
  
JST: Engineering and Technology for Sustainable Development 

Volume 34, Issue 3, July 2024, 001-007 

1 

  
Adsorptive Removal and Photo-Fenton Degradation of Congo Red Dye 

from Water Using Modified Gadolinium Orthoferrite 
 

Thi To Nga Phan*, Thi Thu Huyen Nguyen 
School of Chemistry and Life Sciences, Hanoi University of Science and Technology, Ha Noi, Vietnam 

*Corresponding author email: nga.phanthito@hust.edu.vn 
 

Abstract 

GdFeO3-incoporated zeolite (GFO/Z) was successfully prepared by the impregnation method followed by the 
calcination process and used for adsorption and photo-Fenton degradation of Congo Red (CR). The                   
as-prepared GFO/Z material was characterized by X-ray Diffraction (XRD), scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), Brunauer–Emmett–Teller (BET) surface area, and optical 
absorption spectra (UV-Vis). The large specific surface area and accessible pores supported its high 
performance towards the adsorption of CR . Besides, due to its low band gap energy, the photo-Fenton 
catalytic activities of GFO/Z were also investigated for the degradation of CR under visible light irradiation. 
The use of GFO/Z led to a high removal rate (97.46%) of CR thanks to the synergistic effect between effective 
dark adsorption and visible-light-driven Fenton degradation, which was greater than those of pure GFO. 
Scavenger experiments were performed to reveal that the hydroxyl radicals (•OH) were the main active 
species in the photo-Fenton catalytic process. This work showed a promising application of GFO/Z in the 
degradation of organic compounds in wastewater. 
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1. Introduction 

Synthetic*dyes are one of the most common 
contaminants that are found in contaminated 
wastewater from many industries such as textiles, 
plastics, paper, rubber, etc. [1]. Most dyes can result in 
damage not only to aquatic systems but also to human 
well-being due to their toxic, carcinogenic, and 
mutagenic [2]. CR  [1-naphthalene sulfonic acid,3,3’-
(4,4’-biphenylenebis (azo)) bis (4-amino-) disodium 
salt] is a benzidine-based dye, exhibiting difficulty in 
biodegradation due to its structural stability [3]. This 
dye can be metabolized to benzidine, which is known 
as a human carcinogen. From an environmental point 
of view, it is necessary to remove the dyes before 
discharging them into the environment. However, the 
high stability and resistance to light and oxidizing 
agents are major obstacles in the treatment of dye-
containing wastewater. So far, a number of techniques 
have been developed and used for the removal of dye-
containing effluents, including 
coagulation/flocculation, ozonation, advanced 
oxidation processes (AOPs), membrane filtration, 
adsorption, and biological treatment.  

Of these methods, the combination between 
adsorption and photodegradation (one of the AOPs) is 
recognized as a promising and attractive alternative 
because of its high efficiency, simplicity and 
availability of a wide range of adsorbents and 
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photocatalysts [4, 5]. A large number of adsorbents 
such as clay minerals, bentonite, fly ash, rice husk, and 
fungi have been treated for CR  removal, but their 
effectiveness is limited. Therefore, it is significant and 
necessary to search for more effective adsorbents. 

GdFeO3 (GFO), one type of perovskite oxides, 
has been widely utilized in fuel cells, photocatalyst, 
and sensors, and has attracted great scientific interest. 
Although GFO has been proven in theoretical studies 
to be effective in the adsorption of some molecules 
[6, 7], experimental work on the adsorptive removal 
of organics by GFO is hardly reported. In addition, 
similar to other perovskites, its use is limited due to 
the relatively small specific surface area of particles, 
which results in low accessibility of pollutants to the 
active sites and in turn may affect adsorptive removal 
capacity. In order to overcome this limitation, a series 
of outstanding attempts have been carried out to load 
perovskite crystals to different types of porous 
materials, including silica, carbon, montmorillonite, 
and zeolite. Among them, the supports of zeolite 
show a number of advantageous features, i.e. high 
pore volume, large surface area, and uniform pore 
structure [8].  

