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HIGHLIGHTS 16 

• The effectiveness of Al-PILCs in adsorbing phenol from water was studied. 17 

• Al-PILC exhibited a substantial rise in phenol adsorption compared to RC. 18 

• The phenol was removed via π-π conjugation and electrostatic interaction. 19 

• Al-PILC showed remarkable adsorption of polyphenols from Olive Mill Wastewater. 20 

• Reuse efficiency of Al-PILC remained ~64% after 5 successive recycling steps. 21 

ABSTRACT  22 

An alumina-pillared clay (Al-PILC) has been synthesized and tested for its ability to adsorb phenol 23 

from aqueous solutions, and polyphenols from Olive Mill Wastewater (OMW). The synthesis 24 
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processes were investigated by varying parameters like the Al/clay ratio, with a molar ratio of [OH-25 

]/[Al3+] = 2.4. Various techniques, including XRD, BET, XRF, FTIR, and SEM were used to 26 

characterize the resulting solids. The effect of key factors as pH, initial pollutant concentration, 27 

and contact time, were examined in order to evaluate the phenol adsorption capacities of raw clay 28 

(RC) and optimized Al-PILC10 materials. The specific surface areas of RC and Al-PILC10 were 40 29 

and 127 m2/g, respectively, resulting in increasing the phenol adsorbed quantity from 14.15 mg/g 30 

for RC to 30.61 mg/g for Al-PILC10 clays, at pH 2 and 45 °C. Pseudo-second-order kinetics and 31 

the Freundlich adsorption isotherm were suitable for describing phenol adsorption on both clays. 32 

Furthermore, Al-PILC10 exhibits an impressive removal efficiency of 76% for polyphenols from 33 

OMW, in contrast to the 50% achieved by RC at acidic pH. Furthermore, Al-PILC10 showcased a 34 

superior desorption rate and a favorable regeneration capacity of 64% compared to RC (45%), even 35 

after multiple adsorption-desorption cycles. These findings emphasize the potential of pillared clay 36 

as a cost-effective adsorbent for the efficient removal of phenol and polyphenols from wastewater.  37 

Keywords: Alumina-pillared clays; Adsorption; Phenol; Polyphenols; Olive Mill Wastewater. 38 

1. Introduction 39 

Phenol and its derivatives are crucial in the chemical industry, while showing properties that were 40 

initially not considered pollutants. However, as a result of incorrect utilization and subsequent 41 

release into the environment, these substances have escalated to harmful concentrations, resulting 42 

in the generation of toxic wastewater that presents considerable health hazards. This perilous waste 43 

is linked to conditions such as cancer, liver impairment, nausea, protein degradation, skin lesions, 44 

kidney malfunction, and nervous system debilitation, highlighting the critical need for intervention 45 

[1,2]. In several Mediterranean countries, such as Morocco, Tunisia, Greece, Spain, Turkey, and 46 

Italy, the production of olive oil is a key component of the agricultural economy [3–5]. The 47 
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effluents produced during the process of olive oil production exhibit a significant concentration of 48 

phenolic compounds, suspended organic matter, polyalcohols, organic acids, polysaccharides, 49 

lignin, and pectin [6]. These components contribute to high Chemical Oxygen Demand (COD) and 50 

Biological Oxygen Demand (BOD), making the untreated discharge of olive oil processing 51 

effluents a serious ecological threat to freshwater resources, soil, surface water, groundwater 52 

quality, and other ecosystems [4]. Olive polyphenols, which are distributed throughout both the 53 

water and oil phases of the extraction process, have an intriguing property. Despite their high 54 

polarity and solubility in water, a significant amount is missing from the wastewater. Polyphenols 55 

in olive mill wastewater (OMW), with concentrations typically ranging from 600 to 25000 mg/L 56 

[5], stand as primary valuable components that can be extracted, purified, and applied across 57 

various industries, including agri-food, pharmaceutical, and cosmetics [4,7]. Due to their strong 58 

natural antioxidant properties, numerous research underscores the benefits of phenolic substances 59 

and their recovery from depolyphenolized OMW, for example via mechanical pretreatment and a 60 

selective extraction process involving adsorption [6,8]. Similarly, other researchs projects have 61 

successfully demonstrated the OMW degradation. For example, Al-Qodah et al. [9] investigated 62 

the biodegradation of OMW with thermophilic bacteria, and a combined ultrasonic irradiation and 63 

aerobic biodegradation treatment in another study [10]. Furthermore, these findings emphasize 64 

promising avenues for the degradation of phenolic compounds in OMW. 65 

Many studies have focused on removing and recovering phenolic compounds from OMW to 66 

address both their economic value and potential negative effects on treatment processes. Several 67 

methods, including liquid-liquid or liquid-solid extraction [6,8], chemical electrochemical 68 

oxidation [11,12], precipitation [13], membrane processes [14], ion exchange [15], extraction [16], 69 

biological processes [17], heterogeneous photocatalysis [18,19], distillation [20], and adsorption 70 

[5,21–23], have been employed to remove phenol and polyphenol from water. Although these 71 
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methods offer advantages, they also come with several drawbacks that limit their widespread 72 

application. These drawbacks include high operation costs, the production of poisonous by-73 

products, high chemical consumption, complicated operational techniques, low efficiency, and the 74 

generation of toxic by-products [2]. In contrast, numerous studies have shown that the adsorption 75 

process holds promise as a technology for removing phenol and phenolic compounds from 76 

solutions. This method is considered advantageous due to its simplicity, effectiveness, reasonable 77 

energy consumption, and economical operation [24]. Additionally, the adsorption method allows 78 

for regeneration, washing, and reuse of the adsorbent for multiple cycles. 79 

In this regard, the choice of adsorbent is crucial in various adsorption processes. Heydaripour et al. 80 

[25,26] demonstrated the excellent efficacy of porous magnetic RMF-grafted-chitosan (R-g-Ch) 81 

beads in adsorbing various polyphenols from water. Particularly, they exhibited high efficiency in 82 

removing phenol and 4-chlorophenol from aqueous solutions. Supong et al. [24] used a biomass-83 

derived activated carbon as a viable alternative to the expensive commercial activated carbon to 84 

adsorb phenolic compounds from water. Additionally, Baig et al. [27] investigated the extensive 85 

use of graphene-based adsorbents for the removal of phenolic compounds. Clay is a highly sought-86 

after material due to its extensive accessibility and cost-effectiveness. Its large surface area, highly 87 

porous structure, extraordinary ion exchange capacity, and exceptional thermal stability are some 88 

of its features [27]. Clay is also attractive for various applications due to its special capacity to 89 

simultaneously and efficiently absorb a wide range of contaminants [28]. 90 

Several researchers have employed clay material to eliminate phenol and polyphenol from water-91 

based solutions. Activated clay was used in a study by Al-Malah et al. [29], and the results showed 92 

that hydrophobic interactions were mainly responsible for the sorption of phenolic content. 93 

Likewise, Chaari et al. [3] employed locally sourced natural clay as an inexpensive adsorbent to 94 

eliminate phenolic compounds from OMW, achieving an impressive efficiency rate of 79%. Lee 95 
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et al. [30] used of organo- and inorgano-organo-modified bentonite and locally collected clay to 96 

efficiently attenuate bisphenol A (BPA) from aqueous solutions. The results indicated that the BPA 97 

loading capacity was estimated at 50.976, 30.476, 19.586, and 10.086 mg/g for organo-modified 98 

bentonite, organo-modified locally collected clay, inorgano-organo-modified bentonite, and 99 

inorgano-organo-modified locally collected clay, respectively. 100 

Montmorillonite (Mt) is natural clay that possesses adsorption abilities, although its capacity is 101 

limited. However, it is possible to enhance the adsorption properties of Mt by employing 102 

appropriate methods that increase the space between its layers. In a study conducted by Peng et al. 103 

