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ABSTRACT

The widespread presence of pharmaceutical residues, particularly non-steroidal anti-
inflammatory drugs (NSAIDs) like diclofenac, in aquatic environments poses significant
risks to both ecosystems and human health. This study aimed to evaluate the effectiveness
of coagulation-flocculation using aluminum sulfate for the removal of diclofenac from
distilled water under different pH conditions. Experimental procedures involved jar-test
coagulation-flocculation trials at pH levels of 4, 7, and 9, with varying initial diclofenac
concentrations and coagulant dosages. Diclofenac removal efficiency was analyzed using
UV-visible spectrophotometry.

The results indicated that pH and coagulant dosage significantly influenced the removal
efficiency. The highest removal efficiency (64.44%) was achieved at near-neutral pH (pH
7) with a coagulant dosage of 150 mg/L for a diclofenac concentration of 15 mg/L. At
acidic (pH 4) and alkaline (pH 9) conditions, the removal efficiencies were lower,
reaching up to 60.74% and 31.49%, respectively, for higher diclofenac concentrations.
Reaction mechanisms varied with pH due to changes in aluminum speciation and
diclofenac interactions, with strong complexation and ligand exchange observed at near-
neutral pH. A stoichiometric relationship was identified between the initial diclofenac
concentration and the optimal coagulant dosage, with variations based on pH.

This study highlights the importance of pH optimization in coagulation processes and
provides valuable insights for improving water treatment strategies to mitigate
pharmaceutical contamination.

Keywords: Pharmaceuticals, Diclofenac, coagulation-flocculation, aluminium sulphate,
pH optimization, stoichiometry.
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INTRODUCTION

Nowadays, one of the major environmental concerns is the growing water contamination
by humans’ activities, technological developments and rapid industry expansion
(Handayani et al., 2023). Water contamination might be both organic and inorganic
(Harrat and Achour, 2016). Governments and water agencies worldwide are becoming
increasingly concerned about trace organic contaminants.

As a type of trace organic contamination, a variety of pharmaceutical items may be found
in wastewater and natural rivers as a result of a range of waste sources, such as hospital
and pharmaceutical company waste and household waste (Alexander et al., 2012). Fig. 1
shows how pharmaceutical compounds are released into the environment.

The primary source of these residues is human and animal pharmaceuticals, which are
frequently only partially metabolised and eliminated as chemical compounds or
metabolites in urine and faeces (Taft, 2009).
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Figure 1: Origins of drug residues in the environment

Chemicals known as pharmaceutical compounds are utilised to cause a biological effect
in the human or animal body that is advantageous to health. Their classification is as
follows:

e The drug's mechanism of action describes how it alters certain biochemical
processes in the body.

e The way a medicine affects an organ, like your skin, brain, or digestive tract, is
known as its physiological effect.
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e Chemical structure: This is how a drug's chemical composition is specifically
organised.

Their extensive use is the cause of widespread contamination of aquatic environments by
a broad spectrum of molecules. They can be considered persistent or recalcitrant
pollutants due to their continuous release into the environment and, sometimes, their
intrinsic properties (Bocaly, 2010). Pharmaceuticals are one form of trace organic
contamination that has been demonstrated to have detrimental effects on both human
health and the environment when found in water (Ortuzar et al., 2022).

Furthermore, in aquatic environments, these chemicals persist for longer periods of time
at low concentrations (ng L™! to ug L"), and their lipophilicity harmful effects are more
inclined to be chronic than acute (Hernandez-Tenorio et al., 2022).

They may have a potent mutagenic and genotoxic effect on exposed living organisms and
are referred to as endocrine disruptors (WHO, 2012; Sharif et al., 2016).

Their intact form directly correlates with the potential hazards of such chemicals in water.
Nevertheless, in natural water reservoirs or during sewage treatment, parent compounds
may undergo additional transformations through biotic and abiotic processes
(microbiological transformation, hydrolysis, or photolysis) (Hejna et al., 2022). As a
result, intact medications and their byproducts may accumulate in the tissues of plants,
animals, and algal varieties and be hazardous to them. Efficient water treatment methods
must be employed with the goal to remove trace organic contaminants and ensure that
any potential health risks to people are minimised prior to consumption of water.

