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This study reports the synthesis, characterization and catalytic evaluation of polymer supported Cu(II) and V(IV) complexes for the 

oxidation of phenol. The heterogeneous catalysts were prepared by covalently immobilizing 4-(furan-2-ylmethyleneamino)benzoic acid onto 

chloromethylated polystyrene followed by coordination with the respective metal ions. Elemental analysis, spectroscopic characterization 

and ligand-to-metal stoichiometry confirmed successful complex formation, with metal loadings of 1.40-1.41 mmol g–1. The vanadium 

complex exhibited square-pyramidal geometry with a V=O bond, while the copper complex having a square-planar geometry. The 

catalytic activity was evaluated using H2O2 and tert.-butyl hydroperoxide (TBHP) as oxidants under varying reaction conditions. The 

Cu(II) catalyst with TBHP achieved a maximum phenol conversion of 94.9% and catechol selectivity of 76.3% under optimized 

conditions. X-ray diffraction, BET analysis, and thermogravimetric analysis revealed a predominantly amorphous, mesoporous structure 

with a specific surface area of 54.05 m2 g–1 and thermal stability up to approximately 335 ºC. Spectroscopic analysis confirmed structural 

stability after repeated catalytic use, while atomic absorption spectroscopy revealed negligible metal leaching over five cycles. These 

results establish the potential of polymer-supported Cu(II) and V(IV) complexes as reusable heterogeneous catalysts for phenol oxidation. 
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INTRODUCTION 

 The efficient and selective catalysts are essential for 

industrial phenol oxidation in fine chemical, pharmaceutical 

and petrochemical applications. Heterogeneous catalysts offer 

improved separation and reusability while reducing environ-

mental concerns associated with conventional homogeneous 

systems [1]. Transition metal complexes are well established 

as effective catalysts for various oxidation reactions, capable 

of activating oxidants and facilitating substrate transforma-

tions under relatively mild conditions [2]. Nevertheless, their 

practical utility in homogeneous systems is frequently hindered. 

Immobilizing these metal complexes onto solid supports offers 

a promising strategy to overcome these drawbacks, enabling 

easy separation, recyclability and operational simplicity while 

preserving high catalytic activity [3-5]. Chloromethylated poly-

styrene stands out as an attractive polymer support owing to 

its chemical stability, ease of functionalization and high sur-
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face area, making it ideal for anchoring diverse ligands and 

metal complexes. 

 Schiff base ligands, especially those derived from hetero-

cyclic moiety, are renowned for their versatile coordination 

behaviour with transition metals, leading to the formation of 

stable and catalytically active complexes [6]. In this context, 

4-(furan-2-ylmethyleneamino)benzoic acid, possessing both 

imine, ether and carboxylic acid functionalities, serves as an 

effective ligand. It forms stable complexes with transition metals 

and provides reactive sites for covalent immobilization onto 

polymer support. The present study focuses on the synthesis and 

catalytic evaluation of anchored Cu(II) and V(II) metal compl-

exes derived from 4-(furan-2-ylmethyleneamino)benzoic acid 

ligand [7]. Their catalytic activity is subsequently investigated 

in the oxidation of phenol, yielding catechol and hydroquinone 

as major products, with other minor products [8,9]. The pro-

ducts of phenol oxidation, catechol and hydroquinone, hold 

significant industrial and biological importance. 
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 Catechol is an important industrial intermediate used in 

the manufacture of pesticides, fragrances, pharmaceuticals 

and dyes. Its strong adhesive properties have attracted interest 

in the mussel-inspired adhesives, while its derivatives are used 

as antioxidants and polymer stabilizers [10,11]. Catechol-

containing compounds such as dopamine, norepinephrine and 

epinephrine, play essential roles in neurotransmission and stress 

regulation. Catechol is further involved in the microbial degra-

dation of organic pollutants [12]. Hydroquinone has tradi-

tionally been used as a reducing agent in photographic deve-

lopers [13,14] and as an antioxidant and stabilizer in plastics, 

rubber and other polymers [15,16]. It is also a valuable inter-

mediate in the synthesis of pharmaceuticals, agrochemicals, 

and azo and anthraquinone dyes [17]. These diverse applica-

tions underline the importance of developing efficient methods 

for phenol oxidation. The present study focuses on the syn-

thesis and characterization of reusable polymer-supported 

metal catalysts for phenol oxidation, with potential applica-

tions in other organic transformations, such as hydrogena-

tion, C–C coupling and epoxidation [18,19]. 

