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Abstract

Excess nutrients in wastewater pose significant environmental risks, highlighting the need
for low-cost treatment strategies that enable their removal. This study evaluated the
adsorption capacity of woodchip biochar, a widely available waste material, for phosphate
(PO4

3−), nitrate (NO3
−), and ammonium (NH4

+) in raw and secondary-treated wastewater,
and compared the results against those obtained using synthetic solutions. Approach to
equilibrium was reached quicker for NH4

+ (≈20 min) than for NO3
− and PO4

3− (≈40 min),
with NH4

+ removal reaching up to 80% at a dosage of 20 g/L. Nutrient adsorption kinetics
were best described by the pseudo-second-order model for the anionic species (NO3

− and
PO4

3−), while the pseudo-first-order model provided a better fit for the cationic species
NH4

+. The Freundlich isotherm provided a good fit to the equilibrium data for all species,
indicating the presence of heterogeneous adsorption sites. SEM–EDX and FTIR analyses
confirmed nutrient adsorption onto the biochar surface and highlighted the involvement
of carboxyl and hydroxyl functional groups, with FTIR showing the greatest spectral
changes for NH4

+. Adsorption tests using secondary-treated wastewater showed high
removal efficiencies (100% PO4

3−, 25.4% NO3
−, 89.5% NH4

+), whereas performance in raw
wastewater was poor (maximum 32% NH4

+). Overall, woodchip biochar demonstrates
strong potential as a tertiary treatment material, and its nutrient-saturated form may be
reused as fertiliser, supporting nutrient recovery within a circular-economy framework.

Keywords: woodchips biochar; adsorption; nutrients; wastewater; sustainability; environment

1. Introduction
Nitrogen (N) and phosphorus (P) are essential nutrients that play vital roles in the

structure, metabolism, and overall functioning of living organisms. For instance, N is a
key component of amino acids and proteins, while P is essential for genetic material, cell
membranes, and energy transfer processes [1]. However, excessive amounts of N and P
discharged into the aquatic environment pose a significant environmental concern due to
their role in driving eutrophication, which can lead to harmful algal blooms, impacting the
ecosystem and human health [2]. To protect the environment, strict regulations governing
nutrient discharges have been implemented worldwide. For example, in Tunisia, where
this study was conducted, wastewater discharges into natural and public hydraulic envi-
ronments are regulated under Standard NT 106.02 [3], which aims to control eutrophication.
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According to this standard, the maximum allowable concentrations for discharge into the
public hydraulic domain are 2 mg P/L for total phosphorus, 10 mg N/L for ammoniacal
nitrogen, and 50 mg/L for nitrate (NO3

−). Meeting these limits often requires advanced or
tertiary treatment processes beyond conventional secondary wastewater treatment.

Domestic sewage, often rich in these nutrients, present a major contributor to nutrient
loading in water bodies. In agricultural regions, the overuse of chemical fertilisers and
pesticides also accelerates nutrient runoff into surrounding watercourses. Additionally,
livestock manure and aquaculture feed inputs further contribute to nutrient accumula-
tion. These anthropogenic activities collectively intensify water eutrophication, leading
to ecosystem degradation, biodiversity loss, algal blooms, fish mortality, and significant
economic impacts [4,5]. Therefore, efficient, economical, and environmentally friendly
technologies for N and P removal are crucial to mitigate nutrient pollution and preserve
the aquatic ecosystem.

In aquatic environments, inorganic nitrogen and phosphorus primarily occur as ammo-
nium (NH4

+), nitrate (NO3
−), and phosphate (PO4

3−) ions [4]. Various physical, chemical,
and biological treatment processes have been employed to control these pollutants, in-
cluding biological nutrient removal, chemical precipitation, and advanced membrane
technologies. However, these conventional approaches are often energy-intensive, oper-
ationally complex, and costly, and they typically convert nutrients to gaseous forms or
generate sludge, limiting their potential for reuse. For instance, biological nitrification-
denitrification, a widely applied approach for nitrogen removal in conventional wastewater
treatment plants, requires strict control of operational parameters such as dissolved oxy-
gen, temperature, pH, and sludge age, as well as sufficient internal or external carbon
sources for denitrification [6,7]. It is also energy-intensive and demands skilled operation,
which can limit its applicability in small-scale, decentralised, or resource-limited systems.
Moreover, achieving increasingly stringent effluent discharge limits often necessitates ad-
ditional tertiary treatment for nitrogen. On the other hand, while chemical precipitation
is commonly employed for phosphorus removal, it can also result in excessive sludge
production, increased chemical consumption, and higher operational costs [7,8]. Alter-
native technologies such as ion exchange, membrane filtration, and advanced oxidation
processes can deliver high nutrient removal efficiencies, but they also have drawbacks
such as high capital and operating costs, membrane fouling, and complex operation and
maintenance requirements [9–11]. The differing ionic charges of nutrient species, cationic
ammonium and anionic nitrate and phosphate often necessitate selective membranes or
multiple treatment units, further increasing system complexity and cost.

As a result, low-cost tertiary treatment methods, particularly adsorption-based pro-
cesses, have gained attention due to their simplicity, flexibility, and effectiveness [12,13].
The use of natural or waste-derived adsorbents is especially promising because these mate-
rials are often abundant, renewable, and inexpensive, contributing to resource recovery
and circular economy objectives. Among these, biochar has emerged as a highly effective
adsorbent due to its available surface area, porous structure, and versatile surface chemistry,
which enable the retention of N and P nutrients [14]. Its ability to recover nutrients in
plant-available forms further enables the beneficial reuse of nutrient-loaded biochar as a
soil amendment or fertiliser, thereby supporting nutrient recycling and circular economy
principles. Thus, this approach offers broader environmental benefits by reducing reliance
on synthetic fertilisers, lowering associated greenhouse gas emissions, and by mitigating
surface- and groundwater pollution and eutrophication.

Biochar, which is a carbon-rich material, is produced by the thermochemical conver-
sion of biomass under limited oxygen (O2) conditions, typically at temperatures ranging
from 200 to 900 ◦C [4,15]. Common feedstock materials include agricultural and forestry
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residues, animal waste, food processing byproducts, paper mill waste, municipal solid
waste, and sewage sludge [16,17]. Owing to its high carbon content, surface area, ion-
exchange capacity, and pH buffering ability, biochar exhibits strong adsorption potential for
various pollutants [14]. Consequently, biochar has attracted attention as a multifunctional
material for environmental remediation, demonstrating effectiveness in the removal of
inorganic nutrients such as NH4

+, NO3
− and PO4

3−, as well as organic contaminants (e.g.,
sulfamethoxazole, phenanthrenes, pesticides) and heavy metals (e.g., Pb, Cu, Cd) from
wastewater [14].

