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Valorisation of invasive plant (Rhododendron
ponticum) biomass into activated biochar as

a sustainable adsorbent for emerging
pharmaceutical contaminant removal from water

Tielidy A. de M. de Lima, & *3® Matheus S. T. Arantes,® Jeovan A. Araujo, ©°
Gabriel G. de Lima,”® Dayanne R. M. Andrade,® Emma J. Murphy,®
Washington L. E. Magalhéies@C and Michael J. D. Nugent*®

The common issue of water contamination by pharmaceuticals are increasingly recognised as emerging
contaminants in water as they pose significant environmental and health risks, necessitating innovative
and sustainable approaches to water treatment. Activated biochar represents an effective solution for the
removal of pharmaceuticals from water. Here, the focus was on the valorisation of Rhododendron
ponticum, an invasive plant species in Ireland, into high-surface-area activated biochar through thermo-
chemical treatments. In this work, phosphoric acid (HzPO4) was used for activation at two different
temperatures (550 and 650 °C), which resulted in activated biochars that exhibited excellent adsorption
properties with surface area of 876.3 and 869.2 m? g~ when treated at 550 and 650 °C, respectively.
Structural and composition properties of the produced biochars were investigated by elemental CHNS
(carbon, hydrogen, nitrogen, and sulphur) composition analysis, moisture content, fixed carbon, ash, and
volatile matter. Acetylsalicylic acid (ASA), commonly referred to as aspirin, was used as a model
pharmaceutical compound, and its removal from water was significantly enhanced by the activation
process. The inactivated biochar showed the lowest ASA adsorption (113 mg g%, whereas the activated
biochar exhibited much higher adsorption levels (267-296 mg g™3). These results demonstrate that the
biochar produced here is highly effective for the removal of aspirin from water. By converting
problematic invasive biomass into a valuable resource, this work contributes to addressing environmental
concerns associated with both invasive species and water pollution by developing eco-friendly
adsorbent materials for removing emerging pharmaceutical contaminants from water.

This article demonstrates a circular and sustainable approach to valorise invasive Rhododendron ponticum biomass into high-performance activated biochar,

which was activated by mechanochemical and thermochemical treatments in a tandem approach. As a demonstrative application, the sustainable activated

biochar materials were used as adsorbents for the removal of aspirin—a model emerging pharmaceutical contaminant in water. Our approach illustrates how
waste biomass can be valorised into functional materials, offering scalable opportunities to adapt this method to other invasive feedstocks worldwide, and it

advances low-cost, eco-friendly solutions for cleaner water. This work contributes to ecosystem restoration, resource efficiency, and public health protection,

aligning with UN Sustainable Development Goals 6 (Clean Water and Sanitation), 12 (Responsible Consumption and Production), and 15 (Life on Land).

Introduction

Pharmaceuticals removal from contaminated sources and
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naceous materials emerges as a promising approach due to its
proven efficiency and wide applicability. Conventional treat-
ment technologies such as coagulation—flocculation, biological
treatment, and chlorination are often ineffective in removing
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pharmaceutical pollutants. However, adsorption alone merely
transfers pollutants between phases without degrading them,
highlighting the potential of combining adsorption with
advanced oxidation processes or other catalytic degradation
methods. Recent advances in materials science, such as metal-
organic frameworks (MOFs), demonstrate that dual-function
adsorbent-catalyst systems can enhance pharmaceutical
removal by simultaneously adsorbing and degrading pollut-
ants.” In this context, adsorption onto activated carbonaceous
materials, particularly biochar, stands out as a promising,
sustainable, and cost-effective solution, offering high surface
area, porosity, and catalytic potential for environmental
applications.?

The use of biomass for biochar production, in addition to
contributing to water decontamination, offers additional
benefits such as reducing organic waste and promoting
sustainability. By harnessing renewable organic materials, such
as agricultural crop residues or forest waste, for biochar
production, it is possible to mitigate water contamination and
promote more sustainable, eco-friendly practices. Rhododen-
dron ponticum (R. ponticum), an invasive species found across
various regions of the world, has been the focus of control
efforts due to its negative impact on local ecosystems. This
invasive shrub is considered an environmental threat to Atlantic
forests in continental Europe,* particularly in areas such as
western France® and the British Isles.® In the Republic of Ire-
land, for instance, the government has made significant
financial investments in its removal from Connemara National
Park. Nonetheless, the resulting biomass from this species
presents a valuable opportunity for the production of useful
materials, such as activated biochar, through renewable
biomass valorisation methods.

