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Abstract 
This paper presents the synthesis and characterization of calcium sulfate hemihydrate (CSH)-supported Metals (Ti, 
Fe, Cu or Ag) catalysts and their application in the styrene oxidation to benzaldehyde using hydrogen peroxide (H2O2) 
as an oxidant. The study explores the catalyst's structure-activity relationship, emphasizing the importance of 
mesoporous materials for enhanced catalytic performance. The CSH-Metals catalysts were synthesized using fish bone-
derived CSH as a support, which aligns with green chemistry principles. Characterization techniques, such as FTIR, 
XRD, SEM, and BET surface area analysis, confirmed the successful impregnation of Metals (Ti, Fe, Cu or Ag) and its 
catalytic performance. The catalysts exhibited styrene conversion and high selectivity for benzaldehyde, achieving up 
to 49.5% and 60.2% for CSH-Ti; 12.9% and 84.1% for CSH-Fe, 19.9% and 61.5% for CSH-Cu, and 13.4% and 92.8% for 
CSH-Ag. The research highlights that the best catalyst’s performance are CSH-Ti for styrene conversion and CSH-Ag 
for benzaldehyde selectivity. To support performance interpretation, a fuzzy logic analysis was applied to evaluate the 
influence of seven key parameters on catalytic behavior. The results revealed that ROS (Reactive Oxygen Species) 
formation activity, type of metal, and metal–intermediate interaction were the most dominant factors affecting 
performance. This data-driven insight reinforces the chemical reactivity as the primary determinant of catalyst 
effectiveness, above physical attributes such as surface area or pore structure. Overall, this study introduces a cost-
effective, sustainable, and selective catalyst system for styrene oxidation, demonstrating high potential for industrial 
application in the production of value-added chemicals with minimal environmental impact. 
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1. Introduction  

The catalytic oxidation of styrene at its side 
chains is a topic of considerable interest in both 
academic research and industrial applications. 

* Corresponding Author. 
   Email: nurhadi1969@yahoo.co.id (M. Nurhadi) 

 

This process yields valuable products such as 
styrene oxide and benzaldehyde, which serve as 
crucial and versatile synthetic intermediates in 
the chemical industry. Benzaldehyde, in 
particular, is a highly sought-after chemical with 
extensive applications in the manufacture of 
perfumery, anthelmintics, epoxy resins, 
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plasticizers, drugs, sweeteners, epoxy paints, 
pharmaceuticals, dyestuffs, and agrochemicals [1-
4].  

Traditionally, benzaldehyde can be 
synthesized through various routes, including 
benzyl alcohol oxidation, indirect electrochemical 
oxidation of toluene, benzoic acid hydrogenation, 
and benzyl chloride hydrolysis [5]. However, these 
conventional methods often present significant 
drawbacks. They typically involve high 
temperatures, prolonged reaction times, 
expensive starting materials, and the generation 
of copious and toxic waste, which is 
environmentally undesirable. Consequently, 
these methods frequently result in low catalytic 
conversion, poor benzaldehyde yields (often up to 
20%), and limited selectivity [6].  

In light of these challenges, styrene has 
emerged as an attractive alternative feedstock for 
benzaldehyde production. Its large-scale 
industrial availability, relatively low cost, and 
compatibility with selective oxidation pathways 
make it a promising raw material [7,8]. Styrene is 
predominantly produced from ethylbenzene, a 
major petrochemical commodity with a global 
annual production exceeding 30 million tons, 
ensuring its abundant and reliable supply [8]. 
Furthermore, recent advances have demonstrated 
the potential of bio-based styrene derived from 
renewable lignocellulosic resources, reinforcing 
its growing relevance as a more sustainable 
feedstock for value-added oxidation processes. 
These aspects underscore the critical need for 
developing environmentally benign and efficient 
catalytic systems for the selective oxidation of 
styrene to benzaldehyde [9]. 

