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Abstract 

A mixed nano-metal oxide of Fe-Zr-Cu was synthesized using a hydrothermal technique. The chemical 

structure and nature of the catalyst were characterized using the XRD, SEM, EDS and Elemental map. SEM 

images revealed a sample with Cauliflower-like shape. The resultant heterogeneous catalyst was used to 

selectively oxidize different alcohols to corresponding aldehydes, under mild conditions with acetonitrile as a 

solvent and hydrogen peroxide as an oxidizing agent. The influence of reaction temperature and the ratio of 

molar alcohols to oxidant were examined according to the material/product ratio. Conversion efficiencies 

ranging from 65 to 80% were achieved under optimal conditions at the presence of benzyl alcohol. The results 

are so promising and demonstrate the potential application of the heterogeneous catalyst for selective oxidation 

of benzyl alcohols. 
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1. Introduction 

Catalytic processes (such as removing toxic and costly chemicals, minimizing by-products, and 

shortening workup methods) have received significant attention in recent years due to the increased 

request for environmentally friendly technology in chemical reactions in the industry [1,2,3].  

The selective oxidation of benzylic alcohols to benzaldehydes is one of the long-standing problems 

in organic chemistry. Many researchers worked to develop a new approach for chemo selective mono-

oxidation  particularly in the development of environmentally benign and sustainable catalytic 

processes [4–6]. Among various oxidation products, aromatic aldehydes are indispensable 

intermediates for the synthesis of pharmaceuticals, fragrances, agrochemicals, and fine chemicals, 

creating a continuous demand for highly selective and recyclable heterogeneous catalytic systems [7–

10]. Various reports on synthesizing aldehydes have been presented in this subject, using different 

types of oxidants, (e.g., HNO3, N2O5, NaIO4, meta-chloroperoxybenzoic acid, halogens, and high-

valence metal salts) [11–14]. These techniques suffer drawbacks such as the need for complicated 

reaction processes or the utilization of hazardous chemicals [15] ,as well as the conversion of alcohol 

to carboxylic acid, or similar undesired by-products [16]. 

To avoid these restrictions, aqueous 30% hydrogen peroxide (H2O2) has been used in various 

research to design new and effective catalytic systems, as the last green oxidant. Oxidant hydrogen 

peroxide is mild, inexpensive, bio-friendly characteristics, has a good oxygen concentration, and 

produces only water as a by-product [17,18]. 

While, at the presence of a homogeneous catalyst, the issue of separating the pricey catalyst from 

the yield arises, requiring a separation technique for the recyclability [19]. Hydrogen peroxide is 

considered one of the most attractive oxidants for the selective oxidation of alcohols because of its 

high active oxygen content, environmental compatibility, and the formation of water as the only by-

product [20]. Despite the significant advances made in this subject, the construction of a 
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heterogeneous catalyst with high yield chemo selective mono oxidation of alcohols to aldehydes, 

remains a problem. 

Particularly, transition-metal oxides have received considerable attention because their tunable 

electronic structures endow them with excellent redox activity, adjustable acid–base properties, high 

structural stability, and remarkable heterogeneous catalytic performance. These characteristics make 

mixed-metal oxide catalysts especially attractive for selective oxidation reactions. [21,22].  

Transition metal oxide nanoparticles have attracted considerable attention as heterogeneous 

catalysts owing to their remarkable ability to promote the selective oxidation of alcohols [23]. Many 

transition metal oxide catalysts are fundamental given their profits like, low-cost procedures, easy 

regeneration, toxic ligands elimination, and selective reactivity. The catalytic activity can be 

attributed to the presence of partially filled d-shells in the metal ions and their interaction with the 

surrounding oxide field. The morphology and the diameter of the resultant nanostructure depends on 

type of metal ion used. In addition, nanostructures can even change in morphology due to specific 

reaction types. Iron-Zirconium-copper nanowires with a diameter of about 20 nm, can be transformed 

into iron- Zirconium -copper oxide nanotubes by oxidation [24,25].  

The development of mixed-metal oxide catalysts has emerged as an effective strategy for 

enhancing the activity, selectivity, and stability of heterogeneous catalysts in selective oxidation 

reactions by exploiting the synergistic interactions among multiple metal species. Each metal's 

presence in the mixed-metal oxide has advantages. For instance, iron improves the rate of reaction in 

chemical processes. Iron species are widely recognized as redox-active centers capable of activating 

hydrogen peroxide through reversible Fe³⁺/Fe²⁺ redox cycling. This property facilitates the generation 

of reactive oxygen species, making iron-based catalysts highly attractive for selective oxidation 

reactions [26,27]. Additionally, copper oxide exhibits excellent redox properties and can promote 

electron-transfer processes during catalytic oxidation. The incorporation of copper into mixed-metal 

