, suggesting new
interactions between nitrogen molecules and carbonyl groups,
which may lead to structural complexes that modify the
electronic environment of the biochar surface [40]. Moreover,
a significant new peak at 2348 cm-1 is observed after nitrogen
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adsorption, likely corresponding to N-H or N=N stretching,
confirming efficient nitrogen adsorption. Additional peaks at
1407 cm’!, indicative of possible N-H bending, and intensified
bands at 969 cm-1 and 596 cm-1, relevant to aromatic or
skeletal vibrations, indicate that nitrogen adsorption has
induced structural modifications that may improve the
material's performance [39].

Together, these FTIR analyses, combined with BET, pore
size, and porosity data, confirm that ozonation enhances the
oxygen functionality and structural porosity of biochar,
significantly improving its nitrogen adsorption capacity. The
BET and BJH data for SP600 and SPO (assumed as SPOY)
were updated to reflect the provided values: SP600 (BET
surface area: 10.621 m?/g, BJH adsorption/desorption surface
area: 5.41/3.013 m?/g, pore width: 12.3769/23.7646 nm, pore
volume: 0.01673/0.01790 cm?/g) and SPO (BET surface area:
14.685 m?/g, BJH adsorption/desorption surface area:
2.37/2.350 m?*/g, pore width: 33.2358/41.2898 nm, pore
volume: 0.01966/0.02426 cm’/g). The interpretation was
adjusted to note that while the BET surface area increases with
ozonation, the BJH surface area decreases, possibly due to
pore widening, which enhances accessibility for nitrogen
species.

3.2. Effect of Osgas rate for SPO on TN adsorption from pig
wastewater

The data in Fig. 3 highlight the significant impact of 0zone
treatment at varying airflow rates on the adsorption efficiency
of TN from pig wastewater using modified biochars derived
from acacia wood sawdust. The unmodified biocharySP600,
serves as a baseline for adsorption performance, while the
variants SPO1, SPO3, and SPOS represent biochars modified
by O3 gas with air flow rates of 1 L/min, 3 L/min, and 5 L/min,
respectively, during ozonation. The study conditions included
an initial TN concentration of 279 mg/L, an adsorbent dosage
of 0.2 g/50 mL of wastewater, a neutral pH of 7 and a contact
time of 150 min. N

The results indicate a positive correlationbetween air flow
rates during ozone generation and both the adsorption capacity
and removal efficiency. For ‘the unmodified® SP600, the
adsorption capacity was 14.17 mg/g, with a removal efficiency
0f 20.3%. This outcome is consistentwith expectations, as the
inherent structure of SP600, characterized by moderate
porosity and a limited range of oxygenated functional groups,
constrains its nitrogen-binding capabilities [41]. Upon ozone
modification, SPO1 at a I/L/min airflow rate exhibited an

improved q of 16.67 mg/g and a removal efficiency of
23.88%. This enhancement is primarily attributed to an initial
surface oxidation process that promotes the formation of
oxygen functional groups, such as hydroxylsiand carboxyls.
These groups facilitate greater nitrogen binding through polar
interactions, though the effects remain limitedidue, to the short
ozone exposure period [15]. The trend continues with the
SPO3 modification at a 3 L/min airflow tate, achieving a q of
18.96 mg/g and a removal efficiency of 27.16%: This layer of
improvement indicates that optimized airflow can effectively
enhance ozone generation, leading to a denser incorporation
of oxygen-containing functional \groups. The increased
surface hydrophilicity can thereby provide additional active
sites for nitrogen adsorption, primatily  through hydrogen
bonding or electrostatic interactions with ammonium ions and
organic nitrogen species [42].-Achieving peak performance
with SPOS5 at a 5 L/min air flow rate yields a q of 21.7 mg/g
and a removal efficiency of 31.09%.

This result suggests that higher flow rates correlate with
greater ozonghavailability,” thereby accelerating surface
oxidation and maximizing the induction of functional groups.
The increased porosity and polarity are likely to facilitate
strongeninteractions with the nitrogen compounds present in
the pig.waste and to effectively target ammonium and other
organic nitrogelg compounds under the neutral conditions
maintained during the test. The linear relationship between
adsorption capacity and removal efficiency, as shown by the
trend line, underlines the cumulative nature of oxidative
modifications affecting the biochar surface. However, it is
crucial 'to note that although 5 L/min yields the most
tremendous improvement in adsorption performance, it also
represents the upper limit for operational airflow in the
material column. Increased flow rates above this limit have
been observed to remove biochar due to increased gas
pressure, thereby interfering with the adsorption process and
risking material losses. This physical constraint underscores
the importance of balancing maximum adsorption efficiency
with operational stability and calls for further investigation of
alternative ozone-delivery methods that do not compromise
biochar integrity during treatment.

Thus, SPOS, the biochar modified under the condition of
an air flow rate of 5 L/min supplied to the ozone generator,
was selected as the adsorbent material for the subsequent
experiments on TN adsorption from pig wastewater in this
study. For convenience, SPO5 will be referred to as SPO in
the following sections.

Page 8 of 26
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SP600

e adsorption capacity slightly increases again to 7.5 mg/g
(10.77% removal), indicating that deprotonation enhances
itrogen binding capabilities, although optimal adsorption
conditions are not yet reached [45].

The adsorption capacity peaks at pH 7, where ge reaches
24.56 mg/g and the removal efficiency is 35.25%. Optimum
performance is closely related to the neutral pH, which aligns
with the point of zero charge (pHpzc), where the surface
charge is balanced. At this pH, the availability of both
protonated and deprotonated sites on the biochar maximises

At low pH 3, the adsorption capz s minimal. recorded inte.ract%on Wij[l’.l nitrogen species (NH4* an.d organic nitrogen.),
at 1.39 mg/g, corresponding o a remo Wthh. is facilitated by hyd.rogen bondm.g or electrostatic
2%. This decreased activityack ted to a highly acidic attraction between the functional groups induced by ozone

proton

environment, which is likely e oxygen-containing [46]. Observations confirming thé.lt maximum ad.so.rptlon
&, reducing their negative  °CCUrS when the surface charge is neutral or minimally

charge. This reduce i interactions with Positive are consistent with studies on the adsorption of
ammonium ions ; ich are dominant under more nitrogen species to bioc_:har [15]: .

acidic conditions shows that in such a low-pH However, a further increase in pH tq 8 resultsina decreas.e
rogen predominantly exists as 1B 9 t.o 2.0.09 mg/g and I‘emOVfﬂ efficiency to 28.84%. This
NH.*, whichdimitsibiochar's adsorption potential [43,44]. As shift mdlc.ates a more Illeg.at%vely clllarged. surface aﬁer
the pH in ere is a noticeable improvement, with deprotonation, Whl.Ch may inhibit th-e anionic nitrogen species
/g and removal efficiency reaching ©F reduce .the affinity for NH-substitution. As pH moves 19‘50
increase may be attributed to partial the alkaline range (9 and 10), the adsorption capacity

biochar derived from acacia wood sawdust, under controlle
conditions. Specifically, the study utilized an ini

dependent trend in adsorption capac
efficiency. This behaviour is due to i
the biochar's surface charge, and the n : ical form
present in the solution.