Until now, there has been some progress in 
reporting the utilization of metal/metal                      
oxide-supported zeolite as adsorbent materials or 
photocatalysts to remove CR  from water [9, 10]. For 
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example, the adsorption of ZnO/zeolite reached    
161.3 mg/g at 0.05 g/l of solid dosage, pH 3 and CR  
concentration of  100 mg/l [9]. The material of Cu-
impregnated zeolite Y showed a goodphoto-Fenton 
degradation of CR  with 95.34% after 2 h exposure to 
visible light irradiation [10].  

However, there is a lack of information on the 
synergistic effect of adsorption and photodegradation 
process and especially the optimization of favorable 
conditions in the adsorptive removal of CR over 
perovskite materials. Therefore, herein we reported 
the synthesis of GFO-impregnated zeolite and its 
application as an adsorbent and photocatalyst for CR 
removal from water. The adsorption behavior and 
photo-Fenton degradation of CR  were investigated in 
detail. To the best of our knowledge, there has been 
no such work published in literature. 

2. Materials and Methods 

2.1. Materials  

Gadolinium nitrate hexahydrate 
(Gd(NO3)3·6H2O; 99.9%), Iron nitrate nonahydrate 
(Fe(NO3)3·9H2O; 98%), citric acid (C6H8O7·H2O; 
≥99.5%),  CR  (C32H22N6Na2O6S2, 97%), hydrogen 
peroxide solution (H2O2, 30%), and ammonium 
hydroxide solution (NH4OH, 30%) were purchased 
from Sigma-Aldrich. Zeolite was a product from 
Zeolite Australia Limited Company, Australia. All 
chemicals were of analytical grade and used as 
received without further purification.  

2.2. Synthesis of GdFeO3 -Doped Zeolite 

GdFeO3-doped Zeolite (GFO/Z) was synthesized 
by the impregnation method, followed by the 
calcination process. Typically, 0.005 mol 
Gd(NO3)3.6H2O, 0.005 mol Fe(NO3)3.9H2O, and                
0.01 mol citric acid were dispersed in a solution of      
15 mL distilled water and ethanol. The mixture was 
stirred for 3 h, followed by adding 1 g of zeolite. The 
resulting solution was kept continuously stirring at     
70 °C for 2 h and then drying at 80 °C overnight. The 
obtained GFO/Z was collected after calcining at        
700 °C for 4 h (at a heating rate of 2 oC/min). Pure 
GFO was prepared via a similar procedure as above 
without adding zeolite and used to compare with 
GFO/Z in the adsorptive removal and 
photodegradation of CR.  

2.3. Characterizations of Photocatalyst 

The characterizations of the samples were 
examined by using modern techniques as follows.      
X-ray diffraction (XRD) patterns were performed on a 
D8 Advance-Bruker diffractometer using Cu Kα 
radiation ranging from 10° to 80°. The morphology 
was characterized by using a Zeiss-1555 scanning 
electron microscopy (SEM) at an accelerating voltage 
of 5 kV. Transmission electron microscopy (TEM) 
images were recorded on a TEM-TITAN operating at 

200 kV. The surface area and pore size were obtained 
from the nitrogen adsorption-desorption at 77 K on 
SAPA2010 (Micromeritics Inc., USA). UV-vis 
absorption spectra of the samples were examined by 
UV vis-DRS-Agilent 8453 spectrophotometer.  

2.4. Removal of CR  by Adsorption and Photo-Fenton 
Degradation Processes 

2.4.1. CR adsorption test 

In the CR adsorption test, a polypropylene bottle 
containing 200 mL of 50 mg/l CR solution with 
200 mg of GFO/Z was used. The sealed bottle was kept 
in the shaker bath to achieve equilibrium at 25 °C. A 
small amount of suspension was withdrawn and 
centrifuged at a given time during the adsorption. The 
concentration of CR was confirmed by using the 
UV/Vis spectrophotometer (UVmini-1204, Shimadzu, 
Japan). The amount of CR adsorbed on GFO/Z at time 
t (qt (mg/g)) was calculated as follows: 

𝑞𝑞𝑡𝑡 =
(𝐶𝐶0 − 𝐶𝐶𝑡𝑡)𝑉𝑉

𝑚𝑚
 (1) 

where 𝐶𝐶0 and 𝐶𝐶𝑡𝑡 are the CR concentrations at initial 
time and at time t (mg/l), respectively; V is the volume 
of solution (L) and m is the mass of GFO/Z (g). 

