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ABSTRACT
The incorporation of TiO2 with zeolite ZSM-5 has been explored to facilitate photocatalytic activ-
ity and establish a continuous volatile organic compound (VOC) treatment system. In this study,
composites of ZSM-5 and commercial TiO2 with various ratios were successfully deposited onto
cylindrical glass tubes by the dip-coating method using specialized equipment. To improve sus-
pension stability and mitigate the sedimentation of heavy particles, a carboxymethyl cellulose ad-
ditivewas introduced into themixture. Themorphology properties and component determination
were characterized with SEM-EDX, revealing the homogeneous distribution after applying the dip-
coatingmethod, showing aminor deviation of only 4% to 12%between actual and theoreticalmass
loadings. Photocatalytic performance was evaluated through the removal of gaseous isopropanol
(IPA) utilizing an air simulation system coupled with gas chromatography (GC-FID) analysis. A wide
range of factors, including humidity, concentration of VOC, UV light intensity, and the catalyst's
mass, were simulated to investigate their effect on the photocatalyst's performance and make a
conclusion in the most optimal working condition. Gas chromatography (GC) analysis of VOC con-
tent after treatment asserts the superiority of materials containing ZSM-5 and TiO2 at appropriate
ratios (2:8 and 6:4) over TiO2 solely, with higher photocatalytic efficiency (47.7% and 42.9%). The
higher the humidity and VOC concentrations, the lower the productivity of the photocatalyst. Fur-
thermore, long-term activity testing demonstrated the excellent structural stability and durability
of the optimized composite, whichmaintained a consistent conversion efficiency of approximately
46% over 6 consecutive hours of continuous operation. Interestingly, doubling the deposited cat-
alyst mass from 0.1 g to 0.2 g yielded no significant increase in photocatalytic efficiency, indicating
that performance is primarily governed by the component ratios exposed directly to light rather
than total coating mass. Quantitatively, increasing the UV intensity from 2 to 4 lamps significantly
accelerated hydroxyl radical generation and doubled the maximum treatment efficiency. There-
fore, the most optimal condition and catalyst preparation process should be surveyed for the ef-
fectiveness of VOC gas treatment.
Keywords: Zeolite ZSM-5, TiO2, Dip-coatingmethod, Isopropanol removal, Photocatalytic activity

INTRODUCTION
Volatile organic compounds (VOCs) are produced
and emitted from a diverse range of sources both
indoor and outdoor as key ingredients in house-
hold products and intermediates in chemical synthe-
sis. Among those, major contributors to VOCs are
petrochemical activities and the burning of fossil fu-
els in industries and vehicles1,2. Being exposed to
VOCs through inhalation, ingestion or skin contact
can cause symptoms like headaches, nausea, and irri-
tation in the short-term, and cancer growth in case
of high content in prolonged periods3. Numerous
methods have been developed to enhance VOC re-
moval which can be separated into two categories:
recovery technology including absorption, adsorp-
tion, condensation, membrane separation, etc., and
destruction technology embracing combustion, pho-

tocatalysis, biodegradation, low-temperature plasma,
etc4.
In this research, the combination of adsorption and
photocatalysis methods is studied using two primary
materials: zeolite ZSM-5 and Titanium dioxide TiO2.
The high adsorption capacity of zeolite is attributed
to their pore topology with microporous channels
and/or cages, creating high surface area and pore vol-
umes5. Moreover, since hydrophobicity increases
with the Si/Al ratio, high silica zeolites are applied
to form an inorganic surface with strong adsorption
affinity towards the organic compounds6. In ad-
dition, TiO2 is the predominant photocatalyst em-
ployed in photocatalytic applications since it can be
activated by UV light to generate electron and hole
pairs7–9. The photo-generated electrons can either
directly reduce the organic contaminants or interact
with electron acceptors (for example, O2) to reduce
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it to superoxide radical anion O2
−• then degrade