10.13%. T
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continues to decline (qe 18.17 mg/g, removal 26.07% at pH 9;
and ge 15.11 mg/g, removal 21.68% at pH 10), with high
alkaline conditions causing excessive negative surface charge,
further impeding nitrogen adsorption due to repulsion from
negatively charged nitrogen compounds [47].

After adsorption, the expected pHpzc of the SPO may
change slightly, possibly increasing to around 7.4 due to the

incorporation of nitrogen species. Since the interaction
involves proton exchange and the complexation of surface
oxygen groups, these changes may increase the net surface
charge, thereby affecting adsorption dynamicsiatdifferent pH
levels. This slight change in pH after adsorption highlights the
dynamic nature of biochar's surface chemistry during
adsorption [48,49].
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Fig. 4. Effect of pig wastewater pH on TN adsorption efficiency,by. SPO under the following experimental conditions: Initial
TN concentration of 279 mg/L, adsorbent desage of 0.2 g/50 mL, and contact time of 150 min.

3.4. Effect of adsorption time

The result in Fig. 5 illustrates the relationship between
contact time and TN adsorption efficiency for SPQ;.an 0zone-
modified biochar prepared at an airflow rate/of 5 &o/min. This
investigation was conducted under controlled experimental
conditions, specifically with an initial TN concentration of
279.16 mg/L, an adsorbent dosage of 0.2 g/50mL, and a pH
maintained at 7. The adsorption capacity and corresponding
removal efficiency increase dynamically with increasing
contact time, eventually reaching a plateau, providing insight
into the adsorption kinetics and equilibrium behaviour.

At the beginning of thé exposure period, the adsorption
capacity at a contaet,time of 30 min is 10.42 mg/g, with a
removal efficiency of 14.93%. This rapid initial uptake
indicates the availability | of abundant active sites on the
surface of the'SPO, which are enriched in oxygen-containing
functional’' groups aesulting from osmosis - a finding
documented by Wang et al. (2023) [15]. Their work shows that
ammonium nitrate-adsorption exhibits dual-phase kinetics: an

10

initial rapid phase followed by a slower phase that persists for
prolonged contact times. At the 60-min mark, a higher q of
16.21 mg/g (23.22% removal) indicates continued occupation
of available sites, consistent with prior studies that report
enhanced adsorption due to favorable interactions between
nitrogen species and biochar [15].

The trend continues with q advancing to 19.94 mg/g
(28.56% removal) at 90 min and 22.88 mg/g (32.77%
removal) at 120 min. This progression shows progressive
saturation of the outer surface and diffusion of nitrogen into
the inner pores, which is supported by findings in the biochar
literature indicating a significant potential for nitrogen
diffusion into pores and a multilayer adsorption dynamics that
influence the adsorption process [50]. The peak adsorption
capacity occurs at 150 min, with q of 24.69 mg/g and a
removal efficiency of 35.37%, suggesting that this time
approaches equilibrium under the stated operational
conditions, consistent with optimization studies indicating that
prolonged contact enhances nitrogen uptake [51]. As time
exceeds 150 min, the observed increase in q becomes less
pronounced; it reaches 25.96 mg/g (37.19% removal) at 180

Page 10 of 26
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min and 30.25 mg/g (43.35% removal) at 240 min. This
behaviour suggests a more profound mechanism, such as pore
diffusion or multilayer adsorption, as discussed by Ling et al.
(2021) [52], who note that the adsorption properties may be
significantly affected by the spatial and kinetic dynamics of
nitrogen interactions with the biochar surface.

From 270 min onward, the adsorption capacity stabilizes,
ultimately achieving a plateau at approximately 32.38 mg/g
(46.39% removal) from 270 to 360 min. This stabilization
indicates that the adsorption process has reached a balance in
which the rate of nitrogen absorption equals the rate of
desorption, indicating that all available active sites have been
occupied. This balance behaviour is necessary to optimise the
treatment processes, especially in scenarios similar to those
described by He et al. [50], where a rapid initial adsorption
followed by a slower kinetics was observed in nitrogen
removal methods.

The determined optimal contact time of 270 min, with ge
stabilising at approximately 32.38 mg/g and removal
efficiency reaching a peak of 46.39%, indicates that this time
is sufficient for maximum nitrogen adsorptionr under the
conditions evaluated. Moreover, the previous peakiat 150 min
is well aligned with the optimum pH of<7;vas shown'in
previous studies, where the pHPZC for SPO was alse 7, thus
balancing surface charges and allowing efficient binding. This
constant increase in adsorption  capacity beyend<150 min
reflects the heterogencous nature of the nitrogen species
present, particularly ammonium| (NH4") ‘and the “organic
nitrogen forms typical of pig waste, which require a longer
contact time to effectively penétrate the porous structure of the
biochar substrate. The results of thisdinvestigation highlight
the need for future experimental designs to maintain pH at 7
and contact time at 270 min to maximise nitrogen adsorption
efficiency while maintaining| the practicality of the

application.
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Fig. 5. Effect of contact time onTN removal efficiency using SPO materials under specific conditions (initial TN
concentration: 279 mg/L, adsorbent dosage: 0.2 g/50 mL, pH: 7).

3.5. Effect of SPO dosage on TN adsorption

11

The data presented in Fig. 6 elucidate the effect of SPO
dosage on TN adsorption efficiency from pig wastewater
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under controlled conditions: an initial nitrogen concentration
of 280 mg/L, a pH of 7, and a contact duration of 270 min.
At the lowest SPO dosage of 0.05 g/50mL, an adsorption
capacity of 101.23 mg/g is recorded; however, the removal
efficiency is relatively low at 36.15%. This finding suggests
that the availability of limited active sites may limit the total
adsorption capacity. According to Wang et al. (2023) [15],
sufficient adsorption is required to bind nitrogen species,
thereby facilitating efficient adsorption. Although the specific
capacity per unit weight of the SPO is high, the overall limited
adsorption capacity may compromise the removal percentage
due to limited contact between the adsorber and the nitrogen
species in the wastewater. When the dosage is increased to 0.1
g/50mL, the adsorption capacity decreases to 57.84 mg/g,
while the removal efficiency rises to 41.31%. Enhanced
removal efficiency indicates increased availability of active
sites, as a higher SPO dose reduces the adsorption burden per
unit mass of adsorbed material and thereby improves nitrogen

uptake. This trend continues, reaching 46.72% removal
efficiency at 0.2 g/50 mL, with qe dropping to 32.71 mg/g.
This behavior aligns with findings by Pan et al., (2024) [53],
who reported that adsorption dynamics depend on balancing
active site availability and nitrogen /concentration.
Interestingly, at 0.4 g/S0mL of SPO, ge declinesito 18.4. mg/g
while removal efficiency rises to 52.58%.(This decrease in q
while increasing the removal efficiency indicates that other
active sites may be involved in‘non-productive. interactions
due to the low concentrations of the,remaining, nitrogen
species. This suggests that the (nitrogen concentration in
solution becomes saturable at the available sites, as discussed
by Kaetzl et al. (2020) [54] regarding the limitation of
excessive use of adsorbent-persistént  lubricant. Further
increases to 0.6 g/50mL._yield a qe of 14.18 mg/g and a
removal efficiency of 60.75%. At:0:8 g/50mL, q stabilizes at
10.67 mg/g with the same rémoval efficiency.
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Fig. 6. Effect of SPO dosage on TN removal efficiency under specified experimental conditions (initial TN concentration:
280 mg/L, pH: 7, contact time: 270 min)