Pharmaceuticals may be removed to variable degrees by wastewater and drinking water
treatment processes, despite the fact that these processes are not expressly built to do so.
Non-steroidal anti-inflammatory medications, hormones, antibiotics, endocrine
disruptors, and painkillers are among the examples of these hazardous contaminants.
While some of these compounds may be eliminated using conventional processes, others
are challenging for wastewater treatment facilities to break down.

Numerous factors may affect removal during treatment because wastewater and surface
water are complex and variable media and pharmaceuticals have a wide spectrum of
physical-chemical characteristics.

Various conventional technologies can be used to remove pharmaceutical wastes in the
water, such as adsorption separation, precipitation, and coagulation-flocculation
(Bukhtawar et al., 2024). In addition, the degradation techniques used are biodegradation,
electro catalysis, chlorination, ozonation and advanced oxidation process (AOP) such as
photocatalysis (Sharma et al., 2023).

To remove pharmaceutical residues from wastewater and surface water, existing
treatment systems must be optimised and improved.

Steps of traditional water treatment includes coagulation treatment as a fundamental
component. Coagulation treatment has long been used to treat water in order to reduce
turbidity and colour and to eliminate pathogens (Matilainen et al., 2010; Vieno et al.,
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2010; Achour et al., 2019). By using coagulation, it is possible to effectively remove the
hydrophobic and high molar mass fractions of natural organic matter, such as humic
substances. (Matilainen et al., 2010; Bacha et Achour, 2023).

Coagulation-flocculation is becoming more generally accepted as a removal treatment
that can, to some extent, compete with more expensive treatments like oxidation via ozone
or adsorption using activated carbon, in addition to being a method of clarification
(Achour et Guesbaya,2005; Alexander et al., 2012).

Many studies (Vieno, 2006) has demonstrated the effectiveness of the coagulation-
flocculation process for the removal of pharmaceuticals, both in wastewater and in fresh
water. The process's efficiency in eliminating trace organic contaminants, including
pharmaceuticals, can be enhanced by optimising parameters such as pH, coagulant
dosage, and initial concentration of pollutant (Vieno et al., 2010; Alexander et al., 2012).

In order to achieve this, our study aims to evaluate how effectively pharmaceutical-type
organic compounds may be eliminated from water by conventional coagulation treatment.

Since it influences both the speciation of the coagulant's hydrolysed forms and the
dissociation of the functional groups included in the organic compound's structure, the
pH parameter is significant. (Rezeg and Achour, 2005; Afoufou and Achour, 2017; Bacha
and Achour ,2013; Naceradska et al., 2019).

Therefore, this work aims to demonstrate the significance of pH in the removal of
recalcitrant chemical compounds, such as diclofenac, which is part of the class of non-
steroidal anti-inflammatory drugs (NSAIDs). This involves carrying out coagulation
flocculation tests using aluminum sulfate on diclofenac dissolved in distilled water.
Different parameters are varied such as the dose of coagulant, the initial concentration of
the organic product but especially the pH. The influence of pH is also be examined on the
stoichiometry that can be established between the initial concentration of diclofenac and
the optimal dose of coagulant.

OVERVIEW ON OCCURRENCE AND TOXICITY OF ANTI-
INFLAMMATORY PHARMACEUTICALS IN ENVIRONMENT

NSAIDs, or non-steroidal anti-inflammatory drugs, are medications that are frequently
used to lower fever, reduce inflammation, and treat pain. Because NSAIDs are so widely
used, their adverse effects are becoming more frequent. NSAID use raises the risk of renal
disease, unfavourable cardiovascular events, and a variety of gastrointestinal (GI) issues.
(Brune and Patrignani, 2015).

The prevalence and toxicity of anti-inflammatory pharmaceuticals, particularly non-
steroidal anti-inflammatory drugs (NSAIDs), in the environment has emerged as an
increasing issue due to their extensive use and potential adverse impacts on ecosystems
and human health. NSAIDs are thought to be bio-accumulative, persistent, and non-
biodegradable.

