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Abstract

In this study, various types of zeolite support (LTA, GIS-
NaP1, and FAU-type Y) were coupled with CdO active sites
to develop effective photocatalysts for volatile organic
compounds (VOC) treatment (isopropanol as a model).
Notably, both LTA-Cd and FAU-Cd samples retained the
structure of the original zeolite, as indicated by the
presence of characteristic peaks in their X-ray diffraction
(XRD) patterns, whereas the transformation was seen in
GIS-Cd sample. Cadmium oxide formation and distribution
on the catalyst's surface were confirmed through XRD
analysis, scanning electron microscopy (SEM) images, and
three-point energy-dispersive X-ray spectroscopy (EDX)
mapping. When comparing the efficacy in treating
isopropyl alcohol (IPA) among the samples, FAU-Cd
exhibited the best performance, containing only 1.59% of
cadmium element. Interestingly, the variation in moisture
stream ratio had minimal impact on IPA adsorption
capacity, and its effect on the photocatalytic activity of the
FAU-Cd sample could be negligible. It suggests that FAU-Cd
holds promise as an effective photocatalyst for
environmental cleanup purposes.

Keywords: photocatalyst, IPA degradation, catalyst based
on zeolite, VOCs

1. Introduction

Nowadays, environment is on its way becoming the key
issue of the world. Adding on to this point, the VOCs
(volatile organic compounds) contamination is one of
biggest motives leading to these effects, and 2-propanol
(IPA) is such an instance owing to its utilization throughout
the COVID 19 epidemic (Cimolai, 2020). IPA can be found in
numerous industrial merchandises as sanitizers, household
products and rubbing alcohol (Wiegand, 2024). As a toxic
alcohol, isopropanol ingestion not only can cause clinical
intoxication, but also may profound obtundation (Co &
Gunnerson, 2019). Hence, it is vitally crucial to have an IPA
treatment step before discharging it into the environment.
There are numerous different methods for IPA treatment
purpose, such as adsorption (Liu et al. 2019), absorption
(Gao et al. 2023), membrane separation (Dmitrenko et al.
2022), catalytic oxidation (Guo et al. 2022), and
photocatalysis method (Tan et al. 2019). Instead of facing
many issues in the selection of absorbent and the
optimisation of adsorption equipment, same as with others
methods’s difficulties (Gao et al. 2023), the photocatalysis
method prove it is one of the most advanced method for
its great beneficial in eliminating IPA due to takes placing
of photocatalytic reaction at atmospheric condition, with
the ability of using sunlight and easy in designing reactor
(Almaie et al. 2022). In photocatalysis method, H* and
electron are separated and then react with O, and OH;,
forming the active *0% and "OH (Wu et al. 2021).

Catalyst+ hv > h*+e” (1)
O2+e >0 (2)
H20 + h* --OH + H* (3)
02" +H" - HO: (4)
HO2 - Oz + H20: (5)
HOz + H20 +e™ - H202 + OH~ (6)
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OH + OH = H,0; (7)
H202 + e = OH + OH" (8)

The widely accepted photocatalytic oxidation (PCO) model
(Enesca & Cazan, 2020) suggests that electrons and holes
typically distribute to the surface of photocatalysts where
they engage in reactions with VOCs. Nonetheless, an
alternative path involves electrons and holes recombining
before they can effectively decompose VOCs, thereby
compromising the efficiency of VOC decomposition. When
photo-generated electrons and holes diffuse to the surface
without recombining, these electrons and activated holes
(h*) account for catalyzing redox reactions with VOCs
adsorbed on the photocatalyst surface (Mo et al. 2009).
The electrons produced by photocatalysts could counter
with electron acceptors like Oz (Equation (2)), while the
holes can oxidize electron donors such as H20, initiating the
generation of radicals (Equation (3)). These radicals (-OH),
when released from the photocatalyst surface, trigger the
formation of reactive oxygen species (ROS) (Equations (2)-
(8)), which also react with VOCs due to their unsaturated
bonds. Common radicals and ROS include -OH, -0%, HO,,
and H202. Ultimately, they oxidize VOCs into CO2, H20, and
other byproducts.

