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Abstract: The experimental design methodology was investigated to model and
optimize the adsorption process for removing phenolic compounds (PC) from
olive mill wastewater (OMW) using magnesium—aluminum layered double hyd-
roxide (LDH). The LDH powders were synthesized by the co-precipitation
method. The structural, textural and morphological characterizations were per-
formed. To evaluate quickly and effectively the effects of five parameters (initial
PC content, contact time, solid/liquid ratio, initial pH and temperature) on the
adsorption efficiency, a Hadamard matrix was employed for screening. Sub-
sequently, a central composite design was utilized to optimize the adsorption
process based on four key parameters. The correlation coefficient for the poly-
nomial model was found to be 94 %. Predicted values generated from the res-
ponse function matched the experimental data closely, indicating a good agree-
ment. Under the selected optimal conditions, a maximum PC removal efficiency
of 80.85 % was achieved. The reusability of the regenerated LDH by calcination
at 500 °C in the adsorption process was assessed over four consecutive runs
under the selected optimal conditions. The removal percentages of PC and chem-
ical oxygen demand indicated that calcined LDH could be a viable alternative
for treating OMW.
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946 YAHIAOUI et al.

INTRODUCTION

The olive oil industry is constantly innovating to improve the oil production
process in Mediterranean countries. Paradoxically, this industry generates by-
-products with a high environmental impact, in particular olive mill wastewater
(OMW).I OMW constitutes the residual liquid effluent from the two- or three-
phase extraction process, which is characterized by a high pollution load due to its
high content of biodegradable organic matter, toxic phenolic compounds, sus-
pended solids and fatty compounds.2 Every year, olive-growing countries produce
large quantities of this effluent. In Algeria, the production of 30,000 tons of olive
oil generates 105,000 tons of OMW .3

The polluting activity of OMW is linked with its high organic load represented
especially by an important phenol compound content, a very high chemical oxygen
demand (COD), an equally high biological oxygen demand BODs and an acid pH.#

As a source of harmful pollution to the environment, OMW must be treated to
remove the phenolic content fraction before being discharged in receiving water
bodies or soils. Among the various studied approaches proposed for treating this
effluent, chemical processes offer effective solutions for reducing its toxicity. Tech-
niques such as advanced oxidation (Fenton, electro-oxidation, ozonation, etc.),>-¢
coagulation—flocculation,” adsorption on activated materials® and co-precipitat-
ion? were used to degrade or extract the PC responsible of OMW’s pollutant load.

The adsorption technique is a promising technology widely used for treating
various types and removing pollution from the environment. Its advantages include
simplicity, short treatment, ease of operation and handling, high efficiency and the
ability to regenerate adsorbents.10:11

Activated carbon was considered as a primary adsorbent for removing organic
and inorganic pollutants from wastewater due to its high specific surface area.
However, the high costs of manufacturing and regenerating after saturation limit
its widespread use. To find alternatives, several studies have explored inorganic
adsorbents that are more accessible and cost-effective, offering increased regener-
ability and recyclability, which is crucial for sustainable large-scale applications
for treating wastewater, including OMW. In this sense, Yahiaoui et al.? studied the
co-precipitation of PC and organic matter from OMW using synthetic hydroxy-
apatite as adsorbent, achieving reduction rates of 87.30 % for PC and 76.30 % for
COD. Additionally, Beccari et al.!2 demonstrated that bentonites can reduce the
COD of OMW by approximately 61.6 % at a pH of 6.5. Other researchers applied
this adsorption process to Fes clays and, after optimizing the treatment system,
achieved a COD reduction rate of nearly 86 %.!3

Lamellar double hydroxides, whether in their original form or after thermal
decomposition, represent a unique family of clay materials characterized by dis-
tinct chemical and physicochemical properties, such as varied composition, easy
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synthesis, low cost, low toxicity and high specific surface area. The general for-
mula of the LDH materials is [M_ M’ (OH),**(X)y/-nH20, where M and M’
are bivalent and trivalent cations, respectively, with similar radii, and X is the
interlayer anion. The cations in the layer can be changed using a wide range of
main group cations (Mg and Al) or transition metal cations (V, Zn, Cr, Mn, Fe, Co,
Ni,...). All these materials, having various compositions, share typical common
characteristics: layered structure and the formation of mixed-metal oxides after
thermal treatment.14 Moreover, the “memory effect” is a very interesting property
of this kind of compound that is based on the ability of the oxides derived from the
calcination of LDH in reconstructing, the layer structure when rehydrated in the
presence of anions.!5 Consequently, the literature has documented numerous stu-
dies related to their applications in industrial, medical, and environmental fields.16:17

Due to their high specific surface area and the flexibility of their inter-filament
space, LDHs can effectively trap negatively charged species through surface ads-
orption and anion exchange, such as nitrate, phosphate, and chromate anions, !8 as
well as toxic molecules like agricultural pesticides!® from wastewater. Several
researchers have utilized these compounds as adsorbents for PC in OMW.20.21 The
obtained results showed that the adsorption capacity is significantly influenced by
the nature and structure of the LDHs used. A study conducted by Zhang et al.22
demonstrated that aluminum- and magnesium-based LDHs (Mg—Al LDHs) have a
strong affinity for anionic compounds due to their exceptional stability and high
positive charge density. Their structure is similar to that of the natural LDH known
as brucite, making them environmentally friendly, non-toxic and cost-effective.23
Calcining these LDHs at temperatures between 400 and 600 °C produces mixed
oxides with high porosity and specific surface area. Additionally, the memory
effect resulting from hydration enhances their adsorption capacity for both organic
and inorganic compounds.!3

These interesting results led us to investigate and optimize the adsorption effi-
ciency of Mg—Al LDH, and its calcined product at 500 °C (LDH-500), in reducing
the load of PC from OMW using experimental design methodology.