[31] Mt and reduced charge montmorillonites (RCMs) were modified using Gemini surfactants, 104 

resulting in the expansion of interlayer space. Another study by Michaela et al. [32] conducted a 105 

study examining the use of magnetically modified Mt for the removal of Zn(II), Cd(II), and Pb(II) 106 

cations from leachates in metallurgical waste. The study showed how modifying Mt improves some 107 

characteristics, increasing its capacity to adsorb materials a property that has been shown to be 108 

useful in the treatment of wastewater. It should be noted that, pillared interlayered clays (PILCs) 109 

have indeed attracted significant interest due to their unique properties, including strong surface 110 

acidity, large specific surface area and excellent thermal stability. These features make PILCs 111 

valuable in various applications, particularly in the field of catalysis and adsorption. Metal-PILCs, 112 

including Al-PILCs [33], Zr-PILCs [34], Cr-PILCs [35], Si-PILCs [36], Fe-PILCs [37], and Ti-113 

PILCs [38], are commonly produced by substituting the exchangeable cations within smectite clays 114 

with metal complex cations. Through calcination, these metal complexes are transformed into 115 

oxide pillars, effectively widening the gaps between the clay layers. By extending the distance 116 

between layers, this change improves the characteristics of the clay. 117 

The Al-PILC are typically prepared using aluminum salts, and some researchers have shown a 118 

method by utilizing alternative aluminum sources like saline slags which're harmful waste products 119 
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from secondary aluminum production. Remarkably, Al-PILC materials with adsorption capacities 120 

have been produced by these alternate sources [39,40]. However, it's important to note that the 121 

effective way to synthesize alumina still involves starting with an aluminum salt. In an effort to 122 

create these materials, research efforts have mostly focused on adjusting synthesis variables in 123 

order to accurately customize the characteristics and microstructure of Al-PILC materials. 124 

Furthermore, these studies aim to produce solids, with improved porosity and specific surface areas 125 

by forming polycations [39,41–43]. In summary, Al-PILCs offer unique advantages such as a large 126 

specific surface area, strong surface acidity, and excellent thermal stability, make them highly 127 

desirable materials for adsorption and other high-temperature applications. 128 

This study proposes an innovative approach using natural clay to synthesize alumina pillared 129 

montmorillonite clay for phenol removal from aqueous solutions. This clay is selected as an 130 

adsorbent for phenolic compounds due to its abundant availability across various regions of 131 

Morocco. Additionally, it can be easily modified or functionalized, coupled with its porous 132 

structure comprising micro, meso, and macro pores, enhances adsorption capacity and expedites 133 

phenol diffusion into the clay matrix. Several analytical methods were used to explore the physico-134 

chemical properties of the adsorbents. The research evaluates the adsorption models and analyzes 135 

the impact of process parameters on the phenol adsorption phenomenon. Moreover, original RC 136 

and synthesized Al-PILC are comparatively tested for the adsorption of polyphenols from OMW, 137 

thus representing a comprehensive and practical real-world application. 138 

2. Materials and methods  139 

2.1. Starting materials  140 

The clay used for the experiment study was collected from Nouwajriyen in the Fez region of 141 

Morocco. Clay sample was crushed, ground, and sieved. Various chemicals were employed in the 142 

experiments, including sodium chloride (99%, NaCl), aluminum chloride (99%, AlCl3.6H2O), 143 



7 
 

sodium hydroxide (98%, NaOH), hydrochloric acid (37%, HCl), silver nitrate (99%, AgNO3), and 144 

phenol (99%, C6H5OH), all of them were purchased from Sigma-Aldrich, and used as received, 145 

without undergoing additional purification processes. The OMW was collected from the olive mills 146 

of Meknes, Morocco. This sample is pivotal in this study, providing insight into the characteristics 147 

and potential treatment strategies for olive mill effluent in this specific geographic area. Moreover, 148 

all solutions were prepared using deionized water. 149 

2.2. Synthesis of alumina pillared clay 150 

The natural clay employed in this study was transformed into sodium clay (NaC) prior to the 151 

synthesis of pillared clay. To achieve this, the natural clay was dispersed in deionized water and 152 

vigorously shaken for approximately 6 h.  Following Stokes' law, clay particles smaller than 2 μm 153 

were subsequently collected. The clay was then dispersed in a 1 M of NaCl solution and agitated 154 

for 24 h at room temperature. The NaC was separated by centrifuging it after the full cation 155 

exchange, and it was then properly cleaned with deionized water to guarantee that there were no 156 

chloride ions present (as verified by the AgNO3 test). The resulting NaC was dried at 80 °C. The 157 

Al-PILCs were prepared following the conventional methodology described by Roca Jalil et al. 158 

[41], as depicted in Fig. 1.  159 

The pillaring oligocation was synthesized by gradually adding 0.5 M NaOH solution drop by drop 160 

into 0.2 M AlCl3.6H2O solution. This addition is done drop by drop at a rate of 1 mL/min while 161 

vigorously stirring the mixture at 60 °C. The aim was to achieve a final molar ratio of   [OH-]/[Al3+] 162 

equal to 2.4. The resulting solution was aged at 60 °C for 12 h with stirring, and the solution was 163 

then added dropwise to deionized water containing 3 wt.% of NaC. When the supernatant solution 164 

showed no chloride ions (as demonstrated by the reaction with AgNO3 solution), the resultant 165 

products were extracted by filtration and then washed with deionized water. The materials were 166 

calcined for two hours at 500 °C after being dried at 60 °C. A total of four Al-PILCs were made 167 

Comentado [JIC1]: I don´t understand which full cation 
exchange you refer to 
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with varying aluminum contents. For every gram of NaC, 5, 10, 15, and 20 mmol of aluminum 168 

were employed. These resulting Al-PILCs are labeled Al-PILC5,      Al-PILC10, Al-PILC15, and Al-169 

PILC20 respectively. 170 

Fig. 1. Scheme of the Al-PILC manufacturing process. 171 

2.3. Batch adsorption experiments 172 

The adsorption experiments were conducted in the dark by combining a specified concentration of 173 

phenol solution with a lump of clay. Under continual stirring, the effects of absorbent mass, initial 174 

phenol concentration, contact time, temperature and solution pH were investigated. 30 mL flasks 175 

were used for adsorption isotherm studies. To establish the optimal operational parameters for 176 

adsorbing phenol solution and polyphenol from OMW, the flasks were sealed and then placed in a 177 

thermostatic water bath with a stirring rate set at 125 rpm. Different doses of prepared clay ranging 178 

from 0.02 to 0.22 g were added to 25.00 mL of solution. Furthermore, the pH of the solution was 179 

adjusted within the range of 2 to 12 using NaOH (0.1 M) and HCl (0.1 M). The temperature was 180 

set at 25, 35, and 45 °C. The initial concentrations of prepared phenol in solution ranged from 9.00 181 

to 280.00 mg/L. To monitor changes in phenol and polyphenol concentrations over time, 4 mL 182 

samples of each solution were collected.  183 

The pollutant adsorption efficiency was evaluated by determination of phenol removal (R (%)) 184 

using Eq. (1).  185 

R(%) =
(Co−Ce)

Co
× 100          (1) 186 

Where, C0 is the initial concentration of the phenol and Ce the concentration at equilibrium. The 187 

quantity of adsorbed phenol (qe (mg/g)) was calculated using the Eq. (2). 188 

qe =
(Co−Ce)V

m
            (2) 189 
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Where, V is the volume of the phenol solution used and m the mass of the adsorbent. 190 

2.4. Adsorption kinetics and isotherm modelling 191 

The experimental results were fit using nonlinear kinetics, as well as isotherm models to ascertain 192 

the adsorption mechanism of phenol onto RC and Al-PILC clays. Adsorption kinetics was 193 

modelled by using pseudo-first order and pseudo-second order, whereas, isotherms were fitted to 194 

Langmuir, Freundlich and Redlich Peterson models, whose equations are summarized in Table 195 

Validity of the fitting to such models was confirmed by the error analysis calculations, such as the 196 

coefficient of determination (R2), Chi-square analysis (χ2) and the normalized standard deviation 197 

