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Abstract
The effects of various catalysts on the composition of volatile pyrolysis products of a plastic waste and biomass mixture (1:1) 
were studied, by pyrolyzing the mixture sample using slow and fast heating rate. Various zeolite catalysts (β-and Y-zeolites, 
ZSM-5 and FCC) and nickel-molybdenum catalyst on alumina support were applied to find suitable catalysts for upgrading 
the quality of the thermal decomposition products of the waste mixture. A sample to catalyst ratio of 2:1 was used in the 
experiments. The rate of evolution of the decomposition products under slow pyrolysis was measured by thermogravimetry/
mass spectrometry (TG/MS). The composition of the pyrolyzates was analyzed in detail by pyrolysis–gas chromatography/
mass spectrometry (Py-GC/MS) method. The influence of all applied catalysts was more pronounced on the plastic content 
of the sample than on biomass. The pyrolysis experiments revealed that the catalysts promoted the cracking reactions of 
the evolved hydrocarbons; furthermore, the formation of aromatic products was enhanced remarkably in the presence of 
all zeolite catalysts. Beta-zeolite and ZSM-5 catalysts were found the most effective in cracking hydrocarbons to gaseous 
products and in aromatization, while the highest  CO2 formation was obtained by FCC from the biomass part of the studied 
waste mixture. NiMo catalyst promoted the  H2 production from the plastic part; furthermore, slight aromatization and crack-
ing effects were also observed.

Keywords Municipal solid waste · Thermogravimetry/mass spectrometry · Catalytic pyrolysis · Zeolite catalysts · Nickel-
molybdenum catalyst

Introduction

The management of municipal solid waste (MSW) is a 
great challenge for the human population and it requires 
the knowledge of the composition of the actual urban solid 
waste. This waste consists of various organic and inorganic 
components, where the two main constituents of the organic 
part are biomass and plastics. About 85% of MSW is bio-
mass and plastic waste, which has high energy potential, 
and suitable to be utilized by thermochemical conversion. 
The separation of the biomass and plastic components of 

MSW is an expensive process and complete separation is 
difficult or economically is not feasible; therefore, utiliza-
tion of the multicomponent mixture is required. Co-pyrolysis 
and co-gasification of biomass and synthetic polymers have 
been published in several papers [1–7]. The organic waste 
materials can be converted into gas, liquid and solid prod-
ucts by thermochemical methods. Very important advantage 
of the thermal decomposition processes is the volume and 
mass reduction of the waste materials, which helps mini-
mize the waste amount to be landfilled. Polyethylene (PE) 
and polypropylene (PP) are produced in the largest quantity 
among the commodity plastics. Due to their wide applica-
tion as packaging materials, these two plastics make up the 
bulk of the plastic content of MSW. Since these polymers 
are rich in hydrogen atoms, they may compensate for the 
H-deficient property of biomass during pyrolysis. Therefore, 
a more stable oil with higher yield [8] and higher heating 
value might be obtained by pyrolysis of MSW than from 
biomass [9]. Interactions between hydrocarbon polymers 
and lignocellulose materials are reported in several studies 
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[10–12]. The main thermal decomposition step of biomass 
occurs at a lower temperature than that of PE and PP, and the 
formed char influences the degradation process of PP during 
slow pyrolysis [11]. The effect of the inorganic content of 
MSW also should be taken into consideration. During bio-
mass pyrolysis, alkali and alkaline earth metals, especially 
potassium and calcium catalyze biomass decomposition and 
char formation. Furthermore, these inorganics are found to 
be the most important factors in increasing the gasification 
reactivity of the formed char [13, 14].

The combustible pyrolysis gas originated from MSW can 
be burned and converted into heat and electric current. The 
pyrolysis liquid of MWS is a valuable energy carrier due 
to its high energy content, although the biomass content of 
MWS releases oxygen-containing organic products, which 
decreases the quality of the oil. Furthermore, the pyrolysis 
oil contains significant amount of reactive moieties, which 
are keen to polymerize resulting in unstable oil [15]. Even 
though the composition of pyrolysis products is primarily 
determined by the feedstock, catalytic pyrolysis is an appro-
priate method to improve the energy content and the quality 
of the pyrolysis liquid.

