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ARTICLE INFO ABSTRACT
Editor: Elena Paoletti Management of heterogeneous construction, renovation, and demolition (CRD) wood residues in Québec brings
into light, a widespread topic under discussion related to their current disposal methods in landfills, that may
Keywords: lead to environmental concerns. With rising forfeitures from a legal standpoint, alternative treatment methods
C_RD for CRD wood wastes are being explored. Thermochemical biomass conversion techniques can be employed to
l;‘zgﬁiry depolymerize low-quality end-of-life CRD wood and valorize it to bio-based products. Biochar, a carbonaceous
Pyrolysis material obtained through heat treatment of wood under the absence of oxygen via slow pyrolysis, can be
Biomass tailored for specific end-use applications in hard-to-abate industrial sectors pertinent to energy, composite ma-
Aromatic terials, and environmental amendments. However, there is a scarcity of comprehensively understanding CRD
Thermochemical wood pyrolysis and projecting the biochar product's stability due to a lack of relevant studies and frequent in-

consistencies amidst currently available methods. Nevertheless, in the present study, CRD wood is pyrolyzed in a
horizontal tube furnace of two scales under laboratory conditions. Temperatures ranging from 300 to 800 °C,
biomass residence time (BRT) of 30-120 min, heating rates of 20-55 °C/min, and mass of feedstock between 100
and 500 g were the operational conditions chosen for experimentation. Evaluation of biochar stability was
carried out by the proximate and ultimate analysis, Van-Krevelen plots, TGA/DTG profile, R50 recalcitrance,
SEM-EDX, and Raman Ip/Ig methods. Data analysis indicated that carbon content (89-90 %), FC (70-74 %), TSF
(73-75 %), R50 (0.64-0.65), and Ip/Ig (0.972) increased with an increase in BRT (120 min) and pyrolysis
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temperature (800 °C) rendering its utilization in metallurgical applications as a reductant. A surface area of
220-270 m?/g was also detected for these biochar at 800 °C recommending its implementation for adsorption
applications. Biochar's cation exchange capacity (CEC), pH, and hydrophobicity also increased at high temper-
atures nurturing the ability to be used for soil pH adjustment as part of remediation activities. SEM-EDX proved
that ash content predominantly harboring alkaline and alkaline earth metals (AAEM) like Ca and K also increased
but to a certain point from where their devolatilization is implicit, thereby concentrating stable carbon. As for
functionalities in biochar, they decreased from 500 to 800 °C verifying the rejection of oxychemicals groups.
Noticeable striations associated to C-H/C-O/C=O0 vibration, stretching, and bending from FTIR spectral bands
were linked to terminal dehydrogenation, condensation, and aromatization reactions highlighting the develop-
ment of C—C and C—C linkages commonly assigned to aromatics. Evident from low Van-Krevelen H/C
(0.51-0.09) and O/C (0.08-0.02) indices, it can be extrapolated that high-temperature biochars in PR:1 and PR:2
possess a high permeance that could bolster its utilization in carbon sequestration/draw-down and other CDR

applications.

Nomenclature

AAEM  Alkaline and alkaline earth metals
ANZBIG Australia NewZealand biochar industry group
ANOVA Analysis of variance

