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Abstract

Pesticides are widely used globally to control weeds and enhance agricultural yields. However,
excessive herbicide application causes severe environmental issues, notably leading to
biodiversity loss. This study investigates the adsorption of diuron, a persistent phenylurea
derivative herbicide widely found in soil as well as ground and surface waters, from an aqueous
solution onto raw calcium clay. Characterization analyses of the clay were systematically
performed. The adsorption study was optimized by evaluating key influencing parameters,
including contact time, adsorbent dosage, pH, and temperature. Furthermore, the experimental
equilibrium data were modeled using Langmuir, Freundlich, Temkin, and Elovich isotherms to
understand the surface interaction mechanisms. The results demonstrate that the removal of
diuron onto raw calcium clay is an exothermic process and aligns well with the Freundlich
isotherm model. This work highlights the potential of natural calcium clay as a cost-effective
and eco-friendly adsorbent for sustainable wastewater treatment.

Keywords: Diuron, Adsorption, Calcic Clay, Adsorption Isotherms, Water Treatment.

1. Introduction

Environmental pollution has become one of the most critical global challenges of the twenty-
first century, largely driven by rapid industrialization, population growth, and shifting human
lifestyles. Anthropogenic activities—such as industrial production, intensive agriculture,
transportation, petroleum exploitation, plastic waste generation, and the widespread use of
consumer products—contribute significantly to the continuous release of chemical
contaminants into the environment [1-4]. These pollutants adversely affect ecosystems, water
quality, soil fertility, and human health, thereby threatening sustainable development. In recent
years, particular attention has been directed toward emerging contaminants, which are
compounds of anthropogenic origin that are not yet fully regulated but are increasingly detected
in environmental matrices. This group includes pharmaceuticals and personal care products
(PPCPs), endocrine-disrupting chemicals, alkylphenols, perfluorinated compounds, industrial
organic chemicals, and pesticides [5]. Due to their persistence, bioaccumulation potential, and
biological activity, these contaminants represent a serious risk to aquatic and terrestrial
ecosystems. Pesticides, especially herbicides, are extensively applied worldwide to control
weeds and improve agricultural productivity. However, their excessive and uncontrolled use



has led to severe environmental consequences, including soil degradation, loss of biodiversity,
and contamination of surface and groundwater resources. Depending on their physicochemical
properties, pesticides may undergo biotic and abiotic degradation, adsorb onto soil particles, or
leach through the soil profile, ultimately reaching aquatic systems [5,6].Among commonly used
herbicides, diuron—a substituted phenylurea compound—stands out due to its high chemical
stability, low biodegradability, and strong persistence in the environment. Several monitoring
studies have reported the frequent detection of diuron in surface and groundwater. In European
rivers, diuron has been detected in nearly 70% of analyzed samples, with concentrations
reaching up to 864 ng/L. Regulatory agencies have therefore established strict limits for its
presence in drinking water. The European Union sets a maximum allowable concentration of
0.1 pg/L for individual pesticides, while the World Health Organization recommends a
guideline value of 4.5 pg/L. Moreover, diuron is classified as a probable human carcinogen by
the United States Environmental Protection Agency, raising serious concerns regarding long-
term exposure effects on human health [7,8].

To mitigate pesticide contamination, various water treatment and remediation techniques have
been developed, including membrane filtration, advanced oxidation processes, 0zonation, and
biological treatments. Nevertheless, many of these methods are limited by high operational
costs, energy consumption, or the generation of hazardous secondary pollutants. In contrast,
adsorption is widely recognized as one of the most efficient and economical techniques for
water purification due to its operational simplicity, flexibility, and high removal efficiency. A
wide range of adsorbent materials has been investigated for diuron removal, including activated
carbon, synthetic polymers, and aluminosilicate minerals [9-11]. Among these materials,
natural clays have attracted significant interest as low-cost and environmentally friendly
adsorbents. Their effectiveness is attributed to their large specific surface area, hydrophilic
character, negatively charged surfaces, and cation-exchange capacity. Additionally, clays are
abundant, widely available, and require minimal processing, making them suitable for large-
scale environmental applications. In this context, Algerian calcic clay represents a promising
natural material for pesticide adsorption. While various adsorbents have been extensively
studied for pesticide removal, the specific valorization and mechanistic behavior of raw
Algerian calcic clay for diuron remediation remain poorly explored in the literature. To bridge
this research gap, the present study aims to comprehensively characterize this abundant regional
resource and evaluate its efficiency in trapping diuron from aqueous phases. By critically
analyzing the effects of key operational parameters alongside rigorous kinetic, isotherm, and
thermodynamic modeling, this work provides a thorough understanding of the underlying
surface interactions. Ultimately, this comprehensive approach serves to justify the feasibility
and economic viability of using this natural local clay for sustainable water treatment
applications [1,12-14].

