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Introduction 

This study explored the valorization of a textile waste applying a pyrolysis treatment. The 

product created was a biochar that had a high specific surface area and porosity, 

consequently it was considered interesting to evaluate its properties as an adsorbent material. 

As such, the disposal of the material as it is could be avoided since a new life could be found 

for this product. The raw material used was recycled textile insulation panels, which are 

fibrous materials characterized by a heterogeneous nature and consequently tricky to recycle. 

First, research on what biochar is and what its properties are were conducted. This to explore 

which characteristics were more important for the different possible applications. Also, the 

activation and other modifications were explored.  

Wastewater treatment was the field in which this potential adsorbent could be applied, thus 

selecting the target pollutant to remove was crucial. The presence of pharmaceuticals in 

urban and industrial wastewater is well known and their possible harmful effects on the 

environment and human health are leading to their inclusion in the list of emerging 

pollutants. Legislative organizations, like the European Union, are taking action to stop this 

emerging problem, putting in place regulations on the discharge of pharmaceuticals in water 

bodies. Ibuprofen was chosen as the molecule targeted for the adsorption, being an 

extensively used drug and a difficult molecule to biodegrade. 

The adsorbents produced were two biochars: one made via a pyrolysis process and the 

second, steam activated, synthesized via a steam gasification process. The physico-chemical 

characteristics, such as specific surface area, porosity, and elemental composition, have been 

studied. The adsorption capacity of the biochar has been investigated initially with batch 

tests and subsequently with a dynamic experiment, both using synthetic wastewater. The 

influence of particle size was also investigated. With the first laboratory test the kinetics of 

adsorption and the isotherms were found, so the adsorption capacity of the biochar and the 

steam-activated one were determined. The dynamic experiment carried out was a fixed bed 

adsorption column where the packing material used was only the steam-activated biochar. 

Furthermore, the data from the experiments were used to fit models and obtain information 

about the adsorption mechanism and properties of the adsorbents. 
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CHAPTER 1                                          

Production and Engineering of Biochar 

1.1 Biochar  

Biochar is a carbon-rich solid produced by heating biomass or synthetic organic materials in 

an oxygen-depleted atmosphere. With the advancement of biochar research, people are 

progressively discovering the numerous environmental and economic benefits it provides, 

so scientific studies on biochar are done to adapt it to engineering applications (Bian et al., 

2018). In Figure 1.1, a schematic of biochar is shown. Biochar has a large specific surface 

area, a porous structure, rich surface functional groups, and mineral components, which 

allow it to be utilized as a suitable adsorbent to remove contaminants from aqueous media 

(Zhu et al., 2018). Biochar, with a porous structure comparable to activated carbon, is the 

most widely used and efficient adsorbent in the world for removing different contaminants 

from water (Wu and Liu, 2018). Biochar, on the other hand, is a novel type of adsorbent with 

cheap cost and great efficiency, as opposed to activated carbon (Tan et al., 2015). Activated 

carbon synthesis needs a higher temperature and activation procedure. Biochar, instead, is 

less expensive to create and consumes less energy. Biochar is a renewable resource that, due 

to its economic and environmental advantages, is an attractive resource for environmental 

technology for water pollution remediation (“International Biochar Initiative,” 2022).  

1.2  Biomass used as feedstocks 

Biochar can be produced from a material with high carbonaceous content, such as 

lignocellulose, animal manure, agricultural and forest residues, industrial bio-waste, plastic 

waste, microalgae, waste tires, dewatered sludges, marine and aquatic organisms (Krasucka 

et al., 2021; Oba et al., 2021). Lignocellulosic biomass, which corresponds to forest and 

agricultural wastes, is the most often utilized raw material for biochar synthesis (Li et al., 

2020). In general, the physicochemical characteristics of biochar are connected to and 

influenced by the biomass used in its production. Lignocellulosic biomass generated from 

woodlands, agriculture, and forest leftovers, in particular, has demonstrated significant 

potential as a feedstock for achieving sustainable industrial biochar production. This biomass 
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is mostly composed of cellulose (25–50 %), hemicellulose (15–40 %), and lignin (10–15 %), 

with a minor quantity of extractives (0–15 %) and minerals (Monga et al., 2022). Depending 

on the method adopted, each biomass ingredient reacts differently throughout the 

carbonization process, resulting in a wide range of products. For example, cellulose and 

hemicellulose are vital in the production of bio-oil by pyrolysis, whereas lignin assists in the 

production of biochar (Kan et al., 2016). The carbon content of biochar is related to the lignin 

content of raw biomass (Zhou et al., 2014). Forests and agricultural wastes include a wide 

range of biomaterials such as grass, nutshell, straw, bagasse, and husk, that serve as a 

significant supply of raw carbonaceous precursors (Kumar et al., 2021; Wang et al., 2021). 

Because of their plentiful availability, renewable nature, and low cost, the use of these 

resources in biochar synthesis gives various benefits (Wang et al., 2020). Rather than 

cellulosic materials, poultry and animal wastes, insect shells, sewage sludge, and algae 

contain a high concentration of lipids and proteins. The biochar produced from these 

feedstocks has a high concentration of minerals and heteroatoms, as well as a variety of 

surface functional groups (Li and Jiang, 2017). Chitin is the second most abundant nitrogen-

rich biopolymer in nature, and it may also be used to produce nitrogen-doped biochars by 

pyrolysis (Carpenter et al., 2014; Liu et al., 2017). Heavy metal-rich sewage sludge produces 

biochar with a high ash concentration and a low carbon content, as well as an alkaline pH 

(Ho et al., 2017; Y. Yang et al., 2018). 

 
Figure 1.1 Overall look of biochar production chain and applications (Jeyasubramanian et al., 2021). 
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1.3 Methods of biochar production  

Thermochemical conversion is a typical method for producing biochar. Many researchers, 

to produce biochar for a variety of purposes, apply pyrolysis, gasification, hydrothermal 

carbonization, flash carbonation, which are all thermochemical conversion methods, and 

other carbonization techniques like mechanochemical technology. 

1.3.1 Pre-treatment  

The first step in the biochar synthesis process is the pre-treatment of the biomass used as 

feedstock. There are three types of pre-treatments: physical, chemical, and biological. Before 

carbonization, biomass can be dried (unless hydrothermal carbonization is considered), 

crushed, sieved, and washed to remove pollutants and condition the precursor form. The 

process for removing the precursor impurities will be determined by the source and 

properties of the raw biomass. For example, paper mill sludge may be washed with acid and 

deionized water to produce mineral-free sludge (Cho et al., 2017), whereas alkaline algae 

can be washed with water, dried, and flaked before pyrolysis (Roberts and de Nys, 2016; 

Son et al., 2018). Chemical pre-treatment procedures affect the characteristics and surface 

chemistry of feedstocks by using inorganic and organic chemical compounds, as well as 

various precursors and nanoparticles (Zhu et al., 2020). Engineered biochar can be made by 

pre-treating biomass with oxidants, acids, and alkalis to change the biochar's ultimate surface 

characteristics, such as functional groups, pore size distribution, and specific area (Zhao et 

al., 2018; Zhou et al., 2017). The biological pre-treatment technique is a relatively recent 

way of producing engineered biochar, which uses microorganisms and their biological-

related activities to modify and enhance biomass characteristics and composition before 

carbonization to produce biochar (B. Wang et al., 2017; Zhang et al., 2020). 

1.3.2 Production via Pyrolysis  

Pyrolysis is the thermal degradation of organic materials in an oxygen-free atmosphere at 

temperatures ranging from 250 to 900 °C (Osayi et al., 2014). This process is an alternative 

method for turning organic wastes into value-added products such as biochar, syngas, and 

bio-oil. At various temperatures, lignocellulosic components such as cellulose, 

hemicellulose, and lignin undergo reactions such as depolymerization, fragmentation, and 

cross-linking, resulting in products in a different state such as solid, liquid, and gas. Char 

and bio-oil are respectively solid and liquid products, whereas carbon dioxide, carbon 

monoxide, hydrogen, and syngas are gaseous products (C1-C2 hydrocarbons). Biochar is 
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produced using a variety of reactors, including paddle kilns, bubbling fluidized beds, wagon 

reactors, and agitated sand rotating kilns. The amount of biochar produced during the 

pyrolysis process is determined by the type and nature of biomass utilized. The key 

operational process condition that determines product efficiency is the temperature (Wei et 

al., 2019). When the temperature of the pyrolysis process is raised, the biochar yield drops 

while the generation of syngas increases. Pyrolysis can be characterized as rapid or slow 

based on the heating rate, temperature, residence time, and pressure. Fast pyrolysis is 

considered a direct thermochemical technique capable of liquefying solid biomass into liquid 

bio-oil with great potential for energy use. Fast pyrolysis conditions are defined as follows: 

fast warming rates of biomass particles (>100 °C/min), along with short times of biomass 

particles and pyrolysis fumes (0.5–2 s) at high and moderate pyrolysis treatment 

temperatures (400-600 °C). To achieve high bio-oil quality, a fundamental distinguishing 

innovation feature of rapid pyrolysis is the requirement to keep the fume residence time in 

the hot zone to a minimum. This can be achieved by ensuring that the vapors are quickly 

extinguished or cooled (Wang et al., 2014). For slow pyrolysis, the heating rate is relatively 

low, about 5-7 °C/min, and it has a prolonged residence duration of more than 1 hour (W.-

J. Liu et al., 2015). Slow pyrolysis gives a higher char production when compared to other 

pyrolysis and carbonization processes. 

1.3.2.1 Microwave pyrolysis 

Microwave pyrolysis is a kind of pyrolysis in which the biomass is heated by intense 

radiation generated by a microwave source. It has several advantages, such as non-contact 

heating, rapid start-up and shutdown of the heating process, greater heating rate, increased 

safety, and volumetric heating. As a result, it's commonly utilized to make biochar for a 

variety of purposes, including pasteurization, drying, vulcanization, and food processing 

(Wan Mahari et al., 2020; Y. Wang et al., 2018). 

1.3.2.2 Flash carbonation 

Flash carbonation is a technique in which biomass is heated by passing it through a flash fire 

at high pressures (>1 MPa) regularly. The pyrolysis chamber is packed with biomass, and a 

flash fire is introduced from the bottom in an upward direction while airflow is maintained 

in a downward direction. Biomass is transformed into gaseous fuel and leaves the carbon 

content as biochar, under these conditions (Hirst et al., 2018; Horne and Williams, 1996). 
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1.3.3 Production via Gasification 

Gasification is a thermochemical technique of decomposing carbonaceous material into 

gaseous products, namely syngas, which contains CO, CO2, CH4, H2, and traces of 

hydrocarbons in the presence of a gasifying agent such as oxygen, air or steam, at very high 

temperatures. It should be emphasized that the reaction temperature is the most important 

element in determining syngas generation. Carbon monoxide and hydrogen production 

increase as temperature rises, whereas other components such as methane, carbon dioxide, 

and hydrocarbons decline (Prabakar et al., 2018). The main outcome of this method is 

syngas, while char is a by-product with a lower yield. 

1.3.4 Production via Hydrothermal carbonization 

Hydrothermal carbonization is another thermochemical conversion method for producing 

biochar from cellulose, lignocellulosic biomass, animal manures, food waste, municipal 

sludge, pulp and paper industry sludge, agricultural and algae residues, and other feedstocks 

heated in closed environments at low pressure and temperature between 200 and 300 °C. (T. 

Wang et al., 2018). Wet pyrolysis is another term for it, and the biochar produced is known 

as hydrochar, to differentiate the products produced from dry processes such as pyrolysis 

and gasification (Fang et al., 2018; He et al., 2013; Zhou et al., 2019).  The biomass is 

combined with water and placed in a closed reactor during the process. To ensure stability, 

the temperature is gradually raised. At different operating temperatures, different processes 

occur and consequently different products are obtained, for instance; below 250 °C biochar 

is produced and the process is known as hydrothermal carbonization; between 250 and 400 

°C bio-oil is obtained by hydrothermal liquefaction; and above 400 °C gaseous products 

such as CO, CO2, H2 and CH4 are produced by hydrothermal gasification (Khorram et al., 

2016; Zhang et al., 2017). 

1.3.5 Production via Torrefaction 

Torrefaction is a thermochemical process that involves heating organic materials in a 

specific temperature range of 200 to 300 °C in an inert or nitrogen environment for 15 to 60 

minutes. Under these conditions, the biomass or waste materials slowly degrade and emit 

CO2 and H2O. As a result, the carbon content of the biomass increases, and it has high energy 

density, hydrophobic behavior, homogeneity, and other properties comparable to coal (Chen 

et al., 2012). The depolymerization of the feedstock is driven by this process, and its quality 

is determined by the torrefaction temperature and heating duration (Simonic et al., 2020). 
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1.4 Biochar characterization parameters  

The physicochemical properties of biochar are very important to be assessed because they 

will allow understanding in which applications it can be better used. Characterization 

techniques are based on the structure, surface functional groups, and elemental analysis of 

the biochar. 