Many researchers have endeavored to develop 
ideal preparation methods that can enhance the 
controllable conversion of styrene to benzaldehyde 
using catalysts [10]. Direct oxidation of styrene 
with air or oxygen as the oxidant, in the presence 
of various homogeneous and heterogeneous 
catalysts, is considered the most ideal approach 
[11-14]. However, homogeneous catalysts face 
major limitations, such as high costs, difficulties 
in catalyst separation from the reaction mixture, 
poor recycling performance, and in some cases, 
rather low catalytic activities. Moreover, most 
homogeneous catalysts become inactive after 
reaction, rendering them unsuitable for industrial 
applications. Consequently, heterogeneous 
catalysts have gained significant attention and 
have been successfully developed for styrene 
oxidation due to their efficiency, ease of 
separation, reusability, and environmental 
friendliness, aligning with green chemistry 
principles. Effective heterogeneous catalysts 
require metals that exhibit high redox activity, 
surface stability, efficient oxygen activation, and 
strong metal–support interactions to promote 
selective oxidation reactions [15-17]. Recently, 

inexpensive transition metals, such as Ti, Fe, Cu, 
and Ag, have attracted considerable attention as 
promising alternatives to noble metals due to 
their ability to generate reactive oxygen species, 
good thermal stability, and lower toxicity and cost 
[18–21]. It is important to note that, unlike noble 
metals, not all metals are equally suitable as 
heterogeneous catalysts, and their effectiveness 
strongly depends on their electronic structure, 
oxidation states, and interaction with the catalyst 
supports [22-24]. 

Despite extensive research on various 
heterogeneous catalysts for styrene oxidation 
using H₂O₂ as an oxidant-including TiO2 [25], Co–
ZSM-5 [5], Fe-SBA-15 [26], CexCo1_xFe2O4 [27], 
Ag-WO3 [28], NiCo2O4 and Co(Ni)PW12 [29], Ag-
ferrite [30], V2O5/g-C3N4 [31], Spherical V-MCM-4 
8[32], ZnPc–MWCNTs [33], Ni–Gd ferrites [34], 
Fe- and Ti-SBA-1 [35], Mg–Co–Al hydrotalcite 
[36], Mg–Cu ferrite [37], Ag-Co-MCM-41 [38] 
H3PW12O40 on SBA-15 [39], many of these systems 
still suffer from significant drawbacks. 
Specifically, they often rely on expensive catalyst 
supports and active sites, and their overall 
processes are not always environmentally 
friendly. This highlights a persistent and critical 
gap in the field: the need for efficient, selective, 
cost-effective, and truly environmentally benign 
catalytic systems, particularly those derived from 
sustainable and waste resources. 

In this context, the present study introduces 
a novel approach by utilizing Calcium Sulfate 
Hemihydrate (CSH) derived from fish bone waste 
as a sustainable and low-cost support for various 
transition metals (Titanium, Iron, Copper, or 
Silver). The selection of CSH from fish bone waste 
is scientifically justified by both its material 
functionality and sustainability considerations 
[7,40-44]. Fish-bone derived materials possess 
surface Ca²⁺ sites and surface hydroxyl/sulfate 
groups that act as anchoring and coordination 
sites for metal oxides and metallic nanoparticles, 
facilitating high dispersion and strong metal–
support interactions. Thermal and chemical 
processing of bones typically produces porous 
matrices with appreciable surface area and 
tunable acid–base properties, which improve 
mass transport and promote the 
generation/activation of reactive oxygen species 
(ROS) from oxidants like H2O2 on the catalyst 
surface. Furthermore, from an ecological 
perspective, the goal of this research is to develop 
efficient catalytic methods that produce 
compounds with both atom-saving and 
environmental benefits. Considering oxidation 
reactions with oxygen donors, the use of catalytic 
oxygen transfer-based technologies from clean 
oxygen donors, such as hydrogen peroxide (H2O2) 
is highly preferred. Oxidation using H2O2 as an 
oxidant is motivated by its ease of handling, high 
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Element 
(wt%) CSH-Ti CSH-

Cu 
CSH-

Fe 
CSH-

Ag 
Mg 
P 
S 

4.0 
0.49 
26.9 

- 
- 

26.8 

- 
0.41 
25.5 

3.0 
0.20 
19.2 

Ti 8.34 - - - 
Ca 59.6 59.1 61.5 56.9 
Fe 0.059 0.089 11.7 0.067 
Cu 
Ag 
Sr 

0.055 
- 

0.24 

13.1 
- 

0.43 

0.057 
- 

0.37 

0.046 
12.4 
0.24 

Yb 0.15 0.27 0.25 0.17 

active oxygen content, and the fact that water is 
the only by product, making it an environmentally 
benign approach [25].  

