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This study examines the catalytic efficiency of six materials (EG1-6) synthesized on an Al2O3 support material using

different PdCl2 and RuCls precursors. The catalyst EG4 (Ru:Pd 3:2) was determined to be superior because of its

synergistic impact. The utilization of XRD, SEM-EDX, and TEM techniques unveiled the existence of Al203, RuO2,

and Pd constituents, exhibiting an average crystal size of around 16 nm. The even distribution of nanoparticles on

the Al203 support is likely to enhance the accessibility of reactants to active sites, leading to an increase in catalytic

efficiency.
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1. Introduction

Because of the harmful effects of toxic dyes such as azo
dyes and nitrophenols, environmental pollution is a major
concern, particularly in the textile industry [1]. Currently,
synthetic organic compounds are widely used in a variety
of industries, including plastics, paper, food,
pharmaceuticals, cosmetics, and textiles. The introduction
of these pollutants into water systems via wastewater
discharges can cause a variety of health problems,
including skin irritation, blood disorders, liver and kidney
damage, and central nervous system toxicity. Dye-
contaminated water can also interfere with photosynthesis,
which is necessary for aquatic organisms to survive [2-5].
These toxic dyes not only affect human and aquatic life, but
their presence in water can also harm the environment as a
whole. Ecosystems can degrade significantly, resulting in
decreased biodiversity and overall ecosystem health [6, 7].
Furthermore, the presence of hazardous dyes in water
sources can have an economic impact, particularly on
industries that rely on clean water for production. To
address this issue, industries must adopt sustainable and

environmentally friendly practices, such as using natural
dyes and implementing appropriate wastewater treatment
technologies [8-12]. Dyes released from industries such as
plastics, textiles, leather, printing, and paper pose a threat
to human health by accumulating in the environment and
polluting water resources [13-15]. To remove these
pollutants, a variety of methods are used, including
biochemical and electrochemical techniques, ion exchange,
and adsorption. However, these methods are frequently
ineffective for treating polluted water. We require more
advanced technologies to effectively remove these
pollutants.[16-19].

From this standpoint, catalytic conversion of organic
pollutants provides both economic and environmental
benefits [20, 21]. Chemical catalytic conversion methods
involving transition metal catalysts can be a strategic
solution because they are quick and efficient [22].
Transition metal nanoparticles are utilized as highly
effective, expeditious, uncomplicated, and economical
catalysts for the degradation of dyes [23]. To improve
catalyst efficiency, new nanoparticles of metal salts with
catalytic properties are created on a solid support made of
inorganic or porous material [24]. While a catalyst with a
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large surface area and uniform metal distribution is
desirable, the aggregation of metal nanoparticles reduces
its effectiveness [25]. Metal complexes, nanoparticles, and
solid-supported nanoparticles have received a lot of
attention in the scientific literature for their ability to
catalyze dye reduction and degradation [26-28].

Catalytic reduction is preferred over other methods due to
the wide range of applications for dye reduction products
[29]. The surface area/volume ratio of metal nanoparticles
and catalytic efficiency are directly proportional.
Alumina, also known as aluminum oxide (Al.O3), is a
commonly used support material for the preparation of
metal nanoparticles [30]. Because of its porous and less
dense structure, reactive molecules have easy access to
metal nanoparticles. This increases catalytic activity while
decreasing the time required for the reduction process [31].
ALOs; oxides are commonly used in the catalytic
conversion of organic pollutants due to their low toxicity,
chemical stability, and abundance [32, 33].

Ruthenium and palladium nanoparticles are widely used
due to their large surface areas, easy fabrication, and
catalytic properties [24, 34]. For example, ruthenium
nanoparticles on Al,O3 demonstrated excellent catalytic
activity in the conversion of nitrobenzene to aniline [35,
36]. Furthermore, the superior catalytic performance of
ruthenium and palladium nanoparticles allows for lower
catalyst concentrations, resulting in cost savings and waste
reduction during the reduction process [37, 38]. In this
study, a bimetallic catalytic system (Ru-Pd) attached to an
Al,O3 support was used to investigate the reduction of a
real sample-like mixture of dyes.