EXPERIMENTAL 

 Chloromethylated polystyrene cross-liked with divinyl-

benzene was obtained from Thermax Chemical Limited Pune, 

furan-2-carboxyaldehyde (Sigma-Aldrich), vanadyl sulphate 

pentahydrate, copper chloride, p-amino benzoic acid, silver 

nitrate, conc. HNO3, H2O2 (30%), tert-butyl hydroperoxide 

(TBHP, 70%), methanol, acetonitrile, dimethylformamide 

sodium hydroxide, and methanol (CDH) were used for the 

synthesis. All the reagents used were dried and were used 

without further purification. 

 FT-IR spectra were recorded on a Shimadzu IR Spirit 

spectrophotometer, while diffuse reflectance spectra were 

measured using a Shimadzu UV-2600 spectrophotometer with 

BaSO4 as the reference. EDX analysis was performed using 

a Hitachi SU8010 FEG-SEM. Nitrogen analysis was carried 

out on a Thermo Scientific Flash 2000 analyzer. EPR measure-

ments were obtained using a JES-FA200 spectrometer. Metal 

content was determined by atomic absorption spectroscopy 

(Shimadzu ASC-6880) and reaction products were analyzed 

by GC-MS using an Agilent 7000 GC/TQ system. Thermo-

gravimetric analysis (TGA) was performed using a Mettler 

Toledo TGA/DSC 3+ SF under an inert atmosphere. BET 

surface area was measured using a Quantachrome Novatouch 

LX4 instrument under N2 atmosphere and XRD patterns were 

recorded using a SMARTLAB X-ray diffractometer. 

 Synthesis of polymer supported 4-(furan-2-ylmethyl-

eneamino)benzoic acid: The chloromethylated polystyrene 

beads (PSCH2-Cl) (9.0 mmol Cl per gram of resin, 2 g) were 

pretreated by swelling in 20 mL of methanol for 2 h. A 

methanolic NaOH solution (9 mmol, 2 g) containing of 4-

(furan-2-ylmethyleneamino)benzoic acid [20] was then intro-

duced to the swollen polymer, resulting in an immediate light 

purple colouration. The mixture was heated to 80 ºC and 

refluxed with stirring for 8 h (Scheme-I). The beads were 

then washed extensively with hot methanol and hot ethanol, 

separated by filtration and subsequently dried in an air oven 

at 80 ºC. 

 Synthesis of polymer supported metal catalyst: The 

polymer-supported ligand (0.5 g, 0.225 mmol) was first 

swelled in 10 mL of DMF for 2 h. Subsequently, a solution 

of 0.225 mmol of either CuCl2·2H2O or VOSO4·5H2O in 15 

mL of DMF was introduced to this suspension. The colour of 

the resin began to alter as the reaction proceeded. After cool-

ing, the solid beads were collected via filtration, washed 

thoroughly with hot DMF, methanol and ethanol and finally 

dried in oven at 80º C (Scheme-I). 

 Catalytic oxidation reaction: The catalytic oxidation of 

phenol was carried out in a round-bottom flask maintained at 

the desired temperature. The catalyst was pre-swollen in 20 

mL of acetonitrile for 1 h, followed by the addition of phenol 

(10 mmol), selected oxidant (10 mmol; TBHP or H2O2) and 

catalyst (0.1 or 0.15 g). Reaction progress was monitored by 

thin-layer chromatography (TLC). The effects of catalyst 

loading, oxidant type, reaction temperature and reaction time 

(3-7 h) were systematically evaluated to optimize the reaction 

conditions. After completion, the catalyst was recovered by 

filtration, washed several times with hot solvent and the reac-

tion products were analyzed by GC-MS. 