Metal oxides have long had applications such as
photocatalytic applications for environmental remediation,
decarbonization, and energy sustainability (Danish et al.
2020). Previous studies by Takashi et al. investigated the
improvement of photocatalytic efficiency in TiOz-zeolite
composites aimed at enhancing the photodegradation of 2-
propanol in water (Kamegawa et al. 2013). Zhang and
colleagues synthesized a photocatalyst combining
TiOz/acid leaching zeolite, demonstrating ~enhanced
performance in removing various organic pollutants (G.
Zhang et al. 2018). Regrettably, TiO2-based photocatalysts
possess a wide band gap (~3.2 eV), making them suitable
only for UV radiation absorption, which constitutes
approximately 5% of solar energy. Additionally, they
exhibit a short lifetime of photoexcited charge carriers (X.
Yan et al. 2017), (Ong et al. 2014), (Y. Yan et al. 2014).
Besides, CdO exhibits excellent conductivity and enhanced
chemical stability as a result of a higher carrier
concentration - resulting from oxygen vacancies or
interstitial states of cadmium (Rana et al. 2019). CdO
features superior electron mobility and absorbs visible
radiation effectively, making it highly suitable for
photocatalytic applications (Rajput et al. 2018). In
particular, cadmium oxides has many diverse applications
such as solar cells, catalysis, chemical and gas sensors,
phototransistors and photodiodes; and is also chosen as a
photocatalyst due to its band gap is 2.3 eV, suitable for light
with wavelengths ranging from 500 nm or less
(Mohammed et al. n.d.). In the study of Kurugundla Gopi
Krishna and colleagues, CdO in a ZnO/CdO nanocomposite
was used as a sensor for BTX (benzene, toluene, styrene),
resulting in this sensor being a time-honored material with
quick response and recovery times (Krishna et al. 2024).
Therefore, CdO has potential to treat IPA with the energy
provided by UVA - 352nm light.
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Metal oxides are not often used alone because in their non-
porous form they only interact with molecules at the
surface and are not used with internal molecules so they
must be accompanied by a by a support (Mabate et al.
2023). Among the various adsorbent supports for
photocatalysts, zeolite - a porous material with a 3D
network structure, has been identified as the most
promising candidate (Moshoeshoe et al. 2017). Zeolites are
commonly used adsorbents because of their exceptional
micropores, cavities, and channels. With pore diameters
between 5 and 20 A, they are ideal for adsorbing a variety
of VOC molecules (K. P. Veerapandian et al. 2019). Zeolite
has advantages such as large surface ‘area, thermal
stability, environmental friendliness, abundant acid/base
sites that can minimize the electron-hole pairs
recombination, adjustable surface property, etc (Hu et al.
2021). Conventional zeolite is an aluminosilicate-type
microporous material made of tetrahedral SiO4 and AlO4
units. Each AlO, tetrahedron introduces a net negative
charge, which needs to be compensated by additional
exchangeable cations (such as H*, Na*, K*, Ca?*, Mg?*, and
others). These cations are loosely held and can be easily
exchanged under mild conditions (Hu et al. 2021), in
particular, the high ability to exchange ions with other
metals makes carrying metal ions to the surface much
easier than with other carriers (Belviso, 2020).

This  study synthesized Cd-exchange zeolites as
photocatalysts with a simple procedure for IPA treatment
in the continuous gas. With a high specific surface area, fine
porous, and stability, different zeolites (GIS-NaP1, FAU, and
LTA) become promising supporters to enhance IPA
adsorption capacity. Besides, zeolite supporters can
decrease the fast recombination of electrons and holes
with CdO active sites, increasing the usability of the
photocatalysts. In addition, the IPA treatment ability in the
humid environment was also investigated for enhanced
application.

2. Experimental

In this study, three types of zeolite were applied for
preparing the photocatalyst. Zeolite GIS (Na-P1) was
prepared based on published procedure (Sharma et al.
2016); zeolite LTA was obtained from Chau-Thinh-Phat Co.
and zeolite FAU (type Y) was prepared based on published
procedure (Robson, 2001), (Tu et al. 2019). Each zeolitic
material were exchanged with ion Cd?* by stirring 1.0 g
zeolite in 50 mL of 500 ppm Cd(NOs3)2 solution for 24 hours
at room temperature. After filtration the obtained solid
was washed and dried at 80 °C overnight. Afterwards, it
was calcined at 400 °C for 2 hours to form the Cd-
exchanged zeolite photocatalysts. Crystallization of all the
samples were investigate with X-ray diffraction analysis
using D8 Advance, Bruker. Nitrogen physisorption was
conducted at -196 °C with Nova 2200e Quantachrome after
vacuuming samples at 300 °C for 2 hours. The
morphological features of prepared membranes were
determined using a scanning electron microscope (Hitachi
S4800).