This plateau shows that, as removal efficiency increases,
the marginalsgains, in ge indicate that the adsorbent is
approaching saturation. These data are in line with the findings
of Janyasupab and Jampeetong (2022) [55], which highlight
the relationships._among dose, active site saturation, and

12

nitrogen concentration in wastewater treatment. By applying
a dosage of 1 g/50 mL, q further declines to 8.54 mg/g, with a
slight increase in removal efficiency to 60.98%. This indicates
a saturation point beyond which excess adsorbent yields
diminishing returns and renders additional SPO less effective

Page 12 of 26
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at increasing nitrogen removal efficiency. Data highlight the
inverse relationship between qe and removal efficiency at
higher doses, suggesting a trade-off between increased site
availability and reduced adsorption efficiency per unit weight.

The plateau in removal efficiency around the 0.6 g/50mL
dosage, achieving approximately 60%, indicates that this

3.7. Effect of TN concentration

The data in Fig. 7 show the effect of the initial TN
concentration on the adsorption performance and efficiency of
SPO, an ozone-modified biochar. This evaluation was
conducted under controlled experimental conditions, featuring
a contact time of 270 min, an adsorbent dosage of 0.6 g/50mL,
and a maintained pH of 7. Pig waste was collected and
analysed for TNN concentrations, then diluted with fresh
water to reach the experimental target concentration.

At the highest initial N concentration examined (278.79
mg/L), the adsorption capacity is 14.04 mg/g, with a removal
efficiency of 60.43%. This increased q can be attributed to the
strong driving force of the concentration gradient, which
facilitates rapid occupation of the available active sites on the
SPO surface. The surface is enriched in oxygen-containing
functional groups via ozonation, thereby enhancing the
adsorption interactions discussed above [56]. Their findings
show that higher concentrations of nitrogen in the solution
may increase adsorption capacity by increasing the
availability of nitrogen species, thereby creating a gradient
favourable to the transport of matter. As the initial nitrogen
concentration decreases to 139.39 mg/L, the adsorptive
capacity declines to 7.69 mg/g; however, themremoval
efficiency increases to 66.27%. This observation suggests that
the lower nitrogen content relative to the fixed adsorbent
content enables more efficient capture of aitrogen species,
despite a decrease in the individual adsorption per unit weight.
This phenomenon is characterised by a reduction insediment
pressure, leading to an increase in sediment thickness. The
amendment to the mandate by Ahmadvand et-al:(2018) [57]
notes that lower initial concentrations facilitate efficient
adsorption by allowing the adsorber to, systematically bind
nitrogen species on the ‘available  surface without
overwhelming the active sites.

13

quantity is sufficient to adsorb the majority of the original
nitrogen concentration. Consequently, future experiments in
this ongoing research will be conducted with an SPO dosage
of 0.6 g/50mL, maintaining the previously established optimal
conditions of pH 7 and a 270-minute contact time to.maximize
nitrogen removal efficiency from pig wastewater:

At lower concentrations of 92.93 mg/LL, 69.69 mg/L, and
55.75 mg/L, the adsorption capacities decrease further to 5.49
mg/g, 4.39 mg/g, and 3.72 mg/g, respectively, while the
removal efficiencies increase progressively t0%.71.02%,
75.59%, and 80.15%, respectively. This steady increase in the
percentage of removal, together ‘with the decrease in q, means
that the fraction of adsorbed mitrogen increases as
concentration decreases, which results in a higher rate of
active sites being used until saturation. This trend follows the
Langmuir adsorption/isotherm_model, which states that
adsorption capacity increases with increasing concentration
until all active sites are saturated.

Beyond 55.75 mg/L, the'gradual decrease of q continues;
in particular, at46.46 mg/L, q is reported at 3.24 mg/g with a
significant elimination efficiency of 83.69%, and further down
to 2.18 mg/g at the lowest assessed concentration of 27.87
mg/L with a significant elimination efficiency of 93.67%. The
observed plateau in q at lower concentrations, together with
the/near-linear igcrease in the removal efficiency, indicates
that, the adsorption process is approaching a tipping point.
These| findings support the idea that as available nitrogen
approaches the threshold for active sites, removal efficiency
canincrease while capacity per unit weight decreases [58].

The inverse correlation between q and the removal
efficiency highlights a concentration-dependent adsorption
mechanism. At high initial TN concentrations, such as 278.79
mg/L, the SPO surface becomes saturated, limiting further
increases in removal efficiency. Conversely, at low initial
concentrations (e.g., 27.87 mg/L), excess active sites are
available, facilitating near-complete nitrogen uptake and
maximising removal efficiency. This behaviour is consistent
with Langmuir-type isotherms, in which the adsorption
potential increases with concentration until it reaches a
maximum.
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Fig. 7. Effect of TN concentration on the adsorption performance and efficiency of SPO materials under specified
experimental conditions (contact time: 270:min, adsorbent dosage: 0.6 g/S0mL, pH: 7).

3.8. Total nitrogen adsorption isotherms and kinetics

The kinetic analysis of TN adsorption from pig wastewater:
onto SPO, an ozone-modified biochar, is presented in Fig: 8a
and Table 1, providing a comprehensive understanding of the
adsorption dynamics, particularly under optimized conditions
(pH 7, adsorbent dosage 0.2 g/50 mL, contact time 0f240—270
min, and initial N concentration around 279 mg/L;, as
established in prior analyses). The experimenta%iata and fitted
models - including pseudo-first-order,/pseudo-second-order,
and Elovich - offer insights into | the /undetlying rate-
controlling mechanisms and equilibrium behavior.

As depicted in Fig. 8a, the adsorption capacity (qi, mg/g)
as a function of time displays ansinitial steep/rise, followed by
stabilization around the 270-300 min, period. This plateau
aligns with the previously identified equilibrium time (Fig. 5)
and confirms the integrityof the experimental results. The
equilibrium adsorption capacity « (geexp) Of 24.51 mg/g
measured at 24.51 mg/g corroborates well with the plateau
observed between 24.69n.and 32.56 mg/g in previous
experiments, suggesting censistent adsorption behavior [59].

