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ABSTRACT  
Background: Lignin valorization into high-value chemicals is crucial for sustainable development. This study 
focused on optimizing the catalytic conversion of benzyl phenyl ether (BPE), a lignin model compound, to 
vanillin and phenolic compounds. Methods: Hierarchical H-ZSM-5 was synthesized via a dual-template method 
and subsequently modified by wet impregnation with bimetallic cobalt and molybdenum oxides (CoMoO4/H-
ZSM-5). Catalyst properties were thoroughly characterized using various techniques, including XRD, FTIR, XRF, 
N2-physisorption, and SEM-EDS mapping. Reaction conditions, specifically Co:Mo ratio, temperature, and 
reaction time, were optimized using the Box-Behnken design (BBD), and product yields were quantified by High-
Performance Liquid Chromatography (HPLC). Findings: Characterization confirmed successful catalyst 
synthesis, organic template removal, and bimetal oxide incorporation without significant structural damage. 
Catalytic tests demonstrated 100% BPE conversion. The highest experimental vanillin yield achieved was 
54.69%. BBD analysis revealed that the interaction between Co:Mo ratio and temperature, as well as the 
quadratic effect of Co:Mo ratio, were the most influential factors impacting product yields. The optimal 
parameters for maximizing vanillin and phenolic yield were determined to be a Co:Mo ratio of 3:7, a temperature 
of 169 °C, and a reaction time of 31 minutes. While the phenolic model showed a reasonable fit (R² = 0.76), the 
vanillin model exhibited a lower fit (R² = 0.34) with significant lack-of-fit. Conclusion: This research provides 
crucial insights into the efficient production of high-value chemicals from BPE, offering a comprehensive 
optimization approach for the CoMoO4/H-ZSM-5 catalytic system. Novelty/Originality of this article: This 
study represents a novel contribution to lignin valorization. 

 

KEYWORDS: benzyl phenyl ether; vanillin; phenol; CoMoO4/H-ZSM-5; Box-Behnken 
design. 
 

 

1. Introduction  
 

Lignin, the second most abundant organic polymer on earth after cellulose, represents 
an enormous, yet largely underutilized, renewable resource. Despite its widespread 
presence, the effective implementation of this material as a source for high-value chemicals 
remains limited. Its complex aromatic structure, interconnected by a high density of strong 
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ether linkages, particularly the β-O-4 type, renders it highly resistant to degradation (Zeng 
et al., 2018). Consequently, the efficient cleavage of these resistant C-O ether bonds is 
identified as an essential step for the successful depolymerization and subsequent 
conversion into valuable products of lignin biomass. 

To fully utilize the vast potential of lignin as a sustainable source for biofuels and fine 
chemicals, effective depolymerization pre-treatment strategies are essential. Various 
methods have been explored for lignin depolymerization, including pyrolysis, 
hydrogenolysis, hydrodeoxygenation (HDO), and microbial degradation (Saini et al., 2022). 
Among these diverse approaches, hydrodeoxygenation has emerged as one of the most 
promising and effective catalytic pathways for converting both lignin and model 
compounds of lignin into high-value chemicals (Jiang et al., 2022). The HDO process 
typically involves a complex series of simultaneous reactions, such as hydrolysis, 
dehydration, and dehydrogenation, requiring the use of highly efficient catalysts to aid these 
multiple conversion steps. Zeolites, particularly ZSM-5, have gained significant attention as 
highly favored acid catalysts in HDO processes (Luo et al., 2019). The unique properties of 
these zeolites, including a crystalline aluminosilicate framework, open porous structure 
with uniform pore sizes, and readily adjustable acidic sites, make them versatile and 
efficient bases for promoting complex catalytic transformations (Azreena et al., 2021). 

Previous studies have explored the application of metal oxides and ZSM-5-based 
catalysts for converting lignin model compounds. Co3O4 has been shown to be effective in 
the aerobic oxidation of lignin sub-structure compounds such as veratryl alcohol. Its oxygen 
vacancies can also facilitate the oxidation of lignin-derived compounds under mild 
conditions, enhancing the breakdown of polymeric chains (Kramer & De Carvalho, 2021; 
Mate et al., 2014). Furthermore, (Ramadhani et al., 2022) using a Mo-impregnated ZSM-5 
catalyst achieved a high conversion rate of diphenyl ether, yielding 7.63% vanillin and 
33.32% phenolic compounds. MoO3-based catalysts are proficient in removing oxygen 
functionalities from lignin-derived molecules, which is crucial for producing high-value 
chemicals like vanillin and phenolic compounds (Kohler et al., 2023; Song et al., 2020). The 
effectiveness of MoO3 is attributed to its ability to create Brønsted acid active sites for the 
adsorption and stabilization of reactive intermediates (Zhao et al., 2018). On the other hand, 
CoMoO4 has been demonstrated to be effective in the conversion of lignin-derived bio-oils 
and oxygen evolution reactions (Bakhtyari et al., 2020, 2024). The synergy between cobalt 
and molybdenum in CoMoO4 enhances the catalytic activity by improving electrical 
conductivity, mass transport, and exposing more active sites. This results in efficient 
hydrogenation and deoxygenation processes (Wang et al., 2024). More recently, research 
focusing on the conversion of benzyl phenyl ether, a relevant lignin model compound, using 
bimetallic CoMo/HZSM-5 (10% loading) demonstrated improved yields, up to 23.3% 
vanillin and 8.64% phenolic compounds. However, despite these promising initial findings, 
a thorough and systematic optimization encompassing all critical reaction parameters, such 
as catalyst composition, loading, substrate-to-catalyst ratio, and reaction temperature for 
maximizing desired product yields and understanding the interaction of these factors in 
BPE conversion using CoMo/HZSM-5 has not been adequately addressed. This gap 
highlights the need for a thorough optimization strategy to unlock the full potential of this 
catalytic system. 

