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Abstract

This study assessed the production and characterisation of biochars derived from the pyrol-
ysis and co-pyrolysis of urban biosolids (BSs) combined with two lignocellulosic biomasses:
rice husk (RH) and pruning waste (PW). The treatments were conducted at 300, 400, and
500 °C to evaluate the influence of temperature and mass ratio on the physicochemical,
structural, and biological properties of the material. Co-pyrolysis significantly improved
the material’s properties, enhancing carbon content, surface area, porosity, and pH, while
reducing ash and heavy metal concentrations. RH promoted greater porosity and alka-
linity, whereas PW increased carbon content and improved maize germination. Biochars
W) Check for updates produced at 400-500 °C met the stability criterion (H/C < 0.7) set by the International
Biochar Initiative (IBI) and the European Biochar Certificate (EBC). However, zinc (Zn)
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Received: 19 November 2025

Revised: 18 December 2025 that the co-pyrolysis of BSs with agroforestry biomasses is an effective and sustainable

Accepted: 24 December 2025 strategy for generating stable and environmentally safe biochars, suitable for use as soil
Published: 8 January 2026 amendments and for the sustainable valorisation of BSs.

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland. Keywords: biochar; co-pyrolysis; urban biosolids; rice husk; pruning waste; agricultural
This article is an open access article application

distributed under the terms and

conditions of the Creative Commons
Attribution (CC BY) license.

Eng 2026, 7, 32 https://doi.org/10.3390/eng7010032


https://crossmark.crossref.org/dialog?doi=10.3390/eng7010032&domain=pdf&date_stamp=2026-01-08
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/eng
https://www.mdpi.com
https://orcid.org/0009-0007-4022-0242
https://orcid.org/0000-0002-7772-060X
https://orcid.org/0000-0002-2212-3736
https://orcid.org/0000-0001-7033-0230
https://orcid.org/0000-0003-0396-3841
https://orcid.org/0000-0003-3416-4946
https://orcid.org/0009-0003-1565-6790
https://orcid.org/0000-0002-5946-7292
https://orcid.org/0000-0002-3312-0979
https://orcid.org/0000-0002-6098-860X
https://doi.org/10.3390/eng7010032

Eng 2026, 7, 32

2 of 43

1. Introduction

The management of biosolids (BSs), a by-product produced in large quantities by
wastewater treatment plants, presents an environmental challenge due to its potential
toxicity and the need to develop sustainable alternatives for its final disposal [1,2]. Among
the most extensively researched options, pyrolysis has emerged as a promising strategy for
converting this waste into biochar, a material with properties of significant interest in both
agricultural and environmental applications.

Biochar derived from BSs offers several advantages, including its high carbon content,
nutrient contribution, and elevated cation exchange capacity. These characteristics enhance
its potential for improving soil quality and removing contaminants from wastewater [3,4].
However, biochar produced from BSs also has notable limitations, such as high ash content,
low calorific value, an underdeveloped porous structure, and a limited number of surface
functional groups [1,2]. Furthermore, while pyrolysis contributes to the partial immobili-
sation of heavy metals (HMs) by converting them into more stable fractions, this process
also increases their concentration in biochar, which limits its applicability in large-scale
agriculture and environmental contexts [5].

To address these limitations, co-pyrolysis of BSs with supplementary bio-based feed-
stocks has emerged as a promising strategy to enhance biochar properties while mitigating
its toxicity [6,7]. This approach entails the simultaneous conversion of two or more raw
materials within a single pyrolysis system. Among the various options, the incorporation
of additional biomass has been extensively investigated due to its low cost, minimal energy
requirements, and its capacity to improve both the porous structure and the overall quality
of the resulting biochar [1,8].

Biomass employed in co-pyrolysis can be classified into six principal categories: forest
residues, agricultural residues, food processing by-products, recycled materials, anaerobic
digestion digestates, and other diverse sources [6]. Among these, agricultural residues
are the most frequently utilised co-substrates. A prominent example is the co-pyrolysis
of BSs with cotton stalks, which has been shown to substantially enhance carbon content,
aromaticity, and porosity, thereby increasing the adsorption capacity for HMs and organic
contaminants [5]. Likewise, the incorporation of RH has proven effective in stabilising
bioavailable HMs into less mobile fractions, consequently reducing the toxicity of the result-
ing biochar [9]. Nevertheless, the inherent variability in biomass composition necessitates
further investigation to ascertain the reproducibility of these outcomes across different
geographical and environmental contexts.

The characterisation of biochar encompasses its physical, chemical, and biological
attributes, which collectively determine its applicability and performance. At present,
two international frameworks govern its certification and commercial utilisation: the EBC
and the IBI. Both frameworks provide comprehensive guidelines for production and evalu-
ation, emphasising the critical control of HMs, including cadmium (Cd), chromium (Cr),
copper (Cu), lead (Pb), nickel (Ni), and zinc (Zn), which must be strictly regulated when
biochar is intended for agricultural applications [10,11].

In this context, BSs are regarded as a viable feedstock for biochar production; however,
their application in agriculture is constrained by the presence of HMs. Co-pyrolysis
with agroforestry-derived biomass has emerged as a promising strategy to stabilise these
contaminants. Consequently, it is imperative to evaluate the extent to which this approach
enhances the properties defined by international certification standards and whether it
enables the safe utilisation of biochar in agricultural soils.

In Mexico, research on biochar derived from BSs remains at an early stage, and investi-
gations into co-pyrolysis are virtually absent. This situation underscores the urgent need to
generate knowledge that provides sustainable solutions for the management of such waste.
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Although several international studies have explored co-pyrolysis as a strategy to enhance
biosolid-based biochars, there is still limited understanding of how different co-substrates
and their mass proportions influence the physicochemical transformations and heavy metal
behaviour most relevant to compliance with international certification frameworks such as
IBI and EBC. By evaluating the co-pyrolysis of BSs with RH and PW at multiple tempera-
tures and mass ratios, the present study addresses this gap and provides insight into how
biomass selection and proportion modulate carbon stability, mineral dynamics, and the
key properties considered in international standards. This contribution aims to advance
current co-pyrolysis research by offering comparative evidence that informs the design and
evaluation of biosolid-derived biochars.

2. Materials and Methods

2.1. Collection and Preparation of Biomass
2.1.1. Biosolids (BSs)

The BSs were collected in October 2023 from the urban wastewater treatment plant
(PTARU) in Celaya, Guanajuato, Mexico (100°51'38” W, 20°30'46” N). These BSs originated
as by-products of the aerobic digestion of urban wastewater via secondary biological
treatment. They exhibited a semi-solid consistency, with an average moisture content of
85% by mass, resulting from chemical stabilisation using a cationic polymer, followed
by dewatering of the solids through a filter press system. Approximately 150 kg of BSs
(wet basis) were collected at the filter press outlets and transported to the laboratory in
plastic containers. Upon collection, the samples were air-dried for 30 days, after which
they were manually ground and sieved through a 2 mm mesh. The sieved material was
then stored in resealable transparent plastic bags and kept under refrigeration until use in
subsequent analyses.

2.1.2. Pruning Waste (PW)

The PW was provided by the General Directorate of Environment (DGMA) of the
Municipality of Celaya, Mexico, and was collected in October 2023 at the Bicentennial
Linear Park (PLB) (100°47'2"” W, 20°30'25" N). The PW, sourced from various logs, was
shredded using a Bear Cat 3” (10 HP) chipper to produce wood chips measuring 3-5 cm in
length and approximately 0.5 cm in thickness. The resulting chips were transported to the
laboratory, where they were air-dried. Subsequently, the dried material was ground using a
1000 W Natural Bullet processor and sieved through a 2 mm mesh. The final samples were
stored in sealed plastic containers and kept at room temperature until further analyses.

2.1.3. Rice Husk (RH)

The RH employed in this study was commercially obtained from BIOJAL®(Guadalajara,
Mexico). The material was ground using a 1000 W Natural Bullet processor (Zhongshan,
China) and subsequently sieved through a 2 mm mesh. The resulting fractions were stored
in sealed plastic containers and maintained at room temperature until further analyses
were conducted.

2.2. Production of Biochars via Pyrolysis and Co-Pyrolysis
Preparation of Biomass for Pyrolysis and Co-Pyrolysis

The biomasses selected for pyrolysis comprised BS, PW, and RH. For co-pyrolysis,
these biomasses were combined according to specific mass ratios (w/w). The biomass and
mixtures in mass proportions used in the production of biochars are summarised in Table 1.
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Table 1. Biomass Materials Utilised for Biochar Production via Pyrolysis and Co-Pyrolysis.
Biomass Identification Code
Biosolids (BSs) BS
Rice husk (RH) RH
Pruning waste (PW) PW
Biomass Mass Ratio Identification Code
(wlw)
1:1 BS/RH (1:1)
BS/RH 2:1 BS/RH (2:1)
1:2 BS/RH (1:2)
1:1 BS/PW (1:1)
BS/PW 2:1 BS/PW (2:1)
1:2 BS/PW (1:2)
BS/RH/PW 1:1:1 BS/RH/PW (1:1:1)

2.3. Pyrolysis Reactor

A pilot-scale fixed-bed reactor was employed for biochar production. Before each ex-
perimental run, nitrogen (N,) was injected into the reactor at a flow rate of 50 mL min~! for
5 min to eliminate any trace of air and ensure an oxygen-free atmosphere during operation.
Reactor temperature was monitored using a K-type thermocouple connected to an Arduino
UNO board (Scarmagno, Italy) through a MAX6675 module (Sunnyvale, CA, USA), provid-
ing precise and continuous temperature acquisition. Heating was supplied by a 3500 W,
220 VAC clamp resistor controlled via an Autonics SPC1-50 power controller (Seoul, Re-
public of Korea). The thermal trajectory of the system was regulated by a first-order Smith
predictive control scheme with a 225 s delay implemented in MATLAB® 2021a, ensuring
accurate temperature tracking and operational stability throughout the process [12]. Af-
ter the heating stage, the reactor was allowed to cool to ambient temperature by natural
convection, after which the biochar was recovered for subsequent characterisation.

2.4. Process Conditions for Biochar Production

For biochar production, 50 g of each biomass, according to the proportions detailed
in Table 1, were accurately weighed and introduced into the reactor. The pyrolysis pro-
cess was conducted at three target temperatures: 300 °C, 400 °C, and 500 °C, employing
a heating rate of 20 °C min~! and a residence time of 20 min. These operating condi-
tions were selected to represent a typical slow pyrolysis regime, commonly applied in
biochar production for soil applications, allowing the evaluation of progressive thermal
decomposition, carbon structural development, and stabilisation processes in biosolids
and co-pyrolysed biomass. Upon completion of the thermal treatment, the samples were
cooled under natural convection until the reactor’s internal temperature reached 50 °C,
minimising post-pyrolysis oxidation and preserving the physicochemical properties of the
resulting biochars. The biochars were subsequently weighed and stored in airtight plastic
containers for further analyses. Biochar yield was calculated using Equation (1), following
the methodology described by [13]

%Y = 1’1’11/1’1’12 x 100, (1)

where m; is the weight of biochar and mj is the weight of biomass sample.
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2.5. Characterisation of Biomasses and Biochars
2.5.1. Physicochemical Parameters
Proximate Analysis of Biomasses and Biochars (Moisture and Ash Content)

The proximate analysis of the biomasses involved the determination of moisture and
ash contents in accordance with established ASTM standards, including the Standard
Test Method for Ash in Wood (n.d.), the Standard Test Method for Moisture Analysis of
Particulate Wood Fuels (n.d.), and the Standard Test Method for Volatile Matter in the
Analysis of Particulate Wood Fuels (n.d.) [14-16].

Approximately 0.5 g of biochar from each treatment was placed into individual cru-
cibles, which were subsequently heated in a RIOSA H-3 oven, model H-33 (Mexico City,
Mexico) at 105 °C for 2 h. Upon completion, the crucibles were transferred to a desiccator
for 1 h to allow cooling to ambient temperature, after which their weights were recorded.
For the determination of ash content, the dried samples were then introduced into a FE-
LISA muffle furnace, model FE-360 (Zapopan, Mexico), and maintained at 750 °C for 6 h.
Following this high-temperature treatment, the samples were again cooled in a desiccator
for 1 h prior to the final weight measurements. Prior to analysis, all biochar samples
were thoroughly homogenised to ensure representativeness, and each determination was
performed in triplicate. The reported values correspond to mean =+ standard deviation,
obtained using an analytical balance with a precision of +0.0001 g, which explains the low
variability observed in moisture and ash content measurements.

Elemental Analysis of Biomasses and Biochars

Elemental analysis of the biomasses and biochars was conducted using a Thermo
Scientific FlashSmart elemental analyser (Waltham, MA, USA), following the procedure
described by [17], to quantify the contents of carbon, hydrogen, nitrogen, and sulphur (C,
H, N, and S). The oxygen content was subsequently calculated by difference, according to
the methodology reported by [18].

Hydrogen Potential (pH) and Electrical Conductivity (EC) of Biochars

To assess the pH and EC of the biochars, 20 mL of deionised water was addedto1 g
of each biochar sample, and the mixture was vortexed for 90 min. The supernatant was
then carefully decanted for the measurement of both parameters, following the procedure
outlined by [19]. The pH was measured using a Denver Instrument UB-10 potentiome-
ter (Denver, CO, USA), while EC was determined with a Horiba Laqua Model F-74BW
conductivity meter (Kyoto, Japan).

