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A B S T R A C T

This study explores the catalytic degradation of phenol vapor using a copper-loaded zeolite Y (CuY) catalyst 
synthesized via a hydrothermal (HT) seed-assisted method. Comprehensive characterization confirmed that the 
HT-Zeolite CuY catalyst exhibits an enhanced morphology and increased availability of active copper cations, 
which were successfully incorporated into specific aluminum sites within the zeolite supercage. Phenol degra
dation was investigated under various atmospheric conditions, including inert environments, the presence of 
oxygen and moisture, and the addition of hydrogen peroxide (H2O2). Reaction products were analyzed using gas 
chromatography-mass spectrometry (GC/MS) to elucidate degradation pathways. Under inert conditions, partial 
phenol conversion was observed with 60.17 % phenol removal, suggesting the in-situ generation of reactive 
oxygen species (ROS) on the catalyst surface, consistent with a Fenton-like mechanism. The main degradation 
products included ethanol, 2-butanone, 2-pentanone, and p-benzoquinone. The introduction of oxygen accel
erated degradation, while moderate humidity improved initial conversion. However, excessive moisture 
inhibited catalytic activity, likely due to competitive adsorption or pore blockage. In the presence of H2O2, 
complete phenol degradation was achieved, yielding formic acid, methylal, acetic acid, and methyl acetate as 
major products. These results demonstrate that the HT-Zeolite CuY catalyst is highly effective for phenol vapor 
conversion across a range of conditions, highlighting the catalytic role of surface-bound copper in facilitating 
oxidative degradation. The findings underscore the potential of this material for environmental remediation 
applications involving volatile organic compounds (VOCs) and support the relevance of Fenton-like mechanisms 
in dry and humid oxidation systems.

1. Introduction

Phenol emissions arise from diverse anthropogenic and natural 
sources. Industrial sectors such as petrochemicals, textiles, pesticides, 
and phenolic resin production are the primary contributors, along with 
emissions from combustion processes, paints, and waste incineration 
[1]. Domestic emissions are mainly due to the use of cleaning solutions 
and wood burning; they are also found in plastics and cigarette smoke 
[2,3]. Volatilization from ambient water and soils is a natural outdoor 
source of phenol emission; however, because it is a slow process, the 
effect is minimal [1]. Higher levels of phenol in the air can be expected 

in urban areas, mainly due to traffic emissions via vehicle exhaust and 
waste gas emissions near industrial zones.

Due to the health risk of phenol vapor inhalation, which is in 
increased concentrations, remediation of Phenolic Volatile Organic 
Compounds (VOC) has become an important necessity [4]. Phenol is an 
extremely potent odor that can be detected at a threshold of 0.04 ppm 
[5]. Once phenols enter the air, they typically degrade within 1–2 days 
through mechanisms such as photodegradation and oxidation by hy
droxyl radicals or nitrogen oxides (NOx) [4]. Furthermore, phenol can 
interact with other pollutants, leading to the formation of harmful sec
ondary pollutants, such as photochemical smog [4,10–12]. The World 
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Health Organization (WHO) has reported that exposure to phenol, 
whether through contact or inhalation, can cause irritation and burns to 
the skin, eyes, and respiratory tract. Prolonged exposure may lead to 
organ damage and systemic poisoning [11]. The World Health Organi
zation (WHO) has highlighted the lack of comprehensive data regarding 
atmospheric phenol concentrations. According to their reported data, 
background levels should be below 1 ng m-3, while urban and suburban 
areas exhibit higher levels, ranging from 0.1 to 8 µg m-3. In industrial 
zones, phenol concentrations can reach values up to two orders of 
magnitude greater. However, reported occupational exposure levels 
should not exceed 19 mg m-3 [11]. Moreover, employers must adhere to 
OSHA’s (2005a) regulations, which require them to minimize exposure 
to phenol at or below eight hours and a time-weighted average (TWA) of 
5 ppm by implementing engineering and work practice controls [6]. 
ACGIH (2005) and NIOSH (2005) also suggest an occupational exposure 
limit of 5 ppm TWA [6].

Several methods are used to remediate phenolic vapor in industrial 
and environmental contexts, each leveraging unique mechanisms to 
reduce toxicity and environmental impact. Despite extensive research 
on the aqueous degradation of phenol, comparatively fewer studies 
address its removal in the gas phase [7–12]. Among those, most 
gas-phase studies have been conducted utilizing computational calcu
lations. For example, there is a study by C. Xu and L. Wang [11], has 
investigated the gas-phase oxidation mechanism of phenol using DFT 
and ab initio calculations [11]. However, there are some other studies 
conducted under laboratory conditions. G. Moussavi and M. Mohseni et 
al [7], have investigated the biodegradation of phenol-contaminated air 
streams in bio trickling filters, packed with polyurethane foam cubes 
and enriched with phenol-degrading mixed culture [7]. The removal 
efficiency of phenol in this study was only 57 % and they concluded that 
it depends on the inlet concentration and flow rate [7]. Moreover, C. Lai 
et al [9], and F. Arena et al [10], have studied Catalytic wet air oxidation 
(CWAO) of phenol.

Catalytic oxidation is widely regarded as an efficient, eco-friendly, 
and cost-effective method for converting VOCs into less harmful sub
stances such as carbon dioxide and water [13,14]. This study focuses on 
utilizing catalytic oxidation for the removal of phenolic compounds. The 
phenol degrades into various degradation products in its oxidizing 
pathway, and a cationic catalyst can accelerate the reaction. When 
phenol partially degrades in the presence of a metal cation catalyst and 
oxygen, various intermediate products are formed. In contrast, if it un
dergoes complete oxidation or mineralization, carbon dioxide and water 
are the final products. There have been used different types of catalysts 
for phenol degradation, such as cation or metal oxide catalysts [9,
15–19], photocatalysts [20–23], catalysts with electrochemical [24], 
etc. However, cationic catalytic reactions can be considered a highly 
effective method for the degradation of phenol, offering a more conve
nient method than other techniques such as photocatalysis and ozona
tion, as these methods often involve substantial costs and energy 
expenditures, underscoring the advantages of utilizing cationic catalysis 
in this context [25]. Most of the studies on phenol degradation have 
been done by focusing on wastewater remediation with the advanced 
oxidation process (AOP) [15,26–30]. But the use of costly oxidants 
(H2O2, KMnO4, O3, UV-irradiation, etc [16]) limits the feasibility of 
advanced oxidation processes (AOP) to small-scale applications [10]. 
However, no definitive pathway has been established for this degrada
tion mechanism.

