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a b s t r a c t

In this paper, an Ag-ZnO-Al2O3 nanocomposite with enhanced photocatalytic activity has been obtained 
by calcination of an Ag-loaded zinc/aluminum layered double hydroxide (LDH). First, LDH materials 
intercalated by carbonates ions (Zn-Al-CO3) were synthesized by the co-precipitation method at a Zn/
Al molar ratio of 3 and were calcined at different temperatures (300, 400, 500, 600, 800, and 1000°C). 
Thereafter, in order to increase photocatalytic activity, catalysts obtained at optimal temperature were 
doped by Ag noble metal with various amounts (1, 3, and 5 wt %) using a ceramic process. Samples 
were characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and 
scanning electron microscopy coupled to energy dispersive X-ray spectroscopy (SEM/EDX). The pho-
tocatalytic activity was evaluated for the degradation of caffeine as a model of pharmaceutical pollutant 
in aqueous solutions under UV irradiation. The effect of irradiation time, initial concentration of caf-
feine, catalyst dosage, solution pH, and reuse were investigated. The Ag-doped calcined LDH materials 
showed significantly higher photocatalytic activity compared with undoped and standard Degussa 
P-25 titanium dioxide. The photocatalytic degradation of caffeine was increased with an increase in the 
Ag-loaded amounts. The photocatalyst showed high stability after three regeneration cycles. 
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1. Introduction

Caffeine (1,3,5-trimethylxanthine) is an alkaloid with 
widespread occurrence in a variety of foods and beverages 

such as coffee, tea, cola nuts, yerba mate, cocoa, and guarana 
[1,2]. Caffeine, which acts as stimulant for the heart, respira-
tory, and central nervous system and is a vasodilator and a 
diuretic [3], is a component of dietary supplements used for 
the improvement of athletic endurance and acceleration of 
weight loss [4]. These drugs carry a number of side effects, 
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and an overdose of them can cause serious problems. How-
ever, caffeine can also cause advance mutation effects, can-
cer, heart disease, or complications in pregnant women [5]. 
Especially, caffeine is highly soluble in water [6]; further, 
persistent to biologic degradation in an environment, caf-
feine has been increasingly detected in influents and efflu-
ents of wastewater treatment plants, water supplies, and 
even drinking water [7].

Many different techniques have been applied for the 
removal of persistent molecules, e.g., adsorption [8], coag-
ulation-flocculation [9], membrane filtration [10], biological 
treatments [11], Fenton process [12], and especially pho-
tocatalysis [13]. Among these techniques, photocatalysis 
is an effective and applicable method to degrade organic 
contaminants in wastewater. Heterogeneous photocatal-
ysis has been proposed as a promising process to remove 
pollutants from air and water streams through the action 
of hydroxyl radicals (°OH) generated in the primary stages 
of these processes and possibility of pollutants oxidation to 
CO2 and H2O and mineral salts in the presence of semicon-
ductors [14–16].

Recently, metal-oxide semiconductors and their 
derived composites with different morphologies and 
sizes have received considerable interest because of their 
good reaction stability and high photocatalytic activity for 
eliminating environmental pollution. Until now, differ-
ent semiconductor materials, such as TiO2 [17], WO3 [18], 
ZnO [19], ZnS [20], Bi2O3 [21], CdS [22], etc., have been 
successfully applied in various photocatalytic systems. 
Among these materials, zinc oxide (ZnO) has remained 
one of the most widely used photocatalysts in recent 
years. The main advantages of this photocatalyst reside 
in its strong resistance to a wide variety of chemicals as 
well as to its high photosensitivity, nontoxic nature, and 
low cost [23]. However, a major limitation to achieving the 
high photocatalytic efficiency of a ZnO semiconductor is 
the rapid recombination of photo-excited electron/hole 
pairs [24,25]. To overcome these drawbacks, several meth-
ods have been designed by modifying the ZnO nanostruc-
ture. Recently, many nanocomposite-based ZnO, such as 
ZnO/Ag/Ag2WO4 [26], Fe3O4/ZnO/NiWO4 [27], Fe3O4/
ZnO/CoWO4 [28], ZnO/AgI/Ag2CO3 [29], and ZnO/
Ag3VO4/AgI, [30] have been prepared and applied in pho-
tocatalytic degradation of organic pollutants. The doping 
process by noble metals, such as Pt [31], Pd [32], Au [33], 
Ag [34], and Rh [32], is an effective strategy to enhanced 
photocatalytic activity of ZnO. From an economic point 
of view, Ag has been widely investigated compared with 
other noble metals.