Particle Size Analysis of Biochars

The surface area, pore size, and pore volume of the biochars were determined using
the BET (Brunauer, Emmett, and Teller) method, based on nitrogen adsorption isotherms.
This approach quantifies the multilayer adsorption capacity at varying partial pressures of
nitrogen, following the methodology described by [17]. Analyses were performed using a
Quantachrome Nova BET analyser, model 4200 E (Hidalgo, Mexico), with nitrogen as the
adsorbate at 77 K.

Morphological and Spectroscopic Analysis of Biomasses and Biochars

The surface organic functional groups of both the biomasses and biochars were char-
acterised using attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) with a Thermo Nicolet IS10 spectrophotometer (Waltham, MA, USA). For pellet
preparation, 0.05 g of the crushed and homogenised sample was thoroughly mixed with
0.1 g of KBr and pressed using a hydraulic press. The FTIR absorbance spectra were ac-
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1 in accordance

quired over a wavenumber range of 4000-400 cm~ 1, at a resolution of 4 cm™
with the procedure described by [20].

To investigate the surface morphology, pore structure, and both structural and ele-
mental modifications, scanning electron microscopy (SEM) was employed, exploiting the
interaction between the electron beam and the biochars [17]. Additionally, energy disper-
sive spectroscopy (EDS) was utilised to determine the elemental composition at the biochar
surface, leveraging the characteristic energies of X-ray photons emitted by each element [17].
These analyses were conducted using a JSM-7401F field emission microscope (Tokio, Japan)

equipped with an EDS system for X-ray dispersion and fluorescence spectrometry.

2.6. Quantification of Metals and Metalloids

The concentrations of metals and metalloids (Al, Cd, Cr, Cu, Fe, K, Mg, Ni, Pb, and
Zn) in the produced biochars were determined using an acid digestion procedure. For
each biochar sample, 0.3 g was accurately weighed, and a mixture of HNOj3, H,O,, and
HCI was added. The samples were subsequently heated on a Thermo Scientific Cimarec+
Ceramic Stirrer 588857100 (St. Louis, MO, USA) heating and stirring unit at 110 °C [5].
Upon completion of the digestion, each sample was filtered through Whatman No. 40 filter
paper and adjusted to a final volume of 50 mL. The elemental concentrations were then
determined by inductively coupled plasma optical emission spectrometry (ICP-OES) using
a Thermo Scientific iCAP 7400 spectrometer (Montevideo, Uruguay) [21].

2.7. Germination Percentage

The germination percentage was evaluated using a methodology adapted from that
described by [22]. Agricultural soil was collected from the community of Arreguin de Abajo,
within the municipality of Celaya, Guanajuato, Mexico (20°28'27.0" N, 100°49'51.2" W).
The soil was air-dried and sieved through a 2 mm mesh to ensure homogenisation. Soil
moisture content was determined by drying a 2 g subsample in a RIOSA H-3 oven, model
H-33 (Mexico City, Mexico), at 105 °C for 24 h, following the procedures outlined by [23,24].
Soil pH was measured according to [25] using a 1:2.5 (w/v) soil-to-water ratio with a Denver
Instrument UB-10 potentiometer (Arvada, CO, USA), while EC was determined following
the method of [26] using a 1:5 (w/v) soil-to-water ratio with a Horiba Laqua model F-74
conductometer (Kyoto, Japan).

Maize was selected as the model plant for germination and growth experiments due to
its agronomic significance in Mexico. Grano GV forage maize seeds, commercially obtained
from GOLDEN VEGETABLE SEEDS(Guadalajara, Mexico), were washed with running
water and soap to remove residual fungicide, followed by immersion in running water
for 24 h. Each biochar was incorporated into 240 g of soil at a uniform rate of 2% on a dry
weight basis. The resulting mixtures were thoroughly homogenised, and 40 g portions
were transferred to individual wells of germination trays, with six subsamples prepared per
treatment. The allocation of wells and subsequent analyses were conducted in a completely
randomised manner. Control units consisted of soil without biochar, and all treatments
were maintained at the same biochar application rate of 2% dry weight [19].

Prior to sowing, the germination trays with individual wells were incubated under
greenhouse conditions for 20 days, maintaining a photoperiod of 16 h of light and 8 h
of darkness, with day/night temperatures of approximately 25 °C/15 °C. Irrigation was
performed manually to ensure consistent moisture: initially, the trays were weighed and
flooded with running water, and excess water was removed the following day. Trays were
then reweighed and additional water added to achieve a target soil moisture content of 70%.
After the 20-day incubation period, a single maize seed was sown in each well, resulting in
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a total of 150 seeds across all treatments, including controls. Germination was monitored
daily from day 2 to day 12 post-sowing.

2.8. Plant Growth Test

As outlined in the previous section, each maize seed was sown individually in the pre-
incubated germination trays. Twelve days post-sowing, the maize plants were harvested.
The aerial and root tissues were measured and weighed to determine their fresh biomass.
Subsequently, the plants were transferred to paper bags and oven-dried at 70 °C for 72 h,
after which their dry weight was recorded. The collected data were then used to calculate
the relative seed germination rate (RSGR), relative root growth (RRG), and germination
index (GI), following the methodology described by [27].

RSGR = Sc/Ss x 100, )
RRG = Rs/Rc x 100 3)
GI = RSGR/RRG x 100 (4)

where Ss represents the number of seeds germinated in the sample, Sc denotes the number
of seeds germinated in the control, Rs corresponds to the average root length in the sample,
and Rc refers to the average root length in the control.

2.9. Statistical Analysis

Statistical analyses of the maize plant growth data were conducted using OriginPro,
version 2024. Differences between the means of the measured parameters were assessed
via analysis of variance (ANOVA), followed by Tukey’s post hoc test at a significance level
of p <0.05.

For the evaluation of the 22 biochar characterisation parameters, principal component
analysis (PCA) was performed in OriginPro, version 2024, to identify the primary factors
contributing to the observed differences among treatments. This multivariate analysis
involved factorising the standardised variance-covariance matrix and extracting its eigen-
values and eigenvectors to capture the overall variability across all experimental units and
treatment combinations. The resulting reduced Euclidean planes facilitated comparison
of the mean projection distances of each experimental unit along the first two principal
components, corresponding to the eigenvectors with the largest eigenvalues [28-30].

3. Results and Discussion

3.1. Physical and Elemental Properties
3.1.1. Biomass Characterisation

The physicochemical properties of the biomasses are summarised in Table 2. Regarding
elemental composition, the carbon (C) content was 34.18% in BS, 29.93% in RH, and 42.17%
in PW, with PW exhibiting the highest C concentration and RH the lowest. N contents
were 6.30% in BS, 1.04% in RH, and 2.18% in PW, with BS showing the highest N content.
Sulphur (S) was detected only in BS, at a concentration of 0.45%. These observations align
with the high fraction of organic matter in BS, primarily composed of hydrocarbons, amino
acids, and lipids, alongside a relatively low proportion of lignin and cellulose [3].
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Table 2. Biomasses Utilised for Biochar Production via Pyrolysis and Co-pyrolysis.
Items BS RH PW
Moisture % 11.01 £0.39 6.49 £ 0.34 7.08 £0.15
Ash % 27.31 = 0.16 2232 £0.23 6.69 £ 0.10
C% 34.178 29.93 42.167
N % 6.304 1.045 2.179
S % 0.452 N/D N/D

With respect to ash content, BS exhibited the highest value (27.31 & 0.17%), followed
by RH (22.32 & 0.24%) and PW (6.69 £ 0.10%). This parameter is particularly significant,
as the ash remains in the biochar after pyrolysis and can substantially influence critical
properties such as pH and material yield [31].

3.1.2. Characterisation of Biochar

The elemental and proximate analyses of the biochars produced through pyrolysis and
co-pyrolysis at various temperatures are presented in Table 3, and Figure 1. The parameters
evaluated included: moisture content, ash content, pH, EC, yield, elemental composition
(C,H, N, O, and S), and the H/C ratio.

Table 3. Proximate Analysis of Biochars Produced by Pyrolysis and Co-Pyrolysis at 300 °C.

Biochar Proximate Analysis of Biochars
300 °C Moisture % Ash % pH EC (mS-m~1)
BS 0.93 £+ 0.079 40.6 = 1.030 5.75 + 0.063 322 1+4.76
BS/RH 1:1 0.93 £+ 0.023 40.6 £ 0.040 5.12 + 0.007 38.9 £0.29
BS/RH 1:2 0.92 £0.070 38.1 +0.201 5.54 + 0.389 48 £ 0.10
BS/RH 2:1 1.09 + 0.027 39.4 £0.218 5.30 £ 0.099 40.6 = 0.33
BS/PW 1:1 2.02 £ 0.968 25.5 £0.727 4.85 £ 0.028 86 +4.39
BS/PW 1:2 1.25 £ 0.147 22.0 +£0.151 6.02 £ 0.028 55 £+ 7.45
BS/PW 2:1 1.08 £ 0.147 32.6 +£0.925 5.64 + 0.056 427 +4.14
BS/RH/PW1:1:1 0.95 £ 0.020 31.1 +£0.242 5.70 = 0.049 49 £7.01
]Z:)%Ci‘ér Moisture % Ash % pH EC (mS-m~1)
BS 0.782 £0.121 52.0 £ 0.095 6.47 £ 0.035 16.5 +2.92
BS/RH 1:1 0.897 + 0.015 47.8 £ 0.096 6.25 £ 0.007 27.7 £ 0.63
BS/RH 1:2 0.859 = 0.114 51.1 £0.436 7.55 £0.148 249 £3.59
BS/RH 2:1 0.653 £ 0.119 49.3 + 0.427 6.13 £ 0.007 249 £ 6.48
BS/PW 1:1 0.984 £ 0.036 33.2 £0.961 5.96 £ 0.063 26.8 £2.64
BS/PW 1:2 0.874 £ 0.283 27.7 £0.208 6.59 £ 0.056 34.6 £0.29
BS/PW 2:1 0.811 4 0.002 42.3 +0.314 6.32 +0.127 25.8 +3.10
BS/RH/PW1:1:1 1.19 £0.110 39.5 +£0.116 7.08 £ 0.021 329 +£213
];:)‘:)Ci‘ér Moisture % Ash % pH EC (mS-m™1)
BS 0.585 £ 0.067 60.4 £0.724 6.56 £ 0.084 11.8+£0.20
BS/RH 1:1 0.501 £ 0.074 55.0 £ 0.083 7.31+£0.212 23.5£3.39
BS/RH 1:2 0.744 £ 0.016 54.0 4 0.458 791 £ 0.077 31.7 £4.25
BS/RH 2:1 0.586 £ 0.153 56.6 £ 0.583 6.95 £ 0.099 225+ 1.63
BS/PW 1:1 0.762 £ 0.008 45.5 £ 0.212 7.67 £ 0.063 20.3 £3.39
BS/PW 1:2 0.389 £ 0.437 37.0 £0.263 7.87 £0.014 20.7 £ 2.69
BS/PW 2:1 0.722 £ 0.013 48.2 £+ 0.269 7.71 £ 0.042 18.4 +0.15
BS/RH/PW 1:1:1 0.197 £+ 0.024 45.7 £ 0.115 7.95 £ 0.000 22.7 + 3.06
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Figure 1. Characterization of biochars, (a) Yield of biochars at 300 °C, 400 °C and 500 °C,
(b) Percentage of Carbon, hydrogen, nitrogen and H/C ratio of biochars at 300 °C, (c) Percent-
age of Carbon, hydrogen, nitrogen and H/C ratio of biochars at 400 °C (d) Percentage of Carbon,
hydrogen, nitrogen and H/C ratio of biochars at 500 °C. H/C ratio of biochars in red dots.

Biochar Moisture Percentage

The moisture content of the biochar decreased as the pyrolysis temperature increased.
At 300 °C, the values ranged from 2.02 £ 0.97% (BS/PW 1:1) to 0.92 & 0.07% (BS/RH 1:2).
At 400 °C, the range was from 1.19 + 0.11% (BS/RH/PW 1:1:1) to 0.65 & 0.12% (BS/RH
2:1), while at 500 °C, the values ranged from 0.72 £ 0.01% (BS/PW 2:1) to 0.20 &£ 0.02%
(BS/RH/PW 1:1:1) (see Table 3). In general, BS/PW biochar exhibited the highest moisture
content, whereas BS/RH biochar displayed the lowest.

Biochar Ash Content

The ash content in biochar increased with the pyrolysis temperature. At 300 °C, values
ranged from 40.64 & 1.03% (BS) to 21.10 & 0.15% (BS/PW 1:2). At 400 °C, the range was
from 51.96 £ 0.09% (BS) to 27.69 £ 0.21% (BS/PW 1:2), while at 500 °C, values ranged from
60.44 £ 0.72% (BS) to 36.95 £ 0.26% (BS/PW 1:2) (see Table 3). At all three temperature
levels, biochar produced exclusively from BSs exhibited the highest ash content. In contrast,
the inclusion of PW in co-pyrolysis (BS/PW ratio 1:2) resulted in a reduction in ash content
of 54.12%, 53.30%, and 61.13% compared to the maximum values observed for BS at 300,
400, and 500 °C, respectively.