324



Efficient removal of pharmaceutical contaminants by aluminium sulphate insights on
diclofenac and pH influence

Commonly used NSAIDs such as Diclofenac, Ibuprofen, and Naproxen are frequently
detected in surface water, wastewater, and even drinking water. Examples of NSAID
concentrations in waters on various continents are compiled in Table 1.

These pharmaceutical compounds are among the most often reported in aquatic
environments and account for around 15% of all pharmaceuticals identified in worldwide
monitoring surveys.

Aquatic environments have been reported to contain nanogrammes to microgrammes per
litre of several anti-inflammatory medications, including mefenamic acid, naproxen,
diclofenac, ibuprofen, and ketoprofen. Most of these medications are sourced from
wastewater treatment plants. Several aquatic environments, such as surface waters,
seawaters, groundwaters, wastewater, and sludge, have been shown to include diclofenac,
naproxen, ketoprofen and ibuprofen. (Lakshmi et al., 2024).

Studies have revealed that non-steroidal anti-inflammatory drugs (NSAIDs) can
negatively affect aquatic species, including fish, amphibians, and invertebrates, thereby
disrupting their reproductive processes, growth, and behavior (Schwaiger et al., 2004).

Marine microorganisms, algae, aquatic invertebrates, and various trophic levels have all
shown acute NSAID toxicity, with phytoplankton showing the highest susceptibility
(Ruiz and Font, 2011). The liver, kidneys, gills, and muscle all indicated bioaccumulation
of diclofenac and ibuprofen. In rainbow trout, renal lesions and subcellular effects have
been noted. The LOEC for fish toxicity and environmental concerns was met by the levels
of diclofenac in surface water and wastewater. The metabolites of ibuprofen and naproxen
may become more hazardous than the original substance following photodegradation
(Kiimmerer, 2009).

Prior research has demonstrated that pharmaceutical pollutants are frequently not
completely reduced during the wastewater treatment process. Pharmaceuticals' capacity
to interact with solid particles is a key feature in their removal during treatment processes
because it allows for physical-chemical (coagulation, settling, flotation) or biological
(biodegradation) methods to remove them (Roberts and Thomas, 2006).

Data on drinking and tap water is scarcer than that on surface waters and wastewater,
particularly in developing and emerging nations.

Table 1: Some examples of NSAIDs identified in different types of water

Common NSAIDs

Location NSAIDs concentration (ng/l) detected Reference
Selected rivers, 0.0011-15.033; 0.0051-0.032  Diclofenac; Ibuprofen =~ Thomas et
Germany Langford, 2007
Ceyhan River, 0.086-0.176; 0.034-0.473 Diclofenac; Etodolac Gusel et al.,
Turkey 2018
Edo River, 0.002; 0.01; 001; 0.264; Diclofenac; Felbinac; ~ Nishi et al.,
Japan 0.002. Ibuprofen, 2015

acetylsalicylique acid;
Mefenamic acid.
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3 Rivers of 0.01-2.05

Western

Himalaya

Coastal marine 0.032-0101; 0.010-0.214
water, France

wastewater, 1.17-39.8 (Influents);
Province of 0.62-0.74 (Effluents)
Castellon, Spain

Wastewater, 23.5-115.1; 67.9-220.9;
Durban, 14.4-109.3

KwaZulu-Natal
Province, South
Africa

Diclofenac

Diclofenac, Naproxen

Diclofenac,
Ibuprofen, Naproxen,
ketoprofen
Diclofenac;
Naproxen; Ibuprofen

Sharma et al.,
2024

(Bocaly, 2010)

Garcia-Lor et
al., 2010

Madikizela &
Chimuka, 2017

MATERIAL AND METHODS
Preparation of solutions

Solution of diclofenac

Diclofenac, which is a common non-steroidal anti-inflammatory drug, was obtained from
Pharmalliance. Diclofenac was available as a sodium salt. Diclofenac's chemical structure

and properties are listed in Table 2.

A 100 mg/L stock solution served as the basis for all of the Diclofenac solutions that were
analysed. This solution was utilised both in the preparation of standard solutions and in

trials conducted with synthetic solutions.

The distilled water used, during our tests, has a conductivity of about 5 pus/cm and a pH

ranging from 6.07 to 6.79. The pH of the solutions was adjusted using 0.1N HCI and

NaOH solutions.

