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ABSTRACT

New copper, manganese and vanadium based heterogeneous catalysts have been developed by the immobilization of 
pyridyl benzimidazole onto the polymer support. The active catalysts were characterized using CHN, FT-IR, DRS, EPR, 
AAS and EDX techniques and successfully used for the oxidative transformation of ethyl benzene. Metal loading in mmol 
per gram of resin in different catalysts was found to be 0.94-1.34. The catalytic potential of the synthesized catalysts 
was evaluated for the oxidation of ethylbenzene using hydrogen peroxide and tert-butyl hydroperoxide as oxidant with 
undiminished efficiency profiles and good reusability (up to four cycles). Notably, no metal contamination in the final 
products was observed. The comparative evaluation revealed that the highest percentage conversion (82.8 %) and highest 
selectivity (82.5) for benzaldehyde formation was attained with manganese as catalyst using H2O2 as an oxidant. The 
mechanism of the oxidation of ethylbenzene in the presence of catalyst has also been proposed. The developed catalytic 
systems are operationally simple and environmentally clean.
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INTRODUCTION 
In context to modern ecosystem the development 
of efficient and sustainable catalytic systems for the 
oxidation of hydrocarbons, such as ethylbenzene, 
is of paramount importance in both industrial and 
environmental contexts [1]. Traditional oxidation 
methods often suffer from drawbacks such as harsh 
reaction conditions, low selectivity, and the use of 
environmentally harmful oxidants [2]. Consequently, 
there is a growing demand for catalysts that can operate 
under mild conditions, exhibit high selectivity, and are 
environmentally benign [3]. In this regard, supported 
catalysts have emerged as a promising class of 
catalysts, combining the advantages of homogeneous 
catalysis, such as high activity and selectivity, with the 
stability and recyclability of heterogeneous systems
[4]. Chloromethylated polymers, in particular, have 
gained significant attention as versatile supports due 
to their ease of functionalization and ability to anchor 
a wide range of ligands and metal centres [5-6]. When 
paired with redox-active transition metals, these 

polymer-supported systems exhibit enhanced catalytic 
performance in various chemical transformations like 
oxidation [7-8], hydrogenation [9], esterification [10], 
carbonylation [11], olefinations [12], olefin metathesis 
[13], isomerisation [14], cross coupling reactions [15] 
etc. The 2-(2-pyridyl) benzimidazole ligand [16-17], 
known for its strong chelating ability and stability, has 
been widely used to form well-defined complexes 
with diverse catalytic applications. By supporting 
2-(2-pyridyl) benzimidazole based complexes onto 
chloromethylated polymers, it is possible to create 
robust and recyclable catalysts with tailored properties 
for oxidation reactions. This research focuses on 
the synthesis of new immobilized 2-(2-pyridyl) 
benzimidazole based metal catalysts. The study aims to 
explore the structural and spectroscopic characteristics 
of these catalysts, as well as their catalytic efficiency, 
selectivity, and reusability in the oxidative transformation 
of ethylbenzene. By utilizing the synergistic effects of 
the 2-(2-pyridyl) benzimidazole ligand, the redox-active 
metal centres, and the polymer support, this work 

https://doi.org/10.5564/mjc.v27i55.
https://orcid.org/0009-0008-5417-3034
mailto:parveen.gupta%40mmumullana.org?subject=
https://orcid.org/0000-0002-2718-1310
https://orcid.org/0009-0000-2748-1543
https://orcid.org/0000-0003-2089-2213
mailto:lephamtanquoc%40iuh.edu.vn?subject=
mailto:parveen.gupta@mmumullana.org
https://orcid.org/0000-0002-2718-1310
https://crossmark.crossref.org/dialog/?doi=10.5564/mjc.v27i55.4288&domain=pdf&date_stamp=2026-06-02


