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Abstract 
In this study, hydrated iron oxide-modified silicates (Si-Fe(n)) with varying iron 
concentrations were synthesized via one-step loading. Comprehensive characterization using 
N₂ adsorption-desorption, Fourier Transform Infrared spectrophotometer, Scanning Electron 
Microscope, Transmission Electron Microscopy, Energy-dispersive X-ray and X-ray 
Diffraction revealed that Fe incorporation preserved silica's phase composition and crystal 
structure (evidenced by consistent XRD peak broadening), achieved uniform iron 
distribution within silica matrix (EDX/TEM), with 12.5 nm average particle size, and 
enhanced surface area and Fe-bonded OH groups (FT-IR). These modifications correlated 
with improved catalytic performance in benzaldehyde oxidation, for which the reaction 
mechanism was elucidated. 
 
Keywords; Benzaldehyde oxidation; catalysis; Density Functional Theory; Hydrated iron 
oxide modified silicates.  
 

 
 
Introduction  
Carbonyl compounds are extensively used as intermediates in commercial and 
scientific settings, making oxidation an important step in organic synthesis. Several 
methods for converting aldehydes to carboxylic acids have been developed [1, 2]. 
Most often used oxidants include acidic permanganates and chromates, fuming nitric 
acid, aqueous sodium hydroxide-silver oxide, ozone and cyanide-silver oxide 2. 
Various oxidants have disadvantages, such as high cost, low selectivity, environmental 
effect and challenging working conditions [3]. 
Benzaldehyde is known to spontaneously undergo autoxidation, to form benzoic acid 
when exposed to air at ambient temperature (20 ºC) [4]. The presence of catalysts like 

                                                           
 The abbreviations list is in pages 276-77. 
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transition-metal ions or free radical initiators such as benzoyl peroxide accelerates this 
oxidation [5]. Photochemical excitation also aids this transformation, and it is widely 
accepted that this reaction follows a radical chain process.  
Catalysis is critical in modern manufacturing, as it reduces energy input, suppresses 
undesirable side reactions, and increases product output [6]. Catalysts lower the 
reaction energy barrier, accelerating chemical transformations without affecting 
reactants or products [7], being commonly employed in industrial synthesis since they 
are inexpensive, stable and easy to separate. Chemists and engineers have worked for 
decades to improve efficiency in a variety of procedures. 
Hybrid Fe-silicate is a promising new type of porous material with unique 
compositions and structure frameworks, which have various applications, including 
water remediation, electrochemical energy storage, adsorption of As cations, catalysis 
and more [8-12]. 
Oxidation of aldehydes to acids, namely benzaldehyde to benzoic acid, is a significant 
transition process. Benzoic acid is a pertinent chemical and a precursor for 
manufacturing numerous other compounds, and is one of the most prevalent organic 
acids, being widely utilized in medicine, food processing and chemical industry. More 
than 90% of generic benzoic acid converts directly to phenol and caprolactam [13], 
which have widespread applications, including as rubber polymerization activators 
and in manufacturing of alkyd resins. 
Oxidation of benzaldehyde to benzoic acid can be catalyzed by various compounds. 
Sodium tungstate dihydrate effectively catalyzes this reaction, with acidic additives 
and surfactants improving yield [14]. Ni/Al-hydrotalcite-like-compounds in acetic 
acid have stable activity and zero-order reaction kinetics [13]. Sulfonic acid resin 
catalyzes oxidation using hydrogen peroxide, with electron-withdrawing substituents 
enhancing reactivity [15]. Rhodium and palladium compounds also catalyze this 
reaction in a benzene solution under an oxygen atmosphere [16]. These diverse 
catalytic systems offer various approaches to efficiently oxidize benzaldehyde to 
benzoic acid under different reaction conditions. 
This paper presents an environmentally friendly and cost-effective method for 
converting benzaldehyde to benzoic acid using a heterogeneous hybrid iron-modified 
silicate catalyst. Herein, the focus was on reaction kinetics and other characteristics 
that led to investigating a probable reaction mechanism. These fundamental 
discoveries may provide significant suggestions for further catalyst design and future 
research on oxidation of other aromatic aldehydes. The aim was to synthesize Si-Fe 
catalysts with controlled Fe loading, characterize their structural and surface 
properties, evaluate their catalytic performance in benzaldehyde oxidation, and 
elucidate the reaction mechanism through combined experimental and computational 
approaches. 
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Materials and methods 
Synthesis of hybrid iron-modified silicate 
To create iron-modified hybrid silicate, high-purity silica gel from Sigma Aldrich's 
(pore size 60 Å; mesh size 60-120), anhydrous NaOH pellets (reagent grade, 
≥98%) and Fe2(SO4)3 (anhydrous, powder, P 99.99% trace metals base) were used. 
50 g silica gel were first treated with 1 M NaOH, kept under vigorous mechanical 
agitation for 10 min, and washed with ion-free water several times until 
neutralized. The neutralized material was divided into four equal portions and 
treated with certain amounts of a Fe2(SO4)3 solution (prepared in deionized water 
(7 g Fe₂(SO₄)₃ per 100 mL solvent ~ 0.175 M). Each sample received a specific 
name to distinguish between different Fe-loadings.  
 