The experimental design approach is a powerful tool for understanding and
optimizing experimental parameters by combining multiple variables in a single
study; rather than conducting separate studies for each one, the number of required
trials is significantly decreased. This approach allows for the extraction of more
information with less experimentation, ultimately leading to reduced costs.24

The centred composite design (CCD) is one of the methods used in response
surface methodology (RSM) that allows for the study of a phenomenon across a
broad experimental range. This is achieved by including axial points, which enhan-
ces the reliability and accuracy of the modeling, especially when interaction and
quadratic effects are present, all while minimizing the number of required experi-
ments.24
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948 YAHIAOUI et al.

This study aims to optimize the adsorption process for the removal of PC from
OMW by using experimental design. Consequently, an empirical relationship (a
second-degree polynomial) was established using CCD to calculate the optimal
rate of PC removal accurately. The reusability of the LDH was also investigated.

EXPERIMENTAL

Fresh OMW used in this study was obtained by crushing Chemlal olives harvested during
the 2024/2025 olive growing season. This vegetation water was extracted using a continuous
system at a modern oil mill located in Tizi-Ouzou, northern Algeria.

To remove solids and fats, the raw OMW was first filtered and then centrifuged at 5000
rpm for 20 min, to eliminate suspended matter. The mixture was further decanted using a separ-
ating funnel to remove any remaining fat. The pretreated and homogenized OMW was stored
in plastic bottles in a freezer at —5 °C until needed. Table I presents the main characteristics of
the effluent.

TABLE I. Physicochemical characteristics of OMW

Parameter Unit Value
pH - 4.96
Conductivity mS-cm! at 25 °C 16.42
Turbidity NTU 109
Dry matter content gL 49.25
Water content % 95.02
Ashes gLl 5.75
Volatile matter content gL 43.50
Chemical oxygen demand (COD) go, L 167
PC content gL! 4.21

The measured chemical oxygen demand (COD) of the crude OMW was 167 go, L,
indicating a high concentration of organic matter, particularly PC (4.21 g-L!). This value is
significantly higher than those reported in the literature by Yahiaouiet et al.? and Lateb et al.”,
which recorded COD values of 86 and 131 go,'L!, respectively. The discrepancy can be attri-
buted to differences in the nature and/or method of olive crushing used during oil extraction.

LDH with chloride in the interlayer particles was prepared by a direct co-precipitation
process at room temperature following the procedure described previously by Ulibarri et al.25
Briefly, A solution containing MgCl, (0.25 mol-L!) and AICI; (0.125 mol-L'!) was added
dropwise under vigorous stirring at room temperature to NaOH solution at pH 10. The sus-
pension was kept at this pH by adding 2 mol-L-! Na,COj5 solution. After complete addition, the
resulting mixture was aged for 24 h under thermal treatment at 80 °C. The obtained precipitate
was washed several times with distilled water, then recovered by vacuum filtration through a
porcelain funnel containing a filter cloth. The obtained compound was dried in an oven at 70
°C for 24 h. The prepared LDH was crushed, and sieved to have a uniform particle size and
calcined at 500 °C in an oven for 4 h, to improve the structural properties and those of porous
exchange. The final compound is denoted LDH-500.

Characterization

The surface morphology of the synthesized LDH and LDH-500 was performed using a
scanning electron microscope (SEM) (Philips ESEMXL30 with tungsten filament). The

Available online at: https://www.shd.org.rs/JSCS/

(CC) 2026 Serbian Chemical Society.



PHENOLIC COMPOUNDS ADSORPTION: CCD OPTIMIZATION 949

elemental composition of the powder’s surface was analyzed by energy dispersive spectroscopy
(EDS). The specific surface area, volume, and mean pore diameter of the powder particles were
measured through a nitrogen physisorption at —196 °C using a Quantachrome Nova 2000e
apparatus. The specific surface area was determined using the Brunauer—-Emmet-Teller (BET)
method; while the average pore volume was calculated using the Barrett—Joyner—Halenda (BJH)
method.

The crystalline structure was analyzed via X-ray diffraction (Panalytical Empyrean X-ray
diffractometer with CuKa (1.5406 A) radiation at 45 kV) over a 26 range from 0 to 80°.The
synthesized particles were also characterized by Raman spectroscopy (spectrometer from Reni-
shaw) using a visible laser with a wavelength of 632.8 nm.

The infrared spectroscopic analysis was conducted using a Shimadzu brand FTIR8400
Fourier transform spectrophotometer in the wavenumber range of 400-4000 cm™! to identify
the functional groups present in the products.

Sorption experiments

Preliminary tests were performed to identify the most effective adsorbent. Specifically, we
investigated the batch adsorption of PC from OMW using LDH and LDH-500 over different
time intervals. A mass of 0.5 g of each adsorbent was added to 25 mL of OMW, and the mixture
was continuously stirred at 300 rpm for contact times ranging from 5 to 120 min.