2. Methods
2.1. Materials

The chemicals and reagents used in the present work were of analytical grade and used without
further purification. Diuron, sodium hydroxide (NaOH), and hydrochloric acid (HCI) were
obtained from Sigma-Aldrich, with NaOH and HCI utilized for adjusting the pH of the aqueous
solutions. To determine the specific surface area of the clay, methylene blue dye (C1sH1sCIN3S)
was procured from Sigma-Aldrich. Additionally, barium chloride (BaCl;) and magnesium
sulfate (MgSO4) were obtained from the same source and employed specifically for the
determination of the clay's Cation Exchange Capacity (CEC). The clay used in our study comes
from the Hammam Boughrara deposit. This site is located 25 km northeast of Maghnia and its



current reserves of clay are estimated at 8.2 million tons. The deposit is currently exploited by
the national company of non-ferrous mining products and useful substances (ENOF).

Diuron [3-(3,4-dichlorophenyl)-1,1-dimethylurea]; is a phenylated herbicide widely used to
control broadleaf weed growth, weeds, mosses and algae. It is generally applied as a pre-
emergence and non-selective herbicide in both agricultural and non-agricultural sites. All
solutions used in the study were prepared using deionized water [15,16].

2.2.Characterization Methods

The clay material used in this study was previously characterized using several techniques.
Fourier-Transform Infrared (FTIR) spectroscopy was performed on a Shimadzu FTIR-8300
spectrophotometer over a frequency range of 400 to 4000 cm™. X-ray diffraction (XRD)
analysis was carried out using a Philips Analytical X'Pert Pro diffractometer operating with
copper (A=1.5418) at a voltage of 45 kV and a current of 40 mA. Morphological observations
of the clay surfaces, alongside the qualitative determination of their elemental chemical
composition, were conducted via scanning electron microscopy equipped with an energy-
dispersive X-ray spectrometer (SEM-EDX) on the powdered sample. Furthermore, the specific
surface area was determined using a conductometric method via the Methylene Blue Index [17].
Finally, the Cation Exchange Capacity (CEC), point of zero charge (pHZPC) swelling index,
and moisture content of the developed material were systematically determined.

2.3.Adsorption experiments

A stock solution of diuron (31mg/L) was prepared, from which working solutions (2-31 mg/L)

were obtained through appropriate dilutions. The influence of various operational parameters
on the diuron adsorption efficiency was systematically investigated, including pH (2-12),
equilibration time (5—180 min), initial diuron concentration (2-30 mg/L), temperature (293—333
K), and adsorbent mass (0.1-1 g). To evaluate the effect of a single parameter, it was varied
while all other variables were kept strictly constant. The residual concentration of diuron in the
solution was determined spectrophotometrically at Amax =248nm using a PerkinElmer Lambda
45 UV/Vis spectrophotometer. Finally, the adsorption capacity and removal efficiency of
diuron were calculated using Eq. (1) and Eq. (2), respectively.
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With: Qads: Adsorbed quality by gram of the adsorbent in (mg/g) , Co : initial concentration in
(mg/L), Ceq : concentration at equilibrium in (mg/L), V : Solution volume in (L), m: Adsorbent
mass in (g), P(%): Adsorption Percentage.

