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Much interest in the development of newer methods/techniques has been 

encouraged in recent years for tackling environmental remediation of pollutants 

released through industrial plants and human activity [1]. To be mentioned, 

highly toxic and carcinogenic azo dyes constitute ~50-70% of all organic dyes used 

in textile based industries and mills  [1, 2]. Following an attempt to degrade them, 

these dyes form harmful byproducts via processes, such as oxidation, hydrolysis, 

or other regular chemical reactions, leading to secondary problems [3]. It was 

known that Congo red (CR), the first anionic synthetic azo dye is relatively more 

stable than other dyes with two azo chromophores due to its complex aromatic 

structure containing one central biphenyl group and two symmetric naphthalenic 

groups as illustrated in FIGURE 6.1. A great deal of reports can be found in the 

literature that describe numerous techniques being applied for degradation of azo 

dyes, including- ion exchange, membrane separation or nano filtration, usage of 

activated carbon, irradiation, electro kinetic chemical coagulation/flocculation, 

electrochemical destruction, ozonation and photochemical degradation [4-9]. 

Nevertheless, most of the aforementioned conventional techniques for 

photocatalysis are not eco 

nomically viable as they require high-end technological interventions, and may 

exhibit severe disadvantages from making them effective against all-dye types, 

production of sludge including formation of unwanted byproducts [6]. In this 

regard, potential use of nanocatalysts is worth investigating which could display 

efficient catalytic properties in water and wastewater treatment [10] and splitting 

of water [11, 12].  

Theoretically, GdVO4 exhibits the desired position of the band edges thereby 

promising a potential photocatalytic agent with higher ability to generate 

hydrogen from water or water/alcohol solutions via photoexcited reactions 

which could be excited using visible light as well [13, 14]. Photocatalytic behavior 

of metal-oxide nanosystem is well defined but only a limited number of reports 

are available that deal with photocatalytic activity of ReVO4 nanosystem [15-18].   
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A superior photocatalysis of azo based dyes has been speculated recognizing 

that the GdVO4 nanosystem comes with an excellent capability to generate 

hydrogen from water [14, 19]. Reports can be found In literature that deal with 

possible enhancement of photocatalytic activity of a nanosystem following 

inclusion of metal ions as dopants [20]. RE ions as dopants were also shown to 

increase the activity against azo dyes under visible light illumination [21]. In 

particular, effects of europium doping on the photocatalytic behavior of AVO4 

systems has been evaluated earlier and the observed augmentation in 

photocatalytic behavior was ascribed due to the effective spatial separation of 

electron (e)–hole(h) following inclusion of dopants into the system [22]. It can thus 

be speculated that RE ion doped in RE photocatalysts could prove to be an 

efficient way to increase the photocatalytic activity. In this chapter, we highlight 

the photocatalytic performance of the as-derived nanocatalysts against azo dye-

CR. 

6.1  Photocatalytic studies on CR dye through characteristic absorbance spectra  

FIGURE 6.2. (a) shows the characteristic absorbance spectra of CR dye at varied 

concentrations. The band centering around ~340 nm is assigned to –* transition 

of the aromatic ring while the most intense band ~496 nm is attributed to the n–

FIGURE 6.1 Molecular structure of Congo Red prepared using Vesta®. 
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* transition of the lone pair of N atom of the chromophoric –N═N– azo moiety 

[23]. Dye degradation is monitored by determining the decrement of absorbance 

of ~496 nm peak primarily indicating –N═N– bond cleavage. 

In order to determine the photocatalytic activity of GdV and EuGdV 

towards degradation of CR dye, a stock dye solution is prepared with 1 mg of CR 

added to 200 ml of DI water. The nanocatalyst is then introduced into the solution 

suitably and the UV-Vis absorbance spectra were recorded at regular intervals 

and up to 3 h. For a better comparison of the effect of Eu3+ dopants in the 

enhancement of the photocatalytic activity, the amount of photocatalysts, i.e. GdV 

and 3% EuGdV were kept same for both the studies. To be specific, stock 

photocatalyst solution is prepared adding 20mg of catalyst in 1.5 ml D/W. Then, 

400 l of photocatalyst is added from the stock photocatalyst solution into 100ml 

of CR stock dye solution. The resultant suspension is sonicated for 5 min and then 

stirred in the dark for 30–45 min to ensure the adsorption/desorption equilibrium 

on the nano-photocatalyst surface prior to irradiation. UV or visible irradiation 

