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Abstract
In the Mediterranean region, olive mill wastewater, with its high concentrations of phenolic compounds,
dissolved salts, organic matter, and heavy metal ions, is among the most significant agricultural and
industrial wastes requiring treatment. Given the well- known high adsorption capacity and low cost of
natural Jordanian kaolinite, this study aimed to investigate the effects of acid activation on the
adsorption efficiency of Jordanian kaolinite (PK- HCl) for phenolic compounds and the removal of zinc,
iron, and manganese ions from olive mill wastewater. Natural kaolinite (PK) was initially purified and then
chemically activated using hydrochloric acid. FTIR, XRD, TGA, and BET surface area spectroscopy
techniques were employed to study its physical and chemical properties. The results confirmed that acid
activation significantly improved structural and surface properties. Adsorption experiments were
conducted under various operating conditions, including different adsorbent dosages, temperatures, and
initial concentrations of phenolic compounds. The results showed increased adsorption efficiency with
higher temperature and adsorbent dosage under the following optimal conditions: 1.0 g of adsorbent,
323 K, pH 6, and a contact time of 4 hours. The removal efficiency of total phenolic compounds reached
approximately 54% using PK- HCl, compared to approximately 32% using PK, confirming the endothermic
nature of the adsorption process. Additionally, zinc, iron, and manganese ions were removed with high
efficiency using PK- HCl. The isothermal adsorption curves exhibited L- type behavior, indicating a strong
affinity between the adsorbent and the adsorbate. The equilibrium data also matched the Freundlich and
Langmuir isothermal models, indicating that adsorption occurs via a combination of multi- layer
adsorption on heterogeneous surfaces and single- layer adsorption on homogeneous active sites.
Overall, the results of the adsorption, thermal equilibrium, and analytical tests confirm that acid
activation significantly improves the physical, chemical, and adsorption properties of Jordanian
kaolinite. Furthermore, the improved, cost- effective, and environmentally friendly PK- HCl adsorbent
demonstrates significant potential as an effective material for removing heavy metals and phenolic
compounds from olive mill wastewater.

1. Introduction
The Middle East region is presently experiencing a serious water problem as a result of the growing lack
of supplies for safe and clean water. Due to the increased rate of industrialization, agriculture and
population, water pollution has become a serious issue [1]. Many developing countries of the Middle
East have poor wastewater treatment practices that make an urgent need for intervention arise. Despite
the fact that current technologies used for treating wastewater continue to evolve, their efficiency in
providing water of high enough quality for usage by people and nature is still limited [2]. Therefore,
improvement of water safety, availability and resource efficiency has become one of the main goals of
sustainable development and prosperity of any country. The fast growth of different industries and
agriculture in particular made olive growing the most popular agricultural activity in Mediterranean
countries. In Jordan, about 10 million hectares are used for olive planting; there are more than 15 million
olive trees and olive oil producing is a large sector of economy [3]. Olive oil manufacturing is associated
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with generation of huge amount of wastewater. Olive mill wastewater (OMW), which is the by-product of
olive oil manufacturing, is usually discharged to soils and water bodies with no proper treatment.

OMW is a black-brownish, strongly acidic liquid that is considered highly polluted. It is characterized by
high concentrations of phenolic compounds, which contribute to its toxicity, elevated organic matter
content, significant levels of heavy metal ions, high chemical oxygen demand (COD), and large quantities
of total solids [4]. In addition, the large volume of OMW produced (i.e., exceeding 30 million m³ annually
in Mediterranean olive-growing countries) within a relatively short harvesting period further intensifies its
environmental impact [5]. OMW (including organic and inorganic pollutants) is therefore one of the most
serious sources of agro-industrial pollution in the region. These pollutants pose a hazardous
environment to aquatic organisms, aquatic ecosystems, soil quality, groundwater resources, and public
health. In particular, the presence of phenolic compounds and their phytotoxicity delays biodegradation
and reduces the efficiency of conventional treatment methods. OMW may contain low concentrations of
heavy metals (i.e., iron, manganese, copper, zinc, lead, and cadmium). The source of these metals may
be agricultural inputs, processing machinery, or natural leaching from the surrounding soil. The presence
of both organic pollutants and metal ions further complicates the treatment process. With approximately
780 million people worldwide lacking access to clean and safe drinking water, the development of
efficient, low-cost, and sustainable treatment technologies is essential [6].

Solvent extraction, ultrafiltration, evaporation, biological treatment, chemical oxidation, coagulation–
flocculation, and reverse osmosis are explored treatment technologies. Despite their potential, many of
these methods still present economic and technical challenges, and often simply transfer pollutants
from one stage to another without achieving complete removal [7]. They also have limitations, such as
high operating and maintenance costs, the generation of secondary pollutants, and sensitivity to high
phenol concentrations.

Adsorption technology has become a promising technique for treating OMW due to its simplicity, high
efficiency, operational flexibility, scalability, and ability to remove organic and inorganic pollutants.
Several natural and synthetic adsorbents have been evaluated for this purpose. This includes activated
carbon [8], agricultural wastes [9, 10], bentonite [11], activated bentonite [12, 13], zeolite [14], and clay-
based materials [15, 16, 17].

Natural clay minerals (such as kaolinite, bentonite, and zeolite) have garnered significant attention due to
their low cost as absorbance, wide availability, chemical stability, environmental compatibility, and
distinctive surface properties. Kaolinite is a widespread aluminosilicate mineral characterized by a
layered structure, good mechanical strength, and high thermal stability. Jordanian kaolinite deposits
represent a valuable local resource that can be utilized for environmental use. However, the adsorption
capacity of raw kaolinite is limited by its relatively less surface area, weak surface charge, and limited
number of active adsorption sites [18]. Enhancing the adsorption properties of clay minerals is
commonly achieved through surface modification techniques. [19, 20]. Among various modification
techniques, acid activation is commonly employed to improve surface properties by partially dissolving
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octahedral and tetrahedral layers. This process increases porosity, surface area, and the availability of
functional groups. Acid-activated kaolinite generally exhibits enhanced surface acidity, improved ion-
exchange capacity, and stronger affinity toward organic molecules and metal ions. These characteristics
make acid-treated kaolinite a promising, cost-effective, and environmentally sustainable material for
wastewater treatment applications.