Although numerous studies have demonstrated the potential of biochar for nutrient
removal, several limitations remain in the existing literature. Most studies have relied on
synthetic nutrient solutions, and in many cases the focus has been limited to the adsorption
of single contaminants, rather than more complex mixtures and realistic wastewater matri-
ces. While these studies have provided valuable insights into adsorption mechanisms, they
do not accurately represent the complexity of real wastewaters, which contain competing
ions and organic matter that can significantly affect adsorption efficiency. Furthermore,
the adequate stage at which biochar adsorption should be applied within the wastewater
treatment process remains poorly understood. In particular, it is unclear whether biochar
adsorption is more effective when implemented at an early stage for crude sewage or after
biological treatment.

In this context, the present study investigates a biochar produced from locally available
woodchip waste in Tunisia and evaluates its performance for the simultaneous removal
of phosphorus and nitrogen from mixed nutrient systems using both raw and secondary-
treated real wastewater. Specifically, the novelty and significance of this study include
(1) the valorisation of locally available woodchip waste into a low-cost and sustainable
biochar adsorbent, supporting circular economy principles, (2) the demonstration of effec-
tive simultaneous adsorption of three nutrient species with distinct chemical characteristics
(anionic phosphate and nitrate, and cationic ammonia), and (3) the achievement of appre-
ciable adsorption capacities without any chemical or physical modification of the biochar,
reducing treatment complexity and costs.

The biochar was produced by pyrolysis at approximately 550 ◦C without further
treatment or functionalisation. The study presents a detailed characterisation of both the
biochar and the wastewater matrices used. It identifies the adsorption isotherms and
kinetic models that best describe the mechanisms governing nitrogen and phosphorus
removal by the woodchip biochar and compares adsorption performance between real and
synthetic wastewater. Overall, the findings provide valuable insights into the practical
applicability of a wood-based biochar for nutrient removal from real wastewater matrices.
Beyond demonstrating effective nutrient removal, the study highlights the potential of
this approach to enable resource recovery and waste valorisation by transforming locally
available wood waste into a low-cost adsorbent. It also supports the potential for beneficial
reuse of nutrient-loaded biochar as a soil amendment or slow-release fertiliser, further
enhancing the environmental sustainability of the approach.

2. Materials and Methods
2.1. Biochar Preparation

Woodchips were used as the feedstock material for biochar production. The pyrolysis
experiments were conducted in a tubular furnace reactor. The ground biomass was placed
in a quartz boat, which was then inserted into the reactor. The furnace was programmed
to heat up to 550 ◦C at a rate of 10 ◦C/min under a continuous nitrogen (N2) atmosphere
to ensure an O2-free environment. After the system cooled to room temperature, the
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resulting biochar was collected, ground, and stored in airtight containers for further use.
The obtained biochar samples were denoted as BW for woodchip-derived biochar.

2.2. Biochar Characterisation

The biochar samples were characterised for their elemental composition (C, H, N, and
S) using a CHNS analyser (LECO CHNS-932, MI, USA). Proximate analysis, including the
determination of moisture, ash, volatile matter (VM), and fixed carbon (FC), was performed
with a Discovery SDT 650 thermogravimetric analyser (TG 209 F3, Netzsch, Delaware,
USA) following ASTM D7582 [18]. Metal content was analysed using inductively coupled
plasma atomic emission spectroscopy (ICP-OES, Elan 6000 Sciex, Perkin Elmer, CT, USA).
The morphology of the biochar samples before adsorption was examined using a scanning
electron microscope (SEM, Hitachi S-3000N, Japan). Samples were gold-coated with a
Sputter Coater SC502 prior to imaging. Micrographs were captured under high vacuum
at an accelerating voltage of 15 kV using secondary and backscattered electron detectors.
After adsorption, the surface morphology of biochar was further analysed using an Thermo
Fisher Scientific FEI Quanta 250 SEM, USA operating at 20 kV. The pH values of the
biochar and virgin woodchip were measured using a pH metre in an aqueous suspension
of 1 g biochar (or woodchip) in 10 mL of deionised water after stirring overnight. Fourier
transform infrared spectroscopy (FTIR) analyses were conducted to identify the main
surface functional groups of BW before and after adsorption. Approximately 0.1 g of
biochar was finely ground with 1 g of spectroscopic-grade KBr, and the resulting mixture
was pressed into pellets for measurement.

2.3. Aqueous Solutions Preparation and Analysis

Synthetic solutions of NH4
+, PO4

3−, and NO3
− were prepared by dissolving analytical-

grade ammonium chloride (NH4Cl), potassium dihydrogen phosphate or monopotassium
phosphate (KH2PO4), and potassium nitrate (KNO3), respectively, in distilled water. These
solutions served as the sources of NH4

+, PO4
3−, and NO3

− ions for the adsorption ex-
periments. Their concentrations were measured using a Metrohm 940 Professional ion
chromatograph equipped with a conductivity detector, Herisau, Switzerland. The injection
flow rate was set at 0.7 mL/min. For anions, the eluent consisted of 1.8 mM sodium
carbonate (Na2CO3) and 1.7 mM sodium bicarbonate (NaHCO3). For cations, a mixture of
1 mol/L nitric acid and dipicolinic acid was used. A self-regenerating suppressor (SRS)
with a suppression current of 30 mA was used to enhance the conductivity of the analytes.
The system was equipped with an anion-exchange column (AS4A-SC, 150 mm × 4 mm,
Herisau, Switzerland) and a cation-exchange column (AS4A-SC, 150 mm × 4 mm), and the
data were processed using IC NET software (version 2.3).

2.4. Batch Adsorption Studies

Batch adsorption experiments were carried out to investigate the effects of various
operational parameters, including initial ion concentration, contact time, solution pH, and
adsorbent dosage, on the removal of NH4

+, NO3
− and PO4

3− by BW. All experiments were
performed at 25 ◦C. In each assay, a known mass (varied between 2 and 20 g/L) of biochar
was added to 100 mL of nutrient solution and agitated at 150 rpm for 120 min at 25 ◦C
using a Biobase bio-industry (Shandong Co., Ltd., Jinan, China) thermostatic refrigerated
shaker incubator (model BJPX-103B).