All adsorption experiments were carried out using the batch equilibration method under
carefully controlled conditions to ensure reproducibility and data reliability. The effects of key
operational parameters—including pH, contact time, adsorbent dosage, temperature, and initial
diuron concentration—were systematically investigated. For each experimental run, a specified



dosage of raw calcium clay was mixed with the diuron solution in Erlenmeyer flasks. The
mixtures were continuously agitated using a magnetic stirrer at a constant speed of 700 rpm to
maintain a uniform suspension. Following equilibrium, the adsorption data were processed
using standard mass balance equations and fitted to various kinetic and isotherm models. The
fitting quality of the applied models was evaluated based on their correlation coefficients (R?).
To ensure accuracy, each experiment was performed in triplicate, and the average values were
utilized for subsequent data analysis.

3. Results and discussion
3.1.Characterizations

The FTIR spectrum of the pure diuron molecule (Figure1l) exhibits two low-intensity absorption
bands located at 3280.31 cm™ and 2934.55 cm’!, which are assigned to the stretching vibrations
of the N--H bond and the methyl C-H bonds, respectively. In the fingerprint region, several
medium-to-strong bands are well-resolved. The prominent band at 1650.37 cm! is attributed to
the C=0O stretching vibration [18, 19], while the peaks at 1584.82 cm™ and 1523.57 cm’
lcorrespond to the N-H bending (deformation) and aromatic C=C stretching vibrations,
respectively. Furthermore, the bands observed between 1492.51 cm™ and 1358.42cm™! originate
from the deformation modes of the methyl C-H bonds. The stretching vibrations of the C-N
bonds appear within the 1298.82-1027.40 cm™' range. Finally, the out-of-plane bending
vibrations of the aromatic ring C-H bonds are detected between 900.44 cm™ and 813.16 cm’!,
whereas the distinct bands in the 755.35-574.56 cm ! region are assigned to the characteristic
C-ClI stretching vibrations. Mapping these specific vibrational modes of isolated diuron
provides the essential baseline required to track subsequent spectral shifts or intensity changes,
which directly elucidate the molecular interactions taking place at the clay-water interface
during adsorption.

100{

95

3280,31cm-1

4571

%T

1
BSp.37ci! 1

] 631.7cm-1
50 113.38cm-1

697 dem-1

1471,6em-1

S
@ M4

871,7em-1

1116,2cm-1
1031,6em-1

1500 1000 550

34
4000 3500 3000 2500 2000
wavenumber (cm-1)

Figure 1. FTIR spectra of Diuron

The FTIR spectra of the raw calcic clay before and after diuron adsorption are illustrated in
Figure 2 and Figure 3, respectively. Prior to adsorption, the clay exhibits two low-intensity
bands at 3620.90 cm™' and 3382.50 cm™!, which shift slightly to 3620.36 cm™ and 3385.35¢cm’!



post-adsorption. These signals are assigned to the stretching vibrations of the hydroxyl (-OH)
groups from coordinated and physisorbed water molecules. Similarly, the (H-O-H) bending
vibration of water molecules shifts from 1631.16 cm™! to 1634.76 cm™! after the process. In the
structural framework region, the two intense bands appearing at 983.73 cm™ (983.68 cm™! after
adsorption) and 913.76 cm™ (913.19 cm’! after adsorption) are attributed to the stretching
modes of the silicate Si-O bonds. The absorption band at 779.17cm™!, which shifts to 792.30
cm’!, characterizes the sharing of -OH groups between octahedral Fe and Al cations.
Furthermore, the deformation vibrations of Si-O-Al, Si-O-Mg, and Si-O-Fe linkages are
resolved at 693.08 cm™ (693.01cm™) and 557.43cm™ (575.92cm™).Comparatively, the overall
spectroscopic profile of the calcic clay remains largely unchanged after interaction with the
pesticide, preserving its structural integrity. However, the subtle shifts in vibrational
frequencies (Ac), accompanied by minor variations in band intensities, provide clear evidence
of weak physical interactions (such as hydrogen bonding and van der Waals forces) between
the herbicide and the clay surface. Due to the relatively low maximum adsorption capacity (0.27
mg/g), the characteristic bands of pure diuron such as the N-H stretch around 3200 cm™! and
the C=0 stretch near 1650 cm™'are largely masked by the dominant stretching and bending
envelopes of the clay's water molecules, appearing only as subtle, overlapping contributions in
the spent adsorbent's spectrum.
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Figure 2. FTIR spectra of Raw Calcium Clay before adsorption