1.4.1  Chemical properties  

The chemical characteristics of biochar are generally affected by the percentages of carbon 

(C), hydrogen (H), nitrogen (N), sulfur (S), and oxygen (O) in the feedstock, as well as the 

type of the biomass and carbonation method. C, H, O, S, and N are found in biomass as 

complex biomolecules such as hemicellulose, lignin, and cellulose. These molecules break 

down and leave as condensable and non-condensable gaseous components such as CH4, CO, 

H2 and CO2, resulting in carbon-rich biochar. The type of biochar remaining after pyrolysis 

is also determined by qualities such as aromaticity, hydrophobicity, and hydrophilicity, 

which are determined by the atomic ratios of O/C, H/C, (O + N)/C, and (O + N + S)/C present 

in the biomass (Al-Wabel et al., 2013). Because of the degradation of lignocellulose structure 

and dehydration of oxygen-containing functional groups, high-temperature carbonation 

processes increase the hydrophobic character and decrease the polar functional groups 

(Usevičiūtė and Baltrėnaitė-Gedienė, 2021). According to study of (Zornoza et al., 2016), 

pyrolysis at a temperature between 300 and 500 °C increases the hydrophobic properties of 

biochar, whereas pyrolysis above 500 °C produces hydrophilic biochar because the removal 

of labile aliphatic functional groups on the surface of biochar results in the formation of high 

porosity, which facilitates the wettability. Carboxylic (COOH), hydroxyl (OH), amine, 

amide, and lactonic groups are key functional groups present on the surface of biochar that 

boost its sorption capabilities. Biochar surface functional groups are mostly influenced by 

the biomass and temperature used during the production (Li et al., 2017). The pH of raw 

biomass is usually slightly acidic, whereas the produced char is alkaline. This is because, 

during the carbonation process, the acidic COOH and OH groups are decomposed and 

removed mainly as CO2 and H2 (Weber and Quicker, 2018); thus, the pH range is expected 

to increase with increasing carbonation temperature. 

1.4.2 Physical properties  

The physical qualities of biochar are mostly determined by its size and porosity. The surface 

area is the most important factor in determining biochar adsorption capacities. Biochar with 
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a large surface area and a high porosity will typically have a strong adsorption capacity. The 

elimination of volatile materials, dehydration, and other processes cause the creation of pore 

volume in the biochar (Zhu et al., 2020). The pores in biochar might be micro (2 nm), meso 

(2 50 nm), or macro (>50 nm), according to the International Union of Pure and Applied 

Chemistry (IUPAC). The surface area of treated and untreated biochar may differ. 

Commercially, activated carbon has a larger surface area. Without the activation step, 

biochar has a low surface area and is less porous (Kim et al., 2012). Increasing surface area 

and pore volume are appropriate for catalytic activity, hydrogen gas storage, adsorption 

investigations, and other applications. Furthermore, various relevant post-treatment 

techniques, including physical and chemical treatments, have been discovered to improve 

the physical and chemical characteristics of biochar. Prior to calcination, the raw biomass is 

often combined with magnetic precursors, alkalis, functional agents, and other additives that 

increase the quality of the biochar in terms of porosity, surface area, and catalytic activity. 

The surface modified biochar formed following functionalization have a wide range of 

applications (Wan et al., 2020; Xiang et al., 2020). 

1.5 Biochar Activation  

Activation is a method of improving the physical properties and absorption capacity of 

biochar thanks to the increase of specific surface area, pore density, and functionalization. 

Many studies are now focusing on the synthesis of functionalized biochar since it has 

significant advantages over raw biochar. It was established that biochar produced by 

pyrolysis has a low specific surface area, limited porosity, and a low surface functional group 

(N. Liu et al., 2015; W.-J. Liu et al., 2015). Because of the relatively low surface area and 

porosity, several applications are restricted. Functionalized biochar is often produced using 

a variety of synthetic procedures such as physical methods, chemical methods, surface 

functionalization, heteroatom doping, metal/metal oxide impregnation methods etc. (Figure 

1.2). After carbonation of the feedstock derived from raw biomass, the biochar contains only 

conventional metal oxides such as SiO2, CaO, Fe2O3, Al2O3, and so on, and has limited 

applicability. Several researchers have recently created biochar by impregnating the 

appropriate metal oxides on the biochar matrix. The biomass is combined with the precursor 

solution of the various chemicals in this procedure. The warmed biomass is carbonated after 

the medium has been dried. The needed catalyst is added to the biochar by mixing the 

precursor metal ion with the feedstock. When metal salt-loaded biomass is pyrolyzed, it 

yields catalyst-loaded biochar, which has a wide range of uses (Saifullah et al., 2018). 
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However, the functionalization and activation of raw biochar need corrosive chemicals, 

several synthesis processes, and significant energy inputs, all of which result in time-

consuming, costly, and complex procedures in large-scale manufacturing (Zhou et al., 2019). 

The type of biomass, feedstock, physicochemical properties of the biomass, operational 

methods used in synthesis, and so on should all be carefully studied in order to provide 

designed biochar with the appropriate features. There are two main kinds of activation 

procedures in general: thermal physical and chemical. 

 
Figure 1.2 Biochar activation and its effect on the final product (Monga et al., 2022). 

1.5.1 Thermal/Physical activation 

Physical activation or thermal activation is the process by which an increase in porosity is 

induced due to a high temperature of about 700 and 900 °C in an oxidative environment 

(Prauchner and Rodríguez-Reinoso, 2012). Physical activation may eliminate the majority 

of the volatile carbon components of carbonized precursors, and closed holes in the biochar 

matrix can be opened and connected with other pores (N. Liu et al., 2015; W.-J. Liu et al., 

2015). As a result, the specific surface area of physically activated biochar may be 

significantly increased, and a strong microporous structure with low mesopore intensity can 

be seen in the physically activated biochar matrix. Temperature, degree of activation, kind 

of precursor and activation agent (if any) are all important factors in physical activation 

(Sakhiya et al., 2020). The activation process is divided into two stages: the first stage 

involves the burning of scattered carbon, followed by the second step, which involves the 

burning of carbon contained in the aromatic rings (Murillo et al., 2004; Wigmans, 1989). 

Steam or CO2 are the most often utilized gases for thermal activation. According to the 

general tendency stated in the literature, the greater the activation temperature and duration, 

the better the porosity increase. It does, however, result in an expanded pore size range. It is 
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difficult to control the activation process when air is employed as an activation agent because 

the interaction with air and char (rich in carbon) tends to move toward combustion if not 

controlled, resulting in increased ash production and lower activated carbon production. 

Nevertheless, it could be a preferred method for biochar activation since oxygen in the air 

takes less activation energy than CO2 and steam, making the total activation process more 

cost-effective (Prauchner and Rodríguez-Reinoso, 2012). 

1.5.1.1 Steam activation 

The most typical reaction that occurs during steam activation is depicted in the following 

Equation (1) (Cunliffe and Williams, 1999). 

𝐶 + 𝐻ଶ𝑂 → 𝐶𝑂 + 𝐻ଶ                                                  (1) 

In the study of Lima et al., 2010., biochar was created from broiler litter using rapid pyrolysis 

and then activated with steam. Later, the effect on the specific surface area, porosity, and 

adsorption of heavy metal ions (Cu2+, Cd2+, Zn2+, and Ni2+) were investigated. The specific 

surface area and pore volume rose from 136 to 789 m2/g and 0.052 to 0.344 cm3/g, 

respectively, after steam activation (800 °C for 45 minutes). Also, it was discovered that the 

increased surface area and porosity improved metal ion adsorption ability.  Furthermore, the 

projected activation energy, according to Random Pore Model, to activate the biochar by 

steam (175.9 kJ/mol) was lower than that of CO2 (197.7 kJ/mol), due to the ease of carbon 

removal during chemical reactions (Aranda et al., 2007; Murillo et al., 2004). 

1.5.1.2 CO2 activation 

Another frequent agent for activating char is CO2. At temperatures above 800 °C, the most 

prominent reaction during CO2 activation was the one in Equation (2) (Doja et al., 2022). 

𝐶𝑂ଶ + 𝐶 → 2𝐶𝑂                                                       (2) 

Referring to the study of Hofman and Pietrzak, 2011, an activation without any chemical 

pre-treatments at a temperature of 800 °C was not acknowledged to be successful in 

activating tire char with CO2 (55 m2/g), due to residual ash in the material that interfere with 

the process. According to different available  researches, CO2 is better suitable for producing 

micropores in tire char than steam (Molina-Sabio et al., 1996; Rodríguez-Reinoso et al., 

1995; Ryu et al., 1993). This was because CO2 was thought to begin the activation process 

with the production of micropores and then their subsequent expansion, as opposed to steam, 

which induced pore widening from the start of the activation process (Molina-Sabio et al., 

1996). 
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1.5.2  Chemical activation  

Chemical activation is a heat treatment technique that occurs when raw biochar combines 

with a chemical activating agent at temperatures ranging from 450 to 900 °C. In comparison 

to physical activation, the chemical activation mechanism is still uncertain. Inside the 

biochar, two types of processes occur that result in the production of micropores: 

dehydration and oxidation. Chemical activation has the following benefits over physical 

activation (Sakhiya et al., 2020):  

 lower temperature; 

 higher carbon yield; 

 high surface area; 

 qualitative and quantitative high micro-porosity; 

 higher efficiency. 

While producing an active carbon for adsorbent applications, these compounds were found 

to integrate carbonyl and hydroxyl functional groups in the final product surface (Gupta et 

al., 2011). Chemical activation, on the other hand, causes equipment deterioration. At high 

temperatures, the corrosiveness of this chemical agent can be strong. These substances, on 

the other hand, prevent tar formation by eliminating partial carbon molecules from biochar 

structures and volatile compounds (Azargohar and Dalai, 2008). Biochar is also produced 

via acid, alkali, and oxidation treatments to improve its physicochemical qualities. In 

chemical activation of biochar acids such as HCl, ZnCl2, MgCl3, HNO3, H2SO4, and H3PO4 

are frequently utilized, as well as alkalis such as KOH, NaOH, and K2CO3; and oxidants 

such as H2O2 and KMnO4 (Sakhiya et al., 2020). Other chemicals that have been used are 

K2Fe4 (Adhikari et al., 2000), NaCl (Putra et al., 2019), and BaCl2 (Benjamin and Sajjid, 

2017). ZnCl2, H3PO4, and KOH are widely used in industrial-scale processes (Gogotsi et al., 

2009; Ströbel et al., 2006). The material-to-agent ratios are typically in the 1:0.5 to 1:3 range 

based on dry content. The effect of chemical activation is determined by the type of chemical 

utilized, the degree of mixing, the temperature, and the time interval between subsequent 

activations (Sakhiya et al., 2020). It was also discovered that pore volume shrank at high 

chemical concentrations, due to the physical collapse of the carbon structure. The activated 

biochar must be rinsed after chemical activation to remove the activation agent from the 

surface before it can be recycled. Thus, chemical activation on an industrial scale 

necessitates significant effort in the washing process to prevent environmental effects, which 

raises production costs (Smisek and Cerny, 1970). 
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1.5.2.1 Alkaline activation  

KOH was found to be the most efficient chemical, allowing char to be activated in three 

phases (Shilpa et al., 2018): 

 the reaction of C and KOH: 

1. if the temperature is between 700 and 800 °C, K2O is produced; 

𝐾ଶ𝐶𝑂ଷ → 𝐾ଶ𝑂 + 𝐶𝑂ଶ                                                    (3) 

2. if it is in the range from 400 to 600 °C K2CO3 is formed; 

6𝐾𝑂𝐻 + 2𝐶 → 2𝐾 + 3𝐻ଶ + 2𝐾ଶ𝐶𝑂ଷ                                     (4) 

 removal of carbon in the form of CO or CO2 at a temperature above 700 °C; 

𝐾ଶ𝐶𝑂ଷ + 2𝐶 → 2𝐾 + 3𝐶𝑂                                               (5) 

𝐶 + 𝐾ଶ𝑂 → 2𝐾 + 𝐶𝑂                                                   (6) 

 C matrix expands due to the intercalation of K. 

The processing temperature and KOH: char ratio were the most important parameters 

influencing the specific surface area during KOH activation (Acosta et al., 2016). There was 

a clear association between surface area and impregnation ratio, as the ratio rose the area 

increased, and this can be attributable to the micropore expansion (Acosta et al., 2016; Shilpa 

et al., 2018). By compacting the KOH-char mixture into a pellet before activation, it has 

been achieved a high surface area (955 m2/g) with KOH activation (Rambau et al., 2018). 

NaOH, by raising the O2 concentration of the char, obtain activation in the same way as 

KOH did (Alexandre-Franco et al., 2011; González-González et al., 2020; Saleh and 

Danmaliki, 2016). Although NaCl was the least harmful chemical employed for activation, 

it did not achieve a high surface area (28 m2/g) but did achieve a large pore volume (6.64 

cm3/g) (Putra et al., 2019). Unfortunately, one significant disadvantage of this type of 

activation was the high cost of the chemicals utilized, as well as the requirement for char 

neutralization once the activation process was completed (Antoniou et al., 2014). 