Recent investigations have highlighted the potential of modified clays as effective adsorbents for
eliminating phenolic compounds and heavy metals from water-based systems, although the available
research remains limited. [21, 22, 23]. However, comprehensive investigations addressing the
simultaneous removal of phenolic pollutants and metal ions from real OMW using locally sourced
Jordanian combined with comprehensive physicochemical characterization and adsorption isotherm
analysis kaolinite remain limited. Moreover, there is growing interest in exploring new applications of
clays, which are natural, abundant, and cost-effective materials. In addition to this, systematic
investigations combining physicochemical characterization and modeling of adsorption equilibrium
remain quite limited. Combination of these techniques is necessary for understanding the mechanism of
adsorption process, estimation of its efficiency, and optimization of purification parameters. This
research aims at studying the applicability of Jordanian acid-activated kaolinite as an economical and
environmentally friendly adsorbent for the purification of OMW. In order to study the effect of activation
on physical and chemical properties of untreated and acid-activated kaolinite, a detailed
physicochemical characterization was carried out using different techniques. Adsorption properties of
untreated and acid-activated kaolinite towards phenolic compounds and certain metal ions were studied
in detail under varying experimental conditions. Modeling of adsorption isotherms provides information
about the efficiency and mechanism of adsorption process.

2. Materials and Methods

2.1. Materials
The natural samples of kaolinite were obtained from the area of Al Azraq in eastern Jordan at the
coordinates of (31°50'00'' N 36°49'00'' E). The OMW samples were taken from a centrifuge plant located
in the village of Kofranjeh in the province of Jerash (32°17'52.8'' N 35°42'14.4'' E). Some of the analytical
grade reagents used in the experiments are HCl (98%, 𝑑 = 1.98 g/cm³), silver nitrate (AgNO₃) (Puriss)
(Merck, Germany), sodium carbonate (Na₂CO₃) (Acros, Belgium), sodium perchlorate (NaClO₄) (Simson
Pharma Limited, India), and Folin–Ciocalteu reagent and Gallic acid (C₇H₆O₅), both sourced from Sigma-
Aldrich, Germany.

2.2. Purification of Raw Kaolinite
Natural unprocessed samples of kaolinite were subjected to purification, processing, and refining within
the laboratory. Wet sieving through 63µm sieve was done to enhance the purity, whiteness, and to control
particle size by eliminating impurities such as quartz, hematite, smectite, mica, illite, carbonates,
calcites, and montmorillonite. Moreover, particle size reduction was also done through dispersion and
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separation of fine particles from water [24]. Samples were first dispersed in distilled water at 25ºC and
stirred using a magnetic stirrer for 10 minutes followed by centrifugation at 800 rpm for 5.0 minutes in
order to attain well-dispersed particles. The liquid that contained fine particles was collected in large
bottles carefully. This procedure was done five times for each sample to obtain high-purity materials.
Suspension was dried at 35ºC on the hot plate. The solids obtained were dried in an oven at 60°C,
ground and sieved through a 63 µm sieve [25].

2.3. Activation of Purified Kaolinite by Hydrochloric Acid
A 15 ± 0.01 g of purified kaolinite sample (PK) having particle size below 63 µm was weighted and
transferred to the flask. This was followed by adding 200 ml of 1.0 M HCl and stirring it for 24 hours at
room temperature. The activated solid was then separated by means of Buchner funnel. The acid-treated
kaolinite (PK-HCl) was rinsed multiple times with deionized water until no chloride ions (Cl− 1) remained,
as verified by the lack of precipitate upon adding 5% AgNO₃ solution. The washed material was dried at
100°C for 2 hours and then calcined at 450°C for 4 hours. Once cooled in a desiccator, the activated
kaolinite was ground, sieved to smaller than 63 µm, and stored in airtight plastic containers for future
use.

2.4. Characterization of Acid-Activated Kaolinite
The activated kaolinite was analyzed through various physicochemical techniques. FTIR spectra were
obtained with a Thermo Nicolet NEXUS 670 spectrophotometer. KBr powder, dried at 200°C for 24 hours
and ground with kaolinite in a 1:100 ratio using a ball mill, was used. X-ray diffraction (XRD)
measurements used a Philips X’Pert Pro diffractometer at 30 kV and 30 mA, with a 1° scatter slit, 0.3
mm receiving slit, a scan rate of 2° per minute, and a sampling pitch of 0.02°. Samples were dried and
finely ground before analysis. Thermogravimetric analysis (TGA) was performed with a NETZSCH STA
409 PG/PC thermal analyzer over 0–1000°C at 20°C per minute. The specific surface area was
measured using a Gemini VII analyzer (Micromeritics) based on nitrogen adsorption isotherms and the
Langmuir method.

2.5. OMW Samples: Collection, Preservation, and
Pretreatment
OMW samples were stored at − 2°C in tightly sealed plastic containers and analyzed as needed. For
pretreatment, 1 L aliquots of OMW were centrifuged at 10,000 rpm for 30 minutes and then double
filtered. The obtained brown-colored solution was served for further analysis.

