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CATALYTIC DEGRADATION OF RHODAMINE B DYE USING HYDROGEN PEROXIDE
OVER CERAMIC MEMBRANE SUPPORTED BY VANADIUM (V) OXIDE LAYER
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In this paper, the catalytic degradation of Rhodamine B dye using a ceramic membrane based
on a-Al20s with a V20s supported layer is described. The vanadium-supported layer was prepared
using the sol-gel method. The sol V20s.1.6H20 was obtained through the thermolysis of V20s
with H202. The ceramic membrane with V20s supported layer was characterized using various methods
including SEM, XRD, TG/DSC, and ASAP. After thermal treatment, no changes in the phase of V205
were observed on the surface of the membrane, where it appeared in the form of dendrite crystals.
It was noted that the BET surface area of the supported layer decreased following thermal treatment.
The degradation process of Rhodamine B dye was conducted in a batch reactor using the prepared
ceramic membrane with supported layers of varying lengths. The degree of degradation of the Rhoda-
mine B dye was assessed by measuring the optical density of the solution with a spectrophotometer.
The degradation rate was analyzed using a first-order kinetic equation. It was found that increasing
the length of the supported layer positively influenced the degradation rate.
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Introduction

The rapid industrialization and increasing urbanization of the past few decades have led to a significant rise in envi-
ronmental pollution, particularly in water bodies. Among the various pollutants, dyes have emerged as a serious environ-
mental concern due to their widespread use in industries such as textiles, plastics, and paper. One such dye, Rhoda-
mine B, is a synthetic xanthene dye known for its bright fluorescent properties, making it popular in various applications.
However, its presence in aquatic environments poses serious threats to human health and ecosystems because of its tox-
icity and potential carcinogenic effects. Consequently, the effective removal of Rhodamine B and other similar dyes
from wastewater is crucial for environmental sustainability and public health [1].

Traditional methods for dye removal, including physical adsorption, coagulation-flocculation, and biological degra-
dation, often fall short of providing efficient and cost-effective solutions. Furthermore, many of these methods can lead
to secondary pollution, generating further environmental challenges. In recent years, catalytic oxidative processes have
garnered significant attention as promising alternatives for water treatment, offering efficient degradation of organic pol-
lutants through the generation of reactive radicals [2].

The quest for efficient and sustainable catalytic processes has led to significant advancements in material science,
particularly in the development of support systems that enhance catalyst performance. Among these innovations, ceramic
membranes have emerged as a promising substrate for supported catalysts in various catalytic degradation processes.
These membranes offer unique properties, including high thermal stability, chemical resistance, and mechanical strength,
making them ideal candidates for demanding industrial applications. Ceramic membranes not only improve the efficiency
of catalytic reactions but also facilitate the recovery and recycling of valuable products, ultimately contributing to envi-
ronmental sustainability [3].

Vanadium (V) oxide is a particularly viable candidate for such catalytic applications due to its distinctive catalytic
properties, stability under varying conditions, and efficiency in promoting oxidation reactions [4]. In recent studies, re-
searchers have successfully synthesized V.0s based catalysts and showed their catalytic active activity in Rhodamine B
degradation process [5-16]. However, the luck of recovery of V.05 active species from the reaction medium was found
in their studies. Therefore, the preparation of a reusable ceramic membrane with a supported layer of V205 and using
in catalytic process become a reliable solution for the catalytic degradation of Rhodamine B.

Materials and Methods

The following reagents were used in the work: vanadium (V) oxide, “analytical grade”; hydrogen peroxide H205,
“special purity grade”. The supported carriers used were porous tubular ceramic membranes based on a-Al,O3 (85%)
with an internal diameter of 6.5 mm with a wall thickness of 1.5 mm, obtained using technology developed at the Depart-
ment of Chemical Technology of Ceramics and Refractories of the D. . Mendeleev Russian University of Chemical
Technologies (MRUCT). Their detailed characteristics are given in table 1.