2. Experimental

Catalyst Preparation (EGI-6)

The catalysts, named EG1-6, were prepared by supporting
bimetallic Ru@Pd on y-Al,O3 at a weight percentage of
5%. The Ru:Pd ratio varied for each catalyst, with EG1
having a ratio of 0:5, EG2 having a ratio of 1:4, EG3 having
aratio of 2:3, EG4 having a ratio of 3:2, EGS having a ratio
of 4:1, and EG6 having a ratio of 5:0. To achieve this
objective, suitable volumes of aqueous solutions
containing RuCl;3.3H,O and PdCl, (20 mL) were stirred
constantly for a duration of 30 minutes. y-Al,O3 was
introduced into the mixture and evenly distributed using an
ultrasonic bath for a duration of 1 hour. After the
designated period, the mixture underwent centrifugation,
followed by washing with distilled water and subsequent
drying. The solid underwent calcination in a muffle furnace
at a temperature of 500 °C for a duration of 5 hours. The
materials prepared in this manner were examined for their
catalytic activity. The X-ray diffraction (XRD) technique,
specifically using the PANalytical Empyrean instrument,
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was employed to determine the structure of EG4 with the
highest catalytic activity. Additionally, the scanning
electron microscopy-energy dispersive X-ray spectroscopy
(SEM-EDX) method, utilizing the JEOL SEM-7100-EDX
equipment, was utilized for further analysis.

Catalytic reactions

The study examined the catalytic degradation/reduction
reactions of pure dyes (2-Nitroaniline, 4-Nitroaniline,
Methylene Blue, and Eosin Yellow) in aqueous solutions.
The dyes were obtained from commercial sources. The
reactions were carried out at room temperature using EG1-
6 catalysts and NaBH4. In a given reaction, a quantity of 5
milligrams of catalyst and a concentration of 0.02 molar of
NaBH; were introduced into a 5 milliliter solution
containing a substrate with a concentration of 5x10-4
molar. At regular intervals, samples of this mixture were
collected, and the advancement of the reactions was
observed using UV-Vis spectrometry. Catalytic
conversions were determined based on the alterations in
absorption wavelengths.

3. Results

Catalytic Activity

This work involves the preparation of six materials (EG1-
6) by impregnation of varying proportions of PdCl, and
RuCl; precursors on Al,O3 followed by calcination at 500
°C. The study investigated the catalytic performance of
EG1-6 materials in the reduction/degradation reaction of a
sample consisting of a combination of 2-NA, 4-NA, EY
and MB substrates in an aqueous medium using NaBHa.
EG4 (Ru:Pd 3:2) served as a catalyst in the optimization
studies. The optimization table (Table 1) presents the
catalytic results obtained under wvarious conditions.
Following the optimization experiments, condition 2 in the
table was identified as suitable for further investigation.

Table 1. The optimization studies for the degradation/reduction reaction

of dye mixtures at various concentrations using EG4 (5 mg) catalyst.
Conversation (%)

2-NA 4-NA EY MB

5 10 [ 5 10 | 5 10 | 5 10

m |m |m [m |m [m | m [ m

x
No CDye CraH4

5 0.01 65 | 82 | 56 | 81 | 25 | 31 | 81 | 93
5 0.02 71 |1 96 | 86 [ 89 | 77 | 93 | 93 | 93
5 0.04 69 | 78 | 56 | 80 | 61 | 87 | 81 | 87

10 0.01 63 | 79 | 63 | 88 | 35 | 42 | 91 | 93
10 0.02 65 | 89 | 61 | 88 | 37 | 68 | 88 | 95
6 10 0.04 73 75 [ 71 | 72 | 61 | 90 | 97 | 97
C, concentration (Molar, when calculating the concentration of the dye
mixture, equal molar number of each component was taken.) *, x10* M;,
, m: minutes, Each experiment was repeated three times.

(L1 I =N) OST I \O )

Next, we examined the catalytic efficiency of EG1-6
materials in the reduction/degradation process of 2-NA, 4-
NA, EY, and MB substrates using NaBH4 in optimized
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conditions. The results are displayed in Table 2. Figure 1
displays the UV-visible spectra that vary with time.
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Figure 1. Time-dependent UV-visible spectra of the reduction/degradation reaction of the dye mixture obtained with a mixture of 2-NA, 4-NA, EY and MB
substrates under optimized conditions in the presence of NaBH4 using EG1-6 materials

Table 2. The substrate conversions (%) were determined after 10 minutes

Based on the information presented in Table 2, it was
of dge:jtalytic reduction/degradation reactions using the optimized observed that under the optimized conditions, all of the
conditions.

- prepared materials exhibited catalytic activity in the
Conversation (%) . . . .
Cat 2-NA 4-NA EY MB reduction/degradation reaction of the dye mixture. The

- - catalyst consisting solely of Ru exhibits significantly lower

EGI 81 85 94 97 catalytic activity compared to the catalyst consisting solely
EG2 89 88 90 90 of Pd. When comparing EG4 (Ru:Pd; 3:2) with the catalyst
EG3 78 76 89 91 that only contains Pd, it can be concluded that EG4 is the
EG4 96 89 93 93 superior catalyst for all dye components. This can be
EGS5 80 83 97 85 ascribed to the synergistic impact.

