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In this work, the photocatalytic efficiency of TiO2 was improved by its 
immobilization. Synthetic clays (Layered Double Hydroxides or LDHs) were chosen 
as support since LDHs allow for easier recovery of TiO2. The characterization of the 
TiO2/LDH composite by infrared spectroscopy, chemical analysis, and X-ray 
diffraction confirmed the fixation of TiO2 on LDH. The depollution study focused 
particularly on Trichlorophenol as a model pollutant, by varying different physico-
chemical parameters. This work brings together both the results of the 
characterization of the TiO2/LDH material used, and the results obtained following 
the photodegradation of trichlorophenol by the latter. 
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1. Introduction 

Environmental pollution, especially water pollution by organic 
compounds, has become a major global concern and has attracted the attention of 
scientists worldwide. Aromatic compounds in general, and phenols in particular, 
with their certain toxicity, are now considered carcinogenic and hazardous organic 
micropollutants, even when present in trace amounts. They typically originate 
from the manufacture of products such as cresol-based resins, herbicides, 
pharmaceuticals, and surfactants, which often end up in industrial wastewater. 
Most of these compounds are persistent organic pollutants due to their resistance 
to conventional chemical, biological and photolytic processes. This poses a 
serious health problem, mainly due to their toxicity and potentially dangerous 
health effects (carcinogenicity, mutagenicity, and bactericidal effects) on living 
organisms, including humans [1]. Chlorophenols (CPs) are a group of organic 

 
1 Laboratoire Physico-Chimie des Matériaux-Catalyse et Environnement (LPCMCE), Université 
des Sciences et de la Technologie d’Oran Mohamed Boudiaf (USTOMB), BP 1505, El M’naouer, 
31000 Oran, Algeria 
2 Unité Matériaux et Transformations (UMET), UMR 8207, Université de Lille, CNRS, INRAE, 
Centrale Lille, F-59000 Lille, France, e-mail: ulrich.maschke@univ-lille.fr 



164 K. Bentaleb, A. Al Ameri, Z. Bouberka, Z. Taibi, A. Barrera, R.K. Benmammar, U. Maschke 

substances introduced into the environment as a result of various man-made 
activities, such as water disinfection, waste incineration, uncontrolled pesticides, 
and herbicides, etc., as well as by-products of chlorine bleaching of pulp. Due to 
their multiple sources, they can be found in industrial effluents, soils, and surface 
waters, and several of them have been listed among the 65 priority pollutants by 
the US EPA [2]. Phenolic compounds, a class of aromatic hydrocarbon 
derivatives, are widely used as active ingredients in herbicides, insecticides, 
pharmaceuticals, dyes, as well as preservatives in wood processing in various 
industrial sectors [3]. The discharge of wastewater containing CPs into natural 
water bodies can cause serious environmental and ecotoxicological problems, as 
many of them are suspected to be carcinogenic and mutagenic [4]. 

Therefore, several degradation pathways are possible for these pollutants. 
Conventionally applied treatments are based on physical mass transfer methods 
(sedimentation, filtration, adsorption), or chemical methods (chemical oxidation 
with ozone, chlorine), or biological methods [5-7]. Although biological treatments 
are widely used, they remain ineffective against certain toxic and recalcitrant 
compounds, since they simply transfer contaminants from one phase to another 
without destroying them [8]. 

In recent years, much of the work published in the literature has focused 
on the emergence of new treatment processes, among which Advanced Oxidation 
Processes (AOPs) occupy an important place [9]. The decomposition or chemical 
dissociation induced by exposure to visible or ultraviolet light is considered a 
particularly promising technique [10]. Significant developments have shown great 
efficiency in decontaminating wastewater contaminated with toxic and persistent 
pesticides, synthetic organic dyes, pharmaceuticals, personal care products, and a 
large number of industrial pollutants [11]. AOPs include several techniques such 
as ozonation, ultraviolet (UV)/O3, UV/H2O2, electro-Fenton, plasma processes, 
and photocatalysis [12-19]. Photocatalysis is a suitable method for removing toxic 
substances from water due to its ease of use, reliability, non-toxicity, cost 
effectiveness, and minimal secondary pollution and thorough mineralization 
[1,20]. In general, inorganic semiconductors are used as photocatalysts, with 
titanium dioxide (TiO2) being the most studied due to its natural abundance, low 
cost, and stability during photocatalysis [21,22]. Studies have shown that most 
organic pollutants can be completely eliminated by photocatalysis. However, 
photocatalysis cannot be used as a single water treatment process, due to the 
strong hydrophilicity of nano-TiO2, which prevents hydrophobic organic 
pollutants from reaching its surface, which is necessary for their 
photodegradation. 

