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ABSTRACT: In light of the growing urgency to address environmental degradation and improve carbon sequestration
strategies, this study rigorously investigates the potential of Cistus ladaniferus as a viable feedstock for biochar and
activated carbon production. The influence of pyrolysis temperature, heating rate and particle size on biochar yield was
systematically examined. The results demonstrate that increasing pyrolysis temperature and heating rate significantly
reduces biochar yield, while particle size plays a crucial role in thermal degradation and biochar retention. To evaluate
the structural and chemical properties of the materials, various characterization techniques were employed, including
Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and energy-dispersive X-ray
analysis (EDXA). FTIR identified key functional groups, while SEM and EDXA provided valuable insights into the
morphology and elemental composition of the materials. Activated carbons exhibited enhanced porosity and carbon
content compared to their biochar counterparts, achieving specific surface areas of up to 1210 m* g™' for acid-
activated shells (AC-Sha). The Brunauer-Emmett-Teller (BET) method confirmed the mesoporous characteristics of
these materials, with AC-Sa displaying a surface area of 678.74 m* g! and an average pore size of 2.73 nm. Elemental
analysis revealed that activated carbons possessed a higher carbon content (96.40 wt.% for AC-Sha) and lower oxygen
content (2.37 wt.%), highlighting their suitability for applications in adsorption and catalysis. These findings underscore
the significant impact of activation processes on the stability and adsorption capabilities of Cistus-derived biochars
and activated carbons, paving the way for future research and practical applications in pollution control, carbon
sequestration, and bioenergy.
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1 Introduction

Climate change is one of the most pressing challenges of the 21st century, characterized by a rise in
the global average temperature of approximately 1.1°C since the pre-industrial era [1]. According to the
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Intergovernmental Panel on Climate Change (IPCC), climate change is driving extreme weather events,
ocean acidification, and significant biodiversity loss [2]. These findings are detailed in the IPCC’s the Sixth
Assessment Report: Climate Change 2022: Impacts, Adaptation, and Vulnerability, a contribution of Working
Group II [3,4]. In this context, it is increasingly imperative to develop innovative and sustainable strategies to
mitigate these impacts, particularly through the adoption of technologies that promote carbon sequestration
and enhance the resilience of ecosystems [5].

Biochar, a carbonaceous material produced through the pyrolysis of biomass, offers a promising solution
in this fight against climate change [6]. This thermal process, conducted in the absence of oxygen, converts
biomass into a stable product that can be integrated into the soil to enhance its structure, fertility and
water retention capacity. Moreover, biochar plays a pivotal role in pollutant adsorption and long-term
carbon sequestration, contributing to the reduction of atmospheric carbon dioxide concentrations [7]. The
performance and properties of biochar are highly influenced by the type of biomass used and the specific
conditions of the pyrolysis [8].

Agricultural residues, such as seeds and shells [9], represent a sustainable and perennial source for
biochar production. Among these resources, Cistus ladaniferus, a widely distributed Mediterranean shrub,
remains underexploited despite its considerable potential. Adapted to diverse environmental conditions and
highly resistant to drought, this species produces biomass rich in organic compounds, making it an excellent
candidate for thermochemical valorization [10]. However, the growing interest in biochar is not without its
challenges. Most research focused on conventional biomass, such as wood residues and common agricultural
by-products [11], while the potential of alternative sources, including essential oil residues derived from
Cistus ladaniferus, remains largely unexplored [12]. Gaining a comprehensive understanding of the specific
properties of biochar produced from this biomass is crucial to optimize its applications and enhance its
effectiveness across various ecological contexts [13].

This work proposes an innovative approach involving the pyrolysing of the seeds and shells of Cistus
ladaniferus to produce biochar. By leveraging the plant’s high biomass yield, the process optimizes pyrolysis
conditions to enhance biochar quality. This strategy not only minimizes waste, but also supports sustainable
development while contributing to environmental improvement. Cistus ladaniferus was selected due to
its abundant presence in Mediterranean regions, making it an ideal candidate for energy production and
environmental applications. This research proposes a sustainable strategy for utilizing local resources,
reducing waste and creating advanced materials for the environment and agriculture applications. Biochar
was produced under controlled pyrolysis conditions: the seeds were heated at a temperature ramp rate of
21°C min™! with particle sizes ranging from 0.3 to 0.6 mm, while the shells were heated at a ramp rate of
40°C min™! with particle sizes of 2 to 3 mm, both at a final temperature of 450°C. Following synthesis, the
biochar was chemically activated using H; PO, (phosphoric acid) and NaOH (sodium hydroxide). A series of
characterization techniques were subsequently employed to evaluate the properties of the activated biochar.