(as required) with a distance of about 15 cm between the light source and the 

reaction mixture has been employed as per the case. For proper assessment, digital 

photographs of the degradation steps are captured. The dye degradation at the 

irradiation time intervals can be quantified using the following equation: 

FIGURE 6.2: (a) Absorbance spectra of Congo Red (CR) dye revealing characteristic 

peaks at varying concentrations (A- 100%, B- 66%, C- 22%, D- 7%). (b) Normalized 

absorbance spectra of CR and (c) standard linear plot for determining the dye 

degradation %. 
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��� ����������� % = �
�� − ��

��
� × 100                (6.1) 

where, C0 and Ct represent concentration of the dye solution before and after 

irradiation, and determined from a standard curve of absorbance values obtained 

from known concentrations of CR dye (FIGURE. 6.2). 

6.2  Dye removal efficiency of EuGdV nanocatalyst under white light and UV 

light illumination  

In FIGURE 6.3 (A), the absorbance quenching of CR is displayed treated with (a) 

GdV, and (b) 3% EuGdV under both the irradiations i.e., (i) visible and (ii) UV.  It 

is noteworthy that reports can be found suggesting improvement of 

photocatalytic activity of the doped nanosystem upon increasing Eu3+ 

concentration, however, the enhancement saturates for dopant level beyond ~1.46 

wt% [24]. It must thus be noted that excess Eu3+ species may either act as 

FIGURE 6.3: Photocatalytic behaviour of nanocatalyst against CR dye: (A) progressive 

optical absorption features (a) GdV, and (b) EuGdV with (i) visible light, and (ii) UV 

light illumination. (B) A comparative view on dye degradation in terms of (a) 

percentage, and (b) relative concentration with time progression. (C) comparative 

account on photocatalytic effeciencies of nanocatalysts under visible and UV exposure.   
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recombination centers or covers of active sites on the catalyst surfaces. 

Consequently, higher Eu3+ concentration results in the confinement of Eu3+ on the 

surface of catalysts, and the possibility for the trapped electrons to recombine with 

the holes increases eventually. In such case, efficiency of charge separation is 

reduced [22]. In addition, it must be noted that Eu3+ concentration above ~5mol% 

attracts quenching effects that would occur due to energy transfer between 

neighbouring Eu3+ ions [25]. Such an energy transfer reduces the efficacy of UV 

excitation and can result in lower photocatalytic performance. In order to avoid 

reduction of charge separation due to excess Eu3+ in the system leading to 

increased energy transfer and thus poorer photocatalytic activity, ~3mol% EuGdV 

nanosystem was purposefully chosen for photocatalytic studies. In fact, we 

observed an excellent photocatalytic behavior of the nanocatalyst that leads to an 

efficient degradation of the target CR molecules within 120 min., beyond which 

the process is slowed down. The digital photographs of the dye illustrating 

progressive discoloration after 120 min of treatment time under both the visible 

light and UV irradiation can be viewed in FIGURE.6.4.   

 The variation in percentage of dye degradation for both the nanosystems 

under bright light illumination and UV lightexposure can be found in FIGURE 

6.3(B). For photocatalytic behavior observed under visible light (FIGURE 6.3 

(B)(a)(i), both GdV and EuGdV displayed similar results with an effective dye 

degradation upto ~60% after a treatment for 300 min. For the initial 120 min, the 

activity progressed steadily following which the behavior gets a saturative trend. 

Interestingly, upon treatment with UV light (FIGURE 6.3(B)(a) (ii)), the 

photodegradation efficiency shoots up to ~80% for GdV, and even as high as 

~91.8% for 3% EuGdV nanocatalyst. The kinetics of the CR-dye degradation 

process is shown in  FIGURE 6.3(B)(b) and can be best described through 

Langmuir–Hinshelwood (L-H) model, expressed in the form of a first-order 

reaction considering a dilute solution [26]: 

�� = ������                             (6.2) 
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In Eqn.6.2, ‘t’ is the irradiation time while ‘k’ is pseudo-first order rate constant. 