Kumar S et al., Mong. J. Chem., 27(55), 2026, 60-71

seeks to develop a sustainable and efficient catalytic 
system for the oxidation of aromatic hydrocarbon. 
The oxidation of ethylbenzene in the presence of 
catalyst can produce a range of products, including 
benzaldehyde, acetophenone and phenylacetic acid as 
a major product [18-19]. Benzaldehyde is a versatile 
organic compound with a distinctive odor and a wide 
range of applications across various industries. It is 
the simplest aromatic aldehyde and serves as a key 
intermediate in the synthesis of numerous chemicals, 
widely used as a flavoring agent in foods and beverages 
due to its characteristic almond-like aroma and also 
finds uses as a key component in almond extracts 
[20]. Acetophenone is an important organic compound 
with several applications in various industries. It 
is primarily known for its use as a flavoring agent, 
fragrance, and intermediate in chemical synthesis [21]. 
Phenylacetic acid is used in the synthesis of several 
pharmaceuticals, it is a precursor in the production of 
some β-lactam antibiotics like penicillin and ampicillin, 
which are critical for treating bacterial infections, used 
in drug formulations and synthesizing compounds for 
anti-inflammatory, anticancer, and other therapeutic 
purposes [22].  
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EXPERIMENTAL
Materials and instruments: Chloromethylated 
polystyrene (crosslinked with divinylbenzene) was 
obtained as gift from Thermax Chemical Limited 
Pune. 2-(2-pyridyl) benzimidazole (Sigma-aldrich); 
vanadyl sulphate pentahydrate, copper chloride 
dihydrate, manganese acetate tetrahydrate, silver 
nitrate, dimethylformamide, conc. nitric acid, hydrogen 
peroxide (H2O2, 30%), tert-butyl hydroperoxide 
(70%), acetonitrile, dimethylformamide, ethanol and 
methanol (CDH) were used for the synthesis. The 
Fourier Transform Infrared (FT-IR) spectra were 
recorded on Shimadzu IR spirit fourier transform 
infrared spectrophotometer. The diffused reflectance 
spectra (DRS) of the samples were recorded from 
UV-2600 Shimadzu double-beam spectrophotometer 
using BaSO4 as the standard. Energy-dispersive 
X-ray analyses (EDX) spectra were recorded in FEG 
scanning electron microscope Hitachi SU8010 Series; 
CHNS were recorded on Thermo Scientific flash 2000; 
Metal analyses were performed on Shimadzu ASC-
6880 atomic absorption spectrophotometer (AAS). EPR 
spectra were recorded on JES-FA200 X-band (9.45 
GHz) spectrometer with a modulation frequency of 100 
kHz. Modulation amplitude typically set at 2.0 Gauss, 
to maximize the signal without affecting resolution. GC-
MS analysis were conducted on an Agilent 7000 GC/TQ 
system with a GsBP-624 column and Flame ionisation 
detector (FID) detector-equipped gas chromatograph.
Functionalization of polystyrene resin with 
2-(2-pyridyl) benzimidazole (PSCH2-PBZ): The 
synthesis of the functionalized resin began by swelling 
1 g of chloromethylated polystyrene in 20 mL of DMF 

at room temperature for 1 h. Separately, 4.5 mmol of 
2-(2-pyridyl) benzimidazole was dissolved in 20 mL 
of DMF and subsequently added to the pre-swollen 
polymer suspension. Upon addition, the solution’s 
color rapidly changed to light yellow. To facilitate the 
reaction, 0.7 mL of triethylamine was introduced, and 
the mixture was refluxed under stirring at 80 °C for 8 h. 
After completion, the reaction mixture was allowed to 
cool to room temperature, followed by vacuum filtration. 
The product was thoroughly washed multiple times 
with hot DMF and hot ethanol to remove any unreacted 
residues. Finally, the functionalized resin was dried in 
an air oven at 80 °C.
Loading of metal (V/Mn/Cu) on functionalized resin: 
1.0 g sample of PSCH2-PBZ was swelled in 10 mL of 
DMSO for 1 h.  A solution of CuCl2× 2H2O/ VOSO4× 5H2O/ 
Mn(CH3COO)2 × 4H2O (4.5-9.0 mmol) was prepared in 
DMSO and subsequently added to the swelled polymer 
suspension. As the reaction progressed, a noticeable 
change in the resin’s color was observed. The mixture 
was then refluxed under continuous stirring for 6 h. 
After completion, the resin was allowed to cool to room 
temperature, followed by vacuum filtration. It was then 
thoroughly washed multiple times with hot DMSO and 
hot ethanol to remove any unreacted species. Finally, 
the purified metal loaded resin was dried in an oven at 
80 °C.
Catalytic oxidation reaction: The oxidation reaction 
was performed in a thermostatted oil bath using a 
round-bottom flask. The catalyst was pre-swollen 
in acetonitrile (20 ml) for 30 minutes before adding 
ethylbenzene (10 mmol), an oxidant (20 mmol), and 
the catalyst (0.1–0.15 g). The mixture was refluxed and 
the reaction was primarily examined on TLC under the 
varying conditions such as catalyst amount, oxidant 
type (TBHP, H2O2), temperature, and duration (4–8 h). 
The products were confirmed by GC-MS.