2.6. Characterization of the OMW
OMW was characterized. Crison PL-700AL meter was used to measure pH, electrical conductivity (EC),
dissolved oxygen (DO), oxidation reduction potential (ORP), total dissolved solids (TDS), and salinity. A
multi-parameter benchmeter (model PNHI83099-02) was used to determine chemical oxygen demand
(COD), alkalinity, total nitrate, total phosphate, and total chlorine levels. Total phenolic compounds
(TPCs) were determined using a UV-Vis spectrophotometer (Varian Cary 100) according to the Follin-
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Cioalto method. Briefly, 2.5 mL of 0.2 M Follin-Cioalto reagent was mixed with 0.5 mL of the sample, and
the sample was incubated in the dark for 5 minutes. Afterward, 2 mL of sodium carbonate solution (i.e.,
75 g/L) was added to the sample, and it was incubated again in the dark for one hour. The absorbance
was measured at 765 nm, and the TPCs levels were calculated in gallic acid equivalents (g gallic acid
equivalents/L) using Beer-Lambert's law. Potassium and sodium determinations were carried out by a
Corning 400 flame spectrometer. In the case of heavy metal determination, Zn, Fe, and Mn standards
were made in a NaClO₄ solution with pH 6 using 0.1 M HCl or NaOH to adjust the pH. The metal ions
were determined by an atomic absorption spectrometer Varian Spectra AA-250.

2.7. Adsorption Experiments

2.7.1. Batch Adsorption Experiments for TPCs Removal
Batch adsorption experiments were done to study the efficiency of TPCs removal of PK and PK-HCl. In all
the adsorption studies, pH 6 was used, which is lower than the pKa of phenol (9.92) [26], At this pH,
phenolic compounds remain undissociated, thereby favoring adsorption. In each experiment, 10 mL of
OMW with a certain mass of adsorbent was put in an Erlenmeyer flask and stirred continuously at a
constant temperature for four hours. Adsorption process was completed, then filtration was done using
a 0.45 µm filter paper to separate the adsorbent. Residual TPCs was determined using UV-Visible
Spectrophotometer at λmax. All results were replicated in three trials. The influence of adsorbent mass
PK and PK-HCl (i.e., 0.1, 0.5, and 1.0 g; with 10 mL of OMW containing 1340.6 mg/L TPCs), temperature
(i.e., 293, 303, 313, and 323 K) and initial TPCs concentrations (i.e., 1215.16, 1340.64, 1442.00, and
1563.43 mg/L; using 1.0 g of adsorbent at pH 6 and 303 K for four hours) on the adsorption process
were systematically investigated.

2.7.2. Column Adsorption Experiments for Heavy Metal
Ions Removal
The adsorption of Zn, Fe, and Mn ions from OMW by PK-HCl was examined in a fixed bed column
configuration. A glass column of dimensions 560 mm × 12 mm filled with about 1.00 ± 0.0001 g of
adsorbent was used. About 100 mL of OMW was run through the column, and the effluent was collected
in ten 10 mL fractions successively. Three trials were conducted, and the average of the three readings
was calculated. The adsorption efficiency (q, mg g⁻¹) is calculated using the formula:

1

Where Co and, Ce (mg/ L) are the initial, and equilibrium adsorbate concentrations, respectively. V (L) is
the volume of the solution, and m (g) is the mass of the adsorbent. Removal efficiency (%) was
calculated using the following formula [24, 25]:

q = *V
(Co − Ce)

m
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2

These analytical methods made it possible to evaluate the adsorption equilibrium behavior and the
overall processing efficiency.

3. Results and discussion

3.1. Characterization of the PK-HCl

3.1.1. FTIR Spectroscopy Analysis
Figure 1 shows the Fourier transform infrared (FTIR) spectra for both PK and PK-HCl. The results for PK
show a broad band at 3459 cm⁻¹, indicating the stretching vibration of physically adsorbed water [26].
The peaks at 3698, 3668, 3657, and 3622 cm⁻¹ confirm the stretching vibrations of the structural Al–OH
groups and the presence of internal and surface hydroxyl groups in the kaolinite lattice [27]. The peak at
approximately 1630 cm⁻¹ indicates the bending vibration of water molecules adsorbed on the surface.
Moreover, a clear band at 1030–1035 cm⁻¹, 912–915 cm⁻¹, 790–800 cm⁻¹, and 750–755 cm⁻¹ are
related to the stretching of Si-O bonds, vibrations of Al-OH bonds and vibrations of Si-O-Si and Si-O-Al,
respectively. This confirms the presence of aluminum in an octahedral coordination within the kaolinite
lattice [28, 29]. Furthermore, the appearance of 540 cm⁻¹, 470 cm⁻¹, and 428 cm⁻¹ indicates Si–O–Al
bending, Si–O–Si bending, and Si–O vibrations, respectively, as these bands are associated with
kaolinite lattice vibrations [30]. Following acid activation (PK-HCl), significant spectral changes were
observed, including a broadening of the band at 3460 cm⁻¹, indicating an increase in the amount of
physically adsorbed water and surface hydroxyl groups [31]. Furthermore, the weak adsorption
characteristics disappeared in the 2100–2450 cm⁻¹ range, suggesting the removal of surface impurities
and weakly associated species [32]. The marked decrease in the intensity of the hydroxyl bands in the
3695–3620 cm⁻¹ range also indicates the loss of structural hydroxyl groups due to aluminum removal
[33]. Similarly, the Al–OH bending band (i.e., 912 cm⁻¹) decreased significantly or disappeared. This
confirms the leaching of Al³⁺ ions from the octahedral layer [34]. The Si–O bond expansion band widens
and shifts slightly (i.e., 1020–1040 cm⁻¹). This indicates the formation of a silica-rich amorphous phase
[35]. Furthermore, the decrease in signal intensity in the 700–800 cm⁻¹ range reflects the disorder of the
regular kaolinite structure. However, the band in the 3400–3500 cm⁻¹ range indicates the formation of
Si–OH group [36]. These newly functional groups would enhance hydrogen bond interactions and
improve surface reactivity. Overall, the results obtained of FTIR spectroscopy confirm the success of the
dealuminization and surface modification process. This is resulting in a more homogeneous and
reactive adsorbent surface, thereby enhancing the adsorption of TPCs.