Sorption experiments for PC were conducted in 200 mL glass beakers using two doses (1 g
and 10 g) of LDH-500 mixed with 100 mL of OMW at varying concentrations of PC (1.40 and
2.80 g-L1). The pH of the solutions was adjusted to 7 and 12 by adding a 2 M NaOH solution.
The mixture was continuously stirred at 300 rpm for 5 and 90 min at temperatures of 25 and 45
°C. Once the designated contact time was reached, the suspension was centrifuged at 5000 rpm
for 10 min. The recovered supernatant was analyzed for PC content, g-L'! by the Folin—Ciocal-
teu colorimetric method using gallic acid for calibration, as described by Macheix et al.26 The
analysis were expressed as gallic acid equivalents, with RZ = 0.996.

The percentage removal R, %, of PC was calculated using the following equation:

R=10050"CF (1)
Co
Cp and Cy, g-L°L, represent the initial and final concentrations of the PC, respectively.

A study was conducted using experimental design methodology (EDM) to quickly and
accurately identify the factors that significantly affect the PC removal rate. The process began
with screening the factors, followed by optimization. This step aims to identify the factors that
significantly influence the removal rate of PC from OMW. To estimate the weight of each fac-
tor, a Hadamard matrix was implemented.2” Table II presents the factors considered and their
corresponding experimental domains.

TABLE II. Factors and their levels in experimental design

Factor Unit Symbol Code Level (=) Level (+)
Contact time min T X 5 90
Solid/liquid ratio (S/L ratio) gL! S/L X, 1 10
pH - pH X3 7 12
Temperature °C t Xy 25 45
Initial PC content gLl C X 1.40 2.80
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In screening factors with a Hadamard matrix, the number of experiments, N, must be a
multiple of 4 and should satisfy the condition N > k + 1. In our study, with £ =5, the minimum
number of experiments required was N = 8. However, this experimental design didn’t provide
enough degrees of freedom to accurately calculate the experimental variance and assess with
precision the significance of the factors' effects. To resolve this issue, we doubled the design to
N = 16 experiments.2*28 Table III presents the experimental matrix using both coded and real
variables. The response being investigated is the PC removal percentage, denoted as R.

TABLE III. Design matrix of screening and results obtained for the studied response (R)

Code variables Real variables

Run - R/ %
Xl X2 X3 X4 X5 7/ min S/L pH t/°C C/ g'L'l
1 1 1 1 -1 1 90 10 12 25 2.80 83.45
2 1 1 1 -1 1 90 10 12 25 2.80 79.14
3 -1 1 1 1 -1 5 10 12 45 1.40 33.81
4 -1 1 1 1 -1 5 10 12 45 1.40 25.18
5 -1 -1 1 1 1 5 1 12 45 2.80 76.26
6 -1 -1 1 1 1 5 1 12 45 2.80 74.10
7 1 -1 -1 1 1 90 1 7 45 2.80 56.47
8 1 -1 -1 1 1 90 1 7 45 2.80 54.68
9 -1 1 -1 -1 1 5 10 7 25 2.80 67.27
10 -1 1 -1 -1 1 5 10 7 25 2.80 73.02
11 1 -1 1 -1 -1 90 1 12 25 1.40 49.64
12 1 -1 1 -1 -1 90 1 12 25 1.40 43.17
13 1 1 -1 1 -1 90 10 7 45 1.40 10.43
14 1 1 -1 1 -1 90 10 7 45 1.40 15.11
15 -1 -1 -1 -1 -1 5 1 7 25 1.40 33.09
16 -1 -1 -1 -1 -1 5 1 7 25 1.40 39.92

The four parameters used for this modeling were selected based on the results of the
screening experiments for the central composite design: S/L, pH, temperature and initial PC
content, referred to coded variablesX,, X3, X; and X5, respectively. A centered composite matrix
with four factors was employed to develop the mathematical model, enabling the calculation of
response values throughout the experimental domain.2# The experimental range of factors was
consistent with that established in the screening stage (Table II). This matrix comprises N = 34
experiments, which are divided into:

Ny=2%= 16 factorial points;

N, =2x4 = § axial points;

Ny =5 central points (to determine the experimental variance);

N, =5 test points (to check the validity of the postulated model);

The postulated mathematical model, which is a polynomial of the second degree, is given

by the following equation:
R= ag + a2X2 + a3X3 + a4X4 + a5X5 + a22X22 +(133X32 +a44Xf + a55X52 + (2)
+023X2X3 + a4X2X4 + a25X2X5 + a34X3X4 + a35X3X5 + a45X4X5

where X,, X3, X; and X5 represent the coded variables of the system; ay, a; (i = 2,3,45), a; (i =
=2345) and a;; (i = 2,3,4; j = 3,4,5) are the regression coefficients for intercept, linear,
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quadratic and interaction terms, respectively. Table IV displays the experimental matrix, inc-
luding both coded and real values as well as the response values for all experiments. The exp-
erimental data were used to estimate the model coefficients via the least squares method with
Nemrodw software (version 2007.3).2

TABLE IV. Central composite design and the resulting experimental results obtained for the
response (R)