A variety of preparation techniques have been reported 
for the synthesis of  ZnO materials, such as sol–gel [35], 
hydrothermal synthesis method [36], chemical vapor 
deposition [37], photo-chemical reduction processes [38], 
co-precipitation methods [39], spray-pyrolysis methods 
[40], ultrasound-assisted methods [41], and microwave-as-
sisted thermal decomposition [42]. By using layered double 
hydroxides (LDHs) as a precursor for the preparation of 
ZnO, it is possible to obtain fine dispersion of active com-
ponents on the surface of a semiconductor and, as a conse-
quence, the formation of an intimate contact at atomic level 
between the generated semiconductor phases. Moreover, Al 
in the structure has more advantages over a ZnO photocat-

alyst owing to its high photocatalytic activity, morphology, 
particle size, low cost, and good stability [43–45].

In this research, ZnO-Al2O3 mixed oxides have been pre-
pared by calcination of a Zn/Al-layered double hydroxide. 
For improving the photocatalytic performance, the sam-
ples were doped by different amounts of Ag noble metal 
(1, 3, and 5 wt %) using a ceramic process. The catalysts 
were characterized by several physico-chemical techniques 
(XRD, FTIR, and SEM/EDX). The photocatalytic activity of 
prepared photocatalysts was evaluated for the degradation 
of caffeine as a model of pharmaceutical pollutant under 
UV irradiation. The effect of Ag doping concentration on 
the photocatalytic activity was evaluated in detail.

2. Experimental

2.1. Reagents

The starting chemicals – zinc nitrate (Zn(NO3)2·6H2O), 
aluminum nitrate (Al(NO3)3·9H2O), silver nitrate (AgNO3), 
sodium carbonate (Na2CO3), sodium hydroxide (NaOH) 
and hydrochloric acid, 37% (HCl) and Degussa P-25 tita-
nium dioxide – have been acquired from Sigma-Aldrich 
(Germany). Caffeine (C8H10N4O2) was a product of Sig-
ma-Aldrich (China). All the used chemicals were of ana-
lytical grade and employed without further purification. 
Bi-distilled water was used as the solvent throughout this 
study.

2.2. Characterization

The XRD measurements were performed at room tem-
perature on a D2 PHASER diffractometer, with Bragg–Bren-
tano geometry, using a CuKα target (λ = 1.5406 Å) operating 
at 30 KV and 10 mA. Fourier transform infrared (FTIR) spec-
tra in KBr pellets were collected on a Perkin Elmer (FTIR-
2000) spectrophotometer, in the range of 4000–400 cm–1. 
The external surface of a sample was analyzed by scanning 
electron microscopy coupled to the energy-dispersive X-ray 
spectroscopy (SEM/EDX) using a FEI Quanta 200 model. 

2.3. Catalysts preparation

2.3.1. Synthesis of LDH precursor and calcination

A Zn-Al-layered double hydroxide material interca-
lated with carbonate anions was prepared by co-precipita-
tion method from metal salts. The molar cationic ratio r = 
Zn/Al was fixed to 3. A mixture solution of Zn(NO3)2·6H2O 
and Al(NO3)3·9H2O, with a total concentration of metal ions 
of 2 mol/L and Na2CO3 (1 mol/L), was added dropwise in a 
backer containing 50 mL of bi-distilled water. The pH of the 
mixture was adjusted and kept constant at 8.5 ± 0.2 during 
the synthesis by adding suitable amounts of NaOH (2 M) 
solution. The formed gel was kept under constant mag-
netic stirring for 4 h. The final products were recuperated 
by filtration, washed several times with bi-distilled water 
until pH = 7, and dried at 100°C for 24 h. The mixed-oxide 
photocatalysts were prepared by calcination of a LDH pre-
cursor at different temperatures (300, 400, 500, 600, 800, and 
1000°C) for 6 h in a muffle furnace.
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2.3.2. Solid-state impregnation

The desired amount of LDH precursor and AgNO3 were 
manually ground in an agate mortar for 30 min. After that, 
the homogeneously mixed powder was transferred into a 
crucible and calcined in air at 500°C for 6 h in a muffle fur-
nace. The entire process is free of solvents. The obtained sam-
ples were denoted as x%-Ag-LDH, where x% represents the 
weight percentage of Ag in the mixture (1, 3, and 5 wt %).