 

 

Scheme-I: Synthesis of polymer-supported metal catalyst of 4-(furan-2-ylmethyleneamino)benzoic acid 
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RESULTS AND DISCUSSION 

 The cross-linked chloromethylated polystyrene was fun-

ctionalized with 4-(furan-2-ylmethyleneamino)benzoic acid 

[20] using DMF as solvent, resulting in the formation of the 

polymer-supported ligand [PSCH2-ABZ-FUR] (Scheme-I). 

The successful attachment of the ligand to the polymer matrix 

was initially verified by heating the PSCH2-ABZ-FUR beads 

with pyridine at 100 ºC for 3 h followed by treatment with 

conc. HNO3 and AgNO3 solution. The absence of a white pre-

cipitate confirmed the complete substitution of the chloro-

methyl groups by the ligand. The functionalized polymer, 

bearing ligands at the para position of the phenyl rings in the 

polymer backbone, is depicted in Fig. 1. The coordination of 

metal salts with the functionalized beads to generate polymer 

supported metal catalysts was preliminarily evidenced by a 

distinct colour change of the beads. The analytical data for the 

polymer-supported ligand and its metal complexes are shown 

in Table-1. 

 EDX analysis: The loading of the ligand and the incor-

poration of the metal ion into the polymer support were also 

confirmed through EDX analysis (Fig. 2). The polymer supp-

orted ligand [PSCH2-ABZ-FUR] exhibits only C, O and N 

signals, which confirm the anchoring of the ligand to the 

polymer. The presence of metal signal in all complexes 

shows the attachment of the respective metal ions to [PSCH2-

ABZ-FUR]. The EDX spectrum of the Cu catalyst shows a 

Cl signal, whereas the V catalyst exhibits an S signal. These 

signals may indicate the presence of residual chlorine- and 

sulphur containing species. 

 FT-IR study: Fig. 3 illustrates the FT-IR spectra of the 

compounds, presented both individually and in a stacked 

arrangement. Table-2 compiles the significant IR bands for 

the [PSCH2-ABZ-FUR] ligand and its metal(II) complexes.  

The FTIR spectrum of [PSCH2-ABZ-FUR] exhibits charact-

eristic bands at 1731, 1630 cm–1 and 1254, 1075 cm–1, assigned 

 

Fig. 1. Functionalized chloromethylated polystyrene beads (neglecting the 

cross-linking with divinylbenzene) 

 

to (C=O), (C=N) and asymmetric and symmetric furan 

asy(C-O-C)/sy(C-O-C) stretching vibrations, respectively. 

The comparison of the ligand and metal-complex spectra 

reveals a 20-22 cm–1 shift in the C=N stretching band, which 

confirm the coordination through the azomethine nitrogen. 

Shifts of 10-19 cm–1 in the furan C–O–C stretching bands 

further suggest the involvement of oxygen in metal coordi-

nation [21]. Additional bands at 485-481 and 575-570 cm–1 

are assigned to M–N and M–O vibrations, respectively, while 

the band at 365 cm–1 is attributed to M–Cl stretching. The 

vanadium complex exhibits a characteristic (V=O) stretching 

band at 975 cm–1 [22]. Bands at 1148 and 1055 cm–1 are assig-

ned to asymmetric and symmetric S–O stretching vibrations 

respectively, which confirm the presence of coordinated  

 

TABLE-1 

ANALYTICAL DATA OF PSCH2-ABZ-FUR AND ITS METAL CATALYST 

Compound Colour 
Elemental analysis (%) Ligand incorporation 

(mmol per gram of resin) 

Metal incorporation 

(mmol per gram of 

resin) 

Ligand:Metal 

ratio N M 

[PSCH2-ABZ-FUR] Off white 3.2 – 2.28 – – 

[PSCH2-ABZ-FUR-V] Light brown 2.1 7.2 1.50 1.41 1.06:1 

[PSCH2-ABZ-FUR-Cu] Brown 2.4 8.9 1.71 1.40 1.21:1 

 

 
Fig. 2. EDX plot of [PSCH2-ABZ-FUR], [PSCH2-ABZ-FUR-Cu] and [PSCH2- ABZ-FUR-V] 
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Fig. 3. FT-IR spectra of functionalized polymer and polymer supported 

metal catalysts 

 

sulphate groups [asy(SO4) and sy(SO4)] [23]. These spectral 

changes support metal coordination with the polymer supp-

orted ligand. 