oxide systems has been reported to improve catalytic activity, enhance reaction kinetics, and increase 
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product selectivity through synergistic interactions with other transition metals. Since copper 

nanoparticles belong to the same group as noble metals like gold and silver, they make a perfect 

substitution, copper increases catalytic activity with consistent morphology. Zirconium oxide is 

widely employed as a catalyst support owing to its remarkable thermal stability, chemical resistance, 

and tunable acid–base properties. In mixed-metal oxide catalysts, zirconia can improve the dispersion 

of active metal species, enhance structural stability, and contribute to the formation of highly 

accessible catalytic sites [28]. The integration of Fe, Cu, and Zr into a mixed-metal oxide framework 

is expected to generate a synergistic catalytic system in which iron provides redox-active centers, 

copper facilitates electron transfer, and zirconia stabilizes and disperses the active species [29].  

Single-metal oxides such as Fe₂O₃, CuO, and ZrO₂ provide distinct catalytic functionalities; however, their 

individual physicochemical characteristics may limit the simultaneous availability of complementary redox 

and surface properties. The combination of two metal oxides can overcome some of these limitations by 

introducing interactions between different metal centers. For instance, incorporation of Zr into Fe-containing 

oxides has been reported to substantially modify the particle size, surface area, dispersion, and 

physicochemical properties of Fe species compared with Fe₂O₃ alone. In one study, the formation of Fe–Zr 

mixed oxides reduced the particle size markedly relative to pure Fe₂O₃, while increasing the Zr content 

resulted in a significant increase in specific surface area, demonstrating the important role of metal–oxide 

interactions in tailoring the properties of the parent oxide[30]. Nevertheless, binary systems may still provide 

a relatively limited range of active environments. The incorporation of a third metal can introduce additional 

complementary functions and generate multiple interfacial sites. For example, Ce–Fe–Zr ternary oxides have 

been reported to generate synergistic dual active sites, where Fe species were associated with reactant 

activation while neighboring oxygen vacancies facilitated oxygen transfer, leading to enhanced catalytic 

performance [31]. Similarly, systematic studies of ternary CeO₂–ZrO₂–MnOₓ catalysts have demonstrated 

that the coexistence of highly dispersed transition-metal oxide species and oxide–oxide interfaces can 

produce synergistic effects that are not simply attributable to the individual components [32]. Therefore, the 
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transition from single to binary and ultimately ternary-metal oxides provides an opportunity to engineer a 

greater diversity of redox centers, surface defects, and interfacial environments. In this context, combining 

Fe, Cu, and Zr is expected to provide complementary redox and structural functions, potentially creating 

cooperative Fe–Cu and Fe–Zr environments that can enhance oxidant activation and catalytic oxidation 

performance compared with the corresponding single or binary metal oxide systems. 

In the selective oxidation of benzyl alcohol, the development of multicomponent oxide catalysts is 

particularly attractive because efficient benzaldehyde formation requires not only activation of the alcohol 

and oxidant, but also control over subsequent over-oxidation pathways. Single-metal Fe-based oxides can 

provide redox-active sites for H₂O₂-mediated oxidation; however, incorporation of a second redox-active 

metal can introduce complementary adsorption and electron-transfer functionalities. In this regard, CuFe₂O₄ 

has been reported as an efficient mixed-metal oxide for the selective oxidation of benzyl alcohol with H₂O₂, 

affording 66.95% conversion with 96.07% selectivity toward benzaldehyde, while binary Cu–Fe oxides have 

also demonstrated highly selective benzyl alcohol oxidation through complementary Cu and Fe active sites 

[33]. The incorporation of a third component such as Zr can further modify the structural, electronic and 

surface properties of the oxide matrix and generate additional oxide–oxide interfacial environments, as 

demonstrated for Zr-containing mixed oxides employed in benzyl alcohol oxidation [34]. Therefore, a Fe–

Cu–Zr oxide architecture may provide a combination of Fe- and Cu-based redox centers together with Zr-

modified interfacial environments, potentially facilitating H₂O₂ activation while maintaining high selectivity 

toward benzaldehyde. 

The excellent catalytic performance of the Fe–Zr–Cu mixed-metal oxide catalyst can be attributed 

to the combined effects of its architecture and the synergistic interactions among the metal 

components. The optimized nanostructure promoted efficient dispersion of active species, improved 

accessibility of active sites, facilitated mass transport, and enhanced structural stability, ultimately 

leading to high catalytic activity, selectivity, and durability [28,35].  
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The selection of Fe, Cu, and Zr for the preparation of the ternary oxide catalyst was based on the 

complementary catalytic properties of these metal species. Fe was selected owing to its reversible 

Fe²⁺/Fe³⁺ redox behavior and its ability to activate H₂O₂ through Fenton-like pathways, which can 

generate reactive oxygen species for alcohol oxidation. Previous studies have demonstrated the 

effectiveness of Fe-based oxides for the selective oxidation of benzyl alcohol to benzaldehyde using 