The composition of the pyrolysis products can be modi-
fied by catalytic pyrolysis. Zeolites are effective catalysts 
for the aromatization of a wide range of feedstock includ-
ing hydrocarbon plastics [16], biomass [17] or their mixture 
[18]. Moreover, zeolites are capable of cracking carbon–car-
bon bonds due to their high pore surface area, which leads 
to the acceleration of the thermal degradation of plastics. 
In fluidized bed reactors, ZSM-5 and FCC (fluid catalytic 
cracking) catalysts are frequently applied for catalytic 
conversion [19, 20]. FCC catalyst is widely used to crack 
the long hydrocarbon chains into hydrocarbons of smaller 
molecular mass. Decreased initial degradation temperature 
of plastic mixture was observed in the presence of ZSM-5 
catalyst [21]. Furthermore, hindering effect of cellulose and 
lignin was found on the catalytic activity of HZSM-5 on the 
fragmentation of hydrocarbon polymers under slow heating 
[22].

Microporous β and Y types of zeolites are generally 
applied for breaking the carbon–carbon bonds of long chain 
hydrocarbons. Decreased heavy oil fraction and increased 
gasoline fraction was observed when MSW was pyrolyzed 
over Y-zeolite [23]. Beta- and Y-zeolites are often used for 
liquid phase esterification in the biodiesel production pro-
cesses as well [24, 25]. These types of catalysts are suit-
able to remove  CO2 molecules from the fuel gas streams 
by adsorbing carbon dioxide on the surface of the zeolite 
[26]. Nickel-molybdenum (NiMo/Al2O3) catalyst is fre-
quently applied for increasing the yield of molecular hydro-
gen in various reactions [27]. Kumagai et al. [28] achieved 
enhanced hydrogen production with a novel Ni-Mg–Al-Ca 

catalyst system used for the thermal conversion of wood 
and polypropylene mixture. In the present study, NiMo/
Al2O3 catalyst was applied in order to compare the effects 
of zeolite-based catalysts and a metal catalyst.

The influence of catalysts during pyrolysis can be studied 
by on-line analytical techniques (e.g., Py-GC/MS or TG/MS) 
or could be studied by off-line analysis of the pyrolyzate 
produced in a batch pyrolyzer or in a lab-scale fluidized bed 
reactor. Although on-line pyrolysis techniques do not pro-
vide accurate product yield data mostly due to the very small 
sample amount and short residence time, it is an effective 
approach for screening the catalytic effects, which provide 
supplementary information on the thermal stability of the 
sample and the evolution profile and product composition 
of the pyrolyzate. Py-GC/MS is an effective tool to investi-
gate primary pyrolysis products, while off-line analysis can 
modify the composition of the reactive pyrolyzate by repo-
lymerization [29]. In this study, the catalytic effects of four 
zeolite catalysts (β- and Y-zeolites, ZSM-5, FCC) and an 
alumina supported NiMo catalyst were studied on the pyrol-
ysis of waste plastic and biomass mixture. The thermal sta-
bility and the profiles of gas evolution during slow pyrolysis 
were studied by thermogravimetry/mass spectrometry (TG/
MS), while the composition of pyrolysis oil was determined 
by pyrolysis–gas chromatography/mass spectrometry. The 
purpose of this work was to test and compare the efficiency 
of various zeolite catalysts and an alumina supported metal 
catalyst by focusing on the primary pyrolysis processes and 
products in order to provide complementary information 
for optimization of the utilization of waste components by 
catalytic pyrolysis.

Experimental

Materials

A mixture of municipal plastic waste (MPW) and agricul-
tural waste was received from a Hungarian waste manage-
ment company (Pécs). Representative pieces of waste were 
analyzed by FTIR to determine the composition. The fol-
lowing composition of the mixture was ascertained: 45.0% 
agricultural waste, 17.2% LDPE and HDPE, 10.1% PP, 9.6% 
PET, 6.2% PS, 5.6% PVC, 5.0% waste paper, and 1.4% other. 
According to the result of analysis, MPW and lignocellulosic 
biomass were mixed in 1:1 mass ratio. The applied agricul-
tural waste component was wheat straw. The dry sample was 
ground to powder (< 100 µm) in a Retsch MM301 mill to 
obtain homogenous sample for the experiments.

