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benzene and n-hexane. Compared with the untreated Pt/ZSM-5 catalyst, the abundant
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mesopores, small Pt particle size and finely dispersed Pt contribute to the superior catalytic
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activity and stability of the Pt/ZSM-5 catalysts for VOCs removal. More importantly, the exis-
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tence of H2 O in the feed gases hardly affected the activity of Pt/ZSM-5(0.1) catalyst at the low
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reaction temperature of 128°C, which is very important for VOCs low-temperature removal

5(0.1)) shows the lowest degradation temperature (T90% ) of 128 and 142°C, respectively for

in the future practical applications.
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Introduction
Volatile organic compounds (VOCs) are extremely harmful to
the natural environment and human health (Atkinson and
Arey, 2004) because of the photochemical smog, ground level
ozone and highly toxic air pollutants, so that it is urgent
to supervise and control the emission of VOCs. Among various technologies, catalytic oxidation is considered as the
most effective and reliable method to convert VOCs into
harmless components (Khan and Ghoshal, 2000). By virtue
of the advantages of large specific surface area, special pore
structure as well as abound acid sites, zeolites have been
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widely used in many organic-catalysis reactions, especially
as the catalyst or assistant materials in petrochemical engineering field (Yaripour et al., 2015; González-Velasco et al.,
2000; Kokotailo, 1978). Recently, the zeolites have also received
much attention as a catalyst or support for VOCs degradation
due to its adsorption capacity and catalytic functions. For example, Aranzabal et al. (2016) reported the catalytic degradation of 1,2-dichloroethane (DCE) and trichloroethylene (TCE)
by H-ZSM-5 zeolite, whose catalytic activity was obviously superior to H-Y and H-MOR zeolites. However, the insufficient
active oxygen species in the single-component H-type zeolite would lead to the generation of a large amount of CO
and by-products during chlorinated VOCs (CVOCs) degradation. Moreover, the single-component H-type zeolites are easy
to be deactivation due to surface carbon deposition resulting
from strong acidity. For further improving the catalytic perfor-

https://doi.org/10.1016/j.jes.2021.01.033
1001-0742/© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.

88

journal of environmental sciences 107 (2021) 87–97

mance of CVOCs deep oxidation, various metals such as noble
metals (López-Fonseca et al., 2005; Scirè et al., 2003) and transition metals (CeO2 , CrOx , CuO, MnOx and so on) (Yang et al.,
2013, 2017; Rivas et al., 2013; Huang et al., 2012) are introduced
into the zeolites to increase the oxidizing sites. For example, in
our previous studies (Huang et al., 2012; Yang et al., 2013, 2017),
we have found that the introduction of CeO2 -baesd oxides to
USY or ZSM-5 zeolite can significantly promote the deep oxidation ability and stability of the zeolites for the degradation of CVOCs owing to the improving of the redox ability.
The noble metals supported ZSM-5 catalysts have been also
proved to be superior for the removal of VOCs, especially for
oxidizing the low concentration of VOCs at lower temperature
(Chen et al., 2015a, 2015b). Usually, the particle size and dispersion of noble metals are regard as main influence factor for the
deep oxidation activity of catalysts. Chen et al. (2015b) found
that Pt/ZSM-5 with Pt particle size of 1.9 nm exhibited the
best catalytic activity for toluene, on account of its high platinum content and good dispersion of the metal particles on
the surface of ZSM-5 zeolite. However, the oxidation activity
of the noble metals supported ZSM-5 catalysts would be restrained for the removal of macromolecule VOCs that usually exists in the industrial waste gas (Na et al., 2013), due to
the micropore-structure of ZSM-5 zeolite that seriously impacts the mass transfer ratio between reactants and products. On the other hand, the stability of the noble metals supported ZSM-5 catalysts will also confront a new challenge that
the agglomeration of the metal nanoparticles easily occurs at
higher temperature, due to the weaker metal-support interaction. Although mesoporous ZSM-5-based catalysts can overcome the mass transfer problem and also show higher catalytic oxidation activity than the conventional noble metalbased ZSM-5 catalysts, their hydrothermal stability is worse
due to the pore wall of mesoporous ZSM-5 being amorphous
state (Wang et al., 2018; He et al., 2012). More recently, hierarchical porous zeolite materials containing both micro and
mesopores and their synthetic methods have received much
attention (Wang et al., 2015; Li et al., 2014; Verboekend et al.,
2012; Groen et al., 2007). For example, Li et al. (2014) prepared
ZSM-5 zeolite with hierarchical porous structures by the desilication method of NaOH solution, and found that the existence of abound mesopores would markedly improve the diffusion property of ZSM-5 zeolite as well as its catalytic activity
for hydrocarbon cracking. And Verboekend et al. (2012) found
that the ZSM-5, USY and BETA zeolites treated using organic
base (such as tetrahydroxy ammonium hydroxide and tetrabutyl ammonium hydroxide) instead of NaOH gain access to
mesopores structure, meanwhile, the mipor inherent attribute
of the zeolites could be preferably preserved. Therefore, these
results will provide a new strategy for developing the noble
metals supported zeolite catalysts with high catalytic activity
in VOCs Low-temperature Removal.
In the present work, ZSM-5 zeolite was treated by the organic base tetrapropylammonium hydroxide (TPAOH) with
different concentrations, in order to fabricate mesopores and
adjust the pore structures of ZSM-5 zeolite. In addition, a
series of Pt/ZSM-5 catalysts with micro-mesoporous structure were prepared by an ethylene glycol reduction method.
The results demonstrated that the Pt nanoparticles supported
micro-mesoporous ZSM-5 zeolite were highly active for deep