H₂O₂ [36,37]. Cu was incorporated because Cu-containing oxides possess redox-active Cu⁺/Cu²⁺ 

centers and can participate in benzyl alcohol and H₂O₂ activation [38,39]. In contrast, Zr was 

introduced primarily as a structural and surface-property promoter, since Zr-containing oxide 

environments can modify Lewis acidity and the local environment of neighboring active sites, 

potentially enhancing substrate activation and benzaldehyde selectivity [40,41]. Therefore, the 

combination of Fe, Cu, and Zr was expected to provide complementary redox and surface functions, 

creating a synergistic catalytic environment for the H₂O₂-assisted selective oxidation of benzyl 

alcohol to benzaldehyde. 

Furthermore, the fluoride-free synthesis not only simplifies the preparation procedure but also 

offers a greener and more scalable approach for the fabrication of Fe–Zr–Cu mixed oxide catalysts. 

Therefore, the rational combination of Fe, Cu, and Zr within a mixed-metal oxide framework is 

expected to generate a synergistic catalytic system by integrating the unique physicochemical 

properties of each metal component. Moreover, the rational design of a dispersed Fe–Zr–Cu mixed-

metal oxide nanocatalyst is expected to combine the synergistic effects of the three metals with the 

structural advantages of a nanostructure, providing an efficient catalytic system for the selective 

oxidation of benzylic alcohols to aldehydes. The synthesized catalyst was characterized by XRD, 

SEM, EDS, and elemental mapping techniques, and its catalytic performance was evaluated in the 

oxidation of aromatic alcohols. The developed catalyst exhibited high catalytic activity and selectivity 

using hydrogen peroxide as a green oxidant, demonstrating the potential of this inexpensive mixed-

metal oxide system for sustainable heterogeneous oxidation processes. 
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2. Materials and Methods  

2.1. Materials Section  

Energy-dispersive X-ray spectroscopy (EDS) and elemental mapping were employed to 

characterize the chemical composition and distribution of the constituent elements throughout the Fe–

Zr–Cu oxide catalyst. 

The catalyst was examined using a Zeiss ‘Ultra plus’s scanning electron microscope (SEM). An 

EQUINOX 3000 Advance X-ray diffraction (XRD) examined the powder. Also, the synthesis grade 

of solvents and chemicals was bought from Sigma-Aldrich and Merck. 

 

2.2. Catalysis Preparation  

A modified hydrothermal method, inspired by previously reported hydrothermal synthesis of 

ternary metal oxides, was employed for the preparation of the Fe–Zr–Cu oxide catalyst  [42].  The 

precursors of the metals in the proper quantities, FeCl3.6H2O (1 mmol, 0.270g), ZrCl4 (1mmol, 

0.233g), Cu(NO3)2.3H2O (1 mmol, 0.25g), and urea (15 mmol) were dissolved at room temperature 

in distilled water (70 mL). The solution was then transferred into an autoclave and maintained at 100 

°C for 24 h. After cooling the autoclave to room temperature, the resulting precipitate was washed 

with water and ethanol and dried for 12 hours. The resulting material was then calcinated at 350 o C 

to give the mixed metallic nanocatalyst  . 

 

2.3. Catalyst Testing for Benzylic Alcohols 

Catalytic oxidation of alcohols to corresponding aldehydes, was investigated at 80 o C using a 

catalyst (10 mg), 30 wt. % aqueous H2O2 (0.023 ml, 0.75 mmol) as oxidant, and benzylic alcohol (0.5 

mmol) in acetonitrile (5 mL).  The reactions were achieved to get the optimal point in different 

solvents, temperatures, and the molar ratios of substrate/oxidant. We were performed the oxidation 

reactions of benzylic alcohols in reflux conditions using thin-layer chromatography (TLC (EtOAc/n-
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hexane)) monitoring. Finally, the catalysis was filtered, washed with hot acetone, and dried in a 

vacuum  desiccator to reuse and test the recycling capability. Conversion efficiencies were measured 

by gas chromatography (GC) analysis. 

 

3. Results and Discussion 

The catalytic performance of Fe–Zr–Cu oxide in the oxidation of benzylic alcohols was 

investigated in the following section. 

  

3.1. Catalyst Characterization 

Powder X-ray diffraction (XRD) analysis was conducted to identify the crystalline phases present 

in the prepared mixed-metal oxide. The powder XRD patterns (Fig. 1) displays the various metal 

oxide phases in the prepared Fe-Zr-Cu oxide (High Score plus version 3.0.5 software).   

