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General introduction

General introduction

Water pollution has become a global scourge, affecting every corner of the planet and
significantly impacting all aspects of life. The continuous degradation of water quality,
combined with insufficient wastewater treatment, discharges of industrial and domestic effluents,
and infiltration of agricultural fertilizers and pesticides, are major causes of this pollution. These
nuisances vary depending on population density, agricultural and industrial practices, and the

existence (or absence) of effective wastewater recovery and treatment systems [1].

Each year, more than 100,000 tons of pharmaceutical products are consumed worldwide. During
their manufacture, use, and disposal, active pharmaceutical ingredients (APIs) become a
significant source of environmental pollution that requires appropriate management by

companies and public authorities.

The presence of pharmaceutical residues in aquatic environments is an increasingly concerning
public health issue, drawing the attention of both scientists and public authorities. One of the
main sources of this contamination is the effluents from hospitals and healthcare facilities, which
contain highly biologically active pharmaceutical molecules and a wide chemical diversity.
Unfortunately, these effluents are often discharged into urban sewage systems without any prior

treatment [2].

Unlike traditional pollutants, pharmaceutical residues are often resistant to conventional
wastewater treatment processes. The presence of anti-inflammatory drugs, antibiotics,
antidepressants, and hormones in wastewater poses real challenges for their removal. Ibuprofen,
a widely used non-steroidal anti-inflammatory drug, has frequently been detected in various

aquatic environments [3].

To address this contamination, several processes have been explored, including advanced
oxidation, membrane filtration, adsorption, and coagulation-flocculation [4]. Coagulation, one of
the most commonly used techniques for water treatment, is based on the addition of chemical
coagulants that neutralize the charges of suspended particles, promoting their aggregation into
flocs. Among the most widely used coagulants in water treatment plants are ferric chloride

(FeCls), aluminum sulfate (Al2(SO4)3), and ferrous sulfate (FeSOa) [5].
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General introduction

However, the development of alternative coagulants derived from abundant and low-cost natural

resources represents a promising path for sustainable water treatment.

In this context, the present project proposes the development of an alternative coagulant from
iron ore (hematite) via a chemical leaching reaction using hydrochloric acid (HCI). The objective
is to evaluate the effectiveness of this coagulant for the retention of ibuprofen in aqueous

solution.

In addition, a combined approach will be implemented by coupling coagulation with adsorption.
The adsorption process will be carried out using a biochar synthesized from pumpkin peels—an
organic waste that can be valorized into an adsorbent material. This synergy between coagulation
and adsorption will not only enhance the removal of pharmaceutical contaminant but also reduce

the amount of coagulant required.

By integrating coagulation and adsorption in a combined approach, this project may also lower
the operational costs of water treatment plants by reducing the quantity of chemicals needed and
optimizing the process efficiency. In the long term, such an approach could represent a cost-
effective and sustainable alternative for water treatment companies, while helping reduce the

environmental impacts associated with the use of conventional chemicals.

The main objective of this project is to propose a sustainable and efficient alternative for the
treatment of water contaminated with pharmaceutical residues, by combining coagulation and

adsorption techniques. Specifically, this work aims to:
o Synthesize an alternative coagulant from iron ore (hematite) via acid leaching using HCI.
» Evaluate the effectiveness of this coagulant in retaining ibuprofen in aqueous solution.

o Synthesize an adsorptive biochar from pumpkin peels and characterize its adsorption

properties.

e Study the performance of the coagulation-adsorption coupling by combining the
synthesized coagulant (FeCls from hematite) and the biochar to enhance the removal of

pharmaceutical residues.

e Propose an approach for valorizing natural resources and organic waste in a more

ecological and economically viable water treatment strategy.
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In addition to the introduction and general conclusion, this manuscript is structured into five

chapters:

Chapter I. This chapter is dedicated to a literature review on water pollution by
pharmaceutical residues, discussing their sources, environmental and health impacts, and the

challenges associated with their removal.

Chapter II: It presents a synthesis of coagulation-flocculation as a water treatment
technique, detailing its principles, the factors influencing its effectiveness, and existing

alternatives.

Chapter III: This chapter explores the principles of adsorption in water treatment, with a
focus on its mechanisms, key influencing factors, and its application for the removal of

organic contaminants.

Chapter IV: It describes the materials and experimental methods used in this study,
including operating protocols, reagents, characterization and analysis techniques, and the

preparation steps for the coagulant and the adsorbent.

Chapter V: The final chapter presents and analyzes the results obtained, evaluating the
effectiveness of the developed products for ibuprofen removal and discussing the

performance of the coagulation-adsorption combination.
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Chapter I:  Water pollution by pharmaceutical products: sources, impacts, and challenges

Introduction

The contamination of water by pharmaceutical residues is an increasing environmental
concern. These substances, originating from industrial, hospital, and domestic effluents, persist
in aquatic ecosystems and can have harmful effects on fauna, flora, and human health. Among
these contaminants, ibuprofen is one of the most frequently detected compounds in wastewater.
Its presence, even at low concentrations, raises concerns due to its ecotoxicological impact. This
chapter explores the sources and fate of pharmaceutical residues in the environment, as well as

the main treatment methods used to limit their spread.
I.1. Presence of pharmaceuticals in the environment

The discharge of pharmaceutical effluents is becoming increasingly significant. Pharmaceuticals
are molecules with curative or preventive properties, or used for diagnostic purposes. They are

classified based on:

= The effect they are designed for (e.g., antibiotics, analgesics).
» Their chemical structure (e.g., among antibiotics: quinolones, cephalosporins).

» Their mode of action (e.g., antimetabolites or alkylating agents) [6].

Their physicochemical properties allow them to cross biological membranes [7]. They are
generally considered emerging pollutants, classified as micropollutants due to the recent
attention they have garnered and because they are often found in aquatic environments at
concentrations in the nanogram or microgram per liter range [6]. Since the 1980s, many
pharmaceutical compounds have been detected in the environment—their presence in the
effluents and sludge of urban wastewater treatment plants (WWTPs), aquatic systems, and soils
has been established globally. The first evidence of pharmaceuticals in water dates back to 1976
[8]. Numerous studies have since confirmed the ubiquity of these substances in rivers and
groundwater [9]. By the early 2000s, more than 80 pharmaceutical substances had been

measured in WWTP effluents and surface waters [10,11].

In WWTPs, biodegradation varies greatly between molecules. For example, ibuprofen is
degraded at rates between 60 and 96% [12], while carbamazepine shows biodegradation rates of
less than 10 to 30% [13]. The treatment efficiency is particularly limited for clofibrate, with
elimination rates between 6 to 50%, according to Stumpf et al. (1999) in Brazil. More
concerning, Vieno et al. (2006) found higher concentrations of carbamazepine in effluents than

in influents. These findings align with data from Berlin, where high maximum concentrations
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were measured in WWTP influents and effluents: caffeine (640 ug/L vs 3 pug/L), carbamazepine
(3.80 pg/L vs 5.00 pug/L), clofibric acid (0.95 ug/L vs 0.73 pug/L), and diclofenac (7.10 pg/L vs
4.70 ng/L) [10].

Calculating the ratio between the average effluent and influent concentrations also reveals
notable differences in WWTP efficiency: 0% for clofibric acid, 8% for carbamazepine, 17% for
diclofenac, and 99.9% for caffeine (still present at 180 ng/L in effluents). The analysis of

pharmaceutical effluents requires identifying their sources and origins [11].

I.2. Sources of pharmaceutical pollutants

I.2.1. Industrial and pharmaceutical effluents

The pharmaceutical industry can be a point source of contamination of aquatic environments,
even though it adheres to good manufacturing practices, ISO 14000 standards, and
environmental protection regulations (ICPE in France). Nonetheless, discharges can still occur—
either accidentally during manufacturing or more regularly, as economically feasible treatment
technologies cannot guarantee 100% removal. For example, pharmaceutical industries have been
partly responsible for contaminating Lake Geneva, and several production sites have been

reported to discharge up to 45 kg per day into the Rhone River [14,7].
1.2.2. Veterinary practices

Veterinary medicines are used for treating domestic animals and, more significantly, in
agriculture. Like in humans, they are metabolized and excreted by animals, entering the
environment directly via treatment and excreta, or indirectly through manure and slurry
spreading. They then reach aquatic systems through runoff and water infiltration into soils. This
represents a diffuse source of pollution. The most used classes of substances in agriculture are

antibiotics (tetracyclines, sulfonamides, macrolides), antiparasitics, and hormones.

In aquaculture, antibiotics are usually administered via feed. About 70 to 80% of
administered antibiotics are not consumed or are excreted and end up in the aquatic environment
[7]. The precise amounts of veterinary pharmaceuticals used and released into the environment

remain largely undetermined [15].

Antibiotics have been detected in effluents from industrial livestock farming, which is not
surprising since up to several milligrams of tetracyclines can be found per gram of slurry [12].
This is also the case for fluoroquinolones [11].
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Table 1.1: Presence of antibiotic residues in water bodies in several countries [16].