Conventional homogeneous catalysts used for phenol oxidation 
processes include mineral acids, simple metal ions, and metal com
plexes. However, these catalysts are difficult to extract from the reaction 
mixture. Therefore, researchers have been exploring heterogeneous 
catalysis using various cations, metal oxides, and complexes, such as 
supported or pure metal oxides, metal complex oxides, zeolite- 
encapsulated metal complexes, and hydrotalcite-like compounds [31]. 
Support material for the catalyst can either be inert or actively partici
pate in the catalytic reaction. The most commonly used catalyst supports 

include metal-organic frameworks (MOFs), carbon, alumina, silica, and 
zeolites [58–60]. Catalytic substances are usually applied to porous 
structures through methods such as ion exchange, impregnation, or 
co-precipitation [61]. The process of exchanging metal ions is typically 
used to modify the acidity and/or pore size of zeolites.

Zeolite is a popular and valuable catalyst support material due to its 
highly organized micropore structure, high thermal stability, adsorp
tion, and ion exchange characteristics [32]. The open-porous nature of 
Zeolites allows them to hold a wide range of exchangeable cations. If the 
size of the pores of Zeolites is similar to the molecules undergoing the 
reaction, it makes them ideal catalysts. They can be used as "in situ" 
oxidation catalysts and selective adsorbents [33]. Zeolites are unique 
materials known for their ability to selectively adsorb molecules based 
on size, owing to their advantageous porous structure. Different zeolite 
frameworks have varying pore sizes, allowing some to preferentially 
accommodate larger molecules while others are designed for smaller 
ones.

The Faujasite (FAU) structure is one of the most frequently employed 
in catalytic oxidation [34]. Faujasite Y zeolites have been employed in a 
variety of chemical and catalytic applications, including adsorption, 
separation, petroleum refining, aromatic alkylation, petrochemical, 
environmental protection, and natural gas dehydration [35]. This is due 
to their superior characteristics, which include a huge surface area (over 
900 m2 g-1) [36], large adsorption capacity [37], large pore volume (up 
to 0.5 cm3 g-1) [36], high porosity, great thermal stability (up to 800 ◦C) 
[36], 3D channel structure and a substantial ion exchange capacity [38]. 
For this study, Zeolite Y was selected not only for its notable charac
teristics but also due to the availability of an efficient synthesis method 
under laboratory conditions. Moreover, its pore size is sufficient to 
accommodate a phenol molecule once adsorption occurs.

Previous studies have proven that Zeolites with transition metal ions 
are effective catalysts for the Fenton-like reaction, which oxidizes 
various organic contaminants [39–44]. The Fenton reaction is an 
advanced oxidation process that involves hydroxyl radicals. However, 
it’s important to note that low-valence transition metal ions like Fe2+, 
Cu2+, and Co2+ are well-known oxidative Fenton’s reagents that use 
hydrogen peroxide as an oxidant [31]. These cations are firmly bonded 
to exchange sites within the pore structure and are unlikely to leach out 
or precipitate during the process. If the size of the zeolite’s pores is large 
enough to allow the reaction to proceed inside them, it’s reasonable to 
assume that the transition metal ions transferred into the cages and/or 
channels of the zeolite could serve as the oxidant for phenol degradation 
[31]. Therefore, FAU Zeolites containing transition metal ions have been 
shown to be efficient catalysts in the oxidation of a range of organic 
pollutants through the Fenton-like reaction.

In research on the degradation of phenols, Fe2+ has been the most 
commonly used cation [24,40]. However, in this work, we focus on Cu2+

because it is more stable than Fe2+, less toxic, and not easily converted 
into a hydroxide. It is also an excellent alternative to Fenton-like re
actions because it can exhibit Fenton-like oxidation activity even at 
neutral and nearly neutral conditions [33]. Further, compared to iron, 
copper is a more effective catalytic material due to its unique properties. 
It can quickly interconvert Cu+ into Cu2+ and vice versa, and also form 
transient complexes with oxidation products. As oxidation products and 
copper do not permanently combine, the active sites remain available 
for the ongoing catalytic cycle. Consequently, copper is involved in the 
mineralization of organic materials and provides a superior redox cycle 
[45]. Copper has been reported as one of the most active species among 
various non-noble metals [46]. The ion exchange method is frequently 
used to synthesize the cation catalyst, which in turn alters the zeolite 
pore size and its acidity. While copper is exchanging with zeolite, a 
relationship with the zeolite acid strength can be observed. Literature 
suggested that cage-type zeolites, such as faujasite zeolites with strong 
acidity, can provide stability to copper ions [47]. The incorporation of 
copper into Zeolite-Y not only enhances redox activity but also in
troduces Lewis acid sites that can facilitate VOC activation.
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The efficiency of phenol degradation using zeolite catalysts can be 
impacted by various environmental factors, such as moisture, temper
ature, and the presence of other gases. These atmospheric conditions can 
alter the catalytic behavior of zeolites, either by enhancing or inhibiting 
the adsorption and subsequent degradation of phenols. Despite the 
growing body of research on phenol degradation, the specific impact of 
altered atmospheric conditions on the performance of zeolite catalysts 
remains underexplored. However, only a few studies have delved into 
the effects of changing atmospheric conditions on catalysts during the 
degradation process [7,10,11,48,49]. But in all these studies, they have 
not validated their results by comparing them with those under an inert 
environment. It is also important to study phenol degradation under 
inert conditions to make comparisons. Also, there appears to be a 
shortage of research on the degradation of phenol vapor or in the gas 
phase in comparison to that of phenols in water, and the mechanisms 
involved in vapor phase degradation are not well-defined [15,20,21,46,
50–54]. The challenges, such as controlling concentrations, analyzing, 
and monitoring results in gas-phase reaction analysis, may be the cause 
of this shortage of research. Although there are some studies with 
gaseous vapors, those have been conducted with expensive and complex 
experimental setups.

This study aims to address the above-mentioned research gaps by 
systematically investigating the effect of different atmospheric envi
ronments on the degradation behavior of phenol vapor via copper- 
modified Zeolite Y catalyst using a convenient but accurate experi
mental setup. This study hypothesizes that atmospheric conditions 
critically influence phenol degradation efficiency over zeolite catalysts. 
Increased moisture is expected to suppress degradation due to compet
itive adsorption of water molecules on active sites, whereas the intro
duction of oxidizing agents such as oxygen or hydrogen peroxide is 
predicted to enhance degradation by supplying additional oxidative 
pathways. Thus, the main objective of this study is to identify the suit
able reaction conditions for the degradation of phenol vapor via zeolite 
catalysts in environmental applications. Moreover, this article provides 
a comprehensive understanding of the mechanism of the derivation and 
conversion of phenol vapor into degradation products.