The clay we used in our study is a bentonite rich in montmorillonite, the chemical composition
(%by weight) of the calcic clay determined by X-ray fluorescence and quantified in the form
of oxides, is represented in Table 1.

Table 1 Chemical composition of the calcic clay

| si0, | ALO, | Fe,0, | CaO | MgO | K,0 | Na,0




63.44% 12.23% 6.78% 10.3% 1.59% 0.35% 4.18%
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Figure 3. FTIR spectra of Raw Calcium Clay after adsorption

Silica and alumina are the predominant constituent oxides in the studied clay. The SiO2/Al,03
mass ratio was found to be 4.22, which indicates that the material belongs to the 2:1 bentonite
type. This is characteristic of montmorillonite, whose structure consists of an aluminous
octahedral sheet sandwiched between two siliceous tetrahedral layers [19, 20]. The cumulative
percentage of other minor oxides (Fe:O3, MgO, K20 and Na;O) reaches 12.88%, confirming
the presence of impurities within the clay matrix [21]. Furthermore, the higher content of CaO
(10.3%) compared to Na>O (4.18%) confirms the calcic nature of the bentonite. As detailed in
Table 2, the point of zero charge (pHZPC) of the calcic clay is 9.65. Consequently, at pH<
pHZPC the clay surface is positively charged, whereas at pH >pHZPC, it becomes negatively
charged. The Cation Exchange Capacity (CEC) was determined to be 51.12 meq /100g, which
is in good agreement with typical values reported for montmorillonite. Moreover, the swelling
index indicates significant interfoliar spacing. The high moisture content highlights the
hygroscopic character of the material, confirming its high water adsorption capacity, which is
further supported by a large specific surface area (S).The X-ray diffractogram (XRD) of the
raw clay is displayed in Figure 4. The measured interplanar distances, dnk, were assigned to
various clay mineral species. Qualitative interpretation of the XRD patterns was carried out by
comparing the experimental data with literature standards [4, 22—24]. Quartz was identified as
the major crystalline impurity, exhibiting distinct peaks at 20 = 20.89° and 27°. Conversely, the
characteristic reflections observed at 20=6°, 19.84°, 29.90° and 36° are attributed to nontronite-
15 A. Finally, sanidine was detected in very low amounts, with weak peaks appearing at 20 =
23.92°,26°,27.89°, and 51° [10, 25].
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Figure 4. Diffractogram of the raw calcic clay

Table 2 Values of the characteristics of the calcic clay

Characteristics | pHzpc CEC Swelling Humidity S (m?/g)
(meq/100g) index level
Values 9,65 51,12 2,52 10,46% 640,22

The SEM micrograph of the raw material is displayed in Figure 5. The surface exhibits a highly
irregular and porous morphology, indicating that the raw clay possesses an appropriate structure
for the effective adsorption of organic pollutants. Furthermore, the elemental composition
obtained via EDX analysis is summarized in Table 3. These results are in excellent agreement
with those determined by XRF analysis, confirming that the identified elements exist
predominantly in their oxide forms. Additionally, the significant proportion of calcium (Ca)
further substantiates the calcic nature of the investigated clay [6, 27].