 
2. Materials and methods 

2.1  Fabrication of CSH 

The procedure of CSH fabrication was carried 
out following the previous research [7,40]. Every 1 
gram carbon from fishbone was mixed with 6 mL 
of concentrated sulfuric acid (H2SO4; JT Beker). 
The mixture was stirred at room temperature for 
3 h and washed with distillate water to remove 
any loosely bound acid until pH of filtrate 2. Then, 
the carbon solution was saved at room 
temperature for few days until the crystal growth. 
Furthermore, decantation and filtration were 
conducted to separate carbon and crystal. The 
crystal was washed until the filtrate reached 
neutral pH. The crystal then dried at 110 °C for 
overnight.  

 
2.2  Metals Impregnation 

The materials that used in the impregnation 
process such as CSH, Titanium(IV) isopropoxide 
(Sigma Aldrich), Iron(III) nitrate (Merck), 
Copper(II) nitrate (Merck) and Silver nitrate 
(Merck), Ethanol (Merck) and Acetone (Merck). 
The impregnation method  follows the previous 
research [11]. Firstly, the CSH crystal was 
crushed until the size 200 mesh. The 1 g CSH was 
impregnated by metals 500 µmol that was 
immersed in 10 mL acetone (Merck) and stirred 
until all of the acetone solvents completely 
evaporated. The residual acetone was removed 
from the CSH sample by washing with ethanol 
(Merck) and subsequently dried at 110 °C 
overnight.  The CSH sample was impregnated and 
labeled as CSH-M, M = Ti, Fe, Cu or Ag. For 
example, CSH-Ti was the CSH that was 
impregnated by titanium(IV) isopropoxide (500 
µmol). 

2.3  Samples Characterization 

A series of catalysts, such as CSH-Ti, CSH-
Fe, CSH-Cu and CSH-Ag, were characterized by 
using Wavelength Dispersive X-Ray Fluorescence 
Spectroscopy (WDXRF), Fourier Transform Infra 
Red (FTIR), X-ray Diffraction (XRD), Scanning 
Electron Microscopy (SEM) and N2 adsorption-
desorption to investigate the structure-activity 
relationships between the catalysts and the 
styrene oxidation. WDXRF (PANalytical, Minipal 
4) was used to determine the chemical 
composition from the catalyst. The functional 
groups in the catalyst were investigated by using 
FTIR spectrometer (IR−Prestige−21 Shimadzu). 
XRD instrument (Philips PANalytical X’Pert 
PRO) was used to investigate the crystallinity and 
phase content of the catalysts. SEM-EDX (FEI 
Inspect S50) instrument was used to determine 
the surface morphology and element containing 
the catalyst. The surface area, pore volume and 
pore size of the catalyst  were determined by using 
the nitrogen adsorption-desorption instrument 
(Quantachrome NovaWIn instrument version 
11.0).  

 
2.4  Catalyst Performance Test 

The catalyst performance was tested for a 
styrene oxidation reaction with hydrogen peroxide 
(H2O2, Merck) as an oxidant. The reactions 
procedure was carried out following the previous 
research [11,45]. All reactions were carried out for 
24 h at room temperature with reacting 5 mmol 
styrene (Merck), 5 mmol aqueous H2O2 (Merck), 
4.5 mL acetonitrile (Merck), and 100 mg catalyst 
under stirring. The reaction products were 
withdrawn and analyzed by GC-2010 Shimadzu-
gas chromatograph equipped with a SH-Rxi-5ms 
column (30 m × 0.25 mmID × 0.25 µm df), serial 
1652111, a flame ionization detector (FID) and 
nitrogen as the carrier gas. The GC method: the 
temperatures of the injector and detector were 
programmed at 250 and 260 °C, respectively; the 
temperature of the column oven was programmed 
at 80 °C; pressure 100 kPa; flow 28 mL/min; 
collumb flow 1.19 mL/min; linear velocity 31.1 
cm/s; purge flow 3.0 mL/min; spit ration 20.  

 
3.  Results and discussion 

3.1.  Physical Properties 

The elements present in CSH-Ti, CSH-Cu, 
CSH-Fe, and CSH-Ag were determined using 
wavelength dispersive X-ray fluorescence 
(WDXRF). The complete results of the elemental 
analysis are shown in Table 1. All catalysts 
consists primarily of calcium (Ca) and sulfur (S) 
as major elements. Various metal elements were 
also found within the catalysts, such as 
magnesium (Mg), phosphor (P), strontium (Sr) 
and ytterbium (Yb). The impregnation of metals 

Table 1. Elements analysis of CSH-Ti, CSH-Cu, 
CSH-Fe and CSH-Ag obtained using WDXRF. 
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(Ti, Cu, Fe and Ag) are evidenced by the 
percentage of titanium (8.34%) in CSH-Ti; cuprum 
(13.1%) in CSH-Cu; ferrum (11.7%) in CSH-Fe; 
and argentum (12.4%) in CSH-Ag.  