EG6 29 28 32 75

Subsequently, an investigation was conducted to assess the
reusability of the EG 4 catalyst. To achieve this objective,
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the catalyst was subjected to centrifugation, precipitation,
washing, and drying after each catalytic reaction.
Following that, it was employed in the novel catalytic
reaction. During the experiments, it was noted that the
catalyst experienced a significant decrease in its activity
during the third repetition, after 10 minutes, under the
optimized conditions. The obtained results are presented in
Table 3.

Table 3. Reusability of EG4 as a catalyst in catalytic
reduction/degradation reactions of dye mixture under optimized
conditions.

Conversation (%
Repetition (%)

2-NA 4-NA EY MB
1. 96 89 93 93
2. 42 32 58 92
3. 42 31 41 85
Characterization

EG4 was subjected to XRD, SEM-EDX, and TEM
analyses in order to ascertain its structure. These analyses
revealed that EG4 possesses exceptional catalytic activity
in comparison to the other materials that were prepared.
Figure 2 displays the X-ray diffraction (XRD) pattern of
the material. Figure 2 data indicates that the material is
composed of AlOs;, RuO,, and Pd components. The
spectral peaks detected in these components corresponded
to the established patterns recorded in the ICDD database.
The existence of these constituents in the substance was
verified through SEM-EDX analysis. The X-ray diffraction
(XRD) analysis indicated the existence of a crystalline
arrangement in the material. The material exhibited a
crystalline structure with an average crystal size of
approximately 16 nm.
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Figure 2. X-ray diffraction pattern of EG4

Figure 3 depicts the scanning electron microscopy (SEM)
image and energy dispersive X-ray (EDX) analysis of EG4.
The SEM image demonstrates that the particles are
uniformly dispersed throughout the material. The scanning
electron microscopy (SEM) image of the Al,Os; support
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material confirms the findings reported in the literature.
The EDX analysis indicates that the material consists
mainly of aluminum, thereby confirming the existence of
ruthenium and palladium. The potential relationship
between the percentages of Ru and Pd and the specific
crystallization type is remarkable. Furthermore, the EDX
analysis revealed the existence of supplementary elements,
including minute quantities of carbon within the material.
The presence of these small quantities can be ascribed to
the process of preparing the sample.
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Figure 3. The EG4 catalyst is characterized by a) a scanning electron
microscope (SEM) image and b) an energy-dispersive X-ray (EDX)
analysis.

Figure 4 displays a transmission electron microscopy
(TEM) image of EG4. Figure 4 depicts the homogeneous
dispersion of RuO, and Pd nanoparticles on the AlO;
substrate. The nanoparticles possess dimensions that are
less than 50 nm. The nanoparticles display distinct
boundaries and are uniformly dispersed on the support.
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Figure 4. Transmission electron microscopy (TEM) photograph of EG4
4. Conclusion

In this paper, six materials (EG1-6) were prepared on Al,O3
support material with varying ratios of PdCl, and RuCl3
precursors. The catalytic performance of EG1-6 materials
was investigated in the reduction/degradation reaction of a
sample of 2-NA, 4-NA, EY, and MB substrates in an
aqueous medium with NaBH4. EG4 (Ru:Pd 3:2) served as
a catalyst in the optimization studies. Under optimal
conditions, all prepared materials were discovered to be
active catalysts in the dye mixture's catalytic
reduction/degradation reaction. However, the catalyst
containing only Ru demonstrated significantly lower
catalytic activity than the catalyst containing only Pd. EG4
(Ru:Pd; 3:2) was identified as the better catalyst in terms
of all dye components due to the synergistic effect. XRD,
SEM-EDX, and TEM analyses were used to determine the
structure of EG4, which had higher catalytic activity than
other materials. The XRD pattern revealed the presence of
Al,03, RuO,, and Pd components, with an average crystal
size of approximately 16 nm. The SEM image and EDX
analysis revealed that the material has a uniform
appearance and is primarily made of aluminum, confirming
the presence of ruthenium and palladium. The TEM
photograph of EG4 revealed a uniform distribution of RuO»
and Pd nanoparticles on the Al,Os support with sizes
smaller than 50 nm. These findings suggest that the
superior catalytic activity of EG4 is due to the synergistic
effect of the Al,O3 support, RuO,, and Pd nanoparticles.
The uniform distribution of nanoparticles on the support
material most likely increases reactant accessibility to
active sites, resulting in increased catalytic efficiency.
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