Figure 5. SEM of the raw calcic clay



Table 3 Elemental chemical analysis of raw calcic clay

Element C 0 Na Mg Al Si K Ca Fe

Weight % | 0,00 |59.83 | 1.00 |2.50 |6.04 17.38 | 0.45 1.35 3.46

3.2.0ptimization of the adsorption parameters of diuron on calcium clay
3.2.1. Effect of contact time

The study of contact time is essential to determine the period required to reach adsorption
equilibrium. This experiment was conducted using a series of samples prepared according to
the following protocol: 0.5 g of adsorbent was dispersed in 25 mL of a diuron solution 10mg/L)
for contact times ranging from 15 to 180 min (Fig. 6). As illustrated in Figure 6, the diuron
adsorption percentage on the raw calcic clay increases with longer contact times. The adsorption
rate is initially rapid during the early stages of the process, but gradually slows down over time
until a plateau is reached. This plateau signifies that adsorption equilibrium has been attained,
achieving a maximum removal efficiency of 50% within a contact time of 60 min.
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Figure 6. Effect of Time contact on adsorption of Diuron onto calcium clay
3.2.2. Influence of the adsorption mass

To evaluate the influence of adsorbent mass, a series of experiments was conducted by varying
the clay dosage. Each mass was placed in contact with 25 mL of a diuron solution (10 mg/L)
under constant agitation until equilibrium was reached. The curve illustrating the effect of
adsorbent mass is presented in Figure 7. As shown, the removal percentage of diuron by the
raw calcium bentonite increases with the increasing mass of the adsorbent. This trend continues
until a plateau is reached, achieving a maximum removal efficiency of 39.05%. This
stabilization can be attributed to the overlapping or aggregation of adsorption sites at higher
clay dosages, which restricts the total available surface area. Consequently, the optimal mass



corresponding to the most effective and efficient removal of diuron was determined to be 0.5
g.
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Figure 7. Effect of mass adsorption onto adsorption of diuron onto calcium clay
3.2.3. Influence of the pH

The pH of the solution is a critical parameter in any adsorption study, as it governs both the
surface charge of the adsorbent and the ionic structure of the adsorbate. To evaluate the
influence of pH on diuron adsorption onto the raw caleic clay, a series of experiments was
conducted using a diuron concentration of 10 mg /L across a pH range from 2 to 12. For each
test, an adsorbent mass of 0.5 g was introduced into the solution and stirred for 1 h. The initial
pH of each solution was precisely adjusted using 0.1M HCI and 0.1 M NaOH solutions. The
resulting experimental data are illustrated in Figure 8.
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Figure 8. Effect of pH solution on adsorption of Diuron onto calcium clay

The removal percentage of diuron by the raw calcic clay decreases with increasing pH,
indicating that the retention process of this herbicide is significantly more favorable in acidic
than in alkaline environments. At solution pH values below the pHPZC of the clay, the
accumulation of H" protons induces a positively charged surface. This surface state promotes



electrostatic attractions with the nucleophilic sites present within the molecular structure of
diuron, thereby enhancing adsorption in acidic media. Conversely, at pH values above the
pHPZ, the abundance of OH™ anions generates a negatively charged surface environment. This
negative charge hinders the approach of diuron molecules due to the scarcity of strong
electrophilic sites within the herbicide's structure, ultimately rendering adsorption unfavorable
in basic media.

3.2.4. Influence of temperature

The influence of the reaction temperature was investigated by maintaining all previously
optimized operational parameters constant for both clay types. Specifically, 25 mL samples of
a diuron solution 10 mg/ were introduced into closed flasks containing 0.5 g of clay at an initial
pH of 2. Each flask was placed in a temperature-controlled water bath at temperatures ranging
from 20 to 60 °C (293-333 K) under constant agitation for 1 h. The graphical plot of the removal
percentage as a function of temperature is presented in Figure 9. The experimental profile
clearly demonstrates that temperature variations have a negligible effect on the diuron
adsorption process onto the raw calcic clay.
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Figure 9.Effect of temperature on adsorption of diuron

The calculation of the differential adsorption heats of diuron on clay for various degrees of
surface coverage is intended to determine the isosteric heat of adsorption. This thermodynamic
quantity is a parameter that determines whether adsorption is physical or chemical.
Thermodynamic parameters such as the free enthalpy AG, the enthalpy AH, and the entropy AS
were determined using the following equations

_Qe
Kd =2 3)
AG =—RT'In Kd (4)
i -()-(M)L
R R )T

where: kd: Distribution coefficient for adsorption. kd = Qe/Ce, AS and AH: Changes in entropy
and enthalpy of adsorption, AG: Free enthalpy or Gibbs energy of adsorption, R: Ideal gas



constant, T: Absolute temperature of the isotherm (in K), Qe: Equilibrium adsorption capacity
(mg-g "), Ce: Equilibrium concentration of the solute in solution (mg/L).