2.4. Photocatalytic experiments

Photocatalytic experiments were carried out in a cylindri-
cal quartz photoreactor with a capacity of 2 L irradiated by 
a UV mercury lamp (400 W) and placed in the center of the 
reactor. The temperature was maintained at 25 ± 2°C by con-
necting the reactor to circulating water to prevent the lamp 
from overheating. Experiments were done using 0.3 g/L of 
each photocatalyst with an initial concentration of 20 mg/L 
caffeine. Prior to the catalytic experiments, the aqueous solu-
tion of the caffeine and the catalyst was stirred for 1 h in order 
to attain adsorption equilibrium in the dark. At different time 
intervals, 3 mL of the solution were extracted and filtered. 
The concentration of caffeine was monitored by measuring 
the absorbance at 273 nm [46], using a double-beam scanning 
spectrophotometer (Shimadzu spectrophotometer, model 
biochrom). The blank reaction was carried out following the 
same procedure without adding a catalyst.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. X-ray diffraction study

XRD patterns of LDH precursors before and after cal-
cination are shown in Fig. 1(a). The figure shows reticular 
planes (003), (006), (012), (015), (018), (110), and (113) typi-
cal of the LDH structure. No impurities from any residual 
Zn(OH)2 or Al2(OH)3 were observed. Remarkable changes 
are observed after calcination. The well-defined diffraction 
peaks of the parent samples were replaced by broad peaks, 
thus indicating a poor long-range ordered phase. These 
broad peaks suggest a nanocrystalline material with small 
nanoparticles or even an amorphous phase. The lamellar 
structure collapsed, and new peaks corresponding to ZnO 
oxide and ZnAl2O4 spinel phases started to appear with 
the rise in temperature [47]. The characteristic XRD peaks 
of ZnO oxide started to first appear at 300°C, indicated 
by the peaks at 2θ = 31.8°, 34.5°, 36.3°, 47.6°, 56.6°, 62.9°, 
66.4°, 68°, and 69.1°. These peaks correspond to the reflec-
tions from (100), (002), (101), (102), (110), (103), (200), (112), 
and (201) planes, respectively; this is also confirmed by the 
JCPDS data (Card No. 36-1451) [48]. Total dehydroxylation 
was observed at 500°C and resulted in the transformation 
of LDH structure to corresponding metal-oxides ZnO and 
Al2O3. At calcination temperatures of 600°C and above, 
ZnAl2O4 spinel phase appears, as observed by diffraction 
peaks at 2θ = 31.2°, 36.75°, 44.7°, 49.1°, 55.6°, 59.3°, and 
65.3°. These peaks correspond to the reflections from (220), 
(311), (400), (331), (422), (511), and (440) planes, respectively 
(JCPDS Card No. 05-0669) [49]. The relative intensity of 

ZnAl2O4 peaks increased as the calcination temperature 
increased.

For Ag-doped LDH samples [Fig. 1(b)], four additional 
peaks at 38.24°, 44.42°, 64.44°, and 77.40° were observed. 
These peaks can be assigned to (111), (200), (220), and (311) 
reflections of the face centered cubic metallic Ag nanopar-
ticles (JCPDS card No. 04-0783) [50]. The crystallinity of Ag 
nanoparticles was much sharper and increases with increas-
ing Ag content. No peaks from other phases were detected, 
indicating high purity of the products. 

3.1.2. Fourier transform infrared spectra

Fig. 2 represents the FTIR spectra of the fresh LDH pre-
cursor, undoped and Ag-doped LDH calcined at 500°C. 
The spectrum of the fresh LDH precursor shows a broad 
band between 3600 and 3200 cm–1, which is attributed to 
the stretching vibration of the OH groups of physically 
adsorbed and interlamellar water molecules. The band at 
1617 cm–1 was due to O–H bending vibration of the inter-
layer water molecules [51]. The band at 1364 cm–1 is assigned 
to the stretching vibration of the CO3

2− groups in the LDH 
interlayer [52]. This band rapidly disappears after calcina-
tion, which is attributed to the thermal decomposition of 
carbonate ions. Bands around 700–400 cm–1 could be related 
to the lattice vibration modes such as the translation vibra-
tions by M-O (590 and 670 cm–1) and O-M-O (430 cm–1) [53].