The catalytic effect of β-, and Y-zeolite, ZSM-5, FCC, 
and alumina supported nickel-molybdenum (NiMo/Al2O3) 
catalysts were tested. The most relevant characteristics of the 
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studied catalysts are found in Table 1. The employed waste 
mixture:catalyst ratio was 2:1 by mass.

Thermogravimetry/mass spectrometry (TG/MS)

The thermobalance of the TG/MS system is a Perkin-
Elmer TGS-2 instrument used with a modified furnace 
and a Eurotherm temperature controller. The TG is cou-
pled to a Hiden HAL quadrupole mass spectrometer 
through a glass-lined metal capillary heated at 300 °C. 
About 1.2 mg municipal waste and 1.8 mg mixture in the 
ratio of waste:catalyst = 2:1 were measured in an argon 
atmosphere at a flow rate of 140 mL  min−1. The sam-
ples were heated in a platinum sample pan at a rate of 
10 °C   min−1 from 25 to 700 °C. The released volatile 
products were introduced through the capillary into the 
ion source of the mass spectrometer operated at 70 eV.

The TG curve of the pure catalysts was also measured 
and it was subtracted from the original TG curve of the 
waste and catalyst samples before data processing. Thus, 
the presented TG and DTG curves show the mass loss and 
mass loss rate exclusively of the waste sample in the case 
of waste and catalyst mixtures.

Pyrolysis–gas chromatography/mass spectrometry 
(Py‑GC/MS)

Approximately 1.2  mg waste sample or 1.8  mg 
waste:catalyst = 2:1 mixture were pyrolyzed at 550 °C 
for 20 s in helium atmosphere using a Pyroprobe 2000 
pyrolyzer interfaced to an Agilent 6890A/5973 GC/MS. 
The GC oven was programmed to hold at 40 °C for 4 min 
after the fast pyrolysis then to increase the temperature 
at a rate of 6 °C  min−1 to 280 °C (hold for 5 min). The 
pyrolysis products were separated on a DB-1701 capil-
lary column (30 m × 0.25 mm, 0.25 µm film thickness). 
The mass range of m/z 14–500 was measured by the mass 

spectrometer using electron impact mode at 70 eV elec-
tron energy. Three replicate experiments were carried out 
on each sample.

Results and discussion

Thermogravimetry/mass spectrometry (TG/MS)

Figure 1 presents the TG and DTG curves of the waste sam-
ple as well as of the waste and catalyst mixtures. As it is 
seen on the TG and DTG curves, the thermal degradation 
of the waste sample takes place in two major steps. Bio-
mass devolatilizes in the first stage of degradation, while 
the plastic component decomposes in the second stage. 
The main natural polymeric components of lignocellu-
losic biomass are cellulose, hemicellulose and lignin, while 
extractable organic compounds and inorganic constituents 

Table 1  The most relevant characteristics of the catalysts

n.a. not applicable

Catalyst Si/Al ratio BET 
surface/
m2  g−1

Surface of the 
micropores/
m2  g−1

Acidity/NH3/g

β-zeolite 35 395 259 0.48
Y-zeolite 20 229 110 0.38
ZSM-5 29 350 215 0.44
FCC 17 210 90 0.30
NiMo/Al2O3 n.a 158 74 0.30
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Fig. 1  a TG and b DTG curves of the waste sample with and with-
out catalysts. The mass of catalysts was removed as described in the 
Experimental
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are also present. The release of the extractable components 
of biomass fraction commences at about 200 °C (Fig. 1b). 
The moderate shoulder on the DTG curve at around 310 °C 
apparently indicates the thermal decomposition of hemi-
cellulose, while the DTG peak at around 350 °C can be 
attributed to the thermal degradation of cellulose. Lignin 
decomposes in a wide temperature range (200–600 °C) at 
a relatively slow rate [30]; therefore, the decomposition of 

this component of biomass does not lead to a sharp, char-
acteristic DTG peak. The decomposition of plastics (mostly 
PE and PP) occurs in the temperature range of 390–510 °C 
resulting in the second decomposition stage of the waste 
mixture. The small, but characteristic mass loss at around 
640 °C from all samples belongs to the decomposition of 
carbonate content of the waste sample, which was confirmed 
by  CO2 evolution detected by TG/MS (Fig. 2h). The TG 