 Diffused reflectance spectra: Fig. 4 shows the indivi-

dual and overlaid reflectance spectra of the polymer supported 

metal complexes, which reflects their electronic transitions 

and coordination environments (Table-3). The uncomplexed 

[PSCH2-ABZ-FUR] ligand exhibits absorption bands at 

38,023 and 28,490 cm–1, assigned to →* and n→* transi-

tions, respectively. These bands shift slightly upon metal co-

ordination, suggesting changes in the electronic environment 

of ligand. The vanadium(IV) complex exhibits three d–d 

transitions at 12,004, 16,000 and 23,255 cm–1, assigned to the  

 

Fig. 4. Overlay and individual DRS spectra of polymer supported metal 

catalysts 
 

2B2→2E (dxy→dxz;yz), 2B2→2B1 (dxy→dx2-y2) and 2B2→2A1 

(dxy→dz2) transitions, respectively [24]. These transitions are 

consistent with a five-coordinate oxovanadium(IV) centre with 

approximate C4V symmetry and support the proposed square-

pyramidal geometry. The copper(II) complex displays a 

broad absorption band centred at approximately 18,148 cm–1, 

which may comprise overlapping 2B1g→2A1g; 2B1g→2B2g; 
2B1g→2Eg transitions [25]. This broad spectral feature is con-

sistent with a square-planar (D4h) copper(II) coordination 

environment. 

 EPR study: The X-band EPR spectrum of the [PSCH2-

ABZ-FUR-V] complex recorded at 9.45 GHz exhibits a well-

resolved eight-line hyperfine pattern characteristic of a VIV 

(d1) system (Fig. 5). The observed hyperfine splitting arises 

from the interaction of the unpaired electron (S = 1/2) with 

the 51V nucleus (I = 7/2). This interaction gives rise to eight 

hyperfine lines in accordance with the 2I+1 rule and confirms 

the presence of VO2+ species. The spectrum exhibits marked 

anisotropy with g|| = 2.01 and g⊥ =2.21. The hyperfine coup-

ling constants are A⊥ =178 G and A|| =81 G. These parameters 

are characteristic of an axially symmetric vanadium centre. 

The observed g-value anisotropy supports the assignment of 

a dxy ground state which is commonly associated with oxo-

vanadium(IV) complexes [26]. The strong hyperfine inter-

action further supports significant metal-ligand covalency 

TABLE-2 

FTIR DATA (cm–1) FOR THE PSCH2-ABZ-FUR AND ITS METAL COMPLEXES 

Polymer-supported 

compounds 
ν(C=N) 

νasy(C-O-C)/ 

νsy(C-O-C) 

νsy(SO4)/ 

νasy(SO4) 
ν(V=O) ν(M-N) ν(M-O) ν(M-Cl) 

[PSCH2-ABZ-FUR] 1630 1254/1075 – – – – – 

[PSCH2-ABZ-FUR-V] 1610 1264/1094 1148, 1055 975 485 570 – 

[PSCH2-ABZ-FUR-Cu]  1608 1264/1082 – – 481 575 365 

 

 

TABLE-3 

DIFFUSED REFLECTANCE SPECTRAL DATA OF POLYMER SUPPORTED METAL CATALYSTS 

Supported metal catalysts Band position (cm–1) Band assignment 

[PSCH2-ABZ-FUR] 38023; 28490 π→π*; n→π* 

[PSCH2-ABZ-FUR-V] 12004; 16000; 23255 2B2 → 2E; 2B1; 2A1 

[PSCH2-ABZ-FUR-Cu] 18148 2B1g→2A1g; 2B2g; 2Eg 
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and the presence of a short V=O bond. The spectral features 

are consistent with a square pyramidal geometry, wherein the 

oxo group occupies the axial position and the equatorial plane 

is coordinated by donor atoms from the ligand framework. The 

absence of zero-field splitting is consistent with an S = 1/2 

system. The EPR parameters support the assignment of a 

mononuclear V(IV) centre in an axially distorted coordination 

environment characteristic of oxovanadium(IV) complexes. The 

room-temperature X-band EPR spectrum of [PSCH2-ABZ-

FUR-Cu] exhibits a broad anisotropic resonance (Fig. 5). The 

observed g-values (g|| = 2.32 and g⊥ =2.08) are consistent with 

an axially distorted coordination environment around the Cu(II) 

ion. These values support a dx
2

-y
2 ground-state assignment [27]. 

