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In this work, pyrolysis photoionization time-of-flight mass spectrometry (Py-PI-TOFMS) was
applied to study the behavior of ammonia poisoning on H-form ultra stable Y (HUSY) zeolite
for the catalytic pyrolysis of polypropylene (PP). Firstly, ammonia poisoning on HUSY was
performed to obtain the suitable catalysts with different strength and amounts of acid sites.
Secondly, online photoionization mass spectra for the pyrolysis products of PP and HUSY
with various acid strength were recorded at different pyrolysis temperatures. Finally, the
formation curves of various pyrolysates of PP/HUSY with the increase of temperature were
determined. Our results indicate that the formation temperatures, yields and selectivity
of the pyrolysis products of PP demonstrate obvious relationship with the acid strength of
HUSY.
Key words: H-form ultra stable Y zeolite zeolites, Polypropylene, Catalytic pyrolysis,
Ammonia poisoning, Photoionization mass spectrometry

chromatography (GC) and gas chromatography mass
spectrometry (GC-MS) are generally used to identify
the catalytic products, and evaluate the selectivity and
conversion efficiency of catalyst. However, GC-MS is
time-consuming, and the nascent products and their
dynamics information cannot be revealed in real time.
On-line photoionization mass spectrometry is a kind of
experimental method which has great advantages in detecting reaction intermediates in real time [18−21]. In
comparison to the conventional “hard” electron ionization method used in commercial mass spectrometers,
fragment-free mass spectra can be obtained with nearthreshold photoionization, which is conducive to characterize the products from catalytic reactions in real
time [22].
Recently, a pyrolysis photoionization time-of-flight
mass spectrometer (Py-PI-TOFMS) using a portable
Krypton discharge lamp as ionization source has been
constructed and utilized for the studies of polymer, coal
pyrolysis [18, 19, 21, 23]. In this work, Py-PI-TOFMS
was applied in the study of polypropylene (PP) pyrolysis over various H-form ultra stable Y (HUSY) zeolites
after ammonia poisoning. Online photoionization mass
spectra for the pyrolysis products of PP and HUSY with
various acid strength were obtained, and the formation
curves of various pyrolysates of PP/HUSY with the increase of temperature were determined. Our results

I. INTRODUCTION

Plastics are one of the dominant components in municipal solid waste. According to the data supplied by
the World Bank, the amount of plastic waste in the
world will be 2.2 million tons by 2025 [1]. Landfill and
incineration are the most widely used methods for solid
wastes processing. However, landfill is not a proper
way to deal with plastic wastes for its vast amount and
long term of degradation in the environment. While, incineration of plastic wastes produces lots of poisonous
products including dioxin [2].
Catalytic pyrolysis is an appropriate way for plastic
recycling [3, 4], in which zeolite is a kind of widely used
catalyst and shows powerful functions [5]. The strength
of acid sites of zeolites is critical in catalytic reactions
and greatly influences the reaction pathways and selectivity of catalytic products [6−8]. Selective poisoning
with basic molecules can be used as a method to investigate the performance of zeolites with varied acid sites
[8−17]. To study the effect of selective poisoning on
the catalysts and corresponding catalytic reactions, gas
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FIG. 1 Schematic of Py-PI-TOFMS setup.

show that the acid strength affects the pyrolysis temperature, products selectivity and yields significantly.
II. EXPERIMENTS
A. Sample preparation

The PP particle (isotactic, ρ=0.91 g/cm3 , softening temperature=161 ◦ C, particle size<180 µm) was
supplied by Shanghai Liyang Machinery & Electric
Co., Ltd. A commercially available HUSY zeolite
(Si/Al=5.2) was purchased from Nankai University
Catalyst Co., Ltd. HUSY was carefully ground to break
into powders, and then the ground HUSY powder was
placed into a crucible and calcined in a muffle furnace
under atmospheric conditions. The calcination temperature was set to 500 ◦ C with a heating rate of 20 ◦ C/min
from room temperature. Then, the calcined HUSY was
treated with 10% ammonia diluted by nitrogen at room
temperature for 40 min. To desorb ammonia with different degrees, the treated HUSY was further heated
at 200, 300, 400 and 500 ◦ C respectively for 2 h. The
HUSY samples, which were fully adsorbed with ammonia and heated at 200, 300, 400 and 500 ◦ C, were numbered from 1 to 5 (ID: 1, 2, 3, 4, 5). Higher treated temperature resulted in higher strength and more acid sites
being liberated. In each pyrolysis experiment, HUSY
was mixed with PP with mass fraction of 50%. The
weight of mixture used in the pyrolysis experiments was
40 mg, which was measured using an analytical balance
(AL 204, Mettler Toledo, Switzerland).
B. Py-PI-TOFMS