1.5.2.2 Acid activation  

Acids such as HNO3, H2SO4, HCl, or H3PO4 are used to pre-activate the char, resulting in 

enhanced macro-porosity in the finished char (Alexandre-Franco et al., 2011; González-

González et al., 2020; Manchón-Vizuete et al., 2005; Saleh and Danmaliki, 2016; 

Sirimuangjinda et al., 2012a, 2012b). For the chemical activation of char, researchers varied 

the activation temperature from 100 to 900 °C and the activation duration from 0 to 3 h. At 

500 °C, H2SO4 had the largest specific surface area of 1066 m2/g (Sirimuangjinda et al., 

2012a) and the lowest of 2.3 m2/g (Manchón-Vizuete et al., 2005) at 400 °C. It has been 
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proposed that increasing the temperature enhances cross-linking of char, resulting in 

increased surface area values (Sirimuangjinda et al., 2012a). This was made feasible by a 

more successful dehydrogenation at higher temperatures, resulting in a stronger char with 

more cross-linking. Furthermore, the variation of H2SO4 may have affected the outcomes, 

with enhanced ash removal for higher dosing, presumably because of the greater quantity of 

acid available for the removal of impurities, ash, from the char (Doja et al., 2022). 

1.6 Applications of Biochar 

Biochar is a hot topic among researchers due to its eco-friendliness, low cost, and simplicity 

of manufacture from diverse biomass employing thermochemical processes for addressing 

a wide range of environmental applications. Biochar is useful in removing contaminants and 

pollutants from soil and aquatic environments, which may be determined by the kind of 

biomass and pyrolysis temperature. Other applications for biochar include catalysts, 

wastewater treatment, composting, energy storage, carbon sequestration, and soil 

amendment. Many researchers are now working on the utilization in numerous areas and a 

multitude of the applications are discussed in the following sections. Table 1.1 shows a 

summary of applications in which biochar can be used. 

Table 1.1 Applications of biochar (Yaashikaa et al., 2020). 

Applications  Aim  Benefits  Limitations 

Catalyst 

Act as supporting 

materials for direct 

catalysis 

Low cost, more functional 

groups, large surface area 
Efficiency may be less 

Energy 

storage 

Utilized as electrode 

materials 

Low cost, highly porous, large 

surface area 
Performance is low 

Soil 

amendment 

Enhancing soil fertility 

and quality and carbon 

sequestration 

Low cost, minimize the 

emission of greenhouse gases, 

helps to retain nutrients and 

water, controls nutrient loss 

Contamination of heavy 

metals and polyaromatic 

hydrocarbons may persist 

Adsorbents 

Removal of organic and 

inorganic pollutants in soil 

and aqueous system 

Low cost and more oxygen 

groups present in biochar 

enhance adsorption of 

pollutants 

Removal efficiency of 

pollutants is undetermined 

and heavy metals retain in 

the soil 

Composting 

Improving the structure of 

microbial population and 

carbon mineralization 

Porous, reducing the emission 

of greenhouse gases, large 

surface area and retains 

nutrients 

There may be a chance of 

heavy metals and other 

contaminants invading the 

soil 
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1.6.1 Remediation of pollutants 

The presence of pollutants in water and soil requires the research for low-cost methodology 

to remove them and biochar, due to is physical-chemical characteristics cloud be a possible 

option to face pollution. The contaminants can be divided in two groups, organic and 

inorganic pollutant, and the adsorption of them in the biochar surfaces can occur due to 

different mechanisms (Figure 1.3). 

1.6.1.1 Organic pollutants  

Recent biochar applications emphasize the use of biochar to remove organic contaminants 

from soil and water. When added to soil, biochar adsorbs organic contaminants contained in 

the soil. Some of the organic contaminants include (Mondal et al., 2016): 

 agricultural chemicals such as insecticides, herbicides, pesticides, and fungicides like 

atrazine, simazine, carbofuran, etc.; 

 industrial chemicals such as polycyclic aromatic hydrocarbons (PAHs) including 

phenanthrene, catechol, pyrene, naphthalene, anthracene, etc.; 

 antibiotics and drugs like acetaminophen, tetracycline, ibuprofen, sulfamethazine, 

tylosin, etc.; 

 cationic dyes such as methylene blue, rhodamine, methylene violet, etc.; 

 volatile organic compounds such as butanol, benzene, furan, trichloroethylene, etc. 

When the concentration of biochar in soil is raised, the pesticide content, such as carbofuran, 

is reduced owing to adsorption or degradation. Because of the quality of -COOH and 

phenolic functional groups, pesticides may be adsorbed on the surface of biochar. The 

removal process is closely connected to the interaction of biochar with contaminants. In the 

presence of different functional groups such as -OH, -COOH, and others, the mechanism 

occurs via physisorption (electrostatic attraction/repulsion, pore diffusion, H-bonding, and 

hydrophobic) and chemisorption (electrophilic contact). Chemical transformation, 

partitioning, and biodegradation are some of the other removal pathways (Xiong et al., 

2019).  

Polluted water frequently contains volatile organic compounds, pesticides, phenolic 

compounds, nitrogen-containing compounds, dioxins, polynuclear aromatic compounds, 

raw materials for plastics, and other contaminants (Barco-Bonilla et al., 2013). Traditionally, 

these compounds are eliminated by adding oxidizing agents such as Fenton’s reagent, H2O2, 

chlorine dioxide, ozone, and others, which react with the contaminants and generate oxygen-
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containing functional groups known as disinfection by-products. These by-products cause 

cytotoxic, genotoxic, and mutagenic actions in living components (Shin et al., 2018). 

Recently, these drawbacks were solved by employing biochar as an adsorbent, which 

removed the organic molecules via an adsorption process (Zhou et al., 2020). The 

hydrophobic interaction, pore filling, electrostatic interaction, hydrogen bonding formation, 

and π-π interaction between organic compounds and biochar all contribute to the 

effectiveness of organic compound adsorption by biochar (Abbas et al., 2018). In the study 

of Maya et al., 2020, biochar has been developed to remove fluoride and chromium from 

industrial effluents. Magnetic biochar made from rice straw has been used to remove 

tetracycline from water (Dai et al., 2020). Paper sludge and wheat husk biochar were 

employed to remove 2,4-dichlorophenol from water (Kalderis and Akay, 2017). 

1.6.1.2 Inorganic pollutants 

Inorganic pollutants such as metals are toxic, non-biodegradable, and when present at higher 

concentrations pose a serious threat to all living creatures in the polluted environment. These 

inorganic contaminants enter the environment via industrial effluents or municipal 

wastewater (Zhang et al., 2013). The more carcinogenic and toxic are heavy metals (HMs) 

like chromium (Cr), lead (Pb), cadmium (Cd), mercury (Hg), arsenic (As), copper (Cu), 

selenium (Se), and others. Currently, the release of these HMs from industries such as metals 

finishing, electroplating, textiles, batteries, glass, mining, refining ores, pesticides, papers, 

fertilizers, tanneries, and several others has had a significant impact on the environment. 

(Alalwan et al., 2020). The prolonged buildup of such HMs can harm all living organisms 

by a well-known process known as biomagnification. To avoid such a dangerous situation, 

it is critical to remove HMs from discharged effluents using proper technology. In general, 

HMs in industrial effluents are removed via ion exchange, reverse osmosis, chemical 

precipitation, chelation/complexation, floatation, phytoremediation, chemical 

oxidation/reduction, ultrafiltration, membrane technologies, adsorption, electrochemical 

approaches, and other ways (Godwin et al., 2019). Removal of HMs from industrial effluents 

by adsorption process is very simple, versatile and less expensive, been not affected by 

secondary problems like the formation of sludges, disposal, and others which resulted in 

further complications (Jeyasubramanian et al., 2021). 

Interestingly, HMs in industrial effluents have been removed by employing biochar as an 

adsorbent, however, the process is dependent on the type of the HMS. The HMs are divided 

into two types:  
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 cationic such as Hg(II), Cd(II) and Pb(II);  

 anionic such as Cr(VI) and As(V); 

Surface treatment using oxidizing agents such as KMnO4, K2Cr2O7, and others provides 

oxygen-containing functional groups to the biochar and promotes the removal of cationic 

HMs. The surface modification allows for the interchange of H+ ions with cations present in 

effluents due to the production of oxygen-containing functional groups such as -COOH, -

OH (Jeyasubramanian et al., 2021). 

Magnetic particle or metal oxide-loaded biochar improves anionic HM elimination. Three 

techniques are used to remove anionic HMs from effluents: anion exchange, adsorption with 

reduction, and electrostatic attraction. Soaking the biomass feedstock in FeCl3 solution 

produces magnetic particle-impregnate biochar. After drying, it is pyrolyzed to make biochar 

impregnated with the selected metal ion, which improves the exchange of anionic HMs from 

the effluent (Khitous et al., 2016). The adsorption and reduction of Cr(VI) are then assisted 

by the oxidation of organic contaminants, resulting in the production of Cr (III). The anionic 

form of Cr(VI) was transformed by researchers into the cationic form of Cr(III), which was 

subsequently removed by biochar derived from rice husk (T. U. Han et al., 2020).  Another 

aspect that influences removal efficiency is pH, however, the process is dependent on the 

metal. For example, Cr removal was shown to be greatest at pH 2.0, but Pb removal was 

highest between pH 2.0 and 5.0 (Yaashikaa et al., 2020). 

Furthermore, inorganic anions such as phosphate and nitrate found in water and responsible 

for eutrophication were removed using magnetic biochar made from corn straw activated 

with FeCl3 (Tan et al., 2020). They concluded that the one-step technique reduces As(V) and 

NO3
- levels by 5.94 and 7.69 times, respectively, as compared to pristine biochar. Also, iron-

modified biochar has been produced from pyrolyzed activated sludge waste and found that 

the maximal phosphate adsorption capacity of FeCl3-modified biochar was 111.0 mg/g (Q. 

Yang et al., 2018).  
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Figure 1.3 Adsorption mechanism for the different types of pollutant (Zhao et al., 2021). 

 

1.6.2 Catalyst 

Biochar can operate as a catalyst in a variety of industries, including agriculture, 

environment, and energy. Due to the general characteristics of biochar, it is regarded as a 

potential catalyst. Because of the functional groups presence, a high surface area is critical 

for biochar catalytic performance. Biochar has a wide range of applications as a catalyst, 

including biodiesel synthesis, energy generation, tar removal, waste management, syngas 

production, electrodes in microbial fuel cells, chemical industries, and contaminants 

removal. 

1.6.2.1 Energy production  

The formation of tar during biomass gasification process is unpleasant because it causes 

pollution and clogging of downstream operations, as well as a loss in energy efficiency. Tar 

catalytic transformation has the capacity to convert tar to hydrogen (H2) and carbon 

monoxide (CO). These two elements, H2 and CO, are regarded as critical components of 

syngas. The char formed from various biomass, such as corn straw char and rice straw char, 

affects tar removal. Thus, char varieties impact tar removal efficiency. With increasing char 

particle size, the tar removal effectiveness drops. This is because the surface area and the 
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active sites impact the removal efficiency. Biochar boosts hydrogen generation during the 

gasification/pyrolysis process (Yaashikaa et al., 2020). 

1.6.2.2 Biofuel production  

Biofuel is an excellent replacement for petroleum products since it is biodegradable, non-

toxic, renewable, and has equivalent fuel properties to fossil fuels. Transesterification of 

vegetable oils or esterification of free unsaturated fats (FFAs) with alcohols can be used to 

produce biofuel. Biochar catalysts are employed during the transesterification and 

esterification processes (Yaashikaa et al., 2020). Biofuel manufacturing is a new technology 

that is seen as a viable alternative to petroleum fuels. Because of its renewability and 

simplicity of storage, biodiesel is considered a sustainable alternative to petroleum diesel. 

Biodiesel is made up of fatty acid alkyl esters that are formed by the transesterification or 

esterification of animal fat, vegetable oil, and microalgal oil (Chai et al., 2012). Poor quality 

or waste oils contain a lot of FFAs, which will most likely reduce the reaction rate and 

biodiesel production. As a result, the development of catalysts capable of accelerating both 

esterification and transesterification at the same time is intriguing. The acid-functionalized 

biochar catalysts were made from biomass via two major processes: sulfonation with 

vaporous SO3 or liquid H2SO4 and carbonization (Yaashikaa et al., 2020). CaO biochar, 

K2CO3 biochar, and KOH functionalized biochar were also used as catalysts for biofuel 

production. These catalysts have demonstrated a high biofuel output and good reusability, 

therefore, they can be considered a viable alternative to conventional transesterification 

catalytic systems (Chen et al., 2011).  