IPA  photodegradation was investigated with a
photocatalytic annular reactor (Nhan et al. 2024) including
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an outer quartz tube (35 mm of outside diameter and 1mm
of thickness) connected to the gas tubes at both ends, an
inner glass tube (25 mm of outside diameter and 1 mm of
thickness) sealed at both ends and a light emitting system
of four UVA-lamps (Sankyo Denki F10T8BLB, Japan) with
352 nm of wavelength and 1.5W of emission capacity that
symmetrically located 2.5 cm far from reactor. In
preparation step, 0.2 g of catalyst sample was dispersed in
alcohol solution (98%) with ultrasonic for 10 minutes to
make the fine suspension before being coated on the
surface of the inner tube of the reactor by the spin spray
coating method. The catalytic coated tube was then
calcined at 300 °C for 2 hours before all experimental tests.
The nitrogen gas stream carries IPA by bubbling method,
then mixed with oxygen, nitrogen, and moisture if available
to form the IPA input gas stream with a determined
concentration before passing through the sample. In this
study, the input concentration of IPA is fixed at about 1200
ppmv. A needle valve controlled each flow and monitored
using a flow meter. The mixing chamber was used to
stabilize the concentration of the inlet gas stream. The
output gas flow is analyzed directly by GC-FID equipment.
IPA absorbed capacity (mmol/g) and IPA photocatalytic
efficiency (%) was calculated with (1), and (2) formulas:

1
q{mmol}_Pxelx[l_Cij*looo (1)

gcat CRxT me, o

c (2)

o) — i|*
x(A)_{1—COJ 100
where q is the saturated adsorption capacity (mmol/g), P is
the pressure of IPA (atm), F is the total gas flow (ml/min), T
is the temperature of IPA gas mixture (K), R is the gas
constant (L.atm.K1.mol?), Co is the inlet concentration of
the adsorbed gas (ppmv) and Ci is the outlet concentration
of the adsorbed gas (ppmv).

3. Results and dicussions

XRD patterns of all samples were expressed in Figure 1,
along with the standard peaks of CdO (JCPDS 05-0640),
zeolite LTA (JCPDS 01-078-2452), no zeolite FAU (JCPDS 01-
077-029), and zeolite GIS-NaP1 (JCPDS 00-039-0219). The
characteristic peaks of CdO at 26 = 33° was observed in all
the ion-exchanged zeolite samples, which proved the CdO
crystallization after these modifications. The characteristic
peaks of FAU zeolite (26 = 6.1°, 10°, 11.8°, 15.5°, 18.5°,
20.1°,23.6°, 27.4°, and 29.3°, respectively), and LTA zeolite
(26 =7.2°,10.3°,12.6°, 16.2°, 21.8°, 24.0°, 27.2°, 29.9° and
34.2°, respectively) appeared in FAU-Cd and LTA-Cd
sample, have shown the stable of zeolite frameworks after
being modified in this study. In the GIS-Cd sample, the FAU
Table 1. Nitrogen physisorption parameters of all samples

framework's characteristic peak appearance is beside some
standard peaks of GIS-NaP1 zeolite (26 =12.5°,17.8°, 21.6°,
28.2°, 33.4°), which may come from the structural
transformation of ion exchange combined with the thermal
treatment method. Thus, there are the remain in structure
of FAU and LTA zeolites sample after modifying with a well
crystalline, while the opposite is true of GIS zeolites, where
the process of exchanging Cadmium ion adversely effects
the framework of zeolites. However, the CdO can be seen
clearly on all samples, proving the successfully coating
process of oxides on the surface of zeolites.

Nitrogen physisorption results of all samples-are shown in
Figure 2 and Table 1. The nitrogen adsorption-desorption
curves have the shape of type | isotherms (Thommes et al.
2015), characterizing microporous materials - the basic
properties of the zeolite framework. According to Table 1,
the samples with cadmium have a smaller surface area
than the initial zeolite (525.6 m?/g of FAU-Cd < 588.2 m?/g
of FAU, 147.0 m?/g of GIS-Cd < 194.8 m?/g of GIS), which is
suitable with the cadmium molecules have fulfilled a part
of the zeolite pores. GIS-Cd and LTA-Cd have a smaller BET
surface area than the FAU-Cd sample because the
frameworks:  of GIS and LTA contain tiny micropores
(ultramicro pores < 0.7 nm), which are difficult for nitrogen
(Sayehi-et al. 2020).
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Figure 1. XRD patterns of cadmium exchanged zeolite: LTA-Cd
(a), FAU-Cd (b), and GIS-Cd (c)

