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INTRODUCTION

Urban expansion and the transition to circular 
economies have highlighted the need to implement 
sustainable approaches to the treatment of urban 
solid waste. Among the sources of urban solid 
waste, pruning waste generated in urban green 
spaces and recreational areas generates serious 

urban planning problems when not properly uti-
lized [Pedroza et al., 2021]. Commonly, most of 
this waste is discarded in landfills or incinerated, 
and a small fraction is used in compost preparation 
[Ashani et al., 2020; Ayilara et al., 2020]. Despite 
its potential to generate environmental benefits, its 
use is still limited due to the lack of quantitative 
data on its production and quantity, the difficulties 
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in classifying it, and transportation and storage 
challenges [Meira et al., 2024]. In response to this 
problem, the pyrolysis process represents a viable 
alternative for the efficient processing of munici-
pal lignocellulosic wastes, which is characterized 
by their environmentally sustainable nature and 
its diverse products [Ayiania et  al., 2019]. The 
valorization of these wastes through pyrolysis is 
considered an opportunity with great environmen-
tal and energy potential, although it often presents 
economic and implementation limitations [Mac-
carini et al., 2020]. 

Ficus benjamina is a perennial shrub com-
monly used for ornamental purposes. It belongs 
to the Ficus genus (Moraceae) and comprises 
more than 800 species around the world [Ad-
hikari et al., 2023]. It is one of the most relevant 
urban tree species, and its prevalence is highlight-
ing in multiple cities. It is characterized by its 
rapid growth, generating around 16 kg of prun-
ing per individual [Pérez-Arévalo & Velázquez-
Martí, 2018], so frequent pruning is necessary to 
regulate its expansion and leafiness. These resi-
dues could be used to produce biochar through 
the pyrolysis, which represents a viable option 
to reduce waste disposal problems and develop 
a circular economy in urban environments [Wal-
likhani et al., 2022].

Biochar, is a carbon-rich product obtained 
from the pyrolysis of lignocellulosic biomass un-
der limited oxygen conditions [Pérez et al., 2025], 
and temperature, the operating variable of pyroly-
sis, influences the physicochemical properties of 
biochar [Handiso et al., 2024], for instance, wood 
waste derived biochar has been observed to in-
crease with increasing temperature, pH, electrical 
conductivity, ash content, fixed carbon, and spe-
cific surface area, while volatile matter content, 
hydrogen, and oxygen content decrease [Rabiee 
Abyaneh et al., 2024]. Furthermore, the textural 
properties, such as the BET surface area, signifi-
cantly determine the functionality of biochar as a 
soil amendment and carbon sequestration agent, 
establishing a direct correlation between the 
chemical composition and the cation exchange 
capacity [Ferraro et  al., 2024; Taboada-Ruiz 
et al., 2024]. However, the safe application of bio-
char requires considerations of quality and safety. 
Pyrolytic conversion of various biomasses under 
different carbonization conditions results in bio-
chars with varying levels of polycyclic aromatic 
hydrocarbons (PAHs), persistent organic pollut-
ants formed during pyrolysis due to incomplete 

combustion of organic matter [De la Rosa et al., 
2019; Odinga et al., 2021].

Despite growing interest in the valorization of 
urban pruning waste through pyrolysis, there is a 
significant gap in specific content on the physi-
cochemical characteristics and PAHs content of 
biochars derived from Ficus benjamina, limiting 
the optimization of processing parameters and 
the evaluation of their safe application potential 
in environmental systems. Therefore, this study 
aimed to evaluate the effect of carbonization 
temperature on the physicochemical, energetic, 
and textural properties of biochar produced from 
pruned Ficus benjamina branches, including the 
determination of yield, higher calorific value, 
structural stability, BET surface area and PAHs 
concentrations, in order to assess its potential as a 
solid biofuel and safe soil amendment.

MATERIALS AND METHODS

Materials

The pruned branches of Ficus benjamina trees 
were collected from urban parks in Chiclayo city, 
Peru. After collection, the material was manually 
sorted, separating the leaves from the branches. 
Only branches with diameters between 12 ± 3 mm 
were selected, which were cut into sections of ap-
proximately 10 cm in length to facilitate handling 
and processing. Subsequently, the branches were 
dried in a forced convection oven (Binder brand, 
model FD 115) at 105 ± 5 °C for 24 h, to elimi-
nate the remaining moisture. A fraction of these 
branches was initially crushed using a domestic 
mill (Corona model L12104), followed by fine 
grinding in an analytical knife mill (IKA M20 
universal mill) until a homogeneous powder was 
obtained. The pulverized material was sieved us-
ing a vibrating screen, selecting particles ranging 
in size from 0.075 to 0.3 mm (Fig. 1). The whole 
and ground samples were stored in airtight bags 
and kept in a desiccator to prevent moisture re-
absorption prior to characterization or subsequent 
thermal carbonization.

Biochar preparation

The dried Ficus benjamina branches were cut 
into 1 to 2 cm long segments and subsequently 
subdivided longitudinally to optimize surface 
exposure during the carbonization process. For 
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pyrolysis, a carbonization system was used in a 
limited oxygen atmosphere using 100 ml porce-
lain crucibles. The carbonization protocol con-
sisted of placing 30 ml of previously washed sea 
sand as a base layer in the crucible (1), followed 
by 20 g of the sample (2), and then completely 
covering the crucible with sand up to the rim (3). 
The sea sand acted as a deoxygenating agent to 
create a reducing atmosphere. The crucible was 
covered with aluminum foil over its mouth and, 
subsequently, the corresponding lid was placed 
(4) to minimize gas exchange with the outside en-
vironment (Fig. 2). 	

Carbonization was carried out in an electric 
muffle furnace (Thermolyne, Eurotherm 2116 
model) at temperatures of 400, 500, and 600 
°C in triplicate for each temperature (5). Once 
the target temperature was reached, the samples 
were held for 2 h to ensure complete thermo-
chemical conversion. The samples were sub-
sequently cooled inside the muffle furnace for 

24 h until they reached room temperature. The 
biochar obtained (6) was separated from the sea 
sand by sieving with a mesh stainless steel strain-
er (7), weighed, and labeled BR400, BR500, and 
BR600 depending on the process temperature. 
For subsequent physicochemical analyzes, the 
biochar was washed with distilled water to re-
move sea sand residue, oven dried at 80 °C for 
24 h, manually crushed in a porcelain mortar and 
sieved with a Tyler 100 mesh. The final samples 
were stored in airtight plastic bags inside a desic-
cator until analysis. The mass yield (Y), energy 
yield (EY) and fuel ratio of biochars were deter-
mined using Eq. 1, 2 and 3.

	 Y (%) = Biochar weight (g)
Biomass weight (g) · 100 (1) 

 
EY (%) = HHVbiochar

HHVbiomass
·Y (2) 

 
Fuel ratio = Fixed carbon content

Volatile matter content
 (3) 

 
 
Fixed carbon (%) = 100 – (% of volatile matter + % of ash) (4) 
 
𝑂𝑂 (%) = 100 −  (% C + % H + % N + % S + % of ash) (5) 
  
R50 = 0.17·(0.474VM +0.963FC+0.067ash)

(100 − ash)+0.00479
 (6) 

 
MRT =4501·e-1.3VM·FC− 0.8 (7) 
 
fa = 0.967·FC

C
 (8) 

 
SCF =0.921 − 0.422 VM FC⁄  (9) 
 
 

	 (1)

	

Y (%) = Biochar weight (g)
Biomass weight (g) · 100 (1) 

 
EY (%) = HHVbiochar

HHVbiomass
·Y (2) 

 
Fuel ratio = Fixed carbon content

Volatile matter content
 (3) 

 
 
Fixed carbon (%) = 100 – (% of volatile matter + % of ash) (4) 
 
𝑂𝑂 (%) = 100 −  (% C + % H + % N + % S + % of ash) (5) 
  
R50 = 0.17·(0.474VM +0.963FC+0.067ash)

(100 − ash)+0.00479
 (6) 

 
MRT =4501·e-1.3VM·FC− 0.8 (7) 
 
fa = 0.967·FC

C
 (8) 

 
SCF =0.921 − 0.422 VM FC⁄  (9) 
 
 

	 (2)

	

Y (%) = Biochar weight (g)
Biomass weight (g) · 100 (1) 

 
EY (%) = HHVbiochar

HHVbiomass
·Y (2) 

 
Fuel ratio = Fixed carbon content

Volatile matter content
 (3) 

 
 
Fixed carbon (%) = 100 – (% of volatile matter + % of ash) (4) 
 
𝑂𝑂 (%) = 100 −  (% C + % H + % N + % S + % of ash) (5) 
  
R50 = 0.17·(0.474VM +0.963FC+0.067ash)

(100 − ash)+0.00479
 (6) 

 
MRT =4501·e-1.3VM·FC− 0.8 (7) 
 
fa = 0.967·FC

C
 (8) 

 
SCF =0.921 − 0.422 VM FC⁄  (9) 
 
 

	 (3)

Figure 1. Sample preparation for characterization and carbonization

Figure 2. Preparation of biochar from Ficus benjamina branches
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Proximate and elemental analysis