2.4.1. Effect of Initial Concentration and Contact Time

Five initial nutrient concentrations (10, 30, 50, 80, and 100 mg/L) were used, and ad-
sorption was monitored at seven contact times (5, 10, 20, 40, 60, 90, and 120 min). The adsor-
bent dosage and solution pH were maintained at 2 g/L (dry basis) and pH 7, respectively.
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2.4.2. Effect of Initial Solution pH

The influence of initial solution pH on the adsorption of NH4
+, NO3

− and PO4
3− was

evaluated by varying pH values from 2 to 11. During these experiments, the initial nutrient
concentration and adsorbent dosage were fixed at 50 mg/L and 2 g/L, respectively. The
solution pH was adjusted using 0.1 M HCl or 0.1 M NaOH.

2.4.3. Effect of Adsorbent Dosage

The effect of adsorbent dosage on nutrient removal efficiency was studied using a
fixed initial nutrient concentration of 50 mg/L at pH 7, with agitation using a shaker at
150 rpm for 120 min. The dose of BW varied between 2 and 20 g/L.

2.4.4. Nutrient Removal Calculation

The amount of NH4
+, NO3

− and PO4
3− adsorbed on the biochar was determined

from the decrease in nutrient concentration in the aqueous solutions. At a given time t, the
adsorption capacity, Qt (mg/g), was calculated as:

Qt =
C0 − Ct

Ms
V

where
C0 (mg/L) is the initial nutrient concentration;
Ct (mg/L) is the nutrient concentration at time t;
V (L) is the volume of the aqueous solution;
Ms (g) is the mass of biochar used.
The adsorption removal efficiency (R, %) at time t was calculated using:

R = 100
C0 − Ct

C0

2.5. Modelling Studies
2.5.1. Kinetic Models

In adsorption studies, several kinetic models are commonly employed to describe the
rate of solute uptake. Among these, the most widely used are the pseudo-first-order and
pseudo-second-order models (Table 1). In this study, these kinetic models were applied to
evaluate the adsorption behaviour of NH4

+, NO3
− and PO4

3− on BW. Model parameters
were obtained by fitting experimental data using Excel Solver (Version 2512), minimising
the sum of squared differences between the measured and calculated values.

Table 1. Adsorption kinetic models.

Model Equation Model Parameters

Pseudo-first-order Qt = Qe(1 − exp(−K1t)) Qe, K1

Pseudo-second-order Qt =
K2Q2

e t
1+K2Qet

Qe, K2

2.5.2. Adsorption Isotherms

Adsorption isotherms describe the equilibrium relationship between the amount of
solute adsorbed on a solid surface and its concentration in the solution at a constant
temperature. In this study, the equilibrium adsorption data for PO4

3−, NO3
−, and NH4

+ on
BW were analysed using the Freundlich, Langmuir, and Temkin isotherm models (Table 2).
These models provide insights into the adsorption capacity, surface heterogeneity, and
interaction energies. The model parameters were obtained by fitting experimental data
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using Excel Solver (Version 2512), minimising the sum of squared differences between the
measured and calculated values.

Table 2. Adsorption isotherm models.

Isotherm Equation Model Parameters

Langmuir Qe = Qm
KLCe

1+KLCe
Qm, KL

Freundlich Qe = KFC
1
n
e KF, n

Temkin Qe =
RT
BT

Ln(ATCe) BT, AT

2.6. Biochar Testing for Real Wastewater Treatment

Samples of raw and secondary-treated urban wastewater were collected from the
Grombalia Wastewater Treatment Plant (WWTP) in Tunisia (Figure 1) and stored at 4 ◦C
in dark until use. The physicochemical characteristics of the raw and secondary-treated
wastewater used in this study are presented in Table 3, with the concentrations of the
nutrients (PO4

3−, NO3
−, and NH4

+) highlighted in bold.

Figure 1. Key processes of the Grombalia WWTP.

Table 3. Physicochemical characteristics of raw and secondary-treated wastewater.

Parameters Raw Wastewater Treated Wastewater

pH 7.58 8
EC (mS/cm) 1846 2340
COD (mg/L) 230.4 96

SS (mg/L) 145 3
Cl− (mg/L) 398.52 400.02
Br− (mg/L) 7.17 5.90

NO3
− (mg/L) 7.12 97.25

SO4
2− (mg/L) 294.90 325.33

PO4
3− (mg/L) 13.38 9.32

Na+ (mg/L) 191.91 165.52
NH4

+ (mg/L) 73.96 2.06
K+ (mg/L) 22.24 32.66

Ca2+ (mg/L) 88.27 77.57
Mg2+ (mg/L) 22.32 23.97

Note: Nutrients used in this study are indicated in bold.
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Batch experiments were performed by contacting 100 mL of wastewater with 0.2 g
of biochar (equivalent to an adsorbent dose of 2 g/L) under agitation using a shaker at
150 rpm for 120 min. At the end of the contact period, the solutions were filtered through
0.45 µm filter paper and analysed for nutrient by ion chromatography.

The Grombalia WWTP (Figure 1) uses a conventional activated sludge process with a
low organic loading rate to treat urban wastewater. Influent wastewater first undergoes
preliminary treatment, including screening and grit removal, to eliminate coarse solids
and inert materials followed by sedimentation tanks for primary treatment. The effluent
then enters aeration basins, where organic matter is degraded by microorganisms in the
presence of a supply of air. The mixed liquor then flows to secondary clarifiers, where the
activated sludge is separated by sedimentation. Some of the settled sludge is recirculated
to maintain sufficient biomass in the aeration tanks, while excess sludge is removed for
further treatment. Finally, the treated effluent is discharged into a nearby river (Oued El
Bey) in compliance with national discharge standards.

3. Results and Discussion
3.1. Characterisation of the Biochar

The physicochemical properties of the raw woodchips and the produced biochar
(BW) are summarised in Table 4. The biochar exhibited a significantly higher pH (9.7)
compared to the raw woodchips, reflecting the formation of alkaline functional groups
during pyrolysis as also found in other studies [19].

Table 4. Physicochemical properties of biochar.

Sample pH
Proximate Analysis Elemental Analysis (%)

VM Ash FC C H N S O2

Woodchips 6.7 62.7 36.5 0.8 38.5 5.2 1.3 0.22 54.7

BW 9.7 17.0 10.6 72.4 75.97 2.65 0.85 0.1 20.43

Proximate analysis showed a marked decrease in VM from 62.7% in woodchips to
17.0% in BW, while FC increased from 0.8% to 72.4%, indicating enhanced carbonisation
and the formation of a more stable, carbon-rich matrix. The ash content decreased from
36.5% to 10.6%, suggesting the partial loss of inorganic components during pyrolysis.