The hyperfine lines split g|| signals with an average spacing 

of 155G. Such a ground state is characteristic of square planar 

geometry arising from Jahn-Teller distortion in Cu(II) com-

plexes. The g-value exceeds the free-electron value of 2.0023 

and points to an appreciable orbital contribution and spin–

orbit coupling typical of Cu(II) (d9) systems. The S = 1/2 

configuration of Cu(II) precludes zero-field splitting. The 

observed spectral anisotropy arises primarily from g-tensor 

anisotropy. The EPR results support the presence of paramag-

netic Cu(II) species in a distorted axial coordination environ-

ment. 

 SEM analysis: SEM was performed to characterize the 

morphology of [PSCH2-ABZ-FUR] and [PSCH2-ABZ-FUR-

Cu] as shown in Fig. 6. It was found that [PSCH2-ABZ-FUR] 

has uniform and smooth surface whereas after the binding of 

copper, the surface is slightly rough. This shows a regular 

spreading of metal particles and effective catalyst prepara-

tion. 

 BET analysis: BET surface area analysis was used to 

evaluate the specific surface area and pore volume of the Cu 

catalyst by using N2 adsorption/desorption measurements at 

77.35 K. The nitrogen adsorption/desorption isotherms of 

copper catalyst are shown in Fig. 7. According to the results, 

BET surface area 54.045 m2 g–1 and a total pore volume is 

0.3089 cm3 g–1 respectively. The BET-derived average pore 

diameter is 11.433 nm, while the BJH analysis yielded an 

average pore diameter of 6.7263 nm. Both values lie within 

the mesoporous range of 2-50 nm and confirm the meso-

porous character of the copper-bound polystyrene-supported 

 

Fig. 5. EPR plots of [PSCH2-ABZ-FUR-V] and [PSCH2-ABZ-FUR-Cu] 
 

 

 

Fig. 6. SEM micrographs of [PSCH2-ABZ-FUR] and [PSCH2-ABZ-FUR-Cu] 
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ligand. BJH analysis yielded a pore volume of 0.1589 cm3 g–1 

and a median pore diameter of 24.386 nm. These values point 

to a broad and heterogeneous pore-size distribution. The results 

establish that the copper catalyst has appreciable surface area 

and pore volume with predominantly mesoporous character-

istics. 

 Power XRD analysis: The copper catalyst exhibits 

broad XRD peaks at 2θ values between 10° and 30° which 

are characteristic of the amorphous polystyrene structure. A 

broad peak near 40° appears after copper coordination with 

the polystyrene-supported ligand. The absence of sharp diffr-

action peaks associated with nanocrystalline CuO suggests 

that crystalline CuO phases are not detectable following 

metal incorporation [28,29] (Fig. 8). 

 

 
Fig. 8. XRD pattern of [PSCH2-ABZ-FUR-Cu] 

 

 TGA analysis: The thermal stability of the polystyrene-

supported copper complex was investigated by thermogravi-

metric analysis. The TGA curve (Fig. 9) shows a major 

weight-loss between 335.52 to 442.33 ºC, which represents 

approximately 57.4% of the initial sample mass of 3.20 mg. 

This major weight loss is attributed predominantly to the 

thermal degradation of the organic polymer supported ligand 

framework. A further weight loss of approximately 8.7% was 

observed between 613.67 and 621.96 ºC, which may be 

associated with the degradation of residual organic or carbon-

aceous species. The TGA profile confirms the catalyst’s  

 
Fig. 9. Thermogram of copper-bound polystyrene-supported ligand 

 

thermal stability under the employed reaction conditions. The 

onset of major decomposition occurs at approximately 335 

ºC which is well above the reaction temperature of 65 ºC.  