oxidation of VOCs at low temperature, particularly for benzene and n-hexane. Multiple characterization methods (N2
adsorption and desorption, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), temperature-programmed surface reaction (TPSR) and H2 -temperature programmed reduction (H2 -TPR) measurements) have been applied to analyze
the physicochemical properties of the catalysts. Moreover, the
durability of the typical catalyst was also investigated.

1.

Materials and methods

1.1.

Catalysts preparation

A series of micro-mesoporous ZSM-5 zeolites were prepared
with the post-treatment by TPAOH with different concentrations. And Pt/ZSM-5 catalysts were prepared by a modified
ethylene glycol reduction method (Chen et al., 2019). Specifically, H-ZSM-5 (silicon-aluminum ratio of 46) zeolite was pretreated by TPAOH (0.05, 0.1, 0.2 and 0.4 mol/L) solution under stirring at 60°C for 8 hr. The products were then washed
several times with deionized water until neutral and dried at
80°C overnight. Subsequently, 2 g of the sample was added
into 50 mL ethylene glycol that contains H2 PtCl6 (10 mg Pt),
which underwent with vigorously stirring for 3 hr and reflexed at 160°C for 6 hr under N2 flow (the pH of the mixture
has not been adjusted, which is measured at 6.5 in the beginning). Finally, the mixtures were washed with deionized
water and dried at 100°C overnight. The obtained catalysts
were denoted as Pt/ZSM-5(0.05), Pt/ZSM-5(0.1), Pt/ZSM-5(0.2),
and Pt/ZSM-5(0.4). Moreover, ZSM-5(0) and Pt/ZSM-5(0) without TPAOH treatment were also prepared for comparison. The
content of Pt in the catalysts was fixed at 0.5 wt.%.

1.2.