To be effective on an economically viable scale, it must be combined with 
adsorption, due to its simplicity and high efficiency, as well as the availability of a 
wide range of adsorbents. For this, supports for TiO2 nanoparticles such as 
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montmorillonite [23-25], zeolites [26-28] and carbon nanomaterials [29-31] have 
been effectively used to enhance the photocatalytic activity. An et al. [32] showed 
that TiO2 deposited on organophilic montmorillonite completely degraded 
decabromodiphenyl ether. Gómez-Solís et al. [33] found that SiC (silicon 
carbide)-TiO2 catalyst had higher photocatalytic activity toward organic dyes than 
TiO2. Huang et al. [34] deposited nano-TiO2 on hydrophobic hydroxides (LDH) to 
effectively remove dimethylphthalate from water. A layered hydroxide (LDH) is a 
hydroxide composed of two or more metal cations with a layered brucite-type 
crystalline structure. Several methods have been developed for the synthesis of 
LDH, such as the direct coprecipitation [35], the urea method [36], the anion 
exchange [37] and the reconstruction methods [38,39]. Coprecipitation is the most 
widely used synthesis method, which allows obtaining LDHs with a wide variety 
of cations and anions in the sheets and inter-sheets [40]. In general, the total 
concentrations of CPs in surface waters range from 0.005 to 20 μg/L. However, 
the concentrations of CPs in wastewater and in some polluted surface waters can 
reach up to 1000 μg/L [41]. CPs are polar compounds, and their polarity decreases 
with increasing number of chlorine substitutions on the benzene ring [42,43]. 
They are mainly released in waste water generated by petrochemical industries, 
olive oil production and various chemical manufacturing industries such as those 
that produce phenolic resins, solvents, paints, plastics and other chemicals 
[44,45]. They are used in the production of disinfectants, germicides, precursors 
of pesticides and dyes, in the wood industry as preservatives, in the paper 
industry, in cosmetics, and in oil refining [46]. 

The aim of this work is to contribute to the field of elaboration, 
characterization of new material type LDHs and their application for wastewater 
treatment, highlighting the synthesis of LDH by co-precipitation in the presence 
of TiO2 particles. The 2,4,6-trichlorophenol (TCP) is chosen as a model 
compound in this study because of its mutagenicity and carcinogenicity. TCP 
represents a resistant organochlorine compound in aqueous systems and it is 
necessary to convert it into harmless species [47,48]. 

2. Experimental 

2.1. Materials 

All solutions were prepared using high purity distilled water. Potassium 
hydroxide (KOH, Sodium hydroxide (NaOH), Hydrochloric acid (HCl), Titanium 
tetrachloride (TiCl4) (Aldrich, 99%), Metal chloride (MgCl2 6H2O and AlCl3 
6H2O) were obtained from Sigma Aldrich (Saint Quentin Fallavier, France). 

TCP is presented as yellow flakes with a strong phenolic odor, practically 
soluble in water at 0.8 g/L, which was obtained from Aldrich (purity 98%). The 
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UV-spectrum shows characteristic bands at λ values of 205 and 290 nm, proving 
the presence of benzene rings and phenolic bonds, respectively (Fig. 1). 

 
Fig. 1. UV-visible spectrum of 2-4-6-trichlorophenol (TCP) at different pH (5 and 10) 

Of particular importance is that TCP has a much lower pKa value (about 
6.15 [49]) compared to mono- and di-chlorophenols, indicating that it is widely 
deprotonated in wastewater and natural waters (usually where pH > 7) [50]. There 
are two types of TCP species present in natural aquatic environments: non-ionized 
phenol and ionized phenolate anion [51]. A bathochromic effect is observed with 
a hyperchromic effect at 210 and 310 nm (Fig. 1). 