Sol-gel method was selected for preparing membrane with catalytic supported layer of V20s. V20s5.1.6H,0 sol (0.5 wt. %)
was prepared according to the previous study [17]. To obtain a V20s sol, the thermolysis of V20s powders in hydrogen
peroxide solutions was carried out. A solution of hydrogen peroxide (H20,) was added to a round-bottom flask containing
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0.5 gram of V,0s powder in the mole ratio [1]:[30] and stirred until a homogeneous yellow mass was formed. Then
the required amount of water was added and heated to boil. After boiling for 5 minutes, the color changes from yellow
to orange and after 3 minutes turns into dark red resulting V,0s.nH,O sol. The supported layer was obtained by using
synthesized V20s.nH20 sol (0.5 wt. %) by filtration of the dispersion medium through the outer layer of ceramic mem-
brane using a laboratory vacuum pump as in the previous work [18]. Schematically, the process of producing membranes
with a supported layer was as follows. First, the tubular membrane was closed at one end with a rubber cap and the other
end of the membrane tube was left open, then the open end of the tube was connected to a plastic hose. Next, one end
of the tubular substrate was sealed, and a vacuum pump was connected to the plastic hose through a Bunsen flask. The ce-
ramic membrane was immersed vertically in the sol and a fixed volume of sol was passed through the substrate under
the action of a vacuum pump. In this case, partial fixation of particles occurs on the surface of aluminum oxide grains
forming the layer on the outer layer of ceramic membrane. According to this procedure, the outer surface of the ceramic
membrane was coated with supported V20s.1.6H,0 layers of varying lengths, each with a theoretically calculated maxi-
mum allowable thickness of 45 micrometers according to the work [18] to ensure optimal adhesion. After drying the ap-
plied layer, the sample was subjected to thermal treatment at 650 °C for 60 minutes. Thermal treatment temperature was
chosen at the melting point of supported V.05 layer according to TG/DSC analysis (fig. 3).

Morphology of the supported layer was analyzed by scanning electron microscope (SEM) JEOL 1610LV (JEOL,
Japan) MRUCT. The crystallographic structure of the samples was established using powder X-ray diffraction analysis
(XRD, with Cu-Ka radiation). Absorption spectra of aqueous solutions methylene blue were recorded on a brand spec-
trophotometer LEKI SS2110UV in plastic or quartz cuvettes with an absorbing layer thickness of 10 mm in the wave-
length range of 450-650 nm. Surface properties and pore structure of the supported V.0s nanostructures were studied by
ASAP 2020 MP (Micrometrics Instrument Corp., USA) MRUCT. Thermal analysis of the samples was carried out using
a TG-DSC study on a Netzsch synchronous thermal analysis unit STA 449F1 Jupiter®. The concentration of V05 was
determine by oxidimetric titration method according to the literature [19].

The degradation of Rhodamine B was carried out in a batch reactor. The membranes were immersed in a dye solu-
tion; hydrogen peroxide was added in mole ratio [C2sH31CIN203]:[H20] = [1]:[10] and stirred until the solution depreci-
ated. The initial concentration of Rhodamine B (C2sH31CIN203) was 0.25 mmol/liter. A sample of the solution was taken
every 30 minute and the absorption spectrum was analyzed on a spectrophotometer. The degree of decolorization was
calculated at maximum wavelength of 554 nm using the following equation:

D=""A 00, &)
A
where: A, — optical density at time t = 0 minutes, A;— optical density at time t.

Table 1

Main characteristics of porous tubular ceramic membranes based on a-Al.03

Ne Characteristics Value
1 Internal diameter, mm 6.5

2 Wall thickness, mm 15

3 Pore radius, pm 0.8

4 Open porosity, % 45+3
5 Most probable particle size, pm 15

6 Specific surface area, m?/g 0.3

Results and Discussion

To assess the morphology of the supported layer, the substrate surfaces were analyzed using SEM micrographs.
Before heat treatment, V,0s.1.6H20 layers were represented by overlapping nanosheets with a thickness of about 25 nm
without infiltration of the layer into the pores of the membrane. After heat treatment at 650 °C, dendrites of V205 crystals
formed. (fig. 1 (a)). The XRD patterns of the supported layer on the ceramic membrane after thermal treatment at 650 °C
are shown in fig. 1 (b). It was proven by X-ray phase analysis that after heat treatment temperature of 650 °C, all of the wa-
ter molecules were removed and the oxidation state of V,Os did not change according to the V-O phase diagram [20].

The N2 gas adsorption/desorption isotherms of supported layer V20s.1.6H,0 before thermal treatment and V.05
supported layer after thermal treatment at 650 °C were also studied. To study them, the sol was dried at room temperature
on a glass plate to form a xerogel. Thermal treatment of xerogel was also carried out under the same thermal procedure
conditions as for the membrane with supported layer. These isotherms (fig. 2 (a, b)) show a type IV curve with a hysteresis
loop of H3-type based on the IUPAC classification. The hysteresis loop above P/Po = 0.4 suggests the presence of meso-
porous structures. BET surface area of the V20s.1.6H20 xerogel is 0.6861 m?g™ and of V,Os nanoparticles (after thermal
treatment at 700 °C) is 0.5456 m2g™. It shows that specific surface area of nanoparticles after thermal treatment has
decreased.
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Fig. 1. (a) SEM micrographs and (b) XRD patterns of the supported V20s layer
after thermal treatment at 650 °C.
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Fig. 2. (a) N2 adsorption-desorption isotherm of VV20s.1.6H20 xerogel and (b) V20s powder
after thermal treatment at 650 °C.