Fig. 2  Evolution profiles of 
some molecular or fragment 
ions of gaseous products a 
hydrogen—m/z 2, b methyl 
group—m/z 15, c vinyl group—
m/z 27, d ethyl and formyl 
groups—m/z 29, e methoxy 
group—m/z 31, f propenyl 
group—m/z 41, g propyl and 
acetyl groups—m/z 43, h carbon 
dioxide—m/z 44
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and DTG curves of the waste and waste—catalyst mixtures 
demonstrate that the catalysts have effect on the degree and 
rate of decomposition. Focusing on the thermal decomposi-
tion of the biomass component, only minor changes can be 
observed. The thermal decomposition starts at around the 
same temperature in each case. Samples containing NiMo/
Al2O3 and FCC catalysts have slightly higher maximal rate 
of decomposition at around 350 °C than the sample without 
catalyst indicating the activity of these catalysts during the 
decomposition of biomass fraction. The temperature of the 
maximal rate of decomposition does not change significantly 
in the presence of the catalysts studied.

The second main mass loss step can be ascribed to the 
thermal decomposition of the plastic content of waste. The 
change of DTG curves shows that the degradation of MPW 
component starts at somewhat lower temperature in the pres-
ence of β-zeolite, FCC, and ZSM-5 catalysts. Moreover, in 
the case of FCC catalyst, the maximal rate of decomposi-
tion also shifted to a 10 °C lower temperature. The DTG 
peak is lower, but wider in the presence of β-zeolite and of 
ZSM-5, and slightly higher applying Y-zeolite catalyst. All 
these variations indicate catalytic interactions between the 
sample and the applied catalyst. The residual mass at 700 °C 
(TG curves, Fig. 1a) shows the amount of the carbonaceous 
residue. The highest amount of char was formed from the 
sample mixed with ZSM-5 catalyst. In the case of three other 
catalysts studied, the char yield slightly decreased; how-
ever, NiMo/Al2O3, reduced the amount of char by 5%. The 
reduced char yield can be explained by the slightly increased 
gas and/or pyrolysis oil formation, which is promoted by 
the high pore surface area of the catalysts used. This obser-
vation is in accordance with earlier studies, where slightly 
decreased char yield was obtained during catalytic pyrolysis 
of MSW performed in a batch reactor in the presence of 
β-zeolite, Y-zeolite, FCC and NiMo catalysts [31, 32].

Figure 2 shows the TG/MS intensity curves of some 
selected molecular and fragment ions of the sample with and 
without catalysts. Figure 3 presents the integrated intensities 
of typical MS ions of some volatile decomposition products. 
The intensity curves of the selected ions were integrated 
in the temperature range of 230–520 °C. Hydrogen is pre-
sented by the intensity curve of the m/z 2 molecular ion 
(Fig. 2a). According to the shape of the m/z 2 ion curves, 
similar amounts of hydrogen were released during the ther-
mal decomposition of both the biomass (300–400 °C) and 
the plastic fractions (420–520 °C) of the sample without 
catalyst and with zeolites (Fig. 3a). However, in the presence 
of NiMo/Al2O3 catalyst, the intensity of molecular hydrogen 
is five times higher than without catalyst indicating strong 
dehydrogenation reactions under catalytic decomposition of 
the plastic part.

The relative amounts of hydrogen, methane, water and 
carbon dioxide have been estimated by integration of the 

intensities of their fragment or molecular ions at m/z 2, 15, 
18, and 44, respectively (Fig. 3a). The intensity of methane 
slightly increased in the presence of catalysts. As the ion 
curves indicate (Fig. 2b), methane formation is promoted 
by Y-zeolite and NiMo catalysts from the plastic fraction 
of the sample. The intensity of  CO2 is slightly enhanced by 
FCC catalyst, whereas no significant change was found in 
the case of other catalysts. Figure 2h illustrates that FCC 
catalyst promotes  CO2 formation at lower (250–400 °C) and 
higher (400–480 °C) temperature ranges demonstrating the 
catalytic effect on both the biomass and the plastic fractions. 
The peak on each  CO2 curve at about 620 °C indicates the 
decomposition of the calcium carbonate content of waste 
sample. Water is the most abundant volatile product; there-
fore, its intensity values were divided by 5 in order to make 
its presentation easier in Fig. 3a. As the bar diagram illus-
trates, the water evolution was not much influenced by the 
catalysts.