Coded variables Real variables
Run R/ %
X2 X3 X4 XS S/L pH t/°C C/ g'L_l
1 -1 -1 -1 -1 1.00 7.00 25.00 1.40 77.70
2 +1 -1 -1 -1 10.00 7.00 25.00 1.40 78.42
3 -1 +1 -1 -1 1.00 12.00  25.00 1.40 79.86
4 +1 +1 -1 -1 10.00 12.00  25.00 1.40 79.14
5 -1 -1 +1 -1 1.00 7.00 45.00 1.40 78.10
6 +1 -1 +1 -1 10.00 7.00 45.00 1.40 76.26
7 -1 +1 +1 -1 1.00 12.00  45.00 1.40 78.42
8 +1 +1 +1 -1 10.00 12.00  45.00 1.40 79.86
9 -1 -1 -1 +1 1.00 7.00 25.00 2.80 44.60
10 +1 -1 -1 +1 10.00 7.00 25.00 2.80 43.88
11 -1 +1 -1 +1 1.00 12.00  25.00 2.80 42.25
12 +1 +1 -1 +1 10.00 12.00  25.00 2.80 49.76
13 -1 -1 +1 +1 1.00 7.00 45.00 2.80 37.41
14 +1 -1 +1 +1 10.00 7.00 45.00 2.80 41.01
15 -1 +1 +1 +1 1.00 12.00  45.00 2.80 41.01
16 +1 +1 +1 +1 10.00 12.00  45.00 2.80 42.45
17 -1 0 0 0 1.00 9.50 35.00 2.10 59.71
18 +1 0 0 0 10.00 9.50 35.00 2.10 56.83
19 0 -1 0 0 5.50 7.00 35.00 2.10 70.75
20 0 +1 0 0 5.50 12.00 35.00 2.10 64.62
21 0 0 -1 0 5.50 9.50 25.00 2.10 64.62
22 0 0 +1 0 5.50 9.50 45.00 2.10 57.11
23 0 0 0 -1 5.50 9.50 35.00 1.40 66.46
24 0 0 0 +1 5.50 9.50 35.00 2.80 47.77
25 0 0 0 0 5.50 9.50 35.00 2.10 59.00
26 0 0 0 0 5.50 9.50 35.00 2.10 59.00
27 0 0 0 0 5.50 9.50 35.00 2.10 59.71
28 0 0 0 0 5.50 9.50 35.00 2.10 52.52
29 0 0 0 0 5.50 9.50 35.00 2.10 57.57
30 -040 -023 -0.16 -0.13 3.72 8.93 33.39 2.01 58.64
31 +0.40 -0.23 -0.16 -0.13 7.28 8.93 33.39 2.01 59.26
32 0 +0.46 -0.16 —0.13 5.50 10.64 33.39 2.01 61.15
33 0 0 +0.48 -0.13 5.50 9.50 39.84 2.01 51.14
34 0 0 0 0.50 5.50 9.50 35.00 2.45 49.61
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RESULTS AND DISCUSSION

Fig. 1 displays SEM micrographs and EDS spectra of LDH powders syn-
thesized before (Fig. la—c) and after (Fig. 1d-f) calcinations at 500 °C. The
samples exhibit irregular morphology, with grains stacked in layers, indicating the
formation of a lamellar structure. As shown in Fig. 1d, the flat stacked structure
was maintained after the calcination process. However, a reduction in particle size
was observed and the resulting particles formed agglomerates. The EDS spectra
reveal the presence of O, Al, Mg, Cl and C. Compared to LDH, the LDH-500
sample shows a slight decrease in Cl, Na and C content probably due to the rinsing
process for Cl and Na and desorption of carbon dioxide from the surface of the
formed oxides for C content. The results of the elemental composition of the
powder surface analysis were summarized in Table V.

T T T L T

Fig. 1. SEM images and EDS spectra of: a—c) LDH and d—f) LDH-500 samples.

Nitrogen adsorption/desorption analysis was conducted on LDH and LDH-
-500 powders. The specific surface area was determined using the BET method,
while pore size and volume were obtained through the BJH method. The results,
including specific surface area, pore volume and mean pore diameter, are presented
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in Table VI. The results indicate that the synthesized LDH is mesoporous, feat-
uring a medium specific surface area and small pore diameters. For LDH-500, a
slight increase in the average pore volume and an enlargement of the average pore
diameter were observed, without affecting the specific surface area. These changes
can be attributed to the development of more porous structures due to the formation
of thermally stable oxide phases such as spinel, MgO and AlO, as well as likely
the formation of grain boundaries within the agglomerates.

TABLE V. Quantitative results of LDH and LDH-500 powders (wt. %)

Powder
Element
LDH LDH-500

(0] 63.34 63.29
Na 3.55 2.02
Mg 17.95 19.34
Al 11.67 13.70
Cl 3.49 1.66

TABLE VI. Textural properties of the LDHs

Powder Specific area, m?-g"! Average porous volume, cm3-g"! Average pore diameter, nm

LDH 45.67 0.085 3.73
LDH-500 46.38 0.107 4.65

3.

X-ray diffraction (XRD) analysis was performed on both the layered double
hydroxide (LDH) and the LDH-500. Fig. 2 displays the corresponding diffraction
patterns. Phase identification and diffraction peak indexing, conducted using
High’Score-Plus software, reveal a predominant phase corresponding to dialum-
inum tetramagnesium dodecahydroxide trihydrate, with the chemical formula
MgsAly(OH)12CO3 3H50, as referenced in the JCPDF database (98—017—-2994).
This phase crystallizes in a hexagonal lattice (R3m symmetry), characteristic of
double-layer hydroxides.