Elemental analysis revealed a substantial increase in carbon content from 38.5% in
the raw material to 75.97% in BW, whereas hydrogen and nitrogen contents decreased,
consistent with the loss of labile organic compounds and VM. Sulphur content decreased
slightly (0.22% to 0.1%), while O2 content dropped from 54.7% to 20.43%, confirming the
enrichment of carbon and the reduction of oxygenated functional groups.

3.2. Batch Experiments
3.2.1. Effect of Initial Nutrient Concentrations and Contact Time

The results presented in Figure 2a–c clearly show that the adsorption of NH4
+, NO3

−

and PO4
3− onto the biochar is time-dependent. For NO3

− and PO4
3−, the amounts ad-

sorbed (Qt) increased rapidly during the first 20 min, reaching approximately 75% of the
total equilibrium uptake across all initial concentrations tested. Beyond 20 min, adsorption
continued to rise but at a slower rate, approaching equilibrium at about 40 min (Figure 2a,b).
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Figure 2. Effect of contact time and initial nutrient concentrations on the adsorption of (a) PO4
3−,

(b) NO3
− and (c) NH4

+, onto BW (adsorbent dosage = 2 g/L; pH = 7; Temperature = 25 ◦C).
Continuous lines indicate model fitting of the experimental data (further details on Section 3.3).

For NH4
+, the adsorption occurred even more rapidly: approximately 80% of the total

uptake was achieved within the first 10 min, followed by a gradual approach to equilibrium
at 20 min (Figure 2c). This rapid initial phase can be attributed to the abundance of
available adsorption sites and a strong concentration gradient between the liquid and solid
phases [14]. The subsequent slowdown in adsorption kinetics for all three nutrients is
due to the progressive occupation of active sites and reduction in concentration gradient,
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leading to reduced mass transfer and possible electrostatic repulsion between adsorbed
species and the biochar surface [20].

An increase in initial nutrient concentration also enhanced the adsorption capacity of
the biochar. Raising the initial concentration from 10 to 100 mg/L increased the adsorption
capacities (measured at the maximum time 120 min) from 4.36 to 14.13 mg/g for PO4

3−,
from 5.29 to 14.80 mg/g for NO3

−, and from 5.20 to 16.83 mg/g for NH4
+. As the initial

solute concentration increases, the driving force for mass transfer between the solution
and the adsorbent surface also increases. This stronger concentration gradient promotes
greater diffusion of solute molecules toward the adsorption sites, resulting in a higher
adsorption capacity.

Compared with other biochars reported in the literature, BW exhibited notably higher
adsorption performance, particularly for NH4

+. For example, a giant reed-derived biochar
produced at 500 ◦C achieved only 1.805 mg/g [21], while other plant-based biochars
pyrolysed at 500 ◦C reported comparable capacities to our study up to 13.35 mg/g [22].
For NO3

−, the adsorption capacity of BW exceeded that of wheat straw biochar pyrolysed
at 450 ◦C (2.47 mg/g) [23], though it remained lower than that of oak sawdust biochar
produced at 600 ◦C [24]. For PO4

3−, BW exhibited higher adsorption capacities than those
reported for corn biochar pyrolysed at 500 ◦C, which exhibited only 0.036 mg/g, and peanut
shell biochar produced at 700 ◦C with a capacity of 7.56 mg/g [25,26]. These differences
in nutrient uptakes could be explained by differences in feedstock chemistry, pyrolysis
conditions, mineral content, functional groups, surface area, and experimental setups.
Each factor shapes the biochar’s physicochemical properties and, therefore, its affinity for
these nutrients.

3.2.2. Effect of Aqueous Initial pH

The influence of solution pH on the adsorption of PO4
3−, NO3

− and NH4
+ by BW

is illustrated in Figure 3. The results show that pH has a significant impact on nutrient
adsorption behaviour, mainly due to variations in the adsorbent surface charge and the
ionic speciation of the adsorbates [27].

0

2

4

6

8

10

12

14

16

2 4 7 9 11

Q
e 

(m
g/

g)

pH

Phosphate Nitrate Ammonium

Figure 3. Effect of pH on the adsorption of phosphate PO4
3−, nitrate NO3

− and ammonium NH4
+

onto BW (adsorbent dosage = 2 g/L; initial concentration = 50 mg/L; Temperature = 25 ◦C).

For PO4
3− and NO3

−, the adsorption capacity, taken as the uptake at 120 min, de-
creased with increasing pH, showing maximum uptake under acidic conditions. At a
constant initial concentration of 50 mg/L, the adsorption capacities of PO4

3− and NO3
−

were 6.65 mg/g and 4.04 mg/g, respectively, at pH 11, increasing to 11.37 mg/g and
12.54 mg/g at pH 2. The higher adsorption observed under acidic conditions has also been
reported by [28] and can be attributed to protonation of the biochar surface, which enhances
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electrostatic attraction between the biochar surface and the negatively charged PO4
3− and

NO3
−. As pH increases, deprotonation of functional groups such as –COOH and –OH

occurs, resulting in the development of negative surface charges that electrostatically repel
anions and consequently reduce adsorption efficiency [14].

In contrast, NH4
+ adsorption showed the opposite trend, increasing as pH rose from

2 to 7. For example, the adsorption capacity increased from 6.49 mg/g at pH 2 to 12.16 mg/g
at pH 7. Increasing the pH above 7 resulted in only marginal increase in adsorption capacity,
reaching 12.41 mg/g at pH 9 and 12.89 mg/g at pH 11. This enhanced uptake at neutral to
alkaline pH can be explained by the decreased competition from H+ ions for adsorption
sites and the predominance of electrostatic attraction between negatively charged biochar
surfaces and NH4

+ cations [27–29].

3.2.3. Effect of Adsorbent Dosage

The effect of biochar dosage on the removal efficiency of nutrient ions is presented in
Figure 4. Overall, the results show that the removal efficiency increased with increasing
adsorbent dosage. For phosphorus, the removal efficiency increased from 39.7% to 70.8% as
the biochar dose was raised from 2 g/L to 20 g/L. Similarly, for NO3

−, the removal
efficiency reached approximately 74% at the highest dosage of 20 g/L. The most pronounced
effect was observed for NH4

+, where the initial concentration of approximately 50 mg/L
decreased to 28 mg/L at a biochar dose of 2 g/L and further to 10 mg/L at a dose of
20 g/L, corresponding to a removal efficiency of about 80%. This improvement with higher
adsorbent dosage can be attributed to the increased number of available active sites and the
larger surface area available for nutrient adsorption, which enhance the overall removal
performance [12].