The relative amounts of the m/z 29 (ethyl and formyl), 
m/z 43 (propyl and acetyl), and m/z 57 (butyl) fragment ions 
are shown in Fig. 3b during catalytic pyrolysis in compari-
son with the uncatalyzed decomposition of the waste. The 
intensity of m/z 29 and m/z 57 fragments was increased in 
the presence of each catalyst to a different extent, while the 
formation of m/z 43 fragment was promoted significantly 
only by Y-zeolite. The fragment ions of m/z 29, 43, and 57 
originate from various aliphatic compounds formed during 
the thermal decomposition of the plastic part of the waste 
sample (from 420 to 520 °C). However, m/z 29 and 43, 
detected between 200 and 420 °C, can be mainly attributed 
to  CHO+ and  CH3CO+, which are the mass spectrometric 
fragment ions of formaldehyde, acetic acid and other oxo-
compounds deriving from carbohydrate and lignin com-
ponents of biomass fraction of the sample. As the shape 
of the ion intensity curves indicates in Fig. 2d, FCC and 
β-zeolite promote the formation of aldehydes (illustrated by 
 CHO+ ion) during biomass decomposition, while all zeolite-
type catalysts enhance the formation of  C2H5

+ fragment of 
hydrocarbons during plastic decomposition at a different 
degree. In the presence of β-zeolite and ZSM-5 catalysts, 
the ion intensity curve of  C2H5

+ starts to increase at about 
20 °C lower temperature, while the application of Y-zeolite 
increases the evolution rate significantly. The effect of the 
NiMo/Al2O3 catalyst is negligible on the intensity of  C2H5

+ 
ions. The evolution range of  C3H7

+ (Fig. 2g) originating 
from the plastic decomposition starts at about 400 °C. In 
the presence of Y-zeolite, the intensity of propyl fragment 
strongly increases during the decomposition of the plastic 
part of the sample indicating its strong catalytic effect, while 
the other catalysts have no significant impact on the amount 
of propyl groups. The fragment ion at m/z 43 can be attrib-
uted also to acetyl group in the temperature range of biomass 
decomposition (200–400 °C), which is formed from various 
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pyrolysis products of carbohydrates (e.g., acetic acid, oxo-
compounds). The intensity of these compounds is not influ-
enced substantially by the presence of catalysts. Methoxy 
fragment ion at m/z 31 has also biomass origin; its main 
sources are methanol and hydroxyacetaldehyde. As Fig. 2e 

illustrates, the catalysts, with the exception of FCC, reduce 
moderately the amount of decomposition products, which 
are sources of m/z 31 fragment ions.

Figure 3c presents the area of the intensity curves of alke-
nyl fragment ions (m/z 27—vinyl, m/z 41—propenyl, and m/z 

Fig. 3  Integrated intensities of 
selected molecular and frag-
ment ions formed during TG/
MS analysis from the waste 
with and without catalysts: a 
main decomposition products, b 
alkyl fragments (and oxo-com-
pounds), and c alkenyl fragment 
ions
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55—butenyl groups), which are derived from unsaturated 
hydrocarbons. As the bar diagram demonstrates, catalysts 
have more significant effect on the yields of alkenyl frag-
ments than that of the alkyl fragments. The applied zeolite-
type catalysts proved to be effective in promoting the forma-
tion of small unsaturated hydrocarbon molecules from the 
plastic part of the sample, while the impact of NiMo catalyst 
on that is almost negligible. Applying β-zeolite, the intensity 
of the  C2H3

+ fragments is tripled, the amount of the  C3H5
+ 

groups is quadrupled and the intensity of the forming  C4H7
+ 

groups becomes eight times higher compared to the sample 
without catalyst.  C2H3

+ is the main fragment ion of ethylene, 
originating mainly from polyethylene during decomposition, 
but other alkenes also produce m/z 27 ion in the mass spec-
trometer.  C3H5

+ ion is the highest peak in the mass spectrum 
of propylene. During pyrolysis of polypropylene, the major 
product is propylene trimer; however, catalytic pyrolysis 
promotes the formation of propylene monomer. The TG/
MS results were supported by the Py-GC/MS experiments 
as will be presented below.