Table 2: Main phhysico-chemical properties of diclofenac sodium (O’Neil, 2006;

Anses, 2019)

Diclofenac (DFC)

Chemical formula

Molecular formula

COONa

Cl

H
Cl

C14H10CI2NNaO2

Molecular weight 318.13 g mol™!

Water solubility Soluble in water to 50mg/ml.
Log Kow 0.7-1.2

pKa 4.15

log Dow 1.15

326



Efficient removal of pharmaceutical contaminants by aluminium sulphate insights on
diclofenac and pH influence

Coagulant solution

The coagulant reagent used is aluminum sulfate (Al> (SO4)3, 18H,0) for which a stock
solution of 10 g/l is prepared periodically in distilled water.

Diclofenac analysis

DFC, an aromatic organic compound, was determined using an OPTIZEN 2120 UV UV-
visible spectrophotometer equipped with quartz cells and a 1 cm optical path. The
wavelength used is 276 nm and corresponds to the maximum absorbance.

The residual concentrations were determined from the absorbance calibration curves
(Fig.2).
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Figure 2: Calibration curves of diclofenac in distilled water (Wave length A=276nm)
Description of Jar-Test

One laboratory-scale test that can replicate the coagulation/flocculation process in water
treatment facilities is the jar-test. A set of six transparent jars placed in a row on a gang
stirrer makes up the Jar Test apparatus. Samples of the aqueous solution to be treated are
placed inside each jar. In order to provide uniform test conditions, the gang stirrer enables
all of the jars to be stirred simultaneously at the same pace.

The "Jar-Test" procedure was followed for all coagulation-flocculation tests on a
flocculator (Ficher 1198 Flocculator). It provides the simultaneous agitation of distilled
water solutions supplemented with DFC and increased aluminium sulphate doses.

For three minutes, the solutions were rapidly stirred at 200 rpm. After then, the speed is
lowered to 60 rpm for 30 minutes. The supernatant is extracted and vacuum-filtered on
an OSMONICS INC membrane with a porosity of 0.45 um following a 30-minute settling
period (Bacha and Achour, 2015). A spectrophotometer is then used to analyse the filtrate.
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Diclofenac acid was dissolved in distilled water at amounts of 2, 5, 8, 10, and 15 mg/l in
an attempt to establish relationships between the initial Diclofenac concentration and
increasing coagulant dosage carried out. The pH is gradually raised to 4, 7, and 9 during
these trials by adding sodium hydroxide solution or hydrochloric acid. The pH varied
during the three (3) minutes of rapid shaking.

The removal efficiency of the organic chemical DFC from the samples can be computed
as a percentage using the following formula, where R% refers for efficiency in
percentage, Co and Cr refer for the initial and final concentrations of the DFC in
milligrams per litre, respectively:

C
R(%) = %XIOO @
0

IMPACT OF PH AND ALUMINIUM SULPHATE DOSAGE ON THE
ELIMINATION OF DIFFERENT DICLOFENAC CONCENTRATIONS

This study step focusses at how aluminium sulfate's coagulation-flocculation affects the
removal efficiencies of DFC dissolved in distilled water. This is accomplished by
studying various reaction parameters throughout the experiment (coagulation pH, DFC
concentration, coagulant dose). A discussion of possible reaction mechanisms may also
be based on these findings.

Results
Increasing diclofenac concentrations were added to distilled water, and different amounts

of aluminium sulphate were used to coagulate the mixture. The solutions' pH ranged from
4 to 9. Fig. 3 illustrates the results for each pH.
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Figure 3: Diclofenac removal efficiency with aluminum sulfate at varying pH levels.
(2) pH=4; (b) pH=T7; (c) pH=9

Based on the coagulation-flocculation results for all tested concentrations of diclofenac
across the studied pH levels, the following observations can be made:

e Regardless of the diclofenac concentration or the pH level, the curves exhibit a
similar shape. Overall, two distinct zones can be identified:

i) The first zone, where the yield R% increases significantly until reaching a
value corresponding to the optimal removal of diclofenac.

ii) The second zone, where the yield stabilizes, even with an excess amount of
coagulant.

o Forallinitial concentrations (CO0), the efficiency improves with increasing coagulant
dosage, reaching an optimum point for diclofenac removal. Beyond this point, the
yield remains unchanged, even with additional coagulant dosage.
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e As the initial concentration (CO) increases, the optimal coagulant dosage and
removal efficiency (R%) also increase for all pH values, with the efficiencies
following the order: R% (pH = 7) > R% (pH = 4) > R% (pH = 9).

e Effective removal of higher pollutant concentrations require a higher coagulant
dosage.