1.6.2.3 Control of air pollutants  

In the literature, biochar has been used as a low-temperature catalyst for selective catalytic 

reduction. Studies on biomass like sewage sludge and rice straw for synthesizing biochar 

and using it as low-temperature catalysts with ammonia as a reducing agent have been 

published. The removal efficacy of the char was evaluated after being physically or 

chemically activated. Chemical activation outperformed physical activation in terms of 

removal efficiency. Chemical characteristics, such as functional groups and adsorption sites, 

were shown to be critical elements for better removal. Under the catalysis effect of biochar, 

sulfate and free radicals were released. The combination increased the catalytic activity of 

the catalyst due to the biochar (Yu et al., 2009; Zheng et al., 2010). 
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1.6.2.4 Energy storage and supercapacitors  

The storage of energy in electrical items is critical for consumer use of electrical and 

electronic equipment. Supercapacitors are energy storage devices that attract interest owing 

to their quick charge and discharge capacity, high power density, and extended cycle 

stability, whereas rechargeable batteries have a high energy density and a lower 

charge/discharge rate (Nag et al., 2011). The performance of an energy storage device is 

predicted by the electrode materials. These electrode materials have a large surface area and 

a porous structure, which offer the necessary active sites for the oxidation process. Carbon 

nanotubes, activated carbon, graphene, and other materials are commonly utilized as 

electrode materials. Because these carbon materials are costly, their use is limited. Because 

of this disadvantage, the use of biochar as an electrode is gaining popularity. Biochar, like 

carbon material, has a high surface area, is porous, and is less expensive. Biochar has the 

potential to be used as an electrode in microbial fuel cells and supercapacitors (Rhodes et 

al., 2008). 

1.6.3 Soil amendment  

Biochar can be used in agriculture for a variety of purposes, such as improving soil fertility 

and structure (Sopeña et al., 2012), increasing soil cation exchange capacity, supporting 

carbon sequestration and reducing the effect of greenhouse gases (Venegas et al., 

2016), improving productivity by maintaining water retention and enhancing microbial 

activity by reducing nutrient leaching (Bian et al., 2013). Furthermore, the use of biochar 

has been regarded as a feasible strategy for remediating polluted soil with harmful 

contaminants such as heavy metals, pesticides, hydrocarbons, and others. Biochar from 

Moso bamboo chips was synthesized and utilized to study the leaching loss of fixed organic 

carbon and soluble nitrate nutrients, revealing the mitigating impact of biochar during spring, 

fall, and winter (Lei et al., 2018). 

1.6.4 Carbon sequestration  

Climate change is raising concerns about reducing CO2 emissions into the atmosphere. Soil 

plays an important part in the carbon cycle, which has a direct impact on climate change. 

Carbon sequestration in soil is a sustainable approach for lowering CO2 emissions (Méndez 

et al., 2012). Because biochar is barely resistant to destruction by bacteria due to the presence 

of aromatic structures, it has a favorable effect on carbon sequestration in soil. Many studies 

have been published on biochar's ability to sequester carbon. However, because both good 
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and negative impacts were found, no optimal outcomes were reached. Carbon emissions 

were shown to be increasing as well as decreasing (Jiang et al., 2012; Moon et al., 2017). 

The carbon content of biochar is divided into two types: liable carbon and recalcitrant 

carbon. Liable carbon is easily used by microorganisms during biochar application, resulting 

in higher carbon mineralization in the early stage. As a result, the use of biochar restored 

carbon mineralization. Recalcitrant carbon, on the other hand, remains in the soil for a longer 

period (Puga et al., 2015). As a result, the carbon fixed by biochar application (amendment) 

exceeds the carbon released via relevant liable carbon mineralization. Recently, CO2 

adsorption was achieved by employing biochar because of its outstanding features such as 

high porosity and greater surface area. Researchers have examined the absorption of CO2 by 

magnesium-loaded biochar produced from pyrolyzed walnut shell (Lahijani et al., 2018). 

The selective absorption of CO2 was studied in the presence of competing gases such as CH4, 

CO, and N2. They also said that the metal-impregnated biochar absorbed 82.0 mg/g and the 

pure biochar 72.6 mg/g. Similarly, another study documented that, the use of magnesium 

oxide impregnated biochar made from sugarcane bagasse to remove CO2, with 

thermogravimetric measurement proving its effectiveness (Creamer et al., 2018). However, 

the impact of biochar on carbon sequestration is yet unclear. The impact varies depending 

on the type of biomass and the pyrolytic conditions. Because pyrolysis conditions have a 

significant impact on the physico-chemical features of biochar, it is critical to establish a link 

between reaction conditions and the effects of biochar on carbon sequestration (Yaashikaa 

et al., 2020). 

1.6.5 Wastewater treatment 

Biochar is a solid substance with a large surface area and porosity, making it an intriguing 

choice in wastewater treatment. Biochar has been demonstrated to be a good medium for 

capturing nutrients from wastewater and can later be used in soil as an amendment. Because 

of its high porosity and strong adsorption qualities, which allow pollutants to be collected 

on its surface, biochar is successfully created for contaminants removal from wastewater. 

Carbonized materials and crude biowaste are increasingly being used in wastewater 

treatment. The production of activated carbon has a strong natural effect, as seen by biochar's 

decreased greenhouse gas emissions. Similarly, the production of activated carbon (97 

MJ/kg) necessitates a significantly larger energy demand than biochar (6.1 MJ/kg). As a 

result, biochar may outperform activated carbon in the removal of hazardous pollutants from 

wastewater while considering greenhouse gases emissions, energy demand, and therefore 
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production costs (Yaashikaa et al., 2020). Of all the possible application this is the one 

chosen for the biochar produced in this study. Due to its characteristics, it was decided to 

assess the possible use of the biochar as an adsorbent for the treatment of wastewater, 

targeting pharmaceutical compound, one of the emergent problems in the wastewater 

treatments field, aspect that will be discussed in the next chapter.
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CHAPTER 2                                                   

Pharmaceuticals presence in the environment 

2.1 Presence and effects of pharmaceuticals in the environment  

The detection of a vast number of so-called emerging micro-pollutants in surface waters 

around the world has become a source of concern for the global community. Emerging 

pollutants exhibit ubiquity, persistence, and non-biodegradability. Furthermore, 

pharmaceutical compounds such as analgesics and anti-inflammatory drugs, contraceptive 

hormones, antibiotics, beta-blockers, lipid regulators, psychiatric drugs, and many others are 

particularly prone to bioaccumulation in animal and human organisms and are typically 

eliminated from the body in the form of metabolites, which can sometimes be much more 

harmful than the original compounds (Fent et al., 2006; Oaks et al., 2004). These 

compounds, due also to the exponential increase in the human population, are more 

frequently detected as environmental pollutants (Evgenidou et al., 2015; Lapworth et al., 

2012). After human and veterinary use, a large number of pharmaceutical chemicals, about 

4000 in Europe, are released into the environment (Mompelat et al., 2009). The main sources 

of medicines in waters are hospitals, pharmaceutical industries, wastewater treatment plant 

(WWTP) effluents, and landfill leachates (Holm et al., 1995). Antimicrobial resistance 

(AMR), a decrease in plankton variety, and restriction of human embryonic cell growth are 

some of the rising potential toxic effects on life forms residing in the aquatic and terrestrial 

environment (Nawab et al., 2015; Zhang et al., 2014). Also, the AMR of pathogenic bacteria 

and antagonizing hormones inside the human body are both the result of the constant action 

of pharmaceutical substances present in the environment, even at low concentrations, so 

undermining the usefulness of pharmaceuticals (Ternes et al., 2002). It should also be 

acknowledged that pharmaceuticals are frequently detected in the environment as mixtures.  

Despite low environmental concentrations, typically at trace levels (ng/L to g/L), 

pharmaceuticals can still cause harm due to cumulative effects and continuous exposure, 

which is common in aquatic ecosystems (Dordio et al., 2009). As a result, multiple 

investigations have found that their toxicity to non-target organisms can appear at 

environmentally relevant concentrations due to synergic effects (Pomati et al., 2008) and due 

to their long persistence in the environment (Saravanan et al., 2014). Non-steroidal anti-
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inflammatory drugs have analgesic, antipyretic, and anti-inflammatory properties. 

Ibuprofen, a member of this family of drugs, is one of the most widely used chemicals in the 

world (e.g., 345 t in Germany in 2001) and is commonly found in WWTP effluents, surface 

waters, and seawater (Ternes et al., 1998; Wiegel et al., 2004). Antibiotics, anti-

inflammatory drugs, lipid-lowering agents, and anticonvulsants are the most commonly 

detected pharmaceuticals in the aquatic environment (Boudrahem et al., 2017), and their 

toxicity has been summarized in Figure 2.1. Antibiotics enter the environment through a 

variety of human activities. Animals and humans are the principal users of antibiotics, and 

as such, they are the leading causes of antibiotic contamination in the environment. An 

antibiotic is metabolized in the body and its residue is expelled, mostly in feces (up to 75%) 

and/or urine (up to 90%) (Gelband et al., 2015). These contaminants are then transferred 

with sewage to wastewater treatment plants, where they can build up in sewage sludge that 

after treatment can be utilized as a soil amendment. In the last decades, fruit (Ben et al., 

2019), vegetables (Ahmed et al., 2015; Li et al., 2014), meat (Tao et al., 2012; H. Wang et 

al., 2017), fish and shellfish (Chiesa et al., 2018; He et al., 2016), milk (Zheng et al., 2013), 

eggs (Yamaguchi et al., 2017), and even drinking water (Boleda et al., 2014; Collier, 2012) 

have been shown to contain traces of antibiotics. As a result of consuming contaminated 

foods, people have become "secondary consumers" of antibiotics (Krasucka et al., 2021). 

 
Figure 2.1 Toxicity of pharmaceuticals for the aquatic life (De García et al., 2014). 
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2.2 Ibuprofen 

Ibuprofen (IBP) is a colorless and crystalline solid, and it has a characteristic odor (de 

Oliveira et al., 2019). Its general chemical structure is shown in Figure 2.2 and its main 

properties are detailed in Table 2.1.  

The compound is one of the so-called non-steroidal anti-inflammatory drugs (NSAID). IBP 

is obtained from propionic acid, and it is considered the first of the propionics (2-(4-

Isobutylphenyl) propanoic acid). It was developed by Stewart Adams in 1960 while 

researching a safer alternative for aspirin. IBP was patented the following year of its 

discovery and first launched for the treatment of rheumatoid arthritis in the UK and USA in 

1969 and 1974, respectively. IBP is available by prescription and also it was the first NSAID 

available over the counter. It is considered to be one the safest NSAIDs, generally causing 

no harm after administration but, rarely, undesired clinically apparent effects, such as serious 

acute liver injury, can occur (PubChem, 2021). So it is not unexpected that it is one of the 

most marketed drugs, and its traces are present both in industrial and municipal wastewater 

discharges (Chakraborty et al., 2018; Mompelat et al., 2009). 

The pKa of this drug (Table 2.1) shows a weakly acid character so having a low tendency to 

be adsorbed into sludges of WWTPs (Álvarez-Torrellas et al., 2016). Therefore, the removal 

from aqueous media has to take place to reduce the content of this compound. However, IBP 

removal via traditional wastewater treatment plants has been proved difficult, because of its 

moderate water solubility (21 mg/L)  and high polarity (Jiang et al., 2015). 

 

 
Figure 2.2 Chemical Structure Depiction of Ibuprofen (PubChem, 2021). 
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             Table 2.1 Ibuprofen properties (PubChem, 2021) 

CAS ID 15,687-27-1 

IUPAC Name 2-(4-Isobutylphenyl) propanoic acid 

Chemical Formula C13H18O2 

Molar mass 206.28 g/mol 

Specific gravity 1.03 

Solubility in water (at 25 °C) 21 mg/L 

Boiling point 157 °C 

pKa 4.91 

Log Kow 3.97 

Melting point 75–77 °C 

 

2.2.1 Source and presence of IBP pollution  

Researchers can now identify the causes of contamination of particular contaminant species 

based on rigorous monitoring and assessment of water (Ighalo et al., 2021b, 2021a). NSAIDs 

are often found in the environment in quantities of ng/L and g/L, and even at these amounts, 

they can have severe ecotoxicological consequences (Davarnejad et al., 2018). IBP, like 

other pharmaceutically active chemicals, enters the environment via hospital and medical 

effluents (Caicedo et al., 2020), pharmaceutical wastewaters (Davarnejad et al., 2018), and 

veterinary usage (Y. Han et al., 2020). IBP was found in WWTP effluents at greater 

concentrations than other medications (Balakrishna et al., 2017). Moreover, IBP has one of 

the highest concentrations in estuaries across the world, ranging from 18 to 6297 ng/L 

(Letsinger et al., 2019). 