The XRD pattern of the Fe–Zr–Cu mixed metal oxide catalyst revealed the coexistence of 

crystalline α-Fe₂O₃, together with weakly crystalline CuFe₂O₄ and CuZrO₃-related phases. The 

diffraction peaks observed at 2θ = 24.19°, 33.2°, 35.64°, 40.89°, 49.39°, 54.09°, 57.59°, 62.49°, and 

64.0° are in good agreement with the characteristic reflections of α-Fe₂O₃ (hematite), which can be 

indexed to the (012), (104), (110), (113), (024), (116), (018), (214), and (300) crystal planes, 

respectively, according to JCPDS Card No. 33-0664. In addition, the reflections at 2θ = 35.64°, 

57.59°, and 62.49° can be associated with the (311), (511), and (440) crystal planes of spinel CuFe₂O₄, 

respectively, in accordance with JCPDS Card No. 25-0283. The relatively weak intensity of these 

reflections suggests that CuFe₂O₄ is present as a weakly crystalline and/or highly dispersed phase. 

Furthermore, the reflections at 2θ = 24.19°, 40.89°, 49.39°, and 54.09° show correspondence with the 

(012), (023), (040), and (322) crystal planes of CuZrO₃, respectively, based on ICSD/JCPDS 

reference No. 00-043-0953. Considering the weak intensity of these reflections and their overlap with 

the intense reflections of α-Fe₂O₃, the CuZrO₃ phase is considered to be weakly crystalline and/or 
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highly dispersed within the mixed metal oxide matrix. Overall, the XRD results indicate that α-Fe₂O₃ 

is the dominant well-crystallized phase, while CuFe₂O₄ and CuZrO₃ are present as weakly crystalline 

secondary phases. 

 

Fig. 1. X-ray diffraction (XRD) pattern of the Fe-Zr-Cu nanocatalyst. 

 

FESEM imaging at higher magnification was performed to examine the morphology and particle 

size of the Fe–Zr–Cu oxide catalyst  (Fig. 2). Image (a) 2 µm and Image (b) in 1 µm in size show two 

different kinds of Cauliflower-like structures. It has been indicated that irregular shapes with lighter 

colors have higher masses. The synthesized Fe–Zr–Cu mixed oxide exhibits a cauliflower-like 

hierarchical morphology composed of densely packed nanosized particles, as shown in Fig. (c) and 

(d). The cauliflower-like aggregates have characteristic dimensions of approximately 200 nm while 

the primary nanosized particles constituting these aggregates are estimated to be around 20 nm in 

diameter. Thus, the catalyst can be described as a hierarchical nanostructure in which nanosized 

primary particles are assembled into larger cauliflower-like aggregates. 
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Fig. 2. (a,b) Low-magnification and (c,d) high-magnification SEM images of the Fe-Zr-Cu nanocatalyst. 

 

Additionally, EDS analysis provided additional evidence for the image's dispersion. The 

consequences of the EDS microanalysis were within the predicted ranges (Fig. 3, Table 1). 

Uniformities of Iron, Zirconium, and Copper in the crystals were confirmed by elemental map. 

Quantitative findings and elemental mapping were agreed (Fig. 4).  

 

 

 

 

a b 

c d 
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Fig. 3. EDS of Fe-Zr-Cu nanocatalyst. 

 

  

    

  

Fig. 4. Elemental mapping images of Fe-Zr-Cu nanocatalyst 
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Table 1. EDS quantitative results. 

Elt Line Int Error K Kr W% A% ZAF Formula Ox% Pk/Bg Class LConf HConf Cat# 

Fe Ka 15.0 0.4770 0.2363 0.2191 20.35 26.74 1.0765  0.00 5.22 A 18.51 22.19 0.00 

Cu Ka 9.0 0.6407 0.2885 0.2674 26.22 30.28 1.0199  0.00 4.21 A 23.17 29.28 0.00 

Zr La 75.1 5.6155 0.4751 0.4404 53.43 42.98 0.8243  0.00 16.20 A 51.27 55.58 0.00 

    1.0000 0.9269 100.00 100.00   0.00     0.00 

 

 

3.2. Catalyst Evaluation  

3.2.1. Optimization 

We optimized oxidation reactions using Fe-Zr-Cu as the catalyst amount, considering the 

effects of solvent, temperature, time, and the alcohol/oxidant molar ratio. 

We used 2.5, 5, 7.5, 10, and 15 mg of Fe-Zr-Cu while maintaining the other parameters 

unchanged to examine the function of the catalyst amount in oxidation. The volume increase in the 

catalyst did not affect the yield or selectivity. As a result, 10 mg of catalyst was used in all subsequent 

research. When the reaction was achieved without a solvent, a product of 40% was obtained (Table 

2, entry 1). Acetonitrile, which ultimately dissolved the alcohol substrate and thus facilitated 

oxidation, produced the desired benzaldehyde with a yield of 80%, yielding the catalyst's best 

performance (Table 2, entry 10). 