The characteristic peaks of LDHs are observed at low angles of 26 of 11.81
and 23.53°, corresponding to the (003) and (006) planes, respectively. These peaks
indicate the interlayer spacing of the material and illustrate the lamellar structure
of LDHs. A high value of dog3 = 7.587 A, typical for hydrated carbonate LDH,
confirms the presence of water molecules and carbonate anions (CO32") in the
interlayer space of the structure.30

Additionally, indexing reveals peaks corresponding to aluminum(Il) oxide
with a cubic structure (JCPDF 01-075—-0278), where the main peak (200) is obs-
erved at 26 of 31.86°, corresponding to an interlayer spacing of approximately 2.83
A. This phase may result from partial decomposition or impurities in the LDH
material during synthesis.
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The presence of the hydrated LDH phase in both samples enhances the ads-
orption of PC, as the layered structure and hydroxylated surface provide numerous
sites for ion exchange and hydrogen bonding interactions.3!

The XRD pattern of LDH-500 shows additional peaks attributed to the form-
ation of a spinel phase Al,MgO4 (JCPDF 98-009-6839) and magnesium oxide
(JCPDF 98-016-2607). These phases appear after calcination at 500 °C, which
induces the decomposition of the hydrated LDH phase and the recombination of
the oxides.

It is important to note that the intensity of the characteristic peaks of the hyd-
rated phases (LDH and AlO) decreases, indicating a partial loss of crystallinity and
the thermochemical transformation of the material during heat treatment.

The Raman spectra obtained for the samples are illustrated in Fig. 3. They
reveal several characteristic bands corresponding to the phase identified by XRD
as Mg4Aly(OH);,CO3 3H,0. The intense band observed around 1060 cm~! for
LDH and the band at approximately 1057 cm~! for LDH-500 correspond to the
symmetric v; stretching mode of the carbonate group intercalated between the
layers. This is in good agreement with the values reported for similar carbonate
hydrotalcites. Frost et al.32 report peaks between 1055 and 1086 cm™! for carbo-
nated LDHs, while Frederick et al.33 identify two distinct bands at 1046 and 1062
cm~! for natural quintinite. A clear band at 560 cm™! can be attributed to M—O or
M-OH vibrations in the octahedral layers, involving Mg—O and Al-O bonds.34-35
These studies systematically associate this spectral range (540-560 cm™!) with the
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vibrational modes of the hydroxyl network. Finally, the presence of a low-fre-
quency mode at 150—155 cm!, which is rarely discussed in the literature, can be
interpreted as an M—O-M deformation vibration34-36 or as OH vibrations.32

——LDH
|—— LDH-500; 1060
155
1500
£l
i
@ 560
o
& 1000
o
3
[=]
1723
O
<
500 -
0 1 T ] L] T T
0 200 400 600 800 1000 1200

Raman schift cm™)
Fig. 3. Raman spectra of LDH and LDH-500 samples.

As shown in Fig. 4, the infrared spectra of the hydrotalcite samples exhibit
characteristic bands of the double-lamellar hydroxide phase. In the uncalcined
sample, the intense band at 3375 cm™., is attributed to O—H stretching vibrations
of hydroxyl groups, water molecules within the lamellar structure, and physically
adsorbed water.37 The significant band around 1348 cm™! is associated with the
presence of carbonates in the interlayer galleries.>8 The bands observed around
947, 783 and 551 cm™! correspond to metal-oxygen stretching modes.2! Addit-
ionally, Luiz. et al.3%ttributed the band near 653 cm! to Mg-O or Al-O bonds.
After calcination, a decrease in the intensity of most previously mentioned bands
was observed. The reduction in intensity in the spectral region, corresponding to
hydroxyl groups indicates dihydroxylation and the conversion of metal hydroxides
to metal oxides.2! Additionally, the decrease in intensity of the band at 1348 cm™!,
associated with interlayer carbonates, can be attributed to the desorption of carbon
dioxide from the surface of the formed oxides.4? This result is consistent with that
of EDS, XRD and Raman results.

The kinetic adsorption results shown in Fig. 5 reveal that calcined LDH-500
achieved the highest elimination rate of 70.40 % for PC within just 5 min. In
contrast, LDH reached equilibrium after 60 min, with an elimination rate of 63.50
%. The higher adsorption capacity of LDH-500 can be attributed to its larger
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porous surface area developed during thermal treatment, which promoted the form-
ation of metal oxides.#! Additionally, the memory effect, which upon rehydration
gave a native LDH with increased adsorption capacity.4?
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Fig. 4. FTIR spectra of LDH and LDH-500 samples.
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Fig. 5. Removal percentage of PC over time.

Referring to the literature data, particularly the research on LDHs, the rapid
adsorption followed by a plateau observed in the case of LDH-500 indicates a two-
-step mechanism. This mechanism involves initial surface adsorption followed by
a second step controlled by diffusion, which typically aligns with second-order or
interparticle diffusion kinetic models.2!-43.44

Based on these findings, calcined LDH-500 was chosen for the subsequent
phase focused on optimizing the adsorption process for PC using experimental
designs.

The experimental values of the response R (Table III) were used in screening
to determine the coefficients by, by, b3, b4 and bs, which represent the weights
associated to the variables 7, S/L, pH, t and C, respectively; by is the intercept.