The pseudo-first-order Kinetic model yielded a calculated
equilibrium‘capacity (qg) of 23.87 mg/g, with a rate constant
(k1) of 0.1 min™! and'a correlation coefficient (R?) of 0.4531.
These results. suggest that the model does not adequately
describe the adsorption data, possibly because it assumes a

single-site adsorption process that fails to capture the complex
surface, chemistry of SPO [60]. Conversely, the pseudo-
second-order model demonstrates improved correlation,
yielding a calculated qm of 25.87 mg/g, a rate constant (k») of
0.0065 g/mg-min, and a notably high R? of 0.9310. This
suggests that the adsorption process is better characterised by
a chemisorption mechanism involving the sharing or exchange
of electrons between the oxygen-rich functional groups of
nitrogen (e.g., NH4") and oxygen. The close match between
Qm,cal (25.87 mg/g) and qe,exp (24.51 mg/g) further validates the
applicability of this model.

The Elovich model, although not graphically distinct, is
parameterized in Table 1, revealing an initial adsorption rate
(a) of 39.24 mg/g'min and a desorption constant (b) of 0.28
g/mg, with a high R? of 0.9484. This model efficiently
accounts for the heterogeneity of the surface and the
multilayer adsorption phenomenon [61], suggesting that
nitrogen adsorption on the SPO occurs on a heterogeneous
surface with different activation energies. This finding is
consistent with changes observed in the FTIR and EDS
analyses (Fig. | and Fig. 2), which show that ozone treatment
significantly altered surface properties, thereby increasing
adsorption capacity. The initial high rate (a) indicates rapid
use of available active sites, while the gradual increase in the
desorption constant (b) supports the idea of saturation in
accordance with the observed trough after 270 min. Kinetic
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results support the findings of the contact time study (Fig. 5),
where the adsorption efficiency peaked and stabilised between
270 and 360 min.

The preference for the pseudo-second-order and Elovich
models over the pseudo-first-order model underscores that the
adsorption is not merely diffusion-controlled, but is
influenced by significant chemical interactions, likely
enhanced by the functional groups (e.g., carboxyl, hydroxyl)
introduced during ozonation. The optimal pH of 7, situated
closely to the estimated pHpzc of SPO, further supports

effective electrostatic and hydrogen bonding interactions, as
corroborated by the pH study (Fig. 4). Therefore, the kinetic
analysis confirms that the adsorption of TN from pig
wastewater onto SPO is characterized as a)chemisorption
process on a heterogeneous surface, achievingan equilibrium
capacity of approximately 24.51-25.87 mg/gs These findings
will guide the design of future adsorption experiments and
optimisation of conditions to maximise the nitrogen removal
efficiency.
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Fig. 8. Kinetic (a) and isotherm (b) analyses of TN adsorption from pig wastewater onto SPO materials
Table 1. Kinetic model parameters for TN ‘adsorption frompig wastewater using SPO materials
Pseudo- first-order model Pseudo-second-order model
2 3 Qeexp (ME/g)
q. (mg/g) ki R Qom,cal (MZ/Q) ks R
23.87 0.1 0.4531 25.87 0.0065 0.9310 24.51
Elovich model
a b R2
39.24 0.28 0.9484

The isotherm analysis of TN adsorption, from pig
wastewater onto SPO, an ozone-modified biochar, is depicted
in Fig. 8b and detailed in Table 2, offering a comprehensive
evaluation of the equilibrium adsorption, behavior under
optimized conditions (pH 7, adsorbent dosage 0.6 g/50mL,
contact time 270 min). The'experimental data (magenta
diamonds) in Fig. 8b show a near-linear increase in
equilibrium adsorption capacity (q., mg/g) with equilibrium
concentration (C., mg/L) across the tested range (20-180
mg/L), suggesting /a lack of “saturation within this
concentration window,»which /contrasts with the typical
plateau observed in Langmuir isotherms at higher
concentrations.

The Freundlich.model provides an exceptional fit to the
experimental data, with'a Freundlich constant (Kf) of 1.459
(mg/g)/(mg/L)", a heterogeneity factor (nr) of 2.146 and an
extraordinarily high«correlation coefficient (R = 0.9612). The
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nr value slightly above 1 indicates favorable adsorption,
reflecting strong interaction between TN and the
heterogeneous surface of SPO. The high R? suggests that the
adsorption process is well-described by multilayer adsorption
on a heterogeneous surface [62,63], consistent with the
complex, oxygen-rich surface functional groups induced by
ozonation (as observed in FTIR, Fig. 2 and EDS, Fig. 1). This
aligns with findings by Devasena et al., (2020) [64], who
emphasized the significance of surface heterogeneity in
biochar-derived adsorbents. The predominance of the
Freundlich model indicates that adsorption sites on the SPO
exhibit varying intensities, suggesting that the adsorption
process may involve multiple layers. This conclusion is
consistent with the high R? observed for the Elovich kinetic
model (0.9484, Fig. 8a), which also underscores surface
heterogeneity as a prominent factor in the adsorption
mechanism.
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In contrast, the Langmuir model, with a maximum concentrations, beyond the current experimental range. This is
adsorption capacity of 11.47 mg/g, a Langmuir constant (K1) supported by the concentration study (Fig. 7), where qc
of 0.0915 L/mg, and a lower correlation coefficient (R? of increased with initial TN up to 278.79 mg/L without
0.7452). The model shows a poorer fit and a linear trend in plateauing, and by the pH study (Fig. 4),ewhere optimal
Fig. 8b that fails to capture saturation within the tested C. adsorption at pH 7 (near pHpzc 7.4) enhanced surface
range. The relatively low qmax is consistent with the interactions, as well as the contact time study (Fig. 5), where
experimental capacities observed (e.g., 24.51 mg/g from equilibrium at 270 min allowed sufficient “multilayer
kinetics, Fig. 8a and 32.71 mg/g at 0.6 g/50 mL, Fig. 7), development..
indicating that adsorption sites are not fully occupied under Therefore, the Freundlich model is the most appropriate
the studied conditions. The moderate K value suggests for describing N adsorption onto SPO within the current Ce
reasonable affinity between SPO and TN, but the low R? range (1.76-110.32 mg/L), with adsorption ¢apacity governed
reflects that monolayer coverage is not the dominant by surface heterogeneity and  multilayer ~formation, as
mechanism in this concentration range. reflected by Kr = 3.22 and ng'= 3.803.:The Langmuir model

The superior fit of the Freundlich model (R2=0.9612) over suggests a theoretical monolayer capacity of approximately
Langmuir (R? = 0.7452) underscores that heterogeneous, 11.47 mg/g under the tested,conditions, but achieving full
multilayer adsorption governs TN uptake at the tested saturation would likely requitesmuch higher initial TN
concentrations (27.88-278.79 mg/L), driven by diverse concentrations (e.g., beyond 278.79 mg/L) in future
surface sites and energy distribution [65]. The Langmuir experiments, whilé maintaining'the optimized conditions of
model’s limited applicability here suggests that monolayer pH 7 and 0.6 g/50mlL dosage to exploit SPO’s adsorption
saturation may only occur at significantly higher TN potential fullys

Table 2. Parameters and correlation coefficients of isotherm models.for TNyadsorption using SPO materials
Langmuir model

Qmax (mg/g) Ky (L/mg) R?
11.47 0.0915 N 0.7452
Freundlich model y
Kr ((mg/e)/(mg/L)") nr R?
1.459 2.146 0.9612

R? values suggests minimal overfitting, despite the ensemble's
complexity, which is known for effectively capturing
nonlinear interactions in adsorption processes [66,67]. The
existing literature confirms these findings and demonstrates
the benefits of RF in environmental modelling [67].