2.2.2  Ecotoxicity Source and presence of IBP pollution  

The ecotoxicology of IBP is examined in order to comprehend the harmful consequences of 

its presence in the aquatic environment. IBP is routinely discovered in surface waters at ng/L, 

and pharmaceutical effluent is the primary cause of pollution (Aguilar-Romero et al., 2020) 

It has been discovered that while acute effects of IBP in the aquatic environment are minimal, 

they may be severe when combined with diclofenac, another NSAID (Cleuvers, 2003). IBP 

caused nonpolar narcosis in algae and “Daphnia” and conforms to the concentration addition 

notion (Cleuvers, 2003). It has been demonstrated that IBP influences the metabolism and 

substrate attachment ability of Baltic Sea blue mussels “Mytilus edulis trossulus” (Ericson 
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et al., 2010). Biomagnification was detected, so the concentration of IBP in the animal cells 

was found to be greater than in the contaminated aqueous environment around them. Even 

if not toxic, it has been discovered that IBP and its sodium salt are hazardous to aquatic 

species in studies on “Vibrio fischeri”, algae, crustaceans, and wastewater treatment plant 

biomass, Figure 2.3 (De García et al., 2014). IBP has an endocrine-disrupting impact on 

Japanese medaka “Oryzias latipes” and freshwater “cladocerans Daphnia magna” and 

“Moina macrocopa” (Han et al., 2010). In vitro biomarker studies on the haemocytes of the 

freshwater bivalve zebra mussel “Dreissena polymorpha”, it was revealed that IBP has a 

higher genotoxic potential than other NSAIDs such as paracetamol and diclofenac (Parolini 

et al., 2009). Also, a chronic cyto-genotoxic impact was detected in mussel haemocytes 

(Parolini et al., 2011). IBP has been found to promote the growth of the cyanobacterium 

“Synechocystis sp.” but reduced the growth of the duckweed “Lemna minor” (Pomati et al., 

2004). Keeled Ramshorn snails “Planorbis carinatus” have shown acute and chronic effects 

(Pounds et al., 2008). The chloroplast energy transduction and electron transport chain of 

the diatom “Phaeodactylum tricornutum” has been demonstrated to be inhibited by IBP 

(Silva et al., 2020). In addition, the pharmaceutical has been demonstrated to be somewhat 

harmful to “Aliivibrio fischeri” (Zuriaga et al., 2019). Based on these findings, it is 

reasonable to conclude that IBP should be reduced in hospital and medical effluents, as well 

as pharmaceutical wastes, before they are released into the environment. 

 

 
Figure 2.3 IBP and its sodium salt toxicity (De García et al., 2014). 
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2.3 European Union strategy against pharmaceutical pollution 

To address the problem of pharmaceutical presence in the environment, the European Union 

(EU) has studied some strategies to reduce the knowledge gap about the presence and effects, 

to define the necessity of reducing and removing pharmaceutical products from the 

environment, especially from the aqueous ecosystems.  

The document created by the European Commission in March,2019 is entitled “European 

Union Strategic Approach to Pharmaceuticals in the Environment” (PiE)  in which the 

problem is exposed, the objectives are well defined along with the required actions to achieve 

the targeted goals (“Strategic Approach to Pharmaceuticals in the Environment - 

Environment - European Commission,” 2019).  

Here follow some of the objectives taken from PiE at point 3 “The objectives of the strategic 

approach” which are more related to this study: 

 identify actions to be taken or further investigated to address the potential risks 

pharmaceutical residues in the environment, not least to contribute to the EU's 

action on combatting antimicrobial resistance; 

 encourage innovation where it can help to address the risks and promote the 

circular economy by facilitating the recycling of resources such as water, sewage 

sludge and manure; 

 ensure that actions to address the risk do not jeopardize access to safe and 

effective pharmaceutical treatments for human patients and animals. 

The PiE at point 5 “Actions” explains that measures have to be taken at EU and/or Member 

State level to address the possible environmental impacts of pharmaceutical substances. 

Besides, strategies have to be installed to control the sources (consumption of 

pharmaceuticals) and the end-of-pipe controls (improved wastewater treatment). 

Here are the Actions taken from point 5.4 that are more related to this study:  

 Concerning urban wastewater treatment: 

1. Use EU programs to invest in technologies to improve the efficiency of 

removal of pharmaceuticals (and antimicrobial resistance genes); 

2. As part of the study supporting the evaluation of the existing urban 

wastewater treatment legislation, assess whether it sufficiently controls 

pharmaceutical emissions and investigate the feasibility of upgrading 

selected urban wastewater treatment plants to more advanced treatment 

technologies. 
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In 2020, the PiE has been followed by an Update on Progress and Implementation of the 

PiE, and on the 17th of September, the European Parliament adopted a resolution of the 

European Union Strategic Approach to Pharmaceuticals in the Environment 

(2019/2816(RSP)). This renovated attention to the argument has been the result of the 

European Green Deal and the COVID-19 pandemic.  

As the problem is becoming more serious and government institutions are taking aware of 

it, it is highly probable that in the coming years new regulation will be released about 

wastewater treatment and pharmaceuticals removal, hence the necessity of investigating 

efficient and cost-effective methods for eliminating these pollutants. 
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CHAPTER 3                                             

Materials and Methods 

3.1 Biochar Production 

3.1.1 Feedstock  

Thermal-insulation panels, produced with recycled textiles, were used as the raw material 

for biochar production, supposing to treat them at the end of their lifecycle. Their physico-

chemical characterization has been carried out in a previous phase of this study. The raw 

material is shown in Figure 3.1 and its characteristics are reported in Table 3.1. The material 

presented a big heterogeneity to the eye, in terms of both composition and size of the 

components, this is probably due to the recycled nature of the product. The unprocessed 

source is mainly shredded jeans and other cotton fibers, but also synthetic ones are presents. 

Table 3.1 Summary of the raw material characterization obtained in the previous study. 

Bio-based building material Recycled textile 

Ultimate analysis (wt% on dry 

basis) 

C 45.14 ± 0.40 

H 5.34 ± 0.10 

N 1.50 ± 0.02 

S < LQ 

O* 48.55 ± 0.40 

Proximate analysis (wt% on dry 

basis) 

Moisture (%) 4.99 ± 0.10 

Ash (%) 0.97 ± 0.05 

Volatile matter (%) 75.05 ± 0.60 

Fixed carbon (%) ** 18.99 ± 0.50 

Biomass composition (wt% on dry 

basis) 

Hemicellulose (%) 31.28 

Cellulose (%) 30.98 

Lignin (%) 6.41 

Heating value 
HHV (MJ/kg) 18.05 ± 0.40 

LHV (MJ/kg) 16.97 ± 0.40 

*: Oxygen calculated from the difference of C, H, N, S and Ash 

**: Fixed carbon calculated from the difference from moisture, ash and volatile matter 

< LQ: Lower than the quantification limit (LQ < 0.2 % on CHNS-O analyzer) 
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Figure 3.1 Thermal insulation panels 

3.1.2 Feedstock pre-treatment 

The pre-treatment applied to the raw material has been a mechanical treatment. The panels, 

after being cut, have been pelletized manually by applying a pressure of 1 ton/cm2 to ensure 

enough structural cohesion of the fibers as illustrated in Figure 3.2. 

 
Figure 3.2 Pellets of recycled textiles 

3.1.3 Biochar 

The pellets were pyrolyzed in a semi-rotating Inconel reactor (Figure 3.3) under the 

following conditions: 

 temperature of 550 °C; 

 heating rate of 10 °C/min; 

 dwelling time of 2 hours at the fixed temperature; 
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 intake of nitrogen gas (N2) with a flow rate of 750 mL/min during pyrolysis to keep 

an oxygen-depleted environment. 

At the end of this process, biochar (BC) was recovered for further analysis (Figure3.4) 

The yield of the BC production was obtained using the following Equation (7). 

𝑌 =
𝑊

𝑊଴
⋅ 100                                                                (7) 

Where Y (%) is the yield, W (g) the dry weight of the products and W0 (g) the dry weight of 

the raw material before the thermal treatment. 

     
Figure 3.3 Furnace with Inconel reactor.                  Figure 3.4 BC obtained after the pyrolysis of the 

                                             recycled textiles pellets 

3.1.4 Steam Activated Biochar  

Steam activated biochar (SABC) was produced by steam gasification of the pelletized 

biomass in the same semi-rotating Inconel reactor. The gasification process has been 

preceded by pyrolysis to reach the temperature at which the water becomes active. The 

operating conditions of steam pyro-gasification are the following: 

 temperature of 850 °C; 

 heating rate of 10 °C/min; 

 dwelling time of 1 hour at the fixed temperature; 

 intake of N2 with a flow rate of 750 mL/min during the ramp and 570 mL/min during 

the dwelling time. 

 intake of water (H2O) during the dwelling time of 0.7 mL/min. 

During the process, the non-condensable gases at the outlet of the ice-cooled condenser were 

monitored using gas chromatography (Micro GC Fusion gas analyzer) at a regular time 

interval of 3 minutes; while condensable compounds (bio-oil and tars) were recovered at the 
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end of the experiment for the mass balance. The complete apparatus used is shown in the 

Figure 3.5. The SABC obtained is shown in Figure 3.6. The yield was estimated with the 

Equation (7). 

 
Figure 3.5 Schematic representation of the apparatus used for the production of the SABC. 

 
Figure 3.6 SABC produced by steam activation of the pellets. 

3.1.5 Post-treatment 

To obtain a representative fraction of the product in each of the experiences carried out, the 

obtained biochars have been crushed and sieved. The size fraction selected for running the 

kinetics and isotherms has been 0.5<Φ <0.8 mm and 0.5<Φ<1.6 mm for the column, that 

needed a large fraction and could accommodate bigger particles. The sieved pellets used in 

the adsorption column are shown in Figure 3.7. 
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Figure 3.7 SABC after sieving. 

3.2 Characterization 

To assess the chemical and physical properties of the biochars, a variety of analyses have 

been carried out, which are described in the following. 

3.2.1 BET  

To obtain the surface area and pore size of the adsorbents produced, the Brunauer-Emmett-

Teller (BET) analysis has been done. The investigation has been preceded, as follows, by a 

drying phase at 105°C for 24 h and a degassing phase at a heating rate of 10 °C/min until 

350°C maintained for 48 h under vacuum conditions of about 30 mmHg in the Micrometrics 

Smart VacPrep apparatus. BET analysis was realized in Micromeritic 3Flex unit-1 using 

nitrogen as adsorbent, at 77 K (-195,618 °C), the boiling temperature of liquid nitrogen 

(Figure 3.8). 

 
Figure 3.8 BET quartz glass tube (on the left), vacuum degassing unit (in the middle) and Micromeritics 

3Flex unit for surface area determination (on the right) 
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3.2.2 Ash content 

To obtain the ash content, the products have been dried at 105 °C for 24 h and then burned 

in a muffle furnace (Figure 3.9) at 815 °C for 4 hours. The samples have been weighed before 

and after burning, the difference between the two weights divided by the initial one is the 

ash content.  

 
Figure 3.9 Muffle furnace. 

3.2.3 pH point of zero charge  

To find the pH point of zero charge (pHpzc), BC and SABC have been crushed. To carry out 

the experience, 50 mL of 10-2 M NaCl solution was placed in different flasks along with 0.15 

g of adsorbent. Then, the pH was adjusted to a value between 2 and 12 by adding HCl or 

NaOH 0.1 M solutions. After 5 days under agitation at room temperature (20 °C), the final 

pH has been measured (Figure 3.10). The pHpzc value is found at the point where the curve 

pHfinal vs pHinitial crosses the line pHfinal = pHinitial. 

 

 
Figure 3.10 pH meter used for the measurement of the pH point of zero charge. 
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3.2.4 Chemical Characterization 

To determine the chemical composition of the product an elemental analysis has been carried 

out. The BC and SABC have been dried at 105 °C and then powdered using a ball milling 

apparatus. Samples between 0.5 and 1 mg have been used for the measurements. The 

FLASH-EA 1112-SERIES CHNS-O Analyzer has been used (Figure 3.11). The percentage 

of C, H, N, and S have been obtained directly from the analysis, meanwhile, the fraction of 

Oxygen (O) has been obtained by difference. 

 

 

Figure 3.11 CHNS-O Analyzer. 

 

3.3 Absorption Kinetics 

During this work, numerous kinetic experiments have been performed with the aim to find 

the optimum conditions. The IBP molecule used has been the IBP sodium salt. This choice 

has been made to avoid the problem of the low solubility of the molecule without using an 

organic solvent, that could compete for the active site in the adsorption process. Different 

solutions of IBU have been prepared with deionized water (DW) and tap water (TapW) at 

concentrations of 50 and 100 mg/L. Bottles were first filled with 400 mL of DW or TapW. 

Next, the adsorbent has been inserted in various quantities, starting from 100 mg to 700 mg 

(crushed) and 1g (full pellets). The bottles were left stirring for at least 24 h to stabilize the 

pH. Subsequently, 400 mL of IBU sodium salt solution (100 and 200 mg/L) was transferred 

into the bottles. The mixing speed was fixed at 200 rpm and the flasks were kept in a room 

with temperature controlled at 20 °C during the kinetics (Figure 3.12). 
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Figure 3.12 Shaker use for mixing.   

 

To monitor the absorption kinetics, the IBU concentration was assessed by periodic sampling 

at different time intervals for a minimum of 5 days and evaluating the samples absorbance 

using a UV-Visible spectrophotometer, shown in Figure 3.13 (Shimadzu UV-1800 

UV/Visible Scanning Spectrophotometer; 115 VAC), at the wavelength of 222 nm after 

filtering the samples with 45 µm filters. The absorbance values have been converted into 

concentration using Equation (8) obtained with the calibration curves.  

  

𝐶௧ = 𝑘 ⋅ 𝐴𝑏𝑠                                                               (8) 

 

Where Ct is the concentration at the time t in mg/L, k is the conversion factor and Abs is the 

absorbance value measured.  

Besides, the pH of the flasks has been monitored. Additionally, a blank bottle (without 

adsorbent) has been prepared and kept under the same conditions to obtain an initial 

concentration and to control if any degradation of IBU molecules occurs.  

The amount of IBU adsorbed has been calculated by using Equation (9). 