The rate constant was predicted from the plot of (Ct/C0) versus ‘t’ shown in the 

insets of Fig. 6.3 (A), (B)- (b, c). To be mentioned, with visible light irradiation, the 

rate constants were found similar for both the undoped (GdV) and doped 

(EuGdV) nanosytems but k value gets augmented considerably from ~0.034 min-

1 to ~0.071 min-1 under UV light illumination. Such an increment in rate constant 

upon Eu incorporation is unprecedented, suggesting that the Eu3+ dopant ions are 

proficient in improving photocatalytic activity under UV exposure. Available 

reports suggest rate constants, for degradation of azo dyes using ReVO4 

nanosystem to be 0.064 min-1 (CeVO4), 0.066 min-1 (PrVO4) and 0.058 min-1 

(NdVO4) [27]. Our observations in case of 3% EuGdV is comparable to the 

degradation rate constant for commercially available TiO2/Degussa P-25 (k=0.079 

min-1) thereby confirming potential use for azo dye degradation. Based on the 

available literature, description of origin of photocatalytic activity by a 

nanosystem involves various parameters, viz. high surface area, finite value of 

FIGURE 6.4. Dye degradation process of CR upon 120 minutes of treatment with (A) 

GdV and (B) 3%EuGdV under (b) bright light illumination and (c) UV irradiation. (A)(a) 

and (B)(a) displays images for CR dyes left untreated for the same amount of time. 
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band gap, crystallinity of the photocatalyst, presence of defect states (typically, 

oxygen based) etc. Previously, lanthanides have shown substantial enhancement 

in photocatalytic activity under visible light irradiation as well, however the 

prime mechanism responsible has not yet been established [28]. A comprehensive 

and comparative overview, focusing on photocatalytic performance of REVO4 as 

nano-photocatalyst against CR and other dye types can be found in TABLE 1. In 

general, a photocatalytic reaction proceeds via several steps [29-31]: 

(a) Photoexcitation: Depending on the source of illumination and bandgap of the 

catalyst used, photons of definite energy are utilized in exciting the electrons 

of the valence band (VB) to jump into the conduction band (CB).  

(b) Charge separation: The photoexciation process leads to generation of electron-

hole pairs with positive holes (h+) in VB and electrons (e-) in the CB [32, 33]. 

(c) Migration: A share of the photogenerated pairs distributes out to the 

photocatalyst surface wherein they participate in chemical reactions with the 

highly reactive hydroxyl radicals and superoxide radical ions by oxidizing 

adsorbed organic contaminants and water adsorbed on the photocatalyst 

surface [31, 32].  

(d) Recombination: Recombination is a very quick process, and thus efficacy of the 

photocatalysis relies on the amount of reactants adsorbed on the photocatalyst 

surface. Holes have strong oxidizing capacity and can produce highly reactive 

hydroxyl radical and superoxide radical ions by oxidizing adsorbed organic 

contaminants and water (adsorbed on the photocatalyst surface) [31, 32]. 

Consequently, the super reactive radicals facilitate dye degradation thereby 

generates wide ranging intermediates, which are known to completely 

mineralize into carbon dioxide, water, ammonium and nitrate ion [34].  
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Sl. 

no 

Target dye/ 

contaminant 
Material 

Illumination 

source 

Degradation % -

Treatment time 
Ref 

1 

Congo red 

CuInSe2–ZnO 

nanocomposites 

UV 99.8% - 90min 

[31] 

Visible 80.3%- 120min 

2 
Ba/Alg/CMC/TiO2 

composite 
Solar light 91.5 %-240min [34] 

3 
Zn-doped 

CdTiO3/TiO2 
Solar light 90%- 15 min [35] 

4 PbTiO3 Visible 92%- 150min [36] 

5 

TiO2 
Multi lamp 

photoreactor 
74%- 120min 

[37] 

CNBF/TiO2 
Multi lamp 

photoreactor 
83%- 120min 

6 

Malachite 

Green 

GdVO4 Visible 

96.2%- 50min 

[32] 
Rhodamine 

Blue 
89.2%-50min 

Methylene 

Blue 
87.8%-50min 

7 
Rhodamine 

Blue 
GdVO4 Solar light 69%- 360min [18] 

8 Acetone GdVO4-V2O5 Visible 95.5%-180min [13] 

9 
Methyl 

orange 
GdVO4 UV light 85% -70  min [38] 