Matrices Molécules Gamme de
concentration
Trimethoprim,  Dihydro-erythromycin,  Roxithromycin,
Surface Clarithromycin, Tetracycline, Chlortetracycline,
water Oxytetracycline, Ionophore, Sulfadimethoxine, 7= 15ngll

Sulfamethoxazole, Sulfadiazine, N4-acetylsulfamethoxazole

Chloramphenicol, sulfamethoxazole, sulfadimethoxine,
Groundwater sulfamethazine, oxytetracycline, tetracycline, lincomycin, (05— 1,4 ug/L

and dihydro-erythromycin

Drinking
Sulfamethoxazole <25ng/L
water
Sulfamethoxazole, trimethoprim, N4-
acetylsulfamethoxazole, sulfadiazine, sulfacetamide,
Wastewater

treatment  sulfisoxazole, sulfamethazine, sulfapyridine, roxithromycin,

plant ciprofloxacin, ~ clarithromycin, azithromycin, ~ofloxacin, 10— 6000 ng/L
(WWTP) : : : .
norfloxacin,  chloramphenicol,  dihydro-erythromycin,
lincomycin,  doxycycline, tetracycline,  spiramycin,
cephalexin, amoxicillin, and tylosin
Hospital Gentamicin, ciprofloxacin, sulfamethoxazole, trimethoprim,

wastewater  and doxycycline 0.4-125 ng/l

1.2.3. Domestic and hospital wastewater discharges

Healthcare facilities host a large number of patients, leading to massive use of various
medications and the generation of significant volumes of liquid effluents rich in chemical wastes.
These effluents are generally not subject to strict treatment regulations. Hospitals are notably the
main sources of discharges of so-called CMR substances, meaning Carcinogenic, Mutagenic,

and Reprotoxic compounds, including anticancer drugs.

Moreover, these effluents are usually discharged directly into the collective wastewater

network without prior treatment, thus mixing with domestic wastewater.
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Three types of hospital liquid effluents can be distinguished:

o Domestic-origin discharges, corresponding to water from kitchens and waste generated

by hygiene activities of non-contagious patients and staff.

o Effluents similar to industrial wastewater, generated by specific hospital equipment

such as laundries, boilers, and air conditioning systems.

o Healthcare-specific effluents, resulting from medical care activities, laboratory

analyses, and research.

Within the last category, two main sources of pharmaceutical discharges are identified:
unused or partially used medications from care units or hospital pharmacies, and drug residues

excreted by treated patients [2].

Fate of Hospital Medications

/ \

Patient Pharmacy / Patient
l care services
Absorption, l
distribution, Unused medications
metabolism
T !
Wastewater Hazardous
healthcare wastes
v
Continuous
release
!

Pseudo-persistence

Figure I.1: Fate of hospital pharmaceuticals [2].
I.3. General information on ibuprofen
Ibuprofen is a non-steroidal anti-inflammatory drug (NSAID) with analgesic and blood-
thinning properties. It is used to treat headaches, muscle and menstrual pain, fever, and arthritis

[17]. The general characteristics of ibuprofen and two of its frequently detected metabolites in

aquatic environments are presented in Table 1.2 below.
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Table 1.2: General characteristics of ibuprofen according to the European Commission

(2009) and two of its metabolites [18].

Chemical substance N° CAS N° EINECS
Ibuprofen
(:l:)-2-(4-isobutylphenyl)propionic acid 15687-27-1 239-784-6

1-hydroxy-ibuprofen
(metabolite of ibuprofen) 53949-53-4

2-hydroxy-ibuprofen
(metabolite of ibuprofen) 51146-55-5

1.3.1. Physicochemical Properties

* Pharmaceutical substance

* Common name: ibuprofen

* Chemical name: a-methyl-4-(2-methylpropyl)benzeneacetic acid

= Other names: p-isobutylhydratropic acid, 2-(4-isobutylphenyl)propionic acid

* Molecular formula: Ci3HisO2

* Molecular weight: 206.28

* Physical characteristics: White or off-white powder or crystals with a characteristic odor.

= Solubility: Poorly soluble in water (water solubility 21 mg/L); alcohol 1/1.5, chloroform
1/1, ether 1/2, acetone 1/1.5. Ibuprofen is also soluble in aqueous solutions of alkali
hydroxides and carbonates.

* High octanol-water partition coefficient (log Kow = 3.97)

* pKa and pH: pH 4.6-6.0 (1/20 solution).

» Melting point: 75-77 °C [19].

1.3.2 Mechanisms of degradation and transformation in water
1.3.2.1. Photodegradation

Photodegradation is the main degradation pathway for photosensitive molecules, resulting
from the absorption of light energy that promotes the breaking of weak chemical bonds in

molecular structures.

Direct and indirect photolysis mechanisms are the primary abiotic transformation pathways

for pharmaceutical products in surface waters. Direct photolysis of chemical species occurs
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through direct absorption of sunlight, while indirect photolysis involves natural photosensitizers
such as nitrate and humic acids. Under solar irradiation, these natural constituents can generate
strong oxidant species such as hydroxyl radicals and singlet oxygen. Photolysis is the main

elimination process for diclofenac in surface waters [20].
1.3.2.2. Hydrolysis

Since pharmaceuticals are mainly designed for oral absorption, they are typically resistant
to chemical reactions like hydrolysis. However, for some compounds such as penicillins,
hydrolysis is a major degradation pathway in natural environments, which is why they are rarely

detected in the environment [21].
1.3.2.3. Biodegradation

In natural environments, biodegradation of pharmaceuticals can occur but generally at lower
rates than those in wastewater treatment plants (WWTPs). Some pharmaceutical compounds
tend to degrade faster by biodegradation than by photodegradation in river waters, such as

ketoprofen, ibuprofen, propranolol, and gemfibrozil [22].

The half-life of ibuprofen in water varies significantly depending on environmental
conditions. Studies report half-lives ranging from 1 day [23,24] to 15-20 days and up to 50 days

[23]. Variations in pH, dissolved oxygen, and suspended solids cause these differences.
1.3.3 Presence and concentrations in wastewater

Many monitoring campaigns and research projects have evaluated the presence of
pharmaceutical residues in the environment. Surface waters, the primary recipients of
pharmaceuticals from domestic and hospital discharges, are the most studied. A mixture of
unchanged pharmaceutical compounds and degradation products is found in raw and treated
wastewater at  concentrations ranging from ng/L to a few pg/L [25].
However, as previously noted, terrestrial environments can also be significantly impacted by the

presence of ibuprofen [26].

Table 1.3: Concentrations of ibuprofen measured in aquatic environments [26].

Location Ibuprofen concentration References
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[ng/L]
France (Hérault) nd. a4,5 [27]
France (Artois- non détecté (limites de [28]
Picardie Basin)  quantification des laboratoires
trop hautes)
Germany 70 [29]
(Rhine)
Surface water
and groundwater Europe 395 (moyenne) [30]
6 (médiane)
31 323 (max)
Germany n.d. a 200 [31]
(Berlin)
France 109 (moyenne) [32]
5 600 (maximale)
France 19 (max eaux brutes) [33]
(drinking water) traces (eaux traitées)
Drinking water France (Seine- non détecté [34]
Normandy
Basin)
France entrée : 97 (moy) et 2 191 [32]
(wastewater (max)
treatment sortie : 101 (moy) et 1 820
Wastewater plants) (max)
treatment plants Literature entrée : 14 600 (moy), 3 200 [35]
review (med) et 83 500 (max)
(international  sortie : 1960 (moy), 800 (med)
literature) et 240 (max)
Estuaries Franc?e entre 0 et 45 (Seine) [36]
(estuaries)
France (marine 0 (moy) et 21 (max) [32]
Marine waters waters)
United <8et2 370 avec 247 (med) [37]
Kingdom

(marine waters)

n.d : not detected.

I.4. Fate and persistence in aquatic environments
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The fate of pharmaceutical compounds in the environment depends on their physicochemical
properties and interactions with the medium. Their behavior is influenced by several parameters

[38].

= pKa and pH of the medium: These determine whether a molecule exists in acidic,
basic, or amphoteric form, thus influencing its interaction with the environment.

= Qctanol-water partition coefficient (Kow): Reflects the solubility of a substance in
water or its liposolubility. A molecule with a log Kow > 3 is considered lipophilic,
favoring its accumulation in organic matter.

* Organic carbon-water partition coefficient (Koc): Indicates the tendency of a
compound to adsorb onto soils, sediments, or sludge. A molecule with a high Koc will be
more adsorbable and less mobile in water.

* Water solubility: Defines the maximum concentration of a dissolved substance. A
molecule is considered poorly soluble if its solubility is below 1 mg/L.

* Vapor pressure and Henry’s constant: Influence the volatility of a compound,
determining its ability to transfer from water to air. A vapor pressure > 100 Pa or a

Henry’s constant > 1 Pa-m?*/mol indicates high volatility.

Human Use Veterinary Use
— hospitals (large portion of anti- — livestock
biotics for human use, antican- —compaion animals
cer drugs, privates —other animals
— private individuls (essentially
antibacteriails,
Excretion antiparasiticss and
hormanas)
Wastewater treatment Discharge i Runoff
plant (WWTP). l ' Infiltration
Effluents Slud v
ge
from WWTP - <4—, Runoff
{spreacing) ! Infiltration
I - A 4
Overflows Aquatic
Leaks environments Groundwater
Surface waters ¢
(continental and marine)
| Groundwater |

Legende: i Primary pathways = — — Secondary pathways

Figure 1.2: Pathways of contamination of aquatic environments by pharmaceutical
substances [39].

During their dispersion in the environment, the concentrations of these compounds decrease

through three main processes:
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e Sorption: Attachment of molecules to sediments and organic matter, limiting their

mobility.
o Dilution: Progressive dispersion into receiving environments.

e Degradation: Chemical or biological transformation, which may lead to more or less

persistent by-products.

The presence of pharmaceutical residues in the environment mainly originates from their use
by patients and the insufficient treatment of domestic and hospital effluents in wastewater

treatment plants.