The experiment was carried out using a homemade
Py-PI-TOFMS apparatus that has been previously reDOI:10.1063/1674-0068/29/cjcp1604081

ported in detail [19, 21, 24], so only a brief introduction is given here. The experimental setup comprises a
tubular furnace, a transfer line, and a PI-TOFMS (see
Fig.1).
The pyrolysis temperature of the tubular furnace was
controlled by a temperature controller (SKY Technology Development Co., Ltd., China). The feedback of
the furnace temperature and the sample temperature
were measured by K-type thermocouples 1 and 2, respectively. Prior to the experiment, the system was
purged with nitrogen for 15 min. The flow rate of the
carrier gas (nitrogen) was maintained at 200 standard
cubic centimeters per minute (SCCM). When the temperature reached the set value, the sample was introduced into the middle position of the furnace using a
quartz sample boat. The pyrolysis products were transferred through a deactivated fused-silica capillary (Internal diameter of 250 µm) inside the heated transfer
line (250 ◦ C) to reach the ionization chamber (0.75 Pa),
where the products were ionized by ultraviolet light
emitted from a Kr lamp with a photon energy of 10.6 eV
(PKS106, Heraeus, Ltd., Germany). To remove the fine
particles from the product gas stream, a glass fiber filter
with a pore size of 1.2 µm was placed between the transfer line and the furnace. The formed ions were mass analyzed by TOFMS. The ion signal was amplified with
a VT120C preamplifier (ORTE C, Oak Ridge, USA)
and recorded by a P7888 multiscaler (FAST Comtec,
Oberhaching, Germany).
The pyrolysis/photoionization mass spectrometric
measurements were conducted in both temperaturefixed mode and temperature-programmed mode. In
the temperature-fixed mode, the furnace was hold at
a specific value in the range of 300−600 ◦ C. In the
temperature-programmed mode, the heating rate of the
furnace was set to 10 ◦ C/min and the acquisition time
c
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FIG. 2 NH3 -TPD profile of HUSY.

FIG. 3 Photoionization mass spectrum of PP/50%HUSY.

for each spectrum was 10 s.

ucts pyrolyzed at four temperatures (300, 400, 500, and
600 ◦ C) are shown in Fig.4. The catalyst’s acid strength
influences the yields of all kinds of products obviously.
The yields of alkanes with low carbon numbers increase
as the acid strength gets higher (Fig.4 (a) and (b)).
However, alkanes with carbon numbers higher than 7
show a totally different trends. With the increase of acid
strength, the yields firstly increase to some extent, and
then drop to a relatively low level (Fig.4(c)). The yields
of most alkenes and dienes decrease as the strength and
amounts of acid sites become higher, except for low carbon number alkenes (C4 H8 and C5 H10 in Fig.4 (d) and
(e)). Aromatics products larger than benzene (C7 H8 )
also show great dependence on strength and amounts
of acid sites of HUSY.
Temperature is a key factor in PP pyrolysis, and will
greatly affect the yields of different pyrolysates [19].
As shown in Fig.4, higher yields will be observed for
low carbon number products by increasing the pyrolysis temperature from 300 ◦ C to 600 ◦ C (Fig.4 (a), (d),
(g), (j)). As for larger carbon number products, such as
C9 H20 , C8 H16 , C9 H16 , and C12 H18 , higher temperature
will reduce their yields due to the secondary cracking
reactions (Fig.4 (c), (f), (i), (l)).
An interesting phenomenon is that the extent of enhanced yields of PP pyrolysates with increased temperature will be reduced by improving the strength of acid
sites. For example, the relative intensities of C7 H8 in
Fig.4(j) changed from 1.02 (300 ◦ C) to 3.84 (600 ◦ C),
with HUSY only having weak acid sites (ID: 1). However, when acid sites were replaced by stronger ones,
the relative intensities of C7 H8 varied from 1.29 to 2.79
(ID: 6). Obviously, the difference between the yields at
two pyrolysis temperatures is greatly reduced by using
high acidity HUSY. From the point of view of activation energy, the strong acid sites can lower the cracking energy more than the weak ones. Therefore, the
increase of pyrolysis temperature affects little to the
samples with strong acid sites. The result shows that
300 ◦ C is enough for cracking PP, but the weak acid
samples need more energy to get equivalent results than

C. NH3 -temperature-programmed desorption

The
NH3 -temperature-programmed
desorption
(TPD) experiment was also fulfilled using Py-PITOFMS. The heating rate was set to 10 ◦ C/min with
200 SCCM nitrogen as purge gas. Figure 2 shows the
normalized NH3 -TPD profile of HUSY, which contains
two broad bands. The peak at approximate 200 ◦ C
is due to desorption of weak acid, and the peak at
approximate 400 ◦ C corresponds to the desorption of
strong acid [25]. From Fig.2 we can deduce that HUSY
pretreated at ambient temperature and 200 ◦ C (ID: 1
and 2) only contain weak acid sites. HUSY pretreated
at 300 ◦ C (ID: 3) contains part of moderate acid sites.
When HUSY was pretreated at 400 and 500 ◦ C (ID: 4
and 5), strong acid sites were liberated.
III. RESULTS AND DISCUSSION
A. Mass spectra