3.1.2. XRD Spectroscopy Analysis

% of adsorbate removal = x 100
(Co − Ce)

Co
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Figure 2 shows the X-ray diffraction spectra of PK and PK-HCl kaolinite samples. The results are
highlighting their crystalline structure before and after acid activation. It is clear to notice the sharp
peaks in the diffraction pattern of PK. This indicates a highly crystalline structure. The characteristic
reflections at 2θ ≈ 12° and 25° correspond to the (001) and (002) planes. This confirms the regular
layered structure of kaolinite [37]. Furthermore, the layered structure is partially preserved, and the main
kaolinite peaks remain. However, the results show that acid activation led to significant changes in the
PK-HCl pattern; including a decrease in peak intensity and a slight widening. These changes indicate a
decrease in crystallinity and partial structural disorder resulting from reduced aluminum removal. This
could be explained by the leaching of Al³⁺ ions from the octahedral layer which cause structural defects
and increase irregularity, thus forming a silica-rich amorphous phase [38]. The absence of new
crystalline phases may be due to acid activation primarily inducing structural modification rather than a
phase shift. The slight shifts in peak positions may also indicate changes in interlayer spacing and
structural rearrangement. These results are consistent with FTIR spectroscopy findings. All above
confirm aluminum removal, the formation of additional active sites, enhancing surface accessibility, and
facilitating the diffusion and adsorption of TPCs.

3.1.3. Thermogravimetric Analysis (TGA)
The TGA results reveal several distinct mass loss regions that associated with moisture evaporation,
dehydroxylation, and thermal decomposition. The initial weight loss was approximately 1.5% below
150°C. This is attributed to the release of physically adsorbed water molecules. A small endothermic
peak was observed near 70°C. This corresponds to the removal of weakly bound surface water.

The major weight loss occurred between 400 and 600°C. This is related to the dehydroxylation of
kaolinite where structural hydroxyl groups are removed, leading to the transformation of the crystalline
structure into metakaolinite. After acid activation, the original PK structure was not completely restored.
corresponding to water removal) and 400°C (i.e., corresponding to dihydroxylation).

The lower dehydroxylation loss that consistent with FTIR results indicates partial dealumination and a
reduction in the Al–OH content. The dehydroxylation temperature showed only slight changes after acid
activation, while the thermal peaks became less intense. This behavior is consistent with the XRD
analysis indicating a reduction in the crystallinity of the material. Together, these results demonstrate
that acid activation changed the kaolinite structure, resulting in a silica-rich material with enhanced
thermal stability. Moreover, the formation of structural defects provided more active sites, which can
contribute to better adsorption performance.

3.1.4. BET Surface Area Analysis
The surface area of the adsorbents was studied using BET analysis. The results showed that PK-HCl
sample had a higher surface area (i.e., 43.1 m²/g) than the PK sample (i.e., 33.5 m²/g). These results
suggest the formation of additional porosity and the development of micro and intermediate pore
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structures as a result of the removal of aluminum and impurities [39, 40]. The increased surface area is
also attributed to the formation of a silica rich amorphous phase. Developing favorable textural
properties increases the number of readily available adsorption sites and facilitates the movement of
TPCs into the adsorbent's internal pores, thus improving adsorption efficiency. Therefore, the increased
surface area directly contributes to improved adsorption performance. These results support the
success of acid activation in improving the surface properties of the adsorbent. BET analysis provides
strong evidence of the success of the structural modification, and this is consistent with the results of
FTIR, XRD, and TGA, as the increase in surface area, development of porosity, and generation of active
functional groups indicate an improvement in the adsorption efficiency of PK-HCl.

3.2. Characterization of OMW
Table 1 shows the physical and chemical properties of untreated OMW, consistent with values previously
documented in scientific studies. Overall, the results clearly demonstrate that the use of PK and PK-HCl
significantly reduced the presence of several pollutants compared to OMW that did not use either
kaolinite. Specifically regarding the use of acid activation, the results show that PK-HCl was superior in
removing most inorganic contaminants compared to PK. Clearly, it significantly reduced alkalinity by 55%
(i.e., 62.5% vs 7.5%). Moreover, total chlorine removal increased by 42.5% (i.e., 84.5% vs 40%). Nitrate
and potassium removal also increased by 18.3% and 16.6%, respectively, with PK-HCl compared to PK.

Slight but consistent improvements were observed in the removal of sodium, total dissolved solids, and
salts, ranging from 13% to 14% for each. Both treatments resulted in similar reductions (i.e., with PK-HCl
vs PK) of phosphates, and chemical oxygen demand (COD) by 9.9%, and 0.2%, respectively. These
results indicate that crude kaolinite efficiently absorbs organic loads in OMW and that acid activation
significantly enhances its performance with respect to inorganic parameters, particularly alkalinity,
chlorine, and nitrates, with a minimal impact on COD removal.
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Table 1
Main characteristics of OMW sample; untreated and treated with PK and PK-HCl.