 Catalytic activity: The catalytic activity of the synthe-

sized polymer-supported V(IV) and Cu(II) catalysts was 

evaluated through phenol oxidation. Catechol and hydro-

quinone were identified as the major products along with 

minor unidentified products. The effects of oxidant type and 

concentration as well as reaction time, temperature and catalyst 

dosage were examined to establish suitable conditions for 

improving product yield and oxidation efficiency. 

 Effect of oxidant: The effects of TBHP and H2O2 on 

phenol oxidation were examined to identify the most effective 

oxidant. No reaction occurred in the absence of an oxidant. 

Tables 4 and 5 establish TBHP in acetonitrile as the more 

effective system for phenol oxidation. Hydrogen peroxide 

gave a lower conversion under the tested conditions. 

 Effect of reaction temperature: Reaction temperature 

played a key role in phenol oxidation over the synthesized 

catalysts. Experiments were conducted at 40-80 ºC for 8 h 

using a 1:1 mmol ratio of phenol to TBHP or H2O2 in aceto-

nitrile. Phenol conversion increased with rising temperature 

while negligible conversion occurred below 40 ºC (Tables 4 

and 5). At higher temperatures the rapid decomposition of the 

peroxide oxidant reduced the overall conversion. A tempera-

ture of 65 ºC was found to be optimal for efficient phenol 

oxidation. 

 Effect of reaction time: The Phenol oxidation was 

monitored using TBHP and H2O2 at a 1:1 ratio with catalyst 

loadings of 0.1 and 0.15 g under continuous stirring at diff-

erent temperatures. Negligible conversion occurred during the  

 

Fig. 7. N2 adsorption-desorption isotherm, BET surface area plot and BJH pore-size distribution of the [PSCH2-ABZ-FUR-Cu] 
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TABLE-4 

EFFECT OF CATALYST CONCENTRATION AND REACTION TIME ON PHENOL 

CONVERSION AND PRODUCT SELECTIVITY USING DIFFERENT CATALYSTS 

 

Compound 
Catalyst 

concentration (g) 
Time (h) 

Conversion 

(%) 

Selectivity (%) 

  

Others 

Blank/Polymer 

alone 
 

3 2.2 59.2 8.6 32.2 

4 7.9 59.9 10.7 29.4 

5 8.3 60.8 10.9 28.3 

6 9.3 60.8 10.9 28.3 

[PSCH2-ABZ-

FUR-Cu] 

0.1 

3 26.3 70.3 27.9 1.8 

4 86.4 71.8 26.5 1.7 

5 90.7 74.5 23.6 1.9 

6 93.1 74.5 24.9 1.6 

0.15 

3 29.1 71.1 27.7 1.2 

4 87.3 72.7 27.5 0.8 

5 91.9 76.3 23.4 0.3 

6 94.9 76.3 23.4 0.3 

[PSCH2-ABZ-

FUR-V] 

0.1 

3 16.8 58.9 40.6 0.5 

4 59.2 60.7 37.8 1.5 

5 61.8 65.7 34.0 0.3 

6 63.4 65.7 34.0 0.3 

0.15 

3 18.7 59.9 38.6 1.5 

4 61.3 62.8 36.9 0.3 

5 64.6 66.9 32.5 0.6 

6 65.9 66.9 32.5 0.6 

*Reaction conditions: CH3CN (20 mL), phenol (10 mmol), TBHP (10 mmol), temperature (65 ºC); conversion refers to GCMS analysis. 