2 Materials and Methods
2.1 Biomass

The experimental campaigns utilized two types of biomasses from Cistus ladaniferus: seeds and shells,
characterized by low and high ash content, respectively. These biomasses were collected from the Tangier-
Tetouan-Al Hoceima region, specifically the Al Hoceima province (Targuist-Bani Hadifa) and the Rmilatte
forest in Tangier. After collection, the samples were sun-dried for two weeks, and subsequently shade dried
for one month. They were then crushed and stored in airtight plastic containers.
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2.2 Experimental Procedure

Experiments were conducted to study the influence of pyrolysis temperature (200°C-550°C) at heating
rates ranging from 7 to 28°C min~" for seeds and from 10 to 70°C min™" for shells. The experiments utilized a
cylindrical semi-batch reactor made of stainless steel, which was vertically inserted into an electrically heated
turnace (Fig. 1). The reactor temperature was controlled using a PID controller. During the pyrolysis process,
the biomass sample (Cistus ladaniferus seeds or shells) was introduced into the reactor. Vapors generated
during pyrolysis were directed to a condenser cooled with chilled water to collect the liquid condensate. After
each experiment, the condensed liquid was collected in a cylindrical measuring device. The solid residue
(charcoal) remaining after pyrolysis was removed, weighed, and analyzed. The biomass feedstock and the
resulting charcoal were weighed using an electronic balance with an accuracy of +£0.01 g. Fig. 1 provides a
detailed illustration of the experimental setup.

Liquid product collecting and
condensation system
Qutlet gas

Cooling unit

Figure 1: Experimental pyrolysis setup

2.3 Biochar Activation
2.3.1 Activation with Phosphoric Acid H3 POy

Phosphoric acid (H;PO,) is one of the most commonly used agents for the activation of biochar [14,15].
In this process, Cistus ladaniferus shells (ACSh) is treated with a solution of H3PO, (>85% purity) at weight
ratio of 1:1. The impregnated mixture is then heated in an oven at 100°C for 24 h. Following activation, the
acid-treated shells (ACSha) are thoroughly rinsed with distilled water to remove impurities. A subsequent
neutralization step is carried out using a 2 M sodium bicarbonate (NaHCO;) solution to eliminate residual
acidity. The ACSha is then washed repeatedly with distilled water until the pH of the wash water stabilizes
at 6. Finally, the samples are dried at 100°C. This same procedure is also used to activate biochar derived
from seeds.

2.3.2 Activation with Sodium Hydroxide (NaOH)

Sodium hydroxide (NaOH) is widely recognized as an effective biochar activation agent in the literature.
In this method, 10 g of Cistus ladaniferus shells charcoal (ACSh) is initially treated with a 97% sulfuric acid
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(H,SOy) solution. The acid, acting as a desiccant, oxidizing agent, and mineral removing agent, is left to
soak the charcoal for 24 h. After the soaking process, the ACSh is thoroughly rinsed with distilled water
until the pH of the wash water stabilizes at 6. The pretreated charcoal is first immersed in 200 mL of a 4 M
NaOH solution and stirred at 85°C for 2 h. The mixture is then filtered, and the NaOH-activated shell powder
(ACShb), is dried at 120°C for 24 h. This procedure is similarly applied to activate biochar derived from seeds.

2.4 Caracterisation of Biochar and Activated Charcoal

To analyze the physicochemical properties of biochar and activated carbon, several advanced char-
acterization techniques were employed, each paired with specialized instrumentation. Fourier transform
infrared spectroscopy (FTIR), performed using a JASCO 4700 FTIR spectrometer, identified functional
groups on the sample surfaces, providing key insights into their chemical composition. Scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray analysis (EDXA), conducted using a Hirox-SH-
5500P instrument, revealed details about the morphology, including surface features and porosity. The
textural properties of the adsorbent were characterized using nitrogen sorption analysis at 77.3 K with
a Micromeritics ASAP 2420 analyzer. Prior to analysis, the samples were degassed for 5 h at the same
temperature to remove surface contaminants. The specific surface area was determined using the BET
(Brunauer-Emmet-Teller) method [16,17], while pore size and volume calculations were performed using
the BJH (Barrett-Joyner-Halenda) approach, based on the desorption branch of the isotherm [18]. X-ray
diffraction (XRD), carried out with an XDR 6000 instrument, was used to identify the crystalline phases
within the samples. Collectively, these techniques and their respective instruments, provided a comprehen-
sive understanding of the properties of biochar and activated carbon, which is crucial for applications in
pollution control and carbon sequestration.

