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Abstract. Industrial olive oil production is of fundamental economic importance for many Mediter-
ranean countries. However, this industry generates huge amounts of toxic olive mill wastewa-
ter (OMW), which could represent a serious threat to human health and environmental biodiver-
sity. In the current study, calcined layered double hydroxides (LDHs) were synthesized through a
mechanochemical process involving the manual grinding of magnesium or zinc- and aluminum-
nitrate salts in an agate mortar, followed or not by a peptization process. The experimental results
showed that non-peptized LDHs have a layered structure with relatively low crystallinity. However,
the peptization process resulted in LDHs with regular particles exhibiting high crystallinity and ther-
mal stability. These LDHs achieved a significant improvement in the quality of OMW. Indeed, after
44 h of contact time, the removed amounts of chemical oxygen demand (COD) and biological oxygen
demand (BOD) were assessed at approximately 300 and 100 mg·g−1, respectively. Moreover, the dis-
coloration rate of this effluent was more than 90%. Overall, the results demonstrate the convenience
of the mechanosynthesis of hydrotalcite and the high efficiency of OMW treatment, which is promis-
ing for the potential applications of calcined LDH in environmental clean-up and remediation of con-
taminated water.
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1. Introduction

Mediterranean countries produce approximately
97% of the world’s olives [1]. In the European Union,
Spain, Italy, and Greece are the most important pro-
ducers, whereas Tunisia is one of the largest pro-
ducers in the North African region. Olive oil pro-
duction is accompanied by the generation of huge
amounts of solid waste (OSW) and liquid effluents.
In Mediterranean countries, the olive mill wastew-
ater (OMW) quantity was evaluated to be approxi-
mately 30 M·m3 [1]. Because of their high organic
loads and toxic substance contents, such as polyphe-
nols, the disposal of OMW into surface waters gener-
ally results in significant contamination and reduc-
tion in biodiversity [2]. Uncontrolled discharge of
OMW can also be responsible for soil and groundwa-
ter pollution [3]. The phytotoxic activity of OMW is
mainly attributable to their richness in monomeric
phenols [4], which can seriously inhibit seed germi-
nation and plant development [5]. Therefore, it is
necessary to identify the adapted technologies for
the treatment of OMW prior to their discharge into
the environment.

Different approaches have been developed and
tested to valorize olive mill liquid and solid wastes.
They include the production of energy and valu-
able materials using thermochemical processes such
as pyrolysis and hydrothermal carbonization [6,7].
Other treatment technologies have been devel-
oped to reduce the levels of harmful substances
in OMW. They include the use of chemical oxida-
tion processes, electrocoagulation, precipitation
and coagulation, sedimentation, filtration, osmosis,
ion exchange, etc. [8,9]. Adsorption onto natural
and synthetic materials is a promising method for
the treatment of both urban and industrial efflu-
ents because it is low in cost, practical, and highly
effective against a large range of pollutants [10].
For the treatment of OMW, numerous adsorbents
have been employed. They primarily consist of
resin [10], activated clay [11], activated carbon [12],
and zeolite [13]. However, these adsorbents typ-
ically have significant prices because of both the
price of the substance itself and the cost of the entire
process.

The use of layered double hydroxides (LDHs) of-
fers significant advantages over many other con-
ventional methods. Indeed, these materials can

exhibit high adsorption capacities, higher selectiv-
ity, easier desorption, better mechanical resistance,
and reusability [11]. Layered double hydroxides,
also known as hydrotalcite-like compounds (HTlc)
or anionic clays, are two-dimensional lamellar com-
pounds that are formed using divalent and trivalent
metal ions [12]. They have positively charged lay-
ers and charge-balancing anions located in the in-
terlayer region [12]. The application of LDHs for
wastewater treatment has attracted special attention
because they are prepared from low-cost precursors
and can be easily regenerated [13].