2. Materials and methodology

2.1. Materials

NaOH (Pellet, Sigma Aldrich, ACS reagent, > 98 %), NaAlO2 (Sigma 
Aldrich, reagent grade), LUDOX® AS-40 colloidal Silica (40 wt. % sus
pension in H2O; Sigma Aldrich), NH4NO3 (Duchefa Biochemie, >97.5 
%), Cu(NO3)2.2⋅5H2O (Sigma Aldrich, ACS reagent), Phenol (VMR 
Chemicals, ACS), Methanol (Sigma-Aldrich, ACS reagent, > 99.8 %, GC)

2.2. Preparation of Zeolite CuY catalyst

Zeolite Y was synthesized via a hydrothermal (HT) seed-assisted 
method. First, the seed gel of Zeolite Y was prepared using 3.1606 g of 
NaAlO2 dissolved in 11.2566 g of deionized water (d = 1 g cm-3). Then 
22.9821 g of 40 % (w/w) colloidal silica was added and stirred at room 
temperature for one day at 350 rpm. Next to prepare feed gel, 2.8212 g 
of NaOH and 4.0653 g NaAlO2 were mixed in 48.6800 g deionized water 
(d = 1 g cm− 3) with magnetic stirring at 250 rpm. After the clear solution 
was obtained, 31.2375 g of 40 % (w/w) colloidal silica and 3.0589 g of 
seed gel were added and stirred [55,56]. After that, it was kept for 24 h 
to age. Next, the hydrothermal synthesis was carried out in this solution 
at 100 ◦C for 24 h in a Teflon container of the hydrothermal reactor. The 
resultant product (HT-Zeolite NaY) was washed using deionized water 
until the solution pH became neutral (pH around 7–8). Hydrogen Zeolite 
(HT-Zeolite HY) was synthesized according to the method given in [56,
57] with slight modifications. For that, 1 g of HT-Zeolite NaY was stirred 
in 100 mL of 1 M NH4NO3 for two hours at 80 ◦C. Then it was dried at 
120 ◦C for 4 h. Thereafter, the material was calcinated at 550 ◦C for 5 h. 

Calcinated Zeolite HY was subjected to three sequential cation modifi
cation processes with a 3:1 mass ratio of Zeolite HY to metal salts (Cu 
(NO3)2.2⋅5H2O. The mixture was stirred at 380 rpm in 60 mL DI water at 
65 ◦C for a day. The material was filtered, and it was vacuum dried at 70 
◦C for 24 h. Thereafter, copper-modified Zeolite Y (HT-Zeolite CuY) was 
washed to remove excess metal salts and dried at 100 ◦C. Finally, the 
pure catalyst was obtained after calcination at 500 ◦C for one hour.

2.3. Characterization of the catalyst

HT-Zeolite CuY was characterized using Fourier Transform Infrared 
Spectroscopy (FTIR); Thermo Scientific NICOLET iS50 FT-IR, USA, 
Raman Spectroscopy; Renishaw inVia Raman Microscope, UK, Powder 
X-ray Diffraction (PXRD); Rigaku Ultima IV X-ray diffractometer, USA, 
Particle size analysis; HORIBA scientific nano particle NANO PARTICLE 
ANALYZER SZ-100, Japan, BET surface analysis; BELSORP MINI X, 
Microtrac BEL Corp, Japan, X-ray photoelectron spectroscopy (XPS); 
ESCALAB 250Xi, USA, Inductive Coupled Plasma/ Optical Emission 
Spectrometry (ICP/OES); Thermo Scientific iCAP 7000 series, USA, 
Scanning Electron Microscopic analysis (SEM); ZEISS EVO LS15, Ger
many and ZEISS EVO 18 and Bruker Quantax EDS, USA, and Energy 
Disperse X-ray spectrometry (EDS); ZEISS EVO 18 and Bruker Quantax 
EDS, USA.

2.4. Optimizing conditions and parameters of the phenol degradation

To optimize catalytic reaction conditions, such as time, temperature, 
etc., and degradation products analysis was done using the Shimadzu 
GC/MS-QP2010 ultra series model with a capillary column (Rtx®− 624, 
30 m, 0.25 mm ID, 1.4 µm df). The 1 µL injection volume in the split 
mode and the column oven temperature rise from 35 to 210 ◦C within 
19.58 min. He (4.6 grade) was used as the carrier gas, and the flow rate 
was 24.8 mL/min. The Headspace (HS) analysis was performed using a 
Shimadzu HS-20 headspace sampler.

A phenol solution was prepared in GC-grade methanol with a 4 mM 
concentration. Therefore, the chromatogram was collected with a 2.5 
min solvent cut. Then, 200 µL of phenol solution and 8 mg of HT-Zeolite 
CuY catalyst were placed in HS vials of the GC/MS-QP2010 series under 
a nitrogen gas environment. Then these vials were sealed and were 
heated up to 50, 75, 100, 125, and 150 ◦C. The GC/MS results were 
taken from each vial after one hour of heating. With those results, the 
optimum temperature of 100 ◦C was obtained. Under this optimum 
temperature, the phenol solution volume was optimized, considering 25, 
50, 100, 200, and 400 µL volumes into separate HS vials and repeating 
the next steps above.

The catalyst dosage was optimized by taking 2, 4, 6, 8, and 10 mg of 
HT-Zeolite CuY. To optimize reaction time, samples were heated for 30, 
60, 90, 120, and 150 min. Finally, the concentration of phenol solution 
was optimized under 100 ◦C for one hour by taking into account 1.0, 2.0, 
3.0, 4.0, and 5.0 mM concentrations.

The percentage removal of phenol was calculated according to the 
equation given below; Here C0 and Cf are the initial and final vapor 
phase concentrations of phenol, which were quantified after performing 
phenol standard sample calibration. 

Percentage Removal of Phenol =
(
C0 − Cf

)

C0
× 100% (1) 

2.5. Degradation product analysis under various reaction environments

Under the aforementioned optimal conditions, GC/MS degradation 
products analysis was performed. Then, the reaction environment was 
altered to incorporate inert gas, moisture, and oxygen. Additionally, 
analysis of the degradation products was done when 3 % H2O2 was 
available in the reaction medium. The resulting chromatograms were 
subjected to post-run by SCAN acquisition mode (TIC scan range =
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35–260 m/z) for qualitative analysis, and library data (NIST 115) was 
used as a library to compare individual compounds with standard 
chromatograms for degradation products identification. Comparing 
retention times (tR) with those of authentic products facilitated the 
identification of intermediates during the phenol oxidation by the CuY 
catalyst. Fig. 1 shows the diagram of GC/MS analysis done with HS vials.

3. Results and discussion

3.1. Characterization of synthesized HT-Zeolite CuY

3.1.1. FTIR spectroscopy
FTIR data were collected from Nicolet IS50 FTIR spectrometer by the 

standard KBr pellet method, scanning from 400 to 4000 cm-1. The in
strument resolution is 4 cm-1 and spectra were designed and analyzed 
using Origin 2019 software. Fig. 2(a) represents the FTIR spectra of 
Zeolite CuY synthesized from hydrothermal (HT).