Catalyst characterization  
X-RD was recorded at room temperature using a Rigaku/Smart Lab diffractometer 
with non-monochromotographic Cu Kα radiation (λ = 0.154 nm), operating at 40 kV 
and 100 mA. Measurements were taken at scanning speed of 8º (2)/min at a scanning 
range from 5 to 65º. 
SEM (JEOL/JSM-6610) and EDX (Oxford Instruments Inca X-Act/51-ADD0013) 
were used to examine surface morphology and particle size of iron-loaded samples, 
for creating a comprehensive map of resulting hybrid iron-modified silicates. In 
addition, a JEOL-2100 TEM was employed to evaluate produced samples. 
The specific surface area of samples and micropore volume were determined by 
collecting 𝑁ଶ adsorption-desorption utilizing Autosorb 1C for surface area and 
ASAP2020 for pore size distribution, at - 196 °C. Samples were evacuated, heated to 
200 °C, again evacuated until a pressure of 1.3 Pa was achieved, and maintained 
overnight before adsorption. Multipoint BET, t-plot and DR were used to determine 
surface area, total pore volume and micropore volume, respectively. 
Specific surface area and pore diameter of synthesized samples were measured on an 
automatic Micrometrics ASAP2020 instrument (made in the USA) by nitrogen 
adsorption. Before testing, the instrument was set to a temperature of 100 °C, for silica 
and 200 °C for Si-Fe, to ensure complete moisture removal without structural damage, 
and a pressure of 101.325 kPa, for 5h in advance. The adsorbate was high-purity 
nitrogen. Surface areas were determined by BET method from nitrogen adsorption 
data. Pore diameter and size distribution were determined by BJH method. 
Morphologies and dimensions of synthesized products were examined using a JEOL 
JSM-6700F field emission-SEM. 
Atomic absorption spectroscopy (AAS) (GB CA 4382) was used to measure the 
amount of iron loaded in supernatants. Before AAS analysis, 0.1 g of all samples were 
treated with 10 mL (2 M) HCl, to leach out precipitated iron hydroxide, which allowed 
estimate iron content of silica. 
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Infrared adsorption measurements were carried out using a FT-IR spectrophotometer 
(Bruker Optics-Alpha) for Si and iron-loaded Si samples. FT-IR spectra were 
collected in 400≈4000 cm-1 wavenumber region, with a resolution of 4 cm−1, using 
a single bounce ATR with diamond crystal. 
 