Various chemical methods have been developed
for LDH synthesis. The most common method is
the co-precipitation of metal salts from a mixed so-
lution at a constant pH in the presence of anionic
species that are intercalated between layers. The
co-precipitation method is time-consuming and pro-
duces large amounts of waste [14,15]. Various other
techniques have been proposed, including precipi-
tation at variable pH [16], sol–gel and hydrothermal
synthesis [17], structure reconstruction [18], and hy-
drolysis [19]. Each of these methods has its own
advantages and disadvantages [20]. The search for
new methods of synthesis that allow the rapid prepa-
ration of LDH has directed attention to solid-state
reactions. Among these methods, mechanochemi-
cal activation appears to be a promising alternative
method because of its simplicity and versatility [21].
During the mechanochemical reactions, the trans-
formation of the solid reactants can be induced by
milling or manual grinding [20]. Such reactions be-
tween solid reactants in the absence of a solvent are
significant from both environmental and topochemi-
cal standpoints [20]. These solvent-free and less con-
ventional procedures are considered viable routes for
the preparation of LDHs [22]. Grinding is known to
mechanically activate these reactions. The mechan-
ical energy produced by grinding leads to the regu-
lar arrangement of the particles after proper grind-
ing, whereas structural imperfections in the particles
appear after longer grinding [23]. As a result, suit-
able grinding is necessary to ensure sufficient con-
tacts and effective collisions between the reactants.
The particle size and purity of hydrotalcite are impor-
tant in industrial applications [24].

It is important to note that LDHs manufactured
by liquid-phase approaches have been intensively
used for the removal of anionic pollutants (anions
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and oxyanions of the halogen elements) [25], boron
species [26], oxyanions [27], etc. However, only a
few studies have reviewed the application of Mg/Zn–
Al-LDHs, which are synthesized by mechanochemi-
cal processes involving the manual grinding of mag-
nesium or zinc and aluminum nitrate salts in an
agate mortar followed by a peptization process [28,
29]. It is well known that the specific surface area
of materials and surface defects increase as a re-
sult of mechanochemical activation processes [30].
Such changes contribute to the significant enhance-
ment of adsorption performance [28]. Guo and Rear-
don [31] synthesized meixnerite by grinding MgO
and Al(OH)3 in two steps to remove fluoride ions. The
results illustrated that the obtained samples could
adsorb anions by an ion-exchange mechanism and
also form a new phase with the anions on the surface
of the adsorbent due to its outstanding surface activ-
ity.

Wang et al. [32] milled Mg(OH)2 to an acti-
vated state before co-grinding it with Al(OH)3

to create the precursor of Mg–Al-LDH. The ob-
tained sample showed excellent adsorption capac-
ity (1110.2 mg·g−1) toward methyl orange (MO).
Through surface adsorption, He et al. [32] success-
fully removed phenols from water using an Mg–
Al-LDH precursor. They reported outstanding ad-
sorption capacities of 82.6 mg·g−1 for phenol and
356.4 mg·g−1 for p-nitrophenol. The data demon-
strated that the disorderly precursor could provide
more active sites than other adsorbents, with a stable
crystalline structure for the adsorption of anionic
pollutants [32]. Therefore, testing this type of LDH
for the treatment of real and chemically complex
effluents such as OMW is of great interest. To date,
no study has been conducted on the use of LDHs
prepared using the solid–solid method for OMW
treatment.

In this respect, the main goals of this work are
as follows: (i) to synthesize Mg/Zn–Al-LDHs using a
simple solid–solid method; (ii) to determine how the
grinding time and the molar ratio of Mg/Al or Zn/Al
affect the crystallinity of Mg/Zn–Al-LDHs; (iii) to
deeply characterize these synthesized LDHs using in-
frared spectroscopy, thermogravimetry/differential
thermal analysis (TG-DTA), BET surface area, and X-
ray diffraction (XRD) analyses; and (iv) to study the
adsorptive properties of Mg–Al-LDH and Zn–Al-LDH
for olive mill wastewater treatment.

2. Experimental

2.1. Synthesis of Mg/Zn–Al-LDH

A series of Mg–Al-LDH and Zn–Al-LDH were synthe-
sized by a mechanochemical approach that involves
manual grinding in a mortar followed by peptization.
A mixture of magnesium or zinc and aluminum ni-
trates was combined with NaOH pellets and man-
ually crushed to create a paste. To remove un-
wanted electrolytes, the resulting paste was washed
five times with distilled water. Consequently, the en-
tire mixture was crystallized in a Teflon bottle for
24 h. To investigate the effect of the operating con-
ditions on the formation of LDH samples, various
Mg/Al and Zn/Al molar ratios, grinding times, and
peptization temperatures were tested.