RESULTS AND DISCUSSION
The crosslinked polystyrene resin was functionalized 
with 2-(2-pyridyl) benzimidazole using triethylamine 
and DMF, forming [PSCH2-PBZ] Scheme 1. Ligand 
attachment was confirmed by heating the beads with 
pyridine, followed by nitric acid and silver nitrate, where 
no white precipitate indicated chlorine replacement. 
The ligand’s para-position attachment is shown in                   
Fig. 1. Metal loading onto the functionalized resin 
(Scheme 2) was initially confirmed by a color change 
and later by spectroscopic analysis.
Characterization: Elemental data for the 
functionalised resin and its metal catalysts are 
presented in Table 1. Metal content was determined 
experimentally by acid leaching of 0.1 gm of the 
catalyst for 3 h followed by AAS determination. The 
experiments were performed at least three times, 
and the mean values are reported in Table 1. Ligand 
incorporation was calculated from %N obtained from 
CHN analyser. 
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Scheme 1. Synthesis of functionalized resin and its metal catalyst

Fig. 1.  Picture illustrating the metal loaded polystyrene beads (neglecting the cross-linking with divinylbenzene)

Colour

           Elemental analysis (%) Ligand 
incorporation 
(mmol/g)

Metal incorporation 
(mmol/g) (Mean of 
triplicates)

Ligand:
Metal 
ratioC H N S M

[PSCH2-PBZ] off white 82.52 7.17 10.31 2.45

[PSCH2-PBZ-V] light green 60.38 5.02 7.01 5.77 6.81 1.67 1.37, 1.32, 1.33 → 
1.34

1.2:1

[PSCH2-PBZ-Mn] brown 72.82 6.32 8.64 5.65 2.05 1.05, 1.03, 1.01 → 
1.03

1.9:1

[PSCH2-PBZ-Cu] light yellow 71.89 5.93 8.80 5.97 2.1 0.92, 0.94, 0.96 → 
0.94

2.2:1

Table 1. Analytical data of PSCH2-PBZ and its metal catalyst
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Fig. 2. EDX plot of functionalized polymer and polymer supported metal catalysts 

Ligand incorporation (mmol/g) = % N × 100 ÷ (14 × n)

where n is the number of nitrogen atoms per ligand. 
Metal incorporation was calculated using the formula:  

Metal incorporation (mmol/g) = Observed metal % × 10 
÷ Atomic weight of metal 

From these data, loading of ligand and metal onto 
the polystyrene resin was determined which helps in 
evaluating the ligand to metal stoichiometry. 
The successful attachment of the ligand onto the 
polystyrene resin, followed by metal loading, was 
verified using EDX analysis Fig. 2. The spectrum of 
[PSCH2-PBZ] (Fig. 2a) displays signals corresponding 
to C and N, confirming the ligand’s incorporation with the 
polymer. The detection of metal ion signals across all 
catalysts indicates effective metal binding with [PSCH2-
PBZ]. The EDX spectrum of [PSCH2-PBZ-V] (Fig. 2b) 
displays characteristic signals corresponding to C, N, 
O, S, and V elements. The presence of oxygen and 
sulphur peaks confirms the coordination of sulphate 
group to the metal centre. The [PSCH2-PBZ-Mn] (Fig. 
2c) catalyst exhibits signals due to C, N, O, and Mn, 
where the oxygen signal supports the coordination of 
acetate group. Similarly, the EDX spectrum of [PSCH2-
PBZ-Cu] (Fig. 2d) shows peaks for C, N, Cl, and Cu, 
and the presence of chlorine indicates the coordination 
of chloride ions with the copper centre.
FT-IR study: The overlay spectra of the synthesized 
compounds are presented in Fig. 3, while Table 2 
summarizes the key vibrational bands observed for the 
supported 2-(2-pyridyl) benzimidazole [PSCH2-PBZ] 

