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A B S T R A C T

This paper presents investigations on catalytic and non-catalytic grass pyrolysis conducted at 500 °C using two
reactor scales: a micro-scale reactor and a laboratory fixed-bed reactor. Four catalysts were employed in the cat-
alytic pyrolysis process: car tyre ash, commercial zeolite mordenite-sodium, nickel supported on ash, and nickel
supported on zeolite. The use of catalysts reduced the production of oxygenates and promoted the formation of
gaseous compounds, with the most pronounced effect observed for nickel supported on zeolite. Catalytic pyroly-
sis produced chars with yields that were higher than those of the non-catalytic process. The coking behaviour of
the spent catalysts was evaluated by analysing carbon content, with the highest content (3 wt% C) obtained for
ash after the first cycle. In the second cycle, the deposited carbon content decreased for all catalysts. Further-
more, the employment of catalysts was shown to promote the production of hydrogen, methane, and other hy-
drocarbons in pyrolysis gas. The higher heating value of the pyrolysis gas was the highest at 21.1 MJ/m³ when
the ash catalyst was first used for pyrolysis. Reusing the pyrolysis catalysts slightly reduced the heating value of
the gas to 20.3 MJ/m³ over ash and 20.6 MJ/m³ over zeolite.

1. Introduction

The use of renewable energy in the European Union (EU) in 2022
was 23 % of the total energy consumption, compared to 21.9 % in
2021, according to data announced by the European Environment
Agency [1]. This increase was largely due to the development of solar
energy. However, it notes that achieving the new 42.5 % target for
2030 will require a significant acceleration in the deployment of renew-
able energy sources compared to previous decades. Eurostat empha-
sised the dominance of solid biomass as a renewable energy source. The
total biomass sources in the EU are approximately 1 billion tonnes of
dry matter [2]. Over time, the EU has demonstrated an escalating trend
in biomass procurement, encompassing both primary and secondary
sources. Primary types of biomass include plant materials such as crops,
wood and fruit and must be used in a sustainable way. Secondary
sources of biomass are agricultural and forestry residues, fish and ani-
mal waste, industrial waste (np. beer brewing industry), paper mill
sludge, and sewage. By taking action to use secondary biomass into fuel
and energy production, the concepts of waste-to-energy (WTE) and cir-
cular economy (reduce, reuse, recycle and recover - 4R) are promoted
[3].

Biochemical and thermochemical methods are pivotal processes
used to convert biomass into renewable fuels, valuable chemicals, or
energy [4]. Biochemical methods are more time-consuming than ther-
mochemical methods [5]. Thermochemical conversion processes in-
clude combustion, gasification, pyrolysis, and hydrothermal liquefac-
tion, each offering distinct advantages [6]. Pyrolysis, in particular, has
attracted significant attention due to its broad applicability [7]. It in-
volves the thermal cracking of organic substances in a controlled oxy-
gen-deprived environment at moderate temperatures. This rapid and
controlled degradation process makes thermochemical methods, such
as pyrolysis, promising avenues for efficient biomass utilisation in the
renewable energy sector [8]. One of the challenges related to the devel-
opment of thermochemical biomass conversion technologies and their
industrial use is the high energy input required for biomass conversions
[9]. The heat of reaction required for the pyrolysis of biomass waste
ranges from 0.9 to 2 MJ/kg [10]. To overcome this problem, catalysts
should be used for pyrolysis [11]. Catalysts help to lower operating
temperatures, enhance conversion efficiency, and improve selectivity
towards valuable chemicals [12]. Despite the growing interest and re-
search in catalyst utilisation, challenges remain due to the complex na-
ture of biomass.
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Generally, there are two main approaches to the catalytic pyrolysis
of biomass: in-situ and ex-situ methods [13]. In the in-situ method, bio-
mass and catalysts are usually mixed in a single reactor, simplifying de-
vice investment, but risking poor heat transfer and catalyst deactivation
due to limited contact between phases [14]. Studies in which catalysts
were not mixed with biomass have also been reported [15]. On the con-
trary, ex-situ pyrolysis in a dual-bed reactor allows for better control
over reaction conditions and selectivity to target products such as aro-
matics, although at a higher cost [16]. Various catalysts (zeolites, silica
materials, activated carbons) have been explored to suit different pyrol-
ysis systems and product demands [17]. Catalysts based on ash from
coal, biomass, and other waste are gaining popularity and are increas-
ingly used in pyrolysis processes. Ash, one of the main by-products of
industry, is a significant priority for alternative applications beyond
current landfill practices. One of the basic arguments for the use of
ashes as catalysts is their relatively low cost [18]. In addition, ash has
unique properties that increase the efficiency of biomass conversion.
The catalytic properties of coal and biomass ashes used during pyrolysis
have been reported many times. To improve their catalytic activity, the
ashes are modified. Acid and alkali treated coal fly ash increases H2 pro-
duction during coal pyrolysis and improves carbon conversion [19].
The modification of the ash leads to a significant loss of CaSO4, the for-
mation of the new phases (e.g. iron fluoride when HF was used) and in-
creases the specific surface area. The sequence of HF-NaOH treatments
alters the catalytic properties [20]. Pyrolysis of lignite blended with
CaSO4-rich ash had little effect at low temperatures (500 °C) on gas
yield. However, the gas phase yield evidently increased at temperatures
above 750 °C [21]. Coal bottom and fly ash were used as catalysts in the
pyrolysis process. Better catalytic activity was found for bottom ashes
than for fly ashes because they were rich in alkali and alkaline earth
metal oxides [22]. Coal fly ash acts as a promoter of ketonization and
esterification reactions, which was confirmed in corn stalk pyrolysis
studies [23]. Wu et al. [24] investigated the effect of ZSM-5 and coal
gasification ash on the pyrolysis process of cow manure. Increasing the
catalyst–biomass ratio promoted the production of monocyclic aro-
matic hydrocarbons and polycyclic aromatic hydrocarbons. Among
monoaromatic compounds, toluene represented more than a third of
the compounds identified when the HZSM-5–rice husk ash catalyst was
used [25]. The use of cobalt impregnated sludge ash catalyst was an ef-
fective method to improve the efficiency of syngas (H2 + CO) from co-
pyrolysis of municipal solid waste and biomass [26]. The catalyst con-
taining 10 % cobalt was more effective in producing the synthesis gas
than the catalyst containing 5 % cobalt. Therefore, it was concluded
that cobalt promotes hydrogen production through the Diels-Alder-type
aromatization reaction, dry reforming of methane, and dehydrogena-
tion reactions. As Al-Rahbi and Wiliams [27] showed, nickel-
impregnated ashes from waste derived fuel and end-of-life tyres were
more effective in producing hydrogen from biomass than coal ash. It
was beneficial for syngas production if the nickel loaded with ash did
not exceed 20 % by weight [28]. Excess nickel loading reduced its dis-
persion in the ash and blocked the active sites. The catalytic perfor-
mance decreased slightly during long-term use of ash as a catalyst. Re-
cent studies also indicate that hydrogen production was promoted by
an increase in the temperature of the catalytic reaction when tyre ash
was the catalyst [29]. An interesting way to increase carbon monoxide
production during the pyrolysis of fly ash-modified biomass was to
change the reaction atmosphere from nitrogen to carbon dioxide [30].
CO efficiency was also positively correlated with the enrichment of bio-
mass with ash mainly containing sodium and potassium. The mass of
ash doped into the biomass to induce catalytic pyrolysis reactions
should be carefully selected on the basis of the potassium/carbon mole
ratio in the biomass [31]. Song et al. also reported that the pyrolysis gas
was enriched in methane when fly ash was used as a catalyst [32]. Ash
addition was less effective in promoting biochar yield and carbon con-
version efficiency when ash-rich feedstocks were used. Catalytic pyroly-

