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A B S T R A C T

The escalating global waste crisis demands innovative valorization strategies. This study investigates the in-situ 
catalytic pyrolysis of municipal solid and food wastes to transform this stream into engineered biochar with 
tailored properties. Unlike prior research that primarily focuses on bio-oil upgrading, this work uniquely pri
oritizes biochar engineering by systematically evaluating three distinct catalyst families—HZSM-5 (Brønsted 
acid), Na-ZSM-5 (basic/neutral), and Fe3O4 (redox-active)—and their modification with nickel or cobalt (5 wt%). 
Pyrolysis at 550 ◦C was selected based on thermogravimetric analysis to optimize the trade-off between biochar 
yield and carbonization degree. HZSM-5-based catalysts maximized biochar yield (40.9%), while Fe3O4-based 
catalysts favored bio-oil and biogas production. Metal coating generally reduced bio-oil yield, promoting non- 
condensable gas formation. Critically, catalyst selection and coating dictated biochar properties. Base cata
lysts, particularly Fe3O4, produced biochar with high specific surface areas (up to 480 m2/g). However, metal 
coating introduced catalyst particles onto the biochar surface, observed via FESEM/EDX, which reduced this area 
but significantly enhanced thermal stability (as low as ~15% weight loss by TGA). These findings demonstrate 
that catalytic pyrolysis can strategically tailor biochar, creating composites with active sites and robust stability. 
This positions waste-derived biochar as a promising, sustainable material for advanced applications, including 
catalysis and energy storage, particularly after post-processing to reclaim surface area.

1. Introduction

Economic growth and urbanization have led to increased consump
tion, resulting in a rise in the generation of municipal solid waste (MSW) 
[1]. According to the World Bank projections, worldwide municipal 
waste is expected to reach 3.4 billion tons annually by 2050 [2]. Also, 
the World Bank reported in 2018 that the average generation of 
municipal waste per capita in Iran was 650 g per day, approximately 
equivalent to the Middle East and global averages [2]. However, Iran 
ranks poorly in waste management practices among other countries [2]. 
Despite accounting for nearly 70% of Iran's municipal solid waste, 
exceeding both regional and global averages, organic materials are 
poorly managed. These materials present a valuable opportunity for 
resource recovery through composting, energy production, or the gen
eration of other beneficial byproducts via various processes. However, 
over 70% of Iran's municipal waste is still disposed of through practices 

like open dumping or landfills that fail to meet proper standards. 
Moreover, improper waste management practices, including unsanitary 
disposal methods, can lead to air pollution through greenhouse gas 
emissions and contamination of soil and water resources through 
leachate generation, posing severe environmental and health challenges 
[3].

Various methods exist for municipal waste disposal. Landfills, which 
can contain large amounts of municipal waste, are widely used in many 
countries [4]. However, landfills occupy extensive areas, and landfill 
leachate may contaminate soil and groundwater, while gases emitted 
from waste can pollute the air [4,5]. On the other hand, incineration can 
reduce the volume of municipal waste through thermal processing, and 
compared to landfills, incineration requires less land area, and the heat 
generated from the process can be utilized for electricity generation and 
heating systems. However, the emission of particulate matter, fly ash, 
and pollutants such as dioxins NOx and SO2 from incineration can harm 
the environment [6]. Fast pyrolysis is considered an effective, 
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cost-effective, and environmentally friendly method for processing MSW 
and biomass, producing value-added products such as bio-oil and bio
char [7,8]. Biochar produced from pyrolysis, despite its limitations, can 
have significant environmental applications such as mitigating climate 
change, reducing greenhouse gas emissions, especially carbon dioxide, 
water purification, soil improvement, energy storage, and catalysis, 
depending on its characteristics [9,10].

Despite extensive research on catalytic pyrolysis, a critical knowl
edge gap remains: most studies prioritize bio-oil yield and quality, often 
treating biochar as a low-value byproduct [11–14]. Consequently, the 
systematic influence of different catalyst families—particularly 
comparing acidic zeolites (HZSM-5), basic/neutral zeolites (Na-ZSM-5), 
and redox-active metal oxides (Fe3O4)—on the physicochemical prop
erties of biochar remains underexplored. Furthermore, while transition 
metal modification (e.g., Ni, Co) is commonly employed to enhance 
catalytic activity for bio-oil production, its specific impact on biochar 
surface chemistry, porosity, and thermal stability has not been system
atically investigated. This study addresses this gap by shifting the focus 
from bio-oil to biochar engineering, providing a comprehensive evalu
ation of how catalyst type and metal coating dictate biochar properties 
for targeted applications.