and its corresponding metal catalysts. 
In the spectrum of [PSCH2-PBZ], the absorption bands 
at 1680 cm-1 and 1264 cm-1 can be attributed to the 
stretching vibrations of the v (C=N) (imi + py) bonds 
(from both imidazole and pyridine rings) and the C-N 
bond, respectively. A comparative analysis of the FT-IR 
spectra of [PSCH2-PBZ] and its catalysts indicates that 
the ligand coordinates to the metal ions in a bidentate 
manner. This is evident from the significant shifts in the 
C=N stretching frequencies, which vary by approximately 
8-16 cm-1 in the metal complexes, confirming the 
involvement of nitrogen atoms in coordination [23]. 
However, the C-N stretching frequency in the polymer-
supported ligand remains largely unchanged upon 
metal coordination. Further evidence of metal binding 
is provided by the appearance of new bands in the 
metal catalysts, corresponding to metal-nitrogen 
(M-N), metal-oxygen (M-O), and metal-chlorine (M-
Cl) interactions. These bands are observed in the 
regions of 469-481 cm-1, 518-539 cm-1, and 365 cm-1, 
respectively. In the case of [PSCH2-PBZ-Mn], distinct 
bands at 1548 cm-¹ and 1373 cm-1 can be linked to the 
asymmetric and symmetric stretching vibrations of the 
acetate (OAc) groups, suggesting their monodentate 
coordination and supporting the covalent nature of 
the metal-oxygen bond [24]. Additionally, in [PSCH2-
PBZ-V], a characteristic band at 971 cm-1 confirms the 
presence of a V=O stretching mode [25]. Furthermore, 
absorption band observed at 1120 cm-1 and 1035 cm-1 
is associated with bidentate sulfate coordination, as 
indicated by the asymmetric and symmetric stretching 
vibrations of the SO4 group [26].
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Diffused reflectance spectra: The diffused reflectance 
spectroscopy (DRS) analysis was conducted (Table 
3 and Fig. 4) to investigate the electronic transitions 
and coordination environments of the catalysts. This 
technique provided information to confirm the oxidation 
states and geometries of the metal centres. The 
DRS spectrum of the ligand-functionalized polymer 
exhibited distinct absorption bands at 45662, 38167 
and 32680 cm-1, corresponding to φ → φ*, π → π*,                                             
n → π* transitions within the 2-(2-pyridyl) benzimidazole 
ligand. These bands remained present in the metal-
loaded catalysts, with slight shifts, indicating successful 
coordination of the metal centers without significant 
alteration of the polymer’s electronic structure. The 
vanadium-supported catalyst displayed three well-
defined d-d transition bands at 12422; 16077 and 
24331 cm-1. These transitions were characteristic 
of a five-coordinate oxovanadium (IV) species in a 
square pyramidal (C4V) geometry. The observed bands 
were assigned to the electronic transitions 2B2 → 2E, 
2B2 → 2B1 and 2B2 → 2A1, consistent with previously 
reported spectral parameters for similar oxovanadium 
complexes [27, 28]. The manganese catalyst exhibited 
absorption bands at 15974 cm-1 and 23094 cm-1, 
corresponding to the spin-allowed 2B1g → 2A1g, 

2B1g 
→ 2B2g, 

2B1g → 2Eg transitions, respectively. These 
transitions confirmed the presence of high-spin Mn (II) 
in an octahedral ligand field [29, 30]. The copper catalyst 
exhibited a broad absorption band centred around        

16835 cm-1, indicative of multiple overlapping 
d-d transitions. These bands were assigned to                             
2B1g → 2A1g, 

2B1g → 2B2g, 
2B1g → 2Eg transitions, which 

are characteristic of Cu (II) complexes in a distorted 
octahedral (D4h) symmetry [29, 31]. The broad nature 
of the absorption band was attributed to Jahn-Teller 
distortion, a well-known effect in Cu (II) systems that 
influences their electronic structure.