3.1.3. SEM/EDX observation

Fig. 3 displays the surface morphology and crystallite 
structure of undoped and 5% Ag-doped ZnO-Al2O3. The 

Fig. 1. XRD patterns of the fresh and calcined LDH (a), undoped 
and Ag doped (b).
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images indicate an obvious difference in morphology 
between undoped and Ag-doped ZnO-Al2O3 composite. 
The particle size of the undoped and doped composite 
varied from 4 to 10 nm. After Ag doping, Ag particles 
were homogeneously and highly dispersed on the surface 
of ZnO-Al2O3 composite. Energy dispersive X-ray spec-
trum (EDX) of undoped and Ag-doped nanocomposite is 
shown in Figs. 3b–d. The results confirm the presence of 
Zn, Al, and O in the undoped sample. For Ag-ZnO-Al2O3 
composite, the spectrum shows peaks corresponding to 
Ag, along with the other constituent elements (Zn, Al, 
and O).

4. Photocatalytic study

4.1. Effect of calcination temperature

Fig. 4 shows the comparison of photocatalytic activ-
ity of LDH calcined at different temperatures and com-
pared with a standard Degussa P-25 photocatalyst. Before 
UV-light irradiation, each suspension of photocatalyst/
caffeine solutions was continuously stirred in the dark for 
60 min to reach an adsorption–desorption equilibrium. 
In the same operating conditions for the photocatalytic 
degradation, the photolytic degradation without photo-
catalysts was studied. After 180 min of irradiation, a low 
diminution of the concentration of caffeine was observed. 
According to this result, we can neglect the interference of 
the photolytic degradation with the photocatalytic degra-
dation.

Fig. 4 shows that the calcination temperature has 
a great influence on the photocatalytic activity. With 
increasing the calcination temperature to 300 and 400°C, 
the photocatalytic activity obviously increases owing to 
the beginning of formation of ZnO oxide. At 500°C, the 
sample shows the highest photocatalytic activity. The pho-
tocatalyst calcined at 500°C exhibited good photocatalytic 
activity as compared with the other calcination tempera-
ture. This can be usually interpreted by the crystallization 
of ZnO [54], which is an important factor influencing the 
photocatalytic activity. Beyond the 600°C, the photocat-
alytic performance starts to decrease. This result can be 

attributed to low adsorption observed in the first 60 min 
in the dark. Thus, from T = 600°C, the ZnO oxide in the 
calcined catalysts starts to be transformed into ZnAl2O4, 
which is photocatalytically inactive. These results suggest 
that adsorption performance and amount and degree of 
crystallization of active component (ZnO) were the essen-
tial factors directly influencing the photocatalytic degra-
dation of caffeine.

4.2. Effect of Ag doping

For increasing the photocatalytic activity of the best 
catalyst calcined at 500°C, the material was doped by Ag 
noble metal with various amounts (1, 3, and 5 wt %) using a 
ceramic process. The results illustrated in Fig. 5 reveal that 
the doped catalysts displayed excellent photocatalytic per-
formance compared with undoped catalysts. It can be seen 

Fig. 2. FTIR spectra of fresh LDH precursor, undoped and Ag 
doped calcined LDH.

Fig. 3. SEM-EDX images of undoped (a, b) and Ag doped com-
posite (c, d).
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from the figure that the degradation rate slightly increased 
with the increase of Ag loading. The experimental results 
indicated that a high amount of Ag (5%) shows the highest 
catalytic activity. After 55 min of irradiation, the complete 
degradation of caffeine was done.

The figure also indicates that the adsorption rate 
decreased after Ag doping. Therefore, the increase in pho-
tocatalytic activity of catalysts is mainly due to the syner-
gistic effects between Ag noble metal and ZnO oxide. The 
relation between the amount of Ag in the catalyst and the 
photocatalytic degradation rate can be explained by the fact 
that Ag acts as an electron trap. The electrons generated on 
the ZnO surface by UV light illumination quickly move to 
the Ag particle to facilitate the effective separation of the 
photogenerated electron and holes, resulting in the signif-
icant enhancement of photocatalytic activity [55]. Ag plays 
a positive role as electron acceptor, more acceptor centers 
are provided with increasing Ag doping; therefore, the deg-
radation rate for caffeine increases with the increase of Ag 
content.