3.9. Machine learning modelling

The evaluation of the performance of machine learning
models - namely Random Forest (RF), Support, Vector i ]
Machine (SVM), Gradient Boosting Machine (GBM)pand In contrast, the SVM model (Fig. 9b) demonstrates mixed

. i 2

Extreme Gradient Boosting (XGB) - _in predicting TN performance: a tra‘?“nf‘% R* of 9'899’ RMSE of 7.678, a_nd

adsorption capacity on ozone-modifiéd bi (;&.ar (SPO) is MAE of 3.09, but significantly improves on the test set with
2

depicted in Fig. 9. The analysis employs/scatter plots that R* of 0.97, RMSE of 1.918 and MAE of 1.673. The overall

o )
juxtapose predicted versus actual values across both training performance, indicated by an R” of 0.896, RMSE of 6.999 and

and testing datasets, incorporating eritical statistical metrics MAE of 2.‘83 4, reflects moderatc? predictive success. The
such as correlation coefficient (R2), Root Mean Square Error significant improvement observed in the test set suggests that
(RMSE) and Mean Absoluté Error (MAE). These metrics SVM may have initially under-fitted the training data, mainly

provide a comprehensive fiimework forassessing the model's because of its sensitivity to kernel selection and regularization
accuracy in environmental &pplications, particularly in parameters. However, its ability to generalise efficiently to
adsorption phenomena, as reported inrelevant environmental non-visible data is demonstrated by low test RMSE and MAE,

and modelling studies which confirm its applicability to the complex adsorbing
The RF model; presented!in Fig. 9a, reveals strong properties of SPO [68’69]' o
predictive capability withaa training R? of 0.957 , RMSE of The GBM model (Fig. 9¢) demonstrates strong predictive
4.463, and MAE of 2.519. The corresponding test set yields performance, achieving a training R* of 0.914, RMSE of 5.779
an R2 of 0958, RMSE-of 12.376 and MAE of 1.783. The and MAE of 2.274, with an even better test R? of 0.965, RMSE
overall RZof 0 §57 doupled with an RMSE of 4.15 and MAE of 1.881 and MAE of 1.31. The overall performance across all
’ ’ ; 2 — — —
of 2.387, vindicating excellent model fit and robust data yields R* = 0.917, RMSE = 5.293 and MAE = 2.1,

generalization. The close alignment between training and test indicating robust generalization and high accuracy in

16
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predicting adsorption capacity. The superior test-set metrics
relative to training suggest effective regularization and no
significant overfitting, confirming GBM’s ability to capture
complex, non-linear relationships in the adsorption process
through iterative boosting and ensemble learning. This
excellent fit validates its utility for optimizing SPO-based TN
removal under varying operational conditions.

Similarly, the XGB model (Fig. 9d) delivers the best
overall performance, with training R? of 0.998, RMSE of
0.852 and MAE of 0.524 and test R? of 0.986, RMSE of 1.185
and MAE of 0.764. The overall metrics are R? 0f0.997, RMSE
of 0.921 and MAE of 0.567, underscoring superior accuracy
and generalization. XGB effectively mitigates overfitting

RF

Trakes: R« 0.967 | RMSE = 4,463 | MAR = 2510
Tost: R* = 0.952 | RMSE = 2.376 | MAE = 1.783
AR R = 0.957 | RMSE = 4,165 | MAE = 2387
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through built-in regularization, gradient optimization and
handling of complex feature interactions, making it highly
suitable for predicting TN adsorption on SPO [70].

The benchmarking analysis shows that both XGB and RF
outperform GBM and SVM, with XGB achieving 'the highest
predictive accuracy and robustness (overall R%#=.0.997). The
R? values across all models range from 0.886 (SVM)ito 0.997
(XGB), confirming practical applicability. The| results
strongly recommend XGB as the optimal model for future
predictions, particularly when integrating key  adsorption
variables such as pH (Fig. 4), contact timey(Fig. 5), dosage
(Fig. 6) and initial concentration (Fig. 7) to enhance
forecasting precision for nitregen adsorption capacity.

SVM
Trakn: R* = 0.899 LAMSE « 7 878 | MAE « 409
Tost R* = 0.97 LAMSE = 1.048 =167
Al R = 0,896 | RMSE = 6008 =24834
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Train: R* = 0.998 | RMSE = 0.703 | MAE = 0.331
Teat R* = 0.0735 | RMSE = 1,145 | MAE « 0.680
AN R* = 0.990 | RMSE = 0.001 | MAE » 0396
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Fig. 9. Prediction of TN adsorption capacity onto SPO using machine learning models: Random Forest (RF), Support Vector
Machine (SVM), Gradient Boosting Machine (GBM), and Extreme Gradient Boosting (XGB).
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The SHAP (Shapley Additive exPlanations) summary plot
presented in Fig. 10, derived from the analysis of the Extreme
Gradient Boosting (XGB) model, provides a comprehensive
assessment of the feature importance and its influence on
predicting TN adsorption efficiency onto ozone-modified
biochar (SPO). The SHAP values, plotted on the x-axis
ranging from -80 to +80, reflect the effect of various features
such as Ads_dos (adsorbent dosage), N_con (initial nitrogen
concentration), Time (contact time) and pH (pig wastewater
pH), represented on the y-axis. The intensity of the points
(ranging from yellow to purple) corresponds to the values of
the elements, allowing a visual representation of their
contribution to the predictions.

The analysis quantitatively reveals the mean absolute
SHAP values: Ads_dos (7.736), N_con (3.607), Time (2.401)
and pH (2.612). These values signify the overall influence of
each feature on adsorption efficiency. Notably, Ads dos,
which has the highest mean SHAP value of 7.736, displays a
range of SHAP wvalues from approximately -40 to +70,
particularly at higher dosages (purple points). This finding
indicates that increased Ads dos substantially enhances
adsorption efficiency. These results are consistent with those
in Fig. 6, where removal efficiency increased from 36.15% at
a dosage of 0.05 g/50 mL to 60.75% at 0.6 g/50 mL.

Conversely, negative SHAP values observed at lower dosages
(around -40) indicate reduced efficiency, likely due to a
deficiency in available active sites for nitrogen» adsorption
[71].