2.5 Adsorption Process

To determine The study aimed to determine the adsorption parameters, constants, isotherms, and
kinetics of amoxicillin and metronidazole on activated carbon. The process began with the preparation of a
calibration curve, using seven solutions with concentrations ranging from 10 to 70 mg L™!. Absorbance mea-
surements were conducted with a JASCO V-730 spectrophotometer to ensure accuracy. For the adsorption
kinetics analysis, the contact time between the adsorbent and the adsorbates was varied from 20 to 160 min.
The solutions were stirred at a constant speed of 150 rpm, followed by centrifugation at 3000 rpm for 2 min.
To study the adsorption isotherms, the concentration of the antibiotic solutions was varied between 100 and
800 mg L', This systematic approach enabled a detailed analysis of the adsorption behavior of amoxicillin
and metronidazole on AC-CSh. The yield and the quantity of antibiotics adsorbed were calculated using
Formulas (1) and (2), providing valuable insights into the adsorption process.

v
qe:(CO_Ce)X; (1)
]
R% = 100 — OOC—XCe )
0

where C is concentration in (mg L™!). V is the volume in (L), m is mass of activated carbon in (g), and R% is
yield removal.
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3 Results and Discussion
3.1 Study of Biochar Synthesis Parameters

To optimize the synthesis parameters of biochar derived from Cistus ladaniferus shells and seeds, the
effects of temperature, particle size, and heating rate on biochar yield were investigated. The results are
presented in Fig. 2. Fig. 2a shows that as the temperature increases from 200°C to 450°C, the biochar
yield decreases significantly. At lower temperatures (<300°C), thermal degradation is minimal, resulting
in a higher biochar yield. However, at higher temperatures, volatile components of the biomass such as
cellulose, hemicellulose, and lignin, decompose, leading to increased production of gas and bio-oil at the
expense of biochar. Additionally, higher heating rates (21°C min™") accelerate this decomposition process,
further reducing the biochar yield, particularly at elevated temperatures. Fig. 2d confirms that biochar yield
consistently declines with increasing temperature (200°C-550°C), regardless of the heating rate. At lower
heating rates (20°C min™!), pyrolysis proceeds more slowly, favoring the preservation of carbonaceous
materials. In contrast, higher heating rates (60-70°C min™') enhance thermal degradation, leading to a
more rapid decrease in biochar yield. Fig. 2b highlights the direct impact of heating rate on biochar yield. At
lower heating rates (7-14°C min™"), pyrolysis occurs more gradually, allowing for better preservation of the
biochar. However, at heating rates above 21°C min™!, the yield stabilizes or slightly increases potentially due
to incomplete pyrolysis at very high rates, which prevents full decomposition of volatile compounds. Fig. 2¢
reinforces these findings. At constant temperatures, lower heating rates (<40°C min™!) result in slow and
efficient conversion, maintaining a higher biochar yield. Conversely, at higher heating rates (>60°C min™"),
the yield stabilizes, likely due to partial pyrolysis that limits the complete release of volatile compounds.
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Figure 2: Influence des parameters of pyrolysis process on temperature (a) seeds, (d) shells, heating rate (b) seeds,
(e) shells and particle size (c) seeds, (f) shells on yield of biochar
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Fig. 2¢,f explores the influence of biomass particle size on biochar yield for seeds and shells, respectively.
In Fig. 2¢, smaller seed particles (0.075-0.5 mm) produce a slightly lower biochar yield compared to larger
seed particles (0.6-1.2 mm). This is likely due to the faster and more uniform thermal diffusion in smaller
particles, which promotes more complete pyrolysis and a higher release of volatile compounds. In contrast,
larger seed particles experience less complete pyrolysis because of their lower specific surface area and limited
thermal diffusion, resulting in a higher biochar retention. A similar pattern is observed in Fig. 2f for shell
particles ranging from 0.3 to 3.5 mm. Larger shell particles (3-3.5 mm) retain more biochar, as their bulkier
structure limits the extent of thermal degradation. These findings underscore the significant role of particle
size in optimizing biochar production for different types of biomasses.