Several approaches have been investigated to improve the produc
tion and the quality of pyrolysis products, such as co-pyrolysis of 
different types of waste with various compositions [15–17], conducting 
the process at different temperatures [18,19] and under different at
mospheres [20–22], with various feeding rates [18,23], using catalysts 
[24–26], and other parameters. Among these approaches, using cata
lysts has been widely popular and studied to enhance the yield and 
quality of fast pyrolysis products. However, in most studies on catalytic 
pyrolysis of waste, less attention has been paid to changes and im
provements in biochar properties, as the main focus has been on 
increasing the production and quality of bio-oil or gas [11–14]. This gap 
is significant because biochar, if properly engineered, can serve as a 
sustainable material for catalysis, energy storage, and environmental 
remediation, potentially offering higher economic value than bio-oil in 
certain contexts.

Research focusing on biochar derived from biomass pyrolysis has 
predominantly mentioned waste composition as the primary determi
nant of biochar quality, and/or cited the effect of catalysts on biochar's 
quality as negligible. Leng et al. showed that the presence of alkaline and 
alkaline earth metals in biomass can act as self-activators for pore 
development during pyrolysis [27]. In the study conducted by Ghor
bannezhad et al., the horticultural-to-municipal wastes ratio in catalytic 
co-pyrolysis was stated as the primary factor determining the yield of 
biochar, with the highest production achieved without the use of zeolite 
catalyst [5]. The work of Raček et al. on catalytic pyrolysis of food waste 
using zeolite and metal oxide as catalysts demonstrated the effect of the 
initial waste composition on the properties of the produced biochar, also 
noting the insignificant changes in BET surface area and calorific value 
of it, despite the use of catalysts [28].

However, these studies either employed a single catalyst type or did 

not systematically vary catalyst chemistry to understand its role in 
biochar formation. Moreover, the use of metal coatings (Ni, Co) on 
distinct catalyst supports to tailor biochar properties has not been 
comparatively evaluated. Therefore, this study moves beyond a 
descriptive comparison of catalyst types by providing a mechanistic 
insight into how catalyst acidity, basicity, and redox properties influ
ence biochar yield, porosity, surface chemistry, and thermal stability.

The novelty of this work lies in three key aspects: (1) systematic 
comparison of three fundamentally different catalyst families (acidic 
zeolite, basic/neutral zeolite, and metal oxide) under identical pyrolysis 
conditions; (2) evaluation of Ni and Co modification on each catalyst 
specifically for biochar engineering rather than bio-oil upgrading; and 
(3) comprehensive characterization linking catalyst properties to bio
char functionality, including BET surface area, thermal stability (TGA), 
surface morphology (FESEM), and elemental composition (EDX). This 
integrated approach provides a roadmap for selecting catalyst systems to 
produce application-specific biochars, addressing a critical need in 
waste valorization.

Therefore, this study aims to investigate the impact of three base 
catalysts (HZSM-5, Na-ZSM-5, Fe3O4) and transition metals used to coat 
them (nickel and cobalt separately), resulting in a total of nine distinct 
catalysts on the production and quality of biochar derived from 
municipal waste pyrolysis through the analysis of its physical, chemical, 
and physicochemical properties, which determine its future 
applications.

2. Materials and methods

2.1. Feedstock preparation and characterization

The municipal waste used in this experiment was typical garbage 
(household waste) collected from Tehran, Iran. This sample represented 
an intricate medley of recoverable materials alongside biodegradable 
substances, constituting the bulk (roughly 70%) of Tehran's waste 
stream [29]. These biodegradable components include wood and paper, 
along with other organic constituents (such as fruit and vegetable 
wastes). Upon disposal at landfill sites, recyclable materials are sepa
rated, leaving predominantly biodegradable waste. The waste sample 
was also heterogeneous to a great degree in terms of its material 
composition, regardless of its geometry or particle size. A fraction of the 
original sample with particle sizes less than 1 mm was obtained by 
mechanically shredding the waste samples in a grinder. This was fol
lowed by sieving after air-drying at room temperature for 24 h. Subse
quently, the waste samples underwent uniform mixing for 2 h using a 
micro rotary mixer. Carbon, hydrogen, nitrogen, and sulfur fractions 
were determined using the EuroEA3000 elemental analyzer and the 
5E-AS3200B automatic Coulomb sulfur analyzer, respectively. The ul
timate analysis was performed using a thermogravimetric analyzer 
(NETZSCH, TG-209-F3), and the final analysis was conducted using 
Thermo Fisher's Flash 2000 elemental analyzer. Levels of ash and oxy
gen were determined using a mass equilibrium approach. The properties 
of the feedstock were determined through the ultimate and proximate 
analyses of municipal waste conducted on a dry basis. All experiments 
were performed twice for data validation and to ensure the replicability 
of the results.

2.2. Catalysts preparation

The three base catalysts used in this study were HZSM-5, Fe3O4, and 
Na-ZSM-5, which is formed during the production process of ZSM-5 and 
is the sodium form of this catalyst, were all procured from Bakhtar group 
company in Tehran, Iran. HZSM-5 was selected for its strong Brønsted 
acidity, Na-ZSM-5 for its neutral/basic properties with reduced acidity, 
and Fe3O4 for its redox activity and magnetic separability.