Yang et al. [32] evaluated the co-pyrolysis of municipal sewage sludge (MSS) with
sawdust (SD) at various ratios and temperatures. They reported ash contents in the pure
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MSS biochars of 60.7%, 65.6%, and 68.5% at 300, 400, and 500 °C, respectively. In contrast,
the BS-derived biochars obtained in the current study demonstrated lower ash values
(40.64%, 51.96%, and 60.44% at the same corresponding temperatures). When consider-
ing co-pyrolysis, Yang et al. [32] reported ash contents of 41%, 43.7%, and 44.6% for the
MSS + SD (5:5) mixture, whereas the BS/PW (1:1) biochars in this work achieved values
of 25.48%, 33.21%, and 45.53%. This indicates similarity only at the highest temperature
(500 °C), with significantly lower percentages observed at both 300 °C and 400 °C. Both
studies consistently observed a progressive increase in ash content with rising pyrolysis
temperature. Nevertheless, the values obtained in the current investigation were generally
lower than those previously reported. These distinctions can primarily be attributed to
differences in the ash content of the source biomass and their specific harvesting condi-
tions [31].

These differences in ash content can be explained by the underlying pyrolytic behav-
ior of biosolids and their interactions with lignocellulosic co-substrates. As temperature
increases, the progressive loss of volatiles concentrates thermally stable inorganic fractions
such as silicates, phosphates and metal oxides, leading to higher ash proportions in BS-
derived biochars. Co-pyrolysis with PW, however, dilutes the mineral load of BSs and
modifies mineral-organic transformations, resulting in consistently lower ash yields than
BSs alone. Similar synergistic effects have been reported in sludge-biomass systems, where
lignocellulosic volatiles partially inhibit mineral decomposition at intermediate tempera-
tures and promote phase restructuring at higher temperatures, ultimately influencing ash
evolution and composition [8,21,33].

Hydrogen Potential (pH) of Biochars

The pH of the biochars progressively increased with the pyrolysis temperature. At
300 °C, values ranged from 6.02 = 0.03 (BS/PW 1:2) to 5.11 £ 0.01 (BS/RH 1:1), remaining
within a slightly acidic range (see Table 3). At this temperature, the addition of RH in any
proportion resulted in a reduction in pH compared to pure BS biochar, while the inclusion
of PW in a higher proportion (BS/PW 1:2) caused an increase in pH.

At 400 °C, the pH values of the biochars ranged from 7.56 &+ 0.15 (BS/RH 1:2) to
5.97 £ 0.06 (BS/PW 1:1) (see Table 3). Although some biochars remained slightly acidic,
particularly those generated with PW, mixtures containing a higher proportion of RH
(BS/RH 1:2) approached neutral pH values.

At 500 °C, pH values ranged from 7.95 £ 0.18 (BS/RH/PW 1:1:1) to 6.56 £ 0.08 (BS)
(see Table 3). In this temperature range, most biochars exhibited alkaline characteristics,
with pure BS biochar being the only exception, remaining slightly acidic. Overall, the
addition of RH or PW in higher proportions during pyrolysis generally facilitated an
increase in pH.

Previous studies have demonstrated that the pH of biochars varies markedly depend-
ing on the feedstock type used in their production. Reference [34] reported that biochars
derived from BSs exhibit acidic characteristics when subjected to low-temperature pyroly-
sis (300—400 °C). Conversely, refs. [21,35] observed that biochars produced from activated
sludge (AS) tend to be neutral to slightly alkaline, with pH values ranging from 6.2 to 9.3,
depending on the pyrolysis temperature applied.

The results of this study, in which biochars derived from BSs exhibited pH values of 5.8,
6.5, and 6.6, fall within the acidic range and are consistent with the findings reported by [34].
However, these values contrast with the higher pH levels observed for biochars produced
from AS, as noted by [21,35]. These discrepancies indicate that the feedstock origin (BS
vs. AS) plays a determinant role in defining the final pH of the biochar. Consequently, the
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selection of the base material directly influences the acidity or alkalinity of the product,
which in turn affects its suitability for different agricultural and environmental applications.

Regarding co-pyrolysis with RH, ref. [13] reported that the co-pyrolysis of AS with
rice straw (RS) in a 1:1 ratio produced biochars with pH values of 5.3, 6.4, and 7.0 at
300, 400, and 500 °C, respectively, exhibiting a trend towards neutrality. Similarly, ref. [9]
indicated that a sewage sludge/rice husk (S5/RH, 50/50) mixture generated biochars with
pH values of 7.13 £ 0.34, 7.28 & 0.32, and 9.22 £ 0.39 at the same temperatures, reflecting a
predominantly alkaline behaviour. In the present work, BS/RH (1:1) biochars displayed
pH values of 5.11 £ 0.01, 6.26 £ 0.01, and 7.31 & 0.21 at 300, 400, and 500 °C, respectively,
results that are more closely aligned with those reported by [13].

Huang et al. [13] reported that the co-pyrolysis of AS with SD in a 1:1 ratio yielded
biochars with pH values of 6.0, 6.8, and 7.4 at 300, 400, and 500 °C, respectively, exhibiting
a progressive shift towards neutrality with increasing temperature. In contrast, ref. [21]
found that the co-pyrolysis of SS with cotton stalks (CS) in the same proportion produced
biochars with markedly more alkaline pH values of 9.2, 10.1, and 10.5 under identical tem-
perature conditions. In the present study, biochars derived from BS and PW (BS/PW, 1:1)
exhibited pH values of 4.9, 5.9, and 7.7 at 300, 400 and 500 °C, respectively, demonstrating
a comparable upward trend in pH with increasing pyrolysis temperature.

These results indicate that, although the observed increase in pH with rising pyrolysis
temperature is consistent with trends reported in the literature, the pH values obtained
for BS/PW biochars are lower than those reported by [21], and more closely aligned with
those observed by [13], particularly at 500 °C.

Comparisons with previous studies on the co-pyrolysis of BSs with RH and PW
reveal notable differences in pH values, which can be primarily attributed to the intrinsic
characteristics of the feedstocks employed. In the present study, it was observed that at 300
and 400 °C, biochars derived from BSs co-pyrolysed with RH and PW exhibited acidic pH
values, whereas at 500 °C they became alkaline. This behaviour is of particular relevance,
as pH is one of the most influential chemical properties governing the agronomic suitability
of biochars as soil amendments [36].

Specifically, the biochars produced in this work display a pH range broad enough
to enable their application in both acidic and alkaline soils [3]. In acidic soils, the use of
alkaline biochars can raise soil pH, induce a liming effect, and enhance the bioavailability of
basic nutrients [37-43]. Conversely, in alkaline soils, the addition of acidic or near-neutral
biochars may cause a slight reduction in pH, favouring the solubility of nutrients such as
phosphorus (P) and trace elements [37,44]. However, such reductions are typically minor
and exert limited influence on overall nutrient availability [37,45]. Given that most biochars
reported in the literature are intrinsically alkaline, their incorporation into alkaline soils
generally results in negligible changes in soil chemical properties [37].

The progressive increase in pH with temperature can be attributed to the thermally
induced decomposition of acidic surface groups and the concurrent concentration or
formation of alkaline mineral species such as carbonates, oxides and silicates. During
co-pyrolysis, lignocellulosic volatiles interact with BS-derived minerals, influencing the
release, transformation and retention of basic cations (Ca, Mg, K, Na), which contributes to
the distinct pH patterns observed among RH- and PW-based mixtures. Previous studies
on sludge-biomass systems have reported similar synergistic effects, where the mineral
composition of the co-substrate and its ash chemistry modulate the extent of deacidification
and mineral alkalisation during thermal treatment. These mechanisms help explain the
lower pH values in PW blends at moderate temperatures and the stronger alkalinisation
observed in RH mixtures at 500 °C [8,33,46].
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Electrical Conductivity (EC) of Biochars

According to [45], biochar intended for agricultural applications should exhibit high
EC, as this parameter reflects the presence of inorganic salts such as potassium (K), sodium
(Na), calcium (Ca), and magnesium (Mg). These salts constitute essential macronutrients
that are released into the soil upon biochar incorporation. Moreover, it has been reported
that the combination of high EC with a neutral to slightly alkaline pH (7-10) is advantageous
for agronomic use, since such conditions enhance nutrient availability and promote optimal
plant growth following soil application [47,48].

The EC of the biochars produced in this study decreased progressively with increasing
pyrolysis temperature. At 300 °C, EC values ranged from 86.00 & 0.04 mS m~! for BS/PW
(1:1) biochar to 32.25 4 0.05 mS m~! for BS biochar. At 400 °C, the EC ranged from
34.60 & 0.003 mS m~! for BS/PW (1:2) to 16.55 & 0.03 mS m~! for BS, whereas at 500 °C,
values ranged from 31.68 + 0.04 mS m~! for BS/RH (1:2) to 11.84 & 0.002 mS m ™! for BS
(see Table 3).

In contrast to the pH behaviour, EC exhibited a declining trend with increasing
pyrolysis temperature, suggesting that soluble inorganic ions were transferred from the
solid phase (biochar) to the liquid phase (bio-oil) during the pyrolysis process [49,50].

During BS pyrolysis, the EC values obtained in this study were 32.25 + 0.05,
16.55 + 0.03, and 11.83 4 0.00 mS m ! at 300, 400 and 500 °C, respectively, demonstrating
a clear decreasing trend with increasing temperature. Similarly, ref. [35] reported a decline
in EC for biochars derived from AS, although their values were considerably higher (330,
40, and 50 mS m~! at 300, 400 and 500 °C, respectively). In contrast, ref. [49] observed an
increase in EC with temperature (50, 80, and 70 mS m~1), suggesting variability in pyrolytic
behaviour across studies.

These discrepancies underscore the lack of consistency in EC values reported in the
literature, likely arising from differences in feedstock composition, mineral content, and
pyrolysis conditions. Nonetheless, the results of the present work are consistent with the
decreasing trend reported by [35], albeit with lower absolute EC values.

The co-pyrolysis of BS with RH and PW resulted in higher EC values compared
with the individual pyrolysis of BS alone, while maintaining the overall decreasing
trend with increasing temperature across all mass ratios evaluated. In the case of co-
pyrolysis with RH, the highest EC values were observed for the 1:2 ratio, reaching 48.00,
25.00, and 31.68 mS m~! at 300, 400 and 500 °C, respectively. Similarly, for co-pyrolysis
with PW, the same ratio yielded EC values of 55.01, 34.59, and 20.74 mS m~1 at the
corresponding temperatures.

When comparing both treatments, it was evident that PW-assisted pyrolysis produced
higher EC values than those obtained with RH at 300 and 400 °C, whereas at 500 °C the
values were comparable. This observation suggests a greater retention of soluble inorganic
ions in the BS/PW-derived biochar at lower pyrolysis temperatures.

Comparison with previous studies is somewhat constrained, as only a limited number
of reports include EC measurements. Nevertheless, ref. [13] documented considerably
lower EC values for the co-pyrolysis of AS with RS and SD, ranging from 19-4.5 mS m~!
and 11-6.5mSm™!, respectively, between 300 and 500 °C. In contrast, in the present study,
the equivalent treatments—BS/RH (1:1) and BS/PW (1:1)—exhibited higher EC values,
ranging from 38.89-23.53 mS m~! and 86.00-20.30 mS m !, respectively. Despite these
quantitative differences, both the findings of [13] and those of the present work demonstrate
a consistent trend of decreasing EC with increasing pyrolysis temperature.

Overall, the relatively high EC values observed in the co-pyrolysis of BSs with RH and
PW indicate an enhanced release of mineral nutrients, highlighting the potential agronomic
benefits of these biochars. Nonetheless, excessive salt accumulation may adversely affect
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seed germination and plant development, particularly in arid or poorly drained soils where
leaching is limited [36]. Consequently, further validation through germination bioassays
and soil-biochar interaction studies is warranted to ensure that the application of these
materials promotes soil fertility without compromising crop establishment or growth.

The decreasing EC with rising temperature can be attributed to the progressive redis-
tribution of alkali and alkaline-earth ions during pyrolysis. As organic matter decomposes,
part of the soluble mineral fraction volatilises, migrates into the bio-oil phase, or becomes
incorporated into more stable mineral structures, reducing its availability in the solid char.
Co-pyrolysis modifies these pathways because lignocellulosic volatiles interact with BS-
derived minerals, influencing ion mobility and favouring higher EC values in BS/RH and
BS/PW mixtures compared with BS alone. Similar synergistic effects have been reported in
sludge-biomass systems, where biomass components modulate mineral transformations
and the retention of soluble salts during thermal conversion [8,33,46].

Biochar Yields

The yield of biochar obtained through pyrolysis depends on both the operational
conditions and the inherent characteristics of the feedstock used [31]. This parameter is
critical for assessing the conversion efficiency and economic viability of the process, as it
indicates the proportion of solid product generated under specific thermal conditions.

In the present study, the biochar yields obtained at 300 °C ranged from 69.79% (BS)
to 63.74% (BS/RH/PW 1:1:1). At 400 °C, the values varied from 54.82% (BS/RH 2:1) to
48.42% (BS/PW 1:1), whereas at 500 °C, yields ranged from 47.13% (BS) to 40.80% (BS/PW
2:1). Overall, an inverse relationship between temperature and yield was observed, with
the most pronounced reduction occurring at 500 °C (see Figure 1a). This declining trend
with increasing temperature has been widely reported in the literature [5,9,13,21,35,49,50]
and is generally attributed to a higher degree of biomass decomposition, involving both
primary breakdown of organic constituents and secondary reactions of the solid residue.
These processes enhance the formation of liquid and gaseous fractions, thereby reducing
the mass of the solid biochar produced [13,50,51].