(q (%)). 198 

Table 1.  Kinetic and isotherm models. 199 

The parameters in Table 1 are the following ones: qe: adsorption capacity at equilibrium (mg/g), 200 

qt: adsorption capacity at time t (mg/g), k1: pseudo-first-order rate constant (1/min), k2: pseudo-201 

second-order rate constant (g/mg.min), kid: intra-particle diffusion rate constant (min1/2.mg/g), C: 202 

thickness of the boundary layer, Ce is the equilibrium concentration (mol/L), qm is the maximum 203 

amount adsorbed for formation of a complete monolayer on the surface of the adsorbent (mg of 204 

pollutant/g of adsorbent), KL is Langmuir constant related to the affinity of binding sites. KF and n 205 

are Freundlich constants that express the capacity and the adsorption intensity, respectively and KR 206 

and β (0 < β < 1) are the R-P constants. 207 

2.5. Regeneration study 208 

In order to evaluate the procedure's economic viability and look into the possibilities of reusing the 209 

adsorbent material, regeneration studies are crucial for every adsorption process. In the 210 

regeneration studies, 50 mg of clay samples were mixed with 50 mL of phenol solution at a 211 

concentration of 10-3 M. The mixture was stirred for 24 h to ensure maximum adsorption capacity. 212 
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To desorb the saturated clays, a solution containing 50% acetone and 50% NaOH was used, and 213 

the mixture was agitated for 2 h. The resulting solutions were filtered, washed, and dried at 105 °C 214 

in an oven. The regenerated clays were subsequently employed for adsorbing the test substance to 215 

evaluate their potential for reuse. Furthermore, the desorbed phenol was recovered by adjusting the 216 

pH of the solution to a slightly acidic level through the addition of HCl. This protonation process 217 

converts phenolate ions back into phenol. Subsequently, acetone and water were evaporated via a 218 

distillation process. Due to its higher boiling point compared to acetone and water, phenol remained 219 

in the reflux flask. 220 

The regeneration rate (RR) was calculated using Eq. (3) after consecutive regeneration cycles. 221 

RR(%) =
Cde

Cad
× 100           (3) 222 

2.6. Characterization methods and analysis 223 

Various techniques and instruments used to analyze and characterize the prepared samples. X-ray 224 

diffraction (XRD) analysis was performed to assess the structural properties of the materials. XRD 225 

measurements were conducted using an X'PERT MPD-PRO wide-angle powder diffractometer 226 

with CuKɑ radiation (λ = 1.5406 Å). The scanning range spanned from 2° to 50° (2θ), with a step 227 

size of 0.02° and a scanning speed of 2° min−1. The XRD spectra were obtained from oriented 228 

slides of the prepared samples. N2 adsorption/desorption isotherms at 77 K and the relative pressure 229 

(P/P0) range of 0.0-1.0 were used to examine the particle size distribution and specific surface area 230 

of the samples using equipment from Micromeritics ASAP 2010. BET (Brunner Emmett and 231 

Teller) theory was used to compute the specific surface area, while BJH (Barrett, Joyner, and 232 

Halenda) analysis determined the average pore diameter. X-ray fluorescence spectroscopy (XRF) 233 

on a dispersion wavelength spectrometer, model SRS 200, was employed to determine the chemical 234 

compositions. Fourier transform infrared spectrometry (FTIR) was performed using a Shimadzu, 235 
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JASCO 4100 spectrometer over the spectral range of 400 to 4000 cm−1 with a spectral resolution 236 

of 2 cm−1. The morphology of the samples was observed using a JEOL JSM-IT500HR Scanning 237 

electron microscope (SEM) coupled to an energy dispersive X-ray spectroscopy (EDS) analysis. 238 

The point of zero charges (pHPZC) is a useful parameter for characterizing the adsorbents because 239 

it represents the pH value at which the adsorbent's surface charge becomes neutral or zero. The 240 

determination of pHPZC was performed according to the solid addition method described by 241 

Cardona et al. [39]. The pHPZC value was determined from the curve that cuts the initial pH (pHi) 242 

line of the pHf–pHi plot vs pHi (being pHf the final value of pH).  243 

Phenol concentrations were analyzed using a Shimadzu UV-1240 spectrophotometer at 270 nm, 244 

while total polyphenol concentration were determined using the Folin–Ciocalteu technique 245 

described by Singleton and Ross in 1965 [44]. For polyphenols, 200 μl of each extract was mixed 246 

with a diluted Folin-Ciocalteu reagent and a sodium carbonate solution, followed by 30-minute 247 

incubation, and absorbance was measured at 765 nm. A calibration curve was concurrently 248 

prepared using gallic acid at different concentrations. This dual approach provided a 249 

comprehensive understanding of the changes in both phenol and polyphenol concentrations over 250 

time. In addition, the evaluation of OMW treatment involved the analysis of multiple parameters, 251 

including pH (measured using a HANNA HI1131 pH meter), conductivity (determined with an 252 

ADWA AD3000 Conductivity Meter), turbidity (measured with an optical HACH 2100N portable 253 

turbidimeter), chemical oxygen demand (COD), and biological oxygen demand (BOD5). BOD5 254 

levels were assessed using an Oxi-Direct Lovibond BOD meter. COD determination relied on the 255 

oxidation of reducing substances through boiling (at 150 °C for 2 h) in the presence of an excess 256 

of potassium dichromate in an acidic environment (H2SO4). This process involved the addition of 257 

a catalyst (silver sulfate) and a complexing agent for chlorides (mercury sulfate). After the reaction, 258 
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COD levels were quantified by measuring the optical density of a properly diluted sample using 259 

spectrophotometry at a wavelength of 620 nm. 260 

3. Results and discussion  261 

3.1. Adsorbents characterization 262 

Fig. 2a displays XRD patterns for RC, NaC, and Al-PILCs. These patterns offer insights into the 263 

composition of the samples, which consist of quartz (SiO2), calcite (Ca(CO3)), kaolinite 264 

(Al2Si2O5(OH)4), illite [(K,H3O)Al2Si3AlO10(OH)2] and Mt. The XRD pattern of RC exhibits a 265 

distinct peak, indicating the presence of Mt, with a basal distance d001 of 15.02 Å. Considering that 266 

the thickness of an individual Mt layer is 9.6 Å, the interlayer space measures approximately 5.8 267 

Å [45]. The observed change in the spectrum analysis of NaC involved a shift in the peak (001) 268 

position resulting in a decrease in the interreticular distance from 15.02 to 12.68 Å. This shift 269 

indicates an exchange process between sodium (Na) and calcium (Ca) and the obtained value 270 

(12.68 Å) is characteristic for a natural Mt containing mainly sodium cations in their interlayers 271 

[41].  272 

The subsequent intercalation with Al13 cations leads to increased basal spacing to 18.00, 18.50, 273 

18.20 and 18.10 Å for Al-PILC5, Al-PILC10, Al-PILC15 and Al-PILC20 respectively. These 274 

increments suggest an interlayer separation of around 9 Å. This value aligns with the average 275 

diameter of Keggin Al13 cation particles (9 Å), providing evidence of a successful Al13 intercalation 276 

into Mt. A comparison of the range of angles (from 4° to 8°) across different samples shows no 277 

significant differences in peak width, according to the data shown in Fig. 2b. Notably, Al-PILC10 278 

stands out among these samples, exhibiting the greatest basal distance and a distinctly sharper and 279 

more intense peak. This observation implies a higher level of homogeneity in the intercalation 280 

process within this particular sample. Conversely, the presence of less intense and broader peaks 281 