A 5 wt% loading of Ni and Co was selected based on preliminary 
screening and literature reports indicating that this loading provides a 
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balance between catalytic activity and metal dispersion without exces
sive coke formation [30,31]. The surface of a fraction of these 
fine-grained base catalysts (particle size range of 0.025–0.106 mm) was 
coated with nickel, while the surface of another portion was coated with 
cobalt separately. Salt forms of these two metals as hexahydrate nickel 
nitrate and hexahydrate cobalt nitrate produced by MERCK were pro
cured and used to prepare the coated catalysts. Nickel and cobalt were 
chosen as transition metals as they promote secondary reactions 
(dehydrogenation, deoxygenation) during the process while being more 
accessible and economical compared to noble transition metals. This 
resulted in a total of nine distinct catalysts for this study (3 base cata
lysts, three nickel-coated base catalysts, and three cobalt-coated base 
catalysts).

In this study, each of the three base catalysts was coated with an 
amount of nickel and cobalt equal to 5% of their weight (e.g., Ni/HZSM- 
5 = 5 g Ni + 100 g HZSM-5). The catalyst coating process was carried out 
using the wet impregnation method, which involved bringing the cata
lyst and metal salt into contact in an aqueous environment. Therefore, 
the catalysts were dispersed in an appropriate amount of water in a 
laboratory glass container to achieve low concentration and placed on a 
magnetic stirrer. The speed of the device was adjusted so that mixing 
would occur well to ensure uniform catalyst concentration throughout 
the solution. Next, the metal salt, dissolved in 30 mL of water, was 
gradually added to the laboratory flask using a 50 mL burette emptied 
after 25 min, allowing the metal to mix with the water-catalyst solution 
adequately. The magnetic stirrer continued mixing the solution for 
another 3 h after emptying the burette to ensure complete mixing of the 
catalyst and metal. Subsequently, the laboratory glass container was 
placed in an oven at 80 ◦C for 24 h for the coated catalyst to dry. The 
remaining powder was then subjected to 300 ◦C in an oven for 3 h to 
eliminate any organic matter that might have entered the powder during 
the process. While this method ensures metal deposition, further char
acterization (e.g., XPS, TEM) would be required to confirm the homo
geneity and stability of metal dispersion, which is acknowledged as a 
limitation of this study.

2.3. Experimental setup

To investigate the influence of base catalysts and their respective 
metal coatings (nickel and cobalt) on the yield and quality of biochar, 
other parameters were kept constant throughout the experiments, 
including reactor's temperature (550 ◦C; this temperature was selected 
based on preliminary TGA results showing maximum volatile matter 
release from the feedstock, and consistent with literature indicating that 
500–600 ◦C is optimal for balancing biochar yield and carbonization 
degree in municipal waste pyrolysis), feedstock residence time (1 min), 
waste-to-catalyst ratio (27g waste to 3g catalyst), and the flow rate of 
nitrogen gas (200 mL/min) as the carrier gas in the system. The only 
variable parameter was the catalyst employed.

The experimental setup, as depicted in Fig. 1, employed a screw 
feeder to deliver a consistent mass of 30 g of feedstock into the pyrolytic 
reactor for each experiment. Two asbestos plungers functioned as 
thermal insulators, separating the feedstock boat from the temperature 
zone. To prevent premature combustion of the feedstock and clogging at 
the screw feeder exit, circulated water was continuously pumped around 
the feedstock boat. The central component of the setup consisted of a 
fixed-bed reactor. The reactor was cylindrical in shape, having a diam
eter of 1.5 inches (3.18 cm) and constructed from steel. Quartz insu
lation enveloped the reactor to minimize heat loss. A programmable 
heater with a precisely controlled heating rate and residence time pro
vided the necessary thermal conditions within the pyrolytic reactor. The 
vaporized products, including pyrolysis gas, were cooled and collected 
in a condensed section composed of a condenser and a heat exchanger. 
The residual pyrolytic biochar was retrieved from the system, weighed 
to determine the yield distribution, and further analyzed to characterize 
its properties. Each experiment was repeated twice, and product yields 

are reported as average values with standard deviations to account for 
feedstock heterogeneity and experimental variability.