During BS pyrolysis, the biochar yields were 69.79%, 52.28%, and 47.13% at 300, 400
and 500 °C, respectively, exhibiting a clear decline with increasing temperature, a trend
that has been consistently reported in previous studies [3,34,51]. It is noteworthy that these
yields were the highest among all treatments evaluated, which can be attributed to the
high ash content of the BS. Such biomass typically produces greater solid residue yields, as
the inorganic fraction resists thermal degradation and remains within the solid phase after
pyrolysis [31].

The addition of RH and PW influenced the yield of co-pyrolysed biochars. Treatments
with a higher proportion of BS—namely BS/RH 2:1 and BS/PW 2:1—achieved higher
yields than those with lower BS content (BS/RH 1:2 and BS/PW 1:2), suggesting that the
high ash content of BSs promotes solid mass retention during pyrolysis. This behaviour
is consistent with previous studies, in which the incorporation of co-substrates in the
co-pyrolysis of AS resulted in lower yields compared with the pyrolysis of pure AS. Such
reductions have been attributed to the higher volatile matter and lower fixed carbon content
typically present in lignocellulosic co-substrates [6,52,53]. As observed for BS pyrolysis,
the co-pyrolysed biochars also exhibited a decline in yield with increasing temperature.
Nevertheless, co-pyrolysis with RH tended to maintain higher yields than co-pyrolysis
with PW, suggesting that RH acts as a more favourable co-substrate for maximising biochar
production. In contrast, PW, owing to its greater content of volatile compounds, appears to
reduce the efficiency of solid product formation.
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Carbon Content

The carbon (C) content is one of the most important parameters in the characterisation
of biochar, as it is directly associated with its chemical stability and suitability for soil
applications [11]. This parameter depends on both the type of biomass employed and
the pyrolysis temperature and typically increases relative to the raw biomass due to the
progressive elimination of oxygen and hydrogen as volatile compounds during pyroly-
sis [31,52]. However, the effect of temperature on carbon content is not strictly linear and
may vary depending on feedstock composition and co-pyrolysis conditions. Several stud-
ies have reported that intermediate temperatures can favour maximum carbon retention,
whereas further increases in temperature may induce secondary devolatilisation or struc-
tural reorganisation, leading to a slight reduction in relative carbon content [8,33,46]. These
dynamics influence the structural stability of biochar and its persistence in soil, which
are key properties for carbon sequestration and soil quality enhancement applications.
Consequently, as pyrolysis temperature rises, the relative carbon concentration increases,
enhancing the structural stability of the biochar and extending its persistence in the soil.
These properties are particularly advantageous for carbon sequestration and soil quality
enhancement applications.

In this study, the carbon content of the biochars produced ranged from 48.36% to
37.71% at 300 °C, 49.82% to 33.87% at 400 °C, and 47.18% to 32.02% at 500 °C. The highest
carbon concentrations were obtained from the co-pyrolysis of the BS/PW 1:2 mixture,
whereas the lowest values corresponded to the BS/RH 2:1 mixture (see Figure la—c).
Overall, the addition of co-substrates led to an increase in carbon content compared with
the pyrolysis of BS alone, particularly in mixtures containing PW. These findings are
consistent with those reported by [7], who observed a positive influence of carbon-rich
co-substrates on the elemental composition of biochar. Moreover, the observed increase
in carbon concentration aligns with the results of [31], who attributed this behaviour to
the thermal decomposition of oxygen- and hydrogen-containing functional groups during
pyrolysis, which enhances the relative carbon content in the solid residue.

The highest carbon content was observed in the biochars produced by the co-pyrolysis
of the BS/PW 1:2 mixture across all temperature levels evaluated, whereas the lowest values
corresponded to the BS/RH 2:1 mixture (see Figure 1b—d). This difference can be attributed
to the nature of the feedstock used: lignocellulosic residues, such as PW, generally possess
a higher intrinsic carbon concentration than agricultural or animal-derived biomasses, such
as RH and BS, respectively [54-56]. This finding aligns with the classification of these
substrates, which reflects their distinct carbon compositions and consequent influence on
biochar yield and quality.

A similar trend was reported by [13], who evaluated the co-pyrolysis of SS with RS and
SD in a 1:1 ratio. In their study, the carbon contents obtained for the SS/RS mixture were
35.8%, 33.7%, and 29.6% at 300, 400 and 500 °C, respectively—values that are comparable
to those observed in the present work for the co-pyrolysis of the BS/RH 1:1 mixture, which
yielded 39%, 35.84%, and 35.41% under the same temperature conditions. Similarly, the
biochars obtained from the SS/SD mixture reported by [13] exhibited carbon contents of
42.5%, 47.2%, and 45.6%, values closely aligned with those achieved in this study for BS/PW
1:1 co-pyrolysis, which produced 46.05%, 49.21%, and 42.58%, respectively. These results
reveal a consistent pattern concerning the influence of the lignocellulosic co-substrate type,
both in previous studies and in the present work, thereby reinforcing the conclusion that
the nature of the biomass employed in co-pyrolysis plays a decisive role in determining the
final carbon content of the resulting biochar.

The differences in carbon content observed across mixtures and temperatures can
be explained by the underlying pyrolytic pathways governing carbon retention during
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thermal decomposition. As biomass is heated, the progressive cleavage of C-O, C-H and
O-H functional groups promotes the formation of condensed aromatic domains, which
become increasingly dominant at higher temperatures and contribute to the enrichment of
carbon in the solid phase. Co-pyrolysis further modifies these pathways: lignocellulosic co-
substrates release volatiles that influence dehydration, decarboxylation and cross-linking
reactions, enhancing aromatic condensation and thereby favouring greater carbon retention,
particularly in PW-rich blends. Several studies on sludge-biomass systems report similar
synergistic interactions, where biomass with higher intrinsic carbon content accelerates the
development of thermally stable carbonaceous structures, while feedstocks with higher
ash or mineral content (such as RH) show reduced carbon retention due to catalytic effects
that promote devolatilisation. These mechanistic differences are consistent with the higher
carbon contents found in BS/PW mixtures and the comparatively lower values observed
for BS/RH blends in this study [8,13,21,33]

Nitrogen (N) Content

N is a key component of BSs, with concentrations typically ranging between
2-8% [11,54], making it a parameter of major significance for potential agricultural ap-
plications. In the present study, the BS used for biochar production contained 6.03% N, a
value that lies within this reported range and closely matches the findings of [57], who
characterised BS from the same treatment facility and reported concentrations between
6.35% and 6.78%.

In the biochars produced through pyrolysis and co-pyrolysis, the total N content
exhibited a clear dependence on both the pyrolysis temperature and the feedstock mixture
employed. At 300 °C, N contents ranged from 6.86% in BS biochar to 3.08% in the BS/RH
1:2 mixture. At 400 °C, values varied between 5.25% in BS biochar and 2.62% in the BS/RH
1:2 mixture. Finally, at 500 °C, the lowest N concentrations were recorded, with a maximum
of 4.35% in BS biochar and a minimum of 2.19% in the BS/RH 1:2 mixture (see Figure 1b-d).
These results indicate that biochars derived exclusively from BSs retained the highest N
contents at all temperature levels, whereas co-pyrolysis with RH, particularly at lower BS
proportions (BS/RH 1:2), led to a notable reduction in N content.

Biochars obtained from BS pyrolysis exhibited the highest N concentrations, although
these values decreased progressively with increasing pyrolysis temperature. This behaviour
was anticipated, as sewage sludge and other animal-derived residues typically contain
higher nitrogen levels than lignocellulosic biomasses, owing to the presence of proteins and
nitrogen-rich compounds in their composition [31]. Furthermore, the progressive decline in
nitrogen content with increasing pyrolysis temperature has been previously reported and is
attributed to the thermal transformation of nitrogenous compounds, primarily amino acids,
into more thermally stable structures, such as N-pyridinic and N-pyrrolic forms [11,58].

In the case of co-pyrolysis, it was observed that the addition of RH in a higher propor-
tion (BS/RH 1:2) resulted in lower N contents across all temperature levels, which can be
attributed to the low intrinsic N concentration of RH (1.05%). In contrast, co-pyrolysis with
PW produced N values comparable to those obtained from BS pyrolysis, suggesting that
this biomass helps to preserve relatively higher nitrogen levels in the resulting biochars.
These findings confirm that the nitrogen content of biochars derived from co-pyrolysis
is strongly influenced by both the type of co-substrate and the mass ratio employed, as
lignocellulosic residues such as RH and PW generally possess lower N concentrations than
BS[11,37,58].

When compared with the results reported by [13], the N contents of the biochars
obtained in the present study were consistently higher. For instance, SS pyrolysis yielded
N contents of 4.7%, 3.5%, and 2.7% at 300, 400 and 500 °C, respectively, whereas BS-derived
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biochars reached 6.86%, 5.25%, and 4.35% under the same conditions. Similarly, for SS/RS
(1:1) co-pyrolysis, N contents of 2.8%, 3.2%, and 2.7% were reported, compared with 4.16%,
3.58%, and 3.26% obtained in the BS/RH (1:1) mixtures. In the case of SS/SD (1:1), ref. [13]
documented 1.6%, 2.6%, and 2.6%, while in this study, BS/PW (1:1) co-pyrolysis achieved
4.79%, 4.55%, and 4.05% at the same respective temperatures. This difference can be
attributed to the intrinsically higher nitrogen content of BSs, previously reported by [57],
which exceeds that of other organic amendments, typically characterised by N contents
ranging from 1.54% to 4.07%.

The literature indicates that during pyrolysis, nitrogen is progressively incorporated
into heterocyclic aromatic structures, leading to the formation of pyrogenic organic nitro-
gen [59-61]. Although this form of nitrogen is less bioavailable, it can still be assimilated by
plants and microorganisms, thereby contributing to biomass production and the synthesis
of nitrogenous compounds [61,62]. In this context, the N-enriched biochars obtained in the
present study may represent promising candidates for the development of slow-release
fertilisers, with the potential to minimise nitrogen losses through leaching or nitrifica-
tion. Nonetheless, further research is required to assess the bioavailability and agronomic
effectiveness of this nitrogen under real-field application conditions.

The decline in nitrogen content with increasing temperature reflects the progressive
volatilisation of N-bearing compounds during pyrolysis, mainly through deamination
reactions that release NH3, HCN and other gaseous species. Co-pyrolysis alters these
pathways: low-N substrates such as RH dilute the nitrogen-rich fraction of BS and enhance
volatilisation, whereas PW, with a higher intrinsic C content, favours the partial stabilisation
of nitrogen within emerging aromatic structures. Similar patterns have been reported in
sludge-biomass systems, where feedstock composition determines the extent of N loss and
the formation of more stable heterocyclic N forms within the char matrix [8,46].

H/C Molar Ratio

The hydrogen-to-carbon (H/C) molar ratio is a key indicator of the degree of carbon-
isation, structural stability, and aromaticity of biochar [11,63-65]. During pyrolysis, the
thermal decomposition of hydrogen- and oxygen-containing functional groups results in
their progressive removal relative to carbon, leading to a decrease in the H/C ratio [31].
This parameter is directly associated with the formation of condensed aromatic structures,
which serve as a fundamental measure of the chemical recalcitrance and long-term stability
of the material [10]. According to the EBC and the IBI standards, a material can be classi-
fied as biochar only if its H/C molar ratio is below 0.7 [11]. Values below this threshold
denote a higher degree of carbonisation and, consequently, greater structural stability. It
should also be noted that the H/C ratio is temperature-dependent, generally declining with
increasing pyrolysis temperature due to enhanced aromatisation and dehydrogenation
processes [11,63,65].

In this study, the H/C molar ratio of the biochars produced at 300 °C ranged from
1.18 BS to 0.98 BS/PW 1:2. At 400 °C, the maximum value was 0.82 (BS/RH 2:1), while the
minimum reached 0.58 BS/RH 1:2. At 500 °C, the H/C ratios varied between 0.51 BS/RH
2:1 and 0.41 BS. Consistent with previous findings, a progressive decrease in the H/C ratio
with increasing pyrolysis temperature was observed [7,11].

In relation to the EBC and IBI standards (H/C < 0.7), the results indicate that at 300 °C,
none of the samples met the specified threshold. At 400 °C, five out of thirteen treatments
(38.46%) complied with this criterion, whereas at 500 °C, all biochar samples exhibited H/C
values below 0.7. These results suggest that biochars produced at the highest temperature
attained a greater degree of aromaticity and, consequently, enhanced structural stability
(see Figure 1b—d).
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For BS pyrolysis, the H/C molar ratios obtained in this study were 1.18, 0.81, and 0.40
at 300, 400 and 500 °C, respectively. As expected, the increase in temperature resulted in a
progressive reduction in the H/C ratio, with BS biochar at 500 °C being the only sample
that satisfied the 0.7 threshold established by the EBC and the IBI. When compared with
previous studies, ref. [21] reported H/C values of 1.0, 0.8, and 0.6 for biochars derived from
SS at the same temperatures, results that are in close agreement with those obtained in the
present work. In contrast, ref. [32] reported considerably higher H/C ratios (4.3, 4.1, and
4.3 for the same temperature range) for biochars produced from MSS. These differences can
be attributed to variations in the elemental composition of the BS and sewage sludge used
in each study, underscoring the influence of feedstock characteristics on the final stability
of the resulting biochar.