Additionally, we studied the importance of the benzylic alcohol/oxidant molar ratio for oxidation 

of alcohols to benzaldehyde. The 1.0:1.0, 1.0:2.0, and 1.0:3.0 molar ratios produced 40%, 60%, and 

79% alcohol conversion after 6 hours at reflux conditions, respectively. The chemoselectivity towards 

the desired aldehydes was unaffected, though. We chose for more in-depth analysis, a molar ratio of 

1:3.0 benzylic alcohol /H2O2.  
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Table 2. Solvent optimization in oxidation of benzyl alcohol. 

 

Entry Solvent Time (h) Yield (%) 

1 No Solvent 4 40 

2 n-hexane 5 42 

3 2Cl2CH 6 35 

4 3CHCl 4 61 

5 Ethyl acetate 5 63 

6 OH3CH 6 31 

7 EtOH 6 40 

8 Isopropanol 5 41 

9 (1:1) OH3:CH2Cl2CH 6 62 

10 CN3CH 8 80 

11 (1:1) O2CN:H3CH 4 70 

12 O (2:1)2CN: H3CH 5 75 

13 O2H 6 38 

14 O2EtOH/H 6 57 

15 Acetone 4 62 

Yields indicate the isolated yield of benzaldehyde 

Reaction conditions: 10 mg Catalyst, 0.5 mmol benzyl alcohol, 0.75 mmol 30% H2O2, 5 mL Solvent at reflux conditions. 

 

We examined the impact of the reaction temperature on benzylic alcohol. Thus, after carrying out 

the reaction at either 25, 50, or 80°C for 6 hours, the yields were 30, 50, and 79.5%, respectively. As 

a result, the reaction's temperature was set at 80 °C for the standard protocol (Table 3). 

 

Table 3. Effect of reaction temperature during oxidation of benzyl alcohol over the Fe-Zr-Cu catalyst 

Entry Temperature (oC) Yield (%) 

1 r.t 30 

2 50 50 

3 80 80 

Reaction conditions: Benzyl alcohol = 0.5 mmol, H2O2 =0.75 mmol, catalyst = 10 mg, solvent = CH3CN (5 mL), time = 8 h. 
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3.2.2. The Effect of Fe-Zr-Cu Oxide Catalyst for Benzylic Alcohols Oxidation   

By creating the optimal conditions for the reaction, the use of the new category of metal oxide 

catalysts for oxidation of benzyl alcohols was investigated. The nature of the mixed-metal oxide 

played a role in the conversion that occurred in the presence of the catalysts. 

Excellent metal dispersion can enhance the effect of the catalysts along with smaller particle sizes. 

Zr and Cu oxides typically exhibit higher Bronsted acidity compared to Fe oxide [43,44]. The mixed-

metal oxide catalyst comprises an equal distribution of Lewis basic and Bronsted acidic sites because 

iron has a high Lewis basic nature. Due to the catalyst's Bronsted acidic nature, the oxidant(H2O2), is 

adsorbed on its surface. 

Different kinds of benzylic alcohols to the corresponding benzaldehydes with electron-donor and 

electron-withdrawing substitutes were used as substrates to examine the generality of the catalyst. 

The approach revealed extensive applicability, yielding the appropriate aldehydes in excellent 

quantities. Halogen atoms, ester, methoxy, and nitro groups were among the functional groups that 

were well tolerated. Benzyl alcohols that are electron-rich and those that are electron-poor both 

respond well to the reaction. These studies are presented in Table 4. Benzylic alcohols were oxidized 

to the corresponding aldehydes with reasonable to excellent conversion percentages (65%–80%) 

within a suitable time. Observations revealed that electronic and steric effects significantly influence 

the rate of oxidation reaction. According to entries 11-14, benzylic alcohols with electron-donating 

groups like -OH, -OR, and -N (CH3)2 on the phenyl ring were more reactive than benzylic alcohols 

and oxidized more quickly. The increasing steric hindrance appears to cause this long reaction time. 

There was no noticeable difference in the conversion amount and reaction time in the presence of the 

weak electron donor group, -CH3 (Entry 5). According to the findings, the presence of electron-

withdrawing groups, such as -F, -NO2, and -Cl on the aromatic ring, caused the substrate to become 

inactive and the reaction to go on longer (Entries 2,3,4,6,8,10). Also, Fig.IR2 in the supplementary 

file demonstrates the FTIR spectra of 3-Ethoxy-4-hydroxybenzaldehyde (Entry 15). As can be seen: 
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3362 (O-H stretching of benzene ring), 2988 (C-H stretching of alkene), 2935 (C-H stretching of 

aldehyde), 2891 (C-H stretching of alkane), 1682 (C=O of aldehyde), 1580 (C=C stretching), 1510 

(C-H of aldehyde), 1438 (O-H of benzene ring), 1279 (C-O). Fig. NMR1 in the supplementary file 

shows the 1HNMR (CDCl3) spectra data of 3-Ethoxy-4-hydroxybenzaldehyde (Entry 15):1.5 (t, 3H), 

4.2 (q, 2H), 6.5 (brs, 1H), 7.1 (d, 1H), 7.3 (m, 2H), 9.8 (s, 1H). 