sis of biomass over ZSM-5 doped with biomass ash increased the pro-
duction of the aqueous phase and non-condensable gases compared to
ZSM-5 not doped with ash. Unfortunately, the ash particles clearly poi-
soned the catalyst in subsequent cycles. As a result, the ZSM-5 ash-free
catalyst was recommended for long-term reuse [33]. A summary of pre-
vious investigations into the pyrolysis of solid feedstocks over ash cata-
lysts is shown in Table 1. As can be seen in Table 1, there was a lack of
investigation for the long-term reuse of ash catalysts.

The identification of the research gap was an incentive for conduct-
ing research on the pyrolysis of waste biomass using ash as a catalyst.
Additionally, for comparison, biomass pyrolysis was performed over a
commercial catalyst. The results of this work pave the way for the de-
velopment of sustainable solutions for the reuse of ashes as catalytic
carriers for biomass pyrolysis.

2. Materials and methods

2.1. Biomass

Waste grass is a highly relevant and significant feedstock for pyroly-
sis to produce high-calorific fuels and valuable chemicals. Its rapid
growth and cost-effectiveness compared to cereal straw or wood make
it an attractive feedstock for sustainable energy production. Through
pyrolysis, the waste grass can be converted to bio-oil, pyrolysis gas, and
biochar, contributing to the reduction of waste and providing a renew-
able energy source. This process not only helps to manage agricultural
waste, but also reduces the dependence on fossil fuels, aligning with
global efforts toward green energy and reducing the carbon footprint.
The raw material for the research was grass waste from a village near
Krakow in Poland. The dried grass was ground and then sieved to ob-
tain a repeatable fraction size from 250 to 500 μm. A photo of the grass
sample is shown in Fig. 1. The proximate, ultimate, and component
analyses of the grass are presented in Table 2. The grass was charac-
terised by a low ash content (6 wt%). The carbon content in the sample
was approximately 47 wt% and 6 wt% hydrogen.

Unfavourable elements such as sulphur and chlorine are also ob-
served in grass. The grass belongs to lignocellulosic biomass, rich in cel-
lulose 38 % and hemicellulose (27 %).

2.2. Reference composition of ash and catalysts

Currently, most car tyres are either incinerated or landfilled. In
Poland, cement plants such as Górażdże and Dyckerhoff have installa-
tions that allow the co-incineration of whole car tyres. The resulting
ash, which is rich in silicon and zinc, shows potential as a catalyst car-
rier. For this investigation, the shredded car tyres were incinerated in a
muffle furnace at 815 °C in an air atmosphere, following the ISO
1171:2010 standard to determine ash in solid mineral fuels. The second
material used in the experiment was a commercial catalyst. The pur-
chased zeolite mordenite-sodium was manufactured by Thermo Scien-
tific Chemicals (CAS: 1318-02-1). The zeolite mordenite-sodium is
known for its large surface area, pore structure, and strong acidity,
which makes it an effective catalyst for biomass pyrolysis. Fresh ash
(ash_0) and zeolite (zeolite_0) prior to pyrolysis were calcined at 600 °C
in a muffle furnace. A heating rate of 10 °C/min was used and after
reaching the required temperature, the samples were kept for 4 h. After
cooling, the samples were stored in a desiccator. As shown in Table 3,
the main component of ash and zeolite is SiO2. The high SiO2 content is
beneficial as it provides a stable matrix for the catalyst, enhancing ther-
mal stability and resistance to sintering during pyrolysis. The zeolite
contained 11.61 % Al2O3 while the ash contained only 1.36 %. Alumina
enhances the acidity of the catalyst, which is crucial for breaking down
large hydrocarbon molecules during pyrolysis. The calculated acidity of
the catalysts expressed as the silica-to-alumina ratio: for ash, it was 112
and for zeolite it was 12. Reduced acidity could favour dehydrogena-
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Table 1
The application of ash as a catalyst for solid raw material pyrolysis in previous research, where: AR, Auger reactor, BB, biomass bottom ash, BF, biomass fly ash
leachate, CA, coal ash (unspecified type), Cats, catalyst, CB, coal bottom ash, CF, coal fly ash, CG, coal gasification ash, HDPE, high-density polyethylene, HFB,
horizontal fixed-bed reactor, LDPE, low-density polyethylene, Nd, not determined, PA, paper sludge ash, RA, refuse-derived fuel ash, RM, raw material, SF, sludge
fly ash, Tcats, catalyst temperature, Tp, pyrolysis temperature, TA, tyre ash, TSF, two-stage fixed-bed, TF, tube furnace and VFB, vertical fixed-bed.
RM Cats RM:Cats ratio RM-Cats mixed RM-Cats not mixed Reactor type Tp, (°C) Tcats, (°C) Reuse of Cats Ref.

