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Abstract:  The La-doped powder-form ZnO samples were prepared by impregnation using appropriate amounts of aqueous solutions of 
La(NO3)3. The non-impregnated and impregnated zinc oxide materials were then thermally treated at different temperatures – 350oC and 
450oC in air atmosphere. The phase composition and structure of the obtained catalysts were characterized by powder X-ray diffraction 
analysis (PXRD), EPR and X-ray photoelectron spectroscopy. The PXRD results gave evidence that the average crystallite size of nanosized 
ZnO phase was varying within the range of 10-14 nm. The present work was focused on the influence of La doping and calcination 
temperatures on the photocatalytic activities of zinc oxide samples in the reaction of oxidative degradation of industrial textile azo dye 
Reactive Black 5 (RB5) under UV-light irradiation. The photocatalytic activity tests showed that the La doped ZnO photocatalysts are 
superior to the non-doped samples and are applicable to decontamination of the textile waste waters.  
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1. Introduction 
Organic dyes find various applications, such as industrial 

chemicals (textile dyes, surfactants), pharmaceuticals (antibiotics, 
steroids), antifouling compounds, histopathological applications and 
staining agents in bacteriological studies. Lately the attention is 
directed to the elimination or mineralization of different persistent 
organic pollutants [1].  

Wide band-gap semiconductors, such as TiO2, ZnO are the 
promising materials in water purification and disinfection, air 
purification and hazardous waste neutralization. The photocatalytic 
efficiency of these oxides in the degradation of different 
environmental contaminants attracts attention recently [2].  

It has been evidenced that the properties of ZnO can be 
significantly improved by doping with rare-earth elements, which 
have specific appropriate electronic structure [3]. Lanthanide (Ln = 
La, Eu, Gd, Dy and Ho) loaded ZnO catalysts (Ln–ZnO) were 
prepared, characterized and investigated for the discoloration of 
Methyl Orange [4]. Tingting Wu and coworkers established that La-
doped ZnO nanoparticles, obtained by a simple solution combustion 
method, have superior capacities for the removal of Pb2+ and Cu2+ 

ions in waterways than the undoped ZnO nanoparticles [5]. Optical 
and photocatalytic properties of La-doped ZnO nanoparticles 
synthesized via precipitation and mechanical milling method are 
discussed in [6]. The investigations proved that the photocatalytic 
efficiency in degradation of a Methylene Blue solution using these 
samples depended upon the number of oxygen vacancies [6]. La-
doped ZnO nanowires with different dopant contents were obtained 
via a solvothermal synthesis route, using ethanol as the solvent. The 
photocatalytic activity of pure ZnO and La3+-doped ZnO samples 
was investigated in the degradation of Rhodamine B. The results 
established that 2 at% of La3+-dopant content in ZnO attribute 
enhanced photocatalytic efficiency [7].           

The present study deals with the effect of La doping and 
thermal treatment on the photocatalytic properties of zinc oxide 
materials. For this purpose the synthesis of La doped ZnO samples 
using impregnation method and calcination at different 
temperatures were applied. The photocatalytic activity of prepared 
non-impregnated and impregnated zinc oxide samples was tested 

and compared in the reaction of oxidative degradation of Reactive 
Black 5 dye (RB5) under UV-light irradiation.      

 

2. Experimental 
2.1. Preparation of photocatalysts 

The method of preparation of activated ZnO powder was 
described in a Bulgarian Patent [8]. The preparation procedure 
includes dissolution of commercial ZnO in NH4OH solution, 
followed by precipitation as Zn(OH)CO3 as a result of CO2 
bubbling through the solution. The La-doped ZnO samples were 
prepared by impregnation of Zn(OH)CO3 with aqueous solution of  
La(NO3)3 to obtain 1.5wt % La content in La/ZnO composite. The 
non-impregnated and impregnated zinc oxide materials were then 
thermally treated at different temperatures – 350oC and 450oC - for 
2 hours in air atmosphere. The so prepared samples were denoted 
as: ZnO-350oC, ZnO-450oC, La/ZnO-350oC and La/ZnO-450oC. 

 

2.2. Methods for investigations of obtained samples  

The powder X-ray diffraction patterns (PXRD) of the 
synthesized powders were recorded on a TUR M62 apparatus, 
Germany with PC control and data acquisition, using HZG-4 
goniometer and CoKα radiation. The identification of the phases 
registered in PXRD patterns was accomplished based on JCPDS 
database (Powder Diffraction Files, Joint Committee on Powder 
Diffraction Standards, Philadelphia PA, USA, 1997).   

The EPR spectra were recorded on JEOL JES-FA 100 EPR 
spectrometer operating in the X–band with standard TE011 
cylindrical resonator. The sample was placed in a special EPR tube 
and it was positioned in the center of the EPR cavity. All 
measurements were made in air at room temperature.  