 

𝑞௧ =
(𝐶௢ − 𝐶௧)

𝑚
⋅ 𝑉                                                            (9) 

 

Where qt, in mg/g, is the amount of IBP adsorbed at the time t per unit mass of adsorbent, C0 

is the initial concentration at t0 in mg/L, Ct is the concentration at t time, m is the amount of 

adsorbent in g, and V is the volume of the solution in L. 
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Figure 3.13 UV/Visible Scanning Spectrophotometer. 

 

3.3.1 Kinetics Modeling 

To fit the data to the model the software Minitab® has been used. The models used to fit the 

experimental data have been three: 

 the pseudo-first-order kinetic (Eq. 10) (Lagergren, 1898): 

𝑑𝑞௧

𝑑𝑡
= 𝑘ଵ(𝑞௘ − 𝑞௧)                                                   (10) 

where k1 is the rate constant of pseudo-first-order adsorption (1/h), qe and qt (mg/g) 

are the amounts of adsorbed IBP at equilibrium and at time t (h) respectively. 

This equation assumes that the rate of change of solute uptake with time is directly 

proportional to difference in saturation concentration and the amount of solute uptake 

with time, which is generally applicable over the initial stage of an adsorption 

process. It is commonly observed that kinetics follows this Lagergren pseudo–first-

order rate equation when adsorption occurs through diffusion through the interface; 

 the pseudo-second-order kinetic (Eq. 11) (Ho and McKay, 1999):  

𝑑𝑞௧

𝑑𝑡
= 𝑘ଶ(𝑞௘ − 𝑞௧)ଶ                                                 (11) 

where k2 is the rate constant of pseudo-second-order adsorption (g/mg·h), qe and qt 

(mg/g) are the amounts of adsorbed IBP at equilibrium and at time t (h) respectively. 

The pseudo–second-order kinetic model assumes that the rate-limiting step is 

chemical sorption or chemisorption and predicts the behavior over the whole range 

of adsorption. In this condition, the adsorption rate is dependent on the adsorption 

capacity and not on the concentration of adsorbate. One significant benefit of this 

model over the Lagergren model is that the equilibrium adsorption capacity can be 
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determined from the model; hence, there is no need to assess adsorption equilibrium 

capacity from experiment; 

 Elovich model (Eq.12) (Chein and Clayton, 1980):  

𝑞௧ =
1

𝛽
ln(𝛼𝛽) +

1

𝛽
ln(𝑡 + 𝑡଴)                                              (12) 

where a is the adsorption initial rate (mg/g·h, t0 =1/(α·β)) and β is a constant (g/mg) 

related to the external surface area and activation energy of adsorption 

(chemisorption). 

The Elovich kinetic model is often used to interpret the kinetics of adsorption and 

successfully describe second-order kinetics assuming that the surface is energetically 

heterogeneous. 

3.3.2 Intraparticle diffusion model 

The data from the kinetics experiments have been used to fit also the Weber and Morris 

intraparticle diffusion model shown in Equation (13) (Weber and Morris, 1963). 

𝑞௧ = 𝑘௣𝑡଴.ହ + 𝐶௜                                                           (13) 

where kp (mg/g·h0.5) is the intraparticle diffusion rate constant, Ci the intercept.  

The graphs of qt as a function of t0.5 should be straight lines if intraparticle diffusion is 

involved in the adsorption process. The slope and intercept of the regression line are used to 

get the rate constants kp and Ci. The thickness of the boundary layer can be determined by 

Ci. The higher the value of Ci, the greater will be the influence of the boundary layer in the 

sorption. 

Nonlinearity is, nevertheless, occasionally encountered. This indicates that the total 

adsorption rate is limited by various mechanisms. If the data show multilinear plots, it means 

that more than one process was involved in the adsorption. As a result, these rate-limiting 

processes may be divided into several linear sections of the data across time, where they 

exert control over the whole process. 

3.4 Isotherms 

The batch experiments for the isotherm were conducted, similar to the kinetics ones, with a 

solution of 50 mg/L IBP sodium salt, at 20 °C and 200 rpm, also, different amount of 

adsorbent have been used for each bottle, obtaining different ration of IBP/adsorbent. The 

sampling has been performed only when the equilibrium was reached. The Ce measured at t 

equilibrium were then plotted against the qe obtained using Equation (9).  
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3.4.1 Modeling 

These are the different isotherms models used to fit experimental data from batch test: 

 Freundlich (Freundlich, 1907) model applies to the description of heterogeneous and 

reversible multilayer adsorption, with the occurrence of lateral interaction between 

adsorbed molecules. For the Freundlich model, there is always a rapid decline in 

energy distribution as the adsorption process progresses. The nonlinear form of this 

empirical model is expressed in Equation (14). 

𝑞௘ = 𝐾ி ⋅ 𝐶௘

ଵ
௡ಷ                                                       (14) 

where KF (L/g) and nF are Freundlich constants. The value of 1/nF is representative 

of the adsorption intensity or the adsorbent surface heterogeneity. 

Also, when 0 < 1/nF < 1 the adsorption is considered favorable. Unfavorable 

adsorption occurs when 1/nF > 1 and is irreversible at 1/n = 1; 

 Langmuir model (Langmuir, 1916) is one of the most commonly applied empirical 

models in the sorption of aqueous pollutants. It proposes the following assumptions: 

1. monolayer adsorption on distinct homogeneous adsorbent sites; 

2. constant sorption energy which is independent of the extent of active site 

saturation; 

3.  rapid weakening of the forces of attraction between adsorbate molecule with 

coverage; 

4.  existence of fixed sorption capacity on structurally homogenous adsorbents; 

5. existence of identical and energetically uniform sites with the capacity for 

lateral interaction with adjacent sites. 

The nonlinear form of the Langmuir model is depicted in Equation (15). 

𝑞௘ =
𝑞௠௔௫ ⋅ 𝑏 ⋅ 𝐶௘

1 + 𝑏 ⋅ 𝐶௘
                                                     (15) 

where qmax (mg/g) is the maximum adsorbate uptake and b (L/mg) is a constant 

related to the affinity between adsorbate and adsorbent. 

An important parameter related to the Langmuir model is the separation factor or 

equilibrium parameter RL (Eq.16 ), which is used to check if adsorption is favorable 

or unfavorable. 

𝑅௅ =
1

1 + 𝑏 ⋅ 𝐶௘
                                                     (16) 
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The adsorption nature can be linear (RL=1), irreversible (RL=0), unfavorable (RL>1), 

or favorable (0 < RL<1); 

 Sips, or Langmuir–Freundlich, proposed an equation that combines the Freundlich 

and Langmuir isotherms to solve problem of a continuous rise in the adsorbed 

amount with an increase in concentration in the Freundlich equation (Sips, 1948). As 

a result, at high concentrations, the equation specifies a finite limit. For mono-layer 

surfactant adsorption, the Sips model is the most suited three-parameter isotherm 

(Al-Ghouti and Da’ana, 2020). It works for heterogeneous systems and localized 

adsorption without adsorbate-adsorbate interactions. The nonlinear form of this 

equation is the following (Eq. 17). 

𝑞௘ =
𝑞௠௔௫ ⋅ (𝑏 ⋅ 𝐶௘)

ଵ
௡

1 + (𝑏 ⋅ 𝐶௘)
ଵ
௡

                                                   (17) 

where b (L/mg) and 1/n are Sips parameters dependent on the temperature, and qmax 

(mg/g) can be considered or not as a function of temperature; 

 Temkin model presumes a multilayer adsorption process, considers interactions 

between the adsorbent and the adsorbate, but it ignores very small and very large 

concentration values (Temkin and Pyzhev, 1940). The nonlinear form of the Temkin 

isotherm is expressed in Equation (18). 

𝑞௘ =
𝑅𝑇

𝑏
ln(𝐴 ⋅ 𝐶௘)                                                       (18) 

where R is the universal gas constant in J/(mol K), T is the temperature in K, b is the 

Temkin constant related to sorption heat in J/mol, and A is the Temkin isotherm 

constant in L/g. 

3.5 Fixed Bed absorption column 

For the dynamic experiment, a fixed bed adsorption column has been carried out (Figure 

3.14). After sieving, the fraction having a diameter in the interval 0.5<Φ<1.6 mm was 

collected. The column used had a diameter of 1.5 cm and a total length of 45 cm, also three 

sampling ports were present at 10, 20 and 30 cm, respectively. A peristaltic pump was used 

for setting the flow rate to 0.22 mL/min. To better manage the flow rate and counteract the 

dispersion through advection, an up-flow feeding method has been chosen. The fixed bed 

has been first filled with 6.5 g of SABC reaching the sampling port at 30 cm. Then the 

penetrability has been tested by running the column with DW, so washing also possible 
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impurities. The synthetic wastewater, used as influent for the column, was prepared with 

DW and IBP sodium salt solution with a consecration of 25mg/L. The sampling was 

performed from the three heights for the all duration of the experiment and absorbance was 

measured using the same UV-Visible spectrophotometer of the previous experience. A 

scheme of the apparatus used during this experiment is showed in Figure 3.15. 

 
Figure 3.14 Picture of the adsorption column experience. 

 
Figure 3.15 Scheme of the apparatus used to run the adsorption column. 

 

The breakthrough curves from the three sampling ports have been plotted. The breakthrough 

(tb) and saturation (ts) times have been obtained at C/C0 =0.05 and 0.95, respectively. The 

adsorption capacity of the bed was obtained at tb with the following formula (Eq. 19). 
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𝑞௕ =
𝑄 ⋅ 𝐶଴ ⋅ 𝑡௕

𝑚
                                                            (19) 

Where Q is the flow rate in L/h, C0 the influent concentration in mg/L and tb in h. 

Also, the adsorption capacity at saturation (qs) was calculated as follow (Eq. 20) 

𝑞௦ =
𝑄 ⋅ 𝐶଴ ⋅ 𝐴௦

𝑚
                                                             (20) 

Where As is the area over the breakthrough curve until ts estimated using the Equation (21). 

𝐴௦ = න 1 −
𝐶௧

𝐶଴
𝑑𝑡

௧ೞ

଴

≅ ෎ 1 −
1

2
൬

𝐶௜

𝐶଴
+

𝐶௜ିଵ

𝐶଴
൰ ⋅ (𝑡௜ − 𝑡௜ିଵ)

௦

௜ୀଵ

                     (21) 

The total removal efficiency (Y) of the column at ts was found using the following formula 

(Eq. 22). 

𝑌 =
𝑄 ⋅ 𝐶଴ ⋅ 𝐴௦

𝑄 ⋅ 𝐶଴ ⋅ 𝑡௦
× 100 =

𝐴௦

𝑡௦
× 100                                    (22) 

An estimation on the degree of utilization of the fixed bed at breakthrough was derived from 

the calculation of the following parameters: 

 percentage of utilized bed (UB) (Eq. 23); 

𝑈𝐵 =
𝑡௕

𝐴௦
                                                              (23) 

 Length of unused bed also known as the mass transfer zone (MTZ) (Eq. 24); 

𝑀𝑇𝑍 = 𝐿 ൬1 −
𝑡௕

𝐴௦
൰                                                     (24) 

where L is the length of the fixed bed in cm. In addition, a t* when C/C0 =0.5 can be defined, 

if the breakthrough curve is symmetric, it can be used in place of As. Furthermore, As/t* can 

be used to evaluate the symmetry of the curve, so values close to 1 mean a higher symmetry. 

3.5.1 Modeling 

The data from the breakthrough curves were fitted to the following model: 

 Yoon and Nelson have proposed a straightforward model (Yoon and Nelson, 1984). 

This model is not only simpler than others, but it also does not require any 

comprehensive data on the adsorbate, the kind of adsorbent, or the physical 

properties of the adsorption bed. Equation (25) shows the Yoon and Nelson model 

in the nonlinear form used to fit the experimental data. 

𝐶

𝐶଴
=

1

1 + 𝑒௄ೊಿ(௧∗ି௧)
                                                   (25) 

where KYN is the rate constant (1/h);  
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 Clark have developed a model on the assumption of (Clark, 1987): 

1. mass transfer concept in combination with the Freundlich isotherm; 

2. the fix bed column is considered a plug flow reactor; 

3. contributions from the dispersion phenomenon are negligible;  

The nonlinear equation of the Clark breakthrough curve model is the one given in 

the following formula (Eq. 26). 

𝐶

𝐶଴
= ൬

1

1 + 𝐴 ∙ 𝑒ି௥௧
൰

ଵ
௡ಷିଵ

                                         (26) 

where A and r are parameters of the kinetic equation and nF corresponds to the 

exponent of the Freundlich isotherm. 
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CHAPTER 4                                                 

Results and Discussion   

4.1 Biochar production 

The results of the mass balance are reported in Table 4.1. Due to the higher temperature and 

steam presence in the activation process, a lower yield of SABC was expected compared to 

BC owing to the Water gas reaction (Eq. 27), and Water gas-shift reaction (Eq. 28) that occur 

simultaneously as follows: 

 𝐶 + 𝐻ଶ𝑂 → 𝐶𝑂 + 𝐻ଶ                      ∆𝐻 (850 °C ) = 19.06 𝑘𝐽/𝑚𝑜𝑙 (27) 

 𝐶𝑂 + 𝐻ଶ𝑂 → 𝐶𝑂ଶ + 𝐻ଶ                      ∆𝐻 (850 °C ) = 7.61 𝑘𝐽/𝑚𝑜𝑙 (28) 

The yield of the BC was 27.46 ± 0.31 % and that of SABC was 17.65 ± 0.53 %, showing a 

10 % decrease after activation. Also, an increase in the condensable may be explained by the 

unreacted water that is found condensed in the oil collector. Also, the yield of the gaseous 

phase has increased owing to syngas production (mainly composed of H2, CO, and CO2) 

throughout the gasification process. 