Coal CF 3:1, 2:1, 1:1, 1:2, 1:3 ✓ – VFB 700–900 700–900 – [20]
Coal CA 1:3 ✓ – VFB 500–850 500–850 – [21]
LDPE CA, CB 1:0.15 ✓ – TF 550 550 – [22]
Corn stalk CF 2:1, 3:2

1:1, 1:2
✓ – HFB 460–520 460–520 – [23]

Cow manure CG 2:1, 1:1,
1:2

– ✓ VFB 700 700 – [24]

Micro-algae RH 5:1 – ✓ TF 500 500 – [25]
MSW/Pine sawdust SF 3:1 – ✓ TSF 700 800 – [26]
Wood CA,

TA,
RA

1:1 – ✓ TSF 600 800 – [27]

Rice Straw CF 2:1 – ✓ HFB 550–800 550–800 ✓ [28]
HDPE TA,

RA
0.2:1,
0.5:1,
1:1

– ✓ TSF 600 800-1000 – [29]

Cedar bark BF Nd ✓ – HFB 800 800 – [30]
Softwood BB 50:1,

20:1,
11:1,
3:1,
2:1

✓ – AR 400-500 400-500 – [31]

Wood chips CF 10:1,
10:2,
10:3,
10:4,
10:5,
10:6,
1:1

✓ – HFB 600 600 – [32]

Herb residue PA 1:1 – ✓ VFB 600 600-800 – [34]
Grass TA 1:1 – ✓ VFB 500 500 ✓ this

study

Fig. 1. Photographs of samples prepared for pyrolysis and experimental equip-
ment for investigation on a micro– and laboratory–scale.

tion reactions over cracking, which could be desirable in processes
aimed at producing olefins or other specific hydrocarbons. The zeolite
contained 7.82 % Na2O. In high-temperature processes, such as cat-
alytic pyrolysis, the presence of sodium (Na⁺) helps stabilise the zeolite
framework by balancing negative charges on the aluminosilicate lat-
tice. In mordenite, sodium ions replace some of the protons (H⁺) typi-
cally present in the zeolite structure. The presence of metal oxides such
as ZnO and Fe2O3 in tyre ash can improve the durability and activity of

the catalyst by introducing additional active sites and enhancing the re-
dox properties.

2.3. Catalyst preparation

The catalysts for the pyrolysis process were four samples: car tyre
ash, zeolite mordenite-sodium, NiO supported on ash and NiO sup-
ported on zeolite mordenite-sodium-supported. The addition of nickel
into the ash and zeolite support was achieved by an impregnation
method [35]. Impregnation was carried out by dissolving 5.51 g of
Ni(NO3)2 · 6H2O in 100 ml of distilled water and adding 10 g of ash.
The prepared mass proportions were used to obtain a 10 % nickel con-
tent in the catalyst. The aqueous solution was stirred magnetically at a
speed of 300 rpm for 6 h, then heated to 70 °C, and kept at this temper-
ature until the water evaporated. In the next stage, the sample was
dried at 105 °C for 12 h and calcined at 600 °C for 4 h. As a result of cal-
cination, nickel was bound to oxygen as NiO. Before being sent to pyrol-
ysis, the ash-supported nickel catalyst was crushed in a mortar to obtain
a fraction below 250 μm. The Ni impregnation of zeolite was carried
out according to a similar procedure. Fresh catalysts, i.e. after calcina-
tion and before pyrolysis, were assigned the sample names ash_0,
ash_Ni_0, zeolite_0, and zeolite_Ni_0. Catalysts after the first pyrolysis
experiment (first cycle) were designated ash_1, ash_Ni_1, zeolite_1, and
zeolite_Ni_1. The catalysts were then calcined according to the proce-
dure described in this section, and used again for pyrolysis. The catalyst
samples used for a second time for pyrolysis (second cycle) were named
ash_2, ash_Ni_2, zeolite_2, and zeolite_Ni_2, respectively. Photographs
of the prepared catalysts after calcination are shown in Fig. 1.
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Table 2
Proximate, ultimate and component analyses of grass.
Proximate analysis, (air-dried basis, %)

Moisture Volatile Matter Ash Fixed carbona

9.28 ± 0.29 80.13 ± 0.04 6.19 ± 0.24 4.40 ± 0.58
Ultimate analysis (dry base, %)

Carbon Hydrogen Nitrogen Sulphur Chlorine Oxygenb

46.54 ± 0.25 6.13 ± 0.04 2.26 ± 0.02 0.23 ± 0.01 0.27 ± 0.03 37.75 ± 0.18
Component analysis (air-dried basis, %)

Cellulose Hemicellulose Lignin Extractivesc

38.49 ± 0.68 27.12 ± 0.49 8.29 ± 0.38 10.63 ± 0.36

Note: Values are presented as means ± standard deviation (n = 3). aFixed carbon = 100 – Moisture – Volatile matter – Ash, bOxygen – by difference, cExtrac-
tives = 100 – Cellulose – Hemicellulose – Lignin – M – A.