The nutrient removal efficiencies observed in this study are consistent with trends
reported in the literature for biochar systems at varying dosages. NH4

+ removal reached
80% at 20 g/L, comparable to unmodified biochars, which typically show NH4

+ adsorption
capacities below 20 mg/g [1]. Previous studies [24–30] also reported that increasing
biochar dosage enhances overall removal efficiency while reducing unit adsorption capacity,
supporting the trends observed here. PO4

3− removal of 70.8% at 20 g/L exceeds values
reported for several unmodified biochars, such as 38.1% by [22]. Notably, NO3

− removal
reached 74% at 20 g/L, substantially higher than that of most unmodified biochars, which
generally exhibit very low NO3

− sorption [1].
Although the removal efficiency increased with increasing adsorbent dose, the uptake

capacity of the biochar decreased as the dose increased (Figure 4). This trend is consistent
with the fundamental uptake equation, in which the adsorption capacity is inversely
proportional to the adsorbent dose (Q = (C0 − Cf)/D), where Q is the uptake capacity
(mg/g), D is the adsorbent dose (g/L), and C0 and Cf are the initial and final solute
concentrations (mg/L)), respectively. However, as shown in Figure 4, the experimentally
measured uptake was consistently lower than the uptake expected at equilibrium, as
predicted from the adsorption isotherm determined at a dose of 2 g/L (Section 3.4). The
discrepancy between the expected (Qexpected) and measured (Qmeasured) uptake ranged from
26 to 34% for phosphate, 25–30% for nitrate, and 19–27% for ammonium. This deviation
from equilibrium adsorption capacity may be attributed to particle agglomeration or
overlapping of adsorption sites at higher adsorbent doses, which reduces the effective
surface area available for adsorption and increases diffusion path lengths, thereby lowering
uptake per unit mass [31]. Reviews of biomass-derived adsorbents note that at excessive
biochar or activated carbon dosages, adsorption layers may overlap and active sites become
less accessible, diminishing adsorption efficiency per unit adsorbent [32]. Together these
studies support the assertion that agglomeration and reduced surface site accessibility at
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higher adsorbent doses can cause measured uptake to fall below expected equilibrium
capacities. This highlights the importance of optimising the adsorbent dose to balance
maximising uptake per unit mass with the effective amount of material applied per unit
volume of wastewater.
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Figure 4. Effect of adsorbent dosage on the adsorption of (a) PO4
3−, (b) NO3

− and (c) NH4
+ (initial

concentration = 50 mg/L; pH = 7; T = 25 ◦C; contact time = 120 min).
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3.3. Adsorption Kinetic Modelling

The fitted parameters for the pseudo-first-order and pseudo-second-order kinetic
models are presented in Table 5. As shown, both models describe the adsorption kinetics
reasonably well; however, the pseudo-second-order model provides a markedly better
fit for anionic species (PO4

3− and NO3
−), whereas the pseudo-first-order model is more

appropriate for the cationic species NH4
+. The experimentally measured adsorption capac-

ities at 120 min align closely with the equilibrium capacities predicted by the respective
kinetic models, further validating the reliability of the model fits. Table 5 also indicates
that the initial concentration has only a minor influence on the pseudo-first-order rate
constant (k1). In contrast, the pseudo-second-order rate constant (k2) is strongly affected by
the initial concentration, showing a decreasing trend as the initial concentration increases.
This suggests that higher solute concentrations progressively slow the rate of adsorption.
A review of theoretical and experimental adsorption kinetics points out that k2 is often a
decreasing function of the initial concentration (C0), because k2 is effectively a time-scaling
factor: higher initial concentrations typically require longer times to reach equilibrium [33].

Table 5. Kinetic rate constants of nutrients adsorption onto BW at different initial concentrations.

Pseudo-First-Order Model Pseudo-Second-Order Model

Nutrients C0 (mg/L) Experimental
Qe (mg/g)

k1
(min−1)

Calculated
Qe (mg/g) R2 k2

(g.mg/min)
Calculated
Qe (mg/g) R2

Phosphate

10 4.4 0.059 4.3 0.996 0.013 5.1 0.994

30 7.4 0.062 7.0 0.987 0.009 8.2 0.997

50 10.1 0.063 9.6 0.990 0.007 11.2 0.999

80 12.3 0.070 11.8 0.996 0.006 13.7 0.997

100 14.1 0.072 13.7 0.997 0.006 15.7 0.996

Nitrate

10 5.3 0.103 5.0 0.989 0.025 5.5 0.998

30 8.6 0.096 8.2 0.994 0.014 9.2 0.998

50 11.0 0.096 10.6 0.991 0.011 11.8 1.000

80 13.1 0.100 12.5 0.988 0.010 13.9 1.000

100 14.8 0.101 14.1 0.987 0.009 15.6 1.000

Ammonium

10 5.2 0.124 5.2 0.997 0.032 5.6 0.982

30 9.1 0.138 9.1 0.999 0.021 9.8 0.987

50 12.2 0.159 12.1 0.999 0.020 13.0 0.985

80 14.7 0.177 14.6 0.998 0.019 15.5 0.987

100 16.8 0.182 16.7 0.998 0.018 17.7 0.984

The kinetic modelling results obtained in this study are consistent with literature obser-
vations on nutrient adsorption by biochar systems with a predominance of pseudo-second-
order kinetics (R2 = 0.982–1.000), aligning with numerous studies on nutrient removal.
Ca2+-modified soybean straw biochar exhibited adsorption capacities of 103.18 mg/g for
NH4

+-N and 9.75 mg/g for PO4
3−-P, with experimental data corresponding to pseudo-

second-order kinetics, indicating homogeneous adsorption through electrostatic attrac-
tion [34]. Similarly, MgCl2-modified biochar from Phragmites australis demonstrated that
NH4

+ adsorption followed pseudo-second-order kinetics, while PO4
3− exhibited multi-

phase behaviour described by both intra-particle diffusion and pseudo-first-order mod-
els [35]. Fruit peel-derived biochar also followed pseudo-second-order kinetics for NH4

+ ad-
sorption, with the Langmuir isotherm successfully simulating the process [36]. Magnesium-
doped biochar showed that the pseudo-second-order model accurately described adsorp-
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tion of both phosphorus and ammonium nitrogen across all tested solutions [37]. The
concentration-dependent decrease in k2 values observed in this study has been documented
in other biochar systems, reflecting finite availability of high-energy adsorption sites and
increased competition at elevated pollutant loadings [34]. The consistency between our
results (Qe = 15.6–17.7 mg/g) and literature values for unmodified biochar further supports
the reliability of the kinetic modelling approach employed in this study.