Optimizing chemical reactions involving multiple interacting variables through 
traditional one-factor-at-a-time methods is often highly inefficient, demanding extensive 
time and substantial resources. To address these limitations, statistical experimental design 
methodologies offer robust alternatives. Response Surface Methodology (RSM) stands as a 
powerful statistical tool widely employed across various fields, including analytical 
chemistry and chemical engineering, for optimizing complex processes such as 
transesterification reactions and biodiesel production (Dwivedi & Sharma, 2015). Among 
the different RSM designs, the Box-Behnken design is particularly advantageous and 
efficient for experiments involving a moderate number of variables (typically 3 to 5), as it 
utilizes a three-level factorial basis with strategically selected points, significantly reducing 
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the number of experimental runs required compared to full factorial designs, thereby saving 
time and cost (Bezerra et al., 2008). 

Therefore, this research aims to synthesize hierarchical porous H-modified ZSM-5 
impregnated with bimetallic cobalt and molybdenum oxides (CoMoO4 /HZSM-5), to serve 
as an effective catalyst for the conversion of benzyl phenyl ether into vanillin and phenolic 
compounds. To the best of our knowledge, this study represents the first comprehensive 
investigation utilizing a Box-Behnken design for the simultaneous optimization of key 
variables in this specific Co-Mo/HZSM-5 catalytic system for BPE conversion. The 
independent variables selected for optimization include the bimetal ratio (Co:Mo), reaction 
temperature, and time. Through this systematic and multi-parametric approach, we aim to 
identify the optimal conditions for maximizing the production of high-value vanillin while 
concurrently monitoring phenolic compound yields, thereby advancing the efficient 
conversion to valuable products of lignin model compounds. 
 
2. Methods 
 
2.1 Materials 

 
All chemicals employed in this investigation, including deionized water, were of 

reagent grade and used without prior purification unless specifically noted. 
Tetrapropylammonium hydroxide (TPAOH, 40 wt.%), poly(diallyldimethylammonium) 
chloride (PDDA-Cl, 20 wt.%), tetraethyl orthosilicate (TEOS, 98%), sodium aluminate 
(NaAlO2), ammonium heptamolybdate tetrahydrate ((NH4)6Mo7O24·4H2O), benzyl phenyl 
ether, and ammonium nitrate (NH4NO3) were acquired from Sigma Aldrich. Glacial acetic 
acid (100%, for analysis), cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O), sodium 
hydroxide (pellets), and ethanol were purchased from Merck.  
 
2.2 Catalyst synthesis and modification 
 
2.2.1 Synthesis of hierarchical ZSM-5 

 
Hierarchical ZSM-5 catalyst was prepared via a hydrothermal method using method 

from (Pratama et al., 2020) with a molar ratio of 1Al2O3: 64SiO2: 10(TPA)2O: 3571 H2O. 
NaAlO2 and TEOS served as Al and Si sources, respectively. TPAOH directed micropore and 
MFI structure formation, while PDDA-Cl, a stable cationic polymer, directed mesopore 
formation (Wang et al., 2010). 

The initial synthesis includes dissolving NaAlO2 in distilled water, followed by 
sequential addition of TPAOH and TEOS, with stirring until homogeneous. The solution pH 
was then adjusted to ~11 with glacial acetic acid. This mixture was stirred for 3 hours at 
100 °C. Subsequently, PDDA-Cl was incorporated and stirred for 48 hours at room 
temperature. The homogeneous mixture was transferred to a 250 mL Teflon-lined 
autoclave for crystallization at 170 °C for 144 hours. The resulting product was cooled, 
washed with demineralized water, filtered, dried overnight at room temperature, and 
finally calcined at 550 °C for 3 hours to yield the hierarchical ZSM-5, denoted as Z. 
 