I.5. Impact of Pharmaceutical Residues on the Environment and Human

Health

Pharmaceuticals are biologically active substances. While their properties and mechanisms
of action are well understood in humans, their fate in the environment remains poorly known.
The targeted action of pharmaceuticals on specific biological receptors raises concerns about the
ecological and health risks associated with their presence in the environment. One major
difficulty in monitoring pharmaceuticals in the environment is the vast diversity of these
compounds, both in terms of pharmacological properties and chemical structures and physico-
chemical characteristics. The fate of these substances after being released into the environment
depends on their biodegradation, transformation, and distribution across environmental

compartments [40].

Pharmaceuticals, although essential for treating and preventing diseases in humans and
animals, can pose significant risks. If they are not stored, handled, or applied correctly, some can
have harmful effects on the environment. Moreover, in their soluble form, they can pollute water
by altering its physico-chemical properties. They may also disturb natural ecosystems and the
species within them, and hinder the proper functioning of wastewater treatment plants (WWTPs)

by damaging microbial communities involved in purification [41].
I.5.1. Ecotoxicological Effects

Pharmaceutical molecules are designed to be biologically active, targeting receptors in

humans or animals, or acting as toxic agents against infectious organisms.
¢ Acute toxicity:
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Acute toxicity is assessed using standardized methods (ISO, OECD, etc.) on various aquatic
species (algae, zooplankton, fish, etc.). These tests determine the lethal dose 50 (LD50), the dose
at which 50% of the population dies. However, many studies agree that the median effective
concentration (EC50)—which impacts growth or reproduction in 50% of test organisms—is
much higher than concentrations found in the aquatic environment. For example, non-steroidal
anti-inflammatory drugs (NSAIDs) inhibit cyclooxygenase enzymes (COX-1 and COX-2),
which are involved in the synthesis of prostaglandins. These prostaglandins also play a role in
bird eggshell formation, and shell thinning has been observed. Diclofenac is considered the most
acutely toxic NSAID. Phytoplankton shows greater sensitivity (EC50 at 96h: 14.5 mg/L)
compared to zooplankton (EC50 at 96h: 22.43 mg/L) [42].

¢ Chronic toxicity

There is a significant lack of chronic ecotoxicological studies specifically targeting
pharmaceuticals, their metabolites, and transformation products. Chronic toxicity assessments
aim to determine the No Observable Adverse Effect Level (NOAEL), the highest concentration
with no significant adverse effects on test populations. For example, in Asia, the decline of
vulture populations that fed on livestock treated with diclofenac has been attributed to its
toxicity. Aspirin affects the reproduction of Daphnia magna and Daphnia longispina at
concentrations of 1.8 mg/L. Diclofenac causes histopathological alterations (kidney damage and
gill lesions) in rainbow trout after 28 days of exposure. Naproxen is toxic at concentrations
ranging from 0.33 mg/L for the crustacean Ceriodaphnia dubia to 31.82 mg/L for the alga
Pseudokirchneriella subcapitata, highlighting the importance of species selection in toxicity

tests [22].
< Mixture effects

Risk assessments typically consider individual effects of pharmaceuticals on aquatic
organisms, which does not reflect environmental reality. Evaluation protocols may reveal
antagonistic or synergistic effects between pharmaceutical residues or with other pollutants. For
example, a mixture of 13 pharmaceutical compounds at concentrations found in the environment

(ng/L) inhibited the growth of human embryonic cells [22].
> Bioaccumulation of Pharmaceuticals

Few studies have investigated the bioaccumulation of pharmaceuticals, except for

monitoring antibiotic residues in aquaculture, where bioaccumulation in aquatic species is well
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established. For instance, fluoxetine, sertraline, and their metabolites have been detected in
farmed fish in the United States. Other studies confirm the bioaccumulation of estrogens and

certain antibiotics in aquatic organisms.

In 2004, Schwaiger et al. exposed rainbow trout (Oncorhynchus mykiss) to various
concentrations of diclofenac, showing significant accumulation in the liver (up to 6000 ng/g after
exposure to 500 pg/L) [43]. Laboratory studies by Togola also revealed accumulation after 14

days of exposure.

Polycyclic musks have been shown to accumulate in fatty fish: 220 ug/kg of Musk xylene
(MX) in eel lipids, 360 ug/kg of Musk ketone (MK), and up to 6470 nug/kg of Hexa-hydro-
hexamethyl-cyclopentabenzopyran (HHCB). Lipophilic UV filters (log Kow of benzophenone =
3; homosalate = 6.16) were also detected at concentrations around 2 mg/kg of lipids in certain

freshwater fish [44, 45].
I.5.2. Consequences for Human Health
+» Antibiotic Resistance

A major public health threat is the rise of antibiotic-resistant pathogenic organisms. The
presence of antimicrobials in the intestines of treated humans and animals contributes to the
development of resistant genes and bacteria, which can be excreted in feces and spread into
wastewater, sludge, manure, or soil. Resistance genes can also develop directly in the
environment when antibiotic residues are present, and may then be transferred to pathogenic
bacteria. Studies have also shown that resistance gene exchange occurs between environmental
bacteria and clinical isolates. Therefore, strategies aimed at reducing the release of antibiotics

into the environment can also help control antimicrobial resistance [46].
% Endocrine and Mutagenic Effects

Some pharmaceutical products have endocrine functions, meaning they affect the hormonal
system. These include contraceptives, certain cancer treatments, drugs used for nervous system
and thyroid disorders, and several veterinary medicines. It has been found that some endocrine-
disrupting pharmaceuticals have harmful effects on wildlife even at very low concentrations,
such as the feminization of male fish, prevention of reproduction, or triggering of population
collapse. These pharmaceuticals are part of the broader class of endocrine-disrupting chemicals
(EDCs), which have been addressed as a policy issue by SAICM (Strategic Approach to
International Chemicals Management) since 2012 [46].
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1.6. Wastewater treatment techniques for pharmaceutical residues

Conventional wastewater treatment plants typically combine primary physico-chemical
treatment with secondary biological treatment (activated sludge). While these steps reduce
overall pollution, they are not specifically designed to effectively remove pharmaceutical
residues, many of which persist in the environment. To address these limitations, tertiary and
quaternary treatments have been developed, incorporating biological, physico-chemical, and

advanced oxidation processes [47].
1.6.1 Biological Treatment

The biological removal of micropollutants is a secondary wastewater treatment process that
combines biological and biochemical mechanisms. The activated sludge process, widely used in
wastewater treatment plants, primarily targets the removal of macropollutants to reduce oxygen
demand. However, it can also partially eliminate pharmaceutical micropollutants through
volatilization, adsorption, and biodegradation. This method is cost-effective and operable under

mild conditions, and can be optimized by incorporating specific bioreactors.

This combined process has proven effective in treating a wide range of pharmaceutical
micropollutants such as amoxicillin, ciprofloxacin, and sulfamethoxazole, achieving removal
efficiencies over 80% at concentrations of 0.1 g/L. In contrast, some compounds, such as

carbamazepine, exhibit resistance to this treatment, with removal rates below 40% [48]
1.6.2 Physico-Chemical Treatment
1.6.2.1. Adsorption Treatment

Adsorption is one of the most effective methods for removing pharmaceutical residues.
Activated carbons, graphene, and carbon nanotubes are the most widely studied adsorbents. This
technique is generally applied as a tertiary or quaternary treatment to avoid rapid saturation of
the adsorbent by dissolved organic matter. Its efficiency depends on the properties of both the
pollutant and the adsorbent material, as well as operational conditions (pH, temperature, contact
time). However, competition among micropollutants can reduce the overall efficiency of the

process [49-50].
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Table 1.4: Removal of various pharmaceutical compounds by adsorption on different

activated carbons and graphene [47].

Molecules Material S BE Pore Water Type Concentration Adsorption
T Diameter Rate
(m*/g)
PAC* 0 0 Surface 100ng/L 70%
L
Paracetamol (Smg/L)
Graphene Synthetic
0,1g/L
01 59 % Img/L 46%
Tetracycline PAC 1524 2,5 Synthetic 600mg/L 70%
(1g/L)
PAC %) 0 Surface 100ng/L 70%
(5mg/L)
Carbamazepine Gr(?;iﬁne 875 ( dfazgire
. Synthetic 100mg/L 97%
quantity des
not particules)
specified
PAC 0 0 Surfaces 100ng/L 35%
Sulfamethoxazole (Smg/L)
Graphene 570 %)
1g/L
©,1gL) Synthetic 100ug/L 34%

PAC refers to powdered activated carbon and @ (pore diameter)

L 6.2.2. Advanced Oxidation Processes (AOPs)

AOPs are emerging technologies capable of degrading recalcitrant pollutants through the

generation of hydroxyl radicals (*OH), which are highly reactive oxidants. These processes offer

several advantages: high efficiency, low toxicity, and the absence of harmful secondary residues.

Their effectiveness depends on various parameters, such as oxidant concentration, UV intensity,

and pH. Although AOPs allow effective degradation of pharmaceutical residues, their cost and

energy consumption remain challenges to be addressed [51].
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T able 1.5: Main advanced oxidation processes [52]

Process

Reaction

Comment

Fenton

H,0, + Fe** + H*
- Fe® + H,0 ++0H

OH radicals are produced from the
decomposition of H:0: catalyzed by
ferrous or ferric salts (Fenton or Fenton-
like reactions)

Peroxonation:
05/H20:

H,0, + Fe** - Fe** + HO e + «OH

The hydroxyl radicals (*OH) are formed
by the reaction between ozone and
hydrogen peroxide. This process is more
effective than ozonation alone due to the
high reactivity of hydroxyl radicals.
Like ozonation, its efficiency depends
on several parameters such as pH,
temperature, side reactions that consume
radicals, and the type of pollutant.