Catalysts characterization

X-ray diffraction (XRD) patterns were recorded on ARL X’TRA
(Thermo Fisher, USA) using CuKα radiation (40 kV and 250 mA),
with a scanning speed of 0.02°/sec and the range of 20–80° (2θ ).
ZSM-5(0) catalyst was determined as the standard sample, the
relative crystallinity of each catalyst is the ratio of its characteristic peak strength with ZSM-5(0) at 23–26°.
X-ray photoelectron spectroscopy (XPS, Thermo scientific
K-Alpha, Thermo Fisher, USA) was employed to characterize
the chemical compositions and chemical states of the surface elements in the catalysts. The binding energy was calibrated using the C1s (284.6 eV). N2 isothermal adsorption
and desorption measurement was conducted at −196°C on
a Micromeritics-ASAP2020 (Micromeritics, USA) surface area
and porosity analyzer apparatus, the catalyst was pretreated
at 250°C for 4 hr. High resolution transmission electron microscopy (HRTEM) images of the catalysts were obtained on
JEOL JSM-2100F (JEOL, Japan) apparatus.
CO-in situ infrared Fourier transform spectra (CO-in situ
DRIFTS) were recorded on a Nicolet 6700 FTIR (Nicolet, USA)
apparatus equipped with a mercury cadmium telluride (MCT)
detector. The catalyst (40–60 meshes, 50 mg) was pretreated
at 350°C in hydrogen atmosphere (40 mL/min) for 30 min and
then cooled to 30°C in Ar flow. The reduced catalyst was satu-
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rated by CO with enough time and the spectra were collected
at 30°C.
Temperature-programmed surface reaction (TPSR) measurement was performed on a fixed-bed micro-reactor. The
catalyst (40–60 meshes, 0.2 g) was firstly pretreated at 400°C in
flow for 30 min and then cooled to 50°C. After the equilibrium
of adsorption-desorption of benzene (34.8 mg/L), the catalyst
was heated from 50 to 550°C with a heating rate of 5°C/min
in 5 vol.% O2 /Ar flow (75 mL/min). Reactants (benzene) and
products (CO and CO2 ) were analyzed on-line by a mass spectroscopy (MS) apparatus (HIDEN QJC-20, Hiden Analytical Ltd,
England).
H2 -temperature programmed reduction (H2 -TPR) of the
catalyst was performed on a fixed-bed micro-reactor. The catalyst (100 mg) was pretreated in N2 flow (40 mL/min) at 400°C
for 0.5 hr and then cooled to 0°C. Subsequently, the catalyst
was heated from 0 to 700°C with the rate of 10°C/min under 5 vol.% H2 /Ar flow (40 mL/min). The H2 consumption was
detected by a gas chromatograph equipped with a thermal
conductivity detector (TCD, Hangzhou Kexiao Technology Co.,
Ltd., China).

1.3.

Catalytic activity tests

The oxidation activity of the catalysts was evaluated in a
micro-reactor at atmospheric pressure. The catalyst (40–60
meshes, 0.2 g) was placed in the reactor and reactants (benzene, n-hexane, ethyl acetate, acetonitrile or dichloroethane)
mixed with air flowed into the reactor. The reactant concentration in the feed stream was ˜1000 ppmV and the gas hourly
space velocity (GHSV) was 22,500 hr−1 . The outlet gas was analyzed on-line by a gas chromatograph equipped with flame
ionization detector (FID, Hangzhou Kexiao Technology Co.,
Ltd., China) and TCD detectors.

2.

Results and discussion

2.1.

