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Abstract 

Methylene blue is the most common dye in the world for dyeing cotton, wool 

and silk with high consumption and is found in large quantities in textile industry 
wastewater. This dye is cationic, toxic, carcenogenic and non-biodegradable, 
making its removal from wastewater a concern/key concern of researchers. 
Considering the limitations posed by the use of homogeneous catalysts, in this 
study, new nanocatalysts based on thallium oxide immobilized on silica substrate 
(Tl2O3-SiO2) modified with Schiff base complexes of N2O2 and vanadium were 
synthesized, and their efficiency in removing methylene blue from wastewater 
was evaluated using these heterogeneous catalysts. FTIR, 1H NMR, EDX, XRD, 
TEM, and FESEM methods were used to fully identify these complexes and 
nanocomposites. In the next step, the ability of Schiff base-nanocomposite 
catalysts to remove methylene blue was investigated by UV-vis spectroscopy at 
specific time intervals and the effect of various factors was determined. The 
value of 0.2 mg/L was selected as the optimal amount of adsorbent. According to 
the results of the experiments, the concentration of 100 ppm of methylene blue 
was selected as the optimal concentration. pH=10 and time of 60 minutes showed 
the best performance of the adsorbent. Methylene blue dye was decomposed 
using photocatalysts Tl2O3@SiO2.VL2 and Tl2O3@SiO2.VL1 with an efficiency 
of 82 and 95%, respectively. VL1, VL2. Bromine (ůpå0.23) and nitro (ůpå0.68) 
groups were observed on the benzene ring. Therefore, due to the larger Hemmett 
constant in VL1, the adsorption efficiency is higher. The experimental results 
showed that the Tl2O3@SiO2.VL1 system has an adsorption of 475mg/g with an 
efficiency of 95%. The Langmuir separation factor (RL) showed a value of 0.88, 
which confirms the desirability of the adsorption process. The immobilization of 
vanadium complexes on the mineral substrate not only increased the stability of 
the catalyst and its recyclability, but also increased the adsorption efficiency by 
up to two times compared to conventional adsorbents due to the synergistic 
effects between the thallium and vanadium metal centers. This degradation 
follows first-order kinetics. The adsorbent material showed relatively good 
reproducibility. This nano-adsorbent is proposed as an efficient and sustainable 
option for the treatment of industrial wastewater. 
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1. Introduction  
Methylene blue is a common cationic dye that is 
mostly used in the textile, paper, rubber, plastic, 
leather, cosmetics, pharmaceutical, and food 
industries (Sharma and Bhattacharya, 2017; 
Shannon et al., 2008; Hemdan, 2023). If this dye 
and other industrial dyes are not treated in 
discharged wastewater, several problems arise, 
such as an increase in the chemical oxygen 
demand in the water and an increase in its 
toxicity. The most important treatment method 
for organic pollutants in wastewater is the 
catalytic oxidation method. Schiff bases, which 
are formed by the combination of an amine group 
with a carbonyl, act as both homogeneous and 
heterogeneous catalysts, and exhibit a wide range 
of photocatalytic activities. (Mohmoud et al., 
2022; Berhanu et al., 2019). 

In the present research work, where thallium 
oxide immobilized on a silica substrate is used in 
the degradation of methylene blue, thallium is not 
free but is immobilized in a porous silicate 
network. The bond between Tl2O3 and the SiO2 
substrate minimizes the leakage of toxic ions into 
the solution. Silica acts as a physical barrier and 
prevents the release of thallium into water. The 
addition of vanadium Schiff base complexes to 
the Tl2O3@SiO2 substrate transforms our system 
into a special heterogeneous nanocatalyst, in 
which the silica substrate acts as the backbone 
and creates a high surface area, and the vanadium 
Schiff base complex is the active catalytic center. 

The main objective of the current research 
work is to investigate the decolorization of 
wastewater containing methylene blue dye in the 
presence of two specific ternary heterogeneous 
nanocatalysts and to investigate the effect of 
factors such as the concentration of 
photocatalysts, methylene blue concentration and 
pH on the degradation process. The 
photocatalysts include two novel Schiff base 
complexes, namely vanadium bis(2-hydroxy,
3-methoxy, 5-nitrobenzaldehyde)-1,
2-ethylenediamine (L1) and vanadium
bis (2-hydroxy-5-bromobenzaldehyde)-1,2-
ethylenediamine (L2), which are immobilized on 
Tl2O3-SiO2 nanocomposites. The design, 
synthesis and characterization of these complexes 
and nanocomposites were carried out for the first 
time. 

 

2. Materials and methods 
2.1. Synthesis of Tl2O3-SiO2 

nanocomposite 
Aerogel powder of Tl2O3-SiO2 nanoparticles with 
a molar ratio of 1.20 thallium to silica was 
prepared according to the following steps. In the 
first step, 5 mL of ethanol and water was mixed 
and then 0.15 mmol of thallium acetate was 
 

dissolved in it. In the next step, 3 mmol of 
tetraorthosilicate was added to a mixture of 5 mL 
of water and 15 mL of ethanol. Finally, in the 
third step, the two mixtures were mixed together 
at room temperature and then 5 mL of 
hydrochloric acid was added dropwise to this 
mixture. The mixture was stirred for 10 min and 
left at room temperature for 2 h. The gel was aged 
at room temperature for one day and then dried at 
80°C for 6 h. The resulting white powder was 
calcined at 500°C for 3 h. 