To chemically activate biochar, various chemical treatment
options are available. Treatments include acids such as: phos-
phoric acid (H;PO,) and sulfuric acid (H,SO,),” or bases like
potassium hydroxide (KOH) and sodium hydroxide (NaOH),****
and salts such as metal chlorides including zinc or potassium
chloride,"™" among other methods. In this context, this work
focuses on H3;PO,, which is one of the most commonly
employed agents for the chemical activation of biochar. The
process involves mixing H;PO, with biochar and subjecting it to
heat, resulting in increased porosity. Studies have highlighted
that different biochar modification strategies, such as acid-base
treatments and metal impregnation, significantly increase its
surface area, the availability of functional groups, and, conse-
quently, its efficiency in removing organic and pharmaceutical
pollutants.****

So far, only one study in the literature has produced activated
carbon from R. ponticum L.'® produced activated carbon via
physical and chemical activation, aiming at measuring the
adsorption of iodine. At 550 °C, the carbon achieved the highest
Brunauer-Emmett-Teller (BET) surface area (1470 m> g~ ') and
microporous surface area values (1383 m* g '). With these
parameters, the authors produced the optimal activated carbon
using KOH with a surface area of 1199 m* g~*, whereas H;PO,
had 124 m* ¢! and K,COj; presented the lowest 60 m> g~ '."”
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This indicated that the treatment used can significantly alter
the characteristics of adsorption.

Another alternative for producing activated carbon is the
utilization of mechanochemical pre-treatment. This approach
has emerged as a promising method to enhance the efficiency
and quality of the produced biochar. Such as the work from
Tayibi et al,*® in which the authors produced an activated bi-
ochar from Moroccan algae residue mixed with olive pomace
using mechanochemical activation using NaOH and ball
milling (BM). The activated biochar produced using BM had the
highest {-potential value (—59.7 mV), and demonstrated supe-
rior methylene blue removal efficiency compared to other acti-
vated biochar without grinding.

In alignment with current developments reported in the
literature, this study focusses on evaluating the adsorption
capacity of pharmaceuticals using activated biochar valorised
from biomass waste. The objective is to produce and assess the
feasibility of using activated carbon derived from R. ponticum
residues for the removal of pharmaceutical compounds from
aqueous solutions. A combined mechanochemical pre-
treatment was employed, involving BM and chemical activa-
tion with H;PO,, followed by a series of washing steps to
enhance the physicochemical properties of the resulting
biochars.

Aspirin, one of the earliest and most widely used pharma-
ceutical compounds for the treatment of pain, fever, and
inflammation, has been frequently detected in aquatic envi-
ronments across various regions.'**° Due to its widespread use,
environmental prevalence, and physicochemical properties that
make it representative of other emerging pollutants, aspirin has
been studied as a model pharmaceutical contaminant in this
study. Notably, aspirin is produced and consumed globally at
a scale of approximately 35 000 tonnes per year, leading to its
continuous release into the environment and detection in
surface, ground, and even drinking waters.** Moreover, persis-
tent release of aspirin into water bodies raises concerns
regarding bioaccumulation in aquatic microorganisms, which
may subsequently transfer through the food chain and pose
potential risks to human and ecosystem health, thereby
emphasizing the need for effective and sustainable removal
strategies. Studies also highlight that conventional wastewater
treatment plants are not specifically designed to eliminate such
refractory pharmaceutical compounds, contributing to their
persistence in the environment.*

Studies have demonstrated that conventional wastewater
treatment plants are frequently ineffective at fully removing
pharmaceutical residues, particularly non-steroidal anti-
inflammatory drugs (NSAIDs) such as aspirin, resulting in
their recurring detection in drinking water sources across
various countries, including India, Germany, Spain, and
Poland. This persistent contamination increases the toxicolog-
ical impact on water systems, raising serious concerns about
public health and highlighting the urgent need for reliable
detection and monitoring strategies.”” Herein, we propose to
use aspirin as a model pollutant to enable the assessment of the
prepared activated biochar in terms of its capacity to adsorb
pharmaceuticals under realistic environmental conditions, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to ultimately support the development of bio-based treatment
technologies targeting a broad class of emerging contaminants.
Invasive R. ponticum biomass can be valorised into high-
performance activated biochar through a combined mechano-
chemical pre-treatment and phosphoric acid activation. This
dual approach is expected to significantly enhance the physi-
cochemical properties of the resulting biochar, surface area,
porosity, and functional group density, thereby improving its
adsorption capacity for pharmaceutical pollutants. Using
aspirin as a model contaminant, the activated biochar is
anticipated to demonstrate superior removal efficiency
compared to its non-activated counterpart, validating its
potential as a sustainable, low-cost adsorbent. Beyond pollutant
removal, this strategy provides a dual environmental benefit:
mitigating the ecological burden of an invasive species while
contributing to sustainable water treatment solutions.

Experimental section
Materials

Branches of the invasive R. ponticum scrub were originally
collected from Connemara National Park (county Galway, Ire-
land), and kindly provided by the Atlantic Technological
University, Galway campus. Initially, the biomass was grinded
into sawdust using a mill by Marconi (Piracicaba, SP, Brazil).
H3PO, and hydrochloric acid (HCI) were purchased from Merck
Brazil (Curitiba, PR, Brazil).

Preparation of invasive plant waste-derived activated biochar

Pyrolysis of R. ponticum waste biomass. Previously milled
waste biomass derived from R. ponticum was initially pyrolyzed,
according to a modified procedure adapted from Siitcii,”” which
was then valorised into high-surface-area activated biochar
through tandem mechanochemical ball-milling and thermo-

ABC650

ABC550

Fig. 1

5 °C/min to 550 °C
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chemical acidic activation treatments, as depicted in Fig. 1.
Firstly, the pyrolysis of R. ponticum sawdust was performed in
a Jung muffle furnace (Blumenau, SC, Brazil), heated at 5 °
C min~" in a close low-oxygen atmosphere and maintained at
550 °C for 2 h.