Samples Unit Sger mz/g sIangmuir mz/g Sexternal mz/g Viotal cc/g Vmicro cc/g
FAU 588.2 858.4 33.55 0.3325 0.2857
FAU-Cd 525.6 766.8 19.79 0.2957 0.2607
GIS 194.8 287.9 27.76 0.1291 0.0868
GIS-Cd 147.0 213.9 15.56 0.09662 0.0674
LTA 16.55 24.63 9.826 0.0609 0.0034
LTA-Cd 9.821 16.51 9.821 0.0190 0.0070




Turning to the SEM-EDX results of FAU-Cd samples, which
were showed in Figure 3. The morphology of FAU zeolite
can be observed at different resolutions of SEM images
(Figure 3a, b, c), which are shape of octahedral crystalline,
some are closer with the spherical particles with the
diameter around 1um. The similar morphology and particle
size were also seen in the study of Danial for FAU zeolites
(Aguilar Ramirez et al. 2021), proving the well-defined
shape of zeolite still remaining after modification steps.
Moving to the Cadmium distribution on the surface of
zeolites, the EDX was conducted to reveal the elemental
mapping of Cd. When mapping three points in the surface
of the FAU-Cd sample (Figure 3d, e, f), the red dots indicate
the uniform distributions of cadmium even in any area. The
values of the cadmium element percentage are very similar
at these different three points (1.68%, 1.61% and 1.49%,
respectively), which are averagely about 1.59 %, meaning
the relatively low content of active sites.

200
180 - — —— ._;/
T
160 Tﬂu
. FAU-Cd
% 140 -
R
o 120
o 0
%)
@ 100~
(0]
E 804
=2
o
> 604 GIs-Cd
40 4
204/ LTA-Cd
0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

P/Po

Figure 2. Nitrogen physisorption isotherms of Cadmium-
exchanged zeolite samples
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Figure 3. a, b, c) SEM images at different resolutions (x10000,
x5000, x1000) of FAU-Cd sample; d, e, f) Cadmium element
distribution of mapping three points in FAU-Cd ‘s surface

IPA removal between the ion-exchanged zeolite samples is
in comparison in Figure 3a) and Figure 4 expresses the IPA
adsorption processes of LTA-Cd, GIS-Cd, and FAU-Cd
samples. Figure 3a is the IPA adsorption data following
times in minutes, and Figure 3b is a capacity adsorption
comparison. While the GIS-Cd and FAU-Cd sample has a
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close adsorption ability (near-coincident adsorption
curves), the LTA-Cd is the worst with an adsorbed capacity
of only 0.11 mmol/g, and the rapid equilibrium after 15
minutes. This can be because the pore size of the initial LTA
is around 4A (Garcia-Soto et al. 2013), which is much
smaller than the FAU zeolite pores of 7.5 A (Ferreira et al.
2022). Thus, after being occupied by cadmium ions, the
zeolite pores become smaller in size and lead to the IPA
adsorption lessening. Adding on to the same above
explanation, the IPA adsorption of GIS-Cd should be the
smallest one with only 3.5A of GIS-NaP1 pore size.
However, after cadmium exchange and. 400°C of
calcination, the GIS-Cd sample has some characteristic
peaks of the FAU framework (Figure 1c), claiming its FAU
structure transformation and higher IPA degradation.
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Figure 4. a) IPA adsorption follows time b) IPA adsorbed capacity
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Figure 5. Fitting line of the sample: LTA-Cd (a), FAU-Cd (b), GIS-
Cd (c) with Pseudo-first-order model and Pseudo-second-order
model

Pseudo-first order (PFO) and pseudo-second order (PSO)
are the most popular models for kinetic adsorption studies
(J. Zhang, 2019). The differential form and integrating form
of PFO model are described by the above equation (3), (4)
(Wang & Guo, 2020):

dqt 3
k. -a) B)
For the conditions ofg, =0:q, =g, (1—e'k1') (4)
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The differential form and integrating form of PSO model

are described by the above equation (5), (6) (Wang & Guo,

2020):
dat _

oy (5)
m =k(q,-q,)

Table 1. Parameters of PFO and PSO fitting models of the samples.

_ Gkt (6)
1+q.k,t

t

In which, ki (1/min), k2 (g/mg.min) are the rate constants
of the PFO and PSO equations, respectively; ge (mg/g) and
gt (mg/g) are the amounts of adsorbate uptake per mass of
adsorbent at equilibrium and at any time t (min).

sample PFO . PSO .