2.2.2 Modification of Na-ZSM-5 into H-ZSM-5 
 

H-ZSM-5 was prepared through cation exchange method by dispersing the as-
synthesized ZSM-5 in a 1 M NH4+ solution prepared by dissolving NH4NO3 in distilled water. 
The resulting mixture was then underwent refluxing and stirring at 60 °C for 6 hours. 
Following the heating, the mixture was cooled to room temperature, filtered, and 
subsequently dried at 60 °C. The obtained white powder was then calcined at 550 °C for 6 
hours and denoted as H-Z. 
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2.2.3 Metal oxide impregnation 
 

Catalyst modification was carried out through wet impregnation method, with the 
variation of loading (wt%) determined using the Box-Behnken design. The preparation of 
the bimetallic Co-Mo oxide mixture followed the procedure by (Ahmad & Upadhyayula, 
2019). Co(NO3)2·6H2O and (NH4)6Mo7O24·4H2O were separately dissolved in distilled water 
and stirred for 10 minutes. Both solutions were then mixed and transferred to a spray 
bottle. The as-synthesized HZSM-5 was placed into an evaporating dish, and the mixed 
solution was sprayed onto the HZSM-5 gradually until a paste consistency was achieved. 
The resulting paste was dried at 60 °C and subsequently cooled at room temperature for 24 
hours, followed by calcination under air flow at 550 °C for 3 hours. The resulting CoMo-
oxide supported H-Z catalysts were then denoted as xCoyMo/H-Z, with x and y as the ratio 
of Co and Mo out of 10 wt.% metal oxide loading, respectively. 
 
2.3 Characterization method 
 

Following synthesis, the catalysts underwent comprehensive characterization to 
confirm the successful preparation and to investigate their structural and physicochemical 
properties. The structural and crystalline nature of the as-synthesized and modified ZSM-5 
catalysts were assessed using a PANalytical Empyrean X-ray diffractometer operated at 40 
kV and 30 mA, employing Cu Kα radiation (λ = 1.54059 Å) for scans within the 2θ range of 
5–70°. Relative crystallinity (RC) was determined by analyzing the intensity of the 
characteristic peaks within 2θ range of 21–26, in accordance with the ASTM D5758-01 
method (Gille et al., 2021; Min et al., 2018). Functional groups and the framework structure 
of catalyst were identified using an Alpha-Bruker Fourier Transform Infrared (FTIR) 
spectrometer, employing the KBr pellet technique at a spectral resolution of 4 cm–1. 
Elemental composition, specifically the content of impregnated metals and their effective 
dispersion within the catalyst, was ascertained through X-Ray Fluorescence (XRF) analyses, 
carried out on a PANalytical ϵ1 instrument operating at 50 kV with an Ag radiation source. 
Surface area and pore characteristics were investigated via N2-physisorption at 77 K, 
performed on a Quantachrome Quadrasorb-Evo analyzer. Prior to measurement, samples 
were degassed at 300 °C. Data analysis was executed using Quantachrome NovaWin – Data 
Acquisition and Reduction software. The specific surface area was quantified by the 
Brunauer–Emmett–Teller (BET) method. The surface morphology of samples, including 
particle size and metal dispersion, was examined using a JEOL JSM-6510LA Scanning 
Electron Microscopy (SEM) instrument. 
 
2.4 Catalytic test 
 

The conversion of BPE was carried out in a batch reaction involving the addition of 
substrate and catalyst at a mass ratio of 1:2 (BPE:catalyst) dispersed in ethanol:water 50:50 
mixture. An inert atmosphere was established by purging the reactor with N2 gas (2 bar) at 
room temperature for 10 min. The reactor was then stirred at 100 rpm until the desired 
reaction temperature. Once the desired temperature was reached, the stirring speed was 
increased to 500 rpm for the specified duration. Following the reaction, the autoclave was 
cooled to room temperature, and the product mixture was filtered. Reaction products were 
identified and quantitatively determined using High-Performance Liquid Chromatography 
(HPLC, PG LC210) equipped with a C18 column and mobile phase consisting of 
methanol:water (80:20) at a flow rate of 1 mL/minute. Analysis was performed at a 
wavelength of 231 nm, with a total run time of 10 minutes. Phenol, vanillin, and BPE were 
employed as external standards to construct calibration curves (Fig. S1) for accurate 
quantitative analysis.  

 
 
 

https://doi.org/10.61511/eam.v3i2.2025.2161


Khatrin et al. (2025)    101 

 
EAM. 2025, VOLUME 3, ISSUE 2                                                                                         https://doi.org/10.61511/eam.v3i2.2025.2161 

2.5 Optimization of catalytic performance 
 

The Box-Behnken design, an element of the response surface method (RSM), was 
employed in this study to identify the optimal conditions for the conversion of benzyl phenyl 
ether to vanillin and phenolic compounds. The investigated parameters and their respective 
levels were: Co:Mo ratio (as a percentage of the total metal loading, with values of 1, 5, and 
9), temperature (with values of 100, 150, and 200 °C), and reaction time (with values of 30, 
60, and 90 min). These levels were coded as -1, 0, and +1, respectively. The experimental 
design encompassed fifteen total treatments, specifically planned to systematically explore 
the experimental space (Table 1). A second-order polynomial equation was utilized to 
describe the relationship between the various independent variables and their predicted 
responses, consistent with established principles of Response Surface Methodology 
principles (Bezerra et al., 2008; Nazari et al., 2021). A general form of this equation is as 
follows: 

 

𝑌 = 𝛽𝑜 + ∑𝛽𝑖𝑋𝑖 + ∑𝛽𝑖𝑖𝑋𝑖
2 + ∑𝛽𝑖𝑗𝑋𝑖𝑋𝑗 (Eq. 1) 

 
Here, Y represents the predicted response, β0 is the intercept (regression coefficient of 

the model), Xi and Xj denote the independent variables, and βi, βii, and βij are the linear, 
quadratic, and interaction coefficients, respectively. 
 