Parameters Untreated
OMW

Literature

ranges
values

Reference Treated
OMW

with PK

Treated
OMW
with PK-
HCl

%
Removal

PK

%
Removal

PK-HCl

Sodium
(Na+)

(mg L− 1)

297.9 200–570 [41, 42] 195 155 34.5 48.0

Potassium
(K+)

(mg L− 1)

6366.3 639–
10800

[43, 44] 4155 3100 34.7 51.3

TPCs (g
GAE/L)

1.34 0.26–
10.7

[45] 1.0 0.91 25.4 32

Alkalinity
(CaCO3)

(mg L− 1)

2000 3150–
9070

[46] 1850 750 7.5 62.5

Total
Chlorine

(mg L− 1)

20 33.3–
142.7

[47] 12 3.5 40.0 82.5

Phosphate
(PO4

3−) (mg

L− 1)

4120 31.8–
1820

[48] 950 640 76.9 84.5

Nitrate
(NO3

–-N)

(mg L− 1)

360 350–390 [49] 95 29 73.6 91.9

COD (mg L− 

1)
12000 1900–

220000
[50, 51] 1019 991 91.5 91.7

TDS (mg L− 

1)
34700 5900–

103200
[52] 17800 13000 48.7 62.5

Salt (mg L− 

1)
26700 11900–

32000
[53] 13350 9700 50.0 63.7

3.3. Effect of Temperature and Adsorbent dose on the
Removal Efficiency of TPCs
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To study the effect of adsorption temperature and adsorbent dosage on the adsorption performance of
both adsorbents, PK and PK-HCl, four adsorption temperatures (i.e., 293, 303, 313, 323, and 323 K) and
three adsorbent dosages (i.e., 0.1, 0.5, and 1.0 g) were investigated. The overall results of Fig. 4 show
that by increasing temperature and adsorbent dosage, the TPCs removal efficiency proportionally
increased. Additionally, of all the experimental conditions studied, the highest removal efficiency for
TPCs (i.e., 54%) was achieved using kaolinite treated with hydrochloric acid at 323 K and a dosage of 1.0
g. Obviously, the results showed a consistently significant difference in the adsorption performance
using PK-HCl under all experimental conditions. This is evident at a 0.1 g adsorbent dosage, where the
TPCs removal efficiency of the PK-HCl sample increased from 28% to 45% with increasing temperature
from 293 K to 323 K, respectively. Meanwhile, the removal efficiency of TPCs in the PK sample increased
slightly from 24% to 27% within the same temperature range. Similarly, at a 1.0 g dose, the PK-HCl
sample achieved a removal efficiency of approximately 39% at 293 K to 54% at 323 K, while the efficiency
of the PK sample was approximately 28% at 293 K to 32% at 323 K. This is attributed to the increased
number of available active sites and the expansion of the effective surface area, which facilitates greater
adsorption of phenolic compounds. These results confirm that acid activation successfully improves the
physicochemical properties of the kaolinite surface. This is supported by the fact that the larger mass of
the adsorbent provides more active sites for interaction with total phenolic molecules [54]. Additionally,
the marked improvement in adsorption at high temperatures indicates that the adsorption of phenolic
compounds is endothermic. The high temperature increases the mobility and diffusion of phenol
molecules, facilitating their transfer from the solution to the surface of the adsorbent and then to its
porous structure. The increased adsorption efficiency can also be explained by the fact that higher
temperatures activate additional adsorption sites and reduce mass transfer resistance [55, 56]. These
results support the potential application of PK-HCl as an effective and low-cost sorbent for treating
phenol-rich OMW [57, 58, 59].

It is well known that acid activation removes mineral impurities and exchangeable cations from kaolinite.
This will increase surface acidity, enlarge pore volume, and generate additional active functional groups
such as surface hydroxyl sites. These modifications improve the interaction between phenolic
compounds and the adsorbent surface through hydrogen bonding, electrostatic attraction, π–π
interactions, and surface complexation mechanisms.

These adsorption results are consistent with the FTIR, XRD, TGA, and BET analyses, which confirm that
acid activation modifies the structure of the adsorbent. Specifically, the activation alters surface
functional groups, crystallinity, and mineral composition, while increasing porosity, removing impurities,
and generating additional active sites—consequently enhancing the overall adsorption performance.

3.4. Adsorption Isotherms
The adsorption behavior of TPCs on PK and PK-HCl was investigated at four temperatures (293, 303,
313, and 323 K). This was to characterize the relationship between equilibrium adsorption capacity (qe
(mg/L)) and equilibrium adsorption concentration (Ce (mg/L)) under varying thermal conditions. The
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overall results confirm the positive effect of increased temperature on the adsorption capacity of TPCs in
both adsorbents. Of all the experimental conditions studied, the highest adsorption capacity was
achieved using PK-HCl at 323 K, reaching approximately 55 mg/g. The observed temperature
dependence further supports the thermodynamically favorable and endothermic nature of the adsorption
process. Additionally, this adsorption capacity was relatively better when using PK-HCl compared to
when using PK alone. The results show that the adsorption capacity increased by 66.7% using PK-HCl by
increasing the temperature from 293 K (i.e., qe = 33 mg/g) to 323 K (i.e., qe = 55 mg/g). In contrast, the
adsorption capacity increased by 12.9% using PK by increasing the temperature from 293 K (i.e., qe = 31
mg/g) to 323 K (i.e., qe = 35 mg/g). Moreover, the obtained adsorption curves exhibit characteristics of
an L- type isotherm according to the Giles classification. This indicates a strong affinity between the
phenolic compounds and the adsorbent surface at low equilibrium concentrations [60]. Furthermore, the
adsorption capacity gradually increased with the increasing of (Ce). This may be explained by as
adsorption proceeds without strong competition from the solvent molecules, progressive occupation of
the available adsorption sites with decreasing availability of vacant adsorption sites.

This type of isotherm is commonly associated with favorable adsorption processes, where the
interactions between the adsorbate and the adsorbent are stronger than those with the solvent.
Furthermore, the absence of a steep plateau indicates that complete surface saturation has not been
achieved within the studied concentration range, particularly for PK-HCl [61, 62]. The results also show
an increase in the adsorption capacity with increasing temperature. This is attributed to improving
access to active adsorption sites and enhancing interactions between phenol compounds and the
surface of the adsorbent, thus improving adsorption performance. This result indicates that the
adsorption process is predominantly endothermic. This means enhancing the kinetic energy and overall
mobility of the phenol molecules, reducing the constraints on mass transfer. This, in turn, facilitates their
diffusion from the solution to the outer surface and internal pore network of the absorbent material [63].