EPR study: The electron spin resonance (ESR) spectra 
(Fig. 5) of the vanadium and manganese catalysts were 
recorded at room temperature to gain insight into their 
electronic environments and coordination geometries. 
This technique provided valuable information 
regarding the oxidation states, ligand interactions, 
and overall structural properties of the metal centers 

Fig. 3. Overlap spectra of functionalized polymer and 
polymer supported metal catalysts

Polymer-supported 
compounds

n (C=N)
(imi+ py) n (C-N) nsy(OAc)/ 

nasy(OAc)
nsy(SO4)/ 
nasy(SO4)

n (V=O) n (M-N) n (M-O) n (M-Cl)

[PSCH2-PBZ] 1680 1264

[PSCH2-PBZ-V] 1672 1262 1120, 1035 971 469 518

[PSCH2-PBZ-Mn] 1664 1263 1548,1373 469 539

[PSCH2-PBZ-Cu] 1666 1264 481 365

Table 2. FTIR data for the PSCH2-TBZ and its complexes

Fig. 4. Overlap DRS spectra of functionalized polymer 
its metal catalysts

Table 3. Diffused reflectance spectral data of 
                    functionalized resin and its metal catalysts

Polymer supported
metal catalysts

Transitions 
(cm-1)  Band assignment

[PSCH2-PBZ] 45662, 38167, 
32680

φ→φ*, π→π*, n→π*

[PSCH2-PBZ-V] 12422, 16077, 
24331

2B2→
2E, 2B2→

2B1, 
2B2→

2A1

[PSCH2-PBZ-Mn] 15974, 23094 6A1g→
4T1g(G), 

6A1g→
4T2g(G)

[PSCH2-PBZ-Cu] 16835 2B1g→
2A1g, 

2B1g→
2B2g, 

2B1g→
2Eg
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within the immobilized catalysts. The ESR spectrum 
of the vanadium-based catalyst displayed a distinct 
anisotropic signal characteristic of vanadyl species 
(VO2+), confirming the presence of V(IV) in a square 
pyramidal coordination environment. The hyperfine 
splitting pattern, arising from the interaction between 
the unpaired electron and the vanadium nucleus (I = 
7/2), resulted in an eight-line signal. The calculated 
g-values, gǁ = 1.98 and g

⊥ 
= 2.0, along with the 

hyperfine coupling constants Aǁ = 178 G and A
⊥
 = 80 G, 

were indicative of a typical C4v symmetry. The obtained 
spectral parameters confirmed that the vanadium 
centre was coordinated in a manner consistent with the 
expected oxovanadium complexes, with the V=O bond 
oriented along the principal axis [32, 33]. In the case of 
the manganese catalyst, the ESR spectrum exhibited 
a characteristic six-line hyperfine splitting pattern, 
typical of Mn (II) species (I = 5/2). The well-defined 
hyperfine interactions confirmed the presence of high-
spin Mn (II) centers within the polymer framework. The 
g-value of g = 2.02 and hyperfine coupling constant A 
= 77 G suggested that the manganese ions were in 
an octahedral ligand field [34, 35]. The manganese 
catalyst displayed well resolved signal patterns due to 
spin-exchange interactions between neighboring Mn (II) 
centers, indicating a stable coordination environment 
without significant distortion.