Table 1. Box-Behnken design from Response Surface Methodology (RSM) and the observed 
responses; vanillin and phenolic compounds yield (%) 

Std Variables Responses 
Co ratio  Temperature (°C) Time (min) Vanillin yield (%) Phenolic yield (%) 

1 1 (–1) 100 (–1) 60 (0) 28.96 6.54 
2 9 (+1) 100 (–1) 60 (0) 25.18 0.41 
3 1 (–1) 200 (+1) 60 (0) 29.01 2.26 
4 9 (+1) 200 (+1) 60 (0) 35.21 11.81 
5 1 (–1) 150 (0) 30 (–1) 54.69 1.24 
6 9 (+1) 150 (0) 30 (–1) 41.36 0.03 
7 1 (–1) 150 (0) 90 (+1) 28.91 9.98 
8 9 (+1) 150 (0) 90 (+1) 10.39 2.61 
9 5 (0) 100 (–1) 30 (–1) 32.75 1.63 
10 5 (0) 200 (+1) 30 (–1) 11.96 3.26 
11 5 (0) 100 (–1) 90 (+1) 48.72 2.71 
12 5 (0) 200 (+1) 90 (+1) 15.44 1.19 
13–15 5 (0) 150 (0) 60 (0) 16.22±3.22 0.32±0.24 

 

3. Results and Discussion 
 
3.1 Catalyst characterizations 
 

The structural and crystalline properties of the as-synthesized ZSM-5 catalysts were 
assessed by XRD. Figure 1a displays the diffraction patterns of the as-synthesized Z, H-Z, and 
CoMo-oxide supported H-Z samples. The Z zeolite exhibits characteristic diffraction peaks 
between 2θ = 7-10° and 2θ = 22-25°, which are consistent with the MFI framework structure 
as confirmed with JCPDS 44–0003 (Syeitkhajy et al., 2025; Treacy & Higgins, 2007). The 
absence of other diffraction peaks in the pristine Z indicated the successful synthesis of a 
pure MFI phase without detectable impurities. Furthermore, the diffraction pattern of H-Z 
after cation exchange shows no significant change compared to the as-synthesized Z, 
confirming that the cation exchange process did not disrupt the framework structure of 
ZSM-5.  

The diffraction patterns of CoMo/H-ZSM-5 samples largely retain the characteristic H-
Z peaks, indicating that the impregnation of bimetallic oxides did not significantly damage 
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the structural integrity of the ZSM-5 framework. However, the impregnation of bimetallic 
CoMo-oxides introduced new diffraction peaks in the CoMo/H-Z diffractograms. 

In the 9Co1Mo/H-Z catalyst, characteristic peaks of Co3O4 spinel was observed at 2θ = 
31.3 and 36.8°, with a peak of CoMoO4 at 2θ = 26.5°, indicating the successful formation of 
bimetallic oxide CoMoO4. However, since the ratio of Co was 9:1 higher than Mo, the creation 
of Co3O4 was inevitable. This prominent formation of Co3O4 was expected due to the 
significantly higher Co:Mo ratio (9:1). The XRD pattern of 5Co5Mo/H-Z exhibited new 
characteristic peaks of Co3O4 (2θ = 36.8°, JCPDS 42-1467) (Liu et al., 2022), MoO3 (2θ = 25.7, 
27.3, 33.7, 39.0, 49.2, 55.2, 57.7, and 58.8°, JCPS 05-0508) (Moravvej et al., 2023), and 
CoMoO4 (2θ = 26.5°, JCPDS 00-021-0868) (Gamal et al., 2020). The presence of Co3O4 and 
MoO3 alongside CoMoO4 indicates that even a balanced Co:Mo ratio did not exclusively yield 
a pure bimetallic CoMoO4 phase, which might be related to the conditions during the 
calcination process. Similar to 9Co1Mo/H-Z, the 1Co9Mo/H-Z catalyst, with a higher ratio of 
Mo loading, resulted in the formation of MoO3 in addition to CoMoO4. The analysis of relative 
crystallinity was also carried out with Z catalyst exhibited the highest intensity, thus serving 
as a reference with 100% relative crystallinity. A noticeable decrease in peak intensity and 
a slight shift in the diffractogram pattern of CoMo/H-ZSM-5 compared to the pristine H-Z 
are observed, indicating a reduction in the degree of crystallinity after metal impregnation 
(Nada & Larsen, 2017).   

Functional groups and the framework structure of the catalyst were identified by 
Fourier Transform Infrared (FTIR) spectroscopy. Fig. 1b illustrates the IR spectra of Z 
before (Z BC) and after (Z AC) calcination. Prior to calcination, absorption peaks were 
observed at approximately 2980 cm⁻¹ and 1467 cm⁻¹, corresponding to the C–H stretching 
and bending vibrations, respectively. These peaks indicate the presence of the Organic 
Structure Directing Agents (OSDAs), TPAOH, and PDDAM (Al-Jubouri, 2020). The complete 
disappearance of these two absorption peaks after calcination confirms the successful 
removal of the organic templates during the calcination process. Following the cation 
exchange process of H-form modification using ammonium, two N–H peaks at 3145 and 
1387 cm⁻¹ disappeared after a calcination process highlighting the successful modification 
of H-Z catalyst (Asghar et al., 2020).  

