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Dear Editor, 
 

 

I kindly ask you to consider for possible publication our research paper in “Applied 

Catalysis B: Environmental”. 

The title of our paper is: 

Photocatalytic treatment of aqueous solutions at high dye concentration 

using praseodymium-doped ZnO catalysts 

In the manuscript, the photocatalytic activity of Pr-doped ZnO photocatalysts (prepared by 

a precipitation method) has been addressed for the first time in the treatment of aqueous 

solutions at high concentration of organic dyes (up to 300 mg/L) under UV or visible light 

irradiation. An important aspect to underline for evidencing the innovation of the present 

paper is that the solutions studied in the current scientific literature, have concentrations of 

dyes in the range of 20-50 mg·L
-1

. Moreover, good results were obtained on the 

photodegradation of a binary mixture solution of two dyes (Eriochrome Black T and 

Patent Blue V). It is worthwhile to note that most of the photocatalytic studies have been 

done based on single dye solution.  

Finally, the complete discoloration and mineralization of Basic Red 51 dye present in a 

dying hair industrial wastewater confirming the efficiency of the optimized photocatalyst 

in the treatment of real wastewater at very high concentration of organic dyes. 

The manuscript is an original and novel contribution and relevant to topics of interest for 

this journal. It is anticipated the manuscript will have an impact based on our experience 

in the field.  
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Photocatalytic treatment of aqueous solutions at high dye concentration using 1 

praseodymium-doped ZnO catalysts 2 

Vincenzo Vaiano
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3 

Department of Industrial Engineering, University of Salerno, via Giovanni Paolo II, 132, 84084 4 

Fisciano (SA) Italy 5 

* vvaiano@unisa.it 6 

Abstract  7 

In this work the photocatalytic activity of Pr-doped ZnO (Pr-ZnO) photocatalysts has been 8 

addressed for the first time in the treatment of aqueous solutions at high concentration of organic 9 

dyes under UV or visible light irradiation. Pr-ZnO photocatalysts were prepared by a precipitation 10 

method. The catalysts have been characterized by different techniques such as X-ray diffraction 11 

(XRD), UV-Vis diffuse reflectance (UV-Vis DRS) and Raman spectroscopy. XRD results showed 12 

that Pr
3+

 ions were successfully incorporated into the ZnO lattice. UV-Vis DRS spectra evidenced 13 

that Pr-ZnO samples present band-gap values of about 3.0 eV, lower than undoped ZnO (3.3 eV). 14 

The efficiency of photocatalysts has been tested in the photocatalytic removal of the azo dye 15 

Eriochrome Black T (EBT) under UV or visible light irradiation. The experimental results showed 16 

that the values of discoloration and mineralization rate are correlated to the Pr doping level, 17 

evidencing that the optimal loading of Pr in the ZnO structure is 0.46 mol %. The influence of 18 

process parameters (catalyst dosage, initial dye concentration and presence of carbonate ions) on the 19 

extent of photocatalytic performances has been investigated. The efficiency of the optimized 20 

photocatalyst was also evaluated in the photocatalytic treatment of aqueous solutions containing the 21 

triphenylmethane Patent Blue V (PB) dye and in the treatment of a solution containing 22 

simultaneously the two selected dyes (EBT and PB). Photocatalytic activity tests in presence of ion 23 

scavengers (carbonate ions) showed that the formulated Pr-ZnO photocatalyst is not subjected to 24 

deactivation phenomena. At last, a very interesting result was observed for the treatment of a real 25 
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wastewater containing Basic Red 51 dye, showing that the complete discoloration and 26 

mineralization was achieved. 27 

Keywords: Pr-doped ZnO, photocatalysis, high dye concentration, UV or visible irradiation. 28 

 29 

1. Introduction 30 

Organic dyes are the major class of pollutants in the wastewater coming from textile, paper printing, 31 

rubber and plastic manufacturing processes, wood and silk industries. As it is well known, dyes 32 

used in these industrial activities are toxic and carcinogenic and for this reason, they represent a 33 

serious problem for the human and animal health [1]. It is estimated that about 12% of synthetic 34 

textile dyes (such as Red indigo, Red 120, Rhodamine B, Methylene Blue, Eriochrome Black T) 35 

used each year, are lost during operations machining, and 20% of these lost dyes it is found in 36 

industrial wastewater and therefore in the environment. With regard to the removal processes of 37 

organic dyes, the conventional treatments like biological, physical and chemical processes 38 

(adsorption or coagulation) have a low removal efficiency because dyes are stable to the light and to 39 

the oxidizing agent [2]. 40 

In this sense, the heterogeneous photocatalysis is a promising approach [3-8]. Photocatalysis has 41 

been studied in the decomposition of a variety of undesirable organic pollutants and seems to be an 42 

achievable process for the degradation of dyes in water courses by using solar or artificial light 43 

illumination [9-12]. Although most of the literature studies are focused on the use of TiO2, it must 44 

be considered that this photocatalyst has several limitations such as deactivation in the presence of 45 

ions scavengers in solution as well as a low degradation kinetic in the presence of a high content of 46 

dyes in aqueous samples [13]. These aspects determine the still low use of TiO2 in real-scale 47 

processes.  48 
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As alternative to TiO2, ZnO is one among the semiconductors better suited to photocatalytic 49 

processes demonstrating a degradation efficiency comparable to TiO2 [14-16] without any 50 

deactivation in the presence of ions scavengers [17]. 51 

Another important aspect to underline is that the solutions studied in the current scientific literature, 52 

have concentrations of dyes in the range of 20-50 mg·L
-1

 [18, 19].  53 

The problem of treating aqueous solutions with a high concentration of dyes is correlated to the 54 

photonic limitation; in fact, with high dye concentration, the light radiation may have difficulties to 55 

irradiate the entire volume of solution. 56 

To enhance the photocatalytic activity, the doping of semiconductors is demonstrated to be a 57 

promising method because it is effective, convenient and easy. The scientific literature reports the 58 

doping of ZnO with metal ions such as Cu, Ag, Co and Fe [20-22] showing an increase of 59 

performances compared to undoped ZnO [23, 24]. However, in some cases, a decrease of the 60 

photocatalytic activities is obtained [25]. With the aim to consider alternative dopants different from 61 

noble and transition metals, it should be considered that ZnO is a good host for incorporating 62 

chemical elements belonging to the lanthanide group, such as praseodymium (Pr) with the 63 

production of defects such as oxygen deficiency [26]. For this reason, in this work it was 64 

investigated the photocatalytic activity of Pr-doped ZnO catalysts (at different content of doping) 65 

for the treatment of aqueous solutions with a high concentration of dyes, such as Eriochrome Black 66 