The photoionization mass spectra of pyrolytic products from PP/50% HUSY are presented in Fig.3. Due
to the near-threshold photoionization character, nearly
all the mass peaks could be attributed to parent ions.
The pyrolysis products can be separated into several
categories, i.e., alkanes (m/z=72, 86, 100, 114, etc.),
alkenes (m/z=28, 42, 56, 70, 84, 98, 112, etc.), dienes
(m/z=68, 82, 96, etc.) and aromatics (m/z=78, 92,
106, 120, 128, 134, etc.) [19]. The major products of
PP pyrolysis are identified and listed in the supplementary materials (Table S1). Varying the pretreatment
conditions of HUSY and pyrolysis temperatures will not
change the products distribution.
B. Temperature-fixed experiments

The influences of the acid strength and amounts of
acid sites in catalyst (ID: 1, 2, 3, 4, and 5) on the prodDOI:10.1063/1674-0068/29/cjcp1604081
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FIG. 4 Representative species of four kinds of products in temperature-fixed experiments. Different symbols represent
different pyrolysis temperatures. (a−c) alkanes, (d−f) alkenes, (g−i) dienes, and (j−l) aromatics.

the strong ones.
C. Temperature-programmed experiments

The formation profiles of pyrolysates can be obtained from temperature-programmed mode of Py-PITOFMS. Figure 5 shows the profiles of four kinds of C7
products from the pyrolysis of PP/HUSY with different
acid strength (ID: 1, 2, 3, 4, 5). Pyrolysis products with
other carbon numbers are supplied in the supplementary materials (Fig.S1−Fig.S3).
The initial formation temperatures of these pyrolysates can be distinguished from the baseline. As
shown in Fig.5, the appearance temperatures of pyrolysis products with weak acidity (ID: 1 and 2) are relatively high and nearly the same. However, with the
improvement of acid strength (ID: 3, 4 and 5), the formation temperatures of these C7 products are gradually
decreased and separated. Pyrolysis with mild acidic
catalyst (ID: 1, 2, 3) prefers to produce alkene (C7 H14 )
initially, while catalysts with strong acidity (ID: 4, 5)
result in the production of alkane (C7 H16 ) first.
DOI:10.1063/1674-0068/29/cjcp1604081

To make the information in Fig.5 more reasonable, all
the appearance temperatures of alkanes, alkenes, dienes
and aromatics with carbon numbers from 3 to 14 were
recorded. Figure 6 shows the relationship between the
initial appearance temperatures of these pyrolysis products and carbon number, with HUSY at different ammonia desorption levels. As can be seen from Fig.6, acid
strength is a dominant factor to decrease the appearance temperatures (ID: 1, 2, 3). When acid strength of
HUSY reaches a relatively strong level (ID: 3, 4, 5), the
formation temperatures of pyrolysis products will not
change too much, indicating the strength of acid sites
is not predominant. At the same time, the temperature
needed for the formation of long chain pyrolysates becomes higher, especially for alkanes and alkenes. In
comparison with alkanes and alkenes, the formation
temperatures of dienes and aromatics are higher, indicating that the activation energies of the corresponding
reactions are higher.
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FIG. 5 Temperature-programmed pyrolysis results for C7
species from different samples.

IV. CONCLUSION

In this work, Py-PI-TOFMS was applied to study
the behavior of ammonia poisoning on HUSY for the
catalytic pyrolysis of PP. Secondly, online photoionization mass spectra for the pyrolysis products of PP and
HUSY with various acid strength were recorded at different pyrolysis temperatures. Finally, the formation
curves of various pyrolysates of PP/HUSY with the increase of temperature were determined. Our results indicate that the formation temperatures, yields and selectivity of the pyrolysis products of PP demonstrate
obvious relationship with the acid strength of HUSY.
The yields of product and pyrolysis temperature
effect were investigated at temperature-fixed experiments. The yields are significantly affected by the
strength of acid sites. The strong acid sites (ID: 3, 4,
5) are more efficient on generating C4 to C6 products.
But for other products, the samples with HUSY which
only have weak (ID: 1, 2) acid sites get higher yields.
The temperature effect of samples with weak acid sites
is obvious owing to the high cracking activation energy
of these samples.
DOI:10.1063/1674-0068/29/cjcp1604081
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FIG. 6 Relationship between the initial appearance temperatures of pyrolysis products and carbon number, with
HUSY at different ammonia desorption levels: (a) alkanes,
(b) alkenes, (c) dienes, and (d) aromatics.

The formation temperatures of four kinds of products
are studied in temperature-programmed experiments.
Stronger acid sites lower the reaction temperature more
obviously. A critical strength of acid sites can be infered: once the valid acid strength is higher than the
critical strength, the much stronger acid sites contribute
little to cracking temperature. The promotion effect on
formation temperature of strong acid sites for alkanes
is better than that for alkenes.
Supplementary materials: The identification of major pyrolysis products of PP are shown in Table S1. The
temperature-programmed pyrolysis results for C2−C5,
C6−C9, and C10−C13 species are shown in Fig.S1,
Fig.S2, Fig.S3, respectively.
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