The X-ray photoelectron spectroscopy (XPS) studies were 
performed in a VG Escalab II electron spectrometer using AlKα 
radiation with energy of 1486.6 eV under base pressure of 10-7 Pa 
and a total instrumental resolution 1eV. The binding energies (BE) 
were determined utilizing the C 1s line (from an adventitious 
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carbon) as a reference signal of energy of 285.0 eV. The accuracy 
of the measured binding energy was 0.2 eV. The O 1s, Zn 2p, La 
3d5/2, photoelectron lines were recorded and corrected by 
subtraction of a Shirley’s type of background and quantified using 
the peak area and Scofield’s photoionization cross-sections. 

 

2.3. Photocatalytic study  

The photocatalytic oxidative degradation of Reactive Black 5 
(RB5) was carried out using 150 ml dye aqueous solution with 
initial concentration of 20 ppm. Photocatalytic activity 
measurements were accomplished using polychromatic UV-A lamp 
illumination (18 W, 320-400nm) with a maximum of the emission 
at 365 nm. The process of discoloration was monitored by UV-Vis 
spectrophotometer CamSpec M501, based on the absorbance of the 
dye solution in the wavelength range from 200 to 800 nm. The 
samples were equilibrated in the dark for about 30 min before 
switching on the illumination. In order to study the photocatalytic 
activity of ZnO and La-doped ZnO materials, sample aliquots of the 
suspension were taken away from the reaction vessel at regular time 
intervals and filtered. The rate constant k was determined as the 
slope of the linear dependence on time t: –ln (C/Co)=kt (where Co 
and C are initial concentration before switching on the irradiation 
and residual concentration of the solution after illumination for the 
chosen time interval at 599 nm absorbance maximum, attributed to 
the peak of the diazo bond (-N=N-).  

 

3. Results and discussion 
The PXRD patterns of prepared non-impregnated ZnO and 

impregnated La/ZnO samples thermally treated at 350oC and 450oC 
are represented in Figures 1-4.  The presence of ZnO phase (PDF-
36-1451) is determined in recorded PXRD spectra of all obtained 
samples. No La-containing phases could be registered probably 
because of the low content of La in the La doped ZnO 
photocatalysts. The calculations of average crystallite size by using 
PowderCell for Windows Version 2.4 software [9] show that the 
prepared ZnO and La-doped ZnO materials are nanosized with 
mean crystallite size of about 10-14 nm. 

 

 
 Fig. 1 PXRD pattern of nanosized ZnO thermally treated at 350oC. 

 

 

Fig. 2 PXRD pattern of nanosized ZnO thermally treated at 450oC. 

 
Fig. 3 PXRD pattern of nanosized La doped ZnO thermally treated at 

350oC. 

 
Fig. 4 PXRD pattern of nanosized La doped ZnO thermally treated at 

450oC. 

Electron paramagnetic resonance is a powerful tool to monitor 
the paramagnetic charge states of vacancies/defects in ZnO. Figure 
5a shows the EPR spectrum of ZnO nanocrystals at room 
temperature, which shows the resonance signal at g=2.0784.  This 
signal was attributed to a shell, whose core contains high 
concentration of surface defects [10]. Such defects have been 
identified as negatively charged Zn vacancies acting as shallow 
acceptors [11,12]. When ZnO nanoparticles are modified with La, 
their EPR spectrum is changed. The spectrum is shown in Fig. 5b. It 
is interesting to observe that, upon modification of ZnO with La the 
number of Zn vacancies is decreased. This fact is evidenced by 
decrease in the resonance signal at g=2.0784. In addition a single 
EPR signal at the g value of 1.9749 has appeared. This signal is 
attributed to positively charged oxygen vacancies acting as deep 
donors [12]. Therefore the superior photocatalytic activity of 
La/ZnO catalyst for oxidative degradation of RB5 dye is probably 
due to the oxygen vacancies formed during deposition of La on the 
ZnO surface.  
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Fig. 5 EPR spectrum at room temperature of: a) ZnO; b) La/ZnO 

thermally treated at 450oC. 
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As it has already been discussed in our previous investigation 
[13] on ZnO and doped ZnO catalysts the surface hydroxyl groups 
play important role in the mechanism of photocatalytic oxidation.  