Figure 1 shows the FTIR spectra of (a) CSH, 
(b) CSH-Ti, (c) CSH-Fe, (d) CSH-Cu, and (e) CSH-
Ag that measured over the range of 400–4000 cm-

1. The O–H stretching that might be attributed to 
adsorbed water molecules appear in all spectra on 
absorption peaks around 3200–3600 cm-1. The 
CSH crystal was investigated by absorption bands 
at 3613, 3559, and 1687 cm-1, associated with 
crystal water molecules combined in CaSO₄ [46-
48]. The characteristic bands of CaSO₄ can be 
identified by the band at 1272 cm-1, assigned to 
Ca²⁺, and bands at 1108, 1007, 673, and 618 cm-1, 
assigned to SO₄2- stretching. Figure 1 (b-e) show 
FTIR spectra after the impregnation of metals (Ti, 
Fe, Cu and Ag). The absorption peaks due to metal 
impregnation can be observed in Figure 1 (b-e). 
The presence of titania in the catalyst samples is 
evidenced by absorption peaks around 900–1000 
cm-1, which indicate the local stretching modes of 
[TiO₄] and/or [O₃TiOH], and the titanyl [Ti=O] 
vibration [49-51]. The presence of copper in the 
catalyst samples is identified by absorption peaks 
around 420–624 cm-1. The existence of iron in the 
catalysts samples is investigated by absorption 
peaks around 570–580 cm-1. The metal of silver in 
the samples is evidenced by absorption peaks 
around 585–620 cm-1. However, the absorption 
band of Ti–O, Cu–O, Fe–O, and Ag–O in these 
FTIR spectra are indistinct, which are attributed 
to the small amount of metals impregnated onto 
CSH.  

Figure 2 shows the XRD patterns illustrating 
the crystallinity of (a) TiO2, (b) CSH, (c) CSH-Ti, 
(d) CSH-Fe, (e) CSH-Cu, and (f) CSH-Ag 
catalysts. Figure 2(a) displays the TiO₂ catalyst, 
as evidenced by diffraction peaks at 2θ = 25.2°, 
37.7°, 47.9°, 53.7°, and 55.1°. Figure 2(b) shows 
the CSH catalyst, identified by diffraction peaks 
at 2θ = 14.7°, 25.7°, 29.7°, 31.9°, 42.2°, and 49.4°. 
Figures 2(c) show CSH impregnated with Ti, as 
proven by the dominant diffraction peaks at 2θ = 
14.7° and 25.7° for CSH, and 2θ = 25.2° and 37.7° 
for titania. Figures 2(d) show CSH impregnated 
with Fe, identified by main characteristic 
diffraction peaks at 2θ = 30.1° and 43.1°. Figures 
2(e) show CSH impregnated with Cu, identified 
by diffraction peaks at 2θ = 36.37° and 42.26°, 
matched well with JCPDS No. 1000063. Figures 
2(f) show CSH impregnated with Ag, identified by 
main characteristic diffraction peaks at 2θ = 
38.1°, and 44.3° and can be indexed as the cubic 
phase of Ag (JCPDS No. 04-0783).  

Figure 3 exhibits the SEM images of 
catalysts (a) CSH-Ti, (b) CSH-Fe, (c) CSH-Cu, 
and (d) CSH-Ag. All catalysts show roughened 
surfaces due to metal deposition. The rough 
surface morphology observed in the SEM images 

Figure 1. FTIR spectra of (a) CSH, (b) CSH-Ti, (c) 
CSH-Fe, (d) CSH-Cu, and (e) CSH-Ag. 
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Figure 2. XRD pattern of (a) TiO2, (b) CSH, (c) CSH-
Ti, (d) CSH-Fe, (e) CSH-Cu, and (f) CSH-Ag. 
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suggests an increase in the active surface area, 
facilitating more efficient contact between the 
catalyst and the styrene molecules. This enhanced 
surface area allows for a higher conversion rate as 
more reactant molecules interact with the 
catalyst’s active sites. Figure 3 (a) and (c) show are 
not only rough surface morphology also appear 
small particle size. Figure 3(b) was identified 
rough surface morphology, big particles size and 
cubic shaped particles. Figure 3(d) besides the 
rough surface morphology also needle-shaped 
particles.  