the contaminants. In addition, photo-generated holes
can either directly oxidize the organic molecules, or
interact with OH− or H2O to oxidize them into •OH
radicals and then degrade the organic contaminants7.
With the support of the unique structural properties
and chemical composition of zeolite, the composite
exhibits an improvement in the photocatalytic overall
performance10.
Extensive research has been conducted to explore
and optimize the synthesis of TiO2/zeolite compos-
ites, aiming to enhance their structural and functional
properties for photocatalytic applications. Several
methods have been investigated to generate the com-
position of TiO2/zeolite, resulting in various proper-
ties for size, shape, specific surface area, hydropho-
bicity, photocatalytic degradation time, etc. Sol-gel
method is one of the most popular method 11–13. T.
Kim et al. employed Titanium (IV) isopropoxide as a
precursor for titanium dioxide, incorporating zeolite
13X into the synthesis. As the zeolite-to-TiO2 ratio
increased from 0.5 to 1.5, the material’s BET surface
area rose sharply, exceeding 500 m2 g−1. The study
also revealed that the regeneration efficiency of the
composite is higher than that of the bare zeolite fil-
ter, proven by over 90% and 80% after the first two
cycles for formaldehyde and toluene, respectively10.
In the study conducted by the S. Suárez team, TiO2
particles were homogeneously distributed on hierar-
chical ZSM-5 zeolite using the incipient wetness im-
pregnation method. This synthesis approach resulted
in a twofold increase in BET surface area, reaching
approximately 338 m2 g−1, and achieved the highest
photocatalytic activity toward HCHO with only 8%
TiO2 loading14. According to Y. Kosuke’s research,
mechanical mixing enables precise comparisons be-
tween photocatalysts by allowing a broad range of
TiO2 and adsorbent compositions, while preserving
the TiO2 particle size and crystallinity. This is at-
tributed to the adsorption of molecules onto the mi-
croporous crystal surfaces 15.
In this study, the MFI-type zeolite ZSM-5 was incor-
porated with commercial TiO2 via a mechanical mix-
ing technique, supported by a Carboxymethyl Cellu-
lose (CMC) additive to facilitate the formation of a
stable suspension. A simple and suitable dip-coating
process was employed to deposit the materials onto
a cylindrical glass tube, with the objective of attain-
ing a homogeneous thin film and enhancing the pho-
tocatalytic performance of the composite. CMC was
introduced to improvemixture uniformity and stabil-
ity, supporting the dip-coating process by increasing

viscosity. The catalytic efficacy was assessed using iso-
propanol (IPA) and compared among various samples
under a diverse array of experimental conditions.

MATERIALS-METHODS
Materials
Zeolite Na-ZSM-5 was previously synthesized and
characterized by CATlab (Department of Physico-
chemical and Analytical Technologies - Faculty of
Chemical Engineering, HCMUT)16. Titanium Diox-
ide (TiO2) P25 is purchased fromDegussa (99.9% pu-
rity, APS: 25nm). Additives Carboxymethyl cellulose
(CMC) is produced by Nippon Paper Co., Ltd, Japan
(>90%). Other substances include Sodium Hydrox-
ide (NaOH, >96%) from Xilong, China, and Ethanol
(C2H5OH, >99.5%) from VN-Chemsol Co., Ltd.

Instrumentation
A dip coating apparatus (Department of Applied
Science, HCMUT) consists of 4 main components:
the control box, support stand, motor, and lifting
clamp, operating at a consistent speed of 30 cm
min−1. X-ray diffraction (XRD) pattern of the com-
posite was performed using an X-ray diffractometer
(Bruker D2 phaser, Germany). Elemental composi-
tion and high-resolution images of surface topogra-
phy were obtained by Scanning electron microscope-
energy dispersive X-ray (SEM-EDX) (FE-SEM Hi-
tachi 4800). VOC removal efficiency was calculated
from VOCs output content analyzed by Gas Chro-
matography - Flame Ionization Detector (GC-FID)
(Hewlett-Packard 5890 Series II Plus). To test the
VOC gas removal efficiency of the composite, an air
simulation system can be employed to establish spe-
cific conditions as demonstrated in Figure 1. This
system operates on two primary gas sources: pure
nitrogen (> 99.99%) and pure oxygen (> 99.99%),
combined at a ratio of 4:1, which is similar to the
composition of air. Additionally, precise amounts of
IPA and water vapor are introduced into these gas
streams at varying ratios to achieve the desired con-
centration and humidity levels for experimental con-
ditions. Additionally, this reaction system includes
four SankoDenki F10T8BLB lamps (UV radiation in-
tensity 1.5W).

Procedure
The initial step involved treating the surface of a glass
tube 30cm long with 50 mL of 10 wt.% sodium hy-
droxide over 1 hour to eliminate contaminants, acti-
vate the surface, and etch it for enhanced adhesion in
subsequent steps. Subsequently, the tube was rinsed
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Figure 1: Schematic drawing of VOCgas simulation
system [Source: Authors]
1. Flowmeter 2. VOC gas bubbler 3. H2O container
4. Gas stabilizer 5. Reaction tube 6. UV lights (4
lights) 7. GC-FID equipment

with distilled water and underwent drying in an 80◦C
oven until no water drop was observed on the surface.
Firstly, the solution of CMC additive in 25 mL dis-
tilled water was prepared and mixed vigorously by
magnetic stirring for 1 hour to form a thick and trans-
parent solution. At the same time, solid powders of
Zeolite ZSM-5 andTiO2 were suspendedwith various
weights as demonstrated in Table 1 in 25 mL of dis-
tilled water using ultrasonic mixing. The additive so-
lution was then combined with the solid powder sus-
pension and stirred for 2 hours to create a uniform
mixture. The coating was created by dipping the glass
tube into the slurry using the dip coater approximately
25 times until a desired amount was obtained, with air
drying about 5 minutes between dips. Following the
dipping process, the tube was dried at 80◦C for 5min-
utes and heated to 400◦C for 2 hours to eliminate the
remaining additives from the surface of the tube.