Ball-milling. 100 g of the pyrolyzed biomass sample was ball-
milled rotating for 12 h to obtain the biochar. The biochar
samples were milled using a low-energy ball mill from Servitech
(Chiarotti-type) equipped with ceramic grinding bowls. The
milling was carried out at a rotation speed of 40 rpm. Approx-
imately 10 g of biochar was placed in the bowl along with 200 g
of ceramic balls (J 10 mm), maintaining a ball-to-sample mass
ratio of about 20 : 1. The jar was filled to around 50% of its total
volume, with ~30% occupied by the sample and ~20% by the
ceramic balls, in accordance with standard milling practice for
this type of equipment.

Chemical activation. The resulting ball-milled biochar was
treated with a 50% H;PO, aqueous solutions. The mass ratio of
the acid solution to biochar was 2:1 which was thoroughly
mixed with the activating agent solution for 15 minutes.
Subsequently, this mixture underwent drying in an oven for 24 h
at 103 £ 2 °C. Following the drying step, activation occurred in
a muffle furnace at two different temperatures: 550 and 650 °C.
The heating rate during activation was set at 10 °C min~*, and
the activation duration was 1 h for each temperature. The
resulting material was subjected to washing with hot deionized
(DI) water, followed by rinsing with a solution containing 10%
HC], and finally washed again with DI water until the conduc-
tivity of the washing water dropped below 40 pS cm™'. The
activated carbon was then dried in an oven at 103 & 2 °C until it
reached a constant mass. The specimens were designated as
biochar (BC) at two different activation temperatures, namely
ABC550 and ABC650 (Fig. 1).

2 hours
Acidic
Activation
Thermal
treatment
Muffle / 1 hour

Biochar + H,PO,
103+2°C

Illustration of the sustainable approach used to valorise invasive R. ponticum waste biomass into high-surface area activated biochar by

combining mechanochemical ball-milling and thermo-chemical acidic activation. Two activated biochar samples ABC550 and ABC650 were

obtained after thermal treatments at 550 and 650 °C, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Characterisation. The FTIR analysis was performed using the
Nicolet™ iN10 MX Infrared Imaging Microscope from Thermo
Scientific. The IR spectra were recorded in the spectral range of
4000-600 cm ', utilizing 16 scans per sample. Conductivity
measurement was conducted using a conductivity meter, DI-
GIMED DM-32. The measurements were taken on the liquid after
washing using 1 L of DI water, followed by rinsing with a 1 L
solution containing 10% HCI, and finally washing again with DI
water until the conductivity of the washing water dropped below 40
uS em™'. A sample was taken for each Liter used in washing to
measure BET and conductivity. The intention of this study is to
establish a correlation between the surface area and the conduc-
tivity of the liquid at each wash. These values can be found in Fig. 2.

The surface area was determined employing the Brunauer—
Emmett-Teller (Sggr) technique.® Prior to measurement, the bi-
ochar underwent degassing at 300 °C under vacuum for 3 h.
Subsequently, the specific surface area and pore structure features
of the biochar were assessed through nitrogen adsorption/
desorption at —196 °C using a surface area analyser from Quan-
tachrome Instruments, NOVA 1200e (Boynton Beach, FL, USA).

The elementary analysis of the activated carbon, including
calorimetry, CHNS (carbon, hydrogen, nitrogen, and sulphur),
ash, and volatiles, was conducted for material characterisation.
A Mira scanning electron microscope (SEM) from Tescan Orsay
Holding (Brno, Czech Republic) was utilized to examine the
structure of biochar and ABC550 and ABC650 in back-scattered
electron (BSE) mode. Prior to imaging, the specimens under-
went gold coating using a Baltec SCD 005 sputtering device for
approximately 110 seconds under a vacuum of 0.1 mbar,
resulting in a coating thickness of approximately 110 nm.
Images were captured at an acceleration voltage of 20 kv, with
a magnification of 1000x.

The biochar sample BC, ABC550 and the ABC650, weighing
approximately 4-5 mg each, were encapsulated in standard
aluminium pans to record the first derivative thermogravimetry
(DTG) curves. Thermograms were recorded at a rate of 10 °

20000 1000
I Conductivity
—@- Surface BET ?
19500 - - L
° 800
= I @--9 =
£ 19000 i ™
9 E
; b
£ 5500 o o
2 F400
Q Q
3 / 8
T 5000 ‘ t
S / L200 ©
Lo

1 2 3 4 5 6 7 8
Washing treatment steps

Fig.2 Measurements of solution conductivity and BET surface area of
the ABC550 sample after several washing treatment steps (step 1: hot
DI water; step 2: HCl solution; and steps 3-8: DI water at room
temperature). Conductivity axis was intentionally omitted from 1000—
5000 and 6000-19000 pS cm ™ for clarity and comparison purposes.
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C min " within a temperature range of 20-1000 °C, using an
empty aluminium pan as the reference. These experiments were
conducted under a nitrogen flow of 50 mL min~" using a Q600
SDT—TA Instruments (TA Instruments, New Castle, PA, USA). A
Siemens D500 X-rays powder diffractometer (Karlsruhe, Ger-
many) with Cu Ko radiation (A = 0.15418 nm) was used to ob-
tained the diffractograms. Diffraction patterns of the biochar
samples before and after chemical activation (ABC550 and
ABC650) were obtained in the range of 26 = 10-50°, operating at
a voltage of 40 kv, a current of 7.5 mA, and a step size of 20°.