For BS co-pyrolysis with RH or PW, it was observed that biochars derived from
mixtures with a higher proportion of BSs exhibited higher H/C molar ratios. Conversely,
when the lignocellulosic biomass (RH or PW) predominated, the H/C values decreased.
This behaviour suggests that the presence of BS contributes to increasing the H/C ratio,
consistent with the findings of [11], who reported a decreasing order of H/C ratios among
different biomasses used for biochar production (manure > straw > paper waste > fish
waste). Accordingly, the incorporation of lignocellulosic co-substrates appears to exert a
dilution effect, lowering the H/C values of biochars produced by co-pyrolysis. However,
it is important to note that neither RH nor PW induced sufficient changes to significantly
alter the overall pattern observed in the co-pyrolysed biochars.

To contextualise the H/C molar ratios obtained in this study, a comparative analysis
was carried out with previous research. For BS/PW (1:1) co-pyrolysis, the H/C values
were 1.07, 0.73, and 0.50 at 300, 400 and 500 °C, respectively. These results exhibit a similar
trend to that reported by [21] for the co-pyrolysis of SS with CS (1:1), where corresponding
H/C ratios of 1.0, 0.7, and 0.7 were obtained. However, the values observed here are
substantially lower than those reported by [32] for the co-pyrolysis of MSS with SD (5:5),
which yielded H/C ratios of 3.6, 2.1, and 0.9. These differences further highlight the strong
influence of feedstock elemental composition on the structural and chemical properties of
the resulting biochars.

Similarly, the results obtained from the co-pyrolysis of BS/RH exhibited a remark-
able agreement with those documented in the existing literature. For instance, ref. [2]
reported an H/C ratio of 0.5 for the co-pyrolysis of MSS with RH in a 4:1 ratio at 500 °C, a
value that closely aligns with the 0.51 observed in BS/RH (2:1) under identical conditions.
Furthermore, ref. [32] recorded a value of 0.8 for MSS/RH in a 1:1 ratio at 400 °C, which
corresponds well with the 0.79 obtained for BS/RH (1:1) at the same temperature. These
consistent findings suggest that, despite variations in the biomass materials employed, the
values obtained in this study are in strong alignment with those reported in prior research,
thereby reinforcing the robustness and reliability of the results.

The results demonstrate that both pyrolysis and co-pyrolysis lead to a reduction in the
H/C ratio as the temperature increases. Upon comparing the co-substrates, it was found
that co-pyrolysis with RH results in slightly lower H/C values than co-pyrolysis with
PW, suggesting that the inclusion of RH more effectively promotes the formation of stable
aromatic structures. This behaviour is particularly noteworthy given that international
standards, such as those outlined by the EBC and IBI, set a threshold of H/C < 0.7 for
biochars to be classified as stable. Based on this criterion, the biochars produced at 500 °C,
as well as a significant proportion of those produced at 400 °C, meet the established quality
parameters. Among these, treatments involving RH exhibit the greatest potential for long-
term agricultural and environmental applications, including soil amendments and carbon
sequestration strategies.
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3.2. Impact of Pyrolysis on the Surface Properties of Biochar
3.2.1. Surface Area

The surface area of biochar is a critical physicochemical parameter for its applica-
tion in soils, as it defines the interface where various biological and chemical processes
occur [66,67]. An increase in surface area enhances water retention, facilitates gas adsorp-
tion [31], and stimulates microbial activity [66,68-70]. In biochar production, surface area is
significantly influenced by several process factors, including the type of biomass used [71],
temperature, residence time during pyrolysis [36,66], and system pressure [36].

In the present study, the biochars derived from BSs exhibited surface areas of 0.82, 2.19,
and 1.82 m?/g at pyrolysis temperatures of 300 °C, 400 °C, and 500 °C, respectively (see
Table 4). The highest surface area was observed for biochars produced at 400 °C, suggesting
that an increase in temperature promotes surface area development. However, a slight
decrease was noted at 500 °C, indicating a potential saturation point beyond which further
temperature elevation may not enhance this property.

Table 4. Surface Area and Pore Size of Biochars.

. Superficial Area Average Pore Size Micropore Meso- and
Biochar 27N a b 370 ¢ Macropore Volume
(m*/g) (nm) Volume (cm”/g) 3, b
(cm?>/g)
300 °C 0.82 3.14 3.32 x 107° 0.0011
BS 400 °C 2.19 3.13 425 x 1074 0.0026
500 °C 1.82 5.11 534 x 1074 0.0024
300 °C 0.82 3.14 332 x 107° 0.0011
BS-RH 1:1 400 °C 2.19 3.13 425 x 107* 0.0026
500 °C 1.82 5.11 5.34 x 1074 0.0024
300 °C 1.80 3.14 214 x 107* 0.0024
BS-RH 1:2 400 °C 2.79 3.12 554 x 10~4 0.0034
500 °C 3.68 3.13 9.31 x 1074 0.0045
300 °C 1.63 3.14 2.10 x 1074 0.0021
BS-RH 2:1 400 °C 411 3.09 1.01 x 1073 0.0048
500 °C 3.71 3.13 1.02 x 1073 0.0043
300 °C 1.38 3.14 1.40 x 10~4 0.0017
BS-PW 1:1 400 °C 2.18 3.50 419 x 1074 0.0029
500 °C 3.24 3.13 7.64 x 1074 0.0037
300 °C 1.28 3.13 1.27 x 1074 0.0017
BS-PW 1:2 400 °C 1.90 6.84 447 x 1074 0.0021
500 °C 3.66 3.12 9.25 x 104 0.0044
300 °C 0.93 3.13 191 x 1074 0.0020
BS-PW 2:1 400 °C 1.73 5.86 3.40 x 1074 0.0023
500 °C 4.62 3.10 1.17 x 1073 0.0052
300 °C 0.58 3.54 2.09 x 1074 0.0015
BS-RH-PW 1:1:1 400 °C 2.32 3.14 5.87 x 10~4 0.0030
500 °C 4.86 3.10 1.15 x 1073 0.0047

2 Multipoint BET, b BJH Method adsorption, ¢ SF Method.

The biochars produced through co-pyrolysis of BSs with RH demonstrated an increase
in surface area, with this effect being more pronounced in mixtures with a higher proportion
of RH (Table 4). Furthermore, the enhancement in surface area was found to be temperature-
dependent, as the surface areas of the BS/RH mixtures at 300 °C were lower than those
obtained at 400 °C and 500 °C. Notably, the BS/RH 1:2 treatment at 400 °C yielded the
highest surface area, achieving a value of 4.105 m?/g.
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Biochars produced through the co-pyrolysis of BSs with PW exhibited a behaviour
similar to that observed with RH, with an increase in temperature promoting an enhance-
ment in surface area. This effect was most pronounced at 500 °C, where the BS/PW 1:1,
BS/PW 1:2, and BS/PW 2:1 treatments reached surface areas of 3661, 4617, and 3618 m2/ g,
respectively. In line with the results for RH, the highest surface area was observed in the
treatment with the greatest proportion of lignocellulosic biomass: in this case, PW.

In this study, it was observed that the co-pyrolysis of lignocellulosic biomass (RH and
PW) resulted in biochars with a larger surface area compared to those derived exclusively
from BSs (see Table 4). This effect was influenced by both the type of biomass and the
temperature: RH exhibited a greater increase in surface area at 400 °C, while PW showed a
more pronounced effect at 500 °C. In both cases, the proportions with the highest lignocellu-
losic biomass content (1:2) achieved the highest surface area values. This trend aligns with
previous reports on woody biomass, where surface area increases with temperature [71], in
contrast to SS, which exhibits significantly lower values [31].

In the study by [13], biochars produced from the pyrolysis of SS and its co-pyrolysis
with SD and RS (1:1 ratio, 500 °C, 60 min) exhibited surface areas of 7.1, 3.9, and 6.6 m?/ g,
respectively. In comparison, under similar conditions but with a shorter residence time
(20 min), the surface areas obtained in this study were 1.82 m?/g for BS, 3.66 m?/g for
BS/PW 1:1, and 3.68 m?/g for BS/RH 1:1. While the values reported by [13] are higher,
there is a notable similarity between the surface areas of SS/SD and BS/PW co-pyrolysis,
suggesting a comparable effect of lignocellulosic co-substrates.

Similarly, ref. [21] reported surface areas of 15.6, 16.34, and 9.43 m? /g for SS pyrolysis
at 300, 400 and 500 °C, respectively, with a residence time of 120 min. In this study, under
similar conditions but with a shorter residence time (20 min), BS biochars achieved surface
areas of 0.82, 2.19, and 1.82 m?/g at the same temperatures. Regarding co-pyrolysis,
ref. [21] obtained surface areas of 14.42, 15.76, and 10.78 m?2/ g for SS/CS (1:1), while in
the present study, the BS/PW 1:1 co-pyrolysis showed values of 1.28,1.90, and 3.66 m?/g.
These discrepancies highlight the influence of both the intrinsic characteristics of each
biomass and the residence time, which appears to be a critical factor in the development of
surface area.

A comparison with previous studies revealed that the surface area values obtained
in this study were relatively low. A key distinction lies in the shorter residence time
applied (20 min) compared to those used in earlier studies, such as those by [13] (60 min)
and [21] (120 min). Due to the exploratory nature of this study and the high number of
pyrolysed and co-pyrolysed samples, a shorter residence time was selected. Nevertheless,
the results suggest that biochars with favourable characteristics for soil applications can still
be identified. Future studies can evaluate the impact of variations in pyrolysis conditions,
including longer residence times, to further enhance surface area.

3.2.2. Functional Groups on the Surface of Biochars and Raw Biomasses

The FTIR spectra are presented in Figure 2. Both the raw biomass (prior to heat
treatment) and the biochars derived from pyrolysis and co-pyrolysis were analysed across
the three temperature levels used. Overall, it was observed that an increase in temperature,
coupled with the incorporation of lignocellulosic biomass (RH and PW) into the BS, resulted
in significant changes to the spectral patterns.
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Figure 2. FTIR spectra of biochars and raw biomasses. (A) Differential comparison of FTIR spectra
of raw biomasses and biochars derived from pyrolysis and co-pyrolysis of biochars from BS/RH
mixtures at different mass ratios at 300 °C. (B) 400 °C. (C) 500 °C. (D) Differential comparison of
FTIR spectra of raw biomasses and biochars derived from pyrolysis and co-pyrolysis of biochars
from BS/PW mixtures at different mass ratios at 300 °C. (E) 400 °C. (F) 500 °C. For all sections, the
spectrum of the raw biomass (BS, RH or PW, as appropriate) is shown at the ends, while the spectrum
of the biomass pyrolysis and the increase in the mass proportion of the co-pyrolysis (2:1; 1:1 and 1:2)
are shown inwards.

The FTIR spectra of the raw biomasses (BS, RH, and PW) exhibited both similarities
and differences in their vibrational patterns. Broad bands in the range of 3400-3500 cm !,
corresponding to hydroxyl groups, were identified in all three biomasses. Additionally,
signals between 2850 and 2930 cm !, attributed to the C-H stretching vibrations of aliphatic

compounds, fats, and lipids, were also observed [2,72,73].
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The BS spectrum exhibited distinctive features associated with its higher protein
content. Notably, the band at 1402 cm™ 1, corresponding to COO™ and CHj vibrations,
the signal at 1545 cm ™! related to secondary amides, and the band at 1240 cm~! linked
to C-N/N-H vibrations and phosphodiester bonds present in phospholipids and nucleic
acids, were observed [57,74-78].

Both BS and RH displayed bands in the range of 875-1050 cm ™!, which are attributed
to C-O and C—C stretching vibrations of polysaccharides and aromatic compounds, as well
as signals around 450 cm !, indicative of Si-O-Si and Al-O-Si vibrations. Furthermore,
both biomasses exhibited bands between 1650 and 1750 cm™!, which are associated with
C=0 stretching vibrations of ketones, aldehydes, and carboxylic acids [32,57,79,80].

In contrast, RH and PW exhibited bands in the range of 1500~1600 cm ™!, correspond-
ing to aromatic C=C and C=0 vibrations, as well as a characteristic signal at 800 cm~ 1,
which is attributed to aromatic compounds [18,32,81,82]. Additionally, PW displayed dis-
tinctive bands at 1317 and 1053 cm ™!, associated with alkyl ether structures, which were
absent in both BS and RH [47].

In the FTIR spectra of biochars obtained from BS/RH pyrolysis (see Figure 2A-C),
various signals were observed, reflecting structural modifications compared to the raw
biomasses. The broad band in the range of 3400-3500 cm~!, attributed to hydroxyl groups,
remained present but showed lower intensity as the proportion of RH in the mixture
increased. Additionally, signals in the 2850-2930 cm ™! range, corresponding to vibrations
of aliphatic groups (alkane methylene), were identified in all mass ratios (BS/RH 1:2, 1:1,
and 2:1) [2,72,73].

The aromatic regions were also clearly evident. In the BS/RH 1:2 and 2:1 mixtures,
bands in the 1700-1600 cm ! range were detected, indicating symmetric C=C stretches in
aromatic fractions. Meanwhile, in the BS/RH 1:1 mixture, vibrations in the 1600-1500 cm !
range suggested the presence of C-C aromatic structures. Furthermore, the signal at
1415 cm ™!, observed in both BS/RH 1:2 and 1:1 mixtures, confirmed the presence of
aromatic rings and/or inorganic carbonates [45,83,84].

All evaluated proportions displayed bands in the 1080~1050 cm ™! range, correspond-
ing to asymmetric C-O-C and C-C-O stretching vibrations, characteristic of ether linkages.