Discussion of results

The reaction mechanisms of diclofenac (a non-steroidal anti-inflammatory drug, NSAID)
with the coagulant aluminum sulfate (Al,(SO4)s) in water can vary depending on the pH
of the system.

PH-dependent hydrolysis reactions of aluminum sulfate

Aluminum sulfate is commonly used in water treatment for coagulation, and its behavior
is strongly pH-dependent. Numerous studies by scientists (Stumm and Morgan, 1996;
Zhao et al.,, 2009; Duan et Gregory, 2003; Mensah-Akkuteh et al., 2022) have
concentrated on the hydrolysis of aluminium salts and the by-products of that hydrolysis.
According to several studies, pH is one of the most crucial variables influencing the
aluminium species found in the aqueous solution (Bacha and Achour, 2015; Khelili and
Achour, 2015).

Depending on the pH, aluminium sulphate added to water may generate the following
monomers: AI**, Al (OH)**, Al(OH),*, Al(OH)s, and Al(OH)4". Additionally, a variety of
polymers is produced using the generic formula: Me, (OH),*"¥ (Dentel et Gosset, 1988;
Van Benschoten et Edzwald, 1990).

Table 3 is based on the previously mentioned studies. The following table provides a
summary of the hydrolysis reactions of aluminium sulphate (Al,(SO,4)3) in water,
highlighting the relevant pH range, reactions, and approximate pKa values for each phase
of the hydrolysis process.

At low pH (<4), aluminum predominantly exists as AI**. At high pH (>8), it shifts to the
aluminate ion [Al (OH)4]", reducing coagulation efficiency. Precipitation of Al (OH);
(aluminum hydroxide) occurs near its minimum solubility at pH 5.5-7.5, making this
range the most effective for coagulation and adsorption processes.

pKa values are approximate because they depend on the ionic strength and temperature
of the solution. The pKa values presented in the table are widely reported in scientific
literature and derived from experimental studies and thermodynamic data on the
hydrolysis of aluminum in water (Baes and Mesmer, 1976; Brown and Ekberg, 2016).
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Table 3: Hydrolysis Reactions of Aluminum Sulfate with Associated pH and pKa

Values
pH pKa
Reaction range (Baes and Description
Mesmer, 1976)

AP +H20 —Al(OH)*" +H* 3-5 4.98 Initial hydrolysis of aluminum
ion to monohydroxy complex.

AP+ 2H20 —Al(OH)," +H* 4-6 10.63 Formation of dihydroxy
aluminum species.

AP 3H20 <>Al(OH)3s) +H* 5-8 15.66 Precipitation of aluminum
hydroxide.

AP + 4H20 <>Al(OH)4 +H* >8 2291 Dissolution of AI(OH)3 to form

soluble aluminate ions.

Reaction mechanisms by pH

The reaction mechanisms of diclofenac (a non-steroidal anti-inflammatory drug, NSAID)
with the coagulant aluminum sulfate (Al,(SO4)3) in water can vary depending on the pH
of the system.

Below is an outline of potential mechanisms at different pH levels:
Low acidic pH <5

Regardless of the initial Diclofenac concentration and coagulant dosage, the elimination
efficiencies appear to be minimally impacted at pH 4, and the efficiencies do not surpass
60.74% for higher Diclofenac concentrations. Specifically, a higher initial Diclofenac
content results in a higher percentage of elimination (Fig. 3a) but also a higher demand
for coagulant.

Aluminum speciation: AI** is the dominant species in solution.

At acidic pH, aluminum sulfate dissolves to produce aluminum ions (Al**) and sulfate
ions: Alz(SOa4); «>2AP+3S04*

Diclofenac speciation: Diclofenac (a weak acid) remains largely protonated as neutral
molecules under acidic conditions. It exists in its protonated form H-diclofenac or Na-
diclofenac, with its carboxylic acid group remaining neutral.