T (EBT) and Patent Blue V (PB).  67 

EBT is one of the most important azo-dye used for dyeing silk, wool, nylon while PB is a 68 

recognized dye in food industry [1, 26]. These two dyes are difficult to remove with conventional 69 

treatments [27]. 70 

At our knowledge, this is the first paper reporting the use of ZnO doped with Pr in a photocatalytic 71 

system for the removal of different class of dyes.  72 

 73 
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2. Experimental 74 

2.1 Preparation of dye solutions 75 

A defined amount of EBT (Sigma-Aldrich) was dissolved in 1 L of distilled water to obtain 76 

different dye concentration. In this way, the following EBT solutions were prepared: 50, 100, 150 77 

and 300 mg·L
-1

. 78 

In the same manner, it was prepared a solution with different amount of PB dye (Sigma-Aldrich); in 79 

particular, the PB concentrations were: 10, 50 and 100 mg·L
-1

. 80 

At last, it was prepared a solution containing simultaneously the two dyes with the concentration of 81 

50 mg·L
-1

 both.  82 

2.2 Experimental: photocatalysts preparation 83 

2.1. Undoped ZnO catalyst 84 

Undoped ZnO catalyst was prepared by the precipitation method starting from 8 g of ZnSO4 85 

(Aldrich, 99%) dissolved in 50 ml of distilled water and then by the slow addition of an aqueous 86 

solution obtained dissolving 4 g of NaOH (Aldrich, 99%) in 25 ml of distilled water at room 87 

temperature. Afterward, the generated precipitate was centrifuged, washed and calcined at 450 °C 88 

for 30 minutes.  89 

2.1.2 Praseodymium doped ZnO 90 

Pr(NO3)3∙6H2O (Aldrich 99.9%) was used in the doping procedure. Different amounts of 91 

Pr(NO3)3∙6H2O were dissolved into the solution of ZnSO4 before to induce the precipitation with 92 

NaOH. The obtained precipitate was centrifuged, washed and calcined at 450 °C for 30 minutes.  93 

All the photocatalysts synthesized were listed in Table 1.  94 

The Pr nominal loading was expressed as molar percentage and it was evaluated through Eq. 1: 95 

100
Pr

Pr% 
nZn

n
mol          Eq. 1 96 

Where: 97 

nPr is the number of moles of Pr(NO3)3∙6H2O used in the synthesis; 98 
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nZn is the number of moles of ZnSO4 used in the synthesis. 99 

 100 

2.1.3 Characterization of the photocatalysts 101 

All the synthesized catalysts were characterized using different techniques.  102 

The specific surface area (SSA) analysis was performed by BET method using N2 adsorption with a 103 

Costech Sorptometer 1042 after a pretreatment at 150°C for 30 minutes in He flow (99.9990 %). 104 

Total Pr loading of the samples were determined by X-ray fluorescence spectrometry (XRF) in a 105 

thermoFischer ARL QUANT’X EDXRF spectrometer equipped with a rhodium standard tube as 106 

the source of radiation and with Si-Li drifted crystal detector. The crystal phases of ZnO based 107 

photocatalysts were determined by XRD analysis carried out on Brucker D8 diffractometer and the 108 

crystallite sizes were calculated from using the Scherrer equation. The morphology of the prepared 109 

samples was examined using a scanning electron microscope (SEM, VegaTescan LMH II). 110 

UV-vis reflectance spectra were recorded with a PerkinElmer spectrometer Lambda 35 while band-111 

gaps values were calculated from the corresponding Kubelka–Munk functions, F(R∞),which are 112 

proportional to the absorption of radiation by plotting (F(R∞) × h)
2
 against h . Raman 113 

spectroscopy studies were carried out on a Dispersive MicroRaman spectrometer (Invia, Renishaw) 114 

with a 514 nm diode-laser in the range 150-750 cm
-1

. 115 

 116 

2.3 Experimental: evaluation of photocatalytic activity 117 

The photocatalytic experiments were carried out with a Pyrex cylindrical reactor (ID = 2.6 cm, LTOT 118 

= 41 cm and VTOT = 200 ml) equipped with an air distributor device (flow rate of 142 Ncc·min
-1

). 119 

The photoreactor was irradiated by four UV lamps (Philips, nominal power: 8W each) with a main 120 

emission peak at 365 nm or by four visible lamps (Philips, nominal power: 8W each) with an 121 

emission higher than 400 nm. The lamps surrounded the photoreactor external surface and 122 

positioned at an equal distance from it (about 30 mm) in order to irradiate the volume of the 123 

solution uniformly. The photocatalyst dosage was 0.3g in 100ml aqueous solution containing an 124 
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established concentration of dye. Continuous mixing of the solution in the reactor was assured by 125 

external recirculation of the suspension through a peristaltic pump (Watson Marlow). The 126 

suspension was left in dark conditions for 120 minutes to reach the adsorption-desorption 127 

equilibrium of dye on the photocatalysts surface, and then the photocatalytic reaction was initiated 128 

under UV or visible light up to 240 minutes. 129 

In order to compare the effect of the dye initial concentration and the photocatalyst dosage, different 130 

values of these parameters were considered. Thus, the investigated initial concentrations of EBT or 131 