BET Brunauer-Emmett-Teller

BRT Biomass residence time

CEC Cation exchange capacity

CHP Combined heat and power

CDR Carbon dioxide removal

CRD Construction renovation and demolition
DB Dry basis

DTG Differential thermogram

DMW Demineralized water

EAF Electric arc furnace

EBI European biochar industry

EDX Energy dispersive spectroscopy

FC Fixed carbon

FTIR Fourier transform infrared

HTL Hydrothermal liquefaction

HTT Heat treatment temperature

IBI International biochar initiative

ICI Institutional commercial and industrial
MAH Monoaromatic hydrocarbon

MP-AES Microwave plasma atomic emission spectrometer
NCG Non-condensible gas

NMR Nuclear magnetic resonance

PAH Polyaromatic hydrocarbon

PR:1 Pyrolysis round 1

PR:2 Pyrolysis round 2

R&R Repeatability and reproducibility

SEM Scanning electron microscope
SPT Setpoint temperature

TGA Thermogravimetric analysis
TSF Thermostable fraction

vC Volatile carbon

VM Volatile matter

VOC Volatile organic compound

XRD X-ray diffraction

1. Introduction

The Québec Ministry of Forests, Wildlife, and Parks has prioritized
sustainable construction practices through policies like the Wood
Charter which promotes the use of responsibly sourced timber in resi-
dential, industrial, and commercial sectors. Québec's forests, rich in
hardwood and softwood species, support eco-friendly building initia-
tives while generating economic benefits such as job creation, R&D,
investments, and trade, all contributing to climate change mitigation.
CRD waste management remains a challenge, with Québec producing
1.85 Mt. annually, including 56 % wood alongside metals, plastics, and
other materials (Recyc-Québec, 2018). Of this, 1.67 Mt. ends up in
landfills, including significant contributions from municipal, industrial,
and commercial sectors (Recyc-Québec, 2021). Though 53 % of CRD
wood waste is recovered for alternative uses, 63 % among this is
diverted for energy recovery and 37 % is repurposed for products like
furniture and panels (Recyc-Québec, 2018).

This work focuses exclusively on CRD wood sourced from Québec,
emphasizing the environmental and economic benefits of recycling
locally available wood waste. CRD wood recycling faces hurdles such as
issues related to wear/damage and economic constraints with recovery
costs ranging from $31.6/t to $181/t depending on quality (Schorr and
Boivin, 2023). CRD wood recycling in the province is also hindered by
contamination from chemicals (e.g., arsenic, chromium, copper, creo-
sote, and lead) in treated and painted wood, variability in wood
composition, and logistical barriers. Treated wood poses environmental

risks, releasing these heavy metals, chemicals, and VOCs during disposal
if not managed properly. Since Québec contributes to 13 % of Canada's
CRD wood waste with over 50 % comprising of such treated wood,
emphasizing the importance of localized valorization is necessary
(Schorr and Boivin, 2023). Provincial legislations such as “Q2, r.19 -
landfill and incineration” monitor the handling of hazardous CRD ma-
terials. Components like gypsum in drywalls release harmful gases (e.g.,
H5S) upon landfill disposal, exacerbating environmental penalties.
Stricter legal mandates coupled with stakeholder collaboration and
policy incentives necessitate alternative treatment methods for heavily
contaminated CRD wood management.

Owing to certain difficulties in the recycling and landfilling spheres,
CRD wood waste to energy conversion could be an approach that is well-
sought-after. Firstly, being a renewable source, it can be replenished via
the highly -appreciated sustainable forestry practices in Québec like
preventing illegal logging, regeneration and harvesting, reforestation,
and agroforestry. Secondly, since it is biomass, it is considered carbon-
neutral because the CO, released from its energetic valorization is re-
captured by trees during their lifecycle. Thirdly, since CRD wood
wastes will be diversely available in future because of enhanced utili-
zation in construction within the province, there could be a steady
source of supply. Fourthly, utilizing CRD wood fosters local energy se-
curity and reduces the reliance on imports. Next, it promotes a genuinely
healthy image of waste reduction via a circular economy principle that
minimizes landfill treatment and ecological/societal concerns. Finally,
the province's abundant natural resources, historical use of wood in
construction, and industrial landscape—home to leading metal and
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alloy producers in the world—test the use of non-recyclable, contami-
nated CRD wood nowadays as an engineered metallurgical-grade energy
source to replace fossil coal or coke. Regional demands promoting car-
bon sequestration and climate resilience further strengthen the potential
for utilizing bioproducts derived from locally sourced CRD wood waste
in other applications like soil remediation, horticulture, and agriculture.

Heat aids in faster depolymerization of wood wastes and produces a
gamut of products in the solid, liquid, and gaseous forms that can find
many attributes. Pyrolysis is an effective thermochemical treatment for
the valorization of wood waste at increasing temperatures with limited
intervention of air or oxygen to bioproducts of added value like biochar,
pyrolysis gas, and biooil (Tian et al., 2020). It can be streamlined into
either slow, fast or flash pyrolysis corresponding to the employed py-
rolysis temperature, heating rate, and BRT (Panwar, 2024). Slow py-
rolysis is distinguished by a low pyrolysis temperature, long BRT, and
slow heating rate that favours solid biochar yield. An intermediate or
moderate pyrolysis temperature, short BRT, and high heating rate
maximizes liquid biooil yield via fast pyrolysis. Whereas an exceedingly
high pyrolysis temperature, noticeably short BRT, and very high heating
rate indicate flash pyrolysis that enhances gas yield (Hasan et al., 2022).