 
2.2. Synthesis of bis (2-hydroxy, 3-

methoxy, 5-nitrobenzaldehyde)-1, 2-

ethylenediamine (L1) 
Schiff bases were prepared according to the 
procedure. A solution of 2-hydroxy-3-methoxy-5-
nitrobenzaldehyde-(L1) (3.94 g, 0.02 mol) in 30 
mL of methanol was heated at 50°C for 20 min 
and then stirred for about 15 min. To this stirring 
solution, ethylenediamine (0.6 g, 0.01 mol) in 20 
mL of methanol was added dropwise. The light 
yellow solutions were refluxed for 6 h. The 
precipitate was obtained, filtered, washed with n-
hexane and ethyl acetate (2×5 mL) and finally air-
dried. The results of FTIR, 1HNMR elemental 
analysis of product L1 were reported. 
 

2.3. Synthesis of bis(2-hydroxy-5-

bromobenzaldehyde)-1,  2-ethylenediamine 

(L2) 
The synthesis method of this ligand is similar to 
ligand 1 L except that 2-hydroxy-3-methoxy-5-
nitrobenzaldehyde was used instead of 2-
hydroxy-5-bromobenzaldehyde (2) (4.02 g, 0.02 
mol). The results of elemental analysis of FTIR, 
1HNMR, and product L2 were reported. 

 
2.4. Synthesis of /V2/V-L1L complexes 
Ligands 1 L (34.0 g, 1 mmol) and L2 (40.0 g, 1 
mmol) were dissolved in chloroform. The ligand 
solution was added to VO(acac)2 (265.0 g, 1 
mmol) and dissolved in chloroform (22). The 
mixture was refluxed at 70°C for 24 h. The 
resulting precipitate was filtered and then washed 
with hexane (2×5 mL) and ethyl acetate (2×5 
mL). 
 

2.5. Synthesis of Tl2O3-SiO2.VL1/L2  
The Tl2O3-SiO2 nanocomposite was completely 

dissolved in chloroform. 0.05 g of OV-L2 or 1 

OV-L was added and refluxed at 40 °C for 24 h. 

In the next step, centrifugation was performed 

and then washed with chloroform and hexane, 

and then the precipitate was dried. Tl2O3- 

SiO2.VL1/L2 was obtained. 
 



dx.doi.org/10.22093/wwj.2026.556782.3527                                                                           Azar Bagheri Ghomi and Melika Pejman 
39 

                                   Water and Wastewater 

                                      Vol. 36, No. 4, 2025 

 

Fig. 1. Color removal diagram using Tl2O3@SiO2.VL1 nanocatalyst under optimal 

 

 
Fig. 2. Plot of time for the photocatalytic degradation of methylene blue dye (initial concentration 100 

mg/L dye and 0.2 g/L adsorbent concentration and duration 60 min) 

 

3. Results and discussion 
EDX analysis was used to determine the 
elemental composition of Tl2O3-SiO2 
nanoparticles. Using the Debye-Scherer equation, 
the synthesized particle sizes were 26 and 30 nm. 
Identification of tetradentate Schiff base ligands 
L1 and L2 in 3 CDCl was carried out using IR 
and 1H NMR spectroscopy and the results were 
reported. 

 
3.1. Photocatalytic activity experiments 
The catalytic activity of Tl2O3@SiO2.VL1 and 
Tl2O3@SiO2.VL2 nanocatalysts for the removal 
of methylene blue was investigated. First, optimal 
conditions were obtained. The experiment was 
repeated to determine the optimal pH for 
photocatalysis at pHs 2-13. In order to investigate 
the effect of adsorbent concentration on the 
removal of methylene blue dye, a concentration 
range of 0.1 to 0.5 g of adsorbent was used. The 
conditions for maximum efficiency are: pH=10, 
time 60 minutes, adsorbent concentration 0.2 g, 

and initial methylene blue concentration 100 
mg/L (Figs. 1 and 2). 

The results show that the method used in the 
decomposition of colored pollutants is efficient in 
the decomposition of colored pollutants, 
including methylene blue. So that the colored 
pollutant was destroyed in the shortest possible 
time. In advanced oxidation processes, the most 
important free radical created (hydroxyl) under 
simultaneous irradiation of UV and LED light 
causes the oxidation of organic matter. This 
radical intermediate is trapped in the next step by 
dissolved molecular oxygen and then completes 
the reaction by creating peroxide and hydroxide 
radicals (Jin et al., 2022). 

