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Abstract 

Growing pressures on water resources and inadequate wastewater treatment infrastructure in many regions 

call for low-cost, efficient, and sustainable solutions capable of addressing both conventional and emerging 

contaminants. This thesis investigates the valorisation through pyrolysis processes of local agro-industrial 

residues, mainly argan press cakes (white and black), olive pomace, and lignocellulosic materials, into 

biochar for decentralized wastewater treatment systems. Furthermore, sewage sludge together with 

sawdust has been used as feedstock for biochar production via a co-pyrolysis process. The research 

combined feedstock characterization, pyrolysis optimization, and performance evaluation in filtration and 

constructed wetland systems, with a focus on both classical pollution parameters and pharmaceutical 

contaminants. Detailed physicochemical and thermal analyses showed that the selected agro-industrial 

residues contained high carbon percentages (52–61%) and exhibited good energy potential, making them 

suitable feedstocks for pyrolysis. Biochar yields ranged from 8% to 34% depending on feedstock and 

pyrolysis temperature, with fixed carbon increasing and volatile matter decreasing as temperature rose. At 

800 °C, olive pomace biochar achieved the highest specific surface area (22 m²/g) and methylene blue 

adsorption capacity (432 mg/g), confirming the strong effect of pyrolysis conditions on sorption properties. 

In the second phase, biochar was incorporated at different proportions (0%, 10%, 25%, and 50%) into 

filtration systems and pilot-scale vertical flow constructed wetlands (VF-CWs) treating domestic 

wastewater. Results demonstrated a significant enhancement of treatment performance compared to 

unamended systems. The 10% biochar dose provided the best balance between efficiency and hydraulic 

performance, achieving up to 92% removal of total suspended solids (TSS), 83% of chemical oxygen 

demand (COD), 87% of organic nitrogen, and 44% of total phosphorus, with faecal indicator 

contamination removal reaching 3–4 log units. Hydraulic conductivity was maintained, indicating good 

substrate stability. In the third phase, the removal of contaminants of emerging concern was investigated. 

Biochar-amended VF-CWs exhibited high removal efficiencies for several pharmaceutical compounds, 

including clarithromycin, erythromycin, and ketoprofen (up to 99–100%), while others, such as 

carbamazepine and fluoxetine showed low to moderate removal (≤35%). These findings reflect both the 

sorption properties of biochar and the differential biodegradability of pharmaceuticals. Biochar effectively 

improved micropollutant retention without compromising system operation, confirming its suitability as 

an integrated, low-cost substrate. Overall, this work demonstrates the technical feasibility and 

environmental relevance of converting local biomass residues into high-performance biochar for 

sustainable wastewater treatment. It provides robust experimental evidence that biochar can substantially 

enhance the efficiency of decentralized systems, contributing to improved water quality, waste 

valorisation, and climate co-benefits through carbon sequestration. These results support the development 

of scalable, resource-efficient sanitation solutions for rural and peri-urban communities facing both 

biomass accumulation and water pollution challenges. Particularly interesting results were obtained in 

vertical systems by replacing conventional substrates (sand and gravel) with biochar obtained from the co-

pyrolysis of sewage sludge and sawdust, and subsequently chemically and thermally activated (surface 

area approximately 400 m2/g). In this study, which lasted approximately eight months, the biochar systems 

showed removal rates almost double those of conventional systems, achieving a mean removal of about 

70% over the whole period and thus highlighting very promising aspects of their practical application. 

 

Keywords: Biochar, Agro-industrial residues, Sewage sludge, Constructed wetlands, Filtration systems, 

Wastewater treatment, Pharmaceutical contaminants, Circular economy, Biomass valorization.
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General Introduction 

 

Rapid population growth and urbanisation have greatly contributed to increased waste generation 

and water pollution, exacerbating freshwater scarcity and intensifying the demand for clean water. 

Parallelly, the expansion of industrial and agricultural activities has led to significant wastewater 

production, often containing a complex mix of contaminants such as heavy metals, inorganic and 

organic pollutants, pathogenic microorganisms, and emerging substances (Saravanan et al. 2021). 

These pollutants are discharged into the public sewer and reach municipal wastewater treatment 

plants, which are not designed to remove them effectively. As a consequence, the occurrence of 

pollutants, particularly contaminants of emerging concern (CECs), including personal care 

products, industrial chemicals, pesticides, and pharmaceutical compounds (PhCs), in 

environmental waters (i.e., surface and ground waters) has raised significant concerns regarding 

the safety and sustainability of water resources (Gadipelly et al. 2014).  

Constructed wetlands (CWs) are a sustainable solution and a nature-based green technology for 

wastewater treatment (Younas et al. 2022). In these systems, plants and especially substrate play 

critical roles in pollutant removal (Addo-Bankas et al. 2021; Ohore et al. 2022). The former 

enhances biological activity by releasing oxygen through its roots, absorbing nutrients, and 

influencing the system’s hydraulic conductivity (Srivastava et al. 2008; Guittonny-Philippe et al. 

2015; Kataki et al. 2021; Karungamye 2022). Moreover, the substrate facilitates mechanical, 

physical, and biological processes of contaminant removal, supporting biofilm adhesion, 

promoting plant growth, and enabling chemical transformations (Deng et al. 2021). Many 

materials have been tested in order to improve the efficiency of CWs' substrate, such as gravel 

and sand (Fu et al. 2020; Zhang et al. 2021), pozzolan (El Ghadraoui et al. 2020), zeolite (Du et 

al. 2020), and charcoal (Hamada et al. 2021), showing moderate effectiveness in treating common 

pollutants, such as suspended solids, nutrients, and biodegradable organic matter (Huong et al. 

2020; Zhuang et al. 2022). However, their efficiency drops considerably when addressing a range 

of ecotoxic substances, including detergents, heavy metals, plasticisers, disinfectants, pesticides, 

and pharmaceutical residues, which remain largely unremoved in CWs' effluents (Kőnig-Péter et 

al. 2014; Gosset et al. 2020). This limitation raises significant concerns regarding the safety and 

quality of reclaimed water resources.  
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Recently, there has been growing interest in using biochar (BC) as an effective filter system 

substrate, thanks to its high specific surface area, well-developed porosity, and abundant surface 

functional groups, which enhance adsorption and contaminant removal (Zhang et al. 2022; 

Shahraki and Mao 2022). These include its sustainability, cost-effectiveness, low environmental 

impact, and the ability to produce water suitable for irrigation (Stefanakis 2019). This aligns 

closely with key sustainable development goals, particularly water accessibility and waste 

reduction. A promising integrated strategy involves converting agricultural residues and sewage 

sludge into biochar and using it in wastewater treatment, creating a circular model that 

simultaneously supports waste valorisation, resource conservation, and environmental protection. 

The use of biochar for wastewater treatment is even more advantageous when this material is 

obtained from the thermal conversion of sewage sludge, as a high level of circularity is provided 

to the wastewater treatment sector in accordance with the European Directive 2024/3019 

(European Parliament and the Council, 2024). Moreover, this process allows to inhibit the 

intrinsic chemical and biological risks related to the management and disposal of sewage sludge 

(Bakari et al., 2024). 

Many authors highlighted the high capacity of BC in eliminating most pollutants, including 

inorganic and organic contaminants, and heavy metals from wastewater, compared to 

conventional materials (e.g., soil, sand, and gravel) (Cha et al. 2016; Deng et al. 2019; Ayadi et 

al. 2024). For instance, Ayadi et al. (2024) investigated the influence of filling media on the 

performance of CWs by comparing systems with BC and gravel. The BC-based CW demonstrated 

superior treatment efficiency, achieving enhancements of 22% and 35% in chemical oxygen 

demand (COD) and ammonia removal, respectively. Additionally, greater reductions were 

observed in UV–Vis absorbance, with decreases of 32–34% at 254 nm and 28% at 420 nm, 

compared to the gravel-based system. Similarly, Chen et al. (2024) compared the efficiency of 

gravel-based and BC-based CWs, pointing out a higher performance of the latter in removing 

various water quality parameters, particularly total phosphorus (TP), whose removal increased 

from 56% to 90%. Tang et al. (2016) demonstrated that plant-derived BC incorporated into a CW 

significantly enhanced the removal efficiency of four pesticides from wastewater (>99%) 

compared to the control CW (64–99%). Furthermore, BC was tested for the removal of 

benzofluoranthene (BbFA), a representative PAH in CWs, demonstrating a removal efficiency 

exceeding 99%, likely due to enhanced PAH biodegradation (Guo et al. 2020). Abedi and Mojiri 

(2019) found that adding BC to CWs enhanced the removal efficiency of heavy metals such as 

Mn and Pb to 99%, compared to 58% and 52% in gravel-based CWs. This improvement is 
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attributed to BC’s capacity to retain metals by enhancing abiotic removal pathways. However, 

there is a deficiency of appropriate literature studies on the use of BC in CWs, particularly for 

removing PhCs. Ofiera et al. (2025) examined the impact of incorporating BC (from undefined 

biomass) into CWs, finding that BC-enhanced CWs effectively reduced all target PhCs to below 

quantification limits. In contrast, conventional CWs showed inconsistent removal, with maximum 

efficiencies of 86% for metoprolol, 62% for clarithromycin (CLA), and 48% for diclofenac (DIC). 

While candesartan, carbamazepine (CBZ), and hydrochlorothiazide were not removed (Ofiera et 

al. 2025). Yuan et al. (2020) demonstrated that integrating BC derived from fruit stones into 

zeolite-based CWs significantly enhanced the removal efficiency of antibiotics, achieving 

removal rates of approximately 88% for CIP and 56% for sulfamethazine. Chand et al. (2022) 

evaluated the performance of vertical flow constructed wetlands (VF-CWs) incorporating BC 

derived from cow dung pats for the removal of pharmaceutical contaminants, including 

amoxicillin (AMX), caffeine (CF), and ibuprofen (IBU). The BC-amended VF-CW demonstrated 

significantly enhanced removal efficiencies, achieving 75.5% for AMX, 87.5% for CF, and 79.9% 

for IBU, compared to 53.82%, 69.8%, and 63.98%, respectively, in VF-CWs utilizing 

conventional filter media. Similarly, Ajibade et al. (2023) highlighted that adding bamboo-derived 

BC to CWs markedly improved the elimination of sulfamethoxazole (SMZ), with a removal 

efficiency of 65% compared to 28% in sand-filled CWs. Moreover, Ilyas and Hosney (2024) 

assessed the role of softwood-bagasse BC-added CWs in addressing some PhCs, including SMZ, 

irbesartan, erythromycin (ERY), DIC, and CBZ, showing a high performance exceeding 91% 

compared to conventional CWs filled with gravel (72%, 50%, 84%, 22%, and 36%, respectively). 

On the other hand, Venditti et al. (2022) reported that VF-CWs amended with plant-derived BC 

exhibited lower performance than sand-based VF-CWs, which achieved average removal 

efficiencies exceeding 91% and 94% for a range of PhCs, respectively. However, the exact 

mechanisms underlying the removal of PhCs by CW substrates remain unclear. 

Despite ongoing research, the optimal properties of BC for effective wastewater treatment remain 

unclear, especially concerning its feedstock source and preparation conditions. In addition, the 

literature still lacks clear guidance on the appropriate type, concentration, placement of BC within 

CW substrates, the suitable organic loading rate to be applied, and their efficiency towards 

pollutants and its mechanism, especially pharmaceutical compounds. Based on the 

aforementioned considerations, the primary objective of this work was to optimize the 

performance of BC-based CWs in treating various pollutants, particularly the PhCs. 
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Therefore, we attempted throughout this work to: 

- Determine the most effective position of the BC substrate within CWs based on findings 

from our comprehensive review. 

- Compare the physicochemical and structural properties of argan residues as feedstocks for 

BC production. 

- Assess the effect of biomass composition and the pyrolysis conditions on the BC properties 

and its adsorption capacity towards methylene blue (MB) as an organic molecule model. 

- Investigate the impact of increasing the percentage of BC-based substrate on the treatment 

performance of the filter. 

- Examine the influence of substrate type on the filtration performance. 

- Explore the effect of increasing the Organic Load Rate (OLR) on the treatment efficiency 

of CWs. 

- Study the impact of vegetation on the treatment efficiency of CWs. 

- Evaluate the impact of adding BC into CWs on the removal efficiency of PhCs. 

This work is divided into 4 chapters, as follows: 

Chapter I aims to review the preparation conditions and feedstocks used for BC integrated into 

CWs, along with the resulting properties relevant to wastewater treatment. It also highlights BC-

based CW design configurations, factors influencing treatment efficiency, mechanisms driving 

contaminant removal, and the advantages and limitations of using BC as a CW substrate. 

Chapter II compares the physicochemical and structural properties of four types of local residue 

obtained from the production of Moroccan argan and olive oils: black argan press cake (BAC), 

white argan press cake (WAC), pellet argan cake (PAC), and de-oiled olive mill waste (DOW), 

with a view to their potential use in the production of biochar. Furthermore, it aims to optimise 

BC preparation and investigate the impact of pyrolysis temperature (600, 700, and 800 °C) and 

biomass type on the physicochemical, structural, and morphological properties of the resulting 

BCs. It also aims to evaluate their adsorption capacity towards methylene blue (MB) as a model 

organic pollutant, and to determine the optimal BC for use in large-scale filters for treating organic 
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pollutants in wastewater. 

Chapter III aims to evaluate the impact of adding BC into column filtration systems (CFS) and 

CWs in removing conventional and pathogen pollutants from wastewater, and to determine the 

optimum percentage (0%, 10%, 25%, and 50%) and type of BC (olive pomace, orange wood 

waste, filao, and cypress), as well as the optimum OLR (20–70 g COD/m².d) for an efficient 

treatment.  

Chapter IV investigates the performance of vertical flow VF-CWs amended with BC from olive 

pomace and sludge in removing PhCs. Furthermore, the occurrence, distribution, and removal 

efficiency of 36-39 PhCs in influent wastewater and particulate matter (PM) are assessed. 
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Abstract 

Constructed wetlands (CWs) are constructed systems that simulate natural wetlands and can be 

used to treat wastewater from several sources of pollution through physical, chemical, and 

biological depuration processes. This work aims to critically review the updated literature on 

CWs integrating biochar in the substrate. In detail, the study focuses on the characteristics of 

biochar that are generally integrated into this treatment ecotechnology and the processes used 

to prepare the materials, including conditions of thermal conversion and the kind of feedstock 

used (e.g., agricultural, food, and wood wastes, sewage sludge, and argal marine feedstock). 

Based on the literature review, it is found that the feedstock must be rich in carbon and low in 

mineral matter to produce good quality biochar, i.e., large pore volume and high specific surface 

area, thus allowing for effective removal of pollutants from wastewater. The biochar quality is 

affected by the conditions involved in preparing biochars (e.g., pyrolysis temperature, heating 

rate, and carbonization time). The properties of biochar used for wastewater treatment, the 

effect of its implementation as CW substrate, and its treatment efficiency have also been 

described. Several factors alter the removal efficiency of pollutants in CWs, such as substrate 

chemical and physical properties, hydraulic retention time, oxygenation, and redox conditions 

in the reed bed. In addition, the mode by which biochar is implemented in the filter and the 

choice of macrophyte are crucial for regulating the efficiency of the treatment system. 

Phragmites australis was the most used plant in the previous studies because of its large 

advantages. Different configurations of CWs integrating biochar into the wetland as a filling 

medium were reported and compared. In vertical flow CWs (VF-CWs), which are the system 

mostly investigated, several studies have shown that the optimal position for the biochar 

substrate is the intermediate one between two layers of inert materials, to avoid clogging of the 

filtration system or biochar flotation. 

Keywords: Natural-based solutions; Sorbent materials; Wastewater treatment;  Biomass 

thermal conversion; Configuration of constructed wetlands; Emerging contaminants. 

1. Introduction  

Constructed wetlands (CWs) are a kind of green technology that can be considered a 

sustainable, nature-based solution for wastewater treatment  (Younas et al., 2022). In such 

systems, the plant and the substrate play an important role in the removal of pollutants (Addo-

Bankas et al., 2021; Ohore et al., 2022). The substrate is an essential component of CWs since 

it can mediate and promote the implementation of mechanical, physical, and biological 

mechanisms for reducing pollutant concentrations in CW effluents, allowing for the direct 

removal of contaminants, making available reactive agents for transforming pollutants, 

promoting plant growth, and ensuring biofilm adhesion (Deng et al., 2021). Furthermore, plants 

uptake nutrients, directly increase biological activity in the substrate by supplying oxygen 

through their roots, and play an important role in the hydraulic conductivity within the filter. 

Hence, choosing the most appropriate plant species is important for obtaining the best 

performance (Srivastava et al., 2008; Guittonny-philippe et al., 2015; Kataki et al., 2021; 
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Karungamye, 2022). 

The CWs have been widely tested for urban wastewater treatment, while the purification of 

sewage from industrial or mixed urban-industrial origin has been investigated to a lesser extent 

(Stefanakis, 2018; Kataki et al., 2021). CWs demonstrated high efficiency in removing 

conventional pollutants such as suspended solids, nutrients, and biodegradable organic matter 

(Huong et al., 2020; Zhuang et al., 2022). However, in most cases, CWs have shown a lower 

efficiency against various ecotoxic pollutants, such as detergents, heavy metals, plasticizers, 

disinfectants, pesticides, and pharmaceutical residues, which remain largely unremoved in 

CWs' effluents (Gosset et al., 2020). To improve CWs' efficiency, various materials, other than 

those conventionally used in CWs (i.e., gravel and sand) (Zhang et al., 2021; Fu et al., 2020), 

have been tested as substrates, namely pozzolan (El Ghadraoui et al., 2020), charcoal (Hamada 

et al., 2021), zeolite (Du et al., 2020), and biochar (Vymazal et al., 2021). Among them, biochar 

has recently gained increasing interest (Rozari et al., 2016) as a stable, porous, carbon-rich and 

originating from inexpensive material obtained by thermochemical conversion of waste 

biomass through various thermochemical processes such as hydrothermal carbonization (HTC), 

hydrothermal liquefaction (HTL), gasification, and pyrolysis (Deng et al., 2021). Slow 

pyrolysis (i.e., thermal conversion in the absence of oxygen and with contact time from minutes 

to hours) is commonly used as it is cheaper than other processes and/or gives rise to a higher 

yield of the solid fraction(i.e., biochar) with low syngas and bio-oil production (Enaime et al., 

2020; Wang et al., 2020a). Various renewable and locally available waste biomaterials, such as 

compost, agricultural by-products, sludge, manure, and shellfish, have been used to produce 

biochar (Zhuang et al., 2022). In addition, biochar may also be produced from wetland plant 

straws and then reintroduced into wastewater treatment environments, thereby facilitating 

wetland plant management and sustainable exploitation of wastewater treatment systems 

(Wang et al., 2020a; Deng et al., 2021). Introducing biochar as a substrate in CWs can 

significantly increase the system's efficiency since it may have a high sorption capacity for 

organic and inorganic pollutants (Srivastava et al., 2008; Wang and Wang, 2019). However, 

the sorption capacity of biochar depends on the kind of feedstock used and its preparation 

conditions (Tan et al., 2015). The location of the biochar substrate in the filter can also affect 

the efficiency of the treatment system. Recently, several existing studies have investigated the 

effect of biochar used in CWs. Nevertheless, each study focused on one of the aforementioned 

aspects separately, while no review exists to date that critically evaluates all parameters 
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involved in the treatment and how they might interact to improve the treatment efficacy of CWs 

(Wu and Wu, 2019; Wang et al., 2020a; Ambaye et al., 2021; Cui et al., 2022; Zhuang et al., 

2022). Nevertheless, no synthetic review exists until now discussing the optimal position of 

substrate biochar in the CW. We tried to collect all these aspects to enrich our synthetic review. 

In addition, very few reviews have described the emergent pollutants removal capacities of 

constructed wetlands integrating biochar. 

According to a literature overview performed using the search engines SciFinder, Elsevier 

ScienceDirect, and Google Scholar, this paper critically reviewed data and information on (i) 

the characteristics and properties of biochars used in constructed wetlands (e.g. the conditions 

of thermal conversion and the type of feedstock used for the preparation of biochars, as well as 

the specific surface area (SSA) and environmental compatibility of the material), (ii) the 

methods of integrating the biochar within the CWs, and (iii) the results obtained in terms of 

removal of macro-parameters, as well as conventional and emerging micropollutants. 

2. Biochar incorporated into CWs  

2.1. Biochar feedstock 

Biochar can be made from a wide variety of feedstocks (Gabhane et al., 2020; Berslin et al., 

2022; Garcia et al., 2022; Zhuang et al., 2022). The composition of the feedstock and its 

availability are essential factors in the production of efficient and cost-effective biochar. 

Therefore, proper classification and characterization of feedstocks are required for their 

successful application. 

Biochar feedstock used in the literature comes from various materials that can be classified into 

sewage sludge, agricultural waste and wood, food waste, and marine feedstock (Table I-1)
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Table I-1: Feedstocks used for the production of biochars intended to be used in CWs, preparation conditions, and characteristics of the material 

obtained. 

Feedstock Pyrolysis temperature Surface characteristics (SA, PV, PS) and pH Composition Reference 

Bamboo 500 ◦C  SA(335 m2/g) C (68%) (Zhang et al., 2021) 

Bamboo tubular furnace 

500 °C - 10 °C/min - 2 h 

SA(116.24 m2/g) C (74.56%); H (1.12%); O (6.28%); N 

(1.06%) 

(Xin et al., 2021) 

Bamboo 600 °C SA (2.5 × 108 m2/m3)  C (59.44%); H (2.06%); O (15.89%); N 

(0.40%); P (0.34%) 

(Jia et al., 2020) 

Bamboo chips 500 °C - 2h - N2 PS(10 μm) C (56.4%); O (6.3%) (Feng et al., 2021a) 

Bamboo 700 °C - 10 °C/min - 6 h SA(228.26 m2/g); PV(0.086 cm3/g)pH(9.5) - (Ajibade et al., 

2020) 

Arundo donax 600 °C- 1h SA(281.15 m2/g) C (63.18%); H (1.80%); N (1.13%) (Li et al., 2018b) 

Arundo donax Muffle furnace  

500 ◦C - 10 ◦C.min-1 - 1h - N2 

SA(1272.67 m2/g) ; PV(1.021 cm3/g) C(79.9 %) ;N(2.27 %) ; O(17.84 %) (Shen et al., 2020) 

Agricultural 

waste 

500 ◦ C  SA(809 m2/g); PV(0.22 cm3/g) - (Abedi and Mojiri, 

2019) 

Lodgepole 

Pine Wood 

1000 °C SA(152 m2/g); PS(1 - 40 µm) 

pH(9.66) 

- (Huggins et al., 

2016) 

Oak woody 

(Quercus Sp) 

600˚C - 10h -10˚C/min PS(1 - 10 μm) O (8%); C (90%); P (0.54%);  

K (0.38%); S (0.1%); Ca (0.38%) 

(Gupta et al., 2016) 

Wood 600 °C - 10 °C/min - 10h SA(147 m2/g); PV(0.176 cm3/g); PS(5.3 nm) 

pH(9.8) 

C (90%); H (1.5%); O (8.3%); N (0.5%); 

S (0.3%) 

(Kizito et al., 2017) 

Wood dust 700 °C SA(488.60 m2/g); PV(0.286 cm3/g) C (81.50%); H (1.87%); O (15.63%); N 

(0.07%) 

(Lun, L. Chen, 

2018) 

Cattail (Typha 

latifolia) 

600 °C - 2h - 10 ◦C/min SA(6.14 m2/g); PV(0.02 cm3/g)pH(8.9) - (Zheng et al., 2022) 

Tree branches 550 °C - 2h - N2 SA(32.09 m2/g); PV(2.31 mm3g-1) - (Ji et al., 2020) 

Softwoods 700 °C – (gasification) SA(485 m2/g) pH(7.8) C (89.2%); H (1.6%); O (1.9%); 

 N (1%); S (0.04%); P (4.3%) 

(Kaetzl et al., 2018) 

Corn on the 

cob 

600 °C - 10 °C/min - 10h  SA(123 m2/g); PV(0.098 cm3/g); PS(6.2 nm) 

pH(8.9) 

C (69%); H (3.4%); O (17.6%); N (6.1%); 

S (4.4%) 

(Kizito et al., 2017) 

Corn cob 600 °C -2h SA(263.0 m2/g) - (Gotore et al., 

2022) 
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Feedstock Pyrolysis temperature Surface characteristics (SA, PV, PS) and pH Composition Reference 

Giant reed 

straw 

500 °C - 2h  SA(345.92 m2/g); PV(0.2467 cm3/g); PS(1.95 nm) - (Deng et al., 2019) 

Corn straw 450 °C, 2 h - 10 °C min−1 - N2 SA(232.715 m2/g); PV(0.098 cm3/g); PS(1.286 nm) C (77.30%) H (2.35%) N (0.87%)       O 

(11.26%) S (0.02%) P (1.43%) Cl 

(l0.38%) 

(Wang et al., 2022) 

Nut shells 450 ◦C - 2h SA(14.76 m2/g)-pH(8.1) C (68.6%); K (5.1%); Ca (4.0%) (Chang et al., 2022) 

Sludge 600 °C - 2h - 10 ◦C/min SA(13.13 m2/g); PV(0.12 cm3/g); PS(18.71 nm) 

pH(7.9) 

- (Zheng et al., 2022) 

Walnut shells 450 ◦C - 2h- N2 SA(14.76m2/g) C (68.6%); K (5.1%); Ca (4.0%) (Chang et al., 2022) 

SA: Surface area; PV: Pore volume; PS: Particle size. 
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Agricultural waste and wood-derived biochar have been recently employed for the application 

in CWs. Bamboo is widely used as a raw material for biochar production, due to its abundance 

and high carbon content (>50%), which gives a good quality of biochar (Zhou et al., 2017; Jia 

et al., 2020; Gao et al., 2018; Zhang et al., 2021; Xin et al., 2021). Furthermore, plants such as 

Arundo donax and cattail (Typha latifolia) can absorb phosphorus and nitrogen from wastewater 

through their roots and transport them to the shoot, which may then be harvested and converted 

into biochar that can be reused as functional substrates in CWs, thus achieving a virtuous 

circular approach in this field (Guo et al., 2020; Li et al., 2018). Other vegetal materials have 

been transformed into biochar and used for wastewater treatment, such as cut residues of Alnus 

(Kasak et al., 2018), Acacia auriculiformis (Nguyen et al., 2020), Gliricidia (Yasaratne, 2017), 

coconut shell (You et al., 2019), and various agricultural waste (Abedi and Mojiri, 2019), 

because of their wide availability and high productivity. However, terrestrial macroplants have 

so far been the primary source of biochar used in CWs(Aghoghovwia et al., 2020; Du et al., 

2020). The biochar performance derived from sewage sludge or marine life (e.g., macroalgae) 

may differ from terrestrial plants (Zhuang et al., 2022). In addition, Deng et al. (2021) stated 

that the biochars used in the CW treatment systems are generally made from Arundo donax 

straw, corn/straw cobs, bamboo, shells, tree branches, and wooden containers (Deng et al., 

2021). Finally, the feedstock must be rich in carbon and low in mineral matter to produce good-

quality biochar. 

2.2. Biochar production conditions 

Pyrolysis is commonly performed to prepare biochar used in CWs because of its advantages, 

generally consisting of higher yields of biochar and lower content of bio-oil and syngas (Enaime 

et al., 2020;  Abdelhafez et al., 2021; Pereira and Astruc, 2021; Zhuang et al., 2022)..The 

temperature range between 400 and 600 °C was the most commonly adopted to prepare the 

biochar used in the filters (Table I-1) (Abedi and Mojiri, 2019; Chand et al., 2021; Zheng et 

al., 2022). The time and the temperature of pyrolysis are determining factors of the biochar 

characteristics (e.g., density, carbon content, pH, porosity) (Gong et al., 2019; Xiao et al., 2020) 

and, consequently, the performance of wastewater treatment (Alsewaileh et al., 2019; Hsu et 

al., 2019). Even though the kind of feedstock used for biochar preparation affects the 

characteristics of the material, it has been demonstrated that the increase in temperature 

generally produces higher percentages of ash, which is regulated by the EN 12915-1 standard 
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(European Committee for Standardisation (CEN), 2009) in materials intended for water 

filtration, since a high ash content in filtering media is expected to reduce adsorption activity 

(Castiglioni et al., 2022). Also, the presence of polycyclic aromatic hydrocarbons (PAHs), 

themselves regulated by the EN 12915-1, depends on the conversion temperature adopted, 

which plays a main role in PAH formation up to about 500 ◦C, but also in their degradation 

beyond this value (Castiglioni et al., 2022). The conversion temperature is also crucial in 

determining the SSA of the biochar and its microporosity/mesoporosity distribution, being the 

highest SSA values obtained at the highest temperatures, due to the increase of both pore size 

classes (Del Bubba et al., 2020). This result is also related to the progressive loss of the 

functional groups present in the material as the temperature increases (Del Bubba et al., 2020). 

However, the yield of fabricated biochar decreases with the rise of pyrolysis temperature 

(Apolin and Conceptualization, 2020).  

Based on the above considerations, the adsorption performance of biochars obtained under 

different experimental conditions (e.g., different feedstock, conversion temperature, and 

contact time) will be better or worse depending on the contaminant to be removed. Accordingly, 

researchers used materials produced at very different temperatures to achieve the removal of 

their target contaminants. For example, the pyrolysis temperature of the sludge-based biochar 

at 400°C showed optimal ammonia adsorption, while pyrolysis temperatures at 350 °C or 550 

°C were not favorable for the biochar's adsorption capability (Tang et al., 2018), i.e., without 

any clear consistent effect of pyrolysis temperature on biochar adsorption performance towards 

ammonia (Tang et al., 2018). However, Ajibade et al. (2020) and Huggins et al. (2016) prepared 

the biochar at high pyrolysis temperatures (700 and 1000 °C), resulting in a high surface area 

and pore volume of the produced biochar, which may serve as a niche for microbes for the 

effective treatment of pollutants (Ajibade et al., 2020).  

2.3. Biochar characteristics for wastewater treatment 

The physicochemical properties of biochar, such as pore distribution and size, surface 

functional groups, alkalinity, SSA, etc., which strongly depend on the feedstock and thermal 

conversion conditions, are responsible for pollutant adsorption capacity and biofilm adhesion 

(Wang et al., 2019; Tan et al., 2015). As a result, biochar's ability to remove inorganic and 

organic contaminants is determined by its characteristics as well as the characteristics of the 

molecules to be eliminated, such as the size, charge, and chemical moieties. As mentioned 



 

14 

 

above, the preparation of biochar at low temperatures results in a higher abundance of oxygen-

containing functional groups, which are favourable for the adsorption of polar compounds. This 

biochar may also exhibit higher mechanical strength, making it preferable for use in CWs. In 

contrast, biochar produced at high temperatures has a larger porosity and SSA, a higher 

aromaticity, a higher carbon content, and overall a higher hydrophobic character (Del Bubba et 

al., 2020; Castiglioni et al., 2021). The net surface charge of the biochar (commonly evaluated 

by the pH of the point of zero charge and/or Boehm’s titration), which mainly depends on the 

surface functional groups of the material and is often related to its ash content, is a further 

crucial parameters to explain the adsorption behaviours of biochars, particularly towards 

ionized or ionisable compounds (Castiglioni et al., 2022). Accordingly, best-performing 

biochars can be obtained at lower or higher temperatures, depending on the target molecule to 

be removed. For example, phenol adsorption was higher for biochars produced at 900 °C than 

for those prepared at a lower temperature (600 °C), probably due to the relative increase in SSA 

at the higher pyrolysis temperature(Mohammed et al., 2018). Similarly, Xu and Lu. (2019) 

reported an increasing removal efficiency of biochar towards bisphenol from aqueous solutions 

with increasing preparation temperature. However, Del Bubba et al., (2020), studying the 

removal of 16 alkylphenols and alkylphenol ethoxylates from real wastewater, with biochar 

produced at 450, 650, and 850°C, observed higher absolute absorption maxima for materials 

produced at the two highest temperatures, depending on the investigated molecule.  

The biochar can be modified chemically, physically, or biologically to increase its properties 

and achieve greater adsorption and catalysis capacities for the target pollutants (Xu and Lu, 

2019). In addition, the pH of the solution played a key role in controlling the deprotonation and 

hydrophobicity of the compounds, which is in agreement with the correlation analysis of the 

maximum sorption capacity. The pH of biochar produced to be used as a substrate in CWs was 

generally alkaline and varied between 7.9 and 9.8 (Table I-1) (Enaime et al., 2020; Kizito et 

al., 2017; Zheng et al., 2022). 

The carbon content can give an early indication of biochar quality. Generally carbon (C) was 

the main compositional element of biochar, varying approximately from 50% to 90%, followed 

by oxygen (O) and nitrogen (N) and other elements that were present at much lower percentages 

(Table I-1) (Gupta et al., 2016; Kizito et al., 2017). In Kizito's study, element C was found at 

69% in biochar derived from corn cobs and 90% in wood, confirming that biochar 

characteristics are feedstock dependent (Kizito et al., 2017). The biochar generally had a high 
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surface area of several hundred m2/g (Abedi and Mojiri, 2019; Deng et al., 2019); for example, 

in Abedi's study, the BET surface area of biochar was around 809 m2/g (Abedi and Mojiri, 

2019). However, other investigations have found it as low as a few tens of m2/g (Ji et al., 2020; 

Zheng et al., 2022). For example, the study by Zheng, who works on two feedstocks, the cattail 

(Typha latifolia) and sludge, shows that the two feedstocks give low specific surfaces of 6.14 

and 13.13 m2/g, respectively (Zheng et al., 2022). With increasing pyrolysis temperature, the 

porosity, surface area, and carbon content of biochar increased. However, bio-assimilation 

decreased. The percentage of carbon in biochar grew from 57.8% to 63.2% as the pyrolysis 

temperature increased from 300 to 500 °C. On the other hand, the surface area increased by 

more than one magnitude from 10.0 m2/g to 281 m2/g (Li et al., 2018a). This shows that the 

porosity is extremely sensitive to temperature variation compared to the percentage of carbon. 

These properties will probably influence their function in CWs. According to Liao et al. (2022), 

the biochar must have a large pore volume and surface area to adsorb pollutants and provide 

adhesion of microorganisms (Liao et al., 2022). In most cases, the biochar used in CWs has a 

higher specific surface area (>200 m2/g) to provide a higher number of adsorption sites (Shen 

et al., 2020; Zhang et al., 2021; Gotore et al., 2022). 

3. Configurations of biochar-based CWs and their removal efficiency 

The performance of a CW depends on the type of CW, temperature, vegetation, water flow 

regime (hydraulic regime), dissolved oxygen (DO), substrate nature, redox potential (Eh), and 

applied hydraulic load (Parde et al., 2021; Malyan et al., 2021). Table I-2 shows the order, 

dose, dimension of substrates, different plants used in CW, and the removal efficiency of 

pollutants of each configuration. 
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Table I-2: Characteristics of CWs integrated with biochar. 

Implementation mode of the 

substrate (by order) 

Plant 

species and 

density  

Wastewater CW size Aeration Feeding HLR HRT Experiment 

duration  

Removal efficiency 

  

Reference 

- Sand (0.5-2 mm) h=50 mm 

- Biochar (2.95%) + gravel: h=300 mm 

- Gravel (10–20 mm) h=50 mm 

Acorus 

calamus L. 

4 rhizomes 

Tail water VF-CW 

h=450 mm  

d=160 mm 

No - 0.055 

m3⋅(m2⋅
d)-1 

3  

days 

2 months COD (76%), TP 

(52%), TN (82%), 

NH4
+ (84%), N03

- 

(89%) 

(Wang et al., 

2022) 

- Zeolite (d=2-4 mm) h=30 cm 

- Biochar (d=3-5 mm) h=30 cm 

- Cobblestone (d=20-30 mm) h=5 cm 

Phragmites 

australis 

Synthetic 

wastewater 

VF-CW  

h=75 cm 

 d=14 cm  

V= 2 L 

No - 260 

L·m−2·

d−1 

12 h 4 months NH4
+ (95.49%), N03

- 

(83.24%), TN 

(83%) 

(Zhong et 

al., 2021) 

- Clay ceramite (d= 2-5 mm) h=7 cm 

- Biochar (d= 2-5 mm) h=14 cm 

- Clay ceramite (d= 2-5 mm) h=7 cm 

Lythrum 

salicaria 

Domestic  

wastewater 

HF-CW  

l= 30 cm 

w= 15 cm 

h= 30 cm 

Yes Manually 

 4 L 

- 24h 6 months COD (75.5%), TP 

(76.2%), TN 

(59.2%), NH4
+ 

(62.5%) 

(Ji et al., 

2020) 

- Gravel (d=7-8 mm) h =3 cm  

- Biochar (d= 6-8 mm) h=10 cm  

- Gravel (d= 7-8 mm) h =3 cm 

Plants 

hydroponics 

Synthetic 

wastewater   

VF-CW 

d = 12 cm 

- - - - 6 months COD (99.84 %), 

NH4
+ (92.00 %), TP 

(88.63 %) 

(Liao et al., 

2022) 

- Gravel (d=1-3 cm) 

- Biochar (d=1-2 cm) h=3-6-9 cm 

- Gravel (d=1-3 cm) 

Acorus 

calamus 

30 

rhizomes·m−

2 

Synthetic 

Wastewater   

VF-CW 

 h=35 cm 

d=33 cm 

- Manually 

10 L 

0.05 

m3.m-

2.d-1 

48 h 6 months COD (89.88%), TN 

(86.36%), NH4
+ 

(63.51%) 

(Deng et al., 

2019) 

- Pebbles (d= 90 mm) h=5 cm  

- Biochar (d= 10 cm) 

- Gravel (d= 15 mm) h=17 cm 

- Gravel (d= 10 mm) h=5 cm 

Canna sp Synthetic 

wastewater   

HF-CW 

1m x 0.3m 

x 0.3m 

Yes 32 L - 72 h - COD (91.3%), TN 

(58.3%), NH3
- 

(58.3%), NO3
- 

(92%), TP (79.5%), 

PO4
3- (67.7%) 

(Gupta et al., 

2016) 

- Pebbles (d=5-7mm) h=5 cm  

- Coke (d=3-5 mm) h=74 cm 

- Fe-modified biochar (50 mm×10 

mm×5 mm) 

- Pebbles (d=5-7mm) h=5 cm 

Canna River water VF-CW 

h=100 cm 

d=30 cm 

- - - - 5 months Abamectin (99%), 

COD (98%), NH4
+ 

(65%), TP (80%) 

(Sha et al., 

2020) 

- Sandy soil h=10 cm Colocasia Domestic  VF-CW Yes - - - 6 months COD (73%), DBO5 (Nguyen et 
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Implementation mode of the 

substrate (by order) 

Plant 

species and 

density  

Wastewater CW size Aeration Feeding HLR HRT Experiment 

duration  

Removal efficiency 

  

Reference 

- Sand (d= 2 mm) h=20 cm 

- Biochar (d=1-3 cm) h=40 cm 

- Gravel (d=2-3 cm) h=10 cm 

esculenta 

64 

seedlings/m2 

wastewater h=1.0 m  

d=0.5 m 

(79%), NH4
+ (91%), 

TSS (71%),  Total 

coliforms (70%) 

al., 2020) 

- Sand (d < 2 mm) h= 15 cm 

- Gravel + Biochar (v/v=1:1): (d=1-2 

cm) h=15 cm 

- Gravel + Biochar (v/v=1:1): (d=2-4 

cm) h=25 cm 

- Gravel (d=5-7 cm) h=10 cm 

Iris 

pseudacorus 

6 rhizomes 

Swine 

wastewater   

VF-CW 

h=65 cm 

d=20 cm 

Yes - 33.74 

g.m-3.d-

1 

72 h 2 months COD (77.18 %), 

NH4
+ (96.54 %), TN 

(40.12 %), ARGs 

(99.3%) 

(Feng et al., 

2021a) 

- Sand (d= 1-2 mm) h=150cm 

- Biochar + fine gravel (v/v=3:1): (d= 

10-20 mm) h=150 mm 

- Gravel (d= 20-40 mm) h=250 mm 

- Gravel (d= 50-70 mm) h=100 mm 

Oenanthe 

Javanica 

12 rhizomes 

Domestic 

wastewater   

VF-CW 

h=65 cm 

d=20 cm 

Yes 5.5 L - 72 h 3 months COD (91.80%), 

NH4
+ (50.05%), TN 

(49.90%) 

(Zhou et al., 

2018) 

- Gravel (d= 5-8 mm) h= 0.1 m 

- Biochar (sludge) + gravel (v/v=1:4) 

h= 0.2 m 

- Gravel (d= 5-8 mm) h= 0.1 m 

Typha 

latifolia 

Synthetic 

wastewater   

VF-CW 

h= 0.5 m 

d= 0.2 m 

No - - 72 h 60 batches COD (90.99%), 

NO3
- (99.50%), 

NH4
+ (99.59%), TN 

(90.94%), TP 

(51.59%) 

(Zheng et 

al., 2022) 

- Gravel (d= 5-8 mm) h= 0.1 m 

- Biochar (cattail) + gravel (v/v=1:4) 

h= 0.2 m 

- Gravel (d= 5-8 mm) h= 0.1 m 

Typha 

latifolia 

Synthetic 

wastewater  

 

VF-CW 

h= 0.5 m 

d= 0.2 m 

No - - 72 h 60 batches COD (77.4%), NO3
- 

(84.7%), NH4
+ 

(96.1%), TN 

(80.7%), TP 

(43.95%) 

(Zheng et 

al., 2022) 

- Gravel (d=2-6 mm) h=0.05 m 

- Biochar (v/v=1%) + sand (d=2-10 

mm) h=0.2 m 

- Gravel (d=2-6 mm) h=0.05 m 

- Gravel (d=2-10 mm) h=0.05 m 

Iris 

pseudacorus 

5 rhizomes 

Synthetic 

wastewater   

VF-CW 

h=0.45 m 

d=0.15 m 

No - - 72 h 4 months COD (89.1%), TN 

(90.2%), NH4
+ 

(81%) 

(Ajibade et 

al., 2020) 

- Soil h=10 cm 

- Quartz sand h=5 cm 

- Zeolite d=8–10 mm + biochar d=2–4 

mm (v/v=1:1) h=30 cm 

- Cobblestones (d=7–10 cm) h=10 cm 

Phragmites 

communis 

6 plants 

Synthetic 

wastewater   

VF-CW   

l=50 cm  

w=40 cm  

d=60 cm 

Yes 30 L 0.050 

m3.m-

2.d-1 

72 h 4 months TN (62.98%), NH4
+ 

(93.93%), NO3
- 

(93.28%), COD 

(86.64%),  

CIP (88.05%), SMZ 

(Yuan et al., 

2020) 
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Implementation mode of the 

substrate (by order) 

Plant 

species and 

density  

Wastewater CW size Aeration Feeding HLR HRT Experiment 

duration  

Removal efficiency 

  

Reference 

(56.57%) 

- Sand (d = 2-4 mm) h = 2 cm 

- Biochar (2%) + Sand (98%): (d=5-10 

mm) h= 15 cm 

- Sand (d = 2-4 mm) h = 3 cm 

Phragmites 

australis 

Synthetic  

stormwater 

VF-CW 

h = 25 cm 

d = 11 cm 

- - 10-40 

cm/h 

5 

days 

3 months TSS (71.1%), TOC 

(29.3%), NH4
+ 

(13.5%), TN 

(11.7%), TP (8%), 

E.coli (87.1%) 

(Chen, 2018) 

- Sand 

- Biochar + gravel: v/v = 50%. 

- Gravel 

Iris 

pseudacorus 

6 rhizomes 

Synthetic 

wastewater   

VF-CW 

h = 50 cm 

d = 10 cm 

Yes - - 72 h 5 months COD (93.21 %), 

NH4
+ (98.30 %), TN 

(72.22 %),TP 

(53.32%) 

(Li et al., 

2019) 

- Gravel (d=8-10 mm) h=0.1 m 

- Biochar + gravel (v/v=4:1) h=0.2 m 

- Gravel (d=8-10 mm) h=0.1 m 

 

Typha 

latifolia 

Synthetic 

wastewater   

VF-CW 

l= 0.3 m 

w= 0.3 m 

h = 0.5 m 

- - - 5 

days 

60 batches NH4
+ (66.3%), TN 

(65.4%), COD 

(90%) 

(Guo et al., 

2020) 

- Biochar (d=2-3 cm) h=25 cm 

- Zeolite (d=2-3 cm) h=25 cm  

- Gravel (d=2-3 cm) h=25 cm 

Phragmites 

australis 

Synthetic 

Wastewater   

VF-CW 

h=80 cm  

d=40 cm 

Yes - - 57.4 

h 

3 months COD (99.9%), NH3
- 

(99.9%), Phenols 

(99.9%), Pb 

(99.9%), Mn 

(99.9%) 

(Abedi and 

Mojiri, 

2019) 

- Biochar (20%) + sand (80%) h=20 cm 

 - Gravel h=5 cm 

O. javanica 

12 rhizomes 

Synthetic 

wastewater   

VF-CW 

h = 50 cm  

d = 25 cm 

No - 0.13 

m3m−2 

batch 
−1 

7 

days 

8 months COD (78.71%), 

NO3
- (92.72%), TN 

(93.26%), NH4
+ 

(94.26%) 

(Li et al., 

2018a) 

- Biochar + sand: (d=0.5-1 mm) 

h=15cm 

- Gravel (d=4-6 mm) h=10cm  

- Gravel (d=8-12 mm) h=10cm 

- Rocks (d=20-21 mm) h=5cm 

Colocasia 

esculenta 

10 rhizomes 

Domestic  

wastewater 

VF-CW 

h=37cm 

d=33.5cm 

Yes - - 10 

days 

40 days COD (96.8%), NO3
- 

(57.85%), TN 

(68.02%), NH4
+ 

(88.16%), PO4
3- 

(75.26%), SO4
2-

(80.50) 

(Chand et 

al., 2021) 

- Biochar (corn cobs) (d= 2-10 mm) h= 

0.6 m 

- Gravel (d=50 mm) h=0.1 m 

- Industrial 

wastewater   

VF-CW 

h = 0.9 m 

d = 0.2 m 

No - - - 5 months COD (59%), BOD5 

(75%), TN (37%), 

NH4
+ (76%), PO4

3- 

(71%) 

(Kizito et al., 

2017) 

- Biochar (wood) (d= 2-10 mm) h= 0.6 - Industrial VF-CW No - - - 5 months COD (72%), BOD5 (Kizito et al., 
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Implementation mode of the 

substrate (by order) 

Plant 

species and 

density  

Wastewater CW size Aeration Feeding HLR HRT Experiment 

duration  

Removal efficiency 

  

Reference 

m 

- Gravel (d=50 mm) h=0.1 m 

wastewater  

 

h = 0.9 m 

d = 0.2 m 

(83%), TN (47%), 

NH4
+ (83%), PO4

3- 

(85%) 

2017) 

- Biochar (d=2–4 mm) 

h=120 mm 

Salicaria 

seedling 

Synthetic 

wastewater   

VF-CW 

d=110 mm 

h=150 mm 

Yes 550 mL - 24 h > 3 months Hg (>94%), COD 

(>88%), NH4
+ 

(92.1), TP (74.7%) 

(Chang et 

al., 2022) 

Mixture of Quartz rock d=2 - 4 mm 

(v/v=25 %), Bioceramic d=3 - 6 mm 

(v/v=25 %), and biochar d=1 - 7 mm 

(v/v= 50%) h=200 mm 

Cyperus 

alternifolius 

Synthetic 

wastewater   

HF-CW 

 l=670 mm  

h=310 mm  

w=300 mm 

No 30 L - 25 h - NO3
-  (67.16%), TP 

(74.25%), TN 

(64.31%), NO2
- 

(51.6%), PO4
3- 

(96.73%) 

(Gao et al., 

2018) 

Mixture of quartz sand + soil (v/v=1:1) 

and Fe-modified biochar (v/v:10%) 

Iris  

hexagonus 

13 plants/m2 

Tailwater VF-CW 

l= 100 cm 

w= 60 cm 

d= 75 cm 

- - - 96 h - NO3
- (95.30 %), TN 

(86.68 %), NH4
+ 

(86.33 %), NO2
- 

(79.35 %), COD 

(63.36 %) 

(Jia et al., 

2020b) 

Mixture of biochar (v/v=10%) 

(d<20mm) 

and LECA (d=2-4 mm) 

Typha 

latifolia 

10  

plants/mesoc

osm 

Municipal  

wastewater 

HF-CW 

l=1.5 m 

w=0.6 m 

d=0.6 m 

- - 60 L/d 48 h 4 months TN (20.0 %), TP 

(22.5 %) 

(Kasak et al., 

2018) 

- Gravel (d=2-6 mm) h=0.05 m 

- Biochar (v/v=1%) + sand (d=2-10 

mm) h=0.2 m 

- Gravel (d=2-6 mm) h=0.05 m 

- Gravel (d=2-10 mm) h=0.05 m 

Iris 

pseudacorus 

5 rhizomes 

Synthetic 

wastewater  

 

VF-CW               

h=0.45 m 

d=0.15 m 

No - - 72 h 4 months COD (75.9%), TN 

(69.2%), NH4
+ 

(70.8%), NO3
- 

(74.7%), SMZ 

(65.3%) 

(Ajibade et 

al., 2021) 

- Biochar + sand (d=0.25–1 mm) h=6 

cm 

- Gravel (d=4-6 mm) h=10 cm 

- Gravel (d= 8-12 mm) h=10 cm 

- Boulders (d= 20-21 mm) h=5 cm 

Colocasia Synthetic 

wastewater 

VF-CW 

d=33.5 cm 

h=37 cm 

V=30 L 

No - - - - COD (88.8%), NH4
+ 

(83.1%), and NO3
- 

(64.9%), AMX 

(75.51%), FC 

(87.53%), IBU 

(79.93%) 

(Chand et 

al., 2022) 

Sand h=15 cm 

Biochar h= 20 cm  

G. maxima Synthetic 

wastewater 

VF-CW 

 d=15 cm 

No - 2 L/ 4d - 3 months  

PPCPs (99.99 %) 

(Kang et al., 

2019) 
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Implementation mode of the 

substrate (by order) 

Plant 

species and 

density  

Wastewater CW size Aeration Feeding HLR HRT Experiment 

duration  

Removal efficiency 

  

Reference 

Gravel h=15 cm h=55 cm 

Stones (d= 5-10mm) h=0.05 m 

Biochar (d= 5-10mm) h=0.76  m 

Stones (d= 5-10mm) h=0.05 m 

Phragmites Municipal 

wastewater 

VF-CW   

h=0.91 

d=0.15  m 

No - - - - NH4
+ (89.8%), NO2

- 

(38.5%), TN 

(82.5%), TP (91%), 

BOD5 (95%), COD 

(96.2%), TSS 

(99.7%) 

(Saeed et al., 

2020) 

Gravel (d=2 cm) 

Biochar v/v=30% (d=2 cm) 

Gravel (d=2 cm) 

Cyperus 

alternifolius 

L 

Synthetic 

wastewater 

VF-CW 

 h=35 cm 

S=0.1 m2 

Yes - - 24 h - COD (93.4%), TN 

(94.9%), NH4
+ 

(99.4%) 

(Liang et al., 

2020) 

Fe-modified biochar v/v=1/3 (d=1–2 

mm) + gravel (diameter of 2–4 mm) 

h=50 cm 

Acorus 

calamus 

Synthetic 

wastewater 

VF-CW 

h=60 cm 

d=25 cm 

- - - 3 

days 

- NH4
+ (44.8%), NO3

- 

(51.8%)  

(Kang et al., 

2023) 

Cu-Biochar (40%) + sand (60%):  

h= 50 cm 

Iris 

pseudacorus 

6 plants/unit 

Synthetic 

wastewater 

VF-CW 

h= 75 cm 

d=25 cm 

No - - 3 

days 

2 months COD (75.33%),  

NO3
- (91.11%),  

Phenanthrene 

(94.09%) 

(Shen et al., 

2020) 

Two cells: the first one with gravel and 

the second with biochar 

Melaleuca 

quinquenerv

ia  

Domestic 

wastewater 

HF-CW 

1.2 m × 0.76 

m × 0.4 m 

No - 0.023 

m/day 

5.1 

days 

7 months PO4
3- (97%) (Bolton et 

al., 2019) 

Gravel (v/v=80% ; d=1–2 cm) + soil 

(v/v=10%) + biochar (v/v=10% ; 

d=0.1–0.5 mm) 

Hydrocotyle 

verticillata + 

Iris 

germanica 

100 

clumps/m2 

Tail 

wastewater 

HF-CW 

S= 900 m2 

No - - 1 day 3 months TN (62.62%), TP 

(52.99%), NO3
− 

(73.28%), NH3
- 

(53.11%), PO4
3− 

(67.58%) 

(Gao et al., 

2019) 

Zeolite (d=20 cm) 

Biochar (d=10 cm) 

Gravel (d=20 cm) 

Canna indica 

16 plant/m2 

Synthetic 

wastewater 

HF-CW 

110 cm ×40 

cm ×60 cm 

No - - - 11 months NH4
+ (89.1%), TN 

(88.1%), TP 

(75.9%) 

(Wu et al., 

2022) 

HRL: Hydraulic loading rate, HRT: Hydraulic retention time
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3.1. Integration mode of biochar in CWs  

3.1.1. Biochar in vertical flow CW 

When used as a substrate in VF-CWs, biochar can potentially promote contaminant removal. 

As illustrated in Figure I-1A, most CWs are implemented by positioning the biochar between 

two layers of inert material (Table I-2), thereby avoiding the clogging of the filtration system 

(Ji et al., 2020; Liang et al., 2020; Liao et al., 2022). In this interlayer, the biochar is used alone 

or mixed with other materials, namely sand, gravel, etc. (Table I-2) (Ajibade et al., 2020; Liao 

et al., 2022; Zhong et al., 2021; Zhou et al., 2018).  

Several authors have used the biochar substrate alone as an interlayer of the filter system in 

order to increase the removal rate of different pollutants. For example, in the study of Nguyen 

et al. (2020), the biochar substrate is used under two sand and sandy soil layers. This distribution 

increases the removal efficiencies of total coliforms up to 70% (Nguyen et al., 2020). Moreover, 

using biochar substrate under a coarse stone substrate allows the removal of total phosphorus 

up to 91% and organic matter such as BOD5 and TSS up to 95% and 99.7%, respectively, from 

municipal wastewater (Saeed et al., 2020). Another study placed the biochar substrate under a 

coarse pebble layer to improve nitrate removal performance up to 92% and orthophosphate up 

to 67.7% (Gupta et al., 2016). However, using gravel substrate over biochar increases the 

removal performance up to 94.9% for TN, 99.4% for NH4
+, and 99.84% for COD (Liang et al., 

2020; Liao et al., 2022). On the other hand, the modification of biochar with iron shows high 

removal performance of pollutants such as Abamectin (99%), COD (98%), NH4
+ (65%), and 

TP (80%) (Sha et al., 2020).  