Adsorption analysis. Sorption efficiency of the three devel-
oped materials was evaluated considering the removal of Ace-
tylsalicylic Acid (ASA). Adsorption isotherms were obtained in
triplicate with 50 mg of adsorbent and 50 mL of ASA solution (C,
= 50-800 mg ASA L™'). The mixture was kept in an incubator
with controlled temperature and agitation (25 + 2 °C, 100 rpm,
24 h), and it was filtered with a filter paper. The UV-Vis spec-
trophotometric analyses were performed using UV-Vis Spectro-
photometer Shimadzu 1800. ASA showed a characteristic
absorption peak at 276 nm. A calibration curve was constructed
in the working concentration range (4.9-204 mg L"), showing
an excellent linear fit with the equation C = 157.20 x Abs + 3.77
and coefficient of determination R> = 0.9993, in compliance
with the Beer-Lambert law. Dilutions were applied when
necessary to keep the absorbance values within the linear range,
and the adsorbed amount and the removal efficiency were
calculated according to eqn (1) and (2), respectively.

Goq = M 1)

w
Co - Ceq

RE =100
X c

2)
where geq (mg ASA g~! adsorbent) is the equilibrium adsorbed
amount, C, and Ceq (mg ASA L") are the initial and equilibrium
concentration of ASA in the liquid phase, V (0.050 L) is the
volume of solution used in the adsorption experiment, w (g) is
the weight of adsorbent, and RE (%) is the removal efficiency.

Adsorption isotherm analysis. Isotherm studies were con-
ducted using BC, ABC550, and ABC650. The experimental data
was analysed by fitting two conventional isotherm models, the
Langmuir (eqn (3)) and Freundlich (eqn (4)) isotherm models,>*
using the equations provided below:

_ quL Ceq
qeq - 1+kLCeq (3)
1
Geq = KpCeqn (4)

Where g (mg ASA g~ " adsorbent) and 4, (L mg ™" ASA) are the
Langmuir isotherm parameters, and 7 and k (mg" " ASA L g
adsorbent) are the Freundlich isotherm parameters.

Results and discussion

Evaluating biomass potential involves examining diverse
factors, including species, compositions, and raw material

© 2025 The Author(s). Published by the Royal Society of Chemistry
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characteristics. Crucial among these are physical attributes like
moisture content, carbon content, and heating value, which
dictate the practical applications of the resulting products. The
elemental composition analysis of activated biochar, encom-
passing moisture content, fixed carbon, ash, and volatile
matter, is presented in Table 1. The analysis shows that the
properties of activated biochar vary depending on the temper-
ature of activation. Generally, activated biochar produced at
higher temperatures (e.g., 650 °C) tends to have lower moisture,
volatile matter, and ash content, as well as higher fixed carbon
content.”® Moisture content is crucial as it affects the handling
and storage of the material. Lower moisture content generally
indicates better stability and shelf life. ABC650 exhibits the
lowest levels of both moisture content and volatile matter,
measuring at 4.11% and 14.68% respectively. The volatile
matter results show a notable decrease from BC (27.82%) to
ABC550 (19.03%), and a further decrease for ABC650 (14.68%).
This trend suggests that as the activation temperature
increases, there is a consistent reduction in volatile matter
content. This decrease in volatile matter content can be attrib-
uted to the activation process, which involves heating the
precursor material to high temperatures in the absence of
oxygen. During this process, the phosphoric acidification
results in highly volatile organic compounds that are consumed
in the pyrolysis, leaving behind a more purified carbon struc-
ture which might wide the pore size. The decrease in volatile
matter content indicates a higher degree of carbonization and
increased carbon purity in the activated biochar samples
compared to BC.”® The ABC650 demonstrates the highest fixed
carbon content at 78.0%, the ABC550 69.3% and the BC 63.5%.
These results suggest that as the activation temperature
increases, the fixed carbon content also increases, likely due to
the removal of volatile organic compounds and the rearrange-
ment of carbon atoms, leading to a more ordered structure with
higher carbon content, aligning with the conclusions drawn by
Liu et al.”” CHNS results revealed a reduction in carbon content
following activation. The values for hydrogen (H), nitrogen (N),
and sulphur (S) did not change significantly before and after
activation, as evidenced by minimal differences in their
measurements.