The results of the study of two samples of 
adsorption isotherms based on Langmuir and 
Freundlich relations show that the adsorption of 
methylene blue dye using the adsorbents used in 
this study follows the Langmuir isotherm model 
with a correlation coefficient of 0.9847. 
Therefore, our adsorbent has uniform active sites 
and methylene blue dye settles on it as a single 
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layer. The values of the parameters K_L , K_F 
and n, which represent the Langmuir and 
Freundlich constants and the surface adsorption 
intensity, respectively, were calculated to be 
0.00129 mg/g, 52.48 and 1.8. The maximum 
Langmuir capacity mg/g is 854.7, which indicates 
that if the dye concentration is further increased, 
the adsorbent has the ability to accept up to this 
value. 

Fig. 2 is a plot of ln ([Dye]o/[Dye]) versus 
irradiation time for methylene blue in the 
presence of Tl2O3@SiO2.VL1 catalyst, which 
shows that the photodegradation reaction follows 
pseudo-first-order kinetics with a rate coefficient 
K=0.123 min

-1
. The coefficient of determination 

(R2) value is 0.9914, indicating a very good 
agreement with the experimental data. 
 

4. Conclusion 
Comparing our work with previous works shows 
that most adsorbents only act based on physical 
pores, but in our system, the synergistic effect 
causes methylene blue to be inhibited both 

physically (by silica) and chemically (by 
vanadium catalytic sites). Also, many adsorbents 
only adsorb the dye from water, but the system 
under study not only adsorbs the dye but can also 
catalytically degrade it in the presence of an 
oxidant such as hydrogen peroxide. 

Further, compared to the polymer adsorbents 
in previous studies, whose n is close to 1, our 
number of 1.8 indicates a very stable bond that 
prevents the dye from being removed from the 
adsorbent even by washing (except by changing 
the pH for recycling). Therefore, compared to the 
studies conducted, it can be stated that: While 
most carbon-based and inorganic adsorbents 
show a adsorption capacity of less than 300, the 
composite modified with the vanadium Schiff 
base complex offers an impressive capacity of 
475 mg/g due to the inductive effects of the metal 
centers and the high surface area of the silicate 
substrate. This system not only succeeded in 
physical removal but also has high potential as a 
heterogeneous catalyst for the final degradation of 
the pollutant. 
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Fig. 1. Schematic of the synthesis steps of ligand L1

L1 

Fig. 2. Schematic of the synthesis steps of ligand L2

L2 

Fig. 3. Schematic of preparation VOL1and VOL2

 OVL1  OVL2
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Fig. 4. Schematic of preparation of Tl2O3@SiO2VL1/L2
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Fig. 5. XRD diffraction pattern of Tl2O3@SiO2 nanoparticles 

XRDTl2O3@SiO2 

 

 
Fig. 6. FTIR spectrum of Tl2O3@SiO2 nanocomposite 
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Fig. 7. (a) EDS spectrum image of Tl2O3@SiO2 nanocomposite, (b) Kubelka-Munk transmission plot versus absorbed 
light energy of synthesized Tl2O3@SiO2 nanocomposite
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Fig. 8. (a, b) FESEM and (c, d) TEM images of Tl2O3@SiO2 nanocomposite

 (b, a)FESEMTEM (d, c)Tl2O3@SiO2
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Func.grp 
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C-O 
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ar 

C-N C=N 
C-

H(ald) 
C=O O-H 

1  1475-1600 1345 1625 2871 1096 3443 

L1 1078 1475-1600 1320 1628   3443 

OVL1 1104 1506 1309 1603    

Tl2O3@SiO2-VL1 1104 1502 1317 1603   3451 

 
 

a) b) 

c) d) 
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Fig. 9. FTIR spectra of samples, 1, L1, VO-L1, 

Tl2O3@SiO2-VL1 
FTIR1L1 VO-L1Tl2O3@SiO2-VL1

 
Fig  10. FTIR spectra of samples 2, L2, VO-L2, 
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Fig. 11. Effect of methylene blue concentration on UV-
vis absorption and color removal by Ti2O3@SiO2.VL1: 

pH=10, time 60 min and initial concentration 5-100 
mg/L

UV-vis

 :Ti2O3@SiO2.VL1 pH

Fig. 12. Color removal diagram using Tl2O3@SiO2.VL1 
nanocatalyst under optimal

 

Tl2O3@SiO2.VL1

UV LED 

) Jin et al., 2022( 
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Fig. 13. Langmuir isotherm model of methylene blue 
adsorption using Tl2O3@SiO2.VL1 adsorbent
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Fig. 14. Freundlich isotherm model of methylene blue 
adsorption using Tl2O3@SiO2.VL1 adsorbent

Tl2O3@SiO2.VL1

RSD=0.21% 

  

.

Fig. 15. Comparison of methylene blue removal 
efficiency in three consecutive cycles for 

Tl2O3@SiO2.VL1 nanosorbent
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Fig. 16. Time-dependent graph for photocatalytic 
degradation of methylene blue dye (initial concentration 
100 mg/L dye and 0.2 g/L adsorbent concentration and 

60 min duration) 

SiO2

 2017 ,Rosa et al.
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