Overall, the catalysts have more pronounced influence on 
the thermal decomposition of the plastics fraction than on 
the biomass fraction of the waste.

Pyrolysis–gas chromatography/mass spectrometry 
results (Py‑GC/MS)

Py-GC/MS experiments have been performed to analyze 
the composition of the pyrolyzates of the mixed waste 
sample with and without catalyst and identify the differ-
ences in the pyrolysis product distribution in this way. 
According to the TG/MS experiments, the thermal deg-
radation of the studied samples was terminated above 
500 °C; therefore, the pyrolysis temperature of 550 °C 
was employed. During the pyrolysis process, various 
volatile compounds are released from both biomass and 
plastic parts of the sample. More than 150 decomposi-
tion products have been identified in the pyrolyzates (see 
Table S1 in the Supplementary material). The main pyrol-
ysis products are unsaturated and saturated hydrocarbons 

originating primarily from the major plastic components 
(PE and PP), and oxygen-containing molecules deriving 
mostly from the biomass source. The total ion chromato-
grams (TIC) were used to calculate the area percentages 
of the pyrolysis products. Due to the poor resolution of 
the compounds eluted before 3.1 min, the select ion chro-
matogram of the most intense fragment ion was used for 
the integration of these products. The obtained value was 
multiplied by a factor calculated from the ratio of selected 
ion intensity and total ion intensity in the mass spectrum. 
The identified compounds were grouped according to their 
chemical classes. Table 2 presents the summed area per-
centages of the main compound classes, while Table S1 
lists the identified decomposition products of the groups.

The thermal decomposition of PE leads to a mixture of 
n-alkanes, n-alkenes and n-alkadienes. As Table 2 indicates, 
the application of catalysts changes the proportion of these 
products in the pyrolyzate. The total amount of alkenes 
and alkadienes slightly decreases; however, observing the 
amount of each alkene and alkadiene product (Table S1), 
significant changes can be found in the composition of this 
fraction. Figures 4a, b show the relative intensities of n-alk-
ene and n-alkadiene components released during the pyroly-
sis of waste with and without catalysts. It can be seen that the 
amount of 1-butene and 1-pentene is doubled in the presence 
of β-zeolite and ZSM-5, and significantly increases apply-
ing other zeolite catalysts (Fig. 4a). Similarly, the relative 
amount of pentadiene increases among n-alkadienes in the 
presence of each catalyst (Fig. 4b). In this case, ZSM-5 and 
FCC proved to be the most effective; the relative intensity of 
pentadiene is almost doubled comparing to the uncatalyzed 
pyrolysis. Among the catalysts tested, NiMo catalyst has the 
least effect on the low molecular weight alkenes and alka-
dienes, which is the only non-zeolite-type catalyst applied 
in this study. On the other hand, the amount of longer chain 
alkene and alkadiene products decreased in the presence of 
all studied catalysts. The reduction is the most pronounced 
applying ZSM-5 or β-zeolite, and the least in the presence 
of NiMo. Thus, these tendencies indicate that the short alk-
ene and alkadiene chains are formed on the expense of the 

Table 2  Summed area % of the main product groups during pyrolysis of waste sample with and without catalysts

Product waste waste + β-zeolite waste + Y-zeolite waste + ZSM-5 waste + FCC waste + NiMo

n-Alkanes 5.77 5.14 5.82 5.97 6.08 6.61
n-1-Alkenes 28.07 17.96 25.17 20.23 26.43 23.11
Alkadienes 9.03 4.49 6.78 5.16 7.35 7.75
PP fragments 12.81 14.97 12.69 14.48 10.05 10.47
Aromatic hydrocarbons 19.32 32.50 27.12 28.29 25.15 25.24
O-containing non-aromatics 20.35 19.85 16.21 20.11 18.11 21.03
O-containing aromatics 3.81 4.02 4.90 4.46 5.34 4.64
Others 0.84 1.08 1.31 1.30 1.48 1.13
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longer chains. Reduced n-alkadiene and enhanced n-alkane 
formation was observed during PE pyrolysis with activated 
carbon additive [10] indicating the hydrogenation of alka-
dienes. In the present study, the decrease of n-alkadienes is 
not accompanied by an increased n-alkane formation indicat-
ing a different mechanism. These observations indicate the 
strong cracking feature of the applied catalysts.