2.4. Product evaluation

For biochar, properties such as its physical characteristics like spe
cific surface area and porosity, as well as its thermal stability and con
stituent elements, are of importance. Thermogravimetric analysis was 
conducted using a TGA Q5000 thermogravimetric analyzer (TA In
struments, New Castle, USA) to determine the thermal behavior of 
biochar samples. The samples were heated in the range of 30 to 800 ◦C at 
a rate of 20 ◦C per minute, with nitrogen gas flowing at a rate of 60 mL/ 
min as the carrier gas. Surface morphology and microstructure of bio
char particles were examined using field emission scanning electron 
microscopy (in the range of magnification from 50 μm to 500 nm), and 
energy-dispersive X-ray spectroscopy was conducted to determine the 
constituent elements of biochar (carbon, oxygen, nitrogen, calcium, 
iron, nickel, potassium, sodium, zinc, copper, and chromium), both 
using MIRA3 FEG-SEM (TESCAN, Brno, Czech Republic). BET analysis 
was also conducted to determine the specific surface area of the sample 
particles based on ASTM D4641-12 using nitrogen adsorptive gas, and 
the BET surface area was determined using the BET equation.

3. Results and discussion

3.1. Characterization of feedstocks

The results of the proximate and ultimate analyses of the feedstock 
are presented in Table 1. The composition of the feedstock holds sig
nificant importance as it plays a vital role in the quantity, quality, and 
characteristics of the biochar produced from pyrolysis [32]. For 
instance, the presence of higher amounts of carbon and oxygen in the 
feedstock (like the feedstock of this study) can lead to increased biochar 
production [33]. Volatile matter, present in considerable amounts in the 
present sample, primarily constitutes the gas conversion during pyrol
ysis, which can possibly be condensed and transformed into bio-oil [34]. 
The process temperature highly influences this transformation of vola
tile matter to gas and the quantity of biochar and bio-oil produced [34].

On the other hand, the amounts of fixed carbon and ash, which play a 
determining role in the quantity and quality of biochar, depend more on 
the initial composition of the feedstock [35]. Fixed carbon consists of 
resilient and highly aromatic carbon that is resistant to decomposition at 
high temperatures, thus not easily transformed into gas and, subse
quently, bio-oil. The ash content also decreases slightly due to its inor
ganic nature during the process temperature and provides a measure of 
the relative inorganic compounds in the sample [36]. Among these 
compounds, volatile matter and ash content are of significant impor
tance for biochar intended for use as soil amendment [34]. Similarly, the 

Fig. 1. Schemcatic of experimental set-up.
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nitrogen content present in biochar plays a vital role in its performance 
as a fertilizer. The presence of macromolecular amino acids and proteins 
in the feedstock, prevalent in household waste containing fruit peels, 
and confirmed by the results of the final analysis of the feedstock of this 
study, contributes to the high nitrogen content in biochar [34]. The high 
ash content, unlike volatile matter which, upon evaporation, often leads 
to the formation of pores and micropores, results in pore clogging and 
reduction in the surface area of micropores, subsequently limiting the 
adsorption sites on the biochar surface, making it undesirable for 
adsorption-related applications [27]. Conversely, the presence of alkali 
and alkaline earth metals in the feedstock can promote the development 
of biochar pores due to their self-activating ability [27]. Also, lower 
moisture content is also desirable due to reduced energy required for the 
pyrolysis process and easier storage and transportation of waste because 
of significant volume reduction [34].

3.2. Pyrolysis product distribution

The distribution of pyrolysis products for each of the nine catalysts is 
shown in Fig. 2. Among the three base catalysts, HZSM-5-based catalysts 
exhibited the highest average biochar yield of 40.9% wt. of feedstock, 

with the highest individual biochar yield of 42.2% wt. achieved in the 
experiment with HZSM-5. On the other hand, Fe3O4-based catalysts 
demonstrated the highest average bio-oil yield of 32.3% wt., with the 
highest individual bio-oil yield of 35.2% wt. obtained in the experiment 
using Fe3O4 as the catalyst. This observation can be explained by the 
distinct catalytic mechanisms of zeolite-based catalysts versus metal 
oxides. Zeolites (HZSM-5 and Na-ZSM-5) possess Brønsted and Lewis 
acid sites that promote cracking, dehydration, and decarboxylation re
actions, which typically reduce bio-oil yield but improve its quality [37]. 
The higher bio-oil yield observed with Fe3O4 can be attributed to its 
redox properties, which favor the formation of oxygenated in
termediates that remain in the condensable fraction, as well as its lower 
acidity compared to zeolites, reducing the extent of secondary cracking 
to non-condensable gases.

Na-ZSM-5-based catalysts, on the other hand, exhibited the lowest 
average biochar yield of 36% wt. and the highest average biogas yield of 
40.7% wt. The highest biogas yield of 43.2% wt. was achieved in the 
experiment with Ni/NaZSM-5. The lower biochar yield of these catalysts 
can be attributed to the reduced coke formation on biochar due to the 
presence of sodium, which enhances gasification reactions and limits 
carbonaceous residue accumulation [38].