2.2. Colloid synthesis 

TiCl4 colloids were prepared from the hydrolysis of TiCl4; where the 
amount of 16 mL of distilled water was introduced into an Erlenmeyer flask, then 
8 mL of pure TiCl4 was added dropwise under vigorous stirring, at a temperature 
of about 1°C, resulting in the following chemical reaction:  

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇4 + 2𝐻𝐻2𝑂𝑂 → 𝑇𝑇𝑇𝑇𝑂𝑂2 + 4𝐻𝐻𝐻𝐻𝐻𝐻 
 

The solution was then stirred for 30 min with less vigorous stirring. A 
transparent yellow solution of TiCl4 is obtained. In order to increase the pH of the 
colloidal solution of TiCl4 which was initially very acidic, a jump in pH was 
realized using a KOH solution (2N). An ultrasonic wave irradiation device was 
used at 9500 rpm. 

2.3. Synthesis of composites by coprecipitation at constant pH 

The TiO2/LDH composites were prepared by dropwise addition of a mixed 
salt solution (Mg2+, Al3+) in a vessel containing TiO2 (the stoichiometric ratio was 
2) to maintain a constant pH value during precipitation. At the end of the 
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synthesis, the reaction product was recovered by centrifugation, then washed and 
dried at 60°C. 

2.4. Analysis methods 

X-ray Diffraction analysis [52-55] was performed on a Siemens D5000 
automatic powder diffractometer using the Cu Kα line of wavelength λ=1.54056 
Å. The rotation speed was 0.01°/s with a step of 0.02°. The spectra were recorded 
for angles 2θ from 2 to 40°. The mean size of the crystalline domains (D) was 
calculated using the Scherrer formula [52] 

D = K λ/ β cos θ      (1) 
where K represents a dimensionless shape factor with a typical value of 

0.9, β stands for the width measured at half the height of the diffraction peak 
(measured in radians), and θ refers to the Bragg angle. 

Fourier-Transform Infrared spectroscopy (FTIR) spectra [56,57] were 
obtained using a Bruker IKFS 240 spectrometer in the range of 400 to 4000 cm-1. 
The samples were prepared as a dispersion of clay in an KBr pellet (1/200 by 
weight). 

During photocatalysis [58], the irradiated solution was placed in a 
reflective enclosure and continuously stirred with a mechanical stirrer. The 
starting pollutant TCP as well as the degraded samples were analyzed by UV-Vis 
spectrophotometry to monitor the evolution of degradation using a double beam 
SAFAS instrument. The spectra were recorded between 190 and 400 nm with 
steps of 5 nm. The analysis were carried out in 10 mm Quartz cuvettes. 

2.5. Photodegradation procedure 

The photocatalytic degradation of TCP with the TiO2/LDH nanocomposite 
material was carried out by UV light in a photocatalytic oxidation reactor, 
consisting of three 6 W UV fluorescent black light lamps (λmax=365 nm) used as 
artificial light sources. A cylindrical Pyrex jacket was used as a reactor around the 
cover tube, containing a water-cooling circuit to absorb the IR radiation and thus 
avoid heating of the solution. Constant stirring of the solution was maintained by 
a magnetic stirrer. 

All photodegradation experiments were performed with the same reaction 
volume of 100 mL, at room temperature. The suspension was first stirred in the 
dark for 30 min before irradiation, which was sufficient to reach adsorption 
equilibrium. Irradiation started at time t=0s and samples of the suspensions were 
taken at regular time intervals, centrifuged, and analyzed. 

The degradation spectra of the pollutant in the UV wavelength range were 
recorded as function of the initial pollutant concentration, pH, and mass of the 
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synthesized material (TiO2/LDH). 