Photolysis of
H:0:: UV/H:20:

hv
H202 -2 OH

The absorption of photons (A < 330 nm)
induces the photolysis of hydrogen
peroxide (H:0:), which decomposes to
form hydroxyl radicals (*OH). An
advantage of this process is that H20- is
soluble in water, allowing it to be well-
distributed throughout the medium.

Photolysis of
Ozone: UV/Os

hv
0; —» 0'(D) + 0,

0'(D) + H,0 - H,0,

Ozone absorbs wavelengths below 300
nm; its photolysis in aqueous solution
generates H20», which initiates the
decomposition into highly reactive
hydroxyl radicals (*OH). Thus, ozone
promotes the degradation of pollutants
that are resistant to direct oxidation. The
efficiency of this process depends on the
wavelength used and the applied
irradiation conditions.

Heterogeneous
photocatalysis

TiO2+hv—eCB—+hVB+

A light source induces the excitation of
a semiconductor or photocatalyst (e.g.,
TiO:); this generates positive and
negative charges that migrate to the
surface to produce reactive species and
ensure the complete mineralization of
oxidized and reduced forms.

Sonochemistry

H-O + ultrasound (20-1000 kHz) ¢ *H + «OH

Hydroxyl radicals (*OH) are produced
in water by applying sound waves at
frequencies above the human hearing
threshold (f > 20 kHz). This process
generates reactive species through
acoustic cavitation that can degrade
pollutants.
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Irradiation at 254 nm simultaneously
induces the photolysis of both H.O. and
ozone. H20: and UV light are used to
activate ozone in water at neutral pH.
The molar absorption coefficient of
ozone at 254 nm (300 L-mol'-cm™) is
much higher than that of H.O. (18.6
L-mol™-cm™). This system thus helps
reduce undesirable effects caused by
compounds such as  aromatics,
compared to the H20-/UV system.

Photo-
peroxonation: 03;+H,0,UV(254nm) —-OH
03/H20:/UV
Radiolyse H.0, —» H.O* — «H + H.O

Des especes HO et H sont produites par
un rayonnement de forte énergie exposé
aux solutions a traiter; ces espéces sont
obtenues apres excitation de la molécule
d’eau et phénomene d’ionisation.

UV-V Photolysis

Water absorbs light at wavelengths
below 190 nm, producing hydrogen
radicals (*H) and hydroxyl radicals
(*OH). However, vacuum ultraviolet
(UV-V) photolysis is rarely used due to
the complexity of the equipment
required (liquid nitrogen cooling,
vacuum conditions, etc.) to access this
optical spectrum.

Irradiation increases the reaction rates
and mineralization efficiency compared
to the classical Fenton process. This
enhancement is explained by the
photochemical reduction of Fe*" back to
Fe?, allowing continuous generation of
hydroxyl radicals.

hv
of Water: H20; =+ H + H,0
UV/H:0
Photo-Fenton Fe**+hy—sFe?™
Sonophotocatalys
is

This system combines several processes,
for example photocatalysis  and
sonochemistry, synergistically used to
accelerate the formation of hydroxyl
radicals (*OH).

1.6.2.3. Treatment by Coagulation and Flocculation

Coagulation-flocculation, mainly used to reduce turbidity and pathogens, shows limited

effectiveness on pharmaceutical residues. However, some coagulants such as polyaluminum

chloride or ferric chloride (Fe**) have demonstrated partial removal of certain antibiotics, with

removal rates ranging from 20% to 90%, depending on the nature of the molecules [53].

Conclusion

Pharmaceutical residues, including ibuprofen, represent a persistent threat to aquatic

ecosystems. Their removal by conventional treatment processes is often insufficient, making the
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development of alternative solutions such as coagulation-flocculation and adsorption essential.
This chapter has highlighted the challenges associated with this pollution and introduced the

treatment approaches discussed in the following chapters.
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Chapter II: Coagulation-Flocculation in water treatment: principles and factors influencing
effectiveness

Introduction

The increasing presence of emerging pollutants, such as pharmaceutical residues, in
wastewater represents a major environmental challenge. Among the most commonly used
treatment techniques, coagulation-flocculation stands out due to its simplicity, efficiency, and
widespread application in water treatment. This physico-chemical process relies on the addition
of coagulants and/or flocculants to destabilize colloidal particles and promote their aggregation
into flocs that can be easily separated. This chapter aims to explore the operating principles of
coagulation-flocculation, the mechanisms involved at each stage, and the crucial role played by

coagulants and flocculants.
II.1. Principle of Coagulation-Flocculation

Coagulation-flocculation facilitates the removal of suspended solids (SS) and colloids by
gathering them into flocs that can be separated through sedimentation, flotation, and/or filtration.
This physico-chemical process allows partial or total removal of particulate pollutants, especially

SS and colloids [54].

The term “colloid” was introduced by Thomas Graham in 1861. It originates from the Greek
words kolla meaning glue, and eido or eidomei meaning like or resembling. Colloids commonly
refer to very small particles in solution with sedimentation times ranging from short to long [55].
These particles are very small, typically ranging from 0.001 to 1 um [56]. They may originate

from soil erosion, mineral dissolution, or organic matter decomposition.

Colloids carry surface charges, often negative, which induce inter-colloidal repulsions [56].
These surface charges cause the attraction of a dense layer called the Stern layer, composed of
oppositely charged particles (positive if the colloid surface charge is negative). A second layer
forms downstream, composed of ions with the same charge as the colloid and some ions of

opposite charge. This is known as the diffuse layer or Gouy layer.

The double-layer theory describes a rapid and linear decrease of the Nernst potential along
the Stern layer up to the Helmholtz external plane, where a bend (inflection) can be observed,
followed by a slower decrease of the potential to zero, which corresponds to the baseline of

electrically neutral water [57].
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Figure II. 1: Representation of a colloid [56].

Within the bound layer itself, one can differentiate between the ionic part truly “attached” to
the colloid and the more mobile part. The plane that separates these two parts is called the shear
plane and corresponds to the zeta potential. The zeta potential is generally very close to the

Helmholtz potential, which can cause confusion between the two in the case of natural waters.

It is important to note that this stable entity — particle plus ionic double layer — generates
the zeta potential, which is of great importance in water treatment. It determines the
electrophoretic mobility of the particle [58], and theoretically, the neutralization of the zeta

potential corresponds to the optimal coagulation-flocculation condition [57].
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Figure II. 2: Representation of the double layer of a colloidal particle [59].

-------

I1.2. Coagulation Mechanism

The complex process of coagulation aims to destabilize suspended colloidal particles to promote

their agglomeration into flocs dense enough to settle by sedimentation. To overcome the

electrostatic repulsion forces between these particles, two main mechanisms are employed:

e Reduction of the zeta potential: This is achieved by adding mineral reagents containing

multivalent cations (Fe*', Al**), which adsorb onto the surface of the colloids, thereby

neutralizing the electric charges responsible for colloidal stability. This enables proper

coagulation.

e Use of organic polymers (flocculating agents): These act through a dual mechanism,

partially reducing the colloidal charge and, more importantly, forming bridges between

particles via their long macromolecular chains, creating a network that traps and

aggregates the particles.

The term coagulation is generally reserved for the electrostatic destabilization phase, whereas

flocculation refers to the grouping of particles into flocs, particularly through the action of

polymers [60].
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Four basic mechanisms for colloidal particle destabilization:

1. Compression of the electrical double layer (electrostatic coagulation)

Reduction of electrostatic repulsive forces between particles by compressing the

ionic cloud surrounding the particles using electrolytes (ions).
This leads to a decrease in the repulsive potential, facilitating particle aggregation.

Aggregation can also be enhanced by increasing the kinetic energy (particle

movement).

2. Adsorption and charge neutralization

Ions with opposite and strong charges (often trivalent or divalent cations from the
coagulant) adsorb onto the particle surfaces, neutralizing their electric charge.
This neutralization reduces colloidal stability and enables coagulation.
Overdosing the coagulant can reverse particle charge, making it positive.

The diffuse electrical double layer around pollutant particles is compressed,

removing the stabilizing barrier.

3. Entrapment of particles in a precipitate (sweep coagulation)

Mainly occurs in dilute suspensions where rapid formation of insoluble coagulant
precipitates captures colloidal particles.

These precipitates form large flocs called “sweep flocs” that act like a net
trapping pollutant particles.

This mechanism combines adsorption and physical trapping within the

precipitate.

4. Adsorption and bridging (flocculation by polymers)

Use of polymers (anionic, cationic, or non-ionic) with high molecular weight and
long chains.

One end of the polymer adsorbs onto a colloidal particle, while the other end
remains free to bind other particles.

This forms bridges between particles, creating an aggregated network.

Overdosing polymers can reduce efficiency (re-stabilization phenomenon).
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I1.3. Flocculation mechanism

The flocculation phase corresponds to the slow aggregation of coagulated particles; in other
words, it is the phase during which the floc grows in size. Flocculation is the process that enables
the floc to enlarge so that it becomes easier to separate. The floc formed by the aggregation of
several colloids may not initially be large enough to settle or dewater at the desired rate.
Flocculation can be improved either by purely hydraulic or mechanical processes or enhanced by
the addition of chemical reagents called flocculants. Generally, a flocculant is effective only

once the coagulation phase is complete.

When choosing flocculants, factors such as the size, cohesion, and settling velocity of the
floc must be considered. Similar to coagulants, the optimal treatment dosage is determined

through flocculation tests [54].