The TG/DSC curve of the membrane with the applied layer of VV,05.1.6H,0 is shown in fig. 3. At the initial stage
of heating, the DSC curve shows an endothermic thermal effect “a” -0.1221 J/g accompanied by a mass loss of 0.04%.
This effect begins at 355.6 °C, has a peak at 360.9 °C and ends at 372.8 °C. With further heating from 375 to 640 °C,
no thermal effects are found on the DSC curve, and with increase in temperature after this stage, a thermal effect “b” is
observed, associated with the melting of the vanadium compound. It has a value of -1.351 J/g, begins at 646.9 °C, has
a peak at 660.6 °C and ends at 667.7 °C. The effect is accompanied by a mass loss of 0.03%. The total mass loss was
0.07%. Upon cooling, an effect “c” is detected, associated with the crystallization process. The effect begins at 581.7 °C,
peaks at 570.1 °C, and ends at 547.6 °C. There were no thermal effects detected upon further cooling.

Catalytic degradation of Rhodamine B was carried out at different length of supported layer (V1-V5) using the ox-
idizing agent H,0,. The calculated amount of V,0s loaded depending on the length of the supported layer is shown
in tab. 2. Asitis shown infig. 4 (a), the optical density of Rhodamine B decreases with time, and the maximum adsorption
wavelength of Rhodamine B is observed at 554 nm. So, to compare the effect of length of the supported layer (effect
of mass loading) and determine the time dependence of optical density D, the value of optical density D at 554 nm was
chosen. According to fig. 4 (b), it is observed that increasing the mass of the catalyst has a positive effect on the degrada-
tion of Rhodamine B and the optical density is clearly decreased with time.

On the basis of data shown in fig. 4 (b), the degree of discoloration was calculated using equation (1), and a graph
of the degree of decolorization versus time was plotted as shown in fig. 5 (a). The reaction kinetic was calculated using
the InA/A, — time graph (fig. 5 (b)). The conversion of methylene blue after 3 h of reaction and the kinetic rate of the re-
action results calculated from the first order rate equation are shown in tab. 2. Vanadium 5V loaded membranes removed
85.54% of Rhodamine B in 3 hours of catalytic reaction.



48

91 =

"0
0.05 —

Lps 3 )
.7
e

DSC, mV/img
o
a
1

Fena °C

AL
-8.1221
- 1.5
“12%

a2 . T

s

|
400

T.C

TG, %

02 0.5
04 Il mimee 04
S marnates
S0 o) mairstes =0 5\
90 mirssber
02 \ = 02 I
- | 0 sttt 2 - c s
. - « | 50 manties iy ———
01 7t N\ ol - —
b BTN 5 A PO -— O menten 4y e
e = S — i Al
] T v ey | )
450 w0 % [ oM 0 30 o0 o0 () 150 180
Time (minutes) Tiene (ensnues)
(@) (b)
Fig. 4. (a) the optical density of Rhodamine B as a function of time during catalytic degradation process (5V)
and (b) comparison of the dependence of the optical density of Rhodamione B as a function
of time at different length of supported layer (A = 554 nm).
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Fig. 5. (@) comparison of the dependence of the degree of decolorization of Rhodamine B as a function
of time at different catalyst loading (A = 554 nm) and (b) dependence of the logarithm
of the optical density of the dye on time during catalytic degradation process.
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The amount of V,0s dissolving during the catalytic process was determined by oxidimetric titration method accord-

ing to the method described in [19]. The amount of V>0 leaching from the surface of the membrane obtained by this
titration method during catalytic degradation process the is 2.63 mass %.

Table 2

Effect of catalyst mass loaded on change in methylene blue conversion
and reaction rate constant during the catalytic reaction

N Length of membrane, Mass of VZOZ layer, Mass of V,0s layer, Rate constant

° mg/cm 2 -3 in-l 3
cm % 10° mg/cm?x 10 min? x 10

Y 5 9.0 49.85 35

2V 10 18 60.30 45

3V 15 27 67.25 6.5

4V 20 36 79.06 8.0

5V 25 45 85.54 10.1

Conclusion

In this paper the photocatalytic degradation of Rhodamine B over reusable ceramic membrane with V205 supported

layer was successfully carried out. With the help of the diagnostic techniques (SEM, XRD, ASAP, TG/DSC) the supported
layer of V205 was analyzed. The reaction rate calculated according to first order equation shows that the length of sup-
ported layer (the mass of the catalyst loaded) has a positive effect on it; and the degrading efficiency is 85%.
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