The quantification of the ash and volatile mat-
ter content of the pruned branches of Ficus ben-
jamina and the biochar produced was carried out 
according to the procedures of ASTM D3175 and 
ASTM D3174, respectively, in triplicate. Results 
were expressed as weight percentages on a dry 
basis. The fixed carbon content was determined 
by difference, according to Eq. 4 [Tu et al., 2022]. 
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The C, H, and N contents of the pruned Fi-
cus benjamina branches and the biochar produced 
were determined using the elemental analyzer of 
the CKIC model 5E-CHN2200, according to the 
ASTM D5373 procedure, while the S content 
was determined using the 5E-IRSII module of 
the CKIC model, according to the ASTM D4239 
procedure. For the analysis of C, H, N, and S, 
approximately 0.3 g of sample was used and the 
samples were carried out in triplicate. Values were 
expressed as percentages by weight and on a dry 
basis. The oxygen (O) content was determined by 
difference, according to Eq. 5 [Tu et al., 2022]. 
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Analysis of higher calorific values

The higher calorific value (HHV) of the 
pruned branches of Ficus benjamina and the re-
sulting biochars were determined according to 
ASTM D5865-07. A LECO Isoperibol AC600 
calorimeter was used. Approximately 0.2 g of 
dry sample was placed in the bomb calorimeter, 
which was pressurized with oxygen to 3 MPa. 
The results were expressed in MJ kg-1, on a dry 
basis, and each test was performed in triplicate. 

pH and electrical conductivity analysis

The pH of the biochars produced was deter-
mined by preparing a suspension of 1 g of biochar 
in 20 ml of distilled water. Samples were shaken 
on a Multi Bio RS-24 rotary shaker at 100 rpm 
for 24 h and then left to stand for 30 min. After 
this time, the reading was taken with a pH meter 
(HANNA, model HI2300), which was previously 
calibrated with buffer solutions of 4, 7, and 10. 

The pH reading was considered stable when it did 
not vary more than 0.1 units for 30 s. Electrical 
conductivity was determined using the same solu-
tion used in pH measurement using an EC/TDS/
NaCl/°C meter (HANNA, model HI2300). Both 
analyses were performed in triplicate.

Stability of biochars

The stability of biochars was evaluated by 
calculating the recalcitrance potential (R50), the 
mean residence time (MRT), the aromaticity fac-
tor (fa) and the stable carbon mass fraction (SCF) 
from the proximate and elemental analyses, using 
Eq. 6 to 9 [Sette et al., 2020]. 
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where:	FC, C and VM correspond to the fixed 
carbon, volatile matter and carbon con-
tent of the biochars, in wt. %.

Analysis of BET surface area and total pore 
volume

The surface area and total pore volume analy-
sis of the Ficus benjamina branches and biochars 
was performed on a Micromeritics Autochem II 
2920 V5.02 analyzer by the single-point method 
at a relative pressure of 0.3 using nitrogen adsorp-
tion at –180 °C, according to the ISO 9277 pro-
cedure. Samples were degassed at 100 °C for 30 
min prior to BET surface area analysis. The total 
pore volume was determined from the volume of 
nitrogen adsorbed at a relative pressure of 0.97.

Analysis of polycyclic aromatic hydrocarbon

Fifteen of the 16 PAHs identified by the Unit-
ed States Environmental Protection Agency (US 
EPA) were analyzed. Analytical standards were 
purchased from Accustandard (New Haven, CT, 
USA). PAHs were extracted by weighing 5 g of 
biochar sample in 50 ml Falcon tubes, followed by 
the addition of 5 ml of ultrapure water and 10 ml 
of acetonitrile. The mixture was vortexed for 10 
min, then subjected to ultrasonic extraction for 10 
min, and finally centrifuged at 4500 rpm and 4 °C 
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for 5 min. One ml of the supernatant was taken for 
analysis using an ultra-high performance liquid 
chromatography-fluorescence detector (UHPLC-
FLD) using an Agilent 1290 Infinity II system 
(Agilent Technologies, USA) with OpenLAB CD 
ChemStation Rev. C. 01.10 software. Chromato-
graphic separation was performed on an Agilent 
Zorbax Eclipse PAH column (4.6 mm idx100 mm, 
1.8 μm) with a flow rate of 1.8 ml/min, mobile 
phase of type I water and acetonitrile, column tem-
perature of 25 °C and injection volume of 10 μL.

Statistical analysis

Data were analyzed using one-way ANOVA 
with Duncan’s post hoc test (p ˂ 0.05). When 
the assumptions of normality and homogeneity 
of variance were not met with the Shapiro-Wilk 
and Levene tests, respectively, the nonparamet-
ric Kruskal-Wallis test with Holm’s post hoc test 
was used. The analyzes were performed using the 
RStudio 2024.04.1 software.

RESULTS AND DISCUSSION

Physicochemical characterization of biochars

The physicochemical characterization of the 
produced biochars is summarized in Table 1. 

Proximal composition

The proximate composition of the biochars 
obtained from the pruned branches of Ficus ben-
jamina showed significant compositional changes 

related to the carbonization temperature (p < 0.05). 
The volatile matter content progressively decreased 
with increasing temperature (Table 1) as a result of 
the degradation and vaporization of the lignocel-
lulosic components, specifically hemicellulose and 
cellulose. This behavior is consistent with previ-
ous studies on biochars derived from various her-
baceous and woody plants [Tu et al., 2022]. In turn, 
the ash content increased significantly, evidencing 
the progressive concentration of mineral compo-
nents after volatilization of the organic fraction 
[Li Lee et  al., 2017] and the presence of higher 
inorganic components [Tu et  al., 2022], a trend 
consistent with studies on biochars derived from 
black pine, willow, and poplar wood [Ferraro et al., 
2024]. Consistent with these changes, fixed car-
bon, a fundamental parameter of the structural sta-
bility of biochar in soils [Yu et al., 2022], showed 
a significant increase due to the progressive trans-
formation of biomass through dehydration, de-
polymerization, and formation of stable aromatic 
structures [Lijie et al., 2020]. These compositional 
changes show, on the one hand, that the increase in 
ash can limit energy applications due to a reduction 
in calorific value and the formation of slags during 
combustion [Kukuruzović et al., 2023], and, on the 
other hand, its rich profile in essential nutrients fa-
vors its use as a mineral amendment in agricultural 
soils [Zając et al., 2018].

Elemental composition

Elemental analysis of biochars derived from 
pruned branches of Ficus benjamina revealed 
significant compositional changes as carboniza-
tion temperatures increased (Table 1). The carbon 

Table 1. Physicochemical properties of biochars from pruned branches of Ficus benjamina 
Properties Branches* BR400 BR500 BR600

Volatile matter (wt.% dry basis) 83.99 ± 0.26 26.58 ± 0.21a 21.47 ± 0.20b 17.04 ± 0.32c

Ash (wt.% dry basis) 3.39 ± 0.03 10.49 ± 0.07c 11.34 ± 0.035b 13.41 ± 0.033a

Fixed carbon (wt.% dry basis) 12.62 ± 0.2 62.93 ± 0.27c 67.19 ± 0.23b 69.55 ± 0.34a

C (wt.% dry basis) 42.36 ± 0.02 66.71 ± 0.55b 68.93 ± 0.061a 67.45 ± 0.18ab

H (wt.% dry basis) 6.15 ± 0.2 2.71 ± 0.32a 2.25 ± 0.076b 1.76 ± 0.046c

N (wt.% dry basis) 0.64 ± 0.02 0.72 ± 0.034a 0.74 ± 0.040a 0.76 ± 0.06a

S (wt.% dry basis) 0.045 ± 0.004 0.11 ± 0.00b 1.40 ± 0.070a 1.49 ± 0.017a

O (wt.% dry basis) 47.42 ± 0.2 19.27 ± 0.34 15.33 ± 0.16 15.14 ± 0.22

H/C 1.74 0.49 ± 0.061 0.39 ± 0.001 0.31 ± 0.0081

O/C 0.84 0.22 ± 0.0054 0.17 ± 0.0019 0.17 ± 0.0029

pH -- 8.64 ± 0.015 9.54 ± 0.042 10.49 ± 0.022

Electrical conductivity (dS m-1) -- 1.48 ± 0.020 2.02 ± 0.037 3.21 ± 0.032

Note: Equal letters in the same row means there is no statistically significant difference. * [Llanos et al., 2023].
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content progressively increased from 400 °C to 
500 °C, attributed to enhanced devolatilization 
of hydrogen and oxygen in water vapor, as well 
as elimination of oxygenated functional groups 
(carboxyl and hydroxyl), which selectively con-
centrate carbon in the carbon matrix [Chaves 
Fernandes et  al., 2020]. However, a decrease in 
carbon content was observed at 600 °C. This ef-
fect could be explained by secondary gasification 
processes, where solid carbon is transformed into 
gaseous compounds (CO and CO2), favored by 
the porous structure of biochar and the presence 
of inorganic elements with catalytic activity [L. 
Wang et  al., 2023]. This behavior has been re-
ported in lignocellulosic biomasses under intense 
thermal conditions [Chaves Fernandes et  al., 
2020; Oginni & Singh, 2020].