Comentado [JIC2]: Why not including the chemical composition 
of Mt as done with illite or kaolinite? 
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suggests the possibility that a portion of the Mt clay either remained unpillared or experienced 282 

delamination [46]. 283 

Fig. 2c displays the N2 adsorption-desorption isotherms at 77 K for both the RC and Al-PILCs 284 

adsorbents. According to the IUPAC classification system [45], the isotherms exhibit a type IV 285 

pattern for both RC and Al-PILCs with varying concentrations of aluminum. This pattern suggests 286 

the presence of a heterogeneous solid structure characterized by micro and mesopores. All samples 287 

demonstrate hysteresis of the H3 type, indicating the presence of particle agglomerates with slit-288 

shaped pores that undergo capillary condensation [37]. Notably, the RC exhibits lower N2 289 

adsorption at low relative pressures compared to Al-PILCs, indicating a lesser contribution from 290 

micropores [47]. Table 2 presents the structural properties obtained from the N2 adsorption-291 

desorption isotherms. 292 

Table 2. Micropore structure parameters of RC and synthesized Al-PILCs. 293 

Based on the presented data, it is evident that there is an increase in the specific surface area (SBET) 294 

and total pore volume for all Al-PILCs compared to the RC. Furthermore, the results indicate that 295 

the pillaring process leads to the formation of a larger number of micropores, which contribute 296 

significantly to the observed increase in specific surface area (SBET) from 40 to 141 m2/g. 297 

Additionally, compared to the Al-PILC5, Al-PILC10, and Al-PILC15 samples, the Al-PILC20 sample 298 

has the highest value for total pore volume, indicating a greater contribution from micropores in 299 

this sample. Typically, when aluminum is utilized in the pillaring process, there's a significant 300 

alteration in the properties of the solids, contrasting with the initial state of the clay. These 301 

transformations entail a significant increase in the overall specific surface area, micropore volume, 302 

and microporous area. It ought to be mentioned that the sorption is a process influenced by many 303 

factors. A higher specific surface provides a larger surface of interaction with the solution, which 304 
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promotes adsorption. But the appropriate size pores can allow selective adsorption depending on 305 

the size of the molecules present in the phenol. These physic-chemical parameters often interact in 306 

a complex way. In this regard, and considering the XRD findings, the RC and Al-PILC10 specimens 307 

have been chosen for more extensive characterization and comparison of their outputs in phenol 308 

and OMW adsorption studies. 309 

The chemical composition of the RC and Al-PILC10 clays, as obtained from XRF, is reported in 310 

Table 3. The analysis shows that the used clay primarily consists of natural alumina-silica, with 311 

SiO2 (42.46 wt.%) and Al2O3 (14.15 wt.%). The SiO2/Al2O3 ratio of RC is approximately 2.98, 312 

falling within the range of [2.5-3]. This ratio suggests that the clay used is predominantly composed 313 

of smectite, specifically the Mt family, which is consistent with the findings of Dobe et al. [33]. 314 

Furthermore, the presence of CaO is significant in RC, accounting for 12.12 wt.% and indicating 315 

the presence of calcium primarily from carbonates. Additionally, there are traces of sodium, 316 

phosphate, potassium, manganese, and titanium oxides as impurities. The results of the chemical 317 

composition analysis of Al-PILC10 demonstrate an increase in Al2O3 content and a decrease in CaO 318 

content due to the substitution of Ca and Na during preparation. This finding suggests that 319 

aluminum is inserted into the interlayer space as pillars [33].  320 

Table 3. Chemical composition of RC and Al-PILC10. 321 

Fig. 2d presents the FTIR spectra of Al-PILC10 and RC. Although many of the peaks in both spectra 322 

are identical. The occurrence of two peaks in the OH stretching region at 3440 and 3625 cm–1 is a 323 

common characteristic of water molecules on the surface of clays and O-H stretching bonded with 324 

Al3+ cations respectively. In addition, the presence of a peak at 1634 cm-1 indicates the occurrence 325 

of water bending vibration. The band seen at 1413 cm-1 is related to the carbonate group (CO3
2-) 326 

elongation vibrations. The broad peak observed at 1034 cm–1 can be attributed to the in-plane 327 
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stretching vibration of surface Si-O-Si bonds. In the FTIR spectra of Al-PILC10, a noticeable 328 

increase in the intensity ratio between the peaks at 3625 and 3440 cm–1 compared to that of the RC. 329 

The increase in intensity of the 3440 cm-1 peak may be due to the formation of silanol groups 330 

resulting from the breaking of Si-O-Al bonds in the tetrahedral layer [48]. It should be noted that, 331 

the enhanced intensity of the peak at 3440 cm-1 could be attributed to the generation of silanol 332 

groups, which occur as a result of the disruption of Si-O-Al bonds within the tetrahedral layer. A 333 

reaction between the Al13 pillar and the protonated Si–OH–Al linkage results in the formation of 334 

either Si-tetrahedral–O–Al pillar or Al-tetrahedral–O–Al pillar linkages [48]. These connections 335 

show that the Al pillar successfully formed between the clay layers. The three bands recorded at 336 

678, 524 and 471 cm-1 correspond to the deformation vibrations of Si-O-(Al; Mg; Fe) bonds, and 337 

the band at 784 cm-1 was attributed to Quartz. Furthermore, it should be noted that these 338 

observations are consistent with the obtained results from XRD analysis. 339 

Fig. 2. (a) XRD patterns of RC, NaC, and Al-PILCs, (b) Comparison of XRD patterns of Al-340 

PILCs, (c) N2 adsorption–desorption isotherms of RC and Al-PILCs, (d) FTIR spectra of RC and 341 

Al-PILC10. 342 

The changes in the surface morphology and elemental composition of the RC and Al-PILC10 clays 343 

are illustrated in Fig. 3. The surface morphology of RC (Fig. 3a) is massive, agglomerated and 344 

consists of large aggregates of particles with smooth surfaces. However, following the intercalation 345 

process, the clay transforms into a more porous and airy consistency (Fig. 3c). The same 346 

observation was made by Cardona et al. [39], which further supports the findings. The uniform 347 

morphology is attributed to a decrease in face-to-face aggregations and an increase in face-to-face 348 

interactions. The samples show many relatively small particles and more relatively flat plates. The 349 

EDX examination of RC (Fig. 3b) shows the existence of O (52.24 wt.%), C (11.38 wt.%), Si (8.23 350 
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wt.%) and Al (3.65 wt.%). However, after pillaring with Al13 (Fig. 3d), the composition changed 351 

to O (49.71 wt.%), C (4.69 wt.%), Si (21.11 wt.%) and Al (18.85 wt.%). The EDX spectra indicate 352 

a significant increase in aluminum and a reduction in carbon. Moreover, the Al/Si ratios of 0.44 353 

and 0.89 are observed for RC and Al-PILC10 clays, respectively, reflecting the extent of aluminum 354 

integration. This implies an elevation in the Al/Si ratio owing to the presence of aluminum 355 

polycations within the interlayer space, as reported by León et al. [49]. 356 

Fig. 3. SEM images of (a) RC and (c) Al-PILC10, EDX spectrum of (b) RC and (d) Al-PILC10. 357 

The pHpzc is a crucial parameter in understanding the surface charge of adsorbents and its 358 

significance in adsorption process. The pHpzc values of RC and Al-PILC10 clays are illustrated in 359 

Fig. 4, where the RC exhibited a pHpzc of 7.44, while the Al-PILC10 had a pHpzc of 5.81. These 360 

discrepancies may stem from the introduction of acid sites into the clay via the intercalated Al13 361 

polycations [41]. Consequently, it can be inferred that the surface of the specimens will possess a 362 

positive charge until the pH drops below the pHpzc. At the pHpzc, the surface charge will become 363 

neutral, and beyond the pHpzc, it will transition to a negative charge. 364 

Fig. 4. Determination of the pHPZC for RC and Al-PILC10. 365 

3.2. Phenol adsorption onto RC and Al-PILC10 366 

3.2.1. Adsorption tests and comparative study 367 

An analysis of the phenol adsorption of each prepared samples was done to validate the choice of 368 

Al-PILC10 as the ideal dosage. Fig. 5 illustrates the rejection of phenol as a function of various 369 