For comparative purposes, two samples of
Mg/Zn–Al-LDH were produced using the traditional
co-precipitation approach. This method involves
adding, at room temperature, a solution contain-
ing Mg/Zn and Al dropwise to a solution containing
Na2CO3 while constantly stirring [33]. A solution of
NaOH (2N) was added when needed to maintain the
pH of the slurry at 10.

2.2. Characterization of the synthesized materi-
als

Various apparatuses were used to thoroughly char-
acterize the synthesized LDHs. They include the
use of an atomic absorption spectrophotometer
(AAS Vario 6) for metal concentration assessment
and X-ray diffraction (XRD) to determine the main
present species and their degrees of crystallinity.
The diffractograms were obtained using monochro-
mated CuK radiation and a PANalytical X’Pert High-
Score Plus’ diffractometer. Moreover, nitrogen ad-
sorption measurements were performed at −196 °C
with an Autosorb-1 unit (Quantachrome, USA) to
determine the textural properties of the samples us-
ing the multipoint Brunaner–Emmet–Teller (BET)
method. Furthermore, the Fourier-transformed in-
frared (FT-IR) spectra of the samples were recorded
by using the KBr pellet technique with a Perkin-
Elmer FT-IR (model 783) instrument. Finally, the
thermal decomposition of the solid samples was
studied by thermogravimetric analysis (TGA) using a
Shimatzu TG-50 thermobalance. In this study, 10 mg
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of these samples were heated from 50 to 700 °C at
a gradient of 10 °C/min under an argon flow rate of
50 mL/min.

2.3. Olive mill wastewater sampling and prepa-
ration

Fresh samples of olive mill wastewater were col-
lected from a three-phase local automatic mill lo-
cated in northwest Tunisia during the oil extrac-
tion season. The raw OMW was first centrifuged for
60 min at 6000 rpm, filtered to remove the solid con-
tents, and stored in a refrigerator at 4 °C to reduce
the effect of biodegradation. The collected OMW
was physicochemically characterized by determin-
ing various parameters such as pH (HENNA instru-
ments P211R), electrical conductivity (HENNA in-
struments HI2300), chemical oxygen demand (COD)
by the open reflux method for a digestion time of
2 h [34], total suspended solids (TSS) by filtration
through 0.45 µm filters and biological oxygen de-
mand (BOD) by the respirometric method. Total
organic carbon (TOC) was determined by using the
Multi N/C 3100 system 141 (Analytik Jena GmbH,
Germany).

2.4. OMW treatment and kinetic modeling

The OMW treatment experiments were carried out in
50-ml polyethylene tubes for the materials with
the best properties. All experiments were per-
formed at the same pH as that of the raw OMW
sample (pH 4.7) and at room temperature (around
25 °C).

Time-dependent OMW treatment was performed
using 250 mg of LDH and 20 ml of raw OMW. The
mixtures were stirred at low speed (∼100 rpm) for dif-
ferent time intervals and centrifuged. The total sus-
pended solid (TSS), chemical oxygen demand (COD),
biochemical oxygen demand (BOD), and total or-
ganic carbon (TOC) in the supernatant were then de-
termined.

Kinetic adsorption modeling allows not only
the estimation of the sorption rates but also the
deduction of the main possible mechanisms in-
volved. In the current study, the pseudo-first-
order [33] and pseudo-second-order equation [35]
were tested.

3. Results and discussion

3.1. Structure of synthesized LDHs

The XRD patterns of the Mg/Zn–Al-LDH prepared
by the mechanochemical method at a grinding time
of 15 min and without peptization for Mg/Al = 3:1
and Zn/Al = 3:1 are shown in Figures 1a and 1b,
respectively.

The X-ray diffraction (XRD) patterns for the Mg–
Al-LDH samples prepared by co-precipitation (for
comparison) and by the mechanochemical method,
respectively, shown in Figures 1a1 and 1a2, are simi-
lar. The difference between these diffractograms lies
in the intensity of the reflection (00l). Both plots
show sharp, symmetrical peaks at lower 2θ values,
which are characteristic of lamellar hydrotalcite-type
compounds, and also indicate a high degree of crys-
tallinity in the samples. Reflections 003 and 006
are attributed to basal reflections, which correspond
to successive stacking of brucite-like sheets. The
diffraction peaks correspond to a hexagonal lattice
with R-3m rhombohedral symmetry, which is com-
monly used to describe LDH structures. The basal
reflections of (003) indicate the formation of Mg–Al–
CO3-LDH with an interlayer spacing of 0.78 nm [36].
Furthermore, the XRD pattern of LDH prepared by
the mechanochemical method is consistent with that
of JCPDS No. 41-1428, suggesting that this sample
has a hydrotalcite sheet structure [37].