Catalytic activity: The catalytic efficiency of the 
synthesized polymer-supported metal catalysts 
was systematically assessed for the oxidation of 
ethylbenzene. The progress of the reaction was 
checked by taking small samples at different time 
intervals and analyzing them initially by TLC and finally 
by gas chromatography. The product selectivity and 
conversion of ethylbenzene were calculated using 
GC-MS. Each experiment w as repeated at least three 
times, and average values are reported. The conversion 
and selectivity values were obtained using the relative 
peak areas in the GC–MS chromatograms: 

% Conversion = (∑ area of all products ÷ ∑ area of 
                             substrate + products) × 100     
% Selectivity = (Area of a particular product ÷ ∑ area of 
                         all products) × 100 

Samples of the solution were also tested for metal 
content at regular intervals. No metal was found in the 
solution, showing that the catalyst metal did not leach 
out during the reaction. After three reuse cycles, only 
a small decrease in metal content was observed. The 
study primarily focused on understanding the influence 
of different parameters, including oxidant type, reaction 
duration, temperature, and catalyst loading, to achieve 
optimal reaction conditions. Benzaldehyde was 
identified as the major product, accompanied by minor 
amounts of acetophenone and phenylacetic acid.
Optimization of oxidants: To determine the most 
effective oxidant for the reaction, both hydrogen 
peroxide (H2O2) and tert-butyl hydroperoxide (TBHP) 
were employed under identical conditions. Control 
experiments performed in the absence of an oxidant 
confirmed that no significant conversion occurred, 
establishing the necessity of an oxidative environment. 
The results demonstrated that (Table 4, 5), H2O2 
exhibited superior efficiency in acetonitrile in terms of 
percentage conversion (82.8%) and selectivity (82.5%) 
towards benzaldehyde, particularly in the presence of 
manganese-supported catalysts.
Influence of reaction temperature: Temperature 
variation significantly impacted ethylbenzene oxidation. 
Experiments conducted between 40 °C to 80 °C 
revealed a direct correlation between temperature 
and conversion rate up to an optimal value of 65 °C. 
Beyond this temperature, peroxide decomposition 
increased, leading to reduced efficiency. Thus, 65 °C 
was identified as the ideal temperature for maximizing 
both conversion and selectivity.
Effect of reaction time: The oxidation progress was 
monitored over time, revealing a gradual increase in 
ethylbenzene conversion. The reaction progress was 
monitored by conducting ethyl benzene reactions 
with TBHP/H2O2 in 1:2 ratio. An induction period of 
approximately 2 h was observed, followed by a steady 
increase in product formation. The highest conversion 
rates were achieved after 7 h (Fig. 6), with no significant 

Fig. 5. EPR plot of [PSCH2-PBZ-V] and [PSCH2 
PBZ-Mn]
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improvement beyond this point. Importantly, product 
selectivity remained consistent throughout extended 
reaction times, suggesting minimal side reactions.
Catalyst loading and efficiency: The impact of 
catalyst concentration was evaluated by varying the 
catalyst amount from 0.1 g to 0.15 g, keeping the 
ethylbenzene and TBHP/or H2O2 conc. in 1:2 ratio, 
temperature 65 °C and time 4-8 h. The influence of the 

amount of catalyst on the oxidation of ethylbenzene 
as a function of time is shown in Table 4, 5 and Fig. 
6a-6d. In the absence of a catalyst, only a negligible 
reaction was observed (6.2% to 12.8%). Increasing the 
catalyst concentration enhanced the conversion rate 
due to the greater availability of active sites. However, 
beyond 0.15 g, no substantial improvement was noted, 
indicating that saturation was reached.

Table 4. Conversion of ethylbenzene and product selectivity

Catalyst Amount of 
catalyst (g)

Time 
(h)

Conversion
 (%)

Selectivity (%)

CHOPh O

MePh

Ph
COOH Others

Blank test

4 6.2 75.6 18.5 3.3 2.6

5 7.7 76.2 17.6 3.6 2.6

6 8.9 76.5 17.7 3.3 2.5
7 11.1 77.4 17.8 2.6 2.2

8 11.1 77.5 17.3 2.6 2.6

[PSCH2-TBZ-V]

0.1

4 55.1 80.7 13.7 3.1 2.5

5 58.3 81.3 12.5 3.6 2.6
6 63.5 79.9 14.3 3.1 2.7
7 70.3 81.8 13.5 3.1 1.6
8 70.3 81.8 13.5 3.1 1.6

0.15

4 56.2 81.7 12.4 3.5 2.4
5 59.9 80.4 14.7 3.6 1.3
6 67.2 79.1 13.9 4.0 3.0
7 74.4 80.2 12.7 4.8 2.3
8 74.4 80.2 12.7 4.8 2.3