Reaction mechanisms: Protonated diclofenac may interact weakly with AI** through
hydrogen bonding or electrostatic interactions, but these are not significant mechanisms
for removal since diclofenac's hydrophobicity dominates at low pH.

Complexation involves the formation of coordination bonds between aluminum species
and diclofenac, primarily through the carboxylic acid and aromatic amine groups in
diclofenac. At low pH, complexation is less pronounced because the carboxylic acid
group on diclofenac is not deprotonated, reducing its ability to coordinate with Al**.
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Any complexation would involve weak interactions between the aromatic nitrogen or
oxygen atoms in diclofenac and AI>*.

Ligand exchange involves replacing water or hydroxide ligands in aluminum complexes
with diclofenac. Aluminum exists as highly hydrated [AI(H,0)s]** complexes.

Diclofenac (in its neutral form) may weakly replace water molecules through ligand
exchange, but this is limited because diclofenac is less nucleophilic in its protonated state.

Near neutral pH (5< pH<8)

The efficiency curves (Fig.3b) demonstrate that higher coagulant demand and improved
yield are the outcomes of increasing the Diclofenac concentration. Furthermore, there is
always an optimal dosage of aluminium sulphate for all Diclofenac concentrations,
beyond which the elimination efficiency stabilises. In general., pH 7 exhibits better
Diclofenac elimination efficiency than pH 4.

Reaction mechanisms between diclofenac and aluminum sulfate (or its hydrolysis
products) are key additional considerations, especially because diclofenac has functional
groups capable of interacting with aluminum. These mechanisms are influenced by pH,
as the speciation of both aluminum and diclofenac changes.

Aluminum speciation: At near-neutral pH, aluminum sulfate hydrolyzes to form various
aluminum hydroxide species, including: Al (OH)?**, Al (OH),", Al (OH)s.

Diclofenac speciation: In this pH range, diclofenac mostly exists as its anionic form
(diclofenac™) due to deprotonation of its carboxylic acid group (pKa ~4.2).

Reaction mechanisms: The negatively charged diclofenac™ can bind to positively
charged aluminum hydrolysis products (e.g., Al (OH)**, Al (OH),*) through electrostatic
interactions.

Adsorption of diclofenac™ onto the precipitated aluminum hydroxide, Al (OH)s, is a
primary removal mechanism. The high surface area and charge properties of Al (OH);
facilitate this process (Alexander et al., 2012).

The deprotonated carboxylate group on diclofenac strongly interacts with aluminum
species. Complexation occurs between diclofenac™ and soluble partially hydrolyzed
species (e.g., Al (OH)**, AI(OH),")).

The aromatic rings and amine groups may also contribute to additional coordination
(Koslowska et al., 2017).

Moreover, hydrolyzed species like Al (OH)** and Al (OH)," readily undergo ligand
exchange. Diclofenac™ can replace hydroxide or water ligands in these species. This
contributes to adsorption onto aluminum hydroxide precipitates and enhances removal
from solution.

332



Efficient removal of pharmaceutical contaminants by aluminium sulphate insights on
diclofenac and pH influence

Alkaline pH (>8):

The pH 9 yields curves demonstrate that raising the DFC concentration leads to higher
coagulant demand and improved yield, much like at pH 4 and pH 7.
Diclofenac is slightly removed at pH = 9, according to the results provided in (Fig.3c).
Even though the coagulant dose is greater than what is needed at pH = 4, the optimal yield
ranges from 6.89 to 31.49%.

Aluminum speciation: At alkaline pH, aluminum hydroxide precipitates dissolve to
form soluble aluminate ions: [Al (OH)4]~

Diclofenac speciation: Diclofenac remains in its anionic form (diclofenac™).

Reaction mechanisms: Precipitation and adsorption mechanisms are less effective at
higher pH values. At high pH, electrostatic repulsion occurs between diclofenac™ and
negatively charged aluminate ions [Al (OH)4]—, reducing the effectiveness of diclofenac
removal. Complexation is inhibited at high pH due to the negative charge on both
diclofenac™ and the aluminate ions.