At the same time, the hydrogen content de-
creased significantly (p ˂ 0.05) with increasing 
carbonization temperature from 400 °C to 600 °C, 
a trend consistent with studies on carbonized black 
pine, poplar, and willow biochars between 400 °C 
and 650 °C [Ferraro et al., 2024], associated with 
aromatic condensation and increased thermal sta-
bility [Chaves Fernandes et al., 2020]. Similarly, 
the oxygen content decreased significantly due to 
the loss of oxygenated functional groups, such as 
carboxyls, carbonyls and hydroxyls, through de-
hydration, decarboxylation, and decarbonylation 
reactions, processes that intensify aromatic con-
densation and increase the hydrophobicity and 
structural stability of biochar [Oginni & Singh, 
2020]. A similar behavior was reported in euca-
lyptus biochars, where the oxygen content de-
creased from 19.41 wt.% to 10.57 wt.% when 
carbonized between 450 °C and 950 °C [Chaves 
Fernandes et al., 2020]. 

In contrast, the nitrogen content did not show 
significant variations while maintaining values of 
0.76 ± 0.06 wt.%, indicating retention in thermo-
stable structures, such as nitrogenous heterocy-
clic compounds resistant to pyrolytic volatiliza-
tion [Usman et  al., 2015]. Similar behavior has 
been observed in biochars derived from Miscan-
thus x giganteus and Kanlow switchgrass, where 
the nitrogen content increased from 1.08 wt.% to 
1.55 wt.% and from 0.64 wt.% to 1.20 wt.%, re-
spectively, when carbonized between 500 °C and 
900 °C [Oginni & Singh, 2020], in addition in eu-
calyptus biochars carbonized between 750 °C and 
950 °C with an increase from 1.06 wt.% to 1.34 
wt.% nitrogen [Chaves Fernandes et al., 2020]. 

Finally, the sulfur content showed a signifi-
cant increase from 0.045 ± 0.004 wt.% in the ini-
tial biomass to 1.40 ± 0.070 wt.% at 500 °C, stabi-
lizing at 600 °C (1.49 ± 0.017 wt.%), evidencing 
retention in less volatile structures or thermal sat-
uration of the process, variable behavior depend-
ing on the chemical nature of sulfur in the original 
biomass. This behavior has been reported in other 
studies when carbonizing Kanlow switchgrass 
from 500 °C to 900 °C, whose sulfur content in-
creased from 0.11 wt.% to 0.21 wt.% [Oginni & 
Singh, 2020]. These results indicate that there is 
an optimal thermal threshold between 400 °C and 
500 °C to maximize the carbon content, while 
low nitrogen levels (< 0.98 wt.%) favor energy 
applications with reduced environmental impact 
by minimizing the risk of NOx formation during 
combustion [Ahmad et al., 2017].

H/C and O/C ratio

The H/C and O/C ratios, obtained from the 
data in Table 1, showed a progressive decrease 
with increasing carbonization temperature. The 
decrease in the H/C ratio is due to a significant 
loss of hydrogen in the carbon matrix, attributed 
to dehydration, dehydrogenation, and C–H bond 
cleavage reactions, which favors the formation 
of more stable aromatic structures [Shakya et al., 
2022; Venkatesh et al., 2022]. Similarly, the O/C 
ratio progressively decreased from 0.84 (branch-
es) to 0.17 ± 0.0029 (600 °C), due to decarbox-
ylation and dehydration reactions that eliminate 
oxygen in the form of CO and CO2, promoting 
carbon aromatization [Venkatesh et  al., 2022]. 
Previous studies agree with this trend, showing 
that biochars derived from woody biomass tend 
to present lower H/C and O/C ratios as the car-
bonization temperature increases, which is as-
sociated with greater structural stability [Chaves 
Fernandes et al., 2020; Tu et al., 2022]. 

The H/C ratios < 0.7 and O/C < 0.4 in bio-
chars are considered suitable for agricultural ap-
plications and as soil carbon sequestration agents, 
according to the guidelines established by the 
International Biochar Initiative (IBI) and the 
European Biochar Certificate (EBC) [Ibi, 2015; 
The European Biochar Certificate, 2023]. Bio-
chars produced from Ficus benjamina branches 
meet the IBI and EBC guidelines, suggesting 
their potential to amend carbon-deficient soils 
and promote long-term carbon storage. Previous 
studies have shown that the O/C ratio is a criti-
cal indicator of biochar stability in soil, an O/C 
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ratio ˂ 0.2 is associated with a half-life greater 
than 1000 years, while ratios between 0.2 and 0.6 
correspond to a half-life between 100 and 1 000 
years and values greater than 0.6 are associated 
with stability less than 100 years [Tu et al., 2022]. 

According these criteria, biochar obtained at 
400 °C could have an estimated half-life between 
100 and 1 000 years, while biochars obtained at 
500 °C and 600 °C would show a persistence 
greater than 1000 years. This high structural sta-
bility is essential not only to ensure long-term 
carbon sequestration in agricultural soils, but 
also to prolong their functionality as an organic 
amendment without rapid degradation. Further-
more, low H/C and O/C ratios correlate with low-
er CO2, soot and water vapor emissions during 
combustion, resulting in greater energy efficiency 
[Hadey et  al., 2022]. In this context, the gener-
ated biochars are technically viable as alternative 
solid fuels. Taken together, the results support the 
idea that the biochars obtained in this study meet 
essential technical criteria for energy, environ-
mental, and agronomic applications, representing 
a sustainable option for the management of urban 
lignocellulosic waste.

pH and electrical conductivity 

The pH and electrical conductivities of the 
biochars derived from the pruned branches of 
Ficus benjamina are summarized in Table 1. The 
pH of the biochars ranged from 8.64 ± 0.015 to 
10.49 ± 0.022 with increasing carbonization tem-
perature from 400 °C to 600 °C. This behavior 
confirms the alkaline nature of biochar, widely 
reported in the literature [Shakya et al., 2022; S.-
X. Zhao et  al., 2017]. The progressive increase 
in pH can be attributed to several thermochemi-
cal mechanisms. The decomposition of acidic 
functional groups, such as carbonyls (–COOH), 
reduces surface acidity, while the relative concen-
tration of mineral components, especially alkaline 
salts and carbonates, such as CaCO3 and MgCO3, 
contributes to the increase in alkalinity through 
the thermal transformation of organic fractions 
and the accumulation of ash [Shakya et al., 2022; 
Tu et al., 2022]. This alkaline mineralization in-
tensifies with increasing temperature, increasing 
the buffering capacity of the material. From an 
agronomic perspective, the high pH values of bio-
chars produced at 400, 500, and 600 °C give them 
the potential to correct soil acidity, improve nu-
trient availability, and optimize cation exchange 

capacity, which can generate more favorable con-
ditions for crop development in degraded or acid 
soils [Ortiz et al., 2020]. Similarly, its application 
can help mitigate greenhouse gas emissions from 
the soil by reducing denitrification processes and 
stabilizing organic compounds.

Unlike pH, which measures hydrogen ion ac-
tivity, electrical conductivity (EC) is a critical pa-
rameter for evaluating the agronomic performance 
of soil-applied amendments because it provides a 
direct estimate of salinity and significantly influ-
ences plant growth [Abbas et  al., 2018]. In this 
study, the biochars obtained showed a significant 
increase in EC with increasing carbonization 
temperature, from 1.48 ± 0.020 dS m-1 at 400 °C 
to 3.21 ± 0.032 dS m-1 at 600 °C (Table 1). This 
variation is related to the increase in the content 
of ash and the accumulation of inorganic mineral 
salts released during pyrolysis, such as Na, K, Ca, 
and Mg [Oginni & Singh, 2020]. Previous studies 
have reported biochars derived from agricultural, 
herbaceous and industrial biomasses with higher 
EC than those obtained in this study, indicating 
the moderately saline nature of the biochars ana-
lyzed [Abbas et al., 2018; Oginni & Singh, 2020]. 
According to the recommended EC ranges for 
soil amendments, biochars produced at 400 °C 
and 500 °C would be classified as non-saline (0 
to 2 dS m-1) and are appropriate for application 
in non-saline or very low salinity soils. On the 
contrary, biochar obtained at 600 °C, which has 
an EC of 3.21 dS m-1, would be classified within 
the moderate salinity range and can be used in 
soils with some salt accumulation, without pos-
ing a risk of ionic toxicity [Smith & Doran, 2015; 
Venkatesh et al., 2022].

Overall, the results indicate that these bio-
chars prepared between 400 °C and 600 °C have 
physicochemical properties compatible with sus-
tainable agronomic applications. The accumula-
tion of an alkaline pH, a moderate ash content, 
and EC values within appropriate ranges reinforc-
es their viability as an amendment for acid soils 
or low- salinity soils.

BET area and total pore volume 

The Ficus benjamina branches presented a 
BET surface area of 0.18 m2 g-1 and a total pore 
volume of 0.0001 cm3 g-1, while the biochars 
showed significant increases from 3.49 m2 g-1 to 
26.04 m2 g-1 (BET surface area) and from 0.0018 
cm3 g-1 to 0.013 cm3 g-1 (total pore volume) with 
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increasing temperature from 400 °C to 500 °C 
(Fig. 3). This increase is attributed to the release 
of volatile matter and the formation of pores 
during the thermal decomposition of the lig-
nocellulosic structure of the branches [Elnour 
et al., 2019]. Furthermore, this behavior induces 
the formation of vascular channels, microfrac-
tures, and amorphous carbonaceous structures 
[S.-X. Zhao et al., 2017], increasing the poros-
ity of the charred material. However, increasing 
the temperature from 500 °C to 600 °C (18.69 
m2 g-1 and 0.0094 cm3 g-1) showed a decrease in 
both parameters. This reduction may be associ-
ated with the deposition of polycondensed aro-
matic structures on the surface of the coal and 
the partial collapse of the carbon matrix, lead-
ing to pore clogging or fine particles formation 
[Ortiz et al., 2020]. 