As delineated in Supplementary figure 1, CRD wood pyrolysis can be
bifurcated into two types: primary and secondary pyrolysis (Muema
et al., 2024). During primary pyrolysis, the hemicellulose, cellulose, and
lignin polymers in biomass breakdown in an order, to produce steam
(surface and loosely bound water), light gases, primary condensable
volatiles (biooil), and primary biochar composed of mono-aromatic
rings that begin to confer its stability (Yang et al., 2021). The onset of
secondary heterogeneous pyrolysis reactions is kicked off at higher
temperatures where in-bound/interstitial water molecules are volatil-
ised to form secondary steam, followed by cracking of more unstable/
low-molecular weight volatiles that induces the formation of
condensed secondary biooil along with secondary char entailing poly-
aromatic rings. i.e, 2 or more benzene rings attached (Dieguez-Alonso
et al., 2015). Cracking is also mainly insinuated by primary condensed
volatiles settled on biomass and primary biochar, when exposed to
prolonged heated atmospheres without being entrained from the reactor
(Dieguez-Alonso et al., 2015). Extrapolating a finding from Fawaz et al.,
2021, a major drawback associated to secondary pyrolysis through such
cracking reactions is that it could yield low carbon conversion in biochar
and biooil due to significant loss of carbon in secondary pyrolysis gases
(including CO, CO4, CHy, and other C;-C3 gases).

Biochar is a carbon rich substance that characterized by its porous,
honeycomb-like framework with appreciable physico-chemical proper-
ties for use in agriculture, construction, and metallurgical sectors
(Bindar et al., 2024a, b). Biooil is the liquid, organic product fraction that
is rich in a myriad of chemical compounds including but not limited to
alcohols, acids, aldehydes, ketones, and aromatics (Steven et al., 2024).
The biooil can be further refined to optimize its physical and chemical
properties for the production of chemicals and fuels (resembling gaso-
line, diesel, jet fuel, or marine fuel) or can be burnt directly in boilers or
furnaces for energy generation. It can also be used to produce distillate
fractions serving as precursors for sustainable chemicals (Oktavia et al.,
2024). Pyrolysis gas consists of components such as CO, CO3, CHg, CO2,
SOy, and NOy (Kasmiarno et al., 2024). Pyrolysis gas can either be
combusted to produce heat/electricity in a combined heat and power
(CHP) plant, can be looped back to supply a part of the energy for py-
rolysis, or can be a foundation for the production of synfuels. Relative to
other thermochemical treatments like hydrothermal liquefaction (HTL),
gasification or combustion, pyrolysis offers a multitude of product
stream with appreciable yields, can be optimized, does not require: air,
water or oxygen, specialized gas cleaning/upgrading equipment, high
temperature or catalyst (Dada et al., 2021).

Ideally, CRD wood wastes like furniture wood, plywood, panels, and
particle boards could be converted to biofuels or bioproducts through
slow or fast pyrolysis (Kim et al., 2014). Some articles highlight the
production of biooil from CRD wood material through fast pyrolysis in
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batch and fluidized bed reactors where a moderate temperature of
400-550 °C can produce yields ranging from 30 to 60 wt% (Heo et al.,
2010; Jung et al., 2012; Kim et al., 2014). Higher temperatures with low
BRT produced more gases particularly comprising of CO, CO2, Ha, H,S,
SOy, NOy, and C;-C3 gases. Whereas lower temperatures and higher BRT
produced more biochar with yields ranging from 30 to 35 wt%.