Using the Student’s t experimental (Zexp) and the degrees of freedom (ddl), the
significance level (%) was determined according to Student’s #-distribution. The
coefficients and other statistical parameters were calculated with Nemrodw soft-
ware.27 The results are presented in Table VII.
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TABLE VII. Estimates and statistics of coefficients (screening); @ — significant at the level of
95 %; b — significant at the level of 99.9 %; Standard deviation: 0.891

Name Coefficient Inflation factor Texp Significance, %
by 50.921 — 57.13 <0.01b

b; -1.910 1.00 -2.14 5.8

b, -2.495 1.00 -2.80 1.882

b3 7.173 1.00 8.05 <0.01b

by —7.666 1.00 -8.60 <0.01b

bs 19.627 1.00 22.02 <0.01b

It is established that an effect is considered significant if the significance level
is below 5 %. The results presented in Table VII indicate that initial PC content,
pH, S/L and temperature were the main factors influencing the response. However,
the contact time had no significant effect (p = 5.8 %) on the PC removal. Fig. 6.
presents the Pareto chart established to support these statistical results and showed
the standardized effects in decreasing order as follows: initial PC content (76.24)
> temperature (11.63) > pH (10.18) > S/L (1.23) > contact time (0.72), clearly
indicating that contact time didn’t influence the retention of PC by this material.
Therefore, the contact time for the remainder of the study was fixed at its minimum
level of 5 min.

PC content
Temperatute
pH
IS/L ratio

Contact time

Fig. 6. Pareto chart displaying the standardized effects of factors (screening).

Before carrying out experiments, it is necessary to verify the quality of pre-
diction given by the variance function and isovariance by rotation.

A variance function (d) is considered to provide an acceptable prediction if its
maximum value, dyy. is less than or equal to unity dax < 1, in the studied matrix,
dmax =0.79. Since this value is less than unity, any response predicted by the model
within the experimental domain will have an accuracy that is at least equal to that
obtained from actual experiments. Additionally, the isovariance by rotation was
verified, indicating that the responses calculated by the postulated model had the
same prediction error for all the points located at the same distance from the center
of the studied domain (Fig. 7).
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Fig. 7. Isovariance by rotation in the S/L—pH plane with: temperature = 35°C and
C=210g L

To establish the mathematical model that describes the relationship between
the factors, a central composite design was applied in the experimental domain
outlined in Table II. The experimental results for the response R, as shown in Table
IV, were used to determine the 15 coefficients of the second-degree polynomial
model, without the inclusion of checkpoints.

The coefficient of determination of 0.95 and the adjusted determination coef-
ficient of 0.91 indicate that the model fits well. The postulated model, expressed
in coded variables, is represented by the following equation:

R=59.21+0.51X; —16.89.X5 +7.10.X35 3)

To validate the model’s accuracy, we carried out experiments on test points
located as far as possible from the experimental points. The results of statistical
tests performed at these points indicated clearly that the differences between the
experimental and predicted responses Rexp—Rine for each test point fell within the
range of experimental error, meaning that they were not statistically significant
according to the ¢-test. Additionally, the coefficient of determination value of 0.94
and the adjusted coefficient of determination value of 0.90 indicated that the model
is significant.

To enhance the previous model, the response values obtained from check-
points were included in the coefficient calculation. The refined model was exp-
ressed as follows:

R=58.07+0.52X; —16.79X5 +7.57X3 (4)

Table VIII compares the coefficients of the two models. Most effects remain
unchanged after including the test points; however, slight differences have been
observed for the intercept effect g and the quadratic effects a»;, a3z and ass. A
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change in sign has been noted for the agq effect; this discrepancy is likely due
which does not significantly impact predictions or optimization. All these non-
-significant variations justified the better refining of the model using test points.

TABLE VIII. Model coefficients with and without test points

Coefficient Without test points Whit test points
ag 59.21 58.07
a, 0.48 0.48
as 0.51 0.52
ay -1.59 -1.77
as -16.89 -16.79
[25%) -2.32 —1.88
ass 7.10 7.57
ayy 0.28 -0.07
ass -3.47 -2.83
ax 0.49 0.49
ay -0.13 -0.14
ays 0.16 0.16
asy 076 076
ass 0.11 0.11
ays —-1.01 -0.98

Fig. 8 illustrates that the residuals are randomly distributed around zero, show-
ing no discernible pattern. This confirms the validity of the model and indicates a
strong agreement between the predicted and the experimental response values.

Residuals
L 4
7.00
*
L d
3.50 ¢
. *
® o 0 s
0.00 1% - >
38.45%6.57 54.8962.31 70.93 ¢
3.50 * e Calculated Y
S ¢ ¢ Fig. 8. Residuals distribution according to the calculated
’ . response R.

Furthermore, the variance analysis results applied to the refined model (Table
IX) indicated that the probability significance of the risk was greater than 5 %.
However, the main effect of the regression was significant p-value < 0.05; there-
fore, we concluded that the proposed empirical model was suitable for predicting
the removal of PC from OMW.
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Response surface methodology (RSM) and the desirability function were
combined to identify the optimal values of the process variables for maximum PC
removal, based on the model generated from the experimental data. The optimal
conditions and maximum response zone was pinpointed using RSM, while the
desirability function provided precise values for these parameters24.