 

Table 4 . Oxidation of different benzylic alcohols to benzaldehydes using Fe-Zr-Cu. 

Entry Alcohols Product 
Yield 

(%) 

Time 

(h) 

Mp/Bp 

(C) 

Ref. 

Found-Lit. 

 

1 

 

 

 

80 

 

8 

 

 

175-177 

 

177 

[45] 

 

 

2 
 

 

 

 

70 

 

 

8 

 

 

 

 

104 

 

 

104-106 

[45] 

 

 

3 
 

 

 

 

73 

 

 

8 

 

 

59 

 

 

58-59 

[45] 

 

 

4 

  

 

 

72 

 

 

8 

 

 

43-44 

 

 

42-44 

[45] 

 

 

5 

 

 
 

 

 

74 

 

 

8 

 

 

58 

 

 

58 

[45] 

 

 

6 

 

 
 

 

 

70 

 

 

8 

 

 

180 

 

 

179-180 

[45] 

 

 

7 

 

 
 

 

 

74 

 

 

8 

 

 

245-246 

 

 

246 

[45] 
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Reaction conditions: benzyl alcohol (0.5 mmol), 0.75 mmol 30% H2O2, 5 mL acetonitrile, Fe-Zr-Cu (10 mg). 

 

3.2.3. Recyclability of Fe-Zr-Cu 

The ability to easily filter and separate the heterogeneous catalyst from the reaction medium to 

reuse it for other reactions is one of the main expectations for this type of catalyst. It should also be 

 

 

8 

 

 
 

 

 

78 

 

 

 

8 

 

 

46-47 

 

 

47 

[45] 

 

 

 

9 

 

 
  

 

 

 

65 

 

 

 

8 

 

 

 

73-75 

 

 

 

73-75 

[46] 

 

 

10 

  

 

 

77 

 

 

8 

 

 

 

210-212 

 

 

210-215 

[46] 

 

 

 

11 
 

 

 

 

72 

 

 

8 

 

 

245-246 

 

 

246-248 

[46] 

 

 

 

12 

  

 

 

73 

 

 

8 

 

 

196 

 

 

196-198 

[46] 

 

13 

 

 

 

 

76 

 

 

8 

 

 

43-44 

 

 

42-44 

[46] 

 

 

14 

 

 
 

 

 

70 

 

 

8 

 

 

129 

 

 

128-130 

[46] 

 

 

15 

 

 
 

 

 

70 

 

 

8 

 

75-76 

 

74-76 

[46] 
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recyclable and stable after the reaction. As a result, it was determined whether the Fe-Zr-Cu catalyst 

could be reused in these oxidation reactions. Without losing much of its activity, the catalyst Fe-Zr-

Cu nano-metal oxide was used five more times to oxidize benzyl alcohol. After each reaction, the 

catalyst was removed by hot filtration, cleaned with new ethanol and water, and dried at 120 o C for 

three hours before being used for the following reaction (Fig. 5). 

 

 
Fig. 5. The recycling of the heterogeneous catalyst (Fe-Zr-Cu) for the selective oxidation of benzyl alcohol 

to benzaldehyde with 30% H2O2. 

 

To further investigate the morphological stability of the catalyst, SEM analysis was performed 

after five consecutive catalytic cycles. As shown in Fig. 6, at scale bars of 200 nm, the overall 

polyhedral/faceted morphology of the catalyst was largely preserved after repeated use, with no 

pronounced morphological alteration compared with the fresh catalyst. This observation, together 

with the negligible leaching of Fe, Cu, and Zr detected by AAS (0.005, 0.002, and 0.004 mg.L⁻¹, 

respectively), supports the good morphological and operational stability of the catalyst under the 

reaction conditions. The very low concentrations of the metal species in the reaction solution further 

indicate that significant dissolution of the catalyst did not occur during the catalytic process. 
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Fig. 6. SEM images of the Fe–Zr–Cu oxide catalyst after five consecutive catalytic cycles at scale bars of 200 nm. 

 

3.2.4. Comparison of the Catalytic Efficiency of Fe-Zr-Cu with Other Catalysts in the Oxidation Reactions  

The catalytic performance of the Fe–Zr–Cu mixed oxide was compared with those of recently 

reported metal-oxide-based catalysts for the selective oxidation of benzyl alcohol to benzaldehyde 

using H₂O₂. The enhanced performance may be associated with the synergistic interaction among Fe, 

Cu, and Zr oxide species, which can provide complementary redox properties and facilitate H₂O₂ 

activation while favoring the selective oxidation pathway toward benzaldehyde (Tables 5). 