 

TABLE-5 

EFFECT OF CATALYST CONCENTRATION AND REACTION TIME ON PHENOL 

CONVERSION AND PRODUCT SELECTIVITY USING DIFFERENT CATALYSTS 

 

Compound 
Catalyst 

concentration (g) 
Time (h) 

Conversion 

(%) 

Selectivity (%) 

  

Others 

Blank/Polymer 

alone 
 

3 2.1 57.7 10.7 31.6 

4 6.8 58.9 10.4 30.7 

5 8.3 59.6 11.8 28.6 

6 9.4 59.7 11.7 28.6 

[PSCH2-ABZ-

FUR-Cu] 

0.1 

3 21.3 68.4 29.8 1.8 

4 83.6 68.3 30.0 1.7 

5 89.8 69.6 28.8 1.6 

6 92.2 70.5 28.0 1.5 

0.15 

3 23.4 68.4 29.8 1.8 

4 87.3 69.5 29.8 0.7 

5 91.6 70.3 28.2 1.5 

6 93.8 70.9 28.7 0.4 

[PSCH2-ABZ-

FUR-V] 

0.1 

3 17.8 55.5 43.3 1.2 

4 56.4 56.3 42.5 1.2 

5 58.9 57.6 41.6 0.8 

6 61.5 57.7 41.3 1.0 

0.15 

3 18.2 56.2 42.5 1.3 

4 57.3 56.8 41.8 1.4 

5 59.8 59.9 39.3 0.8 

6 63.6 60.1 39.1 0.8 

*Reaction conditions: CH3CN (20 mL), phenol (10 mmol), H2O2 (10 mmol), temperature (65 ºC); conversion refers to GCMS analysis. 
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first 2 h which points to an induction period. Phenol conver-

sion then increased with reaction time for all catalysts. As 

shown in Fig. 10, the highest conversion was attained after 6 h 

and remained nearly constant thereafter. Product selectivity 

showed little variation with reaction time, which indicates 

that extending the reaction beyond 6 h offers no substantial 

improvement in product distribution. 

 Effect of amount of catalyst: The effect of catalyst 

loading on phenol oxidation was examined using 0.1 and 0.15 g 

of catalyst at 65 ºC for 3-7 h while maintaining a 1:1 ratio of 

phenol to TBHP or H2O2. The control experiments conducted 

without the catalyst or with the polymer alone gave very low 

phenol conversion of approximately 9.3-9.4% in the presence 

of either oxidant. A catalyst loading of 0.1 g gave moderate 

conversion while increasing the amount to 0.15 g improved 

conversion through the availability of more active sites for 

substrate–oxidant interaction (Tables 4 and 5). Further incre-

ases in catalyst loading did not significantly improve conver-

sion which points to a limit beyond which additional catalyst 

offers little benefit. 

 Hot filtration test: The heterogeneous nature of the 

catalytic system was examined by a hot filtration test. The 

polymer-supported catalyst was removed from the reaction 

mixture after 30 min under the optimized conditions. No 

further phenol conversion occurred in the filtrate. This result 

supports the role of the immobilized metal catalyst in the 

oxidation process and suggests that leached metal species do 

not contribute significantly to the catalytic activity. 

 Catalyst reusability: The reusability of the polymer-

supported metal catalysts was evaluated through successive 

phenol oxidation cycles. After each run the catalyst was recov-

ered by filtration and washed and dried before reuse under 

the optimized conditions. The products retained similar 

characteristics and yields during the initial cycles. As shown 

in Fig. 11, phenol conversion gradually declined after five 

cycles while product selectivity remained nearly unchanged. 

IR and DRS analyses of the recovered catalysts revealed no 

significant spectral changes after repeated use. However, 

AAS measurements revealed a slight decrease in metal content 

after five cycles. These results support the structural stability  

 

 

Fig. 10. Plots of time variation on Phenol oxidation with polystyrene-anchored catalysts 
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Fig. 11. Comparison of phenol conversion efficiency of V-catalyst and Cu-

catalyst over six consecutive reaction cycles 

 

and reusability of the catalysts with only a minor loss of 

catalytic activity over successive cycles. 

 Plausible mechanism: A mechanistic pathway for the 

polymer-supported metal-catalyzed oxidation of phenol by 

peroxides (H2O2/TBHP) is shown in Scheme-II. The initial 

step involves the coordination of the peroxide to the metal 

centre, forming a peroxo-metal complex (I) [30]. Subsequen-

tly, phenol also coordinates to the catalyst. The O–O bond of 

the oxidant becomes polarized and activated, which facilitate 

oxygen atom transfer to the ortho or para position of the phenol 

ring via a transition state. This yields a hydroxycyclohexa-

dienone-type intermediate (II). Electron reorganization within 

this intermediate then leads to the formation of catechol (from 

ortho substitution) or hydroquinone (from para substitution). 