The low surface area observed in this study 
could be explained by the high ash content, 
whose inorganic components block the entry 
of nitrogen gas during adsorption at 77 K [Kim 
et al., 2020; Song & Guo, 2012]. Similar results 
have been reported for biochars derived from 
other lignocellulosic residues, such as palm fi-
bers [Selvarajoo & Oochit, 2020] and black pine 
wood [Ferraro et  al., 2024], where the textural 
behavior depends on the carbonization condi-
tions and the mineral content of the source bio-
mass. In this context, biochar produced at 500 °C 
for 2 h shows a larger surface area BET and an 
optimal ash content, suggesting its suitability 
as a multifunctional amendment with potential 

applications in both the energy and environmen-
tal management sectors. 

Stability of the produced biochars

Biochars derived from pruned branches of Fi-
cus benjamina showed a progressive increase in the 
recalcitrance potential (R50) as the carbonization 
temperature increased from 400 °C to 600 °C, reach-
ing values of 0.140 ± 0.0002 to 0.149 ± 0.0003, re-
spectively (Table 2). This increase reflects a higher 
relative aromatic carbon content compared to other 
less condensed forms [Oginni & Singh, 2020]. The 
results are in agreement with previous studies on 
Miscanthus x giganteus and Kanlow switchgrass 
biochars, obtained by carbonization between 500 
°C and 700 °C for 30 min [Oginni & Singh, 2020] 
and on biochars derived from fruit waste used in 
the wine and cider industries, obtained by pyrolysis 
and gasification [Sette et al., 2020]. The R50 values 
were lower than 0.5, placing them below highly 
recalcitrant materials such as soot or graphite, the 
observed behavior suggests moderate resistance to 
degradation and adequate potential for carbon se-
questration in soils [Harvey et al., 2012]. 

The aromaticity factor (fa) and the stable car-
bon mass fraction (SCF) also increased signifi-
cantly with increasing carbonization temperature 
(Table 2). These results are consistent with studies 
reported for biochars produced from apple pom-
ace and grape residues [Sette et al., 2020] and for 
biochars produced from Miscanthus x giganteus, 
which showed fa ranging from 0.928 to 0.975 and 

Figure 3. BET area and pore volume of Ficus benjamina
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SCF ranging from 0.827 to 0.872 [Oginni & Singh, 
2020]. However, the fa (0.463 to 0.670) and SCF 
(0.695 to 0.852) reported in biochars derived from 
carbonized walnut and almond shells at 400, 500, 
and 600 °C with a residence time of 2 h [Ortiz 
et al., 2020] were lower values than those reported 
in this study. This behavior would be related to the 
fact that Ficus benjamina biochars contain a high-
er fixed carbon content and a lower proportion of 
volatile compounds [Ortiz et al., 2020]. These re-
sults show that the lignocellulosic content of the 
source biomass, together with the thermal condi-
tions, influence the formation of stable aromatic 
structures. Therefore, biochars obtained at 600 °C 
showed SCF values greater than 80 %, indicating 
a higher proportion of structurally recalcitrant car-
bon [Venkatesh et al., 2022]. 

Regarding the mean resistance time (MRT), 
the biochars evaluated reached values between 1 
627.146 ± 1.27 and 1 733.665 ± 3.75 years (Table 
2), with a significant increase as the carbonization 
temperature increased. These values are consistent 
with reported studies on biochars derived from fruit 
residues used in the wine and cider industry, whose 
MRT ranged between 1 253 and 1 701 years [Sette 
et al., 2020], and also with biochars derived from 
the pigeon pea (Cajanus cajan), which ranged be-
tween 903.6 and 1 553.58 years [Venkatesh et al., 
2022]. This high persistence suggests that biochars 
derived from branches of Ficus benjamina can act 
as long-lasting carbon sinks and contribute to res-
toration strategies for degraded soils. 

Overall, the results of this study indicate that 
biochars derived from branches of Ficus benjami-
na possess desirable agronomic and environmen-
tal characteristics. Their high aromaticity, high 
recalcitrance potential, significant stable carbon 
content, and half-life of more than 1000 years re-
inforce their applicability in sustainable soil man-
agement practices.

Yield and energetic properties of biochars

Mass and energy yield

The mass yield progressively decreased with 
increasing carbonization temperature (Fig. 4). 
This behavior is attributed to the release of vola-
tile compounds and non-condensable gases such 
as CO2, CO, H2, and CH4, generated by the ther-
mal decomposition of the lignocellulosic structure, 
which promotes the production of liquid and gas-
eous fractions [B. Zhao et al., 2018]. Previous stud-
ies have reported an inverse correlation between 
carbonization temperature and mass yield, since 
higher temperatures improve biochar stability and 
its adsorption capacity for environmental applica-
tions [Llanos et al., 2025; Vijayaraghavan & Bala-
subramanian, 2021]. In general, optimal biochar 
mass yields are typically reported in the 400 °C to 
500 °C, range, although they vary depending on the 
characteristics of the biomass used [Altıkat et al., 
2024]. This behavior was also observed in the py-
rolysis of Ficus religiosa wood and bark, where the 
mass yield varied from 38.9 wt.% to 22.6 wt.% be-
tween 350 °C and 550 °C [Rao et al., 2022], while 
in biochars produced from the carbonization of 
pine wood wastes in the range of 300 °C to 600 °C, 
the mass yield ranged from 66.4 wt.% to 37.3 wt.% 
[Vijayaraghavan & Balasubramanian, 2021].

Similarly, the energy yield showed significant 
differences depending on the carbonization tem-
perature. As it increased from 400 °C to 600 °C, 
the energy yield decreased from 51.6 ± 0.15% to 
39.36 ± 0.48%. This decrease is explained by the 
reduction in mass yield and the increase in ther-
mal degradation at elevated temperatures, which 
induces the formation of non-condensable vapors 
and gases [Baghel et al., 2022]. Biochar obtained 
at 400 °C and 500 °C showed higher energy yield, 
attributed to its higher carbon content and lower 
ash content, which resulted in an increase in its 
calorific value (Fig. 4). Similar results have been 
reported in the carbonization of Prosopis juliflo-
ra, where the energy yield decreased from 63.33 

Table 2. Recalcitrance potential, aromaticity factor, stable C mass fraction and mean residence time of biochars 
produced at 400, 500, 600 °C 

Parameters BR400 BR500 BR600

Recalcitrance potential (R50) 0.140 ± 0.0002 0.145 ± 0.0002 0.149 ± 0.0003

Aromaticity factor (fa) 0.912 ± 0.0047 0.942 ± 0.0039 0.997 ± 0.0030

Stable C mass fraction (SCF) 0.743 ± 0.0021 0.786 ± 0.0017 0.818 ± 0.0025

Mean residence time (years) 1627.146 ± 1.27 1676.570 ± 1.85 1733.665 ± 3.75
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to 42.90 wt.% with increasing temperature from 
300 °C to 600 °C for 1 h [Baghel et  al., 2022]. 
Therefore, biochar production at intermediate 
temperatures (400 °C to 500 °C) represents a more 
energy efficient option, optimizing the balance be-
tween product quality and recovered mass.

Fuel ratio

The fuel ratio (FR), defined as the ratio of the 
fixed carbon content to the volatile matter content, 
is a parameter used to evaluate the combustion 
properties of a solid fuel [Singh et  al., 2020]. In 
this study, the produced biochars showed a pro-
gressive increase in FR with increasing carboniza-
tion temperature, from 2.37 ± 0.029 at 400 °C, 3.13 
± 0.040 at 500 °C and 4.08 ± 0.097 at 600 °C. This 
increase is attributed to the reduction of the volatile 
fraction and the enrichment of fixed carbon during 
the increase of carbonization temperature, which 
is consistent with the literature on the thermal be-
havior of lignocellulosic materials [Mendoza Mar-
tinez et al., 2021]. According to various studies, the 
recommended values for FR in biochars intended 
for efficient combustion are in the range of 0.5 to 3 
[Singh et al., 2020]. In this context, biochars pro-
duced at 400 °C and 500 °C are within the optimal 
range for their potential use as solid fuel in con-
trolled combustion-based energy conversion pro-
cesses. In addition to FR, the heating value, another 

important parameter, provides a direct measure of 
the energy density of the biochar.

Higher heating value

The higher heating value (HHV) of the bio-
chars derived from the branches of Ficus ben-
jamina showed statistically significant differences 
(p ˂ 0.05) between the carbonized samples at 500 
°C and 600 °C (26.10 ± 0.2 MJ kg-1 and 24.23 ± 
0.22 MJ kg-1), while the increase observed be-
tween 400 °C and 500 °C (26.07 ± 0.075 MJ kg-1 
and 26.10 ± 0.2 MJ kg-1) was not significant (p ˃ 
0.05), as shown in Figure 3. The increase in fixed 
carbon content from 62.92 to 67.19 wt.% between 
400 °C and 500 °C initially favored the increase in 
HHV; while at 600 °C, the HHV decreased, pos-
sibly due to the increase in ash content, from 11.34 
wt.% to 13.41 wt.% between 500 °C and 600 °C. 
This behavior has been reported in other studies, 
such as the case of palm fiber biochars, whose 
HHV increased from 23.06 MJ kg-1 to 26.77 MJ 
kg-1 between 300 °C and 700 °C, and decreased 
to 25.61 MJ kg-1 when subjected to 900 °C [Sel-
varajoo & Oochit, 2020]. In general terms, the in-
crease in HHV with carbonization temperature is 
associated with the enrichment of fixed carbon, the 
loss of structural oxygen, and the increase in inor-
ganic content can reduce HHV [Oginni & Singh, 
2020; Selvarajoo & Oochit, 2020]. However, at 

Figure 4. Mass yield, energy yield and HHV of biochars
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high temperatures, structural degradation and in-
crease in inorganic content can reduce the HHV of 
biochar. 