Concerning the Zn–Al-LDH sample, the XRD
diffractogram (Figure 1b2) shows the presence of
additional reflections that are different from those
of LDH prepared by the conventional method (Fig-
ure 1b1), indicating a mixture of phases. The Zn–Al-
LDH sample showed a layered structure, as observed
from the peaks detected at 7.82, 3.89, and 2.61 Å,
which correspond to planes (003), (006), and (009),
respectively, for a layered hydrotalcite-like mate-
rial [36]. This sample displays a weak and broad peak
at a 2θ value of 11° compared with the sample pre-
pared by co-precipitation under the same conditions
(Zn/Al = 3). On the other hand, Zn–Al-LDH shows
a structure different from that of the Mg/Al sample.
The Zn–Al-LDH phase appears to be contaminated
with Al(OH)3 (JCPDS 82-2256).

The infrared spectra of the Mg–Al-LDH and Zn–
Al-LDH samples are shown in Figure 2. Because of
the stretching mode of the –OH structural groups in
the metal hydroxide, they exhibit a broad band at
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Figure 1. Powder XRD patterns: (a) Mg–Al-LDH and (b) Zn–Al-LDH prepared by (1) co-precipitation (for
comparison) (2) mechanochemical method. Experimental conditions: M/Al: 3:1, grinding time = 15 min,
and no peptization.

approximately 3470 cm−1 [38]. Both spectra (Fig-
ures 2a2 and 2b2) show a shoulder at 1638 cm−1

which can be attributed to the bending mode of in-
terlayer water molecules [39]. Three characteristic
bands of carbonate in hydrotalcite at ∼1380 cm−1

(ν3) [40], 877 cm−1 (ν2) and ∼1020 cm−1 (ν1) [41]
and bands around 420 and 668 cm−1, which can be
attributed to the Al–O and Mg–O bending modes, re-
spectively.

The thermogravimetric analyses of the synthe-
sized Mg–Al-LDHs and Zn–Al-LDHs are shown in
Figures 3a and 3b, respectively. The shapes of the
curves reflect a good degree of crystallinity for the
two samples. The TGA-DTA patterns are character-
ized by a weight loss between 10% and 14% due to the
evaporation of the interlayer-water in the tempera-
ture range of 50–250 °C. For Mg–Al–CO3, dehydration
occurs in two steps at 138 °C and 216 °C (Figure 3a).
These steps result from the loss of adsorbed and in-
terlayer water, followed by water coordinated to the
interlayer carbonate. The interlayer carbonate was
released as CO2 at approximately 402 °C (Figure 3a).

The total mass loss was estimated to be approxi-
mately 37%. For Zn–Al–CO3, significant mass losses
at 174, 239, and 540 °C were observed (Figure 3b).
The mass losses at 174 and 240 °C are accompanied
by a change in the heat flow, which is the result of ad-
sorbed surface water and interlayer water evapora-
tion [42]. The combination of two processes, namely
the dehydroxylation of the Zn–Al-LDH layers and the
decomposition of the interlayer CO2−

3 anions, could
result in the second distinct mass loss region (350–
500 °C) [42].

The N2 adsorption–desorption isotherms were of
type II for all samples, which is typical of meso-
porous materials (Figure 4). All materials possessed
zero micropore volume. Adsorption isotherms of
this type are represented by mesoporous materials
with no micropores and strong interactions between
the adsorbent and adsorbate molecules. This type
of hysteresis loop is formed when the adsorption
and desorption curves do not coincide and is physi-
cally caused by capillary condensation in the meso-
pores. According to the IUPAC classification [43],
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Figure 2. FTIR spectra of (a) Mg–Al-LDH and (b) Zn–Al-LDH prepared by (1) co-precipitation (for
comparison) and (2) the mechanochemical method.