Biochar can be mixed with gravel (Feng et al., 2021a), sand (Ajibade et al., 2020), or zeolite 

(Yuan et al., 2020) to form a single substrate to filter various micropollutants from wastewater. 

Zheng et al. (2022) found that mixing biochar with gravel at a volume ratio of 1:4 resulted in 

high removal efficiency of COD (90.99%), NO3
- (99.50%), TN (90.94%), NH4

+ (99.59%), and 

TP (51.59%). On the other hand, mixing biochar with sand with a low volume ratio of biochar 

(2%) gave low removal rates (TOC (29.3%); NH4
+ (13.5%); TN (11.7%); TP (8%)) except for 

E.coli, TSS and coliforms, which show high removal efficiency, coming up to 87.1% and 71.1% 

for E.coli and TSS, respectively (Chen, 2018). Similarly, Ajibade et al. (2020) also mixed 

biochar with sand. Still, this time gave a high performance compared to the study of Lun and 



 

22 

 

Chen. (2018), where the removal efficiency of some pollutants reached 89.1 % for COD, 90.2% 

for TN, and 81% for NH4
+ (Ajibade et al., 2020). The ratio of biochar can explain the difference 

between these two studies, which is higher in the second one. Yuan et al. (2020) reported that 

mixing biochar with zeolite can improve the removal percentage up to 63% for TN, 94% for 

NH4
+, 93% for NO3

-, and 87% for COD. This result may be justified by the fact that the biochar 

inhibited the formation of quinolone resistance genes and enhanced the COD removal 

efficiency by increasing the abundance of bound microorganisms (Yuan et al., 2020). In most 

studies, biochar substrates mixed with gravel showed higher removal efficiency of various 

pollutants compared to biochar substrates mixed with sand (Table I-2). 

 

Figure I-1: Position of biochar substrate (A): as an interlayer of VF-CW, (B): on top of the VF-

CW, (C): filling the whole VF-CW. 

Biochar can also be placed at the top (Figure I-1B and Table I-2) of the filtration system with 

a large grain size (2-30 mm) in order to avoid the clogging phenomenon (Abedi and Mojiri, 

2019; Kizito et al., 2017). In Abedi and Mojiri. (2019), the top biochar layer played an important 

role in decreasing the content of various pollutants such as COD, NH4
+, phenols, Pb, and Mn. 

This study showed the best removal performance compared to the literature, since the removal 

efficiency was quantitative for COD,  NH4
+, phenols, Pb, and Mn (Abedi and Mojiri, 2019). 

This result can be explained because biochar is mainly attributed to the greater adsorption 

capacity and microbial culture in the porous medium of biochar (Kizito et al., 2017). 

Furthermore, the use of biochar at the upper filter level revealed that adding biochar in VF-

CWs improves the oxidative removal of NH4+-N, SO4
2-, and PO4

3- and contributes to the uptake 

of other plants (Chand et al., 2021). Another study conducted by Chand et al. (2021) used 
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biochar on top of a system with small grain size (d = 0.5-1 mm), but to avoid clogging, they 

mixed the biochar with sand, which allowed them to increase the treatment efficiency and thus 

removed up to 97% for COD, 58% for NO3
-, 68% for TN, 88% for NH4

+, 75.26% for PO4
3- and 

80% for SO4
2- (Chand et al., 2021). 

Sometimes the whole filter is filled from top to bottom with biochar (Figure I-1C and Table 

I-2) mixed at a low rate (10%) with another material (quartz sand, soil, LECA), to avoid the 

clogging of the system. For example, Jia et al. (2020) mixed 10% biochar with quartz sand and 

soil to fill the entire filter and obtained an increase of the removal efficiency of pollutants (NO3
- 

(95.30%); TN (86.68%); NH4
+ (86.33%); NO2

- (79.35%); COD (63.36%)) (Jia et al., 2020). 

3.1.2. Biochar substrate in the horizontal flow CW 

The use of biochar in horizontal flow CWs (HF-CWs) is still limited, and a limited number of 

articles were found (Gao et al., 2018; Bolton et al., 2019; Gao et al., 2019; Jia and Yang, 2021; 

Wu et al., 2022). For example, Bolton et al., (2019) implemented two small pilot‐scale HF-

CWs planted with Melaleuca quinquenervia trees, each one consisting of two cells separated 

by a polyethylene baffle. The first wetland contained two cells in series filled with gravel 

(control wetlands), while in the other wetland, the first cell was filled with gravel to trap 

sediments, thus avoiding blockages in the downstream cell, the latter filled with an enriched 

biochar cell (biochar wetlands). This study showed that the removal efficiencies of PO4
3-‐P in 

the biochar wetland were up to 97%, probably due to the higher number of adsorption sites in 

the substrate. In contrast, the control achieved only an average PO4
3-‐P removal of  91%, 

indicating a rapid saturation of the gravel. Another study conducted by Gupta et al., (2016) 

revealed that HF-CWs with biochar were more efficient in reducing various pollutants (organic 

and inorganic) as compared to the wetland with gravels alone. Hence, the removal efficiencies 

achieved around 58% of TN, 79% of TP, 92% of NO3-N, 58% of NH3-N, 68% of PO4
3--P, and 

91 % of COD. The high removal of NH4
+-N obtained in HF-CWs is probably related to the 

enhanced microbial nitrification when adding biochar (Gupta et al., 2016). The improved NO3-

N removal efficiency is attributed to higher denitrification, due to the anoxic conditions in HF-

CWs. These results indicate clearly that integrating biochar in HF-CW can be primarily used 

for a secondary treatment of municipal and domestic wastewaters, leading to nutrient removal. 

In general, the use of biochar in HF-CWs can be a cost-effective and sustainable wastewater 

treatment option with a smaller energy footprint (Wu et al., 2022; Gupta et al., 2016). 
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3.2. Effect of substrate nature, biochar dose, and granulometry on CWs efficiency 

The fundamental element of the CW system is the substrate or media, which is essential for 

removing contaminants from wastewater. It serves as a platform for biofilm development, 

macrophyte root growth, and a reaction site for pollutants’ immobilization and supporting 

matrix (Wu et al., 2015). Therefore, the choice of bed materials is highly important in a CW. 

Inexpensive and locally available materials can be used depending on the size of the media, its 

hydraulic conductivity, texture, porosity, and other factors (Wu et al., 2015). Gravel, biochar, 

zeolite, composite materials, and activated carbon have been used as CW substrates (Kataki et 

al., 2021). Substrates such as sawdust, light expanded clay aggregate (LECA), zero-valent iron, 

and gravel can effectively remove phosphorus, organic matter, arsenates, and sulfates (Parde et 

al., 2021).  

Biochar-based CWs show promising wastewater treatment efficiency (Enaime et al., 2020). 

However, granular biochar is more suitable for applications than powdered biochar. This can 

be explained by its good pore size distribution, low abrasion index, durability, high bulk density, 

and ability to regenerate (Louarrat, 2019). In addition, this type of biochar has sufficient 

mechanical strength and is suitable for ensuring the stability and hydraulic permeability of the 

matrix (Deng et al., 2021). In addition, particle size has a significant effect on pollutant 

adsorption. Nitrate-nitrogen content, ammonia nitrogen content, and denitrification intensity of 

the wetland substrate decreased by 51%, 47%, and 35%, respectively, after the introduction of 

biochar with a particle size ranging from 1-2 mm in CW (Zhou et al., 2018), when compared 

to biochar with a particle size lower than 1 mm. Biochar with a 1-3 cm diameter is widely used 

as a substrate in CWs to avoid clogging (Table I-2) (Nguyen et al., 2020). Other factors 

influence the adsorption of pollutants, such as increasing the contact time, pH, temperature, and 

concentration of NH3. But adsorption is decreasing with increasing size of biochar particles 

(Kizito et al., 2015). According to these results, we can state that the biochar granulometry has 

a significant effect on the efficiency of the treatment of the pollutants. 

On the other hand, the biochar dose in CW substrate strongly influences the removal 

performance of various pollutants. However, a study conducted by Deng et al. (2019) was built 

based on different volumes of biochar in common gravel (0%, 10%, 20%, and 30%) to test the 

effect of increasing biochar substrate depth on the characteristics of metabolites and microbes. 

This experiment found that increasing the biochar dose in the gravel medium enhanced the 



 

25 

 

contaminant removal efficiency in CWs. Hence, Illumina MiSeq sequencing reported that the 

microbial community showed some obvious variations. The relative abundances of Candidatus 

competibacter, Thauera, Dechloromonas, Chlorobium, Thiobacillus, and Desulfobulbus were 

significantly improved with the biochar dose. On the other hand, the content of total Extra 

Polymeric Substances (EPS) decreased with increasing biochar percentage. 

Furthermore, the increase in biochar dose in CWs substrate reflects an improvement in the 

biodegradation of EPS and the richness of microbial communities, which promotes the removal 

of organic and nitrogenous substances (Deng et al., 2019). Similarly, Liang et al. (2020) used 4 

CW microcosms with different volume ratios of biochar (0%, 10%, 20%, and 30%) to analyze 

the improvement of pollutant removal performance. The results showed that the increase in 

biochar dose increased the average removal efficiencies of total nitrogen (TN) and ammonium 

(NH4
+-N). At the same time, nitrous oxide (N2O) emissions were reduced. The increase in 

biochar dose can explain this change in the diversity and similarity of the microbial community. 

In addition, the relative abundance of functional microorganisms such as Nitrospira, 

Nitrosomonas, Pseudomonas, and Thauera increased due to the increase in biochar content, 

which favored nitrogen cycling and reduced N2O emissions. 

3.3. Effect of macrophytes used and their role in CWs implemented with biochar 

Plants are essential in removing pollutants, as they generally play an indirect role in the 

wastewater treatment performance in CWs (Fu et al., 2022). The choice of appropriate plant 

species is crucial for the best performance (Guittonny-Philippe et al., 2015; Srivastava et al., 

2008; Kulshreshtha et al., 2022). Hence, the right choice was based on several parameters; the 

species that are preferred are characterized by high ecological adaptability, adaptation to local 

climatic and nutritional conditions, high biomass productivity, resistance to pests and diseases; 

having good coverage with high prospects of successful establishment, tolerance to pollutants 

and hypertrophic waterlogging conditions, low tendency to dominate or forming monocultures, 

a high capacity for pollutant removal, easy propagation, and rapid establishment (Nuamah et 

al., 2020; Kataki et al., 2021). According to literature the Phragmites australis was the most 

used plant in the studies (Table I-2), due to its effect on the efficiency of CW, resistance to 

pests and diseases, tolerance to pollutants and hypertrophic waterlogging conditions, high 

capacity for pollutant removal, easy propagation and adaptation to local climatic and nutritional 

conditions (Zhong et al., 2021; Yuan et al., 2020; Chen, 2018). However, a comparative study 
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done by Qadiri et al., (2021) has demonstrated that the CWs transplanted with Phragmites have 

more capacity in removing TN, COD, TP, and TSS than Sagittaria latifolia and Iris 

kashmiriana, due to their well-developed roots in the substrates, which gives a better 

remediation effect. Furthermore, the presence of a biochar substrate in the CW promotes plant 

growth, microbial metabolism, and substrate characteristics in many aspects (Qadiri et al., 

2021). Another key parameter in selecting CW species is the higher water use efficiency index 

(Stefanakis, 2020). Several studies have shown that plants with fibrous root systems provide a 

greater surface area for biofilm enhancement, sedimentation, and particulate matter trapping. 

They show higher photosynthesis and radial oxygen loss levels and are more effective in 

removing contaminants than plants with thick roots (Lai et al., 2012; Borne et al., 2013; Kataki 

et al., 2021). In addition, previous studies have shown that plant density affects CWs' 

performance at 5 to 50 plants/m2. A low density (16 m2) CW planting may result in lower 

nitrogen removal than a CW with a high plant density (32 m2) (reduced by almost half) 

(Hernández et al., 2017). Another factor to consider is the age of the plant, as oxygen release 

and contaminant uptake are lower in older plants due to the presence of older lignified roots 

(Valipour and Ahn, 2015). 

3.4. Effectiveness of biochar in removing various pollutants 

Biochar is a solid material with high porosity, a high surface area, and diverse surface functional 

groups and properties, making it an attractive option for wastewater treatment. Biochar has been 

proposed as an effective substrate for capturing wastewater supplements that may be connected 

to soil alteration. The adsorption properties and high porosity allow pollutants to accumulate 

on its surfaces, resulting in supplement-rich biochar and a clean effluent (Peiris et al., 2017; 

Yaashikaa et al., 2020). Biochar adsorbents have been used to remove various contaminants 

(Table I-2) such as antibiotics (Ahmed et al., 2017), pesticides (Mandal et al., 2021), 

pharmaceuticals (Masrura et al., 2021; Solanki and Boyer, 2017), and personal care products 

from aquatic environments (Keerthanan et al., 2020). The use of biochar for wastewater 

treatment is becoming more viable due to the low cost of the raw material and the ease of the 

manufacturing process, as well as the various improved physicochemical characteristics of 

biochar, which have been successfully used in a diverse range of applications for the 

contaminated wastewater remediation, including toxic heavy metals adsorption (the following 

techniques have been used: chemisorption, physical sorption, ion exchange, and precipitation) 

and dyes from aqueous solutions, as immobilization support for microorganisms, as a support 
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for catalysts, and as an adsorbent for inhibiting substances during anaerobic digestion, thanks 

to its unique and very versatile characteristics. Overall, it is clear that biochar has multiple 

potential economic and environmental benefits, and its effectiveness in removing various 

contaminants on a laboratory scale has been widely reported (Ahmad et al., 2021; Enaime et 

al., 2020; Chen et al., 2022). 

Biochar added to CW substrate can considerably enhance the wastewater purification effect 

(Kizito et al., 2017), as biochar can remove more nutrients and reduce greenhouse gas (GHG) 

emissions than other substrates, e.g., ceramite, while promoting more diverse bacterial 

communities and greater abundances of available taxa (Ji et al., 2020). The average N2O and 

CO2 fluxes were significantly lower, while CH4 fluxes were greater in the biochar-added and 

non-biochar CWs (Guo et al., 2020). Biochar combined with sand, zeolite, and other artificial 

CW substrates can enhance microbial activity and compensate for the lack of carbon sources 

(Wang et al., 2020b). Abedi and Mojiri. (2019) reported that CW containing three substrate 

layers, namely biochar, gravel, and zeolite layers, showed high performance in wastewater 

treatment compared to the other CWs containing gravel as a substrate; the first CW can remove 

pollutants from wastewater better than the second one. At an optimum retention time (57.4 h) 

and pH (6.3), this biochar-integrated CW can remove up to 99.9% of COD (1000 mg/L), 

ammonia (1000 mg/L), phenols (50 mg/L), Pb (50 mg/L), and Mn (50 mg/L). In addition, the 

emission of nitrous oxide was lower in gravel CW than in the integrating biochar CW (Abedi 

and Mojiri, 2019). These results can explain that the introduction of biochar considerably 

improved the abundance of biological bacteria in CW, consequently increasing the efficiency 

of removing various contaminants in wastewater (Li et al., 2018a). This agrees with the results 

of Liang's study (Table I-2), which explains the increase in nitrogen removal efficiency and 

the decrease in N2O emissions resulting from the increase in biochar addition ratio. This shows 

that biochar addition changed the diversity and similarity of the microbial community (Liang 

et al., 2020). 

In general, the removal efficiency of pollutants was increased due to biochar adsorption (Meng 

et al., 2019). In addition, the total amount of extracellular polymeric substance (EPS) decreased 

significantly with the addition of biochar, which is explained by the change in the functional 

groups of EPS, including amide, carbonyl, and hydroxyl groups of proteins. Furthermore, 

biochar has the potential to convert metabolized high molecular weight compounds into low 

molecular weight compounds (Deng et al., 2019). 
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The biochar can be used at various stages of the wastewater treatment process to increase 

treatment capacity and recover value-added by-products. The adsorption, buffering, and 

immobilization mechanisms of microbial cells may influence the use of biochar in the 

wastewater treatment system. For example, properly modified biochar could effectively adsorb 

nutrients such as phosphorus and nitrogen from treated effluent, allowing it to be used for soil 

rehabilitation as a nutrient-enriched material. In addition, biochar could help develop activated 

sludge's treatment and settling capacity by adsorbing inhibitors and hazardous chemicals or 

providing a surface for microbial immobilization when used in the treatment process. The 

introduction of biochar to the biological system can also help increase the soil amendment 

capabilities of biosolids, extend the value chain, and provide other economic benefits as interest 

in its use in soil applications increases (Mumme et al., 2014). The following sections discuss 

biochar's role in removing various contaminants from wastewater. 

3.4.1. Removal of organic pollutants 

Numerous studies have been conducted in recent years to test the effectiveness of biochar in 

removing various organic substances from water, such as antibiotics, drugs, agrochemicals, 

polycyclic aromatic hydrocarbons (PAHs), cationic aromatic dyes, and volatile organic 

compounds (VOCs) (Table I-2) (Adeel et al., 2016; Mondal et al., 2016). 

3.4.1.1. Removal of conventional pollutants 

Organic pollutants are another important type of pollutant in the aquatic environment. Biochar 

has shown a high removal efficiency towards this kind of pollutant. Based on the literature, the 

biochar prepared at a higher pyrolysis temperature will improve non-polar organic compounds' 

removal efficiencies due to higher microporosity and surface area (Mohamed et al., 2016; 

Mohanty et al., 2013). On the other hand, the biochar prepared at a temperature below 500 °C 

comprises a higher amount of hydrogen and oxygen-containing functional groups, so it is more 

likely to have a high affinity for polar organic molecules (Suliman et al., 2016). For example, 

biochar derived from rice husk and pyrolyzed soybeans at 600-700 °C facilitates the removal 

of trichloromethylene (VOC) and non-polar carbofuran (pesticide) from contaminated water 

(Suliman et al., 2016). In addition, at T >700 °C, red gum wood chips and chicken litter-derived 

biochar efficiently removed pyrimethanil and diesopropylatrazine (fungicide/pesticide), 

whereas the same biochar at T <500 °C proved ineffective (Chen and Chen, 2009; Yu et al., 
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2010). And for the removal of polar insecticides and herbicides such as norflurazon, 1-naphthol, 

and fluridone was performed using biochar produced at <300 °C, as a result of the pollutant's 

interaction with the biochar's functional groups (Li et al., 2016; Sun et al., 2011). On the other 

hand, the biochar with more O and H functional groups (<400 °C) showed higher sorption of 

aromatic cationic dyes such as methyl-blue and methyl-violet. Still, the process strongly 

depended on pH (Adeel et al., 2016; Teixid et al., 2011). In addition, the polar antibiotic 

sulfamethazine exhibits pH-dependent interactions when sorbed to softwood/hardwood-

derived biochars (pyrolyzed at 300-700 °C) (Mohan et al., 2014). Therefore, it can be 

considered an important parameter for biochar interactions and polar organic contaminant 

removal. 

Generally, organic matter from wastewater may be removed by filtration, adsorption, 

hydrolysis, chemical reduction or oxidation by microbial degradation, etc. (Vymazal and 

Tereza, 2015). The degradation by the microbiota attached to the substrates is responsible for 

the elimination of organic matter in aqueous solutions (Faulwetter et al., 2009). Conventional 

organic compounds such as chemical oxygen demand (COD) and biological oxygen demand 

(BOD5) can be removed effectively due to the coupling role of anaerobic and aerobic 

degradation in CW systems (Saeed and Sun, 2017; Zhao et al., 2020). Thus, the integration of 

biochar into CWs plays an important role in COD removal, even though organic matter can be 

leached from biochar (Zhou et al., 2019). However, Several studies have shown that biochar 

amendment promotes COD removal in CWs (Deng et al., 2019; Guo et al., 2020). This result 

can be explained by the good adsorption capacity of biochar toward organic molecules and 

provides a heterogeneous surface with very high porosity for oxygen filling and habitation by 

various organic degradation microbes. Moreover, biochar can promote plant growth, releasing 

additional oxygen into CW substrates for aerobic COD decomposition. A recent finding by 

some researchers show that the introduction of biochar into CWs can reduce the quantity of 

microbial extracellular polymeric substances (EPS) accumulated in the wastewater matrix and 

induce their metabolization of heavy molecular weight EPS metabolites into lower molecular 

weight compounds because biochar increases the metabolic and abundance activities of 

heterotrophic bacteria, thus reflecting organic decomposition, which is conducive to mitigating 

the clogging of wastewater treatment substrate. 
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3.4.1.2. Emerging pollutants 

Emerging hazardous organic pollutants that can be contained in stormwater, livestock wastes, 

agricultural waters, and industrial wastewaters, etc., such as dyes, pesticides, herbicides, 

endocrine disruptors (e.g., phthalic acid esters, polycyclic aromatic hydrocarbons, and 

bisphenol A), and antibiotics (Table I-2), pose serious long-term threats to ecosystems and 

public health, even at minute concentrations (Vymazal and Tereza, 2015). Hydrophobic effects, 

electrostatic attraction, conjugation of aromatic donors and cationic acceptors, pore filling, and 

hydrogen bonding are all processes that biochar can use to adsorb these contaminants (Xiang 

et al., 2020; Zhang et al., 2019). Most importantly, biochar possesses catalytic and redox-

reactive activities, allowing it to accept/donate electrons or promote generate ROS and 

electrical conduction, thus accelerating the abiotic decomposition of adsorbed organic 

pollutants (Devi and Saroha, 2015; Zhang et al., 2019). In addition, biochar substrates may 

stimulate the reproduction and development of microbes involved in decomposing organic 

pollutants. However, this augmentation role of biochar has only been studied profoundly so far 

(Yan et al., 2017; You et al., 2020). The mechanisms involved depend mainly on biochar 

properties, operating conditions, and contaminants. Due to the exceptional ability of biochar to 

adsorb bisphenol A, Lu and Chen. (2018) found that integrating biochar into CWs improved 

the elimination of bisphenol A from stormwater and increased the life of CW systems. 

According to the same authors, the biochar prepared at 700 °C performed significantly better 

than biochar prepared at 300 and 500 °C. In addition, the biochar substrate supported the 

increase of functional microbes and served as an excellent biofilm carrier to indirectly enhance 

the decomposition of bisphenol A. Improved plant growth in CWs also facilitates the removal 

of organic pollutants (Chen, 2018). Tang et al. (2016) used plant-derived biochar that was 

planted in a Cyperus alternifolius CW and then modified with Fe(NO3)3 solution to achieve 

higher removal efficiencies (>99%) and a constant rate for four pesticides in wastewater than 

the non-biochar control (64 - 99%) (Tang et al., 2016). The cause is that biochar adsorbs the 

pesticides and promotes their microbial decomposition. The use of biochar derived from fruit 

pits in zeolite-based CWs significantly increased antibiotic removal rates (sulfamethazine and 

ciprofloxacin) while also decreasing the production of sulfonamide and quinolone resistance 

genes, which was attributed to the biochar's ability to facilitate antibiotic biodegradation and 

adsorption (Yuan et al., 2020). Biochar is a good attachment medium for microbes that degrade 

organic matter. For example, Mahmood et al. (2015) used corn-derived biochar manufactured 



 

31 

 

at 400 °C as a biofilm support for Pseudomonas putida cells to adsorb and reduce dyes and Cr 

(VI) in a continuous flow bioreactor for the efficient treatment of tannery wastewater containing 

azo dyes, aniline, and Cr (VI). 

Other organic compounds, such as pharmaceuticals and pesticides, are considered emerging 

contaminants because of their effects on human health and have been detected in municipal 

wastewater treatment plants (Firouzsalari et al., 2019; Shi et al., 2021). Wastewater from the 

pharmaceutical industry contains pharmaceutical intermediates used in production 

(Karunanayake et al., 2017), antibiotics, and active ingredients such as hormones (Rashid et al., 

2021). However, pesticides are found in industrial wastewater through pesticide production 

(Pinto et al., 2018), washing of commercial containers used to store or transport pesticides 

(Zapata et al., 2010), and agri-food industries (Lopes et al., 2020). The biochar as an adsorbent 

promotes the degradation of antibiotics and antibiotic resistance genes (ARGs) from 

wastewater, and dissolved organic carbon release in  CWs indicated that water and alkaline 

media portray the optimum conditions for sulfamethoxazole (SMZ)and ARGs removal, this 

shows the feasibility of using biochar for regulated SMZ removal and ARG accumulation 

(Ajibade et al., 2021). However, the study of Feng et al., (2021) showed the relation between 

ARGs removal and dissolved organic matter (DOM). They noted that the photosensitized DOM 

is responsible for producing reactive intermediates to remove ARGs. Hence, incorporating 

biochar under forced aeration into CWs could remove ARGs up to 99.3% and  DOM 72% 

effectively from swine wastewater. Abas et al., (2022) confirmed that the integration of biochar 

substrate has an effect in improving Chlorantraniliprole (CAP) removal to up to 99%. The 

biochar also enhances the treatment efficiency of the pharmaceuticals and personal care 

products (PPCPs) from wastewater. The presence of the colonization of arbuscular mycorrhizal 

fungi (AMF) in CWs enhanced the best removal performance for PPCPs in biochar-added 

systems (more than 99.99%). These results can be attributed to the higher adsorption capacity 

of PPCPs of biochar, due to its large surface area and porous structures of biochar substrate, 

which could also promote the development and growth of microbes and the adsorption of 

PPCPs, thus enhancing its biodegradation (Hu et al., 2022; Hu et al., 2022).  

Polycyclic aromatic hydrocarbons (PAHs) are hydrophobic organic compounds with at least 

two aromatic rings (Kang et al., 2019; Gaurav et al., 2021). They include compounds such as 

phenanthrene, naphthalene, anthracene, pyrene, fluorine, and benzofluoranthene (Jain et al., 

2020; Kong et al., 2021). Several studies have used biochar as an adsorbent substrate to remove 
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this pollutant, because biochar may provide a reproduction habitat for microbes and enhance 

the microbial community to improve denitrification and PAHs removal performance (Cao et 

al., 2021). Furthermore, the biochar was also tested to remove benzofluoranthene (BbFA), a 

typical PAH in CWs, and has shown higher BbFA with its removal efficiency exceeding 99%, 

which could be attributed to enhanced PAH biodegradation (Guo et al., 2020). In the same way, 

Kang et al., (2023) studied the removal efficiency of representative PAH and BbFA, using 

biochar modified by iron as a supplement to the CW substrate, reaching to increase the 

performance of BbFA removal by 20.4 %, because the biochar may increase dissolved organic 

carbon content, particularly low-aromaticity, which contributed to PAH degradation by 

microorganisms. In addition, the presence of functional groups on the biochar surface may 

improve the electron interactions between microorganisms and PAHs. 

3.4.2. Removal of inorganic pollutants 

Inorganic contaminants in wastewater include compounds such as nitrite (NO2
-), ammonium 

(NH4
+), nitrate (NO3

-), hydrogen sulfide (H2S), phosphorus (PO4
3-) and heavy metals (Cu, Cr, 

Cd, Pb, Fe, Hg, Zn and As ions) (Table I-2) that cause a dangerous risk to human health and 

the environment (Cao et al., 2009). Generally, biochar produced at low pyrolysis temperature 

(about 500°C) is used to remove inorganic contaminants. The nature of biochar sorption is 

influenced by the morphological structure and chemical composition (Abdelhafez and Li, 

2016).  

3.4.2.1. Nitrogen removal 

Multiple pathways are used to remove nitrogen from wastewater in CW, substrate adsorption, 

ammonia volatilization, plant uptake, and microbial processes (Saeed and Sun, 2017). Classical 

microbial nitrification, followed by denitrification, and finally converting N to N2O or N2, is 

considered the most common mechanism (Jia et al., 2020b; Vymazal, 2011). However, the 

insufficient ability of sand and gravel to adsorb nitrogen and provide habitable microsites for 

denitrifying microorganisms remains a major challenge in conventional CW systems filled with 

gravel, ceramite, or sand (Kizito et al., 2017; Yang et al., 2018), although ceramite gives better 

results than gravel or sand, which are widely used (Vohla et al., 2011). In addition, low 

dissolved oxygen (DO) due to inadequate reoxygenation may limit nitrification in flooded 

streams, and/or denitrification can be limited by electron donors deficient for nitrate reduction 
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(Lu et al., 2020; Vymazal, 2011). Therefore, several solutions are being investigated to improve 

nitrogen removal from wastewater, including introducing substrates with high nitrogen removal 

capacity (Jia et al., 2020b; Shen et al., 2018).  

Cation exchange can keep cations in biochars with a high surface charge density. Consequently, 

the internal porosity, high biochar surface, and presence of polar and non-polar sites on the 

biochar surface promote nitrifier growth and nutrient adsorption, and simpler and easier 

atmospheric aeration and oxygen replenishment at the bottom of the CW matrix. As well as, 

the addition of the biochar substrate can increase the rate of nitrification, resulting in a great 

improvement in total nitrogen (TN) and NH4
+ removal in CW (Kizito et al., 2017; Rozari et al., 

2018; Zhou et al., 2019). However, the leaching of dissolved organic matter (DOM) can be 

done with the help of biochar, which is mainly based on humic acid, which allows it to 

temporarily trap the influent DOM in the pores as a carbon source to stimulate denitrification 

after desorption (Li et al., 2018a; Zhou et al., 2019). Denitrifier proliferation may also be 

enhanced, resulting in nitrate denitrification for low C/N effluents (Zhou et al., 2019). On the 

other hand, biochar acts as a chemically redox-active material with electroactive functional 

groups on its surface (e.g., phenols and quinones), which promotes the biochemical transfer of 

the material into wastewater (Yuan et al., 2018; Zhang et al., 2019). According to Wu et al. 

(2018), biochar derived from cattail stalks prepared at 300°C can increase the electron 

conversion efficiency between the metabolism of carbon and nitrate reduction by modulating 

the electron shuttle mechanism and increasing the activities of denitrifying enzymes, which can 

increase the rate of denitrification in wastewater, in contrast, biochar made at 800 °C inhibits 

these mechanisms. As a result, many studies have reported that biochar addition to domestic, 

swine, anaerobic, and secondary wastewater effluents improved nitrogen removal efficiency 

(by more than 20% on average). Removal efficiency increased proportionally with biochar 

dosage, although the performance improvement depended on biochar loading and preparation 

conditions, wastewater properties, and wastewater operating conditions. Biochar substrates in 

settling ponds showed better nitrogen removal than conventional gravel or sand and some 

functional fillers, such as zeolite and ceramite (Ji et al., 2020; Yuan et al., 2020). 

3.4.2.2. Phosphorus removal 

Phosphorus compounds (P) in wastewater may be eliminated by a variety of processes, 

including substrate precipitation, adsorption, plant uptake, and microbial uptake into 
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wastewater, with substrate retention generally being the most widely used process (Kumar and 

Dutta, 2019; Saeed and Sun, 2017). Elements such as Fe, Ca, Mg, and Al in CW fillers can bind 

phosphorus stably; therefore, materials rich in these elements (Fe, Ca, Al, Mg) are preferable 

as CW substrates enable phosphorus removal efficiently and also increase the lifetime of CW 

systems. Conventional CW substrates consisting of sand or gravel can only effectively remove 

total phosphorus (TP) from wastewater for a short time (Chang et al., 2016; Shi et al., 2017). In 

some studies, biochar-based filters (CWs) were found to have higher phosphorus removal 

efficiencies than control systems filled with zeolite or gravel. Still, the improved impact for 

Phosphorus compounds removal was much lower than for N removal. The biochar substrates 

could trap more phosphorus from wastewater than gravel, especially from wastewater with a 

high phosphorus concentration (e.g., anaerobic digestion effluent) (Kizito et al., 2017). In 

addition, the incorporation of biochar into CWs can enhance plant growth and the proliferation 

of phosphorus-compound-accumulating microorganisms, thereby improving biotic phosphorus 

removal pathways (Ji et al., 2020; Shi et al., 2017). However, this ameliorative effect cannot be 

easily maintained. The chemical properties of biochar and wastewater, especially the biochar's 

surface charge, are important factors in removing anionic phosphates (Wichern et al., 2018). 

However, other studies have shown that adding biochar to gravel-filled CW did not improve 

phosphorus removal (Zhou et al., 2019). Mixed biochar and sand substrates are even less 

efficient than sand alone in phosphorus removal (Rozari et al., 2016). These results can be 

explained because biochar has a negative surface charge and a low affinity for phosphate. Other 

negatively charged molecules in the wastewater (organic matter) can compete with phosphate 

for exchange sites in biochar (Rozari et al., 2016). Biochar substrates made from /Fe/Al/Ca-

rich feedstocks, such as crab shells, can improve P's recovery/removal capacity from 

wastewater (Dai et al., 2017). Biochar can be modified with metal salts (iron, magnesium, and 

aluminum compounds) to make metallic biochar before filling (Wang., 2019; Zheng et al., 

2019), or combined with other fillers with high Phosphorus compounds adsorption efficiency 

(crab shells) to prepare biochar (Shi et al., 2017; Yang et al., 2018). There is still a need for 

further research and relevant applications in phosphorus removal using biochar substrates. 

3.4.2.3. Metals removal  

Heavy metals are generally non-biodegradable and are found in large quantities in rainwater, 

mining effluents, and industrial wastes. Biochar with a unique pore structure, a high percentage 

of organic carbon, and many functional groups has a high chance of interacting with heavy 
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metals in several ways (Oliveira et al., 2017). Heavy metals are absorbed by biochar mainly 

through complexation and ion exchange between heavy metal ions and functional groups of 

biochar (e.g., COOH, OH, R-OH) (Hsu et al., 2009; Lu et al., 2011). Additionally, the 

coordination of metal ions with π-electrons (C〓C) of biochar (Yu et al., 2010) and the 

formation of metal precipitates with inorganic constituents (Ippolito et al., 2012; Lu et al., 2011) 

could play a role in the P removal by biochar. Adsorption through the biochar matrix is affected 

by its chemical properties, which are affected by feedstock type, pyrolysis temperature, 

application rate, pH, and other factors. For example, copper (Cu2+) had a high affinity for OH- 

and COOH- groups in hardwood and crop biochars, which varied with pH and feedstock type 

(Lima et al., 2010). Similarly, biochars derived from soybean straw, guayule shrub, 

hermaphrodite sida, and wheat straw effectively removed Ni2+, Cu2+, Zn2+, and Cd2+ (Lu et al., 

2017). The higher biochar efficiency was attributed to the high O and C contents, polarity index, 

and high O/C molar ratio, which were regulated mainly by pH (Bogusz et al., 2015; Peng et al., 

2016). In addition, the removal of mercury (Hg2+) was effectively performed using alkaline 

biochar prepared from both manure and various agricultural residues (corn stover, soybean 

straw, cocoa husks, switchgrass, and corn stover). Due to its high sulfur content (SH and sulfate 

groups), biochar produced from cocoa hulls and animal manure was particularly effective in 

removing Hg2+, precipitating up to 90% of the Hg2+ as HgCl2 or Hg(OH)2, mainly by co-

precipitation with the anions (O, S, Cl) in the biochar (Baltrenaite, 2015; Mohamed et al., 2016). 

Similarly, the biochar dosage affected the removal of heavy metals such as Cd2+, Zn2+, Pb2+, 

and Cu2+. Thus, the removal efficiency was higher with rising biochar loading in the aqueous 

system, due to the increase in surface area and pH (Laird et al., 2010; Xu et al., 2013). 

Dissolved heavy metals in wastewater, such as hydroxides and sulfides, can be removed mainly 

by precipitation, adsorption from the abiotic substrate, and microbial reduction of sulfates for 

hydroxides and sulfides precipitation (Kosolapov et al., 2004). Adding biochar can help gravel 

ponds improve metal holding capacity by increasing abiotic pathways. Under ideal conditions, 

a study was conducted in a gravel-filled pond to remove just 58% Mn and 51.6% Pb from 

synthetic industrial wastewater. In comparison, adding biochar and zeolite increased the 

removal efficiency of both metals up to 99.9%. These results can be explained because both 

metals have high adsorption capacities toward biochar and zeolite (Abedi and Mojiri, 2019). In 

addition, the inorganic components of the biochar impart an alkaline nature to the biochar, 

allowing it to raise the pH value of acidic mine wastewater and subsequently reduce the metal 
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ions solubility by inducing the formation of metal hydroxide precipitates (Gwenzi et al., 2017). 

Biochar substrates can be modified before amendment with heteroatoms and oxidizing agents, 

acids, or anionic moieties (e.g., HSO3, OH, S2, etc.) to enhance the metal retention capacity of 

CWs (Wang et al., 2019). 

3.4.2.4. Pathogen removal  

The removal of pathogens from wastewater is essential for protecting human health. Removal 

was accomplished by filtration, predation, adsorption, oxidation, and inactivation by exposure 

to several regulatory standards for pathogens in wastewater effluent for reuse (Wu et al., 2016). 

The high porosity of biochar, high specific surface area, numerous pores with a wide range of 

sizes, hydrophobicity, and organic leaching may make biochar more suitable for removing 

microbial contaminants than gravel or sand. However, there has been relatively little research 

on removing pathogens from wastewater using biochar-enhanced CWs. According to Mohanty 

et al. (2014) and Lau et al. (2017), the introduction of biochar into sand-based biofilters 

significantly increased the presence of Escherichia coli in stormwater. In addition, it decreased 

the remobilization of sequestered nuisance bacteria during intermittent influx and highlighted 

the high potential of using biochar substrate in CWs for wastewater disinfection. Furthermore, 

biochar with volatile content and polarity had a higher removal efficiency for E. coli (Mohanty 

et al., 2014). This improvement effect may be explained by the fact that biochar can produce 

antimicrobials that significantly adsorb viruses and bacteria, mainly using hydrophobic 

interactions, and reduce the driving forces that detach pathogens. 

On the other hand, another recent study by Kaetzl et al. (2019) found that CWs filled with rice 

husk-derived biochar can remove bacteriophages and fecal indicator bacteria (FIB) from 

pretreated municipal wastewater as well as or as much as CWs filled with sand or original rice 

husk (Kaetzl et al., 2019). The ability of biochar to remove pathogens varies with preparation 

conditions and feedstock (Mohanty et al., 2014). Modifying biochar with H2SO4 increases the 

surface area of biochar prepared from wood, reflecting a significant improvement in E. coli 

elimination in bioretention systems and reducing remobilization during drainage and 

intermittent flow (Lau et al., 2017). Even though biochar-based filters show high FIB removal 

efficiency comparable to sand-based filters (Wichern et al., 2018), biochar remains an attractive 

feedstock in CW systems for pathogen removal due to its economic production and 

performance, using locally available biological waste, and can be reused as a soil amendment. 
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4. Mechanisms and factors influencing the pollutants adsorption on biochar 

The heterogeneity of the biochar surface allows a variety of sorption processes to occur. The 

chemical characteristics of the adsorbent surface and the nature of the contaminants determine 

the adsorption mechanism (Rosales et al., 2017). The three main adsorption mechanisms, 

according to Pignatello (Pignatello., 2011), are the precipitation mechanism, in which the 

adsorbent forms layers on the adsorbent surface, and the physical mechanism, in which the 

adsorbate (e.g., pollutants) is deposited on the adsorbent surface (e.g., biochar), and the pore-

filling mechanism, in which the adsorbate (e.g., pollutants) condenses in the adsorbent pores 

(e.g., biochar). The adsorption process of organic pollutants is generally carried out by 

electrostatic attraction, complex adsorption, electron-acceptor-donor interaction, pore filling, 

hydrophobic interactions, and hydrogen bonding (Figure I-2) (Pignatello., 2011). For example, 

the sorption of organic contaminants by the biochar surface via the pore filling process is 

influenced by the total volume of the mesopores and micropores; so that the penetration of the 

pollutant into the internal structure of the biochar is all the more favored when its ionic radius 

is small, which reflects an increase in the biochar adsorption efficiency (Ahmad et al., 2014; 

Rosales et al., 2017). Soluble pollutants may attach to the alkaline surface of the hydrophobic 

biochar using their hydrophobic functional group or be precipitated. Due to the dissociation of 

oxygen-containing functional groups on the biochar surface, the biochar is generally negatively 

charged, causing an electrostatic attraction between the positively charged molecules and 

biochar (Ahmad et al., 2014; Qambrani et al., 2017). 

The biochar produced at high temperatures lost its functional group-containing hydrogen and 

oxygen, making it more aromatic and less polar and, consequently, less suitable for removing 

polar organic pollutants. However, the electrostatic repulsion between the biochar and the 

negatively charged anionic organic molecules could favor the production of hydrogen bonds, 

leading to adsorption. On the other hand, if there is no hydrogen interaction, non-polar 

pollutants are more likely to penetrate hydrophobic areas (Ahmad et al., 2014). On the other 

hand, many mechanisms can be involved in removing inorganic pollutants, such as heavy 

metals, such as ion exchange and complexation, surface precipitation under alkaline 

circumstances, and anionic and cationic electrostatic attraction (Figure I-2). Similarly, Lu et 

al. (2011) examined the relative contributions of different Pb adsorption mechanisms on sludge-

derived biochar. They arrived at the following mechanisms: (i) co-precipitation and 

complexation with mineral oxides and organic matter in the biochar, (ii) electrostatic 



 

38 

 

complexation due to the exchange of the metal with cations (sodium and potassium) present in 

the biochar, (iii) surface precipitation as lead silicate- phosphate (5PbO.P2O5.SiO2), and (iv) 

surface complexation with free carboxyl and mineral oxides in the biochar. 

 

Figure I-2: Mechanisms for biochar's elimination of organic and inorganic contaminants. 

The variation in these removal mechanisms and the physicochemical properties of biochar 

greatly implicates its suitability and efficacy for the remediation of the targeted pollutants. 

Several factors, such as biochar characteristics, dosage of biochar, solution pH, and temperature 

of the medium, greatly influence the biochar's overall adsorption capacity by modifying the 

removal mechanisms involved in the remediation of specific pollutants in aqueous systems 

(Abbas et al., 2018; Ambaye et al., 2021). 

4.1. Characteristics of biochar 

The volume of micropores in an adsorbent controls its ability to absorb an adsorbate (Lowell, 

2004; Zabaniotou et al., 2008). Pores of different sizes are found in adsorbent materials and 

classified into macropores, micropores, and mesopores based on the width of the opening 

(Mosher, 2011). The experimental conditions strongly influence the distribution and size of the 

pores during the preparation of the biochar, and especially the pyrolysis temperature has the 

greatest influence (Zhou et al., 2010). The micropores are the most abundant in the biochar 

structure and would be responsible for their high adsorption capacity and surface area. 

Zabaniotou et al. (2008) reported that biochar prepared at a high pyrolysis temperature contains 

a very high volume of micropores that varies between 50%-78% of the total pores. The sorption 
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rate of the biochar is controlled by the size of the adsorbate, such that larger particles can cause 

blockage or exclusion of sorption sites. In comparison, smaller particles increase the van der 

Waals force of penetration of the adsorbate into the adsorbent and decrease the mass transfer 

limitation (Daifullah and Girgis, 1998). It also depends on the surface functional groups' levels 

and types (Qambrani et al., 2017). The carbonization process, the feedstock's chemical 

composition, and the carbonization temperature all influence the distribution of surface 

functional groups (Ahmad et al., 2012). Gascó et al. (2018) compared the properties of 

hydrochar and biochar produced from pig manure using HTC and pyrolysis. 

The results showed that when the pyrolysis temperature is high, the broad peak around 3400 

cm-1, corresponds to the -OH stretching vibration in the hydroxyl and carboxyl groups and 

becomes less visible for biochars compared to the feedstock. Due to the decarboxylation and 

dehydration reactions during the HTC process, the HTC hydrochars revealed broadband at 3400 

cm-1 with less intensity than the feedstock. Several scientists agreed that a high aromatic 

structure characterizes biochar prepared at a high temperature of around 600 °C. On the other 

hand, hydrochar prepared using the HTC method at a temperature between 200 and 240 °C for 

2 h favors biochar with more aliphatic structures. According to Qambrani et al. (2017), the 

functional groups (-CH2, O-H, C=O, C=C, and -CH3) of biochar have changed due to the 

pyrolytic conditions, which promote the hydrophobic interactions of biochar. The hydrophobic 

character of biochar is determined by the amount of oxygen and nitrogen-containing functional 

groups; the lower the nitrogen and oxygen-containing functional groups in the biochar, the 

higher hydrophobic the biochar (Moreno-castilla, 2004). Hence, the presence of oxygen-

containing functional groups on the hydrophilic biochar surface facilitates water to penetrate 

through hydrogen bonds, resulting in competition between the adsorbate and water on the 

available sites of the biochar surface. Hydrophobic biochars are expected to contribute to 

insoluble adsorbate adsorption, while hydrophilic biochars are considered less effective due to 

water sorption. Adsorbates that are less soluble or insoluble are most likely to be absorbed into 

the biochar pores in aqueous solutions (Li et al., 2002). 

4.2. Dosage of the adsorbent 

The adsorbent dosage significantly impacts the sorbent-sorbate balance of an adsorption 

system. Hence, using a high adsorbent dosage increases the removal efficiency of inorganic and 

organic contaminants due to the availability of a larger number of sorption sites (Chen, 2013; 
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Chen et al., 2011). On the other hand, the application of a dosage rate that is too high leads to 

a reduction of the adsorption capacity of the biochar and consequently, an overlapping of the 

adsorption layers will be produced, which protects the accessible active sites on the sorbent 

surface (Kizito et al., 2015; Linville et al., 2017). Therefore, the adsorbent dosing must be well 

optimized to achieve high elimination capacity and make the process cost-effective. 

4.3. pH of the solution 

The pH of the solution is a crucial factor that controls the adsorption process by influencing the 

ionization degree and charge of the adsorbate, the adsorbent surface charge and the speciation 

(Kılıc et al., 2013). The competition between protons and cationic pollutants decreases as the 

pH of the solution is above the point of zero charges, and a negative charge appears on the 

adsorbent surface as a result of the deprotonation of carboxylic groups and phenolic groups on 

the surface. Basic functional groups, such as amines, are protonated and positively charged at 

low pH, improving anions' adsorption (Kumar et al., 2011). This means that deprotonation of 

the functional groups and the pH of the medium influence the biochar adsorption behavior. 

Kizito et al. (2015) and Hu et al. (2019) studied the effect of pH on the adsorption capacity of 

biochar towards ammonium (NH4
+). They showed that the adsorption capacity of NH4

+ 

increased with the initial solution pH between 4 and 8 and then decreased when the pH was 

above 9. 

4.4. Temperature of the medium 

The medium temperature at which the biochar is applied impacts its adsorption capacity. Most 

studies showed that adsorption efficiency increased with temperature, confirming that the 

adsorption process is endothermic. The study by Enaime et al. (2017) indicated that the indigo 

carmine sorption on potassium hydroxide (KOH) activated biochar rises with temperature due 

to the endothermic nature of the sorption process. The increase in temperature leads to an 

increase in the mobility of the dye molecule and the possibility of an increase in the adsorbent 

porosity. This can be explained by the swelling effect of the adsorbent's internal structure when 

the temperature increases, allowing more dye to penetrate further. Another study, Kizito et al. 

(2015) found that increasing the temperature from 300 °C to 450 °C is beneficial for maximum 

removal efficiency.   

5. Advantages and limitations of biochar as a CW substrate 
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The use of biochar as a substrate in CWs solves the problem of environmental pollution (Table 

I-3). Due to the low-cost availability of the raw materials and the high commercial potential of 

biochar. The preparation of biochar has developed rapidly in recent years (Lili et al., 2017). 

Due to its adsorption capacity and porous structure, biochar is commonly used as a slow-release 

fertilizer filler (Xu and Lu, 2019). However, biochar is rarely used in water treatment due to its 

high cost, high ash content, and difficulty in ash removal (Kasak et al., 2018). Theoretically, 

biochar may considerably enhance the purification of wastewater (Deng et al., 2019), as an 

additional carbon source for CWs (Kasak et al., 2018), and its surface allows the adsorption of 

various pollutants.  

Furthermore, biochar may improve the activity of the microorganisms in CWs (Tang et al., 

2017). Therefore, biochar could improve the degradation of high molecular weight compounds 

in low molecular weight compounds in CW (Deng et al., 2019). The biochar's main objective 

is to increase the adsorption efficiency of the substrate and provide a carbon source to enhance 

the denitrification efficiency. However, the application of the CW substrate is easy to generate 

a blockage due to the low structural strength of the biochar and the ease of generating a powder 

(Saeed et al., 2019).
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Table I-3: Limitations and advantages of biochar as a CW substrate. 

 

Advantages Reference Disadvantages Reference 

- Sustainable and abundant resources, cheap and more oxygen 

groups present in biochar, improve pollutant adsorption. 

(Houben et al., 

2013) 

- Elimination of pollutants' efficiency is 

undetermined and heavy metals  retain  

in soil. 

(Houben et al., 

2013) 

- Effective medium for capturing pollutants from wastewater, 

which can connect to the soil and result in an alteration 

-Reduce greenhouse gas emissions 

(Yaashikaa et al., 

2020) 

- High cost, high ash content, and difficulty in 

ash removal 

(Kasak et al., 2018) 

- Improve the activity of microorganisms in CWs (Tang et al., 

2017) 

- Easy to generate a blockage, and the ease of 

generating a powder 

(Saeed et al., 2019) 

- Provide reactive sites for microbes (Li et al., 2019) 
  

- Adsorb NO3-N, NH4
+ and PO4

3- 

- Remove suspended solids, BOD5, metals, and coliforms 

(Gao et al., 2018) Substance release (e.g., N, P, salt, alkaline) (Zhuang et al., 

2022) 
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Conclusion and perspectives 

The present review highlighted the constructed wetlands (CWs), a natural system that is largely 

investigated for different kinds of wastewater (urban, industrial, mixture) treatment through 

physical (porosity of substrate), chemical (adsorption, precipitation, and biological processes 

(biodegradation, nitrification denitrification), under vertical or horizontal flow regime. The 

constructed wetland has proven good performance for the elimination of organic matter (99 %), 

nutrients, especially phosphates (88 %), and nitrogen (96 %). However, constructed wetlands are 

still very limited in removing recalcitrant or emergent pollutants such as heavy metals, pesticides, 

drugs, PAHs, volatile organic compounds (VOCs), etc. According to previous literature, the 

removal capacity of CW depends on the type of macrophytic plant and the substrate of the bed. 

According to the analyzed references, different plants can be used in CW. Nevertheless, 

Phragmites australis and Arundo donax have been the most widely used, resistant to high organic 

loads, capable of oxygenating the substrate, and enhancing the hydraulic conductivity of the filter. 

The substrate also plays an important role in constructed wetland depuration efficiency, which 

could reach NH4
+-N (40.23%), NO3

--N (48.94 %), TN (52%), and COD (35%) when sand or 

gravel substrate is used. Any improvement of the CW efficiency must be performed via the 

integration of a good substrate in the filter. Among several materials generally tested as substrate 

for CW such as zeolite, pozzolan, charcoal, and biochar is gaining big interest recently, due to its 

promising characteristics as an optimal adsorbent having the ability to remove not only 

conventional pollutants but owing to good removal performances for even emergent ones that are 

very toxic and recalcitrant. Furthermore, biochar could introduce carbon into the substrate and 

greatly impact the biodegradation of pollutants by providing an ideal environment for the 

functional groups of microorganisms. The removal percentage could reach COD (99 %), TP (88 

%), NH4
+ (96 %), Abamectin (99 %), TSS (71 %), total coliforms (70 %), TN (40 %), and ARGs 

(99 %).  

These interesting characteristics of the biochar are obviously dependent on the processes used to 

prepare the material, and the conditions of the preparation, including conditions of thermal 

conversion and the kind of feedstock used. Based on the literature review, it was found that the 

optimum pyrolysis temperature must be around 400 and 600 °C, with the possibility of having an 

oriented prepared biochar depending on the targeted pollutants, based on the temperature. 

Furthermore, feedstock must have some specific characteristics to give a good quality of the 

biochar that depends on the feedstock's richness in carbon and low quantity of mineral matter. 
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The large pore volume and high specific surface area, reaching 200 m2/g, thus allowing for the 

effective removal of pollutants and pathogens from wastewater. The biochar quality is affected 

by the conditions involved in preparing biochars (e.g., pyrolysis temperature, heating rate, and 

carbonization time).  

Several factors alter the removal efficiency of pollutants in CWs, such as substrate chemical and 

physical properties, hydraulic retention time, oxygenation conditions, and redox conditions. In 

addition, a configuration where the biochar is implemented as an interlayer between two inert 

layers (sand, gravel, zeolite) has been reported as an optimal design for CW integrating biochar 

to avoid clogging of the filtration system or biochar flotation. 

Overall, the use of biochar in horizontal flow CW is still limited, and a few papers have discussed 

this aspect. Similarly, there is only limited information on the removal of emerging organics and 

pathogens from wastewaters by biochar CWs, which means the involved mechanisms and 

potential capability of biochar CWs in the removal of these pollutants should be further explored 

and elucidated. Moreover, it is undeniable that biochar offers various economic and 

environmental benefits and advantages, and its effectiveness in removing various contaminants at 

the laboratory scale has been widely reported. However, more in situ experiments should be 

conducted to test the effectiveness of biochar using real effluents and to examine the actual effect 

of biochar on the environment before its large-scale application. Furthermore, the biochar stability 

after many use cycles and its regeneration should be further studied. 
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Abstract 

The recovery of biomass waste by conversion to biochar or biofuel is an efficient and 

environmentally friendly method of biomass valorisation. This paper compares for the first time 

the physicochemical, structural, thermal, and energetic properties of three types of argan residues: 

black argan press cake (BAC), white argan press cake (WAC), and pellet argan cake (PAC) for 

their potential use as biofuel or biochar. The study showed that the three residues have a high 

content of carbon (52% - 61%), volatile matter (86% - 91%), and calorific value (higher and lower 

heating value 24 – 27 MJ/kg and 23 – 25 MJ/kg, respectively), and a low content of ash (3.3% - 

4.2%) and moisture (1.5% - 3.3%), confirming their suitability as efficient sources for the 

production of fuel and biochar. The calorific value and combustion rate of argan residues were 

higher compared to other residues reported in the literature, thus underlining the potential utility 

of these biomasses as biofuels. In addition, the thermal analysis showed that the three biomasses 

exhibit a reactive behaviour during the pyrolysis processes, which ends at about 450°C, 

suggesting their possibility of converting into biochar at relatively low temperatures. Overall, the 

results obtained suggest WAC as the best compromise in terms of energetic properties and 

attributes prone to generate a valuable sorption material to be used in wastewater treatment. Thus, 

WAC could be a credible alternative to conventional fuels and offer new perspectives for its use 

as an optimal bioresource for biochar and biofuel production. 