Biochars produced at 400 °C and 500 °C re-
corded HHV values between 25 and 30 MJ kg-1, 
which fall within the optimal range for solid fuels 
[Ilyushechkin et al., 2014]. The HHV of these bio-
chars significantly exceeded the HHV of Hailar 
lignite 20.89 MJ kg-1) [An et  al., 2017], bitumi-
nous coal (25.86 MJ kg-1) [Geng et al., 2016], sub-
bituminous coal (24.30 MJ kg-1) [Valdés et  al., 
2016] and with HHV similar to charcoal (26.07 
MJ kg-1) [Motghare et al., 2016]. On the contrary, 
biochar produced at 600 °C had a HHV of 24.23 
MJ kg-1, equivalent to sub-bituminous coal. This 
behavior is attributed to the excessive volatiliza-
tion of organic compounds at elevated tempera-
tures, suggesting that temperatures above 500 °C 
compromise the energy efficiency of biochar. The 
comparative analysis establishes that optimized 
biochars (400 °C and 500 °C) constitute viable 
energy substitutes for conventional coals, exhibit-
ing characteristics superior to bituminous and sub-
bituminous coal and comparable to charcoal.

Carbonization temperature emerges as a criti-
cal parameter for maximizing energy potential, 
with an optimal range between 400 °C and 500 °C 
that balances mass yield and energy efficiency. 

PAHs production from the carbonization 
process

The concentrations of the 15 polycyclic aro-
matics hydrocarbons (PAHs) in the biochars pro-
duced at 400, 500 and 600 °C for 2 h are shown in 
Table 3. Figure 5a presents the effect of carbon-
ization temperature on individual PAHs concen-
trations, and Figure 5b shows their distribution by 
molecular weight. Low molecular weight PAHs 
(LPAHs) predominated at lower temperatures 
(400 °C), whereas high molecular weight PAHs 
(HPAHs) progressively volatilized with increas-
ing temperature (600 °C). 

The biochar produced at 400 °C presents the 
total concentration of PAHs (TPAHs) of 160.17 
μg kg-1, with an abundance of low molecular 
weight PAHs (LPAHs) that represented 79.41% 
(127.19 μg kg-1) of the total (Figure 5a). The 
presence of Phe and Nap evidences the thermal 
stabilization mechanisms reported in the litera-
ture, where biomass carbonization increases aro-
maticity and generates micropores that facilitate 
the retention of 2- and 3-ring aromatic structures 
in the carbon matrix [X. Wang & Xing, 2007]. 
These findings are consistent with studies that 
identified Nap and Phe as the main contributors 
to total PAHs concentrations, followed by Ant, 
Pyr and Flt [De la Rosa et  al., 2019]. Further-
more, the literature confirms that low pyrolysis 

Table 3. Polycyclic aromatic hydrocarbons (PAHs) contents (μg kg-1) in biochars obtained from Ficus benjamina 
branches

PAHs Rings number BR400 BR500 BR600 Limit*, μg kg-1

Naphthalene (Nap) 2 57.84 20.50 25.23 1750

Acenaphthylene (Acy) 3 0.00 0.00 0.00 34

Fluorene (Flu) 3 2.27 0.00 5.83 71

Phenanthrene (Phe) 3 63.45 0.00 0.00 710

Anthracene (Ant) 3 3.63 0.00 0.00 ---

Fluoranthene (Flt) 4 10.90 0.00 0.00 300

Pyrene (Pyr) 4 19.36 0.00 0.00 350

Benzo(a) anthracene (BaA) 4 0.00 0.00 0.00 350

Chrysene (Chr) 4 0.00 0.00 0.00 95

Benzo(b)fluoranthene (BbF) 5 0.00 0.00 0.00 130

Benzo(k)fluoranthene (BkF) 5 0.00 0.00 0.00 100

Benzo(a) pyrene (BaP) 5 0.00 0.00 0.00 190

Dibenzo(a,h) anthracene (Dba) 5 0.00 0.00 0.00 56

Indeno(1,2,3-cd)pyrene (Ipy) 6 0.00 0.46 0.00 150

Benzo(g,h,i)perylene (Bpe) 6 2.72 2.44 0.83 150

∑15 PAHs of 16 US-EPA PAHs 160.17 23.40 31.89

Note: * US-EPA PAHs 
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Figure 5. Effect of carbonization temperature; (a) individual PAHs concentrations in biochars; 
(b) molecular weight distribution in biochars

temperatures (400 °C) favor the formation of 2- 
and 4-ring PAHs, including Flu, Phe, Ant, Flt, and 
Pyr [Półtorak et al., 2024]. 

On the other hand, the biochar produced 
at 500 °C, the total concentration of PAHs de-
creased significantly to 23.40 μg kg-1, with the 
Nap being the most abundant compound (20.5 μg 
kg-1), followed by Ipy and Bpe, which together 
represented 2.9 μg kg-1 of the total. This decrease 
in total PAHs concentrations relative to 400 °C 
is attributed to the volatilization of amorphous 
components, aromatic condensation into non-
extractable sheet-like structures, and their prefer-
ential adsorption on the carbonaceous matrix of 
biochar [Keiluweit et  al., 2012]. Previous stud-
ies have reported active PAHs formation in the 
range of 400 °C and 500 °C due to polymerization 
of organic precursors and volatile compounds 
[Keiluweit et al., 2012]. The results evidence that 
biochars produced to 500 °C from branches of 
Ficus benjamina, the elimination processes are 
optimized, establishing this optimal condition to 
minimize the PAHs content without compromis-
ing other properties of the material.

However, the biochar produced at 600 °C, the 
total concentration of PAHs increased to 31.89 
μg kg-1, with the presence of Nap (25.23 μg kg-1), 
followed by Flu (5.83 μg kg-1) and Bpe (0.83 μg 
kg-1). The higher presence of LPAHs at 600 °C is 
consistent with studies reporting that at tempera-
tures of 500 °C and 600 °C, LPAHS such as Nap 
and Phe constitute the majority fraction of the bio-
char obtained, while high molecular weight PAHs 
(HPAHs) appear in low concentrations, attributed 
to the fact that high temperatures induce dehy-
dration, decarboxylation and dehydrogenation 

reactions that favor the formation and stabiliza-
tion of light compounds in biochar, while heavier 
compounds decompose [Devi & Dalai, 2023]. 
Furthermore, it has been observed that increasing 
the pyrolysis temperature between 500 °C and 
700 °C increases the proportion of derivatives 
of LPAH in biochars, while HPAHs decrease, 
evidencing the preferential thermal decomposi-
tion of the latter due to their greater structural 
susceptibility under high temperature conditions 
[Krzyszczak et al., 2021].

The absence of BaA, Chr, BbF, BkF, Bap, and 
Dba in all the biochars studied confirms the com-
plete thermal degradation of these PAHs during 
carbonization [Gondek et al., 2016]. This behavior 
indicates that these compounds undergo molecu-
lar fragmentation at temperatures above 500 °C, 
where the decomposition products migrate to liq-
uid or gaseous fractions or are completely min-
eralized during the process [Devi & Dalai, 2023; 
Keiluweit et al., 2012]. The redistribution profile 
observed at 600 °C reflects that these elevated tem-
peratures induce a selective chemical rearrange-
ment in which differential thermal stability based 
on structural complexity determines the final PAHs 
composition, resulting in a net accumulation of 2- 
and 3-ring aromatic compounds as the predomi-
nant products of thermal cracking reactions. 

In this study, high molecular weight PAHs, 
such as BaA, BaP, Chr, BbF, BkF and Dba, 
were found in the biochars analyzed. However, 
these compounds have been reported in bio-
chars derived from date palm residues and oth-
er sources of lignocellulosic origin subjected to 
pyrolysis [Alharbi et  al., 2023; Półtorak et  al., 
2024]. This indicates that the variability in PAHs 
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concentrations in Ficus benjamina biochars is re-
lated to the specific composition of biomass and 
the pyrolysis conditions, which influence the for-
mation and release of these compounds [Keilu-
weit et al., 2012; Krzyszczak et al., 2021]. Con-
trolling the aforementioned factors is essential to 
minimize the presence of hazardous compounds 
in biochar. The results obtained in this study are 
in agreement with the literature, which shows that 
Nap and other LPAHs are more abundant at low 
pyrolysis temperatures (300 °C and 400 °C) due 
to the condensation of light volatile compounds. 
However, with increasing pyrolysis temperatures 
(500 °C and 700 °C), Nap concentration tends to 
decrease due to its high vapor pressure, which 
facilitates its volatilization and escape from bio-
char [De la Rosa et al., 2019; Devi & Dalai, 2023; 
Hung et al., 2023]. In this study, a decrease in Nap 
concentration was observed at 500 °C, followed 
by a slight increase at 600 °C, in agreement with 
the literature suggesting a secondary decomposi-
tion of complex aromatic structures that releases 
this compound again at higher temperatures. 