Al/clay ratios. It was found that different Al/clay ratios changed the effectiveness of phenol 370 

removal by both RC and Al-PILCs. Among all the samples, Al-PILC10 exhibited the highest 371 

performance, reaching 62% phenol removal rate. Furthermore, it was discovered that the interlayer 372 
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spacing was the main variable affecting how well phenol adsorbs on the adsorbents. However, it is 373 

crucial to remember that interlayer space is not the only factor.  374 

It should be noted that, the existence of micropores could present difficulties by potentially 375 

restricting phenol molecules from accessing particular adsorption sites, resulting in a decrease in 376 

the overall adsorption capacity of the system [21]. Thorough a comprehensive analysis, it was also 377 

observed that Al-PILC10 showed the best correlation between pore size and surface characteristics. 378 

Based on these findings, it can be concluded that Al-PILC10 is the optimal choice for optimizing 379 

the adsorption parameters. 380 

Fig. 5. Rejection of phenol as a function of different Al/clay ratios. 381 

3.2.2. Optimization of batch adsorption parameters 382 

Effects of pH 383 

Fig. 6a exhibits the effect of pH on phenol adsorption. It can be observed that, the amount of phenol 384 

adsorbed is seen to decrease with increasing pH, suggesting that an acidic environment is more 385 

conducive to phenol adsorption onto RC and Al-PILC10 clay. At a pH lower than the pKa value of 386 

phenol (9.89), the phenol molecule remains in their undissociated form [31]. Similarly, the two 387 

adsorbents exhibit positive charges on their surfaces at pH values lower than their respective pHpzc 388 

values (7.44 and 5.81). Consequently, the positively charged adsorbents and the uncharged phenol 389 

molecules are mutually attracted to each other within this pH range, leading to improved efficiency 390 

in the removal of phenol. In basic environment, the decrease of adsorption is caused by electrostatic 391 

repulsive forces between negative charges of the RC and   Al-PILC10 surfaces (at pH > pHpzc) and 392 

the phenolate anions, as well as between the phenolate ions themselves (at pH > pKa). Indeed, the 393 

surface functions of the RC or Al-PILC10 and the phenol molecules are both dissociated and 394 

negatively charged with the predominance of conjugated forms of the bases [39]. Additionally, it 395 
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is observed across all pH ranges, Al-PILC10 adsorbed more phenol than RC. The disparities in 396 

adsorption capacity between Al-PILC10 and RC can be attributed to the electrostatic interaction 397 

between phenol molecules and the micropores present in Al-PILC10 [39,41]. This effect highlights 398 

how the pillaring process alters the surface chemical properties of RC, consequently affecting its 399 

adsorption capabilities. Furthermore, this demonstrates how surface chemistry has a major impact 400 

on how organic compounds are adsorbed, as confirmed by Peng et al. [31]. As the adsorption of 401 

phenol exhibits a maximum adsorbed quantity at pH 2, it was chosen for the subsequent adsorption 402 

experiments. 403 

Effect of clay mass 404 

Fig. 6 illustrate how varying the mass of RC and Al-PILC10 clays influences the adsorption process. 405 

The findings indicate that the percentage of adsorption increases as the amount of adsorbent does 406 

which is attributed to the greater number of available reaction sites. While, the adsorption capacity 407 

(in terms of adsorbed mass per unit of adsorbent mass) decreases, since the accumulation of a large 408 

number of adsorbents reduces the effective utilization of adsorption sites, [33]. It should be noted 409 

that, for all adsorbent masses tested, the Al-PILC10 clay (Fig. 6c) exhibits a significantly higher 410 

rate of phenol removal (up to 50 %) compared to RC (Fig. 6b), less than 30%. This discrepancy is 411 

likely due to the higher surface area and the presence of more active adsorption sites in Al-PILC. 412 

Additionally, it was observed that100 mg seems to be an optimal mass, for both RC and Al-PILC10 413 

clays, achieving an equilibrium between increase of adsorption percentage and decrease of 414 

adsorption capacity. This rapid attainment of equilibrium can be attributed to the abundance of 415 

active sites on the clay surface and/or the mineralogical composition [50].  416 

Fig. 6. (a) pH effect on the phenol adsorbed quantity on the RC and Al-PILC10 clays, and the 417 

impact of clay mass on the phenol adsorbed quantity for (b) RC and (c) Al-PILC10. 418 
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3.3. Adsorption kinetics and isotherm modelling 419 

3.3.1. Adsorption kinetic 420 

Fig. 7 illustrates the impact of contact time on phenol adsorption using RC and Al-PILC10 samples 421 

at various temperatures (25, 35 and 45 °C). Based on the figure, the amount of adsorbed phenol on 422 

both adsorbents rises as the contact time increases, reaching a maximum level after approximately 423 

60 min. Because there are a lot of empty active sites on the surface of the adsorbents, the early 424 

phases show a fast rate of adsorption. As the process progresses, the rate slows due to factors like 425 

the reduction of phenol concentration and the formation of aggregates occupying active sites 426 

[31,51]. Notably, the maximum capacities (qe) of phenol obtained are 9.89 and 20.23 mg/g for RC 427 

and Al-PILC10, respectively. The pillaring clay process, particularly with Al-PILC10, create more 428 

active sites, enhancing the adsorption capacity and demonstrating a higher affinity for phenol by 429 

expanding the interlamellar space in the clay structure [33]. 430 

Fig.7a and Fig.7b present also plot depicting the application of the pseudo-first-order and pseudo-431 

second-order kinetic models to the adsorption of phenol by RC and Al-PILC10 clays, respectively. 432 

Additionally, Table 4 provides a summary of the fitting parameters associated with each kinetic 433 

model. The results demonstrate that the pseudo-second-order kinetic model exhibits a high 434 

correlation coefficient (R2 ≈ 0.99), close to 1, for both clays (Fig. 7 and Table 4). This indicates 435 

that the pseudo-second-order model is more suitable for explaining the adsorption of phenol by the 436 

adsorbents compared to the pseudo-first-order model. The calculated value (qe2) from the pseudo-437 

second-order kinetic model is in closer agreement with the experimental value (qexp) compared to 438 

the pseudo-first-order equation. Consequently, the pseudo-second order provides the most accurate 439 

representation of the experimental phenol adsorption data for both RC and          Al-PILC10 at all 440 

three temperatures [52–54]. 441 

 442 
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Table 4. Kinetic parameters of Phenol adsorption at different temperatures onto RC and Al-443 

PILC10. 444 

While first and second-order fitting models give an overall picture of the absorption process, we 445 

can get insight on the mass transfer process of phenol at the solid-liquid interface by using the intra-446 

particle diffusion model. The model, represented in Fig.7c and Fig.7d for phenol adsorption on RC 447 

and Al-PILC10 samples, reveals two distinct stages. The first stage of adsorption is governed by 448 

boundary layer diffusion, while the final stage is attributed to intra-particle diffusion of phenol 449 

molecules [24]. The rate of intra-particle diffusion decreases during the final stage, as evidenced 450 

by the greater intra-particle diffusion rate constant K1 compared to K2 (Table 5). This decline is 451 

attributed to pore blockage and steric repulsion caused by adsorbed phenol on the surface of both 452 

adsorbents. In that sense it can be commented that RC, at 25 ºC gives the lower decline but this is 453 

since also these conditions result in one of the lowest adsorption constant values (C1 and C2). The 454 

non-intersecting plots with the origin suggest that the adsorption process is not solely limited by 455 

intra-particle diffusion, but also influenced by other kinetic mechanisms. 456 

Fig. 7. Kinetics of phenol adsorption on (a) RC and (b) Al-PILC10; Intra-particle diffusion model 457 

for Phenol adsorption on (c) RC and (d) Al-PILC10. 458 

Table 5. Parameters of the intra-particle diffusion model equations. 459 

 460 

 461 

 462 

3.3.2. Adsorption isotherms 463 

Optimizing the design of an adsorption system requires a thorough understanding of the 464 

distribution of the adsorbate. Three equilibrium isotherm equations, namely Langmuir, Freundlich, 465 
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and Redlich-Peterson, were used in this investigation to explain how phenol sorption occurred on 466 

various adsorbents. The resulting isotherms, along with their corresponding fits, are presented in 467 

Fig. 8. The increase in the adsorption capacity of RC and Al-PILC10 as the phenol concentration 468 

increases may be due to a higher probability of collision between the pollutant and the adsorbent 469 