Additionally, the higher biogas production can be explained by the 
presence of sodium as a coke reducer on the catalyst, preventing catalyst 
deactivation. The higher biochar yield of HZSM-5-based catalysts may 
be due to their more significant potential for coke formation and catalyst 
deactivation, as well as increased biochar production due to contact 
with metals like potassium, which were later detected in the biochar 
composition [39]. The results of the BET analysis also indicate a lesser 
decrease in the biochar surface area of these catalyst samples compared 
to those of other catalysts.

Comparing the product yields of uncoated base catalysts to nickel- 
and cobalt-coated catalysts reveals a decrease in bio-oil production for 
all three catalysts after coating. This can be attributed to differences in 
catalyst surface areas. Dzol et al. demonstrated that the BET surface area 
of the Ni-WCE/HZSM-5 catalyst decreased due to nickel impregnation 
[31]. Similarly, Miskolczi et al. reported in their study that the intro
duction of additional transition metals to the catalyst surface reduced 
their specific surface area [30]. Since the rate of thermal decomposition 
reactions is primarily dependent on the catalyst's specific surface area, a 
larger surface area leads to a higher degree of pyrolysis reactions [30]. 
Furthermore, it is observed that all nickel-coated catalysts exhibited the 
highest biogas production for each base catalyst. This can be attributed 
to nickel's ability to promote deoxygenation, dehydrogenation, and 
decarbonylation of compounds, which is another reason for the reduced 
bio-oil yield of coated catalysts, as these mechanisms lead to the 

Table 1 
Physiochemical properties of feedstocks and Biochar.

Component Municipal Waste Food Waste Biochar

Proximate Analysis (wt%, ar*)
Moisture 9.3 ± 0.47 (5.1%) 5.1 ± 0.26 (5.1%) 4.3 ± 0.22 (5.1%)
Volatile 77.2 ± 2.32 (3.0%) 87.3 ± 2.62 (3.0%) 49.3 ± 1.48 (3.0%)
Fixed carbon 10.1 ± 0.40 (4.0%) 5.4 ± 0.22 (4.1%) 36.2 ± 1.45 (4.0%)
Ash 3.4 ± 0.14 (4.1%) 2.2 ± 0.09 (4.1%) 10.2 ± 0.41 (4.0%)
Ultimate Analysis (wt%, db*)
C 42.1 ± 1.26 (3.0%) 39.8 ± 1.19 (3.0%) 65.3 ± 1.96 (3.0%)
H 6.4 ± 0.19 (3.0%) 6.7 ± 0.20 (3.0%) 4.3 ± 0.13 (3.0%)
N 0.5 ± 0.04 (8.0%) 1.1 ± 0.09 (8.2%) 3.01 ± 0.24 (8.0%)
S 0.8 ± 0.06 (7.5%) 0.6 ± 0.05 (8.3%) 0
O 50.2 ± 1.51 (3.0%) 51.8 ± 1.55 (3.0%) 27.4 ± 0.82 (3.0%)
Metal content (ppm, db*)
Ca 10342 ± 724 (7.0%) 103 ± 7.2 (7.0%) 9104 ± 637 (7.0%)
Fe 1196 ± 84 (7.0%) 97 ± 6.8 (7.0%) 586 ± 41 (7.0%)
Mg 1584 ± 111 (7.0%) 108 ± 7.6 (7.0%) 936 ± 66 (7.0%)
Na 438 ± 31 (7.1%) 99 ± 6.9 (7.0%) 435 ± 30 (6.9%)
P 352 ± 25 (7.1%) 81 ± 5.7 (7.0%) 123 ± 8.6 (7.0%)
Al 1377 ± 96 (7.0%) 56 ± 3.9 (7.0%) 97 ± 6.8 (7.0%)
K 1201 ± 84 (7.0%) 118 ± 8.3 (7.0%) 1017 ± 71 (7.0%)
Ti 35 ± 3.5 (10.0%) - -
Zn 41 ± 4.1 (10.0%) 1 ± 0.1 (10.0%) -
BET Analysis (m2/g)
​ - - 6.7 ± 0.47 (7.0%)

Fig. 2. Distribution of yield pyrolysis products for each catalyst.
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formation of non-condensable gases [40]. It should be noted that the gas 
composition (e.g., H2, CO, CH4, CO2) was not analyzed in this study, 
which limits the mechanistic understanding of these secondary re
actions. This is acknowledged as a limitation, and future work will 
include gas chromatography analysis to quantify product gas speciation.

3.3. BET surface

BET analysis was conducted on all samples to assess the specific 
surface area and porosity of the biochar samples. The results for the BET 
specific surface area of the biochar samples are presented in Table 2. 
Typically, the specific surface area of biochar falls within the range of 8 
to 132 m2/g [27]. Uncoated catalysts exhibited higher specific surface 
areas. However, Na-ZSM-5-coated biochar samples displayed a lesser 
decrease in surface area compared to other coated catalyst samples.