Figure 3. TG and DTA curves for (a) Mg–Al-LDH and (b) Zn–Al-LDH prepared by the mechanochemical
method.
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both materials display a type II isotherm with an H3

hysteresis loop, which corresponds to solids with ag-
gregates of plate-like particles that give rise to slit-
shaped pores [44].

Specific surface areas of the Mg–Al-LDH–500 and
Zn–Al-LDH–500 were determined by the single point
BET method (Table 1) and were found to be 121
and 98 m2·g−1 respectively, greater than the 77 and
65 m2·g−1 values obtained for their precursors. It
has been suggested that a porous system developed
in the calcined samples during the transformation of
the interlayer CO2−

3 to CO2 [45].

3.2. Effect of M2+/Al3+ molar ratio on the proper-
ties of LDHs

The effect of the M2+/Al3+ ratio (R values) on the
structure of Mg/Zn–Al-LDHs is shown in Figure 5.
Samples prepared within the Mg/Al and Zn/Al ranges
of 0.5–3 show similar patterns of natural hydrotalcite.
The difference between these samples is in the inten-
sity of the (00l ) reflection. As the Mg/Al molar ra-
tio increased from 0.5 to 3, the intensity of the re-
flections increased, corresponding to an increase in
crystallinity (Figure 5). This figure shows the highest
crystallinity for R = 3. According to Bukhtiyarova et
al. [46], a ratio of 3 produces an energetically stable
LDH phase. This behavior was imputed to the fact
that the more Mg2+ or Zn2+ were replaced by Al3+,
the stronger the bond between the layers and the in-
tercalary anions, and therefore the LDH phase be-
came more stable. In contrast, additional energy is
introduced by the distortion of the network created
by the difference in size between the two cations.
In addition, a crystalline hydrotalcite phase was ob-
served in the precipitate for Mg/Al molar ratios as
low as R = 0.5. This can also be seen in Figure 5
that well-crystalline hydrotalcite Mg/Al compounds
are formed at an Mg/Al ratio of 1:1. These samples
were mixed with NaNO3. The LDH phase was mixed
with Al(OH)3 in samples prepared with a Mg/Al3+ ra-
tio of 0.5.

For Zn–Al-LDH (Figure 5), an LDH phase with ac-
ceptable crystallinity was obtained using only a Zn/Al
molar ratio of 2. Below this ratio, the formed LDH
phases were very poorly crystallized. These results
are not in good agreement with those found for the
synthesis of LDH by the co-precipitation method,

which showed a significant increase in the crys-
tallinity of LDH when the M2+/Al3+ molar ratio de-
creased [47]. Dutta et al. [48] showed that increas-
ing the Al3+ concentration in Zn–Al-LDH solutions
causes an increase in the crystallinity of the LDH
phase.

The FT-IR spectra of the synthesized samples at
various Mg/Al and Zn/Al molar ratios are shown in
Figure 6. These samples show spectra similar to those
of natural hydrotalcite. These IR results, coupled
with the above XRD results, clearly confirm that a ra-
tio of R = 3 is the best molar ratio for the prepara-
tion of well-crystalline Mg–Al-LDH and Zn–Al-LDH
hydrotalcite-like compounds by the mechanochemi-
cal method.

3.3. Effect of grinding time on the properties of
LDHs

Grinding time and peptization temperature could
also highly influence crystal growth, kinetically or
thermodynamically [49]. These two key parameters
control the crystallinity and particle size of the syn-
thesized LDHs [50]. In the current work, the syn-
thesis of Mg–Al–CO3 and Zn–Al–CO3 was realized by
altering the grinding times while keeping the other
parameters constant. Powder mixtures were pre-
pared with Mg/Al or Zn/Al ratios of 3:1. The pepti-
zation process was performed at room temperature.
The XRD patterns of the dry precipitates prepared by
mechanosynthesis for grinding times of 15, 30, 60,
and 90 min showed patterns similar to those of nat-
ural hydrotalcite (Figure 7). The main difference be-
tween these samples is in the intensity of the (001)
reflection (Figure 7). For Mg–Al-LDH, as the grind-
ing time increases, the intensity of the reflection in-
creases, corresponding to an increase in crystallinity.