3.4. Adsorption Isotherms

The determination of adsorption equilibrium isotherms is essential for assessing
the feasibility and mechanism of the adsorption process, as it provides insight into the
distribution of solute molecules between the liquid and solid phases at equilibrium. In this
study, adsorption isotherms for PO4

3−, NO3
−, and NH4

+ onto BW were evaluated at 25 ◦C
using different initial solute concentrations, while maintaining a constant adsorbent dosage
of 2 g/L. The equilibrium data were analysed using three commonly applied isotherm
models: Langmuir, Freundlich, and Temkin (Figure 5).

The adsorption constants obtained from the three isotherm models, together with
their corresponding correlation coefficients, are presented in Table 6. Among the evaluated
models, the Freundlich isotherm provided the best fit to the experimental data, exhibiting
the highest regression coefficients (R2 = 0.990–0.993). This was followed by the Langmuir
model (R2 = 0.805–0.920) and the Temkin model (R2 = 0.830–0.877).

Table 6. Parameters of the isotherms.

Nutrient
Langmuir Freundlich Temkin

KL (L/mg) Qm (mg/g) R2 KF (mg·L1/n/(g·mg1/n)) 1/n R2 AT (L/mg) BT (kJ/mol) R2

Phosphate 0.074 15.6 0.917 3.20 0.339 0.993 0.403 609.2 0.869

Nitrate 0.233 13.7 0.805 4.24 0.283 0.993 0.590 647.3 0.877

Ammonium 0.073 18.9 0.920 4.23 0.316 0.990 0.426 512.1 0.830

The superior fitting of the Freundlich model indicates that nutrient adsorption onto
BW occurs on a heterogeneous surface with a non-uniform distribution of active sites, and
that multilayer adsorption is likely involved. This suggests that the adsorption mechanisms
for PO4

3−, NO3
− and NH4

+ on BW are better characterised by heterogeneous interactions
rather than a uniform monolayer assumption, as implied by the Langmuir model. This
is corroborated by the magnitude of the Freundlich exponent (1/n) values of 0.339, 0.283,
and 0.316 for PO4

3−, NO3
− and NH4

+, respectively, which all fall within the range of
0.1–1, implying that the adsorption of all three nutrients onto the biochar is favourable and
heterogeneous in nature. Consequently, the Freundlich model provides the most reliable
description of nutrient adsorption behaviour on BW under the conditions examined.

3.5. Surface Morphology and Chemical Changes of Biochar Following Nutrient Adsorption

The scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX) analyses presented in Figure 6 and Table 7 provide comprehensive insights into the
surface morphology and elemental composition changes of wood-based biochar (BW) be-
fore and after nutrient adsorption. The pristine biochar exhibits a relatively smooth surface
structure with limited porosity and very low specific surface area (ABET = 0.05 m2/g),
which is consistent with the characteristics of dense carbonaceous materials produced at
moderate pyrolysis temperatures. The EDX analysis of raw biochar (BW before adsorption)
reveals a carbon-rich composition (75.63 atomic %), with O2 (18.15%), minor quantities of
metallic cations including Ca (1.20%), K (2.21%), Mg (0.62%), and trace phosphorus (0.89%),
which play crucial roles in subsequent nutrient adsorption processes.
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Figure 5. Adsorption isotherms of (a) PO4
3−, (b) NO3

−, and (c) NH4
+ (pH = 7; temperature = 25 ◦C).
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Figure 6. SEM images of BW (A) before adsorption, (B) after PO4
3− adsorption, (C) after NH4

+

adsorption, and (D) after NO3
− adsorption. EDX of BW (E) before adsorption, (F) after PO4

3−

adsorption, (G) after NH4
+ adsorption, and (H) after NO3

− adsorption. Au*: The presence of Au is
due to gold coating applied during sample preparation prior to SEM analysis.
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Table 7. Quantitative results of EDX.

Before Adsorption
After Adsorption

PO43− NH4
+ NO3−

Element % Atomic % Atomic % Atomic % Atomic

C 75.63 64.41 56.70 50.88

O 18.15 26.69 18.44 24.28

N - - 17.48 24.10

Na 0.22 - - -

Mg 0.62 0.44 - 0.10

Al 0.04 3.04 0.18 0.13

Si 0.54 0.54 0.09 0.10

S - - 0.04 -

P 0.89 9.83 - 0.06

Cl 0.36 0.20 3.81 -

K 2.21 1.32 0.20 0.15

Ca 1.20 2.27 1.59 0.20

Fe 0.14 - - -

Following PO4
3− adsorption, dramatic changes are observed in both surface morphol-

ogy and elemental composition. The carbon content decreases significantly from 75.63% to
64.41%, while phosphorus content increases remarkably from 0.89% to 9.83% (Table 7), rep-
resenting an approximately 11-fold enrichment. This substantial phosphorus accumulation
is accompanied by notable increases in calcium (1.20% to 2.27%) and aluminium (0.04% to
3.04%), suggesting precipitation-based removal mechanisms. SEM-EDX analysis confirms
the formation of fine spherical clusters dispersed on the surface of biochar, which were
not observed before adsorption. These clusters could be formed due to precipitation of
PO4

3− with metals on the surface of the biochar, naturally present in biochar to form stable
mineral phases such as calcium phosphate (Ca3(PO4)2), aluminium phosphate (AlPO4),
and potentially magnesium phosphate Mg3(PO4)2 compounds [38,39]. Similar morpho-
logical transformations have been documented in numerous studies where EDX mapping
confirmed homogeneous distribution of Ca, Mg, and P elements on biochar surfaces after
PO4

3− adsorption, validating precipitation as the dominant mechanism [40,41].
The EDX analysis after NO3

− adsorption shows intermediate characteristics with
carbon content reduced to 50.88% and nitrogen content elevated to 24.10%, indicating sub-
stantial NO3

− capture despite the expected electrostatic repulsion between NO3
− anions

and the negatively charged biochar surface. The O2 content increases from 18.15% to 24.28%,
which may reflect both adsorbed NO3

− and increased surface oxidation during the adsorp-
tion process. The relatively high NO3

− accumulation (24.10%) compared to NH4
+- loading

(17.48%) is noteworthy given that unmodified biochars typically exhibit minimal NO3
−

sorption capacity. This enhanced NO3
− removal may be attributed to reduction of NO3

−

to nitrogen-containing surface functional groups [42,43]. The presence of minor quantities
of Ca (0.20%), K (0.15%), and Mg (0.10%) suggests some involvement of these cations in
facilitating NO3

− retention, possibly through formation of bridge complexes.
The EDX analysis after NH4