Ligand exchange is limited because aluminum exists as the aluminate ion (Al (OH)4]—,
which is highly stable and does not easily exchange ligands (Rezeg and Achour, 2017).

Summary of results by pH

For each pH under study, Table 4 summarises the outcomes of varying the initial

diclofenac concentration and the coagulant dosage.

Table 4: Behavior of the coagulation process for Diclofenac removal

pH=4

pH=7

pH=9

Removal efficiency is
minimally affected and
does not exceed 60.74%
for high DFC
concentrations.

Higher initial
concentrations lead to
increased removal
efficiency but require
higher coagulant dosages.

There is an optimal dosage
for all DFC levels, beyond
which removal efficiency
stabilizes.

The DFC elimination
efficiencies are higher in pH7
than in pH4. For high
Diclofenac concentration, it
reached 64.44% by applying an
aluminium sulphate dose of 150
mg/L.

Higher initial concentrations
lead to increased removal
efficiency but require higher
coagulant dosages.

There is an optimal dosage for
all DFC levels, beyond which
removal efficiency stabilizes.

DFC is weakly eliminated at
pH = 9. The optimum yield
varies between 6.89 and
31.49% although the
coagulant dose is higher than
that required at pH = 4.

Higher initial concentrations
lead to increased removal
efficiency but require higher
coagulant dosages.

There is an optimal dosage
for all DFC levels, beyond
which removal efficiency
stabilizes.

333



Bacha N. & Achour S. / Larhyss Journal, 61 (2025), 321-341

Depending on the pH range, Table 5 summarises the mechanisms that are expected to
take place during the reaction between diclofenac and aluminium sulphate.

Table 5: Summary of Reaction mechanism hypothesis between aluminium sulphate

and DFC
pH Range Complexation Ligand Exchange
<5 ak complexation with AI**; limited by inimal;
protonation of diclofenac. FC remains mostly neutral.
5<pH<8 Strong complexation with hydrolyzed Significant; DFC replaces
aluminum species (e.g., Al (OH)?*). hydroxide/water.
pH >8 Negligible due to repulsion between Minimal;
diclofenac™ and [AI(OH)4]— stable aluminate ions dominate.

ALUMINIUM SULPHATE AND DICLOFENAC'S STOICHIOMETRIC
RELATIONSHIP IN DISTILLED WATER AT DIFFERENT PH VALUES.

The results of the coagulation-flocculation of DFC throughout our studies demonstrated
that, in every case, the organic compound's elimination efficiencies increased
simultaneously with the compound's initially concentrations. As a result, we can presume
that the reaction between aluminium sulphate and DFC may be stoichiometric. We
utilised the findings in Fig. 3 to demonstrate a stoichiometric relationship between the
optimal amount of aluminium sulphate and the initial level of DFC.

Diclofenac removal efficiencies and optimum coagulant doses

Table 6 summarizes the results concerning the efficiencies (R%) and the optimum doses
for each pH and each initial concentration Cy of DFC. Each concentration tested has an
optimal coagulant dosage where effectiveness reaches its maximum.

Table 6: Optimum yields and doses of aluminum sulfate during diclofenac
flocculation trials in distilled water.

pH=4 pH=7 pH=9
Co Optimum Optimum Optimum
(mg/l) coagulant Ropt% coagulant Ropt% coagulant Ropt%
dosage(mg/1) dosage (mg/1) dosage(mg/1)

2 10 2222 30 26.19 20 6.89

5 30 28.89 50 30.48 30 8.97

8 50 31.94 70 35.71 50 10.78
10 60 34.44 90 38.57 60 16.21
15 90 60.74 150 64.44 100 31.49

334



Efficient removal of pharmaceutical contaminants by aluminium sulphate insights on
diclofenac and pH influence

At the optimum, these results highlight that the yields and the coagulant demand increase
with the increase in the concentrations of the organic compound. Furthermore, the pH
determines the optimal dosage, with pH = 4 < pH = 9 < pH = 7. This indicates that the
reaction mechanisms vary and become complex dependent on the medium's pH.

This data set offers insightful information about how to best optimise coagulation
procedures in a range of operational conditions. It becomes clear that coagulant dosage
and removal effectiveness are significantly influenced by pH and (Co).