The PP-chain fragments were classified into a separate 
group. The main thermal decomposition product of PP is PP 
trimer, formed via an intramolecular radical transfer reaction 
[33]. The relative yield of PP trimer (2,4-dimethyl-1-hep-
tene, see Fig. 5b), reduces significantly in the presence of 

zeolites and NiMo catalyst indicating the modified thermal 
decomposition mechanism. However, the relative amount 
of the PP dimer multiplied (Fig. 5a) using zeolite catalysts. 
Increased evolution of propene (decomposition product of 
both PP and PE) was observed in the presence of zeolites 
by both TG/MS and Py-GC/MS methods indicating the pro-
moted formation of small alkenes during both slow and fast 
pyrolysis.

About one fifth (19.3%) of the decomposition products 
of waste sample are aromatic hydrocarbons, and their pro-
portion increases by 70% in the presence of β-zeolite, by 
40–45% using Y-zeolite and ZSM-5, and by 30% applying 

Fig. 4  Peak area % of a 
n-alkene and b n-alkadiene 
compounds as a function of the 
number of carbon atoms in the 
chain
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FCC and NiMo catalysts (Table 2). The most abundant 
aromatic component is styrene, which is the major decom-
position product of polystyrene (PS). About one third of 
the aromatic hydrocarbon content of the waste pyrolyzate 
is styrene. The share of this component slightly decreases 
when zeolite catalysts are applied (Fig. 6c). At the same 
time, the formation of benzene, toluene, and the sum of 
xylene isomers (Figs. 6a, b, and d) is promoted, which 
are very important petrochemical materials. The area per-
centage of polyaromatic hydrocarbons, like naphthalene 
and methylnaphthalenes also significantly increases in the 
presence of zeolite catalysts (Table S1). The formation of 
aromatic hydrocarbon products was found by Dorado et al. 
[34] from mixtures of cellulose and plastics during catalytic 
fast pyrolysis using HZSM-5 zeolite catalyst. Catalytic co-
pyrolysis of polyolefin (PE and PP) and cellulose favored 
the release of alkyl benzenes, while from PS-cellulose mix-
ture, the formation of naphthalenes was more pronounced. 
These observations explain the changes in the composition 
of aromatic products in this study; the proportion of polyaro-
matics increases with slight decrease of the ratio of styrene. 
Furthermore, benzene, alkyl-benzenes, and xylenes could 
be formed by Diels –Alder condensation and dehydration 
from furan or furan derivatives and small olefin molecules 

during the catalytic co-pyrolysis of biomass and plastics over 
ZSM-5 and FCC catalysts [35, 36].

The comparison of the uncatalyzed and catalyzed decom-
position of the waste sample demonstrates that the relative 
yield of the non-aromatic oxygen-containing compounds 
decreases using Y-zeolite and FCC catalysts (Table 2) indi-
cating the impact of these catalysts on the biomass part. Cel-
lulose depolymerizes during pyrolysis resulting in the for-
mation of levoglucosan (1,6-anhydro-β-D-glucopyranose), 
which is the most abundant component of the non-aromatic 
oxygen-containing molecule group (See Table S1 in Supple-
mentary material). Other anhydrosugars and smaller oxygen-
containing molecules like hydroxyacetaldehyde and acetic 
acid are the further members of this group. Figure 7 pre-
sents the peak area % of selected oxygen-containing pyroly-
sis products. Acetic acid is a characteristic decomposition 
product of hemicellulose. The relative amount of this com-
pound decreases by 40–60% in the presence of zeolites (see 
Fig. 7a); ZSM-5 and β-zeolite proved to be the most effec-
tive catalysts probably due to their strong decarboxylation 
feature. The disadvantageous acidity of the pyrolysis oil sig-
nificantly reduces in this way. The relative amount of levo-
glucosan slightly decreased when Y-zeolite and FCC catalyst 
were applied (Fig. 7b) indicating that the depolymerization 
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mechanism of cellulose is moderately affected by these 
catalysts. The amount of levoglucosan changed within the 
standard deviation in all other cases.