Absorption peaks within the 3750–3000 cm⁻¹ range are indicative of stretching 
vibrations from silanol (Si–OH) groups. All catalysts reveal two distinct peaks at 3630 and 
3440 cm⁻¹, suggesting the coexistence of both isolated and hydrogen-bonded silanol 
groups, respectively (Sabarish & Unnikrishnan, 2017). The peak at 3440 cm⁻¹ may also be 
attributed to Al–OH groups residing within the Z framework, acting as Brönsted acid sites. 
Furthermore, characteristic peaks at 1075–1250 cm⁻¹ indicate asymmetric T–O stretching, 
and at 700–850 cm⁻¹ indicate symmetric T-O stretching (Kostyniuk et al., 2020). A distinct 
absorption peak at approximately 549 cm⁻¹ (related to DDR5, as labeled in Figure 1b) is 
characteristic of the double five-membered ring structure found in pentasil zeolites like Z 
(Luo et al., 2017; Serrano et al., 2014). 

The FTIR spectra of CoMo/H-ZSM-5 samples (Figure 1b) further confirm the successful 
impregnation of metal oxides, showing new absorption peaks in the fingerprint region. 
Specifically, new peaks at 953 cm⁻¹ showing a distorted MoO4 vibrational mode in CoMoO4, 
and at 628 cm⁻¹ associated with the Mo–O vibrational mode in CoMoO4 (Prasad et al., 2023). 
New absorption peaks are also seen at 550 cm⁻¹ and 564 cm⁻¹ indicating characteristic 
absorptions of MoO3 (Pan et al., 2022). Characteristic absorption peaks for the Co–O 
vibrational mode in Co3O4 are also seen at 661 cm⁻¹ and 588 cm⁻¹ (Fan et al., 2023; Kumar 
et al., 2019). The appearance of these specific metal oxide vibration bands in the FTIR 
spectra provides strong corroborating evidence for the successful incorporation of 
bimetallic Co–Mo species into the Z framework, as observed from XRD analysis. 
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Fig. 1 (a) XRD patterns; (b) FTIR spectra of the as-synthesized and modified ZSM-5 catalysts 

 
XRF results in Table 2 provided insight into the elemental composition. The pristine Z 

and H-Z catalysts exhibited Si/Al ratios of 64 and 55, respectively. Upon bimetallic CoMo 
incorporation, the Si/Al ratio decreased for all modified catalysts: 42 for 9Co1Mo/H-Z, 46 
for 5Co5Mo/H-Z, and 48 for 1Co9Mo/H-Z. This decrease suggests an alteration in the zeolite 
framework composition due to the modification process. The actual metal loadings, 
measured by XRF, confirmed successful Co and Mo deposition onto the H-Z support. 
Specifically, Co loadings were 28% for 9Co1Mo/H-Z, 11% for 5Co5Mo/H-Z, and 2% for 
1Co9Mo/H-Z, while Mo loadings were 11% for 9Co1Mo/H-Z, 42% for 5Co5Mo/H-Z, and 
50% for 1Co9Mo/H-Z. The calculated Co:Mo ratios by XRF were 7:3 for 9Co1Mo/H-Z, 2:8 
for 5Co5Mo/H-Z, and 0.4:9.6 for 1Co9Mo/H-Z. A discrepancy was observed between the 
nominal Co:Mo ratios and the ratios measured by XRF. This difference is likely due to the 
wet impregnation method and the differing affinities of the cobalt and molybdenum 
precursors for the zeolite support. The higher Mo content in the XRF results for catalysts 
with higher nominal Mo ratios could indicate a stronger interaction or more efficient 
deposition of molybdenum species onto the H-ZSM-5 surface compared to cobalt species, 
which is a plausible explanation for the discrepancy. 

N2-physisorption analysis, specifically the BET method, was used to determine the 
specific surface area (SBET) of the catalysts. From Table 2, both pristine Z and H-Z exhibit an 
SBET of 358 m² g⁻¹. Upon bimetallic CoMo impregnation, a general decrease in SBET was 
observed for all modified catalysts. The SBET values were 305 m² g⁻¹ for 9Co1Mo/H-Z, 246 
m² g⁻¹ for 5Co5Mo/H-Z, and 210 m² g⁻¹ for 1Co9Mo/H-Z. This reduction in surface area is 
typically attributed to the deposition of metal oxide nanoparticles onto the zeolite surface 
and potentially the partial blockage of zeolite pores by these particles (Keluo et al., 2018). 