PB or the solution containing simultaneously the two dyes are listed in the section 2.1 while the 132 

catalysts dosages were 0.15, 0.3, 0.6 and 0.9 g. The pH of the solutions has not been changed and it 133 

was equal to about 6.5 for all the photocatalytic tests, corresponding to the spontaneous pH of the 134 

solutions containing the target dyes. During the tests, 4 ml of solution were withdrawn with a 135 

syringe and then they were centrifuged to remove the catalysts powders before the concentration 136 

measurement.  137 

2.3 Analytical measurements 138 

To measure the dyes concentration, UV–vis spectrophotometer (Evolution 201) was used analyzing 139 

the absorbance of EBT at the wavelength of 580 nm and of PB at the wavelength of 630 nm. 140 

The TOC was measured by the high temperature combustion method on a catalyst (Pt-Al2O3) in a 141 

tubular flow microreactor operated at 680◦C, with a stream of hydrocarbon free air to oxidize the 142 

organic carbon [28, 29]. 143 

3. Results and discussion 144 

3.1 Characterization of the photocatalysts 145 

All the photocatalysts were characterized by using different techniques and the obtained results are 146 

shown and discussed in the following. 147 

 148 
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3.1.4. XRF and SSA results 149 

SSA value of the undoped ZnO (Table 1) was 5 m
2
∙g

-1
 and it did not change when Pr amount was 150 

increased up to 0.23 mol. %. The higher value of SSA (7 m
2
∙g

-1
) was obtained for a Pr content of 151 

0.46 and 0.69 mol. %.  152 

The total content of Pr in the samples was measured by XRF (Table 1). In every case, the real Pr 153 

content well agreed to the nominal Pr content indicating a good yield of the doping process. 154 

 155 

3.1.5. X-ray diffraction (XRD) 156 

ZnO based photocatalysts were subjected to X-ray diffraction analysis. Fig. 1 shows the XRD 157 

patterns of the undoped and Pr-ZnO samples. XRD patterns of undoped ZnO showed five peaks at 158 

2θ 32.06°, 34.74°, 36.53°,47.85° and 56.97°respectively indexed to the (100), (002), (101), (102) 159 

and (110) planes of hexagonal wurtzite crystal structure [30]. The main peaks of ZnO was observed 160 

after the doping with Pr, and no signal due to praseodymium oxides was detected, indicating that, 161 

probably, Pr
3+

 have been introduced in ZnO lattice successfully [31]. Moreover, this last result 162 

pointed out that there was no change in the crystal structure upon Pr doping. 163 

However, since the ionic radius of Pr
3+

 (1.01 Å) is much larger than that one of Zn
2+

 (0.74 Å) [31], 164 

the exchange between Pr
3+

 and Zn
2+

 should induce a change of the ZnO lattice parameters.  165 

To confirm the possible substitution of Zn
2+

 by Pr
3+

 ions in Pr-ZnO, the XRD spectra of the samples 166 

have been analyzed in the range 30-38° (Fig.2). Diffraction values of (100), (002), and (101) planes 167 

showed a shift to lower angles in the case of Pr-ZnO compared with undoped ZnO, evidencing the 168 

successful doping of Pr
3+

 into the ZnO lattice [31]. 169 

The average crystallite sizes (CS) of the prepared samples were calculated using the peak at 2θ~36° 170 

through the Debye-Sherrer’s equation (Table 1). 171 

The CS value of Pr-ZnO(0.12%) and Pr-ZnO(0.23%) was the same as undoped ZnO (25 nm). When 172 

the Pr content was increased up to 0.46 and 0.69 mol %, the CS decreased to 21 nm, while for 173 

further increase of Pr loading, the CS slightly increased (22 nm). 174 
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3.1.4. SEM analysis 175 

Figure 3 shows the SEM images of undoped and Pr-ZnO photocatalysts. For sake of brevity, 176 

together with undoped ZnO, only the analysis on Pr-ZnO at Pr loading of 0.46 and 1.39 mol % are 177 

reported, being similar the results obtained for all the others Pr-ZnO samples. 178 

From the images it is possible to observe that both the undoped and Pr-ZnO samples are composed 179 

of a number of non-uniform macro aggregates. Therefore the doping process did not influence the 180 

overall morphology of the photocatalysts. 181 

3.1.5. UV–Vis diffuse reflectance spectra (UV–Vis DRS) 182 

To study the optical absorption properties of the catalysts, UV-Vis DRS spectra in the range of 183 

350–700 nm were investigated. 184 

From Fig.4 it is possible to observe that the absorption threshold of undoped ZnO is about 390 nm, 185 

assigned to the electron transition from O 2p to Zn 3d that corresponds to the transition from the 186 

valence band to the conduction band according to the energy band structure of ZnO [32]. 187 

On the contrary, the absorption edge of Pr-ZnO samples was red shifted toward the visible light 188 

region. This result underlines that the presence of Pr narrowed the band gap of doped photocatalysts 189 

[32], as shown in Table 1. The decrease of band gap energy from 3.3 eV of undoped ZnO up to 3.0 190 

eV of doped samples can be attributed to the charge transfer between the ZnO valence or 191 

conduction band and Pr
3+ 

4f level [31, 33, 34] or to the formation of shallow level inside the band 192 

gap resulted from the Pr
3+

 ions incorporated into the ZnO lattice [31, 33, 35]. Moreover, the Fig. 4 193 

shows the presence of a wide absorption band in the range 410-660 nm for all Pr-ZnO samples that 194 

increased with the increase of Pr content. This wide spectral band in 410–660 nm could be probably 195 

ascribed to the f→f transition absorption and to the characteristic transition of Pr
3+

 
1
D2→

3
H4 [36, 196 

37], as previously observed for Pr-doped TiO2 [36]. 197 

The Pr-ZnO samples indeed changed their color from pure white of the undoped ZnO to light pink 198 