In the spectra, bands around 460, 820, 1050, 1100, 1650, and 3500 
cm-1 correspond to the Zeolite Y structure commonly found in many 
publications [37,58–62]. The bands at 820 and 460 cm-1 are charac
teristic of the Si-O symmetrical stretching and bending vibration. The 
bands about 1100 and 1050 cm− 1 belong to the external and internal 
T-O (T = Si, Al) asymmetrical stretching vibration, respectively [63,64]. 
Also, a small band appears around 600 cm-1 in the Zeolite CuY spectrum, 
and this band represents the loading of cation, and it may be due to the 
internal deformation vibration modes of T-O-T bridging bonds [65]. 
This indicates that copper cations have been incorporated into hydro
thermally synthesized Zeolites (HT-Zeolite CuY). The presence of 
broadband around 2980–3700 cm-1 could be assigned to the O–H 
stretching mode either from H2O or (Si-OH). The spectrum of HT-Zeolite 
CuY shows peaks at high frequencies around 3425 cm-1 and 3519 cm-1, 
which could be seen due to Cu-OH vibrations and acidic hydroxyl groups 
[66,67].

3.1.2. Raman spectroscopy
The Renishaw inVia Raman Microscope was used to collect Raman 

data. Fig. 2(b) shows the Raman Spectra of HT-Zeolite CuY; the spectral 
region 100–2000 cm− 1 is selected for the analysis. The predominant 
peak appeared in the range of 1200–1400 cm-1. These bands are 
generally ascribed to the asymmetric stretching vibration of the Si-O 
bond [68]. This highest intensity peak is broader than the other peaks. 
Broadening is attributed to the disorder in the Al distribution [69]. So, 
from this observation, it can be suggested that copper cations may be 
incorporated into the Al sites. Further in the Zeolite CuY spectra, some 

bands below 120 cm-1 could be seen, and peaks at 110 cm-1 in HT-Zeolite 
CuY. These occur due to translational motions of intra-zeolite charge-
balancing extra-framework cations. The broadening of these bands 
corresponds to the translational motion of the extra-framework cation 
[69]. However, the appearance of these bands is smaller than that of 
bands around 1200–1300 cm-1; so that when copper is modified with 
Zeolites, the Al incorporation mechanism predominates would be 
suggested.

3.1.3. SEM and EDS analysis
Scanning Electron Microscopy images were obtained from ZEISS 

EVO LS15, Germany, to analyze the surface morphology of the synthe
sized microstructure of the samples. The samples were attached to 
conductive carbon scotch tape and covered with a 20 nm-thick gold 
layer. SEM images were taken using secondary electron mode at 20 keV. 
Fig. 2(c) shows the SEM images with the characteristic morphology of 
HT-Zeolite after copper modification. The regular octahedral shape of 
Faujasite Zeolite Y can be observed in HT-Zeolite CuY [37]. The reason 
for the defects may be the high-temperature calcination during cation 
incorporation. However, a highly crystalline morphology was observed 
in the SEM image of HT-Zeolite CuY, and its crystals are clearly visible.

The elemental chemical analyses are performed by using Bruker 
Quantax EDS, Energy Dispersive X-ray Spectrometry at a constant 
voltage of 20 keV with 20 k X magnification under a 1 mm area 
(Figure S1 and Figure S2). The samples are deposited on a stainless-steel 
holder and sputtered with gold.

The results of the elemental analyses given in Table 1 show the Si/Al 
ratio of 1.99, which corresponds to a unit cell formula of (H2O)x[(A
lO2)64(SiO2)128] for parent Zeolite HY [70]. The Si/Al ratio increases 
when the cation is incorporated, indicating mild dealumination during 
the exchange process [47]. According to the author H. Wang et al [47], 
during this process, aluminum may separate with copper incorporation 
and enter the solution as Al(OH)3, then reattach to the zeolite’s exterior 
during the drying process. This results in different Si/Al ratios, indi
cating the type of dealumination that occurs during Cu exchange.

3.1.4. PXRD analysis
Powder X-ray diffraction (PXRD) patterns of the samples were ob

tained with λ=1.54 Å Cu/Kα radiation and within the range 5 - 80◦ using 
a Rigaku Ultima IV X-ray diffractometer with CuKα radiation (50 kV, 40 
mA) at a scanning speed of 2 ◦/min. The crystallinity and purity of the 
synthesized zeolite phases were evaluated from these data. Fig. 3 shows 
PXRD patterns of (a) HT-Zeolite HY and (b) HT-Zeolite CuY. The peak 
pattern of as-synthesized HT-Zeolite shows similar patterns obtained 

Fig. 1. Diagram of GC/MS analysis done with HS vials under reaction conditions of: V volume of M molar phenol solution, adding m dosage of HT-Zeolite CuY and 
oven heating at T temperature for t time.
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from the Collection of Simulated XRD Powder Patterns for Zeolites 
database [71].

HT-Zeolite HY (before copper modified) spectrum reveals sharp 
peaks at 6.22, 10.16, 11.92, 15.68, 18.72, 20.42, 23.76, 27.14, 31.52, 
34.18◦ corresponding to (111), (220), (311), (331), (511), (440), (533), 
(642), (555) and (840). HT-Zeolite CuY presents d values in 6.32, 10.28, 
12.04, 15.82, 18.88, 20.56, 23.90, 27.28, 29.9, 31.02, 31.66, and 34.38◦

These peak values have shifted to a relatively higher angle than peaks in 
the PXRD pattern of Zeolite HY. For this phenomenon, an explanation 
has been provided in [63] with the aid of Bragg’s equation. Peaks shift to 
a higher angle, suggesting a shrinkage of the unit cell parameter as θ is 
inversely proportional to the d value, which is directly proportional to a0 
(calculations are available in SI). Hence, upon copper modification, 
copper cations may be incorporated into the Al sites. Then, the changes 
that occur in the framework caused by the presence of these additional 
cations impact the overall structure of the Zeolite crystal and tend to 

shrink the structure. This result has been proven based on the Raman 
spectra in this study. As part of the HT-Zeolite HY matrix, copper cations 
are incorporated into the Al site by distorting octahedrally coordinated 
aluminum at Lewis acid sites [72,73].

The FAU Structure showing cation sites is in Fig. 4. Copper ions 
prefer to locate at Site SI/SI’ (SOD cage) and Site II on the surface or 
matrix of 12MR (FAU super cage) rather than highly coordinated Site III. 
Site preferences are SI > SII > SI’ for monovalent SI > SI’> SII for divalent 
cations. However, Cu+ can locate and stabilize in 6MR at D6R of the FAU 
framework, as it is difficult to reduce when it is in D6R [47]. Peak in
tensities of 220 and 311 reflections appear at 2θ=10 and 12◦, respec
tively. In the PXRD pattern of HT-Zeolite HY I220<I311, while in the 
HT-Zeolite CuY pattern, I220>I311. This reveals the presence of the cation 
within the Zeolite Y super cage [64,74]. This observation is evidence for 
the exchange of Cu atoms in the super cage of Zeolite Y.