Oxidation of benzaldehyde to benzoic acid 
A 250 mL three-necked flask, with a fixed condenser and thermometer, was fixed to a 
DF-101S magnetic force stirrer.  25 mL benzaldehyde were added with or without 50 
mg catalyst (Si-Fe or Si-blank pretreated as described earlier). Water cooling was used 
to reflux and stir at the required temperature for a predetermined amount of time (8 
h). The reaction mixture, obtained considering time, catalyst dose and required 
temperature, was refluxed and monitored using thin-layer chromatography. After the 
reaction was completed, the mixture was cooled, filtered, dried and crystallized from 
hot water, to yield benzoic acid as white crystals, with 96% yield (Rf = 0.39, pet. 
ether: ethyl acetate, 10:1), m. p. 121-122 ºC. The obtained product (benzoic acid) was 
confirmed by measuring its melting point and infrared spectra. 
 
Results and discussions 
Sample characterizations 
Powder X-RD analysis 
Fig. 1 shows X-RD patterns of silica gel and hybrid iron-modified silicate samples 
with varying Fe contents.  
 

 
Figure 1: XRD patterns of samples. 

 

All samples had an amorphous form, without any diffraction lines indicating the 
presence of Fe-O species [8, 17, 18]. The differences in peak positions and intensities 
show that Fe doping did not change either crystalline structure or phase composition 
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of Si samples. This finding could reflect that iron well dispersed inside the silicate 
matrix, still retaining the same crystallographic nature even after the modification 
process. Furthermore, the absence of diffraction lines that could be assigned to the 
presence of HFO phase might indicate that incorporated HFO species occupy 
interstitial positions inside the silicate matrix and/or on the silicates surface with a 
very small particle size below detection limit of the instrument. 
 
SEM and EDX spectroscopy 
The two components in Fig. 2 are an SEM spectrum, on the right, and an EDX layered 
image on the left.  
 

 
Figure 2: SEM image and EDX mapping of Si-Fe4. 

 

EDX layered image shows a microscopic view of a sample with different elements 
highlighted in different colors. The green color indicates a high content of oxygen 
throughout the sample, showing that it is a major component of the matrix; the blue 
color indicates a significant presence of silicon, which likely forms the core structure 
of the sample side by side with oxygen; and the red color indicates a well distributed 
iron species on the surface, which is mainly localized along the examined specific 
areas. A homogeneous matrix is suggested by the distribution of different silica gel 
and HFO species, reflecting the success of the modification process, and keeping the 
main structure of silicate matrix intact, even after HFO incorporation. 
On the other hand, EDX spectrum interpretation for iron peak (0.7 keV) reveals that 
is it a minor component, while the one from oxygen was 0.5 keV. Silicon’s peak at 
1.8 keV is prominent, confirming it is the major constituent. A quantitative assessment 
of the components is also given by weight percentages (Wt%) and standard deviations 
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(σ). Low standard deviations and a high percentage of silicon and oxygen suggest 
consistent and trustworthy data. The somewhat higher standard deviation and low 
percentage of iron point to distributional variability.  
According to statistics, only a small portion of loaded iron is visible on the surface, 
since most of it is hidden. EDX suggests Fe incorporation within the silica matrix 
rather than surface deposition, since the iron burden was evenly distributed throughout 
the silica matrix.  
Fig. 3 shows a TEM image of a Si-Fe4 sample.   
 

 
Figure 3: Tunneling TEM image of Si-Fe4. 

 

The sample appears to be composed of a network of interconnected particles or 
clusters. The multi-distributed dark spots that are circled and marked with "Fe" in red 
indicate that iron is uniformly distributed inside the silicate matrix and that it exists 
with lower density on the surface, which might support the result obtained from XRD.  
Localized iron plays a specific role in the functionality of the material. For example, 
iron can act as a catalytic site or as an activator to modify the electronic properties of 
the material [19]. The distribution of iron can also affect the magnetic properties of the 
material [20], which may be relevant for certain applications. The image reveals a 
complex network of interconnected particles, indicating a high degree of porosity and 
surface area. This structure is typical of materials designed for applications such as 
catalysis, energy storage or adsorption. The particles appear to be relatively uniform in 
size, with diameters in the tens of nanometers range (≤ 12.5 𝑛𝑚). The morphology of 
the particles is irregular, which can influence the properties of the materials, such as 
their catalytic activity or adsorption capacity. Loaded iron is mostly found inside the 
silicate matrix with nano average sizes, which is outside the range of XRD detection. 
 