The biochars used in this study meet the glob-
al quality requirements set forth by the European 
Biochar Certificate (EBC) and the International 
Biochar Initiative (IBI). PAHs concentrations in 
these biochars were well below the 6 000 μg kg-1 
limit set by the IBI [Ibi, 2015], suggesting that they 
are safe for use as soil amendments [De la Rosa 
et  al., 2019]. The EBC states that biochars with 
PAHs concentrations below 4 000 μg kg-1 are suit-
able for use in agriculture [The European Biochar 
Certificate, 2023]. All Ficus benjamina biochars 
produced at 400, 500, and 600 °C in this study meet 
the premium biochar standards, making them safe 
and effective substitutes for applications involving 
environmental remediation and the improvement 
of agricultural soil. Comparative analysis revealed 
that total PAHs concentrations in this study were 
much lower than those found in laboratory and 
commercial biochars produced under different car-
bonization conditions, which ranged from 608 to 
12 347 μg kg-1 [J. Wang et al., 2018]. This compar-
ative advantage over laboratory and commercial 
biochars, Ficus benjamina biochars are positioned 
as superior quality materials that simultaneously 
meet the requirements of IBI and EBC. 

The results confirm that carbonization tem-
perature selectively determines the distribution of 
PAHs in Ficus benjamina biochars, favoring the 
formation of LPAHs at moderate temperatures, 
while HPAHs undergo progressive degradation 

with increasing temperature. Compliance with in-
ternational standards validates their safe applica-
bility in sustainable agriculture and environmen-
tal remediation.

CONCLUSIONS

This research demonstrated that the carboni-
zation temperature significantly impacts the phys-
icochemical, energetic, textural, and environmen-
tal properties of biochars derived from pruned 
branches of Ficus benjamina. The results showed 
that biochars produced at 400 °C to 600 °C for 2 h 
exhibited suitable characteristics for sustainable 
agronomic applications, highlighting an alkaline 
pH, a moderate ash content, and electrical con-
ductivity, properties that favor the improvement 
of acid or low-salinity soils. Biochar produced 
at 500 °C exhibited the optimal balance with the 
highest BET surface area (26.04 m2 g-1), the low-
est ash content (11.34 wt.%), and a low concentra-
tion of polycyclic aromatic hydrocarbons (23.40 
μg kg-1), attributes that indicate its potential for 
agricultural and environmental applications. In 
terms of energetic properties, biochars prepared 
between 400 °C and 500 °C exhibited higher calo-
rific value values (26.07 to 26.10 MJ kg-1) compa-
rable to charcoal and higher than sub-bituminous 
coal, establishing their technical viability as a re-
newable solid biofuel. Stability characterization 
showed high carbon recalcitrance with elevated 
aromaticity factors and average residence times 
exceeding 1 000 years, characteristics that sup-
port their potential for long-term carbon seques-
tration. With respect to the polycyclic aromatic 
hydrocarbons (PAHs) profile, it was observed 
that the carbonization temperature regulates their 
distribution, favoring the formation of low-mo-
lecular weight compounds at moderate tempera-
tures, and promoting the progressive degradation 
of high-molecular weight PAHs as the temper-
ature increases. All levels remained within the 
limits established by international standards (IBI 
and EBC), ensuring their safe use in agriculture. 
These findings confirm that biochars derived from 
pruned branches of Ficus benjamina constitute a 
viable and environmentally sustainable strategy 
for the valorization of urban lignocellulosic bio-
mass, with promising applications in the energy, 
agricultural and environmental sectors.



203

Journal of Ecological Engineering 2026, 27(1) 190–206

Acknowledgements 

The authors thank the staff of the Research 
Laboratory of the Faculty of Chemical Engineer-
ing of the Universidad Central del Ecuador, the 
Research Laboratory in Organic Pollutants and 
Environment “GICOA” of the Universidad Na-
cional de Moquegua – Perú, and the Research 
Laboratory of the Facultad de Ingeniería Química 
e Industrias Alimentarias de la Universidad Na-
cional Pedro Ruiz Gallo – Perú, for their technical 
support in the development of this study. 

REFERENCES

1.	 Abbas, T., Rizwan, M., Ali, S., Adrees, M., Zia-ur-
Rehman, M., Qayyum, M. F., Ok, Y. S., & Murtaza, 
G. (2018). Effect of biochar on alleviation of cadmi-
um toxicity in wheat (Triticum aestivum L.) grown 
on Cd-contaminated saline soil. Environmental Sci-
ence and Pollution Research, 25(26), 25668–25680. 
https://doi.org/10.1007/s11356-017-8987-4

2.	 Adhikari, Y. P., Bhandari, P., Adhikari, D. M., & 
Kunwar, R. M. (2023). Chapter 18 – Ficus species 
(Ficus auriculata Lour., Ficus benghalensis L., Fi-
cus carica L., Ficus religiosa L., Ficus semicordata 
Buch.Ham. Ex Sm). En T. Belwal, I. Bhatt, & H. 
Devkota (Eds.), Himalayan Fruits and Berries (pp. 
171–182). Academic Press. https://doi.org/10.1016/
B978-0-323-85591-4.00030-1

3.	 Ahmad, M. S., Mehmood, M. A., Al Ayed, O. S., 
Ye, G., Luo, H., Ibrahim, M., Rashid, U., Arbi Ne-
hdi, I., & Qadir, G. (2017). Kinetic analyses and 
pyrolytic behavior of Para grass (Urochloa muti-
ca) for its bioenergy potential. Bioresource Tech-
nology, 224, 708–713. https://doi.org/10.1016/j.
biortech.2016.10.090

4.	 Alharbi, H. A., Alotaibi, K. D., EL-Saeid, M. H., 
& Giesy, J. P. (2023). Polycyclic Aromatic Hy-
drocarbons (PAHs) and Metals in Diverse Biochar 
Products: Effect of Feedstock Type and Pyrolysis 
Temperature. Toxics, 11(2), Article 2. https://doi.
org/10.3390/toxics11020096

5.	 Altıkat, A., Alma, M. H., Altıkat, A., Bilgili, M. E., & 
Altıkat, S. (2024). A comprehensive study of biochar 
yield and quality concerning pyrolysis conditions: A 
multifaceted approach. Sustainability, 16(2), Article 
2. https://doi.org/10.3390/su16020937

6.	 An, Y., Tahmasebi, A., & Yu, J. (2017). Mecha-
nism of synergy effect during microwave co-py-
rolysis of biomass and lignite. Journal of Analyti-
cal and Applied Pyrolysis, 128, 75–82. https://doi.
org/10.1016/j.jaap.2017.10.023

7.	 Ashani, P. N., Shafiei, M., & Karimi, K. (2020). 

Biobutanol production from municipal solid waste: 
Technical and economic analysis. Bioresource Tech-
nology, 308, 123267. https://doi.org/10.1016/j.
biortech.2020.123267

8.	 Ayiania, M., Terrell, E., Dunsmoor, A., Carbajal-
Gamarra, F. M., & Garcia-Perez, M. (2019). Char-
acterization of solid and vapor products from ther-
mochemical conversion of municipal solid waste 
woody fractions. Waste Management, 84, 277–285. 
https://doi.org/10.1016/j.wasman.2018.11.042

9.	 Ayilara, M. S., Olanrewaju, O. S., Babalola, O. O., 
& Odeyemi, O. (2020). Waste management through 
composting: challenges and potentials. Sustain-
ability, 12(11), Article 11. https://doi.org/10.3390/
su12114456

10.	Baghel, P., Sakhiya, A. K., & Kaushal, P. (2022). 
Influence of temperature on slow pyrolysis of Pro-
sopis juliflora: An experimental and thermodynamic 
approach. Renewable Energy, 185, 538–551. https://
doi.org/10.1016/j.renene.2021.12.053

11.	Chaves Fernandes, B. C., Ferreira Mendes, K., 
Dias Júnior, A. F., da Silva Caldeira, V. P., da Silva 
Teófilo, T. M., Severo Silva, T., Mendonça, V., de 
Freitas Souza, M., & Valadão Silva, D. (2020). Im-
pact of pyrolysis temperature on the properties of 
eucalyptus wood-derived biochar. Materials (Basel, 
Switzerland), 13(24), 5841. https://doi.org/10.3390/
ma13245841

12.	De la Rosa, J. M., Sánchez-Martín, Á. M., Campos, 
P., & Miller, A. Z. (2019). Effect of pyrolysis condi-
tions on the total contents of polycyclic aromatic hy-
drocarbons in biochars produced from organic resi-
dues: Assessment of their hazard potential. Science 
of The Total Environment, 667, 578–585. https://doi.
org/10.1016/j.scitotenv.2019.02.421

13.	Devi, P., & Dalai, A. K. (2023). Occurrence, distri-
bution, and toxicity assessment of polycyclic aro-
matic hydrocarbons in biochar, biocrude, and biogas 
obtained from pyrolysis of agricultural residues. 
Bioresource Technology, 384, 129293. https://doi.
org/10.1016/j.biortech.2023.129293