Table 1 Proximate (chemical) and ultimate (elemental) composition
and BET surface area analysis of the fabricated BC and its respective
activated forms

Analysis BC ABC550 ABC650
Moisture (wt%) 6.0 +0.1 7.3+£0.1 4.1+0.3
Volatiles (wt%) 27.8+ 1.9 19.0 + 0.8 14.7 + 2.9
Ash (Wt%) 2.6 £ 0.3 4.4 +0.3 4.7 £0.4
Fixed carbon (wt%)" 63.5 + 1.7 69.3 & 0.9 78.0 + 1.1
C (Wt%) 80.4 76.6 78.0

H (Wt%) 2.8 3.3 3.2

N (Wt%) 0.4 0.5 0.4

S (Wt%) —? - -

Sper (m* g ™) 491.3 876.3 869.2

“ By difference. ” Below 0.1 wt% or not detected.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Giindiiz et al.*® analysed three types of wood pellets (Rhodo-
dendron ponticum, Laurus nobilis, and Castane sativa) in terms of
ash content and heating values, and how the wood type impacts
the pellet quality. Interestingly, R. ponticum provided a higher
heating value (20.6 MJ kg™') and had a lower ash content
(1.16%) than the other species studied. These values signifi-
cantly exhibit the great potential in using this species in the
production of activated biochar. In addition, the energy
released during combustion can be utilized in various applica-
tions, such as for electricity generation in thermal power plants,
residential heating, or other industrial applications.?*-** In this
research, branches of R. ponticum were used to produce acti-
vated biochar, and the sawdust before carbonization exhibited
a heating value of 16.6 MJ kg~'. The samples studied herein
were biochar (BC), activated biochar at 550 °C (ABC550) and at
650 °C (ABC650).

For the surface area Sggy the results for BC, ABC550 and
ABC650 were 491.3, 876.3 and 869.2 m” g™, respectively. The
BC sample showed a surface area of 491.3 m”> g~ before any
activation treatment. Biochar naturally possesses a certain level
of porosity, which contributes to its surface area.*” Activation
with H3;PO, at 550 °C has led to a significant increase in Sggr
area compared to the untreated BC. This suggests that the
activation process at this temperature has been effective in
creating additional pores within the biochar structure, resulting
in a higher Sggr area. Activation with H;PO, at a higher
temperature (650 °C) has also resulted in an increase in Sggr
area compared to the untreated BC. However, the Sggr area
obtained at 650 °C is slightly lower than that achieved at 550 °C.
This could be due to several factors such as changes in the pore
structure, pore size distribution, or even partial closure of pores
at higher temperatures, leading to pore widening but with
a concurrent decrease in surface area. This suggests that the
activation process at 550 °C might be more favourable for
maximizing the surface area of the studied biochar. Neverthe-
less, both temperatures have resulted in biochar samples with
considerably higher surface areas, which can be advantageous
for various applications such as adsorption, filtration, and
catalysis. Lower activation temperatures offer advantages such
as reduced energy consumption, allowing for cost savings, and
may enable better control over porosity, potentially leading to
broader pore size distribution advantageous for specific appli-
cations. Additionally, lower temperature activation could be
more time and resource-efficient. Ultimately, the selection of
activation temperature depends on desired product properties
and application requirements, but lower temperatures often
present favourable outcomes, including energy conservation
and enhanced porosity control.

To further investigate the effect of the washing treatment on
the adsorbent surface area, washing treatment steps were
carried out following the chemical activation of the synthesized
BC. The aim of this procedure was to eliminate impurities and
unwanted minerals that originate from chemical activation,
such as cations and anions from minerals present in the
biomass, and phosphoric acid used during the activation step.
These compounds are lixiviated into the washing water,
resulting in a high electrical conductivity solution. The

RSC Sustainability, 2025, 3, 5507-5517 | 5511
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optimization of the water volume used during the washing step
is essential, in order to reduce the consumption of water for the
development of a greener biochar production process. Fig. 2
presents the measurements of solution conductivity and bi-
ochar Spgr area through subsequent washing steps.

During the first washing steps, a high concentration of these
impurities is observed in the biochar, and their lixiviation to the
water is facilitated, resulting in high conductivity of the solu-
tion. As the concentration of the impurities on the biochar
diminishes, the solution conductivity also diminishes, which is
associated to the lower lixiviation chemical potential. Surface
area of the biochar after the initial washing steps (1st-5th wash)
is observed to increase, which might be associated to the
presence of H3PO, molecules present in the surface of the
material. Adsorbed H;PO, molecules reduce the number of
available active sites in the biochar for the adsorption of other
molecules, resulting in a lower N, adsorption during the surface
area analysis and, consequently, a smaller calculated surface
area. After the 5th washing step, however, biochar's surface area
is observed to stay stable, with minor oscillations (818.7-876.3
m? g~ ). Intensifying the washing procedure is essential during
the obtention of activated carbon, for it reduces the contami-
nation of the solution with unwanted ions from the biochar and
promotes significative difference in the surface area of the
material, which is directly associated to its sorbent efficient.
Tons in water can influence the adsorption efficiency of biochar
due to direct competition for active sites. Inorganic cations such
as Na", K", Ca®>", and Mg”" may compete with target molecules
for adsorption, with divalent ions generally having a stronger
negative effect because of their higher charge and greater
affinity for the adsorbent surface. Anions such as CI~, 0,7,
and NO;~ can also interfere with electrostatic interactions,
reducing removal efficiency. The extent of this interference
depends on solution conditions like pH and ionic strength, as
higher pH values can modulate electrostatic repulsion
depending on the surface charge of the biochar. Despite this,
certain adsorbents maintain relatively robust performance even
in the presence of competing ions, demonstrating selective
adsorption behaviour.* For this work, the 8th washing step was
assumed as the optimal point, for it resulted in a small variation
on the electrical conductivity compared to the previous washing
step (34-37.6 uS cm™ ') and a small variation on the surface area
(876.3-778.6 m* g~ ). These results suggest that the washing
step can be optimized by adopting a conductivity-based stop
criterion (~40 pS cm™ '), since most impurities are removed in
the first washes. Combined with counter-current reuse of water
and recovery of phosphates from the effluent, this strategy
reduces water demand and wastewater generation, contributing
to a more sustainable process.