Nitrogen adsorption-desorption analysis was 
used to determine the BET surface area, pore 
volume, and mean pore size of CSH-Ti, CSH-Fe, 
CSH-Cu, and CSH-Ag. Figure 4 shows the 
isotherms for (a) CSH-Ti, (b) CSH-Fe, (c) CSH-Cu, 
and (d) CSH-Ag, which exhibit type IV isotherms 
according to IUPAC classification, with narrow 
hysteresis loops. The isotherms display narrow 
hysteresis loops in the relative pressure range of 
approximately 0.6–1.0 for CSH-Ti, 0.45–1.0 for 
CSH-Fe, 0.65–1.0 for CSH-Cu and 0.45–1.0 for 
CSH-Ag. The isotherms also display the knee 
shape which shows the presence of meso-sized 
pores. The pore size distribution of all samples is 
between 2 nm and 50 nm, indicating the presence 

Figure 3. SEM Image of (a) CSH-Ti, (b) CSH-Fe, (c) CSH-Cu, and (d) CSH-Ag. 
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Figure 4. The physisorption isotherms of  (a) CSH-
Ti, (b) CSH-Fe, (c) CSH-Cu, and (d) CSH-Ag. 
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Samples 
BET 

surface 
area (m2/g) 

Pore 
Volume 
(cm3/g) 

Mean 
pore size 

(nm) 
CSH 
CSH-Ti 
CSH-Fe 
CSH-Cu 
CSH-Ag 

11.336 
21.986 
23.366 
12.895 
3.965 

0.0428 
0.0304 
0.0561 
0.0284 
0.0128 

7.5 
2.7 
4.8 
4.4 
6.4 

of uniform mesopores. The BET surface area and 
pore volume showed the following values: CSH 
(11.33 m²/g, 0.043 cm³/g), CSH-Ti (21.99 m²/g, 
0.0304 cm³/g), CSH-Fe (23.37 m²/g, 0.0561 cm³/g), 
CSH-Cu (12.89 m²/g, 0.0284 cm³/g), and CSH-Ag 
(3.96 m²/g, 0.0128 cm³/g). The complete data are 
listed in Table 2. 

 
3.2. Catalytic Activity 

3.2.1 Catalysis 

After the successful incorporation of metals 
into the CSH, the material was employed as a 
catalyst for the classical oxidation of styrene, as 
depicted in Scheme in Figure 5. Catalysts, such as 
TiO₂, CSH, CSH-Ti, CSH-Fe, CSH-Cu, and CSH-
Ag, were tested in the oxidation of styrene using 
H₂O₂ as the oxidant. The products of styrene 
oxidation using H2O2 were benzaldehyde, 
phenylacetaldehyde, styrene oxide, and others, 
with benzaldehyde being the dominant product. 
The formation of benzaldehyde was started from 

the nucleophilic attack of H2O2 on styrene oxide, 
followed by cleavage of the intermediate hydroxy–
hydroperoxystyrene, oxygen transfer from 
metallic oxides to styrene, and finally cleavage of 
the metalloepoxy intermediate and the C=C bond 
[52-53]. In this study, benzaldehyde was the main 
product when using CSH, CSH-Ti, CSH-Fe, CSH-
Cu, and CSH-Ag catalysts, with selectivity around 
61–93%. When CSH was used as a catalyst, the 
conversion was 5.8% with styrene oxide as the 
main product, and the selectivity was about 65%. 
This conversion was slightly higher than when 
without catalyst. The complete yields and product 
selectivities for the oxidation of styrene with H₂O₂ 
as the oxidant are shown in Table 3. 

H₂O₂ was chosen as the oxidant in this 
process due to its environmentally friendly 
nature. Upon decomposition, H₂O₂ produces only 
water and oxygen, avoiding the formation of 
harmful by-products typically associated with 
other oxidants. This makes H2O2 an ideal oxidant 
for green chemistry applications, ensuring that 
styrene oxidation proceeds with minimal 
environmental impact while maintaining high 
selectivity for the desired product, benzaldehyde. 
H₂O₂ acts as an effective oxidant in this reaction 
due to its ability to decompose into reactive 
oxygen species (ROS) on the metals catalyst 
surface. The interaction between H₂O₂ and metals 
ion species (Ti3+/Ti4+; Fe2+/Fe3+; Cu+/Cu2+ or Ag+)  
on the catalyst surface facilitates homolytic 
cleavage of the O–O bond, generating hydroxyl 
radicals (•OH) and hydroperoxy radicals (•OOH), 
which promote the oxidation of styrene. This 

Table 2. Physical properties of the samples. 