The variation of In kd as a function of 1/T allowed us to deduce the thermodynamic parameters
for the adsorbent/adsorbate systems under study. And the results are summarized in the table

Table 4 Thermodynamic parameters of diuron adsorption on activated calcium clay.

AH (kJ/mol) AS (kJ/mol.K) T (K) AG (Kj/mol)
303 8,345695
-6,824 0,05006 313 8,846345
324 9,397061

The negative values of AH ° confirm the exothermic nature of the adsorption process, while its
low magnitude (<40 kJ/mol) clearly indicates a physisorption mechanism governed by weak
physical interactions [33]. Regarding the entropy change AS, the low positive value observed
for the activated calcium clay reflects an increase in randomness at the solid-solution interface,
typically caused by the displacement and release of water molecules from the clay surface;
conversely, the negative AS value for the raw calcium clay demonstrates a decrease in
randomness, indicating that the adsorption occurs with an increase in structural order as diuron
molecules become immobilized on the surface [34]. Furthermore, for both clays, the Gibbs free
energy AG increases with rising temperature, proving that the process becomes
thermodynamically less favorable and non-spontaneous at higher temperatures; this
endothermic evolution AG is consistent with the exothermic nature of the system AG=A H —
TAS, where thermal agitation disrupts the weak physisorption bonds and triggers a
redistribution of energy between the adsorbent and the adsorbate [35].

3.2.5. Adsorption isotherm

Adsorption isotherms are essential tools for elucidating adsorption mechanisms and evaluating
the suitability of an adsorbent for large-scale applications. In this study, adsorption isotherm
experiments were conducted by varying the initial diuron concentration from 5 to 31 mg/L1.
As illustrated in the graphical plot of qe versus Ce (Figure 10), the equilibrium adsorption
capacity (qe) increases progressively with the increase in equilibrium diuron concentration
(Ce). The maximum adsorption capacity was determined to be 0.27mg/g. This continuous
increase in the adsorption capacity without reaching a strict horizontal plateau suggests the
formation of multilayer coverage, thereby confirming that physisorption is the dominant
mechanism governing the diuron removal process onto the raw calcic clay.
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Figure 10. Adsorption isotherm of diuron
3.2.6. Comparison with Other Adsorbents

To evaluate the performance of the raw calcic clay, its maximum diuron adsorption capacity
was compared with various adsorbents reported in the literature (Table 5). The determined
adsorption capacity (0.27 mg/g) is relatively lower than those of activated carbons or chemically
modified/synthesized materials. This limitation is primarily attributed to the raw and
unmodified nature of the natural bentonite, which lacks highly developed synthetic porosities
or specific functional anchors that artificial materials possess.However, from an industrial and
environmental standpoint, the use of this raw clay offers significant competitive advantages.
Unlike commercial activated carbons or chemically functionalized clays, this material requires
no expensive, time-consuming, or energy-intensive thermal/chemical pre-treatments. It is
locally abundant, completely non-toxic, and boasts a near-zero preparation cost. Therefore,
while its absolute adsorption capacity is modest, its exceptional cost-effectiveness and
ecological sustainability render it a highly viable and attractive "green" alternative for the
decentralized treatment of pesticide-contaminated water.