The PK-HCl adsorption curves show a sharp increase in qe value with increasing equilibrium
concentration compared to PK. This indicates a greater affinity for the modified TPCs as an adsorbent.
This behavior is attributed to the physicochemical modifications resulting from HCl activation. The
observed nonlinear increase in adsorption capacity suggests heterogeneous surface adsorption and the
possibility of multiple adsorption layers at higher equilibrium concentrations. The adsorption behavior
indicates that PK-HCl has a wider distribution of active sites and stronger interactions between
adsorbent molecules compared to PK.

All the results in this study indicate that acid modification significantly improves the adsorption
properties of Jordanian kaolinite, increasing its suitability as an effective and economical adsorbent for
treating phenol-rich OMW.

The equilibrium adsorption process can be effectively described using the Langmuir and Freundlich
models. These models explain the adsorption capacity, surface heterogeneity, and the physical and
chemical interactions that facilitate the bond between the adsorbent and the molecule. The Langmuir
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model (Eq. 3) is useful for estimating the maximum adsorption capacity. This model generally assumes
monolayer adsorption and that a finite number of equally energetic sites are distributed on a uniform
adsorbent surface, and that the adsorbed molecules do not interact [24].

3

where C� (mg/L) is the equilibrium concentration of TPCs, q� (mg/g) is the equilibrium adsorption
capacity, qₘₐₓ (mg/g) is the maximum monolayer adsorption capacity, and KL (L/mg) is the Langmuir
constant that is related to the affinity between the adsorbent and the adsorbate.

The results (Fig. 6 and Table 2) demonstrate the accuracy of the Langmuir model in describing the
adsorption behavior of the TPCs on PK-HC. The appearance of a monolayer on a homogeneous surface
and the progressive saturation of the active sites at all studied temperatures support high correlation
coefficients (R² > 0.99). Furthermore, the relatively low values of the Langmuir constant (KL) indicate a

moderate adsorption affinity. The suitability of the adsorption process was further investigated by
calculating the separation factor  according to Eq. 4.

4

where  (mg/L) represents the initial concentration of TPCs. The dimensionless separation factor (
) is commonly used to evaluate the favourability of adsorption. It has been reported that values between
0 and 1 indicate favorable adsorption [64, 65, 66]. The calculated  values (Fig. 7) ranged from 0.0978
to 0.1224, demonstrating that the adsorption of TPCs onto PK-HCl was highly favorable under the
studied conditions. Figure 7 also shows a gradual decrease in the removal rate with increasing TPCs
concentration. This is attributed to the limited number of active adsorption sites available on the PK-HCl
surface. Clearly, at low initial concentrations, the available adsorption sites are relatively abundant
compared to the total number of phenol molecules, resulting in efficient adsorption and high removal
efficiency. As the adsorption process continues, the active adsorption sites gradually become occupied
until they approach saturation, limiting further adsorption and leading to a decrease in removal
efficiency. These results are consistent with previous studies on phenol removal using modified
bentonite, which stated that increasing the concentration of the initial adsorbate leads to a decrease in
removal efficiency due to the gradual saturation of the available adsorption sites [67].

In contrast to the Langmuir model, the Freundlich model (Eq. 5) assumes surface heterogeneity,
considering that adsorption occurs at sites with different energy levels, thus forming multiple layers of
the adsorbent material [68].

= +
Ce

qe

1

KL. qmax

Ce

qmax

RL

RL =
1

1 + KL. Co

Co RL
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Page 13/32



5

As shown in Fig. 8, KF (mg/g) reflects the adsorption capacity of the adsorbent on heterogeneous
surfaces. The heterogeneity factor (n, (mg/L)) provides insight into the nature and suitability of the
adsorption process. By plotting logq� versus logC�, the constants KF and n were determined from the
intersection point and slope, respectively. The TPCs adsorption data showed reasonable agreement with
the Freundlich model, with a correlation coefficient (R²) of 0.957. This agreement is further strengthened
by the high values of n (i.e., n > 4.848, Table 2). Typically, n values within the range 1 < n < 10 indicate
suitable adsorption [69, 70]. Therefore, this result confirms a predominantly physical adsorption
mechanism. In addition, the corresponding 1/n values (0 < 1/n < 1) confirm the heterogeneity of the PK-
HCl surface and the irregular distribution of adsorption energies [71, 72].

Table 2
Langmuir and Freundlich isotherm constants values for TPCs adsorption on

PK-HCl.
Isotherm Model Temperature

(K)

293 303 313 323

Langmuir RL 0.1395 0.1224 0.1066 0.0826

KL 0.0051 0.0059 0.0069 0.0091

qm 7.8168 8.0201 8.0640 8.8128

Freundlich n 4.8481 5.2958 5.9604 6.7648

KF 1.5774 1.8710 2.2222 2.8905

The overall results show that the L- type adsorption behavior aligns well with both the Langmuir and
Freundlich models. The initial sharp increase observed in the L- type curves indicates good agreement
with the Langmuir model, confirming a monolayer coverage of relatively homogeneous active sites on
the adsorbent surface. This indicates high adsorption affinity and good utilization of available adsorption
sites, particularly in the PK-HCl sample. This supports the possibility that phenolic compounds form a
more stable adsorption layer on the modified kaolinite surface. Concurrently, the non-ideal plateau shape
of the L-type isotherm curves characterized by a lack of complete saturation within the studied
concentration range supports the Freundlich model (i.e., the adsorbent surface is heterogeneous and
contains adsorption sites with varying energies). This suggests the possibility of multilayer adsorption,
especially at high equilibrium concentrations. Furthermore, the more pronounced L- type form and higher
adsorption capabilities of PK-HCl compared to PK indicate that the acid modification improved both the
surface affinity and the distribution of adsorption sites on the kaolinite surface. The adsorption process
likely involves a combination of monolayer adsorption at appropriate energy sites and multilayer

logqe = logKF + logCe
1

n
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adsorption in heterogeneous regions of the modified surface. The adsorption performance of the PK-HCl
sample involves both homogeneous and heterogeneous mechanisms that are temperature-dependent,
as illustrated in Figs. 5, 6, and 8. Taken together, these results confirm that acid activation successfully
modifies the structural and surface properties of kaolinite (as shown in Figs. 1, 2, and 3), thereby
significantly enhancing its ability to adsorb phenolic compounds.