Negatively charged Coagulant  Cell aggregate
cells (microfloc)

Microflocs Flocculant Floccs or floc

Figure I1.3: Coagulation — Flocculation Phenomena [62].
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I1.4. Role of coagulants and flocculants in water treatment

Coagulants play a crucial role in water treatment by reducing color, turbidity, and organic
matter present in water. The two primary functions of a coagulant are the destabilization of
particles and the strengthening of flocs. When a coagulant is added, it neutralizes the electrical
charge of colloidal particles, enabling their aggregation into larger flocs that can be easily

separated from the water.

Coagulants should meet practical criteria such as reasonable cost, ease of handling, and
chemical stability during storage. The selection of a coagulant depends on the characteristics of
the particles to be treated and the water quality. However, it is still not possible to predict the
optimal coagulant for every water type, which necessitates laboratory testing followed by large-

scale validation.

The effectiveness of coagulants is directly related to the valence of the cations used:
monovalent ions are less effective than divalent or trivalent ions. According to the Schulze-
Hardy rule, the coagulation efficiency increases with the ion valence [63]. The most effective

coagulants are metal salts, particularly those based on aluminum or iron.

Once colloidal particles are destabilized, they tend to aggregate upon contact, leading to the
formation of larger flocs and a reduction in the number of suspended particles [64]. This
destabilization phase is followed by flocculation, during which flocculating agents may be used

to reinforce this aggregation.
IL.5. Types of coagulants used in water treatment

In the water treatment process, different types of coagulants are used to enhance treatment
efficiency by facilitating the removal of suspended particles, colloidal matter, and
microorganisms. However, the wastewater must contain dissolved oxygen for the reaction to
occur. The efficiency of these coagulants, with or without coagulant aids, depends on the water’s

pH and temperature [65]. The most commonly used coagulants are :
IL1.5.1. Traditional coagulants

In water treatment, various coagulants improve the removal of suspended particles, colloids, and

microorganisms. The most common traditional coagulants include aluminum sulfate and iron
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salts such as ferric chloride and ferric sulfate. These coagulants are particularly effective due to

their ability to rapidly neutralize the charge on colloidal particles.

e Aluminum sulfate (Al:(SOs)3): Mainly used for water clarification, it is effective in

coagulating both organic and inorganic matter.

e Ferric chloride (FeCls) and ferric sulfate (Fez(SQa4)s): These iron salts are particularly

effective in treating waters containing organic matter and heavy metals [66].
I1.5.2. Natural and Eco-friendly Coagulants

Bio-coagulation is an emerging technology that enables the collection of extremely fine particles
and differs from well-known processes such as biosorption, bioaccumulation, and
biotransformation: in bio-coagulation, particles are very small and solid, whereas in other
processes, minerals dissolve and ions are adsorbed or accumulated [67]. Common natural

coagulants used in water treatment include [68]:
e Chitosan: Derived from crustacean shells
e Indupa: Derived from Indupa seeds

e Moringa oleifera: Derived from Moringa oleifera seeds
I1.6. Factors influencing Coagulation-Flocculation efficiency

I1.6.1. Influence of pH and Ionic Strength

pH is considered one of the most important factors during coagulation-flocculation
operations. It has a major effect on coagulation. It is also important to note that adding a
coagulant often alters the water’s pH. This change must be managed to keep the pH within the
optimal coagulation range, where coagulation occurs rapidly. Coagulation at a non-optimal pH

can significantly increase coagulation time [57] and affect the flocculation time [69]
I1.6.2. Effect of coagulant dose

The dosage of coagulant is a critical parameter. Since coagulants are typically strongly
acidic, they tend to lower the water’s pH. To maintain optimal pH, acids or bases may be added.

Excessive coagulant dosing causes restabilization of particles and increases operational costs,

Page | 26



Chapter II: Coagulation-Flocculation in water treatment: principles and factors influencing
effectiveness

while insufficient dosing leads to poor treated water quality. The optimal dose cannot be easily

determined.

Practically, the optimal coagulant dose can be determined either by measuring the zeta
potential (which requires expensive equipment) or by a laboratory test known as the “Jar Test”

[57].
11.6.3. Temperature and hydrodynamic conditions

Temperature is a crucial physical factor influencing coagulation and flocculation efficacy.
Lower temperatures increase water viscosity, which reduces floc formation rate. In winter, flocs

tend to be more fragile and less dense, complicating their separation from water.

Temperature also significantly reduces chemical reaction rates, including coagulation
reactions. Additionally, water pH tends to decrease as temperature drops, especially when

coagulant doses are low.

To overcome challenges related to low temperatures, it is generally recommended to keep
the water pH as close as possible to the optimal coagulation pH. This can be achieved by
increasing the coagulant dose, which not only enhances particle collision probability but also
compensates for the pH variation effect, thereby improving coagulation efficiency despite low

temperatures [70].
I1.6.4. Agitation speed and time

When coagulant is introduced into water, rapid mixing is performed to disperse and
homogenize the solution. However, prolonged agitation leads to re-stabilization of the
aggregated system by breaking the bonds between the coagulant and particle surfaces and

causing the collapse of extended particle segments [71]
I1.6.5. Influence of turbidity

Turbidity is also a significant parameter influencing coagulation efficiency. Within a certain
turbidity range, an increase in particle concentration should be followed by an increase in
coagulant dose. When water turbidity is too low, particle concentration can be increased by
adding clays. During heavy rainfall, increased suspended solids promote better settling. Finally,

to enlarge and weigh down the floc, a flocculation aid is added [72].
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I1.6.6. Dissolved salts
Salts present in water influence coagulation by causing:
e A change in the optimal pH range.

e A change in the required coagulant dose.
I1.7. Advantages and disadvantages of Coagulation-Flocculation

Chemical coagulation-flocculation systems are generally automated, requiring minimal
supervision and maintenance. Highly skilled labor is often not necessary. Significant reductions

are achieved for micropollutants, heavy metals, bacteria, and viruses [73].
I1.7.1. Advantages

o High efficiency: Coagulation-flocculation is one of the most effective techniques for

removing suspended solids and colloids, especially micropollutants.

o Simplicity: The process is relatively simple to implement and can be easily integrated

into existing water treatment systems.

e Versatility: Effective for treating a wide range of pollutants, including pharmaceutical

residues, heavy metals, organic matter, and other common contaminants.

o Cost-effectiveness: Coagulants and flocculants are generally inexpensive, and operating

costs are relatively low.
I1.7.2. Disadvantages

e Sludge production: The process generates sludge that requires further treatment,

potentially increasing operational costs and environmental impact.

e Variable efficiency: Process efficiency can be influenced by factors such as pH,

temperature, and water composition.

e Chemical usage: The use of chemicals such as aluminum sulfate or ferric chloride can

pose environmental concerns, although natural alternatives exist.
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I1.8. Method for the Preparation of Commercial Ferric Chloride (FeCls)

Ferric chloride (FeCls) is widely used as a coagulant in water treatment. It is typically produced
by reacting metallic iron with concentrated hydrochloric acid. The manufacturing process

involves the following steps [74]:
1. Preparation of Hydrochloric Acid Solution

Concentrated hydrochloric acid is diluted with water to prepare a suitable aqueous

solution.
2. Reaction with Metallic Iron

Metallic iron (Fe) is introduced into the hydrochloric acid solution, producing ferrous

chloride (FeClz) and releasing hydrogen gas:
Fe (S) +2HCI (aq) — FeCl: + Hz(g)
Then, FeCl: is oxidized to ferric chloride (FeCls) by exposure to chlorine gas (Cl):
4FeCl:(aq) + Clx(g) — 4FeCls(aq)
The overall reaction can be summarized as:
Fe(s)+2HCI (aq)+Clz2(g)—4FeCl3(aq)+H2(g)

3. Filtration and Concentration
The resulting ferric chloride solution is filtered to remove impurities and concentrated to

obtain a commercially viable product.

I1.9. Potential for Ferric Chloride Production from Iron Oxide via Acid

Leaching

An alternative and simpler method to produce FeCls is by directly reacting iron oxide
(Fe20s) with hydrochloric acid. Since iron is already in the +3 oxidation state in Fe:Os, there is

no need for the intermediate FeCl. formation. The reaction is:

Fe:0s5(s) + 6HCI (aq) — 2FeCls (aq) + 3H20(1).
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This method offers several advantages over the one based on the use of solid metallic iron. First,
the reaction is more direct and simpler, as it does not require an additional oxidation step nor the
use of gases such as chlorine. Since the iron is already in its oxidized form, the formation of
FeCls is accelerated, making the process faster and more efficient. Second, this method
significantly reduces safety risks, because the attack of Fe.Os; by HCI does not generate
hazardous gases, unlike the metallic iron-based method which produces flammable hydrogen gas
(H2) and sometimes requires chlorine gas. Finally, this synthesis route has the advantage of
requiring fewer processing steps, making it economically attractive, especially in regions where
Fe20s ore (such as hematite) is abundantly available. After leaching, the ferric chloride (FeCls)

concentration in the solution is about 140 g/L, with a mass content of 10%.

Conclusion

Coagulation-flocculation is an effective and versatile method for water treatment,
particularly in removing suspended solids, colloids, and, to some extent, micropollutants such as
pharmaceutical residues. This process relies on well-established mechanisms of charge
neutralization and particle aggregation, with its efficiency strongly influenced by the

physicochemical parameters of the medium and the nature of the coagulants used.