The presence of catalysts on the biochar's surface and their catalytic 
activity leads to increased evaporation of volatile matter [27]. None
theless, the concentration of organic volatiles, particularly considering 
the high volatile content of the feedstock, may block pores after pyrol
ysis [41]. It is noteworthy that nickel-coated catalysts exhibited a more 
significant decrease in specific surface area and lower BET specific 
surface areas compared to cobalt-coated catalysts, which may be due to 
the higher dehydrogenation and deoxygenation ability of nickel [40]. 
These reactions can contribute to increasing the carbon content of the 
biochar by promoting the evaporation of hydrogen and oxygen, thereby 
densifying the biochar's structure. This increased densification of the 
biochar's structure may subsequently lead to a reduction in the BET 
surface area of the biochar by closing smaller pores, especially micro
pores [27,42]. Despite differences in the extent of their abilities to 
promote these reactions, both nickel and cobalt catalysts enhance such 
reactions. Consequently, all coated catalysts exhibited lower BET sur
face areas compared to their uncoated counterparts. The exceptionally 
high surface area of the Fe3O4-derived biochar (480.3 m2/g) is note
worthy. This value significantly exceeds typical ranges for biochar 
produced from municipal waste and can be attributed to a synergistic 
effect: (1) the self-activating role of alkali and alkaline earth metals 
inherently present in the feedstock, which promote pore development 
during pyrolysis [27], and (2) the catalytic activity of Fe3O4, which may 
enhance the release of volatile matter and create additional porosity. 
This finding suggests that Fe3O4 is particularly effective for producing 
high-surface-area biochar without post-treatment activation.

The more substantial decrease in specific surface area for Fe3O4- 
based samples may be attributable to its lower surface area and well- 
defined, in comparison to zeolite-based catalysts, which provide abun
dant active sites for catalytic reactions and adsorption processes [25,
39]. Furthermore, the formation of coke on the samples because of 
secondary catalytic reactions leads to further pore blockage [43,44]. The 
lesser decrease in surface area for Na-ZSM-5-based samples can be 
explained by the reduced coke formation by these catalysts due to the 
presence of sodium [31].

3.4. FESEM analysis

FESEM analysis was performed on two biochar samples, Fe and Ni/ 
Fe. Biochar samples exhibit complex morphology due to the feedstock's 
complex composition. The surface morphology of the Fe sample is 
shown in Fig. 3. These images reveal a porous structure with irregularly 
shaped particles. Kumar et al. achieved similar results for biochar 
derived from apple peel pyrolysis, attributing the formation of deep 
porous channels to the extensive removal of volatile organic matter 

during pyrolysis [45]. Other studies have also suggested that the release 
of volatile matter in the form of small molecules (H2O, CO, CO2, CH4, 
etc.) during the thermal conversion process of biomass in pyrolysis leads 
to the creation of these pores on the biochar surface [46,47]. It is also 
observed that the size and shape of particles and pores are relatively 
similar. Another important observation from the higher magnification 
images is the deposition of iron catalyst particles on the biochar (some 
marked with red arrows). The deposition of the catalyst on the biochar 
creates active sites that are influential in both the pyrolysis process and 
secondary mechanisms and are highly significant for future applications 
of biochar as a catalyst or energy storage material [40,48,49]. It can be 
seen that iron particles are deposited inside the pores, indicating the 
presence of active sites within the pores as well (see Fig. 4).

Fig. 3 presents images of the Ni/Fe biochar sample. These images 
also show a similar texture and particle size as before. The main dif
ference, which was also apparent in the BET analysis results, is the 
reduced porosity. As mentioned, this may be attributed to the densifi
cation of the biochar's structure and the increase in carbon content, 
especially when using coated catalysts. It is also evident that catalyst 
particles are present within the biochar pores. As mentioned, all these 
particles are active sites and also lead to an increase in the sample's 
acidity. Thus, the same applications mentioned for the Fe sample are 
also valid for this sample, and this sample may even be more suitable for 
the applications described above due to the presence of more sites due to 
the addition of nickel. However, this sample will require more post- 
treatment due to the reduced surface area and porosity.

3.5. EDX analysis

The elemental composition of Fe and Ni/Fe biochar samples is pre
sented in Table 3. The results revealed an increase in carbon content 
compared to the original municipal waste (household) feedstock. This is 
attributed to the dehydration, cracking, and polymerization reactions 
that occur during pyrolysis, leading to the reconstruction of decom
posable carbon compounds, while other elements may be lost through 
volatilization [50,51]. The decrease in oxygen and increase in carbon 
indicate the successful pyrolysis process. Moreover, the presence of 
various elements such as N, K, Na, Ca, Fe, Zn, Cu, and Cr in the biochar, 
which are essential nutrients for soil fertility and crop productivity 
enhancement [51], makes these biochar suitable candidates for use as 
fertilizers and soil amendments.