According to the PXRD patterns of Zeolite HY and Zeolite CuY, it can 
be seen that they are not very identical, so while copper ion incorporates 
with the Zeolite HY structure, structural modification occurs upon 
cation incorporation. The structural composition of zeolites is collec
tively modified by subsequent processes upon their incorporation of 
copper cations, thereby influencing their chemical and physical char
acteristics. During ion exchange processes, copper cations replace 
existing cations in the zeolite structure, introducing Cu species into the 
framework [75]. As a result of being confined within the zeolite pores, 
copper interacts with the zeolite structure to create a distinct 

Fig. 2. Characterization data of HT-Zeolite CuY; (a) FTIR spectra range from 400–4000 cm-1, (b) Raman spectra range from 100–2000 cm-1; the inset is Raman shift 
range from 100–120 cm-1, (c) SEM image at 20 keV with 73 K X Magnification.

Table 1 
Elemental analysis by EDS and calculated Si/Al ratios of synthesized Zeolites.

Sample Percentage of Elements Si/Al

Si Al O Cu

HT-Zeolite HY 25.73 12.94 61.33 NA 1.99
HT-Zeolite CuY 24.70 9.81 60.10 5.39 2.52

NA- not applicable.
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coordination chemistry [76]. The preferences of copper cations for 
specific sites within the zeolite framework led to cation ordering effects, 
such as their affinity for 6-membered ring sites over 8-membered ring 
windows [77]. The incorporation of copper may also cause deal
umination or changes in surface properties, impacting the structure and 
stability of the zeolite [78]. By generating active sites and interacting 
with reactants, copper can enhance the reactivity of zeolites, thereby 
influencing their catalytic properties [76].

Further, PXRD patterns after the cation modification (especially in 
HT-Zeolites) show a lowering in the peak intensities, and this could be 
caused by structural deformation occurring during Cu2+ exchange into 
Zeolite HY or the interaction of this cation with the framework oxygen of 
zeolite. The region of 2θ values at 10 and 20 has been considered to be 
correlated with the locations of cations in the Zeolite framework. 
Reduction of the characteristic peak indicates a redistribution of the 
intra-zeolite charge-balancing cation. Therefore, as observed in Raman 
data, some copper ions have been incorporated into extra-framework 
cation sites [79].

Then, according to the above observed PXRD patterns, it can be 
concluded that the copper cation has successfully incorporated into 
some Al sites and extra framework cation sites in the super cage of Ze
olites, which are synthesized using the hydrothermal method.

3.1.5. XPS analysis
XPS was performed to analyze the chemical composition of the 

catalyst surface and to study the nature of the copper cation. So, the XPS 
measurements were carried out by an XPS (ESCALAB 250Xi), Thermo 
Fisher, USA system equipped with a scanning microprobe X-ray source 
(Monochromatic Al Kα 1486.7 eV X-rays), an electron flood gun, and a 
floating ion gun generating low-energy electrons (1:1 technique), 
respectively. The Origin software was used to perform Gaussian function 
deconvolution of the spectra. All relevant peaks for elements in zeolite, 
such as O 1 s, Si 2p and Al 2p, were fitted, and 2p1/2 and 2p3/2 peaks of 
Cu2+ and Cu+ were fitted as in Fig. 5.

Characteristic deconvoluted peaks with binding energy 529.4–530.8 
eV can be attributed to lattice oxygen, while peaks at 531.7–532.2 eV 
are associated with surface oxygen or can be adsorbed oxygen or oxygen 
ions with low coordination state or oxygen atoms in hydroxyl groups 
[80]. Therefore, for O 1 s observed peaks at 531.93, 532.03, and 530.58 
eV can be assigned to the oxygen atom from Si-O-Al linkage, Si-O-Si 
linkages, and O–Cu+ bond, respectively [74]. In the Si 2p core level, 
a major fitted peak at 102.82 eV has been assigned to SiO2, and another 
peak at 102.48 eV can be assigned to Si2O3. The presence of Al2O3 is 
confirmed by the peak appearing at 74.84 eV, which is attributed to Al 
2p [74].

At the Cu 2p core level, the binding energies for Cu 2p3/2 and Cu 2p1/ 

2 of cuprous ions were found at 933.14 eV and 952.93 eV, respectively. 
Because Cu+ is sensitive to O2, it is not surprising to find weak signals for 
cupric ions (Cu 2p3/2 and Cu 2p1/2) at 936.18 eV and 955.32 eV and as 
well as a satellite peak at 944.08 eV that represents the key properties of 
Cu2+ [47]. The presence of Cu(II) species, which characterise the d9 

configuration in the ground state, is indicative of the presence of this 
shake-up satellite peak [42,81]. These findings indicate that most of the 
copper in the catalyst exists in the (+1) oxidation state [74]. Upon 
heating, Cu2+ is converted to Cu+, resulting in the formation of Cu+

species [42]. The observed energy difference of 19.79 eV between the 
two peaks agrees well with the 19.8 eV reported previously [42]. Based 
on the HT-Zeolite CuY XPS spectra, it is apparent that there are different 
oxidation states of copper on the support surface. This suggests that the 
HT-Zeolite CuY catalyst contains both monovalent and divalent copper.

According to all characterization results, it has been confirmed that 
the desired zeolite framework has been obtained from Hydrothermally 
synthesized Zeolite CuY. Table 2 represents the other important physi
cochemical properties of HT-Zeolite CuY based on the characterization 
data obtained.

3.2. GC/MS results for phenol degradation

3.2.1. Phenol conversion under inert (Anaerobic) conditions
The reaction conditions for the degradation of phenol were system

atically optimized by evaluating several parameters, including temper
ature, volume of the phenolic solution, catalyst dosage, concentration of 
the phenol solution, and duration of the reaction. The results of these 
optimizations are detailed in Table 3.

Fig. 3. PXRD patterns of (a) HT-Zeolite HY and (b) HT-Zeolite CuY range 
from 5–50◦.

Fig. 4. FAU Structure showing cation sites [34].
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Phenol degradation was evaluated using HT-Zeolite CuY under 
optimized anaerobic conditions, specifically within a nitrogen atmo
sphere. The results indicate a maximum phenol removal efficiency of 
60.17 %.