2.4.2. Photo-Fenton degradation test of CR  

100 mg GFO/Z was dispersed in 100 mL solution 
of 50 mg/l CR. A 300W Xenon lamp (CEL-HX 300) 
with a 400 nm cut-off filter was used as a visible light 
irradiation source. Prior to starting visible light 
irradiation, the suspension was magnetically stirred in 
the dark for 120 min to achieve the                    
adsorption–desorption equilibrium of CR on GFO/Z. 
The photo-Fenton reaction starts after adding H2O2 and 
turning on the visible light source, which lasts for     
120 min. In order to determine the CR concentration, 
a small amount of sample was taken out from the 
suspension every 10 mins and then analyzed using a 
UV/Vis spectrophotometer.  

The removal rate was calculated as follows: 

Removal rate (%) =
(𝐶𝐶1 − 𝐶𝐶𝑡𝑡)

𝐶𝐶1
 × 100% (2) 

where 𝐶𝐶1 and 𝐶𝐶𝑡𝑡 (mg/l) are the CR concentrations at 
the initial time (after finishing adsorption process) and 
at time t during photo-Fenton degradation test, 
respectively.  

3. Results and Discussion  

3.1. Characterizations 

Fig. 1 shows the XRD patterns of GFO/Z in 
comparison with that of GFO and Z. The reflection 
peaks of Z are consistent with the literature [11], as 
shown in Fig. 1. Moreover, after GFO was integrated 
into Z via the impregnation – calcination process, the 
main characteristic peak of Z at 26.6o was retained. 



  
JST: Engineering and Technology for Sustainable Development 

Volume 34, Issue 3, July 2024, 001-007 

3 

Noting that the intensity of this characteristic peak in 
the GFO/Z sample was slightly lower than that of Z, 
which could be attributed to the introduction of GFO 
crystalline particles. Meanwhile, XRD pattern of 
GFO/Z still appeared several peaks at 2θ of 32.1, 39.1, 
47.4 and 59.6o, which are identical to those in the XRD 
pattern of orthorhombic GFO (JCPDS no. 47-0067) 
[12]. The density of GFO characteristic peaks in 
GFO/Z sample was found to be lower. This implies the 
successful cooperation of GFO crystals onto the Z 
support. No other impurity diffraction peaks are 
observed in Fig. 1, confirming the high purity of 
GFO/Z sample.  

Fig. 2a and b present the SEM images of Z and 
GFO-integrated Z samples. Z was observed as the 
agglomerated particles with irregular shapes in a 
layered-like structure (Fig. 2a).  Meanwhile, the SEM 
observation of GFO/Z in Fig. 2b shows a similar 
morphology. This suggests that doping with GFO on 
to Z support did not considerably influence the 
morphology of Z support.  The TEM image of GFO/Z 
in Fig. 2c demonstrates the dark spots, referring to 
dispersed GFO nanoparticles distributed in the Z 
support. 

 
Fig. 1. XRD patterns of Z, GFO and GFO/Z 

 
Fig. 2. SEM images of (a) GFO and (b) GFO/Z and 
TEM image of GFO/Z (c) 

 

 

 

Table 1. Structural property of the samples 

Sample SBET 

(m2/g) 

Pore 
volume 
(cm3/g) 

Average 
pore size 

(Å) 

GFO 7.33 0.062 35.96 

Z 52.06 0.163 87.91 

GFO/Z 20.71 0.102 98.34 

 
The textual properties, including BET specific 

surface area, pore volume and average pore size of 
GFO, Z, and GFO/Z are listed in Table 1. There was a 
gradual loss of BET specific surface area of Z from 
52.06 m2/g to 20.71 m2/g in GFO/Z sample after the 
incorporation of GFO in Z. This might be ascribed to 
the impregnation and dispersion of GFO in the cavities 
and channels Z support. Moreover, the decrease in 
total pore volume of GFO/Z further suggests the 
successful integration of GFO into the channels of 
GFO/Z, which are expected to be the active sites for 
CR degradation. 