Recent advances in alternative coagulants, especially those derived from natural resources
or iron ores, offer promising perspectives for more sustainable and environmentally friendly
treatment. However, coagulation-flocculation also has limitations when dealing with dissolved or
less reactive pollutants, which justifies the need to combine or compare it with other techniques
such as adsorption or membrane processes. Overall, a better understanding of the factors
influencing this process will allow for optimizing its efficiency and expanding its applications,

particularly in the context of emerging contaminant treatment.
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Introduction

Adsorption is a key process in wastewater treatment, enabling the effective removal of
various pollutants. This chapter presents the types and mechanisms of adsorption, the influencing
factors, and the modeling through classical isotherms. Special attention is given to biochar, a
promising adsorbent material derived from biomass, due to its environmental and economic

performance.
II1.1. General concepts of adsorption
I11.1.1. Definition of adsorption

Adsorption is a physicochemical surface phenomenon that occurs through a change in
concentration at the interface between two immiscible phases, typically gas/solid or liquid/solid.
This process involves a mass transfer of the adsorbate (a compound present in the gaseous or
aqueous phase) to the surface of a solid material, known as the adsorbent, where it becomes
fixed. This fixation is accompanied by the release of energy in the form of adsorption heat,

characteristic of the system under study.

Adsorption imparts specific surface properties to the solid (hydrophilic or hydrophobic),
which can influence the surrounding medium's equilibrium, notably by promoting phenomena
such as dispersion or flocculation. Thus, the solid on which adsorption occurs is referred to as
the adsorbent, while the compound being adsorbed, whether liquid or gaseous, is called the

adsorbate [75].
I11.1.2. Types of adsorption

The fixation of a dissolved element in water onto the surface of a solid particle involves several
mechanisms and types of interactions, including covalent bonds, electrostatic interactions, and
Van der Waals forces. Depending on the nature of these interactions, two main types of

adsorption are distinguished:

= Physical adsorption (physisorption), dominated by weak forces, primarily Van der Waals
forces;
» Chemical adsorption (chemisorption), characterized by the formation of stronger and

generally irreversible chemical bonds [76].
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1I1.1.2.1. Physical Adsorption (Physisorption)

Physical adsorption is a reversible process resulting from weak physical interactions between
solute molecules (adsorbate) and the surface of the solid (adsorbent). These interactions are
mainly ensured by Van der Waals forces, which do not involve any alteration of molecular
entities and have relatively low interaction energy (on the order of a few kJ/mol). This type of
adsorption corresponds to a surface condensation of molecules and is favored at low

temperatures due to its exothermic nature [77].
1I1.1.2.2. Chemical adsorption (Chemisorption)

Chemical adsorption, on the other hand, is based on the formation of strong chemical bonds,
often covalent, between the adsorbate and the surface of the adsorbent. This phenomenon is
generally irreversible and is characterized by significantly higher adsorption energies, ranging

from 40 to 200 kJ/mol, compared to less than 40 kJ/mol for physisorption.

Unlike physisorption, chemisorption is favored at higher temperatures and involves a more

significant release of heat, making it a highly exothermic process. However, both types of

¢

S o
= 2

Physical adsorption Chemical adsorption

adsorption often coexist in practice [78].

Figure III. 1: Physical and chemical adsorption [79].
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IT1.1.3. Adsorption mechanism and Kinetics

The transfer of a solute from a liquid phase containing the adsorbate to a solid phase (the
adsorbent), with retention of the solute on the surface of the latter, occurs through several
successive steps (Figure I11.2). One or more of these steps may be the rate-limiting factor in the

overall kinetics of the adsorption process:

1. External mass transfer (or film diffusion):
This step corresponds to the movement of adsorbate molecules from the bulk of the
solution to the external surface of the adsorbent particles. It mainly depends on agitation

and surface concentration.

2. Internal mass transfer (or intraparticle diffusion):
Once the molecules reach the surface of the adsorbent, they penetrate into the pores of
the solid particle. They then diffuse through the interstitial fluid within the pores, from

the outer edge toward the internal zones.

3. Surface diffusion:
In some cases, additional migration of the adsorbed molecules may occur along the inner
pore walls. This diffusion at the solid scale can influence the distribution of the adsorbate

on the adsorbent.

4. Actual adsorption:
This is the final step, during which the solute molecules attach to the active surface of the

adsorbent via physical or chemical interactions [80].
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Figure III. 2: Transport mechanism of adsorbate within a particle [80].
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I11.1.4. Factors influencing adsorption

The effectiveness of the adsorption process depends on several physicochemical parameters
that influence both the retention capacity of the adsorbent and the process rate. These factors
must be carefully controlled to optimize adsorption performance, particularly in water treatment
applications. The main influencing factors are [81]:

¢ Nature of the Adsorbent

The physical and chemical properties of the adsorbent play a key role in the adsorption
process. This includes:

. Specific surface area: A higher surface provides more active adsorption sites.

. Porosity: The pore size, volume, and distribution influence molecule diffusion
and accessibility to internal sites.

. Surface chemical composition: The presence of functional groups (e.g.,
hydroxyl, carboxyl, carbonyl) can enhance specific interactions (hydrogen bonding,
electrostatic interactions, etc.).

. Hydrophilic or hydrophobic nature of the surface: Determines the ability to
retain polar or nonpolar molecules.

¢ Characteristics of the Adsorbate

The physicochemical properties of the adsorbate also significantly affect its interaction with
the adsorbent:

*  Molecular size: Bulky molecules may struggle to enter micropores.

* Polarity and solubility: These affect competition with water molecules and the ability
to interact with adsorbent sites.

= Electric charge: Determines electrostatic interactions with the adsorbent, especially
depending on the pH of the medium.

¢ Solution pH

The pH affects:

» The surface charge of the adsorbent (through its point of zero charge, pHpzc

= The ionization state of the adsorbate, and thus the electrostatic interactions between
them.
For example, an acidic pH may enhance adsorption of basic molecules and vice versa.

% Temperature

Temperature influences both the kinetics and thermodynamics of adsorption:

» In physisorption, high temperature may reduce efficiency by favoring desorption.
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= In chemisorption, increasing temperature may enhance adsorption capacity.
Thermodynamic studies can determine whether the process is endothermic or
exothermic.
+ Initial Concentration of Adsorbate
A higher solute concentration increases the probability of collision with active sites, though
saturation may occur beyond a certain threshold. This factor is also crucial for adsorption
isotherm modeling.
+ Contact Time
Time affects the amount of adsorbate fixed on the adsorbent. Sufficient duration is required
to reach adsorption equilibrium, beyond which maximum capacity is attained.
% System Agitation
Agitation helps reduce resistance to external mass transfer and improves access to the active

sites of the adsorbent, thus enhancing process kinetics.
I11.2. Adsorption isotherm modeling

Various mathematical models have been developed to represent adsorption equilibrium. The

most commonly used models are:

I11.2.1. Langmuir adsorption isotherm
Established in 1918, this monolayer adsorption model is based on the following assumptions:

e The molecule is adsorbed on a well-defined site of the adsorbent (localized adsorption),
e Each site can hold only one molecule,
e The adsorption energy is the same for each site and is independent of the presence of

molecules on neighboring sites (no interactions between adsorbed molecules) [82].

x _ qmbC,

9de = .. = Genc (I1L1)

where
e ge: amount of adsorbate adsorbed per unit mass of adsorbent (mg.g™!).
e X: mass of adsorbed adsorbate (mg).

e m: mass of adsorbent (g).
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e gm: maximum adsorption capacity of the adsorbent, also called ultimate capacity (mg.g™).

e b: Langmuir constant related to the affinity of the binding sites (I/mg).

e Ce: equilibrium concentration of the adsorbate in the liquid phase (mg.L™") [82].

The linearized form of this equation is (Equation II1.2):

Ce Ce 1
= =4 — 111.2
Qe dm qmb ( )

II1.2.2. Freundlich isotherm

In 1926, Freundlich established a highly satisfactory isotherm that can be successfully applied to
gas adsorption but has been primarily used for adsorption in diluted solutions. He observed that
the mechanism of this process is rather complex due to surface heterogeneity, which causes the
heat of adsorption to vary. The Freundlich equation is written as follows:

(Equation II1.3)

X Z
= =K;Cn (I11.3)
e

m

Q. =

Kf and n are Freundlich constants that must be evaluated for each solution and each
temperature, and they are unique for a given compound. Kf characterizes the adsorptive capacity

of the support, while 1/n indicates the affinity of the solute for the adsorbent [80].

The Freundlich equation 1s especially wuseful in its logarithmic form:

(Equation I11.4)

log(Q.) = log(Ky) +--log C, (I1L.4)

I11.2.3. TemKin isotherm

The Temkin isotherm considers the fact that the heat of adsorption of all the molecules in
the adsorption layer decreases linearly with surface coverage due to decreasing adsorbate—
adsorbent interactions. Therefore, adsorption is characterized by a uniform distribution of

binding energies on the surface. The Temkin isotherm is expressed as (Equation II1.5) [79]:
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q. = (RT / b) In(Kt.C,) (I11.5)

Or in its linear form:(Equation II1.6)

q. = B1inKt + B1InC.q (II1.6)

Where: B1 = RTbt/ (J/mol), is the Temkin constant related to the heat of sorption and Kt

(L/g), is the equilibrium binding constant corresponding to the maximum binding energy.
I11.3. Adsorption on biochar

II1.3.1. Definition of biochar

The term "biochar" comes from the English combination of "bio" (plant-based) and
"charcoal", but it should not be confused with traditional charcoal. Unlike the latter, biochar is
intended for agricultural and environmental uses rather than combustion. It has a large porous
surface but a variable surface composition and lacks PAHs (polycyclic aromatic hydrocarbons),

making it safer for the environment [83].
I11.3.2. Biochar Production

Biochar is produced via a process known as pyrolysis, which involves heating biomass in the
absence or near-absence of oxygen. This thermal treatment generates a carbon-rich solid residue

(biochar). The main steps in biochar production are as follows [84]:
1. Preparation of Biomass

» The raw material may come from plant waste (wood, straw, agricultural residues),

organic sludge, or animal waste.