Table 3
Compositions of tyre ash and zeolite mordenite-sodium.
Component ash_0 zeolite_0

Content (wt.%)

Na2O 1.09 7.82
MgO 0.12 0.05
Al2O3 1.36 11.61
SiO2 89.59 79.82
P2O5 0.04 0.01
SO3 0.90 0.03
Cl 0.05 0.04
K2O 0.13 0.05
CaO 0.71 0.03
TiO2 0.10 0.36
Fe2O3 1.05 0.11
CuO 0.08 –
ZnO 4.51 –
ZrO2 0.10 0.05
Other 0.17 0.02

2.4. Instrumental methods

A Leco CHNS 628 model elemental analyser was used for the ulti-
mate analysis of raw material, char and oils. A muffle furnace (LIFT 3.0
- Neotherm Poland) was used for the proximate analysis according to
the following standards: ISO 18134–3:2023 (moisture), ISO
18122:2022 (ash), ISO 18123:2023 (volatile matter). The ash from the
passenger car tyres was obtained by incinerating crushed material at
815 °C according to the ISO 1171: 2010 standard. The analysis of grass
fibre was carried out according to the standards ISO 13906:2009 and
ISO 16472:2007. The pyrolytic gas was analysed using a gas chro-
matography system (Agilent Technology 7890A). The compositions of
ash and zeolite were analysed using the X-ray fluorescence (XRF) spec-
troscopy technique. Measurements were performed with a WD-XRF ZSX
Primus II Rigaku spectrometer (Rh lamp). Fresh and spent catalysts
were analysed using X-ray diffraction with a Philips (Panalytical) X'Pert
Pro X-ray diffractometer. Thermogravimetric (TG) analysis was per-
formed using a Mettler Toledo STA apparatus for the study of grass py-
rolysis. The investigations were carried out twice to ensure repeatabil-
ity and good consistency with standard errors for temperature readings
of ±1 °C. A Fourier-transform infrared (FT-IR) spectrometer (Bruker
Alpha II) was used for the identification of functional groups and bond
types present in biomass, chars, and oils. The determination of the con-
centration of Lewis and Brønsted acid centres on the surface of the cata-
lysts was analysed using the FT-IR spectroscopic method of pyridine
sorption on samples degassed under high vacuum conditions, at a tem-
perature of 450 °C for 2 h. A Bruker FT-IR spectrometer, model Invenio,
with an MCT detector was used.

2.5. Pyrolysis–gas chromatography/mass spectrometry analysis

The potential effect of the presence of different catalyst systems on
the performance of grass pyrolysis was investigated on the basis of the
coupled technique pyrolysis - gas chromatography - mass spectrometry
(Py-GC/MS). A photograph of the equipment used is shown in Fig. 1.
The tests were carried out using a pyrolizer unit (CDS Analytical, model
5200) coupled to a gas chromatograph unit (Agilent Technologies,
model 7890B) and a mass spectrometer (Agilent Technologies, model
5977A). This work mainly aimed to assess the effect of the presence of
various catalysts on the change in reaction pathways that occur during
the pyrolysis of grass samples. The grass sample was approximately
500 μg. For all catalytic studies, the catalyst/grass mass ratio was equal
ca. 1:1. The analyses were conducted under an inert atmosphere (He,
grade: 6.0). The pyrolysis studies were carried out at 500 °C, which was
selected based on the results of the TGA analysis when the major de-
composition of the raw material was complete. The heating rate was
equal to 100 °C/s with a hold time at the designed temperature of 30 s.
The evolved products were transferred to the GC-MS analysis through a
heated line kept at 325 °C. The GC was equipped with an Agilent HP-
5MS capillary column with dimensions of
60 m × 0.25 mm × 0.25 μm. The GC oven temperature programme
was as follows: (i) 40 °C with a holding time of 7 min; (ii) heating ramp
from 40 °C to 300 °C at a rate of 4 °C⋅min−1; (iii) isothermal held at
300 °C for 10 min. The MS spectra were interpreted based on the refer-
ence MS library (chemical base NIST14). Details of the procedure can
be found in previous reports. The identified peaks were grouped into
the following types of compounds: (i) gaseous products, (ii) oxygen
compounds (aldehydes, alcohols, ketones, acids, esters), and hydrocar-
bons (aliphatic, cyclic, and aromatic). The share of each compound was
calculated as a ratio of the peak area of all compounds within the group
to the total peak area of all compounds in all groups.

2.6. Pyrolysis in a vertical fixed-bed reactor

The grass pyrolysis experiments were carried out in a vertical fixed-
bed furnace from the Czylok model RSD 50x414/120 (see the photo
shown in Fig. 1). Nitrogen was the carrier gas for the pyrolysis process,
with a flow rate of 150 ml/min. For each measurement series, 3 g of
biomass sample and 3 g of catalyst sample were used, which corre-
sponded to a biomass/catalyst ratio of 1:1. Samples were placed in two
distinct layers, separated by high-temperature glass wool. Before heat-
ing the reactor, the samples were purged with nitrogen for 15 min to re-
move any residual air. The grass and catalyst were heated at a rate of
30 °C/min to a temperature of 500 °C, and then kept for 10 min in a
constant temperature zone of the reactor. The bio-oil condensed in an
ice-filled cooler was weighed to calculate the pyrolysis yield. The un-
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condensed gases were collected in a Tedlar bag for chromatographic
analysis. After the reactor was cooled in an N2 atmosphere, the char was
weighed.

3. Results and discussion

3.1. Thermogravimetric analysis of grass

Preliminary studies of grass pyrolysis included thermogravimetric
analysis. Fig. 2 shows the TG (thermogravimetric) and DTG (derived
thermogravimetry) curves of the pyrolysis process for a heating rate of
10 °C/min with a nitrogen flow of 40 ml/min. At 500 °C the solid
residue was 29 %. In the DTG curve, a clear peak was observed at
319 °C, representing the decomposition of cellulose and hemicellulose,
the main components of grass [36]. The continued weight loss up to
500 °C was likely due to lignin breakdown, which decomposes over a
wider temperature range. The last stage of grass pyrolysis above 500 °C
represented thermal annealing of char.