(for the samples with the lower Pr content) up to light brown (for the highest Pr content).  199 
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3.1.6. Raman spectra 200 

Figure 5 shows the Raman spectra in the range of 150-850 cm
-1

 of the doped catalysts in 201 

comparison with undoped ZnO. In this range there are four main bands at 331, 383, 438 and 583 202 

cm
-1

, related to the zinc oxide [18]. The strong and sharp band observed at 438 cm
-1

 corresponds to 203 

the non polar optical phonons E2 (high) mode of ZnO. The features located at 331 and 383 cm
-1

 204 

correspond to the multi-phonon scattering process E2H–E2L and A1 (TO) phonons of ZnO crystal, 205 

respectively [38]. The signal located at 583 cm
-1

 could be attributed to the E1 (LO) feature, 206 

associated with the formation of defects such as oxygen vacancy [39]. No signals corresponding to 207 

praseodymium oxide were observed in the Raman spectrum of all the doped samples, confirming 208 

the results obtained from XRD analysis [40]. 209 

3.2 Adsorption of EBT in dark conditions 210 

Adsorption of dyes on the surface of the catalyst is an important aspect in heterogeneous 211 

photocatalysis. Adsorption experiments in dark conditions were performed to determine the amount 212 

of EBT adsorbed (C
*
) on undoped ZnO and Pr-ZnO catalysts. Fig.6 reports the behavior of C

*
 as a 213 

function of the dye equilibrium concentration (Ceq) in aqueous solutions that was reached in 120 214 

minutes of run time. It is possible to observe that, for all the doped samples, the C
*
 value was 215 

always higher than that one obtained with undoped ZnO. It is very important to note that, the 216 

highest adsorption capacity was achieved with Pr-ZnO(0.46%) catalyst. Moreover the data reported 217 

in Fig.6 evidenced that the behavior of C
*
 as a function of Ceq was similar to Langmuir adsorption 218 

isotherm that can be modelled by the following equation: 219 

*

1 1eq

eq

m m

C
C

C b C C
  


         Eq.2 220 

Where Ceq is the concentration of dye in the solution at equilibrium (mg·L
-1

), C
*
 is the amount of 221 

EBT adsorbed (mg·g
-1

), Cm is the maximum adsorption capacity (mg·g
-1

) and b is the Langmuir 222 

adsorption equilibrium constant (L·mg
-1

). 223 
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The plot of 
*

eqC

C
 as a function of Ceq gives a straight line where Cm and b can be derived, 224 

respectively, from the intercept and the slope of the obtained line. 225 

The obtained values were shown in Table 2 evidencing that the values of b and Cm of Pr-ZnO 226 

samples were higher than that of the undoped ZnO. The enhanced adsorption capacity Pr-ZnO 227 

catalysts are induced by the change of the physical or chemical properties of the catalysts owing to 228 

Pr ion doping, as reported for Pr doped TiO2 [36]. Moreover, it is reported that Pr
3+

 (or other 229 

lanthanide ions) could form chemical complexes with azo dyes [36, 41, 42], such as EBT, 230 

determining an increase of the adsorption capacity of EBT on Pr-ZnO in the aqueous suspension. 231 

3.3 Photocatalytic activity results 232 

3.3.1 Influence of Pr content  233 

The photocatalytic activity of undoped ZnO and Pr-ZnO photocatalysts (catalyst amount: 0.3g) was 234 

evaluated trough the degradation of 100 ml of EBT at initial concentration of 100 mg·L
-1

 in the 235 

photoreaction apparatus (described in the paragraph 2.3) under UV light. The results in terms of 236 

EBT discoloration as a function of irradiation time were illustrated in Fig. 7. As it can be observed, 237 

there was an important decrease of the dye concentration during the irradiation time in the presence 238 

of all the prepared photocatalysts in comparison to the test without photocatalysts (photolysis test). 239 

A clear effect of Pr loading on the photocatalytic performances under UV light of undoped and Pr-240 

ZnO catalysts can be established from the behavior of total organic carbon (TOC), shown in Fig.8. 241 

All the Pr-ZnO samples demonstrated higher photocatalytic performances than that of undoped 242 

ZnO. The photocatalytic activity of Pr-ZnO catalysts increased with the increase of Pr content until 243 

0.46 mol% and then decreased when Pr content was higher than 0.69 mol %. It is worthwhile to 244 

note that, within 120 minutes of UV irradiation, Pr-ZnO(0.46%) allowed to achieve a TOC removal 245 

equal to about 94%, showing, therefore, the best photocatalytic performance under UV light. 246 

To describe the degradation kinetics of EBT in the aqueous suspension, the Langmuir–Hinshelwood 247 

(L-H) kinetic model was applied. In fact, the L–H model is established based on Langmuir 248 
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adsorption of the organic substrate onto the photocatalysts. Thus, the aspect of photocatalysts 249 

adsorption capacity is included in the L–H model [26]. The mathematical model has been realized 250 

considering that in the batch photoreactor under UV irradiation, occurred mainly the EBT 251 

discoloration and its mineralization. 252 

The L–H model, expressed in terms of EBT concentration and TOC content, are the following: 253 

1
m cat

dC b C
V k C W

dt b C


     

 
        Eq.3 254 

1c

c
c m cat

c

b TOCdTOC
V k C W

dt b TOC


     

 
       Eq.4 255 

Where 
dC

dt
and 

dTOC

dt
 are respectively the degradation and mineralization rate of EBT (mg·L

-1
· 256 

min
-1

); k and kc are the kinetic constants (min
-1

) for EBT discoloration and TOC removal; Wcat is 257 

the weight of catalysts (g); V is the solution volume (L); Cm is the maximum amount of EBT 258 

adsorbed (mg·g
-1

) and b (L·mg
-1

) is the Langmuir adsorption equilibrium constant evaluated with 259 

Langmuir adsorption model (Table 2). 260 

bc (L·mg
-1

) and Cmc used in the Eq. 4, are defined according to the following relationships: 261 