Similarly, Figure 7 shows the XRD patterns of Zn–
Al-LDH synthesized under different grinding times.
When the grinding time was increased from 15 to
60 min, the crystallinity improved, but peak heights
and peak broadening were observed when the grind-
ing time was increased to 90 min. Under shorter
grinding (i.e., 30 min), the mechanical energy from
shorter grinding is too weak to give rise to fully grown
particles. Under longer grinding (i.e., 90 min), dis-
tortions in the plate stacking and delamination pro-
cesses may account for the reduction in peak inten-
sity as well as its widening [51].
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Figure 4. N2 adsorption–desorption isotherms recorded for Mg–Al-LDH and Zn–Al-LDH: (a) before and
(b) after calcination at 500 °C.

Table 1. Textural properties of Mg–Al-LDH and Zn–Al-LDH before and after calcination at 500 °C

Sample Mg–Al-LDH Zn–Al-LDH

SBET (m2·g−1) Vtotal (cm3·g−1) SBET (m2·g−1) Vtotal (cm3·g−1)

Before calcination 77 0.43 66 0.79

After calcination 121 0.83 98 1.20

3.4. Effect of peptization temperature on the
properties of LDHs

The peptization temperature is an important factor
in the formation of all hydrotalcite-type materials
via the mechanochemical route. Samples prepared
within the temperature range of ambient room tem-
perature to 150 °C show patterns similar to those of
natural hydrotalcite (Figure 8). The difference be-
tween these samples is in the intensity of the (00l)
reflection. The sample of Mg–Al-LDH prepared at
120 °C shows fine and intense peaks compared with
those prepared at 90 °C and 150 °C (Figure 8). The
XRD patterns of the Zn–Al-LDH sample prepared at
90 °C show broad peaks, indicating poor crystallinity
(Figure 8). As shown in this figure, a layered struc-
ture with high crystallinity was obtained at a peptiza-
tion temperature of 120 °C, regardless of the nature
of the cation. These results are in agreement with
those of Zhang and Li (2013) [14], who prepared Mg–
Al-LDHs, Zn–Al-LDHs, Ni-Al-LDHs, and Mg-Fe-LDH
samples with high crystallinity at a peptization tem-
perature of 100 °C. The results of the above analysis
clearly indicate that Mg/Zn–Al-LDHs materials with
high crystallinity and stability could be obtained af-

ter peptization. Furthermore, the peptization pro-
cess probably plays a critical role in the formation of
Mg/Zn–Al-LDHs with high crystallinity, and the op-
timum peptization temperature mainly depends on
the cations used.

3.5. Textural properties

The textural properties of the LDHs prepared un-
der different conditions are presented in Figure 9. It
can be clearly concluded that the grinding time and
molar ratio affect the textural properties the most.
Indeed, the specific surface area of the Mg–Al-LDH
samples increased by approximately 108% when the
Mg–Al molar ratio increased from 0.5 to 3 and by
32% when the grinding time increased from 15 to
90 min. Moreover, the Mg–Al-LDH obtained by the
mechanochemical method with an R value of 3, a
peptization temperature of 25 °C, and a grinding time
of 90 min has the greatest surface area (103 m2·g−1),
making it a potential material for anionic exchange
applications. The specific surface area of the Zn–Al
system increases primarily as a function of the Zn/Al
molar ratio and peptization temperature (Figure 9).
Indeed, SBET increased by 225% when the molar ratio
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Figure 5. X-ray diffraction (XRD) patterns of LDHs prepared at a grinding time of 15 min and various
Mg/Al and Zn/Al molar ratios without peptization.

increased from 0.5 to 3. On the other hand, the spe-
cific surface area reached its maximum for a grind-
ing time of 30 min. The highest surface area was
recorded for the LDH synthesized under the follow-
ing conditions: Zn/Al = 3, T = 150 °C, and a grinding
time of 15 min. This behavior is explained by the fact
that the grinding procedure ensures homogeneity of
the mixed raw materials. In addition, this process
leads to the formation of primary LDH nuclei. Dur-
ing the heating process, the nuclei grow to form LDH
of high crystallinity. The Brunauer–Emmett–Teller
(BET) surface area is correlated with the presence of
intercrystalline pores and the better crystallinity of
the sample. On the other hand, because of the rapid
nucleation in the mechanochemical process, some

Al3+ ions might have become overloaded on the sur-
face sites, resulting in a higher surface charge and
hence a positive surface charge density value. The
correlation of surface charge density and the Mg:Al
ratio with the microporous structure of LDHs was an-
alyzed by Weir and Kydd [52]. It is likely that materi-
als with a high surface charge density contain smaller
pores, and slight changes in the layer composition
may yield different BET surface areas.