Table 1: The catalyst data for preparation with
variations in ZSM-5 and TiO2 ratios

Sample Mass of

ZSM-5 (g) TiO2 (g) CMC (g)

TiO2 0 0.50 0.50

Z-T 2:8 0.10 0.40 0.50

Z-T 4:6 0.20 0.30 0.50

Z-T 6:4 0.30 0.20 0.50

Z-T 8:2 0.40 0.10 0.50

ZSM-5 0.50 0 0.50

[Source: Authors]

Two primary categories of experimental analysis ex-
ist: investigation into various ratios between two solid

materials, and examination of external factors influ-
encing the performance of photocatalysts. In the for-
mer set of tests, six coated tube samples with differing
ratios of ZSM-5 and TiO2 were analyzed and evalu-
ated under consistent conditions to select the most
suitable and exemplary sample for subsequent studies.
Utilizing an air simulation system, several parameters
were adjusted to assess their influence on catalytic effi-
ciency. These parameters included the concentration
of isopropanol, humidity of the gas mixture, intensity
ofUV light, catalystmass, etc. Table 2 describes all the
sets of experiments that were conducted. All samples
went through 2 continuous stages: adsorption until
saturation point and oxidization by UV light.

RESULTS ANDDISCUSSION
XRD pattern of the composition

Figure 2: XRD pattern of sampleZ-T 6:4 [Source: Au-
thors]

By comparing to the standard Powder Diffraction File
data of TiO2 (Anatase structure and Rutile structure)
from JCPDS No. 83-2243 and No. 87-0710 and MFI
(ZSM-5) from JCPDS No. 42-0024, the XRD peak of
Z-T 6:4 demonstrated in Figure 2 showed a signifi-
cant compatibility. The 2θ peaks of the sample cor-
responded to the characteristic diffraction peaks of
MFI (ZSM-5) at 7.94o, 8.88o, 23.16o, 23.98o, 24.44o

associated with (011), (020), (031), (051), (303) and
(313) lattice plane17. The diffraction pattern of sam-
ple Z-T 6:4 exhibited the peaks at 25.29o, 36.15o,
48.10o, 53.98o, and 55.14o, synchronizing to that of
the Anatase structure of TiO2 and at 27.49o, 36.15o,
41.32o, 54.44o, 56.75o, corresponding to the rutile
structure. It is noticeable that the intensity of peaks in
the synthesized sample is comparable with the stan-
dard materials.
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Table 2: Investigation of various factors on photocatalytic activity

ZSM-5: TiO2 ratio
(Humidity: 0%

IPA concentration: 1000 ppm
Number of UV lights: 4 UV lights

Catalyst mass: 0.1g
Flowrate: 50ml/min

Duration: 1 hour)

TiO2 Z-T 2:8 Z-T 8:2 Z-T 8:2 ZSM-5

Humidity
(IPA concentration: 1000 ppm
Number of UV lights: 4 UV lights

Catalyst mass: 0.1g
Flowrate: 50ml/min

Duration: 1 hour)

0% 20% 50% 50% 60%

IPA concentration
(Humidity: 0%

Number of UV lights: 4 UV lights
Catalyst mass: 0.1g
Flowrate: 50ml/min

Duration: 1 hour)

250
ppm

500 ppm 1500
ppm

1500
ppm

2000
ppm

Number of UV light
(Humidity: 0%

IPA concentration: 1000 ppm
Catalyst mass: 0.1g
Flowrate: 50ml/min

Duration: 1 hour)

2 UV lights 4 UV lights

Catalyst’s mass
(Humidity: 0%

IPA concentration: 1000 ppm
Number of UV lights: 4 UV lights

Flowrate: 50ml/min
Duration: 1 hour)

0.1g 0.2g

Durability
(Humidity: 0%

IPA concentration: 1000 ppm
Number of UV lights: 4 UV lights

Flowrate: 50ml/min
Catalyst mass: 0.1g)

6h

[Source: Authors]