Surface area measurements 
Adsorption isotherms of the various materials are shown in Fig. 4 Si-Blank exhibits 
moderate adsorption capacity, with the adsorbed volume at P/P₀ = 1.00 reaching 
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around 200 cm³/g⁻¹. In contrast, Si-Fe1 exhibits a higher adsorption capacity, with the 
adsorbed volume at P/P₀ = 1.00 reaching about 300 cm³ g⁻¹. Si-Fe2 has a marginally 
greater adsorption capacity than Si-Fe1, reaching about 320 cm³/g⁻¹ at P/P₀ = 1.00, 
with an adsorbed volume of around 380 cm³/g⁻¹ at P/P₀ = 1.00. Si-Fe3 shows the 
highest adsorption capacity of all samples. Si-Fe4 has a lower adsorption capacity 
than Si-Fe3, but greater than that from Si-Blank, with an adsorbed volume of about 
250 cm³/g⁻¹ at P/P₀ = 1.00.  
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Figure 4: Nitrogen adsorption-desorption isotherms for the silica gel (Si-Blank) and hybrid 
iron-modified silicate (Si-Fe1 to Si-Fe4) samples.  
 

Type II isotherms with characteristic upward deviation hysteresis loops are shown by 
Si-Blank, Si-Fe1 and Si-Fe2, which may support the porous nature of the surface both 
before and after iron modification. The central portion of the flatter zone lies between 
P/Po = 0.1–0.4 and 0.1–0.6, respectively, indicating the formation of a monolayer. 
Furthermore, the monolayer formation was initiated at the first point of monolayer 
saturation through micropores filled with nitrogen gas at very low pressures. 
Conversely, capillary condensation happened at higher pressure levels, while 
multilayer development occurred at middle-pressure levels. 
Type IV isotherm, with shorter upward deviation hysteresis loops, as seen in Si-Fe3 
and Si-Fe4 samples, indicates mesoporous materials with capillary condensation 
occurring at higher relative pressures. Hysteresis loops observed in isothermal curves 
suggest presence of mesoporous materials and occurrence of capillary condensation 
and evaporation.  
Additionally, as shown in Table 1, the sharp rise in the isotherm at the point of 
monolayer saturation at low pressure indicates a high surface area. BET surface area 
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indicates that silica gel has a surface area of 190.3 m2g-1. Upon loading, the surface 
area of the hybrid iron-modified silicate decreases to 82.2 and 110.8 m2g-1, for Si-Fe1 
and Si-Fe2, respectively. Furthermore, as Table 1 shows, increasing the iron loading 
to three or four times (Si-Fe3 and Si-Fe4) results in extremely large surface areas 
(426.9 and 781.7 m2g-1, respectively). Resultant large surface areas may be due to 
relative dispersion of iron to occupy interstitial matrix spaces in silica matrix. Pore 
volume calculations show that samples treated with silica gel and iron have distinct 
pore sizes based on how much hybrid iron-modified silicate is loaded. In addition, 
according to the findings, Si-Fe4 shows marginally higher pore volume (0.62 vs. 0.53 
cm³/g) compared to Si-Fe2, making it highly suitable for adsorption applications. 
Additionally, micropore volume evaluations show that microporosity decreases with 
increasing iron content. 
 
Table 1: Changes in surface areas and pore characteristics of silica concerning iron loading. 