Following Ads_dos, N_con demonstratesamean SHAPof
3.607 with values spanning from -30 to +60: Higher
concentrations, represented by purple 4dots, correlate with
positive SHAP values, confirming that increased initial
nitrogen concentrations significantly nenhance' adsorption
capacity. This observation parallels outcomes illustrated in
Fig. 7, where the equilibrium adsorption capacity increased
from 2.18 mg/g at 27.87 mg/lst014.04 mg/g at 278.79 mg/L,
corroborated by the Freundlich model's dominance (R?* =
0.9256, Table 2) and the absence of plateau within the tested
range [72]. ~

pH, conversely, exhibited the lowest mean SHAP of 1. pH
contributes a meahSHAP of 2.612, with positive impacts
concentrated around mneutral to slightly alkaline conditions
(purple clustetsnear SHAP > 0). This corroborates Fig. 4,
where the maximum.ge (24.56 mg/g) occurred at pH 7, close
to the pHPZC of 7.4, facilitating electrostatic neutrality and
optimalssurface interaction. The compact SHAP distribution
suggests. that pH has a pronounced but narrow optimal
window [73].

&
-
Ads_dos |7.7s ]
°
N_con |1.e7
N
pH 2612 !
'.
Jime | 2401 ‘
-80 -60 -40 -20 0 20 40 60 80
SHAP values
Feature value -
Low Hgh

Fig. 10. SHAP analysis of the XGB model for TN adsorption efficiency onto SPO. Note: Ads_dos - SPO dosage, N _con - TN
concentration, pH - pig wastewater pH, Time - contact time.
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Time shows the least influence, with a mean SHAP of
2.401, but positive SHAP values dominate at longer durations
(purple points), supporting the kinetic results in Fig. 5, where
equilibrium was reached by 270 min (qe. = 32.56 mg/g). The
modest spread indicates diminishing returns beyond this
threshold, reflecting diffusion-limited multilayer adsorption
[74,75]

The ranking of mean SHAP values (Ads_dos > N _con >
pH > Time ) reinforces the substantial predictive accuracy of
the XGB model (R?> = 0.997, as seen in Fig. 9d). The
dominance of Ads_dos is pivotal as it fundamentally controls
active site availability, a crucial factor in the chemisorption
process, which aligns with the pseudo-second-order model
presented in Fig. 8a. Furthermore, the positive SHAP trends

3.10. Mechanism of TN adsorption using SPO

The adsorption of TN from pig waste to SPO, an ozone-
depleted biochar from acacia wood sawdust, works by a
hybrid mechanism involving both chemisorption and
adsorption by multiple layers on a heterogeneous surface (Fig.

Chemisorption

« Initial strong chemical
interactions between NH *

and O-rich fu

AUTHOR SUBMITTED MANUSCRIPT - MRX-131832.R2

for increased Ads dos, N_con, pH and Time correlate with
established isotherm fits, including both Langmuir and
Freundlich models (Fig. 8b), signifying that XGB effectively
encapsulates the complexities of the ¢heterogeneous,
multilayer adsorption mechanism enhanced by the,ozonation
process, as demonstrated through FTIR analysis (Fig./2).
Therefore, the insights gained from this SHAP hanalysis
suggest that forthcoming experimental designs should focus
on fine-tuning Ads_dos within the range of 0.2 t0,0.6/g/50 mL,
optimizing N_con up to approximately 278 mg/L, maintaining
contac time at 270 min, while ensuring pHis'held at 7,in order
to maximize nitrogen adsorption efficiency. This strategy
leverages the robust featuresprioritization identified in the
XGB model.

11). This complex process s strongly influenced by the
speciation of nitrogen dn the wastewater and by the modified
surface chemistry of the biochar. These mechanisms work in
synergy to optimis€ the trapping of nitrogen species and their
effectiveness depends non’ the structural and chemical
properties of the. SPO, as demonstrated by analytical methods
such as SEM, EDS, FTIR‘and pHpzc testing.

{ ‘Organl;h\
. }‘. N l’v‘
Multila;er Adsorption o

**Occurs on porous, heterogeneuous
SPO surface with varying energy sites

« Sequential adsorption into free sites
builds up additional N layers,
particularly organic nitrogen (e.g.,
amino acids, proteins)

Fig. 11. Adsorptionsmechanisms of TN from pig wastewater using SPO materials.

The mechanism is characterised by a critical role for
neurotransmitter antagonists, which.primarily involve strong
chemical interactions between «nitrogen species and the
oxygen-rich functional groups on the surface of the SPO. The
ozonation process’increasesithe’availability of the hydroxyl (-
OH) and carboxylic acid{(-COOH) groups on the biochar.
FTIR analysis shows significant peaks at 3330 cm™! (indicative
of O-H stretching) and'1698 cm! (indicative of C- stretching),
which are modifiéd to 3791 cm™ (indicative of O-O
stretching) ‘and 1707 cm™ (indicative of nitrogen binding),

respectively, which highlights the active involvement of these
functional groups in the nitrogen binding process.

The carboxyl (-COOH) and hydroxyl (-OH) functional
groups introduced via ozonation play pivotal roles in nitrogen
binding during the adsorption of TN from pig wastewater onto
SPO biochar, primarily through chemisorption mechanisms
that enhance electrostatic interactions, ion exchange, and
hydrogen bonding. Specifically, -COOH groups, with a pKa
range of approximately 4-5, undergo deprotonation at the
optimal pH of 7 (near the biochar's point of zero charge, pHpzc
~ 7.4), forming negatively charged carboxylate ions (-COO")
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that facilitate strong electrostatic attraction and ion exchange
with predominant ammonium cations (NH4", comprising 50—
70% of TN) [39,76]. This process significantly increases the
cation exchange capacity (CEC) of the biochar, allowing NH4*
to displace protons or other cations (e.g., Na', K), as
evidenced by the FTIR spectral shift from 1698 cm™ (C=0
stretching in -COOH) to 1707 cm™! post-adsorption, indicative
of complex formation such as NH4"...COO™ [15]. Studies on
acid-modified biochars have demonstrated that increases in -
COOH content can boost ammonium adsorption capacity by
14-40%, underscoring their chemisorption dominance during
the initial rapid phase [41,77]. Complementarily, -OH groups
impart hydrophilicity to the biochar surface, promoting
hydrogen bonding with ammonia (NHs, derived from
NH4"/NH3 equilibrium at pH 7) and organic nitrogen species
(e.g., amino acids and proteins, 20-40% of TN), where the
hydrogen from NH species interacts with the oxygen in -OH,
yielding bond energies of 5-30 kJ/mol [17]. This is
corroborated by the broadening and shift of the O-H stretching
peak from 3330 cm™ to 3791 cm™! in FTIR spectra, reflecting
increased surface polarity and water-mediated interactions
that support multilayer adsorption on heterogeneous surfaces
[21]. The synergistic action of -COOH and -OH, amplified by
ozonation-induced surface oxygenation (oxygen -content
rising from 17.11 wt% to 22.28 wt%), aligns with pseudo-
second-order kinetics (R? = 0.9310) for chemisorption and
Freundlich isotherm (R? = 0.9999) for multilayer buildup,
resulting in a 30-50% increase in overall nitrogen adsorption
efficiency compared to unmodified biochars, as validated by
experimental data and machine learning predictions [18,37].