3. Results and discussion 

3.1. LDH characterization by plasma atomic emission spectroscopy 

Elemental analysis (Mg, Al and Ti) was performed using inductively 
coupled plasma atomic emission spectroscopy (ICP/AES) [59-61]. In order to 
study the formation of the LDH phases, the elemental analysis of the different 
samples (Mg2-Al) and Mg2-Al-TiO2), were determined by ICP-AES and are 
summarized in Table 1. The analysis was carried out to confirm the TiO2 content 
in Mg2-Al-TiO2, and to calculate the Mg/Al, Mg/Ti and Al/Ti ratios. The Mg2+ 
and Al3+ contents are comparable to those expected, indicating that the synthesis 
method was successful. In fact, during the synthesis, TiO2 is added to the solution, 
which leads to a decrease in the percentages of MgO and Al2O3 and an increase in 
the percentage of TiO2. The same has been observed for TiO2/Zn(2)Al-LDH [62]. 
The chemical compositions and anion exchange capacities (A.E.C.) were 
determined by elemental analysis and water content obtained by 
thermogravimetry. 

Table 1 
Elemental analysis of Mg2-Al and Mg2-Al-TiO2 

Samples Mg2-Al Mg2-Al-TiO2 
MgO (%) 30.59 24.30 
Al2O3 (%) 19.19 14.87 

Ti (%) 0.005 26.67 
Total (%) 49.79 65.84 
Mg (%) 18.45 14.65 
Al (%) 10.06 7.87 
Ti (%) 0 15.99 
Mg/Al 2.02 2.07 
Mg/Ti 0 1.81 
Al/Ti 0 0.87 

(Mg+Al)/Ti 0 2.68 
H2O (%) 2.98 2.60 

Chemical formula Mg0.68 Al0.32(OH)2(CO3)0.16 2.98 (H2O) Mg0.66 Al0.34(OH)2(CO3)0.17 2.60 
(H2O) 

A.E.C. 
(meq/100g) 261.42 204.54 
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3.2. Structural and spectroscopic analysis of LDH 

From the XRD patterns (Fig. 2a) of the powdered materials, Mg2-Al and 
Mg2-Al-TiO2, it was observed that the samples have the typical XRD pattern 
corresponding to a hydrotalcite structure. Two samples have reflections with 
sharp and intense lines at low values of 2ϴ angle, estimated from the peaks of 
(003), (006) and (009), and less intense and asymmetric ones (110) and (113) at 
higher 2ϴ angle [63-66]. No crystalline Mg(OH)2 or Al(OH)3 phase was detected. 
The 2ϴ angle of the (003) reflexion, corresponding to the basal spacing of the 
clays, was 7.95Ả for Mg2-Al and 7.46Ả for Mg2-Al-TiO2 sample (equation (1) 
[52]. These values are close to the d-spacing values reported for hydrotacite with 
carbonate in the interlayer. The (003) and (110) reflections allow the calculation 
of unit cell parameters, (c=3×d003) and (a=2×d110). The fine and symmetrical 
morphology of the peaks reflects a good crystallization of the material. It is 
arranged according to the hexagonal LDH crystal structure with R3m layer; in 
good agreement with previously reported literature. The comparison of Mg2-Al-
TiO2 with Mg2-Al shows the presence of both TiO2 and LDH compounds. The 
intensity of the characteristic peaks of the TiO2/Mg-Al phase was decreased 
compared to the peaks obtained in the Mg-Al sample. This result is due to the 
disorder generated by the incorporation of TiO2 particles into the LDH sheets 
[34,67]. The same was observed for Hydrotalcite-TiO2 magnetic iron oxide 
intercalated with the anionic surfactant dodecylsulfate HT-DS/TiO2/Fe23 and 
HT/TiO2/Fe34. 

  
Fig. 2. (a) X-ray diffraction diagrams and (b) ATR-FTIR spectra of Mg2-Al and Mg2-Al-TiO2 

The infrared spectra of Mg2-Al and Mg2–Al–TiO2 (Fig. 2b) can be used to 
identify the structural difference between the different forms of samples. The 
intense and broad band between 3600 and 3400 cm-1 was observed for all 
samples, corresponding to the stretching vibrations of hydroxyl groups of the 
sample layers, due to physically adsorbed and intercalated water. Another weak 
band was found at 1600 cm-1, due to bending vibrations of water molecules. The 
strong absorption band at 1376 cm-1 can be attributed to the stretching vibration of 
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CO3. Bands around 700-400 cm-1 can be related to the bending vibrations of the 
metal oxides M-O and O-M-O of the LDH lattice [64,68]. 