Sample 

Multipoint 
BET method 

Volume adsorbed 
at p/p0 = 0.99 

Micropore volume 
calculated by DR 

DP 

SBET  
(m2g-1) 

Vtotal 
 (cm3/g-1) 

Vmicro 
 (cm3/g-1) 

(A) 

Si-Blank 190.3 0.53 0.077 55.8 
Si-Fe1 82.2 0.54 0.03 130.9 
Si-Fe2 110.8 0.37 0.008 65.1 
Si-Fe3 426.9 0.53 0.029 24.2 
Si-Fe4 781.7 0.62 0.022 15.6 

 
Fourier transform infrared spectroscopy (FT-IR) 
The most prominent band in FT-IR spectrum (Fig. 5) of parent silica gel appears at 
around 1100 cm-1, which corresponds to asymmetric stretching vibration of Si-O-Si 
bonds [21, 22].  
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Figure 5: FT-IR spectra of prepared samples. 
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The broad band around 3400-3700 cm-1 is attributed to stretching vibrations of surface 
silanol groups (Si-OH), and their intensities increase with higher amounts of Fe 
loaded, which may be due to the increasing surface area and OH groups attached to 
Fe sites. Bands around 800 and 460 cm-1 are assigned to symmetric stretching and 
bending vibrations of Si-O-Si bonds, respectively [21- 24]. The peak at 1621 cm-1 is 
due to O-H bending mode of water molecules.  
 
Oxidation of Benzaldehyde to Benzoic acid  
Effect of duration time 
In the absence of a catalyst sample (Si-Fe4), benzaldehyde was not converted to 
benzoic acid under all reaction conditions. When 0.1 g Si-Fe4 was introduced into the 
reaction mixtures (as previously mentioned), the mixture was cooled overnight before 
being filtered, washed and dried, to provide a white crystal product. The product was 
weighed, and the isolated yield was determined using benzaldehyde contained in the 
reaction flask. The melting point of the product was 121-122 ºC which is too close to 
results of [25] and [26]. IR (KBr) spectrum of white yield shows strong O-H stretching 
at 2500-3300 cm⁻¹, strong C=O stretching at 1680-1750 cm⁻¹, medium C-O stretching 
at 1300 cm⁻¹ and medium C-H bending of benzene ring at 900-1100 cm⁻¹. These 
results confirm the formation of benzoic acid due to oxidation of benzaldehyde in 
presence of a Si-Fe4 catalyst. Other catalysts are used and obtained data are shown in 
Fig. 6.  
 

𝑆𝑖 − 𝐵𝑙𝑎𝑛𝑘 <  𝑆𝑖 − 𝐹𝑒ଵ  <  𝑆𝑖 − 𝐹𝑒ଶ  <  𝑆𝑖 − 𝐹𝑒ଷ  <  𝑆𝑖 − 𝐹𝑒ସ 
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Figure 6: Time-conversion% curve for all used samples. 



U. A. Soliman et al. / Portugaliae Electrochimica Acta 45 (2027) 261-279 

270 

The graph shows that iron-modified silicates (Si-Fe1 to Si-Fe4) are more efficient 
catalysts for conversion of benzaldehyde to benzoic acid than unmodified silicate (Si-
Blank). All iron-modified catalysts show an increase in conversion percentage over 
time, but conversion rate varies significantly among them. Among iron-modified 
catalysts, Si-Fe4 shows highest catalytic activity, achieving nearly 100% conversion 
within 8 h. This indicates that the amount and distribution of iron play a crucial role 
in enhancing catalytic performance. Catalyst efficiency reaches ~96% for Si-Fe4 and 
the order increases as follows:  
Other catalysts used in the oxidation of similar compounds are illustrated in Table 2. 
 

Table 2: Some catalysts used in the oxidation of organic compounds. 