Similarly, the signal at 795 cm ™!

was observed in all combinations, indicating the presence
of aromatic and heteroaromatic compounds. Additionally, bands around 450 cm !, asso-
ciated with metal-halogen bond vibrations (S5i-O-5i and Al-O-5i), were detected in all
BS/RH biochars [13,32].

Overall, these findings suggest that co-pyrolysis with RH promotes the formation and
retention of stable aromatic structures and inorganic groups, which enhances resistance to
degradation and underscores the significant potential of these biochars for soil remediation
and conditioning applications.

In the FTIR spectra of biochars obtained from BS/PW co-pyrolysis (see Figure 2D-F),
several signals indicative of structural modifications induced by temperature and mass ratio
were identified. A broad band in the 3400-3500 cm ™! range, attributed to hydroxyl groups,
was observed in all samples, although its intensity progressively decreased with increasing
temperature and PW content in the mixture [2,73]. Similarly, vibrations characteristic of
aliphatic groups (alkane methylene) in the 2850-2930 cm ™! range were detected in all mass
ratios (BS/PW 1:2, 1:1, and 2:1) [72,73].

A prominent signal at 1620 cm ™!, present in all three ratios, was attributed to C=0,
C=C, and -CONH vibrations, suggesting the presence of aromatic rings and amide bonds,
likely originating from condensed protein and aromatic fractions [2,73]. Additionally,
a band at 1438 cm~! was recorded in the BS/PW 1:1 and 2:1 mixtures, associated with
vibrations of CHx groups in aliphatic chains and cyclic compounds [73,85].
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Furthermore, signals in the 1300-1200 cm ™! and 1150-1050 cm ™! regions, observed in
all proportions, were attributed to C-O-C and C-C-O stretching vibrations, characteristic
of mixtures of alkyl and aromatic ethers [86].

Overall, the results indicate that PW-assisted co-pyrolysis promoted the retention
of oxygenated and nitrogenated functional groups (hydroxyls, carbonyls, and amides),
alongside the formation of stable aliphatic and aromatic structures. This suggests that
BS/PW biochars possess a more diverse functional character, which could enhance their
surface reactivity and make them more suitable for applications in adsorption processes
and interactions with organic compounds in soils.

FTIR analysis revealed notable differences between raw biomass and biochars obtained
through the co-pyrolysis of BS/RH and BS/PW. In general, raw biomass exhibited a broader
diversity of functional groups, particularly in BS, where signals associated with proteins,
lipids, and phosphorus compounds were detected. Following co-pyrolysis, a progressive
reduction in the bands corresponding to hydroxyl and aliphatic groups was observed,
likely due to thermal decomposition. In both BS/RH and BS/PW mixtures, there was an
increase in aromatic signals (C=C, C=0) and ether structures (C—-O-C, C-C-0), indicating
a transformation towards more stable and condensed compounds.

From the perspective of soil applications, this transformation suggests that biochars
generated by co-pyrolysis exhibit greater chemical stability and resistance to microbial
degradation, favouring their long-term persistence as soil amendments. However, the
reduction in oxygenated functional groups, such as hydroxyls and carboxyls, may limit
their capacity for nutrient and water retention. This implies that the effectiveness of co-
pyrolysis biochars will depend on the specific soil type and the agricultural management
practices employed. Overall, the results indicate that co-pyrolysis biochars function more
as structural materials and carbon stabilisers in soil, while raw biomasses provide a higher
content of labile functional groups, which are more pertinent to immediate soil fertility.

3.2.3. Morphological and Microscopic Characteristics of BSs and Biochars

SEM analysis enabled the observation of morphological changes induced by the py-
rolysis of BSs at varying temperatures (Figure 3). In its raw state, BS exhibited no defined
pores, with irregularly shaped particles and a rough surface, consistent with previous
reports [13,33,87]. Following pyrolysis, microstructural modifications were evident, includ-
ing the formation of pores and smoother regions (Figure 3). These changes correlate with
the results obtained via the BET method (Table 4), which showed an increase in surface
area (0.82, 2.19, and 1.82 mz/g) and micropore volume (3.32 X 1073, 4.25 x 1075, and
5.34 x 107> cm?®/g) at 300, 400 and 500 °C, respectively.

In general, co-pyrolysis resulted in an increase in surface area and micropore volume
with rising temperature (see Table 4). The addition of RH and PW did not cause significant
variations in these parameters; however, the 1:2 (RH/PW) ratio yielded the highest values
for both surface area and micropore volume. SEM micrographs qualitatively support these
trends, showing increased surface roughness, cavities and heterogeneous pore develop-
ment associated with the thermal decomposition of lignin, cellulose and hemicellulose
in lignocellulosic biomass during pyrolysis, rather than definitive evidence of regular or
ordered pore structures [88].

In the case of BS/RH co-pyrolysis, micrographs (Figure 4) revealed network-like struc-
tures with skeletal morphology, accompanied by macropores and micropores uniformly
distributed across the surface of the biochar [88]. At 500 °C, pores arranged in channel-like
formations were observed [87] (see Figure 4). Biochars with a higher proportion of RH
exhibited surfaces covered with small granules, a feature attributed to the release of gaseous
products during pyrolysis [46]. These morphological changes were reflected in the results
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obtained via the BET method, where the BS/RH ratio of 1:2 exhibited the highest values for
surface area (1.63, 4.11, and 3.71 m?/g) and micropore volume (2.10 x 1074, 1.01 x 1073,
and 1.02 x 1073 cm3/ g) at 300 °C, 400 °C, and 500 °C, respectively (see Table 4).

BS BS 300°C

Figure 3. Micrographs of BSs and Biochars derived from BS pyrolysis at 300 °C, 400 °C and 500 °C.

BS-RH 1:1 300°C BS-RH 1:1 400°C BS-RH1:1500°C

Figure 4. Micrographs of Biochars obtained from BS/RH Co-pyrolysis in their different mass
proportions at the three temperature levels 300 °C, 400 °C and 500 °C.
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In BS/PW co-pyrolysis, micrographs revealed cylindrical and honeycomb-shaped
structures, consistent with the findings reported by [46]. At 300 °C, the biochars exhib-
ited smoother surfaces, whereas at 400 °C and 500 °C, rougher surfaces with increased
porosity were observed (Figure 5). In general, variations in mass proportions did not
lead to significant morphological differences; however, the BS/PW 1:2 treatment at 500 °C
stood out, achieving the largest surface area (4.65 m?/g) and a microporous volume of
1.17 x 1073 cm3/g—values closely matching those obtained in co-pyrolysis with RH (see
Table 4).

BS-PW1:1400°C

BS-PW1:1300°C BS-PW 1:1 500°C

Figure 5. Micrographs of Biochars obtained from BS/PW Co-pyrolysis in their different mass
proportions at the three temperature levels 300 °C, 400 °C and 500 °C.

SEM analysis revealed that the development of porosity and internal surface area
is a critical characteristic of biochars for their potential agronomic applications, as these
properties directly influence interactions with nutrients, contaminants, water retention,
and ion exchange capacity [45,86,89]. The porosity of biochar is influenced by factors such
as temperature, residence time, and reactor type [48]. In this study, it was observed that
co-pyrolysis enhanced both surface area and pore volume, particularly in the 1:2 mass ratios
with RH and PW. High-porosity biochars provide substantial agronomic benefits, acting
as adsorbents for HMs by attracting ions and reducing contaminants [46,90]. Moreover,
these biochars contribute to pH neutralisation and increase cation exchange capacity, thus
improving soil fertility [47].

The results of the EDS analysis are presented in Figures 6-8. In raw BSs, carbon (C) and
oxygen (O) were predominantly identified, along with smaller amounts of silicon (Si),
phosphorus (P), aluminium (Al), magnesium (Mg), sulphur (S), calcium (Ca), potassium
(K), and iron (Fe). Following pyrolysis at 300, 400 and 500 °C, the elemental profile
remained largely unchanged, with the exception of a marked increase in the Si signal as the
temperature rose (see Figure 6).
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Figure 6. Micrographs and EDS spectra of crude BSs and biochars derived from BS pyrolysis at
300 °C, 400 °C and 500 °C.

In BS/RH co-pyrolysis, variations were observed in the elemental profile. For the
1:1 mass ratio, the highest concentrations of elements were recorded at 300 °C. However,
as the temperature increased, the concentration of most elements decreased, except for
Si, which exhibited a progressive increase (see Figure 7a). In the BS/RH 1:2 combination
(see Figure 7b), the elemental profile remained generally stable, although fluctuations
were observed with temperature, without a clear pattern, and with Si again showing a
marked increase. In the BS/RH 2:1 ratio, elemental concentrations generally decreased
with increasing temperature (see Figure 7c), although Si concentrations increased at 300 °C
and 400 °C. At 500 °C, however, the concentrations of Ca and P increased.

In BS/PW co-pyrolysis, the spectra obtained displayed patterns that varied with
both mass ratio and temperature. For the 1:1 combination (see Figure 8a), the profile
closely resembled that of other biochars, showing fluctuations in element concentrations
and a progressive increase in Si. In the 1:2 ratio (see Figure 8b), a general decrease in
elemental content was observed; as the temperature increased, some elements were no
longer detected, while others, such as Ca at 400 °C and P at 500 °C, showed an increase in
intensity. In the 2:1 combination (see Figure 8c), there was an initial increase in the number
of detected elements, followed by a decrease in their intensity as the temperature increased,
with the progressive rise in Si being particularly notable.
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BS-RH 1:1 300°C

BS-RH1:1 400°C
= g

Figure 7. SEM micrographs and EDS spectra of biochars derived from BS/RH co-pyrolysis.
(a) Biochars derived from BS/RH 1:1 co-pyrolysis at 300 °C, 400 °C and 500 °C. (b) Biochars derived
from BS/RH 1:2 co-pyrolysis at 300 °C, 400 °C and 500 °C. (c) Biochars derived from BS/RH 2:1
co-pyrolysis at 300 °C, 400 °C and 500 °C.

In general, the elemental profiles on the surfaces of biochars obtained from the py-
rolysis of BSs were higher than those recorded for biochars produced via co-pyrolysis
with RH and/or PW. As the mass ratio of lignocellulosic biomass increased (BS/RH 1:2
and BS/PW 1:2), the elemental profile on the surface of the biochars tended to decrease.
In contrast, when the mass ratio of BS was increased (BS/RH 2:1 and BS/PW 2:1), an
increase in the number of detected elements was observed, which can be attributed to a
dilution effect caused by the addition of lignocellulosic biomass. It is noteworthy that no
HMs were detected on the surface of the biochars [23] (see Figures 7 and 8a—c). Si was
identified in all treatments, with its concentration increasing with temperature. This trend
was particularly pronounced in biochars derived from BS/RH pyrolysis. These findings
align with those of [23], who attributed the increase in Si concentration to the elevated silica
content in biochars.

From an agronomic standpoint, the detected elemental profile holds significant rel-
evance, as the absence of HMs suggests that the biochars are environmentally safe. The
presence of elements such as Ca, K, Mg, and P, albeit in varying concentrations, may pro-
mote nutrient availability in the soil. Moreover, the increased silica concentration could
potentially enhance crop resilience to both biotic and abiotic stresses. Collectively, the

https://doi.org/10.3390/eng7010032


https://doi.org/10.3390/eng7010032

Eng 2026, 7, 32

27 of 43

BS-PW1:1300°C

BS-PW2:1 500°C

results from EDS highlight the potential of these biochars as agricultural amendments,
not only for improving soil fertility but also for providing chemical stability and ensuring
environmental safety.

BS-PW 1:2300°C

BS-PW1:2500°C

Figure 8. SEM micrographs and EDS spectra of Biochars derived from BS/PW co-pyrolysis.
(a) Biochars derived from BS/PW 1:1 co-pyrolysis at 300 °C, 400 °C and 500 °C. (b) Biochars derived
from BS/PW 1:2 co-pyrolysis at 300 °C, 400 °C and 500 °C. (c) Biochars derived from BS/PW 2:1
co-pyrolysis at 300 °C, 400 °C and 500 °C.

3.3. Metal (Oids) in Biosolids and Biochars

BSs tend to accumulate HMs, which exhibit low biodegradability due to the physico-
chemical processes involved in wastewater treatment [3,51]. The primary sources of these
metals include industrial wastewater discharges, food consumption, pharmaceuticals, cos-
metics, and surface runoff, which contributes smaller quantities to wastewater streams [1].
The presence of HMs in BSs poses a potential risk, as these metals can enter the food chain
through plant uptake. Therefore, determining their concentrations in BSs and BS-derived
products is crucial for assessing their suitability for agricultural applications [3]. In this
study, the total concentrations of Cd, Cr, Cu, Ni, Pb, Fe, and Zn were quantified in raw BSs
and in biochars obtained through both pyrolysis and co-pyrolysis of BSs with RH and PW.

SS is the solid fraction separated during wastewater treatment, while BSs are
sludges that have been treated to comply with local regulations concerning HMs and
pathogens, making them suitable for agricultural use [3]. This study utilised raw BSs

https://doi.org/10.3390/eng7010032


https://doi.org/10.3390/eng7010032

Eng 2026, 7, 32

28 of 43

(see Materials and Methods), with the characterisation focusing on the determination of
HM concentrations for comparison with the permissible limits established by Mexican
regulation NOM-004-SEMARNAT-2002, as well as USA (United States of America) and
EU (European Union) standards. The results (Table 5) indicated that all concentrations
were below the permissible limits; Cd was not detected using the applied methodology,
and although Fe is not specified in the regulations, it was included in the analysis due to
its importance in agricultural applications. The order of abundance of HMs in BSs was as
follows: Fe > Zn > Cu > Cr = Ni > Pb.