Catalytic performance for VOCs removal

The conversions of benzene over the Pt/ZSM-5 catalysts are
displayed in Fig. 1, and T90% value (temperature with 90% conversion) was used to compare the catalytic activity of catalysts. As shown in Fig. 1, Pt/ZSM-5 catalysts treated with
TPAOH are very active for the low-temperature catalytic removal of benzene while Pt/ZSM-5(0) catalyst has inferior activity for benzene combustion, and the former exhibits much
lower temperatures with complete conversion of benzene
than the latter. More specifically, it can be seen that the
catalytic activities are significantly improved for the samples treated with TPAOH of low concentrations (Pt/ZSM-50.05 and Pt/ZSM-5-0.1) and the benzene is completely degraded even at 130°C. Based on T90% , the oxidation activities
of Pt/ZSM-5 catalysts are as follow: Pt/ZSM-5(0.1) (128°C) >
Pt/ZSM-5(0.05) (130°C) > Pt/ZSM-5(0.2) (136°C) > Pt/ZSM-5(0.4)
(145°C) > Pt/ZSM-5(0) (157°C). The results demonstrate that
the modification with TPAOH has a special effect on the structure of ZSM-5 zeolite and ultimately the dispersion state of Pt
nanoparticles.
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In order to investigate the adaptability of Pt/ZSM-5(0.1) catalyst which behaves the best activity for benzene removal, we
further tested the catalytic performance of Pt/ZSM-5(0.1) in
the complete oxidation of various VOCs, including n-hexane,
ethyl acetate, acetonitrile and dichloroethane. As shown in
Fig. 2, it is interesting that Pt/ZSM-5(0.1) catalyst presents excellent activity for the degradation of all the four kinds of
VOCs, especially for n-hexane. For the oxidation of n-hexane,
T90% of Pt/ZSM-5(0.1) is only 142°C. And T90% values for other
VOCs removal are as follow: ethyl acetate (180°C), acetonitrile (230°C), and dichloroethane (290°C), which are still much
lower than the majority of catalysts that have been reported
in recent years (Zhang et al., 2015; Jodaei et al., 2011; LópezFonseca et al., 2005). Moreover, Fig. 2 also presents the concentration of the by-products (CH3 Cl and C2 HCl3 ) of DCE
oxidation (the lower right corner of Fig. 2). It can be seen
that only a small number of by-products generated during
dichloroethane degradation at relative low temperature, however, the by-products can be entirely oxidized at high temperature range (> 320°C).
In practical industrial applications, the stability of catalysts is another important index. Since the water vapor is usually coexisted with VOCs in the exhaust gas, it is very necessary to investigate the effect of water vapor on the catalytic
activity for benzene degradation, especially at lower temperature. Fig. 3 shows the durability of Pt/ZSM-5(0.1) catalyst
with/without the addition of 5 vol.% H2 O. It can be seen that
Pt/ZSM-5(0.1) catalyst is rather stable and shows little drop
in the benzene conversion within 50 hr tests at 128°C under
feed gases without H2 O. Notably, neither CO nor organic byproducts are detected in the outlet gas, and only CO2 and H2 O
exist in the products. With introducing 5 vol.% water vapor,
the activity of Pt/ZSM-5(0.1) catalyst sharply reduces and its
conversion of benzene drops from 90% to 35% in the first 1 hr,
indicating the inhibition effect of H2 O as a result of the competitive adsorption between water molecular and the reactant
molecular (Xian et al., 2015). Surprisingly, it is noteworthy that
two hours later, the catalytic activity of the Pt/ZSM-5(0.1) catalyst completely restored to 90%, indicating the extraordinary
water-resistance of Pt/ZSM-5(0.1) catalyst.
On the purpose to totally understand the adsorption and
desorption ability of VOCs over Pt/ZSM-5 catalysts, benzeneTPSR experiments were carried out and the results were
depicted in Fig. 4. Notably, the benzene-adsorption curves
of the Pt/ZSM-5 catalysts (Fig. 4a) demonstrate that longer
time is required for Pt/ZSM-5(0.1) catalyst to reach adsorption equilibrium than the other catalysts, suggesting the
largest adsorption capacity of benzene of Pt/ZSM-5(0.1) while
those of Pt/ZSM-5(0) and Pt/ZSM-5(0.4) catalysts are rather
smaller. The adsorption capacities of the series of Pt/ZSM-5
catalysts for benzene are as follow: Pt/ZSM-5(0.1) > Pt/ZSM5(0.05) > Pt/ZSM-5(0)> Pt/ZSM-5(0.2) > Pt/ZSM-5(0.4). This
phenomenon is reasonably assigned to the different textural properties of the ZSM-5 zeolite with introducing the alkali
treatment. Moreover, Fig. 4b-d respectively show the MS signals of benzene, CO2 and CO desorbed during TPSR. It is clear
that the complete oxidation of benzene occurs in the process
of benzene desorption and no CO formation is observed over
the Pt/ZSM-5 catalysts, due to the high catalytic activity of
these catalysts at low temperature. Pt/ZSM-5(0.1) and Pt/ZSM-
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Fig. 1 – Conversions of benzene over the Pt/ZSM-5 catalysts. T90% : temperature with 90% conversion; Pt/ZSM-5(0),
Pt/ZSM-5(0.05), Pt/ZSM-5(0.1), Pt/ZSM-5(0.2), and Pt/ZSM-5(0.4): catalysts pretreated by tetrahydroxy ammonium hydroxide
(TPAOH) (0, 0.05, 0.1, 0.2 and 0.4 mol/L) solution, respectively.