Catalyst/medium Outcome measured yield% Ref. 
Na2WO4·2H2O– H2O2 Benzaldehyde to benzoic acid 70-90% [14] 
NiAl-hydrotalcite-like- Benzaldehyde to benzoic acid --- [13] 
transition metal complexes Oxidation of benzaldehyde to benzoic acid and perbenzoic acid Up to 83% [16] 
V2O5, SnO2-promoted V2O5, and Oxidation of benzaldehyde to benzoic acid Up to 53% [27] 
Copper-based binary metal oxide Toluene to benzaldehyde, and with a longer reaction time, to Up to 25% [28] 
Co/ZSM-5 Styrene to benzaldehyde and benzoic acid 100% [29] 
Copper-iron-polyphthalocyanine Oxidation of benzaldehyde to benzoic acid. Up to 55% [30] 
Nickel(II) complex /O2/different Oxidation of aldehydes into carboxylic acids Up to 91% [31] 
Methyltrioxorhenium /H2O2 / Oxidation of benzaldehydes to phenols 75% for phenol [32] 
MoO2 /H2O2 Oxidation of benzyl alcohol to benzaldehyde. 94% [33] 
Water-soluble palladium(II) Green, catalytic oxidation of a wider range of alcohols. 93% [34] 
Ir(III), Rh(III) and Pd(II) with Oxidation of benzaldehyde to benzoic acid  82%. [35] 

 

Effect of catalyst doses 
Si-Fe4 was herein used as the best catalysis sample, to change the dose and track 
conversion at 80 °C. Resulting data is shown in Fig. 7A, where an increase in 
additional dose improves conversion rate.  
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Figure 7: (A) Effect of Si-Fe4 dose on oxidation of benzaldehyde to benzoic acid at 80 ºC; 
(B) Double logarithmic plot of the benzoic yield versus Si-Fe4 doses. 
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In Fig. 7B, a straight line (r2 = 0.998) with a slope of 1.72 illustrates linear behavior. 
Si-Fe4 dose-related reaction order is therefore second-order. 
 

Effect of temperature 
At 8 h and Si-Fe4 dose of 0.1 g, conversion ratio was studied by changing the reaction 
temperature. Obtained data are plotted in Fig. 8A, which shows a positive correlation 
between temperature and conversion ratio, indicating that, with higher temperatures, 
conversion percentage increases.  
 

 

 
Figure 8: (A) Effect of temperature on oxidation of benzaldehyde, (B) Arrhenius plot 
relationship and (C) Free energy -temperature relationship. 
 

Computational study 
DMol3 calculation model, part of Materials Studio v2023, was used to optimize the 
geometry of this molecule. Electronic properties were functional GGA/PBE, zero 
charge and controlled spin polarization. Each electron in core treatment is regarded as 
part of DNP Basis set. Table 3 lists calculations for EHOMO and ELUMO are visually 
shown in Fig. 9. EHOMO and ELUMO are used to determine energy gap (E), global 
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hardness (η), global softness (S), ionization potential (I), electron affinity (A), 
absolute electronegativity (x) and global electrophilicity index (ω). 
 

Table 3: Calculated quantum chemical parameters. 

Compound Fe(OH)3 Benzaldehyde Benzoic acid 
EHOMO -5.769 -5.544 -6.099 
ELUMO -4.835 -2.572 -2.302 
∆E(HOMO-LUMO) -0.934 -2.972 -3.797 
Ionization energy (I)  5.769  5.544 6.100 
Electron affinity (A) 4.835 2.572 2.303 
Electronegativity (Χ) 5.302 4.058 4.201 
Global hardness (η) 0.467 1.486 1.898 
Chemical potential (π) -5.302 -4.058 -4.201 
Global softness (σ) 2.142 0.673 0.527 
Global electrophilicity (ω)  30.109 5.542 4.648 
Electron accepting (ω+) power 27.516 3.698 2.785 
Electron donating (ω-) power  32.819 7.7578 6.985 
Net electrophilicity (∆ω+-) 60.335 11.455 9.770 

 

 
Figure 9: 3D plots frontier orbital energies using DFT method. 