SEM and EDX results
Morphology of the coating nanocompositewith 3 rep-
resentative samples is characterized by SEM as shown
in Figure 3. Themicrograph of the TiO2 layer demon-
strated the attachment of TiO2 nanoparticles into
clusters with the size varied from 0.5µm to 4µm, scat-
tering randomly on the surface. From Figure 3(b) and
Figure 3(c), it is noticeable that the incorporation of
ZSM-5 and TiO2 had no effect on the morphology of
the initial materials. Small particles deposited on the
outer surface of spherical ZSM-5 crystals which can
be observed in Figure 3(b) are TiO2. As depicted in
Figure 3(c), ZSM-5 proved its ability to prevent the

conglomeration of TiO2 by the presence of more dis-
persed particles compared to Figure 3(a).
EDX analysis results of the element’s weight percent
and atomic percent are presented in Table 3. Ma-
jor elements were detected as predicted, as visually
shown in Figures 4 and 5, including oxygen, sodium,
aluminum, silicon, and titanium without impurities.
From Table 4, compared to 80% wt.% of TiO2 in the
suspension mixture, around 71.97% of TiO2 was de-
posited on the glass tube surface which was calcu-
lated from 43.18% weight of titanium element ana-
lyzed by EDX. The result indicated that sample Z-T
6:4 contains 24.96 wt.% of titanium which was equiv-
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Figure 3: SEM analysis images of coating materials
of (a) TiO2 (b) Z-T 2:8 (c) Z-T6:4 [Source: Authors]

Table 3: Elements’ content of sample ZT-2:8 and
ZT-6:4

Z-T 2:8 Z-T 6:4

Ele-
ment

Weight
%

Atomic
%

Weight
%

Atomic
%

O 43.82 66.54 57.18 75.19

Na 1.61 1.70 2.68 2.45

Al 0.47 0.43 0.71 0.55

Si 10.92 9.44 14.47 10.84

Ti 43.18 21.90 24.96 10.96

[Source: Authors]

Table 4: Comparison between the actual deposited
TiO2 wt.% and expected TiO2 wt.%

Sam-
ple

TiO2 Actual
(%)

TiO2 Theory
(%)

Error
(%)

Z-T
2:8

71.97% 80% 10.04%

Z-T
6:4

41.60% 40% 4.00%

[Source: Authors]

Figure 4: EDX analysis image of sample Z-T 2:8
[Source: Authors]

Figure 5: EDX analysis image of sample Z-T 4:6
[Source: Authors]

Figure 6: The element distribution of sample Z-T 2:8
analyzed by EDX [Source: Authors]

Figure 7: The element distribution of sample Z-T 6:4
was analyzed by EDX mapping [Source: Authors]
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alent to 41.60% of TiO2 on the composite. In general,
an insignificant difference between the expected TiO2

and the actual coating amount was found. With re-
spect to zeolite ZSM-5, the Si/Al molar ratio exhibits
negligible alternation subsequent to the incorpora-
tion of TiO2, persisting at 21-fold. This ratio indi-
cated that ZSM-5 was a hydrophobic material, form-
ing a strong adsorption affinity surface to trap organic
compounds.
The distribution of elements aluminum, silicon, and
titanium are displayed in Figures 6 and 7. These im-
ages show that all of the elements are homogeneously
dispersed on the surface of these two analyzed sam-
ples. In the case of sample Z-T 2:8, as demonstrated in
Figure 6, titanium is confirmed to be densely packed
within the sample space while particles in sample Z-T
6:4 cover with a sparser density.

Adsorption and photocatalytic activity of
catalysts on isopropanol (IPA)

Figure 8: IPA adsorption capacityof samples with
various mixing ratios (CIPA = 1000ppm, no humid-
ity, N2 :O2 = 8:2, flowrate: 50 mL/min)
[Source: Authors]

The adsorption capacity of six composites investi-
gated on isopropanol at the concentration is 1000
ppm, with no humidity, and at room temperature was
demonstrated in Figure 8. The TiO2 samples, Z-T
2:8, Z-T 4:6, Z-T 6:4 all has relatively short satura-
tion times ranging from 30-50 minutes. For the TiO2

sample, Z-T 2:8, the saturation adsorption time is 30
minutes, while for the Z-T 4:6 and Z-T 6:4 samples,
it is 50 minutes. ZSM-5 sample illustrates the high-
est adsorption capacity compared to others, proved
bya stable adsorption during the first 15 mins, the
ratio of C/C0 stands at 0.06, which was marginally
lower than other samples (C/C0 of Z-T 2:8, Z-T 4:6,
Z-T 6:4, Z-T 8:2 is 0.18; 0.29; 0.19; 0.14 respectively).
Numerous articles have indicated that zeolite ZSM-
5 is an effective VOC adsorbent18–21. Zeolite has a