Table 5. HMs present in the BSs used in this study and their comparison with previous studies and
international parameters.

HM HM Medina et al. MPL of Contaminants in Biosolids
(mg kg This Study [57] Mexico USA EU

As N/R 1.81 75 41 N/R
Cd N/D 7.41 85 39 2040
Cr 30 28.46 3000 N/R N/R
Cu 80 107.28 4300 1500 1000-1750
Pb 10 38.19 420 300 750-1200
Hg N/D 1.03 840 17 16-25
Ni 30 30.19 57 420 300400
Zn 490 707.95 7500 2800 2500-4000
Fe 4960 17,340 N/R N/R N/R

MPL Maximum permissible limit, USA, EU, N/R Not regulated, N/D Not detected.

When comparing the results of this study with those reported by [57] from the same
treatment plant in Celaya, Guanajuato, who recorded average concentrations of 17.34 g/kg
(Fe), 707.95 mg/kg (Zn), 107.28 mg/kg (Cu), 28.46 mg/kg (Cr), 30.19 mg/kg (Ni), and
38.19 mg/kg (Pb), the values obtained in this study were lower: 4.96 g/kg (Fe), 490 mg/kg
(Zn), 80 mg/kg (Cu), 30 mg/kg (Cr), 30 mg/kg (Ni), and 10 mg/kg (Pb). These differences
can be attributed to the fact that [57] analysed half-yearly averages, while the present study
analysed a single sample collected in November, reflecting the temporal variability in the
composition of BSs.

A key aspect of BS characterisation is the comparison of their HM content with
other by-products of wastewater treatment, such as SS. In this context, ref. [73] reported
concentrations of 1729 mg/kg (Zn), 111.83 mg/kg (Cu), 94.25 mg/kg (Cr), 30.92 mg/kg
(Ni), and 50.08 mg/kg (Pb) in SS. In contrast, the values obtained in the present study were
lower for all metals except nickel (Ni), whose concentration was similar in both cases. This
finding confirms the reduction in metal content in BSs compared to SS.

For biochars obtained through the pyrolysis of BSs, a progressive increase in HM
concentration was observed as the temperature rose. This enrichment can be attributed
to the greater thermal stability of HMs [13], in contrast to organic compounds, which
decompose and volatilise during the pyrolysis process [5]. Although a fraction of the HMs
may migrate to the liquid and gas phases, the majority remain retained in the carbonaceous
matrix [5,91], resulting in a higher relative concentration as pyrolysis progresses.

In this study, the HM contents in BS-derived biochars were as follows: at 300 °C,
777 mg/kg (Zn), 130 mg/kg (Cu), 40 mg/kg (Cr), 40 mg/kg (Ni), and 30 mg/kg (Pb); at
400 °C, 920 mg/kg (Zn), 150 mg/kg (Cu), 50 mg/kg (Cr), 50 mg/kg (Ni), and 40 mg/kg
(Pb); and at 500 °C, 1080 mg/kg (Zn), 160 mg/kg (Cu), 60 mg/kg (Cr), 40 mg/kg (Ni), and
50 mg/kg (Pb). The concentration pattern remained consistent, similar to that observed in
raw BS, following the order: Fe > Zn > Cu > Cr = Ni > Pb.
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These results align with those reported by [7], who indicated that the sequence of HM
abundance in biochars derived from municipal sewage sludge is typically Zn > Cu > Cr
> Pb > Ni > Cd. In this study, Zn was the predominant element, a trend consistent with
previous research, and is often attributed to the widespread use of galvanized steel pipes
in sewage systems [21,73,92].

To analyse the effect of co-pyrolysis of BSs with RH and PW on HM content, heat
maps were generated to visualise the variations in their concentrations (see Figure 9). In
general, biochars derived from BS pyrolysis exhibited higher HM concentrations compared
to those obtained through co-pyrolysis, with the exception of Cr and Ni (see Figure 9a,c),
whose concentrations increased with the addition of RH. The observed decrease in Zn,
Pb, and Cu concentrations in co-pyrolysis can be attributed to the ‘dilution effect,” a
phenomenon extensively documented in the literature [13,18,93]. This effect is linked to
the nature of lignocellulosic biomass (from agricultural and forestry sources), which is
primarily composed of lignin, cellulose, and hemicellulose, in contrast to BSs, which are
richer in proteins, fats, cellulose, and carbohydrates [6,94]. Consequently, lignocellulosic
biomasses provide higher amounts of carbon and contain much lower concentrations of
HMs compared to BSs [1,6,9].

A notable exception was observed in the case of Cr in biochars obtained from BS/RH
co-pyrolysis. This behaviour was previously reported by [2], who found that co-pyrolysis
of SS with RH increased the concentration of Cr, attributed to the high content of this metal
in the original biomass. Similarly, ref. [18] reported that co-pyrolysis of reed (Phragmites
australis) with SS maintained high Cr levels, reflecting the composition of both precursor
materials. In the present study, a similar effect was observed in the BS/RH mixture for both
Cr and Ni.

In contrast, the increase in these metals was not observed in BS/PW co-pyrolysis,
suggesting that PW contains minimal amounts of Cr or Ni, making it a more suitable
biomass for biochar production with lower heavy metal accumulation. These findings
underscore the importance of biomass selection in co-pyrolysis, as it influences not only
the physicochemical properties of the biochar but also its compliance with the quality
and safety standards required for agricultural applications. Consequently, it is crucial to
compare the obtained parameters with current international regulations.

Biochar certification and commercial use are currently regulated by two main interna-
tional initiatives: the EBC and the IBI [11]. Both initiatives have established comprehensive
guidelines for physicochemical parameters, with a particular focus on HM limits for biochar
intended for soil application. In this study, the HM contents in biochar obtained from
both BS pyrolysis and co-pyrolysis with RH and PW were compared with the maximum
allowable concentrations set by these certifications (see Figure 10). This comparison is
essential, as it facilitates the assessment not only of the suitability of the produced biochars
as soil amendments but also of the impact of co-pyrolytic biomass on compliance with
these international standards.

When comparing the biochars with the reference values established by the IBI, notable
differences were observed based on both the pyrolysis temperature and the biomass used in
co-pyrolysis. At 300 °C (see Figure 10b), Cr, Cu, Pb, and Ni remained below the limits in all
biochar samples, while Zn exceeded the reference value in most cases, with the exception
of the BS/RH/PW 1:1:1, BS/PW 1:2, and BS/RH 1:2 treatments. At 400 °C (see Figure 10d),
Cr and Pb remained consistently below the limit across all treatments, with Cu exceeding
the limit only in BS biochar, and Ni exceeding the limit only in BS and BS/RH 1:2. Zn
was again the most restrictive metal, with only the BS/RH/PW 1:1:1 treatment remaining
below the established value. Finally, at 500 °C (see Figure 10e), Cr, Pb, and Ni remained
within acceptable concentrations in all biochars, while Cu exceeded the limit only in BS
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and BS/RH 2:1 biochars. At this temperature, Zn continued to be the critical metal, with
only the BS/RH 1:2 treatment staying below the established limit.
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Figure 9. Heat graphs for comparing heavy metal content fluctuations in BS pyrolysis and co-pyrolysis

with RH and PW. (a) Cr, (b) Cu, (c) Ni, (d) Pb and (e) Zn.
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Figure 10. HM content in biochars obtained from pyrolysis of BSs and in co-pyrolysis with RH and
PW according to the limits declared by the IBI and EBC. (a) Biochars obtained at 300 °C compared
to the values declared by the EBC. (b) Biochars obtained at 300 °C compared to the values declared
by the IBI. (c) Biochars obtained at 400 °C compared to the values declared by the EBC. (d) Biochars
obtained at 400 °C compared to the values declared by the IBI. (e) Biochars obtained at 500 °C
compared to the values declared by the EBC. (f) Biochars obtained at 500 °C compared to the values
declared by the IBI.

When comparing the results with the reference values established by the EBC, the
biochars obtained at 300 °C (see Figure 10a) showed that Cr, Pb, and Ni concentrations were
below the limit in all cases. Cu remained within the permitted value, except in the biochar
derived exclusively from BSs. For Zn, only the BS/RH 1:2, BS/PW 1:2, and BS/RH/PW
1:1:1 combinations met the standard, while the other treatments exceeded the established
limit. At 400 °C (see Figure 10c), Cr, Pb, and Ni concentrations remained within acceptable
levels in all treatments, while Cu exceeded the limit in BS, BS/PW 2:1, and BS/RH 2:1.
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Zn continued to be the most restrictive metal, with only the BS/RH/PW 1:1:1 treatment
remaining below the limit. Finally, at 500 °C (see Figure 10d), Cr, Pb, and Ni remained
below the reference values, while Cu exceeded the limit in BS, BS/RH 2:1, and BS/PW 2:1.
As observed at the other temperatures, Zn was the most problematic metal, with only the
BS/RH 1:2 treatment complying with the EBC-established value.

In comparing the reference values established by the IBI and the EBC, Cu and, particu-
larly, Zn most frequently exceeded the established limits. This underscores the need for
further investigation into these metals to ensure that biochar application does not pose a risk
to soil or groundwater contamination. In addition to regulatory compliance, understanding
the mechanisms that govern HM behaviour in biochar is essential for assessing its agri-
cultural and environmental suitability. Overall, all biochars met the maximum allowable
concentrations for Cr, Pb and Ni, whereas Cu and particularly Zn exceeded the thresholds
in several BS-and BS/RH-derived materials, making Zn the most restrictive element across
treatments. Regarding structural stability, only the biochars produced at 400 and 500 °C
met the H/C requirements of IBI (<0.7) and EBC (<0.6), indicating sufficient aromatic
condensation. However, the environmental relevance of HMs is determined not only by
their total concentrations but also by their mobility and leaching potential. Previous studies
have shown that increasing pyrolysis temperature promotes the formation of metal-silicate,
metal-phosphate and metal-oxide phases, as well as the encapsulation of metals within
carbonaceous structures, thereby reducing their solubility and bioavailability [8,13,21,33].
Co-pyrolysis can further enhance these immobilisation pathways by diluting metal-rich
BSs with lignocellulosic biomass and facilitating the incorporation of metals into more recal-
citrant mineral matrices. Thus, although Cu and Zn exceed regulatory thresholds in some
treatments, the reduced mobility associated with these stabilisation processes suggests that
their environmental risk may be substantially lower than implied by total concentrations
alone. Nevertheless, targeted leaching assays are required to confirm the extent of metal
immobilisation and establish the safe agricultural use of the produced biochars.

However, several studies have shown that metals such as Cu, Cr, Zn, Pb, Mn, and Ni
tend to transform into more stable forms during pyrolysis, reducing both their immediate
phytotoxicity and bioavailability [53]. Therefore, future research should focus on evalu-
ating these transformations and their impact on the environmental safety of biochar. It is
important to note, however, that chemical characterisation alone is insufficient for assessing
the viability of biochar in agricultural applications. Consequently, examining the direct
effects of biochars on the growth and development of crops of interest, such as maize, is
essential, as maize serves as a relevant model due to its agronomic and food significance.

3.4. Effect of Biochar on Corn Plant Growth
Impact of Biochar Addition on Seed Germination, Plant Weight, and Biomass Production

Seedling germination and growth tests are among the most straightforward and
effective methods for assessing the quality of biochar and its potential impact on plant
yield in the short term [50,95-97]. Consistent with this, the IBI includes germination tests
in its assessment guidelines as an initial criterion for validating the agricultural application
of biochar [10]. In this context, the present study conducted an experiment using Zea
mays, a crop of significant food and economic importance in Mexico, to evaluate the effects
of biochar derived from the pyrolysis of BSs and its co-pyrolysis with RH and PW. The
physiological parameters assessed included the RSGR, RRG, GI, as well as fresh weight
(FW) and dry weight (DW). The results are presented in Table 6 and Figure 11.
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Table 6. Germination results for the various treatments using biochars derived from BS pyrolysis and
co-pyrolysis with RH and PW.

Treatment RSGR % RRG % GI %
BS-300 °C 83.33 284.31 29.31
BS-400 °C 100.00 144.12 69.39
BS-500 °C 83.33 144.12 57.82
BS-RH 1:1-300 °C 100.00 250.00 40.00
BS-RH 1:1-400 °C 100.00 274.51 36.43
BS-RH 1:1-500 °C 83.33 251.96 33.07
BS-RH 1:2-300 °C 83.33 136.27 61.15
BS-RH 1:2-400 °C 100.00 240.20 41.63
BS-RH 1:2-500 °C 100.00 404.90 24.70
BS-RH 2:1-300 °C 125.00 145.10 86.15
BS-RH 2:1-400 °C 83.33 301.96 27.60
BS-RH 2:1-500 °C 100.00 308.82 32.38
BS-PW 1:1-300 °C 100.00 207.84 48.11
BS-PW 1:1-400 °C 125.00 146.08 85.57
BS-PW 1:1-500 °C 166.67 204.90 81.34
BS-PW 1:2-300 °C 125.00 217.65 57.43
BS-PW 1:2-400 °C 125.00 72.55 172.30
BS-PW 1:2-500 °C 125.00 111.76 111.84
BS-PW 2:1-300 °C 100.00 293.14 34.11
BS-PW 2:1-400 °C 125.00 131.37 95.15
BS-PW 2:1-500 °C 166.67 387.25 43.04
BS-RH-PW 1:1:1-300 °C 83.33 95.10 87.63
BS-RH-PW 1:1:1-400 °C 125.00 126.47 98.84
BS-RH-PW 1:1:1-500 °C 125.00 195.10 64.07

Relative seed germination rate (RSGR), relative root growth (RRG), germination index (GI).