4.3. Effect of photocatalyst dose

In order to avoid an excess catalyst and ensure total 
absorption of efficient photons, a series of experiments 
was carried out to assess the optimum catalyst loading by 
varying the amount of best photocatalyst (5% Ag-ZnO-
Al2O3) from 0.1 to 1.5 g/L. Experiments were done in a 
20 mg/L caffeine aqueous solution at a 7.5 pH solution. 
After 55 min of UV irradiation, the photocatalytic deg-
radation efficiency (%) was evaluated. Results given in 
Fig.  6 show that the increase of catalyst dose from 0.1 
to 0.3 g/L resulted in an increase in the photocatalytic 
degradation efficiency from 83.52 to 99.3%. Beyond this 
dose, a slight decrease in the degradation efficiency with 
the rise of the catalyst dose was observed. This can be 
explained by the fact that an excess photocatalyst dose 
resulted in unfavorable light scattering and reduction of 
light penetration into the solution. The same comport-
ment was observed by Qourzal et al. [56]. From a practi-
cal viewpoint, the optimum dosage of 0.3 g/L was chosen 
in further experiments.

4.4. Effect of initial solution pH

The effect of solution pH on photocatalytic oxidation of 
caffeine in the presence of 5% Ag-ZnO-Al2O3 was studied at 
pH of 3.5, 7.5, 9.5, and 11. Fig. 7 shows that the pH solution 
significantly affected the degradation rate of caffeine. The 
photocatalytic activity was enhanced at a pH of 9.5 and was 
dramatically decreased at a pH of 3.5. Generally, the pH 
solution significantly affects, at the same time, the surface 
charge of the photocatalyst. The pHpzc of 5% Ag-ZnO-Al2O3 
catalyst was found to be 9.38. Therefore, at pH > 9.38, the 
surface acquired a negative charge, favoring the adsorption 
of cationic molecules. While at pH < 9.38, the surface of the 
catalyst acquired a negative charge, favoring the adsorption 
of anionic molecules. The pKa of caffeine molecule is 10.4, 
which means that the molecule is fully protonated at pH < 
10.4. 

Because the structure of caffeine was the same in the 
region of the studied pH, the observed behavior could be 
only due to the modification of the proprieties of the pho-
tocatalysts. The observed trend of the photocatalytic activ-
ity observed at pH of 9.5 could be due to the enhanced 
adsorption of caffeine on the photocatalyst favored at pH 
between 9.38 and 10.4 (Fig. 8) and more efficient formation 
of hydroxyl radicals [57]. If the pH rises above pKa = 10.4, 
then caffeine will be deprotonated and exist in a stable form 
as a starting molecule. Thus, the caffeine molecule is neu-
tral. Therefore, at pH = 11 the adsorption process decreases 
with a slight decrease in the photocatalytic activity of the 
catalyst. In an acidic medium (pH = 3.5), the decrease of 
degradation rate could be attributed to many phenomena 
simultaneously intervening: a) nonfavorable adsorption; b) 
the dissolution of the photocatalysts; and c) the photode-
composition and dissolution of ZnO according to the fol-
lowing equations [58,59]:

Dissolution: ZnO + 2H+ → Zn2+
(aq) + H2O� (1) 

Photodecomposition: ZnO + 2h+
VB → Zn2+

(aq) + O*� (2) 

Fig. 4. Effect of calcination temperature on the photocatalytic 
degradation of caffeine compared to standard Degussa P-25 
TiO2.

Fig. 5. Photocatalytic degradation of caffeine in the presence of 
undoped and Ag doped calcined LDH.
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4.5. Effect of initial concentration of caffeine

The effect of initial concentration of caffeine (5–30 
mg/L) on its photocatalytic degradation was studied at 
the initial solution pH of 7.5 and the optimum catalyst 
dose of 0.3 g/L. From Fig. 9, it is evident that the photocat-
alytic degradation depends on the initial concentration of 
caffeine. Because the lifetime of hydroxyl radicals is short 
(only a few nanoseconds), they can only react at or remain 
near the location where they are formed. A high caffeine 
concentration logically enhances the probability of collision 
with oxidizing species, leading to an increase in the degra-
dation rate.