[22]. The obtained parameters from the isotherm models, along with the chi-squared value (χ2), are 470 

summarized in Table 6. The Langmuir isotherm suggests a monolayer formation of adsorbate 471 

molecules on the adsorbent surface, with identical adsorption sites of equivalent energy. In contrast, 472 

the Freundlich model describes a multisite adsorption isotherm, accounting for sorption on surfaces 473 

with varying affinities or heterogeneous surfaces [55]. The Redlich-Peterson model, blending 474 

characteristics of both Langmuir and Freundlich models, offers a middle ground [56]. Examination 475 

of the determination coefficient (R2) values reveals that both Freundlich and Redlich-Peterson 476 

models aptly characterize the experimental data for both samples. This assertion is further 477 

supported by the observation of low χ2 and β values in comparison to the Langmuir model. Since 478 

the Langmuir equation requires a homogenous surface, the fact that the Langmuir isotherm does 479 

not fit the actual data very well because there is not a homogeneous distribution of active sites on 480 

the surface of both adsorbents [23]. Also Fig. 8 shows that Freundlich and Redlich-Peterson fitting 481 

match almost perfectly, suggesting that last one is clearly displaced to multisite adsorption. 482 

Considering the shape of the isotherms, the Freundlich model is found to be the most suitable for 483 

describing phenol adsorption on RC and Al-PILC10 across all temperature and concentration 484 

ranges, it suggests that the adsorption process is probably affected by variables such as surface 485 

heterogeneity, the formation of multiple layers during adsorption, and non-uniform distribution of 486 

adsorption sites on the adsorbents surface. The increasing KF values and the 1/n parameter less than 487 

one indicate a strong affinity of the adsorbent for phenol and the adsorption process is favorable. 488 

The pillared clay demonstrates higher phenol adsorption capacities than the RC due to three main 489 
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differences: increased hydrophobicity, lower pHPZC, and an enhanced microporous structure. The 490 

enhanced hydrophobicity of the pillared clay enhances its selectivity for organic molecules, making 491 

it more effective than natural mineral clay [41]. 492 

Fig. 8. Adsorption isotherms of phenol on RC, and Al-PILC10 at different temperatures ((a,d):25 493 

°C; (b,e): 35 °C; (c,f): 45 °C) with nonlinear regression of Langmuir, Freundlich and Redlich-494 

Peterson models. 495 

Table 6. Model parameters for phenol adsorption on RC and Al-PILC10 at different temperatures. 496 

3.4. Thermodynamic study 497 

To study the thermodynamic behavior of the phenol adsorption onto RC and Al-PILC10 adsorbents, 498 

the thermodynamic parameters (∆H°, ∆S°, and ∆G°) were calculated using the following equations 499 

(Eq. (4) and Eq. (5)) [51]: 500 

𝑙𝑛 𝐾𝐹 =  −
∆𝐻°

𝑅𝑇
+

∆𝑆°

𝑅
            (4) 501 

∆𝐺° = ∆𝐻° − 𝑇∆𝑆°                  (5)  502 

Where KF (L/mg) is the Freundlich isotherm constant, T (K) is the absolute solution temperature, 503 

and R (8.314 J/mol. K) is the universal gas constant. 504 

The obtained thermodynamic parameters are presented in Table 7. The values of ΔH° determined 505 

for phenol adsorption onto RC and Al-PILC10 were 31.88 and 22.64 kJ/mol, respectively. Positive 506 

ΔH° values indicate endothermic adsorption process [41], while values less than 40 kJ/mol suggest 507 

physisorption, signifying weak attraction between phenol and the adsorbent surfaces [56]. The 508 

positive ΔS° values suggest an increase in randomness at the solid/solution interface during the 509 

adsorption process [24], indicating that phenol molecules display a higher degree of disorder on 510 

the RC surface compared to Al-PILC10. This finding highlights the differences in phenol molecule 511 
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structural organization between these two adsorbents. However, the negative ΔG° values signify 512 

the spontaneity of the adsorption process, with decreasing values as higher temperature rises 513 

suggests a more favorable process. This pattern demonstrates the increasing thermodynamic 514 

favorability of adsorption as temperature rises [47]. Similarly,  515 

adsorption is clearly more favorable for Al-PILC10 than for RC. 516 

Table 7. Thermodynamic parameters of phenol adsorption by RC and Al-PILC10. 517 

3.5. Adsorption mechanism 518 

Fig. 9 displays the FTIR spectra of both RC and Al-PILC10 (those of Fig. 4), along with the spectra 519 

of phenol and that of RC (Fig. 9a) and Al-PILC10 (Fig. 9b) after being saturated in phenol. The 520 

post-adsorption spectra reveal new vibration bands, notably at 2943 and 2850 cm-1, corresponding 521 

to aromatic C-H vibrations and at 1397 cm-1 attributed to the C-O group of phenol (Fig. 9). These 522 

results confirm the presence of phenol and its adsorption on both RC and Al-PILC10 clays. While 523 

many peaks in both spectra are identical, such as Al−O, Si−O, and Si−O−Si, differences emerge in 524 

the OH-stretching at 3430 cm-1 yet commented in Fig. 4.  525 

Based on the kinetic, isotherm, thermodynamic and FTIR results, revealed that phenol adsorption 526 

was considered primarily physical, but due to the complexity of the process, diverse interaction 527 

mechanisms exist [57], acting on the adsorption of phenol. These include the electrostatic 528 

attraction, π-π conjugation effect, host-guest interaction, and hydrogen bonding.  529 

Specifically, a π-π conjugation effect occurs between the π system on the RC or Al-PILC10 surface, 530 

and the benzene ring phenol molecules [5,52,54]. The electrostatic interaction occurred considering 531 

the pKa of the adsorbate, the phenol will be attracted to the micropores present in Al-PILC10 more 532 

than RC [5]. Furthermore, the adsorbent's surface oxygen-containing functional group has an 533 

intermolecular interaction force with phenol, which results in electrostatic attraction. 534 

Comentado [JIC3]: You commented 3 mechanisms but next you 
include four possible ones. 
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The phenomenon of hydrogen bonding enables the hydroxyl (-OH) groups present in both the 535 

adsorbent and phenol to interact with each other, as noted in prior research [58]. This interaction 536 

occurs as a result of the attractive forces between the hydrogen atoms of one -OH group and the 537 

oxygen atoms of another, facilitating a strong bond. Additionally, in the context of electron donor-538 

acceptor interaction, the aromatic rings of phenolic compounds engage with the hydroxyl 539 

functional groups (-OH) found in both RC and Al-PILC10. This interaction mechanism involves 540 

the electron-rich aromatic rings acting as donors, while the hydroxyl groups serve as acceptors, 541 

fostering a cohesive interaction between the adsorbent and the phenolic compounds. 542 

Besides, macropores are also used as molecular transmission channels to reduce the resistance of 543 

diffusion, thereby enhancing the adsorption rate and capacity. 544 

Fig. 9. FTIR spectra of (a) RC and (b) Al-PILC10 before and after adsorption, alogn with pure 545 

phenol spectra. 546 

3.6. Treatment of OMW through adsorption 547 

RC and Al-PILC10
 were selected to compare the capacity as adsorbents for removal of polyphenols 548 

from OMW. According to data presented in Table 8, the initial pH of the OMW was recorded at 549 

4.52. Following treatment, there was an increase in pH, attributed in part to a significant reduction 550 

in polyphenol content (from an initial values of 334.72 mg/L to 166.84 mg/L for RC and to 80.30 551 

mg/L for Al-PILC10) and a moderate decrease in organic matter, as evidenced by lower COD 552 

concentrations, primarily composed of organic acids [3,4,7]. A reduction in dissolved salt 553 

concentration was indicated by a decrease in conductivity post-treatment, from 16.22 to 14.03 554 

mS/Cm (for RC) and 11.92 mS/Cm (for Al-PILC10). Initially, the sample appeared cloudy with a 555 

turbidity of approximately 1930 NTU. After undergoing treatment, RC exhibited a 40% decrease 556 

in turbidity, while Al-PILC10 showed a more pronounced reduction of 64%, suggesting a notable 557 
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decline in suspended particles, including organic constituents. The reduction in COD and BOD5 558 

can be attributed to the adsorption of high molecular weight organic molecules present in the olive 559 

mill effluent onto RC and Al-PILC10 [3,4,7]. 560 

Table 8. OMW characterization before and after treatment using RC and Al-PILC10. 561 