Characterisation of the waste biomass-derived adsorbents

The FTIR spectra for BC, ABC550, and ABC650 can be observed
in Fig. 3. The peaks identified here for the BCs activated with
H;PO, exhibit a similar pattern to that of commercial activated
carbon found in the literature.** For the activated biochar
samples (ABC550 and ABC650) the peak observed at 1546 and
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samples. Scans were recorded in the spectral range of 4000-
600 cm™.

1389 em ™" can be attributed to the absorption of energy by the
alkyne group (C=C) and C-C bond, respectively.** FTIR for BC
without activation showed peaks in 1576, 1700, 1173, 875 and
740 cm™ ", These peaks reflect the molecular composition of the
material, including the stretching vibration of aromatic C=C
bonds (1576 cm™'), carbonyl groups C=O (1700 cm™ %),
stretching vibration of C-O (1060 cm™") bonds, indicating the
presence of ether groups or possibly alcohols in the BC struc-
ture (1173 cm™ '), and various types of hydrocarbons (875 and
740 cm™"). By correlating the peak intensity with chemical
treatment, Barakat et al3® found that untreated and H;PO,-
treated samples exhibit highest intensities, while combined-
agent treated samples show lower peaks. This suggests that
extensive dissolution of chemical compounds occurs when the
combined agent is used in the activation process, potentially
contributing to the favourable electrochemical characteristics
observed in this sample. After activating the biochar, the
temperatures reached is well within the limits for carboxyl
decomposition and it may have been the reason for the di-
sappearing peak around 1700 cm ™', and while is being enlarger
by a sum of factors, it red-shifts. The broadening increases with
temperature, indicating a more diverse range of conformation
and, therefore, possibly yielding large number of low molecular
weight species in the solid phase as corroborated by Table 1.
Additionally, the treatment with H;PO, is known to yield higher
carbon at temperatures above 300 °C, thereby explaining the
decrease in carbonyl and carboxyl bands. This also is related to
the appearance of C-O stretch group. Moreover, the formation
of ester at intermediate temperatures is also known to occur
using H3POy,, also explaining the broadening of the peak due to
various ester groups. The aromatic rings region presents to be
slightly seen on the activated biochar, the reorganization of
carbon into larger, more stable non-aromatic structures,
contributes to IR absorption. As a result, the FTIR spectra may
no longer show the characteristic peaks of aromatic C=C
stretching. Finally, H;PO, in biochar treatment acts as a catalyst
for bond cleavage and crosslink formation while also creating
phosphate linkages between biopolymer fragments. These

© 2025 The Author(s). Published by the Royal Society of Chemistry
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linkages can later hydrolyze or oxidize, forming oxidized
phosphorus-containing functional groups like C-O-PO; and
(CO),PO,.>

X-ray diffraction (XRD) analysis presented in Fig. 4a shows
crystalline structure and amorphous phase for BC, AC550 and
AC650. All samples display a significant background intensity,
suggesting the presence of amorphous carbon. The BC, AC550
and AC650 samples contain graphite-like structures (crystalline
carbon), as indicated by the presence of a distinct (002) peak at
22° (26) and a (100) peak in the vicinity of the graphite (100) at
43° (26). Similar peaks were reported by Li et al.*® Biochar is
often composed of amorphous carbon and may contain traces
of other elements depending on its source and formation
process. BC550 and BC650, however are a porous form of
carbon with a large surface area, resulting from an activation
process that may involve thermal and chemical treatments.
Fig. 4b illustrates the deconvolution of the BC diffraction
pattern using a Gaussian function, revealing two main compo-
nents (peak 1 and peak 2). The fit quality (R* = 0.93) indicates
a strong correlation with the Gaussian model. In Fig. 4c, the
deconvolution of the AC550 sample's diffraction pattern shows
increased peak widths and slight shifts in peak positions
compared to the BC sample. The R* value of 0.77 suggests that
this fit is less robust than that of the BC sample, potentially due
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to heightened structural disorder. The increased peak widths
(w1 = 6.82° and w2 = 3.70°) signify structural disorder resulting
from the 550 °C thermal treatment. The deconvolution of the
AC650 diffraction pattern also displays two main fitted peaks,
with peak widths further increased relative to the BC and AC550
samples (Fig. 4d). The R* value of 0.54 is the lowest among the
three samples, indicating a poorer Gaussian fit, likely due to
greater structural disorder. The quality of the Gaussian fit (R)
decreases as the treatment temperature increases, suggesting
that the complexity of the structure in thermally treated
samples rises. Additionally, BET data indicate that thermal
treatment at 550 °C and 650 °C enhanced the porosity of the
samples, which is directly linked to the increased surface area.
This increase in porosity may contribute to the observed
structural disorder in the treated samples, as evidenced by the
XRD analyses.