 The investigated O1s photoelectron spectra are represented in 
Figure 6. It is obvious that there is presence of some more oxygen 
groups (in addition to the lattice O2-) in both types of ZnO catalysts 
as well as in the La doped ZnO thermally treated at 350oC and 
450oC. The thermal treatment at 450oC leads to appearance of more 
defects in the both pure ZnO and La-doped ZnO. The higher 
binding energy shoulder at around 531.5 eV in the O1s 
photoelectron spectra supplies evidence for that. The percentage of 
this type of oxygen in the total amount of oxygen, evaluated after 
deconvolution of the obtained spectra, is increasing from 26.4% up 
to 35.2% for the ZnO (350oC) and ZnO (450oC), respectively. The 
same tendency is observed for the La doped ZnO catalyst thermally 
treated at either of the two temperatures. The percentage of the 
oxygen, associated with defects, changes with the temperature 
increase from 24.3% for La/ZnO (350oC) to 35.5 % for La/ZnO 
(450oC) catalysts. It is worth mentioning here that the formation of 
additional surface sites in the La-doped ZnO treated at 450oC was 
detected, which we attributed to water adsorption. The La3d5/2 
photoelectron peaks of both La-doped ZnO catalysts have been 
subjected to deconvolutions process, too. The multiplet splitting is 
typical of the La(OH)3 [14,15], which explains the existence of the 
additional surface states detected over La/ZnO (450oC).   
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Fig. 6 XPS spectra of nanosized ZnO thermally treated at 350 oC; 

450oC and La doped ZnO at 350 oC; 450oC. 

The photocatalytic activity tests showed that the higher degree 
of degradation of RB5 dye was achieved in the case of La doped 
ZnO in comparison with non-impregnated ZnO catalysts. The 
doping with La influences both the adsorption capacity and 
photocatalytic efficiency of the samples. As it can be seen from 
Figures 7 and 8 the doped samples adsorb more dye than the non 
doped photocatalysts. A. Neren Ökte also reported that La dopant in 
ZnO promotes higher adsorption capacity and the reaction rate 
constant values for degradation of the azo dye (Methyl Orange), 
which is in accordance with our results [4]. The calculated rate 
constants of prepared nanosized La doped ZnO and ZnO materials 
thermally treated at 350oC and 450oC approximating to first order 
kinetics decreases in the following order La/ZnO-350oC (30.4х10-

3min-1) > La/ZnO-450oC (30.1х10-3 min-1) > ZnO-450oC (14.7х10-3 
min-1) > ZnO-350oC (6.8х10-3 min-1). The rate of oxidative 
degradation reaction is also higher in the case of lanthanum doped 
powders. Another research group has also proved the positive effect 
of La on the photocatalytic degradation rate of the dyes [16].  
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Fig. 7 Reaction course as concentration ratio varying during the 

photocatalytic oxidation of an initial concentration (C0) of 20 ppm RB5 dye, 
based on changes in the intensity of the absorbance peak, corresponding to 
azo bond (-N=N-) as a function of the time interval of irradiation.  
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Fig. 8 Degradation of the RB5 dye solution (as conversion degree) after 

120 minutes of UV-A illumination over nanodimensional ZnO and La doped 
ZnO samples calcined at 350 oC and 450oC. 

It is well known that the photocatalytic activity is closely 
related to the concentration of defects on the surface of the 
nanomaterials. The positive effect of lanthanum doping can be 
explained by the formation of charged surface region due to the 
surface donor defects on ZnO. The presence of such a region leads 
to hindered recombination of electrons and holes pairs in ZnO 
thereby enhancing the photocatalytic efficiency [1,17]. This 
enhancement of photocatalytic activity of La-doped ZnO can also 
be explained by more efficient charge carrier separation [18].  

We have also studied the influence of calcination temperature 
on the phase composition, structure and photocatalytic efficiency of 
doped and non-doped samples. The non-doped powders treated at 
higher calcination temperature exhibit higher activity than the 
samples, treated at lower (350oC) temperature. This effect could be 
due to the higher degree of crystallinity of the samples treated at 
450oC (Figure 2). The effect of calcination temperature is less 
pronounced in the case of doped samples: 99% vs 98% degradation 
for thermally treated at 350oC and 450oC La/ZnO powders.  

 

4. Conclusions 
The present photocatalytic research work established that the 

degree of degradation of RB5 dye using La doped ZnO is higher 
than that in the case of non-impregnated ZnO photocatalysts. The 
higher calcination temperature - 450oC for non-impregnated ZnO 
leads to increase in the degree of degradation of RB5 (88%), which 
is superior to that of the ZnO sample calcined at 350oC (69%). The 
calcination temperature has only a slight effect on the degradation 
rate over La doped ZnO photocatalysts: 99% vs 98% degradation 
degree for those thermally treated at 350oC and 450oC, respectively. 
The La doping of non impregnated ZnO samples leads to increasing 
of their photocatalytic activity in the reaction of oxidative 
degradation of RB5 dye used as model contaminant.  
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