10 Congo red Eu3+:GdVO4 

UV light 

and visible 

light 

91.8%- 180 min 
This 

work 

TABLE 1. A comparative view highlighting photocatalytic performance of REVO4 and 

other systems as nanophotocatalyst against different dye types 
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The reaction steps involved in the entire photocatalytic response is detailed below: 

���
��
��  ���(���

� + ℎ��
�  )                                          (�) 

���(ℎ��
� ) + ��� �� ��� →  �� + ��.                                                    (��) 

���(���
� ) + �� →  ���                                                              (���) 

��� + �� → ���
.                                                                (��) 

2���
. →  ���� + ��                                                  (�) 

���� → 2���                                                            (��) 

Consequently, 

�� ��� + ��
.� +  ��. → ������������ �������� → ��� + ��� + ���

� + ���
� (���) 

 K. Hubenko et. al. has reported that Eu3+:GdVO4nanoparticles have a great 

potential in generating reactive oxygen species in aqueous solutions containing 

azo dyes [39]. Furthermore, surface oxygen coordination defects of V atoms are 

known to activate the water dissociative adsorption thereby creating radical ions. 

It is worth mentioning here that the highest occupied state of the RE- vanadates 

energy levels are located above occupied O2p orbitals of the adsorbed water 

molecules, enabling them to generate hydrogen from water dissociation [40]. 

Optically excited transitions involved in GdVO4 viz. from occupied valence band 

to unoccupied Gd 4f band and O2p to V3d, promotes hydrogen generation in 

aqueous media [31]. For more clarity of the effect of irradiation type in enhancing 

as regards the photocatalytic activity of both the polyhedral nanosystems, we refer 

to Fig 6.3(C)(a). Augmented dye degradation process upon UV irradiation is quite 

evident for (i) GdV and (ii) 3% EuGdV. Interestingly, the observation is more 

pronounced in case of 3% EuGdV with an efficiency as high as 91.8%. 

6.2.2   Effect of Eu3+ doping in augmentation of photocatalytic activity of GdV 

Our observations suggest that incorporation of Eu3+ as dopant into the GdV 

nanosystem would make a better photocatalytic agent. It is noteworthy that for 

both the photocatalysts, the synthesis as well as treatment conditions were same. 

The only difference lies in the presence of Eu3+ as dopant in the system. Inclusion 

of dopants into the system introduces various changes in the host system, both 
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physical as well as optical. It has been reported earlier that an increased porosity 

due to doping can augment the photocatalytic activity [41]. In our case, however, 

the porosity was slightly lowered due to inclusion of dopants (4.64% -GdV and 

4.58% - 3% EuGdV). Thus the change in porosity is not considered the only 

criterion for augmenting the photocatalytic activity observed. It is worth 

mentioning that the UV irradiation wavelength is closer to absorbance peak of 

Eu3+ which facilitates photoexcitation events efficiently resulting in profound 

generation of e-h pairs. The increased activity of photocatalyst upon Eu dopant 

has been proposed to occur via the trapping of photogenerated electrons within 

the catalyst, thereby reducing the extent of e-h recombination known for 

diminishing the activity [42]. Such electron trapping by Eu3+ dopant reduces the 

electron–hole recombination rate in the reaction and therefore additional holes are 

available for the redox reactions involved in the photodegradation of the dye [43]. 

The CT processes involving Eu–O and general intra f transitions due to Eu3+ 

incorporation into the vanadate matrix, further enables greater generation of more 

reactive species that facilitates decomposition and decolorization of CR under UV 

light. Enhanced photocatalytic activity of 3% EuGdV in our observation can be 

explained citing the organic contaminant, CR, disintegrated eventually following 

production of CO2, water and other byproducts. 

6.3 Concluding remarks 

The CR dye was apparently degraded upto an extent of  ~91.8% by Eu3+:GdVO4 

nanocatalyst, possibly to other aromatic species, with noticeable discoloration 

effect. Notably, the rate constant gets doubled with the inclusion of dopant into 

the host. Photocatalytic steps and associated mechanisms are also elucidated. The 

quantification and toxicity tests of these intermediates, which promise to be an 

interesting area of research would provide vital information regarding 

environmental remediation and safe use of the catalytic agent. A better 

understanding of the photocatalytic processes and the operative conditions with 

alternative candidates of the photocatalyst could offer great opportunities for its 
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industrial relevance targeting environmental pollutants and organic 

contaminants. 
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