Fig. 2 – Conversions of various VOCs over Pt/ZSM-5(0.1) catalyst and (inset) the concentration of the by-products of
1,2-dichloroethane (DCE) oxidation.

Fig. 3 – Durability of Pt/ZSM-5(0.1) catalyst under different conditions (1000 ppmV benzene and 1000 ppmV benzene + 5
vol.% H2 O).
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Fig. 4 – (a) Adsorption profiles of benzene over Pt/ZSM-5 catalysts (50°C); Signals of (b) benzene, (c) CO2 and (d) CO during
benzene temperature-programmed surface reaction (TPSR) over the catalysts. MS: mass spectroscopy.

5(0.05) catalysts both show a lower desorption temperature
(135°C) of CO2 and that over Pt/ZSM-5(0.4) catalyst is the highest (175°C), which is basically consistent with its activity for
benzene removal. Moreover, the desorption temperature of
benzene of Pt/ZSM-5(0.4) catalyst (165°C) is much higher than
the other catalysts, indicating stable adsorption strength for
benzene of Pt/ZSM-5(0.4) than the other catalysts, although
Pt/ZSM-5(0.4) catalyst possesses lower adsorption capacity of
benzene.

2.2.

Catalyst characterization

2.2.1.

Structural/textural properties of catalysts

Fig. 5 shows the XRD patterns of pure ZSM-5 zeolite and the
series of Pt/ZSM-5 catalysts. All the samples exhibit distinct
characteristic diffraction peaks associated with ZSM-5 zeolite
structure (Wei et al., 2015). However, the crystallinity of ZSM-5
zeolite in Pt/ZSM-5(0.4) catalyst significantly decreases to 75%
compared with the pure ZSM-5 zeolite, which may result from
the partial destruction of zeolite structure. Notably, No characteristic diffraction peaks belong to Pt (39.8°, 46.2°) were observed in the XRD profiles of Pt/ZSM-5 catalysts, implying that
the small Pt nanoparticles are highly dispersed on the surface
of ZSM-5 (Zou et al., 2006; Bera et al., 2003).

The Nitrogen absorption/desorption isotherms and the
pore size distribution curves of Pt/ZSM-5 catalysts are showed
in Fig. 6. The corresponding parameters are present in Table 1.
As shown in Fig. 6a, the adsorption-desorption curves of all
the catalysts except Pt/ZSM-5(0) are type IV, indicating that
the mesoporous structure is formed in the ZSM-5 zeolites after the pretreatment of TPAOH. As can been seen in Fig. 6b,
Pt/ZSM-5(0) catalyst retains its microporous structure with
the pore size distribution ranging from 1-2 nm after loading Pt nanoparticles. Interestingly, Pt/ZSM-5 catalysts treated
with TPAOH show the mixed microporous–mesoporous structures with pore size distribution ranging from 0.5 to 2 nm
and 2.5 to 4.5 nm, respectively, in which Pt/ZSM-5(0.4) catalyst owns the most mesopore structures. Moreover, specific
surface area, pore volume and average pore size of Pt/ZSM5 catalysts increase with the raising concentration of TPAOH
solution and are all higher than these of Pt/ZSM-5(0) catalyst.
What’s more, the increased mesoporous volume accompanies
with the reduced micropore volume in the catalysts, indicating that the mesoporous structures created by the desilicication method of organic base are on the basis of the original micropore structures. The phenomena could be explained as follow: the OH− anions of TPAOH dissolve partial of silicon in the
molecular sieve framework and controllably generate abundant secondary pores, while TPA+ binding on the surface of
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Fig. 5 – X-ray diffraction (XRD) patterns of pure ZSM-5 and various Pt/ZSM-5 catalysts.