Thermogravimetry analysis (TGA) of BC, ABC550 and
ABC650 adsorbent materials (Fig. 5) was carried out to investi-
gate the stability of the biochar. For both BC and ABC550, the
thermogram displays two stages of mass loss. In the BC sample
(Fig. 5a), the first stage results in a 5.7% mass loss relative to the
total weight, occurring between 30 and 50 °C, primarily due to
moisture content. This is typical as water is evaporated from the
material when it is heated. The second stage, near 630 °C,
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patterns with main peaks fitted. The corresponding fitting parameters are listed, including peak positions, widths, and goodness-of-fit (R%) values.
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thermogravimetry (DTG, dashed lines) curves of (a) BC, (b) ABC550,
and (c) ABC650 biochar materials.

accounts for a 15.8% mass loss, attributed release of volatiles,
such as gases and organic liquids, present in the carbon. This
decomposition can occur over a wider range of temperatures,
depending on the type and quality of the carbon.

In the ABC550 sample (Fig. 5b), the first stage shows a 5.9%
mass loss at 53 °C, also due to loss of moisture content. The
second stage, occurring around 830 °C, results in a 19.1% mass
loss due to the elimination of various carbonaceous compo-
nents.* The DTG peak centred at 830 °C may indicate thermal
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decomposition of aliphatic C-H structures and a high substi-
tution degree of aromatic rings by oxygen groups.

For the ABC650 sample (Fig. 5¢), three stages of mass loss are
observed. The first stage, similar to BC and ABC550, occurs at
65 °C with a 12.2% loss. The second stage, at 660 °C, shows
a 10.1% mass loss attributed to carbonates.” The final stage
occurs at 856 °C, with a 9.6% mass loss due to the elimination of
various carbonaceous components.

In the TGA analysis, the ABC650 sample exhibited a more
significant mass loss compared to ABC550. This observed effect
in the sample treated at a higher temperature may suggest
enhanced activation of the biochar due to the post-thermal
treatment, which could contribute to a further increase in its
carbon content and ash composition. Overall, these samples
demonstrate expected chemical stability and thermal resis-
tance. The higher fixed carbon content of ABC650 is especially
significant, as fixed carbon in biochar generally enhances its
stability and resistance to thermal degradation. However, the
more substantial mass loss observed in ABC650 may indicate
the release of other volatile components or the influence of
specific chemical properties that affect its thermal stability.

The morphology of the ABC650 activated biochar was ana-
lysed by SEM, as shown in Fig. 6. As it can be observed in Fig. 6a,
the material has a fragmented structure with particles of varying
sizes. These particles appear to have rough and irregular
surfaces, suggesting an activation process that generated a large
surface area and porosity. Fig. 6b reveals finer details of the
porous structure. The presence of pores of different sizes can be
clearly seen, with specific measurements of 4.76 um and 7.24
pm indicated in the SEM image. This pore distribution is
indicative of a highly porous structure, which is typical of acti-
vated biochar and is responsible for its high adsorption
capacity. These pores can facilitate the capture of molecules of
different sizes, making the material effective in various filtra-
tion and purification applications.

Aspirin adsorption using R. ponticum waste-derived biochars

In this section, the experimental results of aspirin (ASA)
adsorption are presented. As previously explained, this drug was
selected as a model pharmaceutical compound due to its
common presence in contaminated water bodies and easiness
in measuring its adsorption characteristics onto carbonaceous
materials.

Adsorption isotherms. In the present study, obtained BCs
from R. ponticum were availed as potential adsorbent materials
for the removal of ASA from aqueous solutions. Adsorption
isotherms at ambient temperature (25 °C) were obtained for
each material and they are presented in Fig. 7.

As evidenced in Fig. 7A, the activating step promoted
a significantly increase in the ASA adsorption onto the BC: the
inactivated BC presented the lowest adsorbed amount of ASA
(113 mg g~ '), while ABC550 and ABC650 samples presented the
highest values, 267 and 296 mg g~ respectively, which high-
lights the benefits of activating the material.

When compared to activated biochars obtained from
different biomasses, the activated biochar obtained from R.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Morphology of (a) activated biochar produced at 650 °C
(ABC650) displayed at a magnification of 1 k and a scale of 50 pm,
showing a fragmented structure with irregular and rough surfaces; (b)
detailed view of the porous structure of ABC650 sample displayed at
a magnification of 10 k and a scale of 5 um.

ponticum developed in the current work presents an
outstanding performance for ASA adsorption: Wong et al.**
obtained an adsorption capacity of 178.57 mg g~ ' when using
activated biochar derived from spent tea leaves; Minarikova
et al.** evaluated the use of commercial activated charcoal,
which presented an adsorption capacity of 218 mg g *; and
Lyyanege et al.*® reported an adsorption capacity of 89.9 mg g~ *
using Douglas fir biochar.