 

Table 5. Comparing of the present procedure with literature for the preparation of benzaldehyde in the 

presence of 30% H2O2 

Entry Catalyst Reaction conditions 
Catalyst 

loading 

Time 

(h) 

BZ-OH 

Conversion 

(%) 

BZ-CHO 

Selectivity 

(%) 

Yield 

(%) 

TON 

& 

TOF 

Ref. 

1 Mn (Me2EBC) 

Cl2 

H2O2, CH3CN/ H2O,  

30 °C 

0.5 

%mol 

18 98 99 77 NR [47] 

2 Fe3O4 microspheres H2O2, H2O, 60°C 2 g/l 4 35 97 34 NR [48] 

3 Fe/MCM-41 H2O2, CH3CN, 70°C 0.1g/l 7 55 90 48 NR [49] 

4 CuFe₂O₄ H2O2, 90°C 4 g/l 4 66.95 96.07 64.32 NR [50] 

5 CuOₓ/SBA-15 H2O2, 80°C 8 g/l 0.5 73 54 39.4 NR [51] 

6 CuCo₂O₄/SBA-15 H2O2, 80°C 8 g/l 3 78.13 71.7 56 NR [52] 

7 CuMnOₓ H2O2, 80°C 8 g/l 7 50< 100 50< NR [39] 

8 Fe-Zr-Cu H2O2, CH3CN, 80°C 0.01 g/l 8 80 99.6 80 2.94 

& 

0.367 h⁻¹ 

This work 

NR: Not reported.  
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3.2.5. Reproducibility and Statistical Analysis of Catalytic Performance 

The optimization experiments were performed in triplicate, and the results are presented as mean 

values with standard deviations (mean ± SD). Error bars represent the standard deviation of the 

repeated experiments.   

The effects of the main reaction parameters, including catalyst loading, H₂O₂ amount, reaction 

temperature, and reaction time, were investigated to determine the optimum conditions for the 

selective oxidation of benzyl alcohol to benzaldehyde over the Fe–Zr–Cu oxide catalyst. Under the 

optimized reaction conditions, the experiment was independently repeated three times to evaluate the 

reproducibility of the catalytic performance. Benzaldehyde yields of 78%, 80%, and 81% were 

obtained, giving an average yield of 79.7 ± 1.5% (n = 3). The relatively low standard deviation 

demonstrates good reproducibility of the catalytic results. Accordingly, the optimization data are 

reported as mean values with standard deviations where replicate measurements were performed.  The 

reported yield of 80% in the manuscript was rounded from the experimentally obtained average value 

of 79.7 ± 1.5% based on three independent experiments (n = 3). 

 

3.2.6. Evaluation of Catalytic Activity using TON and TOF 

To further assess the intrinsic catalytic efficiency of the prepared Fe–Zr–Cu oxide catalyst, the 

apparent turnover number (TON) and turnover frequency (TOF) were calculated under the optimized 

reaction conditions. In the catalytic reaction, 0.5 mmol of benzyl alcohol was treated with 10 mg of 

catalyst for 8 h, affording 80% conversion and 99.6% selectivity toward benzaldehyde, corresponding 

to a yield of 79.7%. 

According to the EDS analysis, the catalyst contained 20.35 wt.% Fe, 26.22 wt% Cu, and 53.43 

wt% Zr. Thus, 10 mg of catalyst contained 2.035 mg Fe (0.03644 mmol), 2.622 mg Cu (0.04126 

mmol), and 5.343 mg Zr (0.05856 mmol), corresponding to a total metal content of 0.1363 mmol. 

Since 0.400 mmol of benzyl alcohol was converted at 80% conversion, the apparent TON was 
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calculated as 2.94. The corresponding apparent TOF, calculated from the 8 h reaction time, was 0.367 

h⁻¹. The obtained TON and TOF values further support the effective catalytic activity of the Fe–Zr–

Cu oxide catalyst toward the selective oxidation of benzyl alcohol to benzaldehyde. 

 

3.2.7. Catalyst Stability, Leaching and Hot Filtration Tests  

To investigate the stability and heterogeneous nature of the Fe–Zr–Cu oxide catalyst under the 

oxidative reaction conditions, a leaching test was performed using the standard catalytic reaction 

conditions. After completion of the reaction, the solid catalyst was separated from the reaction 

mixture by centrifugation followed by filtration. The resulting liquid phase was collected and 

analyzed by atomic absorption spectroscopy (AAS) to determine the concentrations of Fe, Cu, and 

Zr species released into the solution. The extent of metal leaching was calculated from the amount of 

each metal detected in the liquid phase relative to its initial amount in the catalyst. The combination 

of the AAS leaching analysis and hot filtration test provides complementary evidence for evaluating 

catalyst heterogeneity. Nevertheless, hot filtration alone cannot completely exclude transient leaching 

followed by redeposition; therefore, the AAS results provide an important independent assessment of 

the extent of metal dissolution  [53]. AAS analysis revealed negligible leaching of the metallic species 

into the reaction medium. The leaching percentages were calculated to be only 0.00123%, 0.00038%, 

and 0.00037% for Fe, Cu, and Zr, respectively. These results demonstrate the high resistance of the 

Fe–Zr–Cu oxide catalyst toward metal dissolution under the employed oxidative reaction conditions 

and strongly support the predominantly heterogeneous nature of the catalytic process.  