3.2. Fourier transform infrared spectroscopy of grass and char

Fourier Transform Infrared (FT–IR) spectra were used to demon-
strate the chemical transformations that occur during the pyrolysis of
grass, leading to the formation of char. Fig. 3 shows the FT–IR spectra,
which provide information about the functional groups present in grass
and char. Six absorbance peaks were identified in the grass sample, re-

Fig. 2. TG and DTG curves of the grass pyrolysis process at 10 °C/min.

spectively for wavenumbers: i) 3355 cm−1 – broad peak due to O–H
stretching, indicative of hydroxyl groups, which are abundant in cellu-
lose and hemicellulose in the grass, ii) 2919 and 2851 cm−1 – peaks cor-
responding to C–H stretching in aliphatic groups –CH2– and –CH3, iii)
1632 cm−1 – peak associated with the C=C stretching vibrations of aro-
matic rings or alkenes, potentially from lignin or unsaturated com-
pounds, iv) 1028 cm−1 C–O–C stretching vibrations, commonly found
in polysaccharides like cellulose, and v) 567 cm−1 C–Cl stretching, al-
though chlorinated compounds are less common in natural biomass, it
could indicate trace contamination. The spectral line representing the
char in the wavenumber range of 3600 to 2800 cm−1 has become flat-
tened compared to the grass. The flattening indicates the loss of hy-
droxyl groups as a result of dehydration and reduction of aliphatic
groups. In the double bond region, a peak was observed at 1576 cm−1.
The peak has shifted from 1632 cm−1, which could be due to changes in
chemical structure, such as the formation of more condensed aromatic
structures [37]. The fingerprint region revealed the highest number of
peaks. They were as follows: O–H bending vibrations (1392 cm−1), C–O
stretching (1254 and 1062 cm−1), out-of-plane C–H bending vibrations
(873 and 834 cm−1), C=C bending (693 cm−1), and C–Cl (567 cm−1).
Decrease in C–O–C and C–O stretching vibrations, indicating the break-
down of cellulose and hemicellulose [38]. The result of pyrolysis was an
overall reduction in peak intensities, reflecting the transformation of
complex organic compounds into simpler structures, primarily carbona-
ceous char.

3.3. Catalyst characterization

Fresh and spent catalysts were analysed using Py-FT-IR to determine
acid sites. Fig. 4a–b) shows the Py-FT-IR spectra of the catalysts in the
range of 1700–1400 cm−1 to illustrate the differences in the intensities
of the C=C vibration bands of the pyridine (Py) ring. The spectra were
spread out, and baseline correction was performed for the entire spec-
tral range for a better comparison of the spectra. The concentration of
Brønsted and Lewis acid sites was determined in quantitative IR studies
of pyridine [39]. Table 4 contains the concentration values calculated
on the basis of the intensity of the Py bands associated with the Brøn-
sted centres (1544 cm−1, PyH+) and with the Lewis centres
(1446 cm−1, PyL). As can be seen from Fig. 4a–b) and Table 4, Brønsted
acid sites were present only in the zeolite_Ni_0 and zeolite_Ni_2 sam-
ples. As a result of the nickel support on the ash, the concentration of
Lewis acid sites increased twofold.

The concentration of PyL in zeolite increased significantly after the
introduction of nickel, increasing from 25 μmol/g to 107 μmol/g. Inter-
estingly, the concentration of Lewis acidic sites in the ash_2, zeolite_2
and zeolite_Ni_2 pyrolysis catalysts was increased. The possibility of in-
creasing Lewis acid sites should be thoroughly investigated in the fu-
ture. The formation of additional Lewis acid sites is possible by expos-
ing the catalyst to water vapour [40] or by introducing metal ions to the
surface [41].

The X-ray diffraction analysis for calcined fresh and spent catalysts
is shown in Fig. 5. In ash_0, the SiO2 peak at 21.9° is the most intense.

Fig. 3. Fourier transform infrared spectra of grass and char.
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Fig. 4. Py-IR spectra of catalyst a) fresh, b) spent, after the second cycle.

Table 4
Total acidity of the fresh and spent catalyst.
Catalyst B-acid (μmol/g) L-acid (μmol/g)

ash_0 0 20
ash_Ni_0 0 40
zeolite_0 0 25
zeolite_Ni_0 9 107
ash_2 0 25
ash_Ni_2 0 35
zeolite_2 0 45
zeolite_Ni_2 11 150

After the second cycle (ash_2), the peak is much lower, which may be
due to the catalyst being clogged with coke. The diffraction peaks
shown around 25.6°, 31.6, °34.0° and 39° were related to the presence
of Zn2(SiO4), which is in agreement with the XRF results in which zinc
was identified. After the ash was impregnated with nickel, diffraction
peaks of NiO were identified in the ash_Ni and ash_Ni_2 samples. The
peaks were weak and broad, indicating that the active Ni sites were
well dispersed on the support [35].

In turn, the XRD diffraction patterns of the zeolites revealed numer-
ous peaks originating from mordenite (Ca,Na)Al2Si10O24 · 7H2O. Com-
pared to fresh zeolites (zeolite_0 and zelite_Ni_20), the XRD patterns of
spent zeolites showed the same diffraction peaks with reduced inten-
sity.