14.	Elnour, A. Y., Alghyamah, A. A., Shaikh, H. M., 
Poulose, A. M., Al-Zahrani, S. M., Anis, A., & Al-
Wabel, M. I. (2019). Effect of pyrolysis temperature 
on biochar microstructural evolution, physicochem-
ical characteristics, and its influence on biochar/
polypropylene composites. Applied Sciences, 9(6), 
Article 6. https://doi.org/10.3390/app9061149

15.	Ferraro, G., Pecori, G., Rosi, L., Bettucci, L., Fra-
tini, E., Casini, D., Rizzo, A. M., & Chiaramonti, D. 
(2024). Biochar from lab-scale pyrolysis: Influence 
of feedstock and operational temperature. Biomass 
Conversion and Biorefinery, 14(5), 5901-5911. 
https://doi.org/10.1007/s13399-021-01303-5

16.	Geng, C., Li, S., Yue, C., & Ma, Y. (2016). Pyroly-
sis characteristics of bituminous coal. Journal of 



204

Journal of Ecological Engineering 2026, 27(1), 190–206

the Energy Institute, 89(4), 725–730. https://doi.
org/10.1016/j.joei.2015.04.004

17.	Gondek, K., Mierzwa-Hersztek, M., Smreczak, B., 
Baran, A., Kopeć, M., Mróz, T., Janowski, P., Bajda, 
T., & Tomczyk, A. (2016). Content of PAHs, activi-
ties of γ-radionuclides and ecotoxicological assess-
ment in biochars. Polish Journal of Chemical Tech-
nology, 18(4), Article 4. https://doi.org/10.1515/
pjct-2016-0067

18.	Hadey, C., Allouch, M., Alami, M., Boukhlifi, F., 
& Loulidi, I. (2022). Preparation and character-
ization of biochars obtained from biomasses for 
combustible briquette applications. The Scien-
tific World Journal, 2022, e2554475. https://doi.
org/10.1155/2022/2554475

19.	Handiso, B., Pääkkönen, T., & Wilson, B. P. (2024). 
Effect of pyrolysis temperature on the physical and 
chemical characteristics of pine wood biochar. 
Waste Management Bulletin, 2(4), 281–287. https://
doi.org/10.1016/j.wmb.2024.11.008

20.	Harvey, O. R., Kuo, L.-J., Zimmerman, A. R., 
Louchouarn, P., Amonette, J. E., & Herbert, B. E. 
(2012). An index-based approach to assessing recal-
citrance and soil carbon sequestration potential of 
engineered black carbons (biochars). Environmental 
Science & Technology, 46(3), 1415–1421. https://
doi.org/10.1021/es2040398

21.	Hung, C.-M., Cheng, J.-W., Chen, C.-W., Huang, 
C.-P., & Dong, C.-D. (2023). Pyrolysis processes 
affecting polycyclic aromatic hydrocarbon profile of 
pineapple leaf biochar exemplified by atmosphere/
temperature and heteroatom doping. Bioresource 
Technology, 379, 129047. https://doi.org/10.1016/j.
biortech.2023.129047

22.	Ibi, undefined. (2015). Standardized Product Defi-
nition and Product Testing Guidelines for Biochar 
That Is Used in Soil. https://www.semanticscholar.
org/paper/Standardized-Product-Definition-and-
Product-Testing-Ibi/8f2ad1eb458736458c64ec21f
d642a6d12e30694

23.	Ilyushechkin, A. Y., Roberts, D. G., & Harris, D. J. 
(2014). Characteristics of solid by-products from 
entrained flow gasification of Australian coals. Fuel 
Processing Technology, 118, 98–109. https://doi.
org/10.1016/j.fuproc.2013.08.017

24.	Keiluweit, M., Kleber, M., Sparrow, M. A., Simo-
neit, B. R. T., & Prahl, F. G. (2012). Solvent-extract-
able polycyclic aromatic hydrocarbons in biochar: 
Influence of pyrolysis temperature and feedstock. 
Environmental Science & Technology, 46(17), 
9333–9341. https://doi.org/10.1021/es302125k

25.	Kim, S., Lee, Y., Andrew Lin, K.-Y., Hong, E., 
Kwon, E. E., & Lee, J. (2020). The valorization of 
food waste via pyrolysis. Journal of Cleaner Pro-
duction, 259, 120816. https://doi.org/10.1016/j.
jclepro.2020.120816

26.	Krzyszczak, A., Dybowski, M. P., & Czech, B. 
(2021). Formation of polycyclic aromatic hydro-
carbons and their derivatives in biochars: The ef-
fect of feedstock and pyrolysis conditions. Journal 
of Analytical and Applied Pyrolysis, 160, 105339. 
https://doi.org/10.1016/j.jaap.2021.105339

27.	Kukuruzović, J., Matin, A., Kontek, M., Krička, T., 
Matin, B., Brandić, I., & Antonović, A. (2023). The 
effects of demineralization on reducing ash content 
in corn and soy biomass with the goal of increasing 
biofuel quality. Energies, 16(2), Article 2. https://
doi.org/10.3390/en16020967

28.	Li Lee, C., San H`ng, P., Paridah, T., Ling Chin, K., 
San Khoo, P., Ahmad Raja, R., Nurul Asyi, S., & 
Maminski, M. (2017). Effect of reaction time and 
temperature on the properties of carbon black made 
from palm kernel and coconut shell. Asian jour-
nal of scientific research, 10(1), 24-33. https://doi.
org/10.3923/ajsr.2017.24.33

29.	Lijie L., Wenjuan N., Haibo M., Lixin Z., Hong-
bin C., & Zhiyou N. (2020). Effects of biochar on 
sunflower straw pyrolysis characteristics and gas 
products. Transactions of the Chinese Society of Ag-
ricultural Engineering, 36(4), 227–233. https://doi.
org/10.11975/j.issn.1002-6819.2020.04.027

30.	Llanos, S. A. V., Burga, L. L. S., Fernandez, D. N. 
G., Purihuaman, M. N. S., Scheineder, S. H., Far-
fan, C. R. C., Cuellar, M. C. V., Sipion, K. R., Col-
lana, J. T. M., & Quispe, A. P. B. (2025). Rice husk 
biochar as a sustainable adsorbent for tetracycline 
removal from aqueous solution by using Taguchi 
design approach. 2025, 26(9), 382–399. https://doi.
org/10.12911/22998993/205417

31.	Llanos, S. A. V., Gamarra, F. M. C., Collana, J. 
T. M., Scheineder, S. H., Chuquizuta, J. C. M., 
Mendoza, P. C., & Quispea, A. P. B. (2023). Es-
timation of emission factors and ignitability index 
from the physicochemical characterization of Fi-
cus benjamina for energy purposes. Chemical En-
gineering Transactions, 103, 931–936. https://doi.
org/10.3303/CET23103156

32.	Maccarini, A. C., Bessa, M. R., & Errera, M. R. 
(2020). Energy valuation of urban pruning resi-
dues feasibility assessment. Biomass and Bio-
energy, 142, 105763. https://doi.org/10.1016/j.
biombioe.2020.105763

33.	Meira, A. M. de, Nolasco, A. M., Souza, E. C. 
de, Souza, M. P. de, Pereira, A. K. S., Ucella-
Filho, J. G. M., & Dias Júnior, A. F. (2024). Inte-
grated municipal management of waste from tree 
pruning and removal. Urban Forestry & Urban 
Greening, 94, 128238. https://doi.org/10.1016/j.
ufug.2024.128238

34.	Mendoza Martinez, C. L., Sermyagina, E., Saa-
ri, J., Silva de Jesus, M., Cardoso, M., Matheus 
de Almeida, G., & Vakkilainen, E. (2021). 



205

Journal of Ecological Engineering 2026, 27(1) 190–206

Hydrothermal carbonization of lignocellulosic 
agro-forest based biomass residues. Biomass and 
Bioenergy, 147, 106004. https://doi.org/10.1016/j.
biombioe.2021.106004

35.	Motghare, K. A., Rathod, A. P., Wasewar, K. L., & 
Labhsetwar, N. K. (2016). Comparative study of dif-
ferent waste biomass for energy application. Waste 
Management, 47, 40–45. https://doi.org/10.1016/j.
wasman.2015.07.032

36.	Odinga, E. S., Gudda, F., Waigi, M. G., Wang, 
J., & Gao, Y. (2021). Occurrence, formation and 
environmental fate of polycyclic aromatic hydro-
carbons in biochars. https://doi.org/10.1016/J.
FMRE.2021.03.003

37.	Oginni, O., & Singh, K. (2020). Influence of high 
carbonization temperatures on microstructural and 
physicochemical characteristics of herbaceous bio-
mass derived biochars. Journal of Environmental 
Chemical Engineering, 8(5), 104169. https://doi.
org/10.1016/j.jece.2020.104169

38.	Ortiz, L. R., Torres, E., Zalazar, D., Zhang, H., Rodri-
guez, R., & Mazza, G. (2020). Influence of pyrolysis 
temperature and bio-waste composition on biochar 
characteristics. Renewable Energy, 155, 837–847. 
https://doi.org/10.1016/j.renene.2020.03.181

39.	Pedroza, M. M., Neves, L. H. D., Paz, E. C. S., Silva, 
F. M., Rezende, C. S. A., Colen, A. G. N., Arruda, 
M. G., Pedroza, M. M., Neves, L. H. D., Paz, E. 
C. S., Silva, F. M., Rezende, C. S. A., Colen, A. 
G. N., & Arruda, M. G. (2021). Activated charcoal 
production from tree pruning in the Amazon region 
of Brazil for the treatment of gray water. Journal of 
Applied Research and Technology, 19(1), 49–65.