large specific surface area with many porous struc-
tures capable of capturing gas molecules effectively.
Thus, isopropanol still existed in considerable quan-
tities on the surface of the Z-T catalyst following the
adsorption stage and needed 60 mins to achieve the
adsorption saturation for the Z-T 8:2 sample. Most of
these adsorbed isopropanol species were located on
the zeolite ZSM5’s surface. Physical adsorption prob-
ably occurred because the adsorption was carried out
at room temperature. The Z-T 2:8 sample demon-
strates rapid IPA adsorption capability in just 25 min-
utes, with the output ratio to the saturated concen-
tration (C/C0) reaching 0.97, significantly higher than
other samples. However, after 30minutes, it no longer
shows adsorption capacity. It can be concluded that
the coating layer on the surface of the tube is predom-
inantly TiO2, the ratio of ZSM-5 to TiO2 is low, lead-
ing to a low adsorption capacity.

Figure 9: Total adsorptioncapacity and adsorption
capacity of each material (CIPA = 1000ppm, no hu-
midity, N2 :O2 = 8:2, flowrate: 50 mL/min)
[Source: Authors]

Figure 9 illustrates the total adsorption capacity,
which was calculated based on the adsorption curves
obtained at conditions of no humidity and an IPA
concentration of 1000 ppm. Moreover, the actual de-
posited amount of ZSM-5 andTiO2 was estimated de-
pending on the theory that the adsorption capacity
of each material is highly proportional to the coated
weight. In accordance with previous articles, the
highest adsorption capacity belongs to ZSM-5 with
38.4 mg/g. In contrast, the tube coated with purely
TiO2 just adsorbed a third of that. In general, it is no-
ticeable that the adsorption capacity rises with the in-
crease of ZSM-5, as proven by 17.23mg/g, 26.48mg/g,
and 32.18 mg/g for Z-T 2:8, Z-T 6:4, and Z-T 8:2, re-
spectively.
From the total adsorption capacity of composites and
pure materials, the occupancy of each substance on
the coated layer was calculated. The mass of each
component was calculated based on the assumption
that its adsorption in the mixture was proportional
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to the adsorption of each material alone. The desired
deposited amount of ZSM-5 was higher than the ac-
tual amount on three samples: Z-T 2:8, Z-T 6:4, and
Z-T 8:2. It can be explained by the fact that zeolite
particles are much heavier compared to nano TiO2-
P25. Therefore, zeolite ZSM-5 had a tendency to sed-
iment in the suspension, despite the support of CMC
as a stabilizer agent. Instead of 20%, 60%, and 80% of
ZSM-5 as predicted, the layers contain 18%, 54%, and
76%, respectively. The errors varied from 5% to 12%
compared to the ZSM-5 in the mixture and in EDS
result, which is not too significant.

Figure 10: IPA photocatalytic activity of composites
with various mixing ratios (CIPA = 1000ppm, no hu-
midity, N2 :O2 = 8:2, flowrate: 50 mL/min)
[Source: Authors]

IPA conversion efficiency of the samples at different
ratios exhibits significant differences in values and
increases with the rise of TiO2 content in this ex-
periment. As predicted, the tube coated with purely
ZSM-5 displays nearly no photocatalytic activity with
roughly 3.5% IPA being removed since ZSM-5 is not a
photocatalytic active material. Regarding the samples
containing TiO2, the IPA removal ability increased
significantly in the first 30 to 40 minutes and then be-
came relatively stable or experienced increased effec-
tiveness. Among those, the Z-T 8:2 sample demon-
strates low photocatalytic activity, with the highest
conversion reaching only 20.2% within 60 minutes
of the reaction. On the other hand, the photocat-
alytic activity of Z-T 6:4 and TiO2 samples was higher
compared to Z-T 8:2, with maximum conversions of
42.9% and 47.7% respectively. As observed in Fig-
ure 10, sample Z-T 2:8 shows the highest photocat-
alytic efficiency compared to other samples, which is
47.7%.
The zeolite structure consists of framework types that
allow for the penetration of light. Consequently, there
is easy interaction between the light and the TiO2 sites