Table 5: Comparison of maximum diuron adsorption capacities of various adsorbents.

dsorbent gmax (mg/g) Chemical Modification Reference

Commercial Activated 50.0 - 150.0 High thermal/chemical activation [6]
Carbon

Concentrated H>SO4/ Or HCI

Acid-activated Bentonite 4.5 — 12.0 [7]
treatment



dsorbent gmax (mg/g) Chemical Modification Reference

Organo-modified

Montmorillonite 8.0-25.0 Surfactant intercalation (CTAB, etc.) [5]
Raw Calcic Clay This
(Algeria) 0.27 None (Raw natural state) work

3.2.7. Modeling of isotherms

Several two-parameter mathematical models have been tested to model the adsorption
isotherms of diuron on clay, we can mention the models of Freundlich (6), Langmuir (7),
Temkin (8) and Elovich (9).

Ln qe = InKg +:InC, (6)

1 1 1 1

1=l — 7)

de e AmKL dm

de = B1InK; + B;InC, (8)
= lln(aﬁ) +ilnt 9)

qt - ,B B

With : ge : quantity of solute adsorbed per unit mass of the adsorbent at equilibrium (mg/g), qt
: quantity of solute adsorbed per unit mass of the adsorbent at equilibrium (mg/g), Kr :
Freundlich constant associated with the adsorption capacity, qm : represents the maximum
adsorption capacity (mg/g), Kv : equilibrium constant, equal to the ratio of adsorption and
desorption rates (L/mg), t : the time (min), Kg : the equilibrium constant of Elovich (L/mg),
B1=RT/b_t (J/mol), the Temkin constant for the heat of sorption and Kt (L /g) ), the equilibrium
constant of adsorption corresponding to the maximum binding energy.

Table 6 Adsorption parameters of the diuron onto calcic clay

Models Constantes Valeurs
R2 0,9847
Freundlich
n 1,41
I/n 0,0212
K (mg/g) (L/mg)




R’ 0,9892
Langmuir Qm (mg/g) 0,33
0,051
K, (L/mg)
0,495
R,
R2 0,9585
Temkin
B, (ki/mol) 0,0723
0,51
K. (L/mol)
R’ 0,8254
Elovich Qm (mg/g) 0,265
0,0633
K, (L/mg)

To evaluate the equilibrium relationship and understand the surface properties of the adsorbent,
the experimental data were fitted using linear regression analysis across four established
isotherm models: Langmuir, Freundlich, Temkin, and Elovich. The applicability of each model
was rigorously evaluated based on the determination coefficient (R?) as the primary metric to
demonstrate fitting rationality. As summarized in Table 6, both the Langmuir (R? = 0.9892%)
and Freundlich (R®> = 0.9847) models yielded exceptionally high and remarkably close
correlation coefficients.Rather than an inconsistency, this dual mathematical validity reflects a
complex, two-step cooperative adsorption mechanism occurring on the heterogeneous surface
of the raw Algerian clay. At lower equilibrium concentrations, diuron molecules are
preferentially accommodated onto the highly energetic and accessible structural active sites of
the calcic bentonite. This initial phase leads to the formation of a localized monolayer
(monocouche), perfectly satisfying the Langmuir criteria: adsorption onto a finite number of
homogeneous sites without lateral interactions. The physical significance of this first stage is
quantified by a maximum monolayer adsorption capacity (Qm) of 0.33 mg/g and a Langmuir
affinity constant (Ky) of 0.051 L/mg. Furthermore, the rationality of this model is validated by
the dimensionless separation factor (R = 0.495), which confirms a highly favorable process (0
< Rp < 1).As the initial active sites approach saturation at higher equilibrium concentrations,
the adsorption profile transitions into a second phase characterized by a multilayer formation
(multicouche). Once the first layer is complete, the already adsorbed diuron molecules act as
secondary templates, attracting further solute molecules via weaker solute—solute physical
interactions, such as hydrogen bonding and van der Waals forces. This second stage is
accurately captured by the Freundlich model. The derived physical intensity parameter (n =
1.41) lies well within the favorable range (1 < n < 10), mutually supporting the physisorption
nature of this multilayer accumulation. Conversely, the lower correlation coefficients of the
Temkin (R®> = 0.9585) and Elovich (R? = 0.8254) models indicate their limited overall
applicability to this system. Specifically, the Temkin heat of adsorption parameter (Bt =
0.0723Kj/mol) yields a very low value, which physically substantiates that the entire system is



governed by weak physical forces rather than chemical bonding. Consequently, the
simultaneous statistical validity of the Langmuir and Freundlich models conclusively
demonstrates that diuron retention onto this raw natural clay is a sequential process, evolving
from an initial energetic monolayer anchoring to a subsequent physisorbed multilayer stacking
[28].