3.2 Biochar and Activted Carbon Analysis
3.2.1 FTIR Analysis

The FTIR spectrum presented in Fig. 3a and Table 1 highlights several key functional groups.
Low-intensity vinyl C=C-H bonds are detected between 2925 and 3100 cm™', while conjugated and non-
conjugated nitrile C=N bonds appear between 2230 and 2250 cm™. The spectrum also reveals the emergence
of aliphatic N-O bands within the 1380-1540 cm™' range and carboxylic acid C-O bonds between 1250 and
1300 cm™!. Additionally, substituted alkene C-H bonds are identified in the 800-990 cm™" range. In Fig. 3b
and Table 1, the FTIR spectrum exhibits the formation of new functional groups. N-H amine bonds with
low to medium intensity appear between 3400 and 3500 cm™!, alongside O-H stretching vibrations within
the from 3200 to 3400 cm™' range. The low-intensity features between 2300 and 2500 cm™!, attributed to
salt ions such as CI", Na*, and CO5* in trace concentrations. The Carbonyl C=0 bonds of aldehydes and
ketones are present between 1685 and 1720 cm™!, aromatic C-O bonds are observed from 1220 to 1260 cm™!,
and C-S bonds display high intensity at 1250 cm™'. Additionally, benzene C-H bonds are evident beetwen
500 and 690 cm™! range.
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Figure 3: FTIR of activated carbon from cistus seeds ACS (a) and activated carbon from cistus shells ACSh (b)

Table 1: FTIR analysis of ACS and ACSh

Functional group Wavenumber range (cm™')
Vinyl C=C-H bonds 2925-3100
Nitrile C=N bonds (conjugated & non-conjugated) 2230-2250
Aliphatic N-O bands 1380-1540

(Continued)
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Table 1 (continued)

Functional group Wavenumber range (cm™')

Carboxylic acid C-O bonds 1250-1300

Substituted alkene C-H bonds 800-990
N-H amine bonds (low to medium intensity) 3400-3500
O-H stretching vibrations 3200-3400
Salt ions (CI”, Na*, CO5*") 2300-2500
Carbonyl C=0 bonds (aldehydes, ketones) 1685-1720
Aromatic C-O bonds 1220-1260

C-S bonds 1250
Benzene C-H bonds 500-690

3.2.2 Brunauer-Emmet-Teller (BET) Analysis

The nitrogen adsorption-desorption isotherms demonstrated a type IV pattern, characteristic of meso-
porous materials. As shown in Figs. 4b and 5a, the isotherm could be divided into three distinct stages: (1) an
initial phase (p/po < 0.48), corresponding to monolayer adsorption of nitrogen on the walls of the mesopores;
(2) a middle phase (0.48 < p/py < 1.05), dominated by capillary condensation within the mesopores, where
the inflection point indicative the mesopore diameter and a sharp transition suggests a narrow pore size
distribution; and (3) a final plateau (p/po > 1.05), associated with multilayer adsorption on the external
surfaces of particle. Similar behavior has been reported in materials such as silica, green algae, coconut shell
charcoal, and natural diatomite [15,19,20]. The specific surface area (Aggr) of ACSa, calculated using the BET
method, was 678.74 m? g~!, with a pore volume of 0.9 cm® and an average pore diameter of 2.73 nm [15].
Furthermore, the BJH model estimated an average pore size of approximately 3.1 nm, as illustrated in Fig. 5b.
Similarly, the adsorption properties of ACSha revealed a type IV isotherm profile (Fig. 4b), with three distinct
phases: (1) initial adsorption of nitrogen onto the mesopore walls (p/py < 0.404); (2) a notable increase in
adsorption (0.404 < p/pg < 0.99), attributed to capillary condensation and the insertion of nitrogen molecule
within the pores; and (3) a final plateau (p/po » 0.99), reflecting multilayer adsorption on the external surface
of particles. ACSha exhibited a higher specific surface area (Aggr) of 1210 m* g, with a pore volume of
0.75 cm’, and an average pore diameter of 2.73 nm. The BJH analysis showed an average pore size of 3.732 nm,
as illustrated in Fig. 4a.
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Figure 4: (a) dA/dlog(W) surface area, dV/dlog(W) pore volume, (b) Adsorption-desorption isotherm of ACSha
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3.2.3 SEM and EDXA Analysis