3.4. Pyrolysis–gas chromatography–mass spectrometry

Fig. 6a–c) shows the results of Py-GC-MS analysis, indicating the
area share (%) of different groups of compounds released during non-
catalytic pyrolysis of grass, and catalytic pyrolysis over ash_1, ash_Ni_1,
zeolite_1, and zeolite_Ni_1. The results are divided into three groups:
general compounds (Fig. 6a), specific oxygen-containing compounds
(O-compounds) (Fig. 6b), and types of hydrocarbons (Fig. 6c). The pre-
dominant group of compounds is shown in Fig. 6a). For individual
groups, Table 5 lists the main component and relative share. In gaseous
compounds, the main compound was carbon dioxide. The relative share
of carbon dioxide increased by nearly 27 % during pyrolysis over zeo-
lite_Ni_1 compared to non-catalityc pyrolysis. Grass decomposition oc-
curs primarily via the decarboxylation route, which explains the domi-
nant share of carbon dioxide among gaseous products. The production
of these gaseous compounds was more pronounced with the ash- and
zeolite-supported nickel catalyst, indicating significant cracking of hy-
drocarbon [34]. A detailed analysis of the gas composition is provided
in Section 3.5.3. The second major group of compounds were O-
compounds. Catalytic pyrolysis effectively reduces the share of oxy-
genates with nickel supported on ash and zeolite catalysts, showing
even more pronounced effects. This reduction is likely due to the pres-
ence of nickel, which partially converts oxygenates to ethers [13].

Fig. 5. XRD pattern of fresh catalysts (ash_0, ash_Ni_0, zeolite_0, zeolite_Ni_0)
and spent catalysts (ash_2, ash_Ni_2, zeolite_2, zeolite_Ni_2).
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Fig. 6. The influence of the catalyst used on the composition of grass pyrolysis
products: a) all product groups, b) O-compounds, c) hydrocarbons.
◀

Table 5
Main components identified in individual groups of compounds and their rel-
ative share.
Catalyst type no ash_1 ash_Ni_1 zeolite_1 zeolite_Ni_1

Product
groups

Main component Relative share (%)

Gaseous carbon dioxide 29.48 41.71 51.65 52.89 56.39
O-compounds
Aldehydes acetaldehyde 3.56 2.91 3.29 7.74 2.35
Alcohols 1-octanol 1.67 1.42 1.28 0.90 0.92
Ketones 1-hydroxy-2-

propanone
8.54 6.78 7.08 3.39 5.92

acids and
esters

acetic acid 0.69 0.21 1.91 0.43 1.57

other oxy- 3-methylfuran 0.21 0.78 1.15 0.46 0
Hydrocarbons
Aliphatic butane 5.84 7.92 6.48 6.57 5.72
Cyclic – – – – – –
Aromatic toluene 3.50 3.86 1.94 4.09 2.55
N-compounds 1,4-dimethyl-

pyrazole,
2.22 1.85 1.61 1.09 1.58

These ethers then undergo carbonyl alkylation reactions with the car-
bonyl groups in the biomass. NiO supported on zeolite catalysts (com-
pared to MgO, CaO, and Co3O4) was characterized by the highest con-
version of oxygenates [42]. For non-catalytic pyrolysis, hydrocarbons
accounted for 19 % of the products. Ash was the most effective catalyst
for promoting the formation of hydrocarbons. However, when pyrolysis
was conducted over nickel supported on catalyst, the hydrocarbons
share was significantly reduced to approximately 12 %, which is lower
than that of non-catalytic pyrolysis. Nitrogen compounds formed a mi-
nor fraction, confirming the low protein content of the grass.

The formation of O-compounds such as aldehydes, ketones, alco-
hols, carboxylic acids, and esters is depicted in Fig. 6b. Those are typi-
cal products of saccharide decomposition pathways, the main building
blocks (hemicellulose, cellulose) of biomass [43]. Key observations re-
lated to catalyst include suppression of alcohols, ketones, and other
oxy-compounds, consistent with the literature [33]. The ketone with
the highest relative share was 1-hydroxy-2-propanone. As Usino et al.
[44] stated, 1-hydroxy-2-propanone was one of the main products ob-
tained from pyrolysis of a xylan-lignin blend. The most abundant acid
compound in terms of relative share was acetic acid. Simultaneously,
nickel supported catalysts promoted the formation of acids, which has
been previously confirmed [45]. Among the hydrocarbons released
(Fig. 6c), the aromatic and aliphatic structures were the most prevalent
and stable. Notably, the presence of nickel oxide on both supports led to
a noticeable decrease in both the aromatic and aliphatic groups. Butane
and toluene were the predominant compounds in the aliphatic and aro-
matic groups, respectively. No dominant compound was identified
among the cyclic aromatic groups (3-(2-propenyl)cyclopentene for non-
catalytic pyrolysis and bi-2-cyclohexen-1-yl for pyrolysis over ash and
zeolite).

3.5. Pyrolysis in a fixed-bed reactor

3.5.1. Yield of products
The char and condensing bio-oil were weighed after each measure-

ment series. The masses of char and bio-oil related to the mass of the
grass sample allowed us to calculate their yields. However, the yield of
pyrolysis gas was determined as a difference of up to 100 %. The yields
of the pyrolysis products after the first cycle are shown in Fig. 7a) and
after the second cycle in Fig. 7b). As shown in Fig. 7a), almost 49 % was
the gas yield from non-catalytic pyrolysis. The use of ash as a catalyst
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Fig. 7. Yields of pyrolysis products after a) first cycle, b) second cycle.

for the first pyrolysis cycle increased the gas yield to 61 % and was
more effective in gas production than zeolite. Ash and nickel supported
on zeolite promoted higher gas yields. These conclusions are consistent
with the findings of Al-Rahbi and.