 

Table 4.1 Mass balance in pyrolysis and steam gasification processes. 

 
Mass fraction (wt.%) 

of 
BC SABC 

Inlet 
Biomass 100.00 78.71 

Water 0 21.29 

Outlet 

Biochar 27.46 ± 0.31 13.89 ± 0.72 

Water 3.46 ± 0.51 
11.19 

Oily phase 0.71 ± 0.11 

Gel phase 22.37 ± 0.51 28.46 

Gaseous phase  17.69 ± 0.60 29.66 ± 0.67 

 Total 71.68 83.20 

4.2 Characterization  

The chemical analysis assessed that the C content, after activation, has increased from 79.56 

± 0.60 % for the BC to 87.15 ± 0.44 % for SABC, as suggested in the literature, hence better 
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adsorption performance for the SABC could be expected. Also, H, N, and O were all 

decreased. The ash content of BC and SABC was 2.90 and 4.19 % respectively, showing 

that after activation part of the volatile matter was lost and ash became more concentrated in 

the solid phase. The results are summarized in Table 4.2. 

 

Table 4.2 Chemical composition and Ash content of BC and SABC. 

Adsorbent 
wt.% on dry basis 

of 
BC SABC 

Ultimate analysis  

C 79.56 ± 0.60 87.15 ± 0.44 

H 2.65 ± 0.10 0.78 ± 0.04 

N 3.94 ± 0.20 1.68 ± 0.01 

S < LD 1.06 ± 0.11 

O* 10.95± 0.20 5.14± 0.49 

Proximate analysis  Ash 2.90 ± 0.10 4.19 ± 0.17 

*: Oxygen calculated from the difference of C, H, N, S and ash 

 < LD: Lower than the detection limit (LD < 0.06 % on CHNS-O analyzer) 

4.2.1 BET 

In Table 4.3, the data from the BET experiments are presented. The BET specific surface 

areas were found to be 375.5 and 560.4 m2/g for BC and SABC respectively, so about 50% 

increase has been obtained after steam activation. The standard deviation of the BET is ± 15 

m2/g. The most noticeable variation between the two adsorbents is the increase of the 

mesopores. The BC has 6.74% and SABC 24.46 % of mesopores. This increase has a 

positive influence on the adsorption mechanism, because, the presence of mesopores allows 

more micropores to be available for the sorption (Hsieh and Teng, 2000). The median pore 

width of SABC can be considered a positive parameter for tetracycline removal as this latter 

molecule is adsorbed on an adsorbent having a median pore width not smaller than 1.5 nm 

(Li et al., 2019). 

Table 4.3 Results from BET analysis of BC and SABC 

  BET 
surface 

area 
(m2/g) 

Total 
volume 
of pores 

Vtotal 
(cm3/g) 

Mesopores Micropores Median 
pore 
width 
(nm) 

Volume 
Vmeso 

(cm3/g) 

Vmeso/Vtotal 

(%) 
Volume 
Vmicro 

(cm3/g) 

Vmicro/Vtotal 

(%) 

BC 375.5 0.2093 0.0141 6.74 0.1372 65.55 0.52 

SABC 560.4 0.3297 0.0806 24.46 0.2415 73.26 2.35 



Results and Discussion 

45 

4.2.2 Results pH Point of zero charge results 

After physico-chemical characterization, the investigation of the pHpzc of BC and SABC was 

performed. In Figures 4.1 and 4.2, the curves used to obtain pHpzc are plotted. Where the 

curves intersect the pH-initial = pH-final and the pHpzc is determined. The pHpzc of BC and 

SABC were found to be at 9 and 10, respectively. Therefore, negatively charged functional 

groups are present at the surface of both adsorbents. However, according to the literature, 

the pKa of IBP is 4.91 (PubChem, 2021). Thus, electrostatic attraction and H-bonding take 

place between IBP and the adsorbents when the pH of the solution is between the pKa and 

pHpzc (Table 4.4). 

              
Figure 4.1 pHpzc of BC.                                                     Figure 4.2 pHpzc of SABC. 

 

Table 4.4 Charge of IBP and the adsorbents surface and their interaction on different pH. 
 

pH<4.91 4.91<pH<9 pH>9 

IBP + - - 

BC + + - 

interaction Electrostatic repulsion Electrostatic attraction Electrostatic repulsion 
 

pH<4.91 4.91<pH<10 pH>10 

IBP + - - 

SABC + + - 

interaction Electrostatic repulsion Electrostatic attraction Electrostatic repulsion 

+: positively charge; -: negatively charge. 
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4.3 Kinetics results 

In this section, the kinetics results of the experimental data from the batch tests are first 

presented followed by the fitting of the experimental data with the appropriate models. 

4.3.1 Biochar 

The batch adsorption test on the BC has been conducted with a concentration of 50 mg IBP/L 

in 800 mL of DW with 0.5g of BC. The results, shown in Figure 4.3, highlight that the 

removal capacity of the BC is very limited, having a maximum removal efficiency of about 

5 %. Therefore, BC is not an efficient adsorbent for the removal of IBP. 

 
Figure 4.3 Normalized trend of IBP concentration with 0.5 g of BC. 

In Figure 4.4, the experimental adsorption kinetics of BC is plotted. The equilibrium time 

was set to be at 24 h; with a fast increase in the first 8 h. At equilibrium, the experimental 

adsorbed IBP for 1 g of adsorbent (qt) has been around 3.9 mg/g. 

 
Figure 4.4 Adsorption kinetic of 0.5 g of BC. 

As the removal of BC was very low and the kinetics were very slow, this adsorbent does not 

exhibit good adsorptive performance towards IBP removal from water, thus it has been 

neglected in the following steps of this study. 
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4.3.2 SABC Intact pellets  

For the full pellets, a quantity of 1 g has been used, to ensure a representative sample of 

SABC. Due to the low surface area in direct contact with the bulk of the solution, the removal 

has been slower, whereas C/Co has been higher until the equilibrium is reached at 120 h 

(Figure 4.5). In this batch, a maximum removal efficiency of about 92 % was obtained. 

 
Figure 4.5 Normalized trend of IBP concentration with 1 g of SABC intact pellets (1 g). 

 

The adsorption kinetic (Figure 4.6) of SABC intact pellets (SABC-P) show an adsorption 

capacity at equilibrium of 38 mg/g. Due to physical constraints of intact pellets, at 24h only 

around 50% of the total capacity was obtained. 

 
Figure 4.6 Adsorption kinetic of SABC intact pellets (1 g). 
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4.3.3 Crushed SABC pellets  

Different amounts of crushed SABC (SABC-C) were used, to explore more in detail the 

behavior of the adsorbent (Figure 4.7). Compared to the SABC pellets, the batch with 0.7 g 

of crushed SABC outperformed the 1 g full pellets at 24 h, having a removal of about 60 and 

50 %, respectively. As expected, the removal of IBP was higher with an increasing amount 

of SABC-C added, and the same equilibrium state (120 h) was obtained. 

 
Figure 4.7 Normalized trend of IBP concentration with different amounts of SABC crushed pellets. 

The experimental adsorption kinetics are shown in Figure 4.8. Adsorption can be divided 

into three macro-phases. In the first one, the majority of the active sites are free, so this 

induces a more rapid adsorption in the initial 24 h. In the second phase, where the readily 

available free active sites are decreasing, the adsorption slows until reaching equilibrium at 

120 h. The last part is after equilibrium is reached where the adsorption continues but at a 

very slow rate. Furthermore, two-thirds of the adsorption capacity at equilibrium (120 h) in 

all the kinetics was reached in the first 24 h. 

 
Figure 4.8 Adsorption kinetic with different amounts of SABC crushed pellets. 
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4.3.4 Sieved SABC 

For the sieved SABC (SABC-S), the kinetics data are plotted in Figures 4.9 and 4.10. The 

same observation of the crushed (not sieved) pellets can be made, such as, that the increase 

of adsorbent has allowed higher removal of IBP; the presence of a faster phase in the 24 h 

in which the majority of the removal is expressed and a slowdown of the absorption 

afterwards. However, it is to be considered that the adsorption capacity is reduced compared 

to the SABC-C. This can be an effect of inconsistency in the crushing and sieving such as 

the removal of dusty fraction with the higher surface area. Nevertheless, removal over the 

50% and adsorption capacity comparable with the not sieved batch was obtained. At 24 h, 

the adsorption capacities were in the range of 25 and 45 mg/g and the removal were 45 % at 

the same time for the highest SABC-S concentration. 

 
Figure 4.9 Normalized trend of IBP concentration with different amounts of sieved SABC. 

 

 
Figure 4.10 Adsorption kinetic with different amounts of sieved SABC. 
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4.3.5 Tap water 

To explore the possibility to apply this kind of adsorbate in a real scenario, an experiment 

with Tap water (TapW) in place of distilled water was performed. It was found that the 

adsorption capacity was not negatively affected by the presence of ions in the TapW, so 

competition for the active site between them and the IBP sodium salt was negligible. In 

Figure 4.11, the removal of SABC-C in TapW is seen greater than the removal in DW. 

Besides, Figure 4.12 shows that the removal capacity was increased from 61 mg IBP/g of 

SABC in DW to 73 mg/g in TapW. However, this result cannot be considered completely 

relevant, because later in the research, during the isotherms study with TapW, a shift in the 

baseline of the UV-Visible spectrophotometer was discovered.  

 
Figure 4.11 Normalized trend of IBP in TapW. 

 
Figure 4.12 Adsorption capacity of SABC in TapW. 
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4.3.6 Modeling of Kinetics 

In this section the results of the kinetic models are presented. Every figure was plotted with 

the experimental data and the three models, a continuous line was used to highlight the model 

with the higher R2. In Figure 4.13 the kinetics resulting from 0.5 g of BC are showed, the 

model of best fit was found to be the PFO kinetic closely followed by the PSO, with an R2 

of 0.9793 and 0.9673 respectively. The qe for BC was established to be 3.9 and 4.1 mg/g 

according to the PFO and PSO model respectively. The PFO kinetic expressed its adsorption 

capacity very fast (highest k1 and k2), in the first 24h, and then a stable equilibrium is found. 

 
Figure 4.13 Kinetics of 0.5 g BC. 
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them all, highlighting that this was the slowest of the kinetics. This, as previously said, could 

have been the result of the less surface directly exposed to the bulk of the solution, so 

intraparticle diffusion could have been a key mitigation factor in the adsorption. 
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Figure 4.14 Kinetics of 1 g SABC-P. 

 

In Figure 4.15 the plot of 0.5 g SABC-C are presented. The PSO modeling was the one with 

the higher R2 with a value of 0.9704. In this batch the highest qe was obtained, with a value 

of 58.4 mg/g. 

 
Figure 4.15 Kinetics of 0.5 g SABC-C. 
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order to overcome this problem, the qe found with the PSO (R2 of 0.9835) can be used, so 

this adsorption capacity was estimated to be around 42.9 mg/g, lower than the SABC-C but 

comparable to the SABC-P. This can be explained by the crushing treatment, which has 

released dusts, and the heterogeneity of the material. However, the k2 was the highest of the 

SABC batches. 

 

 
Figure 4.16 Kinetics of 0.5 g SABC-S. 

 

All the parameters resulting from the modeling with Minitab® of each adsorbent kinetics and 

the related R2 are summarized in Table 4.5. 

 

Table 4.5 Parameters of kinetic modelling. 