 

3.3. Proposed Reaction Mechanism for the Oxidation of benzyl Alcohol over Fe–Zr–Cu Oxide  using H₂O₂ 

The oxidation of benzyl alcohol over the Fe–Zr–Cu oxide in the presence of H₂O₂ is proposed to 

proceed through a cooperative redox mechanism. Initially, benzyl alcohol is adsorbed on Cu/Fe–O 

active sites and converted into a surface benzyl alkoxide intermediate. Meanwhile, the Fe²⁺/Fe³⁺ and 
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Cu⁺/Cu²⁺ redox couples can facilitate H₂O₂ activation and the generation of reactive oxygen species 

(ROS), which promote benzylic C–H oxidation and subsequent formation of benzaldehyde. Fenton-

like activation of H₂O₂ by iron oxide has been reported to generate reactive oxygen species and 

promote the selective oxidation of benzyl alcohol to benzaldehyde [36,54,55]. In the ternary oxide, 

Zr⁴⁺ is proposed to act mainly as a structural and electronic promoter rather than a redox center, 

modifying the local coordination, Lewis’s acidity, and surface environment of Fe and Cu sites. Thus, 

the synergistic interaction of Cu for benzyl alcohol activation, Fe for H₂O₂-mediated redox processes, 

and Zr for surface and structural modulation may facilitate the cooperative activation of benzyl 

alcohol and H₂O₂, enhancing the selective formation of benzaldehyde [56].  Based on the experimental 

results obtained in this study and previously reported literature, a plausible reaction pathway for the 

oxidation of benzyl alcohol over the Fe–Zr–Cu oxide catalyst is proposed.  We propose a graphical 

mechanism with Fe-Zr-Cu oxide catalyst in Scheme 1. 

 

Scheme 1. A proposed mechanism for benzyl alcohol oxidation over Fe-Zr-Cu oxide catalyst 
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4. Conclusion 

A novel heterogeneous Fe–Zr–Cu mixed oxide nanocatalyst was successfully synthesized via a 

hydrothermal method using commercially available precursors. The synthesized catalyst was 

characterized by XRD, SEM, EDS, and elemental mapping analyses. For the first time, the catalytic 

performance of this Fe–Zr–Cu oxide was investigated for the selective oxidation of benzylic alcohols. 

In the presence of the Fe–Zr–Cu nanocatalyst and hydrogen peroxide as a green oxidant, a variety of 

benzylic alcohols were efficiently converted into the corresponding aldehydes with high yields and 

excellent selectivity. The superior catalytic performance is likely associated with the synergistic 

interactions among the Fe, Cu, and Zr components, together with the homogeneous dispersion of the 

active species within the mixed oxide framework. The optimal reaction conditions were established 

using benzyl alcohol as the model substrate, including 20 mol% catalyst (10 mg), a substrate-to-H₂O₂ 

molar ratio of 1:1.5, reflux at 80 °C, and acetonitrile as the reaction solvent. Furthermore, comparison 

with previously reported catalysts demonstrated that the catalytic performance of the Fe–Zr–Cu 

mixed oxide nanocatalyst is competitive, highlighting its potential as an efficient, low-cost, and 

environmentally friendly heterogeneous catalyst for selective alcohol oxidation.  

Compared with single and binary metal oxides, ternary mixed-metal oxides can offer a greater 

diversity of chemically distinct active sites and interfacial environments, arising from the synergistic 

interactions among their constituent metal species. Furthermore, the incorporation of a third metal 

can generate additional cooperative sites and modify the electronic and oxygen-transfer properties of 

the oxide matrix. Therefore, the incorporation of Fe, Cu, and Zr into a multiple oxide architecture is 

expected to provide complementary redox and structural functions, while the formation of Fe–Cu- 

and Cu–Zr-containing phases may create interfacial sites with physicochemical properties that are 

not readily accessible in the corresponding single- or binary-metal oxides. In the present Fe–Zr–Cu 

oxide catalyst, the coexistence of α-Fe₂O₃ as the major phase with minor CuFe₂O₄ and Fe₂ CuZrO₅ 
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phases may provide multiple redox and interfacial environments, potentially offering synergistic 

catalytic functions beyond those of the individual oxide components. 
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