Williams [27], who indicate that nickel supported on ash catalysts
results in a higher gas yield compared to non-nickel-impregnated ash
and non-catalyst pyrolysis. For catalytic and non-catalytic pyrolysis,
the char yield was similar (∼27 %), which means that the trends of in-
crease/decrease in the bio-oil yield were contrary to the pyrolysis gas
yields. The second cycle with the ash_2 catalyst (Fig. 7b) showed a
11 % decrease in gas yield. On the contrary, the remaining catalysts ex-
hibited increased yields: 9 % for zeolite_2 and ash_Ni_2, and 15 % for
zeolite_Ni_2. In the second cycle, the ash_Ni_2 and zeolite_Ni_2 catalysts
showed almost complete cracking of the bio-oil (yield was below 1 %).
Bio-oil includes an aqueous and organic phase. Their yields are closely
related to the pyrolysis conditions and the catalyst used. On the one
hand, after subsequent catalyst regenerations, Yildiz et al. [46] re-
ported a decrease in the yield of the organic phase and an increase in
the yield of the aqueous phase. However, there are also reports in
which opposite directions of changes in organic and water phase yields
were obtained, for example [47].

3.5.2. Ultimate analysis of char and spent catalysts
Fig. 8 illustrates the ultimate analyses of chars (carbon, hydrogen,

and nitrogen contents) from grass pyrolysis and grass pyrolysis over
catalysts: ash_1, ash_Ni_1, zeolite_1, and zeolite_Ni_1. The ultimate
analysis was performed in triplicate, and the bars represent the stan-
dard deviation of the mean. The analysis of chars was carried out for
the first and second cycles. However, the composition of the chars did
not change after reusing the catalysts. Char from noncatalytic pyroly-
sis of grass contained approximately 66.8 % carbon. The carbon con-
tent in the char increased with the use of all types of catalysts
analysed. Specifically, by pyrolysis of grass over ash_1 and the
ash_Ni_1 catalyst, the carbon content increased to approximately
68 %, indicating that nickel supported on ash did not significantly af-
fect the carbon content. The highest carbon content (68.6 %) was ob-
served during grass pyrolysis over zeolite, while nickel supported on
zeolite slightly reduced the carbon content. This indicated that zeolite
was more effective in carbonisation of the char. The increase in car-
bon content in chars during catalytic pyrolysis can be attributed to
two main factors: i) changes related to the flow of hot pyrolysis gases,
and ii) catalytic reactions on the surface of the char. The use of a cata-
lyst in the pyrolysis reactor, placed beneath the grass sample, formed
resistance to the flow of pyrolysis gases. This results in plug flow and
pressure change within the high-temperature ceramic wool-filled
space between the catalyst and the grass sample. Additionally, the C/
H molar ratio exceeding 1.7 indicated the presence of aromatic com-
pounds in all char samples [48].

Yildiz et al. [33] found that the presence of ash can improve the car-
bon content of char by promoting secondary reactions that favour car-
bon formation. Ash used as a catalyst facilitates the breakdown of larger
organic molecules into smaller ones. Sodium-mordenite zeolite pro-
motes the cracking, polymerisation, and aromatization reactions, which
contribute to the formation of more condensed and stable carbon struc-
tures [49]. Zeolite, in particular, has been noted for its ability to pro-
duce chars with a higher carbon content due to its strong acidic sites,
which are effective in catalysing the breakdown of organic matter into
carbon-rich compounds [50]. The presence of sodium in zeolites also af-
fects catalytic activity, which could improve carbon formation by modi-
fying acidity and catalytic pathways [51]. However, the influence of
catalysts on the hydrogen and nitrogen content in the chars was differ-
ent. For hydrogen and nitrogen, the differences among the investigated
catalytic conditions are less pronounced. The hydrogen content remains
relatively stable, approximately 3 % across all samples. Similarly, the
nitrogen content was consistent, slightly above 2 %, with minimal vari-

Fig. 8. Ultimate analysis of chars.
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ation between different catalytic conditions. This stability in hydrogen
and nitrogen content might be due to the inherent properties of the
grass feedstock and the specific conditions of pyrolysis, which do not
favour significant changes in these elements despite the presence of dif-
ferent catalysts.

The presence of carbon in the catalysts reflects the formation of
coke. To determine the coking of the catalysts after the first cycle and
reuse, an ultimate analysis was performed. Before reuse of the catalysts
for pyrolysis, they were calcined at 600 °C for 4 h in an air atmosphere.
The ultimate analysis of the spent catalysts after the first cycle is shown
in Fig. 9a) and after the second cycle in Fig. 9b). As illustrated in Fig.
9a), the carbon content in the catalysts first used for pyrolysis varied
depending on the type of catalyst. The ash_1 catalyst exhibited the high-
est carbon content at 3.0 %, which decreased slightly to 2.7 % for the
ash_Ni_1 sample. The zeolite_1 contained 1.84 % carbon, while the zeo-
lite_Ni_1 catalyst showed an increase in carbon content of 2.40 %. This
indicates that nickel impregnation promotes coking in the zeolite and
inhibits coking in the ash. The resistance to coke formation has in-
creased due to the stabilising effect of nickel supported on the catalyst
[52]. Regarding hydrogen content, both zeolite_1 and zeolite_Ni_1 cata-

Fig. 9. Carbon, hydrogen and nitrogen content in spent catalysts after a) first
cycle, b) second cycle.

lysts displayed higher hydrogen content compared to those of the ash-
based catalysts. However, there was a notable decrease in the hydrogen
content after nickel impregnation. The nitrogen content in all samples
was the lowest, ranging from 0.11 % to 0.23 %. These findings suggest
that the addition of nickel significantly influences the elemental compo-
sition of the spent catalysts. This effect is likely due to alterations in the
surface chemistry and catalytic properties induced by nickel. The ob-
served changes in the elemental content indicate that both the type of
catalyst and the presence of nickel play crucial roles in determining the
catalytic behaviour and the resulting elemental composition, thereby
impacting the efficiency and selectivity of the pyrolysis process. The
content of carbon, hydrogen, and nitrogen after reusing catalysts for
grass pyrolysis is shown in Fig. 9b). With the exception of zeolite_2, the
spent catalysts had significantly lower carbon contents by approxi-
mately 0.5–0.7 % compared to their first use. This trend is different
from expectations, but was observed in studies [48,53].