Model PFO PSO Elovich 

Parameter qe k1 R2 qe k2 R2 a b R2 

BC 3.899 0.238 0.9793 4.163 0.0769 0.9673 5.003 1.5598 0.8662 

SABC-P 38.487 0.0345 0.9883 45.657 0.0009 0.9958 10.288 0.1543 0.8825 

SABC-C 51.591 0.071 0.9260 58.434 0.0017 0.9704 34.038 0.1139 0.9464 

SABC-S 37.877 0.1205 0.9450 42.904 0.0033 0.9835 17.418 0.1277 0.9984 

 

 

0

5

10

15

20

25

30

35

40

45

0 24 48 72 96 120

q t
(m

g/
g)

t (h)

Exp

PFO

PSO

Elovich



Chapter 4 

54 

4.4 Intraparticle diffusion Model for SABC 

The Weber and Morris intraparticle diffusion model was utilized to investigate the 

adsorption mechanism. The SABC-S has been chosen to be the reference for the experiment, 

because it had a distinct granulometry and compared to the others it was not affected by the 

presence of dust. In Figure 4.17 the results from the batch test with 0.5 g of SABC-S in 50 

mg/L IBP solution are showed. The adsorption capacities (qt) vs. t1/2 are presented in this 

plot, producing a multi-linear graph with three phases. The first step represents instantaneous 

adsorption or external surface adsorption; the second stage is a more gradual adsorption, 

which is characteristic of adsorbate transport within the inner adsorbent surface; and the third 

step is equilibrium adsorption, which is representative of adsorbate movement from macro 

and mesopores to micropores. In the first step, the plot passes through the origin, which is 

indicative of the absence of a boundary layer, so the rate of adsorption is controlled by the 

intraparticle diffusion only. The regression is also linear in the second and third stage but 

does not pass through the origin, indicating that intraparticle diffusion is not the main 

limiting factor in the adsorption process. The intraparticle diffusion slows down even more 

in the third step, because of the low IBP concentrations in the solutions. The Kpi values 

which represent the rate parameter of i stage were found to be decreasing (Kp1 = 8.35, Kp2 

=4.22, Kp3 =2.12), indicating that the adsorption rate is initially faster and then slows down 

over time. In Figure 4.18 the intraparticle diffusion of 0.5 g of SABC-C is plotted. The same 

consideration of the previous modeling can be made on the general trend. The most notable 

difference is the duration of the second step, which was of 26 h for SABC-S and 63 h for the 

SABC-C, probably due to the averagely bigger size of the particle in the second one. In 

addition, the two diffusion rates Kp1 and Kp2 of the two batches are similar, possibly pointing 

to be characteristics of the material. Whereas the difference in Kp3 can be explained by a 

lower equilibrium concentration in the solution, so intraparticle diffusion in the third phase 

of SABC-C was more negatively affected compared to SABC-S. The regression equations 

of the three-step model are summarized in Table 4.6. In addition, a comment about the 

SABC-P modeling can be made. The rate obtained as Kp1 is very close to the Kp2 of the 

previous modeling. This could suggest that the real first step of SABC-P intraparticle 

diffusion was happening in the initial hour, before the first sample. 
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Figure 4.17 Plot of the intraparticle diffusion of SABC-S according to Weber and Morris model. 

 

 
Figure 4.18 Plot of the intraparticle diffusion of SABC-C according to Weber and Morris model. 

 

Table 4.6 Regression equations of the intraparticle diffusion model. 

 First Step Second Step Third Step 

SABC-P 
qt = 4.3748 t1/2 qt = 2.1595 t1/2 + 14.872 qt = 0.7318 t1/2 + 30.61 

R² = 0.9962 R² = 0.9973 R² = 0.9866 

SABC-C 
qt = 9.9672 t1/2 qt = 4.1834 t1/2+ 17.99 qt = 1.1801 t1/2 + 44.804 

R² = 0.9958 R² = 0.9987 R² = 0.9823 

SABC-S 
qt = 8.3496 t1/2 qt = 4.2233 t1/2 + 9.8264 qt = 2.1165 t1/2 + 21.805 

R² = 0.9934 R² = 0.9966 R² = 0.9902 
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4.5 Isotherms results 

The study of isotherms was conducted mainly to deduce a maximum adsorption capacity 

and to understand if they were suitable for the adsorption process in the fixed bed 

experiment. In Figure 4.19 is the isotherm for the BC. The isotherm can be classified as an 

S-shape. The S-shape curve displays a small slope in the beginning followed by a sharp rise 

(Kalam et al., 2021). None of the considered models were able to fit this curve. However, 

the removal capacity was established to be too low for BC to be considered in the following 

experiments. 

 
Figure 4.19 Isotherm for BC. 

In Figures 4.20 and 4.21 the experimental data for the SABC-C and SABC-S isotherms are 

showed. In blue the data at 24 h are plotted and in orange the 120 h ones. From them it can 

be seen that, for the 24 h the qmax was for both around 40 mg/g. For the 120 h a bigger 

increase in the qes was achieved in the SABC-C probably due to a milling like action 

produced by the mixing, exposing new active sites. 

  
Figure 4.20 Experimental isotherms SABC-C.              Figure 4.21 Experimental isotherms SABC-S. 
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4.5.1 Isotherms modeling for SABC 

In this section the isotherms modeling of SABC are presented. In Table 4.7, at the end of the 

section, a summary of all models and parameters used are shown. The Temkin model was 

fitting well the data. However, in literature it is stated that this isotherm model is not 

appropriate to present complex adsorption systems as aqueous-phase adsorption 

isotherms(Al-Ghouti and Da’ana, 2020). The first graph, in Figure 4.22, shows the isotherms 

for the SABC-C at 24 h. The model of best fit has been the Sips (Freundlich Langmuir) 

model with an R2 of 0.9574. The qmax obtained with the modeling was about 260 mg/g. The 

Freundlich model was the second best fitting model (R2=0.9566). From it, it can be deduced 

that the material presents an energetically heterogeneous surface. So active sites do not have 

the same energy or are available at different times. This can be the result of the different 

particle dimensions present in this batch, ranging from big particles to dust. Furthermore, 

the Freundlich isotherm can be used to determine if the adsorption is favorable. The 1/nF 

was found to be 0.2589, so the isotherm was favorable for the adsorption process.  

 
Figure 4.22 Isotherms of SABC-C at 24 h. 

In Figure 4.23 the isotherm of SABC-C at 120 h is presented. Like the previous isotherm, 

the model that has the highest R2 (0.9607) is the Sips model closely followed by the 

Freundlich model (0.9561). The same conclusion of the SABC at 24 h about the 

heterogeneity of the surface can been made. Also, The Langmuir model can be used to assess 

that with the increase in the contact time the qmax has increased from 42.7 to 72.1 mg/g at 24 

and 120 h respectively. The Freundlich isotherm was found to be favorable whit a 1/nF of 

0.2815. 
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Figure 4.23 Isotherms of SABC-C at 120 h. 

The isotherms for the SABC-S at 24h are plotted in Figure 4.24. The isotherms that best 

fitted the experimental data were the ones obtained with the Sips end Langmuir models. The 

respectives R2 are 0.9675 and 0.9664. The qmax obtained are around 39.1 and 38.2 mg/g 

respectively, resulting close to the SABC-C at 24h. From the fitting of Langmuir isotherm, 

it can be deduced that the surface of the material is energetically homogeneous, this is due 

to the sieving that has narrowed down the particle size distribution thus the overall 

heterogeneity of the active site availability. This isotherm can be also used to obtain 

information about the adsorption nature using the separation factor RL. In this case RL was 

found to be between 0 and 1, so the adsorption was favorable, but close to 0 so most likely 

irreversible. 

 
Figure 4.24 Isotherms of SABC-S at 24 h. 
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In Figure 4.25 the resulting isotherms form the modeling of the SABC-S at 120 h data are 

plotted. Like the previous isotherms the most fitting model were the Sips and Langmuir, 

with an R2 of 0.9543 and 0.9521, respectively. The qmax was found to increase with the 

contact time, reaching the values of 53.2 and 54.5 mg/g at 120 h. The same conclusion of 24 

h isotherms can be made about surface homogeneity and the adsorption nature at 120 h.  

 
Figure 4.25 Isotherms of SABC-S at 120 h. 

Table 4.7 Parameters of SABC isotherm models. 

Model 
 

SABC-C 24h SABC-C 120h SABC-S 24h SABC-S 120h 

Freundlich 

KF 16.0918 27.0238 20.8493 27.2586 

nF 3.8632 3.552 5.8877 4.9726 

R2 0.9566 0.9591 0.9228 0.8915 

Langmuir 

qmax 42,7433 72.0811 38.1963 54.5161 

b 0.326 0.4285 1.0183 1.0214 

R2 0.8822 0.8984 0.9664 0.9521 

Sips 

qmax 260.8549 215.4386 39.0797 53.2231 

b 8.6998510-05 0.004536 0.9853 1.0826 

n 3.4123 2.7381 1.1589 0.8217 

R2 0.9574 0.9607 0.9675 0.9543 

Temkin 

(R= 8.314) 
 

T 293 293 293 293 

A 7.043 8.363 53.914 28.97 

b 336.206 195.919 482.763 305.309 

R2 0.944 0.954 0.9479 0.9212 
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4.6 Column adsorption results 

The experimental data from the fixed bed adsorption column have been plotted in Figure 

4.26. The resulting data trends are the experimental breakthrough curve. The green dots are 

coming from the first sampling point (outlet 1). The curve is strongly asymmetrical, with a 

slowing rate reaching saturation. This has been attributed mainly to a not fully developed 

flow, being the bed length 5 cm shorter than the recommended one. Usually, it is suggested 

that the minimum length should be 10 times the diameter to have a fully developed flow. 

The breakthrough curves for the outlet 2 it is more symmetrical but also in this case the 

saturation point was slow to reach. The best of the three curves was found to be the outlet 3. 

The volumes of solution treated at tb for the outlets 1, 2 and 3 were about 0.6, 2.5 and 6.4 L. 

 
Figure 4.26 Breakthrough curves for the three length. 
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found to increase too, this can also be explained by the not fully developed flow. Seen the 

shape of the curve and the As/t* (0.9899) from the outlet 3, stable condition can be 

considered reached, so the MTZ of 11 cm can be taken as the proper length of the unused 

bed.  

Table 4.8 Parameters calculated from the experimental data  

Outlet qb tb qs As ts Y UB MTZ L t* 

1 6.68 41.7 22.09 139.0 374.8 37.08 30.22 7.0 10 105.4 

2 14.78 186.0 28.27 355.7 671.0 53.01 52.30 9.5 20 331.3 

3 25.28 476.7 39.81 751.2 *1010.0 74.38 63.50 11.0 30 758.9 

*ts for the outlet 3 was estimated using the last two sampling points. 

4.6.1 Modelling 

Here are shown the model results of the breakthrough curves. In Figure 4.27 the 

experimental data with the Yoon-Nelson and Clark models are plotted, the continuous line 

has been used to indicate the best fitting model. The Yoon-Nelson was found to be the best 

to predicts the adsorption for all the bed lengths, reaching an R2 of 0.9979 for the outlet 3. 

 
Figure 4.27 Breakthrogh models. 
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All the parameters obtained are summarized in the following Table 4.9. The nF used to fit 

the Clark model is the one at equilibrium (120h). 

Table 4.9 Parameters of breakthrough curves models. 

              Yoon-Nelson model Clark model 

Outlet t* KYN R2             nF r A R2 

1 105.4 0.0326 0.9508 4.9726 0.0532 14186.5547 0.9355 

2 331.3 0.0153 0.9749 4.9726 0.0360 4114920.3584 0.9444 

3 758.9 0.0107 0.9979 4.9726 0.0235 1108261264.0675 0.9849 
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Conclusions and Prospectives 

This study investigated the possibility of valorizing textiles insulation panels at end-of-life 

to produce adsorbents for the removal of ibuprofen from wastewaters. Adsorbents were 

obtained by means of a pyrolysis process, with or without steam activation. 

The biochar obtained after pyrolysis was found to have the fastest kinetics but the lowest 

adsorption capacity, with a maximum of 4 mg/g.  

After activation, the surface area has increased and mesopores were developed (24 %). The 

steam activated biochar has been studied in 3 forms: full pellets, crushed pellets (of various 

diameters) and sieved granules (0.5<Φ <0.8). The full pellets had the slowest kinetics 

probably due to the intraparticle diffusion; the model of best fit was the pseudo second order 

kinetic with a qe of 45.7 mg/g for 1 g of adsorbent. The crushed pellets had the best 

adsorption capacity and it is best fitted by a pseudo second order kinetic; the isotherm of this 

material after 120 h had an experimental qmax of around 80 mg/g and fits with Freundlich 

and Sips as the material is heterogeneous (different size of granules ranging from powder to 

big size particles). The sieved one had the higher kinetic rate and is best fitted using the 

Elovich model, the isotherm is best fitted with Sips, but also well fitted with Langmuir as 

the sieved steam activated biochar presented a more homogeneous surface. 

From the dynamic experiment, the fixed bed adsorption column was able to treat 6.4 L of 

synthetic wastewater at breakthrough and more than 12 L of water at saturation. The 

adsorption capacity was established to be around 25 and 40 mg/g, respectively. The column 

needs to be changed after 20 days (breakthrough time) at a flowrate of 0.22 mL/min. The 

best fitting model has been the Yoon-Nelson. 

Analysis of the functional groups present in the surface could be conducted in future studies, 

to better understand the adsorption mechanisms taking place. Fourier-transform infrared 

spectroscopy (FTIR) is a suggested technique. This can also help to understand if other 

molecules can be targeted. Adsorption of other pharmaceuticals such as Tetracycline can be 

suggested. 

On the other hand, to improve the knowledge about ibuprofen adsorption, a desorption test 

should be conducted, to establish if the reaction is reversible and if a degree of reusability of 

the adsorbent is present. Also, tests in tap water and real wastewater are desirable, if a study 

in real conditions is required, in that case, High-performance liquid chromatography (HPLC) 

is strongly suggested to avoid the problem encountered in this study with the baseline 
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shifting in the UV-visible spectrophotometer. Additionally, parameters like pH and 

temperature can be variated to search the optimal conditions for the removal of the target 

pollutant. 
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