Figure 5. Reaction scheme of the styrene oxidation with H2O2 as oxidant [54-55]. 
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Catalyst Conversion 

(%) 
Selectivity (%) 

BzAb PhAc SOd Other 
No catalyst 
CSH 
CSH-Ti 
CSH-Fe 
CSH-Cu 
CSH-Ag  

1.43 
5.80 
49.45 
12.86 
19.93 
13.40 

25.19 
18.07 
60.21 
84.08 
61.45 
92.81 

0 
1.59 
0.71 
6.89 
5.75 

- 

41.05 
65.21 
0.69 

- 
20.12 

- 

33.75 
15.13 
38.39 
9.02 
12.66 
7.18 

interaction allows the oxidation to occur under 
mild conditions, making H₂O₂ a highly efficient 
and environmentally friendly oxidant for this 
process. The high selectivity for benzaldehyde 
observed in styrene oxidation can be attributed to 
the surface properties of the CSH metal catalyst. 
The presence of acidic sites on metal promotes the 
cleavage of the C=C bond and the epoxide ring, 
favoring the formation of benzaldehyde rather 
than styrene oxide or phenylacetaldehyde. In 
addition, the dispersion of metal particles on the 
CSH support increases the accessibility of the 
active sites, ensuring that the oxidation process 
proceeds efficiently with minimal formation of by-
products. 

The conversions of styrene over no catalyst, 
CSH, CSH-Ti, CSH-Fe, CSH-Cu, and CSH-Ag 
catalysts were 1.43%, 5.86%, 49.45%, 12.86%, 
19.93%, and 13.40%, respectively. Reactions 
without catalyst and using only CSH as catalysts 
occurred at a very low rate. The role of the catalyst 
support is demonstrated by comparing the styrene 
conversions using CSH, CSH-Ti, CSH-Fe, CSH-
Cu, and CSH-Ag as catalysts. The styrene 
oxidation using the support catalyst (CSH) 
showed lower activity than metals (Ti, Fe, Cu and 
Ag) supported on CSH (CSH-Ti, CSH-Fe, CSH-
Cu, and CSH-Ag). CSH-Ti and CSH-Cu have the 

high catalytic activity but their  benzaldehyde 
selectivity is low (~60%). It was caused the styrene 
oxide as intermediate product in styrene oxidation 
not only convert to benzaldehyde but also directly 
convert to another products, such as phenyl 
acetaldehyde and 1-phenyl 1,2 etanediol. 
Otherwise, CSH-Fe and CSH-Ag have high 
benzaldehyde selectivity (~90%). It was caused 
the styrene oxide as intermediate product in 
styrene oxidation directly convert to 
benzaldehyde. The styrene oxidation mechanism 
can be shown in Figure 5. 

It should be noted that the moderate styrene 
conversion observed in this study is mainly 
associated with the deliberately mild reaction 
conditions employed, namely room temperature 
operation and the use of hydrogen peroxide as a 
green oxidant. In contrast to many reported 
styrene oxidation systems that rely on elevated 
temperatures, pressurized conditions, or strong 
oxidants, the present work prioritizes selectivity, 
catalyst stability, and environmental 
compatibility in line with green chemistry 
principles.  

A comparison between catalytic performance 
and the physical properties listed in Table 2 
indicates that styrene conversion does not exhibit 
a linear correlation with BET surface area, pore 
volume, or mean pore diameter. For instance, 
CSH-Fe exhibits the highest BET surface area 
among the catalysts studied, yet its styrene 
conversion is considerably lower than that of 
CSH-Ti. Conversely, CSH-Ag possesses the lowest 
surface area but achieves the highest 
benzaldehyde selectivity. These observations 
suggest that textural properties alone are 
insufficient to explain the observed catalytic 
trends. 