The efficiency of polyphenol removal on clay samples rises from 29 to 50% for RC and from 47 562 

to 76% for Al-PILC10 as the adsorbent dosage increases from 20 to 220 mg (Fig. 10a). This 563 

phenomenon could be attributed to the increased availability of active surface sites for adsorption. 564 

Fig. 10b depicts the impact of pH on the adsorption of polyphenols. It is evident that the removal 565 

efficiency of polyphenols decreases as the pH increases, indicating that the adsorption of 566 

polyphenol onto RC and Al-PILC10 clays is more favorable in an acidic environment. At a pH 567 

lower than the pKa value of phenol, the phenol molecule remains in its undissociated form [31], 568 

mirroring the behavior observed during phenol adsorption in aqueous solution. Similarly, both 569 

adsorbents exhibit positive charges on their surfaces at pH values lower than their respective pHpzc 570 

values. Consequently, the positively charged adsorbents and the uncharged polyphenol molecules 571 

are mutually attracted to each other within this pH range, resulting in improved efficiency in phenol 572 

removal. Additionally, across all pH ranges, Al-PILC10 adsorbs more phenol than RC. Fig. 10c 573 

shows that equilibrium adsorption of OMW phenolic compounds occurred within 60 minutes, 574 

resulting in removal efficiencies of approximately 45% for RC and 73% for Al-PILC10. This 575 

phenomenon can be attributed to the significant driving force provided by unoccupied active sites 576 

on the adsorbent surfaces. Because of the endothermic nature of the adsorption process, increasing 577 

the temperature resulted in higher adsorption yields, as shown in Fig. 10d. This increase is due to 578 

stronger adsorptive forces between phenolic compounds and clay active sites. The differences in 579 

removal efficiencies between Al-PILC10 and RC can be attributed to electrostatic interactions 580 
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between phenolic compound molecules and Al-PILC10 micropores. The material's large surface 581 

area amplifies these interactions, resulting in a significant increase in overall adsorption efficiency, 582 

particularly for polyphenol removal. Furthermore, the precisely defined chemical composition of 583 

Al-PILC10, with specific bonding sites, is critical in establishing a strong binding affinity with 584 

polyphenols, contributing significantly to its outstanding performance as a polyphenol adsorbent. 585 

The findings presented in this section provide critical insights into the efficacy of our approach in 586 

addressing environmental challenges associated with olive oil mills, demonstrating its potential for 587 

treating effluents from other industries such as chemical production, metallurgy, and textiles. 588 

Fig. 10. (a) Effect of adsorbent amount, (b) initial solution pH, (c) contact time and (d) 589 

temperature on the adsorption of polyphenol onto RC and Al-PILC10. 590 

3.6. Regeneration and reuse of spent clays 591 

Fig. 11a illustrates the influence of regeneration on the adsorption capacity of both samples 592 

concerning phenol removal. After undergoing five cycles, the decrease in phenol removal 593 

efficiency was below 23% for both samples. Specifically, for RC and Al-PILC10, the efficiency 594 

decreased from 67% and 84% to 45% and 64%, respectively. This suggests favorable regeneration 595 

capabilities for the adsorbents, allowing repeated use for phenol adsorption. Across all reusage 596 

cycles, Al-PILC10 demonstrated superior adsorption performance and a higher desorption rate 597 

compared to RC. This indicates that pillared clay maintains high efficiency and notable 598 

regeneration capacity, making it a promising choice for repeated phenol adsorption applications. 599 

Furthermore, it's worth noting that the superior performance of the Al-PILC10 is not only reflected 600 

in its higher desorption rate but also in its extended lifespan. This means that even after the five 601 

adsorption-desorption cycles, the pillared clay continues to exhibit exceptional adsorption 602 

performance, outperforming the other sample in terms of phenol removal. This extended 603 
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operational life and robust regeneration potential make the pillared clay an excellent choice for 604 

sustainable phenol adsorption processes, contributing to both environmental and economic 605 

benefits.  606 

Fig. 11b displays the FTIR spectra of pure phenol and phenol recovered after desorption. According 607 

to this figure, it is evident that the characteristic peaks associated with the vibrational modes of 608 

functional groups in phenol, generally remain unchanged in terms of position and intensity in the 609 

extracted phenol compared to the pure one. This suggests that the extraction process did not induce 610 

significant changes in the molecular structure of phenol. Furthermore, this observation implies that 611 

the extracted phenol retains its initial molecular properties, which could be crucial for specific 612 

applications. 613 

Fig. 11. (a) Regeneration test for phenol adsorption on RC and Al-PILC10, (b) FTIR spectra of 614 

pure and extracted phenol. 615 

Noted that spent materials RC and Al-PILC10 can be used to improve the adsorption capacity of 616 

composite materials like polymer matrices. Their incorporation into building materials not only 617 

prevents absorbed contaminants from seeping into the environment but also, provides a sustainable 618 

disposal option while simultaneously improving material qualities.  619 

For example, the use of pillared clays in conjunction with biological treatments aids in the cleanup 620 

of phenolic compound-contaminated locations by the absorption of pollutants, which acts as a 621 

carbon source to promote microbial breakdown. In other words, their multifaceted utility extends 622 

from material enhancement to environmental remediation, presenting promising avenues for future 623 

research and applications [59]. 624 

4. Conclusion 625 

Comentado [JIC4]: Thes asserts are not part of your research, 
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In this study, Al-PILC was synthesized from Moroccan clay while varying the Al/clay ratio, for 626 

phenol and polyphenol removal. Characterization experiments confirmed the successful pillaring 627 

of the Moroccan raw clay and highlighted significant changes in its porous, chemical, and 628 

crystalline properties. The following main results were obtained:  629 

• Materials with higher aluminum content had smaller pore sizes. The pore-tuning properties 630 

of aluminum additives and partial pore occupation resulted in a more organized pore size 631 

distribution in Al-PILC10.  632 

• Kinetic and equilibrium adsorption experiments identified the Freundlich isotherm and 633 

pseudo-second-order models as optimal for both clays, with adsorption capacities of 14.15 634 

and 30.61 mg/g, for RC and Al-PILC10 respectively. Additionally, the phenol adsorption 635 

processes were found to be endothermic and physical. 636 

• Phenol was not easily released after adsorption, and the main adsorption mechanisms were 637 

electrostatic attraction, π-π conjugation effect, host-guest interaction, and hydrogen 638 

bonding. Furthermore, the differences in adsorption capacity between Al-PILC10 and RC 639 

were attributed to electrostatic interactions between the adsorbent surface and pollutant 640 

species in solution, and interactions of species with Al-PILC micropores.  641 

• The effects of external factors such as pH on adsorption mechanisms are not well 642 

comprehended. More thorough exploration is necessary to clarify how these factors impact 643 

the adsorption of phenol, to enhance the efficiency of Al-PILC in wastewater treatment. 644 

• The results obtained clearly demonstrate that the optimal alumina pillared clay (Al-PILC10) 645 

achieves notable reductions in turbidity, COD, BOD5, and polyphenols levels in OMW 646 

compared to RC. This improvement is attributed to the substantial alteration in the surface 647 
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area of Al-PILC10 adsorbent, resulting in a significant increase in overall adsorption 648 

efficiency, particularly in the removal of polyphenols.  649 

• A promising regeneration method for this adsorbent was developed, utilizing a combination 650 

of acetone and NaOH desorption. This method produced high phenol desorption rates, up 651 

to 84% for Al-PILC10, enhancing the sustainability of material. 652 

Based on our results, we can envisage some recommendations for future research: 653 