Regeneration of the metal catalyst, often accompanied by the 

release of water or tert.-butanol as a byproduct found in GC-

MS studies. 

 Comparative studies: The synthesized polymer-supp-

orted metal catalysts were also compared with reported systems 

for phenol oxidation. Table-6 highlights the promising per-

formance of the Cu catalyst, which achieved high phenol con-

version and catechol selectivity under relatively mild reaction 

conditions. 

Conclusion 

 This study reports the synthesis and catalytic application 

of polymer-supported 4-(furan-2-ylmethyleneamino)benzoic 

acid complexes containing Cu(II) and V(IV). The ligand was 
 

 

Scheme-II: Proposed mechanism for the H2O2/TBHP mediated oxidation of phenol catalyzed by supported metal catalyst 

 
TABLE-6 

COMPARISON DATA OF PRESENT CATALYSTS AND REPORTED CATALYTIC SYSTEMS 

Catalyst 
Reaction condition  

oxidant/solvent/temp/time 

Conversion 

(%) 

Selectivity 

(%) 
Ref. 

[MoVIO2{Hdfba(fah)2}(H2O)]@ APTMS-TiO2; 

[MoVIO2{Hdfba(bhz)2}(H2O)]@ APTMS-TiO2 

H2O2/CH3CN/80 ºC/6 h 100 94 [31] 

3MHBdMBn-M complexes [M = Fe(III), Co(II), Ni(II), Cu(II) and 

Zn(II) ions] 

H2O2/CH3CN/70 ºC/ 

1440 min 

50.5 96.5 [32] 

Non-PS & PS-HPHZ-M [N,N-bis-(o-hydroxyacetophenone)-

hydrazine] Fe(III), Cu(II) and Zn(II)  

H2O2/CH3CN/70 ºC, 24 h 31-56 

36-62 

78-86 

86.1-90.5 

[33] 

MOBdMBn‐Zn-N,N′‐bis(2‐hydroxy‐3‐methoxybenzaldehyde)4‐

methylbenzene‐1,2‐diamine  

H2O2/CH3CN/70 ºC, 4 h 25.9 89.4 [34] 

PS-HIMAP-Cu[Polymer-supported Cu(II) complex of 2-((1H-

indole-3-yl)methyleneamino)phenol] 

TBHP/CH3CN/70 ºC/6 h 97.2 91.5 [35] 

Zirconium phosphate supported Cu(II) catalyst O2/CH3CN/30 ºC, 2 h 66 60 [36] 

VO-(EtOsalphen)[3-ethoxy salicylaldehyde-1,2-diaminobenzene]; 

VO-(EtOsalnaph)[3-ethoxysalicylaldehyde-1,8-diaminonaphthalene] 

H2O2/CH3CN/70 ºC, 6 h 71 

76.6 

92.5 

94.2 

[37] 

[PSCH2-4-(furan-2-ylmethyleneamino)benzoic acid-Cu] 

[PSCH2-4-(furan-2-ylmethyleneamino)benzoic acid-Cu] 

TBHP/CH3CN/65 ºC/6 h 94.9 

65.9 

76.3 

66.9 

Present 

work 
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anchored onto chloromethylated polystyrene before metal 

incorporation. Under optimized conditions (0.15 g catalyst at 

65 ºC for 6 h) the catalysts promoted phenol oxidation using 

H2O2 or TBHP. The Cu(II) catalyst exhibited the highest 

conversion (94.9%) and selectivity (76.3%) with TBHP. The 

V(IV) catalyst showed lower conversion (65.9%) and select-

ivity (66.9%) under the same oxidant conditions. Increasing 

the catalyst loading improved conversion up to 0.15 g beyond, 

which further improvement was limited. Recycling tests showed 

that catalytic performance and product selectivity were largely 

retained over five cycles. AAS and spectroscopic analyses 

revealed only minor metal loss and no significant structural 

changes. A plausible mechanism involving a metal–peroxo 

complex and hydroxycyclohexadienone-type intermediates is 

proposed.  
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