9e(mg/g) ki (1/min) qe(mg/g) k2 (g/mg.min) R?
LTA-Cd 6.595 0.069 0.77 6.595 0.013 0.71
FAU-Cd 20.62 0.026 0.99 20.62 0.002 0.95
Gls-cd 18.27 0.019 0.87 18.27 0.001 0.83

While the linear regression method is widely used for
calculating the model parameters, owing to its simplicity,
the nonlinear can provide consistent and accurate
estimations for model parameters (Wang & Guo, 2020).
Figure 5 and Table 2 show the fitting level of experimental
data for the adsorption process to the PFO and PSO model
through the nonlinear curve fit function of OriginLab with
the integrating form of the models. According to the
correlation coefficient value (R?), the experimental data fits
better with the PFO than the PSO model. In which, the
reliability of the FAU-Cd sample to the PFO model is most
with R? up to 0.99. The rate constant (ki) of the LTA-Cd
sample is high (0.069 1/min) because its adsorption process
only happens with the outside surface, leading to the fast
balance with low capacity (ge only 6.595 mg/g).

Photo-catalytic results of all samples were expressed in
Figure 7. With the close IPA adsorption capacity, turning
the UVA light on, IPA photo-degradation of the GIS-Cd
sample is 37.3% and 31.8% after 35 and 40 minutes, clearly
smaller than FAU-Cd (57.1% at 35 minutes and 60.1% at 40
minutes), maybe because the cadmium exchange with FAU
is more priority with larger pore size. Moreover, the above
pore size difference of various zeolites makes the small
number of cadmium molecules exchanged with LTA,
resulting in a smaller photocatalytic efficiency (< 10% of
photocatalytic efficiency at all time investigation). In
summary, the FAU-Cd sample is the best one with the high
IPA adsorption capacity and highest in photodegradation
efficiency among them. The decrease in reaction efficiency
over time when using LTA and GIS supporters may be
attributed to prolonged irradiation, as photocatalytic
processes at the gas-solid interface frequently exhibit a
gradual decline in activity. According to Jaison’s review
(Jaison et al. 2023), this phenomenon arises from the
formation of intermediates on the catalyst surface during
VOC oxidation, which tend to interact more strongly with
the catalyst than the initial reactants or become adsorbed
onto the surface. The accumulation of these intermediates
can obstruct photon absorption, thereby inhibiting the
reaction. As an example, research by Einaga et al. further
highlights that the efficiency of VOC removal experiences a
sharp decline following two hours of photoirradiation
involving organic compounds like toluene, benzene,
cyclohexene, and cyclohexane (Einaga et al. 2002).

Moisture is one of the essential parameters impacting the
adsorption process because it can inhibit the IPA molecules
from contact with the zeolite surface. This issue is receiving
more and more attention in a highly humid surrounding
environment like Vietnam, especially when it is applied on
an industrial scale. With the highest performance on the
removal of IPA and IPA adsorption capacity (Figure 4 and
Figure 7a), the FAU-Cd sample is used for these
experiments with humid parameters. The IPA degraded
investigations of the FAU-Cd sample with different
moisture stream ratios (using three circumstances of 0%,
30%, and 60% relative moisture) were expressed in Figure
6 and Figure 7b. While IPA adsorption ability is nearly the
same at different moisture conditions (about 0.35
mmol/g), the IPA photocatalytic process gives more
deviation. The higher the moisture stream ratio is, the
higher photocatalytic performance decreases. However,
this downward trend is not significant (60.2%, 47.0%, and
35.5% after 40 minutes for FAU-Cd,
FAU-Cd30, and FAU-Cd60, respectively), and the reason
may come from the competition of free radicals supporting
the reaction. The other study should focus on this
phenomenon to get deeper insights into this research.
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Figure 6. IPA adsorption capacity follows times with different

moistures
4. Conclusion

This study successfully synthesized the photocatalysts
based on different types of zeolite supporters (LTA, GIS-
NaP1, and FAU-type Y) with the CdO active site by ion



exchanging method. The LTA-Cd and FAU-Cd samples still
keep the framework of the initial zeolite when all
characteristic peaks appear on their XRD patterns, while
the GIS-Cd has a tendency to transform the supporter into
the FAU structure. The CdO formation and distribution also
have been indicated with XRD analysis and three-point EDX
mapping. The comparison of IPA treatment ability between
all samples shows FAU-Cd is the best one with only 1.59%
of cadmium element, nevertheless, it had highest in IPA
adsorption capacity and photocatalytic efficiency. Besides,
the moisture stream ratio has almost no effect on IPA
adsorption capacity while insignificantly affecting
photocatalytic activity at the FAU-Cd sample.
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Figure 7. IPA photo-removal efficiency of a) different zeolite
exchanged cadmium samples, b) FAU-Cd sample with different
moisture ratio
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