* It is usually dried and ground to obtain uniform particle size and reduce moisture

content.
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2. Pyrolysis

= The biomass is heated between 300 °C and 700 °C in a sealed reactor (e.g.,
pyrolysis furnace, rotary kiln).

* The absence of oxygen prevents combustion and allows transformation into
biochar.

» The temperature and duration of pyrolysis greatly influence biochar quality

(porosity, surface area, chemical composition, etc.).
3. Cooling and Collection

= After pyrolysis, biochar is cooled in an oxygen-free environment to avoid
oxidation.
= [t is then sieved, stored, or activated depending on its intended use (agriculture,

adsorption, pollution control...).

4. Activation of Biochar
Biochar production can be optimized by adjusting several operating parameters such as
temperature, pyrolysis duration, treatment atmosphere, and biomass type. Chemical or
thermal activation significantly improves its adsorption properties by increasing surface
area and porosity and by modifying surface functional groups. These modifications
enhance biochar's performance in pollution control applications, especially for adsorbing

dyes, heavy metals, and pharmaceuticals. Two main activation methods exist:

* Thermal (or Physical) Activation:
Biochar is heated to high temperatures (700-900 °C) in the presence of activating
gases such as steam or carbon dioxide (COz2). This process improves porosity,
removes volatile matter, and increases surface area. It is a simple method that
requires no chemicals but has a major drawback: high energy consumption, which
raises production costs.

* Chemical Activation:
This involves impregnating biochar with chemical agents (acids, bases, or metal
salts), either before or after pyrolysis. It significantly enhances porosity and
introduces functional groups on the biochar surface, improving interactions with
pollutants. Although effective, this method requires thorough washing to remove

residual chemicals and prevent contamination.
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I11.3.3. Environmental and functional benefits of biochar adsorption

Biochar adsorption offers many advantages, making it a preferred choice for various

environmental and industrial applications. Key benefits of using biochar for pollutant adsorption

include [85]:

1.

Excellent Adsorption Capacity:

Biochar has a highly developed porous structure, which can be further enhanced through
thermal or chemical activation. This gives it a high specific surface area, allowing
efficient adsorption of a wide range of pollutants such as dyes, heavy metals, and

pharmaceuticals.
Eco-Friendly and Sustainable Solution:

Biochar is made from biomass, often derived from agricultural waste or organic residues,
making it a renewable and eco-friendly resource. Moreover, its use contributes to carbon
sequestration, helping to reduce the carbon footprint of industrial processes while

improving soil quality.
Low Cost:

Compared to other adsorbent materials like activated carbon, biochar is relatively
inexpensive to produce, especially when made from abundant biomass. Its low cost

makes it an economical option for large-scale wastewater and soil treatment.
Reusability and Regeneration:

A major advantage of biochar is its ability to be regenerated. After adsorbing pollutants,
it can be reused following a relatively simple regeneration process, which lowers long-

term costs and reduces environmental impact by avoiding material waste.
Soil Quality Improvement:

Beyond its pollutant-removal properties, biochar can enhance soil quality. It improves
water retention, soil structure, and nutrient-holding capacity, thereby supporting better

agricultural productivity and sustainable land management.

Safety and Non-Toxicity:
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Biochar is a stable and non-toxic material, making it particularly suitable for sensitive
applications such as drinking water treatment or agricultural environments. Its safety

profile is a key factor in its growing adoption.
Conclusion

Adsorption, supported by appropriate models, is a reliable method for water pollution control.
Biochar, as an eco-friendly and cost-effective adsorbent, strengthens this sustainable approach.
Its use paves the way for innovative and environmentally respectful solutions in wastewater

treatment.
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Introduction

This chapter describes the various experimental steps implemented in this work. It includes
the preparation of solutions, the synthesis of ferric chloride from iron ore, the preparation and
characterization of pumpkin peel-derived biochar, as well as the protocols for coagulation-

flocculation and adsorption tests.

IV.1. Synthesis of Ferric Chloride

IV.1.1. Sampling

For this research, the iron ore sample was obtained from the El Ouenza mine, Chagora Sud
sector. Samples weighing approximately 01 to 05 kg were collected exclusively from the
mineralized body, with a 50-meter spacing between each sampling point. The sample batches
were labeled, stored in double plastic bags, and sent to the laboratory for preparation and
preliminary determination of average major element content (iron). No preservative agents were

added.

IV.1.2. Preparation of iron ore

The raw iron ore was first dried in an oven at 100 °C for 24 hours to eliminate residual
moisture. After cooling, it was crushed and homogenized to ensure a uniform chemical
composition. The crushed material was then sieved to obtain a fine particle size fraction < 0.063

mm, considered favorable for efficient leaching.
IV.1.3. Acid leaching

Leaching was carried out by contacting 10 g of prepared ore with 100 mL of hydrochloric
acid (HCI) of predetermined molarity in a 250 mL conical flask. The mixture was stirred using a
magnetic stirrer at 80 °C for 120 minutes under a glass lid to minimize evaporation. After the
reaction, the mixture was allowed to settle, then filtered using a Biichner system with 0.45 pm

porosity filter paper. The resulting solution was stored for use as a coagulant.
IV.2. Preparation of biochar

Pumpkin peels were carefully washed with deionized water, cut into small pieces, and air-
dried. They were then pyrolyzed in a DAIHAN furnace at 500 °C for 1 hour under low-oxygen
conditions, with a heating rate of 10 °C/min. The resulting material was soaked in 0.05 M HCl to

neutralize residual basic ashes, then rinsed until a pH between 6.5 and 7 was achieved. The
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sample, designated PB-500, was dried at 80 °C for 24 h, ground, and sieved using a 1 mm
electronic sieve (KARP MACHINERY).

1V.3. Material characterization

IV.3.1. Elemental analysis (XRF)

The chemical composition of the ore was determined by X-ray fluorescence spectroscopy

(XRF) to identify major and minor elements.
IV.3.2. pH Point of Zero Charge (pHpzc)

The pHpzc of the biochar was determined using the pH drift method. 25 mg of biochar were
added to 25 mL of 0.01 M NaCl solution, adjusted to an initial pH between 2 and 11. After 6
hours of stirring, the final pH was measured. The pHpzc value was identified at the intersection

of the ApH = f(pHi) curve
IV.3.3. FTIR Analysis

FTIR spectroscopy (Shimadzu-8400S) was used to analyze the functional groups present on
the biochar before and after adsorption. Samples were prepared by compressing 1 mg of biochar

with 200 mg of KBr, and spectra were recorded in the range 400—4000 cm™.

@O REDMINOTE 8
CO Al QUAD CAMERA

Figure IV. 1: Infrared spectroscopy- SGIMADZU-8400S.

IV 4. Preparation of the ibuprofen solution

A stock solution of ibuprofen was prepared by dissolving one commercial tablet containing

600 mg of active ingredient in distilled water under magnetic stirring until complete dissolution.
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The pH of the solution was adjusted to 7 using HCl or NaOH (0.1 M) to simulate neutral

environmental conditions.

IV.5. Preparation of diluted solutions

Diluted solutions of ibuprofen, commercial ferric chloride, and synthesized ferric chloride

were prepared from the stock solution according to the dilution law using distilled water:

CixVi=C2x V2 (IV.1)

Ci : Concentration of the stock solution (mg/L).
V1 : Volume of stock solution to be taken (L).
C>: Concentration of the diluted (working) solution (mg/L).

V> : Volume of the diluted (working) solution (L).

IV.6. Coagulation-Flocculation tests

The coagulation-flocculation tests were carried out in 500 mL beakers containing the ibuprofen

solution to be treated. The protocol followed was as follows:

o Coagulation: Rapid stirring at 200 rpm for 3 minutes after the addition of the coagulant
(synthesized ferric chloride)

e Flocculation: Slow stirring at 45 rpm for 15 minutes

e Sedimentation: Resting for 30 minutes to allow the flocs to settle

o Filtration: The supernatant was filtered using a 0.45 pm pore filter for analysis
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Figure IV. 2: Coagulation-flocculation tests for ibuprofen.

IV.7. Adsorption tests

The adsorption experiments were conducted in batch mode using 100 mL beakers
containing 50 mL of ibuprofen solution and 0.5 g-L™" of biochar. Stirring was maintained at 1000
rpm at 20 °C for a specified time. After adsorption, the solutions were vacuum filtered through
0.45 pm filters and analyzed.