3.3. Surface area of LDH 

Fig. 3 shows the nitrogen adsorption-desorption isotherms of Mg2-Al-TiO2 
and Mg2-Al. According to the IUPAC classification, both samples exhibited 
isotherms with a profile similar to that of type IV, with a well-defined H3 
hysteresis loop in the mid-range of the relative pressure. The physisorption 
isotherms of type IV are associated with a capillary condensation occurring in the 
mesopores, limiting the absorption to a wide range of P/P0, and monolayer–
multilayer characteristics of adsorption in the initial part of the isotherm. 

 
Fig. 3. N2 adsorption-desorption isotherms of Mg2-Al and Mg2-Al-TiO2 

The textural parameters are listed in Table 2. The specific surface areas 
(SBET) and the total pore volume (VM) increased from 42.33 to 206.71 m²/g and 
from 0.19 to 0.42 cm3/g, respectively, while the average pore diameter decreased 
from 185.59 to 80.87 nm for Mg2-Al and Mg2-Al-TiO2, respectively. The 
presence of TiO2 in LDH matrices induces profound changes in the textural 
properties of the solid, increasing the surface area and pore volume. 

Table 2 
BET surface area, pore volume and average pore size of Mg2-Al and Mg2-Al-TiO2 

Samples BET area (m²/g) Vp (cm3/g) Фaverage (nm) 
Mg2-Al 42.33 0.19 185.59 

Mg2-Al-TiO2 206.71 0.42 80.87 

3.4. Discussion of the photodegradation process 

In the absence of UV light, the removal of TCP by adsorption was 
evaluated. The Mg2-Al-TiO2 photocatalyst adsorbed 3% of the TCP after 200 min 
in the absence of UV radiation. UV photolysis alone degraded 1% of the initial 
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TCP. The photoactivity of TiO2 is mainly concentrated in the UV light region, 
while the photoactivity of Mg2-Al-TiO2 sample shifts to the visible light region. 
Mg2-Al-TiO2 was more photocatalytically active for the degradation of TCP than 
pure TiO2 (10%). The synergistic effect was attributed to a higher production of 
OH radicals formed from the structural hydroxides. 

The pH plays an important role in the degradation processes. The effect of 
pH on the degradation behavior of TCP was studied at pH 3 and 10. The choice of 
this range was made in order to study the evolution of the degradation of the 
pollutant associated with the different chemical forms: molecular and ionic at 
acidic (Fig. 4a) and basic pH (Fig. 4b), respectively. To study this parameter, a 
concentration of 0.8 mmol/L was used for the two pH values. The characteristic 
peaks of TCP disappear at basic pH (Fig. 4b), reaching an extent of photocatalytic 
removal of TCP of 65%. The pH also affects the reaction rate. In the case of TiO2 
as a photo-catalyst, the surface is charged as follows: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐻𝐻+ ↔ 𝑇𝑇𝑇𝑇𝑂𝑂𝑂𝑂2
+      (𝑝𝑝𝑝𝑝𝑝𝑝)  < 6.5) 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ↔ 𝑇𝑇𝑇𝑇𝑂𝑂− + 𝐻𝐻+      (𝑝𝑝𝑝𝑝𝑝𝑝 > 6.5) 
 

In an acidic medium, the surface is positively charged, while in an alkaline 
medium, it is negatively charged. For this reason, the following experiments were 
per-formed at two pH values, one lower and one higher than pzc (point of zero 
charge). This change in surface charge affects the adsorption of reactive 
molecules and influences the degradation kinetics. 

 
Fig. 4. UV-visible spectra of initial and irradiated TCP at (a) acid pH (pH=3) and (b) basic pH 

(pH=10) 

The results showed that better photodegradation of TCP is achieved at 
pH=10. Saritha et al. [69] reported that the best degradation of TCP with 
UV/Fenton is at pH=3. According to Ali et al. [70], it occurred at medium pH 
values with TiO2@rGO catalyst. 