• Investigate synergies by combining adsorption with other treatment methods like 654 

membrane filtration to enhance phenol compound removal. 655 

• To better understand molecular interactions, investigate the fundamental mechanisms of 656 

adsorption on natural RC and Al-PILC using methods such as DFT calculations or 657 

molecular dynamics simulations. 658 

• Examine the viability and effectiveness of the RC and Al-PILC adsorbents in the treatment 659 

of other wastewaters from textile, pharmaceutical, and petrochemical sectors. 660 

• Explore innovative techniques for treating and recycling these spent adsorbents to prevent 661 

the transfer of pollution to other environmental mediums, while conducting comprehensive 662 

life cycle assessments to inform decisions toward more sustainable practices. 663 

 664 
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Table 1.  Kinetic and isothermal models. 916 

 Kinetic models Ref 

Pseudo first order 𝑞𝑡 =  𝑞𝑒(1_𝑒−𝑘1𝑡) [32] 

Pseudo second order 𝑞𝑡 =  
𝑞𝑒

2𝑘2𝑡

𝑞𝑒𝑘2𝑡 + 1
 [32] 

Weber and Morris 𝑞𝑡 = 𝑘𝑖𝑑√𝑡 + 𝐶𝑖 [17] 

 Isotherms models 

Langmuir qe =  
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
 [17] 

Freundlich qe = KFCe
1/n [17] 

Redlich-Peterson 
qe  = 

𝐴𝐶𝑒

1+𝐾𝑅(𝐶𝑒)𝛽 
[47] 

A= KRqm 

 Error functions 

Standard deviation : Δq (%) Δq(%) = 100 × {
∑ [

(𝑞𝑒𝑥𝑝−𝑞𝑐𝑎𝑙)
𝑞𝑒𝑥𝑝

⁄ ]

2
𝑛
𝑖=1

𝑛−1
}

1
2⁄

 [32] 

Chi-square : χ2 𝜒2 = ∑
(𝑞𝑒𝑥𝑝 − 𝑞𝑐𝑎𝑙)2

𝑞𝑐𝑎𝑙

𝑛

𝑖=1

 [15] 

Coefficient of determination : R2 𝑅2 =
∑ (𝑞𝑐𝑎𝑙 − 𝑞𝑒𝑥𝑝)2𝑛

𝑖=1

∑ (𝑞𝑐𝑎𝑙 − 𝑞𝑒𝑥𝑝)2 + ∑ (𝑞𝑐𝑎𝑙 − 𝑞𝑒𝑥𝑝)2𝑛
𝑖=1

𝑛
𝑖=1

 [32] 

 917 

Where qe: adsorption capacity at equilibrium (mg/g), qt: adsorption capacity at time t (mg/g), k1: pseudo-918 

first-order rate constant (1/min), k2: pseudo-second-order rate constant (g/mg.min), kid: intra-particle 919 

diffusion rate constant (min1/2.mg/g), C: thickness of the boundary layer, Ce is the equilibrium concentration 920 

(mol/L), qm is the maximum amount adsorbed for formation of a complete monolayer on the surface of the 921 

adsorbent (mg of pollutant/g of adsorbent), KF and n are Freundlich constants that express the capacity and 922 

the adsorption intensity, respectively and KR and β (0 < β < 1) are the R-P constants. 923 
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Table 2. Micropore structure parameters of RC and synthesized Al-PILCs. 924 

Samples BET Surface 

Area (m2/g) 
Total Pore 

Volume (cm3/g) 
Micropore 

Volume (cm3/g) 
Average Pore 

Diameter (Å) 

RC 40 0.0583 0.0174 57.96 

Al-PILC5 97 0.1084 0.0406 49.97 

Al-PILC10 127 0.1383 0.0639 37.62 

Al-PILC15 132 0.1465 0.0670 33.51 

Al-PILC20 141 0.1592 0.0732 24.62 

 925 

Table 3. Chemical composition of RC and Al-PILC10. 926 

Adsorbent SiO2 Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 TiO2 LOI  

RC 42.46 14.25 12.12 6.34 2.14 3.08 0.05 <0.01 0.21 0.71 18.64 

Al-PILC10 42.97 18.05 11.30 7.01 2.32 3.04 0.05 <0.02 0.23 0.72 14.69 

 927 

LOI is the Loss-on-ignition at 950 °C 928 

 929 

 930 

 931 

 932 

 933 

 934 

 935 

 936 
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Table 4. Kinetic parameters of Phenol adsorption at different temperatures onto RC and Al-PILC10. 937 

Sample RC Al-PILC 

 T (°C) 25 35 45 25 35 45 

P
se

u
d

o
 f

ir
st

 o
rd

er
 

k1(1/min) 0.047 0.071 0.082 0.762 3.851 4.215 

qe1 (mg/g) 4.466 6.956 8.628 14.20 15.934 18.480 

R1
2 0.992 0.961 0.962 0.927 0.900 0.873 

Χ2 0.028 0.218 0.400 1.780 3.147 5.569 

Δq (%) 0.074 0.193 0.256 0.471 0.591 0.786 

P
se

u
d

o
 s

ec
o

n
d

 o
rd

er
 

k2 (g/mg.min) 0.010 0.015 0.014 0.017 0.012 0.008 

qe2 (mg/g) 5.898 7.487 10.025 15.46 17.64 20.82 

R2
2 0.984 0.988 0.987 0.998 0.995 0.995 

Χ2 0.063 0.064 0.132 0.028 0.148 0.199 

Δq (%) 0.173 0.147 0.200 0.085 0.198 0.237 

 938 

 939 

 940 

 941 

 942 

 943 

 944 

 945 
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Table 6. Model parameters for phenol adsorption on RC and Al-PILC10 at different temperatures. 946 

 947 

  948 

 RC Al-PILC10 

Model Parameters 25°C 35°C 45°C 25°C 35°C 45°C 

Langmuir 

qm (mg/g) 10.55 14.07 14.97 23.94 27.181 29.429 

KL (L/mg) 0.024 0.021 0.041 0.027 0.036 0.049 

R2 0.915 0.900 0.799 0.711 0.638 0.650 

χ 2 0.505 1.090 2.565 8.957 13.60 16.80 

Freundlich 

KF  (mg/g) 1.325 1.526 2.995 4.031 5.959 7.147 

1/n 0.363 0.384 0.291 0.305 0.265 0.256 

R2 0.991 0.968 0.950 0.941 0.935 0.946 

χ 2 0.052 0.348 0.635 1.830 2.438 2.589 

Redlich-

Peterson 

KRP 9.4E3 9.8E2 2.9E8 6.7E4 3.4E4 3.2E4 

A 1.2E4 1.5E3 8.9E8 2.7E5 2.0E5 2.3E5 

ß 0.636 0.616 0.708 0.694 0.735 0.744 

R2 0.991 0.968 0.950 0.941 0.935 0.946 

χ 2 0.066 0.435 0.794 2.287 3.048 3.236 
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Table 7. Thermodynamic parameters of phenol adsorption by RC and Al-PILC10. 949 

 950 

 951 

 952 

 953 

 954 

 955 

 956 
 957 

 958 

Table 8. OMW characterization before and after treatment using RC and Al-PILC10.  959 
 960 

 961 

 
T (°C) ΔH° (kJ.mol) ΔS° (kJ/K.mol) ΔG° (kJ/mol) 

RC  

25 

31.88 0.108 

-0.304 

35 -1.384 

45 -2.464 

Al-PILC10 

25 

22.64 0.087 

-3.306 

35 -4.176 

45 -5.046 

Parameters Before treatment 

After treatment 

RC Al-PILC10 

pH 4.52  5.89 6.32  

Conductivity (mSC-1) 16.22 14.03 11.92 

Turbidity (NTU) 1930 1154 694 

BOD5 (g of O2/l) 17.23 12.10 7.73 

COD (g of O2/l) 84.10 66.25 49.13 

Phenolic compounds (mg/L) 334.72 166.84 80.30 