EBT

c
c c

b PM

n PM
b





          Eq.5 262 

c

m
m

c c

C
C

n PM



          Eq.6 263 

Where PMEBT is the molecular weight of EBT dye, PMC is the molecular weight of carbon and nc is 264 

the number of carbon atoms contained in the EBT molecule. 265 

The obtained values for bc and Cmc of all the photocatalysts were reported in Table 2.  266 

The Eqs. 3 and 4 can be rearranged as follows: 267 

1
cat

dC C
V K W

dt b C
    

 
         Eq.7 268 

1
c cat

c

dTOC TOC
V K W

dt b TOC
    

 
        Eq.8 269 
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Where K and Kc are the apparent rate constants (L·min
-1

·g
-1

) of EBT discoloration and 270 

mineralization respectively, obtained by the following equations: 271 

mK k C b              Eq.9 272 

cc c m cK k C b             Eq.10 273 

The initial conditions of Eqs.7 and 8 are: 274 

t=0    C(t)=C0 275 

t=0    TOC(t)=TOC0 276 

where C0 and TOC0 are the EBT concentration and TOC value after the dark phase. 277 

Eqs.7 and 8, together with the initial conditions, was solved by the Euler iterative method allowing 278 

to identify the constants K and Kc by fitting experimental data reported in Fig. 7 and Fig. 8 as a 279 

function of UV irradiation time. The fitting procedure was realized by using the least squares 280 

approach. The obtained results were reported in Fig. 9. The highest values for K and Kc were 281 

obtained for Pr-ZnO(0.46%) photocatalyst. Moreover the results reported in Fig. 9 evidenced the 282 

existence of an optimal Pr loading. It is well known that the photocatalytic activity is attributed to 283 

both of the adsorption of organic substrate and the photocatalytic reaction [36]. The smaller 284 

crystallite size of the doped samples and the Pr
3+

 complex effect of the Pr-ZnO catalysts could be 285 

favorable for the better EBT adsorption enhancing, consequently, the photocatalytic activity [36]. 286 

The presence of an optimum value for Pr content could be explained considering the XRD results 287 

(Fig. 2) in which it was underlined that the Pr
3+

 substituted Zn
2+

. This phenomenon caused an 288 

electric charge imbalance, as previously observed for Pr-doped TiO2 [43]. Possibly, in order to 289 

compensate this charge imbalance, more hydroxide ions may be adsorbed on the ZnO surface 290 

determining the enhanced photocatalytic activity of Pr-ZnO samples. Moreover, the ZnO lattice 291 

distortion generated by the doping could reduce the recombination probability of electron-hole and 292 

thus improved both the EBT photocatalytic discoloration and mineralization [43]. This may happen 293 

when the Pr content was increased up to 0.46 mol%. When the doping level was further increased, 294 
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the Pr
3+

 could become electron-hole recombination centers [36, 43, 44], thereby the recombination 295 

of the photogenerated electron–hole pairs becomes easier leading to the decreased photocatalytic 296 

activity. 297 

Once obtained the optimal content of doping in ZnO lattice, to analyze the influence of operating 298 

conditions, additional photocatalytic activity tests were carried out by varying the dye concentration 299 

in solution and the dosage of Pr-ZnO(0.46%) photocatalyst. 300 

3.3.2 Influence of EBT initial concentration in aqueous solution 301 

The effect of initial EBT concentration on the photocatalytic activity of Pr-ZnO(0.46%) was studied 302 

in the range from 50 to 300 mg·L
-1

 while the other experimental conditions were unchanged. 303 

Fig.10 and Fig.11 show, respectively, the EBT discoloration and TOC removal under UV light 304 

irradiation. It can be noted that the photocatalytic activities gradually decreased with the increase of 305 

dye concentration in solution. This may be explained by the fact that the photonic flow was 306 

mitigated when the EBT concentration in solution was increased or rather the photons were 307 

intercepted before they can reach the catalyst surface, hence the absorption of photons by the 308 

catalyst photoactive surface decreased, and consequently the photocatalytic process is reduced [45]. 309 

So, to overcome this problem, photocatalytic tests at different amount of Pr-ZnO(0.46%) 310 

photocatalyst were performed. 311 

3.3.3 Influence of Pr-ZnO(0.46%) dosage 312 

The effect of Pr-ZnO(0.46%) dosage was evaluated in the range 0.15–0.9 g with an initial EBT 313 

concentration of 150 mg·L
-1

 and the results in terms of EBT discoloration and TOC removal were 314 

illustrated in Fig. 12 and 13, respectively. It is possible to observe that the photocatalytic 315 

performances gradually improved with the increase of Pr-ZnO(0.46%) dosage. The complete 316 

mineralization of target dye was reached only when the amount of photocatalyst was higher than 0.3 317 

g (Fig.13). 318 
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To better understand the influence of Pr-ZnO(0.46%) dosage, it were estimated the values of K and 319 

Kc for the different amounts of photocatalyst used in the test (Fig. 14). 320 

Both photocatalytic discoloration and mineralization increased when the photocatalyst amount was 321 

increased up to 0.3 g, indicating that the addition of more Pr-ZnO(0.46%) particles enhanced the 322 

number of the photoactive sites in the solution [46]. 323 

When the load of Pr-ZnO(0.46%) was increased from 0.6 to 0.9 g, the photocatalytic performances 324 

decreased due to an increase in the turbidity of the suspension and a decrease in UV light 325 

penetration as a result of increased scattering effect [1, 45, 47-49]. 326 

3.3.4 Stability experiments on Pr-ZnO(0.46%) photocatalyst 327 

With the purpose to evaluate the photostability of the Pr-ZnO(0.46%) photocatalyst, recycle 328 

experiments under UV light irradiation were performed for four cycles with the same sample and 329 

experimental conditions. After reacting for 90 minutes, the photocatalyst were separated and 330 

washed several times with distilled water, after which it was dispersed into a fresh aqueous solution 331 

of EBT. After four recycling tests, Pr-ZnO(0.46%) sample didn’t exhibit significant loss in activity 332 

and the EBT discoloration and TOC removal remained about 88 and 87% respectively (Fig.15). 333 