It is well known that one of the most important 
factors in determining a material's photocatalytic 
activity is its energy band structure. Fig. 3a illustrates 
the UV–vis absorption spectra of the three samples Z, 
GFO, and GFO/Z. As can be seen clearly from Fig. 3a, 
two samples GFO and GFO/Z prepared from the 
impregnation method showed similar optical 
absorption abilities. The absorption spectra exhibited 
an absorption in UV region (at around 320 nm) and 
over visible light to near IR region (400 nm –800 nm). 
Meanwhile, Z sample showed no absorption capability 
in visible region.  

The optical band gap of these samples can be 
calculated based on the reflectance spectral data 
following the Kubelka-Munk equation [13]: 

𝐹𝐹(𝑅𝑅) =
(1 − 𝑅𝑅)2

2𝑅𝑅
 (3) 

where F(R) is Kubelka-Munk function and R is 
reflectance. The relationship between [(F(R).hν)2] and 
hν in the allowed direct electron transition is shown in 
the inset of Fig. 3b. In Fig. 3b, the band gap values of 
GFO/Z sample were found to be 2.78 eV, which was 
narrower than that of GFO (2.98 eV). Obviously, the 
incorporation of GFO onto Z support improved the 
light absorption ability of GFO/Z sample.  This 
suggests their suitability for photocatalytic 
degradation of organic compounds under activation by 
visible light irradiation. 
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Fig. 3. (a) UV-Vis absorption spectra of the samples 
and (b) plot of (F(R)hν)2 versus hν 

3.2. Removal of CR by Adsorption Process 

Fig. 4 shows the effect of integrating GFO on 
zeolite support on CR adsorption in comparison with 
the pure GFO and zeolite samples. As can be seen from 
Fig. 4, after reaching equilibrium, the absorption 
capacity of zeolite for CR showed a relatively low 
value of 3.44 mg/g. Meanwhile, the equilibrium 
adsorption capability of GFO was 12.43 mg/g, which 
can be ascribed to the complex that formed between 
Gd, Fe, and CR.  

It is worth noting that, GFO/Z sample illustrated 
improved adsorption ability for CR with adsorption 
amount of (34.03 mg/g), implying that the GFO 
particles are the adsorption sites for CR. Indeed, the 
adsorption process of CR by GFO/Z took place thanks 
to the good accessibility of CR into the pores of 
GFO/Z. Moreover, the GFO species which were 
cooperated inside the pores of zeolite were also 
considered as the active sites for CR adsorption. 
Therefore, the adsorbent of GFO/Z exhibited a higher 
adsorption amount of CR than the pure GFO and 
zeolite at equilibration time. The adsorption ability of 
other ferrite perovskites for CR presented a similar 
trend to GFO/Z [14, 15]. This study mentioned that the 
adsorption capability of adsorbents mainly depended 
on the distribution of Fe species and various 
complexation types between adsorbent and anionic 
pollutants.  

 
Fig. 4. Effect of different adsorbents on the removal of 
CR (conditions: temperature = 25 °C; adsorbent 
dosage = 1 g/l; CR concentration = 50 mg/l; pH 5) 

 
3.3. Photo-Fenton Degradation of CR 

The photo-Fenton degradation activities of GFO 
and GFO/Z were evaluated by the degradation of CR 
under visible light irradiation in the presence of H2O2. 
Before starting visible light irradiation, the adsorption 
of CR onto GFO and GFO/Z was finished with the CR 
removal of 25.16 and 68.86%, respectively. As shown 
in Fig. 5, the GFO/Z sample demonstrated a good 
performance toward CR degradation under visible 
light irradiation, which was 97.46% of CR removed 
after 120 min. This is obviously higher than 37.43% of 
CR removed by GFO.  