40.	Pérez, S., Fernandez-Ferreras, J., Fernandez, I., & 
Pérez, L. (2025). Estimating biochar yield per hect-
are from logging residues in Eucalyptus globulus 
stands. Industrial Crops and Products, 230, 121098. 
https://doi.org/10.1016/j.indcrop.2025.121098

41.	Pérez-Arévalo, J. J., & Velázquez-Martí, B. (2018). 
Evaluation of pruning residues of Ficus benjamina 
as a primary biofuel material. Biomass and Bio-
energy, 108, 217–223. https://doi.org/10.1016/j.
biombioe.2017.11.017

42.	Półtorak, A., Onopiuk, A., Kielar, J., Chojnacki, J., 
Najser, T., Kukiełka, L., Najser, J., Mikeska, M., 
Gaze, B., Knutel, B., & Berner, B. (2024). Poly-
cyclic aromatic hydrocarbons (PAHs) in wheat 
straw pyrolysis products produced for energy pur-
poses. Sustainability, 16(22), Article 22. https://doi.
org/10.3390/su16229639

43.	Rabiee Abyaneh, M., Aliasghar, A., Nabi Bidhendi, 
G., Daryabeigi Zand, A., & Moazeni, K. (2024). 
Importance of pyrolysis temperature and particle 
size on physicochemical and adsorptive proper-
ties of urban wood-derived biochar. Sustainable 
Chemistry and Pharmacy, 40, 101631. https://doi.

org/10.1016/j.scp.2024.101631
44.	Rao, Y. K. S. S., Dhanalakshmi, C. S., Vairavel, D. 

K., Surakasi, R., Kaliappan, S., Patil, P. P., Socrates, 
S., & Lalvani, J. I. J. (2022). Investigation on forestry 
wood wastes: Pyrolysis and thermal characteristics 
of ficus religiosa for energy recovery system. Ad-
vances in Materials Science and Engineering, 2022, 
e3314606. https://doi.org/10.1155/2022/3314606

45.	Selvarajoo, A., & Oochit, D. (2020). Effect of py-
rolysis temperature on product yields of palm fibre 
and its biochar characteristics. Materials Science 
for Energy Technologies, 3, 575–583. https://doi.
org/10.1016/j.mset.2020.06.003

46.	Sette, P., Fernandez, A., Soria, J., Rodriguez, R., 
Salvatori, D., & Mazza, G. (2020). Integral valo-
rization of fruit waste from wine and cider indus-
tries. Journal of Cleaner Production, 242, 118486. 
https://doi.org/10.1016/j.jclepro.2019.118486

47.	Shakya, A., Vithanage, M., & Agarwal, T. (2022). 
Influence of pyrolysis temperature on biochar 
properties and Cr(VI) adsorption from water with 
groundnut shell biochars: Mechanistic approach. 
Environmental Research, 215, 114243. https://doi.
org/10.1016/j.envres.2022.114243

48.	Singh, S., Chakraborty, J. P., & Mondal, M. K. 
(2020). Torrefaction of woody biomass (Acacia 
nilotica): Investigation of fuel and flow proper-
ties to study its suitability as a good quality solid 
fuel. Renewable Energy, 153, 711–724. https://doi.
org/10.1016/j.renene.2020.02.037

49.	Smith, J. L., & Doran, J. W. (2015). Measurement 
and Use of pH and Electrical Conductivity for Soil 
Quality Analysis. In: J.W. Doran & A.J. Jones, 
(Eds.),  pp. 169–185. Soil Science Society of Amer-
ica. https://doi.org/10.2136/sssaspecpub49.c10

50.	Song, W., & Guo, M. (2012). Quality variations of 
poultry litter biochar generated at different pyroly-
sis temperatures. Journal of Analytical and Applied 
Pyrolysis, 94, 138–145. https://doi.org/10.1016/j.
jaap.2011.11.018

51.	Taboada-Ruiz, L., Pardo, R., Ruiz, B., Díaz-So-
moano, M., Calvo, L. F., Paniagua, S., & Fuente, 
E. (2024). Progress and challenges in valorisation 
of biomass waste from ornamental trees pruning 
through pyrolysis processes. Prospects in the bioen-
ergy sector. Environmental Research, 249, 118388. 
https://doi.org/10.1016/j.envres.2024.118388

52.	The European Biochar Certificate. (2023). Guide-
lines for a sustainable production of biochar—EBC. 
https://www.european-biochar.org/en/home

53.	Tu, P., Zhang, G., Wei, G., Li, J., Li, Y., Deng, L., 
& Yuan, H. (2022). Influence of pyrolysis tempera-
ture on the physicochemical properties of biochars 
obtained from herbaceous and woody plants. Bio-
resources and Bioprocessing, 9(1), 131. https://doi.
org/10.1186/s40643-022-00618-z



206

Journal of Ecological Engineering 2026, 27(1), 190–206

54.	Usman, A. R. A., Abduljabbar, A., Vithanage, M., 
Ok, Y. S., Ahmad, M., Ahmad, M., Elfaki, J., Ab-
dulazeem, S. S., & Al-Wabel, M. I. (2015). Biochar 
production from date palm waste: Charring tem-
perature induced changes in composition and sur-
face chemistry. Journal of Analytical and Applied 
Pyrolysis, 115, 392–400. https://doi.org/10.1016/j.
jaap.2015.08.016

55.	Valdés, C. F., Chejne, F., Marrugo, G., Macias, R. J., 
Gómez, C. A., Montoya, J. I., Londoño, C. A., De La 
Cruz, J., & Arenas, E. (2016). Co-gasification of sub-
bituminous coal with palm kernel shell in fluidized 
bed coupled to a ceramic industry process. Applied 
Thermal Engineering, 107, 1201–1209. https://doi.
org/10.1016/j.applthermaleng.2016.07.086

56.	Venkatesh, G., Gopinath, K. A., Reddy, K. S., 
Reddy, B. S., Prabhakar, M., Srinivasarao, C., Vi-
sha Kumari, V., & Singh, V. K. (2022). Character-
ization of biochar derived from crop residues for 
soil amendment, carbon sequestration and energy 
use. Sustainability, 14(4), Article 4. https://doi.
org/10.3390/su14042295

57.	Vijayaraghavan, K., & Balasubramanian, R. (2021). 
Application of pinewood waste-derived biochar for 
the removal of nitrate and phosphate from single and 
binary solutions. Chemosphere, 278, 130361. https://
doi.org/10.1016/j.chemosphere.2021.130361

58.	Wallikhani, A. H., Asakereh, A., & Farrokhian Firouzi, 
A. (2022). Biochar and bioenergy production by py-
rolysis of Conocarpus and Eucalyptus wastes: A case 
study, Khuzestan province, Iran. International Journal 
of Environmental Science and Technology, 19(7), 5839–
5848. https://doi.org/10.1007/s13762-021-03765-6

59.	Wang, J., Xia, K., Waigi, M. G., Gao, Y., Odinga, 
E. S., Ling, W., & Liu, J. (2018). Application of 

biochar to soils may result in plant contamination 
and human cancer risk due to exposure of polycy-
clic aromatic hydrocarbons. Environment Inter-
national, 121, 169–177. https://doi.org/10.1016/j.
envint.2018.09.010

60.	Wang, L., Skreiberg, Ø., Smith-Hanssen, N., Jaya-
kumari, S., Rørvik, S., Jahrsengene, G., & Turn, 
S. (2023). Investigation of gasification reactivity 
and properties of biocarbon at high temperature in 
a mixture of CO/CO2. Fuel, 346, 128233. https://
doi.org/10.1016/j.fuel.2023.128233

61.	Wang, X., & Xing, B. (2007). Sorption of organic 
contaminants by biopolymer-derived chars. Envi-
ronmental Science & Technology, 41(24), 8342–
8348. https://doi.org/10.1021/es071290n

62.	Yu, J., Song, M., & Li, Z. (2022). Optimization of 
biochar preparation process and carbon sequestra-
tion effect of pruned wolfberry branches. Green 
Processing and Synthesis, 11(1), 423–434. https://
doi.org/10.1515/gps-2022-0044

63.	Zając, G., Szyszlak-Bargłowicz, J., Gołębiowski, 
W., & Szczepanik, M. (2018). Chemical character-
istics of biomass ashes. Energies, 11(11), Article 11. 
https://doi.org/10.3390/en11112885

64.	Zhao, B., O’Connor, D., Zhang, J., Peng, T., Shen, 
Z., Tsang, D. C. W., & Hou, D. (2018). Effect of 
pyrolysis temperature, heating rate, and residence 
time on rapeseed stem derived biochar. Journal 
of Cleaner Production, 174, 977–987. https://doi.
org/10.1016/j.jclepro.2017.11.013

65.	Zhao, S.-X., Ta, N., & Wang, X.-D. (2017). Effect 
of temperature on the structural and physicochemi-
cal properties of biochar with apple tree branches 
as feedstock material. Energies, 10(9), Article 9. 
https://doi.org/10.3390/en10091293