+- adsorption reveals distinctly different elemental pat-
terns compared to phosphate loading. The carbon content decreases to 56.70%, while
nitrogen content increases dramatically to 17.48%, providing direct evidence of successful
NH4

+- capture through ion exchange and electrostatic adsorption processes. Unlike the
pronounced precipitation observed for phosphate, the nitrogen enrichment occurs without
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significant changes in metallic cation concentrations, confirming that NH4
+- adsorption

proceeds primarily through cation exchange on negatively charged functional groups such
as carboxyl (-COO−) and phenolic (-OH) sites present on the biochar surface [1]. The
presence of sulphur (0.04%) in the NH4

+-loaded biochar may indicate trace adsorption
of sulphate ions from the wastewater matrix. Studies on biochar modified with MgCl2
have demonstrated that EDX analysis can effectively track nitrogen accumulation during
NH4

+- adsorption, with modified biochars exhibiting rougher heterogeneous surfaces and
enhanced nitrogen retention compared to pristine materials [35].

Comparative analysis of the elemental composition across all four samples re-
veals important mechanistic insights. The carbon content follows the order pristine
BW (75.63%) > PO4

3−-loaded (64.41%) > NH4
+-loaded (56.70%) > NO3

−-loaded (50.88%),
indicating progressive coverage or replacement of surface carbon with adsorbed nutrient
species. Studies on metal-modified biochars have shown that EDX mapping can effectively
visualise the distribution of elements after adsorption, with phosphate-loaded biochars dis-
playing clustered flake structures rich in O, Mg, and P, confirming formation of magnesium
phosphate precipitates such as MgHPO4 and Mg(H2PO4)2 [40].

The EDX results obtained in this study validate that wood-based biochar achieves
substantial nutrient removal through precipitation and ion exchange mechanisms, with
the elemental composition changes providing quantitative evidence for the adsorption
processes elucidated through kinetic and isotherm modelling.

The FTIR spectra of BW before and after nutrient adsorption are presented in Figure 7.
A total of 54 infrared transmission peaks were recorded, reflecting the complex chemical
composition of the biochar.

Figure 7. FTIR spectrum before and after nutrients adsorption.

Wood-derived biochar typically exhibits several characteristic bands: a broad O–H
stretching vibration (≈3600–3200 cm−1), weak aliphatic C–H stretching (≈2925 and
2850 cm−1), carbonyl C=O stretching (≈1710–1680 cm−1), aromatic C=C skeletal vibrations
(≈1600–1510 cm−1), and strong C–O stretching in the 1250–1000 cm−1 range, associated
with alcohol, ether, and phenolic groups. These assignments align with previous FTIR
studies on biochars produced at similar pyrolysis temperatures [44].

Following NH4
+ adsorption (BW–NH4

+), only 29 peaks were detected compared to
54 in the pristine biochar, indicating substantial chemical changes on the biochar surface. A
diagnostic NH4

+ deformation band appeared in the 1470–1400 cm−1 range, while subtle
variations were observed near 3200–3300 cm−1, corresponding to N–H stretching and
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H-bonded O–H vibrations. These changes suggest that O2-containing functional groups,
such as hydroxyl and carboxyl groups, participated in hydrogen bonding, proton exchange,
or ligand interactions with NH4

+ ions. Minor decreases or shifts in the C=O and O–H
regions further support this interaction. Overall, the loss of peaks and the observed spectral
shifts confirm the strong adsorption of NH4

+- and explain the higher adsorption capacity
recorded for NH4

+ among the three nutrients, highlighting the biochar’s preferential affinity
for cationic species. In situ ATR-FTIR studies on pinewood biochar have shown similar
NH4

+-related shifts, consistent with adsorption onto oxygenated functional sites under
neutral to alkaline conditions [45–47].

After phosphate adsorption (BW–PO4
3−), new or intensified peaks emerged in the

1100–1040 cm−1 region, corresponding to P–O and/or P–O–C vibrations. Weak bands
also appeared around 650–500 cm−1, attributable to P–O bending or metal–O–P vibrations.
Concurrently, the broad O–H band became less pronounced, suggesting hydrogen bond-
ing or ligand exchange between phosphate ions and surface hydroxyl/carboxyl groups.
Moreover, of the 54 peaks observed in pristine BW, only 35 were detected after phosphate
adsorption, indicating significant changes in surface chemistry. Such spectral modifications
are widely reported for phosphate retention on biochars [48,49].

After NO3
− adsorption (BW–NO3

−), the asymmetric stretching vibration of NO3
−

appeared sharply at ~1384 cm−1, accompanied by an additional out-of-plane mode near
823 cm−1. The reduction in O–H band intensity suggests hydrogen bonding or outer-sphere
complexation between NO3

− ions and surface hydroxyl groups. These spectral signatures
are consistent with previous reports on NO3

− retention by (nano)biochars and related
carbonaceous sorbents [50].

3.6. Biochar Testing for Real Wastewater Treatment

To evaluate the performance of BW in real wastewater, adsorption experiments were
conducted using raw and secondary-treated effluent from the Grombalia WWTP (Figure 1).

As shown in Figure 8, nutrient removal by BW varied depending on the effluent type
and the chemical nature of the nutrients. In raw wastewater, NH4

+ showed the highest
removal (32.09%), followed by PO4

3− (16.78%) and NO3
− (3.30%). This hierarchy reflects

the dominant adsorption mechanisms of wood derived biochars. NH4
+ adsorption oc-

curs mainly through ion exchange and interactions with oxygenated functional groups
on the biochar surface [1]. BW, which has a basic pH (9.7), possesses negatively charged
surfaces due to carboxylic and phenolic groups, favouring electrostatic attraction of NH4

+

cations [51]. Nevertheless, the adsorption capacity remained moderate, consistent with
literature reporting <20 mg/g for unmodified biochars [1]. The low NO3

− removal (3.30%)
is attributed to electrostatic repulsion between NO3

− and the negatively charged biochar
surface, a well-recognised limitation for unmodified woody biochars [51,52]. Modest phos-
phate removal (16.78%) likely involves precipitation with metallic cations, particularly
calcium and magnesium, present in the wastewater (Table 3) [53,54]. Importantly, the re-
duction in nutrient uptake compared with synthetic solutions in DI water may be attributed
to interference from competing DOC and ions present in much higher concentrations, such
as chloride (Table 3). In addition, wastewater cations—including sodium, calcium, and
magnesium (Table 3)—and DOC may inhibit NH4

+- adsorption by competing for available
adsorption sites. Furthermore, the wastewater pH (7.5–8) is within the range that enhances
NH4

+- removal but is less favourable for NO3
− and PO4

3− adsorption, consistent with the
trends observed in experiments using synthetic solutions.
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Figure 8. Biochar removal of PO4
3−, NO3

−, and NH4
+ in raw and secondary-treated wastewater.