In order to study the influence of the initial concentration of TCP on the 
synthesized LDH and the effect of the TCP concentration on its degradation, three 
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concentrations in the range of 0.5 to 1 mM were selected by adding an amount of 
0.1 g of TiO2-LDH in a volume of 100 mL (1g/L) to each sample. The results are 
shown in Fig. 5 and show a decrease in photodegradation activity with increasing 
TCP concentration, related to the insufficient amount of HO˙ radicals to degrade 
all the organic molecules present in the solution. The TCP concentration (0.5 mM) 
has a high removal efficiency compared to 0.7 and 1 mM, reaching 96%, 90% and 
40%, respectively, at 200 min (Fig. 5). This is due to the availability of sufficient 
catalyst surface area and low intermediate production at this TCP concentration 
[71,72]. 

 
Fig. 5. Evolution of TCP concentration as a function of irradiation time (ratio: 1g TiO2-LDH 

material/L of solution, pH=10) 

In photocatalysis, the degradation is strongly influenced by the initial 
concentration, the process is favorable at low concentrations. The influence of the 
initial concentration is due to the following reasons: As the pollutant 
concentration increases, the amount of pollutant adsorbed on the outer surface of 
the catalyst increases, which causes its catalytic activity to decrease. Also, as the 
pollutant concentration increases, the path length of the photonic field passing 
through the solution decreases. Most of the hydroxyl radicals are consumed by 
secondary reactions before they can be effectively used for TCP removal. These 
results are in good agreement with those obtained by [69]. 

However, the abundant formation of intermediates at high TCP 
concentration at constant photocatalyst dose would compete with TCP molecules 
themselves on the photocatalytic surface, which explains the decrease in TCP 
degradation [73]. Therefore, the optimal concentration of TCP is 0.5 mM. 
However, the concentration of 1 mM was chosen to evaluate the maximum 
reaction rate. 
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Fig. 6. Evolution of TiO2-LDH concentration as a function of irradiation time (1-9g TiO2-LDH/L 

of solution, C (TCP)=0.5mM, pH=10). 

According to the literature [20,63], the degradation of TCP produces by-
products such as 2,6-dichlorophenol, 2,4-dichlorophenol, 4-chlorophenol, 
hydroquinone, phenol, benzoquinone and others [72]. The resulting organic 
radicals then react with oxygen to initiate a series of degrading oxidation reactions 
that eventually lead to mineralization products such as CO2 and H2O by opening 
the aromatic cycle during the photocatalytic process [74,75]. 

In order to study the effect of the mass of TiO2-LDH on the 
photodegradation of TCP, several masses ranging from 0.1 to 0.9 g were added to 
each sample of a solution with a concentration of 0.5 mM TCP in a volume of 100 
mL, and irradiated for 0-200 min. The results are shown in the Fig. 6, showing a 
remarkable increase in photodegradation efficiency with decreasing mass of TiO2-
LDH, reaching maximum values of 95.4%, 80.1%, 63.8%, 61.6%, 55.8% and 
55.4% at 1, 2, 3, 4, 7 and 9 g/L TiO2-LDH, respectively. 

4. Conclusions 

In this work, a TiO2/LDH nanocomposite was synthesized by co-
precipitation. Its catalytic performance towards a TCP phenolic compound has 
been studied. The material was prepared under different physico-chemical 
parameters (pH, concentration, ratio of the mass of the nanocomposite to the 
volume of the solution), in order to identify the optimal preparation conditions 
and maximize the degradation efficiency of TCP. Structural analysis showed that 
the addition of TiO2 in LDH matrices induces profound changes in the textural 
properties of the solid, increasing the surface area and pore volume. The results 
also showed that the conversion rate is directly affected by the pH. 

Better photodegradation is achieved at basic pH, because the acidic 
medium alters the structure of the LDHs. In photocatalysis, the degradation is 
strongly influenced by the initial concentration of the pollutant. The process is 
favorable at low concentrations because the amount of HO˙ radicals of the 
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nanocomposite is not sufficient to degrade all the organic molecules present in the 
solution. Therefore, TCP (0.5mM) has a higher removal efficiency compared to 
0.7 and 1mM, reaching up to 96% of degradation. In this environmentally friendly 
form, TiO2, which is well immobilized on the clay, poses no risk. In addition, 
TiO2/LDH nanocomposites are considered to be inexpensive and easily recyclable 
materials. 
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