The biochar activation process, whether using NaOH as a base or H3POj as an acid, plays a critical role
in developing biochar porosity. Charcoal synthesized from acid-activated cistus seeds (Fig. 6b,e) exhibits a
stable porous structure, in contrast to the less porous structure of charcoal activated using a base (ACSb,
ACShb, Fig. 6¢,f). A similar trend is observed for charcoal obtained from acid-activated shells. Notably,
the charcoal synthesized from shells demonstrates a more porous sheet like structure, which results in a
higher specific surface area as measured by the BET method compared to that of charcoal derived from
seeds. Carbon content analysis through EDXA reveals that acid-activated biochars possess a higher carbon
percentage compared to base-activated biochars (ACSa, ACSha, Fig. 7) for both types of charcoal. The
enhanced porosity and increased carbon content in acid-activated biochars contribute to their superior
adsorption properties, making them highly effective in wastewater treatment applications.

(d) Shells biochar (e)ACSha (f) ACShb

Figure 6: SEM micrographs
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Figure 7: EDXA diffractograms (a) Seeds biochar, (b) ACSa, (c) ACSb, (d) Shells biochar, (e) ACSha and (f) ASChb

Activated carbon is widely recognized for its excellent adsorption capacity, which is critical for the
removal of contaminants from wastewater. Chemical activation, a key step in its production, involves impreg-
nating carbon-rich materials (e.g., coconut shells, wood, coal) with activating agents such as potassium
hydroxide (KOH), phosphoric acid (H;POy), or zinc chloride (ZnCl,). This activation process significantly
enhances the porosity and surface area of the material, thereby improving its adsorption efficiency. For
instance, Soliman et al. [21] reported that chemical activation using a combination of hydrochloric acid
(HCI) and hydrogen peroxide (H,0,) enabled the preparation of highly efficient adsorbents from sludge,
achieving a 99.9% removal efliciency in wastewater treatment. Additionally, persulfate (PS) activation
has attracted significant attention for its effectiveness in degrading recalcitrant contaminants. Chemical
activation methods, including the use of transition metals or alkaline conditions, are employed to activate
persulfate, producing sulfate radicals (SO4*~), which are potent oxidants capable of degrading a wide range of
pollutants. Recent research, as reviewed by Wang et al. [22], highlights various chemical activation strategies
developed to enhance the efficiency of PS activation in wastewater treatment applications.

Table 2 highlights the elemental composition of biochars and their activated carbon derivatives derived
from seeds and shells. Carbon content is high across all samples, with ACSha exhibiting the highest
percentage (96.40 wt.%), indicating that the activation process effectively enhances carbon concentration.
Simultaneously, oxygen levels decrease significantly in the activated carbons, with ACSha recording the
lowest value (2.37 wt.%), suggesting the removal of oxygenated functional groups during activation. Potas-
sium is present in small amounts, with seeds biochar showing the highest concentration (1.34 wt.%). Trace
elements such as calcium, magnesium, and silicon are only detected in seeds biochar and are entirely removed
during activation process. Phosphorus remains relatively stable in the activated carbons derived from seeds,
with ACSa and ACSha showing 1.47 wt.% and 1.01 wt.%, respectively. Sodium is notably concentrated in
ACSb (13.04 wt.%), likely due to the activation process or residual salts. These variations in elemental
composition reflect the impact of activation on biochars, enhancing their properties and making them more
suitable for applications like adsorption or catalysis. Overall, the concentrations of metals in the biomass are
low, typically not exceeding 0.1%, except for certain elements such as manganese. Non-metallic elements,
including phosphorus (P), calcium (Ca), sulfur (S), and potassium (K) also have concentrations below 1%.
This composition indicates that the biomass is rich in carbon and oxygen, a favorable characteristic for
utilizing cistus seeds and shells as a potential source of biofuels.
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Table 2: Elements identified by EDXA in seeds biochar, ACSa, ACSb, shells biochar, ACSha and ASChb

Elements Seeds biochar ACSa ACSb Shells biochar ACSha ASChb

wt.%

Carbone 85.43 90.13 50.72 95.18 96.40 91.10
Oxygene 11.07 7.22 36.11 4.82 2.37 717
Potassium 1.34 1.18 0.13 nd 0.22 nd
Calcium 0.36 nd nd nd nd nd
Phosphore 0.97 1.47 nd nd 1.01 nd
Magnésium 0.77 nd nd nd nd nd
Silicium 0.06 nd nd nd nd nd
Sodium nd nd 13.04 nd nd 1.74

Note: nd: not determined.