Keywords: Argan oil residues, Characterization, Feedstock, Biofuel, Biochar, Application 

1. Introduction 

The Argania spinosa plant is an ancient tree endemic to the South Atlantic area of Morocco and 

is renowned worldwide for its miraculous argan oil, which has several cosmetic and therapeutic 

properties (Babty et al., 2021). Surviving since the Tertiary era, argan (also known as ironwood) 

is an oil tree that is very resistant to heat and perfectly adapted to poor and dry soils. It serves as 

a source of food for livestock and as firewood. The annual argan oil production is 2500 – 4000 

tons, and 1.15 – 1.31 kg of residues, usually retaining a low economic value, are obtained to 

produce 1 kg of argan oil (Bahani et al., 2024). These residues consist of the nutshell (about 80% 

of the fruit by weight), which is usually reused as wood fuel (El Kourdi et al., 2024), and the so-

called “argan cake”, which is partially valued in various fields such as cosmetics (e.g., shampoo), 

pharmaceuticals (e.g., anti-scabies), and agri-food (e.g., animal feed) (Bourhim et al., 2021; 

Charrouf et al., 2007; El Kourdi et al., 2024). However, notwithstanding these reuse strategies, 

argan cakes still represent a waste and are becoming an acute problem due to the growing market 

of argan oil in Morocco (Lybbert et al., 2010). An alternative strategy for reusing argan cakes lies 

in their pyrolytic conversion, which allows to obtain biochar and biofuels (i.e., bio-oil and syngas). 

In fact, these wastes are rich in lignocellulosic material (Zeghlouli et al., 2023), suggesting their 

potential to be reused as a renewable product and energy source (i.e., biochar or biofuel). This 

field is attracting considerable attention because of its potential to address the environmental and 
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socio-economic challenges associated with fossil fuel use and energy insecurity in the future. 

Argan oil production generates three different kinds of argan cake residues: 1) black argan press 

cake (BAC), which is the residue from food oil extraction, 2) white argan press cake (WAC), 

derived from the extraction of cosmetic oil (Charrouf and Guillaume, 1999), and 3) pellet argan 

cake (PAC), the final residue from the argan oil production by pressing machine (Folayan and 

Anawe, 2019). The traditional method of extracting oil from the BAC and WAC involves 

manually crushing argan almonds with a rotating stone until an oily mass is obtained. Water is 

then added, and the mass is kneaded manually for a proper time to produce a cake, which is then 

manually pressed to separate the oily emulsion from the cake (Charrouf and Guillaume, 1999). 

Only a few studies have so far focused on the characterization of argan cakes. Rahib et al., (2020) 

studied the physicochemical properties and thermal characteristics of argan cakes in order to 

evaluate their energy value. More in detail, argan cakes were characterized as such and after the 

extraction of the oil residue with n-hexane, pointing out that the two matrices have high heating 

values (HHV, 22.4 and 19.3 MJ.kg-1, respectively), being comparable with those of lignite and 

anthracite coals. Similar results in terms of energy power were obtained by El Kourdi et al., 

(2024), who determined an HHV of about 20 MJ kg-1. On the contrary, the two papers report very 

different percentages of fixed carbon (FC), a parameter strongly correlated with the calorific value 

of the material (ÖzyuǧUran and Yaman, 2017). In addition, the ash content (AC) of the argan 

cakes analysed in the two studies was about twice as high in one case as in the other (El Kourdi 

et al., 2024; Rahib et al., 2020), thus influencing the energy power of the argan residues and their 

pyrolysis products (El Kourdi et al., 2024). These differences are probably attributable to the 

different origins of the argan cakes, especially considering the different argan oil extraction 

methods mentioned above and related argan cakes obtained (i.e., BAC, WAC, and PAC).  

Based on the above considerations, it is therefore important to characterise argan cakes from the 

different argan oil production methods and to determine their energy value. In fact, there are 

currently no characterisation studies of argan cakes that distinguish and/or give information on 

the production method by which they were obtained. Accordingly, in this study batches of BAC, 

WAC, and PAC, representative of the three argan oil production methods, were provided by the 

company AFOUS (Essaouira, Morocco) and characterised for pH, proximate (i.e., moisture 

content (MC), volatile matter (VM), AC, and FC) and elemental (CHNS-O) analyses, X-ray 

fluorescence (XRF) analysis, burning rate (BR), higher and lower heating value (HHV and LHV, 

respectively), thermo-analytical methods (thermogravimetric analysis (TGA) and derivative 
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thermogravimetry (DTG)), X-ray diffraction (XRD), Fourier transform infrared spectroscopy 

(FTIR), and scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM-EDX) to 

determine their potential for reuse in the production of biochar and biofuel. 

2. Materials and methods 

2.1. Fruit sampling and argan cake preparation 

The fruits of Argania spinosa were collected at full maturity (generally in July) from different 

regions of Morocco: Essaouira, Agadir, Ait Baha Tafraout, and Taroudant (Atlantic coast of 

Morocco). The cake samples analysed here were produced in the AFOUS Argan company 

(Figure II-1). Argan oil extraction can be carried out following different procedures. The 

procedures performed to obtain the argan oil cakes analysed in this study, in use at the AFOUS 

company, are described below. Fruits harvested at the right degree of ripeness are peeled, and the 

kernel of the fruit is separated from the pulp. The kernels are then crushed, and the almonds 

contained within are dried. Roasted and unroasted almonds are used for obtaining food and 

cosmetic argan oils, respectively. For both products, the roasted/unroasted almonds are crushed 

using a manual rotating mill and then kneaded with warm water, thus obtaining a brown-coloured 

paste. Finally, the paste is manually pressed to separate the oily emulsion from the cake, providing 

a compact dark brown cake (BAC) or a compact light-brown cake (WAC) in the case of roasted 

and unroasted almonds, respectively (Charrouf and Guillaume, 1999; El Monfalouti, 2013). In the 

case of cosmetic applications, in addition to the manual process, mechanical pressing is used 

(PAC), which does not require the addition of water to the milled almonds, thus ensuring a faster 

extraction process and higher argan oil extraction yields (Folayan and Anawe, 2019). 
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Figure II-1: Schematic illustration of traditional and mechanical argan oil production processes 

and obtaining corresponding PAC, WAC, and BAC residues.  

  

2.2. Feedstock characterization 

The contents of M, VM, and AC were determined according to AFNOR XP CEN/TS 14774–3, 

ASTM Standard D5142, and ASTM D1762-84 methods, respectively. FC is a measure of the 

amount of non-volatile carbon in the sample and is calculated from other parameters measured in 

a proximate analysis according to the equation: FC=100-(VM%+M%+AC%) (Bakari et al., 2024; 

Kuhe et al., 2021; Rabichi et al., 2024). 

Elemental analysis (CHNS-O) of biomasses was performed using an elemental analyzer model 

EURO EA (EUROVECTOR, Pavia, Italy). This technique provides the content of carbon, 

hydrogen, nitrogen, and sulfur in a sample by their complete and instantaneous oxidation via 

combustion with oxygen at an approximate temperature of 1020 °C. The combustion products 

(CO2, H2O, NO2, and SO2) are transported by a gas carrier to a chromatographic column where 

they are separated and finally determined by a thermal conductivity detector (Bini et al., 2024; 

Oubannin et al., 2022). The oxygen percentage (O%) was determined by the following equation: 

O%=100-C%-N%-H%-ash% (Bakari et al., 2024).  

The composition of inorganic elements was determined by using the Bruker (Billerica, MA, USA) 

S2 PUMA X-ray fluorescence spectrometer. Approximately 1.0 g of the sample was placed in a 

Spectra Membrane Ultra-Polyester Thin-Film with a diameter of 4 cm and a thickness of 1.5 µm. 
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The XRF analysis was performed under an air atmosphere, and the data were analysed by Spectra 

Elements software (AXS-34).  

HHV was measured (3 replicates) by combusting the samples in an adiabatic oxygen bomb 

calorimeter (IKA C-200). Utilizing this value, along with the percentage content of hydrogen, 

LHV was calculated according to Equation (1) (Rabichi et al., 2024). BR represents the rate of 

mass loss per unit time during combustion. To assess the burning rate of biomasses, the sample 

was positioned on a steel wire mesh grid supported by three points to facilitate unrestricted air 

flow. Subsequently, the entire setup was situated on a digital mass balance. The sample ignited 

from the top, and data on mass loss were recorded at 10-second intervals (Kuhe et al., 2021), and 

were calculated by the equation (2). 

 

   LHV (MJ∙Kg-1) = HHV − 2.447 ∙ (
H (%)

100
)  ∙ 9.011               (1) 

     BR (g∙s-1) = 
total mass lost

total time 
          (2) 

The TG-DTG analysis was performed by using a Perkin Elmer (Waltham, MA, USA) TGA 

thermogravimetric analyzer under a nitrogen atmosphere in a temperature range from 50 °C to 

950 °C and with a heating rate of 10 °C‧min-1.  

FT-IR analysis was performed using a Perkin Elmer (FTIR spectrometer, model FT-IR 100), thus, 

the spectra were recorded on KBr pellets in the range of 400-4000 cm-1, with a resolution of 4 cm-

1 for each determination.  

The crystal phases of the biomass samples were analysed by XRD. The patterns were registered 

in the 2Ɵ range from 5 to 80 using a Bruker D8 Advance diffractometer, equipped with a Ni-

filtered CuKa (1.5418 Å) radiation source (0.1 ° step, 1.00 s step time).  

SEM-EDX is a method capable of generating high-resolution images of the sample surface and 

collecting element spectra in selected points of the material. In this study, the images and the 

spectra were carried out using a TESCAN (Brno, Czech Republic) SEM, model VEGA3. 

2.3. Statistical analysis 

Statistical analyses were performed using Minitab (State College, PA, USA) version 17.1.0, which 
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included analysis of variance (ANOVA). Significance levels were reported as insignificant or 

significant, according to a 5% probability level. The Fisher and Games-Howell tests were used 

depending on the results of the homogeneity tests for variance. 

3. Results and discussion 

3.1. Physicochemical properties 

Table II-1 shows the results of pH, proximate analysis, elemental analysis, and inorganic 

percentage elemental composition as measured by XRF. BAC and WAC had very similar pH 

values (mean value of 5.37 and 5.39, respectively), while for PAC, a significantly lower acidity 

was observed, probably due to its mechanical production method, which is capable of extracting 

more argan oil compared to manual pressing. The acidic nature of BAC and WAC is consistent 

with a higher residual oil content in the cake resulting from the manual extraction procedure, 

which imparts higher acidity due to the free fatty acids contained in the argan oil (Gharby and 

Charrouf, 2022; Oubannin et al., 2022).  The acidic nature of the raw materials, and in particular 

of BAC and WAC, could contribute to the obtaining of a biochar with less pronounced basic 

characteristics than that commonly obtained from plant wastes. A biochar characterized by a pH 

of point of zero charge close to neutrality can be advantageous both for agricultural applications 

(Bini et al., 2024) and for use as an adsorbent, as it does not show markedly different behaviours 

in the removal of charged species (Ayadi et al., 2024).  

All samples showed M content <4%, i.e., well below the threshold percentage of 10%, above 

which it is considered necessary to dry the biomass before its use as feedstock in 

pyrolysis/gasification processes (Gharby and Charrouf, 2022; Gómez et al., 2016). Overall, the 

argan cakes are interesting from the energy production viewpoint, since they have lower M than 

other residual biomass considered valuable for their energy content, such as cardoon, riparian 

residues, olive pruning, almond shells, and grapevine pruning (Déniel et al., 2016; Rago et al., 

2018). In more detail, the three cakes showed statistically different moistures, with PAC 

exhibiting the lowest value, in agreement with the mechanical procedure used for argan oil 

production, which does not require the addition of water.  

PAC, BAC, and WAC showed VM content of about 86%, 89%, and 91%, respectively. These 

values, although similar, were statistically different, suggesting slightly different behaviour in 

syngas yield during pyrolysis or gasification. In fact, volatile compounds are potential syngas 
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precursors in pyrolytic thermal conversion (Muigai et al., 2021), and higher VM values commonly 

provide higher syngas yields (Gao et al., 2023), thus representing an interesting feature for 

feedstock responsiveness and ignition performance (Muigai et al., 2021). It is also worth 

mentioning that, according to the available literature, VM values of argan cakes are much higher 

than those determined in other parts of argan fruits, such as argan nut shell (67-73%) and pulp 

(59-67%) (El Kourdi et al., 2024; Rahib et al., 2020), as well as in other biomasses such as olive 

residues (60.2%), almond shell (69%), oil palm trunk (80%),  oil palm fronds (79%),  oil palm 

shell (73%), oil palm roots (68%), oil palm decanter cake (72%), empty fruit bunches (79%),  oil 

palm fibre (75%), and oil palm sewage sludge (52%) (Shrivastava et al., 2021; Vassilev et al., 

2010).  

In addition, BAC, WAC, and PAC showed moderate AC (3.8%, 3.3%, and 4.2%, respectively), 

which are comparable to other waste biomasses deriving from argan fruits (Rahib et al., 2020). 

Even though the three cakes exhibited similar AC, their mean percentage contents were 

statistically different, with the highest value found in PAC samples, in agreement with the 

mechanical production method, which gave rise to a more deoiled and less wet argan cake. The 

quite low AC found in the three kinds of argan cakes indicates the suitability of these biomasses 

for their thermal conversion via pyrolysis or gasification (Ulusal et al., 2021), minimizing the risk 

of slagging and fouling, which can be very problematic in thermal conversion processes (Rago et 

al., 2018). It should also be noted that a low-ash biomass is better suited for energy recovery since 

it results in an increased yield of bio-oil (Déniel et al., 2016). In addition, a feedstock with low 

AC can result in a biochar that meets the European limit for materials intended to be used for 

water treatment (15%) even with yields as low as 30%, which are quite commonly obtained during 

slow pyrolysis processes (Castiglioni et al., 2022). 

In pyrolysis processes, FC content represents the portion of biomass that cannot be converted into 

gases or vapours, resulting in the production of biochar. Therefore, in order to achieve a 

substantial biochar yield during pyrolysis, it is advisable to use biomass with a high FC content 

(Shrivastava et al., 2021). FC of argan cakes was in the order PAC > BAC > WAC, with the three 

values statistically different from each other, thus pointing out the better characteristics of PAC 

also for this parameter. 
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Table II-1: Values of pH, proximate (M, VM, AC, FC) and elemental (C, H, N, S, O) analyses, 

and energy potential (BR, HHV, LHV) of black argan press cake (BAC), white argan press cake 

(WAC), and pellet argan cake (PAC). 

  BAC WAC PAC 

pH 5.4 ± 0.7a 5.4 ± 0.3a 6.9 ± 0.8b 

Proximate analysis 

Moisture (%) 3.3 ± 0.1a 2.60 ± 0.09b 1.50 ± 0.06c 

Volatile matter (%) 88.8 ± 0.1a  90.8 ± 0.3b 85.9 ± 0.2c 

Ash content (%) 3.82 ± 0.03a 3.29 ± 0.04b 4.19 ± 0.01c 

Fixed carbon (%) 4.03 ± 0.06a 3.26 ± 0.08b 8.4 ± 0.2c 

Elemental analysis 

Carbon (%) 55 ± 1a 61.3 ± 0.2b 52 ± 3a 

Hydrogen (%) 7.72 ± 0.05a 8.7 ± 0.5a 7 ± 1a 

Nitrogen (%) 5.3 ± 0.7a 5.3 ± 0.3a 6.0 ± 0.4a 

Sulfur (%) 0.28 ± 0.05a 0.28 ± 0.02a 0.32 ± 0.02a 

Oxygen (%) 28 ± 3a 21 ± 1b 30 ± 3a 

Energy potential 

Burning rate (g/s) 0.27 ± 0.01a 0.35 ± 0.03b 0.29 ± 0.01a 

Higher heating value (MJ/kg) 25.50 ± 0.07a 26.97 ± 0.09b 24.40 ± 0.06c 

Lower heating value (MJ/kg) 23.80 ± 0.07a 25.04 ± 0.09b 22.78 ± 0.06c 

 

Elemental analysis pointed out significantly different contents in carbon and oxygen among the 

three cakes, while the difference observed for the other elements resulted statistically 

insignificant. In particular, WAC was the residue that showed the highest and lowest values for 

carbon (61%) and oxygen (21%), respectively. Overall, the three biomasses contained high 

percentages of carbon (52-61%), which were comparable to values found in agricultural waste, 

woody biomass, and forest residues (50-54%) (Castiglioni et al., 2022; Cavalaglio et al., 2020; 

Ghesti et al., 2022). The predominance of carbon and oxygen in the cakes was also highlighted 

by SEM-EDX analysis (Figure II-2), which is in accordance with the large amounts of lignin and 

cellulose reported elsewhere as the main components of these residues (Ifguis et al., 2022). 
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Figure II-2: SEM-EDX mapping of (A) BAC, (B) WAC, and (C) PAC. 

Elemental analysis provides interesting information about the conversion of biomass into biofuels 

and biochar (Yang et al., 2015a). For example, a large carbon content gives an early indication of 

the high quality of biochar that can be produced from this feedstock (El Barkaoui et al., 2023), 
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while the high carbon and hydrogen percentages are an index of good biochar yields (Saeed et al., 

2019). Moreover, the low nitrogen and sulphur contents translate into reduced potential for the 

release of nitrogen and sulphur oxides (NOx and SO2) during direct combustion of the biomass, 

resulting in a lower environmental impact (Rabichi et al., 2024).  

XRF analysis (Figure II-3) provided very similar spectra for the three argan cakes, thus pointing 

out almost the same composition in terms of inorganic fraction, which was mainly constituted by 

K and Ca, while other elements such as S, Cl, and P, and especially some metals (i.e., Mn, Fe, 

Cu, and Zn) gave rise to much lower signals. 

 

Figure II-3: X-ray fluorescence spectrum of PAC, WAC, and BAC. Peaks 1, 5, and 6 were 

present as background signals in the absence of samples. The other peaks were attributed to the 

following elements: 2 (P), 3 (S), 4 (Cl), 7 (K), 8 and 9 (Ca), 10 (Mn), 11 (Fe), 12 (Cu), 13 (Zn). 

3.2. Biomass energy potential and thermal degradation 

To assess the viability and conduct a technical evaluation of biomass energy, it is essential to 

ascertain the HHV and LHV of biomass fuels, cause when purchasing biomass fuels, payment 

should be based on energy content ($/MJ) (Rabichi et al., 2024). HHV and LHW are obviously 

influenced by the composition of the biomass, a high C and H content being favorable to their 

increase and a high O content having the opposite effect (Saidur et al., 2011). The calorific values 

(HHV and LHV) of the three residue types are shown in Table II-1. WAC showed the highest 

HHV (27.0 ± 0.09 MJ/kg), followed by BAC (25.5 ± 0.07 MJ/kg) and PAC (24.4 ± 0.06 MJ/kg), 
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with the three values found to be statistically different. The energy content of the three types of 

cake should be considered high when compared to HHV data reported for many plant wastes, 

such as cardoon, grapevine pruning, avocado tone, olive pruning, peanut shells, pine pellets, 

almond shells, and turkey oak (14 - 20 MJ/kg) (Déniel et al., 2016; El Barkaoui et al., 2023; Ghesti 

et al., 2022; Yang et al., 2015b), indicating the argan cakes as an interesting biofuel. As expected 

on the basis of equation 1, LHV followed the same trend of HHV, with values of 25.0 ± 0.09, 23.8 

± 0.07, and 22.8 ± 0.06 MJ/kg for WAC, BAC, and PAC, respectively. Interestingly, these values 

were higher than those reported in the literature for other biomasses, which were less than 20 

MJ/kg (El Kourdi et al., 2024; Ezealigo et al., 2023; Rabichi et al., 2024). 

Similar to the results for HHV and LHV, WAC also showed higher values for BR (0.35 g/s), 

compared with PAC (0.29 g/s) and BAC (0.27 g/s). Comparison with the literature showed higher 

values for BR than for other biomasses; for example, Kuhe et al., (2021) reported that the BR of 

the millet husk ranged between 0.09 g/s and 0.18 g/s, depending on particle size, binder 

concentration, and compaction pressure. 

TGA and DTG are useful for understanding the thermal behaviour of raw materials under heating 

in an inert environment and for selecting the optimal pyrolysis temperature of biochar (García-

Ibañez et al., 2006). Studying the thermal decomposition of biomass, particularly complex 

materials such as lignocellulosic substances (e.g., BAC, WAC, PAC, and plant biomass in 

general), which have multiple components and degrade through complicated processes, may 

indicate their suitability for producing biofuel or biochar. TGA and DTG curves of the studied 

biomasses are shown in Figures II-4A and II-4B, respectively. TGA and DTG curves showed 

that the three argan cakes were degraded in three steps, consistently with literature findings 

reported for other biomasses (Gómez et al., 2016; Suliman et al., 2016). The three steps of 

decomposition included (1) dehydration/drying (80 – 100 °C), which is characterized by a slight 

mass loss, due to the release of the inherently bound light volatile portion and moisture; (2) 

devolatilization (150 – 450 °C), which is mainly associated to the pyrolysis of holocellulose, 

characterized by a greater weight loss. The relatively high temperatures in this step led to the 

degradation of holocellulose and the transformation of high molecular-weight compounds in 

smaller molecular-weight pyrolysis products; (3) lignin depolymerization, occurring above 450 

°C, resulted in a gradually decreasing weight loss rate until their stabilization at about 25%, 27%, 

and 32% of the original weight, for WAC, BAC, and PAC, respectively (Figure II-4A) (Khiari 

et al., 2021). The significant volatile release starts at about 150 °C and reaches its peak at around 
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450 °C, where WAC and BAC showed high and very similar total mass losses (75% and 73%, 

respectively), while for PAC, the weight loss was lower (68%) (Figure II-4A). This result may 

be due to the PAC preparation conditions, which exploit the mechanical pressing method, leading 

to a more compact structure. 

 

Figure II-4: Thermogravimetric analysis (A) and derivative thermogravimetry (B) curves of 

PAC, BAC, and WAC. 

3.3. Structural and morphological characterisation 

The structural and morphological characterisation of the argan cakes under investigation was 

performed by FTIR (Figure II-5), XRD (Figure II-6), and SEM (Figure II-2) analyses.   

The FTIR spectra of the three argan cakes were found to be very similar, in agreement with the 

same type of raw material from which they are derived. The three spectra, in fact, showed strong 

bands attributable to the stretching vibrations of the hydroxyl groups (O-H) of the 

alcohols/phenols, strong bands associated with the stretching of the (C-O) stretching vibration of 

the ethers or alcohols, and carbonyl groups (C=O) (Mokhati et al., 2021). In detail, the most 

intense band found in the higher energy region, at about 3444 cm-1, is due to a large amount of 

OH groups in the carbohydrates and secondary phenolic metabolites, as well as in the adsorbed 

water (El-Nabarawy et al., 1997). The band at 2923 cm-1 corresponds to (C-H) vibrations in 

aliphatic stretching, indicating the presence of cellulose, hemicellulose, and lignin (Sahoo et al., 

2022). The band appearing at 1650 cm-1 could be attributed to the aromatic bonds (C=C) 

(Bouchelta et al., 2008). The presence of a peak at 1390-1400 cm-1 could be assigned to (C-O) 

vibrations in carboxylate groups (Ji et al., 2007). The peak detected at 1087 cm-1 may be related 
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to the stretching of C–O due to the presence of lignin and polysaccharides (Mokhati et al., 2022; 

Sahoo et al., 2022). The lower energy band located at about 600-620 cm-1 was associated with the 

C–H out of plane twisting due to the presence of sugars like β-D fructose, galactan, and arabinan 

(Ji et al., 2007; Sahoo et al., 2022). Similar identifications for FTIR spectra are reported in the 

literature (Sahoo et al., 2021; Ulusal et al., 2021; Uzoagba et al., 2024). The FTIR results suggest 

that there are suitable functional groups (carboxylates and/or alcohols and/or phenols) in all 

biomasses that could be preserved during biochar production at low pyrolysis temperatures, thus 

enabling a long-term heavy metal removal strategy from contaminated waters (Saeed et al., 2019). 

 

Figure II-5: FT-IR Spectra of PAC, BAC, and WAC. 

Mineralogical characterisation of the studied raw materials was performed by XRD analysis 

(Figure II-6). The XRD patterns showed similar profiles for BAC, WAC, and PAC, with a 

difference in intensity depending on the cellulose content in the biomass material. The XRD 

diffractograms are characterised by the presence of a broad and intense peak at 2θ = 19.66° and a 

small peak at 38.24°, which indicates the presence of amorphous hemicellulose and cellulose. The 

broad peak is typical of the disordered regions within the cellulose fibre and the amorphous nature 

of the lignin and hemicellulose (Uzoagba et al., 2024). However, WAC exhibited higher degrees 

of crystallinity (73%), followed by BAC (72%) and PAC (65%), which may be due to the presence 

of higher crystallised cellulose in the atrium (Saeed et al., 2019). Moreover, cellulose crystallinity 

has a significant effect on the thermal degradation behaviour, while the thermal degradation 

temperature decreases due to lower crystallinity (Sahoo et al., 2022). Confirming the TGA results 
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(Figure II-4A) for the three biomasses, which illustrates the higher total mass loss WAC (75%), 

followed by BAC (73%); however, PAC showed the lowest weight loss (68%). Some literature 

has pointed out that biomass crystallinity is based on waxy substances. It has also been considered 

that crystalline cellulose produces less gas and char than amorphous cellulose, which contributes 

less to levoglucosan during pyrolysis (Sahoo et al., 2022). 

 

Figure II-6: XRD diffractogram of PAC, BAC, and WAC. 

SEM is an essential technique for examining the micro-scale and nano-scale behaviours of 

biomasses. Figure II-2 shows representative SEM images of BAC, PAC, and WAC. The latter 

exhibits a predominance of large particles with heterogeneous geometry, with uniform sizes and 

smooth outer surfaces. Conversely, BAC and PAC exhibit an irregular shape and porous structure, 

resulting in a much lower apparent density (Hakeem et al., 2015), which could enable the 

production of biochar with a porous surface. 

Conclusion 

This study compares, for the first time, the characteristics of three different types of argan residues 

(i.e., BAC, WAC, and PAC) as potential sources of energy and bio-based materials, providing 

crucial information on their usability as biofuels or biochars. The results indicate that the three 

types of biomass, and in particular WAC, possess excellent characteristics for their direct use as 

fuel and/or for the production of biochar and biofuel. In fact, these residues showed a high content 

of carbon, volatile matter, and calorific value, and a low content of ash and moisture, confirming 
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their suitability as efficient sources for the production of fuel and biochar. The calorific value and 

combustion rate of argan residues, higher than other residues, underline the potential utility of 

these biomasses as biofuels. Furthermore, previous studies indicated that biofuels produce less 

carbon monoxide, particulate matter, and volatile organic compounds than traditional fuels, thus 

suggesting their significant role in cleaner energy production in the next future. However, 

challenges remain in using biofuels, such as the increased nitrogen oxide emissions compared to 

the first-generation hydrocarbon biofuels. However, blending biofuels with first generation fuels 

can address these issues and contribute to obtain a cleaner energy (Khan et al., 2021). 

Thermal analysis showed that the three biomasses exhibit a reactive behaviour during the 

pyrolysis processes, which ends around 450°C, without further changes up to temperatures of 

about 1000°C, suggesting the possibility of converting argan cakes into biochar at relatively low 

temperatures, obtaining a very robust material that at the same time maintains a surface 

functionalization suitable for the adsorption of organic and/or inorganic micropollutants. SEM 

images also supported this possible application. In fact, argan cakes resulted inhomogeneous raw 

materials characterized by high roughness and are probably prone to form porous structures during 

the pyrolysis process, functional to the use of biochar as an adsorbent in wastewater treatment. 
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Abstract 

The objective of this study was to optimize the production of biochar (BC) from agricultural 

waste by evaluating the impact of biomass type and pyrolysis conditions on the 

physicochemical properties and adsorption performance in wastewater treatment. Four 

feedstocks, de-oiled olive mill waste (DOW), pellet argan cake (PAC), white argan press cake 

(WAC), and black argan press cake (BAC), were pyrolyzed at 600, 700, and 800 °C for a period 

of two hours with a heating rate of 2 °C/min. The resulting biochars were characterized using 

proximate and elemental analyses, FT-IR, XRD, SEM-EDX, and BET surface area 

measurements. Adsorption capacity was evaluated through methylene blue (MB) batch tests. 

Increasing the pyrolysis temperature increased the carbon content, fixed carbon, and thermal 

stability but decreased the yield, moisture content, and volatile matter. Structural analyses 

confirmed significant changes in crystallinity, porosity, and functional groups. MB adsorption 

increased with temperature. DOW-derived biochar consistently outperformed argan-derived 

biochar. The DOW sample produced at 800 °C exhibited the highest yield (31–33%), surface 

area (22 m²/g), thermal stability (0.66–0.68), and adsorption capacity (432 mg/g). Statistical 

modelling validated the experimental outcomes (R² > 0.96). Overall, both the type of feedstock 

and the pyrolysis temperature strongly influenced the properties of the biochar. DOW-derived 

biochar produced at 800 °C was the optimal material, offering high adsorption efficiency and 

robust physicochemical quality. It represents a promising, low-cost adsorbent for wastewater 

treatment applications. 

Keywords: Biochar optimization; Olive mill waste; Argan press cake; Pyrolysis conditions; 

Methylene blue adsorption; Wastewater treatment 

1. Introduction 

Climate change is a global challenge that exacerbates water insecurity by amplifying pollution, 

scarcity, and stress to ecosystems (Dabare et al., 2025; Šarović and Klaić, 2023; Stamou et al., 

2024). One of the most pressing concerns is the growing contamination of aquatic environments 

by organic and emerging pollutants, such as dyes, pharmaceuticals, and phenolic compounds. 

These chemicals are carried by wastewater, which threatens the quality of both surface and 

groundwater resources (Bracamontes-Ruelas et al., 2022; Gadipelly et al., 2014). Conventional 

treatment plants often fail to efficiently remove such contaminants, and traditional filters (e.g., 

sand, soil, and gravel) are also ineffective, highlighting the need for alternative materials and 

treatment approaches (El Barkaoui et al., 2025a). 

Biochar (BC) has emerged as a promising adsorbent due to its high surface area, porosity, and 

functional groups that facilitate pollutant retention (El Barkaoui et al., 2023; El Barkaoui et al., 

2025b; Nautiyal et al., 2017). Recent reviews confirm its potential for dye and micropollutant 

removal but also highlight significant variability in performance depending on feedstock and 

pyrolysis parameters (Hamieh et al., 2024; Haris et al., 2024; Nawaz et al., 2023). Higher 
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pyrolysis temperatures (>500 °C) generally enhance carbon content, aromatization, and 

porosity, thereby improving adsorption of hydrophobic organic molecules and cationic dyes, 

though often at the expense of yield (Nawaz & Razzak, 2025; Chafi et al., 2025; Mahdi et al., 

2017). Systematic optimization is therefore essential, yet many studies still rely on single-point 

experiments without robust design approaches, limiting comparability across studies (Hamieh 

et al., 2024; Haris et al., 2024). 

With regard to feedstocks, olive mill wastes have been extensively studied in Europe and the 

Mediterranean basin, showing high potential for dye removal. For instance, Chafi et al. (2025) 

achieved almost complete methylene blue (MB) removal using olive pomace BC at low 

pyrolysis temperatures, while Hamieh et al. (2024) reported the high performance of chemically 

activated olive mill waste BC at around 500 °C. However, results are inconsistent across 

studies, reflecting the sensitivity of adsorption efficiency to pyrolysis and activation strategies. 

In contrast, argan industry residues, though abundant in Morocco, remain poorly explored. 

Recent work has focused on characterising argan residues for energy and BC production (El 

Barkaoui et al., 2025c) or developing composite materials, such as argan nutshell BC-alginate 

beads (Bahsaine et al., 2024). Nevertheless, a systematic evaluation of adsorption performance 

across different argan press cakes (white, black, and pellet) and under varying pyrolysis 

conditions is lacking. 

In addition to these feedstock-specific gaps, there are ongoing methodological shortcomings. 

Recent international reviews highlight that methylene blue is widely used as a model pollutant 

(Zhu et al. 2018), but inconsistencies in experimental protocols and data reporting hinder cross-

comparison (Bollinger et al., 2025; Haris et al., 2024). Furthermore, there is a lack of studies 

that adopt factorial or multi-objective optimisation approaches. These approaches would be 

beneficial as they would simultaneously consider yield, surface area, and adsorption 

performance. These are critical metrics for scaling up BC production and assessing its 

feasibility for real wastewater treatment (Hamieh et al., 2024). 

Based on these considerations, the present study addresses three major research gaps: (1) the 

lack of a systematic comparison of multiple, locally abundant agro-residues (olive mill waste 

and different types of argan press cake) under identical, controlled pyrolysis conditions; (2) the 

scarcity of pyrolysis studies at high temperatures (600–800 °C) using low heating rates, which 

have a significant impact on aromatisation, porosity and functional groups; and (3) the limited 
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application of experimental design methodologies to optimise yield, surface area and adsorption 

capacity simultaneously.  

The aim of this work is therefore to valorise de-oiled olive mill waste (DOW), pellet argan cake 

(PAC), white argan press cake (WAC), and black argan press cake (BAC) for BC production, 

to optimise pyrolysis conditions for maximum MB removal, and to identify the most effective 

BC candidate for wastewater treatment applications. 

2. Methodology 

2.1. Preparation of BCs 

The collection of raw materials is the first step in the production of BC. The four types of 

biomass (DOW, BAC, PAC, and WAC) were crushed and ground to a size of between 1 and 5 

mm. They were then washed with distilled water for purification and oven-dried at 105 °C for 

24 hours to remove moisture. The biomasses were then placed in a Nabertherm GmbH 

(Lilienthal/Bremen, Germany) muffle furnace, which was equipped with a digital temperature 

controller properly adjusted for heating under N₂-saturated conditions. Slow pyrolysis was 

performed at temperatures of 600, 700, and 800 °C. The samples were held at each temperature 

for two hours, with a heating rate of 2 °C min-1. After production, the biochar was filtered by 

dissolving it in distilled water to remove impurities. It was then dried in an oven at 105 °C for 

24 hours to eliminate moisture (Figure II-7). 

 

Figure II-7: Process of biochars preparation from de-oiled olive mill waste (DOW), pellet 

argan cake (PAC), white argan press cake (WAC), and black argan press cake (BAC). 
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2.2. Characterization of BCs 

The environmental compatibility of the produced BCs was assessed following European 

regulation EN 12915-1 (European Committee for Standardization, 2009). Several analyses 

were performed, such as elemental (CHNS-O) and proximate analysis, including volatile matter 

(VM), ash content (AC), fixed carbon (FC), moisture (M), and thermal stability (TS). 

Additionally, the thermal, structural, and morphology analyses were carried out using Fourier 

transform infrared spectroscopy (FT-IR), thermogravimetric analysis, X-ray fluorescence 

(XRF), X‐ray diffraction (XRD), scanning electron microscopy/energy dispersive X-ray 

spectroscopy (SEM-EDX), and Brunauer–Emmett–Teller (BET) specific surface area (SSA) 

measurements. The detailed methodology is provided in Supplementary Material 1 (SM1). 

2.3. Adsorption tests from aqueous solutions 

The adsorption experiments were carried out in 150 mL opaque flasks, each containing 10 mg 

of adsorbent (BC) and 100 mL of MB (300 mg L-1) solution. The flasks were thoroughly mixed 

and then placed in a reciprocating shaker (Edmund Bühler GmbH) for 4 h (Yaacoubi et al., 

2024). The absorbent was separated from the solution by filtering the mixture through cellulose 

nitrate filter paper with a 0.45 μm pore size. The residual MB concentration was determined 

using an Anthelie UV–Visible spectrophotometer (Secomam) at 660 nm, referencing an 

external calibration curve. Each sample was analyzed in triplicate, and the average values were 

recorded. The adsorption capacity (Qad) was determined using the following equations (Baçaoui 

et al., 2001). 

Qad =
(Ci − Cf)

W
∗ V 

Where: Ci is the initial concentration of MB (mg/g), Cf is the MB concentration after 4 h of 

mixing (mg/g), V is the volume of solution (L), and W represents the weight of adsorbent (dry) 

(g). 

3. Results and discussion 

3.1.  Physicochemical properties of the feedstocks 
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Figure II-8 illustrates the TGA-DTG thermal analysis of DOW, PAC, BAC, and WAC, 

indicating a rapid pyrolysis progression between 200 and 500 °C. Pyrolysis-induced mass loss 

initiates at around 200 °C due to hemicellulose decomposition, preceded by moisture 

evaporation at 90-100 °C. The peak values in the DTG appeared at 304 °C, 313 °C, 371 °C, and 

369 °C for DOW, PAC, BAC, and WAC, respectively, corresponding to the active 

decomposition of cellulose (Wang et al., 2017). At 500 °C, the remaining solids (BC) are 

approximately 40% for DOW, 32% for PAC, 27% for BAC, and 25% for WAC of the original 

weight. Beyond this temperature, pyrolysis continues slowly under a stable weight loss rate. 

Overall, the TGA results offer a comprehensive weight loss profile across a temperature range 

for fine powder samples. While the decomposition of large particle size involves different 

chemical and physical mechanisms, which alter the yield and properties of the desired materials 

(Yu et al., 2019).  

The data of the proximate and elemental analysis of the four types of biomasses are shown in 

Table II-2. The four biomasses studied had a low moisture content (<4%), which is an 

additional helpful feature for pyrolysis (Déniel et al., 2016; Rago et al., 2018; Muigai et al., 

2021). Furthermore, the biomasses had high VM content (>70%); thus, they were potential 

precursors for pyrolysis (Muigai et al., 2021) and small percentages of AC (<6%). DOW had 

higher FC content than PAC, BAC, and WAC (20%, 8%, 4%, and 3%, respectively), which is 

in accordance with some feedstocks (lantana stem, rice straw, maize straw, sugarcane trash, and 

pine needles) reported in the literature (Chauhan et al., 2024). TS shows a similar trend to FC 

content (0.22, 0.09, 0.04, 0.03 for DOW, PAC, BAC, and WAC, respectively). For the 

elemental analysis data, the results show high carbon content (>48%), as well as oxygen content 

(>21%), and low nitrogen content (<6%). Overall, the studied samples contained carbon 

percentages comparable to other biomasses, such as woody biomass, forest residues, and 

agricultural waste (50% - 54%) (Ahmed et al., 2020; Castiglioni et al., 2022; Ghesti et al., 

2022). 
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Figure II-8: Thermogravimetric analysis (A) and derivative thermogravimetry (B) curves of 

de-oiled olive mill waste (DOW), black argan press cake (BAC), pellet argan cake (PAC), and 

white argan press cake (WAC).
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Table II-2: Effect of pyrolysis temperature on the proximate (M: moisture, VM: volatile matter, AC: ash content, FC: fixed carbon, TS: thermal 

stability) and elemental (C, H, N, S, O) analyses, and pH values of biochar samples. 

Sample Proximate analysis Element analysis (dry-weighted mass percentages) pH 

M (%) VM (%) AC (%) FC (%) TS C (%) H (%) N (%) S (%) O (%) 

BAC 3.3 ± 0.1 88.8 ± 0.1 3.82 ± 0.03 4.03 ± 0.06 0.043 ± 0.001 55 ± 1 7.72 ± 0.05 5.3 ± 0.7 0.28 ± 0.05 28 ± 3 5.4 ± 0.7 

BBAC600 1.9 0 ± 0.01 39.6 ± 0.8 7.3 ± 0.6 51.2 ± 0.2 0.560 ± 0.004 71 ± 1 1.73 ± 0.03 8.3 ± 1 0.17 ± 0 11.5 ± 0.9 10.27 ± 0.05 

BBAC700 1.10 ± 0.01 36 ± 1 7.80 ± 0.09 55.40 ± 0.07 0.610 ± 0.007 72 ± 2 1.01 ± 0.09 7.78 ± 0.07 0.18 ± 0.01 11 ± 2 10.5 ± 0.1 

BBAC800 0.60 ± 0.02 33 ± 1 8.5 ± 0.3 57.7 ± 0.1 0.630 ±0.007 73.1 ± 0.8 0.76 ± 0.01 7.5 ± 0.5 0.18 ± 0.01 10 ± 1 10.5 ± 0.4 

WAC 2.60 ± 0.09 90.8 ± 0.3 3.29 ± 0.04 3.26 ± 0.08 0.035 ± 0.001 61.3 ± 0.2 8.7 ± 0.5 5.3 ± 0.3 0.28 ± 0.02 21 ± 1 5.4 ± 0.3 

BWAC600 1.70 ± 0.01 41 ± 1 8 ± 2 49.1 ± 0.4 0.550 ± 0.006 70 ± 2 1.6 ± 0 7.8 ± 0.9 0.21 ± 0.01 11 ± 1 10.44 ± 0.08 

BWAC700 1 ± 0 37 ± 2 8.7 ± 0.5 53.40 ± 0.06 0.59 ± 0.01 67.74 ± 0.9 0.99 ± 0.06 7 ± 1 0 15.4 ± 0.5 10.4 ± 0.2 

BWAC800 0.80 ± 0.01 34.1 ± 0.9 8.6 ± 0.6 56.50 ± 0.03 0.620 ± 0.006 70.4 ± 0.4 0.78 ± 0.01 7.2 ± 0.2 0.23 ± 0 12.7 ± 0.8 10.5 ± 0.5 

PAC 1.50 ± 0.06 85.9 ± 0.2 4.19 ± 0.01 8.4 ± 0.2 0.089 ± 0.002 52 ± 3 7 ± 1 6.0 ± 0.4 0.32 ± 0.02 30 ± 3 6.9 ± 0.8 

BPAC600 1.3 ± 0 38.3 ± 0.9 9 ± 1 51.30 ± 0.05 0.570 ± 0.006 60 ± 1 1.64 ± 0.02 8.0 ± 0.1 2.61 ± 0.01 18.6 ± 2 10.1 ± 0.1 

BPAC700 0.80 ± 0.01 37.7 ± 0.7 8.9 ± 0.8 52.60 ± 0.08 0.580 ± 0.005 65.7 ± 0.6 1.24 ± 0.3 8.1 ± 0.3 1.24 ± 0.02 14.8 ± 0.4 10.25 ± 0.09 

BPAC800 0.3 ± 0 35 ± 1 10 ± 3 55.2 ± 0.1 0.610 ± 0.006 66.7 ± 0.8 0.98 ±0.01 7.9 ± 0.3 0 14.7 ± 0.7 10.5 ± 0.3 

DOW 2.5 ± 0.2 71.6 ± 0.1 5.80 ± 0.04 20.1 ± 0.1 0.22 ± 0.02 48 ± 2 5.8 ± 0.3 2.4 ± 0.5 3.50 ± 0.5 34 ± 4 5.9 ± 0.6 

BDOW600 1.5 ± 0.03 28.2 ± 0.8 13.4 ± 0.3 56.97 ± 0.08 0.670 ± 0.006 72 ± 3 3.16 ± 0.07 2.2 ± 0.2 0 8.8 ± 2 10.42 ± 0.06 

BDOW700 1.2 ± 0.05 26 ± 1 20.6 ± 0.4 51.9 ± 0.3 0.660 ± 0.009 64.9 ± 0.6 2.1 ± 0.1 1.4 ± 0.6 0 11.0 ± 0.6 10.37 ± 0.08 

BDOW800 0.9 ± 0.01 26 ± 1 16 ± 1 56.6 ± 0.1 0.680 ± 0.008 78 ± 1 2.43 ± 0.5 2.1 ± 0.5 0 1.2 ± 1 10.98  0.04 
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3.2. Optimization of biochar production 

Experimental Design Expert 13.0 was employed throughout the process, serving two primary 

objectives: first, to determine the optimal conditions using the fewest possible experiments, and 

second, to identify the most significant factors and understand the interactions and influence 

relationships among them (Yazid et al., 2025). For this carbonization analysis, two factors were 

selected: carbonization temperature (A) and biomass type (B). The design matrix and 

experimental results for BC yield, SAA, and MB adsorption efficiency are summarized in 

Table SM1-1, and their iso-response curves are shown in Figure II-9. The BC yield ranges 

from 8.3% to 33.5%, with lower yields observed at higher carbonization temperatures. At the 

three pyrolysis temperatures of 600, 700, and 800 °C, DOW always produced the highest BC 

yield (31.1% - 33.5%), followed by PAC (22.3% - 22.4%), and BAC (15.7% - 19.9%), while 

WAC produced the lowest BC yield (8.3% - 12.7%). Recent studies have reported comparable 

BC yields. For example, Lustosa Filho et al. (2024) obtained yields of 33–39% from olive mill 

by-products (olive pomace and stones) when pyrolysing at temperatures above 500 °C. 

Similarly, El Kourdi et al. (2024) produced biochar from argan residues (nut shells, pulp, and 

press cakes) using slow pyrolysis at 550 °C with residence times of 50–105 minutes and heating 

rates of 5–10 °C per minute, achieving average yields of 21–23%. The higher BC yields 

obtained from DOW could be mainly due to its higher FC contents of biomass. Thus, the 

variations in the composition of biomasses affect their BC yields. In addition, BC yields 

are highly affected by the particle size of its feedstock, which may limit heat transfer efficiency 

(El Kourdi et al., 2024). These results align with the TGA analysis of the four biomasses, 

indicating higher decomposition in WAC, followed by BAC, PAC, and DOW (Figure II-8A), 

consistent with the identical pyrolysis parameters used in both experiments. It should also be 

noted that the parameter control in the TGA analysis is more accurate than in the pyrolysis 

experiment (El Kourdi et al., 2024). Furthermore, increasing the carbonization temperature 

leads to greater decomposition of cellulose and hemicellulose (Rabichi et al., 2024b), resulting 

in a reduction of the BC mass yield with R2 above 0.99 for BCs produced from argan cakes 

(WAC, BAC, and PAC), while 96% for BDOW (Figure SM1-1). The adsorption efficiency of 

MB on BCs varies significantly, ranging from 40 mg/g to 432 mg/g. This variation is closely 

linked to the specific surface area, ranging from 7 m²/g to 22 m²/g. Similar findings were 

reported by Rabichi et al., (2024b), who optimized BC production from olive waste using 

Response Surface Methodology. By applying multicriteria optimization using a desirability 
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function and Doehlert design, they identified the optimal pyrolysis conditions as 585 °C, a 

residence time of 90 min, and a heating rate of 15 °C/min. Under these conditions, the resulting 

BC achieved a yield of 27.7%, a BET surface area of 6.29 m²/g, and an adsorption capacity of 

274 mg/g for MB.  

 Increasing the pyrolysis temperature from 600 °C to 800 °C enhanced SSA, reaching a 

maximum of 22 m²/g for BDOW800. These results were attributed to the removal of VM by 

dehydration, melting, softening, and carbonization, resulting in a high surface area and pore 

structure of the BC (Muigai et al., 2021). The analysis of the effects highlights the substantial 

influence of the two factors—carbonization temperature and biomass type on both the 

adsorption process and BC synthesis. The high adsorption capacity of the various BC samples 

can be attributed to their specific surface area (SSA), surface functional groups (such as 

hydroxyl and carboxyl groups), and π-π interactions between the BC surface and MB 

molecules. Other factors include electrostatic attraction, hydrogen bonding, and pore-filling 

effects (Figure II-10) (Regti et al., 2017; Ren et al., 2025). The negatively charged surface 

functional groups on BC, such as –OH and –COOH, attract cationic MB molecules through 

electrostatic forces. Meanwhile, BC's aromatic structures facilitate π–π interactions with MB's 

aromatic rings (Wang et al., 2023). Hydrogen bonding between the dye's polar groups and the 

BC surface's oxygen-containing groups also contributes to the adsorption process. Furthermore, 

BC's highly porous structure allows dye molecules to be physically trapped within its pores, 

thereby enhancing removal efficiency (Kataya et al., 2025). The relative contribution of these 

mechanisms depends on the BC precursor, the pyrolysis temperature, and the surface chemistry. 

Studies have demonstrated that physical adsorption (physisorption) occurs most frequently, 

with monolayer coverage dominating when Langmuir isotherms are observed (Wang et al., 

2023). Overall, MB adsorption onto BC is a hybrid process combining surface-controlled 

interactions and structural porosity to effectively remove dyes from aqueous solutions. 
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Figure II-9: Variation of the yield % (A), surface specific area (SSA) m2/g (B), and the Methylene blue (MB) adsorption mg/g (C) of biochars 

(iso-response curves), as a function of biomass type and carbonization temperature. 
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Figure II-10: Schematic representation of the adsorption pathways of MB on the biochar. 

The scatterplots in Figure II-11A and II-11C show that the experimental data points are closely 

aligned along the diagonal line, indicating a strong correlation and satisfactory agreement 

between the predicted and actual values for both BC yield and MB adsorption. This alignment 

validates the accuracy and reliability of the applied model in predicting the experimental 

outcomes, further supporting its suitability for optimizing the BC synthesis process. The 

consistency between the predicted and observed results reinforces the robustness of the factorial 

design approach and the statistical tools used for analysis. Despite this limitation, the strong 

agreement for BC yield and MB adsorption demonstrates the model's effectiveness in 

optimizing other critical parameters of BC synthesis (Annadurai et al., 2002). 
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Figure II-11: Actual versus predicted data of the responses Y1: Yield (A), Y2: SAA (B), and Y3: methylene blue adsorption capacity (C). 
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The process desirability function was employed to identify the optimal operating conditions 

and ensure the responses met the desired criteria. The desirability values range from 0 to 1, with 

values closer to 1 indicating greater optimization reliability. The results demonstrated a 

desirability score of 0.908, reflecting highly reliable optimization for the maximum removal of 

MB, as well as for achieving the highest yield (Grich et al., 2024). Furthermore, the optimal 

conditions for maximizing yield, specific surface area, and methylene blue adsorption involve 

using DOW biomass at a pyrolysis temperature of 800°C. 

3.3. Characteristics of biochars 

3.3.1. Physicochemical characteristics 

Table II-2 illustrates the physicochemical characteristics, including proximate and elemental 

analyses, as well as the pH of the produced BCs. The VM content of the studied BCs decreased 

in line with increasing pyrolysis temperature from 40%, 41%, 38%, and 28% at 600 °C to 33%, 

34%, 35%, and 26% at 800 °C for BAC, WAC, PAC, and DOW, respectively, indicating 

progressive loss of more volatile components with charring. Inversely, FC content in BCs 

derived from argan cake residues increased with pyrolysis temperature, exhibiting an inverse 

correlation with VM. This increase in FC is attributed to the progressive release of VM during 

pyrolysis (Crombie et al., 2013). Moreover, the FC content of the BC samples was mostly above 

50%, depending on the pyrolysis temperature, indicating that BC consists mainly of carbon. 

Increasing the temperature of pyrolysis from 600 °C to 800 °C leads to an increase in the FC 

content of the produced BCs from 51% to 58% for BAC, 49% to 57% for WAC, and 51% to 

55% for PAC. The produced BCs have a relatively low AC (approximately 7.3% – 20.6%), 

reflecting their high quality (Tran et al., 2016). At the three pyrolysis temperatures 600, 700, 

and 800 °C, BAC showed the lowest AC (7.3%, 7.8%, and 8.5%), while DOW-derived BC 

showed the highest (13.4%, 16.0%, and 20.6%); the latter may result in high mineral 

concentration and destructive volatilization of lignocellulosic matter (Zhang et al., 2015). These 

results were consistent with previous reports indicating that the FC content increased and the 

VM decreased as the pyrolysis temperature raised (Crombie et al., 2013; Tran et al., 2016; 

Zhang et al., 2017).  

Generally, these results generally align with those reported by Hadey et al. (2022), who 

produced BCs from peanut shells and sugarcane bagasse at 400–500 °C, yielding 15–40% FC, 
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<10% AC, and 45–69% VM. Similar characteristics were also observed by Nawaz et al. (2024) 

for Spirulina platensis-derived BC pyrolyzed at 550 °C (4 h, 10 °C/min), which showed 2.6% 

moisture, 37.3% VM, 8.7% AC, and 51.4% FC. Likewise, Chaudhuri et al. (2025) obtained 

similar values of moisture (3.4%), VM (18.6%), AC (12.3%), and FC (65.7%) for a bamboo-

derived BC produced at a temperature range of 400–550 ◦C and a heating rate of 10 ◦C/min. 

Furthermore, the studied BCs had high TS ratios (0.55–0.68) compared to their raw materials 

(0.03–0.22), demonstrating that higher pyrolysis temperatures enhance organic matter stability. 

The high stability of BCs is due to the formation of heat-resistant carbon, resulting from 

dehydrogenation and aromatization at high temperatures (Muigai et al., 2021). The results 

mentioned above are in agreement with many researchers who studied the TS of BCs derived 

from de-inking paper sludge (Méndez et al., 2014), oak acorn shells, jift, and deseeded carob 

pods (Albalasmeh et al., 2020), and sugar cane bagasse (Chauhan et al., 2024). The elemental 

analysis data highlighted high carbon content of the produced BCs (71–73% from BAC, 68–

70% from WAC, 60–67% from PAC, and 65–78% from DOW) compared to their biomasses 

(55%, 61%, 52%, and 48% for BAC, WAC, PAC, and DOW, respectively), which increased 

with the pyrolysis temperature. However, the oxygen and hydrogen contents of the BC samples 

showed lower values at the three pyrolysis temperatures of 600, 700, and 800 °C compared to 

their raw materials (Table II-2), which may be attributed to the release of hydroxyl functional 

groups and the evaporation of VM. Elevated pyrolysis temperatures (>600 °C) triggered 

dehydration, thermal degradation reactions, decarboxylation, and aromatization, resulting in an 

increased concentration of carbon in the produced BC (Muigai et al., 2021). The carbon 

contents obtained in this study were higher compared with some recent studies (D’Eusanio et 

al., 2024; Kasambala et al., 2025; Kundu et al., 2024; Panizio et al., 2024; Wang et al., 2024). 