on the TiO2/ZSM-5. Zeolite ZSM-5 plays an impor-
tant role in photocatalytic activity since it serves two
crucial functions. Firstly, the effective dispersion of
TiO2 as nanoparticles on zeolite ZSM-5 limits the ag-
glomeration of TiO2 and enhances the efficiency of
UV light utilization during the photo-activation step.
Secondly, the porous structure of ZSM-5 captures or-
ganic particles, fostering a reaction with unstable hy-
droxyl radicals and oxygen anion radicals. This is
the reason why higher IPA removal was obtained on
the Z-T 2:8 and Z-T 6:4 samples as compared to that
on the pure commercial TiO2-P25. Therefore, syner-
gistic adsorption-photocatalysis resulted in superior
performance of the catalyst in the photocatalytic ac-
tivity for IPA removal. In the first 30 minutes af-
ter turning UV light, the reaction efficiency increased
gradually to reach a certain stability. This situation
can be explained by the saturation of IPA on the sur-
face pores at the beginning, which prevented newly
introduced IPA molecules from being captured and
oxidized. Based on the results obtained, Z-T 2:8 was
selected for further investigation and evaluation of the
influence of external factors. This choice is based on
the fact that sample Z-T 2:8 demonstrates the best in-
teraction between the two types of materials. This is
significant for the application of the material in pho-
tocatalytic processes that require prolonged activity,
such as VOC treatment.

Figure 11: IPA photocatalytic activity of sample Z-T
2:8 at adifferent relativehumidity (CIPA =1000ppm,
N2 :O2 = 8:2, flow rate: 50 mL/min)
[Source: Authors]

Figure 11 shows Z-T 2:8 samples analyzed under five
conditions: no humidity, 20%, 30%, 50%, and 60%
humidity. It illustrates stable photocatalytic activity
within 60minutes of the reaction. Under no humidity
conditions, the highest IPA photocatalytic conversion
reaches 47.7%, indicating the potential for prolonged
photocatalysis. Under the test condition of this study,
the IPA decreased when relative humidity decreased
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from 47.7% to 6.1%. At 20% humidity, there is a sig-
nificant decrease in photocatalytic efficiency, with the
highest conversion reaching 31% within 60 minutes.
Finally, at 60% humidity, the overall conversion de-
creases compared to 30% humidity, with a conversion
rate of 4.9% at minute 25, stabilizing under 5% until
the end of the period.
Studies on the impact of humidity on VOC decom-
position suggest that increased humidity limits the
conversion of VOCs. In photocatalytic reactions, wa-
ter molecules often participate, promoting the forma-
tion of ■OH radicals. However, in photocatalytic re-
actions, water vapor competes with adsorption cen-
ters on the catalyst surface, reducing VOC adsorp-
tion. When water vapor reaches a certain concentra-
tion, the formation of OH radicals does not increase
with further humidity. Therefore, it can be seen that
IPA photocatalytic efficiency decreases with increas-
ing humidity in these experiments. Additionally, it
can be concluded that this catalyst doesn’t prove its
stability with respect to rising humidity.

Figure 12: IPA removal rate ofsample Z-T 2:8 at dif-
ferent IPA concentrations (no humidity, N2:O2= 8:2,
flow rate: 50 mL/min)
[Source: Authors]

It can be observed from Figure 12 that the influence
of the initial IPA concentration on the catalyst’s treat-
ment capability. Generally, the efficiency of IPA re-
moval decreases with increasing initial concentration.
The IPA removal was reduced by approximately 40%
when the initial IPA concentration increased nearly
doubled from 1000 ppm to 2000 ppm. At an initial
concentration of 1000 ppm, the catalyst’s VOC re-
moval capability reaches approximately 47.7% within
1 hour of observation. Additionally, samples ob-
served at an initial concentration of 250 ppm and
500 ppm show the highest catalyst capability, with
the maximum conversion rate at these concentrations
reaching 57.2% and 53.1% respectively. However,
there was no significant difference when the initial

concentration decreased from 1000 ppm to 249 ppm.
When the concentration approached 1500 ppm and
2000 ppm, the photocatalytic efficiency remained sta-
ble at the lowest level of approximately 26% and 17%,
respectively.
The test results above indicated that lower VOC
concentrations were advantageous for photocatalytic
degradation. When increasing the IPA concentra-
tion to a certain level, the removal efficiency does not
change considerably. However, when the concentra-
tion exceeds the permissible level, the performance
of capacity also significantly decreases. This phe-
nomenonoccurs since the high concentration ofVOC
cover partially or completely catalyst active point, hin-
dering the exposure toUV lightwhich can activate the
generation of electron and hole pairs. In case of low
concentration as 250 ppm and 500 ppm, the photocat-
alytic activity showed no significant difference com-
pared to 1000ppm. This situation can be explained
by the fact that the lower the concentration, the less
IPA particles adsorbed on the ZSM-5 surface. These
molecules are located further away from TiO2 active
sites, thus, highly oxidative species cannot interact
with.