These results indicate that Pr-ZnO(0.46%) sample is a stable photocatalyst confirming the 334 

reproducibility of the photocatalytic process in the treatment of aqueous solutions containing high 335 

dye concentration. 336 

3.3.5 EBT photodegradation under visible light 337 

Fig. 16 reports the photocatalytic activity of undoped ZnO and Pr-ZnO(0.46%) under visible light 338 

with the EBT initial concentration of 100 mg·L
-1

 and with an amount of photocatalyst equal to 0.3 339 

g. It was evident the inefficiency of undoped ZnO in comparison to the doped sample. On the 340 

contrary, the Pr-ZnO(0.46%) photocatalyst was able to degrade the target dye reaching a 341 

discoloration degree of 41 % after 240 minutes of irradiation. The photocatalytic activity of the 342 

doped catalyst under visible light could be due to the transitions of 4f electrons of Pr
3+

 and to the 343 
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red shift of the optical absorption edge of this sample [36], as observed from UV-Vis results (Fig. 344 

4). 345 

Moreover, the band gap energy value of undoped ZnO (3.3 eV) explains the inefficiency of this 346 

sample under visible light and exclude the ZnO sensitization phenomena that typically occur in the 347 

photocatalytic treatment of dyes with undoped semiconductors [50, 51]. 348 

3.3.6 Influence of dye type 349 

In order to evaluate the efficiency of Pr-ZnO(0.46%) photocatalyst with a different class of dye, a 350 

photocatalytic test has been carried out using an aqueous solution containing the food dye Patent 351 

Blue V (PB). With respect to EBT, which is an azo-dye, PB is a triphenylmethane dye.  352 

Fig.17 presents the comparison between the discoloration and mineralization of the dyes as a 353 

function of run time for an aqueous solution containing 50 mg·L
-1

 of EBT or 50 mg·L
-1

 of PB. The 354 

photocatalytic test was conducted under UV light with 0.3g of Pr-ZnO(0.46%) sample. For both 355 

EBT and PB, in dark conditions the adsorption equilibrium on Pr-ZnO(0.46%) surface was reached 356 

in 60 minutes of the test. It is possible to observe that the adsorption amount was much higher for 357 

EBT dye (about 86%) than PB dye (about 24%), demonstrating the much higher affinity of the Pr-358 

ZnO(0.46%) photocatalyst toward the EBT dye, specifically, and toward the azo-dyes, generally, 359 

with respect to triphenylmethane dyes, such as PB. 360 

Moreover, under UV light, the complete discoloration of both dyes was achieved after 60 minutes 361 

of irradiation time, while the total TOC removal was reached after 120 and 180 minutes of 362 

irradiation time for EBT and PB, respectively. The different mineralization behavior could be 363 

correlated to the different chemical structure of EBT and PB dyes [52]. As shown by experimental 364 

data in dark conditions (Fig. 17), the adsorptive affinity of EBT on Pr-ZnO(0.46%) was higher than 365 

PB; therefore photocatalytic activity is faster for EBT. 366 

Fig.18 shows the discoloration and mineralization, as a function of run time, of a binary mixture 367 

solution of EBT and PB in equal concentration (50 mg·L
-1

) using Pr-ZnO(0.46%) photocatalyst 368 
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under UV light. It is worthwhile to note that most of the photocatalytic studies have been done 369 

based on single dye solution [1, 26, 53, 54]. However, industrial effluents contain a mixture of dyes. 370 

So, there is a need to study the photocatalytic treatment of a mixture of dyes.  371 

The obtained results (Fig. 18) evidenced that the complete discoloration of the solution was 372 

achieved after 180 minutes of UV irradiation, while after 240 minutes, the TOC removal was 88% 373 

highlighting that the optimized photocatalyst was able to efficiently treat a complex solution 374 

containing more dyes simultaneously. 375 

3.3.7 Influence of carbonate ions on photocatalytic activity 376 

In this study, the effect of ions scavengers such as carbonates ions (CO3
2-

) on the photocatalytic 377 

activity of Pr-ZnO(0.46%) was investigated. Hence, photocatalytic tests have been carried out with 378 

CO3
2-

 concentration in the range 85–340 mg·L
-1

 in the binary mixture of the two dyes. The results 379 

in terms of discoloration as a function of irradiation time were presented in Fig. 19. For the tests, it 380 

was prepared the dyes mixture with the addition of sodium carbonate (Na2CO3). 381 

Na2CO3 is a common auxiliary chemical used in textile processing operations. It has an important 382 

role in the dye fixing and in the fastness of color on the textiles [17]. For this reason, the wastewater 383 

from the dyeing operation could contain considerable amount of CO3
2-

 and so, it is important to 384 

understand the influence of carbonate ions in the treatment efficiency. Fig. 19 shows that the 385 

photocatalytic activities of Pr-ZnO(0.46%) were slightly improved in the presence of CO3
2
,
- 

also 386 

with a very high concentration of carbonate ions (about 340 mg·L
-1

). In other studies, it was found 387 

that the presence of carbonate implies an enhancement of the photocatalytic performance of ZnO 388 