 
Table 2. Compositional and textural properties of the as-synthesized and modified ZSM-5 catalysts 

Catalyst XRF N2-physisorption 
SBET (m2 g–1) Si/Al Co Mo Co:Mo 

Z 64 - - - 358 
H-Z 55 - - - 358 
9Co1Mo/H-Z 42 28 11 7:3 305 
5Co5Mo/H-Z 46 11 42 2:8 246 
1Co9Mo/H-Z 48 2 50 0.4:9.6 210 

 
The surface morphology and microstructure of the as-synthesized H-Z catalyst and its 

bimetallic CoMo-derivatives were examined using Scanning Electron Microscopy (SEM), as 
shown in Figure 2. Figure 2a displays the morphology of the pristine H-Z catalyst, which 
exhibits distinct particles with relatively smooth surfaces. Upon bimetallic CoMo 
impregnation, noticeable changes in surface morphology were observed across all modified 
catalysts (Figure 2b-d). The 1Co9Mo/H-Z (Figure 2b), 5Co5Mo/H-Z (Figure 2c), and 
9Co1Mo/H-Z (Figure 2d) catalysts all showed increased surface roughness and the 
appearance of deposited material on the zeolite surface compared to the parent H-Z catalyst 
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(Zhu et al., 2013). These visual alterations suggest the successful deposition of bimetallic 
CoMo-oxides onto the zeolite surface. However, due to the limitations of SEM alone in 
distinguishing the precise chemical nature and uniform distribution of the deposited 
bimetal oxides, it was challenging to definitively confirm the successful deposition of these 
species solely from SEM images. Therefore, further analysis using Energy Dispersive X-ray 
Spectroscopy (EDS) mapping was performed to ascertain the successful deposition and 
distribution of the bimetallic oxides. 
 

 
Fig. 2. SEM images of (a) H-Z; (b) 1Co9Mo/H-Z; (c) 5Co5Mo/H-Z;  

(d) 9Co1Mo/H-Z (20,000x magnification 

 
Energy Dispersive X-ray Spectroscopy (EDS) mapping was employed to further 

ascertain the successful deposition and spatial distribution of Co and Mo species on the 
catalyst surface, as illustrated in Figure 3. The EDS mapping presents the distribution of Co 
(red signal) and Mo (green signal) for catalysts with different Co:Mo ratios. For the 
1Co9Mo/H-Z catalyst (Figure 3a), the EDS mapping clearly showed a predominant and 
relatively uniform distribution of Mo across the catalyst surface, consistent with its high Mo 
content. In contrast, the Co signal was very sparse and scattered, reflecting its low 
concentration. Conversely, the 9Co1Mo/H-Z catalyst (Figure 3c), with its high Co content, 
exhibited a widespread and intense distribution of Co, indicating good dispersion of cobalt 
species. The Mo signal was minimal and dispersed, aligning with its low Mo ratio. The 
5Co5Mo/H-Z catalyst (Figure 3b), representing a more balanced Co:Mo ratio, showed a 
more co-distributed pattern for both Co and Mo signals. However, both metals appeared 
with some localized hotspots or brighter areas, suggesting a tendency for slight aggregation 
or uneven dispersion compared to the more dominant metal in the other two catalysts 
(Gamal et al., 2020). 

Overall, the EDS mapping confirmed the successful deposition of both Co and Mo 
species onto the H-Z support, with their relative concentrations directly reflecting the 
nominal Co:Mo ratios. This analysis complements the SEM observations by providing 
elemental evidence for the presence and distribution of the bimetallic oxides on the catalyst 
surface. 
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Fig. 3. EDS mapping of Co and Mo of (a) 1Co9Mo/H-Z; (b) 5Co5Mo/H-Z; (c) 9Co1Mo/H-Z 

 
3.2 Catalytic test and optimization 
 

The catalytic conversion of benzyl phenyl ether to vanillin and phenolic compounds 
was systematically optimized using the Box-Behnken design. In this study, the design 
incorporated three independent variables: Co:Mo weight ratio (A), Reaction temperature 
(B), and Reaction time (C). Each variable was tested as three coded levels: low (–1), 
moderate (0), and high (+1) (El-Sheekh et al., 2024). The experimental matrices, comprising 
15 runs, are described in Table 3. The experimental results show 100% BPE conversion, 
while the yields of vanillin and phenolic compounds are presented in Table 1. The highest 
yield of vanillin was observed to be 54.69% with a 1:9 Co:Mo ratio (1Co9Mo/H-Z) at 150 °C 
for 30 minutes. Meanwhile, the highest yield of phenilic compounds was observed to be 
11.81% with a 9:1 Co:Mo ratio (9Co1Mo/H-Z) at 200 °C for 60 minutes. These results 
indicate a strong influence of the Co:Mo ratio on the selectivity of the catalytic reaction. 
Specifically, the highest vanillin yield (54.69%) was achieved with a 1:9 Co:Mo ratio 
(1Co9Mo/H-Z), suggesting that a higher molybdenum content favors vanillin production. In 
contrast, the highest phenolic compound yield (11.81%) was obtained with a 9:1 Co:Mo 
ratio (9Co1Mo/H-Z), indicating that a higher cobalt content promotes the formation of 
phenolic compounds.  
 