Figure 13: IPA photocatalytic activity of sample Z-T
2:8 under 2UV lightmodes (CIPA =1000ppm,N2 :O2
= 8:2, flow rate: 50 mL/min)
[Source: Authors]

The influence ofUV intensity on the efficiency of pho-
tocatalytic treatment was studied by keeping all reac-
tion conditions constant and varying the UV inten-
sity. Based on Figure 13, we can see that under both
conditions of 2 UV lamps and 4 UV lamps, the ma-
terial exhibits stable photocatalytic oxidation capabil-
ity. However, increasing the lamp intensity from 2
lamps to 4 lamps significantly increases the treatment
efficiency. At the 20th minute, the conversion rates
for 2 lamps and 4 lamps are 22.19% and 38.90%, re-
spectively. Meanwhile, the maximum photocatalytic
efficiency at 2 lamps is 24.70% at minute 60th, and
the maximum photocatalytic efficiency at 4 lamps is

■
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47.70%. Therefore, this survey has shown that un-
der the condition of 4 UV lamps, higher efficiency is
achieved. Generally, as the light intensity increases,
the generation of hydroxyl free radicals in the VOC
processing becomes easier, providingmore energy for
higher efficiency of photocatalytic oxidation.

Figure 14: The photocatalytic capacity of sample Z-
T 2:8 for 6 hours (CIPA = 1000ppm, N2 :O2 = 8:2, flow
rate: 50 mL/min)
[Source: Authors]

Long-term activity investigation helps assess the
durability of the catalyst in use. Figure 14 illustrates
the VOC processing capabilities of material sample
Z-T 2:8, which contains significant TiO2 in the mix-
ture. The graph shows that under this reaction condi-
tion, sample Z-T 2:8 still demonstrates stability and
photocatalytic efficiency, approximately 46% after 6
hours of testing. It starts to reach stable efficiency at
50 minutes, stands at 44.1%, and continues to main-
tain the efficiency capacity of the catalyst till the end of
the period. There is a slight change in photocatalytic
efficiency compared to the previous experiment con-
ducted in 1 hour. Additionally, this result can demon-
strate that the catalyst proves the high capacity and its
effectiveness to remove VOC during long-lasting ex-
periments. The stability of catalytic material is gener-
ally improved at the cost of photocatalytic efficiency.
The mass ratio of ZSM-5/TiO2 during the loading
process affects the ratio of ZSM-5 and TiO2 in the re-
sulting composite adsorbent. A too-low TiO2 loading
ratio does not achieve the synergistic effect of ZSM-
5 and TiO2 in adsorption, while an excessively high
ratio leads to increased cost due to the high price of
TiO2 and ineffective utilization of ZSM-5. Therefore,
the experiment was designed with a TiO2/ZSM-5 ra-
tio 6:4 mass of 0.1g and 0.2g. From Figure 14, it
can be observed that as the ZSM-5/TiO2 mass ratio
increases from 0.1g to 0.2g, the adsorption capacity
significantly improves for the Z-T 6:4 composite ad-
sorbent. The higher the mass of the sample is, the
longer the time the sample takes to reach the satu-
ration point. The saturation adsorption time of 0.2g

Figure 15: Varying adsorption capacity with re-
spect to the varying mass of Z-T 6:4 sample (CIPA =
1000ppm, N2 :O2 = 8:2, flow rate: 50 mL/min)
[Source: Authors]

Z-T 6:4 takes nearly 85 minutes compared to half of
the period with respect to 0.1g Z-T 6:4. The results in
Figure 15 clearly show that when the adsorbent mass
was increased, this resulted in an increase in the ad-
sorption of IPA.Themain reason for this is that as the
adsorbent mass increases, more adsorption sites are
available per mass of the adsorbent surface, and thus
the total amount of IPA that is removed increases 22.

Figure 16: Photocatalytic activity with respect
to the varying mass of the Z-T 6:4 sample (CIPA
=1000ppm, N2 :O2 = 8:2, flow rate: 50 mL/min)
[Source: Authors]

The photocatalytic activity of sample Z-T 6:4 is de-
picted in Figure 16 during 60minutes in constant con-
dition. It is noticeable that there was no considerable
difference in photocatalytic efficiency in spite of dou-
bling the catalystmass, proven by 47.2% and 42.9% re-
moval capacity at the end of the period for themass of
0.1g and 0.2g, correspondingly. This result indicates
that the efficiency of the ZSM-5/TiO2 composite ex-
hibits a high degree of dependency on ratios between
two components and shows no direct proportion to
deposited mass. This phenomenon can be explained
by the fact that merely TiO2 particles located on the
outer surface of the tube are exposed to UV light and
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activated. Therefore, an appropriate amount of cata-
lyst should be surveyed and selected to ensure that the
photocatalytic activity is optimized while consuming
materials economically.