At the optimal pH level of 7, which is close to the pHpze
of 7.4, the surface of SPO is predominantly neutral, thereby
minimizing repulsive forces and enhancing electrostatic
attraction with positively charged ammonium ions,(NH4") that
prevail in pig wastewater. The predominant form of mitrogen
under these conditions is ammonium nitrogen (NH4™=N),
accounting for approximately 50—70% of the 'l% arising from
the microbial degradation of urea and proteins. Other nitrogen
forms include organic nitrogen (e.g., ' amino acids, proteins,
20—-40%) and minor fractions of nitrate (NOs-N) or nitrite
(NO2-N) under aerobic conditions [78]. This distribution is
supported by a high adsorptionscapacity,(24:56 mg/g) and a
removal efficiency of 35.25% at this neutral pH, with post-
adsorption SEM and EDS measurements indicating a nitrogen
content of 9.28 wt%.

Multilayer adsorption further.increases nitrogen trapping
on the heterogeneous surfaces of the SPO, which has a porous
structure as seendn SEM images. Osmonation enhances the
porosity and availability of reactive sites on the biochar and
facilitates the subsequent adsorption of other nitrogen forms,
especially organic nitrogen, which can form hydrogen bonds
with -OH and -COOH groups. As demonstrated in contact
time studies, the adsorption capacity increases significantly to

20

32.56 mg/g at longer contact times, indicative of a two-phase
process in which initial rapid chemisorption is followed by a
slower multilayer buildup in the internal pores of SPO [79].
The XGB model (Fig. 9d) and SHAP analysis (Fig. 10)
reinforce this mechanism. Ads_dos (mean SHAP =7.736, -40
to +70) drives chemisorption site availability; N, con’(méan
SHAP = 3.607, -30 to +60) enhances the driving force for
multilayer adsorption and Time (mean SHAP = 2.401, -20 to
+30) supports diffusion. In contrast, pH (mean SHAP =2.612,
-20 to +30) optimizes charge interactions.at pH 7.

The concentration study reveals ‘that the rtemoval
efficiency peaks at 93.67% at“a nitrogen concentration of
27.87 mg/L. This suggests that lower nitrogen concentrations
facilitate the efficient formation of amultilayer structure, as
the active sites remain largely unsaturated, a factor crucial for
increasing adsorption/efficiency [80]. The role of surface
heterogeneity is critical, asdllustrated by the use of the Elovich
kinetic model and{the Freundlich isotherm to represent the
diverse landscape of the'SPO. In addition, ozonation-induced
changes, suchdas the appearance of new FTIR peaks at 1255
cm-1 (C-O).and 878 cm-1 (C-H), contribute significantly to
this diversity andisupport both chemisorption and multilayer
adsorption mechanisms [81].

Pore diffusion is critical to the overall adsorption process,
and the porous structure of the SPO enables nitrogen species
topenetrate 'deeper into the biochar matrix. This property is
supported by the persistent nitrogen uptake observed during
the initial contact period in the studies. Overall, the
interactions and mechanisms underlying nitrogen adsorption
by SPO underscore its promise as an efficient adsorbent,
driven by a combination of improved surface chemistry and
structural properties that enable optimal nitrogen removal
from wastewater [82,83].

3.11. Applicability,
scalability

reusability, cost analysis and

While the current study demonstrates promising TN
adsorption performance of ozone-modified acacia wood
sawdust biochar (SPO) under optimized lab-scale conditions
(pH 7, 0.2-0.6 g/50 mL dosage, 270 min contact time), the
experiments were limited to batch-mode tests at small
volumes (50 mL) with simulated and filtered real swine
wastewater (initial TN: 27-279 mg/L). This constrains direct
claims of field-scale applicability, as factors like continuous
flow dynamics, variable wastewater matrices (e.g., fluctuating
COD/N ratios), and long-term column clogging were not
evaluated. To bridge this gap, future work should incorporate
fixed-bed column studies and pilot trials at swine farms,
potentially integrating SPO into post-biogas polishing units
for enhanced nutrient recovery. Preliminary modeling
suggests SPO could achieve 40-50% TN reduction in full-
scale anaerobic-aerobic systems, mitigating eutrophication
risks while producing value-added fertilizer precursors [84].
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Building upon the optimized adsorption conditions and
mechanistic insights established in this study, future research
will focus on the recovery and valorization of adsorbed
nitrogen and ammonia from SPO to promote a circular
economy in livestock wastewater management. Specifically,
the nutrient content fixed within post-adsorption SPO (e.g.,
NH4"-N, NO;-N, and organic nitrogen forms) will be
quantified using established analytical methods, including the
Kjeldahl procedure, Devarda’s alloy reduction, and advanced
spectroscopic techniques. This will enable a precise
assessment of nitrogen bioavailability and transformation
dynamics under soil incubation conditions, including
microbial-mediated mineralization and slow-release kinetics
in degraded soils. Field trials will evaluate SPO's efficacy as a
biofertilizer for remediating nutrient-depleted agricultural
lands, comparing its performance with synthetic fertilizers in
terms of soil fertility enhancement, crop yield improvement,
and reductions in chemical fertilizer inputs (estimated at 30—
50% nitrogen savings). These efforts address the urgency of
nitrogen removal from pig wastewater, which, if unmanaged,
exacerbates environmental degradation through
eutrophication, biodiversity loss and air pollution from
ammonia volatilization. By integrating recovery, the approach
yields broader benefits: environmentally, it mitigates reactive
nitrogen emissions that exceed planetary boundaries and
reduces fossil-based fertilizer demand.

The recyclability of ozone-modified acacia wood sawdust
biochar (SPO) for total nitrogen (TN) adsorption from pig

35

wastewater was assessed over five consecutive adsorption-
desorption cycles, as illustrated in Fig. 12. The initial
adsorption capacity in cycle one was recorded at 32.57 mg/g,
reflecting optimal surface functionality ¢and porosity.
Subsequent cycles demonstrated a progressive 'decline in
capacity, with values of 28.53 mg/g (87.60% retention relative
to cycle 1), 24.22 mg/g (74.36% retention), 21.65 mg/g
(66.47% retention), and 17.35 mg/g (53:27% retention) in
cycles 2 through 5, respectively. This attenuation'is likely
attributable to incomplete desorptiony.of boundy nitrogen
species, gradual deactivation of oXygen-containing functional
groups (-OH and -COOH) during regeneration and minor pore
blockage from residual organic’ matter in the wastewater
matrix, consistent with observations, in similar modified
biochars. Despite the observed reduction, SPO retained over
50% of its initial capa€ity after.five cycles, underscoring its
moderate reusability . and  potential for cost-effective
deployment in multi-cycle wastewater treatment systems.
These results indicate that ‘SPO is viable for 3—4 practical
cycles before gignificant performance loss, with implications
for scalable_applications’ in intensive livestock operations,
where spent adsorbent could be repurposed as a nutrient-rich
soil amendment to ‘promote circular economy practices.
Future. studies should explore advanced regeneration
techniques, sucI%as thermal or alkaline desorption, to further
extend cycle life and enhance economic feasibility.