Diclofenac concentration and coagulant dosage at varying pH values: a
stoichiometric relationship

Linear stoichiometric relationships can be obtained by using the linear least squares
method by adjusting each pair of values of the two parameters (the initial concentration
of DFC and the optimal dose of aluminium sulphate).

The "optimal dose of coagulant versus initial concentration of diclofenac" relationship
has a high correlation coefficient (1?).

These are the stoichiometric relationships between the initial concentration of DFC and
the optimal dosage of aluminium sulphate for each pH. These correlations only hold valid
when diclofenac is dissolved in distilled water.

The stoichiometric relationships between the optimal dose of aluminum sulfate and the
initial concentration of DFC are as follows:

Y = Optimal coagulant dosage (mg/L)
X= Initial concentration of DFC (mg/L)

ForpH=4,Y=6X with r? = 0.997
ForpH=7,Y=10X with r? = 0.991
ForpH=9,Y= 6X with r2= 0.977

The resulting regression lines' slope indicated that 6 mg of AI/DFC was needed to treat 1
milligramme of DFC at pH =4 and 9 and 10 mg of Al/mg DFC at pH ="7.

Black et al. first reported coagulation reactions in 1963. These reactions were based on
the stoichiometry between the coagulant and organic materials, such as humic
compounds. The ratio of the concentration of NOM or DOC to the Al dosage needed for
coagulation depends on pH. The organic compound's negative charge generates a
coagulant demand. Higher coagulant dosage is required for the dissolved organic fraction
than that for the insoluble organic fraction.

O'Melia et al., (1999), suggested that the stoichiometry depends on the types of organic
substances to be treated, coagulant types and solution conditions.
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Furthermore, alum coagulation at low pH can be accomplished with lesser dosages than
at higher pH, while coagulation at pH above 7 is challenging and expensive, particularly
when the water temperature is greater.

The increased concentration of AI(OH*? and Al™ in cold water coagulation at pH 5.5
reduces the dosage for charge neutralisation; however, coagulation at this low pH may
result in issues with residual Al and particle stability, leading to inadequate clarity and
filtration (Edzwald et Tobiason, 1999).

For DFC, their physicochemical characteristics also have a significant impact on
coagulation. Thus, hydrophobicity, molecular size or weight (MW), and functional
groups -which provide the negative charge that boosts the reactivity with aluminium-are
crucial.

CONCLUSION

This study explored the effectiveness of coagulation-flocculation using aluminum sulfate
to remove diclofenac, a common non-steroidal anti-inflammatory drug (NSAID), from
distilled water. The experimental parameters included varying diclofenac concentrations,
coagulant dosages, and pH levels (4, 7, and 9). Results demonstrated that the efficiency
of diclofenac removal is strongly influenced by pH and the dosage of the coagulant.

At near-neutral pH (pH 7), the highest removal efficiency of 64.44% was achieved for a
diclofenac concentration of 15 mg/L using an aluminum sulfate dosage of 150 mg/L. This
efficiency was attributed to favorable reaction mechanisms, including strong
complexation and effective ligand exchange between aluminum hydroxide species and
the deprotonated form of diclofenac. In contrast, at acidic (pH 4) and alkaline (pH 9)
conditions, removal efficiencies were lower, reaching 60.74% and 31.49%, respectively.
These variations are explained by differences in aluminum speciation and diclofenac
interactions.

The study also revealed a stoichiometric relationship between the initial diclofenac
concentration and the optimal coagulant dosage, with 6 mg of aluminum sulfate required
per mg of diclofenac at pH 4 and 9, and 10 mg of aluminum sulfate per mg of diclofenac
at pH 7. This finding underscores the need for careful optimization of coagulant dosage
based on pH conditions to achieve effective diclofenac removal.

These findings highlight the critical role of pH in optimizing coagulation processes and
provide valuable insights for enhancing water treatment methods to address the growing
concern of pharmaceutical contamination. Future research could investigate the
application of these findings to real wastewater samples containing complex mixtures of
contaminants and explore the combined use of coagulation-flocculation with other
treatment technologies for improved removal efficiency.
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