3.5. Adsorption Mechanism and Structure Relationship
The significant physical, chemical, and structural modifications resulting from acid activation enhance
kaolinite's adsorption of TPCs. This can be explained by the fact that acid washing removes mineral
impurities such as metal oxides (e.g., Fe, Ca, and Mg) and organic contaminants, creating a cleaner
surface and improved access to adsorption sites. Additionally, hydrochloric acid partially dissolves the
outer layers of kaolinite, producing structural defects and voids within the clay matrix. This promotes the
removal of aluminum from the octahedral layer via the leaching of trivalent aluminum ions (Al³⁺).
Consequently, the specific surface area and pore size increase, accompanied by the formation of micro-
and meso- pores structures [73]. Furthermore, the adsorption is physical (i.e., Freundlich coefficient n > 
1), favoring hydrogen bonding between hydroxyl groups of TPC and surface silanol groups, π–π
interactions between the aromatic structures of TPC and the siloxane framework, and electrostatic
interactions. Additionally, the lower pH imparts a positive charge to the adsorbent surface, attracting the
negatively charged phenolic compounds. Furthermore, increased porosity facilitates molecular
movement within the pores, thus improving adsorption efficiency [74]. Structure and surface
enhancements promote mass transfer and provide additional intraparticle diffusion pathways for TPCs.
This increases activity at adsorption sites, particularly the silanol (Si–OH) groups, which protonate acidic
conditions to form active (–OH₂⁺) surface species.

These structural and chemical transformations are strongly supported by physicochemical
characterizations: FTIR and XRD confirm dealumination and the formation of active silanol sites within a
structurally disordered, silica-rich phase, while TGA and BET validate the framework modifications and
the resulting increase in surface area and porosity. Ultimately, all these combined results contribute to
high adsorption efficiency and favorable adsorption behavior for PK-HCl.

3.6. Adsorption Behavior and Literature Comparison
Typically, activated clay materials, even after modification, exhibit low to moderate adsorption capacities
for phenolic compounds (i.e., qₘₐₓ < 10 mg/g) [74, 75]. In this study, as shown in Table 3, the maximum
adsorption capacity of PK-HCl is comparable to or exceeds that of several other adsorbent materials
(such as surfactant-activated bentonite, Na-bentonite, zinc oxide bentonite, crude bentonite, kaolinite,
fuller clay, acid-activated bentonite, thermally activated kaolinite, and crude kaolinite) reported in the
scientific literature. This confirms that the use of acids in activating clay materials improves surface
functions, porosity, and the density of active sites, thus enhancing adsorption performance.
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Table 3
Comparison of the maximum adsorption capacities (qmax) value of some

natural and activated clays for TPCs removal
Activated Natural Clay Adsorption Capacity

q�ₐₓ (mg/g)

Reference

Surfactant- activated bentonite 5.72 [23]

Na-bentonite 8.76 [75]

ZnO-bentonite

Raw bentonite

5.23

5.56

[76]

Kaolinite

Fuller’s earth

Bentonite

0.30

0.31

0.52

[77]

Acid- activated bentonite 4.58 [78]

Thermally activated kaolinite

Raw kaolinite

5.82

1.71

[79]

PK-NaCl 8.88 [80]

PK-HCl 8.81 This study

3.7. Heavy Metal Ions Removal Using Column Technique
The percentage uptake of Mn, Fe, Zn and ions using PK and PK-HCl under column conditions is
presented in Fig. 9. The overall results for all the metal ions studied show that PK-HCl consistently
demonstrates superior adsorption performance compared to PK. This confirms that acid activation is
effective in improving adsorption efficiency. Moreover, the removal efficiency for Zn ions gradually
increased with the number of portions. This indicates the gradual utilization of available adsorption sites
along the column. The results, particularly in the initial sections, show that PK-HCl exhibited higher
adsorption (96–99.3%) compared to PK (94.5–99%). This suggests improved surface reactivity and
accelerated adsorption kinetics due to the increased surface area and active sites. Furthermore, the
adsorption efficiency of iron ions increased from 97.4% to 99.9% with an increasing number of sections.
The higher performance of PK-HCl compared to PK is due to structural changes caused by acid
activation, such as dealumination and the formation of new adsorption sites such as silanol groups,
which promote stronger interactions with Fe ions. Additionally, both adsorbents show very high removal
efficiencies (> 99%) for all portions for Mn ions, indicating a strong affinity of Mn ions toward kaolinite
surfaces. Nevertheless, PK-HCl still shows a slightly higher and more consistent performance, achieving
complete removal (~ 100%), highlighting the improved adsorption capacity and stability of the modified
material. The obtained results of the adsorption behavior of the studied metal ions could be explained in
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the light of the Hard and Soft Acids and Bases (HSAB) theory. The surface of PK-HCl contains an oxygen
rich functional group (silanol (Si-OH) and aluminol (Al-OH) groups) that are hard Lewis bases due to
electronegative oxygen donor atoms [81, 82]. Accordingly, hard and borderline metal cations such as
Mn²⁺, Fe2⁺ and Zn²⁺ show highly favorable interactions with these oxygen containing adsorption sites
[83, 84]. Within the borderline category, these metals can be ranked by their relative hardness based on
electron configurations, polarizability, and charge density as follows: Mn²⁺ > Fe2+ > Zn²⁺. Consequently,
the harder Mn²⁺ ions undergo strong electrostatic attraction and surface complexation with the
negatively charged oxygen donor groups, driving its high removal efficiency. In contrast, Fe2+ and Zn²⁺,
classified as borderline acids, allowing them to interact efficiently with the heterogeneous oxygenated
surface via ion exchange, covalent bonding, and coordination mechanisms. Acid activation enhances
these interactions by increasing the density of exposed oxygen-containing functional groups and
improving surface accessibility through enhanced porosity and surface area, confirming that adsorption
process is heavily controlled by mass transfer and contact time. In addition, the valence and ionic radii of
metal ions in solution are the most important factors affecting their relative selectivity [85]. The ionic
radius of Mn2+ is the largest among the three ions studied, followed by Fe2+ and Zn2+ with 0.83 Å, 0.78 Å
and 0.74 Å, respectively [85, 86]. If the adsorption of metal ions onto PK-HCl is mainly controlled by
electrostatic interactions, stronger adsorption of ions with larger ionic radii is expected. Accordingly, the
ionic radius order follows: Mn²⁺ > Fe2⁺ > Zn²⁺, which is consistent with the observed selectivity sequence.
Moreover, the adsorption efficiency showed an increase with increasing pH up to 6 as a result of
decreased competition between protons (H⁺) and metal ions for adsorption sites, thus increasing metal
adsorption [87, 88]. In acidic environment, there is a competition between protons and metal cations due
to excess of protons, but in alkaline environments, precipitation of metal hydroxide could take place in
solution, causing interference in the adsorption process and overestimation of the removal efficiency
[89]. In addition, adsorbent dose of 1.0 g PK-HCl per 100 mL of OMW has been found to be the most
favorable dose for maximum adsorption of all the investigated metal ions. The optimal dosage
guarantees adequate number of available sites and efficient utilization of the surface of the adsorbent.
The high efficiency of PK-HCl in all experiments carried out confirms that acidification improves the
adsorption capacity of adsorbent via surface area enhancement (as proved by BET analysis) and
creation of pores along with formation of reactive groups (as proved by FTIR analysis). Collectively,
these physicochemical modifications improve the affinity of PK-HCl toward metal ions and promote
stronger adsorbate–adsorbent interactions, resulting in enhanced adsorption efficiency under column
conditions.