For example, D’Eusanio et al. (2024) investigated BCs from diverse feedstocks (e.g., Grape 

seeds, defatted grape seeds, wood stems, and whole grape seeds), pyrolysed at 300 °C for 3 and 

24 h, resulting in a content of carbon ranging from 51% to 69%, hydrogen from 3.1% to 6%, 

and oxygen from 19% to 39%. After the pyrolysis process, the pH values of biomass samples 

tended to increase from 5.4 - 6.9 to above 10 for the BC samples. This alkalinity may result 

from alkali salt release during the pyrolysis of biomass and carbonate (CaCO₃) formation 

(Zhang et al., 2015). Similar phenomena were observed by Khater et al. (2024) and Birhanu et 

al. (2025). 

The physicochemical characteristics of BCs play a crucial role in determining their adsorption 
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efficiency towards MB. Low moisture and volatile matter content combined with high fixed 

carbon levels and thermal stability indicate a well-carbonised structure with a stable porous 

matrix that enhances MB uptake (Mahdi et al., 2017; Vafakish et al., 2025). High carbon content 

contributes to the development of an extensive aromatic surface favourable for π–π interactions 

with MB molecules (Ji et al., 2025). The presence of oxygen- and nitrogen-containing 

functional groups, as determined by elemental composition analysis, provides active sites for 

electrostatic attraction and hydrogen bonding (Mortada et al., 2024). Additionally, an alkaline 

pH increases the negative charge on the surface of the BC, promoting the adsorption of the 

cationic MB dye via electrostatic interactions (Zhu et al., 2018). Together, these factors enhance 

the BC’s affinity for MB synergistically, making it an effective adsorbent. 

3.3.2. Morphological and structural characterisation 

This section presents the characterization data obtained through SEM/EDX, XRF, XRD, and 

FT-IR analyses. These techniques were employed to investigate the morphological, chemical 

composition, crystalline structure, and functional group features of the studied biomasses and 

BCs, providing a comprehensive understanding of the materials' properties and their relevance 

to the intended application. 

Morphological characterisation of the studied biomass and BC samples was performed by 

SEM/EDX analysis (Figures II-12 and SM2). SEM analysis revealed that pyrolysis conditions 

have a significant impact on the surface morphology of BCs, resulting in the development of 

well-defined pores, particularly in samples produced at 800 °C (Figure II-12). These pore 

structures and surface morphologies can directly affect the accessible surface area and diffusion 

pathways for MB molecules (Charmas et al., 2023). The BCs derived from argan cakes 

exhibited heterogeneous surface morphologies characterized by porous structures and irregular 

network formations with varying sizes and shapes, distinct from the original biomass. Whereas 

the SEM images exhibited that the BC samples from DOW have well-developed pores and 

homogenous structures on the BC surfaces, allowing dye to be absorbed into these BC samples 

(Enaime et al., 2017). This porosity may result from the release of VM during the pyrolysis 

process. Overall, the rising temperature leads to the release of the VM contained in the 

feedstock in the form of H2O, CH4, CO, and CO2, forming pores on the façade (Yang et al., 

2018). In addition, volatiles trapped within the biomass inflated the BC surface due to the 

expansion and thermal degradation of the holocellulose, resulting in the porous nature of the 
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BC samples (Enaime et al., 2017). The EDX analysis determined the elemental composition of 

different biomass and BC samples (Figure SM1-2). Carbon is the predominant element in all 

samples, followed by oxygen. The findings are consistent with the literature (Tan et al., 2018; 

Saeed et al., 2020). 

 

Figure II-12: Scanning electron microscopy micrographs of the produced biochars derived 

from DOW: de-oiled olive mill waste, BAC: black argan press cake, PAC: pellet argan cake, 

and WAC: white argan press cake at 600,700, and 800 °C, respectively. 

Figure II-13 shows the XRF spectra of the BC and biomass samples. The XRF analysis 

illustrates similar spectra for each BC type to its raw material, indicating almost the same 

inorganic composition, with a difference in intensity. This composition was mainly composed 

of K and Ca for the three BC samples derived from argan cakes and their biomass, while other 

elements such as S, Cl, P, and especially some metals (e.g., Mn, Fe, Cu, and Zn) gave much 
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lower signals. Similarly, DOW, BDOW600, BDOW700, and BDOW800 have a similar 

composition with a high percentage of Fe, which may be considered one of the main 

constituents. These metal elements may behave as catalysts due to their ability to change the 

state of oxidation and therefore adsorb other compounds more embedded on their surfaces 

(Hossain et al., 2020). Furthermore, Chaves Fernandes et al., (2020) pointed out that the 

increased ash content obtained at elevated pyrolytic temperatures was attributed to the enhanced 

minerals' stability, such as Ca, P, and K, in the pyrolysed material after the progressive loss of 

VM during the pyrolysis process. 

 

Figure II-13: X-ray fluorescence spectrum of the produced biochars derived from DOW: de-

oiled olive mill waste (A), BAC: black argan press cake (B), PAC: pellet argan cake (C), and 

WAC: white argan press cake (D) at 600,700, and 800 °C, respectively. 

Figure II-14 presents the mineralogical characterisation of the BC samples and their source 

materials, as determined by XRD analysis. Firstly, the XRD patterns of the four types of 
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biomasses displayed similar profiles, with variations in peak intensity depending on their 

cellulose content. The XRD diffractograms of the biomass samples revealed a prominent, 

broad, and intense peak at 2θ = 19.66°, which is characteristic of the disordered regions within 

the cellulose fibre, as well as the amorphous structure of the hemicellulose and lignin (El 

Barkaoui et al., 2025c). A second small peaks at 30° and 38° were detected, indicating the 

presence of amorphous hemicellulose and cellulose (Uzoagba et al., 2024), which is partially 

composed of sheets of randomly oriented aromatic carbon (Suganuma et al., 2008). Conversely, 

the XRD diffractograms of the produced BCs exhibit similar profiles, completely different from 

their raw materials, essentially composed of five crystalline phases: calcite, hydroxyapatite, 

kalsilite, quartz, and sylvite. These results are comparable to the XRD reference libraries 

(Muigai et al., 2021; Bakari et al., 2024). Furthermore, the XRD spectra of all BC samples show 

that the narrow peaks slightly decrease as the temperature increases from 600 °C to 800 °C, 

indicating that the degree of crystallinity decreases with the increase of pyrolysis temperature 

and formation of carbon-rich amorphous BC. 
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Figure II-14: X‐ray diffraction diffractogram of the produced biochars derived from DOW: de-

oiled olive mill waste (A), BAC: black argan press cake (B), PAC: pellet argan cake (C), and 

WAC: white argan press cake (D) at 600,700, and 800 °C, respectively. The phases are labeled 

C: calcite, H: hydroxyapatite, K: kalsilite, Q: quartz, and S: sylvite. 

Determining the functional groups in BC samples was essential, as these groups influence the 

sorption properties of the BC samples, and hence play a crucial role in forming linkages 

between the adsorbent and the adsorbed substance (Ifguis et al., 2022). Figure II-15 shows the 

FT-IR spectra of the studied BCs and their biomasses, while Table SM1-2 shows their band 

assignment. A comparative analysis of the FTIR spectra of the four biomass types showed the 

presence of the same bands. After pyrolysis, the BC samples' spectra revealed significant 

structural changes in particular functional groups initially present in the biomass after pyrolysis, 

indicating that the carbon structure of BCs was more dependent on the temperature of pyrolysis 

than on the raw material. Increasing the pyrolysis temperature from 600 °C to 800 °C resulted 
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in a decrease in the intensities of some peaks, such as OH and C=O stretching vibrations (3000-

3700 cm-1 and 1745 cm-1, respectively), due to decarboxylation and dehydration during the 

pyrolysis process (Zhang et al., 2017). The transmittance of the bands at 2856 cm−1 and 2923 

cm−1 corresponding to CH₃ stretching in aliphatic compounds in BC samples is weak, indicating 

the presence of carboxylic acid and alcohol (Muigai et al., 2021). The spectra revealed a 

disappearance of an aromatic C=O stretching vibration in the produced BCs that appeared in 

the biomass samples at 1745 cm−1 (Uzoagba et al., 2024), probably due to the high pyrolysis 

temperature applied (600-800 °C). A strong band appeared at 1650 cm−1 assigned to the 

aromatic C=C stretching vibration, which was always present in the BCs manufactured until 

the temperature exceeded 800 °C (Rabichi et al., 2024a). The vibrations assigned to CH₂ 

deformation in aliphatic compounds, observed at 1460 cm−1, also decreased as the pyrolysis 

temperature increased within this range, leading to the condensation and formation of aromatic 

structures (Uchimiya et al., 2011). Furthermore, the peak intensities within the 1000–1250 cm−1 

range, corresponding to C–O, increased following pyrolysis, due to the breakdown of 

holocellulose and the cleavage of β-glycosidic bonds in the biomass samples (Muigai et al., 

2021). Interestingly, the presence of functional groups such as hydroxyl, carboxyl, or aromatic 

groups plays a crucial role in the adsorption mechanism by facilitating hydrogen bonding, 

electrostatic interactions, or π-π stacking with adsorbate molecules like MB (Ji et al., 2025). 
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Figure II-15: Fourier transform infrared spectroscopy spectra in a range of 400 - 4000 cm-1 of 

the produced biochars derived from DOW: de-oiled olive mill waste (A), BAC: black argan 

press cake (B), PAC: pellet argan cake (C), and WAC: white argan press cake (D) at 600,700, 

and 800 °C, respectively. 
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Conclusion 

This study demonstrated that the properties and performance of biochar derived from agro-

residues are strongly influenced by both feedstock type and pyrolysis temperature. Increasing the 

temperature improved carbonisation, stability, and porosity, but reduced the yield. Of the 

materials tested, de-oiled olive mill waste (DOW) biochar produced at 800 °C exhibited the most 

favourable balance, with a yield of 31–33%, a BET surface area of 22 m²/g and a maximum 

methylene blue adsorption capacity of 432 mg/g (R² > 0.96). In contrast, biochar from argan 

residues (PAC, WAC, and BAC) exhibited lower adsorption efficiencies. These findings highlight 

the potential of DOW-derived biochar as a sustainable, low-cost adsorbent for wastewater 

treatment. Future work should assess its performance in real effluents and evaluate its scalability 

for industrial applications. 
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Abstract 

This study aims to test the efficiency of biochar-based substrates in removing chemical and 

bacteriological pollutants from wastewater and to determine the optimal percentage of biochar 

(BC) to implement for large-scale filters (e.g., constructed wetlands). So, a preliminary test was 

conducted on a lab column scale for wastewater treatment of decanted wastewater using column 

filtration systems (CFS) integrated with BC (BC-based CFSs) at different concentrations (0%, 

10%, 25%, and 50%). The BC used here was produced from exhausted olive pomace (pyrolised 

at T 590 °C, residence time of 2 h, and a heating rate of 10 °C min-1). The results revealed that 

the BC incorporated into the CFS improved the efficiency of nitrogen species removal (total 

nitrogen (TN) 64-65%, total kjeldahl nitrogen (TKN) 75% - 77%, organic nitrogen (ON) 78% - 

87%, and NH4
+-N 57% - 69%); phosphorus species (total phosphorus (TP) 39% - 44%, PO4

3- 38% 

- 42%); total and soluble chemical oxygen demand (TCOD (44% - 56%), and SCOD (33% - 51%) 

respectively); and total suspended solids (TSS) 87% - 92%, compared to the control filter (CFS0). 

Bacteriological analysis focused on faecal bacteria indicators, including total coliforms (TC), 

faecal coliforms (FC), faecal streptococci (FS), as well as the pathogen Staphylococcus (SP) and 

total aerobic mesophilic flora (TAMF). The highest removal efficiencies were observed for 

CFS10. Based on this preliminary study, the efficiency of CFS in removing pollutants from 

wastewater is optimal with a small amount of BC (10%) from both water quality and economic 

points of view.  

Keywords: Biochar concentration; Wastewater treatment; Column filtration systems; 

Optimization. 

1. Introduction 

In recent decades, biochar (BC) has become increasingly interesting as a low-cost adsorbent due 

to the abundance of surface functional groups and high surface area (El Barkaoui et al., 2023). 

BC derived from the pyrolysis of various feedstocks, such as agricultural waste, is a carbon-rich 

material. Its production cost is lower than that of activated carbon, due to the low-cost of the 

feedstock (Ahmad et al., 2014; Tran et al., 2016). Several research studies have demonstrated the 

ability of BC to remove various pollutants, including both organic and inorganic contaminants 

from wastewater, due to its porosity and chemical composition (Bakari et al., 2024; Ayadi et al., 

2024). 

The feedstock used to prepare the BC and the conditions under which the BC is prepared play an 

important role in the properties of the resulting BC, influencing its capacity to adsorb various 

pollutants (Yuan et al., 2011; Suliman et al., 2016; Yavari et al., 2016). The olive pomace (OP) is 

considered as one of the most available wastes in the Mediterranean area, due to the considerable 

production of olive oil. The OP is the waste product generated in the olive pomace oil industry 

following the OP drying and subsequent extraction of the OP oil, representing around 2% of its 

mass (Gómez-Cruz et al., 2020). The recycling of OP into BC can be a renewable solution for its 
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management. The analysis of the literature points out some papers dealing with the production of 

BC from OP via gasification or pyrolysis processes. Temperature, contact time, and heating rate 

of the thermal conversion process are key factors in determining the characteristics of BC and, 

consequently, the performance of wastewater treatment. Generally, the most commonly adopted 

methods for preparing OP-based BC for this purpose adopt temperatures between 400 and 600 °C 

and a contact time of 1-2 h, under an inert atmosphere, obtaining high yields of BC (El Barkaoui 

et al., 2023). For example, El Hanandeh et al., (2016) and Rbichi et al., (2024) prepared BC from 

OP under limited oxygen concentrations, at about 550-600 °C for 90 min, using a heating rate of 

10-15 °C min−1, obtaining yields as high as 25-30%. 

To our knowledge, only a few papers have been published focusing on the application of OP-

based BC for pollutant removal. Most of these articles deal with the removal of inorganic elements 

(Abdelhadi et al., 2017; Mannaï et al., 2022), methylene blue (Tayibi et al., 2021), polyphenols 

(Abid et al., 2022), and emerging contaminants (Delgado-Moreno et al., 2021) in lab-scale batch 

experiments, while only two studies focused on the integration of OP-based BC in filtering 

systems (El Hanandeh et al., 2017; 2018). In these researches the authors investigated the effect 

of the addition of OP-based BC into sand media of column filtration systems (CFSs) for the 

removal of phosphorus and ammonia. Their results demonstrated that the addition of BC into the 

CFS substrate had a slight effect on phosphate and ammonium elimination but significantly 

enhanced nitrate elimination. However, there is no information in the literature on the effect of 

adding different percentages of OP-based BC to the CFS substrate on the removal efficiency of 

these systems, and data on organic matter (i.e., organic carbon and nitrogen), nitrite nitrogen, and 

pathogen removal are completely missing. 

Based on the aforementioned considerations, the main objective of this study was to evaluate the 

efficiency of incorporating different percentages of OP-derived BC into sand media as an 

interlayer in CFSs for the removal of several chemical and microbiological water quality 

parameters. In more detail, chemical oxygen demand (COD), the entire nitrogen and phosphorus 

cycles, hardness, total coliforms (TC), faecal coliforms (FC), faecal streptococci (FS), 

staphylococci (SP), and total aerobic mesophilic flora (TAMF) were investigated in influent and 

effluent wastewater of CFSs integrating 10%, 25%, and 50% OP-based BC, in comparison with 

control. 

2. Materials and methods 
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2.1. Preparation and characterization of biochar 

BC was obtained from exhausted olive pomace using a slow pyrolysis process, heating the 

biomass at about 10 °C min-1 up to 590 °C, which was maintained for 2 h. The BC produced was 

characterized for its environmental compatibility through the analysis of the parameters 

mentioned in the European regulation EN 12915-1 for materials intended for water treatment 

(European Committee for Standardization, 2009), i.e., ash content (AC) and water-leachable 

concentrations of selected elements. Other characterizations included elemental analysis (C, H, 

N, O, and S), Fourier-transform infrared spectroscopy (FT-IR), pH of zero-charge point (pHPZC), 

BET specific surface area (SSA), microporous and mesoporous SSA, and scanning electron 

microscopy/energy dispersive X-ray spectroscopy (SEM-EDX). The full description of the 

methods used is reported in the Supplementary Material 2 (SM2), while the results obtained are 

shown in Figures SM2-1, SM2-2, SM2-3, SM2-4, and Tables SM2-1 and SM2-2 of the same 

supplementary section. 

2.2. Laboratory-scale microcosm 

The experimental set-up is described in Figure III-1 and consists of four polyvinyl chloride 

(PVC) filtration columns with an internal diameter of 7.5 cm, a surface area of 0.004 m², and a 

total height of 45 cm each. The columns contain a 30 cm filter bed, supported by two 8 cm 

drainage gravel layers, one at the top (2–6 mm diameter) and one at the bottom of the biofilter (2–

8 mm diameter). A 14 cm layer of BC and sand (diameter: 2-5 mm, and 1-2 mm, respectively, 

Figure SM2-5) was placed as an interlayer substrate in all filter beds (except the control CFS 

with 100% sand) to prevent the BC from floating, with different BC doses (10%, 25%, and 50%). 

Sand was adopted as the main filling medium since it is inexpensive, characterized by higher 

hydraulic conductivity compared to soil, and therefore suitable to be used in biofilters treating 

wastewater (Martikainen, 2023).  In this study, the sand was collected from a riparian zone in 

Rehamna. The lowest level of supernatant water was regulated using an overflow weir placed at 

a height of 15 cm above the filter bed.  

The study started in July and lasted approximately 6 months. All CFS operated in sequential batch 

filling and empty mode (3 batches/d), with a total volume of 1 L/d, and an organic loading rate of 

approximately 51 g of COD/m²/d (i.e., about 2.3 m²/P.E., considering 1 P.E. = 120 g of COD). 
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Figure III-1: Schematic illustration of the column filtration systems. 

2.3. Water sampling and analysis 

The sources of wastewater used for the operation in this study came from the Marrakech 

Wastewater Treatment Plant (WWTP) after primary sedimentation (decanted wastewater). The 

influent and effluent wastewater samples were collected every 15 days and immediately analysed 

after sampling. Table III-1 shows the detailed characteristics of the influent throughout the entire 

experimental period. 

Values of pH, electrical conductivity (EC), and dissolved oxygen (DO) were measured using a HI 

9829 multi-parameter probe (HANNA, Woonsocket, RI, USA). For the determination of total 

suspended solids (TSS), samples were filtered through a Millipore (Burlington, MA, USA) glass 

fibre filter (0.45 µm), followed by drying of the collected residue at 105 °C until a stable weight 

was obtained (AFNOR-T90-105) (AFNOR, 1997); total and soluble COD (TCOD and SCOD, 

respectively) were determined through a digestion process, followed by the colorimetric method 

using dichromate after filtration of TSS for SCOD (AFNOR-T90-101) (AFNOR, 1997); TP was 

determined by using the molybdate and ascorbic acid method after potassium peroxydisulfate 

digestion (AFNOR-T90-023) (AFNOR, 1997); PO4
3- was determined by the ascorbic acid and 

molybdate method (AFNOR-T90-022). Total Kjeldahl nitrogen (TKN) was measured using 

Kjeldahl mineralization followed by distillation of ammonium and a final acidimetric titration. 

The organic nitrogen (ON) was calculated as the difference between NH4
+-N and TKN (ON = 

TKN - NH4
+-N) (Rodier, 2009); the total nitrogen (TN) was determined by sum of ON, NH4

+–N, 

NO2
–-N, and NO3

–-N (Rodier, 2009); NH4
+–N was analysed using the indophenol method 

(AFNOR-T90-015) (AFNOR, 1997); NO2
–-N was determined by the colorimetric method after 

diazotation (AFNOR T 90-013) (AFNOR, 1997); NO3
–-N was transformed into NO2

–-N after 

passing through a copper and cadmium column (Rodier, 2009) and analysed as specified above. 
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Sulphates were analysed using the nephelometric method (Rodier, 2009). Total hardness (TH), 

calcium, and magnesium were determined simultaneously using the EDTA titrimetric method 

(Rodier, 2009).  

Total and faecal coliform (TC and FC, respectively) were counted in accordance with AFNOR 

standard NF EN ISO 9308-1 (AFNOR, 1997) using TTC Tergitol medium. Petri dishes of TC and 

FC were incubated at 37°C and 44.5°C, respectively, for 24 hours, after which the number of 

colony-forming units was counted. Faecal streptococci (FS) enumeration was performed 

according to the AFNOR NF ISO 7899-2 method (AFNOR, 1997) using BEA medium. The Petri 

dishes were incubated at 44.5 °C for 24 h, and then the number of colonies was counted. Specific 

pathogens such as Staphylococcus (SP) and Total Aerobic Mesophilic Flora (TAMF) were also 

included, using Chapman and PCA agar as culture medium to enumerate SP and TAMF, 

respectively. And were both incubated at 37 °C for 24 h. Each test was repeated three times to 

ensure accuracy and to minimize errors. Bacterial concentrations in inlet and outlet samples were 

determined by using the dilution method, according to the Moroccan standard (2006). The 

bacterial removal efficiency was expressed by the following equation:  

log10 removal = log (influent/effluent) 

2.4. Statistical analysis  

All experimental data in this study were expressed as triplicate means with standard deviations. 

Statistical analyses were performed using Minitab (State College, PA, USA) version 17.1.0, which 

included analysis of variance (ANOVA). Significance levels were reported as insignificant or 

significant, according to a 5% probability level. The Fisher and Games-Howell tests were used 

depending on the results of the homogeneity tests for variance. 

3. Results and discussion 

3.1. Characteristics of biochar 

The physicochemical and morphological properties of the BC are summarized in Figures SM2-

1, SM2-2, SM2-3, and SM2-4, and Tables SM2-1 and SM2-2 of the Supplementary Material 2. 

According to the data of proximate analyses, the BC had 13% volatile matter (VM) and 5% AC, 

the latter complying with the EN 12915-1 standard regulation concerning water treatment, which 

sets a limit of 15%, since a high AC in filter medium is predicted to decrease adsorption capacity 
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(Castiglioni et al., 2022). The elemental analysis showed that carbon was the main element in BC 

(> 90%, Table SM2-1), followed by O (6.6%), N (1.3%), and H (2%), thus pointing out the high 

quality of the material. Thus, OP-BC was characterized by low O/C (0.054), H/C (0.26), and 

(O + N)/C (0.067) ratios, indicating a high degree of carbonization with highly condensed 

aromatic ring systems (Zhu et al., 2015; Abdul et al., 2017), the hydrogen loss due to the breaking 

of weaker bonds within the BC structure (Li et al., 2018), and a limited number of functional 

groups. Consequently, OP-BC is expected to exhibit high chemical stability against microbial 

degradation and qualify it as a suitable filtration media for wastewater treatment (Kaetzl et al., 

2020). 

The SEM/EDX analysis substantially confirmed the results of the elemental analysis, since it 

highlighted that carbon was by far the most abundant element, as illustrated in Figure SM2-2A 

and Table SM2-2. The SEM images (Figure SM2-1A) clearly showed the existence of a 

heterogeneous structure and irregular forms of the BC surface. Moreover, the SEM image also 

showed some small granular and rough particles on the surface, as well as the presence of some 

mesopores (2-50 nm), which are important for determining a high surface area and adsorption 

ability of the material.  

The OP-BC was characterized by a SSA of 106 m2 g-1 (Table SM2-1), which is much higher than 

the range of data reported in literature for BC from OP (approximately 1-49 m2 g-1), used in 

wastewater treatment (Hanandeh et al., 2016; Tayibi et al., 2021). According to the BJH model, 

the OP-BC was mainly mesoporous, thus being suitable to retain a wide range of contaminants 

(Ayadi et al., 2024). SSA is a critical factor in assessing the suitability of a material for use in 

wastewater filtration, since a larger surface area indicates a higher potential for adsorption and 

biofilm development. Within this biofilm, processes such as biological degradation, 

mineralization of organic matter, nitrification, and denitrification can occur (Perez-Mercado et al., 

2018).  

The FT-IR spectrum of BC used in this work is reported in Figure SM2-3. The spectrum showed 

significantly wide bands in the 3700–3000 cm−1 region, indicating the presence of hydroxyl 

functional groups (-OH) and/or carboxylic acids originating from aliphatic and phenolic 

components (Liu et al., 2015). The presence of bands at 2842 cm−1 and 2916 cm−1 can be attributed 

to the stretching of the C-H bond in aliphatic compounds (Zhang et al., 2013). The appearance of 

a band at 1620 cm−1 can be attributed to the stretching of a C=O group conjugated with a C=C or 

an aromatic ring, as well as the aromatic ring itself (Del Bubba et al., 2020), while the one at 1550 
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cm−1 could be related to the stretching of C=C in an aliphatic structure (Rabichi et al., 2024). The 

band at 1374 cm-1 is in agreement with the presence of the stretching of C-O groups and confirms 

the oxygen content of the material (Rabichi et al., 2024). The existence of a band at 1030 cm-1 

may be associated with C-O aliphatic ethers (Delgado-Moreno et al., 2021), while the signals 

between 831 and 872 cm−1 could be due to the presence of aromatic C-H and O-H deformation in 

carboxyls on aromatic ring. (Delgado-Moreno et al., 2021; Rabichi et al., 2024). Based on these 

findings, OP-BC contained aromatic and oxygenated moieties, thus being suitable to provide 

efficient sorption interactions. 

The pHPZC of the BC was 7.8 (Figure SM2-4), which is very close to the pH of the inlet 

wastewater used in this study (7.6). This results in a material exhibiting a minimal net surface 

charge under these experimental conditions, resulting in a neutral behaviour towards the sorption 

of charged species (Alhothali et al., 2021; Ayadi et al., 2024).  

3.2. Treatment performance in different CFSs 

3.2.1. Physicochemical parameters 

Table III-1 illustrates the behaviour of the physicochemical parameters (pH, EC, DO, and TSS) 

studied in the inlet and outlet of the four columns (CFS0, CFS10, CFS25, and CFS50). The 

average inlet pH was around 7.6. After treatment, alkalization was observed in the CFSs, which 

increased with the BC concentration in the medium (CFS0 (7.9), CFS10 (8.0), CFS25 (8.1), and 

CFS50 (8.1)). This alkalization may be attributed to biological oxidation or dilution of carbonate 

salts from BC, hydroxyls, and its strong H+ exchange capacity (Chen et al., 2015), due to the high 

carbon element content (90%). This finding is consistent with the findings of Chen et al. (2021a; 

b) and Chand et al. (2021), which indicated that BC had superior acid neutralizing capacity 

compared to sand and gravel when exposed at influent pH values of 4.0 and 7.8. EC exhibited 

very similar values in the inlet and effluents of the four CFSs, indicating that the BC neither 

adsorbed nor released ions during treatment. This finding is in agreement with data reported 

elsewhere for constructed wetlands (CWs) and CFSs integrated with BC from different origins 

(Kaetzl et al., 2019; Kaetzl et al., 2020; Ayadi et al., 2024). The inlet DO concentration was zero 

throughout the whole study period. After treatment, DO concentrations increased up to about 2 

mg L-1, even without any active aeration. The outlet DO concentration can be explained by the 

fact that oxygen is derived from the water inflow and air reoxygenation, which is a key source of 

oxygen supply (Ye et al., 2012; Kasak et al., 2018). In addition, oxygen is supplied to CFSs via 
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diffusion during dry periods. In general, the DO concentration of the influent would be lower than 

that of the effluent due to oxygen consumption during the simultaneous oxidation of organic 

matter and nitrification (Fan et al., 2013; Kizito et al., 2017). The improvement in DO levels 

reflects the improved quality of wastewater after treatment (Nguyen et al., 2020). The pH, EC, 

and DO results obtained during treatment correspond to the Moroccan standard for the reuse of 

treated wastewater in agriculture (S.E.E.E, 2007). 

Table III-1: Values (mean ± standard deviation) of water quality parameters measured in influent 

wastewater and CFS0, CFS10, CFS25, and CFS10 effluents. Different letters in each row mean 

statistically significant differences (P<0.05) according to Fisher or Games. 

Parameters Influent 
Systems 

CFS0 CFS10 CFS25 CFS50 

pH 7.6 ± 0.4a 7.9 ± 0.2b 8.0 ± 0.3b 8.1 ± 0.3b 8.1 ± 0.3b 

EC (µS cm-1) 2360 ± 380a 2370 ± 357a 2391 ± 331a 2305 ± 361a 2289 ± 388a 

DO (mg L-1) 0.00a 2 ± 1b 2.4 ± 0.8b 2.3 ± 0.9b 2.1 ± 0.8b 

TSS mg L-1) 218 ± 65a 49 ± 19b 17 ± 10c 24 ± 14c 27 ± 15bc 

TCOD (mg L-1) 205 ± 70a 132 ± 37b 85 ± 44c 111 ± 43bc 108 ± 34bc 

SCOD (mg L-1) 130 ± 31a 92 ± 15b 66 ± 31c 86 ± 19bc 82 ± 12bc 

TP (mg L-1) 12 ± 3a 8 ± 2b 6 ± 1c 7 ± 1bc 7 ± 1bc 

PO4
3--P (mg L-1) 9 ± 2a 6 ± 1b 5 ± 2c 5 ± 1bc 5 ± 1bc 

TN (mg L-1) 171 ± 7a 94 ± 7b 64 ± 6c 61 ± 8c 58 ± 4c 

TKN (mg L-1) 169 ± 7a 72 ± 6b 38 ± 3c 41 ± 3c 42 ± 2c 

Organic N (mg L-1) 112 ± 24a 47 ± 8b 22 ± 15c 14 ± 9c 19 ± 10c 

NH4
+-N (mg L-1) 61 ± 24a 26 ± 9b 17 ± 14c 24 ± 11bc 22 ± 9bc 

NO2
--N (mg L-1) 0.13 ± 0.07a 4.2 ± 1bc 6.2 ± 2d 5 ± 1b 3.3 ± 0.9c 

NO3
--N (mg L-1) 2 ± 1a 16 ± 5bc 20 ± 8c 15 ± 7b 13 ± 6b 

SO4
2- (mg L-1) 72 ± 38a 78 ± 30a 78 ± 30a 79 ± 33a 75 ± 28a 

Total hardness (mg L-1) 327 ± 101a 548 ± 92b 552 ± 124b 484 ± 99bc 441 ± 97c 

Calcium (mg L-1) 49 ± 15a 111 ± 21b 113 ± 31b 88 ± 18c 72 ± 18c 

Magnesium (mg L-1) 278 ± 87a 438 ± 78b 439 ± 100b 395 ± 84bc 368 ± 83c 

 

TSS is one of the key parameters in determining the quality of an effluent and its potential for 

treated wastewater reuse in agriculture. In this study, all CFSs provided a high TSS removal, 

ranging from 74 to 92% (Figure III-2). More in detail, BC-based filters exhibited a significantly 

higher removal (87% - 92%) compared to the control (74%); furthermore, the removal in these 

filters was much more homogeneous than in the one filled with sand only. These results can be 

explained by a greater removal by the BC-based substrates of the colloidal particles present in the 

wastewater, due to the higher sorption properties of biochar compared to sand. 
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Figure III-2: Mean removal of total suspended solids in column filtration systems filled with sand 

(CFS0), and sand-biochar mixtures with 10% (CFS10), 25% (CFS25), and 50% (CFS50) of 

biochar. 

3.2.2. COD removal 

Figures III-3 and SM2-6, and Table III-1 show the removal efficiency and the concentration of 

total and soluble organic carbon in the influent and effluent samples, evaluated through TCOD 

and SCOD. The trend of the TCOD is representative of some phenomena that occur in column 

filtration systems during different operating phases, i.e. (i) the initial lag phase of the biomass, 

which corresponds to very low efficiency of oxidation of organic matter, (ii) a summer phase of 

very good removal due to the very high temperatures that promote biological processes, and (iii) 

a winter phase with higher inlet concentrations of organic carbon, probably due to the higher 

tourist flow (Figure  SM2-6). In overall terms, the mean concentrations of both parameters were 

significantly reduced by all systems, thus demonstrating the efficiency of CFSs in the removal of 

organic carbon, irrespective of the kind of substrate used for their implementation (Table III-1). 

Moreover, the systems filled with the sand-BC mixtures provided a general higher improvement 

of the removal efficiency (44% - 56% for TCOD and 33% - 51% for SCOD), compared to the 

CFS filled with sand only (33% and 27% for TCOD and SCOD, respectively). These results 

demonstrated the important role of BC addition in CFS, probably due to its porous structure, 

which promotes adsorption and creates a favourable environment for the microbial degradation 

of organic compounds (Deng et al., 2019). Moreover, the presence of functional groups on the 

surface of the material, such as chloro-, nitro-, hydroxyl, carbonyl, amine, and carboxylic acid, 

may improve the electrostatic adsorption of organic matter (de Rozari et al., 2015). Interestingly, 

CFS10 was (i) the best performing system, since it provided mean values of TCOD and SCOD 

removal higher than the other filters and (ii) the only one exhibiting a significantly better treatment 
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performance than the sand-based system (Figure III-3). The higher COD removal achieved with 

the lowest tested BC percentage is a result in accordance with findings reported elsewhere (Li et 

al., 2018; Zhou et al., 2018; Zhang et al., 2021), which pointed out a negative effect of increasing 

BC percentage on CFS treatment performance. This result could be ascribed to the release of 

soluble organic carbon from the BC (Deng et al., 2019) and/or to the toxicity of the material 

towards microorganisms. However, these effects are strongly dependent on the BC characteristics, 

as suggested by the positive correlation between BC percentage in the substrate and removal 

efficiency found by other authors (Deng et al., 2019) and the good results obtained also in the 

presence of 100% BC (Ayadi et al., 2024). 

 

 

Figure III-3: Mean removal of total (A) and soluble (B) chemical oxygen demand in column 

filtration systems filled with sand (CFS0), and sand-biochar mixtures with 10% (CFS10), 25% 

(CFS25), and 50% (CFS50) of biochar. 

3.2.3. Phosphorus removal 

Figure III-4 illustrates the TP and PO4
3- removal in the four CFSs, while Table III-1 shows the 
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corresponding mean concentrations in the influent and effluent samples. The two phosphorus 

forms (TP and PO4
3-) showed similar concentrations in the influent, pointing out a 25% 

contribution of the organic phosphorus to TP in settled wastewater. All BC-based systems 

provided P-removal slightly higher (about 10%) than the CFS filled with 100% sand, even though 

only CFS10 exhibited statistically significant differences compared to CFS0 for both TP and PO4
3-

, while for CFS50, a significantly higher removal was observed only for the latter parameter 

(Figure III-4B). These results are in agreement with findings reported elsewhere, which confirm 

the ability of BC to improve phosphorus removal (Yao et al., 2011; Ghezzehei et al., 2014; Zhang 

et al., 2021). For example, Zhang et al., (2021) investigated the removal of TP using four 

microcosms with different percentages of BC in the filling medium (25%, 50%, and 75% 

compared to a 100% gravel substrate), pointing out the positive effect of BC in slightly improving 

the performance of the treatment system. Indeed, many studies reported that BC has little ability 

to remove TP and PO4
3- (Yao et al., 2012; de Rozari et al., 2016; El Barkaoui et al., 2023), and in 

some studies, no advantages for P removal were reported following the addition of BC to the 

substrate. For example, de Rozari et al., (2016) studied the removal of TP and PO4
3- using BC-

based microcosm with five ratios (5%, 10%, 15%, 20%, and 25% in comparison with 100% sand), 

showing no significant difference among the microcosms and even a slightly higher phosphorus 

removal of the 100% sandy microcosm. These conflicting results could be attributed to the fact 

that the properties of BC depend on the preparation conditions and raw material, which affect its 

ability to adsorb different chemicals (El Hanandeh et al., 2018). 

In general, the main mechanisms of phosphorus removal in CFSs include physicochemical 

reactions due to substrates (such as precipitation, adsorption, ion exchange, and mineralization) 

and plant uptake (Wu et al., 2015). However, in this study, unplanted CFSs were tested, and 

therefore, the latter mechanism is not applicable. Based on concentrations of Ca, Mg, and P 

determined during the treatment and pH values of influent and effluent wastewater (Table III-1), 

precipitation of phosphorus as insoluble salts such as calcium apatite may be a plausible 

mechanism for P removal in all the investigated CFSs (Del Bubba et al., 2003). Furthermore, 

adsorption and ion exchange mechanisms can be responsible for the small increase in removal 

observed in BC-based filters (Li et al., 2016; Yin et al., 2017; Mohammadi et al., 2021). 
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Figure III-4: Mean removal of total (A) and soluble (B) phosphorus in column filtration systems 

filled with sand (CFS0), and sand-biochar mixtures with 10% (CFS10), 25% (CFS25), and 50% 

(CFS50) of biochar. 

3.2.4. Nitrogen Removal 

Table III-1 illustrates how ON, NH4
+-N, NO2

--N, NO3
--N, and TN change during the treatments. 

The data clearly highlighted that strong NH4
+-N, ON (here determined as the difference between 

TKN and NH4
+-N), and TN removal occurred in all systems (see Figure III-5). In general, the 

observed removal could be attributed to either biological or physicochemical mechanisms. 

However, it is well-known that in nature-based solutions for wastewater treatment, such as CW 

and CFSs, biological processes governing the nitrogen cycle are strongly active (Ma et al., 2023). 

Furthermore, the trend of NH4
+-N removal as a function of operation time showed a short initial 

period of low performance, followed by a period of increasing treatment efficiency and a final 

phase of the experiment characterised by high and stable removal (Figure SM2-7). It should also 

be noted that, based on the biochar characteristics mentioned in section 3.1, the cation exchange 

mechanism should play a minor role in the removal of ionic species. Biological mechanisms 

should therefore be considered as responsible for the conversion of reduced and oxidised forms 

of nitrogen inside CFSs. The decrease observed for organic nitrogen can be attributed to the 

degradation of protein and other nitrogen-containing cell constituents. The nitrogen released may 
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be assimilated by the biomass and/or become ammonium nitrogen, which will undergo 

nitrification. Thus, the NH4
+-N removal shown in Figure III-5A, which ranged from 53% to 69%, 

should be considered somewhat underestimated. In this context, BC played a significant role, as 

BC-based CFSs provided statistically lower TKN effluent concentrations (Figure III-5B), 

compared to control (i.e., CFS0). The nitrification of ammonia is a two-stage reaction that has 

nitrate and nitrite as final and intermediate products, respectively, the latter exhibiting a high 

toxicity to the fauna of water bodies (Ayadi et al., 2024). Therefore, nitrite concentrations in the 

effluent should be kept as low as possible and in any case below the legal limits of the interested 

country. In CFS effluents, nitrite and especially nitrate concentrations significantly increased, 

compared to the inlet, in accordance with the strong occurrence of the nitrification process. 

However, while effluent NO3
--N concentrations (range 13-20 mg L-1, see Table III-1) were below 

the toxicity levels reported for all aquatic species (Camargo et al., 2005), the concentrations of 

NO2
--N (3.3-6.2 mg L-1) were as high to exert toxic effects on fish fauna (Lewis and Morris, 

1986). As reported by other authors, the incomplete oxidation of ammonia and the increased 

concentrations of nitrite ion are widely observed in CWs and CFSs, which can be explained by an 

insufficient availability of DO in the microcosms (Li et al., 2021; Lu et al., 2022; Ayadi et al., 

2024), a condition that mainly influences the activity of nitrite-oxidising bacteria rather than 

microorganisms responsible for the conversion of ammonia into nitrite (Tan et al., 2013). 

Interestingly, for all the investigated microcosms, TN concentrations showed a decreasing trend 

during the treatment (Table III-1). It should also be noted that TN removal was significantly 

higher in BC-based microcosms than in the control system (Figure III-5). These findings 

demonstrated that denitrification occurred extensively in all systems and that BC significantly 

affected also this mechanism within the nitrogen cycle. 
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Figure III-5: Mean removal of ammonia (A) and total nitrogen (B) in column filtration systems 

filled with sand (CFS0), and sand-biochar mixtures with 10% (CFS10), 25% (CFS25), and 50% 

(CFS50) of biochar. 

3.2.5. Sulphate, total hardness, Mg, and Ca removal 

Table III-1 illustrates the sulphate, TH, Mg, and Ca concentrations in the influent and effluent 

samples. During the operation of CFSs, SO4
2- showed no significant variation between the inlet 

and outlet samples. The slight increase in sulfate concentration after passing through the columns 

may be due to the oxidation of carbon-bound sulphur and the release of sulfate from the organic 

substrates used (Singh and Chakraborty, 2021). 
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In the present study, the concentration of TH, Ca, and Mg in the CFSs outlet samples significantly 

increased compared to the inlet concentrations (Table III-1), which contradicts some findings in 

the literature (Prajapati et al., 2018; Ghumra et al., 2021). Generally, the increase of TH, Ca, and 

Mg concentration could be due to dissolved minerals, or may be to the presence of carbonates and 

bicarbonates, contributing to temporary hardness, and sulphates and chlorides, which contribute 

to permanent hardness (Ramachandra et al., 2018). Otherwise, TH is caused by the dissolution of 

calcium and magnesium compounds present in the substrate (Prajapati et al., 2018; Ghumra et al., 

2021).  

The increase in TH, Ca, and Mg concentrations in the outlet samples corresponded to the increase 

in the amount of sand in the intermediate substrate (Table III-1). In addition, the EDX results 

show higher concentrations of calcium (6.68%) and magnesium (1.21%) (Figure SM2-2B and 

Table SM2-2). The release of these elements leads to an increase in Ca and Mg concentrations in 

the outlet samples, resulting in an increase in TH concentration. 

3.2.6. Bacterial indicator and pathogens removal: 

Bacterial pathogens, including TC, FC, FS, as well as the pathogen SP and TAMF, were 

monitored at the inlet and outlet of the four CFSs (Table III-2). These parameters showed higher 

concentrations in the influent sample; The effluent samples showed a not very significant decrease 

in TC, FC, FS, PS, and TAMF concentrations. All the filters showed very moderate removal 

efficiency that did not exceed 1 log unit. Normally, BC has a high specific surface area, high 

porosity, numerous pores of different sizes, and hydrophobicity that may make it more appropriate 

than gravel or sand for the elimination of microbial contaminants (El Barkaoui et al., 2023). Kaetzl 

et al., (2019) reported that CWs filled with rice husk-derived BC present better removal yield of 

bacteriophages and faecal indicator bacteria from municipal wastewater than CWs filled with 

sand. El Ghadraoui et al., (2020) investigated the removal efficiency of TC, FC, and FS using 

CW-based pozzolan, which removed 2.76 log units for TC, 2.56 log units for FC and 3.87 log 

units for FS. Sleytr et al., (2007) studied bacterial removal in CW and achieved a removal 

efficiency of 4,37 and 4,31 log units for FC and TC removal, respectively. According to Hijnen 

et al., (2004), E. coli and thermotolerant coliforms were removed at full-scale and in the pilot 

plant with 2-3 log units. In most cases, the removal of pathogens in the filter is achieved through 

the combined effects of chemical, physical, and biological processes. The main physical processes 

include filtration, sedimentation, and sorption onto organic matter and media. However, the 

chemical processes include oxidation. While the biological processes include biofilm retention, 



 

120 

 

natural die-off, competition under nutrient-limited conditions, and predation (Wu et al., 2016). 

The low efficacy to remove microbial pollutants in our case could be related to low biofilm 

development during the short time of the experiment. The development of the biofilm inside the 

filter could improve the filtration processes by decreasing the porosity of the filter. Particle 

deposition leads to progressively decreasing filter pore size, and the removal efficiency of 

screening increases with time and the maturity of the biofilm. Logan et al., (2001) reported that 

the size of the grain is a significant variable affecting the cryptosporidium cysts removal and 

potentially other pathogens in slow sand filters.  

On the other hand, the depth of the filter and low retention time could also explain the findings. 

Torrens et al., (2009) achieved only 1.9 log units in vertical flow CW. According to the same 

authors, the depth of the filter affected the removal efficiency for all the pollutants; Deeper filters 

showed higher removals due to the higher hydraulic retention time. 

Table III-2: Concentrations (C, mean ± standard deviation) and average removal (R, log units) 

of the microbiological parameters for inlet and outlet samples. 

Parameters  Inlet CFS0 CFS10 CFS25 CFS50 

Total coliform 
C 4.5 ± 0.1a 3.85 ± 0.03b 3.6 ± 0.1c 3.8 ± 0.2b 3.9 ± 0.2b 

R n.a. 0.7 ± 0.1a 0.9 ± 0.2b 0.7 ± 0.1a 0.60 ± 0.07a 

Faecal coliform  
C 4.26 ± 0.08a 3.74 ± 0.06bc 3.31 ± 0.08d 3.8 ± 0.1b 3.62 ± 0.06c 

R n.a. 0.51 ± 0.07a 0.95 ± 0.05b 0.5 ± 0.1a 0.6 ± 0.1a 

Faecal streptococci  
C 3.64 ± 0.08a 3.5 ± 0.1ab 3.48 ± 0.04b 3.03 ± 0.09c 2.9 ± 0.1c 

R n.a. 0.12 ± 0.1a 0.16 ± 0.07a 0.6 ± 0.1b 0.8 ± 0.1b 

Staphylococcus  
C 2.93 ± 0.07a 2.60 ± 0.09b 1.48 ± 0.09c 2.16 ± 0.05d 2.0 ± 0.1e 

R n.a. 0.3 ± 0.2a 1.4 ± 0.2b 0.8 ± 0.1c 0.9 ± 0.2c 

Total aerobic 

mesophilic flora  

C 5.61 ± 0.05a 5.24 ±0.03b 4.87 ± 0.04c 5.04 ± 0.06d 4.68 ± 0.04e 

R n.a. 0.37 ± 0.04a 0.7 ± 0.1b 0.57 ± 0.05c 0.9 ± 0.1d 

n.a. = not applicable. 

Conclusion 

This study investigated the preparation of BC from olive pomace and its application in BC-based 

CFS. The results show that the incorporation of BC into sand media significantly improves the 

removal efficiency of pollutants in CFS compared to conventional sand-based filters. The best 

results were achieved at lower BC concentrations (10%), which resulted in improved removal 

rates. In particular, the high efficiency in NH4
+-N removal supported nitrification processes, 

explaining the release of NO3
--N. However, increasing BC concentrations resulted in a decrease 

in HT, Ca, and Mg due to the reduced proportion of sand, which naturally contains higher levels 
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of these elements. Despite these improvements, the system's ability to remove bacterial indicators 

and pathogens remained moderate related to not yet mature filtration column and its low deep 

reducing the hydraulic retention time. Overall, BC played different roles in removing different 

contaminants, suggesting that higher BC additions do not necessarily improve treatment 

performance. These findings will contribute to the sustainable design and operation of BC-based 

CFS systems. 
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Abstract 

The aim of this work was to evaluate the role of four types of biochar (BC) derived from olive 

pomace (BOP), orange wood waste (BOW), filao (BF), and cypress (BCY) as unconventional 

filling interlayers of column filters (CFs) in the removal of contaminants from wastewater. 

Preliminary tests were carried out on five laboratory-scale CFs filled with sand (CF-S) and the 

aforementioned materials (CF-BOP, CF-BOW, CF-BF, and CF-BCY). The BOP was obtained by 

pyrolysis at a temperature of 590 °C for 2 h and at a heating rate of 10 °C min-1, while the other 

BCs were produced at 400 °C for 12 h with a heating rate of 2 °C min-1. The results highlighted 

that BCs integrated into the CFs enhanced the removal efficiency of most chemical and 

bacteriological pollutants. Notably, CF-BF exhibited the best removal performance for total 

suspended solids (90%), total COD (64%), PO4
3- (45%), and NH4

+-N (92%). CF-BCY 

demonstrated better performance in the removal of soluble COD (52%), total phosphorus (46%), 

and total Kjeldahl nitrogen (73%), while CF-BOP showed higher removal for total nitrogen 

(56%), and absorbance at 254 and 420 nm (40% and 39%, respectively). Faecal indicators 

monitored included total and faecal coliforms and faecal streptococci, which were largely 

removed by CF-BF, CF-BOP, and CF-BOW. The results demonstrated that the type of BC and 

its properties influence the treatment efficiency of CFs for the investigated parameters and that 

BF is the most effective type of BC for the removal of the target contaminants from wastewater. 

Keywords: Wastewater treatment; Column filter; Biochar type; Properties; Optimisation. 

1. Introduction 

The main objectives of sustainable and renewable development are to guarantee universal access 

to water and to reduce environmental waste (Osborn et al. 2015). Combining the treatment and 

reuse of wastewater with agricultural waste recycling is an innovative and integrated approach. 

The conversion of agricultural waste into biochar (BC) and its use for wastewater treatment 

contributes to achieving a zero-waste cycle that conserves resources and protects the environment 

(Singh et al. 2022). Recently, there has been growing interest in using BC as a filling substrate in 

filter systems, such as constructed wetlands (CWs) and column filters (CFs), due to its many 

advantages. These include sustainability, cost-effectiveness, low environmental impact, and the 

ability to produce water suitable for irrigation (Stefanakis 2019). In addition, many authors 

reported that the BC has a high capacity in eliminating most pollutants, including inorganic and 

organic contaminants and heavy metals from wastewater (El Barkaoui et al. 2023), due to its high 

surface functionalization, porous structure, and high surface area, compared to conventional 

materials (e.g., soil, sand, and gravel) (Cha et al. 2016; Deng et al. 2019; El Barkaoui et al. 2023; 

Ayadi et al. 2024). Ayadi et al. (2024) investigated the influence of filling media on the 

performance of CWs by comparing systems with BC and gravel. The BC-based CW demonstrated 

superior treatment efficiency, achieving enhancements of 22% and 35% in chemical oxygen 

demand (COD) and ammonia removal, respectively. Additionally, greater reductions were 
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observed in UV–Vis absorbance, with decreases of 32–34% at 254 nm and 28% at 420 nm, 

compared to the gravel-based system. Similarly, Chen et al. (2024) compared the efficiency of 

gravel-based and BC-based CWs, pointing out a higher performance of the latter in removing 

various water quality parameters, particularly total phosphorus (TP), whose removal increased 

from 56% to 90%. In order to improve the efficiency of the treatment of BC-filled CWs and CFs, 

it is necessary to optimise several parameters, such as the type of biochar used, its position within 

the filter, and the percentage of biochar in the filling substrate. The type of plant used can also 

represent a further critical factor influencing the performance of CWs, since the rhizosphere 

provides an ideal surface for microbial colonization, improving the efficiency of biological 

degradation (Sacco et al. 2006). On the other hand, roots release organic carbon, which can limit 

the removal efficiency of the system through the adsorption mechanism (Ayadi et al. 2024). In 

fact, many studies have shown that the plant has a negligible or even negative impact on the 

performance of BC-based filter systems. For example, Janyasupab et al. (2023) and Ayadi et al. 

(2024) evaluated the effect of vegetation (Typha latifolia L. and Phragmites australis (Cav.) Trin. 

ex Steud., respectively) on the treatment efficiency of BC-based microcosms by comparing 

planted and unplanted systems. Their results pointed out a negligible or even negative effect of 

the presence of plants in the reduction of several water quality parameters, such as biochemical 

oxygen demand (BOD5), chemical oxygen demand (COD), total suspended solids (TSS), NH₄⁺-

N, total nitrogen (TN), total Kjeldahl nitrogen (TKN), total phosphorus (TP), and absorbance at 

254 and 420 nm.   

As regards the percentage of BC in the filter substrate, many studies highlighted the lack of 

improvement in removal performance with an increase in the percentage of biochar in the filling 

medium, concluding that the introduction of 10% biochar may represent an optimal concentration 

in terms of removal efficiency, also taking into account the costs associated with the production 

and activation of the material (de Rozari et al. 2016; Li et al. 2018; El Barkaoui et al. 2025). For 

example, El Barkaoui et al. (2025) examined how increasing the percentage of olive pomace-

derived biochar (BC) from 0% to 50% affected the performance of CFs for the removal of the 

aforementioned water quality parameters, showing that all systems containing BC performed 

better than the sand-filled system, although there were no statistically significant differences 

between the various BC percentages (10%, 25%, and 50%). Similar conclusions were drawn by 

Li et al. (2018) testing 10% and 20% percentages of BC from Arundo donax L. as filling medium 

of pilot-scale CWs, in comparison with a 100% sand-based control. de Rozari et al. (2016) 

highlighted even a negative effect of increasing the BC percentage in CFs in the removal of 
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phosphorus, which was better removed in the sand media (BC=0%) than in the BC-amended 

media (BC= 5%, 10%, 15%, 20%, and 25%). Conversely, Zhang et al. (2021) obtained opposite 

results testing three proportions of BC amendment (25%, 50%, and 75%) in comparison with 

100% sand. These contrasting results can be explained by the different characteristics of the 

biochars used in the different studies. Biochar, in fact, may provide very low sorption properties, 

according to its surface area and porosity distribution and even act as a source of pollution, 

depending on its composition. This suggests the importance of an in-depth characterization of the 

materials intended to be used as filling media in CWs and/or CFs (Bakari et al. 2024). 

Furthermore, the different durations of the experiments may not be sufficient in some cases to 

highlight the different removal performances that can be obtained with increasing percentages of 

BC.  

Regarding the position of the BC layer in the filter bed, the literature suggests its integration as 

an interposition layer between two inert materials (e.g., sand) to prevent BC floating and/or filter 

clogging (Ji et al. 2020; Liao et al. 2022; El Barkaoui et al. 2023). 

Regarding the choice of the type of biomass to be used for BC production, the literature proposes 

an extremely wide range of feedstocks, whose composition will influence the BC performance. 

With regard to the choice of biomass for BC production, the literature proposes a wide range of 

feedstocks whose composition influences BC performance. In order to study the role that BC from 

different types of biomass can play in filtration systems, it is necessary to systematically compare 

the treatment performance of filters using different types of BC. However, only a few studies have 

focused on evaluating the effect of different types of BC-based substrates on the treatment 

performance of CFs. As an example, Perez-Mercado et al. (2018) tested the efficiency of two 

types of BC-based filters (willow BC and pine-spruce BC) in removing pollutants from 

wastewater, highlighting that during the first two months of operation the pine-spruce BC had the 

best removal efficiency towards COD (> 90%) and TN (> 50%), but lower removal performance 

for TP (32% – 60% vs 86%)  and PO4
3- (62% vs 89%), compared to the willow BC, showing a 

similar efficiency afterwards. Zheng et al. (2022) tested cattail litter- and sewage sludge-derived 

BC as CW filling media, showing that the latter provided significantly better removal efficiency 

for COD, nitrogen, and phosphorus removal. García-Ávila et al. (2023b) evaluated the efficiency 

of two CFs filled with BC derived from bamboo and eucalyptus, comparing their efficiency with 

that of systems based on sand, gravel and anthracite, fed with different types of wastewater (raw, 

settled and flocculated). The results of this study highlighted a greater capacity to mitigate 
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turbidity and colour pollution by both systems with BC and among them a better performance of 

the system filled with BC derived from bamboo, which presented the highest removal of turbidity 

(64%, 94% and 81%) and colour (45%, 91% and 69%), for raw, flocculated and settled water, 

respectively. 