Table 3. The matrix of BBD optimization 

Variables Symbol Unit Range and levels 
–1 0 +1 

Co ratio in CoMo-oxide A % 1 5 9 
Temperature B °C 100 150 200 
Time C min 30 60 90 

 
This difference in product selectivity can be attributed to the distinct catalytic roles of 

the metal oxides. The characterization data showed that the 9Co1Mo/H-Z catalyst 
predominantly contained Co3O4 alongside some CoMoO4, while the 1Co9Mo/H-Z catalyst 
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showed the formation of MoO3 in addition to CoMoO4. These different phases likely possess 
varying catalytic activities and selectivity for the reaction pathways. The interaction 
between the Co:Mo ratio and temperature was identified as the most influential factor on 
both product yields, highlighting the complex interplay of catalyst composition and reaction 
conditions. 
 
Table 4. ANOVA test for the yield of vanillin using the quadratic response surface model 

Source Sum of squares Degree of 
freedom 

Mean 
square 

F-
value 

p-
value 

Significance 

Model 1154.76 9 128.31 0.46 0.86 not 
significant 

A-Co Ratio 108.27 1 108.27 0.38 0.56  
B-
Temperature 

241.89 1 241.89 0.86 0.40  

C-Reaction 
Time 

173.91 1 173.91 0.62 0.47  

AB 24.90 1 24.90 0.09 0.78  
AC 6.73 1 6.73 0.02 0.88  
BC 39.00 1 39.00 0.14 0.73  
A² 368.86 1 368.86 1.31 0.30  
B² 42.05 1 42.06 0.15 0.72  
C² 214.53 1 214.53 0.76 0.42  
Residual 1407.77 5 281.55    
Lack of Fit 1387.01 3 462.34 44.55 0.02 significant 
Pure Error 20.76 2 10.38    
Cor Total 2562.53 14     
R2 = 0.4506 Adjusted R2 = -

0.5382 
Predicted R2 = -7.6785 Adeq-Precision = 1.9947 

 
For each dependent variable, a quadratic model was defined to characterize the main 

and interaction effects of factors within the RSM framework. Design-Expert software was 
employed for model selection, assessment of adequacy, and generation of optimization 
plots. The appropriateness of model statistical evaluation was conducted.  
 
Table 5. ANOVA test for the yield of phenolic compounds using the quadratic response surface model 

Source Sum of squares Degree of 
freedom 

Mean 
square 

F-
value 

p-
value 

Significance 

Model 142.01 9 15.78 1.83 0.26 not 
significant 

A-Co Ratio 3.33 1 3.33 0.39 0.56  
B-
Temperature 

6.53 1 6.53 0.76 0.42  

C-Reaction 
Time 

13.34 1 13.34 1.54 0.27  

AB 61.47 1 61.47 7.11 0.04  
AC 9.49 1 9.49 1.10 0.34  
BC 2.48 1 2.48 0.29 0.62  
A² 35.55 1 35.55 4.11 0.10  
B² 12.44 1 12.44 1.44 0.28  
C² 0.01 1 0.01 0.00 0.98  
Residual 43.20 5 8.64    
Lack of Fit 43.08 3 14.36 250.06 0.01 significant 
Pure Error 0.11 2 0.06    
Cor Total 185.21 14     
R2 = 0.7667 Adjusted R2 = -

0.3469 
Predicted R2 = -2.7235 Adeq-Precision = 4.2578 
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The ANOVA results for the polynomial response surface models indicated a significant 
Lack of Fit for both the vanillin (P=0.02) and phenolic (P=0.01) models. The coefficient of 
determination (R²) for vanillin yield was 0.4506 and 0.7667 for phenolic compound yield, 
with corresponding adjusted R² values of -0.5382 and -0.3469. These low R² and negative 
adjusted R² values, coupled with the significant Lack of Fit, collectively indicate that the 
applied quadratic model may not fully capture the complex relationships governing vanillin 
and phenolic yields, thus limiting its accuracy for precise prediction. Multiple regression 
analysis using Design-Expert software was performed to determine the coefficients of the 
regression equations. The determination of optimal points was facilitated by solving the 
second-degree multivariable equations. Based on the regression analysis results, the 
derived coefficients can be utilized for predicting vanillin and phenolic compound yields. 
The specific empirical quadratic equations are: 

 
XVanillin yield (%) = 16.22−3.68A−5.5B−4.66C+2.49AB−1.3AC−3.12BC+10A2+3.38B2+7.63C2 (Eq. 2) 

 
Three-dimensional response surface plots (Figure 4a-b right-hand side) illustrate the 

predicted versus actual yields, where color gradients indicate yield levels (red for high, 
green for medium, blue for low) (Buenaño et al., 2024). Analysis of the model coefficients 
revealed that the interaction between the Co:Mo ratio (Factor A) and Temperature (Factor 
B) exerted the strongest impact on both responses. For the Co:Mo ratio, linear terms 
exhibited negative coefficients while corresponding quadratic terms were positive, 
indicating an initial yield decrease followed by a drastic increase beyond a certain threshold. 
This non-linear behavior suggests that an optimal Co:Mo ratio exists, where a balance 
between active site availability and potential mass transfer limitations or phase segregation 
might be crucial. Based on the analysis conducted with DesignExpert software, the optimal 
parameters for the reaction of BPE to vanillin and phenolic compounds, particularly for 
potential industrial-scale application, were determined to be a Co:Mo ratio of 3:7, a 
temperature of 169 °C, and a reaction time of 31 minutes. 
 