 

Table 3 depicted that energy gap between EHOMO and ELUMO was the lowest for 
Fe(OH)₃ (-0.934 eV), indicating it has the highest reactivity and lowest stability. In 
contrast, Benzoic acid has the largest energy gap (-3.797 eV), suggesting it is the most 
stable and least reactive. Fe(OH)₃ shows highest electrophilicity, lowest stability and 
maximum reactivity. It is extremely reactive because it is a powerful electron donor 
and acceptor. Moderate stability and reactivity are displayed by benzaldehyde, which 
is more electrophilic than benzoic acid but less than Fe(OH)₃. The most stable and 
least reactive substance is benzoic acid. Out of the three compounds, it is the hardest 
and least electrophilic. 
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The interaction between Fe(OH)3, benzaldehyde and benzoic acid was investigated 
using adsorption-desorption module. The resulting three-dimensional structure is 
shown in Fig. 10, where it can be seen that the bond in benzaldehyde/Fe(OH)3 system 
is shorter. This confirms strong adsorption and possible coordination bond formation, 
while longer bonds in Fe(OH)3/benzoic acid indicate that it can be more easily removed 
from the catalyst compounds’ surfaces. Calculated binding energy is also stronger for 
benzoic acid/Fe(OH)3 (2.483 kcal/mol-1) compared with benzaldehyde/Fe(OH)3 (2.347 
kcal/mol-1), as shown in Fig. 10. Adsorption parameter is tabulated in Table 4, where a 
negative value indicates that adsorption process is exothermic, which means that energy 
is released when the compound adsorbs onto Fe(OH)₃. After benzaldehyde molecules 
are adsorbed onto the catalytic surface, accumulation occurs, and coordination bonds 
may form between them. Then, adsorbed benzaldehyde (Eadsorption = -5.516 kcal/mol-1) 
was oxidized to form benzoic acid, which was still strongly adsorbed onto the catalyst 
surface (Eadsorption = 16.209 kcal/mol-1), being then separated from the catalyst surface, 
as it will be discussed about this mechanism. 
 

 
Figure 10: 3D plots frontier orbital after adsorption using DFT method- (A) 
Fe(OH)3/benzaldehyde; (B) Fe(OH)3/Benzoic acid. 
 

Table 4: Adsorption parameter by MD (Monte Carlo simulation) Material studios. 

Structures 
Total energy 
 (kcal/mol-1) 

Adsorption energy 
 (kcal/mol-1) 
 

Rigid 
adsorption 
energy 
(kcal/mol-1) 
 

Deformation 
energy 
(kcal/mol-1) 

dEad/dNi 
(kcal/mol-1) 

Fe(OH)3 0000     
Benzoic acid 30.477     
Benzaldehyde 15.356     
Fe(OH)3/Benzaldehyde  9.840 -5.516 -2.760 -2.756 -5.516 
Fe(OH)3/Benzoic acid 14.269 -16.209 -2.840 -13.369 -16.209 
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Total density of states (TDOS) and projected density of states (PDOS) were calculated 
to investigate electronic properties of silica gel loaded with Fe(OH)₃, benzaldehyde 
and benzoic acid, as well as their adsorbed complexes (Figs. 11 and 12). For Fe(OH)₃ 
(Fig. 11A), TDOS exhibits a continuous spread from valence to conduction band, with 
a prominent peak at –1.99 eV (7.56 7.56 DOS/eV), indicating strong electronic 
activity near Fermi level—a feature beneficial for electrochemical applications [36]. 
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Figure 11: TDOS of (A) Fe(OH)3; (C) benzaldehyde; (E) benzoic acid - and PDOS of; (B) 
Fe(OH)3; (D) benzaldehyde; (F) benzoic acid. 
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PDOS (Fig. 11B) reveals dominant contributions from Fe ([Ar]3d⁶4s²) and O 
([He]2s²2p⁴), particularly through their d, p and s orbitals, which hybridize strongly 
near Fermi level. In benzaldehyde (Fig. 11C) and benzoic acid (Fig. 11E), multiple 
TDOS peaks suggest conductive electronic states, while their PDOS plots (Figs. 11D 
and 11F) highlight significant p and d orbital contributions (–10 to –5 eV), with 
minimal involvement from f and s orbitals. 
Further analysis of adsorbed systems (Fig. 12) reveals key bonding mechanisms. 
TDOS of Fe(OH)₃/benzaldehyde (Fig. 12A) and Fe(OH)₃/benzoic acid (Fig. 12B), 
along with their PDOS (Figs. 12C and 12D), demonstrate strong p-d hybridization 
(–10 to –5 eV), implying interactions between p orbitals of organics and d orbitals 
of Fe(OH)₃. This suggests coordination bonding between carbonyl groups 
(benzaldehyde/benzoic acid) and Fe(OH)₃’s oxygen atoms. High density of states 
near Fermi level in these systems underscores their electronic stability and robust 
bonding interactions, critical for catalytic behavior. 
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Figure 12: (A) TDOS of Fe(OH)3/benzaldehyde; (B) TDOS of Fe(OH)3/benzoic acid; (C) 
PDOS of Fe(OH)3/benzaldehyde; and (D) PDOS of Fe(OH)3/benzoic acid. 
 