Generally, BC properties such as surface area, pore size and distribution, functional groups, and 

alkalinity are key factors influencing adsorption ability and, thus, the treatment performance of 

BC-based filter systems. In general, the characteristics of BC are related to both the feedstock 

properties and the experimental conditions adopted for BC production (e.g., carbonization time, 

temperature, and heating rate) (Enaime et al. 2020). Pyrolysis is more often used than gasification 

for the production of BCs to be integrated into CWs and/or CFs. Enaime et al. (2020) reported 

that high-temperature pyrolysis typically yields biochar with a high specific surface area (SSA), 

significant microporosity, and hydrophobic characteristics, making it more effective for the 

adsorption of organic pollutants. In contrast, biochars produced at lower pyrolysis temperatures 

exhibit reduced surface area and pore volume but possess a greater abundance of oxygen-

containing functional groups, enhancing their affinity for inorganic contaminant removal (Enaime 

et al. 2020). As regards the feedstock used for BC production, it is suggested that it must be rich 

in carbon and low in mineral matter to produce good-quality biochar (El Barkaoui et al. 2024). 

Based on the previous literature, the raw materials most commonly used for BC production as 

filter substrates are bamboo, maize cobs, Arundo donax straw, tree branches, shells, and wooden 

containers, due to their composition, availability, and low cost (Zhang et al. 2021; Deng et al. 

2021). In the Mediterranean area, the olive pomace (OP) is considered one of the most abundant 

types of waste, due to the considerable production of olive oil in this region. Nevertheless, the 

study of the integration of OP-based BC remains limited, with only three previous papers reported 

in the literature (El Hanandeh et al. 2018, 2017; El Barkaoui et al. 2025). El Hanandeh et al. (2018, 

2017) evaluated the impact of adding OP-derived BC into sand media of CFs for nitrogen and 

phosphorus removal, pointing out that integrating BC from OP into CF significantly improved 

nitrate removal, while it slightly affected ammonium and phosphate removal. Similarly, El 

Barkaoui et al. (2025) tested the impact of the concentration of OP-derived BC integrated into 

CFs on treatment performance, showing that 10% is an optimal ratio for wastewater treatment. 

Furthermore, the use of agricultural waste such as orange wood (OW), cypress (CY), and filao 

(F) has never been tested in BC-integrated filter systems for wastewater treatment. In addition, 

there is still insufficient available information on the effect of the type and characteristics of BC 

integrated into CFs on the treatment performance of these systems. Moreover, data regarding 
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absorbance at 254 and 420 nm and faecal bacteria indicators removal are completely absent. 

Based on these considerations, the main aim of this work is to assess the performance of 

incorporating various types of BC into a sandy medium as an interlayer in CFs for removing a 

number of microbiological and chemical water quality parameters. This evaluation was conducted 

by analysing the influent and effluent wastewater of CFs integrated with BOP (CF-BOP), BOW 

(CF-BOW), BF (CF-BF), and BCY (CF-BCY), in comparison with the control (CF-S). 

2. Methodology 

2.1. Biochar production conditions and characterisation 

The BC types used in this study were obtained from four different biomasses: olive pomace 

(BOP), orange wood waste (BOW), filao (BF), and cypress (BCY). BOP was prepared as 

described in the study of El Barkaoui et al. (2025). BOW, BF, and BCY were produced under 

similar conditions using a semi-pilot scale system of slow pyrolysis at 400 °C for 12 h with a 

heating rate of 2 °C min-1. The environmental compatibility of the four types of BCs was assessed 

according to the parameters specified in the European standard EN 12915-1 for materials designed 

for the treatment of water (European Committee for Standardisation 2009). Additional 

characterisations included proximate and elemental analysis, determination of the pH at the point 

of zero charge (pHPZC), specific surface area (SSA), mesoporous and microporous distribution, 

and scanning electron microscopy (SEM). A complete description of the techniques and the 

methods used is reported in the Supplementary Material 3 (SM3). 

2.2. Description of the experimental setup of the filters 

The experimental setup consisted of five PVC column filters (CFs), each measuring 45 cm in 

height and 7.5 cm in internal diameter (Figure III-6). The filtration section (30 cm) comprised 

two 8 cm layers of gravel (2–8 mm and 2–6 mm grain diameter, respectively) at the top and 

bottom of the filter bed, and a 14 cm interlayer filled with a 1:10 BC and sand mixture (grain 

diameter: 1–2 mm and 2–5 mm, respectively) to prevent BC from floating or clogging the filter 

system. Conversely, the control filter (CF-S) was filled with 100% sand. The experiments started 

in February 2024 and lasted approximately five months. They involved sequential batch filling 

and rest modes of three batches per day, with a total volume of one litre per day and an organic 

loading rate of 88 g COD/m² day. 
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Figure III-6: Schematic diagram of the column filters experiment based on sand (CF-S), biochar 

from olive pomace (CF-BOP), biochar from orange wood waste (CF-BOW), biochar from filao 

(CF-BF), and biochar from cypress (CF-BCY). 

2.3. Sample collection and analysis 

In the present study, the influent was collected from the Marrakech wastewater treatment plant 

after primary settling. Every week, the effluent and influent samples were collected and 

immediately analysed. Table III-4 provides the mean influent characteristics over the whole 

experimental period. 

A multi-parameter HI 9829 probe (HANNA, Woonsocket, RI, USA) was used to measure pH, 

dissolved oxygen (DO), and electrical conductivity (EC). The absorbance of the influent and 

effluent samples was measured at 254 and 420 nm. Total suspended solids (TSS), soluble and 

total COD (SCOD and TCOD, respectively), TP, PO4
3-, TN, NH4

+–N, total Kjeldahl nitrogen 

(TKN), NO3
–-N, NO2

–-N, SO4
2-, total hardness (TH), calcium, and magnesium were determined 

according to the standard methods indicated in AFNOR, (1997) and Rodier, (2009). The bacterial 

indicators of faecal contamination determined in this study using the AFNOR Standard (AFNOR 

1997) included faecal streptococci (FS), faecal coliforms (FC), and total coliform (TC). The 

analysis of the aforementioned physicochemical and bacteriological parameters was performed in 

triplicate to minimize errors and ensure accuracy. The details of the aforementioned methods of 

the analysed parameters have been reported by El Barkaoui et al. (2025). 

2.4. Statistical and data analysis  

Statistical analysis to test the significance of the data collected in this study was performed using 
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the Games-Howell non-parametric test with Minitab 17 software, version 17.1.0 (State College, 

PA, USA). 

3. Results and discussion 

3.1. Properties of biochar 

Figure III-7 shows the pHPZC curves of the four types of BCs. Generally, the pH of the water 

medium is considered a crucial factor in the adsorption process (Alhothali et al. 2021). The pHPZC 

curves demonstrate that BCY has the highest pHPZC value (8.8), followed by BOP (7.8), BF (6.4), 

and BOW (6.2). The influent wastewater had a pH of 7.5 (Table III-4), which is very close to the 

pHPZC of BOP. Hence, under these experimental conditions, BOP exhibited a minimal net surface 

charge, thus leading to a neutral sorption behaviour for charged species (Ayadi et al. 2024). 

Conversely, BCY, which had the highest pHPZC, was characterized by a positively charged 

surface, which will facilitate the adsorption of anions. On the other hand, BOW and BF exhibited 

the lowest pHPZC values, leading to a negatively charged surface, thus being more efficient for 

sorption of cations (Alhothali et al. 2021).  

 

Figure III-7: Point of zero charge of the four types of biochar derived from olive pomace (BOP), 

orange wood waste (BOW), filao (BF), and cypress (BCY). 

The physicochemical and morphological characteristics of the studied BCs are reported in Table 

III-3 and Figure III-8. The proximate analysis revealed a low ash content (AC < 5%) for all BCs 

investigated, in accordance with the EN 12915-1 standard for water treatment, which specifies a 

limit of 15%, given that a high AC content in the filter medium is likely to reduce its adsorption 

efficiency (Bakari et al. 2024). BOW and BF showed higher volatile matter (VM), around 32%, 

followed by BCY (21%), and BOP with a lower value (13%). However, BOP showed higher fixed 
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carbon (FC 82%), compared to BCY (75%), BOW (62%), and BF (62%). The elemental analysis 

confirmed the high carbon content for BOP (90%), BCY (89%), BOW (76%), and BF (75%), 

indicating high material quality. Notably, the BC derived from cypress exhibited the highest SSA 

(152 m2/g), followed by BOP (106 m2/g), while BOW and BF showed much less porosity (6 - 7 

m2/g). The SSA of an adsorbent is a crucial factor in assessing the material's suitability and cost-

effectiveness for wastewater treatment (Zeghioud et al. 2022). Moreover, a larger SSA indicates 

a greater potential for extensive biofilm formation, facilitating processes such as nitrification, 

denitrification, biological degradation of organic carbon, and organic matter mineralisation (El 

Barkaoui et al. 2023). SEM showed longitudinal hollow tubes with a high degree of porosity, 

especially for BCs derived from lignocellulosic raw materials, such as orange wood waste, filao, 

and cypress wood (Figure III-8). These findings are consistent with the literature (Kizito et al. 

2017; Xin et al. 2021; Zheng et al. 2022; Chang et al. 2022; Rabichi et al. 2024). 

Table III-3: Physicochemical characteristics of biochar derived from olive pomace (BOP), 

orange wood waste (BOW), filao (BF), and cypress (BCY). 

Parameters BOP BOW BF BCY 

Ash content (%) 4.92 3.64 4.24 1.95 

Volatile matter (%) 12.93 31.73 31.96 21.15 

Fixed carbon (%) 82.15 61.79 61.62 75.10 

C (%) 90.11 76.27 74.65 88.61 

N (%) 1.31 0.62 1.05 0.47 

H (%) 2.00 3.93 3.91 2.62 

S (%) 0.00 0.00 0.00 0.00 

Oa (%) 6.57 19.18 20.39 8.30 

BET surface area (m2/g) 106 ± 1 6.0 ± 0.1 6.71 ±0.06 152 ± 3 

Micropore surface area (m2/g) n.d. n.d. n.d. 68.50 

Mesopore surface area (m2/g) 113 6.10 6.65 82.20 

a calculated by difference. 
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Figure III-8: SEM surface scan of the four types of biochar derived from olive pomace (A), 

orange wood waste (B), filao (C), and cypress (D). 

3.2. Overall treatment performance of CFs 

3.2.1. Wastewater quality parameters 

Table III-4 shows the results of the analysis of DO, EC, pH, and TSS in the influent and effluent 

samples of CF-S, CF-BOP, CF-BOW, CF-BF, and CF-BCY. No statistically significant 

difference was observed for EC between influent and effluent samples, suggesting that the BC did 

not provide any net adsorption or release of ions throughout the treatment process. For pH, a 

significant increase was observed for all CFs after treatment, without statistically significant 

differences among the different CFs tested. This may be due to the alkaline properties of 

Moroccan sand used as filling media of CFs (Mghaiouini et al. 2024). The influent pH and EC 

obtained during the treatment are in line with the Moroccan standard for agricultural reuse (pH 

6.5–8.4 and EC < 12 mS/cm) (S.E.E.E 2007). The DO concentrations of the effluent samples 

increased significantly compared to the influent, reflecting the improved effluent quality (Nguyen 

et al. 2020). This increase can be attributed to multiple sources, primarily the inflow of water and 

atmospheric reoxygenation, which serve as major contributors to oxygen availability. 

Additionally, during dry periods, oxygen is supplied to filter systems through diffusion processes 

(Ye et al. 2012; Kasak et al. 2018; El Barkaoui et al. 2025). Significant removal performance, 
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ranging from 76% to 90%, was observed in all the investigated CFs. However, BC-amended filters 

achieved higher TSS removal rates (84–90%) compared to the sand-based control system (76%). 

This improved performance is likely due to the peculiar sorption properties of BC, which promote 

more efficient retention of colloidal particles from the wastewater (El Barkaoui et al. 2025). 

Generally, TSS in the effluent wastewaters showed low and stable concentrations, irrespective of 

the concentration levels determined in the influent, thus highlighting the remarkable 

sedimentation occurring through the filtration substrate (Khalifa et al. 2020; El Ghadraoui et al. 

2020). 

Table III-4: Measured water quality parameters (mean value ± standard deviation) in the inlet 

and outlet of CFs based on sand (CF-S), biochar from olive pomace (CF-BOP), biochar from 

orange wood waste (CF-BOW), biochar from filao (CF-BF), and biochar from cypress (CF-BCY). 

Values with different letters are statistically different according to Games or Fisher (P<0.05). 

Parameters Influent 
Systems 

CF-S CF-BOP CF-BOW CF-BF CF-BCY 

pH 7.5 ± 0.3a 8.3 ± 0.4b 8.3 ± 0.3b 8.2 ± 0.4b 7.8 ± 0.4b 8.3 ± 0.4b 

EC (μS cm-1) 2457 ± 242a 2379 ± 197a 2380 ± 272a 2462 ± 263a 2329 ± 161a 2466 ± 100a 

DO (mg L-1) 0 ± 0a 2 ± 1b 1.8 ± 0.9b 1.8 ± 0.8b 1.8 ± 0.8b 1.6 ± 0.8b 

TSS (mg L-1) 195 ± 41a 45 ± 24b 25 ± 19c 31 ± 23bc 19 ± 15c 30 ± 21bc 

TCOD (mg L-1) 353 ± 96a 182 ± 52b 148 ± 40bc 127 ± 47c 123 ± 60c 140 ± 58c 

SCOD (mg L-1) 168 ± 19a 104 ± 28b 100 ± 35bc 89 ± 27bc 83 ± 28c 79 ± 24c 

TP (mg L-1) 13 ± 2a 7 ± 1b 7.7 ± 0.9b 7.8 ± 0.9b 7 ± 1b 7 ± 1b 

PO4
3- (mg L-1) 11 ± 2a 6 ± 1b 6 ± 2b 7 ± 2b 6 ± 2b 6 ± 2b 

TN (mg L-1) 165 ± 12a 65 ± 10b 73 ± 14bc 94 ± 22c 82 ± 27bc 64 ± 19b 

TKN (mg L-1) 160 ± 12a 44 ± 9b 50 ± 11b 68 ± 10c 56 ± 21bc 44 ± 10b 

NH4
+-N (mg L-1) 98 ± 19a 15 ± 10b 21 ± 14b 11 ± 9b 10 ± 11b 17 ± 12b 

NO2
--N (mg L-1) 0.11 ± 0.03a 3 ± 4ab 5 ± 9b 5 ± 9b 6 ± 9b 4 ± 9ab 

NO3
--N (mg L-1) 4 ± 1a 18 ± 14b 18 ± 6b 22 ± 14b 20 ± 12b 16 ± 8b 

SO4
2- (mg L-1) 56 ± 42a 72 ± 24ab 74 ± 26ab 75 ± 26b 80 ± 31b 73 ± 24ab 

Hardness (mg L-1) 358 ± 46a 522 ± 67b 528 ± 67b 536 ± 73b 549 ± 70b 531 ± 97b 

Calcium (mg L-1) 68 ± 15a 110 ± 33bc 103 ± 25b 123 ± 28bc 126 ± 30c 119 ± 31bc 

Magnesium (mg L-1) 291 ± 48a 412 ± 46b 425 ± 53b 413 ± 56b 424 ± 65b 413 ± 87b 

ABS 254 nm (mAu) 538 ± 5a 354 ± 18bc 325 ± 39b 325 ± 31b 342 ± 42b 406 ± 76c 

ABS 420 nm (mAu) 90 ± 18a 57 ± 30b 58 ± 35ab 54 ± 20b 64 ± 27ab 62 ± 18ab 

 

3.2.2. COD removal 

Table III-4 illustrates the concentrations of SCOD and TCOD in the influent and effluent 

samples, while Figure III-9 shows their removal efficiencies in different CFs. Generally, the 

mean concentrations of TCOD and SCOD decreased after treatment, irrespective of the CF 

considered. Moreover, CFs filled with BC provided higher removal performance (57% - 64% for 

TCOD and 41% - 52% for SCOD), compared to CF-S (47% for TCOD and 38% for SCOD), 
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demonstrating the positive role of BC added to the CFs, due to its surface and porous structure, 

enabling higher adsorption ability and providing a suitable medium for the microbial degradation 

of organic carbon (Li et al. 2021b). In addition, its surface, which is rich in functional groups (e.g., 

nitro-, chloro-, amine, carbonyl, hydroxyl, and carboxylic acid), may enhance the electrostatic 

adsorption of organic matter (Ambaye et al. 2021). Liang et al. (2020) reported that the higher 

TCOD removal may be due to the presence of chemo-heterotrophic microorganisms in BC-filled 

systems, while Ayadi et al. (2024) attributed this phenomenon to adsorption processes by BC 

rather than biological mechanisms. Interestingly, CF-BOW and CF-BF showed higher removal 

efficiencies of TCOD (63% - 64%), while CF-BCY was the best-performing substrate for the 

removal of SCOD (53%). The difference in removal performance between the CFs filled with 

BCs could be strongly dependent on the specific characteristics of the BC used. 

 

Figure III-9: Average elimination of total (A) and soluble (B) COD in CFs based on sand (CF-

S), biochar from olive pomace (CF-BOP), biochar from orange wood waste (CF-BOW), biochar 

from filao (CF-BF), and biochar from cypress (CF-BCY). 

3.2.3. Phosphorus removal 

Both forms of phosphorus showed a significant reduction in their concentrations due to the 
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treatment performed by CFs (Table III-4). All systems provided similar P-removal, ranging 

approximately from 40% to 45%, irrespective of the presence of BC in the systems, thus pointing 

out the lack of BC effect on phosphorus elimination (Figure III-10). Numerous studies mentioned 

the limited effectiveness of BC in removing TP and PO4
3- (Yao et al. 2012; de Rozari et al. 2016; 

El Barkaoui et al. 2023). For instance, de Rozari et al. (2016) found that sand was more effective 

than BC-amended CWs in removing phosphorus. Similarly, Zhou et al. (2019) reported that 

incorporating BC into gravel-filled CW showed no effect on phosphorus removal. This may be 

due to the fact that BCs often possess hydrophobic or very weakly charged groups on their surface 

(Almanassra et al. 2021), thus providing a higher affinity towards competing organic compounds 

and resulting in poor phosphate adsorption capacity. Indeed, the main removal mechanisms for 

phosphorus in filtration systems include plant uptake and especially physicochemical reactions of 

substrates (e.g., adsorption, precipitation, mineralisation, and ion exchange), which need the use 

of tailored materials (Vohla et al. 2011; Kamilya et al. 2022).  

 

Figure III-10: Average elimination of TP (A) and PO4
3- (B) in CFs based on sand (CF-S), biochar 

from olive pomace (CF-BOP), biochar from orange wood waste (CF-BOW), biochar from filao 

(CF-BF), and biochar from cypress (CF-BCY). 

3.2.4. Nitrogen removal 
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Table III-4 shows the evolution of nitrogen forms (TN, TKN, NH4
+-N, NO2

--N, NO3
--N) during 

the treatment period. The results show that high removal of TN, NH4
+-N, and TKN occurred in 

all CFs (Figure III-11). Generally, either biological or physicochemical mechanisms can be 

invoked to explain the observed removal (Yousaf et al. 2021). Biological mechanisms controlling 

the cycle of nitrogen are known to be very active in nature-based wastewater treatment processes 

such as CFs and CWs (Ma et al. 2023), which may be involved in the conversion of oxidised and 

reduced forms of nitrogen within the systems. Moreover, the NH4
+-N removal trend as a function 

of operating time showed two distinct phases: a short initial phase (3 weeks) of low efficiency, 

followed by a phase of improved treatment performance stabilising at a high removal rate (data 

not shown). Based on the characteristics of each type of BC (section 3.1), the cation exchange 

mechanism is expected to play a relatively limited role in eliminating ionic substances. The 

nitrogen released can be taken up by the biomass and/or converted to NH4
+-N and then undergo 

nitrification. The removal performance of NH4
+-N in all CFs was higher, ranging from 83% to 

91%, with slightly better performance of CF-BF and CF-BOW compared to the other BC-

amended filters (Figure III-11C). However, the sand-based system behaved similarly to those 

filled with BC, without any statistically significant difference. In addition, CF-BF and CF-BOW 

provided lower removal of TKN and TN (Figures III-6B and III-6C) compared to the other 

systems, probably due to lower removal of organic nitrogen resulting from lower degradation of 

protein and other nitrogenous cell constituents. In general, ammonia nitrification is a two-step 

reaction whose intermediate and final products are nitrite and nitrate, respectively, the former 

being highly toxic to aquatic fauna (Ayadi et al. 2024). For this reason, the concentration of nitrite 

in the effluent samples should be reduced as much as possible, complying with the legal limits in 

the studied region. In the CF effluents, the concentrations of NO2
--N and NO3

--N increased 

significantly compared to the influent, in line with the high nitrification. The nitrate concentrations 

of the effluents (16 - 22 mg L-1) were within the regulation limits, remaining below the toxicity 

thresholds reported for all aquatic organisms (Camargo et al. 2005), while the concentrations of 

nitrite (3 - 6 mg L-1) were sufficiently high to pose toxic effects on the fish population (Lewis and 

Morris 1986). According to the literature, the incomplete NH4
+-N oxidation and the release of 

NO2
--N ions are common findings in CFs and CWs, caused by insufficient DO availability in the 

filters  (Li et al., 2021; Lu et al., 2022; Ayadi et al., 2024), a condition that primarily affects the 

nitrite-oxidizing bacteria activity instead of the microorganisms involved in the conversion of 

nitrite/ammonia (Vymazal 2007; Tan et al. 2013). However, Kizito et al. (2017) reported that the 

higher release of NO3
−-N in BC-packed CWs may be due to the high level of oxygen in the filter. 
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Figure III-11: Average elimination of TN (A), TKN (B), and NH4
+-N (C) in CFs based on sand 

(CF-S), biochar from olive pomace (CF-BOP), biochar from orange wood waste (CF-BOW), 

biochar from filao (CF-BF), and biochar from cypress (CF-BCY). 

3.2.5. Sulphate, total hardness, calcium, and magnesium removal 

Table III-4 shows the concentrations of SO4
2-, TH, Ca, and Mg in the inlet and outlet samples of 

CFs. The effluent samples showed significantly higher concentrations of sulphate compared to 

the influent concentration. This increase observed after the passage through the CFs could be 

attributed to the oxidation of sulphur bound to carbon and/or the release of SO4
2- from the organic 

media used (Singh and Chakraborty 2021). However, no statistical difference in SO4
2- 
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concentration was observed among the effluents during this experiment.  

During the CFs operation, TH, Ca, and Mg concentrations were significantly increased after 

passing through the columns (Table III-4). This increase could be attributed to solubilised 

minerals and/or the presence of bicarbonates and carbonates, which contribute to temporary 

hardness, and chlorides and sulphates for permanent hardness (Ramachandra et al. 2018). 

Typically, TH results from dissolving magnesium and calcium substances present in the media. 

These results contradict some findings reported in the literature (Prajapati et al. 2018; Ghumra et 

al. 2021). 

3.2.6. Absorbance removal 

Figure III-12 and Table III-4 illustrate the trends of absorbance at 254 and 420 nm. Absorbance 

values at 254 nm and 420 nm reflect the organic micropollutant concentrations, including 

aromatic halves and/or chromophores, which represent the reliable and rapid screening parameters 

for studying their removal performance (Ciardelli and Ranieri 2001; Altmann et al. 2016). The 

effluent samples showed significantly lower concentrations compared to the influent at both 

wavelengths, highlighting the role of the different types of substrates in the removal of organic 

micropollutants (Figure III-12). At 254 nm, CF-BOP, CF-BOW, and CF-BF showed 

significantly higher removal performance (range of 36% - 40%) than CF-BCY (25%), while at 

420 nm the effluent samples illustrate no significant difference in treatment performance. The 

removal of absorbance is a topic poorly described in the literature. Ayadi et al. (2024) found 

a higher range of removal in the BC-based microcosm, about 59% and 31% at 254 and 420 nm, 

respectively, with statistically significant differences compared to the gravel-based control. 
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Figure III-12: Average elimination of absorbance measured at 254 (A) and 420 nm (B) in CFs 

based on sand (CF-S), biochar from olive pomace (CF-BOP), biochar from orange wood waste 

(CF-BOW), biochar from filao (CF-BF), and biochar from cypress (CF-BCY). 

3.2.7. Removal of faecal bacteria indicators  

Figure III-13 shows the removal of bacterial indicators, including TC, FC, and FS, measured at 

the outlet of all CFs. All filters illustrated a very moderate level of elimination for total and faecal 

coliforms (Figures III-13A and III-13B), while the removal level of faecal streptococcus was 

high enough in all CFs, with no statistically significant differences in terms of removal observed 

between them (Figure III-13C). Furthermore, CFs integrated BC showed a significantly higher 

removal of TC and FC compared to the control filter. Generally, BC has a high porosity, 

distribution, specific surface area, functional groups, and hydrophobicity, making it more 

adequate than sand and/or gravel for the removal of microbial fractions (El Barkaoui et al. 2023). 

Kaetzl et al. (2019) reported that rice-husk BC-filled CWs exhibited better removal of FS, TC, 

and FC compared to sand-filled CWs. El Ghadraoui et al. (2021, 2020) studied bacterial removal 

using pozzolan-based CW, resulting in the removal of 2.76, 2.56, and 3.87 log units for TC, FC, 

and FS, respectively. Moreover, Sleytr et al. (2007) studied the removal of faecal indicators in 

CW based on conventional materials (sand and gravel), achieving a removal efficiency of 4,37 



 

142 

 

log units for FC and 4,31 log units for TC. Hijnen et al. (2004) reported a removal of 2-3 log units 

of E. Coli and thermotolerant coliform at the full-scale and planted pilot. In general, the 

elimination of bacteria in filters is performed by the combined effects of biological, chemical, and 

physical processes. The latter includes sedimentation, filtration, and sorption onto media and 

organic matter. However, the biological processes could include natural die-off, biofilm retention, 

predation, and competition under nutrient-limited conditions, while the chemical processes are 

based mostly on oxidation (Wu et al. 2016). The limited effectiveness in removing microbial 

contaminants in our study may be due to minimal biofilm development within the short 

experimental duration. Biofilm formation within the filter can enhance filtration by reducing its 

porosity; as particles accumulate, the filter pore size decreases, thereby improving screening 

efficiency as the biofilm matures over time. Logan et al. (2001) noted that grain size is a critical 

factor influencing the removal of Cryptosporidium cysts, as well as probably other pathogens in 

slow sand-based filters. In addition, the filter depth and short retention time may also help explain 

the observed results. Similarly, Torrens et al. (2009) reported that filter depth significantly 

influenced pollutant removal efficiency; deeper filters demonstrated higher removal rates due to 

increased hydraulic retention time. 
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Figure III-13: Average elimination of bacterial indicators: A: total coliform (TC), B: faecal 

coliforms (FC), and C: faecal streptococci (FS) in CFs based on sand (CF-S), biochar from olive 

pomace (CF-BOP), biochar from orange wood waste (CF-BOW), biochar from filao (CF-BF), 

and biochar from cypress (CF-BCY). 

Conclusion and future directions 

This study comprehensively evaluated the use of biochar (BC) derived from olive pomace, orange 

wood waste, filao, and cypress as substrates in column filters for wastewater treatment. The results 

clearly showed that the integration of BC significantly enhances the removal performance of total 

suspended solids, soluble and total COD, NH4
+-N, and total and faecal coliforms compared to 

sand-only filters. Among the tested biochars, filao biochar (CF-BF) showed superior performance, 
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achieving remarkable removal efficiencies, particularly for ammonium nitrogen, total suspended 

solids, and total COD. Its ability to support nitrification processes was further highlighted by the 

conversion of NH4
+-N to nitrates, a critical step in the nitrogen removal cycle. 

Cypress biochar (CF-BCY) was particularly effective in removing total phosphorus and total 

Kjeldahl nitrogen, while olive pomace biochar (CF-BOP) stood out for its ability to attenuate total 

nitrogen (TN) and UV-absorbing organic compounds, indicating the removal of organic 

micropollutants. Orange wood biochar (CF-BOW) also contributed positively to contaminant 

removal, albeit with varying efficiencies. 

This being said, biochar substrates did not improve phosphorus removal compared to conventional 

sand filters. In addition, their use led to an increase in effluent concentrations of hardness-related 

ions (e.g. calcium, magnesium, and sulphate), which could affect downstream applications such 

as irrigation or ecosystem compatibility. These observations highlight the need for careful 

consideration of biochar properties and potential trade-offs when designing biochar-based 

treatment systems. 

The study confirms the feasibility of biochar as a low-cost, environmentally friendly alternative 

for improving wastewater treatment performance, particularly in decentralised and rural settings. 

The tunable properties of biochar, such as pH at the point of zero charge, specific surface area, 

and porosity, were critical in influencing pollutant adsorption and biological interactions. These 

findings are invaluable for advancing the design and optimisation of large-scale systems, such as 

constructed wetlands, to ensure higher pollutant removal efficiencies while meeting sustainability 

goals. 

Future studies should investigate the long-term stability and regeneration of biochar under real 

operating conditions. Exploring combinations of biochar with different feedstocks and pyrolysis 

conditions may further enhance multi-pollutant removal capabilities. In addition, the integration 

of biochar-based systems with other treatment technologies could mitigate some identified 

limitations, such as increased hardness ion concentrations, thereby improving their overall 

applicability. 
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Abstract 

This study investigates the performance of vertical flow constructed wetlands (VF-CWs) using 

olive pomace biochar (CW-B) versus a sand-only control (CW-C) under two organic loading rates 

(OLR): low (20 g COD/m².d) and high (70 g COD/m².d). At low OLR, CW-B achieved higher 

removal efficiencies than CW-C, with 60% vs. 50% for COD, 85% vs. 71% for NH₄⁺-N, 74% vs. 

52% for TKN, 81% vs. 67% for TSS, and over 3-log unit reductions in faecal indicators. 

Increasing OLR led to an overall decrease in treatment efficiency, although CW-B remained 

superior. Biochar had a limited effect on phosphorus, sulphate, and hardness removal. Release of 

NO₂ and NO₃ confirmed active nitrification, which decreased at high OLR. These results highlight 

the potential of olive pomace biochar as a sustainable and effective VF-CW substrate, especially 

under moderate organic loads. 

Keywords: Biochar-based filters; Domestic wastewater treatment; Organic matter removal; 

Nutrient removal; Pathogen removal. 

1. Introduction 

With the rapid growth of the global population and urbanization, the demand for clean water is 

increasing while freshwater resources are becoming scarce. Industrialization and agricultural 

activities contribute to wastewater generation, often containing pollutants such as heavy metals, 

inorganic and organic compounds, and pathogens (Saravanan et al., 2021). Wastewater treatment 

is one of the best ways to preserve water for reuse in different sectors, such as agriculture. 

Unfortunately, the traditional wastewater treatment plants using conventional material-based 

biofilters (e.g., sand, gravel) are in most cases not 100% efficient in removing most pollutants, 

making a major concern for the safety of water resources (Gadipelly et al., 2014). Eco-friendly 

technologies such as biochar-based vertical flow-constructed wetlands (VF-CWs) could be an 

adequate solution (sustainable, cheap, and environmental) to treat wastewater (Stefanakis, 2019), 

due to the large benefits of biochar (BC) as an efficient adsorbent material (high specific area, 

porous structure, and large functional groups on the surface) (El Barkaoui et al., 2025a). An 

efficient treatment of wastewater requires the optimisation of several parameters, such as the 

characteristics of BC, which are strictly dependent on the origin of raw material and the pyrolysis 

conditions used (El Barkaoui et al., 2025b; Wang et al., 2024). The literature pointed out that the 

BC should be prepared from biomass containing a high carbon content and low minerals, and 

pyrolysis it under an inert atmosphere in a range of temperature from 400 to 600 °C and a contact 

time of 1–2h, maintaining a large surface functionalization and high yield (El Barkaoui et al., 

2023). Furthermore, the availability and cost of biomass could present real economic challenges. 

In the Mediterranean region, olive pomace (OP) is one of the most abundant residues due to the 

area's high production and consumption of olive oil. In 2021/22, Spain produced 1,300 tonnes, 
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Italy produced 315 tonnes, Turkey produced 228 tonnes, Greece produced 225 tonnes, Tunisia 

produced 240 tonnes, and Morocco produced 200 tonnes (EU Olive Oil Production, 2021). The 

transformation of OP into BC could be a sustainable and low-cost solution in terms of 

environmental and economic value. According to the literature, only three papers have used the 

BC derived from OP as a filter substrate for wastewater treatment, producing it in a range of 

temperature of 550-600 °C under an inert atmosphere for 90 min of contact time, obtaining BC 

with good quality and high yields (25–30%) (El Hanandeh et al., 2018, 2017; El Barkaoui et al., 

2025c).  

Secondly, it is necessary to think deeply about optimizing the configuration of the OP-BC 

substrate-based filter (e.g., position and concentrations of BC, plantation, and organic loading rate 

(OLR)) for efficient wastewater treatment. Regardless of the type of BC, it is believed that the 

best position for the BC substrate is between two inert media (e.g., gravel, sand) to prevent the 

BC from floating or clogging the filter (Visiy et al., 2022; El Barkaoui et al., 2023; Karki, 2024). 

El Barkaoui et al., (2025c) investigated the impact of increasing the percentage of OP-derived BC 

(0%, 10%, 25%, and 50%) on the treatment performance of unplanted column filtration systems. 

They found that systems containing BC performed better than the sand-filled system, though there 

were no significant differences among the various BC percentages. While the impact of increasing 

the OLR on the treatment performance of planted VF-CWs integrated with OP-derived BC has 

never been investigated. Furthermore, there is limited information in the literature on using BC 

from OP as a VF-CW substrate, and its removal performance toward nitrogen, organic carbon, 

nitrite nitrogen, absorbance at 254 nm and 420 nm, and pathogens. 

Therefore, this study aims to evaluate the effect of increasing organic loading rates (from 20 to 

70 g COD/m².d) on the performance of vertical flow constructed wetlands (VF-CWs) amended 

with biochar derived from olive pomace. The evaluation focuses on the removal efficiencies of 

chemical pollutants (e.g., COD, nitrogen species, phosphorus, sulphates, hardness) and 

microbiological pollutants (e.g., total and faecal coliforms, faecal streptococci), with the aim of 

determining the potential of this low-cost biochar substrate to improve wastewater treatment 

under different operating conditions. 

2. Materials and methods 

2.1. Experimental design of VF-CWs  
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Two VF-CWs were established using cylindrical polyethylene containers, each with identical 

dimensions: 0.45 meters in height, 0.30 meters in diameter, and a surface area of 0.07 m² (Figure 

III-14). The bed frame structure of each VF-CW is 0.30 m, supported by packed substances 

consisting from the bottom with 8 cm of gravel (particle size: 2–8 cm), BC–sand mixture (particle 

size: 2–5 cm and 1–2 cm respectively) of volume ratios 1:10 for CW-B and sand alone for the 

control CW-C, and a top layer of gravel (particle size: 2–6 cm). Each system was fitted with two 

aeration tubes to provide oxygen during the filtration process and planted with young Phragmites 

australis shoots at a density of 4 plants m-2 (El Ghadraoui et al., 2020). 

The BC used in this study was derived from exhausted olive pomace. It was heated at 590 °C for 

two hours and at a heating rate of 10 °C per minute. This process resulted in the following 

properties: a specific surface area of 106 m2 g−1, a mesopore surface area of 113 m2 g−1, a pore 

volume of 0.130402 cm³/g, a carbon content of 90% nm, an ash content of 4.9%, and a pH at the 

point of zero charge of 7.8. A full description of the BC characteristics is reported in the previous 

work in El Barkaoui et al. (2025c). 

The experimental period was divided into two distinct phases based on OLRs. The low OLR phase 

(20 g COD/m²·d), from June 2023 to March 2024, operated in a sequential batch filling and rest 

mode, with five batches per day and a total influent volume of 5 L/day, incorporating a one-day 

drying period. The high OLR phase (70 g COD/m²·d), from April 2024 to January 2025, 

maintained the same batch frequency but increased the total influent volume to 15 L/day while 

preserving the one-day drying period. Further design criteria details are provided in Table III-5. 
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Figure III-14: Schematic illustration (A) and photograph (B) of the pilot-scale vertical flow 

constructed wetlands filled with biochar (CW-B) and without biochar (CW-C). 

Table III-5: Design criteria for pilot-scale vertical flow constructed wetlands filled with (CW-B) 

and without (CW-C) biochar. 

Setup CW-C CW-B 

OLR 20 70 20 70 

Flow rate (L/h) 0.54 10.52 4.02 19.12 

Cross-sectional velocity (m/h) 0.0077 0.1503 0.0574 0.2731 

Hydraulic retention time (h) 38.9 2 5.22 1.10 

 

2.2. Sample collection and analytical methodology 

The wastewater used in the experiment was collected biweekly from the Marrakech Wastewater 

Treatment Plant (WWTP) after primary decantation and analysed immediately after sampling. 

Table III-6 shows the full characteristics of the influent samples throughout the whole 

experimental duration. 

Water quality parameters were determined using the standard methods of AFNOR (1997) and 

Rodier (2009). Total suspended solids (TSS) were measured by filtering the samples through a 

0.45 µm Millipore (Burlington, MA, USA) glass fiber filter, followed by drying at 105 °C until a 

constant weight was achieved (AFNOR T90-105). Chemical oxygen demand (COD) was 
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determined via dichromate digestion and colorimetry (AFNOR T90-101). Total phosphorus (TP) 

was analyzed using the molybdate-ascorbic acid method following potassium peroxydisulfate 

digestion (AFNOR T 90-023), and orthophosphate (PO₄³⁻) was quantified using the same method 

(AFNOR T 90-022). Total Kjeldahl nitrogen (TKN) was measured via Kjeldahl mineralization, 

ammonium distillation, and acidimetric titration. Ammoniacal nitrogen (NH4
+-N) was determined 

using the indophenol method (AFNOR T 90-015); nitrite (NO₂⁻–N) was determined using the 

diazotation method (AFNOR T 90-013); and nitrate (NO₃⁻–N) was determined after reduction to 

nitrite via a copper–cadmium column (Rodier, 2009). Total nitrogen (TN) was calculated as the 

sum of TKN, NO₂⁻–N, and NO₃⁻–N. Sulphates were measured nephelometrically, and total 

hardness, calcium, and magnesium were determined simultaneously using the EDTA titrimetric 

method.  

Dissolved oxygen (DO), electrical conductivity (EC), and pH were measured in situ with a multi-

parameter HI 9829 probe (HANNA, Woonsocket, RI, USA). The absorbance of the influent and 

effluent samples was measured at 254 and 420 nm. Pathogen indicators of faecal pollution, such 

as faecal streptococci (FS), faecal coliforms (FC), and total coliforms (TC), were quantified 

according to AFNOR standard methods (AFNOR, 1997). 

TC and FC were grown on TTC Tergitol medium and incubated at 37 °C and 44.5 °C, 

respectively, for 24 h before colony counting. FS were enumerated on BEA medium at 44.5 °C 

for 24 h. 

2.3. Statistical analysis  

Statistical analysis was conducted using the Games-Howell non-parametric test and analysis of 

variance (ANOVA), with Minitab 17 software (version 17.1.0, State College, PA, USA). The 

significance of results was assessed with p-values, where p > 0.05 was considered non-significant 

and p < 0.05 was considered significant. Principal component analysis (PCA) was used to explore 

the information contained within the entire database, to identify potential relationships between 

variables, and to better understand the influence of various factors on water quality parameters. 

Meanwhile, Pearson's correlation coefficient was applied to measure linear relationships between 

water quality indicators, helping to gauge the degree of convergence or divergence of water 

quality indicators in their behaviour. 

3. Results and discussion  
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3.1. Overall treatment performance 

3.1.1. Physicochemical parameters 

Table III-6 presents the EC, pH, DO, and TSS data analysed at the inlet and outlet of CW-C and 

CW-B during low and high OLR periods. The influent pH was approximately 7.6–7.7. After 

treatment, the outlet samples of CW-C and CW-B showed a significant increase during the low 

OLR period (8.1-8.2), while at high OLR showed insignificant differences, which could be 

attributed to the excessive feeding volume, leading to less contact time between the influent and 

the material substrate. The alkalization observed for the treated samples may be due to biological 

oxidation or dilution of carbonate salts from bed-filled CWs, hydroxyls, and/or their strong H+ 

exchange capacity (Chen et al., 2015). The EC showed a statistical increase after treatment at high 

and low OLR in all effluent samples. This increase may be attributed to the oxidation of organic 

compounds during the treatment. In general, EC reflects the overall concentration of dissolved 

ions in solution. Its elevation can be attributed both to the leaching of ions from the substrate into 

the pretreated solution and to the generation of ionic species during the biodegradation of organic 

matter (Achak et al., 2023). Throughout the experiment, the influent DO concentration remained 

consistently low (0.3–0.4 mg  L⁻¹), likely due to the high oxygen demand associated with the 

concurrent oxidation of organic matter and nitrification processes (Fan et al., 2013; Kizito et al., 

2017). However, without active aeration, the DO concentrations after treatment increased 

significantly to 1.1 mg L-1 under low OLR, reflecting the improved quality of wastewater after 

treatment (Nguyen et al., 2020a). During the second period under high OLR, the DO concentration 

of the effluent samples (0.6 – 0.7 mg L-1) decreased and became significantly closer to the influent 

concentration (0.3 mg L-1). This decline could be due to higher microbial oxygen consumption, 

limited oxygen transfer, and increased biofilm thickness. Furthermore, an excess of organic matter 

can also cause clogging, further restricting aeration. As a result, lower DO levels may shift 

microbial processes toward anaerobic pathways, affecting treatment efficiency (Maina et al., 

2011). Generally, the key sources of oxygen supply are air reoxygenation, water inflow, and 

oxygen diffusion during dry periods (Ye et al., 2012; Kasak et al., 2018). The pH, EC, and DO 

parameters recorded during the treatment process fall within the permissible limits set by 

Moroccan regulations for the reuse of treated wastewater in agricultural applications (S.E.E.E, 

2007). 
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Table III-6: Values (mean ± standard deviation) of water quality parameters measured in the inlet 

and outlet samples of the vertical flow-constructed wetlands filled with sand (CW-C) and biochar 

(CW-B) during the low and high organic loading rates (OLR) periods. Different letters (a, b, c) in 

each row mean statistically significant differences (P<0.05) according to Fisher or Games. 

Parameters OLR Influent 
Effluents 

CW-C CW-B 

pH 
Low 7.7 ± 0.2a 8.1 ± 0.1b 8.1 ± 0.1b 

High 7.6 ± 0.2a 7.8 ± 0.3b 7.6 ± 0.1ab 

EC  

(mS/cm) 

Low 2.3 ± 0.3a 4 ± 1b 4 ± 1b 

High 2.4 ± 0.6a 4 ± 1b 3.5 ± 0.7b 

DO  

(mg/L) 

Low 0.4 ± 0.3a 1.1 ± 0.8b 1.1 ± 0.6b 

High 0.3 ± 0.4a 0.6 ± 0.5ab 0.7 ± 0.5b 

TSS  

(mg/L) 

Low 212 ± 105a 69 ± 37b 37 ± 25b 

High 332 ± 82a 90 ± 35b 54 ± 45b 

COD  

(mg/L) 

Low 272 ± 77a 131 ± 29b 106 ± 25b 

High 332 ± 71a 200 ± 47b 170 ± 41b 

TP  

(mg/L) 

Low 12 ± 2a 5 ± 2b 6 ± 2b 

High 12 ± 2a 9 ± 1b 8.4 ± 0.7b 

PO4
3-  

(mg/L) 

Low 9 ± 1a 4 ± 1b 5 ± 1b 

High 10 ± 2a 7.4 ± 0.9b 7 ± 1b 

TN  

(mg/L) 

Low 142 ± 31a 84 ± 22b 64 ± 14b 

High 157 ± 36a 101 ± 39b 104 ± 36b 

TKN  

(mg/L) 

Low 139 ± 29a 62 ± 16b 34 ± 9c 

High 154 ± 35a 86 ± 32b 81 ± 29b 

NH4
+  

(mg/L) 

Low 69 ± 21a 18 ± 4b 9 ± 4b 

High 92 ± 10a 38 ± 15b 33 ± 11b 

NO2
-  

(mg/L) 

Low 0.10 ± 0.04a 4 ± 3b 5 ± 3b 

High 0.12 ± 0.03a 1 ± 1b 1.3 ± 0.9b 

NO3
-  

(mg/L) 

Low 3 ± 2a 18 ± 9b 25 ± 13b 

High 3 ± 2a 13 ± 10b 22 ± 14b 

SO4
2-  

(mg/L) 

Low 75 ± 27a 83 ± 23a 80 ± 23a 

High 89 ± 33a 98 ± 39a 103 ± 27a 

Total hardness  

(mg/L) 

Low 369 ± 34a 735 ± 153b 700 ± 129b 

High 365 ± 23a 599 ± 103b 621 ± 116b 

Calcium  

(mg/L) 

Low 61 ± 9a 150 ± 27b 141 ± 23b 

High 71 ± 8a 125 ± 32b 127 ± 44b 

Magnesium  

(mg/L) 

Low 308 ± 34a 584 ± 149b 558 ± 114b 

High 295 ± 28a 474 ± 75b 494 ± 82b 

ABS 254 nm  

(mAu) 

Low 633 ± 101a 329 ± 95b 313 ± 94b 

High 625 ± 24a 433 ± 39b 401 ± 38b 

ABS 420 nm  

(mAu) 

Low 96 ± 20a 41 ± 14b 29 ± 16b 

High 100 ± 7a 69 ± 13b 57 ± 16b 

Total coliform 

(Log unit) 

Low 8 ± 1a 3 ± 1b 3 ± 1b 

High 4.9 ± 0.7a 2.9 ± 0.4b 2.8 ± 0.4b 

Faecal coliforms 

(Log unit) 

Low 6.3 ± 0.9a 2 ± 2b 2 ± 1b 

High 4.2 ± 0.5a 2.8 ± 0.4b 2.7 ± 0.7b 

Faecal streptococci 

(Log unit) 

Low 6.4 ± 0.5a 3.9 ± 0.2b 3.18 ± 0.05c 

High 5.3 ± 0.4a 4.8 ± 0.2a 3.97 ± 0.09c 

 

TSS is a crucial parameter in determining the quality of the effluent and its possibility of reuse in 

agriculture. Regardless of the OLR and the media filling the VF-CWs, the filter systems showed 
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high reductions in TSS concentrations (Table III-6). In addition, CW-B had a lower TSS 

concentration than CW-C throughout the experimental study (Figure III-15). Moreover, BC-

filled CWs showed significantly higher removal (81% – 84%) than the control CW-C (67% – 

71%) (Table III-7). The latter was less homogeneous than the VF-CW filled with BC. These 

findings can be attributed to the fact that BC has a greater ability to remove the colloidal particles 

present in the influent due to biochar's higher sorption properties than sand (El Barkaoui et al., 

2025c). The influent TSS concentration in the second period under higher OLR was higher 

compared to the first period under low OLR (333 and 212 mg L-1, respectively). Even when a 

high OLR is applied, the TSS removal efficiency remains stable throughout the experiment, 

demonstrating that the removal rate is strongly related to the inlet concentration. 

 

Figure III-15: Evolution of the total suspended solids (TSS) concentration in the influent and 

effluent samples of the vertical flow-constructed wetlands filled with sand (CW-C) and biochar 

(CW-B) during the low and high organic loading rates (OLR) periods. The box chart represents 

the mean TSS values at the influent and effluent of each system (CW-C and CW-B), based on 

monthly averages. 

3.1.2. COD removal 
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Figure III-16 illustrates the kinetic evolution of the COD concentration in the inlet and outlet 

samples of CW-C and CW-B during the whole experimental period. However, Tables III-6 and 

III-7 show their corresponding average concentrations and removal efficiencies throughout the 

low and high OLR periods. Regardless of the OLR and composition of substrate-based VF-CWs, 

the average concentrations of COD significantly decreased after treatment (Table III-6). The 

evolution of COD in both VF-CWs reflects distinct operational phases: (i) an initial lag phase 

characterized by limited biomass activity and low organic matter oxidation efficiency; (ii) an 

adaptation phase marked by enhanced removal performance, attributed to stimulating biological 

activity; and (iii) a high organic loading rate phase associated with increased influent organic 

carbon concentrations, likely resulting a low removal efficiency. In addition, CW-B showed a 

higher ability to reduce the COD concentration than CW-C throughout the operational periods 

(Figure III-16). Furthermore, CW-B exhibited high removal efficiencies of COD compared to 

CW-C (49% – 60% and 39% – 50%, respectively), highlighting the positive impact of BC 

addition, due to its porous structure and rich surface functionalization, which enhances the 

electrostatic adsorption capacity of organic matter and provides a favourable microbial 

environment for the degradation of organic carbon (de Rozari et al., 2015; Deng et al., 2019). 

Ayadi et al. (2024) reported that the adsorption mechanisms by BC involve the degradation of the 

COD rather than biological processes. Similarly, El Barkaoui et al. (2025c) reported that the 

addition of OP-derived BC into the microcosms provided higher removal of total and soluble 

COD compared with the column filter filled with conventional materials (e.g., sand and gravel). 

This finding is in accordance with other studies reported in the literature (El Hanandeh et al., 

2018, 2017; Deng et al., 2019). Interestingly, the results presented in Figure III-16 indicate that 

COD is the most significant parameter influencing the OLR throughout the treatment period. 

Furthermore, the increase in OLR leads to a reduction in the removal efficiency of both VF-CWs 

by approximately 10%. This decline may be attributed to the increased feed volume, which 

elevates oxygen demand and promotes the formation of anaerobic zones where COD degradation 

is less effective. Additionally, the high OLR reduces the hydraulic retention time, limiting the 

contact time necessary for efficient COD removal (Xu et al., 2020).  
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Figure III-16: Evolution of the total chemical oxygen demand (COD) concentration in the 

influent and effluent samples of the vertical flow-constructed wetlands filled with sand (CW-C) 

and biochar (CW-B) during the low and high organic loading rates (OLR) periods. The box chart 

represents the mean COD values at the influent and effluent of each system (CW-C and CW-B), 

based on monthly averages. 

3.1.3. Phosphorus removal 

Table III-6 shows the TP and PO4
3- concentrations in the inlet and outlet samples of CW-C and 

CW-B, Table III-7 presents their corresponding mean removal efficiencies, while Figure III-17 

illustrates their kinetic trend throughout the whole operational duration. The kinetic curves of TP 

and PO4
3- concentrations change in a parallel way, exhibiting a high reduction in their 

concentrations, irrespective of the material media filled VF-CWs (Figure III-17). The average 

concentrations of phosphorus forms in the effluent samples after treatment showed a significant 

decrease compared to the influent, irrespective of the OLR. Furthermore, the removal efficiency 

in the VF-CWs ranged from 49% to 58% for TP and from 49% to 51% for PO4
3- under a low OLR 

period, and from 24% to 28% for TP and from 28% to 35% for PO4
3- under a high OLR. The 

increase in the OLR showed a significant reduction in the removal efficiency of both phosphorus 
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forms through both systems, which could be due to the excessive organic matter, limiting 

adsorption and precipitation processes, as well as shifting microbial communities toward 

anaerobic conditions, reducing microbial assimilation of phosphorus (Chazarenc et al., 2007). 

However, the results demonstrate the lack of the BC effect on phosphorus elimination. In general, 

BC is known to have limited effectiveness in removing phosphorus and negatively charged 

compounds due to its surface characteristics (e.g., low affinity, surface charge). This finding is in 

accordance with other studies (Yao et al., 2012; de Rozari et al., 2016; Werner et al., 2018; El 

Barkaoui et al., 2023). For example, de Rozari et al. (2016) found that sand exhibited better 

phosphorus performance than the BC-amended media due to the negative surface charge and low 

affinity of BC towards phosphorus forms, as well as competition from other negatively charged 

molecules in wastewater, such as organic compounds, for exchange sites on the surface of BC. 

Similarly, Zhou et al. (2019) reported that the integration of BC into CW did not affect phosphorus 

removal. Generally, the primary mechanisms for phosphorus removal in CWs include microbial 

oxidation and decomposition, plant, and physicochemical reactions of substrates (e.g., 

mineralization, precipitation, ion exchange, and adsorption) (Wu et al., 2015). 
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Figure III-17: Evolution of the total phosphorus (A) and orthophosphate (B) concentration in the influent and effluent samples of the vertical 

flow-constructed wetlands filled with sand (CW-C) and biochar (CW-B) during the low and high organic loading rates (OLR) periods. The box 

chart represents the mean TP and PO4
3- values at the influent and effluent of each system (CW-C and CW-B), based on monthly averages. 
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3.1.4. Nitrogen Removal 

Table III-6 illustrates the concentrations of different nitrogen forms in the influent and effluent 

samples, Table III-7 shows the efficiencies of CW-C and CW-B in removing NH4
+-N, TKN, and 

TN during low and high OLR periods, and Figure III-18 illustrates the kinetic evolution of NH4
+-

N, TN, and nitrate concentrations during the whole experimental period. The results highlight a 

significant decrease in TKN, NH4
+-N, and TN concentrations in effluent samples compared to 

influent, irrespective of the OLR applied. In the first period under low OLR, CW-B showed a 

significantly higher removal of TN (53%), TKN (74%), and NH4
+-N (85%) than the control CW-

C (38% for TN, 52% for TKN, and 71% for NH4
+-N), suggesting that the ammonia-oxidising 

bacteria grew dynamically and performed optimally in the BC-based substrate (Odedishemi 

Ajibade et al., 2021). This performance decreased strongly in the second period under high OLR, 

especially for NH4
+-N removal, to 61% for CW-B and 59% for CW-C. Generally, the observed 

removal of NH4
+-N, TKN, and TN could be due to either physicochemical or biological processes. 

However, it is well established that biological processes are responsible for driving the nitrogen 

cycle in VF-CWs, mediating the conversion between various nitrogen oxidation states (Ma et al., 

2023).  