The studied parameters included:

o Contact time (2 to 180 min)

e Solution pH (2 to 12)

o Initial ibuprofen concentration (2 to 20 mg-L")
e Adsorbent dosage (0.2to3 g-L™")

The amount of ibuprofen adsorbed at a given time (qt) and at equilibrium (qe) in mg/g, as
well as the removal efficiency (R%), were determined using the following equations, where Co,
C,, and C. represent the ibuprofen concentrations (mg/L) at initial time, at time t, and at
equilibrium respectively. V (L) is the volume of the ibuprofen solution and m (g) is the mass of

biochar used:

gt=(Co—C9)V/m (IV.2)
ge=(Co-CoV/m (IV.3)
R% = [(Co — Ct)/Co] x 100 (IV.4)

IV.8. Combined Coagulation-Flocculation and adsorption tests

Page | 44



Chapter 1V : Materials and methods

To optimize ibuprofen retention in wastewater, experiments were conducted combining both
studied processes: coagulation-flocculation with synthesized ferric chloride and adsorption using
pumpkin peel biochar. Two application modes were explored: sequential combination and

simultaneous combination.
IV.8.1. Sequential combination

This mode involves applying both treatments successively to benefit from the specific

advantages of each process. The procedure was as follows:
Step 1 — Coagulation-Flocculation:
e 200 mL of ibuprofen solution with known concentration was placed in a 500 mL beaker.

e The synthesized ferric chloride coagulant was added, followed by rapid stirring at 200
rpm for 3 minutes (coagulation), then slow stirring at 45 rpm for 15 minutes

(flocculation).
e The suspension was left to settle for 30 minutes.
Step 2 — Adsorption on Biochar:

e The clear supernatant obtained was transferred into another beaker containing a precise

dose of biochar (0.5 g-L™).
o Stirring was maintained at 1000 rpm for a specified time at room temperature.

e After adsorption, the solution was filtered through a 0.45 um filter for residual ibuprofen

analysis.

This process aims to first remove the easily coagulable organic matter, followed by adsorption of

remaining residues, enabling a more advanced treatment.
IV.8.2. Simultaneous combination (One-Step Process)

In this approach, both treatments are applied concurrently in a single reaction system to

investigate potential synergistic effects and optimize treatment time:
e 200 mL of ibuprofen solution was placed in a 500 mL beaker.

e The coagulant (synthesized ferric chloride) and the required amount of biochar were

added simultaneously.
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o Rapid stirring was applied at 200 rpm for 3 minutes, followed by slow stirring at 45 rpm

for 15 minutes.
e A 30-minute sedimentation period was respected.

o Finally, the clarified solution was vacuum filtered through a 0.45 pum system, and the

sample was analyzed.

This method aims to benefit from potential interactions between coagulation flocs and adsorbent

particles to improve overall ibuprofen retention efficiency in a single treatment cycle.
IV.9. Quantitative Analysis of Residual Ibuprofen

IV.9.1. Ibuprofen Determination Method

The residual concentrations of ibuprofen were determined by UV/Visible

spectrophotometry.

UV-Vis spectrophotometry is based on the interaction of light radiation and matter in the
near-ultraviolet (UV) to near-infrared (IR) range (180—1100 nm). While this range provides little
structural information, it is very important for quantitative analysis. Absorbance calculations of
compounds in the UV-Vis range, based on the Beer-Lambert law, form the basis of the method

generally known as colorimetry when recorded in the visible range.

Analysis by UV-Vis spectrophotometer relies on the fact that a colored solution traversed by
a light beam transmits a fraction of the incident light. The amount of light absorbed is
proportional to the concentration of the colored compound, as expressed by the Beer—Lambert

law:

A=¢c?t (IV.5)
Where:

e & Molar absorption coefficient (L/mol-cm) at wavelength A
e ¢: Molar concentration of the absorbing species (mol/L)
e [: Path length of the cuvette (cm)

Since the spectrophotometer detector saturates at absorbance values greater than 3, it is

necessary to dilute highly concentrated samples prior to measurement.

Page | 46



Chapter 1V : Materials and methods

The maximum absorption wavelength (Amax) of ibuprofen was obtained by spectral

scanning from 200 to 1200 nm. The spectrum clearly showed a maximum absorbance at 220 nm.

photoL.ab®

Figure IV.3: UV/Vis spectrophotometer (photoLab 7600 UV-VIS)

1V.9.2. Calibration Curve

To establish the calibration curve, a series of solutions with varying concentrations were
prepared. These solutions were analyzed by UV/Visible spectrophotometry, and the absorbances

corresponding to each concentration were determined at Amax =220 nm.

Table IV.1: Absorbance of ibuprofen diluted solutions measured by UV/Visible

spectrophotometry.
Cmg/L) o 01 02 05 1 2 4 6 8 10
Abs 0 017 023 047 0,667 1427 313 468 616 7,76
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Figure IV.4: Ibuprofen calibration curve.

The resulting curve is linear, indicating a direct relationship between absorbance and
concentration, with a very high correlation coefficient. The observed coefficient of determination
(R? = 0.9996) confirms that the molar extinction coefficient remains constant throughout the

concentration range studied. The linear equation of the calibration curve is:

Y =0,7741 X (II1.6)
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General conclusion

The development of alternative coagulants from natural and low-cost resources, such as
hematite, represents a promising approach from economic, environmental, and technological
perspectives. By replacing traditional coagulants—often expensive and sometimes difficult to
access—with locally available materials, this project proposes a more accessible and sustainable

solution for wastewater treatment.

At the same time, the valorization of organic waste, such as pumpkin peels, for biochar
production is a relevant circular economy strategy. This approach not only reduces the cost of

treatment materials but also gives a second life to often overlooked residues.

The study conducted on the development of a hematite-derived coagulant and its application
for the retention of pharmaceutical compounds in liquid effluents demonstrated the strong
potential of this approach. Experimental results confirmed the effectiveness of the coagulant
synthesized from Ouenza iron ore, particularly for the removal of ibuprofen and ciprofloxacin.
Its performance, comparable or even superior to that of commercial FeCls at lower doses,

highlights its practical value.

Analyses revealed a high Fe:Os content (71.50%) in the raw iron ore, as well as the
confirmed presence of hematite (FTIR band at 546.78 cm™), validating its suitability for ferric
chloride synthesis. Moreover, the biochar produced from pumpkin peels features a surface rich in
active functional groups (hydroxyls, carbonyls, aromatics, etc.) and a point of zero charge

(pHpzc) of 6.84, favorable for adsorption depending on the medium’s pH.

The coagulation-flocculation study highlighted an optimal ibuprofen retention efficiency at a
concentration of 10 mg/L, with a removal rate close to 90%, particularly under strongly acidic
conditions (= pH 2). The synthesized FeCls exhibited better stability in a slightly less acidic

environment, suggesting greater adaptability under various treatment conditions.

As for adsorption on biochar, it demonstrated a rapid kinetic, reaching equilibrium in less
than 30 minutes, indicating strong affinity between the pollutant and the adsorbent material. This
behavior confirms the interest in biochar as a simple, economical, and effective solution for

treating pharmaceutical effluents.

Finally, the study on combining coagulation-flocculation and adsorption processes for
ibuprofen retention—whether in simultaneous or cascade configuration, using commercial or

synthesized FeCls—enabled a clearer assessment of the relative effectiveness of each step.

Page | 64



General conclusion

Experimental results clearly showed that coagulation-flocculation is the primary removal
mechanism for ibuprofen, accounting for most of its retention. In contrast, adding an adsorption
step, whether applied before, after, or simultaneously with coagulation, resulted in only marginal
improvement or even a reduction in overall treatment efficiency. This performance drop may be
due to unfavorable interactions between biochar and FeCls, suggesting possible selectivity or
competition between the biochar’s active sites and the coagulant. Thus, under the studied
operating conditions, integrating adsorption as a complementary step does not appear technically

justified and may unnecessarily increase the process cost and complexity.

In light of the results obtained, several improvement paths can be considered. Optimizing
the synthesis conditions of FeCls from local hematite could enhance its efficiency and stability
across a broader pH range. Additionally, exploring other local mineral resources as alternatives
to hematite is worth considering. Regarding biochar, physico-chemical modifications could
improve its adsorptive performance and reduce unfavorable interactions with coagulants. Since
the combination of processes did not show a significant synergistic effect, it should be
reconsidered by testing other configurations, such as optimized post-treatment adsorption. It
would also be relevant to extend the study to other pharmaceutical micropollutants to evaluate
the robustness of the materials. Finally, a techno-economic and environmental assessment, as
well as pilot-scale testing, are essential to confirm the feasibility of the developed approach

under real treatment conditions.
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Summary

The development of alternative coagulants based on hematite and the valorization of organic
waste such as pumpkin peels for biochar production offer a sustainable and cost-effective
approach to wastewater treatment. The coagulant synthesized from Ouenza iron ore showed
comparable or even superior performance to commercial FeCls in removing ibuprofen and
ciprofloxacin. The biochar exhibited rapid adsorption kinetics and strong affinity for pollutants.
However, combining coagulation and adsorption did not produce a synergistic effect, with
adsorption providing only marginal or even negative gains. Further improvements are suggested,
including optimizing coagulant synthesis, modifying biochar properties, and testing a broader
range of micropollutants. A techno-economic and environmental assessment, as well as pilot-
scale validation, is recommended to confirm the feasibility of the proposed approach under real

treatment conditions.

Résumé

Le développement de coagulants alternatifs a base d’hématite et la valorisation de déchets
organiques comme les pelures de citrouille pour produire du biochar offrent une approche
durable et économique pour le traitement des eaux usées. Le coagulant synthétisé a partir du
minerai de fer de 1’Ouenza a montré une efficacité comparable, voire supérieure, au FeCls
commercial pour éliminer I’ibuproféne et la ciprofloxacine. Le biochar présente une bonne
affinité¢ avec les polluants, avec une cinétique rapide d’adsorption. Toutefois, la combinaison
coagulation-adsorption n’a pas montré de synergie, 1’adsorption n’apportant qu’un gain
marginal, voire réduisant D’efficacit¢ globale. Des pistes d’amélioration sont proposées,
notamment I’optimisation des conditions de synthése du coagulant, la modification du biochar et
I’¢largissement des tests a d’autres polluants. Une évaluation technico-économique et un passage
a I’échelle pilote sont recommandés pour valider cette approche en conditions réelles.
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