4. Conclusion
In this study, PK-HCl was successfully prepared and evaluated as an efficient and environmentally
sustainable adsorbent for the treatment of OMW. Activation by HCl resulted in significant structural and
surface modifications, including aluminum removal, decreased crystallinity, increased porosity, increased
surface area, and the generation of additional silanol active sites. These findings were confirmed by
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physicochemical analyses using FTIR, XRD, TGA, and BET. These modifications produced a more
heterogeneous and reactive adsorbent surface with improved adsorption properties.

Batch adsorption results revealed that PK-HCl had higher efficiency in removing the TPCs compared to
untreated PK. Increasing the dosage of adsorbent and operating temperature enhanced the removal
efficiency showing that the process is an endothermic and favorable process. For the studied conditions,
the maximum removal efficiency for TPCs, which was about 54%, was attained under 323 K with 1.0 g of
PK-HCl-treated kaolinite. The adsorption isotherm curves exhibited L-type behavior according to the
Giles classification, reflecting strong adsorbate–adsorbent affinity and progressive occupation of active
adsorption sites. The equilibrium results were well described by both the Langmuir and Freundlich
models. In addition, the calculated RL values (0 < RL < 1) and Freundlich constant (1 < n < 10) confirmed
that adsorption occurred under favorable conditions. The column experiments demonstrated the near-
complete removal of Zn, Fe, and Mn ions from OMW using PK-HCl. These findings indicate that acid
activation significantly improves the adsorption performance of Jordanian kaolinite toward both
phenolic compounds and metal ions. This study also highlights the strong relationship between
structural modification and adsorption behavior, providing valuable insight into the adsorption
mechanism and potential large-scale environmental applications of modified clay materials. Overall, the
obtained results demonstrate that PK-HCl represents a promising low-cost, locally available, and
environmentally friendly adsorbent for the treatment of real-world matrix (OMW) containing both
phenolic compounds and metal-contaminated. This capability is particularly important for supporting
sustainable agriculture in the Mediterranean region.
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Figure 1

FTIR spectra of PK and PK-HCl adsorbents.
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Figure 2

XRD analysis of PK and PK-HCl adsorbents.
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Figure 3

The results of TGA of PK and PK-HCl adsorbents.
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Effect of temperature and adsorbent dose on the removal efficiency of TPCs using PK and PK-HCl.
Experimental conditions: initial TPCs concentration = 1340.6 mg/L, adsorbent dose = 0.1, 0.5, and 1.0 g,
temperature = 293, 303, 313, and 323 K, 10 mL of OMW, pH =6, and the contact time 4 hours.

Figure 5

Adsorption isotherm curve of TPCs removal using PK and PK-HCl, effect of temperature and dose.
Experimental conditions: initial TPCs concentration = 1340.6 mg/L, adsorbent dose = 1.0 g, temperature
= 293, 313, 303, 323 K, 10 mL of OMW, contact time 4 hours, pH=6.
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Figure 6

Effect of initial TPCs concentration on the percentage uptake using 1.0 g of PK-HCl, 10 mL of OMW, and
constant temperature 303 K.
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Figure 7

Effect of initial TPCs concentration on the percentage uptake using 1.0 g of PK-HCl, 10 mL of OMW, and
constant temperature 303 K.
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Figure 8

Freundlich isotherm for the adsorption of TPCs using PK-HCl. Experimental conditions were initial TPCs
concentration 1340.6 mg/L, 1.0 g of PK-HCl, temperature = 293, 303, 313, and 323 K, 10 mL of OMW,
contact time 4 hours, pH=6.
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Figure 9

Percentage uptake of metal ions; Zn, Fe, Mn by PK and PK-HCl using column technique.
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