During the whole experimental period, the NH4
+-N curves showed a low concentration for the 

effluent coming from CW-B compared to CW-C, combined with a high release of NO3
--N (Figure 

III-18C), exceeding an average concentration of 18 – 25 mg L-1 and 13 – 22 mg L-1 under low 

and high OLR, respectively for NO3
--N, and 4 – 5 mg L-1 and 1 – 1.3 mg L-1 under low and high 

OLR, respectively for NO2
--N, due to the nitrification process (Table III-6). In particular, nitrite 

is highly toxic to aquatic fauna (Ayadi et al., 2024) and hence should be minimized and must 

always remain within the legal limits of the respective country. Fortunately, in the present study, 

the concentrations of NO3
--N and NO2

--N are below the reported toxicity limits for all aquatic 

species and fish fauna (Camargo et al., 2005; Lewis and Morris, 1986). Numerous studies have 

indicated that the release of NO₂⁻-N ions in CWs is primarily due to the incomplete oxidation of 

NH₄⁺-N, resulting from limited DO availability (Li et al., 2021; Lu et al., 2022; Ayadi et al., 2024), 

a condition that primarily affects the activity of nitrite-oxidizing bacteria instead of the 

microorganisms responsible for nitrite/ammonia conversion (Vymazal, 2007; Tan et al., 2013). 

However, Kizito et al. (2017) reported that the higher release of NO3
--N in BC-packed CWs may 

be due to the high level of oxygen in the filter. The increase in OLR during the second period 

results in a lower release of nitrite, while ammoniacal nitrogen concentration increases, possibly 
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due to the overloading of the system with organic matter and the insufficient amount of oxygen 

required for nitrification processes, and shifts microbial processes towards anaerobic pathways, 

favouring ammonium retention rather than removal, causing accumulation of NH₄⁺-N, leading to 

poor effluent quality (Ilyas and Masih, 2017). Interestingly, the observed reduction in TN 

concentrations throughout the treatment process (Table III-6) indicates that denitrification 

occurred extensively in CW-C and CW-B, especially with BC playing a significant role in 

enhancing this mechanism within the nitrogen cycle. 
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Figure III-18: Evolution of the total nitrogen (A), ammoniacal nitrogen (B), and nitrate (C) concentration in the influent and effluent samples of 

the vertical flow-constructed wetlands filled with sand (CW-C) and biochar (CW-B) during the low and high organic loading rates (OLR) periods. 

The box chart represents the mean TN, NH4
+, and NO3

- values at the influent and effluent of each system (CW-C and CW-B), based on monthly 

averages. 
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3.1.5. Hardness and sulfate removal 

Table III-6 illustrates the concentrations of total hardness (TH), magnesium (Mg), calcium (Ca), 

and sulfate in the inlet and outlet samples of CW-C and CW-B. Regardless of the OLR, the mean 

concentrations of TH, Ca, and Mg were 365 – 369, 61 – 71, and 295 – 308 mg L-1, respectively. 

After treatment, these concentrations significantly increased to 599 – 735 mg L-1 for TH, 125 – 

150 mg L-1 for Ca, and 474 – 584 mg L-1 for Mg. This finding could be attributed to mineral 

dissolution, where water percolation through the filter bed releases these ions (Prajapati et al., 

2018; Ghumra et al., 2021). Ion exchange processes in the substrate can further contribute to Ca²⁺ 

and Mg²⁺ release (Ramachandra et al., 2018). Additionally, the filter systems were installed under 

external climate conditions in Marrakech, which is characterized by high temperatures during the 

whole year (> 40 °C), leading to higher evapotranspiration, which concentrates dissolved ions, 

while anaerobic conditions promote the mobilization of Ca²⁺ and Mg²⁺ from sediments (Basílico 

et al., 2024). In addition, the effluent samples showed no significant difference in concentrations 

of TH, Ca, and Mg throughout the experiment (under low and high OLR), demonstrating the 

absence of BC and OLR effects. 

During the whole experiment period, there was no significant difference in the concentration of 

SO4
2- between the influent and effluent samples (Table III-6). Furthermore, the effluent samples 

showed an insignificant increase in the concentration of SO4
2-, which could be due to the oxidation 

of sulfur bound to carbon and the release of SO4
2- from the organic substrates used (Singh and 

Chakraborty, 2021). A similar observation was reported by El Barkaoui et al. (2025c), who 

attributed the slight increase in effluent concentrations to the oxidation of carbon-bound sulfur 

and subsequent sulfate release from the column media. The limited performance of SO4
2- in the 

present study could be due to the immobilization of reduced sulfide in sediments in the absence 

of active aeration (Johnston et al., 2014). On the other hand, a high removal efficiency of SO4
2- 

was reported in the study of Chand et al., (2021), exciding 85% using a Colocasia esculenta 

derived-BC-based vertical subsurface flow constructed wetland, referring this performance to 

some processes such as nitrate reduction process, sulfur oxidation mediated by sulfur-oxidizing 

bacteria, chemical oxidation reactions, precipitation with metal ions, dissimilatory sulfate 

reduction, and plant uptake. 

3.1.6. Absorbance removal 
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Table III-7 shows the performance of CW-C and CW-B in removing absorbance (ABS) at 254 

and 420 nm, and Table III-6 shows the corresponding mean concentrations at the inlet and outlets 

of both VF-CWs under low and high OLR. The absorbance at 254 nm and 420 nm serves as an 

indicator of organic micropollutant concentrations, particularly associated with aromatic and 

unsaturated organic compounds (e.g., aromatic and organic compounds) and colored dissolved 

organic matter (e.g., humic-like substances), respectively. These parameters provide a rapid and 

reliable means for assessing their removal efficiency (Ciardelli and Ranieri, 2001; Altmann et al., 

2016). The finding data highlighted significantly low concentrations of ABS 254 and 420 nm in 

the effluent samples compared to the influent, irrespective of the OLR. In addition, the removal 

efficiency of ABS 254 nm showed no significant difference between effluent samples provided 

from both filters, with a slight superiority of CW-B during both OLR periods. On the other hand, 

the addition of BC into VF-CW leads to a statistically high removal (71% and 52% under low and 

high OLR, respectively) of ABS 420 nm than the control CW-C (58% and 37% under low and 

high OLR, respectively) during both periods, demonstrating the key role of BC in the removal of 

organic micropollutants. Similarly, Ayadi et al. (2024) found a higher absorbance reduction in the 

BC-based microcosm than in the gravel-filled microcosm. On the other hand, the excessive OLR 

may affect oxygen depletion, biofilm overloading, substrate saturation, and reduce absorbance 

removal efficiency at both wavelengths. 

Table III-7: Removal (Main value ± standard deviation) efficiency of water quality parameters 

in outlet samples of the vertical flow-constructed wetlands filled with sand (CW-C) and biochar 

(CW-B) during the low and high organic loading rates (OLR) periods. Different letters in each 

row mean statistically significant differences (P<0.05) according to Fisher or Games. 

Parameters 

Outlet CW-C Outlet CW-B 

Low OLR High OLR Low OLR High OLR 

Total suspended solids (%) 67 ± 14a 71 ± 11ab 81 ± 16bc 84 ± 12c 

Chemical oxygen demand (%) 50 ± 9a 39 ± 9b 60 ± 6c 49 ± 8a 

Total phosphorus (%) 58 ± 14a 24 ± 11b 49 ± 15a 28 ± 13b 

Orthophosphate (%) 51 ± 14a 28 ± 10b 49 ± 11a 35 ± 18b 

Total nitrogen (%) 38 ± 21ab 37 ± 20ab 53 ± 15a 35 ± 19b 

Total Kjeldahl nitrogen (%) 52 ± 17a 46 ± 15a 74 ± 9b 47 ± 15a 

Ammonium (%) 71 ± 11a 59 ± 15b 85 ± 9c 61 ± 14ab 

Absorbance at 254 nm (%)  48 ± 15a 38 ± 15a 50 ± 15a 42 ± 14a 

Absorbance at 420 nm (%)  58 ± 8ab 37 ± 12c 71 ± 10a 52 ± 13b 

Total coliforms (log unit) 5 ± 3a 1.9 ± 0.3b 5 ± 2a 2.1 ± 0.3b 

Faecal coliforms (log unit) 4 ± 3a 1.41 ± 0.05b 4 ± 2a 1.6 ± 0.1b 

FS (log unit) 2.5 ± 0.3a 0.5 ± 0.2b 3.2 ± 0.6c 1.3 ± 0.3d 

 

3.1.7. Removal of faecal bacteria indicators 
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The concentrations of faecal bacteria indicators (e.g., TC, FC, and FS) monitored at the inlet and 

outlet of CW-C and CW-B under low and high OLR periods are shown in Table III-6, and their 

corresponding removal rates are illustrated in Table III-7. The statistical data showed a 

significant reduction in the concentration of the three indicators after treatment, mainly when a 

low OLR was applied. Applying a higher OLR in the second period significantly reduced the 

performance of CW-C and CW-B in removing TC (from 5 to 1.9-2.1 log units), FC (from 4-5 to 

1.4-1.6 log units), and FS (from 2.5-3.2 to 0.5-1.3 log units), which can be explained by the fact 

that the higher OLR limits aeration, leading to anaerobic conditions that lower pathogen 

inactivation. Chand et al. (2021) reported that the removal efficiency of faecal coliforms using 

CWs was strongly influenced by DO, pH, medium texture, influent load, and root structure. The 

results demonstrate the limited effect of BC on the removal of FC and TC while showing the 

significant role of BC in improving the removal of FS. Similarly, Nguyen et al. (2020b) 

considered that the hydraulic loading rate is the most influential factor on the removal of coliform 

bacteria, in addition to other mechanisms, including filter materials, vegetation, seasonal 

fluctuations, oxygenation, pH, and water composition. There are limited studies available in the 

literature discussing the contribution of BC-based CW for the removal of pathogen contaminants. 

Kaetzl et al. (2019) reported that CWs filled with BC derived from rice-husk BC showed a higher 

removal of faecal indicator bacteria from municipal wastewater compared to sand-based CWs. El 

Barkaoui et al. (2025c) evaluated the performance of biochar-based column filters for the removal 

of FS, FC, and TC. Their findings demonstrated that biochar exhibited a significantly higher 

bacterial removal efficiency compared to conventional sand filtration. On the other hand, Visiy et 

al. (2022) reported that there was no significant difference in the reduction of faecal coliforms 

between CWs based on sand or BC, suggesting that the removal of pathogens in CWs is mainly a 

physical process that is not significantly affected by the composition of the substrate. These 

contradictory findings are probably due to the characteristics of BC, such as the high porosity, 

surface functionalization, specific surface area, and hydrophobicity (El Barkaoui et al., 2023). 

The results obtained in the present study are consistent with those reported in the literature. For 

example, Sleytr et al. (2007) studied bacterial removal in CW based on conventional materials 

(sand and gravel), achieving a removal efficiency of 4,37 log units for FC and 4,31 log units for 

TC. In addition, Hijnen et al. (2004) reported a removal of 2-3 log units of E. coli and 

thermotolerant coliforms at the full-scale and pilot plants. In general, the removal of pathogen 

indicators in CW occurs through biological, physical, and chemical mechanisms. Physical 

processes involve sedimentation, filtration, and sorption onto media and organic matter. 



 

167 

 

Biological mechanisms include biofilm retention, natural die-off, competition in nutrient-limited 

environments, and predation (Mandi et al., 2022). Meanwhile, chemical processes primarily rely 

on oxidation (Wu et al., 2016). Although the level of microbial removal in our study remains 

moderate, this may be attributed to the minimal biofilm development that occurred during the 

experiment. Biofilm formation within the filter improves filtration by reducing its porosity. As 

particles accumulate, the pore size decreases, resulting in enhanced filtration efficiency as the 

biofilm continues to develop over time. Grain size can also affect the removal of pathogens in 

slow sand filters (Logan et al., 2001). Additionally, the filter depth and short retention time may 

also help explain the observed results, especially in the second period under high OLR. Similarly, 

Torrens et al. (2009) reported that filter depth significantly influenced contaminant removal 

efficiency, with deeper filters showing higher removal rates due to increased hydraulic retention 

time. 

3.2. Statistical analysis 

By identifying individuals based on the concentration dataset, Principal Component Analysis 

(PCA) was used to investigate the effect of the bed-filled VF-CWs and organic loading rate on 

the removal efficiency of various pollutants (Figure III-19). The PCA was performed on a data 

matrix consisting of 21 variables, which mainly correlated along two axes (Dim1 and Dim2), 

which accounted for 71.2% of the total variability in the data, representing 63.1% for Dim1 and 

8.9% for Dim2. Thus, Figure III-19A illustrates the squared cosines (cos2) for dimensions 1 and 

2, representing the quality of the representation of the variables on the principal components, with 

a higher squared cos2 (close to 1) indicating that the principal component represents the variable 

well. In the present study, it can be noted that the indicator variables of organic matter (COD), 

nitrogen (TKN and N-NH4
+), phosphorus (TP and PO4

3-), UV-absorbance at 254 and 420 nm 

(ABS254 and ABS420), and coliforms (TC, FC, and FS) present a strong positive correlation with 

Dim1. Conversely, the variables N-NO2
-, N-NO3

-, TH, Ca, Mg, pH, EC, and DO present a strong 

negative correlation with Dim1. This (Dim1) positively indicates a source of organic and 

bacteriological pollution, while negatively, Dim1 indicates a source of mineralogical pollution 

and increased oxygen consumption. For Dim2, the results show the presence of nitrification 

processes, which, through their intensification, release H3O
+, which decreases the pH of the 

environment, as indicated by a negative correlation between N-NO3
- and pH on Dim2. 

Figure III-19B represents the confidence ellipses illustrating the dispersion of individuals 

according to the OLR variable. It can be seen that the low and high OLR groups are not well 
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separated in the PCA space. This indicates that individuals in these two categories provide similar 

information. Therefore, OLR does not appear to explain the variance captured by the principal 

axes (Dim1 and Dim2). However, Figure III-19C shows the ellipse representing the influent 

(INF) on the principal axis. The INF group highlights physicochemical and bacteriological 

characteristics distinct from those observed in the two CW-B and CW-C outlets. The two effluents 

present similar information, suggesting that they have comparable efficiency. They significantly 

reduced the organic load, particularly in TSS, COD, nitrogen, phosphorus, coliforms, and 

adsorbents. On the other hand, the effluents of CW-C and CW-B are characterised by the residual 

presence of minerals (Ca, Mg, and TH) and oxidised forms of nitrogen (NO2 and NO3), as well 

as by parameters such as pH, EC, and DO. These results indicate that they reduce the rate of 

organic load in the INF, transforming the treated wastewater into water containing mineral 

residues and oxidised nitrogen elements. 
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Figure III-19: Principal component analyses (PCA) perspective. A: Variables-PCA shows the 

relationships between the variables and the principal components. B:  PCA Biplot visualises the 

relationships between variables and observations in the dataset across the inlet (INF) and outlets 

of the vertical flow-constructed wetlands filled with sand (CW-C) and biochar (CW-B). C: PCA 

Biplot visualises the relationships between variables and observations in the dataset across the 

organic loading rate (OLR). 

Correlation analysis is a statistical method used to evaluate the strength and direction of linear 

relationships between quantitative variables, typically quantified by the Pearson correlation 

coefficient, which ranges from −1 to +1. A coefficient of ±1 indicates a perfect linear relationship, 

while a value of 0 denotes no linear correlation (Gogtay and Thatte, 2017). The monitoring 

campaign comprised 20 observations over 20 months under low and high OLR conditions. Figure 

III-20 illustrates the Pearson correlation coefficients that quantify the linear relationships between 

the parameters investigated at the inlet and outlet of CW-C and CW-B. According to the linear 

correlation analysis result, TP is highly correlated with organic matter (e.g., r = 0.767), nitrogen 

(e.g., r = 0.793 with NH4
+), UV-absorbance (e.g., r = 0.727 with ABS254), and coliforms (e.g., r 
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= 0.713 with FS). This suggests that these parameters tend to increase together due to organic 

pollution and domestic discharge. Similarly, NH4
+ shows a high correlation with COD (r = 0.918), 

PO4
3- (r = 0.856), TKN (r = 0.903), and ABS254 (r = 0.864), indicating a common source of 

nitrogen and organic contamination. Regarding TKN and TN, these water quality indicators have 

a strong relationship (r = 0.961), which is expected since TKN is a component of TN. As for TH, 

it is highly correlated with Ca (r = 0.863) and Mg (r = 0.988), confirming their key role in water 

hardness. As for the absorbance at 254 and 420 nm (ABS254 and ABS420) also exhibit a 

significant relationship (r = 0.914), reflecting their common origin linked to the UV-visible 

absorbance of organic matter. Regarding TH, PO4
3-, COD, TKN, and NH4

+, they exhibit negative 

correlations with NO2
- and NO3

-, which could indicate the coexistence of nitrogen transformation 

processes, mainly nitrification and denitrification, potentially intensified by the presence of 

organic matter and microbial activity. 

Regarding TH, Ca, and Mg are negatively correlated with TP, COD, and TKN, which could reflect 

differences between pollution sources. Furthermore, pH is negatively correlated with TP, COD, 

and TKN, suggesting an acidic environment associated with organic pollution. Finally, the strong 

correlations between organic parameters (COD, ABS254, TSS) and nutrients (TP, TKN, NH4
+) 

support the hypothesis of anthropogenic pollution, such as wastewater discharge or agricultural 

runoff. Negative correlations with oxidized nitrogen forms (NO2
- and NO3

-) could indicate 

incomplete nitrification or the predominance of anaerobic conditions. 
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Figure III-20: Analysing correlations between physicochemical and bacteriological pollutants 

during monitoring. 

Conclusion and Future Directions 

This study demonstrated the potential of olive pomace-derived biochar (BC) as an effective and 

sustainable substrate amendment in vertical flow constructed wetlands (VF-CWs) for domestic 

wastewater treatment. The results showed that the integration of BC into the VF-CW system (CW-

B) significantly improved the removal of key pollutants, particularly NH₄⁺-N (up to 85%), TKN, 

COD, TSS, and faecal indicators, compared to the sand-only control (CW-C), especially under 

low organic loading conditions (20 g COD/m²-d). However, although CW-B consistently 

outperformed CW-C at high organic loads (70 g COD/m².d), overall treatment performance 

declined. Notably, the biochar had limited phosphorus, sulphate, and hardness removal capacity, 

probably due to surface charge limitations. 

The study also confirmed active nitrification through the detection of NO₂- and NO₃-, although 

this process was inhibited at high OLR due to potential oxygen limitations. Despite this, CW-B 

maintained higher nitrogen removal, suggesting improved microbial activity supported by the 

biochar structure. 

These results highlight the viability of olive pomace biochar as a low-cost, locally available, and 

environmentally friendly amendment to improve VF-CW performance, particularly in 
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Mediterranean and arid regions where wastewater reuse is critical. 

Future research should focus on: 

- Long-term system performance and stability under continuous high OLR. 

- Evaluate shock load resilience of biochar-amended systems. 

- Improving phosphorus removal through co-addition with mineral-rich materials (e.g., Fe-

based compounds). 

- Investigate the dynamics of microbial communities within biochar-enhanced wetlands. 

- Integration of biochar-amended VF-CWs with tidal flow operation and bio-electrochemical 

processes. 

- Scale up the system for real field applications and assess cost-benefit and life cycle impacts. 

Such findings will help to optimise nature-based wastewater treatment technologies and promote 

circular economy approaches through the valorisation of agricultural waste. 
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Abstract 

This study evaluates the performance of vertical flow constructed wetlands (VF-CWs) amended 

with different proportions of biochar (BC), 0% (CW-0), 10% (CW-10), and 50% (CW-50) in 

treating domestic wastewater containing conventional pollutants, pathogens, and 

pharmaceutical compounds (PhCs). Monitoring inlet and outlet parameters revealed significant 

improvements in effluent quality. BC-amended systems (CW-10, CW-50) enhanced removals 

to 79–81% for suspended solids, 71–72% for UV-absorbance, 60–61% for organic matter, 53% 

for total nitrogen, 66–74% for Kjeldahl nitrogen, 81–85% for NH4+-N, and 3.2–3.3 Log units 

for faecal streptococci, compared with CW-0 (67%, 58%, 50%, 38%, 52%, 71%, and 2.5 Log 

units, respectively). Meanwhile, increases in the BC percentage have no significant effect on 

the conventional pollutant removal. From 36 PhCs compounds, only 18 compounds were 

identified in the PM and 19 in the aqueous wastewater samples, with non-steroidal anti-

inflammatory drugs dominating due to their high usage and excretion. Treatment achieved near-

complete removal of Clarithromycin, Furosemide, Atenolol, Bisoprolol, Erythromycin, 4’-

Hydroxydiclofenac, and Ketoprofen, while compounds such as carbamazepine and fluoxetine 

exhibited poor or negative removal, likely due to desorption, persistence, low biodegradability, 

or release from PM. Contrary to expectations, the BC addition did not significantly enhance the 

removal of PhCs, possibly reflecting variability in BC properties and compound-specific 

interactions. These findings highlight the complexity of PhCs' behaviour in CWs and the need 

for optimised system designs to improve treatment efficiency. 

Keywords: Micropollutants removal; Particulate matter; Constructed wetlands; 

Pharmaceutical compounds; Olive pomace-derived biochar. 

1. Introduction 

The occurrence of emerging contaminants (CECs) in wastewater, such as pharmaceutical 

compounds (PhCs), pesticides, industrial chemicals, and personal care products, poses a major 

environmental concern, as wastewater is a primary pathway through which these substances 

enter natural ecosystems (Renai et al., 2020; Santos et al., 2023). These substances, particularly 

PhCs, are widely detected in both rural and urban settings due to their extensive use and 

persistence in the environment, irrespective of geographical location (Renai et al., 2020). 

Growing concern surrounds their potential adverse impacts on ecosystems and human health, 

particularly their involvement in endocrine disruption (e.g., oestrogens) and the spread of 

antimicrobial resistance (e.g., antibiotics) (Varatharajan et al., 2025).  

Mitigating the spread of PhCs into aquatic environments requires effective wastewater 

treatment. It is well known that conventional wastewater treatment plants (WWTPs) are not 

originally designed to target these pollutants and therefore often fail to remove them effectively 

(Belete et al., 2023). Constructed wetlands (CWs) have been proposed as a sustainable, nature-
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based solution for wastewater treatment, particularly well-suited for the secondary treatment of 

domestic sewage in small communities and for refining effluents from larger urban facilities 

(Prabhu et al., 2022; Valipour and Ahn, 2016). CWs are widely valued for being simple, low-

cost, and environmentally friendly systems that use natural processes, such as adsorption, 

precipitation, biodegradation of organic matter, nitrification, and denitrification (Kataki et al., 

2021). Thus, they are highly effective in removing conventional water quality parameters such 

as nitrogen compounds, biodegradable organic matter, and suspended solids (El Barkaoui et al., 

2023; Vymazal et al., 2021). Their ability to eliminate PhCs remains limited, especially when 

traditional media are used, such as sand, gravel, zeolite, quartz (Alsubih et al., 2022; Delgado 

et al., 2020; Petrie et al., 2018; Vymazal et al., 2017; Yuan et al., 2020a; Zhang et al., 2011). 

Consequently, this limitation raises significant concerns about the safety and quality of 

reclaimed water resources, emphasising the need for sustainable strategies to mitigate 

wastewater pollution and protect water resources (Gadipelly et al., 2014). Recently, biochar 

(BC) has been proposed as an alternative, low-cost, and sustainable material to improve filter 

media and enhance the treatment efficiency of CWs (El Barkaoui et al., 2025d). BC-based CWs 

have demonstrated a high ability in removing various wastewater pollutants, including both 

conventional and emerging contaminants (El Barkaoui et al., 2023; Kushwaha et al., 2024), due 

to the distinct physicochemical properties of BC, including its high specific surface area and 

well-developed porous structure, which provide abundant active sites for the adsorption of 

organic pollutants (El Barkaoui et al., 2025c; Maleki Shahraki and Mao, 2022; Zehouani et al., 

2026; Zhang et al., 2022). Generally, the adsorption efficiency largely depends on the nature of 

the physical and chemical interactions between BC and PhCs (Czech et al., 2021). For instance, 

rich in surface functional groups (e.g., hydroxyl and carboxyl), BC facilitates chemical bonding 

with PhCs, such as hydrogen bonding (Keerthanan et al., 2022; Li et al., 2023). Furthermore, 

electrostatic interactions and van der Waals forces contribute to the overall adsorption process, 

effectively decreasing PhCs concentrations in constructed wetlands (Wu et al., 2022). The 

negatively charged surface of BC further promotes electrostatic interactions with positively 

charged PhCs (Nakarmi et al., 2022), while its functional groups enable complexation 

mechanisms (Liang et al., 2020; Xue et al., 2022), collectively enhancing the removal efficiency 

of PhCs. In general, the removal process of PhCs begins with their separation from organic 

materials with identical chemical characteristics. Subsequently, these compounds are adsorbed 

onto the surface of the substrate, where their extractability, toxicity, and bioavailability 

progressively diminish with extended contact time (Salah et al., 2023).  
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Literature review reveals that only a few studies have examined the impact of incorporating BC 

into substrate-based CWs, particularly regarding its effectiveness in removing PhCs. For 

instance, Ofiera et al. (2025) examined the effect of adding BC (from undefined biomass) into 

CWs, finding that BC-enhanced CWs effectively reduced all target PhCs to below 

quantification limits. In contrast, conventional CWs showed inconsistent removal, with 

maximum efficiencies of 86% for metoprolol, 62% for clarithromycin (CLA), and 48% for 

diclofenac (DIC), while candesartan, carbamazepine (CBZ), and hydrochlorothiazide were not 

removed (Ofiera et al., 2025). Yuan et al. (2020) demonstrated that integrating BC derived from 

fruit stones into zeolite-based CWs significantly enhanced the removal efficiency of antibiotics, 

achieving removal rates of approximately 88% for CIP and 56% for sulfamethazine. Chand et 

al. (2022) evaluated the performance of vertical flow constructed wetlands (VF-CWs) 

incorporating BC derived from cow dung pats for the removal of pharmaceutical contaminants, 

including amoxicillin (AMX), caffeine (CF), and ibuprofen (IBU). The BC-amended VF-CW 

demonstrated significantly enhanced removal efficiencies, achieving 75.5% for AMX, 87.5% 

for CF, and 79.9% for IBU, compared to 53.82%, 69.8%, and 63.98%, respectively, in VF-CWs 

utilizing conventional filter media. Similarly, Ajibade et al. (2023) highlighted that adding 

bamboo-derived BC to CWs markedly improved the elimination of sulfamethoxazole (SMZ), 

with a removal efficiency of 65% compared to 28% in sand-filled CWs. Moreover, Ilyas and 

Hosney (2024) assessed the role of softwood-bagasse BC-added CWs in addressing some PhCs, 

including SMZ, irbesartan, erythromycin (ERY), DIC, and CBZ, showing a high performance 

exceeding 91% compared to conventional CWs filled with gravel (72%, 50%, 84%, 22%, and 

36%, respectively). On the other hand, Venditti et al. (2022) reported that VF-CWs amended 

with plant-derived BC exhibited lower performance than sand-based VF-CWs, which achieved 

average removal efficiencies exceeding 91% and 94% for a range of PhCs, respectively. The 

variations in removal efficiencies can be attributed to several factors, including the BC intrinsic 

properties, operation conditions of the CWs, and the vegetation (El Barkaoui et al., 2023). To 

date, no studies have addressed the efficiency of olive pomace-derived BC in VF-CWs or the 

effect of BC proportion in substrate-based CWs on PhCs removal. Furthermore, comprehensive 

studies addressing the occurrence of PhCs in particulate matter (PM) in wastewater and the 

mechanisms governing their removal are lacking. 

Based on the above considerations, this study aims to evaluate the impact of integrating BC 

derived from olive pomace into VF-CWs and its substrate percentage on the removal efficiency 
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of conventional pollutants, pathogens, and pharmaceutical substances. In addition, investigate 

the occurrence of PhCs in both the aqueous and PM samples of the influent wastewater.   

2. Materials and Methods 

2.1. Design and operation of VF-CW systems 

The experiment utilised three identical vertical flow constructed wetlands (VF-CWs), each 

constructed from cylindrical polyethylene with uniform dimensions: 0.45 m in height, 0.30 m 

in diameter, and a surface area of 0.07 m² (Figure IV-1). The bed frame structure of each 

microcosm is 0.30 m, supported by packed substances consisting from the bottom with 8 cm of 

gravel (particle size: 2–8 cm), sand (particle size: 1–2 cm) mixed with different ratios 0% (CW-

0), 10% (CW-10), and 50% (CW-50) of BC (particle size: 2–5 cm), and another layer of gravel 

at the top (particle size: 2–6 cm). Each system was equipped with two ventilation pipes to ensure 

adequate oxygen supply during filter operation and was planted with P. australis seedlings at a 

density of 4 plants per m2. The experiment was conducted over 10 months (June 2023–March 

2024) under a sequential batch operation mode, consisting of five daily batches with a total 

influent volume of 5 L/day and an organic loading rate of 20 g COD/m² d, incorporating a one-

day drying period. 

In this study, the BC was prepared as described in the study of El Barkaoui et al. (2025b), from 

exhausted olive pomace via pyrolysis at 590 °C for a contact time of 2 h, under a heating rate 

of 10 °C min⁻1 (El Barkaoui et al. 2025). The resulting material exhibited an SSA of 106 m²/g1, 

a carbon content of 90%, an ash content of 4.9%, and a point of zero charge (pHₚzc) of 7.8. The 

full characterisation of the BC can be found in section 1 (Table SM4-1 and Figure SM4-1) of 

the supplementary material 4 (SM4) and also reported in the previous study of El Barkaoui et 

al. (2025b). 
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Figure IV-1: Schematic illustration of the pilot-scale vertical flow constructed wetlands (A) 

and a photograph of the real CWs (B) with different percentages of biochar 0% (CW-0), 10% 

(CW-10), and 50% (CW-50). 

2.2. Sampling and analysis 

2.2.1. Wastewater source 

Wastewater samples were collected biweekly from the Marrakech Wastewater Treatment Plant 

(WWTP) after primary treatment (decantation) and analysed immediately after sampling. 

Table IV-1 summarises the physicochemical characteristics of the influent over the entire study 

duration. 

2.2.2.  Conventional water quality parameters 

The physicochemical and Pathogen indicators of faecal contaminations, including total 

suspended solids (TSS), chemical oxygen demand (COD), total nitrogen (TN), total Kjeldahl 

nitrogen (TKN), ammonium nitrogen (NH4
+-N), nitrate nitrogen (NO3

--N), nitrite nitrogen 

(NO2
--N), total phosphorus (TP), phosphate (PO4

3-), total hardness (TH), calcium, magnesium, 

faecal streptococci (FS), faecal coliforms (FC), and total coliforms (TC), were analysed 

following the standard procedures outlined by Standard of AFNOR, (1997) and Rodier, (2009). 

The UV absorbance of both the influent and effluent samples was quantified at wavelengths of 

254 nm and 420 nm (Ayadi et al. 2024). The complete methodology for analysing the 
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aforementioned parameters is provided in the supplementary material 4. 

2.2.3.  Analysis of pharmaceutical compounds in particulate and aqueous samples 

2.2.3.1. Extraction procedure 

After collecting, the particulate samples were freeze-dried and finally stored in the dark at -

20°C. They were subjected to Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) 

extraction and subsequent analysis according to the method developed by Rossini et al. (2016) 

(full description in supplementary material 4). Wastewater samples were collected and stored 

at -20°C until analysis. All samples were filtered with a 0.2 mm RC membrane, pretreated by 

adding EDTA as a chelating agent, then analysed by liquid chromatography coupled to a mass 

spectrometer (LC-MS/MS). 

2.2.3.2. LC-MS/MS analysis  

Instrumental analysis was performed on a Shimadzu (Kyoto, Japan) chromatographic system 

coupled with a 5500 QTrap mass spectrometer (Sciex, Framingham, MA, USA), equipped with 

a Turbo V® interface by an ESI probe. Pharmaceutical compounds were determined according 

to the method developed. Full details of this analytical protocol are reported in Renai et al. 

(2021). Target compounds and internal standards of this study (Sigma-Aldrich), including the 

analgesics, antibiotics, beta-blockers, antibiotics, antifungals, psychiatric drugs, diuretics, 

statins, gastric protectors, analgesics, antihypertensives, Urinary α-Blockers, and 

transformation products are reported in Table SM4-2 of the supplementary material 4. 

2.3. Statistical analysis  

Statistical analysis to assess the significance of the data in this study was conducted using the 

Games-Howell non-parametric test and analysis of variance (ANOVA) through Minitab 17 

software (version 17.1.0, State College, PA, USA). Significance levels were categorised as non-

significant (p > 0.05) or significant (p < 0.05). 

3. Results and discussion  

3.1. Conventional pollutant removal 

Table IV-1 summarises the physicochemical parameters measured at the inlet and the outlet of 
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CW-0, CW-10, and CW-50. Throughout the experiment, the influent consistently exhibited low 

dissolved oxygen (DO) levels (0.4 mg L-1), likely due to oxygen depletion associated with the 

concurrent oxidation of organic matter and nitrification processes (Fan et al. 2013; Kizito et al. 

2017). However, without active aeration, the DO concentrations after treatment increased 

significantly to 1.1 mg L-1, reflecting the improved quality of the wastewater after treatment 

(Nguyen et al. 2020b). As a result, lower DO levels may shift microbial processes toward 

anaerobic pathways, affecting treatment efficiency (Maina et al. 2011). Generally, the key 

sources of oxygen supply are air reoxygenation, water inflow, and oxygen diffusion during dry 

periods (Ye et al. 2012; Kasak et al. 2018). The influent pH was approximately 7.7, while the 

effluent pH of all three systems increased significantly to 8.1–8.2. This rise may be attributed 

to the biological oxidation processes and the release or dilution of carbonate salts, hydroxyl 

ions, and the strong H⁺ exchange capacity of the bed materials within the CWs (Chen et al. 

2015). In addition, the increase in the effluent's pH may be due to the alkaline properties of 

Moroccan sand used as filling media of CWs (Mghaiouini et al. 2024). EC significantly 

increased after treatment across all three VF-CWs, reaching 4 mS cm-1 compared to a mean 

influent value of 2.3 mS cm-1. This rise is likely attributed to the oxidation of organic 

compounds, nitrification processes, and elevated temperatures in Marrakech (>40 °C), which 

enhance evapotranspiration and ion concentration (Licata et al. 2021; De Sanctis et al. 2025). 

Additionally, the increase in EC may be influenced by ions released from sand and the 

biodegradation of organic matter, reflecting a higher concentration of dissolved anions and 

cations in the treated effluent (Achak et al. 2023). The pH and EC results of the effluent samples 

obtained after treatment correspond to the Moroccan standard for the reuse of treated 

wastewater in agriculture (pH 6.5–8.4 and EC < 12 mS/cm) (S.E.E.E 2007). 

Calcium and magnesium are essential macronutrients that support the growth, development, 

and reproduction of both plants and animals, and their presence contributes to water hardness 

(Azad et al. 2024). At the inlet of the three VF-CWs, the mean concentrations of TH, Ca, and 

Mg were 369, 61, and 308 mg L⁻1, respectively. Post-treatment, a significant increase in these 

concentrations was observed at the outlet, with TH ranging from 645 to 735 mg L⁻1, Ca from 

120 to 150 mg L⁻1, and Mg from 525 to 584 mg L⁻1. This finding could be attributed to mineral 

dissolution, where water percolation through the filter bed releases these ions (Prajapati et al., 

2018; Ghumra et al., 2021). Ion exchange processes in the substrate can further contribute to 

Ca²⁺ and Mg²⁺ release, contributing to the increase in the EC (Ramachandra et al. 2018). 
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Additionally, the filter systems were installed under external climate conditions in Marrakech, 

which is characterised by high temperatures during most periods of the year, leading to higher 

evapotranspiration, which concentrates dissolved ions, while anaerobic conditions promote the 

mobilisation of Ca²⁺ and Mg²⁺ from sediments (Basílico et al. 2024). Moreover, the rise in TH, 

Ca, and Mg concentrations in the effluent correlated with the higher sand content in the 

interlayer substrate. These results are consistent with the literature (Prajapati et al., 2018; 

Ghumra et al., 2021; El Barkaoui et al. 2025b). 

TSS is a crucial parameter that determines the quality of the effluent and whether it can be 

reused for agricultural purposes. In this study, the three CWs exhibited high removal 

efficiencies, ranging from 67% to 83%, with CW-10 and CW-50 outperforming the control 

CW-0, which was less homogeneous than the BC-filled systems. These findings can be 

attributed to the fact that BC has a greater ability to remove the colloidal particles present in 

the influent due to biochar's higher sorption properties than sand (El Barkaoui et al. 2025b). 

Table IV-1 presents the performance of CW-0, CW-10, and CW-50 in reducing absorbance at 

254 nm and 420 nm, which are commonly used as surrogate indicators for the presence of 

aromatic and unsaturated organic compounds, as well as coloured dissolved organic matter such 

as humic substances. These parameters offer a rapid and effective method for assessing the 

removal of organic micropollutants (Ciardelli and Ranieri, 2001; Altmann et al., 2016). The 

results reveal a notable reduction in absorbance at both wavelengths after treatment. For 

absorbance at 254 nm, the results showed no significant removal efficiency among the three 

filter systems, although the VF-CWs containing BC showed slightly higher efficiencies. In 

contrast, BC-based VF-CWs demonstrated a significantly greater reduction in absorbance at 

420 nm compared to the control VF-CW, with removal efficiencies of 58%, 71%, and 72% for 

CW-0, CW-10, and CW-50, respectively. These findings emphasise the key role of BC in the 

effective removal of organic micropollutants. In contrast, they revealed that increasing the 

percentage of BC had no impact on the removal performance at either wavelength. Ayadi et al. 

(2024) reported a greater reduction in absorbance at 254 and 420 nm in BC-based microcosms 

compared to gravel-filled microcosms, being about 51–59% and 18–31%, respectively. 

However, El Barkaoui et al. (2025c) demonstrated that adding BC to substrate-based filter 

columns did not significantly improve performance at either wavelength. 

Throughout the experiment, there was no significant variation in SO4
2- concentrations between 
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the influent and effluent samples, indicating the limited performance of the VF-CWs towards 

sulphates (Table IV-1). A comparable observation was reported by El Barkaoui et al. (2025b), 

who attributed the slight increase in effluent concentrations from unplanted columns relative to 

influent to the oxidation of carbon-bound sulphur and subsequent sulphate release from the 

column media. The limited performance of SO4
2- in the present study could be due to the 

immobilisation of reduced sulphide in sediments in the absence of active aeration (Johnston et 

al. 2014). On the other hand, a high removal efficiency of SO4
2- was reported in the study of 

Chand et al., (2021), exceeding 85% using a BC-packed Colocasia esculenta-based vertical 

subsurface flow constructed wetland, referring this performance to some processes such as the 

nitrate reduction process, sulphur oxidation by sulphur-oxidising bacteria, plant uptake, 

chemical oxidation processes, precipitating with metal ions, and dissimilatory sulfate reduction.  

As regards the phosphorus, Table IV-1 presents the TP and PO4
3- concentrations in the inlet 

and outlet samples of the three VF-CWs. The behaviour of TP and PO₄³⁻ exhibited a similar 

trend throughout the treatment process. Consequently, their mean concentrations in the effluent 

were significantly lower than those in the influent, indicating effective phosphorus removal, 

ranging from 49% to 58% for TP and from 49% to 53% for PO4
3-. Furthermore, there was no 

significant difference in phosphorus removal between the effluents of CW-0, CW-10, and CW-

50 during the whole experimental period, indicating a lack of role for BC. In general, it is well 

known that the BC has a limited effect on the removal of phosphorus, as well as negatively 

charged compounds, due to its surface characteristics (e.g., low affinity, surface charge). This 

finding is in accordance with other studies (Yao et al., 2012; de Rozari et al., 2016; Werner et 

al., 2018; El Barkaoui et al., 2023). For example, de Rozari et al. (2016) found that sand 

exhibited better phosphorus performance than the BC-amended media due to the negative 

surface charge and low affinity of BC towards phosphorus forms, as well as competition from 

other negatively charged molecules in wastewater, such as organic compounds, for exchange 

sites on the surface of BC. Similarly, Zhou et al. (2019) reported that the integration of BC into 

CW did not affect phosphorus removal. Generally, the primary mechanisms for phosphorus 

removal in CWs include microbial oxidation and decomposition, physicochemical reactions of 

substrates (e.g., precipitation, adsorption, ion exchange, and mineralisation), and plant uptake 

(Wu et al. 2015). 

Regarding the organic matter, Table IV-1 presents the COD concentrations in the inlet and 

outlet samples of CW-0, CW-10, and CW-50, along with their respective removal efficiencies. 
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The results showed a significant decrease in average concentrations of COD after treatment. 

Furthermore, the BC-filled planted VF-CWs exhibited high statistical removal efficiencies (60 

– 61%) compared to the control VF-CW (50%), highlighting the positive impact of BC addition, 

due to its various benefits (e.g., porous structure and rich surface functionalization, pores with 

different sizes and distributions), enhancing the electrostatic adsorption capacity of organic 

matter and providing a favourable microbial environment for the degradation of organic carbon 

(de Rozari et al., 2015; Deng et al., 2019). Ayadi et al. (2024) reported that the adsorption 

mechanisms by BC involve the degradation of the COD rather than biological processes. 

Interestingly, the increase in BC concentration up to 50% did not affect COD removal, likely 

resulting in the release of soluble organic carbon from the BC and/or the toxicity of the material 

toward microorganisms (Deng et al. 2019). This finding is consistent with previous research 

recommending a lower BC percentage (Li et al., 2018; Zhou et al., 2018a, 2018b; Zhang et al., 

2021; El Barkaoui et al. 2025b).  

A particularly noteworthy aspect is the removal of nitrogen forms (Table IV-1). The results 

highlight a strong removal of NH4
+-N, TKN, and TN in the three VF-CWs,  especially those 

integrated BC showed a significantly higher removal of TN (53%), TKN (66 – 74%), and NH4
+-

N (81 – 85%) than the control filer (38% for TN, 52% for TKN, and 71% for NH4
+-N), 

demonstrating the positive effect of BC adding, due to its cation exchange mechanism, which 

play a minor role in the removal of ionic species (El Barkaoui et al. 2025b). The high removal 

observed of NH4
+-N, TKN, and TN was probably due to either physicochemical or biological 

processes. Furthermore, it is well established that biological processes are responsible for 

driving the nitrogen cycle and the conversion of reduced and oxidised forms of nitrogen inside 

the VF-CWs (Ma et al. 2023). Furthermore, increasing the concentration of BC-based substrate 

(up to 50%) showed no effect on the removal of NH4
+-N, TKN, and TN, indicating that a lower 

ratio of BC (10%) is an additional advantage from an economic and performance point of view. 

The higher removal of NH4
+-N was combined with the release of NO3

--N (16 – 25 mg L-1) and 

NO2
--N (4 – 5 mg L-1) due to the nitrification process. Fortunately, in the present study, the 

concentrations of NO3
--N and NO2

--N are below the reported toxicity limits for all aquatic 

species and the fish fauna (Lewis and Morris 1986; Camargo et al. 2005). Many studies reported 

this phenomenon, which may be attributed to the incomplete oxidation of NH4
+-N, caused by 

the insufficient availability of DO in CWs (Li et al. 2021; Lu et al. 2022; Ayadi et al. 2024; El 

Barkaoui et al. 2025a), a condition that primarily affects the activity of nitrite-oxidising bacteria 
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instead of the microorganisms responsible for nitrite/ammonia conversion (Vymazal, 2007; Tan 

et al., 2013). However, Kizito et al. (2017) reported that the higher release of NO3
--N in BC-

packed CWs may be due to the high level of oxygen in the filter. The TN concentrations in all 

three VF-CWs exhibited a notable reduction throughout the treatment process, with a more 

pronounced decline in BC-based VF-CWs compared to CW-0. This suggests that denitrification 

was a predominant process in all VF-CWs, with BC playing a significant role in enhancing this 

mechanism within the nitrogen cycle. Generally, the different forms of nitrogen and their 

conversion depend on filter material, plant type, oxygen availability, and substrates (Nguyen et 

al. 2020a). 

Monitoring of faecal bacteria indicators (e.g., TC, FC, and FS) at the inlet and outlet of CW-0, 

CW-10, and CW-50 revealed a significant decrease in the concentrations of the effluent samples 

(3 log units for TC, 2 log units for FC, and 3.1 – 3.9 log units for FS) compared to the influent 

(8 log units for TC, 6.3 log units for FC, and 6.4 log units for FS). Furthermore, the three filters 

showed no statistically significant differences in the removal efficiency of TC and FC. 

However, FS elimination was notably higher in CW-10 (3.2 log units) and CW-50 (3.3 log 

units) compared to CW-0 (2.5 log units), highlighting the crucial role of biochar (BC). This 

improvement is attributed to BC’s favourable properties, such as high hydrophobicity and 

porous structure, which make it more effective than conventional materials like gravel or sand 

(El Barkaoui et al. 2023). The reduction in microbial contaminant concentrations in the present 

study remains moderate after treatment, which may be attributed to the limited biofilm 

development during the experimental period. Because its formation within the filter enhances 

filtration efficiency by progressively reducing porosity as accumulated particles decrease pore 

size. This process improves contaminant removal over time. Additionally, grain size can 

influence pathogen removal in slow sand filters (Logan et al. 2001). Besides, retention time and 

filter depth also play a crucial role. Consistent with these findings, Torrens et al. (2009) reported 

that increasing filter depth enhances contaminant removal efficiency due to prolonged hydraulic 

retention time. Additionally, the removal efficiency of faecal coliforms in CWs can also be 

affected by several factors, including DO, pH, medium texture, influent load, and rhizome root 

structure (Chand et al. 2021). There are conflicting results in the literature regarding the effect 

of BC on the removal efficiency of faecal indicator organisms. For instance, Kaetzl et al. (2019) 

demonstrated that CWs incorporating rice-husk-derived BC exhibited superior ability in 

removing faecal indicator bacteria from municipal wastewater compared to conventional sand-
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based CWs. Similarly, El Barkaoui et al. (2025b) investigated the effect of BC-based column 

filters on the removal of TC, FC, and FS, mentioning the high capacity of BC in reducing 

bacterial contamination compared to sand. Another study conducted by El Barkaoui et al. 

(2025c) evaluated the efficiency of five substrate-based column filters (sand, olive pomace BC, 

orange wood waste BC, filao BC, and cypress BC) in removing bacterial indicators (TC, FC, 

and FS). The results showed that while all filters achieved only moderate removal of TC and 

FC, they consistently exhibited high removal of FS, with no significant differences among 

them. Notably, BC-amended filters demonstrated significantly greater removal of TC and FC 

compared to the sand control. This enhanced performance was attributed to the unique 

properties of BC, including its high surface area, porosity, functional groups, and 

hydrophobicity, which make it more effective than sand or gravel in reducing microbial loads. 

 According to Chand et al. (2021), the use of BC-based media in planted CWs significantly 

improved TC removal compared to systems with conventional substrates. This improvement 

was mainly due to the enhanced filtration properties of the biochar's porous structure, which 

promoted more efficient microbial retention and removal. Nevertheless, Visiy et al. (2022) 

demonstrated that faecal coliform reduction in CWs was comparable between sand and BC 

substrates, indicating that pathogen removal is mainly governed by physical processes with 

minimal influence from substrate composition. There is a scarcity of research on the impact of 

governing the removal of microbial contaminants in BC-based CWs. The removal performance 

of faecal coliform indicators using conventional filter media such as pozzolan, gravel, and sand 

was comparable. The removal performance of faecal coliform indicators using conventional 

filter media such as pozzolan, gravel, and sand has shown consistent and similar results. For 

instance, El Ghadraoui et al. (2020) reported removal efficiencies of 2.76, 2.56, and 3.87 log 

units for TC, FC, and FS, respectively, in pozzolan-based constructed wetlands (CWs). 

Similarly, Sleytr et al. (2007) observed high removal rates in sand- and gravel-based CWs, with 

4.37 log units for FC and 4.31 log units for TC. 
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Table IV-1: Values (mean ± standard deviation) of water quality parameters measured in the influent (INF) and effluent (EFF) samples of the 

three CWs filled with different percentages of biochar: 0% (CW-0), 10% (CW-10), and 50% (CW-50). 

Parameters 

 

INF 

concentration 

Outlet of CW-0 Outlet of CW-10 Outlet of CW-50 

EFF 

concentration 

Removal 

(%) 

EFF 

concentration 

Removal 

(%) 

EFF 

concentration 

Removal 

(%) 

DO (mg/L) 0.4 ± 0.9a 1.1 ± 0.8ab – 1.1 ± 0.6ab – 1.1 ± 0.7b – 

EC (mS/cm) 2.3 ± 0.3a 4 ± 1b – 4 ± 1b – 4 ± 1b – 

pH 7.7 ± 0.2a 8.1 ± 0.1b – 8.1 ± 0.2b – 8.2 ± 0.2b – 

Total hardness (mg/L) 369 ± 34a 735 ± 153b – 700 ± 129b – 645 ± 126b – 

Calcium (mg/L) 61 ± 9a 150 ± 27b – 141 ± 23bc – 120 ± 36c – 

Magnesium (mg/L) 308 ± 34a 584 ± 149b – 558 ± 114b – 525 ± 110b – 

TSS (mg/L) 212 ± 105a 69 ± 37b 67 ± 14a 37 ± 25b 81 ± 16b 38 ± 19b 79 ±15ab 

ABS 254 nm (mAu) 633 ± 101a 329 ± 95b 48 ± 15a 313 ± 94b 50 ± 15a 315 ± 93b 50 ± 15a 

ABS 420 nm (mAu) 96 ± 20a 41 ± 14b 58 ± 8a 29 ± 16b 71 ± 10b 28 ± 14b 72 ± 10b 

SO4
2- (mg/L) 75 ± 27a 83 ± 23a – 80 ± 23a – 75 ± 24a – 

COD (mg/L) 272 ± 77a 131 ± 29b 50 ± 9a 106 ± 25b 60 ± 6b 103 ± 25b 61 ± 8b 

TP (mg/L) 12 ± 2a 5 ± 2b 58 ± 14a 6 ± 2b 49 ± 15a 5 ± 1b 57 ± 9a 

PO4
3- (mg/L) 9 ± 1a 4 ± 1b 51 ± 14a 5 ± 1b 49 ± 11a 4 ± 1b 53 ± 10a 

TN (mg/L) 142 ± 31a 84 ± 22b 38 ± 21a 64 ± 14c 53 ± 15b 66 ± 11c 53 ± 9b 

TKN (mg/L) 139 ± 29a 62 ± 16b 52 ± 17a 34 ± 9c 74 ± 9b 45 ± 6c 66 ± 6b 

NH4
+-N (mg/L) 69 ± 21a 18 ± 4b 71 ± 11a 9 ± 4b 85 ± 9b 10 ± 7b 81 ± 18ab 

NO2
--N (mg/L) 0.10 ± 0.04a 4 ± 3b – 5 ± 3b – 4 ± 3b – 

NO3
--N (mg/L) 3 ± 2a 18 ± 9bc – 25 ± 13b – 16 ± 8c – 

Total coliform (Log unit) 8 ± 1a 3 ± 1b – 3 ± 1b – 3 ± 1b – 

Faecal coliforms (Log unit)  6.3 ± 0.9a 2 ± 2b – 2 ± 1b – 2 ± 1b – 

Faecal streptococci (Log unit) 6.4 ± 0.5a 3.9 ± 0.2b – 3.18 ± 0.05c – 3.1 ± 0.2c – 

Different letters in each row mean statistically significant differences (P<0.05) according to Fisher or Games.
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3.2. Overall removal of pharmaceutical compounds 

3.2.1.  Occurrence of pharmaceutical compounds in wastewater 

PhCs are persistent and complex substances commonly detected in wastewater, both in dissolved 

form and adsorbed onto particulate matter (PM), making their removal challenging. Table IV-2 

lists the mean concentrations of the selected PhCs detected in PM. The data indicate the presence 

of 18 compounds with a total concentration of 35 ng g-1, including CBZ, SMZ, O-DES, FLC, 

CLA, FUR, AZI, TMP, CLT, MCL, 4-HYDIC, KET, IBU, 2H-IBU, 3H-IBU, FLU, O-DMNAP, 

and ACE. The highest concentration detected was 12 ng g-1 for KET, followed by ACE (5.5 ng g-

1), CBZ (3.7 ng g-1), AZI (2.6 ng g-1), 3H-IBU (2.2 ng g-1), 4-HYDIC and MCL (2 ng g-1), and O-

DMNAP (1.7 ng g-1). However, the following compounds were undetectable as they were below 

the detection limit: ATE, VEN, BIS, PAN, RMP, ATO, DIC, DZP, TAM, ERY, CIP, 1H-IBU, 

FEN, and NAP.  

Conversely, the analysis of the PhCs in the influent wastewater revealed the presence of various 

compounds, notably CLA, FUR, ATE, BIS, ERI, 4-HYDIC, KET, DIC, IBU, NAP, OVEN, 1H-

IBU, 3H-IBU, SMZ, VEN, 2H-IBU, CIP, CBZ, and FLU, with a total concentration (PhCs) of 

18163 ng L-1 (Table IV-3). In addition, the analysis of PhCs in the influent water samples showed 

the appearance of some of the undetectable compounds in PM, such as ATE, BIS, OVEN, ERY, 

DIC, NAP, 1H-IBU, VEN, and CIP, suggesting that those compounds are primarily present in the 

dissolved phase rather than being associated with PM. This indicates their higher water solubility 

and lower affinity for adsorption onto suspended solids, affecting their environmental mobility 

and potential bioavailability in aquatic systems. Many studies have reported that there are higher 

concentrations of PhCs in the dissolved phase of influent wastewater than in suspended solids 

(PM) and sediments (Silva et al. 2011; Aminot et al. 2015). On the other hand, the data revealed 

the absence of several compounds (e.g., O-DES, FLC, AZI, TMP, CLT, MCL, O-DMNAP, ACE) 

in the dissolved phase of the influent wastewater, although they were previously detected in the 

PM. This absence can be attributed to the high affinity of these compounds toward PM. A similar 

finding was reported by Silva et al. (2011), who observed that certain compounds were 

preferentially bound to PM rather than being detected in river water. Those compounds are 

generally characterised by a basic behaviour (pKa > 7).     
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Table IV-2: Concentration (mean values (n=3) ± standard deviation) of selected pharmaceutical 

compounds detected in particulate matter (PM) in the inlet samples. 