According to numerous works [60,61], the influence of 
the initial concentration of the solute on the photocatalytic 
degradation rate of most organic compounds is described 
by pseudo-first order kinetics:

r
dC
dt

k Cap= − = � (3)

Integration of Equation (3) will lead to the expected 
relation:

ln
C
C

k to
ap







 = � (4)

where kap is the apparent reaction rate constant (min−1), t 
is the irradiation time, C0 is the initial concentration of caf-
feine, and C is the concentration of caffeine at a reaction 
time t.

The plot of ln (C0/C) versus t with a different initial con-
centration of caffeine is shown in Fig. 10. The figure shows 
that the photocatalytic degradation fully follows the pseudo 
first-order kinetic in the case of initial concentrations of 
5, 10, and 15 mg/L. However, for concentrations greater 
than 15 mg/L, the photocatalytic degradation takes place 
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Fig. 7. Effect of initial solution pH of the photocatalytic degra-
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Fig. 8. Schematic illustration of adsorption process at different pH (pH < pHpzc and pH > pHpzc).
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in two stages, the first stage of the process follows a pseu-
do-first-order kinetic with respect to caffeine concentrations 
and a second slower stage until the end of the process of the 
photocatalytic degradation. The time length of the first stage 
decreases with increasing the initial caffeine concentration. 
This result can be explained by the competitive adsorption/
degradation behavior between caffeine molecules and its 
degradation intermediates, which could be more significant 
with a high concentration in the solution.

The effect of initial caffeine concentration on the initial 
rate of degradation is shown in Fig. 11. The figure indicates 
that the initial rate of degradation increases with increasing 
the initial concentration of caffeine until 20 mg/L; then, it 
starts to decrease with the rise in concentration in the solu-
tion. This can be explained by the fact that, with an increase 
in the number of caffeine molecules, the path length of 
photons entering the solution decreases and fewer photons 
reach the catalyst surface; thus, the generation of hydroxyl 
and superoxide radicals gets reduced. The optimum con-
centration of caffeine was found to be 20 mg/L.

4.6. Efficiency of regenerated photocatalyst

Generally, recycling of the photocatalyst is crucially 
important for industrial applications. In order to determine 

the recyclability of the best catalyst, we carried out a cycle 
of experiments under identical conditions. The suspension 
was recovered by centrifugation, washed with distilled 
water to remove the residual caffeine, and dried at 100°C 
before another catalytic test. As illustrated in Fig. 12, the 
photocatalytic activity of the prepared photocatalyst still 
maintains at a high level even after cycling three times. 
There was no significant catalyst deactivation after three 
cycling runs, confirming that 5% Ag-ZnO-Al2O3 photocat-
alysts are highly efficient and very stable. 

5. Conclusion

In summary, Ag-ZnO-Al2O3 photocatalysts were pre-
pared by a facile single step deposition of Ag noble metal 
onto Zn/Al LDH precursor at different contents. The pre-
pared catalysts were characterized using several techniques 
such as XRD, FTIR and SEM/EDX. The photocatalytic 
activity of the catalysts was evaluated for the degradation 
of caffeine as a model of pharmaceutical pollutant in aque-
ous solution under UV irradiation. The x%Ag-ZnO-Al2O3 
photocatalyst exhibited an excellent photocatalytic activ-
ity toward the degradation of caffeine, in comparison to 

Fig. 9. Photocatalytic degradation of caffeine at different initial 
concentrations.
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undoped ZnO-Al2O3 and commercial P-25 photocatalysts. 
The maximum photocatalytic degradation (99.3%) of the 
caffeine was achieved by 5%Ag-ZnO-Al2O3 sample after 55 
min of irradiation. The LDH precursor with a facile prepa-
ration and low cost products helps to obtain the catalysts 
with good stability, best crystallinity and good disper-
sion properties. The enhanced photocatalytic activity was 
mainly attributed to the interfacial heterostructure in the 
5%Ag-ZnO-Al2O3 catalyst. This study could provide new 
route for the fabrication of high performance photocatalysts 
based on Ag-ZnO-Al2O3 and facilitate their application in 
the environmental remediation issues.
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