CONCLUSIONS
In this study, the nanocomposite of Zeolite ZSM-
5/TiO2 has been successfully prepared by the dip-
coatingmethodwith the support of a CMCadditive to
obtain an ideal suspension and uniform coating sur-
face. By using an air simulation system and GC-FID
analysis equipment, it has been proved that the pho-
tocatalytic activity of TiO2 is enhanced significantly
with the addition of ZSM-5. With the same coating
amount, the ratio of ZSM-5 to TiO2 equal to 2:8 dis-
plays the highest IPA removal percentage with 47.7%
compared to 42.9% and 41.2% of ratio 6:4 and TiO2,
respectively. The catalyst has shown its durability via
the ability to maintain consistent photocatalytic effi-
ciency within 6 consecutive hours. In humid condi-
tions and lighting intensity, the oxidative reaction of
the composite decreases with increased humidity and
is proportional to the number of UV lights.
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TÓM TẮT
Việc kết hợp TiO2 với zeolite ZSM-5 đã được nghiên cứu nhằm thúc đẩy hoạt tính xúc tác quang
để xử lý các hợp chất hữu cơ dễ bay hơi (VOC) liên tục. Trong nghiên cứu này, các vật liệu xúc
tác composite giữa ZSM-5 và TiO2 thương mại với nhiều tỷ lệ khác nhau đã được lắng đọng thành
công lên các ống thủy tinh hình trụ bằng phương pháp nhúng phủ. Để cải thiện độ ổn định của
hệ huyền phù và giảm thiểu sự lắng đọng của các hạt nặng, chất phụ gia carboxymethyl cellulose
(CMC) đã được đưa vào hỗn hợp. Các đặc tính hình thái và thành phần cấu tạo đã được đặc trưng
bằng phương pháp SEM-EDX, cho thấy sự phân bố đồng đều sau khi áp dụng phương pháp nhúng
phủ, đồng thời biểu thị mức độ sai lệch nhỏ chỉ từ 4% đến 12% giữa hàm lượng khối lượng thực tế
và lý thuyết. Hiệu suất xúc tác quang được đánh giá thông qua khả năng loại bỏ khí isopropanol
(IPA) bằng cách sử dụng một hỗn hợp mô phỏng không khí kết hợp với phân tích sắc ký khí (GC-
FID). Các yếu tố bao gồm độ ẩm, nồng độ VOC, cường độ ánh sáng UV và khối lượng chất xúc tác
đã được khảo sát ảnh hưởng của chúng đến hiệu suất của chất xúc tác quang, từ đó đưa ra kết luận
về điều kiện hoạt động tối ưu nhất. Kết quả phân tích sắc ký khí (GC) về hàm lượng VOC sau xử lý
khẳng định hoạt tính tốt của các vật liệu chứa ZSM-5 và TiO2 ở các tỷ lệ thích hợp (2:8 và 6:4) so với
việc chỉ sử dụng đơn lẻ TiO2 , với hiệu suất xúc tác quang cao hơn (đạt lần lượt 47,7% và 42,9%). Độ
ẩm và nồng độ VOC càng cao thì năng suất của chất xúc tác quang càng giảm. Thêm vào đó, thử
nghiệm hoạt tính theo thời gian đã chứngminh độ bền và độ ổn định cấu trúc củamẫu composite
tối ưu, khi vật liệu này duy trì hiệu suất chuyển hóa ổn định ởmức xấp xỉ 46% trong 6 giờ hoạt động
liên tục. Bên cạch đó, việc tăng gấp đôi khối lượng chất xúc tác lắng đọng từ 0,1 g lên 0,2 g không
làm tăng đáng kể hiệu suất xúc tác quang, điều này chỉ ra rằng hiệu suất xử lý chủ yếu bị chi phối
bởi tỷ lệ của các thành phần được tiếp xúc trực tiếp với ánh sáng hơn là tổng khối lượng lớp phủ.
Về mặt định lượng, việc tăng cường độ đèn UV từ 2 lên 4 bóng đã thúc đẩy đáng kể quá trình tạo
ra các gốc tự do hydroxyl và làm tăng gấp đôi hiệu suất xử lý tối đa. Do đó, điều kiện phù hợp nhất
và quy trình chế tạo chất xúc tác cần được khảo sát kỹ lưỡng để nâng cao hiệu quả xử lý khí VOC.
Từ khoá: Zeolite ZSM-5, TiO2, Phương pháp nhúng phủ, Loại bỏ isopropanol, Hoạt tính xúc tác
quang
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