A significant observation from the EDX analysis is the presence of 
iron in both Fe and Ni/Fe samples at 39.0 and 47.0 wt%, respectively, 
and the presence of nickel in the Ni/Fe sample at a notable concentration 
of 48.6 wt%. This confirms the significant deposition of catalyst metals 
onto the biochar's surface, particularly in the Ni/Fe sample with its high 
nickel content, which aligns with the observations from FESEM images 
and BET analysis. The presence of these metals, due to their ability to 
facilitate high ion exchange and potentially abundant acidic sites, makes 
these biochars promising candidates for catalytic applications [52]. 
Additionally, with appropriate post-treatment, these biochars could be 
utilized as electrodes and energy storage materials [9]. However, direct 
experimental evidence of catalytic activity or electrochemical perfor
mance was not obtained in this study; therefore, these proposed appli
cations remain speculative and will be the focus of future work.

3.6. Proposed reaction pathways for metal-modified catalysts in biochar 
formation

Based on the experimental observations—including product yield 

Table 2 
BET surface area of each biochar sample.

Sample HZ Ni/HZ Co/HZ NaZ Ni/NaZ Co/NaZ Fe Ni/Fe Co/Fe

Sbet (m2/g) 117.114 17.1 18.344 105.081 47.345 56.506 480.337 13.155 17.446
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distributions, BET surface area trends, and FESEM/EDX confirmation of 
metal deposition—a plausible reaction pathway is proposed. During the 

catalytic pyrolysis stage, the feedstock undergoes thermal degradation 
into long-chain radical intermediates via random scission of C–C bonds. 
The oxygenated functional groups and the developing porous structure 
of the biochar matrix may attract these volatile intermediates, where 
heterogeneous catalytic reforming and cracking occur. The doping of Ni 
and Fe particles enhances the availability of Lewis acid sites, which are 
hypothesized to facilitate deoxygenation, dehydrogenation, and 
cracking reactions. Consequently, radical fragments may undergo 
hydrogen transfer, converting into straight-chain hydrocarbons (e.g., 
light alkenes and alkanes) in the bio-oil fraction. These alkenes may 
subsequently undergo aromatization and oligomerization, contributing 
to aromatic hydrocarbon formation. While this proposed pathway is 
consistent with the observed reduction in bio-oil yield and increase in 
biogas production with metal-coated catalysts, it remains speculative. 
Direct evidence—such as in-situ DRIFTS, gas composition analysis (H2, 
CO, CH4, CO2), and detailed kinetic modeling—is required for validation 
and is recommended for future studies.

This study demonstrates that the co-pyrolysis-catalysis of municipal 

Fig. 3. Morphological analysis by FESEM, Fe (above), Ni/Fe (below).

Fig. 4. Mechanism of Ni and Fe doped Biochar during co-pyrolysis.

Table 3 
Constituent elements of Fe and Ni/Fe.

Sample Fe SD (%) Ni/Fe SD (%)

Element (wt%)
C 65.13 ±3.91 (6%) 68.53 ±4.11 (6%)
O 20.50 ±1.23 (6 %) 15.96 ±0.96 (6%)
N 3.07 ±0.28 (9.1%) 2.67 ±0.24 (9%)
Na 2.18 ±0.2 (9%) 2.56 0.23 (9%)
Ni − ​ 4.24 ​
K 1.56 ±0.14 (9%) 1.32 ±0.12 (9%)
Ca 1.42 ±0.13 (9%) 1.16 ±0.10 (9%)
Fe 4.47 ±0.4 (9%) 2.35 ±0.21 (9%)
Cu 1.05 ±0.10 (9.5 %) 0.89 ±0.09 (10%)
Cr 0.46 ±0.05 (11%) 0.23 ±0.03 (13%)
Zn 0.16 ±0.02 (12.5%) 0.09 ±0.01 (11)

A. Namdar Zangeneh et al.                                                                                                                                                                                                                   Biomass and Bioenergy 213 (2026) 109383 

6 



and food waste using metal-doped catalysts yields distinct product dis
tributions and biochar properties compared to non-catalytic or single- 
catalyst systems. Overall, the research validates the feasibility of con
verting municipal and food waste into value-added biochar and hydro
carbons through a catalytic pyrolysis process.