Higher removal efficiency of acetylsalicylic acid (Fig. 7B) was
obtained for lower initial concentrations for the three materials
(BC, ABC550, and ABC650), with the highest removal efficiency
of almost 90% for ABC650. Such result is of great importance,
highlighting that the adsorption of ASA onto the activated bi-
ochar from R. ponticum is favoured at lower ASA concentrations,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Experimental data and fitted Langmuir's isotherm model of

acetylsalicylic acid (ASA) adsorption isotherms at 25 °C onto BC,
AB550, and AB650 biochar adsorbents; (B) ASA removal efficiency
following adsorption at 25 °C onto BC, AB550, and AB650 biochar
materials.

which correspond to the typical contamination levels found in
surface water bodies.**™*

Modelling of the isotherm data (Table 2) showed that the
Langmuir model best described the adsorption onto the acti-
vated materials, with very low mean relative errors (MRE =
0.0753 and 0.0924). This suggests monolayer adsorption on
a homogeneous surface. The maximum adsorption capacities
(q) obtained from this model—301 mg g ' for ABC550 and
295 mg g~ ' for ABC650—are in excellent agreement with the
experimental values. In contrast, the inactivated biochar (BC)
presented higher relative errors for both evaluated isotherm
models (MRE = 0.335 and 0.378), which suggests that the
adsorption isotherm of this material must be assessed in
a wider range of concentrations for a better fitting result.
Fig. 7B, however, highlights that both ABC550 and ABC650 are
materials with a higher ASA removal efficiency than BC; hence,
the pristine BC material was no further evaluated.
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Table 2 Langmuir and Freundlich isotherm model constants and
correlation coefficients for the adsorption of aspirin (ASA) onto BC,
ABC550 and ABC650 biochar materials®

Isotherm
model Parameters BC ABC550 ABC650
Langmuir qu(mgg™) 261 301 295
K, (Lg™ 111 x 1072 1.39 x 107> 2.15 x 107>
MRE 0.335 753 x 1072 9.24 x 1072
Freundlich K (Lg™") 0.706 21.5 22.2
1/n 0.778 0.403 0.427
MRE 0.378 0.117 0.163

¢ Parameters: q;, (mg ASA g~ adsorbent) and k;, (L mg ' ASA) are the
Langmuir isotherm parameters, and n and k; (mg " ASA LY" g~*

adsorbent) are the Freundlich isotherm parameters.

When comparing the activated BCs obtained after the
thermal treatment at different temperatures, the one activated
at 650 °C presented a higher adsorption at the initial concen-
trations evaluated than the one treated at 550 °C, but there was
no significant difference between the fitted values of ¢y, (301 and
295 mg g ! for ABC550 and ABC650, respectively), suggesting
that both the materials present a similar maximum ASA
adsorption capacity. The adsorption efficiency shown in Fig. 7B
expresses the ratio between the adsorbed amount of ASA and
the admitted amount of ASA in the system. For all three mate-
rials, the adsorption efficiency was the highest at low initial
concentrations, which is a positive result, once ASA contami-
nations in wastewaters are observed at low concentrations
(0.06-0.65 mg L~ ').*** Similarly to what was observed for the
adsorbed amount (g), the removal efficiency (R) was the highest
for the BC activated at 650 °C, followed by the one activated at
550 °C and the inactivated BC.

The use of the R ponticum biomass for the development of
activated biochar for the removal of emerging pollutants such
as ASA is a prominent alternative for the processing of an
invasive plant with no solid waste generation, which enables its
use under a circular economy aspect. Beyond this, the sustain-
ability of the industrial production of activated biochar from R.
ponticum must be assessed, specifically evaluating the
economics and environmental aspects such as Life Cycle
Assessment (LCA) of the process; however, such analysis falls
outside the scope of the present work.

Conclusions

This study successfully demonstrates a circular economy
approach by valorising invasive R. ponticum biomass into
a high-performance activated biochar for removing emerging
pharmaceutical contaminants from water. The thermo-
chemical activation with phosphoric acid proved highly effec-
tive, drastically enhancing the material's properties. The
maximum adsorption capacity for acetylsalicylic acid (ASA)
increased by over 160%, from 113 mg g ' for the inactivated
biochar to an impressive 295.7 mg g~ for the biochar activated
at 650 °C (ABC650). This result, which is well-described by the
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Langmuir isotherm model, is highly competitive with other
biomass-derived adsorbents. Interestingly, while the ABC650
sample showed slightly superior adsorption, the biochar acti-
vated at a lower temperature of 550 °C achieved a nearly iden-
tical surface area (876.3 m* g '). This suggests that effective
activation can be accomplished under more energy-efficient
conditions, further strengthening the sustainability of the
process. In conclusion, this research provides a viable pathway
to simultaneously manage the ecological threat of an invasive
species and address the pressing issue of water pollution. By
converting problematic R. ponticum waste into a valuable, low-
cost adsorbent, this work offers a scalable and sustainable
solution for water purification, contributing to the development
of green technologies aligned with circular economy principles.
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