Compound Abbreviation Concentration (ng g-1) CV% 

Carbamazepine CBZ 3.7 ± 0.4 10 

Sulfamethoxazole SMZ 0.26 ± 0.05 19 

O-Desmethylvenlafaxinec O-DES 0.18 ± 0.03 17 

Fluconazole FLC 0.73 ± 0.08 11 

Clarithromycin CLA 0.36 ± 0.07 18 

Furosemide FUR 0.5 ± 0.1 18 

Azithromycin AZI 2.6 ± 0.6 23 

Trimethoprim TMP 0.05 ± 0.01 31 

Clotrimazole CLT 0.38 ± 0.08 21 

Miconazole MCL 2.0 ± 0.3 15 

4’-Hydroxydiclofenac 4-HYDIC 2.0 ± 0.2 11 

Ketoprofen KET 12 ± 1 8 

Ibuprofen IBU 0.6 ± 0.1 22 

2-Hydroxyibuprofenc 2H-IBU 0.3 ± 0.1 34 

3-Hydroxyibuprofenc 3H-IBU 2.2 ± 0.1 7 

Flurbiprofen FLU 0.18 ± 0.07 39 

O-Desmethylnaproxen O-DMNAP 1.7 ± 0.3 17 

Acetaminophen ACE 5.5 ± 0.9 16 

Atenolol ATE <0.003 - 

Venlafaxine VEN <0.1 - 

Bisoprolol BIS <0.003 - 

Pantoprazole PAN <0.014 - 

Ramipril RMP <0.37 - 

Atorvastatin ATO <0.06 - 

Diclofenac DIC <0.05 - 

Diazepam DZP <0.01 - 

Tamsulosin TAM <0.001 - 

Erythromycin ERY <0.36 - 

Ciprofloxacin CIP <1.38 - 

1-Hydroxyibuprofenc 1H-IBU <0.028 - 

Fenbufen FEN <0.110 -  

Naproxen NAP <0.014 - 

PhCs - 35.24 - 

 

3.2.2. Performance of VF-CWs in removing pharmaceutical compounds 

Table IV-3 summarises the average concentrations of the selected PhCs measured at the inlet and 

outlet of CW-0, CW-10, and CW-50, while Figure IV-2 illustrates their corresponding mean 

removal efficiencies throughout the experiment duration. Among 36 PhCs (Table SM4-2), only 

19 compounds had concentrations above the limits of quantification, including CLA, FUR, ATE, 

BIS, ERY, 4-HYDIC, KET, DIC, IBU, NAP, OVEN, 1H-IBU, 3H-IBU, SMZ, VEN, 2H-IBU, 

CIP, CBZ, and FLU. Furthermore, analysis of influent samples revealed high concentrations of 

non-steroidal anti-inflammatory drugs (NSAIDs) such as IBU, KET, DIC, NAP, and their 
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metabolites (e.g., 1H-IBU, 2H-IBU, 3H-IBU, 4-HYDIC), ranging from 176 to 3992 ng/L. The 

high level of NSAIDs in the influent samples is mainly attributed to their widespread use, partial 

metabolism in the human body, and improper disposal. These compounds are frequently excreted 

unchanged or as active metabolites and enter municipal wastewater systems (Massano 2025). 

However, ERY, BIS, VEN, and CLA have the lowest concentration (< 100 ng/L).  

Regardless of the CW's substrate type (with or without BC), the data indicated in Table IV-3 

illustrate a significant decrease in the concentrations of the selected compounds following 

treatment, except CBZ and FLU, which exhibited an increase in their concentrations, especially 

in the effluent from CW-0, due to their persistent nature, low biodegradability, and resistance to 

microbial degradation (Oulton et al. 2010; Chen et al. 2018; Fernandes et al. 2021). Similarly, 

Qing et al., (2011) reported that CBZ is one of the most recalcitrant PhCs, attributing its low 

removal efficiency in CWs to its high hydrophobicity. This behaviour may be linked to the 

conversion of the transformation products into the parent compound via photochemical or 

biological processes (Ilyas and van Hullebusch 2020). Another hypothesis is that the increased 

concentrations of these compounds after filtration may be due to their release from the PM 

retained in the filter systems, since these compounds were already present in the PM (see Table 

IV-2). In addition, the observed negative removal of PhCs like CBZ can also be attributed to the 

desorption of previously retained compounds from the substrate, which provides only temporary 

retention (Wang et al. 2018; Venditti et al. 2022). Venditti et al. (2022) further suggested that the 

observed rebound in removal efficiency may result from the regeneration of sorption sites 

becoming available again. Moreover, Phan et al. (2018) and Vassalle et al. (2020) linked the 

negative removal of these compounds to their desorption from the filter bed, which was likely 

induced by increased pH levels that diminished their adsorption potential. Numerous studies have 

highlighted the limited effectiveness of CWs in removing CBZ. Reported removal efficiencies 

include 0% (Ofiera et al. 2025), 0–2% (Petrie et al. 2018), and <10% (Delgado et al. 2020), 

highlighting a recalcitrant behaviour in these treatment systems. 
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Table IV-3: Concentrations (mean value ± standard deviation) of selected pharmaceutical 

compounds at the inlet and outlet samples of the three CWs filled with different percentages of 

biochar: 0% (CW-0), 10% (CW-10), and 50% (CW-50) throughout the entire period of treatment 

(10 months).  

Analyte 
Inlet  

(ng L-1) 

Outlet CW-0  

(ng L-1) 

Outlet CW-10  

(ng L-1) 

Outlet CW-50 

(ng L-1) 

CLA 85 ± 39 6 ± 1 < 5 ± - 5 ± - 

FUR 341 ± 124 < 20 ± - < 20 ± - < 20 ± - 

ATE 217 ± 65 52 ± - < 50 ± - 52 ± - 

BIS 54 ± 22 < 20 ± - < 20 ± - < 20 ± - 

ERY 36 ± 19 5 ± - < 5 ± - < 5 ± - 

4-HYDIC 983 ± 363 < 300 ± - < 300 ± - < 300 ± - 

KET 1200 ± 462 < 200 ± - < 200 ± - < 200 ± - 

DIC 955 ± 232 271 ± 194 272 ± 106 229 ± 113 

IBU 3438 ± 1439 1068 ± 647 996 ± 473 865 ± 483 

NAP 568 ± 288 272 ± 132 238 ± 113 209 ± 119 

OVEN 190 ± 83 57 ± 48 47 ± 23 27 ± 4 

1H-IBU 3992 ± 4497 193 ± 94 203 ± 69 136 ± 89 

3H-IBU 976 ± 721 390 ± 285 258 ± 227 261 ± 298 

SMZ 291 ± 133 84 ± 62 59 ± 27 56 ± 17 

VEN 71 ± 20 38 ± 17 32 ± 6 31 ± 12 

2H-IBU 3184 ± 822 1388 ± 629 1677 ± 1249 1417 ± 901 

CIP 806 ± 197 333 ± 219 336 ± 89 350 ± 136 

CBZ 600 ± 225 666 ± 323 477 ± 242 453 ± 247 

FLU 176 ± 66 329 ± 206 226 ± 142 231 ± 162 

PhCs 18163 ± 1213 5152 ± 406 4821 ± 477 4322 ± 392 

a Method detection limit; b Method quantification limit. 

Furthermore, over the experimental period, the three treatment systems achieved approximately a 

complete removal of CLA, FUR, ATE, BIS, ERY, 4-HYDIC, and KET, above 70% for DIC, 

OVEN, 1H-IBU, and SMZ, above 50% for IBU, VEN, and CIP, and lower than 50% for NAP 

and 2H-IBU, as shown in Figure IV-2. The obtained removal performances of PhCs vary across 

compounds, being higher, comparable, or lower than those reported in previous studies. For 

example, Zhang et al. (2012) reached a removal efficiency of 52% for CBZ, 80% for IBU, 91% 

for NAP, and 55% for DIC in planted CWs. In a study conducted by Vymazal et al. (2017), the 

removal efficiency of IBU and DIC reached approximately 55% and 41%, respectively. 

Ravichandran and Philip, (2022) demonstrated that CWs filled with wood charcoal or zeolite 

effectively remove CBZ, DIC, and ATE (>90%). Rühmland et al. (2015) tested the removal of 

ATE, VEN, CBZ, and CLA using sand-based CWs and achieved removal efficiencies of up to 

99%, 57%, 80%, and 89%, respectively. Ávila et al. (2021) tested the efficiency of an aerated 

gravel-filled CW in removing DIC and KET from influent wastewater, exceeding an elimination 

performance of >83%. Alsubih et al. (2022) investigated the efficiency of treating hospital 

wastewater using CWs filled with conventional substrates (e.g., gravel and sand) across pre-
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monsoon, monsoon, and post-monsoon periods, reaching moderate removal efficiencies of SMZ 

and CBZ, which varied seasonally from 39% to 64% and 22% to 48%, respectively. Khan et al., 

(2023) observed poor removal efficiencies of 25%, 36%, and 21% for IBU, CBZ, and ERY, 

respectively, attributing their limited removal performance to their low influent concentration. In 

contrast, PhCs with higher concentrations, such as CIP, exhibited high removal efficiencies of up 

to 84%. 

 

Figure IV-2: Removal efficiency of pharmaceutical compounds in vertical-flow constructed 

wetlands filled with 0% (CW-0), 10% (CW-10), and 50% (CW-50) biochar throughout the entire 

treatment period (10 months). Different letters in each row indicate statistically significant 

differences (P<0.05) according to Fisher's or Games' tests. 

Unexpectedly, the results showed no significant difference in removal efficiency between CW-0, 

CW-10, and CW-50, demonstrating the lack of BC effect (Figure IV-2). This finding may be due 

to the physicochemical characteristics of BC, including its ash content, SSA, pore volume, 

hydrophobicity, affinity, polarity, and surface charge, as well as the speciation of PhCs, all of 

which can affect BC's adsorption capacity towards PhCs (Lin et al. 2017). The presence of 

vegetation in BC-based CWs could be critical, as the root system may reduce BC's sorption ability 

for multiple reasons (Ayadi et al. 2024). One hypothesis suggests that plant exudates may saturate 

the sorption capacity of BC, while another points to the formation of hydraulic short-circuits 

within the planted system, which reduce contact between wastewater and BC. Additionally, the 

presence of BC may lower the plants’ effectiveness in promoting the degradation of PhCs (Nweze 
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et al. 2024). Contradictory findings on the impact of adding BC into CWs and its fusibility on the 

removal performance of PhCs have been reported in the literature. For instance, Ofiera et al. 

(2025) reported that BC-amended CWs successfully reduced all targeted pharmaceutical 

compounds (PhCs) to below quantification limits. In contrast, traditional CWs exhibited variable 

removal performance, achieving maximum efficiencies of 62% for CLA and 48% for DIC, while 

showing no removal of carbamazepine (CBZ). Parallelly, Chand et al. (2022) evaluated the 

performance of VF-CWs incorporating BC derived from cow dung pats for the removal of IBU. 

The BC-amended VF-CW demonstrated significantly enhanced removal efficiencies, achieving 

79.9% compared to 63.98% in VF-CWs utilizing conventional filter media. Similarly, Ajibade et 

al. (2023) highlighted that adding bamboo-derived BC to CWs markedly improved the elimination 

of SMZ, with a removal efficiency of 65% compared to 28% in sand-filled CWs. Moreover, Ilyas 

and Hosney (2024) assessed the role of softwood-bagasse BC-added CWs in addressing some 

PhCs, including SMZ, ERY, DIC, and CBZ, showing a high performance exceeding 91% 

compared to conventional CWs filled with gravel (72%, 84%, 22%, and 36%, respectively). In 

addition, Dalahmeh et al. (2018) revealed that CBZ adsorption capacity using BC-active-biofilm 

filters was high (>98%), whereas biodegradation in sand-active-biofilm filters was very low (7%). 

On the other hand, Venditti et al. (2022) reported that VF-CWs amended with plant-derived BC 

exhibited lower performance than sand-based VF-CWs, which achieved average removal 

efficiencies exceeding 91% and 94% for a range of PhCs, respectively. 

In general, in planted CW systems, it is well known that the dominant removal mechanisms are 

adsorption onto the sediment bed, uptake by plants, and biodegradation (Petrie et al. 2018; Khan 

et al. 2023).  This suggests that plant-assisted systems offer a synergistic advantage by improving 

the overall efficiency of PhCs removal through physical-chemical and biological pathways. 

Likewise, Zhang et al., (2011) confirmed that the planted CWs significantly enhanced the removal 

of IBU and NAP, reaching 80% and 91%, respectively, compared to unplanted CWs, which 

reached 60% and 52%, respectively. 

Conclusion and future directions 

This study highlights the potential of vertical flow constructed wetlands (VF-CWs) amended with 

biochar (BC) as an effective, nature-based solution for treating domestic wastewater, particularly 

pharmaceutical compounds (PhCs). Biochar addition significantly improved the removal of some 

conventional pollutants, such as TSS (79%–81%), COD (60%–61%), UV-absorbance at 420 nm 
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(71%–72%), TN (53%), TKN (66%–74%), NH4
+-N (81%–85%), and FS (3.2–3.3 Log unit), 

compared to the control system (67%, 58%, 50%, 38%, 52%, 71%, and 2.5%, respectively). 

However, the BC addition into CWs showed no significant improvement in removing phosphorus, 

TC, FC, and UV-absorbance at 254 nm. Furthermore, the increase in the BC concentration in the 

CWs substrate did not affect the treatment efficiencies of the conventional pollutants. In summary, 

the CW-0, CW-10, and CW-50 systems significantly reduced the concentrations of various 

pollutants, except sulfate, hardness, nitrite, and nitrate, which exhibited limited or poor removal 

efficiency. 

In terms of pharmaceutical compounds (PhCs), the analysis reveals that many compounds 

predominantly occur in the aqueous phase due to their high solubility, while others associate 

strongly with particulate matter (PM). The treatment of PhCs based on the VF-CW systems 

achieved high removal efficiencies for several widely used drugs, particularly antibiotics and beta-

blockers, reaching a complete elimination for CLA, FUR, ATE, BIS, ERY, 4-HYDIC, and KET, 

above than 70% for DIC, OVEN, 1H-IBU, and SMZ, above 50% for IBU, VEN, and CIP, and 

lower than 50% for NAP and 2H-IBU. 

Yet, the integration of BC into CWs did not significantly enhance overall PhCs removal, likely 

due to variability in both BC properties and compound-specific behaviours. Persistent pollutants 

like CBZ and FLU remained poorly removed, underscoring the need for more targeted treatment 

approaches. These findings highlight both the potential and limitations of BC-amended VF-CWs 

and emphasize the need for tailored system designs to optimize pollutant removal, particularly for 

emerging contaminants such as PhCs. 

In summary, while VF-CWs are effective for general wastewater treatment and the removal of 

many PhCs, their performance against certain resilient compounds remains limited. Future efforts 

should focus on optimizing system design, including substrate selection and biochar 

characteristics, and integrating plant-based and microbial processes to achieve broader and more 

consistent micropollutant removal. 
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Abstract 

Constructed wetlands (CWs) are an effective, low-cost, and environmentally friendly technology 

for treating wastewater. However, they have a limited capacity to remove poorly biodegradable 

organic micropollutants, particularly pharmaceuticals (PhCs), which remains a major challenge. 

This study investigated the use of sewage sludge-derived biochar (SSBC) as a filling medium in 

vertical subsurface flow constructed wetlands (VSSF-CWs) to enhance their performance. The 

VSSF-CWs were operated in both planted and unplanted configurations. The systems were tested 

under real outdoor conditions for 221 days using real urban wastewater as the inflow, and their 

efficiency was compared with that of conventional gravel-based wetlands. A total of 35 

pharmaceutical compounds representing various therapeutic classes, including priority substances 

listed in recent European Monitoring Watch Lists and the 2024/3019 Urban Wastewater Directive, 

were monitored. The results showed that integrating SSBC markedly improved the removal 

efficiency of PhCs, achieving average removal rates of around 70%. This improvement was 

sustained over eight months and was effective immediately after start-up. This enhanced 

performance is attributed to the combined effects of adsorption and biofilm-supported 

biodegradation, which are facilitated by the high porosity and microbial affinity of the biochar. 

Overall, this study provides comprehensive evidence for the first time of the potential of SSBC to 

significantly improve CW performance in advanced wastewater treatment. This addresses 

emerging regulatory requirements and contributes to the circular and sustainable management of 

sewage sludge resources. 

Keywords: Emerging contaminants; Sewage sludge valorization; Particulate matter; Constructed 

wetlands; Pharmaceutical compounds occurrence. 

1. Introduction 

Constructed wetlands (CWs) are well-established nature-based solutions for wastewater 

depuration, particularly appropriate for the secondary treatment of domestic sewage from small 

communities (Valipour and Ahn, 2016), but also for refining urban wastewaters from larger 

treatment facilities (Verlicchi and Zambello, 2014). CWs have traditionally been considered as a 

simple, low-impact, and low-cost technology for wastewater treatment that takes advantage of the 

removal mechanisms active in natural ecosystems, such as adsorption, precipitation, 

biodegradation of organic carbon, nitrification, and denitrification (Kataki et al., 2021). CWs can 

be implemented as a series of flooded planted channels or basins (free-water surface flow) or as 

systems in which water flows through a substrate a few cm below the filling medium (subsurface 

flow, SSF-CWs). Furthermore, for SSF-CWs, the wetland can be fed by horizontal flow (HSSF-

CW), being constantly saturated with the wastewater, or the wastewater can be introduced with 

vertical flow and subjected to alternating filling and drying cycles (VSSF-CWs). While CWs have 

proven to be very effective in removing conventional water quality parameters such as suspended 

solids, organic and inorganic nitrogen, and biodegradable organic matter (Vymazal et al., 2021), 
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their removal efficiency for organic micropollutants is limited, unless it is adopted a hydraulic 

retention time much higher than those commonly used in wastewater treatment plants (Gorito et 

al., 2017). It should also be noted that the biological mechanisms responsible for the removal of 

poorly biodegradable organic matter in CWs are active only after adequate biomass 

acclimatization, making these systems inefficient in the first weeks following their start-up 

(Coppini et al., 2019; Su-qing et al., 2012). These problems clearly represent a limitation in the 

use of CWs, especially considering the widespread presence of organic micropollutants in all 

types of wastewater, including domestic ones, and the importance of their removal, also certified 

by the recent 2024/3019 Urban Wastewater Directive (European Parliament and the Council, 

2024). 

Among the many classes of organic micropollutants that have been widely identified in all aquatic 

compartments, pharmaceutical compounds (PhCs) are undoubtedly of great environmental 

concern because of their widespread use, the incomplete removal often observed in conventional 

wastewater treatment plants (Renai et al., 2021), and their high biological activity, which can pose 

a risk to the environment and humans. Indeed, PhCs present in fresh water can contaminate the 

drinking water production chain or the agricultural products through irrigation, causing various 

types of toxic effects, including neurotoxicity, reproductive and developmental toxicity, 

metabolic disorders, and antimicrobial resistance phenomena (Cizmas et al., 2015). 

The removal of PhCs in CWs is a fairly well-studied topic in the literature, mainly in HSSF, VFSS, 

and hybrid systems (HS) filled with conventional substrates (i.e., sand and gravel) (Ilyas and Van 

Hullebusch, 2020). An overview of the literature revealed that the study of PhCs removal in CWs 

has involved numerous molecules, belonging to various therapeutic classes and characterized by 

a wide range of physicochemical properties (e.g., log D and acid-base properties) (Salah et al., 

2023). These studies highlighted compound-dependent removals, which, however, appear to be 

generally quite low, being below 60% for most analytes or even much lower in some specific 

cases, such as for carbamazepine and clarithromycin (Ilyas and Van Hullebusch, 2020). The 

insufficient removal of PhCs has been attributed to their poor degradability in CWs, due to their 

chronic oxygen deficiency and consequently limited biodegradation capacity (Liu et al., 2016). In 

this context, high hydraulic retention times (HRTs), as high as several days, were adopted, 

attempting to increase the removal performance of HSSF systems (Auvinen et al., 2017). 

Furthermore, VSSF systems with intermittent feeding provided better removal efficiencies 

compared to HSSF, ascribable to the higher oxygenation of the bed (Ilyas and Van Hullebusch, 
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2020). 

In such systems, it is claimed that the plant and in particular the filling material play an important 

role in the removal of chemical and biological pollutants (Borsetto et al., 2025; El Barkaoui et al., 

2023). Recently, innovative materials, such as lightweight expanded clay aggregates (LECA) 

(Delgado et al., 2020), zeolites (Ravichandran and Philip, 2022; Venditti et al., 2022), steel slag 

(Petrie et al., 2018), pozzolan (El Ghadraoui et al., 2020), and biochar (BC) (Ajibade et al., 2023; 

Ayadi et al., 2024; Venditti et al., 2022) were proposed as unconventional, highly porous filling 

materials of CWs, arguing for these materials a dual role in PhC removal, either providing the 

direct adsorption of micropollutants or enhancing their biodegradation by supporting bacterial 

growth. These advanced applications have confirmed their effectiveness in removing various 

types of micropollutants, achieving significantly higher removal rates, particularly for poorly 

degradable compounds such as carbamazepine, compared to conventional CWs filled with gravel 

and/or sand.  

Among the above-mentioned materials, BC is receiving increasing attention from the scientific 

community as it can be obtained through well-established thermal conversion processes of waste 

biomass (i.e., pyrolysis or gasification) and subsequent chemical and/or thermal activation of the 

resulting carbon material. In this way, it is possible to obtain BC with good adsorptive capacity 

and, at the same time, high environmental compatibility, the latter being related to (i) the low 

release of organic and inorganic micropollutants and (ii) the long-term carbon sequestration, 

which offers a crucial benefit for climate change mitigation (Bakari et al., 2024). Furthermore, 

published literature agrees that BC acts as an optimal adhesion support for the growth of 

microorganisms, thereby helping to improve the efficiency of biological removal processes such 

as nitrification, denitrification, and even the degradation of organic micropollutants, including 

pharmaceutical compounds (Pandey et al., 2025; Zhuang et al., 2022). It should also be noted that 

BC, once its adsorptive capacity is saturated, can be easily regenerated through thermal treatments 

(Dai et al., 2019), similarly to what happens for activated carbon used in drinking water 

purification plants.  

The use of BC for wastewater treatment is even more advantageous when this material is obtained 

from the thermal conversion of sewage sludge (SS), as a high level of circularity is provided to 

the wastewater treatment sector in accordance with the European Directive 2024/3019 (European 

Parliament and the Council, 2024). Moreover, this process allows to inhibit the intrinsic chemical 

and biological risks related to the management and disposal of SS (Bakari et al., 2024). Despite 
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the numerous positive aspects of integrating BC from SS (SSBC) into CWs, this topic has been 

poorly explored in the literature, as to the best of our knowledge, only four articles describe the 

use of this kind of material as CW substrate (Ayadi et al., 2024; Yao et al., 2025; Zhang et al., 

2025; Zhong et al., 2025). This literature indicates that SSBC is also capable of boosting the 

growth of nitrifying and denitrifying bacterial populations (Yao et al., 2025) and may represent a 

suitable substrate for the adsorption of organic micropollutants (Bakari et al., 2024; Zhang et al., 

2025; Zhong et al., 2025). Nevertheless, the available studies regarding the removal of these 

micropollutants focused only on sulphadiazine (Zhong et al., 2025) or perfluorobutanesulfonic 

acid (Zhang et al., 2025), and were, in most cases, short-term experiments (95-120 days), 

performed at lab-scale, in a controlled environment, using synthetic wastewater, thus restricting 

the scope of the information obtained (Yao et al., 2025; Zhang et al., 2025; Zhong et al., 2025). 

In addition, the SSBCs employed were characterized by very low values of specific surface area 

(18 – 43 m2/g) (Zhang et al., 2025; Zhong et al., 2025), thus suggesting the need of improved 

methodologies for biochar preparation and activation. In this regard, a recent study demonstrated 

that the integration into planted and unplanted VSSF-CWs of a SSBC produced and activated 

under specific and optimized experimental conditions allows to provide a significantly higher 

removal of chemical oxygen demand, nitrogen, and absorbance in VSSF-CWs, compared to 

gravel-based systems, also showing a negligible role of plants (Ayadi et al., 2024). 

To fill the above-mentioned gaps in the current literature, regarding the behaviour of PhCs in 

SSBC-based CWs, planted and unplanted pilot-scale VSSF-CWs filled with SSBC were 

monitored for the removal of 35 target analytes, during a 227-day open-air study on the quaternary 

treatment of real urban wastewater, using gravel-based systems as control. 

2. Materials and methods 

2.1. Standards, reagents, and materials 

Ultrapure water (conductivity ≤ 0.055 µS/cm) was produced in the laboratory using a Milli-Q 

system (Millipore, Billerica, MA, USA). Glass fibre filters, featuring a nominal porosity of 0.7 

µm, were purchased from Whatman (Maidstone, England). All reagents employed for monitoring 

conventional water quality parameters (see Section 2.4) were supplied by HACH (Loveland, CO, 

USA). Reagent-grade ammonium chloride was obtained from Sigma-Aldrich (St. Louis, MO, 
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USA). LC-MS grade water, methanol, and acetonitrile were obtained from Carlo Erba (Milan, 

Italy). All reference standards of PhCs and related transformation products (TPs) were supplied 

by Sigma-Aldrich, with the only exception of venlafaxine-d6, which was purchased from Supelco 

(Bellefonte, PA, USA); the complete list of target analytes and their abbreviations is reported in 

Table IV-4 and Table SM5-1, Section 1 of the Supplementary material 5, the latter showing also 

selected physicochemical properties. 
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Table IV-4: List of pharmaceutical compounds and transformation products investigated in this 

study, their abbreviations, detection frequencies (D.F.), concentration ranges (ng/L) found in the 

VSSF inlet samples, and consumption in 2022 expressed as Defined Daily Doses per 1000 

inhabitants. 
Compound Abbreviation D.F. Range Consumption 

Atenolol ATE 14/14 <15b – 69 n.r. 

Bisoprolol BIS 14/14 19 – 44 12.8 

Carbamazepine CBZ 14/14 75 – 200 1.2 

Diclofenac DIC 14/14 113 – 984 4.4 

Fluconazole FLU 14/14 15 – 72 0.3 

Furosemide FUR 14/14 27 – 285 23.3 

Levofloxacin LVF 14/14 64 – 300 0.7 

Ramipril RMP 14/14 40 – 197 61.5 

Sulfamethoxazole SMX 14/14 45 – 162 n.r. 

Venlafaxine VEN 14/14 28 – 115 3.7 

O-Desmethylvenlafaxinec O-DVEN 14/14 71 – 278 n.a. 

Clarithromycin CLA 10/14 <13b – 49 1.8 

Atorvastatin ATO 6/14 <7b – 21 50.9 

Trimethoprim TMP 5/14 7 – 16 n.r. 

2-Hydroxyibuprofenc 2-HYIBU 4/14 709 – 1025 n.a. 

4’-Hydroxydiclofenacc 4’-HYDIC 2/14 21 – 62 n.a. 

Ketoprofen KET 1/14 <68b 9.9 

Erythromycin ERY 0/14 <47a n.r. 

Pantoprazole PAN 0/14 <252a 29.0 

Ciprofloxacin CIP 0/14 <100a 0.7 

Tamsulosin TAM 0/14 <1a 11.2 

Diazepam DZP 0/14 <10a n.r. 

Ranitidine RNT 0/14 <0.3a n.r. 

Azithromycin AZI 0/14 <6a 1.8 

Clotrimazole CLT 0/14 <10a n.r. 

Miconazole MCL 0/14 <10a n.r. 

Ibuprofen IBU 0/14 <90a 6.9 

1-Hydroxyibuprofenc 1-HYIBU 0/14 <20a n.a. 

3-Hydroxyibuprofenc 3-HYIBU 0/14 <20a n.a. 

Flurbiprofen FLU 0/14 <10a 0.6 

Fenbufen FEN 0/14 <80a n.r. 

Acetylsalicylic acid  ASA 0/14 <3a 67.2 

Naproxen NAP 0/14 <10a n.r. 

O-Desmethylnaproxen O-DMNAP 0/14 <10a n.a. 

Acetaminophen ACE 0/14 <10a 11.1 
a Method detection limit; b Method quantification limit; c Transformation products; n.a.=not applicable; n.r.=not reported 

2.2. Wastewater origin 

The study utilized wastewater derived from the clariflocculation stage downstream of the 

activated sludge treatment of the Baciacavallo WWTP (GIDA S.p.A., Prato, Italy). This facility 

receives urban wastewater from the city of Prato and its textile industrial district (Section 2 of the 

Supplementary material). Notably, the wastewater treated in this study was collected prior to the 

final ozone-based advanced oxidation stage, which is pivotal in eliminating organic 

micropollutants, including those responsible for residual colour, before the treated effluent is 
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discharged into the receiving water body. In this regard, the VSSF-CWs acted as the final 

quaternary treatment stage. Approximately 1.5 m3 of wastewater was transferred on a weekly 

basis from the Baciacavallo WWTP to the outdoor laboratory of the Department of Chemistry at 

the University of Florence (Natural Wastewater Treatment Laboratory, NatLab), where the 

experimental setup for this study is located (Figure SM5-1 in Section 3 of the Supplementary 

material 5). Since the wastewater supplied by GIDA contained a very low concentration of 

ammonia, it was enriched with reagent-grade ammonium chloride (Sigma-Aldrich, St. Louis, MO, 

USA), to study the nitrification and denitrification processes, as described elsewhere (Ayadi et 

al., 2024). 

2.3. Design and operation of VSSF-CW systems 

The experimental setup at the NatLab comprised twelve laboratory-scale systems, each consisting 

of high-density polyethylene tanks with a height of 25 cm and a surface area of 0.04 m2. To 

prevent light from reaching the inside of CWs, the outer walls of the tanks were painted, except 

for a water level control band inside the tank equipped with a removable lid. Six out of the twelve 

tanks were filled from the top to the bottom with coarse sand (3 cm, Ø=1-2 mm), fine gravel (12 

cm, Ø=7-10 mm), medium gravel (5 cm, Ø=10-14 mm), and cobblestone (5 cm, Ø=30-50 mm), 

following the European VF-CWs design (Tsihrintzis, 2017). The vertical profile of the filling 

media used in CWs is also schematically illustrated in Figure IV-3 (A and B) for conventional 

and biochar-based systems, respectively. Among these systems, three were planted with P. 

australis (G-P), while the remaining three were left unplanted (G-U). The remaining six tanks – 

three planted with P. australis (SSBC-P) and three left unplanted (SSBC-U) – were filled with 

SSBC (range 1.808-1.921 kg, corresponding to about 3 L), medium gravel, and cobblestone, 

adopting the following grain size profile: 3 cm of SSBC, Ø=1-2 mm; 6 cm of SSBC, Ø=2-4 mm; 

6 cm of SSBC, Ø=4-10 mm; 5 cm of medium gravel, and 5 cm of cobblestones. Plantation was 

carried out using young plantlets and their rhizomes, with two individuals per tank, collected from 

a real natural wetland in the "Parco di Travalle" area (Calenzano, 43°52'38.5"N 11°09'21.0"E).  

A peristaltic pump with fifteen channels (Watson-Marlow model 313, Marlow, UK) was 

employed to feed CWs at a flow rate of 21 mL/min through a 1.5 mm perforated distribution comb 

positioned at the top of each mesocosm. Twelve out of the fifteen distribution pipes of the multi-

channel pump were used to supply wastewater to the mesocosms, while a further pipe was 

employed to collect inlet wastewater. This approach ensured that all VSSF-CWs received an equal 
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amount of wastewater, and representative inlet samples of the treated wastewater could be 

collected. Each system was equipped with an outlet tap and a zero-pressure time-controlled 

solenoid valve, enabling the adjustment of the opening interval and duration, thus allowing for 

the automatic drainage of the CWs.  

The mesocosms were fed according to the tidal approach by a timer controlling the peristaltic 

pump, with a 6-h cycle, repeated four times a day. The cycle comprised the following steps: (i) 

loading at 21 mL/min for 145 minutes with the solenoid valve closed, (ii) maintaining hydraulic 

saturation for 60 minutes, (iii) opening the solenoid valve with the complete emptying of the 

systems, and (iv) empty phase for 145 minutes. This cycle allowed for the complete filling of 

gravel-based constructed wetlands (CWs) up to the substrate's upper limit, while for SSBC 

systems, the water level was maintained approximately 2 cm below the top of the substrate. Under 

these conditions, each mesocosm received approximately 12 L of wastewater per day. 

Considering a hydraulic loading of 200 L per population equivalent (p.e.), the design size was 

around 0.7 m2/p.e. 

 

Figure IV-4: Schematic representation of the pilot-scale microcosms filled (A) with sand and 

gravel (VSSF-G) and (B) with biochar (VSSF-SSBC). 

2.4. Biochar production and characterization 
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The SSBC used in this study was produced from a mixture of sawdust (derived from the cutting 

of forests, mainly consisting of oak and poplar) and biological sludge (70:30 w/w), supplied by 

Romana Maceri Centro Italia S.r.l. (Civitella in Val di Chiana, Italy) and Gestione Impianti di 

Depurazione Acque S.p.A. (GIDA, Prato, Italy), respectively. The feedstock underwent co-

pyrolysis at 850 °C for 60 minutes under N₂-saturated conditions in a muffle furnace (Bioclass, 

Pistoia, Italy). The resulting BC was chemically activated by washing with BioDea® acid solution 

(Bio-Esperia S.r.l., Umbertide, Italy), a by-product of wood waste gasification (see Table SM5-

2, section 4 of the Supplementary material 5 for its characterization), at the 1/10 (w/w) 

biochar/BioDea® ratio for 30 minutes. Finally, the BC was rinsed with deionized water until a 

stable pH was reached and sieved using ASTM sieves with mesh sizes of 10, 4, 2, and 1 mm 

(ENCO S.r.l., Venezia, Italy). The physicochemical properties of the obtained material were 

determined, including specific surface area (SSA), pH at the point of zero charge (pHPZC). 

Moreover, environmental compatibility was assessed (i.e., ash content, leachable polycyclic 

aromatic hydrocarbons (PAHs), and selected trace elements) in accordance with the EN 12915-1 

European Standard for materials intended for drinking water production (European Committee 

for Standardization, 2009). Full information on methodologies for BC production and 

characterisation has been detailed elsewhere (Bakari et al., 2024), while the results are shown in 

Table SM5-3, Section 3 of the Supplementary material 5. 

2.5. Sample collection and analysis 

The study spanned approximately 8 months, from July 2022 to February 2023, and included 

weekly and biweekly samplings for the analysis of conventional water quality parameters and 

PhCs, respectively. In more detail, the sampling chrono program for the analysis of PhCs is shown 

in Table SM5-4, Section 5 of the Supplementary material 5. 

During the first three samplings, for each CW configuration (GP, GU, SSBC-P, and SSBC-U), 

the concentrations of water quality parameters and PhCs exiting each of the three mesocosms 

were analysed individually, verifying that the results were affected by a variability less than or 

equal to 16% (data not shown). Accordingly, for each CW configuration, equal aliquots of the 

effluents from the individual mesocosms were mixed to obtain pooled samples, which were then 

subjected to analysis. 

An entire and homogeneous sample series, which includes one inlet sample and twelve outlet 

samples (one from each mesocosm), was collected for the determination of water quality 
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parameters (see Section 2.5.2) and PhCs (see Section 2.5.3).  

For each sample collected, the following conventional water quality parameters were determined 

immediately after sampling or in any case within 24 hours from the collection: pH, dissolved 

oxygen (DO), electrical conductivity (EC), total suspended solids (TSS), chemical oxygen 

demand (COD), total nitrogen (TN), ammonium nitrogen (NH4+-N), nitrite nitrogen (NO2--N), 

nitrate nitrogen (NO3--N), total phosphorus (TP), orthophosphate (PO43-), and absorbance at 254 

and 420 nm. During this period, the samples were stored in the fridge at +4°C. 

For PhCs, an aliquot of 10 mL was taken from each sample immediately after collection and 

stored as five sub-aliquots in 2 mL-Eppendorf tubes at a temperature of -18 °C. The analysis of 

PhCs was carried out approximately at the end of each month of the study. 

2.5.1. Analysis of conventional water quality parameters 

Temperature (T), pH, EC, and DO were measured on unfiltered samples in the VSSF-CWs inlet 

and outlets using the following portable meters: (i) model 3310 (WTW, Weilheim, Germany) 

equipped with a temperature sensor and coupled with a SenTix® 61 pH-electrode (WTW), (ii) 

model HQ40D (HACH Instruments, Loveland, CO, USA) equipped with an LDO10110 sensor 

coupled with an integrated temperature sensor, and (iii) model COND340i conductivity meter 

(WTW). The values of temperature measured in the inlet and outlet were averaged in order to 

highlight possible correlations with removal efficiency.  

TSS were evaluated according to the method 2540 D of the Standard Methods for the Examination 

of Water and Wastewater (American Public Health Association & American Water Works 

Association, 1995). 

COD, TN, NH4+-N, NO2--N, NO3--N, TP, and PO43- were colorimetrically determined on 

wastewater samples after filtration at 0.7 µm, using a DR/4000U UV-Vis spectrophotometer 

(HACH Instruments) and USEPA-approved methods based on HACH reagent kits (for full details 

see Section 2 of the Supplementary material).  

The results of the analysis of the water quality parameters are reported in Table SM5-5, Section 

5 of the Supplementary material 5, and were previously discussed with full details elsewhere 

(Ayadi et al., 2024). 

2.5.2. Analysis of pharmaceutical compounds 
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Liquid chromatographic (LC) analysis of PhCs was performed on a Shimadzu (Kyoto, Japan) 

chromatographic system Nexera X2 consisting of a low-pressure gradient quaternary pump LC-

30AD, a DGU-20A 5R degassing unit, a SIL-30AC autosampler equipped with a 100 µL loop, a 

CTO/20AC thermostatted column compartment, and a CBM-20A module controller. The LC 

system was coupled with a 5500 QTrap mass spectrometer (Sciex, Framingham, MA, USA), 

equipped with a Turbo V® interface by an ESI probe. The MS/MS analysis was carried out in 

Multiple Reaction Monitoring (MRM) mode, performing two different chromatographic runs for 

the acquisition in negative and positive ionization, under the same chromatographic conditions. 

The chromatographic conditions, optimized in a previous study (Renai et al., 2021), are 

summarized below. Chromatographic column: Kinetex® PFP; eluent “A”: acidic water (0.011% 

HCOOH); eluent “B”: ACN/MeOH ratio 1.75 (v/v); flow rate: 0.50 ml/min; temperature: 32°C; 

elution gradient: initial isocratic at percent “B” 11.0% for 1 min and increasing eluent “B” to 

11.5% per minute for 8.7 min. The injection volume was 100 μL. In order to minimize 

contamination of the MS source, from 0 min to 1 min and from 10 min to the end of the 

chromatographic run, the LC eluate was diverted to waste via a two-position six-port valve (model 

HT, Vici, Schenkon, Switzerland) installed upstream of the mass spectrometer. 

2.6. Mass of pharmaceuticals in the inlet and outlets of mesocosm 

The cumulative mass of pharmaceutical compounds (M, µmol) in the inlet and outlet samples 

collected in the mesocosms was calculated according to two different approaches. 

The first one (following identified as “mean” approach) used equation 1, 

M=

∑ (
Ci,j×V

MWi
)i,j

14
×227   (Equation 1) 

where V is the volume entering or leaving the plant (here approximated at 12 L in both cases), Ci,j 

is the concentration expressed in µg/L of the i-th PhC in the j-th sample of influent or effluent 

wastewater, MWi is the molecular weight of the i-th PhC, 14 is the number of inlet and outlet 

sampling days and 227 are the total number of days of the study. Note that with the “mean” 

approach it is possible to calculate the standard deviation (S.D.) according to the equation 2, 

S. D. = √∑ (Mj−M)
2

j

13
   (Equation 2) 
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where Mj and M are the total mass of PhCs in the j-th sample of the influent and effluent 

wastewaters and the corresponding mean value referred to the 14 samples analysed, respectively. 

Mj and M are calculated by the following equations: 

   Mj=∑ (
Ci,j×V

MWi
)i     (Equation 3) 

         M̅=
∑ Mjj

14
    (Equation 4) 

The second approach (following identified as “integral” approach) consisted in the integration of 

sixth degree polynomial equations that approximated the trends observed in the masses entering 

and leaving the mesocosms between t=0 and t=227 days.  

The mass of each individual PhC entering in the inlet and outlet of the mesocosms was also 

calculated for each sampling date, in order to evaluate any differences in the behaviour of each 

target analyte during treatment. 

2.7. Statistical analysis 

Statistical analysis used for the comparison of mean values of the data obtained was performed 

by means of ANOVA followed by the Games-Howell test, using the Minitab® software package 

version 17.1.0 (Minitab Inc., State College, PA, USA). Games-Howell post-hoc test was used to 

determine which specific groups have significantly different means since it does not assume equal 

variances for the different groups of data. Regression analyses aimed at identifying the equation 

that best fits the masses of PhCs in the inlet and outlet of the various mesocosms as a function of 

days after VSSF-CW start-up were carried out with Microsoft® Excel® for Microsoft 365 MSO 

(Version 2510 Build 16.0.19328.20178), using sixth-degree polynomial approximations. 

3. Results and discussion 

3.1. Environmental assessment of SSBC for wastewater treatment 

During the thermal conversion process for biochar production, toxic compounds such as benzene 

derivatives and PAHs can be generated (Krzyszczak et al., 2021), thus involving potential hazards 

when biochar is used as a sorbent material in wastewater treatment (Del Bubba et al., 2020). 
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Previous studies reported PAH concentrations in SSBC up to 800 µg kg⁻¹ (Feng et al., 2023), thus 

suggesting that the material itself could become a potential pollution source when used as a 

sorbent for wastewater treatment. Moreover, SS may contain significant amounts of toxic metals, 

which are retained in the resulting biochar and then potentially released during wastewater 

treatment (Vause et al., 2018). It is therefore of fundamental importance to thoroughly 

characterize biochar before its use as an adsorbent material for wastewater treatment, in order to 

assess the environmental risks associated with this application (Castiglioni et al., 2021). To this 

purpose, the EN 12915-1 standard was adopted as a reference, by evaluating leachable PAHs and 

selected trace elements, and the results obtained are illustrated in Table SM5-3. The results of the 

leaching tests demonstrated the environmental compatibility of SSBC in terms of the release of 

PAHs and inorganic elements into the treated effluent. The biochar also complied with the limits 

specified by the aforementioned standard regarding ash content, a key parameter for evaluating 

the adsorption efficiency of carbonaceous materials. 

These results are strictly dependent on the production and activation conditions of the material. 

In particular, the high conversion temperature of the feedstock (i.e., 850°C) enables the 

degradation of PAHs that were already present in the sludge and/or formed during pyrolysis at 

temperatures up to about 500°C (Castiglioni et al., 2022). The presence of significant percentages 

of SS in the feedstock subjected to co-pyrolysis also contributes to the lower production of PAHs. 

In fact, the bacterial biomass, which is made mainly of lipids and peptidoglycans, is less subjected 

to PAH formation than woody biomass, the latter consisting of well-known precursors of the 

formation of PAHs during pyrolysis (i.e., cellulose, hemicellulose, and lignin) (Bakari et al., 

2024). The low release of ash and the elements monitored in accordance with EN 12915-1 is 

instead attributable to the treatment of the material with the BioDea® solution, whose high acidity 

(see Table SM5-2) contributes to the solubilisation of inorganic elements into the washing 

solution. It should also be noted that the mobility of the elements present in the material is 
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undoubtedly influenced by the high pyrolysis temperature used, which causes the decomposition 

of organic functional groups, partial pore collapse, and irreversible incorporation of inorganic 

species into the newly formed structure (Zhang et al., 2022). Table SM5-3 also showed that the 

material has a high surface area (389 m2/g), a pore size distribution predominantly oriented 

towards microporosity (341 m2/g), and a high carbon content (65% on a weight basis).  

Overall, these results support the potential implementation of this material in wastewater 

treatment and confirm that the applied technology is environmentally safe, despite SSBC derived 

from a hazardous waste. It is also noteworthy that the EN 12915-1 requirements, originally 

designed for materials used in drinking-water production, represent highly conservative 

thresholds compared to the objectives of the present study, which focuses on quaternary treatment 

of WWTP effluents rather than potable-water production. 

3.2. Occurrence of pharmaceutical compounds in the VSSF influent 

The full names of target analytes monitored in this study are listed in Table IV-4, where their 

abbreviations, detection frequency, and concentration ranges in the influent wastewater, and 

consumption in Italy are also reported. 

Among the 35 PhCs and TPs investigated, 17 analytes were detected at least once in the VSSF 

influent during the eight-month period of the study (Table IV-4). More in detail, 11 analytes 

showed a 100% detection frequency, i.e., all 14 analysed samples had concentrations above the 

method detection limits reported in Table SM5-6, Section 6.1 of the Supplementary material 5. 

These compounds belonged to the therapeutic categories of non-steroidal anti-inflammatory drugs 

(NSAIDs, DIC), loop diuretics (FUR), antidepressants (VEN) and its O-desmethylated derivative 

O-DVEN), anticonvulsants (CBZ), angiotensin-converting-enzyme (ACE) inhibitors (RMP), 

antibiotics (SMX and LVF), antifungals (FLU), and β-blockers (ATE and BIS). Most of them 

were quantified in all inlet samples, showing concentrations ranging from tens to hundreds of 

ng/L. The only exception was ATE, which was detected in one of the 14 input samples analysed 

at concentrations below the MQL (approximately 7 ng/L versus 15 ng/L). A high detection rate 

was also observed for CLA, with 10 positive samples, five of which were above the MQL. Among 

antibiotics, TMP, which is commercially used in combination with SMX in a 1/5 ratio (w/w), was 
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present in about 35% of the investigated samples. ATO was also detected in six inlet samples, 

three of them showing concentrations higher than MQL. NSAIDs other than DIC and NSAID 

metabolites (i.e., KET, 2-HYIBU, and 4’-HYDIC) exhibited even lower detection frequencies.  

The concentrations of PhCs determined in the inlet samples were between a few ng/L and 

hundreds of ng/L, depending on the analyte and the sample considered. These values should not 

be considered negligible as they refer to a WWTP effluent discharging into a surface water body 

and highlight the recalcitrance of PhCs to the treatments carried out in conventional WWTPs. 

Among the compounds detected in the WWTP secondary effluent, it is interesting to highlight the 

presence of hydroxylated metabolites, which represent an aspect of considerable concern, given 

that existing literature suggests that they possess a greater toxicity than their parent compounds 

(Rastogi et al., 2021; Świacka et al., 2022) and that for 2-HYIBU concentrations as high as several 

hundreds of ng/L were quantified (Table IV-4). These findings are consistent with recent studies 

on the occurrence of PhCs in wastewater, which have reported similar concentration ranges 

(Nguyen et al., 2024).  

The occurrence of PhCs can be evaluated in the light of their use, as deduced by data contained 

in the report concerning the consumption of PhCs in Italy, published yearly by the Medicines 

Utilisation Monitoring Centre (OSMED) (The Medicines Utilisation Monitoring Centre, 2023). 

Interestingly, some drugs exhibiting among the highest detection frequencies were also the most 

consumed according to the OSMED report (e.g., RMP and FUR). However, some other drugs, 

which were characterized by lower levels of consumption, were equally ubiquitous, suggesting 

poor removal efficiency in WWTPs and indicating, therefore, a high persistence in the 

environment and a possible ecotoxicological risk disproportionate to human use patterns. This 

was, for example, the case of CBZ, VEN, and CLA, which are listed in the 2024/3019 European 

Directive on urban wastewater treatment as indicator micropollutants to be monitored in WWTP 

effluents (European Parliament and the Council, 2024). In contrast, other widely used drugs (e.g., 

TAM, ACE, and ASA) were not detected, likely due to their lower excretion rate as unchanged 

drug (Cham et al., 1982; Dunn et al., 2002; Forrest et al., 1982). 

3.3. Cumulative removal of pharmaceutical compounds 

Figure IV-4 shows the total mass of PhCs expressed as micromoles (µmol) determined in the 

inlet and outlet of the four different mesocosm configurations according to both the “mean” and 

the “integral” approaches (see Section 2.6). The polynomial regressions used for performing the 

integral calculations provided determination coefficients (R2) for the influent masses of 0.79, 
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while for the effluents, R2 was found in the range of 0.59-0.89 (Figure SM5-2 of the 

Supplementary material). The estimations of the mass of PhCs made by the “integral” approach 

for SSBC-U and SSBC-P effluents were slightly higher than those performed using the “mean”, 

being the difference equal to about 0.4 µmol, which corresponded to approximately 10%. In 

contrast, for the inlet and effluents from G-U and G-P, the integral approach led to lower 

estimates, with differences, however, contained in the range of 1.3-2.8 µmol, corresponding to 

13%-17%.  

Considering the “mean” approach, which allowed for evaluating the statistical significance of the 

variations observed between influent and effluent masses of PhCs, the effluents from all 

mesocosm configurations demonstrated a statistically significant reduction (P<0.05 and P<0.01 

for G and SSBC systems, respectively), compared to the influent. However, the extent of removal 

varied considerably depending on the substrate type. The SSBC systems showed by far the best 

overall performance, achieving a removal efficiency of 66%-75% (SSBC-U) and 62%-71% 

(SSBC-P), depending on the calculation approach considered. The higher performance can be 

mainly attributed to the intrinsic adsorptive capacity of biochar, which is characterized by an 

extensive SSA (i.e., 389 m2/g) and a porosity distribution (see Table SM5-3) compatible with the 

size of the target molecules, which is approximately in the range of 1-2 nm, as the maximum 

radius. As mentioned above, the planted systems (SSBC-P) behaved similarly to the unplanted 

one (SSBC-U), even though a slightly higher PhC emission was determined in the former. This 

was likely the consequence of two opposing phenomena, the latter being in this case more 

important: (i) on the one hand plants may positively contribute to the removal of PhCs through 

direct intake (Bianchi et al., 2020) and/or by acting as an adhesion support for the growth of 

bacteria potentially responsible for the degradation of organic compounds (Sacco et al., 2006); 

(ii) on the other hand, plants emit significant amounts of exudates (e.g., sugars, amino acids, and 

organic acids) from their roots (Koo et al., 2005) that can compete with PhCs for adsorption by 

biochar.  

Interestingly, in systems filled with sand and gravel, the presence of plants seems to provide a 

positive, although slight contribution to the removal of PhCs, which was 27%-28% and 33%-36% 

in G-U and G-P mesocosms, respectively. This result can probably be attributed to the (i) 

mechanisms mentioned above, in agreement with the almost null adsorption capacity of materials 

commonly used as filling media in CWs (Ayadi et al., 2024). 
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Figure IV-4: Total PhCs (μmol) in the inlet and outlet of mesocosms filled with biochar (SSBC) 

or gravel (G), planted (P) or unplanted (U), determined according to the “mean” (light grey) and 

“integral” (dark grey) approaches. Asterisks indicate statistically significant differences (* 

P<0.05; ** P<0.01) of the outlets compared to the inlet, according to the “mean approach”, using 

the Games-Howell Test. 

3.4. Behaviour of individual PhCs 

3.4.1. Individual removals and temporal trends 

It is interesting to evaluate the removal of individual pharmaceutical compounds in each 

mesocosm, in addition to the cumulative one, in order to discover any differences in their 

behaviour. Figure IV-5 shows the distribution of mean removal percentages over the whole study 

period for the individual target analytes that were quantified in at least 25% of the analysed 

samples. SSBC-U mesocosms showed the most homogeneous behaviour, with mean removals 

ranging from 43% (RMP) to 95% (DIC), and 50% of the data included in the range 52%-70%. 

SSBC-P CWs provided removals similar, although slightly lower, than those observed in SSBC-

U, with the only notable exception of CLA, which even showed negative removal, thus 

representing an outlier of the removal distribution. Mesocosms filled with gravel performed worse 

than those filled with biochar for all analytes investigated, confirming the data on cumulative 

removal. For mesocosms filled with gravel, the data obtained for individual analytes also confirm 

the higher removal of planted systems compared to those without plants, the latter exhibiting in 

four cases (i.e., FUR, FLU, RMP, and CLA) a negative mean removal. 
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Figure IV-5: Boxplots of removal percentages determined in the four CW configurations for 

target analytes that were quantified in at least 25% of the analysed samples (i.e., ATE, ATO, BIS, 

CBZ, CLA, DIC, FLU, FUR, 2-HYIBU, LVF, O-DES, RMP, SMX, TMP, and VEN). Each box 

contains the values of the entire data series between the first and third quartiles. Line and cross 

inside the boxes indicate the median and mean of the entire data series, respectively. Upper and 

lower “whiskers” represent the values, respectively, obtained by increasing or decreasing the third 

and first quartile limits by 50%. Symbols outside the whiskers are the outliers. 

 

Conclusions 

This study describes for the first time the behaviour of a large panel of PhCs in CWs, both planted 

and unplanted, integrated with SSBC as a filling medium, comparing their removal performance 

with that achieved in conventional systems. Integration with biochar proved to be suitable for 

maintaining good removal rates of the target analytes (around 70% on average) immediately after 

the start-up of the CW and for a long period of time (around eight months). It should be underlined 

that the PhCs monitored in this study include many of those present in the various European 

Monitoring Watch Lists issued in the last ten years and in the recently promulgated European 

Directive on Urban Wastewater Treatment (European Parliament and the Council, 2024) for the 

evaluation of the efficiency of quaternary treatments. Specifically, substances such as CBZ, DIC, 

CLA, and VEN are explicitly listed as indicator micropollutants. Therefore, this study not only 

addresses current environmental concerns but also anticipates future regulatory requirements that 

will materialize with the transposition of the aforementioned directive for the advanced removal 

of organic micropollutants. 
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1. General Conclusion 

In the context of increasing environmental concerns and the urgent need for sustainable water 

management solutions, biochar (BC) has emerged as a promising material for wastewater 

treatment. Produced from agricultural residues through pyrolysis, BC offers a low-cost, eco-

friendly approach to pollutant removal while contributing to waste valorisation and circular 

economy strategies.  

This thesis investigated the preparation, characterisation, and application of BC for treating 

domestic wastewater, including both conventional and emerging pollutants. The entire biochar 

value chain was covered, from optimising preparation conditions to integrating it into filtration 

systems and constructed wetlands, revealing its versatility and limitations. The findings showed 

that the physicochemical properties and adsorption capacity of BC are strongly affected by the 

type of biomass and the temperature of the pyrolysis process. High-temperature biochars exhibited 

enhanced carbon content, thermal stability, surface area, and adsorption capacities, particularly 

for organic pollutants like methylene blue. Among the tested biochars, those derived from olive 

waste (DOW) at 800°C exhibited the most promising performance for methylene blue removal, 

affirming the potential of optimized pyrolysis conditions in tailoring BC properties for specific 

environmental applications. 