3.7. Thermogravimetric analysis

The thermal stability of Fe, Ni/Fe, and HZ biochars was investigated 
using a TGA/DTG analyzer. The TGA and the DTG curves for Fe, Ni/Fe, 
and HZ biochars are presented in Fig. 5. The initial weight loss peak for 
all samples occurred in the range of 30-100 ◦C, attributed to the evap
oration of absorbed moisture. The weight losses for Fe, Ni/Fe, and HZ 
were 1.0%, 1.5%, and 1.5%, respectively. The weight loss trends of Fe 
and Ni/Fe biochars suggests similar thermal resistance. In the range of 
200-550 ◦C, the DTG curves show more weight changes for Fe and 
specially HZ compared to Ni/Fe. This difference between Fe and Ni/Fe 
can be attributed to the presence of nickel particles on the Ni/Fe surface 
of biochar, acting as a heat-resistant metal and enhancing the thermal 
stability of the sample. Moreover, the DTG curve for HZ biochar shows a 
gradual weight loss starting from around 200 ◦C, contrasting with the 
other two samples. The weight losses in this temperature range, over
lapping with the degradation of hemicelluloses, cellulose, and lignin 
[53], were 4.1%, 3.8%, and 9.6% for Fe, Ni/Fe, and HZ, respectively. 
These differences suggest the positive impact of metal catalysts in 
enhancing thermal resistance. The major weight loss peak for Fe (6.3%) 
and Ni/Fe (5.4%) biochars occurred in the range of 600-750 ◦C. This 
suggests that the resistance of nickel and iron metals to degradation 
diminishes at higher temperatures. HZ biochar showed a 7.1% weight 
loss in this range, closer to the other two samples compared to the 
previous temperature range. The overall weight losses for Fe, Ni/Fe, and 
HZ biochars were 15.16%, 14.75%, and 23.85%, respectively.

In a study by Pariyar et al. on biochar from pyrolysis of kitchen waste 
at 550 ◦C, which has relatively similar conditions and waste to this 
study, the weight loss was around 36% [54]. The difference in thermal 

stability between the biochars of the aforementioned and the present 
study could be attributed to the presence of catalysts on the biochar's 
surfaces in this research. Catalysts can reduce activation energy and 
enhance the decomposition of feedstock, leading to a better pyrolysis 
process [37]. Priya et al. also observed weight losses of around 17-30% 
for biochars pyrolyzed at 650 ◦C [54], closer to the results of this study, 
further supporting the impact of catalysts on enhancing the quality of 
the pyrolysis process.

The presence of catalysts, especially metal catalysts, on the surface of 
the biochar samples enhances their thermal stability, making them 
promising candidates for applications such as catalysis, energy storage, 
and electrodes, where biochars are exposed to high temperatures.

4. Conclusion

The findings of this study underscore the significance of catalyst 
selection in influencing product distribution and biochar properties 
from catalytic fast pyrolysis of household waste. The key novel contri
butions are: (1) systematic demonstration that catalyst chemistry (acidic 
zeolite vs. basic/neutral zeolite vs. redox-active metal oxide) funda
mentally alters biochar yield, surface area, and thermal stability; (2) 
identification of Fe3O4 as a superior catalyst for producing high-surface- 
area biochar (480 m2/g) without post-treatment; and (3) elucidation 
that Ni and Co coatings, while reducing surface area, significantly 
enhance thermal stability (up to ~15% weight loss), offering a trade-off 
for applications requiring thermal resistance.

Notably, HZSM-5-based catalysts demonstrated superior biochar 
yield, while Fe3O4-based catalysts exhibited higher bio-oil production. 
Moreover, the coating of catalysts with nickel and cobalt impacted 
product yields and biochar characteristics. It was observed that the use 
of transition metals reduced the bio-oil yield in favor of more biogas 
production. Also, despite reductions in specific surface area and porosity 
observed in coated catalyst samples, the presence of catalysts on bio
char's surface presented opportunities for catalytic and energy storage 
applications, as they provide an abundant number of active sites on the 
surface of biochar. It is worth noting that using uncoated catalysts 
resulted in biochars with high surface areas compared to ordinary bio
char of fast pyrolysis. Additionally, the presence of catalysts on the 
surface of biochars was seen to enhance their thermal stability due to 
their ability to promote pyrolysis reactions and the heat resistance of 
metal-containing catalysts, which further improved this quality.

Although these biochars have a higher surface area than most bio
chars produced from fast pyrolysis, without additional operations, they 
have relatively low surface area and porosity, which usually cannot 
meet the requirements of practical applications [27]. Therefore, it is 
necessary for these biochars to undergo a post-treatment process. 
Post-treatment methods such as activation (physical or chemical), ball 
milling, coating with carbonaceous materials, chemical modification, 
etc., can significantly improve the surface area and porosity of biochar.

A key limitation of this study is the lack of catalyst reusability, sta
bility, and regeneration analysis; future work will investigate the recy
clability of these catalysts and the long-term stability of the produced 
biochars. Additionally, the proposed applications in catalysis and energy 
storage were not experimentally demonstrated and remain speculative 
pending further characterization and performance testing. Future 
research could explore the specific catalytic activities of the produced 
biochars and their potential applications in various fields, including 
quantitative assessment of their performance in real-world applications 
such as soil amendment, wastewater treatment, or electrode materials. 
Additionally, optimizing the pyrolysis process parameters and catalyst 
characteristics, including variation of metal loading and systematic gas 
composition analysis, would provide deeper mechanistic insights.
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