3.6. Treatment of olive mill effluent

The OMW sample was characterized according to
standard methods for the examination of water and
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Figure 6. Infrared spectra of the dry precipitates prepared at a grinding time of 15 min, various Mg/Al
and Zn/Al molar ratios, and without peptization.

wastewater [53]. Table 2 lists the main physicochem-
ical characteristics of OMW. The pH of the OMW was
acidic (4.7) because of the presence of fatty acids.
This low pH value indicates that biological activi-
ties in OMW may be inhibited or very limited. The
OMW electrical conductivity was determined to be
18.25 mS·cm−1, which is relatively significant and can
be attributed to the presence of a high dissolved salt
content. BOD5 was equal to 25.0 g·L−1, which is com-
parable to the value reported by Haddad et al. [54].
The COD content was estimated to be 212.0 g·L−1,
which is exceptionally high and is mainly due to the

presence of organic matter in both suspended and
decanting materials [9]. On the other hand, OMW
seems to be a real environmental problem. Some
preliminary adsorption assays showed that the ad-
sorbents were not efficient in treating the raw OMW.
Therefore, the OMW was diluted twice with deion-
ized water.

The COD, BOD, TOC, and TSS reduction kinetics
were determined under the experimental conditions
described in Section 2.4. The results (Figure 10a)
show that the removal of COD by Zn–Al-LDH in-
creases within the first 3 h. No significant variation
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Figure 7. XRD patterns of Mg–Al-LDH and Zn–Al-LDH prepared for Mg/Al = 3 and Zn/Al = 3 at various
grinding times and without peptization.

Table 2. Main physicochemical properties of
the raw OMW sample

Parameters Unit Value

pH - 4.7

Conductivity mS/cm 18.25

Turbidity NTU 11,000

Total suspended solids (TSS) mg/L 1530

Chemical oxygen demand (COD) g/L 212.0

Biological oxygen demand (BOD) g/L 25.0

Total nitrogen mg/L 0.26

Total organic carbon (TOC) g/L 33.8

was observed after this period. For Mg–Al-LDH, the
efficiency of COD removal increased with increasing

contact time, reaching a state of near equilibrium af-
ter a contact time of 44 h. When Al Bsoul et al. [55]
treated OMW with titanium oxide nanoparticles, they
observed the same behavior. These authors found
that an equilibrium state could be reached after 4 h
of treatment.

The maximum adsorption capacities were found
to be 292 mg·g−1 and 294 mg·g−1 for Mg–Al-LDH and
Zn–Al-LDH, respectively. These adsorbed amounts
are much higher than those reported by Azzam
et al. [56], where only 10% of the contained COD was
removed. This removal process may be mainly at-
tributed to surface complexation in the LDH struc-
ture and intercalation of the OMW organic matter
into the LDH interlayer. The kinetic curves (Fig-
ures 10b, 10c, and 10d) of the removal of BOD, TOC,
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Figure 8. XRD patterns of Mg–Al-LDH and Zn–Al-LDH for Mg/Al = 3 and Zn–Al = 3 at a grinding time of
15 min and at various peptization temperatures.

Figure 9. SBET for various Mg–Al-LDH and Zn–Al-LDH samples prepared using the mechanochemical
method in terms of the M/Al molar ratio, grinding time, and peptization temperature.
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Figure 10. Effect of contact time on (a) COD, (b) BOD, (c) TOC, and (d) TSS uptake by Mg–Al-LDH and
Zn–Al-LDH.

and TSS show behavior similar to that observed for
COD. For instance, for Zn–Al-LDH, only a duration
of 20 h was necessary to reach an equilibrium state,
and the maximum TOC removed quantity was ap-
proximately 92 mg·g−1; however, a duration of 48 h
was required for Mg–Al-LDHs. These results indicate
that both Mg–Al-LDH and Zn–Al-LDH have relatively
high efficiencies in removing COD, TOC, BOD, and
TSS from the OMW.