 
Fig. 5. Removal of CR during adsorption and        
photo-Fenton degradation processes using GFO and 
GFO/Z (conditions: temperature = 25 °C;                              
CR concentration = 50 mg/l; catalyst dosage = 1g/l; 
H2O2 concentration = 10 mM; pH 5) 
 

Meanwhile, during self-photolysis process, CR 
was degraded 3% only and the removal rate was 
slightly improved up to 7.7% when adding H2O2 
(Fig. 4a). It is worth noting that CR itself was hardly 
decomposed by visible light or H2O2 while a greater 



  
JST: Engineering and Technology for Sustainable Development 

Volume 34, Issue 3, July 2024, 001-007 

5 

CR degradation rate was obtained when both GFO/Z 
and H2O2 were present under visible light illumination. 
This implies that GFO/Z could act as a heterogeneous 
catalyst for the photo-Fenton degradation of CR in the 
visible region.  

In comparison with another perovskite/porous 
support [16], the photo-Fenton degradation of CR by 
our GFO/Z was promising (noting that the reaction 
conditions varied). In particular, GFO/Z removed 
97.46% CR after 90 min exposure to visible  
light irradiation (reaction conditions: dye 
concentration = 50 mg/L; catalyst dosage = 1.0 g/l; 
H2O2 concentration = 10 mM; solution pH = 5, and 
temperature = 25 °C). Meanwhile, the BiFeO3 
supported graphene only degraded 62% CR after 
120 min visible light irradiation (reaction conditions: 
dye concentration = 100 mg/L; catalyst dosage  
= 1.0 g/L) [16].  

In order to clarify the reaction kinetic of CR 
degradation, the pseudo-first-order model was used: 

−𝑙𝑙𝑙𝑙
(𝐶𝐶𝑡𝑡)
𝐶𝐶1

= 𝑘𝑘𝑘𝑘 (4) 

where C1 and Ct are the CR concentrations before the 
photo-Fenton degradation and after time t in the   
photo-Fenton reaction, respectively; k is the       
pseudo-first-order rate constant. 

The rate constant (k) was calculated from the 
slope of plot of -ln (Ct/C1) versus time in Fig. 6. At 
optimized conditions, the first order kinetic constant k 
of GFO/Z was 0.0323 min-1, which was about 10 times 
than that of pure GFO. The higher k value implies a 
faster degradation rate and higher photo-Fenton 
catalytic efficiency. It should be noted that the porosity 
characteristic of GFO/Z sample may be responsible for 
its higher adsorption capacity and in turn, improving 
the photo-Fenton degradation efficiency. Obviously, 
the adsorption of CR over GFO/Z was considerable in 
Fig. 5 compared to that of the pure GFO sample.  

In order to clarify the role of reactive species for 
photo-Fenton degradation of CR using GFO/Z sample, 
the trapping experiments were performed to 
investigate the effect of active species hydroxyl 
radicals (•OH)) and holes (h+) on the photo-Fenton 
degradation process. Isopropanol (IPA, Sigma 
Aldrich) and Ethylenediaminetetraacetic acid (EDTA, 
Sigma Aldrich) were used as •OH and h+ scavengers, 
respectively, as shown in Fig. 7.  

Fig. 7 showed the CR photo-Fenton degradation 
rate by GFO/Z only (no scavenger) and in the presence 
of the scavengers. As can be seen from Fig. 7, there 
was no significant change in the photo-Fenton 
degradation rate when introducing EDTA in the 
reaction solution, suggesting that the role of holes in 
the photo-Fenton catalytic degradation of CR is 
relatively minor. Meanwhile, when adding IPA, a 

significant suppressed degradation rate was observed, 
which implied that the hydroxyl radicals •OH play an 
important role in the CR photo-Fenton degradation. 
This observation is consistent with what had been 
reported in previous studies [17, 18].  