[13] even if carbonate ions are a well-known interfering agent which, generally, produce a 389 

significant reduction in the photocatalytic processes. The enhancement of the photocatalytic 390 

efficiency in the presence of CO3
2-

 could involve the formation of carbonate radical by direct 391 

reaction between carbonate and the photogenerated holes (h
+
) [13]. The carbonate radicals could 392 

react with dyes molecules present in the bulk solution. This phenomenon, coupled with the action of 393 
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the hydroxyl radicals that react with the previously adsorbed dyes molecules [13], contributed to 394 

enhance the overall photocatalytic discoloration performances observed for Pr-ZnO(0.46%) 395 

photocatalyst. 396 

Finally, the presence of CO3
2-

 didn’t influence the TOC removal that reached a value of about 80 % 397 

after 240 minutes of UV irradiation (Fig. 20). 398 

3.3.8 Application of the photocatalytic system for the treatment of a real wastewater 399 

The photocatalytic performances of Pr-ZnO(0.46%) photocatalyst on a real industrial wastewater 400 

containing the Red Basic 51 (BR51) dye was also investigated in this study. 401 

BR51 is a soluble dye belonging to the azo-dye class that is largely used in many commercial 402 

formulations for semipermanent hair dyeing [55]. A lot of the compounds and derivatives present in 403 

coloring formulations are issued in the environment and in particular trough industrial wastewater. 404 

In this sense, Annex III of the EU Cosmetic Directive has limited the concentrations of hair dyes in 405 

hair coloring formulations and has prohibited the presence of particular substances in these products 406 

[55]. Dyeing hair wastewater samples were collected from a dyeing hair industry. The main 407 

physicochemical parameters of the wastewater are: TOC=900 mg·L
-1

, pH=6.5 and CO3
2-

=156 408 

mg·L
-1

. The concerned industrial wastewater presents a brilliant pink color as shown in Fig.22(a). 409 

The photocatalytic experiments were carried with 100 ml of wastewater under UV light irradiation. 410 

The results were shown in Fig. 21 where the discoloration of the real wastewater was determined 411 

from the monitoring of the absorbance (A) at λmax=524 nm (due to the azo chromophore group of 412 

BR51 dye) using Evolution 201 UV–vis spectrophotometer. It can be observed that the total 413 

discoloration (Fig.22(b)) with the almost complete mineralization of the organic content were 414 

reached after 360 minutes of irradiation time. Finally, it has been performed a photocatalytic 415 

experiments in presence of visible light showing a discoloration degree and TOC removal of about 416 

60 and 30%, respectively, after 240 minutes of irradiation time. 417 
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These results confirm the applicability of the photocatalytic process also to a real wastewater using 418 

an optimized Pr-ZnO photocatalyst active both under UV light and visible light irradiation. 419 

4. Conclusions 420 

In this work the photocatalytic activity of Pr-doped ZnO photocatalysts has been addressed for the 421 

first time in the treatment of aqueous solutions at high concentration of organic dyes under UV or 422 

visible light irradiation. The prepared photocatalysts have been characterized by different 423 

techniques such as X-ray diffraction (XRD), UV-Vis diffuse reflectance (UV-Vis DRS) and Raman 424 

spectroscopy. The obtained data evidenced that ZnO is present as hexagonal wurtzite phase and that 425 

Pr
3+

 ions were successfully incorporated into the ZnO lattice. Moreover UV-Vis DRS spectra 426 

showed that Pr-ZnO samples present band-gap values of about 3.0 eV, lower than undoped ZnO 427 

(3.3 eV). The highest enhancement in the photocatalytic activity under UV light was achieved using 428 

ZnO doped with 0.46 mol % of Pr, named Pr-ZnO(0.46%). In fact, after 120 minutes of UV 429 

irradiation, the complete removal of the azo dye Eriochrome Black T (EBT) was achieved. The 430 

photoactivity improvement may be correlated to the ZnO lattice distortion generated by the doping 431 

with Pr
3+

 that could inhibit the recombination probability of the photogenerated electron-hole pair, 432 

thus improving both the EBT photocatalytic discoloration and mineralization. Moreover, the 433 

smaller crystallite size of Pr-ZnO(0.46%) and the Pr
3+

 complex effect of the Pr-ZnO catalysts could 434 

be favorable for the better EBT adsorption enhancing, consequently, the photocatalytic activity. 435 

Pr-ZnO(0.46%) sample showed a significant photocatalytic activity also under visible light while 436 

undoped ZnO was ineffective. The optimized phototocatalyst was also able to remove a different 437 

type of dyes such as such as the triphenylmethane Patent Blue V (PB), demonstrating the efficiency 438 

of the photocatalytic system in the treatment of different dyes class. Good results were obtained also 439 

on the photodegradation of a binary mixture solution of EBT and PB and it was observed that the 440 

presence of ions scavengers (carbonate ions) didn’t inhibit the photocatalytic performances of the 441 

optimized photocatalyst. Finally, the complete discoloration and mineralization of Basic Red 51 dye 442 
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present in a dying hair industrial wastewater, has been obtained after 360 minutes under UV light, 443 

confirming the efficiency of the optimized photocatalyst in the treatment of real wastewater at very 444 

high concentration of organic dyes. 445 
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Table 1 

List of prepared photocatalysts with their characteristics 

undoped ZnO Pr-ZnO(0.12%) Pr-ZnO(0.23%) Pr-ZnO(0.46%) Pr-ZnO(0.69%) Pr-ZnO(1.39%)

Pr nominal loading [mol %] 0 0.12 0.23 0.46 0.69 1.39

Pr measured loading (XRF) [mol %] 0 0.11 0.25 0.45 0.72 1.37

Cristallyte size [nm] 25 25 25 21 21 22

SSA [m
2 . 

g
-1

] 5 5 5 7 7 6

Band gap [eV ] 3.3 3.0 3.0 3.0 3.0 3.0

Photocatalysts

 

 