XPhenolic yield (%) = 0.32−0.64A+0.9B+1.29C+3.92AB−1.54AC−0.78BC+3.1A2+1.83B2+0.04C2 (Eq. 3) 
 

In addition to the mentioned criteria for evaluating model accuracy, the difference 
between predicted and experimental responses (residuals) was graphically utilized to 
assess model precision. Residuals represent deviations not captured by the model. The 
predicted values versus the actual values of the studied variables for the conversion of BPE 
are presented in Figure 4a-b on the left. As observed, there is no sufficient agreement 
between the actual data and the model-derived data, suggesting that the quadratic model 
might not adequately capture the complex relationship governing vanillin yield, and other 
unmeasured factors or a more complex kinetic pathway might be influencing its production. 

Regarding Reaction Time (Factor C), a negative correlation was observed with % yield 
vanillin, while a small positive correlation was found with % yield phenolic compounds. The 
observed decrease in vanillin concentration at longer reaction times suggests its further 
conversion. This is supported by HPLC analysis, which revealed new peaks at retention 
times distinct from vanillin or phenol. This phenomenon is consistent with literature 
reports, where vanillin can undergo further hydrogenation and hydrodeoxygenation 
reactions, potentially yielding compounds such as vanillyl alcohol, 4-(dimethoxymethyl)-2-
methoxyphenol, 2-methoxy-4-(methoxymethyl) phenol, and cresol. 

The reaction mechanism for the conversion of BPE to phenol and vanillin is proposed 
to proceed via a multi-step reaction mechanism (Fig. S2). The initial step involves the 
cleavage of the ether (C–O) bond in BPE, forming smaller fragments that subsequently 
diffuse into the zeolite pores. This ether bond scission is catalyzed by the acidic sites (H+) 
present on the H-ZSM-5 surface, where BPE undergoes protonation, leading to the breaking 
of the ether linkage and the formation of phenol and a benzyl cation. 
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Fig. 4. Two-dimensional (2D) predicted vs actual plot (left) and three-dimensional (3D) response 

surface plot (right) for (a) vanillin yield (%); (b) phenolic compounds yield (%) 

 
The benzyl cation is then presumed to deprotonate water, yielding benzyl alcohol. 

Following the initial ether cleavage, the generated phenol diffuses into the H-ZSM-5 pores. 
Here, the bimetallic CoMo oxides, whose successful incorporation and phase distribution 
were confirmed by XRD (Figure 1a) and FTIR (Figure 1b), are hypothesized to act as 
oxidizers, converting phenol into vanillin. The specific phases identified by XRD (CoMoO4, 
Co3O4, MoO3) likely contribute differently to the overall catalytic activity and selectivity. The 
decrease in total surface area (SBET) upon metal impregnation (Table 2) suggests potential 
pore blockage, which could affect substrate diffusion. However, the presence of various 
bimetallic oxide species with varying dispersion levels (as indicated by SEM and EDS 
mapping analyses in Figure 2, and Figure 3) plays a crucial role in the catalytic performance. 
The hierarchical structure of H-ZSM-5 itself, with its combination of micropores and 
mesopores, is essential for facilitating efficient mass transport of bulky molecules like BPE 
and its products, thus enhancing access to the active sites located within the zeolite 
framework and on the dispersed metal oxide species. 
 
4. Conclusions 
 

This study successfully synthesized hierarchical H-Z via a dual-template method, which 
was subsequently impregnated with bimetallic Co-Mo oxides for the catalytic conversion of 
benzyl phenyl ether to vanillin and phenol. Catalyst characterization confirmed the 
successful preparation and modification. TIR analysis confirmed the complete removal of 
organic templates after calcination, while XRD confirmed the preservation of the 
characteristic ZSM-5 framework even after bimetal CoMo oxide impregnation, validating 
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the structural integrity of the catalyst. Catalytic activity tests demonstrated 100% BPE 
conversion, with the highest vanillin product yield recorded at 54.69%, achieved when 
utilizing a 1:9 Co:Mo ratio (1Co9Mo/H-Z) at 150 °C for 30 minutes. The Box-Behnken design 
effectively elucidated the influence of varying Co ratio, temperature, and reaction time on 
the BPE conversion to vanillin and phenolic compounds. The optimization study revealed 
that the interaction between the Co:Mo ratio and temperature exerted the greatest influence 
compared to other interaction factors. Furthermore, the Co ratio demonstrated the largest 
quadratic impact on both vanillin and phenol yields. Based on the analysis conducted with 
DesignExpert software, the optimal parameters for the reaction of BPE to vanillin and 
phenolic compounds, particularly for potential industrial-scale application, were 
determined to be a Co:Mo ratio of 3:7, at temperature of 169 °C, and a reaction time of 31 
minutes. These findings provide crucial insights into the efficient production of high-value 
chemicals from lignin model compounds using a hierarchically structured bimetallic zeolite 
catalyst. 
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