Reaction mechanism 
SiO₂ modified with Fe(OH)₃ acts as heterogeneous catalyst for oxidation of 
benzaldehyde to benzoic acid. Fe(OH)₃ catalyst has active sites for oxidation reaction, 
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and SiO₂ support improves its dispersion, increasing the surface area and stability. 
Benzaldehyde (C₆H₅CHO) adsorbed onto the of the Fe(OH)₃/SiO₂ catalyst surface (eq. 
1) as described by PDOS analysis. Molecular oxygen (O₂) in the air activates Fe(OH)₃ 
sites, generating reactive oxygen species as hydroxyl radicals (•OH) (eq. 2). Adsorbed 
benzaldehyde is oxidized to benzoic acid (C₆H₅COOH) by activated oxygen species, 
as shown in Eq. (3). Overall reaction is described in Eq. (4). 
 
 𝐶₆𝐻₅𝐶𝐻𝑂 (𝑏𝑒𝑛𝑧𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒) + 𝐹𝑒(𝑂𝐻)₃/𝑆𝑖𝑂₂ →  𝐶₆𝐻₅𝐶𝐻𝑂 − 𝐹𝑒(𝑂𝐻)₃/𝑆𝑖𝑂ଶ  (1)  
 
 𝑂₂ + 𝐹𝑒(𝑂𝐻)₃ → 𝐹𝑒(𝑂𝐻)₃ − 𝑂₂ → 𝐹𝑒(𝑂𝐻)₃ −• 𝑂𝐻  (2)  
 
𝐶଺𝐻ହ𝐶𝐻𝑂 −

ி௘(ைு)య

ௌ௜ைమ + 𝐹𝑒(𝑂𝐻)ଷ −• 𝑂𝐻 → 𝐶଺𝐻ହ𝐶𝑂𝑂𝐻 (𝑏𝑒𝑛𝑧𝑜𝑖𝑐 𝑎𝑐𝑖𝑑) + 𝐹𝑒(𝑂𝐻)₃/𝑆𝑖𝑂ଶ   𝑂𝐻  (3) 
 
 𝐶₆𝐻₅𝐶𝐻𝑂 + 𝑂₂ → 𝐹𝑒(𝑂𝐻)₃/𝑆𝑖𝑂₂𝐶₆𝐻₅𝐶𝑂𝑂𝐻  (4) 
 
Conclusions 
SiO2 increases the surface area of the catalyst, while temperature and iron content 
regulate conversion yield. Higher temperatures improve conversion rate, lower 
activation energy and improve thermodynamics of the reaction. Si-Fe system offers 
higher activity than unmodified silica or homogeneous Fe catalysts under mild 
conditions. Si-Fe4 is a superior catalyst for benzaldehyde oxidation to benzoic acid, 
with a conversion approach 96% at 08 ºC. Computational calculation confirmed high 
reactivity of Fe(OH)3, and its high tendency to accept electrons. TDOS and PDOS for 
Fe(OH)3, benzaldehyde and benzoic acid showed similar overall shapes, but differed 
in peak intensities and positions. This indicates variations in electronic structure, due 
to different chemical environments. Further studies on catalyst reusability and 
substrate scope are warranted. 
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