The following is a potential photo-Fenton 
catalytic mechanism utilizing GFO/Z that was 
suggested based on the aforementioned results. It is 
well known that the GFO/Z photocatalyst's interfacial 
Fe atoms (designated as Fe3+) can combine with H2O2 
during a Fenton-like reaction to produce •OH radicals 
according to the following equation. These radicals 
then directly oxidize CR to degradation products 
(equation (11)) [19]: 

Fe3+ + H2O2 → Fe3+ + H2O2   
 (5)                                                      

 

Fe3+  + H2O2 → Fe2+ + HO2 + H+   (6)                                                         

Fe3+ + HO2 + H+ → Fe2+ +O2 + 2H+   (7)                                                       

Fe2+  + H2O2 → Fe3+  + •OH + OH−   (8)    

                                                 

 
Fig. 6. Plots of -ln(Ct/C1) versus irradiation  
time (conditions: temperature = 25 °C;                                       
CR concentration = 50 mg/l; catalyst dosage = 1g/l; 
H2O2 concentration = 10 mM; pH 5) 
 

 
Fig. 7. Effect of IPA and EDTA on the photo-Fenton 
degradation of CR over GFO/Z (reaction conditions: 
photocatalyst dosage = 1g/L, H2O2 = 10 mM,                          
CR concentration = 500 mg/L, pH  5)  

https://www.sigmaaldrich.com/VN/en/substance/ethylenediaminetetraaceticacid2922460004
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The following equation describes how the 
GFO/Z photocatalyst experiences charge separation 
under visible light irradiation, producing electrons (e-) 
and holes (h+) concurrently: 

GFO/Z + hν→ GFO/Z (e– + h+)  (9) 

The electrons were then trapped by H2O2 to form 
the •OH which participated in the CR degradation 
reaction, as follows: 

H2O2  + e– → •OH + OH−  (10) 

•OH + CR → Degradation products  (11) 

As a result, the combination of photocatalysis 
and heterogeneous Fenton-like reaction leads to an 
enhancement in the removal rate of CR. 

3.4. Stability and Reusability of GFO/Z Photocatalyst 

In terms of practical application, the stability and 
reusability of a photocatalyst is one of the important 
factors to evaluate its quality. Besides, photocatalysts 
are highly reusable and keep the majority of their 
activity even after multiple continuous cycles of use, 
which is necessary for the application of photo-Fenton. 
As can be seen from Fig. 8, the CR removal over 
GFO/Z gradually decreased during the tests, from 
97.46% in the first cycle to 92.68% in the fourth run. 
This suggests that GFO/Z could be reused for four 
cycles without significant photocatalyst deactivation. 

In addition, we studied the structure of GFO/Z 
sample after the fourth run of CR removal test. Fig. 9 
demonstrated that the XRD pattern of spent GFO/Z 
remained unchanged in comparison with that of 
GFO/Z at the first run.  This suggests that the GFO/Z 
can function as an effective photo-Fenton catalyst for 
the photo-Fenton degradation of organic pollutants 
under visible light irradiation with good stability. 

 

 
Fig. 8. CR  removal over GFO/Z after four cycles  

 

 
Fig. 9. XRD patterns of GFO/Z before and after 
adsorption and photo-Fenton degradation of CR  

4. Conclusion 

GdFeO3 incorporated with zeolite (GFO/Z) has 
been successfully prepared by the impregnation 
method following by calcination process. The GFO/Z 
sample showed a synergistic effect of adsorption and 
the photo-Fenton process for the removal of  CR, 
resulting in a total CR removal rate of 97.46% after 
120 min, which is higher than that of pure GFO. The 
trapping experiment suggested that the hydroxyl 
radicals played the role of the active species in this 
reaction. The high removal efficiency of GFO/Z 
confirmed that it could be used as an effective 
heterogeneous photo-Fenton catalyst for the 
degradation of CR  in aqueous media. 
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