The formation of coke is evidenced by the accumulation of carbon
on the catalysts, with an increasing content observed as the zeolites are
reused and progressively deactivated. Deactivation through coking in-
volves the development of carbonaceous deposits, that gradually ob-
struct the surface and block the pores, resulting in a reduction in the
number of accessible active sites and, consequently, a loss of catalytic
activity. Moreover, less carbon was deposited on ash_Ni_2 and zeo-
lite_Ni_2 compared to zeolite_2 and ash_2. At the same time, reduced
hydrogen content was found for ash_Ni_2, zeolite_2 and zeolite_Ni_2.
The molar H/C ratio was greater than 2 for ash catalysts, and >5 for ze-
olite catalysts. No significant changes were observed after the second
cycle. The formed coke is classified as light aliphatic coke (H/C > 1)
[54].

3.5.3. Pyrolysis gas composition
The distribution of gas products with different catalysts is presented

in Fig. 10a–b). Gaseous compounds include CO2, CO, H2, CH4, and
higher hydrocarbons such as C2H6, C2H4, C4H10 and C3H6. As a result of
relatively low individual yields of higher hydrocarbons, these data are
presented in summary form as CxHy. Following the first cycle of the
process, the CO2 yield increased from 37.5 % to 50.5 % during pyroly-
sis over zeolite, while it decreased to 4.1 % during pyrolysis over ash.
The change in CO₂ content is accompanied by a corresponding change
in other compounds, including CO (49.9 % for non-catalyst, 57.9 % for
ash, 15 % for zeolite) and CH4 (9.7 % for non-catalyst, 22.6 % over ash,
11.0 % over zeolite). The catalytic pyrolysis process yielded an increase
in the hydrogen content. In the case of blank pyrolysis, without cata-
lyst, the hydrogen yield was 2.1 %. In contrast, in the case of pyrolysis
over ash_Ni_1 catalyst, the yield of hydrogen was 16.4 %. Furthermore,
the methane content decreased compared to that of other catalysts. This
phenomenon may be related to the reaction between methane and oxy-
gen (CH4 + 0.5O2 → CO + 2H2) [55], as well as the influence of Ni on
hydrogen production [56]. As evidenced by the aforementioned stud-
ies, the presence of nickel has been found to result in a decrease in liq-
uid products concomitant with an increase in gas production, accompa-
nied by a parallel increase in hydrogen yield [57]. The second cycle of
experiments revealed a significant change in the concentration of CO2
in the system. Pyrolysis over zeolite_Ni_2 resulted in a significant in-
crease in the CO2 content, from 21.6 % to 88 %. At the same time, there
was a notable decrease in CO, CH4 and H2 concentrations, from 45.6 %,
19.3 %, and 10.5 %, respectively, to 0 %. These observations can be at-
tributed to the reduced number of acid catalyst sites, which makes it
difficult to react between CO2 and the catalyst, preventing the forma-
tion of other compounds. Furthermore, the high yield of higher hydro-
carbons, which cannot react with a clogged zeolite catalyst (zeo-
lite_Ni_2 in the second cycle), provides additional evidence. The calcu-
lated higher heating values (HHV) of the pyrolysis gases were 11.3 MJ/
m³ without catalyst, 21.1 MJ/m³ with ash_1, and 20.3 MJ/m³ with
ash_2. Furthermore, during the second cycle, a reduction in the HHV of
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Fig. 10. Composition of the pyrolysis gas during: a) first cycle of catalysts, b)
second cycle of catalysts.

the gas was observed for ash_Ni_2, (18.7 MJ/m³) compared to the first
cycle for ash_Ni (19.0 MJ/m³).

4. Conclusions

This study examined the non-catalytic and catalytic pyrolysis of
grass at 500 °C using four types of catalysts: car tyre ash, zeolite mor-
denite-sodium, NiO supported on tyre ash and NiO supported on zeolite
mordenite-sodium. Additionally, spent catalysts were regenerated and
reused for pyrolysis.

Tyre ash emerged as a promising candidate for use as a catalyst car-
rier. The addition of Ni to the catalysts notably increased the concentra-
tion of Lewis acid sites. Zeolite was found to be the most effective cata-
lyst for promoting the formation of aldehydes, while ash was more ef-
fective for hydrocarbon production. The yields of the pyrolysis gas us-
ing nickel supported catalysts were significantly higher in the second
cycle than in the first. Meanwhile, zeolite was more effective than ash
in increasing char yield. The char produced over catalysts had a higher
carbon content than that produced in the non-catalytic process. The
carbon content in the catalysts after the second pyrolysis cycle was

lower than after the first cycle, indicating resistance to coke formation.
Analyses of the pyrolysis gas showed that the use of catalysts in the first
cycle significantly promoted the formation of hydrogen. However, con-
sidering the reuse of catalysts and the content of flammable compo-
nents (especially carbon monoxide), the long-term use of ash as a cata-
lyst appears to be the most advantageous.

The use of tyre ash as a catalyst for grass pyrolysis offers significant
cost, efficiency, and sustainability benefits. Economically, tyre ash is a
readily available and inexpensive material, which reduces the overall
cost of the pyrolysis process. Its ability to maintain catalytic properties
for long-term use without degradation ensures consistent quality of the
pyrolysis products, enhancing the efficiency and reliability. This stabil-
ity minimises the need for frequent catalyst replacement, further lower-
ing operational costs. From a sustainability perspective, the use of ash
as a catalyst promotes a circular economy by repurposing waste materi-
als, reducing landfill use, and mitigating the environmental impact.
Furthermore, efficient conversion of grass into valuable fuels and chem-
icals through this method supports the transition to renewable energy
sources, aligning with global sustainability goals and reducing depen-
dence on fossil fuels.
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