In batch-type adsorption systems, an adsorbate
monolayer typically forms on the surface of the ad-
sorbent [57]. The rate at which an adsorbate species
is transported from the exterior/outer sites to the
interior sites of the adsorbent particles determines
how quickly an adsorbate species is removed from an
aqueous solution [58]. In addition to allowing the cal-
culation of sorption rates, kinetic modeling produces

appropriate rate expressions representative of poten-
tial reaction mechanisms.

Although the correlation coefficient values are
higher for Mg–Al-500 and Zn–Al-500, the experimen-
tal Qexp values do not agree with the calculated val-
ues obtained from the linear plots (Table 3). This
demonstrates that COD, BOD, TOC, and TS removal
from the body and onto LDH are not first-order ki-
netics. When using second-order kinetics, the t/q
versus t plot should be linear. There is no need
to know any parameter beforehand, and Qe and k2

can be determined from the slope and intercept of
the plot. Furthermore, this procedure is more likely
to predict behavior across the entire range of up-
take. The correlation coefficients for the second-
order kinetic model are greater than 0.98, indicat-
ing the applicability of this kinetic equation and the
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Figure 11. Visible-UV absorbance for different time periods: (a) Mg–Al-LDH and (b) Zn–Al-LDH.

Table 3. Kinetic parameters for OMW treatment with Mg–Al-LDH and Zn–Al-LDH

Pseudo-first order Pseudo-second order Qexp

Q1, mg·g−1 k1, h−1 R2
1 Q2, mg·g−1 k2, h−1 R2

2

Mg–Al–500 °C

TS 61.1 0.117 0.693 65.6 0.004 0.984 65.5

COD 162.3 0.100 0.699 285.3 0.002 0.990 292.2

BOD 49.2 0.087 0.737 73.5 0.013 0.990 94.1

TOC 57.0 0.128 0.801 81.8 0.007 0.991 81.7

Zn–Al–500 °C

TS 29.8 0.115 0.765 84.2 0.022 0.999 84.6

COD 50.5 0.135 0.907 294.0 0.014 1.000 294.2

BOD 16.3 0.077 0.703 98.3 0.041 0.999 98.1

TOC 25.6 0.116 0.785 92.1 0.029 0.999 92.0

second-order nature of the COD, BOD, TOC, and TS
uptake processes on calcined LDH. It is worth men-
tioning that our materials can be considered promis-
ing materials for OMW treatment in comparison with
eucalyptus sawdust [59], activated clay [60], and chi-
tosan [61].

Coloring is considered to be an indicator of pol-
lution from dissolved organic matter [62]. The stud-
ied OMW sample is dark in color (brown). This
coloration is largely due to the presence of pheno-
lic compounds [63], and its variation is related to
the types of distribution of these compounds [64].

In addition, UV visible spectroscopy analyses (Fig-
ure 11) showed the existence of UV absorbance
bands around 278 nm, which correspond to the ab-
sorption domain of polyphenols.

From Figure 11, it can be clearly seen that the
treatment of OMW with Mg- and Zn-LDH signifi-
cantly decreased the absorption intensity at 278 nm
as the contact time increased. This peak corresponds
to organic matter, particularly polyphenols. After
44 h, the absorbance measurement, or index of rejec-
tion discoloration, measured in the visible range (at
395 nm), showed that the percentage of discoloration
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reached 90% for Mg–Al-LDH and 97% for Zn–Al-
LDH.

4. Conclusions

This work shows that the properties of calcined Mg–
Al-LDH and Zn–Al-LDH using a mechanochemical
approach are dependent on various parameters, in-
cluding grinding time, peptization temperature, and
metal ratios. Under some experimental conditions,
this rapid, simple, and inexpensive method per-
mits the production of well-defined and homoge-
nous LDH particles. These materials achieve high
removal efficiencies for various mineral and organic
pollutants in the OMW. In the future, we intend to
complete the conversion of the precursors to pro-
duce almost phase-pure LDH. This stage will be
achieved through a two-step milling operation (dry
and wet milling) in a mixer mill while adjusting the
ball/sample ratio or the imparted mechanochemical
energy. Moreover, an ecotoxicological assessment of
the treated OMW will be performed.
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