Elemental analysis (CHNSO), a widely used and reliable technique based on sample combustion, was
conducted using the Micro TruSpec instrument (EA3000). This instrument simultaneously measures the
contents of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S), while oxygen (O) is analyzed separately
through a pyrolysis process. Table 3 presents the results of this analysis along with the characteristics of
biochar and activated carbon.

Table 3: Ultimate analysis and property of seeds biochar, ACSa, ACSb, shells biochar, ACSha and ASChb

Property/element Seeds ACSa ACSb Shells ACSha ASChb
biochar (wt.%) (wt.%) biochar (wWt. %) (wt.%)
(wt.%) (wt.%)
Carbon 82.34 89.17 66.98 87.02 92.48 90.19
Oxygen 14.25 9.09 30.03 8.92 5.37 7.01
Hydrogen 2.33 1.44 2.78 2.94 1.53 1.83
Nitrogen 0.93 0.30 0.21 1.01 0.62 0.97
Sulfur 0.15 nd nd 0.11 nd nd
Moisture (%) 4.12 2.37 2.82 3.96 1.98 1.13
pH 8.85 6.85 8.52 8.10 714 9.02
Conductivity (uS/cm) 425 720 1185 515 898 1395

Table 3 provides a clear comparison of the properties of biochar and activated carbon derived from
seeds and shells. Activated carbons exhibit significantly higher carbon content (e.g., 92.48% for ACSha and
89.17% for ACSa) compared to biochars (82.34% for seeds and 87.02% for shells), reflecting their enhanced
stability and superior adsorption capabilities. In contrast, Biochars, contain a higher oxygen content (14.25%
for seeds and 8.92% for shells), indicating the presence of oxygen-based functional groups. The activation
process substantially reduces this oxygen content significantly (e.g., 5.37% for ACSha), thereby increasing
hydrophobicity and enhancing material durability. Hydrogen levels are slightly higher in biochars, suggesting
that the devolatilization process during pyrolysis is less complete compared to activated carbons. Nitrogen
content is relatively low across all samples but slightly higher in shell-based samples, likely due to the
composition of the raw feedstock. Additionally, Sulfur is nearly absent in activated carbons, a beneficial
characteristic that helps minimize environmental impact.
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Moisture content is significantly lower in activated carbons (e.g., 1.98% for ACSha), reflecting their
higher porosity and hydrophobic nature. Biochars, on the other hand, exhibit an alkaline pH (e.g., 8.85
for seeds), making them particularly suitable for applications like soil improvement, In contrast, activated
carbons display greater variation in pH, depending on the activation process employed. Additionally,
electrical conductivity is markedly higher in activated carbons (e.g., 1395 uS/cm for ASChb), indicating
a greater capacity for ion exchange and higher mineral content. These findings highlight the superior
properties of activated carbons, making them more effective for applications such as adsorption and
environmental remediation.

3.2.4 XRD Analysis

The X-ray diffractograms (Fig. 8) of samples ACSha, ACShb, ACSa, and ACSb highlight notable
differences based on the chemical activation method used (H;PO4 or NaOH). ACSHa and ACSa, activated
with H3PO,, exhibit broad, low intensity peaks around 260 range of 20°-30°, indicative of amorphous
or weakly crystalline structures. This pattern is typical of activated carbons that have undergone limited
chemical activation or insufficient heat treatment. In contrast, ACShb and ACSb, activated with NaOH,
demonstrate significantly higher crystallinity. ACShb displays well defined peaks, particularly at 26° ~ 26°
(graphite (002) plane), as well as at 24°, 33°, and 49° (Fe,0s), and 42°-43° (MgO), indicating atomic
reorganization facilitated by NaOH activation. Similarly, ACSb shows sharp peaks at 20° ~ 26° (graphite),
43° and 50° (Fe;04 or TiO,), and 33° and 62° (Fe,0s), reflecting high crystalline structure resulting
from high temperature chemical impregnation and pyrolysis. Thus, NaOH-activated samples (ACShb and
ACSD) exhibit prominent crystalline features, whereas H;POy4-activated samples (ACSha and ACSa) retain
predominantly amorphous characteristics.
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3.3 Application in Adsorption

Activated carbons derived from citus ladaniferus seeds and shells (ACS and ACSh), chemically activated
with phosphoric acid (H;PO,), offer an efficient solution for the adsorption of azo dyes and heavy metals.
Their microporous structure and oxygenated functional groups facilitates strong interactions with these
pollutants through mechanisms such as ion exchange, -7 interactions, and complexation. These materials
demonstrate significant potential for wastewater treatment, effectively combining sustainability with the
valorization of agricultural residues.