3.2.8. Adsorption kinetics

Several kinetic models were used to interpret the experimental data, providing essential
information for the application of these two types of clay in the field of adsorption. We
employed five kinetic models: These models are: pseudo-first-order (10), pseudo-second-order
(11), intraparticle diffusion (12), external diffusion (13), and Elovich models (14).

In(ge —q)=Inge — kit  (10)
LI S

2

9, K,q, 4.
q, =K, 1" (12)

Ln[(co_ Ceﬂ —K't  (13)
Ct-Ce

qt =%ln(aﬂ)+%h1t (14)

The kinetic data for diuron adsorption onto calcium clay were evaluated using several models
to elucidate the rate-controlling steps. The experimental equilibrium adsorption capacity
(qe=0.41mg/g) aligned remarkably well with the calculated capacity qe cal derived from the
pseudo-first-order model, which also yielded a coefficient of determination (R2) close to unity
(Table 7). This excellent agreement confirms that the adsorption kinetics of diuron are governed
by the Lagergren pseudo-first-order model, ruling out the pseudo-second-order mechanism due
to the significant discrepancy between its calculated and experimental qe values. Furthermore,
the low R2 value obtained from the Elovich kinetic model reinforces the non-chemical nature
of the process, confirming that diuron uptake does not involve chemisorption. Regarding mass
transfer resistance, the intraparticle diffusion step was found not to be the sole rate-limiting
stage but rather coupled with external film diffusion. This prominent role of external mass
transfer was confirmed by the high regression coefficient (R2 = 0.95) obtained from the
linearization of In[(CO - Ce)/(Ct - Ce)] versus contact time, definitively establishing that
boundary layer (external) diffusion represents a major rate-determining step in the overall
adsorption process. The experimental results exhibited good consistency and reproducibility
throughout the adsorption study. The relatively high correlation coefficient values obtained for
the applied adsorption models indicated a satisfactory agreement between the experimental and
theoretical data. This confirms the reliability of the experimental methodology and supports the
suitability of the selected models for describing the adsorption behavior of diuron onto raw
Algerian calcic clay.



Table 7 constant values of the kinetic models studied

kinetic model Constants Calcic clay
External distribution R2 0.9491
3
K’ (cm /L) 0.0308
Intraparticle diffusion RZ 0.9718
S
K_(min ) 0.04
Pseudo-first order R2 0.9526
q, (mg/g) 0.4457
N
Kl (min ) 0.0322
Pseudo-second order R2 0.8916
S
q, (mg/g) 0.511
Elovich R2 0.8926
o (mg/g.min) 0.038
BE (g/mg) 10.03

4. Conclusion

This study demonstrates the strong potential of an abundant natural clay from Algeria for the
efficient removal of diuron from groundwater and surface water. The experimental results
highlight the critical role of the adsorbent's characteristics—particularly those of calcium
montmorillonite—in governing the overall adsorption process. The influences of exchangeable
cations and solution pH were found to be highly significant, emphasizing the importance of
physicochemical interactions between diuron molecules and the clay surface. A detailed
investigation of the underlying mechanisms revealed that diuron retention on montmorillonite
is controlled by a synergetic combination of processes, including cation exchange, electrostatic
interactions, and surface affinity. The determined adsorption capacities confirm that diuron can
be effectively removed using raw natural clay without the need for chemical modification,
representing a major advantage in terms of cost-effectiveness and environmental sustainability.
Overall, calcium bentonite emerges as an efficient, low-cost, and eco-friendly adsorbent for the
treatment of pesticide-contaminated water. This work provides valuable insights into the
development of sustainable water treatment strategies utilizing locally available resources and
contributes to the advancement of green solutions for water pollution control.
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