In biochars derived from BS pyrolysis, the GI increased with temperature, reaching
values of 29%, 69%, and 58% at 300, 400, and 500 °C, respectively, with the highest value
observed at 400 °C (see Table 6).

In contrast, the results for BS/RH co-pyrolysis exhibited an opposite trend: the GI
decreased as the temperature rose. The highest values were recorded at 300 °C, with the
BS/RH 2:1 biochar standing out at 86%, surpassing even the GI observed with BS pyrolysis.
However, at 400 °C and 500 °C, the GI values decreased significantly, reaching minimum
levels of 25-33% (see Table 6; Figure 11).

In contrast, the biochars derived from the co-pyrolysis of BS/PW exhibited a positive
correlation with temperature, with significant increases in the GI at 400 °C, particularly
in the BS/PW 1:2 mixture, which achieved a GI of 172%. At 500 °C, a slight decline was
observed, although the GI values remained higher than those of the biochars produced
exclusively from BSs (see Table 6). Germination index values exceeding 100% indicate a
stimulatory effect on seed germination and early root development relative to the con-
trol and have been widely reported in phytotoxicity and biochar assessment studies as
a response associated with improved nutrient availability, reduced phytotoxicity and
favourable physicochemical conditions following biochar application [13,50,95-97].

Opverall, the results indicate that the type of co-pyrolysed biomass exerts a differential
influence on the GI. Specifically, the addition of RH promotes a higher GI at lower tempera-
tures, while the inclusion of PW amplifies this effect at intermediate temperatures (400 °C).
These findings suggest contrasting behaviours depending on the accompanying biomass.
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Figure 11. Physiological parameters from the germination assay using Zea mays. Each panel displays
root length (RL), shoot length (SL), and total seedling length for each treatment enriched with
biochar at pyrolysis temperatures of 300, 400, and 500 °C. The graphs of fresh weight (FW) and dry
weight (DW) are located in the upper-left corner of each panel. Each panel corresponds to a specific
biochar analysed in this study: (a) Biochar derived from BS pyrolysis, (b) Biochar from BS/RH 1:1
co-pyrolysis, (c¢) Biochar from BS/RH 1:2 co-pyrolysis, (d) Biochar from BS/RH 2:1 co-pyrolysis,
(e) Biochar from BS/PW 1:1 co-pyrolysis, (f) Biochar from BS/PW 1:2 co-pyrolysis, (g) Biochar from
BS/PW 2:1 co-pyrolysis, (h) Biochar from BS/RH/PW 1:1:1 co-pyrolysis. Different letters indicate
statistically significant differences among treatments (p < 0.05).
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As regards the aerial part (AP) of the seedlings, responses varied according to the
biochar type. For biochar produced from BS alone, mean AP lengths were 26.67, 15.57,
and 30.13 cm at 300, 400, and 500 °C, respectively, indicating a transient decline at 400 °C
followed by recovery at 500 °C (Figure 11a).

Conversely, co-pyrolysis involving RH consistently yielded the highest AP values,
demonstrating a general tendency to increase as the process temperature was elevated.
Notably, the BS/RH 1:2 treatment at 500 °C recorded 35.33 cm (Figure 11c), which represents
the maximum value obtained across all treatments in this study. In sharp contrast, co-
pyrolysis with PW exhibited the opposite behaviour: AP generally decreased with rising
temperature, reaching its minimum values at 400 °C and 500 °C. The only exception was
the BS/PW 2:1 treatment (Figure 11g), which achieved a substantial 33.80 cm at the lower
temperature of 300 °C.

Collectively, these results unequivocally demonstrate that the addition of RH consis-
tently promoted greater above-ground development when compared to both BS pyrolysis
alone and PW co-pyrolysis. This suggests a distinct positive effect of the RH co-substrate
on the initial vegetative growth of maize.

Another critical parameter evaluated was the FW of the seedlings (Figure 11a). For the
biochars obtained solely via BS pyrolysis, the FW values recorded were 1.04 g, 0.78 g, and
0.92 g at 300 °C, 400 °C, and 500 °C, respectively. Importantly, these figures all exceeded
the FW of the control group.

In the co-pyrolysis treatments involving RH, a more pronounced positive effect was
observed, generally demonstrating an increase in FW as the processing temperature was
elevated. Specifically, the BS/RH 1:1 and BS/RH 1:2 treatments reached peak values of up
to 1.29 g and 1.26 g at 500 °C, respectively. Conversely, the BS/RH 2:1 treatment remained
relatively stable, consistently yielding FW values between 1.0 g and 1.1 g. In every instance
of RH co-pyrolysis, the resulting FW values significantly surpassed those of the control
(Figure 11b-d).

In contrast, co-pyrolysis involving PW demonstrated a distinct tendency for the FW
of the seedlings to decrease as the process temperature increased. Although FW values
at 300 °C were notably higher than the control (e.g., 1.34 g for BS/PW 1:1 and 1.19 g for
BS/PW 2:1), a substantial reduction was observed at both 400 °C and 500 °C. This resulted
in minimum FW values of 0.34 g and 0.39 g being recorded for the BS/PW 2:1and BS/PW
1:2 treatments, respectively (Figure 11e, f, and g).

Collectively, these results clearly indicate that the inclusion of RH consistently
favoured an increase in the fresh weight of the seedlings. Conversely, the incorpora-
tion of PW had the opposite effect, significantly limiting seedling development, particularly
when processed at elevated temperatures.

The Gl is calculated as the product of the relative germination rate of the seed and the
relative root growth. Consequently, high GI values indicate faster germination, whereas
low values reflect greater root development. In the present study, co-pyrolysis with PW
generated substantially higher GI values compared to co-pyrolysis with RH, suggesting
a significant, positive effect on germination. Conversely, the addition of RH appeared to
favour greater root elongation and, generally, an increase in the above-ground and fresh
biomass of the resulting seedlings.

Overall, the results obtained clearly demonstrate that the incorporation of both RH
and PW during co-pyrolysis with BSs induced distinct effects on maize growth. While
co-pyrolysis with PW exhibited a tendency to stimulate germination, co-pyrolysis with RH
distinctly promoted superior vegetative development, affecting both the AP and the total
biomass. Both outcomes are considered favourable, as they could translate into valuable
improvements in early crop establishment and subsequent potential yield.
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3.5. Relationship Between the Variables of Biochars Derived from the Co-Pyrolysis of BSs

To investigate the relationships among the variables obtained from the characterisation
of biochars derived from the pyrolysis of BSs and their co-pyrolysis with RH and PW, a
PCA was performed. This analysis effectively integrated the complex dataset, allowing the
distribution of the different treatment groups to be clearly visualised, which segregated
into four distinct groups (Figure 12).

PC2 (22.59%)

-8 -6 -4 -2 [} 2 4 6 8

PC1(52.41%)

Figure 12. Principal Component Analysis of biochars produced by pyrolysis and co-pyrolysis of
biosolids (BSs), rice husk (RH) and pruning waste (PW) at 300, 400 and 500 °C. Sample scores are
identified by numerical codes corresponding to feedstock composition and pyrolysis temperature as
follows: BS (1, 9, 17); BS-RH 1:1 (2, 10, 18); BS-RH 1:2 (3, 11, 19); BS-RH 2:1 (4, 12, 20); BS-PW 1:1
(5,13, 21); BS-PW 1:2 (6, 14, 22); BS-PW 2:1 (7, 15, 23); and BS-RH-PW 1:1:1 (8, 16, 24), for 300, 400
and 500 °C, respectively. Variable loadings are denoted by letter codes: moisture (A), ash (B), pH
(C), electrical conductivity (D), yield (E), C content (F), H content (G), N content (H), O content (I),
specific surface area (J), pore volume (K), H/C atomic ratio (L), Al (M), Cr (N), Cu (O), Fe (P), K (Q),
Mg (R), Ni (S), Pb (T), Zn (U), and germination index (V).

The green group, situated in the first quadrant, was distinguished by a higher percent-
age of ash and metal concentration. This observation was predictable, given that metals
inherently tend to concentrate within the mineral fraction. This group primarily included
biochars obtained at 400 °C and 500 °C, in both BS pyrolysis and co-pyrolysis with a higher
BS proportion (2:1). This distribution confirms that elevated temperatures substantially
favour the accumulation of the ash component.

In the blue group, located in the third quadrant, the variables humidity, electrical
conductivity, yield, and the concentrations of H, N, and the H/C ratio predominated.
The treatments corresponding to this group were primarily biochars produced at 300 °C
with mass ratios of 1:1 and 2:1, both with RH and PW. These treatments were charac-
terised by H/C ratios greater than 0.7, exceeding the values recommended in biochar
certification standards.

The orange group was mainly associated with the carbon percentage and GI. In this
group, treatments with a mass ratio of 1:2, where lignocellulosic biomass (predominantly
PW) was present in higher quantities, were prominent. The temperatures of 300 °C and
400 °C showed a similar distribution, indicating that germination is positively correlated
with the carbon content in the biochar, especially when PW constitutes a higher proportion.
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The purple group, located in the fourth quadrant, was characterised by pH, surface
area, and pore volume. This group was primarily composed of biochars obtained at 500 °C,
predominantly derived from pyrolysis with RH (60%) and mainly with a 1:2 mass ratio.
These results suggest that the addition of RH enhances the surface and chemical properties
of biochar, including pH, surface area, and porosity.

The grouping of biochars into different quadrants through PCA aids in identifying
their potential applications. In terms of soil amendment, biochars from the orange and
purple groups are the most promising, owing to their higher carbon content, better germi-
nation performance (particularly in the case of PW), and superior surface and chemical
properties (especially in the case of RH). In contrast, biochars from the green and blue
groups have certain limitations: the green group is hindered by its higher ash and heavy
metal content, while the blue group exceeds the recommended H/C ratio limits set by
international certification standards.

Overall, the PCA highlights that PW biomass improves biological parameters such
as germination rate and carbon content, while RH biomass enhances physicochemical
properties like surface area, pore volume, and pH, key factors for their application in
agricultural systems.

4. Conclusions

In this study, biochars derived from the pyrolysis of BSs, along with their co-pyrolysis
with RH and PW, were produced and characterised. The results revealed that co-pyrolysis
significantly enhanced the properties of the biochars compared to those generated ex-
clusively from BSs. The incorporation of PW increased the carbon content, while RH
contributed to improvements in surface area, pore size, and pH, all of which are critical
factors for agricultural applications.

Both the pyrolysis temperature and the mass ratio used had a significant impact on
the final properties of the biochars. The most favourable conditions were observed at 1:2
ratios (BS/PW and BS/RH) at pyrolysis temperatures of 400 °C and 500 °C. Under these
conditions, key attributes such as porosity, surface area, electrical conductivity, and pH
were optimised. These findings present promising avenues for future research into the
application of biochars in soil enhancement.

However, the presence of HM remains a significant limitation. While a dilution
effect was noted, particularly in the case of PW, the chemical fractions containing HMs
were not analysed, which limits an understanding of their bioavailability and potential
environmental risks. It is recommended that both short- and long-term studies continue,
focusing on the mobility of HMs in the soil-biochar—plant interaction to better assess their
environmental impact.

In summary, this study definitively demonstrates that the co-pyrolysis of BSs with
agro-forestry biomass constitutes an effective strategy for enhancing the physicochemical
quality of the resulting biochars. This process not only yields a valuable product but also
represents a sustainable alternative for the integrated management and valorisation of
BSs. However, for the widespread agricultural application of these biochars, compliance
with established international certification parameters (e.g., those set by the IBI and EBC)
remains paramount. Furthermore, there is an urgent need to expedite the creation of robust
national standards that specifically account for the unique characteristics of BSs generated
within Mexico. Adopting these measures will significantly strengthen the commercial
viability of biochar as a soil amendment and secure its role as a crucial tool for integrated
waste management.
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Al Aluminium AP Aerial Part
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BSs Biosolids C Carbon
Cd Cadmium Cr Chromium
cSs Cotton Stalks Cu Copper
DwW Dry Weight EBC European Biochar Certificate
EC Electrical Conductivity EDS Energy Dispersive Spectroscopy
EU European Union Fe Iron
FTIR Fourier Transform Infrared W Fresh Weight
Spectroscopy
GI Germination Index H Hydrogen

Atomic Hydrogen to Organic

H/C HM H Metal:

/ Carbon Ratio s eavy Metals

IBI International Biochar Initiative K Potassium

Mg Magnesium MSS Municipal Sewage Sludge
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Pb
pH
Rc
RL
RS
RSGR
Sc
SEM
SL
SS
USA

Nitrogen

Nickel

Lead

Hydrogen Potential

Average Root Length in the Control
Root Length

Rice Straw

Relative Seed Germination Rate
Seeds Germinated in the Control
Scanning Electron Microscopy
Shoot Length

Sewage Sludge

United States of America

Sodium

Phosphorus

Principal Component Analysis
Pruning Waste

Rice Husk

Relative Root Growth

Average Root Length in the Sample
Sulfur

Sawdust

Silicon

Seeds Germinated in the Sample
Total Length
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