3.3.1 Kinetics Adsorption

Table 4 presents detailed kinetic parameters for various adsorption experiments, evaluating the per-
formance of different adsorbents (BS, BSh, ACSha, ACSa) with several adsorbates (dyes, antibiotics, and
metal ions) using pseudo-first-order, pseudo-second-order, and intraparticle diffusion models. Across most
cases, pseudo-second-order kinetics model provides the best fit with R? values approaching 1, indicating that
adsorption is primarily governed by chemical interactions. For instance, ACSha demonstrates an excellent
fit for Amoxicillin (R* = 0.954) and Metronidazole (R* = 0.929). Similarly. BS adheres strongly to the second-
order model for RR23 (R* = 0.998) and AO52 (R* = 0.998), while BSh exhibits comparable behavior for
RR23 (R? = 0.999) and AO52 (R? = 0.998) [23,24]. The pseudo-first-order model shows slightly weaker fits,
but still performs adequately in some cases such as AO52 adsorption on BS (R? = 0.896) and Ni** on ACSa
(R? = 0.874). For the intraparticle diffusion model, the R? values for ACSha with Amoxicillin (R* = 0.881)
and BS with AO52 (R? = 0.932) suggest that diffusion plays a significant role. However, other combinations,
such as ACSa with Cu** (R* = 0.701) and BSh with RR23 (R* = 0.553), indicate weaker fits, suggesting that
intraparticle diffusion is not the dominant mechanism in these cases. Adsorption capacities (Q.) vary widely,
with ACSha achieving the highest values for Amoxicillin (237.68 mg g ') and Metronidazole (207.07 mg g™!).
ACSa shows strong adsorption performance for Ni** (79.64 mg g™!) and Cr®* (99.84 mg g™'), accompanied
by relatively high K, values (e.g., Ni**: 0.7 x 107° g mg™! min, Cr°*: 0.8 x 10~ g mg™! min) [15,25,26].

Table 4: Kinetics models parameters

Kinetics models Pseudo first order Pseudo second order Intraparticle diffusion
Adsorbent  Adsorbate Q. Q. K, R Q. Q. K, R K C R

BS RR23 4381 2523 0.08 0998 43.81 4762 49x107° 0998 165 2873 0.565

AO52 130.23 256.47 0.06 0.896 130.23 166.67 2.8 x107° 0998 9.85 35.44 0.932

BSh RR23 4975 10.06 0.06 0.999 4975 5263 70x107° 0999 142 3671 0.553

AO53 190.77 22747 0.06 0.908 190.77 250.00 0.4x107° 0.998 926 102.00 0.880

Amoxicillin ~ 237.68 544.68 0.06 0954 23768 26316 03x107° 0998 9.60 129.44  0.881

ACSh _
? Metronidazole 20707 904.05 010 0929 20707 21739 08x10 0999 535 149.63 0.725
RR23 80.40 38298 0.1 0.885 333.33 38298 0.7x107> 0.996 10.08 19230  0.585
ACSa cu?t 9390 15587 0.09 0935 93.90 10310 0.8x107> 09984 457 4685  0.701
NiZ* 79.64 154.47 0.068 0.874 79.64 8929 0.7x107° 09963 450 3273  0.818
cr*t 99.84 17911 0.084 0.888 99.84 11236 0.8x10> 09972 474 5146  0.643

Note: BS: biochar seeds, BSh: biochar shells, ACSa: activated carbon of seeds by acid, ACSha: activated carbon of
shells by acid, RR23: read reactif 23, AO52: acid orange 52, R?: correlation coefficient; Q. (mg g!): quantity of
adsorbed at equilibrium; K; (mL min™?): first order adsorption rate constant; K, (g mg™ min~!): second order ad-
sorption rate constant; K; (mg - g~! min~") is the intraparticle diffusion rate constant. The value of the y-intercept
C(mggh).
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3.3.2 Isotherms Adsorption