The change in the relative yield of aromatic oxygen-con-
taining molecules includes the slightly larger yield of phe-
nol (Fig. 7c) and the significant increase of methyl-phenol 
derivatives in the presence of each catalyst (Fig. 7d). It is 
likely that the catalysts promote the hydrogenation of lignin 
leading to the release of more aromatic volatile products 
and to the formation of less char from the lignin component.

Conclusions

The efficiency of catalysts directing the primary pyrolysis 
of MSW is the most important information for upgrading 
the energy content by catalytic pyrolysis. The purpose of 
this work was to test and compare the impact of various 
catalysts on the primary pyrolysis of MSW. The effect of 
various zeolite type catalysts and an alumina supported 
NiMo catalyst was intensities of hydrocarbons of smaller 
molecular mass. The detailed analysis of the alkene and 
alkadiene decomposition products indicated multiplied 
yields of C4-C5 products, and a marked studied on the ther-
mal degradation of a MSW sample. TG/MS and Py-GC/

MS techniques were applied in order to reveal changes in 
the thermal stability and composition of the pyrolyzate. The 
TG/MS results revealed that under gradual heating the cata-
lytic effect was more pronounced on the plastic part than 
on the biomass component of waste sample. The significant 
cracking effect of catalysts was proved by the considerably 
enlarged decrease in the amounts of the longer molecular 
chain alkenes and alkadienes. β-Zeolite and ZSM-5 had the 
most remarkable cracking and aromatization effects during 
the thermal decomposition. The enhanced yield of propyl-
ene among the gaseous products and the reduced amount of 
propylene trimer also verified the modified decomposition 
path of PP and the cracking effect of zeolites. One of the 
main advantages of the zeolite catalysts on the decomposi-
tion of the biomass part was the reduction of acetic acid by 
40–60% in the oil. ZSM-5 and β-zeolite was the most effec-
tive, but all zeolites improved the oil quality from this point 
of view. Moreover, enhanced formation of the lignin-derived 
phenol and methoxyphenol compounds was observed. Both 
the decreased acidity and the increased aromatic content 
improve the oil quality. The share of aromatic hydrocarbons 
increased by 70% in the presence of β-zeolite, by 40–45% 
when Y-zeolite or ZSM-5 catalysts were applied, and FCC 
and NiMo catalysts improved the ratio of the aromatic prod-
ucts by 30%.
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In short, each tested zeolite catalyst upgraded the qual-
ity of the oil to a different extent by decreasing the acid-
ity and increasing the aromatic content of the oil, which 
enhances the octane rating of the product. Increased frag-
mentation reactions were also observed generally in the 
presence of zeolites. ZSM-5 and β-zeolite were the most 
effective catalysts in decreasing the acidity, and increasing 
the chain fragmentation and aromatics formation under the 
applied experimental conditions. The alumina supported 
NiMo catalyst was effective in  H2 production from the 
plastic components, moreover slight aromatization and 
cracking effect was observed, as well.

In summary, primary pyrolysis reactions have been stud-
ied by on-line analytical techniques (Py-GC/MS and TG/
MS), which proved to be successful methods for screening 
the catalytic effects, and providing supplementary informa-
tion on the thermal stability of the sample and the evolution 
profiles of the components of the pyrolyzate. The applied 
on-line analytical techniques are effective tools to investi-
gate primary pyrolysis products, while off-line analysis can 
modify the composition of the reactive pyrolyzate by repo-
lymerization. More than 150 decomposition products were 
identified and the relative intensities of these products were 
determined in the pyrolyzates of the waste sample with and 
without catalysts. The results of on-line analysis proved that 
testing and comparing the efficiency of various catalysts, by 
focusing on the primary pyrolysis processes and products, 
could be applied as a novel way for optimization of the uti-
lization of waste components by catalytic pyrolysis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10973- 021- 10962-5.
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