1 2

3 4 5

Cycles
Fig. 12. The recyclability of the SPO for TN adsorption

From an economic perspective;:SPO production is highly
cost-effective, leveraging abundant acacia sawdust waste
(Vietnam’s annual output: ~2 /million tons). Pyrolysis at
600°C requires /~0.5-1 kWh/kg energy (~0.05 USD/kg),
ozonation adds ~0.10 USD/kg (10 g/h generator), yielding a
total cost of 0.15-0.25 USD/kg—50-80% lower than
commercial zeolite (0.5—1 USD/kg) or activated carbon (1-2
USD/kg) [85]. This cost profile is consistent with recent
studies on low-cost agricultural waste adsorbents, such as

21

groundnut shell - requiring minimal preprocessing (drying
only) and available at near-zero acquisition cost in rural
settings [86] - and walnut shell, which demonstrated economic
feasibility through regeneration (up to 4 cycles with HCI) and
pilot-scale design with payback within 2 years [87]. These
benchmarks confirm SPO’s technical and economic viability
for decentralized, real-world nutrient recovery from high-
strength livestock wastewater. Scalability is feasible via
decentralized, low-tech pyrolyzers (e.g., drum-based systems
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processing 100-500 kg/day), reducing transport emissions by
40—60% compared to imported adsorbents. Life-cycle
assessment indicates a payback period of 1-2 years in mid-
scale swine operations (500-2000 heads), with net
environmental benefits from N recovery (avoiding ~200 kg
eutrophication  potential’ha)  outweighing  production
emissions [88]. Challenges include seasonal feedstock
variability and Os generator maintenance, which are
addressable through hybrid solar-powered systems.

The comparative analysis of SPO with other adsorbents for
ammonium nitrogen (NH4"-N) or total nitrogen (TN) removal
from swine wastewater, as summarized in Table 3, reveals
SPO's competitive performance in terms of adsorption
capacity (32.38 mg/g for TN) and removal efficiency
(46.39%), balanced by its low production cost (0.15-0.25
USD/kg) and sustainability derived from waste biomass. In
contrast, magnesite-modified biochar exhibits superior
capacity (138.39 mg/g for NH4*-N) and efficiency (97.5%),
attributed to enhanced ion exchange resulting from mineral
doping; however, its reliance on mining tailings raises
environmental concerns and limits scalability in resource-
constrained regions [89]. Rice husk biochar (RHB) shows a
wide capacity range (2.8-137.3 mg/g for NH4*-N) with
comparable efficiency (43.2%), but lacks the surface
oxygenation of SPO, resulting in weaker interactions with

organic nitrogen species [84]. Biochar pellets from pig manure
achieve high efficiency (92.2%) despite a low capacity (2.94
mg/g for NH4"-N), potentially due to their macroporous
structure. However, microbial contaminationyrisks from the
manure feedstock undermine their safety for wastewater reuse
[27]. Natural zeolite (clinoptilolite) offers moderate capacity
(0.7-65.3 mg/g for NH4") and efficiency (64-79%), with good
reusability, but its higher cost (0.5-1.0 USD/kg) and
susceptibility to matrix interference in complex swine
effluents make it less economical than SPO [74]. Synthesized
zeolite from fly ash matches SPO's capacity(32.16 mg/g for
NH4") at a slightly higher cost (0.2—0.4 USD/kg), yet requires
energy-intensive  synthesis, " contrasting SPO's simple
pyrolysis-ozonation process [26]. Activated carbon (AC)
demonstrates exceptional.capacity (up to 396.9 mg/g for NH3
in air matrices) and efficiency (81=92%), but its prohibitive
commercial cost (1-2 USD/kg) and high activation energy
render it unsuitablenfor large-scale agricultural applications
[34,90]. Overall, SPO. stands out for its optimal trade-off
among performance, cost-effectiveness, and eco-friendliness,
positioning it as a viable/alternative for decentralized swine
wastewater treatment in developing contexts, warranting
further gpilot-scale validation to confirm its real-world
advantages.

4
Table 3. Comparison of SPO with selected adsorbents for NH4*-N/TN removal from swine wastewater

Max. adsorption

Removal Estimated cost

Adsorbent Material source capacity ) efficiency (%) (USD/kg) Reference
SPO Biochar (this - Ozone-modified 5, 3¢y, 46139 0.15-0.25 This study
study) acacia sawdust
Rice Husk Biochar . . . 43.2 (NHs .

(RHB) Rice husk pyrolysis  2.8—137.3(NH4"-N) reduction) Low (waste-derived) [89]

. . S N 23.3 (NHs

Natural Zeolite Clinoptilolite 0.7=65.3 (NH4") reduction) / 64-79 0.5-1.0 [84]

Magnesite- . . Q

Modified Biochar Rice straw + tailings (138.39 (NHa4") 97.5 Extremely low (<0.1) [74]

Biochar Pellet (pig Pig manure + biochar 2.94 (NH+"-N) 92.2 Low (waste-based) [27]

manure)

Synthesized Fly ash-defived 32.16 (NH.+") 64-79 0.2-0.4 [26]

Zeolite : -

Activated Carbon Wood/sawdust (KOH- Up to 396.9 (NHs, air 81-92 (TOC/NH4*, 1-2 (commercial); 0.22— [34.90]

(AC) activated) matrix) synthetic) 2.73 (produced) ’
enhanced oxygen content (22.28 wt%) and functional groups
(-OH, -COOH) facilitated chemisorption and multilayer

Conclusion adsorption, validated by pseudo-second-order (R? = 0.9310)

This study identified ozone-modified acacia wood sawdust
biochar (SPO) las an efficient and sustainable solution for
nitrogen remeval from pig wastewater. At pH 7, SPO dosage
of 0.2 g/50 mL and a 270-minute contact time, SPO achieved
the highest adsorption capacity of 32.38 mg/g and a removal
efficiency of 46.39% at an initial TN of 279 mg/L. The
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and Freundlich (R? = 0.9612) models. Machine learning,
particularly the XGB model (R? = 0.998), accurately predicted
removal efficiency, with SHAP analysis highlighting
adsorbent dosage (mean SHAP = 7.736) and nitrogen
concentration (mean SHAP = 3.607) as critical factors. These
findings highlight the potential of SPO for scalable
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wastewater treatment, offering a data-driven, environmentally
friendly approach to mitigating nitrogen pollution from
intensive livestock production, with implications for broader
environmental management strategies. With a production cost
of only 0.15-0.25 USD/kg and a 53.27% adsorption capacity
(17.35 mg/g) retained after five reuse cycles, SPO offers a
sustainable and economically viable alternative to
conventional adsorbents, supporting its integration into
decentralized nutrient recovery systems in intensive pig
farming.

Looking ahead, this work lays the foundation for an
integrated livestock wastewater treatment system that
incorporates nutrient recovery, transforming adsorbed
nitrogen into biofertilizers for soil remediation and reduced
chemical fertilizer dependency. The urgency of removal is
underscored by its role in preventing severe environmental
impacts, such as exceeding planetary nitrogen boundaries and
contributing to global eutrophication, while recovery delivers
substantial economic advantages.
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