[PSCH2-TBZ-Mn]

0.1

4 49.9 82.5 11.3 3.7 2.5
5 56.2 81.7 12.8 3.3 2.2
6 65.1 82.4 11.3 4.7 1.6
7 75.7 82.0 10.8 4.8 2.4
8 75.7 82.0 10.8 4.8 2.4

0.15

4 56.1 80.8 12.2 5.8 1.6
5 68.7 82.5 10.2 4.9 2.5
6 73.6 80.9 11.1 5.8 2.4
7 82.8 80.0 11.8 4.6 3.6
8 82.8 80.0 11.8 4.6 3.6

[PSCH2-TBZ-Cu]

0.1

4 42.0 75.5 17.7 4.6 2.2
5 45.2 76.8 18.7 3.4 1.1
6 49.5 75.6 17.1 4.7 2.6
7 52.8 74.4 18.8 4.8 2.0
8 52.8 74.4 18.8 4.8 2.0

0.15

4 43.5 76.8 17.9 3.1 2.2
5 46.1 75.2 18.6 4.7 1.5
6 51.2 74.2 18.6 4.5 2.7
7 55.5 75.8 20.1 3.1 1.0
8 55.5 75.8 20.1 3.1 1.0

CHOEt
O

Me

Catalyst

H2O2/CH3CN
Ph Ph

Ph
Ph

COOH

Reaction conditions: CH3CN (20 ml), Ethylbenzene (10 mmol), H2O2 (20 mmol), Temperature (65 °C); Conversion refers
 to GCMS analysis.
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Catalyst reusability: A crucial aspect of heterogeneous 
catalysis is catalyst recyclability. After each reaction 
cycle, the catalysts were recovered, washed, and 
reused under identical conditions. From the Table 6 and 
Fig. 7, it can be observed that, performance remained 
largely unchanged over three consecutive cycles, with 
only a slight decrease observed after the fourth cycle 
due to loss of metal content. Structural integrity was 

confirmed through spectroscopic analysis, and atomic 
absorption spectroscopy (AAS) revealed minimal metal 
leaching, ensuring the catalysts’ stability.
Plausible mechanism: Scheme 2 shows the 
mechanism [36] for the oxidation of ethylbenzene in 
presence peroxide (H2O2/TBHP) and catalyzed by 
metal catalyst. Firstly, metal catalyst in presence of 
peroxide forms active hydroperoxide species leaving 

Table 5. Conversion of ethylbenzene and product selectivity

CHOEt
O

Me

Catalyst

TBHP/CH3CN
Ph Ph

Ph
Ph

COOH

Catalyst Amount of 
catalyst (g)

Time 
(h)

Conversion
(%)

Selectivity (%)

CHOPh O

MePh
Ph

COOH Others

Blank test

4 6.5 72.6 19.5 4.2 2.7
5 7.9 70.8 20.5 4.2 2.7
6 10.9 70.6 20.2 4.8 2.4
7 12.8 71.8 18.9 3.6 1.6
8 12.8 71.8 18.9 3.6 1.6

[PSCH2-TBZ-V]

0.1

4 35.7 72.7 17.1 7.4 2.8
5 43.8 74.3 17.0 6.4 2.3
6 46.2 72.2 18.2 6.2 3.4
7 50.2 77.1 15.1 5.6 2.2
8 50.2 77.1 15.1 5.6 2.2

0.15

4 37.8 69.5 20.6 7.4 2.5
5 44.5 71.5 18.6 7.6 2.3
6 50.7 72.0 20.5 5.0 2.5
7 55.6 71.4 19.6 6.5 2.5
8 55.6 71.4 19.6 6.5 2.5

[PSCH2-TBZ-Mn]

0.1

4 48.9 78.5 12.4 5.4 3.7
5 55.8 80.3 11.2 6.2 2.3
6 59.2 78.5 10.5 8.1 2.9
7 68.6 78.6 11.5 7.5 2.4
8 68.6 78.6 11.5 7.5 2.4