Beyond adsorption studies, the research extended to the integration of BC into various 

biofiltration systems, including constructed wetlands (CWs) and column filtration systems (CFS). 

In these contexts, BC amendments improved the removal of a broad spectrum of conventional 

pollutants such as nitrogen species (e.g., NH₄⁺-N, TN: total nitrogen, TKN: total kjeldahl 

nitrogen), organic matter (e.g., COD), solids (e.g., TSS), and faecal indicators, particularly under 

low to moderate organic loading rates. The BC-enhanced systems supported microbial activity, 

notably nitrification, although challenges remained in removing phosphorus, sulphates, and 

hardness due to material and system limitations, suggesting the need for complementary materials 

or system adaptations. Furthermore, increasing the concentration of BC in the biofilter substrate 

did not significantly improve treatment performance. Additionally, the efficiency of the biofilters' 

treatment declined under higher organic loads, underlining the importance of optimised dosing 

and system configuration. 

In the context of emerging contaminants, such as pharmaceutical compounds (PhCs), the VF-
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CWs showed high removal efficiencies for several compounds. Yet, the integration of BC did not 

universally enhance PhCs removal, largely due to compound-specific behaviours and variability 

in BC properties. Persistent compounds like carbamazepine and fluoxetine were only marginally 

removed using biochar with relatively low specific surface area, underscoring the need for further 

system refinement. Actually, biochar from co-pyrolysis of sewage sludge and sawdust showed 

much better performances and proved to be effective in ensuring a higher and durable removal of 

PhCs compared to conventional CW substrates. 

Overall, this work confirms the viability of BC as a low-cost, locally available, and 

environmentally friendly material for enhancing nature-based wastewater treatment systems. It 

contributes valuable insights into the optimization of BC production and application, while also 

highlighting the necessity for continued research into long-term system performance, microbial 

interactions, and the treatment of complex and emerging pollutants. The outcomes support the 

advancement of circular economy approaches through the valorisation of agricultural waste in 

sustainable environmental technologies. 
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2. Future Research Directions 

Building on the outcomes of this work, future research should focus on the following areas: 

a) Develop standardized production protocols and explore physical/chemical activation 

to enhance the adsorption of persistent contaminants. 

b) Evaluate hydraulic stability, pollutant removal, and biochar aging under real 

operational conditions. 

c) Test regeneration methods (thermal, chemical, biological) to extend biochar lifespan 

and reduce costs. 

d) Study biochar effects on microbial communities, plant growth, and pollutant 

transformation in constructed wetlands. 

e) Develop integrated models (hydrodynamics–sorption–biodegradation) to optimize 

system configuration and scale-up. 

f) Monitor pharmaceutical degradation pathways and assess environmental risks of 

transformation products. 

g) Conduct LCA and cost–benefit studies to evaluate economic and environmental 

viability. 

h) Combine biochar-based treatment with advanced processes (e.g., disinfection, 

polishing steps) for persistent pollutants. 

i) Quantify carbon sequestration, climate mitigation potential, and synergies with 

nutrient recovery. 
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Supplementary Materials 1 – Chapter II 

1. Biochar characterization 

1.1. TG-DTG analysis  

The TG-DTG analysis was performed by using a Perkin Elmer (Waltham, MA, USA) TGA 

thermogravimetric analyzer under a nitrogen atmosphere in a temperature range from 50 °C to 

950 °C and with a heating rate of 10 °C‧min-1.  

1.2. Elemental analysis 

C, H, N, and S contents were determined using a Euro EA-CHNSO Elemental Analyzer. The 

percentage oxygen content was estimated to be the difference between the other elements:  

O (%) = 100 – (C% + H% + N% + S% + AC). 

1.3. Proximate analysis 

The volatile matter (VM) was determined by the closed furnace vent port, preheated to 950 °C, 

and placed in covered crucibles with preheated biochar at 105 °C (ASTM Standard D1762-84). 

The ash content (AC) was determined following the official method (ASTM Standard D1762-

84) by heating the biochar from ambient to 750 °C at a rate of 5 °C min−1, holding 750 °C for 

6 h, and then cooling to 105 °C. The material was weighed to a constant weight. 

The fixed carbon (FC) is the carbon remaining after the removal of volatile matter, moisture, 

and ash content from the biofuel. 

The biochar thermal stability (TS) was calculated as the ratio between FC and the sum of FC 

and VM. Values closer to one indicate a more stable biochar. 

1.4. Physisorption analysis 

The biochar sample was preliminarily degassed under nitrogen flow at 200 °C for 1 h, then 

evacuated under high vacuum (< 10–2 mbar), supplied by an oil-based vacuum pump coupled 

to a high vacuum system, for 0.50 h and finally activated in situ, by heating at 200 °C, at a rate 

of 5 °C min-1, for 180 min. After treatment, the textural properties of the material were 
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determined by nitrogen adsorption and desorption experiments at -196 °C using a Micromeritics 

(Norcross, GA, USA) adsorption analyzer model 3Flex. The specific surface area (SSA) was 

calculated with the Brunauer-Emmet-Teller method (BET) in the relative pressure range (P/P°) 

0.01–1.0, selecting a linear portion of the BET graph in compliance with the Rouquerol criteria. 

The mesopore size distribution was determined by the Barret-Joyner-Halenda (BJH) model 

applied to desorption data, while the assessment of microporosity was carried out by the t-plot 

model, using the Harkins-Jura model as a thickness curve equation. For the porosimetry of 

chars, a minimum equilibrium interval of 10 s and 20 s was used, respectively, in the relative 

pressure (P/P°) ranges of 0.01–0.1 and 0.1–1.0, with a maximum relative tolerance of 5% of 

the targeted pressure and an absolute tolerance of 5 mmHg. 

1.5. Morphological and structural analysis 

SEM-EDX is a method capable of generating high-resolution images of the sample surface and 

collecting element spectra in selected points of the material. In this study, the images and the 

spectra were carried out using a TESCAN (Brno, Czech Republic) SEM, model VEGA3. 

FT-IR analysis was performed using a Perkin Elmer (FTIR spectrometer, model FT-IR 100); 

thus, the spectra were recorded on KBr pellets in the range of 400 - 4000 cm-1, with a resolution 

of 4 cm-1 for each determination.  

The crystal phases of the biomass samples were analyzed by XRD. The patterns were registered 

in the 2Ɵ range from 5 to 80 using a Bruker D8 Advance diffractometer, equipped with a Ni-

filtered CuKa (1.5418 Å) radiation source (0.1 ° step, 1.00 s step time). 

The composition of the inorganic elements was identified using the Bruker S2 PUMA X-ray 

fluorescence spectrometer (Bruker XRF instruments, Germany). About 1.0 g of the sample was 

mounted in a Spectra Membrane Ultra-Polyester Thin-Film with a diameter of 4 cm and a 

thickness of 1.5 µm. The XRF analysis was performed under an air atmosphere, and the data 

were analyzed by Spectra Elements software (AXS-34). 
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Table SM1-1: Experimental design and conditions and responses, and responses (Y1: Yield, 

Y2: SAA, and Y3: methylene blue adsorption capacity) 

Run Factors Responses 

Yield (%) SAA (m2/g) MB adsorption (mg/g)  

1 700 PAC 22.35 6.67 155.49 

2 800 WAC 8.27 18.25 232.89 

3 700 BAC 17.51 11.46 197.77 

4 800 PAC 22.28 11.57 268.09 

5 800 BAC 15.7 19.15 358.37 

6 600 WAC 12.68 9.85 40.94 

7 800 DOW 31.1 21.66 432.01 

8 600 BAC 19.93 10.54 117.72 

9 600 PAC 22.42 9.98 40.94 

10 700 WAC 10.11 12.5 98.6 

11 700 DOW 32.75 15.65 183.73 

12 600 DOW 33.52 6.88 42.66 

 

 

Figure SM1-1: Effect of pyrolysis temperature on the yield of biochars derived from DOW: de-

oiled olive mill waste, BAC: black argan press cake, PAC: pellet argan cake, and WAC: white 

argan press cake. 
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Figure SM1-2: EDX spectra quantification of the produced biochars derived from DOW: de-oiled olive mill waste, BAC: black argan press cake, 

PAC: pellet argan cake, and WAC: white argan press cake. 
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Table SM1-2: FT-IR Spectra band assignment of the samples 

Wavelength (cm−1) Mode Correspondence 

3000–3700 H–OH Stretching  Phenols, carboxylic groups 

2856–2923 C–H Stretching Aliphatic compounds 

1745 C=O Stretching Aldehyde 

1650 C=C Stretching Aromatic ring 

1547 C=C Stretching Aliphatic structures 

1460 C–H Bending Alkane 

1384 C–O Vibrations Carboxylate groups  

1000–1250 C–O Stretching Lignin and polysaccharides 
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Supplementary Materials 2 – Chapter III 

1. Biochar characterization 

1.1. Structural and morphological analysis 

The morphology of the biochar was carefully examined using a field emission scanning electron 

microscope, in particular, the VEGA3 LMU model. FTIR spectra of the biochar were recorded in 

the 400-4000 cm-¹ range using a Bruker VERTEX 70 FTIR spectrophotometer. 

1.2. Elemental analysis 

The determination of C, H, N, and S contents was performed using a Euro EA-CHNSO Elemental 

Analyzer. The percentage oxygen content was estimated as the difference with those of the other 

elements: O (%) = 100 – (C% + H% + N% + S%). 

1.3. Proximate analysis 

The volatile matter (VM) was determined by the closed furnace vent port and preheated to 950 

°C, placed in covered crucibles with preheated biochar at 105 °C (ASTM Standard D1762-84). 

The ash content (AC), determined in accordance with the official method (ASTM Standard 

D1762-84), by heating the biochar from ambient to 750 °C at a rate of 5 °C min−1, holding 750 °C 

for 6 h, then cooling to 105 °C, was obtained by weighing the material to a constant weight. 

While the fixed carbon (FC) is the carbon remaining after removing volatile matter, moisture, and 

ash content from the biofuel. 

1.4. pH of the point of zero charge  

The biochar sample, air-dried and crushed to a particle size < 3 mm, divided into 0.1 g aliquots, 

is placed in contact with 50 mL of 0.1 M NaCl solution previously adjusted to pH values of 2, 3, 

4, 5, 6, 7, 8, 9, 10, and 11 by addition of HCl and NaOH (pHi). The sealed flasks were shaken at 

150 rpm for 32 h before recording the final pH value (pHf) of the supernatant. 

The difference between pHi and pHf (ΔpH=pHi-pHf) must be plotted as a function of pHi, and the 

point of intersection of the resulting curve with the pHi axis is the pH of the point of zero charge 

(pHPZC). 
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1.5. Physisorption analysis 

The biochar sample was preliminarily degassed under nitrogen flow at 200 °C for 1 h, then 

evacuated under high vacuum (< 10–2 mbar), supplied by an oil-based vacuum pump coupled to 

a high vacuum system, for 0.50 h and finally activated in situ, by heating at 200 °C, at a rate of 5 

°C min-1, for 180 min. After treatment, the textural properties of the material were determined by 

nitrogen adsorption and desorption experiments at -196 °C using a Micromeritics (Norcross, GA, 

USA) adsorption analyser model 3Flex. The specific surface area (SSA) was calculated with the 

Brunauer-Emmet-Teller method (BET) in the relative pressure range (P/P°) 0.01–1.0, selecting a 

linear portion of the BET graph in compliance with the Rouquerol criteria. The mesopore size 

distribution was determined by the Barret-Joyner-Halenda (BJH) model applied to desorption 

data, while the assessment of microporosity was carried out by the t-plot model, using the Harkins-

Jura model as the thickness curve equation. For the porosimetry of chars, a minimum equilibrium 

interval of 10 s and 20 s was used, respectively, in the relative pressure (P/P°) ranges of 0.01–0.1 

and 0.1–1.0, with a maximum relative tolerance of 5% of the targeted pressure and an absolute 

tolerance of 5 mmHg. 

Table SM2-1: Physicochemical characteristics of biochar from olive pomace 

Parameters Biochar produced 

Ash contents (%) 4.92 

VM (%) 12.93 

Fixed carbona (%) 82.15 

COrg (%) 90.11 

CIc (%) 0.002 

CTc (%) 90.12 

N (%) 1.31 

H (%) 2.0 

S (%) 0 

Oa (%) 6.57 

Atomic ratio O/C 0.054 

Atomic ratio H/C 0.26 

Atomic ratio (O + N)/C 0.067 

BET surface area (m2 g-1) 106 

Micropore surface area (m2 g1) n.d. 

Mesopore surface area (m2 g1) 113 

a calculated by difference. 



 

238 

 

 

Figure SM2-1: SEM surface scan of biochar (A) and sand (B) used in CFS 

Figure SM2-2: EDX pics of biochar (A) and sand (B) used in CFS 



 

239 

 

 

Figure SM2-3: FT-IR analysis of biochar produced 

 

Figure SM2-4: Point of zero charge of biochar produced 
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Table SM2-2: Inorganic composition of biochar and sand realized by EDX 

Element Inorganic composition of biochar Inorganic composition of sand 

Weight % Atomic % Weight % Atomic % 

C 83.43 91.49 3.69 6.38 

O 6.02 4.95 42.81 55.60 

Fe - - 0.99 0.37 

Na - - 2.25 2.03 

Mg - - 1.21 1.03 

Al - - 11.85 9.13 

Si - - 27.63 20.45 

S - - 0.06 0.04 

K 10.55 3.56 2.84 1.51 

Ca - - 6.68 3.46 

 

 

Figure SM2-5: Picture of the sand and the biochar produced from olive pomace used in this study. 
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2. Treatment performance in different CFSs 

 

Figure SM2-6: Evolution of the total chemical oxygen demand concentration in the influent and 

effluent of column filtration systems filled with sand (CFS0), and sand-biochar mixtures with 

10% (CFS10), 25% (CFS25), and 50% (CFS50) of biochar. 

 

Figure SM2-7: Evolution of the ammonia concentration in the influent and effluent of column 

filtration systems filled with sand (CFS0), and sand-biochar mixtures with 10% (CFS10), 25% 

(CFS25), and 50% (CFS50) of biochar. 
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Supplementary Materials 3 – Chapter III 

1. Biochar characterisation 

1.1. Structural and morphological analysis 

The morphology of the biochar, particularly the VEGA3 LMU model, was carefully examined 

using a field emission scanning electron microscope. 

1.2. Elemental analysis 

C, H, N, and S contents were determined using a Euro EA-CHNSO Elemental Analyser. The 

percentage oxygen content was estimated as the difference with those of the other elements: O 

(%) = 100 – (C% + H% + N% + S% + AC). 

1.3. Proximate analysis 

The volatile matter (VM) was determined by the closed furnace vent port and preheated to 950 

°C, placed in covered crucibles with preheated biochar at 105 °C (ASTM Standard D1762-84). 

The ash content (AC) was determined in accordance with the official method (ASTM Standard 

D1762-84) by heating the biochar from ambient to 750 °C at a rate of 5 °C min−1, holding 750 

°C for 6 h, and then cooling to 105 °C. The material was weighed to a constant weight. 

The fixed carbon (FC) is the carbon remaining after the removal of volatile matter, moisture, and 

ash content from the biofuel. 

1.4. pH of the point of zero charge  

The biochar sample, air-dried and crushed to a particle size < 3 mm, divided into 0.1 g aliquots, 

is placed in contact with 50 mL of 0.1 M NaCl solution previously adjusted to pH values of 2, 3, 

4, 5, 6, 7, 8, 9, 10, and 11 by addition of HCl and NaOH (pHi). The sealed flasks were shaken at 

150 rpm for 32 h before recording the final pH value (pHf) of the supernatant. 

The difference between pHi and pHf (ΔpH=pHi-pHf) must be plotted as a function of pHi, and 

the point of intersection of the resulting curve with the pHi axis is the pH of the pHPZC. 

1.5. Physisorption analysis 

The biochar sample was preliminarily degassed under nitrogen flow at 200 °C for 1 h, then 
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evacuated under high vacuum (< 10–2 mbar), supplied by an oil-based vacuum pump coupled to 

a high vacuum system, for 0.50 h and finally activated in situ, by heating at 200 °C, at a rate of 5 

°C min-1, for 180 min. After treatment, the textural properties of the material were determined by 

nitrogen adsorption and desorption experiments at -196 °C using a Micromeritics (Norcross, GA, 

USA) adsorption analyser model 3Flex. The specific surface area (SSA) was calculated with the 

Brunauer-Emmet-Teller method (BET) in the relative pressure range (P/P°) 0.01–1.0, selecting a 

linear portion of the BET graph in compliance with the Rouquerol criteria. The mesopore size 

distribution was determined by the Barret-Joyner-Halenda (BJH) model applied to desorption 

data, while the assessment of microporosity was carried out by the t-plot model, using the Harkins-

Jura model as the thickness curve equation. For the porosimetry of chars, a minimum equilibrium 

interval of 10 s and 20 s were used, respectively, in the relative pressure (P/P°) ranges of 0.01–

0.1 and 0.1–1.0, with a maximum relative tolerance of 5% of the targeted pressure and an absolute 

tolerance of 5 mmHg. 
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Supplementary Materials 4 – Chapter IV 

1. Biochar characterization 

1.1. Structural and morphological analysis 

The morphology of the biochar was carefully examined using a field emission scanning electron 

microscope, in particular, the VEGA3 LMU model. FTIR spectra of the biochar were recorded in 

the 400-4000 cm-¹ range using a Bruker VERTEX 70 FTIR spectrophotometer. 

1.2. Elemental analysis 

The determination of C, H, N, and S contents was performed using a Euro EA-CHNSO Elemental 

Analyser. The percentage oxygen content was estimated as the difference with those of the other 

elements: O (%) = 100 – (C% + H% + N% + S% + Ash content). 

1.3. Proximate analysis 

The volatile matter (VM) was determined by the closed furnace vent port and preheated to 950 

°C, placed in covered crucibles with preheated biochar at 105 °C (ASTM Standard D1762-84). 

The ash content (AC), determined in accordance with the official method (ASTM Standard 

D1762-84), by heating the biochar from ambient to 750 °C at a rate of 5 °C min−1, holding 750 °C 

for 6 h, then cooling to 105 °C, was obtained by weighing the material to a constant weight. While 

the fixed carbon (FC) is the carbon remaining after removal of volatile matter, moisture, and ash 

content from the biofuel. 

1.4. pH of the point of zero charge  

The biochar sample, air-dried and crushed to a particle size < 3 mm, divided into 0.1 g aliquots, 

is placed in contact with 50 mL of 0.1 M NaCl solution previously adjusted to pH values of 2, 3, 

4, 5, 6, 7, 8, 9, 10, and 11 by addition of HCl and NaOH (pHi). The sealed flasks were shaken at 

150 rpm for 32 h before recording the final pH value (pHf) of the supernatant. 

The difference between pHi and pHf (ΔpH=pHi-pHf) must be plotted as a function of pHi, and the 

point of intersection of the resulting curve with the pHi axis is the pH of the point of zero charge 

(pHPZC). 
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1.5. Physisorption analysis 

The biochar sample was preliminarily degassed under nitrogen flow at 200 °C for 1 h, then 

evacuated under high vacuum (< 10–2 mbar), supplied by an oil-based vacuum pump coupled to 

a high vacuum system, for 0.50 h and finally activated in situ, by heating at 200 °C, at a rate of 5 

°C min-1, for 180 min. After treatment, the textural properties of the material were determined by 

nitrogen adsorption and desorption experiments at -196 °C using a Micromeritics (Norcross, GA, 

USA) adsorption analyser model 3Flex. The specific surface area (SSA) was calculated with the 

Brunauer-Emmet-Teller method (BET) in the relative pressure range (P/P°) 0.01–1.0, selecting a 

linear portion of the BET graph in compliance with the Rouquerol criteria. The mesopore size 

distribution was determined by the Barret-Joyner-Halenda (BJH) model applied to desorption 

data, while the assessment of microporosity was carried out by the t-plot model, using the Harkins-

Jura model as the thickness curve equation. For the porosimetry of chars, a minimum equilibrium 

interval of 10 s and 20 s was used, respectively, in the relative pressure (P/P°) ranges of 0.01–0.1 

and 0.1–1.0, with a maximum relative tolerance of 5% of the targeted pressure and an absolute 

tolerance of 5 mmHg. 

Table SM4-1: Physicochemical characteristics of biochar from olive pomace 

Parameters Biochar produced 

Ash contents (%) 4.92 

VM (%) 12.93 

Fixed carbona (%) 82.15 

COrg (%) 90.11 

CIc (%) 0.002 

CTc (%) 90.12 

N (%) 1.31 

H (%) 2.0 

S (%) 0 

Oa (%) 6.57 

Atomic ratio O/C 0.054 

Atomic ratio H/C 0.26 

Atomic ratio (O + N)/C 0.067 

BET surface area (m2/g) 106 

Micropore surface area (m2/g) n.d. 

Mesopore surface area (m2/g) 113 
a calculated by difference. 
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Figure SM4-1: SEM surface scan of biochar (A) and sand (B) used in VF-CWs 

2. Analytical methodology 

2.1. Conventional water quality parameters  

Water quality parameters were determined using the standard methods of AFNOR (1997) and 

Rodier (2009). TSS were measured by filtering the samples through a 0.45 µm Millipore 

(Burlington, MA, USA) glass fibre filter, followed by drying at 105 °C until a constant weight 

was achieved (AFNOR-T90-105). COD was determined via dichromate digestion and 

colourimetry (AFNOR T90-101). TP was analysed using the molybdate–ascorbic acid method 

following potassium peroxydisulfate digestion (AFNOR T 90-023), while orthophosphate (PO₄³⁻) 

was quantified using the same method (AFNOR T 90-022). TKN was measured via Kjeldahl 

mineralisation, ammonium distillation, and acidimetric titration. Ammoniacal nitrogen was 

determined using the indophenol method (AFNOR T 90-015), nitrite (NO₂⁻–N) using the 

diazotation method (AFNOR T 90-013), and nitrate (NO₃⁻–N) after reduction to nitrite via a 

copper–cadmium column (Rodier, 2009), while the TN is calculated as the sum of TKN, NO2
-–

N, and NO3
-–N. Sulphates were measured nephelometrically, and total hardness, calcium and 

magnesium were determined simultaneously using the EDTA titrimetric method. Dissolved 

oxygen (DO), electrical conductivity (EC), and pH were measured in situ with a multi-parameter 

HI 9829 probe (HANNA, Woonsocket, RI, USA). The absorbance of the influent and effluent 

samples was measured at 254 and 420 nm. The pathogen indicators of faecal pollutants (e.g., FS, 

(A) (B) 
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FC, TC) were quantified following AFNOR standard methods (AFNOR 1997). TC and FC were 

grown on TTC Tergitol medium and incubated at 37 °C and 44.5 °C, respectively, for 24 h before 

colony counting. FS were enumerated on BEA medium at 44.5 °C for 24 h. The bacterial removal 

efficiency was expressed by the following equation:  

log10 removal = log (influent/effluent) 

2.2. QuEChERS extraction of particulate samples 

The procedure was adapted from a methodology developed for the extraction of pharmaceutical 

compounds in sewage sludge samples. One gram of freeze-dried sludge was weighed into a 50 

mL centrifuge tube, and 5 mL of ultrapure water was added. The mixture was hand-shaken for 15 

s and vortex-mixed for 1 min, and 10 mL of CH3CN was added. After a further step of hand-

shaking (15 s) and vortex mixing (1 min), 2 g of NaCl and 2 g of MgSO4 were added, and the 

obtained mixture underwent additional hand-shaking and vortex-mixing processes. The tube was 

centrifuged at 1200 g for 4 min, and 1 mL of the CH3CN supernatant phase was made up to 10 

mL with acidic water. Finally, the diluted extracts were analysed by LC-MS/MS.  

2.3. Apparent recovery  

The apparent recovery percentage of the method was assessed, following the IUPAC indications, 

by spiking in triplicate 1 g f.d. aliquots with mass-labeled compounds (5 ng g-1 for Diclofenac-

D4, Venlafaxine-D6, Carbamazepine-D10). In order to evaluate the QuEChERS extraction 

efficiency, three 1 g freeze-dried aliquots of the particulate samples were fortified with mass-

labeled compounds (5 ng g-1 for Diclofenac-D4, Venlafaxine-D6, Carbamazepine-D10). It should 

be noted that these compounds cover the entire range of physicochemical properties of the 

investigated molecules (e.g., log KOW 2,77-0,74) and are therefore representative of the whole set 

of target analytes. The spiking procedure was performed by adding 500 mL of the CH3CN 

standard solution to 1 g of dried sludge, then the solvent was evaporated at room temperature for 

24h.  

Pharmaceutical concentrations in the spiked samples, after the QuEChERS extraction, were then 

quantified (Cfound) using a standard calibration curve prepared in the matrix-free procedural blank 

and AR% calculated according to the following equation.  

AR%= 
Cfound

Cspiked
∗ 100 
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Based on the procedure described above, the apparent recovery percentage takes into account the 

combined effect of both matrix effects and reduced recovery during partition stages (e.g., between 

water and acetonitrile) due to the presence of matrix components. The QuEChERS extraction 

efficiency of mass-labeled analytes was found in the range of 72-121% and resulted in therefore 

suitable method for the extraction of selected PhCs and their transformation products (TPs) from 

sewage sludge. 
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Table SM4-2: List of the investigated pharmaceutical compounds and related transformation products, their abbreviations and selected 

physicochemical properties: molecular weight (MW, Da), CAS number, Log KOW
a (pH=7), pKa 

a (most acidic/most basic, T=25 °C). 

Category Compound Abbreviation MW CAS Log KOW pKa 

Non-steroidal anti-inflammatory drugs 

and related transformation products 

Diclofenac DIC 296.15 15307-86-5 1.38 4.01/-1.08 

Diclofenac-D4 b DIC-D4 300.15 153466-65-0 1.38 4.01/-1.08 

4’-Hydroxydiclofenac c 4’-HYDIC 312.15 64118-84-9 0.89 3.77/0.41 

Ibuprofen IBU 206.28 15687-27-1 1.71 4.85/n.a. 

1-Hydroxyibuprofen c 1-HYIBU 222.28 53949-53-4 0.29 4.57/n.a. 

2-Hydroxyibuprofen c 2-HYIBU 222.28 51146-55-5 0.03 4.63/n.a. 

3-Hydroxyibuprofen c 3-HYIBU 222.28 53949-54-5 0.09 4.57/n.a. 

Ketoprofen KET 254.28 22071-15-4 0.72 4.00/n.a. 

Flurbiprofen FLU 244.26 5104-49-4 2.07 5.12/n.a. 

Fenbufen FEN 254.28 36330-85-5 0.29 4.22/n.a. 

Naproxen NAP 230.26 22204-53-1 0.29 4.24/n.a. 

O-Desmethylnaproxen c O-DMNAP 216.23 52079-10-4 -0.30 4.35/n.a. 

β-Blockers 
Atenolol ATE 266.34 29122-68-7 -1.80 14.08/9.27 

Bisoprolol BIS 325.4 4 66722-44-9 -0.03 14.09/9.27 

Antibiotics 

Ciprofloxacin d, e CIP 331.34 85721-33-1 -0.77 5.96/8.69 

Erythromycin d ERY 733.93 114-07-8 0.60 12.45/9.00 

Azithromycin d AZI 748.98 83905-01-5 -3.05 12.46/11.56 

Clarithromycin d CLA 747.95 81103-11-9 1.24 12.46/9.00 

Sulphamethoxazole e, f SMZ 253.28 723-46-6 0.03 5.86/1.97 

Trimethoprim e, f TMP 290.32 738-70-5 0.92 n.a./7.16 

Antifungals 

Clotrimazole e, f CLT 344.84 23593-75-1 5.79 n.a./6.26 

Miconazole e MIC 416.12 22916-47-8 5.87 n.a./6.48 

Fluconazole e, f FLC 306.28 86386-73-4 0.56 12.68/2.3 

Psychiatric drugs 

Carbamazepine CBZ 236.27 298-46-4 1.90 13.94/n.a. 

Carbamazepine-D10 b CBZ-D10 236.27 298-46-4 1.90 13.94/n.a. 

Diazepam DZP 284.74 439-14-5 3.08 13.04/2.92 

Venlafaxine e, f VEN 277.41 93413-69-5 0.74 14.42/9.01 

Venlafaxine-D6 b,  VEN-D6 324.93 1216539-56-8 0.74 14.42/9.01 

O-Desmethylvenlafaxine  c, e, f O-VEN 263.38 93413-62-8 0.59 9.8/8.9 

Diuretics Furosemide FUR 330.74 54-31-9 -1.50 3.5/-0.72 

Statins Atorvastatin ATO 558.64 134523-00-5 0.91 4.31/n.a. 

Analgesics Acetaminophen ACE 151.16 103-90-2 0.47 9.46/n.a. 

Antihypertensive Ramipril RAM 415.51 87333-19-5 0.04 3.66/5.27 

Urinary α-Blockers Tamsulosin TAM 408.51 106133-20-4 0.64 9.78/8.84 

Gastric Protector 
Pantoprazole PAN 383.37 102625-70-7 2.17 9.54/3.55 

Ranitidine RNT 314.40 66357-35-5 -0.32 n.a./8.35 
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a Calculated by Chemicalize online platform (ChemAxon, Budapest, HU) b Internal standards. c Major metabolites.  d Pharmaceutical compounds included in the Watch List 2018/840/EU. e 

Pharmaceutical compounds included in the Watch List 2020/1161/EU. f Pharmaceutical compounds included in the Watch List 2022/1307/EU.
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Supplementary Materials 5 – Chapter IV 

1. Target analytes 

The list of target analytes and internal standards, as well as their physicochemical properties, are 

reported in Table SM5-1. 
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Table SM5-1: List of the investigated pharmaceutical compounds and related transformation 

products. their abbreviations and selected physicochemical properties: molecular weight (MW, 

Da); CAS number; Log KOWa (pH=7); pKa a (most acidic/most basic. T=25 °C). 

a Calculated by Chemicalize online platform (ChemAxon. Budapest. HU) b Internal standards. c Major metabolites.  d 

Pharmaceutical compounds included in the Watch List 2018/840/EU. e Pharmaceutical compounds included in the Watch List 

2020/1161/EU. f Pharmaceutical compounds included in the Watch List 2022/1307/EU. 

2. Characteristics of the Baciacavallo WWTP 

The total influent flow to the Baciacavallo WWTP (Prato, Italy) consists of about 49% of 

industrial wastewater from textile production processes, 50% of domestic wastewater, and a small 

percentage (0.07%) of sewage from septic tanks. The treatment process involves (i) initial 

Category Compound Abbreviation MW CAS Log KOW pKa 

Non-steroidal 

anti-

inflammatory 

drugs and 

related 

transformatio

n products 

Diclofenac DIC 296.15 15307-86-5 1.38 4.01/-1.08 

Diclofenac-D4 b DIC-D4 300.15 153466-65-0 1.38 4.01/-1.08 

4’-Hydroxydiclofenac c 4’-HYDIC 312.15 64118-84-9 0.89 3.77/0.41 

Ibuprofen IBU 206.28 15687-27-1 1.71 4.85/n.a. 

1-Hydroxyibuprofen c 1-HYIBU 222.28 53949-53-4 0.29 4.57/n.a. 

2-Hydroxyibuprofen c 2-HYIBU 222.28 51146-55-5 0.03 4.63/n.a. 

3-Hydroxyibuprofen c 3-HYIBU 222.28 53949-54-5 0.09 4.57/n.a. 

Ketoprofen KET 254.28 22071-15-4 0.72 4.00/n.a. 

Flurbiprofen FLU 244.26 5104-49-4 2.07 5.12/n.a. 

Fenbufen FEN 254.28 36330-85-5 0.29 4.22/n.a. 

Naproxen NAP 230.26 22204-53-1 0.29 4.24/n.a. 

O-Desmethylnaproxen c O-DMNAP 216.23 52079-10-4 -0.30 4.35/n.a. 

Acetylsalicylic acid ASA 180.16 50-78-2 -2.02 3.41/n.a. 

β-Blockers 
Atenolol ATE 266.34 29122-68-7 -1.80 14.08/9.27 

Bisoprolol BIS 325.4 4 66722-44-9 -0.03 14.09/9.27 

Antibiotics 

Levofloxacin LVF 361.37 100986-85-4 -0.80 5.77/8.31 

Ciprofloxacin d. e CIP 331.34 85721-33-1 -0.77 5.96/8.69 

Erythromycin d ERY 733.93 114-07-8 0.60 12.45/9.00 

Azithromycin d AZI 748.98 83905-01-5 -3.05 12.46/11.56 

Clarithromycin d CLA 747.95 81103-11-9 1.24 12.46/9.00 

Sulphamethoxazole e. f SMZ 253.28 723-46-6 0.03 5.86/1.97 

Trimethoprim e. f TMP 290.32 738-70-5 0.92 n.a./7.16 

Antifungals 

Clotrimazole e. f CLT 344.84 23593-75-1 5.79 n.a./6.26 

Miconazole e MIC 416.12 22916-47-8 5.87 n.a./6.48 

Fluconazole e. f FLC 306.28 86386-73-4 0.56 12.68/2.3 

Psychiatric 

drugs 

Carbamazepine CBZ 236.27 298-46-4 1.90 13.94/n.a. 

Carbamazepine-D10 b CBZ-D10 236.27 298-46-4 1.90 13.94/n.a. 

Diazepam DZP 284.74 439-14-5 3.08 13.04/2.92 

Venlafaxine e. f VEN 277.41 93413-69-5 0.74 14.42/9.01 

Venlafaxine-D6 b. VEN-D6 324.93 1216539-56-8 0.74 14.42/9.01 

O-Desmethylvenlafaxine  c. e. f O-VEN 263.38 93413-62-8 0.59 9.8/8.9 

Diuretics Furosemide FUR 330.74 54-31-9 -1.50 3.5/-0.72 

Statins Atorvastatin ATO 558.64 134523-00-5 0.91 4.31/n.a. 

Analgesics Acetaminophen ACE 151.16 103-90-2 0.47 9.46/n.a. 

Antihyperten

sive 
Ramipril RMP 415.51 87333-19-5 0.04 3.66/5.27 

Urinary α-

Blockers 
Tamsulosin TAM 408.51 106133-20-4 0.64 9.78/8.84 

Gastric 

Protector 

Pantoprazole PAN 383.37 102625-70-7 2.17 9.54/3.55 

Ranitidine RNT 314.40 66357-35-5 -0.32 n.a./8.35 
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filtration with bar screens, (ii) primary sedimentation, (iii) biological oxidation, and (iv) 

clariflocculation. A further treatment with ozone is operating as a final refining system for the 

removal of residual dyeing agents and organic micropollutants recalcitrant to biological oxidation. 

The effluent from the ozonation stage is finally released into the Ombrone River. 

3. Lab-scale microcosms 

Figure SM5-1 illustrates the 12 microcosms located in the outdoor Natural Wastewater Treatment 

Laboratory (NatLab) of the Department of Chemistry, University of Florence. Table SM5-2 

reports the detailed chrono program of the sampling campaign. 

 

Figure SM5-1: Picture of the laboratory scale vertical flow systems at the NatLab laboratory. 

 

4. Biochar production and characterization 

Biochar was washed with the BioDea® solution, whose characteristics are shown in Table SM5-

2. 
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Table SM5-2: Characteristics of the BioDea® solution used in this study for the chemical 

activation of biochars, presented as mean (n = 3) and standard deviation (in bracket). 
 Unit Value 

pH - 4.0 (0.5) 

Acetic acid % v/v 2.2 (0.2)  

Phenols gr kg-1 2.96 (0.08)  

Polyphenols gr kg-1 24 (2) 

As µg L-1 1.16 (0.07) 

Cd µg L-1 5.5 (0.4) 

Cr µg L-1 1.64 (0.05) 

Hg µg L-1 0.29 (0.03) 

Ni µg L-1 14.9 (0.7) 

Pb µg L-1 61 (3) 

Sb µg L-1 3.1 (0.2) 

Se µg L-1 7.3 (0.8) 

 

The elements and polycyclic aromatic hydrocarbons (PAHs) determined according to the EN 

12915-1 in the material leachate are shown in Table SM5-3. 

Table SM5-3: Water leachable elements (As, Cd, Cr, Hg, Ni, Pb, Sb, and Se, expressed as µg/L) 

and sum of selected water leachable polycyclic aromatic hydrocarbons (PAHs, ng/L), ash content 

(%), pH of the point of zero charge (pHPZC), total specific surface area (SSA, m2/g), micropore 

SSA (m2/g), mesopore SSA (m2/g). and elemental composition (C, H, N, S, and O relative 

percentage).  

Parameter Value EN 12915-1 limit 

Ash 10.5 15 

Sum of PAHs(b) 12 20 

As <0.1(a) 10 

Cd <0.1(a) 0.5 

Cr 1.4 5 

Hg <0.1(a) 0.3 

Ni 1.8 15 

Pb 1.1 5 

Sb <0.1 3 

Se <0.1(a) 3 

pHPZC 7.1 - 

SSA 389 - 

Micropore SSA 341 - 

Mesopore SSA 36 - 

C 65.0 - 

H 1.0 - 

N 0.8 - 

S <0.05(a) - 

O 22.1 - 
(a) Limits of quantification. (b) PAHs regulated by the EN 12915-1: fluoranthene. benzo(b)fluoranthene. benzo(k)fluoranthene. 

benzo(a)pyrene. indeno(1.2.3-c.d)pyrene. and benzo(g.h.i)perylene 
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5. Sample collection and analysis  

Sample collection occurred between July 2022 and March 2023, covering a study period of 

approximately 8 months. The timeline of the collection of samples for the analysis of PhCs is 

shown in Table SM5-4.   

Table SM5-4: Chrono program of the sampling campaign  

ID Date (dd/mm/yy) Days after start-up Weeks after start-up 

1 26/07/2022 2 0.29 

2 28/07/2022 4 0.57 

3 01/08/2022 8 1.14 

4 18/08/2022 25 3.57 

5 06/09/2022 44 6.29 

6 19/09/2022 57 8.14 

7 03/10/2022 71 10.14 

8 18/10/2022 86 12.29 

9 27/10/2022 95 13.57 

10 29/11/2022 128 18.29 

11 13/12/2022 142 20.29 

12 25/01/2023 185 26.43 

13 07/02/2022 198 28.29 

14 08/03/2023 227 32.43 
 

5. Analysis of conventional water quality parameters 

Full information on the protocols followed for the determination of Chemical oxygen demand, 

the inorganic forms of nitrogen, and phosphorus are described below, whereas the obtained data 

are reported in Table SM5-4. 

5.1. Chemical oxygen demand 

Chemical oxygen demand was determined using the reagent kits “TNT for COD, 0-40 mg/L O2” 

and “TNT for COD, 0-150 mg/L O2”, according to the USEPA approved HACH method 8000, 

which is based on the classical sample digestion at 150°C for 2 h with K2Cr2O7 as oxidation 

reagent in a 50% sulphuric acid medium, in the presence of Ag2SO4 (oxidation catalyst) and 

HgSO4 (complexing agent). Oxidizable organic compounds react, reducing the dichromate ion to 

the green Cr(III), and the remaining Cr(VI) is determined at 420 nm. 

5.2. Total nitrogen 

Total nitrogen was determined by the HACH method 10071, which is based on the alkaline 
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persulfate sample digestion at 105°C that converts all forms of nitrogen to nitrate. Sodium 

metabisulfite is then added to eliminate halide interferences, and nitrates are reacted with 

chromotropic acid under strongly acidic conditions to form a yellow complex with an absorbance 

maximum at 410 nm. 

5.3. Ammonia 

Ammonia was determined by the “ammonia nitrogen TNT, 0.02-2.5 mg/L NH3-N” and “ammonia 

nitrogen TNT 0.4-50 mg/L NH3-N” kits, according to the HACH method 10031, which consists 

of the reaction of ammonia with chlorine to form monochloramine. Then, monochloramine is 

reacted with salicylate to form 5-aminosalicylate, which is in turn oxidized in the presence of a 

sodium nitroprusside catalyst to form a blue coloured compound. The blue colour is masked by 

the yellow colour from the excess reagent present to give a green solution, which is analysed at 

655 nm. 

5.4. Nitrite 

Nitrites were analyzed by the USEPA-approved HACH method 8507, using the “NitriVer 3 nitrite 

reagent, 0.02-0.30 mg/L NO2
--N” reagent kit. The method consists of the reaction of nitrites with 

sulfanilic acid to form an intermediate diazonium salt, which couples with chromotropic acid to 

produce a pink coloured complex measured at 507 nm. 

5.5. Nitrate 

Nitrates were determined according to the USEPA-approved HACH method 8000 (“NitraVer 5 

Nitrate reagent, 0.3-30 mg/L NO3
--N”), based on the reaction between nitrates and chromotropic 

acid under strongly acidic conditions to yield a yellow product with a maximum absorbance at 

410 nm. 

5.6. Total phosphorus 

Total phosphorus was determined by the USEPA-approved HACH method 8190, using the 

“PhosVer 3 with acid persulfate digestion, 0.00–1.10 mg/L” kit, which is based on the reaction of 

orthophosphate with molybdate to obtain a phosphomolybdate complex in an acid environment. 

Ascorbic acid then reduces the complex, giving an intense molybdenum blue colour. 

5.7. Orthophosphate 
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Orthophosphates were determined by the USEPA approved HACH method 8048, using the 

"PhosVer 3 reagent, 0.02 - 2.50 mg/L PO4
3-" kit, which is based on the reduction of phosphates 

by ascorbic acid. The solution to be analysed is acidified and treated with ammonium molybdate 

(NH4)2MoO4 and potassium antimonyl tartrate (C8H4K2O12Sb2∙3H2O). The presence of a 

reducing agent such as ascorbic acid leads to the formation of a complex called molybdate blue 

that gives the solution a typical blue colour, revealing the presence of phosphate ions in the 

sample. 

Table SM5-4: Mean values and standard deviation (in bracket) of pH, electrical conductivity (EC, 

μS/cm), dissolved oxygen (DO, mg/L), total suspended solids (TSS, mg/L), chemical oxygen 

demand (COD), total nitrogen (T-N), ammonia nitrogen (NH4
+-N), nitrite nitrogen (NO2

--N), 

nitrate nitrogen (NO3
--N), orthophosphate (PO4

3-), total phosphorus (T-P) in the inlet and outlet 

of microcosms filled with biochar (SSBC) or gravel (G), planted (P), or unplanted (U).  
Parameter Inlet SSBC-P SSBC-U G-P G-U 

pH 7.6 (0.4)a 7.7 (0.5)a 7.7 (0.4)a 7.5 (0.5)a 7.6 (0.3)a 

EC 3038 (828)a 2940 (804)a 2920 (833)a 2991 (846)a 2955 (774)a 

DO 1.0 (0.6) 1.6 (0.4)a 1.5 (0.3)a 1.3 (0.3)a 1.2 (0.4)a 

TSS 8 (9)a 5 (4)a 5 (5)a 6 (3)a 7 (7)a 

COD 34 (5)a 22 (8)b 21 (10)b 29 (10)ab 29 (9)ab 

T-N 18 (4)a 11 (4)b 12 (4)b 14 (4)ab 14 (4)ab 

NH4
+-N 14 (3)a 5 (2)b 5 (2)b 9 (3)c 10 (3)c 

NO2
--N 0.6 (0.6)a 0.6 (0.7)a 0.5 (0.6)a  0.8 (1.0)a 0.7 (1.0)a 

NO3
--N 4 (2)a 9 (4)b 10 (5)b 6 (3)c 7 (3)c 

PO4
3- 1.6 (1)a 1.0 (0.8)b 1.4 (1.0)ab 1.3 (0.9)ab 1.3 (0.9)ab 

T-P 1.8 (0.8)a 1.3 (0.9)a 1.6 (0.6)a 1.5 (0.7)a 1.5 (0.8)a 

Within the same parameter. values with different letters are statistically different according to the Games–

Howell test for comparison of mean values (P < 0.05). 

 

6. Analysis of PhCs in wastewater and particulate samples 

6.1. Occurrence in wastewater samples 

Determination of PhCs was carried out through QuEChERS extraction of solid samples followed 

by LC-MS/MS analysis. Full details of the developed is here described. Concentrations of target 

analytes found in particulate samples are reported in Table SM5-6.  
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Table SM5-6: Mean values (n=3) and standard deviation (in brackets) of selected pharmaceutical 

compounds detected in particulate matter (PM). Total mass adsorbed by PM accumulated 

throughout the entire period of treatment (213 days) is also reported. See Table 2 for acronyms 

meaning. 

 

The removal percentages of the investigated PhCs observed in microcosms throughout the entire 

sampling campaign are reported in Table SM5-7. Furthermore, a comparative study was 

conducted on the performance of constructed wetlands in removing PhCs (Table SM5-8). 

considering their most common configurations: horizontal subsurface flow (HSSF). vertical 

subsurface flow (VSSF). and hybrid constructed wetland (HB) systems. 

  

  

Compound Concentration (ng g-1) Total mass (ng) 

KET 28.62 (24) 2194.769 

4’-HYDIC 10.00 (0) 766.522 

DIC 6.81(3) 522.202 

AZI 3.08 (.5) 235.880 

VEN 1.7083 (0.6) 130.993 

CAR 1.69 (0.19) 129.506 

CLA 1.30 (0.7) 99.568 

CLT 1.23 (0.03) 94.222 

FUR 0.77 (0.94) 59.101 

MCL 0.50 (0) 38.614 

PAN 0.47 (0.06) 36.324 

DZP 0.29 (0.15) 22.110 

BIS 0.26 (0.39) 20.170 

TMP 0.14 (0.06) 10.570 

TAM 0.05 (0.06) 3.597 
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Table SM5-7: Mean values and standard deviation (in bracket) for removal (%) of the detected 

analytes in the inlet and outlet of microcosms filled with biochar (SSBC) or gravel (G), planted 

(P), or unplanted (U).  

 SSBC-P SSBC-U G-P G-U 

DIC 92 (6) 93 (6) 73 (7) 70 (7) 

FUR 50 (40) 58 (30) -10 (81) -23 (85) 

O-VEN 60 (28) 62 (28) 17 (17) 9 (19) 

CBZ 55 (30) 63 (25) 24 (17) 21 (12) 

RMP 40 (35 53 (35) 15 (30) 0.1 (21.8) 

SMX 41 (33) 46 (28) 16 (26) 2 (30) 

VEN 57 (30) 62 (27) 24 (22) 22 (24) 

FLU 45 (36) 57 (30) -39 (29) -57 (33) 

ATE 62 (30) 67 (24) 19 (26) 16 (25) 

CLA -74 (247) 48 (54) -28 (116) -62 (260) 

BIS 45 (29) 50 (26) 21 (11) 15 (15) 

LVF 57 (20) 55 (21) 23 (28) 22 (29) 

PAN 86 (60) 130 (53) -49 (88) -11 (47) 

ATO 98 (70) 119 (96) 37 (57) 45 (177) 

TMP 85 (23) 78 (32) 19 (12) 8 (18) 

2-HYIBU 85 (13) 87 (14) 49 (44) 26 (64) 

4’-HYDIC <MQL <MQL <MQL <MQL 

KET <MQL <MQL <MQL <MQL 

ERY <MQL <MQL <MQL <MQL 

 

6.2. Occurrence in wastewater samples 

The trend of total mass of PhCs determined in the influent and effluents of the investigated 

mesocosms are reported in Figure SM5-2, where the sixth-degree polynomial regression is also 

reported. 
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Figure SM5-2: Trend of the total mass of PhCs in the influent and effluents of the mesocosms 

investigated. The determination coefficients (R2) of the sixth-degree polynomial regression are 

also reported. 

 

6.3. QuEChERS extraction  

The procedure was adapted from a methodology developed for the extraction of pharmaceutical 

compounds in sewage sludge samples (Rossini et al. Analytica Chimica Acta 935 (2016) 269-

281). One gram of freeze-dried sludge was weighed into a 50 mL centrifuge tube. and 5 mL of 

ultrapure water was added. The mixture was hand-shaken for 15 s and vortex-mixed for 1 min. 

and 10 mL of CH3CN was added. After a further step of handshaking (15 s) and vortex mixing (1 

min), 2 g of NaCl and 2 g of MgSO4 were added, and the obtained mixture underwent additional 

handshaking and vortex-mixing processes. The tube was centrifuged at 1200 g for 4 min., and 1 

mL of the CH3CN supernatant phase was made up to 10 mL with acidic water. Finally. The 

diluted extracts were analyzed by LC-MS/MS as for the wastewater samples. 
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6.4. Apparent recovery  

The apparent recovery percentage of the method was assessed. Following the IUPAC indications, 

by spiking in triplicate 1 g f.d. aliquots with mass-labelled compounds (5 ng g-1 for Diclofenac-

D4, Venlafaxine-D6, Carbamazepine-D10). In order to evaluate the QuEChERS extraction 

efficiency. Three 1 g freeze-dried aliquots of the particulate samples were fortified with mass-

labelled compounds (5 ng g-1 for Diclofenac-D4, Venlafaxine-D6, and Carbamazepine-D10). It 

should be noted that these compounds cover the entire range of physicochemical properties of the 

investigated molecules (e.g., log KOW 2.77-0.74) and are therefore representative of the whole set 

of target analytes. The spiking procedure was performed by adding 500 mL of the CH3CN 

standard solution to 1 g of dried sludge, then the solvent was evaporated at room temperature for 

24h.  

Pharmaceutical concentrations in the spiked samples. after the QuEChERS extraction. were then 

quantified (Cfound) using a standard calibration curve prepared in the matrix-free procedural blank, 

and AR% calculated according to the following equation.  

AR%= 
Cfound

Cspiked
∗ 100 

Based on the procedure described above, the apparent recovery percentage takes into account the 

combined effect of both matrix effects and reduced recovery during partition stages (e.g, between 

water and acetonitrile) due to the presence of matrix components. The QuEChERS extraction 

efficiency of mass-labelled analytes was found in the range of 72-121% and resulted therefore 

suitable for the extraction of selected PhCs and their transformation products (TPs) from sewage 

sludge. 
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Table SM5-7: Removal percentages of pharmaceutical compounds (PhCs) in constructed 

wetlands (CWs) treating real wastewater. HLR=hydraulic loading rate (L m-2 d-1) HRT=hydraulic 

retention time (d); T=temperature (°C); R%=removal percentage; Design: HSSF=horizontal 

subsurface flow; VSSF=vertical subsurface flow. HB=Hybrid Constructed Wetland. 

PhCsa R(%) Plant 
CW 

design 
HLR/HRT Substrate T Reference 

CBZ 28 

Unplanted 

HSSF 34/4 Gravel 23-32 
Zhang. 

2011 

DIC 41 

IBU 60 

NAP 52 

CBZ 27 
Typha 

angustifoli

a 

DIC 55 

IBU 80 

NAP 91 

ACE 99 

Phragmite

s australis 
HSSF n.a./11 

Gravel. 

Sand 
n.r. 

Vymazal. 

2017 (A) 

FUR 81 

HCT 54 

CLA 66 

TRM 69 

IBU 75 

IBU 28 

Phragmite

s australis 
HSSF 34.5/5.5 Gravel 7-18 

Nivala, 

2019 

NAP 32 

DIC 25 

CBZ 13 

IBU 31 

Phragmite

s australis 
HSSF 561/0.6 Gravel n.r. 

Petrie, 

2018§ 

NAP 32 

ATE 77 

PRO 30 

CBZ 0 

VEN 2 

DIC -5 

SMX 30 

CLA 46 

ATO 66 

DIC 72 

Phragmite

s australis 

VSSF 300/0.25 

Gravel 

4-27 Our study 

FUR -10 

O-DES 17 

CBZ 24 

RMP 15 

SMX 16 

VEN 24 

FLU -39 

ATE 19 

CLA -28 

BIS 21 

LVF 23 

PAN -49 

ATO 37 

DIC 92 

Phragmite

s australis 
Biochar 

FUR 50 

O-DES 60 

CBZ 55 

RMP 40 

SMX 41 

VEN 57 

FLU 45 

ATE 62 
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PhCsa R(%) Plant 
CW 

design 
HLR/HRT Substrate T Reference 

CLA -74 

BIS 45 

LVF 56 

PAN 86 

ATO 98 

CIP -28 

Phragmite

s australis 
VSSF 133/~3 Gravel 21-25 

Ávila, 

2021 

OFL -200 

AZI -17 

CLA 58 

CLI -200 

SMX 98 

TMP 93 

METRO 82 

PIP 80 

AMP 55 

IBU 95 

Phragmite

s australis 
VSSF 93/6 Gravel 7-21 Kahl, 2017  

NAP 89 

DIC 53 

ACE -2 

CBZ -8 

TRM -6 

Phragmite

s australis 
VSSF 200/n.r. Sand n.r. 

Tadić, 

2024 

CBZ 17 

DIC 78 

VEN -5 

CLA 40 

PRO 77 

SMX 34 

FLU -23 

SMZ 100 

Canna x 

generalis 

HB: HSSF 

+ VSSF 
135.4/1 

Gravel. 

sand 
18-25 

Sakurai, 

2021 

CIP 95 

NOR 100 

SDZ 100 

TMP 100 

OFL 100 

SMER 100 

SMX 89 Canna 

indica, 

Cyperus 

alternifoliu

s. Arundo 

donax 

HB: VF + 

HF 
500/1 Gravel 10-21 Dan, 2020 

Others 51-91 

CIP 92 

Typha 

Angustifoli

a 

HB: VF + 

HSSF 
1920/1 

Sand (VF). 

Zeolite 

(HSSF) 

0.5-32 

Al-

Mashaqbe

h, 2024 

OFL 93 

ERI 61 

ENRO 97 

FLUM 45 

LINC 50 

CBZ <8 

DIC <8 
a Abbreviations of PhCs: ACE=acetaminophen; AMP=ampicillin ; ATE=atenolol; ATO=atorvastatin; AZI=azithromycin; 

CBZ=carbamazepine; CIP=ciprofloxacin; CLA=clarithromycin; CLI=clindamycin; DIC=diclofenac; ENRO=enrofloxacin; 

ERI=erythromycin; FLC= fluconazole; FLUM=flumequine; FUR=furosemide; HCT=hydrochlorothiazide; IBU=ibuprofen; 

LINC=lincomycin; IOM=iomeprol; IRB=irbesartan; KET=ketoprofen; NAP=naproxen; NOR=norgestrel; OFL=ofloxacin; 

PIP=piperacillin; PRO=propranolol; SDZ=sulfadiazine; SMER; SMX=Sulfamethoxazole; SMZ=; TMP=trimethoprim; 

TRM=tramadol; VEN= venlafaxine. 
§  This study includes 52 pharmaceutical compounds. 