The presence of metals oxide in the catalyst, 
confirmed by absorption bands around 900–1000 
cm-1 for TiO2; around 420–624 cm-1 for CuO; 
around 570–580 cm-1 for Fe3O4 and around 585–
620 cm-1 for Ag2O (see FTIR spectra in Figure 1), 
is associated with the formation of reactive oxygen 
species (ROS), such as hydroxyl radicals (•OH) 
and hydroperoxy radicals (•OOH). These species 
are crucial in enhancing the catalytic activity of 
CSH-Metals by promoting the oxidation of 

Table 3. Catalytic performance of the catalysts in the oxidation of styrenea. 

a Reaction conditions: The reactions were carried out at room temperature for 24 h with styrene (5 mmol), 30% H2O2 
(5 mmol), and catalyst (100 mg). BzAb = benzaldehyde, PhAc = phenylacetaldehyde, and SOd = styrene oxide  
 

Figure 6. The fuzzy membership values for seven 
key catalytic parameters. ROS formation activity 
(F5) exhibits the highest influence, followed by 
metal type (F1) and intermediate interaction 
(F6). 
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Factor 
Code Description Fuzzy Value Linguistic Level Justification 
F5 ROS Formation 

Activity 
0.95 High Major source of oxidation reactivity via 

radical generation from H2O2 
F1 Type of Metal 0.90 High Strongly influences both conversion and 

selectivity due to redox behavior 
F6 Interaction with 

Intermediate 
0.85 High Affects pathway selectivity to 

benzaldehyde over side-products 
F2 Surface Area (BET) 0.70 High Higher surface allows more exposed 

active sites 
F4 Surface Morphology 0.60 Medium Rougher surface enhances contact but 

not dominant 
F3 Pore Size and 

Distribution 
0.50 Medium Mesoporosity assists diffusion; effect 

relatively uniform across catalysts 
F7 Amount of Active 

Metal 
0.40 Medium Not linearly related to performance; 

dispersion is more critical 

styrene, thereby increasing the conversion and 
selectivity toward benzaldehyde. The catalytic 
oxidation of styrene over CSH-Metals is driven by 
the generation of reactive oxygen species (ROS) on 
the titania surface. When H₂O₂ is introduced, it 
decomposes into hydroxyl radicals (•OH) and 
hydroperoxy radicals (•OOH), which are highly 
reactive and capable of initiating the oxidation of 
styrene. These ROS facilitate the nucleophilic 
attack on the C=C bond of styrene, leading to the 
formation of styrene oxide, which subsequently 
undergoes cleavage to produce benzaldehyde. The 
presence of these ROS on the catalyst surface 
enhances the overall catalytic efficiency and 
selectivity for benzaldehyde. The oxidation of 
styrene begins with the formation of styrene 
oxide, acting as an intermediate. The nucleophilic 
attack of reactive oxygen species (•OH and 
•OOH) on the epoxide ring leads to the cleavage 
of the C=C bond, ultimately resulting in the 
formation of benzaldehyde. The selective 
formation of benzaldehyde can be attributed to the 
ability of the titania catalyst to stabilize the 
intermediate and direct the reaction toward the 
cleavage of the metalloepoxy intermediate, which 
favors the production of benzaldehyde over other 
side products such as phenylacetaldehyde or 
styrene oxide. These results imply that catalytic 
performance in the present system is governed 
predominantly by chemical factors rather than by 
surface area or pore-related properties alone, 
necessitating a systematic evaluation of multiple 
contributing parameters. 

 
3.3. Fuzzy Logic Analysis of Dominant Factors 
Affecting Catalytic Performance 

To elucidate the relative importance of the 
various factors influencing catalytic performance, 
a semi-quantitative fuzzy logic analysis was 
employed. This approach allows the evaluation of 
interdependent parameters when direct linear 
correlations between physical properties and 

catalytic activity are not evident. The fuzzy logic 
results clearly indicate that chemical factors, 
particularly the redox behavior of the supported 
metal species and their ability to generate 
reactive oxygen species (ROS) from H₂O₂, play a 
dominant role in determining styrene conversion 
and benzaldehyde selectivity. In contrast, 
physical properties such as surface area, pore size 
distribution, and morphology contribute in a 
secondary manner. This finding is consistent with 
the experimental observations discussed in 
Section 3.2.1 and explains why catalysts with 
lower surface area can still exhibit superior 
catalytic performance. 

To further analyze and rank the dominant 
factors contributing to the catalytic oxidation of 
styrene, a fuzzy logic-based assessment was 
conducted. This method allows semi-quantitative 
evaluation of various interrelated parameters, 
particularly when their effects on catalytic 
performance are overlapping or nonlinear. Seven 
primary variables were identified from the 
experimental data and catalyst characterizations: 
(1). F1 – Type of Metal (Ti, Fe, Cu, Ag); (2). F2 – 
Surface Area (BET); (3). F3 – Pore Size and 
Distribution; (4). F4 – Surface Morphology (SEM); 
(5). F5 – ROS (Reactive Oxygen Species) 
Formation Activity; (6). F6 – Interaction with 
Reaction Intermediate; (7). F7 – Amount of Active 
Metal. Each factor was assigned a fuzzy 
membership value in the range 0–1, based on 
observed influence on styrene conversion and 
selectivity toward benzaldehyde. The membership 
levels were categorized into linguistic terms: Low 
(0.00–0.30), Medium (0.31–0.69), and High (0.70–
1.00). The fuzzy evaluation of factor influencing 
catalytic activity was listed in Table 4. 