Fig. 6 – (a) Nitrogen absorption/desorption isotherms and (b) pore size distribution curves of Pt/ZSM-5 catalysts. STP:
standard temperature and pressure; dV/dD: pore size determined from N2 isothermal adsorption and desorption
measurement.
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Table 1 – Textural parameters, surface element composition derived from XPS data, relative amount of absorbed CO and
average Pt particle sizes of the catalysts.

Catalysts

SBET
(m2 /g)

VT(micro)
(cm3 /g)

VT(meso)
(cm3 /g)

Average
Pore size
(nm)

Pt/ZSM-5(0)
Pt/ZSM-5(0.05)
Pt/ZSM-5(0.1)
Pt/ZSM-5(0.2)
Pt/ZSM-5(0.4)

228.0
240.6
242.0
249.2
261.6

0.040
0.030
0.027
0.023
0.020

0
0.470
0.573
0.977
1.160

2.2
3.8
4.0
4.1
4.2

DPt (nm)

Relative
amount of
absorbed CO

Surface element composition
Pt
Pt0
Pt2+
(wt%)
(%)
(%)

Pt4+
(%)

3.83
2.37
1.78
3.17
8.46

0.21
0.82
1.00
0.56
0.16

2.2
2.7
3.7
2.5
0.7

12.6
12.5
14.0
18.5
10.7

59.0
63.1
65.7
60.0
57.9

27.4
24.4
20.3
21.5
31.4

SBET : the specific surface area of catalysts; VT(micro) : microporous aperture of catalysts; VT(meso) : mesoporous aperture of catalysts; DPt : average
particle size of Pt determined from TEM measurements.
Relative amount of adsorbed CO was determined from CO-in situ DRIFTS as the total CO absorption of Pt/ZSM-5(0.1) was set to be 1.00.

Fig. 7 – High resolution transmission electron microscopy (HRTEM) images of (a) ZSM-5(0), (b) ZSM-5(0.1), (c) Pt/ZSM-5(0), (d)
Pt/ZSM-5(0.05), (e,f) Pt/ZSM-5(0.1), (g) Pt/ZSM-5(0.2), and (h) Pt/ZSM-5(0.4). ds: average particle size of Pt.

zeolite in alkaline media effectively prevents the zeolite crystal from severely disrupting, as described in some literatures
(Wang et al., 2015; Liu et al., 2014; Pérez-ramírez et al., 2009). In
addition, as the concentration of TPAOH gradually increases,
the enhanced amount of OH− anions enhances results in the
generation of more mesoporous. As correlated with their catalytic performance, it can be inferred that the improved textural properties of ZSM-5 zeolite treated with appropriate concentration of TPAOH reasonably promote the diffusion properties of reactants over Pt/ZSM-5 catalysts as well as their catalytic activity for VOCs oxidation.
High-resolution
transmission
electron
microscope
(HRTEM) was performed to further explore the morphology changes of ZSM-5 zeolite caused by alkali treatment.
Fig. 7 shows the HRTEM images and the size distributions of
Pt nanoparticle in the series of Pt/ZSM-5 catalysts, and the
average size of Pt particles were recorded in Table 1. From
Fig. 7a to b, it is obvious that the morphology of ZSM-5 zeolite
is dramatically changed after the alkali treatment: the flat
surface of ZSM-5 transforms to the rough one after treated by
0.1 mol/L TPAOH, indicating the etching effect of TPAOH on