0.15

4 50.9 79.3 10.6 6.5 3.6
5 58.9 78.5 12.6 6.6 2.3
6 64.6 77.3 12.9 6.4 3.4
7 72.2 78.9 12.8 6.1 2.2
8 72.2 78.9 12.8 6.1 2.2

[PSCH2 TBZ-Cu]

0.1

4 48.6 71.5 17.8 7.7 3.1
5 53.3 73.5 16.3 7.4 2.8
6 55.4 72.2 16.5 8.9 2.4
7 60.8 73.4 15.7 8.7 2.2

8 60.8 73.4 15.7 8.7 2.2

0.15

4 52.7 73.6 15.5 8.5 2.4
5 55.1 74.7 14.6 7.3 3.4
6 62.8 74.7 14.6 7.4 3.3
7 64.8 73.8 15.4 8.3 2.5

8 64.8 73.8 15.4 8.3 2.5

Reaction conditions: CH3CN (20 ml), Ethylbenzene (10 mmol), H2O2 (20 mmol), 0.15 g catalyst, Temperature 
(65 °C); Time (7 h) Conversion refers to GCMS analysis.

67



Kumar S et al., Mong. J. Chem., 27(55), 2026, 60-71

out chloride ion/acetate ion. The benzylic carbocation is 
stabilized by resonance, allowing a nucleophilic attack 
by the tert-butylperoxide anion to generate phenyl 

ethanol which further undergoes rearrangement and 
cleavage of peroxide bond to yield benzaldehyde and 
acetophenone.

Fig. 6. Study of time variation on ethylbenzene oxidation with immobilized catalysts

Table 6. Recyclability test

Catalyst Cycle Conversion (%)

Selectivity (%)

CHOPh O

MePh

Ph
COOH Others

[PSCH2-TBZ-V]

1 74.4
2 74.4
3 74.4 80.2 12.7 4.8 2.3
4 74.1
5 72.2

[PSCH2-TBZ-Mn]

1 82.8
2 82.8
3 82.8 80.0 11.8 4.6 3.6
4 82.5
5 79.2

[PSCH2-TBZ-Cu]

1 55.5
2 55.5
3 55.5 75.8 20.1 3.1 1.0
4 55.1
5 52.2

Reaction conditions: CH3CN (20 ml), Ethylbenzene (10 mmol), H2O2 (20 mmol), 0.15 g catalyst, 
Temperature (65 °C); Time (7 h) Conversion refers to GCMS analysis.
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Fig. 7. Recycling performance of polystyrene-bound metal 
           catalyst

CONCLUSION    
This study focuses on the synthesis and catalytic 
application of immobilized 2-(2-pyridyl)benzimidazole 
metal complexes for the efficient liquid phase oxidation 
of ethylbenzene. The catalysts were prepared by 
covalently anchoring 2-(2-pyridyl)benzimidazole onto 
a chloromethylated polystyrene support, followed by 
the incorporation of Cu (II), V (IV), and Mn (II) metal 
ions. Under optimized reaction conditions (0.15 g 
catalyst, 65 °C, 7 h) and using hydrogen peroxide as 
an oxidant, the catalysts exhibited significant activity 
for ethylbenzene oxidation. Among the primary 
oxidation products- benzaldehyde, acetophenone, 
and phenylacetic acid,benzaldehyde was identified as 
the most selectively formed product. The conversion 
efficiency and benzaldehyde selectivity in the presence 
of H2O2 followed the order Mn (82.8%) > V (74.4%) 
> Cu (55.5%) and Mn (82.5) > V (81.8) > Cu (76.5), 
respectively. When tert-butyl hydroperoxide (TBHP) 
was used as the oxidant, the conversion rates and 
selectivity followed Mn (72.2%) > Cu (64.8%) > V (55.6%) 
and Mn (80.3) > V(77.1) > Cu(74.7), respectively. 
Overall, the manganese-based catalyst emerged as 
the most effective in terms of both conversion rate and 
selectivity. This research underscores the potential 
of polymer-supported catalysts as efficient and 
reusable systems for ethylbenzene oxidation. Further 
investigations could explore their application in broader 
catalytic transformations while optimizing conditions for 

industrial scalability and environmental sustainability.
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