3.2.2. Phenol conversion under moisture and oxygen/peroxide environment
This experiment examined the effects of phenol degradation in the 

presence of various atmospheric conditions, such as under oxygen (O2), 
moisture, and hydrogen peroxide. It is found that the presence of 
moisture alone (Table 4, from the second row of the first column) leads 
to a lower percentage of phenol conversion/degradation than in the 

absence of any other stimulus (inert condition, Table 4, the first row of 
the first column). This is because water hinders phenol from degrading 
on many metal-based catalysts [80]. This could be due to the activity of 
the catalyst reducing or the competition between water and phenol for 
the active sites. Interestingly, the amount of phenol conversion signifi
cantly increased as the moisture content increased, but then decreased 
again when the moisture content continued to increase. Formation of 
H2O+ gas ions upon heating may tend to dissociate water molecules into 
⋅OH at a moderate level of moisture [8] is one suggestion. Also, Cu2+ in 
HT-Zeolite CuY facilitates homolytic cleavage of water adsorbed near 
the site of the catalyst, forming surface-bound ⋅OH hydroxyl radicals or 
lattice oxygen species (Fig. 9). This may lead to an increase in the phenol 
conversion. This result could be further explained according to the 
density field maps study carried out by B. Ba Mohammed et al [82]. It 
appears that phenol molecules tend to be absorbed primarily in the 
center of broad intersections and larger channels like a super cage, while 
water molecules are equally spread within the small channels of Zeolite 

Fig. 5. XPS binding energy peaks for elements in HT-Zeolite CuY such that O 1 s, Si 2p, Al 2p and 2p1/2 and 2p3/2 peaks of Cu2+ and Cu+.

Table 2 
Physicochemical properties of synthesized HT-Zeolite CuY.

Average 
Particle Size 
(D50) / µm

Crystal 
Size a/ 
nm

Crystallinity a

/%
SBET/ 
m2 g-1

Vmicro/ 
cm2 g-1

SiO2/ 
Al2O3 

a

4.320 342.49 94.68 505 0.24 21.901

a Based on PXRD data. Calculations are available in the SI document.

Table 3 
Optimized parameters for the phenol degradation via HT-Zeolite 
CuY under inert conditions.

Condition Value

Temperature 100 ◦C
Phenol solution volume 100 µL
Catalyst dosage 8.000 mg
Phenol solution concentration 4 mM
Reaction time 60 min

Table 4 
Phenol conversion with HT-Zeolite CuY under oxygen and/or moisture 
conditions.

Purge time of O2 

1.0 bar flow/min
0.0 1.0 2.0 3.0

Volume of H2O/µL Phenol Conversion/ %

0.00 60.17 59.40 59.24 67.55
10.00 38.04 34.42 22.98 57.82
20.00 30.14 42.98 52.17 63.14
30.00 68.54 70.89 77.07 81.29
40.00 61.23 61.21 71.49 81.87
50.00 38.41 84.32 82.06 85.00
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Y over the intersection. The energy values obtained from their research 
indicate that Zeolite Y has a stronger attraction for four phenol mole
cules compared to water, owing to its physical characteristics, such as its 
high hydrophobicity and the relatively lower polarity of phenol when 
compared to water [82]. However, high moisture levels again hinder the 
active sites of the catalyst.

In Table 4 (from the 2nd column of the first row), the percentage of 
conversion slightly decreased initially when oxygen was added in the 
absence of moisture, as compared to an inert state. However, with 
further purging of oxygen gas, the phenol conversion showed an in
crease. This is due to the oxidizing properties of oxygen, resulting in the 
production of more decomposition byproducts compared to an inert 
atmosphere. The presence of oxygen (O2) can have an impact on 
oxidative degradation as it amplifies and overlaps with the reaction 
[40].

However, the addition of both oxygen and water to the reaction 
medium resulted in an increase in phenol conversion with increased 
moisture levels, but a decrease in conversion at low moisture levels. It 
can be suggested that when the presence of moisture and oxygen is at a 
moderate level, some hydroxy radicals may have been produced, which 
accelerates the phenol degradation. In this system, the presence of O2, 
H2O, and the zeolite catalyst enables surface contacts, hydrogen 
abstraction, and catalytic activity that collectively lead to radical pro
duction. Zeolite catalysts can assist in activating oxygen molecules. 
Reactive oxygen species (ROS) generated by the catalytic activation of 
O2 can extract hydrogen atoms from water molecules, resulting in the 
formation of hydroxyl radicals (‧OH). On the zeolite surface, water vapor 
(H2O) and other molecules can competitively adsorb, causing localized 
concentration shifts and potentially promoting the production of radi
cals [83,84]. However, when increasing the moisture content, it may 
lead to a hindrance effect as discussed above.

The effect of phenol vapor degradation in the presence of H2O2 vapor 
has increased from 60 % to 94 % compared to inert conditions due to 
radical formation and auto-oxidation. Phenol conversion with the 
addition of peroxide and additional water vapor is given in Table 5. The 
percentage conversion has reached 94 % when moisture is absent, and as 
the above with oxygen, there’s no decrease is observed with the addition 
of water. So, upon the addition of moisture, phenol has tended to fully 
convert to degradation products. It is obvious that the synthesis of ⋅OH 
radicals from peroxide brings the phenols to their degradation products. 
As reported data to completely oxidize 1 mol of phenol, 14 mol of 
hydrogen peroxide is required [85]. However, in the presence of a high 
amount of water vapor and peroxide vapor, the conversion has 
decreased from 99.9 % to 96.5 % and it may be due to the formation of 
hydroperoxyl radical (HO2⋅), which has a little positive effect on the 
Fenton-like process [63] or hindrance effect from water vapor.

Fig. 6 displays a bar chart summarizing the average conversion of 
phenol under various reaction conditions. Even under inert conditions, 
phenol conversion/degradation occurs at an acceptable level. The 
addition of moisture, however, results in decreased conversion. On the 
other hand, introducing oxygen to the reaction vial leads to a slight 
increase in conversion. The increase becomes more significant with the 
addition of an oxygen and moisture mixture. As anticipated, the inclu
sion of peroxide results in increased phenol oxidation. Combining 
peroxide with moisture leads to nearly total phenol conversion.

3.2.3. Degradation products analysis and mechanism study
Ethanol, 2-butanol, 2-pentanone, and 3-pentanone are common 

degradation products obtained in inert, oxygen, and moisture environ
ments. However, the formation of acetone can be seen in the moisture 
environment. Table 6 summarizes the products generated from the 
degradation of phenolic vapor under various modified conditions.

The phenol may be adsorbed in the pores of Zeolite Y through the 
hydroxyl group of phenol to the basic oxygen atoms of the terminal Si- 
OH in zeolite due to its acidity (pKa = 9.89) [82]. It is highly probable 
that, at high coverage, the Cu+ ions will also interact with either the 
aromatic ring or the hydroxyl oxygen of phenol. Previous research has 
suggested that when the coverage is high, the interaction between the 
π-electrons of the aromatic molecule and the silanol terminal group, 
Si-OH may also be involved [82]. It is reasonable to assume that there 
are two different adsorption mechanisms through which phenol mole
cules can attach to the surface of zeolite. Phenol can adopt two orien
tations: one is vertical, where its hydroxyl group interacts solely with the 
surface, and the other is more parallel to the surface, where the aromatic 
ring interacts with the surface simultaneously [82]. In this study, we 
observed the formation of products like p-Benzoquinone within an inert 
atmosphere, suggesting that vertical interactions play a significant role 
in the phenol conversion mechanism with the HT-Zeolite CuY catalyst.