The fuzzy logic analysis revealed substantial 
differences in the relative contributions of various 
parameters to the catalytic performance of the 
CSH-metal systems. Figure 6 clearly illustrates 
that ROS (Reactive Oxygen Species) formation 

Table 4. Fuzzy evaluation of factors influencing catalytic activity. 
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activity (F5) is the most dominant factor, with a 
fuzzy membership value of 0.95, highlighting its 
critical role in initiating and sustaining the 
oxidation of styrene via the formation of highly 
reactive radicals such as •OH and •OOH. In 
addition, Figure 6 also shows that the type of 
metal used (F1) and the interaction with reaction 
intermediates (F6) are the second and third most 
influential factors, with fuzzy values of 0.90 and 
0.85, respectively. These factors significantly 
affect both the conversion efficiency and product 
selectivity by governing the redox behavior of the 
catalyst and directing the reaction pathway 
toward benzaldehyde, the desired oxidation 
product. 

In contrast, physical parameters such as BET 
surface area (F2) and surface morphology (F4) 
showed moderate influence, while pore size 
distribution (F3) and the amount of metal loading 
(F7) contributed less significantly to overall 
performance. Although these structural features 
are important for enhancing diffusion and active 
site accessibility, they are not as critical as the 
chemical factors that control electron transfer and 
intermediate transformation. This analysis 
underscores that chemical reactivity, especially 
the catalyst’s ability to generate ROS and interact 
with key intermediates, is the primary 
determinant of catalytic success in the oxidation 
of styrene. 

Accordingly, fuzzy logic provides a clear 
hierarchy of design priorities, the detailed 
methodology and worked calculations of which are 
provided in the Supplementary Information (S1). 
To optimize catalyst performance under green 
chemistry principles, attention should focus on: 
Enhancing ROS formation efficiency; Selecting 
the appropriate metal species with favorable 
redox properties; and Facilitating strong metal–
substrate interactions. These three factors offer 
the most leverage for improving both conversion 
and selectivity, supporting the development of 
highly effective, environmentally benign catalytic 
systems. 

 
4. Conclusions 

This study successfully developed a series of 
environmentally friendly heterogeneous catalysts 
consisting of calcium sulfate hemihydrate (CSH) 
derived from fish bone waste as a sustainable 
support for transition metals (Ti, Fe, Cu, and Ag) 
and demonstrated their applicability in the 
selective oxidation of styrene using hydrogen 
peroxide (H2O2) as a green oxidant. 
Comprehensive characterization confirmed the 
successful formation of metal supported CSH 
catalysts with preserved crystalline structure and 
mesoporous characteristics, providing adequate 
accessibility to active sites under mild reaction 
conditions. Catalytic evaluation showed that all 

synthesized catalysts were active for styrene 
oxidation, achieving benzaldehyde selectivities of 
up to 93%. Among the catalysts investigated, 
CSH-Ti exhibited the highest styrene conversion, 
whereas CSH-Ag delivered the highest selectivity 
toward benzaldehyde, highlighting the distinct 
roles of metal species in controlling reaction 
pathways. These results demonstrate that high 
selectivity and effective catalytic performance can 
be achieved without relying on noble metals or 
synthetic supports, emphasizing the potential of 
waste derived CSH as a cost effective and 
sustainable alternative. To elucidate the structure 
activity relationship, a semi quantitative fuzzy 
logic analysis was employed to assess the relative 
influence of multiple catalytic parameters. The 
analysis revealed that chemical factors, 
particularly reactive oxygen species formation 
activity, metal type, and interactions between 
metal sites and reaction intermediates, play a 
dominant role in governing catalytic efficiency 
and selectivity, whereas physical properties such 
as surface area and morphology contribute in a 
secondary manner. Overall, this work provides 
valuable insights into the design of sustainable 
oxidation catalysts and underscores the 
importance of chemically driven mechanisms over 
purely textural properties in styrene oxidation 
reactions. 
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