the surface of ZSM-5 zeolite and the formation of mesoporous
pores.
As shown in Fig. 7c to h, the Pt particle size of the series Pt/ZSM-5 catalysts is notably adjusted by the treatment
of TPAOH, which distributes over the range of 2.37 to 8.46
nm with a uniform distribution and is much smaller that
of Pt/ZSM-5(0) except for Pt/ZSM-5(0.4). The average Pt particle sizes increase in the order of: Pt/ZSM-5(0.1) (1.78 nm) <
Pt/ZSM-5(0.05) (2.37 nm) < Pt/ZSM-5 (0.2) (3.17 nm) < Pt/ZSM5(0) (3.83 nm) < Pt/ZSM-5(0.4) (8.46 nm), which basically
presents a negative relation with their catalytic activity for
benzene oxidation. As correlated with the texture properties
of the catalysts, it can be inferred that the small average Pt
particle size is benefited from the much larger specific surface
area and abundant micro-mesoporous of Pt/ZSM-5(0.1) catalyst, and the seriously damaged molecular sieve structure of
Pt/ZSM-5(0.4) leads to the bigger Pt particles. Moreover, the results indicate that the catalytic activity of Pt/ZSM-5 catalysts
strongly depends both on the particle size and the dispersion
state of Pt nanoparticles, and the smaller size could significantly promote the catalytic activity of Pt/ZSM-5 for benzene
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Fig. 8 – CO-in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) spectra of Pt/ZSM-5 catalysts.

oxidation. Interestingly, the distribution ranges of the Pt particles size is similar to the mesopores size of Pt/ZSM-5 catalysts
pretreated with TPAOH, which is considered to be the important reason for promoting the dispersion of Pt nanoparticles.
Moreover, Pt nanoparticles in Pt/ZSM-5(0.1) catalyst (Fig. 7f)
inordinately embed into the surface of ZSM-5 zeolite, indicating the strong interaction between Pt nanoparticles and
ZSM-5 zeolite. The Pt-zeolite interaction has been reported
previously by Treesukol et al. (2005), and they found that an
interaction took place via the transfer of electron from the
framework oxygen of zeolite to Pt atom in Pt/ZSM-5 catalyst
(Treesukol et al., 2005). Although Pt/ZSM-5(0.4) catalyst owns
more mesopores than the others, the serious destruction of
the zeolite structure causes the inferior Pt nanoparticle dispersion.
The CO-in situ DRIFTS was performed to confirm the dispersion of Pt nanoparticles in Pt/ZSM-5 catalysts. As shown in the
transmission spectra (Fig. 8), only one band was observed in
the range of 2000–2100 cm−1 , which is ascribed to CO linearly
bonded to Pt sites (Chen et al., 2019). It’s well accepted that
the total area of the absorption bands is generally regarded
as an index of the size and dispersion of Pt nanoparticles.
Smaller Pt particles with more corner, steps and edges tend
to adsorb more CO molecules. With the increased concentration of alkali, the total area of this band are in the order of:
Pt/ZSM-5(0.4) < Pt/ZSM-5(0) < Pt/ZSM-5(0.2) < Pt/ZSM-5(0.05)
< Pt/ZSM-5(0.1), which is consistent with the Pt particle sizes
derived from HRTEM images of the series of Pt/ZSM-5 catalysts. Pt/ZSM-5(0.1) catalyst shows the largest CO adsorption
amount, indicating the smallest particle size and fine dispersion of Pt nanoparticles.
XPS spectra were carried out to study the composition and
valence state of the surface element on Pt/ZSM-5 catalysts and
the Pt 4f XPS spectra are shown in Fig. 9. Six sections attributed
to Pt0 species with different valence states occur to the Pt 4f
spectra. Specifically, the two peaks centered at 71.3 and 74.5 eV
are assigned to Pt0 species, and the two peaks at 72.4 and 75.5
eV belong to Pt2+ species, and the two peaks at 75.9 and 77.9 eV
are cause by Pt4+ species (Zou et al., 2006; Jang et al., 2005). The