The copper ion is mostly located in the 3D channel (sodalite, main 
channel, and hexagonal prism) of the FAU structure (Fig. 4) [47]. 
Characterization results revealed that the exchange of Cu atoms could be 
within the super cage of Zeolite Y. The adsorbed phenol can diffuse into 
the crystal’s interior, and could access the super cage (7.4 Å) due to its 
compatible size, with a kinetic diameter of 6.0 Å [86]. This 
12-membered ring structure and its channels are spacious enough to 
allow all the products to diffuse out as well. But it is not possible to pass 
into the space inside the sodalite cage. The inter-crystalline Y zeolite 
pores contain both acidic protons and oxidative Cu+/Cu2+ ions, which 
might be responsible for the high activity level observed in HT-Zeolite 
CuY [31]. The activity of acidic catalysts is controlled by Bronsted 
acidity, which causes hydrocarbons, in this case phenols, to adsorb on 
these sites and initiate the oxidation process [67]. Additionally, the 
catalytic activity of transition metal species is affected by the outer 
D-electron density [87]. The degradation reaction can occur within the 
inter-crystalline zeolite cages and channels situated in the super cage of 
the FAU structure. Then SII can act as a potential active cation site, as 
this site is located at the six-membered ring, facing the super cage site in 
zeolite Y, as an exchangeable cation [31,73].

The catalyst has been treated with calcination before being used, 
which significantly improves its acidity and stability when exposed to 

Table 5 
Phenol conversion with hydrogen peroxide and water via HT-Zeolite CuY.

30 % H2O2/ µL 20.00 40.00 60.00 80.00 100.00
Additional Water/ µL Phenol Conversion/ %

0.00 87.15 91.42 95.85 94.19 94.13
10.00 87.93 94.41 99.76 99.77 99.95
20.00 96.00 98.52 89.92 99.80 99.91
30.00 95.87 99.28 99.69 96.85 99.92
40.00 98.52 99.71 99.79 99.82 96.51

Fig. 6. Summary of the phenol conversion under different reaction conditions, 
such as inert, with oxygen, with moisture, with peroxide, with oxygen and 
moisture, and with peroxide and moisture.
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water. This treatment creates Lewis acidic sites within the zeolite pores 
by moving some of the lattice aluminium into a different position. It can 
be proposed that the unique lattice structure of the faujasite type indi
rectly promotes cooperation between Lewis and Brønsted acids, creating 
sodalite cages that effectively stabilize large cationic aggregates. When 
an activated intermediate interacts with the Lewis acidic sites, it pro
motes the ring-opening reaction, increasing the overall reaction rate 
[73].

In the inert environment, when phenol reaches the active site of the 
zeolite catalyst, as the copper cation draws electrons from oxygen on the 
zeolite, phenol O–H bond cleaving could be possible as H is attracted by 
the terminal oxygen of the Zeolite (Fig. 7). It will create a partial 
negative charge at the ortho and para positions of the benzene ring. 
Once the phenol is attracted to the copper cation site, the bond cleaving 
of the terminal Bronsted acid site can proceed to create radicals. Sub
sequently, the less hindered para position of phenol is attacked by OH 
radicals, and the benzoquinone intermediate is produced [45]. Fig. 7 
and Fig. 8 schematically depict the potential pathway for phenol 

degradation. This suggestion was proposed because the reaction media 
does not contain any oxidizing agents, and therefore, the only oxygen 
that can be involved in the mechanism is terminal oxygen from the 
zeolite framework. In this context, it is possible for radicals to form from 
the zeolite framework. The success of phenol degradation depends on 
the oxidation state of metal ions in catalysts and the in-situ production of 
radicals such as ‧OH, ‧O, and/or ‧O2 [9]. Conversely, fewer intermediate 
products are seen in the inert environment.

Based on the Raman spectroscopic data and PXRD analysis, it was 
observed that some of the Al sites in the catalyst were disordered by Cu 
atoms. This substitution caused the development of surface oxygen de
fects, which led to an increase in the amount of oxygen adsorbed on the 
HT-Zeolite CuY catalyst. The presence of active surface oxygen defects 
may also lower the energy barrier required for the reaction to occur.

The hydroxyl radical (⋅OH) can remove hydrogen atoms from almost 
every C–H bond of organic complexes, as the O–H bond energy is 
higher than the majority of C–H bond energies, according to thermo
dynamics. At the aerobic condition, the first attack of ⋅OH generates 

Table 6 
Degradation products obtained from GC/MS after phenol vapor conversion with HT-Zeolite CuY at different reaction conditions, including inert, oxygen, moisture, 
and/or peroxide.

Inert air Condition Oxygen Condition Moisture Condition Moisture and Oxygen Condition H2O2 Condition Moisture and H2O2 Condition

Ethanol Ethanol Ethanol Ethanol Ethanol Ethanol
2-Butanone 2-Butanone Acetone 3-Methyl Pentane 2-Propenal Methylal
2-Propoxy Ethanol 2-Pentanone 2-Butanone 2-Butanone Methylal Acetone
2-Pentanone 3-Pentanone 2-Pentanone 2-Pentanone Acetone Acetic acid Methyl ester
3-Pentanone Butanoic acid Methyl ester 3-Pentanone 3-Pentanone Acetic acid Methyl ester 1,1-Dimethoxy Ethane
2-Methoxy Phenol 2-Ethyl-1-Hexanol 4-Methyl-1,3-dioxolane 2-Ethyl-1-Hexanol 1,1-Dimethoxy- Ethane p-Dioxane-2,3-diol
p-Benzoquinone ​ ​ ​ Methyl vinyl ketone 2-Butanone
​ ​ ​ ​ p-Dioxane-2,3-diol Formic acid
​ ​ ​ ​ 2-Butanone Acetic acid
​ ​ ​ ​ Formic acid Methoxy acetic acid methyl ester
​ ​ ​ ​ Acetic acid ​
​ ​ ​ ​ p-Benzoquinone ​
​ ​ ​ ​ Methyl Propionate ​

Fig. 7. Proposed mechanism for phenol degradation under the inert environment with HT-Zeolite CuY at the optimum reaction conditions; Temperature-100 ◦C, 
Phenol solution volume-100 µL, Catalyst dosage-8000 mg, Phenol solution concentration-4 mM, Reaction time-60 min.
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carbon-centered radicals, which initiate a series of events resulting in 
the creation of organic peroxyl intermediates. To complete the process, 
molecular oxygen catches radicals with a carbon center or organic 
radical cations. Some C–C bonds break, causing degradative oxidation, 
resulting in oxidized compounds with fewer carbon atoms. Zeolite 
frameworks regulate the pH in the reaction medium, providing the 
conditions for the reaction to occur [40].