TABLE IX. Variance analysis results; ® — significant at the level of 99.9 %

Source of variation Sum of squares Degrees of freedom Mean square F ratio Significance, %

Regression 5468.30 14 390.59 21.617 <0.01b
Residuals 343.30 19 18.07

Lack-of-fit 309.13 15 20.61 2412 20.4
Pure error 34.17 4 8.54

Total 5811.60 33

Fig. 9a—f show the 2D contour plots and the three-dimensional (3D) response
surfaces plots which play a crucial role in demonstrating the relationship between
independent variables and their corresponding responses while maintaining a
variable at the zero-level. Fig. 9 a and b illustrates a significant interaction between
pH and initial PC concentration. The percentage reduction increases with pH,
indicating a positive quadratic effect on the response, while it decreases signific-
antly with initial concentration. The optimal region was found at high pH and low
C values, peaking at around pH 12 and C of 1.4 g-L~1. The other response surfaces
in 9 ¢ and d and 9¢ and f illustrate the effects of temperature and S/L, which result
in only slight variations in response within the studied range. Consequently, these
parameters were maintained at their central levels: temperature at 35 °C and S/L at
5.5 g-L-1. The percentage removal achieved was 82.40 %.

Desirability function is a widely used method. The values of this function (d;)
range from O to 1. A desirability of 0, referred to as “elementary desirability”,
indicates an unacceptable solution for the selected objective, while a desirability
of 1 signifies maximum performance, meaning no further improvement is pos-
sible.#5 In our study, the aim was to maximize the removal percentage of PC to
achieve a target desirability of 100 %.

The desirability function applied to the refined model indicated that the max-
imum theoretical value of PC removal was 80.85 % reached at pH 12, C 1.4 g-L-1,
S/L 5.58 g-L-! and temperature 35.58 °C; these results align with those obtained
using the RMS. To validate the model, a test was carried out by setting the oper-
ating parameters at their optimal values; the laboratory findings yielded 80.60+
+0.44 %, which was quite close to the predicted optimal value. The difference
between the experimental and the predicted PC removal was in the range of 5 %,
confirming the validity of the model.
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Fig. 9. The 2D contour plot (a,c,e) and the 3D surface plot (b,d,f); a,b) interaction effect of pH
and C on PC removal, ¢ = 35 °C and S/L= 5.5 g-L"!; c,d) interaction effect of pH and
temperature on PC removal, C =2.5g-L-! and S/L = 5.5 g-L!; interaction effect of pH and S/L
ratio on PC removal, t=35°C and C=2.1 g-L'L.

Table X summarizes the adsorption efficiency of various adsorbents for the
removal of CP from OMW in recent years. The results indicate that the adsorption
capacity of Mg—Al LDH (500 °C) powder, studied in this work, is relatively high
compared to other adsorbents reported in the literature, such as Zn—Al LDH (500
°C), polymeric resins, zeolite, clay soil and bentonite. This suggests that Mg—Al
LDH is a favorable material for CP removal from aqueous solutions. Additionally,
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its adsorption capacity is comparable to that of other adsorbents like hydroxy-
apatite, silicas and activated carbons, highlighting its potential as an effective alter-
native for treating liquid effluents.

Table X. Capacities of different adsorbents used for PC removal from OMW

Adsorbent Conditions Efficiency, % Reference
Zn-Al LDH (450°C) Batch experiment, shaking, 25 °C, 73 De Martino
S/L 1.25 mass ratio, 24 h, natural et al 20
pH sorbent/sorbate
Activated carbon Batch experiment, shaking, 25-27 87 Baransi
°C, adsorbent dosage 0.45 g-L-! et al. %6
Activated carbon Batch experiment, 100450 rpm, 98 Bouharat
10-50 °C, pH 1.0-10.0, 0-30 min, et al¥’
adsorbent dosage 5-50 g-L"!
clay soil, bentonite and ~ Continuous experiment, adsorbent 67 for clay so0il,29 Santi
zeolite dosage 67 g-L! for bentonite and 37 et al.*8
for zeolite
Hydroxyapatite Batch experiments, 200 rpm, 25 87 Yahiaoui
°C, 30 min, pH 12, adsorbent etal®
dosage 10 g-L!
Polymeric resins Batch experiment, 200—-1000 rpm, 75 Vavouraki
25 °C, 1 h, adsorbent dosage et al®
10-200 g-L!
Silicas and activated Batch experiment, 150 rpm, 87 for activated ~ Yangui et
carbon 22 °C, 24 h, adsorbent dosage  carbon, 6775 for al.>®
60 g-L-! silicas
Volcanic tuff, natural clay, Batch experiment, shaking, 30 °C, 21-80 Azzamd!
activated charcoal and 18-24 h, adsorbent dosage
combinations 40 g-L!
Mg—Al LDH (500 °C) Batch experiments, 300 rpm, 80.60+0.44 This work

5min, pH 12, C 1.4 g-L'L,
S/L 5.58 g'L!, 35.58 °C

The LDH recovered from treating OMW under the selected optimal conditions
was first dried in an oven at 100 °C for 24 h. It was then calcined in a muffle
furnace at 500 °C for 1 h. Following calcination, the treated LDH was reused for
OMW treatment using the adsorption method under optimal conditions.

The reusability of LDH in the adsorption process was evaluated over four
consecutive runs and the removal percentages of PC and COD were recorded. As
shown in Fig. 10, the percentage of PC removal decreased slightly from 80.60 to
79.4 % at the third cycle, remaining stable during the fourth cycle. However, a
gradual decline in COD was observed, decreasing from 76 % in the first cycle to
67 % in the second cycle, and further to 60 and 59 % in the third and fourth cycles,
respectively. Furthermore, the error bars displayed on the graph indicate that the
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experimental results are highly reproducible, demonstrating the stability of LDH
during its repeated use for PC removal, in contrast of COD which shows significant

error variability.