Adsorption performance improved markedly in secondary-treated wastewater, with
near-complete phosphate removal (100%) and high NH4

+ elimination (89.55%), while
NO3

− removal reached 25.38%. This improvement is attributed to higher initial nutrient
concentrations, creating favourable concentration gradients for adsorption [55], and to
precipitation mechanisms forming calcium or magnesium phosphates on the biochar
surface [53–56]. These results demonstrate the strong potential of woodchip biochar for
PO4

3− and NH4
+ removal after secondary treatment, whereas effective NO3

− removal
would require chemical or physical surface modifications to overcome negative surface
charge limitations [57].

Compared with other biochar systems treating real wastewater, the observed nutri-
ent removal efficiencies are notable. NH4

+ removal (89.55%) exceeds the 71% reported
for biochar filter columns, and complete PO4

3− removal (100%) surpasses typical val-
ues of 57–88% achieved with Mg-Al-modified biochars [58]. In contrast, NO3

− removal
(3.30–25.38%) aligns with previous reports for unmodified biochars (3.6–11.7%), confirming
that effective NO3

− elimination requires advanced surface modification [44].

3.7. Circular Economy Potential and Cost–Benefit Considerations

The biochar-based approach developed in this study aligns strongly with circular
economy principles by integrating waste valorisation, nutrient recovery, and material reuse.
Low-cost woody waste is first energetically valorised through pyrolysis, producing biochar
as a stable carbon-rich adsorbent [59]. Unlike many engineered materials, the produced
biochar exhibits an intrinsic capacity to simultaneously adsorb anionic (phosphate and
nitrate) and cationic (ammonium) nutrients without chemical or physical pretreatment,
thereby reducing process complexity and resource inputs.

After wastewater treatment, the nutrient-loaded biochar can be recycled and reused
for soil amendment or for slow-release of fertiliser, enabling recovery of nutrients in plant-
available forms [60]. This approach closes the nutrient loop, reduces dependence on
synthetic fertilisers, and contributes to carbon sequestration, positioning biochar as both a
treatment material and a long-term carbon sink [61].

From a cost–benefit perspective, conventional best-available technologies such as bio-
logical nutrient removal, chemical phosphorus precipitation, and membrane-based tertiary
treatments are effective but typically associated with high capital expenditure (CAPEX) and
high operating expenditure (OPEX) due to infrastructure requirements, energy consump-
tion, chemical inputs, and sludge handling [62]. Moreover, many of these technologies
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are destructive, converting nutrients—particularly nitrate through denitrification—into
gaseous forms, thereby preventing nutrient recovery and reuse.

Table 8 presents indicative cost ranges reported in the literature for common nutrient-
removal technologies and biochar-based adsorption. As shown in Table 8, biological
denitrification remains a highly effective and often cost-efficient technology for nitrate
removal, particularly in centralised wastewater treatment plants. However, its primary
objective is nutrient removal rather than recovery. In contrast, biochar adsorption does
not aim to replace biological denitrification but to complement existing treatment trains,
especially as a tertiary or polishing step where nutrient recovery, material reuse, and
operational simplicity are prioritised.

Table 8. Indicative cost comparison of nutrient removal technologies.

Technology Indicative Cost Range * Main Characteristics References

Biological Nutrient Removal OPEX: ~259–477 USD per million
gallons treated

Effective nitrate removal; high energy demand;
nutrient destruction [62]

Chemical Phosphorus Precipitation OPEX: ~91–215 USD per million
gallons treated

Chemical-intensive; sludge generation; no
nutrient recovery [62]

Membrane Bioreactor OPEX: ~0.24–0.59 USD per
m3 treated

High energy use; membrane fouling;
high CAPEX [63]

Advanced Membranes Very high CAPEX and OPEX Concentrate disposal; energy-intensive [64]

Biochar adsorption Biochar production: ~200–400 USD
per ton

Low energy input; nutrient recovery;
reusable material [30]

Note: * Indicative values compiled from published technical and techno-economic studies; actual costs depend on
plant scale, effluent targets, and local conditions.

The added value of biochar therefore lies not in outperforming conventional technolo-
gies on single-nutrient removal efficiency, but in its multi-functional role: simultaneous
removal of multiple nutrient species, lower CAPEX and OPEX, reuse of nutrient-loaded
material, and fertiliser substitution. These combined benefits make biochar particularly
suitable for decentralised, small-scale, or resource-limited wastewater treatment systems.

4. Conclusions
This study shows that woodchip biochar produced at 550 ◦C is an effective adsorbent

for removing PO4
3−, NO3

−, and NH4
+ from aqueous solutions. Adsorption was rapid,

with approach to equilibrium times were about 20 min for NH4
+ and 40 min for PO4

3−

and NO3
−. pH strongly influenced performance, favouring NH4

+-removal under alkaline
conditions and anionic PO4

3− and NO3
− removal under acidic conditions. The pseudo-

second-order model best described the adsorption kinetics of the anionic species (NO3
−

and PO4
3−), while the pseudo-first-order model fitted better the data of the cationic species

NH4
+. The Freundlich isotherm fitted the equilibrium data, indicating heterogeneous

adsorption. Surface analyses (SEM–EDX, FTIR) confirmed structural and chemical changes
consistent with nutrient binding. When applied to real wastewater, biochar performed
best in secondary-treated effluent, achieving high removal of NH4

+ (89.55%) and complete
removal of phosphate, though NO3

− removal remained low.
Importantly, this study highlights the potential of biochar to support circular economy

strategies by valorising locally available woody waste to recover nutrients from wastewater
in plant-available forms. This has potential to enable the reuse of nutrient-loaded biochar
as a soil amendment or slow-release fertiliser, reducing reliance on synthetic fertilisers and
contributing to the closure of nutrient loops.

Future work will focus on optimising biochar properties to enhance nitrate (NO3
−)

uptake and evaluating long-term performance under continuous-flow conditions. In ad-
dition, forthcoming studies will assess the agricultural application of nutrient-loaded
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biochar to demonstrate system effectiveness and to optimise nutrient uptake and re-
lease rates, with particular attention to the nitrogen-to-phosphorus (N:P) ratio. Together,
these efforts will help bridge the gap between laboratory-scale findings and practical,
real-world circular economy applications, supporting both environmental protection and
resource sustainability.
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