According to the discussion in Section 3.2.2, the mechanism of 
Phenol conversion when a moderate level of water presence is illustrated 
in Fig. 9.

Copper ions (Cu+) can react with oxygen (O2) in the presence of 

moisture to form a Cu-O-O radical. This radical can then react with 
phenol as shown in below reaction steps (2) to (7). Another pathway 
involves the reaction of Cu2+ with an intermediate that is produced after 
the phenol reacts with oxygen [88]. 

[Cu+]–Zeolite + O2 + H2O → [Cu2+–O–O⋅]–Zeolite + OH-              (2)

C6H5–OH → C6H5–OH⋅⋅⋅[Cu2+–O–O⋅]–Zeolite (OH)                         (3)

C6H5–OH + Cu–O–O⋅ → C6H4(OH)(OOH)–Cu2+ (4)

C6H4(OH)(OOH)→ benzoquinone → ring-opened dicarboxylic acids (5)

Fig. 8. Degraded product formation from phenolic vapor after catalytic degradation with HT-Zeolite CuY under inert conditions at the optimum reaction condition; 
Temperature-100 ◦C, Phenol solution volume 100 µL, Catalyst dosage-8.000 mg, Phenol solution concentration-4 mM, Reaction time-60 min.

Fig. 9. Proposed mechanism of phenol degradation with HT-Zeolite CuY with the moisture under the optimum reaction condition; Temperature-100 ◦C, Phenol 
solution volume-100 µL, Catalyst dosage-8.000 mg, Phenol solution concentration-4 mM, Reaction time-60 min, H2O. Reaction continuing is indicated with two short 
arrows, and product formation may be similar to Fig. 8.
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Cu+ + O2 → Cu2+–O2
- → Cu–O–O⋅                                                  (6)

Cu2++ H2O → Cu+ + ⋅OH + H+ (7)

The redox cycle between Cu+/Cu2+ produces ⋅OH, which breaks 
down phenol through H2O2-mediated oxidation [54], and singlet oxy
gen (1O2) may be mainly produced through the surface oxygen defect 
path, and this involves phenol degradation [63]. The formation of spe
cific oxidation products, such as hydroperoxides or oxygenated phenol 
derivatives such as benzoquinone, can indicate the presence of singlet 
oxygen (1O2) [89]. The molecular structure of phenol is related to its 
oxidative breakdown process. When a hydroxyl group replaces a 
hydrogen atom on the benzene ring, the electron cloud density becomes 
unevenly dispersed. Due to the larger electron cloud density during in
teractions with phenolic compounds, hydroxyl radicals initially attack 
the ortho or para position [54]. Then, the degradation of phenol in the 
presence of peroxide commences with the electrophilic addition of hy
droxyl radicals to the aromatic ring, resulting in the development of 
polyhydroxylated benzene derivatives [54]. The process involves the 
conversion of phenol to hydroquinone and catechol, which then oxidize 
and give rise to o- and p-benzoquinone [24]. In the presence of a strong 
oxidant like peroxide in the media, hydroquinone is promptly oxidized 
to p-benzoquinone [24]. According to research findings, p-benzoqui
none is an important intermediate product that forms during the 
degradation of phenol [20,63,85]. After the first reaction step, 
di-hydroxylated derivatives are oxidized to produce polyhydroxylated 
derivatives and/or quinones, which then undergo oxidative 
ring-opening reactions to yield carboxylic acids [24]. Higher amounts of 
formic acid and trace amounts of acetic acid are formed during the 
peroxide oxidation in this study, which agrees with the general mech
anisms. However, Methylal is the major product among all these 
degradative by-products. The second major one is acetic acid methyl 
ester. Upon addition of more peroxide, p-benzoquinone peak intensity 
decreases, and methylal, acetic acid methyl ester, and formic acid peaks 
increase. This means ring opening and further oxidation happen upon 
the addition of more H2O2. The complete Fenton reaction produces CO2 
when single carbon atoms are formed. The possible reaction mechanism 
is illustrated in Fig. 10.

As a summary of this discussion, it can be suggested that when ion 
exchange occurs, the copper cation Cu+ is available at the active site of 
the catalyst’s zeolite. Then it undergoes oxidation to Cu2+ by producing 
hydroxyl radicals from framework zeolite hydroxyls when it’s subjected 
to heat. Then, a similar Fenton-type reaction happens partially for 
phenols even in inert air conditions. So, when phenol oxidizes, OH 
radicals reduce Cu2+ to Cu+and the catalyst is regenerated. When oxy
gen is provided, the reaction is accelerated, and upon the addition of 

moisture, initial degradation increases, but further addition of water 
inhibits the oxidation of phenol. Then, it is obvious that the addition of 
H2O2 to phenol undergoes a full Fenton-like reaction at a high reaction 
rate. This implies phenol pollutants are decomposed in the external 
medium when the atmosphere is altered and within the zeolite frame
work under inert conditions.

The mechanism described herein can be further verified through 
theoretical modelling in subsequent research on this topic. To minimize 
experimental variability, it is recommended that future studies be con
ducted in an inert glove box, to eliminate the influence of ambient VOCs. 
Additionally, other phenolic derivative degradation reactions and 
computational modelling are suggested to further elucidate the degra
dation mechanisms and validate the findings.

4. Conclusions

In this study, Faujasite zeolite was successfully synthesized via a seed 
gel-assisted hydrothermal method, and copper cations were effectively 
incorporated into the framework. The resulting HT-Zeolite CuY catalyst 
was applied for phenol vapor degradation under inert, humid, and 
aerobic conditions, as well as in the presence of H₂O₂. Unlike conven
tional flow systems, closed vials were employed, and volatile in
termediates and by-products were analyzed using headspace gas 
chromatography.

Under inert gas conditions, the HT-Zeolite CuY catalyst achieved up 
to 60 % phenol conversion, with the acidic framework providing a 
favorable environment for degradation. Mechanistic insights derived 
from characterization and chromatographic data suggest that surface 
Si–OH groups play a key role in generating hydroxyl radicals, initiating a 
Fenton-type degradation pathway even under inert air. The introduction 
of oxygen further accelerated phenol conversion, while moderate 
moisture unexpectedly enhanced the initial degradation steps. The 
addition of H₂O₂ triggered a rapid and complete Fenton-like reaction, 
indicating that phenolic vapors can be degraded both within the zeolite 
framework and in the external reaction medium.

Overall, this work highlights the dual functionality of HT-Zeolite 
CuY as both an acidic and redox-active catalyst, demonstrating its po
tential for efficient phenolic vapor removal under a range of atmo
spheric conditions.
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