The Table 5 summarizes the adsorption performance of various adsorbents (ACSa, ACSha, BS, and BSh)
for different adsorbates evaluated using Langmuir and Freundlich isotherm models. ACSa demonstrates
high adsorption capacities for Cu** (238.10 g mg™'), Ni** (80.64 g mg™!), and Cr®* (125 g mg™?) [15], with
Langmuir R? values exceeding 0.995, indicating an excellent fit to the model. ACSha exhibits exceptional
adsorption capacities for amoxicillin (1250 g mg™') and metronidazole (769.23 g mg™!), with Freundlich
n values close to 1, suggesting favorable adsorption under these conditions. BS and BSh show significant
adsorption capacities for dyes, such as RR23 (166.67 and 354.82 g mg ™!, respectively) [27], and AO52 (333.33
and 500 g mg ™!, respectively). The higher R* values for the Langmuir model suggest that monolayer adsorp-
tion dominates, while Freundlich parameters (e.g., #n = 2.739 for BSh) indicate heterogeneous adsorption
adsorption process for some materials. These findings underscore the effectiveness of the studied adsorbents
in removing heavy metals, antibiotics, and dyes from aqueous solutions, with BSh standing out as the material
with the highest adsorption capacity.

Table 5: Isotherms models parameters

Models Langmuir isotherm Freundlich isotherm
Adsorbent  Adsorbate R, K.(Lmg') Q,.(mgg') R K. n R’

Cu?* 0.4842-0.8492  0.0071 238.10 0.9958 0.1814 11.399 0.970
ACSa Ni?* 0.1218-0.4545  0.0480 80.64 0.9968 0.7416 20.399 0.980
Cro* 0.4425-0.8264  0.0084 125 0.9965 0.9985 20.610 0.992
ACSha Amoxicillin 0.17-0.62 0.0061 1250 0.9971 1198 125 0.9982
Metronidazole ~ 0.13-0.55 0.0082 769.23 0.9905 9.94 126 0.9867

BS RR23 0.0680-0.4219 0.175 166.67 0.996 20.267 1.408 0.989
AO52 0.0694-0.4273  0.0268 333.333 0.988 21.867 1972 0.899
BSh RR23 0.0174-0.1508 0.563 354.82 0.984 57054 2.283 0.984
AO52 0.0132-0.1182 0.1492 500 0.993 44.523 2.739 0.965

4 Conclusion

Activated carbons derived from Cistus ladaniferus seeds and shells were synthesized through pyrolysis,
followed by chemical activation using phosphoric acid (H3PO,) or base sodium hydroxide NaOH. The
pyrolysis process converts biomass into biochar under controlled conditions, increasing its carbon content
while reducing volatile matter. Subsequent activation with H;PO, creates a highly microporous structure
and introduces oxygenated functional groups, which are crucial for effective adsorption performance.
Comprehensive characterization of these materials confirmed their enhanced properties, including BET
surface area analysis, pore size distribution, and functional group identification. These findings highlight the
materials’ potential for various environmental applications, particularly in the adsorption of pollutants.

The activated carbons exhibit exceptional adsorption capacities for a wide range of pollutants, including
azo dyes, heavy metals, and pharmaceuticals, due to their tailored porosity and surface chemistry. Adsorption
kinetics predominantly follow the pseudo-second-order model, underscoring the dominance of chemisorp-
tion. For example, ACSha demonstrates remarkable adsorption capacities for amoxicillin (Q, = 237.68 mgg™*,
R? = 0.998) and metronidazole (Q. = 207.07 mg g~*, R? = 0.999). Similarly, ACSa efficiently adsorbs heavy
metals such as Cr** (Q. = 99.84 mg g !, R* = 0.9972) and Cu** (Q. = 93.90 mg g™ !, R* = 0.9984). Adsorption
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isotherm analysis reveals that the Langmuir model provides an excellent fit for most cases, indicating
monolayer adsorption. ACSa exhibits high maximum adsorption capacities (Qe ) for Cu** (238.10 mg g™!),
N#* (80.64 mg g '), and Cr®* (125 mg g!), with R? values exceeding 0.995. In pharmaceutical adsorption,
ACSha achieves outstanding results, with capacities of 1250 mg g™' for amoxicillin and 769.23 mg g* for
metronidazole. Additionally, the Freundlich model highlights the heterogeneous adsorption behavior, of
some materials, such as BSh for AO52 (n = 2.739).

This study underscores the dual benefits of biochar and activated carbon synthesis: the valorization of
agricultural residues and development of efficient adsorbents for environmental remediation. The synergy
between pyrolysis and chemical activation yields materials with superior adsorption properties, making
them highly effective for addressing wastewater treatment challenges. Future research should focus on
optimizing production processes, investigating regeneration potential, and scaling up these materials for
industrial applications.
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