content of Pt species in Pt/ZSM-5 catalysts and the proportions
of Pt0 , Pt2+ and Pt4+ in Pt were estimated and shown in Table 1.
It can be found Pt0 is the main existence form of Pt species in
all Pt/ZSM-5 samples. The proportion of Pt0 species positively
increases as Pt particle size reduces from 9.37 to 1.78 nm. The
proportion Pt0 in Pt reaches to 65.7% in Pt/ZSM-5(0.1) catalyst
which has the smallest particle size of Pt. The relationship between the particle size and valence state of Pt species could be
attributed to the interaction between zeolite with Pt nanoparticles. As widely demonstrated, Pt0 species are assigned to be
the active sites for benzene oxidation and the more Pt0 species
could significantly promote the catalytic oxidation of benzene,
which is in good agreement with the above results (Li et al.,
2009). In addition, the contents of Pt on the surface of Pt/ZSM5 catalysts also show the same tendency with their catalytic
activity of benzene degradation, which further confirms that
the catalytic activities of Pt/ZSM-5 catalysts strongly dependent on the dispersion state of Pt. As a result, Pt/ZSM-5(0.1)
shows the highest activity among all the catalysts, by virtue
of the combined advantages of high Pt0 proportion and fine Pt
dispersion.

2.2.2.

Redox properties of catalysts

H2 -TPR profiles of Pt/ZSM-5 catalysts are showed in Fig. 10. It
has been extensively reported that the main contribution of
Pt species devoted to the reduction peaks of Pt/zeolite catalysts mainly includes two parts: The PtOx species reduced to
Pt0 at lower than 0°C, and the Pt species complexly bonded
with Si–O in the zeolite reduced at a higher temperature. As
shown in Fig. 10, the reduction peaks (α and β) centered at
about 460 and 540°C are respectively assigned to the reduction
of Pt2+ and Pt4+ species bonded with zeolite (Jang et al., 2005).
The strong reduction peak at 540°C appears to Pt/ZSM-5 catalysts treated by TPAOH with lower concentration, indicating
the more Pt4+ species and strong Pt-zeolite interaction. However, with the increasing of TPAOH concentration, the amount
of Pt4+ species (peak β) decreases accompanied by the increased Pt2+ species (peak α). For example, the reduction peak
of Pt2+ species in Pt/ZSM-5(0.4) catalyst is much more than
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Fig. 9 – Pt 4f X-ray photoelectron spectroscopy (XPS) spectra of Pt/ZSM-5 catalysts.

Fig. 10 – H2 -temperature programmed reduction (H2 -TPR) profiles of Pt/ZSM-5 catalysts. TCD: thermal conductivity detector.

that of Pt4+ species. What’s more, it is obvious that the reduction peaks of Pt4+ species shift to the lower temperature along
with the reduced Pt particle size in Pt/ZSM-5 catalysts, indicating that the highly dispersed Pt nanoparticles with smaller
size tend to be reduced easily and the low-temperature reducibility of Pt/ZSM-5 catalyst is significantly improved. Obviously, the reducibility behavior is agreeable with their oxidation activity for benzene, demonstrating that Pt4+ species
might also be the active sites for VOCs oxidation reaction, in
addition to Pt0 species.

3.

Conclusions

In summary, we synthesized a series of micro-mesoporous
ZSM-5 zeolite-supported Pt nanoparticle catalysts (Pt/ZSM-5)
by introducing the organic base TPAOH as desilication agents.
Pt/ZSM-5 catalyst treated with TPAOH of appropriate concen-

tration exhibits superior catalytic activities and extraordinary
stability for the oxidation of various VOCs at low temperature.
Through the treatment of TPAOH solution, abundant mesopores formed on the surface of ZSM-5 zeolite without deconstruction of the zeolite structure, facilitating the better dispersion of Pt nanoparticles on the surface of ZSM-5 zeolite.
Pt/ZSM-5(0.1) catalyst treated with 0.1 mol/L TPAOH solution
is proved to be with very high catalytic activity and gives low
T90% values of benzene (128°C), n-hexane (142°C), ethyl acetate
(180°C), acetonitrile (230°C) and dichloroethane degradations
(290°C). The superior catalytic activity is closely related to both
the Pt particle size and Pt dispersion on the surface of Pt/ZSM5 catalysts, which improved by the TPAOH treatment. More
importantly, the addition of H2 O in the feed gases almost has
no influence on the activity of the Pt/ZSM-5(0.1) catalyst at low
reaction temperature of 128°C. This feature of Pt/ZSM-5 catalysts is extremely important for VOCs removal in the future
practical applications.
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