Table 2 

Adsorption parameters evaluated with Langmuir adsorption model 

undoped ZnO Pr-ZnO(0.12%) Pr-ZnO(0.23%) Pr-ZnO(0.46%) Pr-ZnO(0.69%) Pr-ZnO(1.39%)

b [L/mg] 9.14 x 10
-3

9.68 x 10
-3

1.61 x 10
-2

3.30 x 10
-2

4.50 x 10
-2

6.33 x 10
-2

Cm [mg/g] 24.57 28.65 34.97 50.25 37.59 33.90

bC [L/mg] 7.11 x 10
-2

1.06 x 10
-1

1.50 x 10
-1

4.81 x 10
-1

2.88 x 10
-1

2.50 x 10
-1

CmC [mg/g] 5.58 8.70 10.81 21.33 17.95 14.87

Photocatalysts
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Fig. 1. XRD patterns of undoped ZnO and Pr-ZnO photocatalysts in the range 20-60° 
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Fig. 2. XRD patterns of undoped ZnO and Pr-ZnO photocatalysts in the range 30-38° 
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Fig. 3. SEM images (MAG 1.33kx) of undoped ZnO (a), Pr-ZnO(0.46%) (b) and Pr-ZnO(1.39%) (c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 4. UV–Vis diffuse reflectance spectra of undoped ZnO and Pr-ZnO photocatalysts 

 

 

 

 

 

 



 
Fig. 5. Raman spectra of undoped ZnO and Pr-ZnO photocatalysts in the range 150-550 cm

-1 
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Fig. 6. EBT adsorption behavior as a function of EBT equilibrium concentration on undoped ZnO and Pr-

ZnO photocatalysts; solution volume: 100 ml; catalyst dosage: 0.3g 
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Fig. 7. Photocatalytic EBT discoloration under UV light over undoped ZnO and Pr-ZnO catalysts; EBTinitial 

concentration: 100 mg/L; solution volume: 100 ml ; photocatalyst dosage: 0.3g 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 40 80 120 160 200 240 280

C
/C

0 

Irradiation time [min] 

Photolysis EBT

undoped ZnO

Pr-ZnO(0.13%)

Pr-ZnO(0.23%)

Pr-ZnO(0.46%)

Pr-ZnO(0.69%)

Pr-ZnO(1.39%)



 

Fig. 8. Total Organic Carbon (TOC) behaviour under UV light over undoped ZnO and Pr-ZnO 

photocatalysts; EBT initial concentration: 100 mg/L; solution volume: 100 ml;  photocatalyst dosage: 0.3g 
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Fig. 9. Apparent kinetic constants for EBT discoloration and mineralization using undoped ZnO and Pr-ZnO 

photocatalysts under UV light; solution volume: 100 ml ; EBT initial concentration: 100 mg/L; photocatalyst 

dosage: 0.3g 
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Fig. 10. Photocatalytic EBT discoloration under UV light at different initial dye concentration on Pr-

ZnO(0.46%); solution volume: 100 ml ; photocatalyst dosage: 0.3g 
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Fig. 11. Total Organic Carbon (TOC) behaviour under UV light at different initial dye concentration on Pr-

ZnO(0.46%); solution volume: 100 ml; photocatalyst dosage: 0.3g 
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Fig. 12. Photocatalytic EBT discoloration under UV light at different Pr-ZnO(0.46%) dosage ; solution 

volume: 100 ml ; EBT initial concentration: 100 mg/L 
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Fig. 13. Total Organic Carbon (TOC) behaviour under UV light at different Pr-ZnO(0.46%) dosage; solution 

volume: 100 ml; EBT initial concentration: 100 mg/L 
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Fig. 14. Apparent kinetic constants for EBT discoloration and mineralization at different amounts of Pr-

ZnO(0.46%) photocatalyst; solution volume: 100 ml; EBT initial concentration: 100 mg/L 
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Fig. 15. EBT discoloration and mineralization after 90 min of UV irradiation on Pr-ZnO(0.46%) 

photocatalyst for four cycles; solution volume: 100 ml; EBT initial concentration: 100 mg/L 
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Fig. 16. Comparison of photocatalytic activities of undoped ZnO and Pr-ZnO(0.46%) photocatalyst under 

visible light; solution volume: 100 ml; EBT initial concentration: 100 mg/L; photocatalyst dosage: 0.3g 
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Fig. 17. Comparison between the discoloration and mineralization as a function of run time for the solution 

containing EBT or PB on Pr-ZnO(0.46%) under UV irradiation; solution volume: 100 ml; EBT or PB initial 

concentration: 50 mg/L; photocatalyst dosage: 0.3g 
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Fig. 18. Discoloration and TOC removal of the binary mixture solution of EBT and PB as a function of run 

time on Pr-ZnO(0.46%) under UV irradiation; solution volume: 100 ml; EBT and PB initial concentration: 

50 mg/L; photocatalyst dosage: 0.3g 
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Fig. 19. Influence of carbonate ions in the photocatalytic discoloration of binary mixture solution of EBT 

and PB on Pr-ZnO(0.46%) photocatalyst under UV irradiation; solution volume: 100 ml ; EBT and PB initial 

concentration: 50 mg/L; photocatalyst dosage: 0.3 g 
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Fig. 20. Influence of carbonate ions in the TOC removal on the photocatalytic activity of Pr-ZnO(0.46%) 

photocatalyst for the binary mixture dyes solution under UV irradiation; solution volume: 100 ml; EBT and 

PB initial concentration: 50 mg/L; photocatalyst dosage: 0.3g 
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Fig. 21. Discoloration and TOC behaviour of a real industrial wastewater using Pr-ZnO(0.46%) 

photocatalyst under UV irradiation; solution volume: 100 ml; photocatalyst dosage: 0.3g ; absorbance band 

(A): 529 nm 

 

 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

0 40 80 120 160 200 240 280 320 360 400 440 480 520

A
/A

0
 ; 

TO
C

/T
IC

0 

Run time [min]  

TOC

Discoloration



 

Fig. 22. (a) Dyeing hair wastewater before photocatalytic test; (b) Dyeing hair wastewater after 

photocatalytic test 
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*Graphical Abstract



 Pr-doped ZnO photocatalysts synthesized through precipitation method  

 Photocatalytic treatment of aqueous solutions at high dye concentration 

 Enhancement of the photocatalytic removal of organic dyes on Pr-doped ZnO 

 The optimal Pr loading was 0.46 mol% 

 Removal of Basic Red 51 dye present in a dying hair industrial wastewater 
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