80 A

X
]
& 60
c
8 mPC
[
2 40 1 m COD
©
>
£
£ 20 -
o
0 - . oqe .
1 2 3 4 Fig. 10. Reusability of the LDH in the
Cycle adsorption process.

The observed COD removal percentages after each decontamination cycle can
be explained by the sorption of phenols and other polar compounds, such as sugars,
organic acids and polyalcohols present in OMW.20 Additionally, the decline in
these reduction rates is likely attributable to the decrease in the LDH pore surface
area after each calcination, which is in accordance with reported result.”

CONCLUSION

The optimization strategy by CCD of phenolic compounds removal for OMW
treatment with the adsorption process was conducted successfully. The experimen-
tal conditions were optimized by considering the effects of some factors, namely
S/L, pH, temperature and initial PC content on PC removal using a CCD. The
results demonstrated that the predicted values were close to the experimental ones
and the high R? value confirmed that the accuracy of the proposed polynomial
model was acceptable. The regenerability and reusability of the LDH was con-
firmed in four successive adsorption batches without producing any new pollution.
Therefore, this eco-friendly process is suitable and presents a promising tech-
nology for eliminating the organic pollution from wastewaters.
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n3BOJ

ANCOPITIHJA ®EHOTHUX JEOIUILELA U3 OTITAOHUX BOOA HACTAJIUX Y
[MTPOU3BOOHY MACITMHOBOT YJbA IPUMEHOM METOZOJIOTHUJE
EKCITEPUMEHTAJTHOT JU3AJHA: CKPUHUHT U OIITUMU3ALIUJA HEHTPAJTHUM
KOMITIO3UTHUM JU3AJHOM

NOUARA YAHIAOUI!, RACHIDA DOUANI'!, M'HAND OUGHANEM!, NOUARA LAMRANTI', KAHINA IKKOUR*?
1 SADIA DEKKAR!

"Laboratory of Applied Chemistry and Chemical Engineering, Faculty of Exact Sciences, University Mouloud
MAMMERI of Tizi-Ouzou, 15000 Tizi-Ouzou, Algeria u Laboratory of Physico-Chemical of Materials and
Catalysis, Faculty of Exact Sciences, University of Béjaia, Algeria

Mertopornoryja exciepuMeHTaTHOT AW3ajHa MPHUMeEeHa je 3a MOJEeNOBalke U ONTHMH-
3auujy mpotieca afcopniyje y Uuby ykiamaka QEeHONHUX jefuberha U3 OTIaJHUX BoJa HacTa-
JIMX y NPOU3BOAKBU MACIMHOBOI y/ba, KOPUIIhEHEM [JBOC/IOJHUX MarHesujyM—alyMHHHjyM-
-xuppokcupa (LDH). ITpamkacty LDH cuHTeTHCaH je MeTOgOM Konmpenunuranyje. M3spuena
je merosa CTPYKTypHa 1 Mopdorouka KapakTepusanuja. Y nuby op3e U edukacHe NpoLeHe
yTHLaja MeT NMPOLeCcHUX Mapamerapa (Io4YeTHa KOHLeHTpaluja (GeHONHUX jesumerna, BpemMe
KOHTaKTa, OJHOC YBPCTe U TeuHe ¢a3e, moueTHa pH BpenHocT u reMneparypa) Ha epUKacHOCT
azcoprnudje, mpuMemheHa je AgamapoBa MaTpuiia. HakoH Tora, 3a ONTHMM3alHjy mpoleca
aficOpILMje NPUMEEH j€ LEeHTPaTHU KOMIIO3UTHH [M3ajH, 3aCHOBAaH Ha YETHUPHU K/by4yHa IpO-
necHa napamerpa. KoeduuujeHT kopesnanuje MOJIMHOMHOT Mofena usHocuo je 94 %. Bpen-
HOCTH TpenBuheHe (pyHKUHjOM on3uBa OWe Cy y JoOpoj carmacHOCTH ca €KCIIEpUMEHTATHO
IoOWjeHUM pesyiTaTHMa, LITO NOTBphyje anexBaTHOCT pas3BHjeHOT mozena. [lof onTUMaHO
nedVHUCaHUM EKCIIepUMEeHTaTHUM yCJI0BUMa IIOCTUTHYTA je MakCHManHa eUKacHOCT yKia-
wamwa GQeHOoNHUX jenumena of 80,85 %. MoryhHoct noHoBHe ynorpede perenepucanor LDH,
nodujeHor kanuuHauyjom Ha 500 °C, ucnuTaHa je TOKOM 4eTHUPH y3acTOIHa LUKIyca afcop-
L¥je Mpy YTBpheHUM ONTUMaIHUM yCiI0BUMa. Pe3ynTaT Koju ce ofHOCe Ha yKilambamwba (peHom-
HUX jeIUenha Kao U Ha XEMHUjCKY NMOTPOLIBY KUCEOHUKA, TOKa3aau Cy Oa KaanuHucanu LDH
IpeZCcTaBsba epPCIeKTHBHY a/ITePHATHUBY 3a pedrInhaBame OTIaJHUX BOZIa U3 TPOLieca MPor3-
BOJHE MaC/IHHOBOT yJba.

(ITpumsbeno 15. HoBembpa 2025, peupupano 17. janyapa, npuxsaheno 31. jyna 2026)
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