In recent time, biochar is being researched as a promising carbon
dioxide removal (CDR) tool by virtue of its thermostability, high carbon
pool locked in, and partly recalcitrant nature in natural surroundings.
On grounds of its ideal micro to meso porosity, surface functional groups,
surface area and pore volume, biochar is being investigated for multi-
disciplinary end-uses like soil fertility improvement, substitute for
peat in plant growth media, adsorbent material in feed for rumen ani-
mals, wastewater treatment, coloring agent for automotive parts, and
construction materials. CRD wood wastes can be pyrolyzed under a
myriad of process parameters including but not limited to treatment
temperature, BRT, heating rate, and/or mass of feedstock processed.
These conditions mainly, can be optimized to produce biochar of
appreciable quality and yield, with respect to the intended application
under focus. For example, in metallurgical processes involving high
temperatures and pressures, pyrolytic biochar could partially substitute
coal, coke or anthracite in the blast or electric arc furnace (EAF) as an
effective chemical reductant without adverse degradation provided it
has a high carbon content, low oxygen, low moisture and ash, high
stability, heat conductivity, heating value, and minimal to moderate
surface area (well-distributed pore network) (Ye et al., 2019). These
properties of biochar can also support the slag interaction and metal ore
melting processes. Whereas, for areas concerning pollutant gas adsorp-
tion or treating wastewater, with high surface area and porosity prob-
ably being supportive, a very high carbon (>90 %) is not a pre-requisite.

The focus on locally sourced CRD wood ensures relevance to
Québec's specific environmental, economic, and industrial contexts,
reinforcing the province's leadership in sustainable wood recycling and
biochar production. This concentrated approach enhances the feasibility
of integrating biochar into Québec's sustainability efforts while
addressing the region's unique challenges and opportunities. To the best
of our knowledge, there has not been a study on the pyrolytic valori-
zation of CRD wood wastes in Québec to biochar with its characteriza-
tion pertinent to stability and environmental permeance which is
viewed as a major research gap.

Using this knowledge gap as a foundation, the following hypotheses
are outlined sequentially: 1) mechanical methods of CRD waste sepa-
ration to wood and inorganic fractions will eliminate the influence of
minerals and metal components during pyrolysis. Additionally, size
separation of the wood fraction tapers the optimal particle size for py-
rolysis; 2) mild acid washing of milled CRD wood (as chips) will leach
higher AAEM concentrations; 3) horizontal tube furnace facilitates
efficient conversion of pre-treated CRD wood chips due to better heat
management and lower thermal inertia; 4) pyrolysis under a range of
different temperatures, BRT, and/or heating rate can greatly influence
the properties of biochar circumventing physical and chemical stability.

Therefore, in the present article, we will be covering the following
objectives: a) importance of CRD wood sorting and chemical pre-
treatment to leach labile AAEM and other soluble metals; b) testing
two types of horizontal tube reactors with augmented process design to
produce biochar; c) characterization of CRD biochars and analyzing the
role of pyrolysis parameters, biomass composition on its properties; and
d) establishing some “potential” stability indices for biochar-based
carbon sequestration and other applications.

As deliverables, firstly, various biochar stability assessment methods
and their respective categories, which will be leveraged to address the
core aim of the study, will be shortlisted. A brief description of each
method will then be provided along with an explanation of the mathe-
matical equations/formulae to be utilized. Following this, CRD biomass
size separation, contaminant removal, milling, and characterizations
will take place. Pyrolysis of biomass using a laboratory small-scale
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horizontal tubular furnace reactor and a scaled-up tubular furnace
reactor will proceed, followed by the characterization of the resulting
biochars to analyze the effect of feedstock composition, pyrolysis con-
ditions, and process optimization on their physiochemical and structural
properties. Finally, the most reliable parameters for indexing biochar
stability along with potential applications will be discussed.

2. Materials and methods

Prominent methods to quantify biochar stability into three classes is
discussed here prior to deciding the characterizations to be performed.

2.1. Biochar stability - theory

Despite its potential in climate change mitigation, assessing biochar's
stability remains complex, necessitating improved evaluation tech-
niques. Biochar's permeance is not as permanent as minerals and
strongly depends on its carbon ring structures, which are formed
through rapid chemical transformations during pyrolysis (Chiaramonti
et al.,, 2024a, b; Adhikari et al., 2024). Stability indices are categorized
into three domains. Firstly, alpha indices like Van-Krevelen parameters
(H/C and O/C) are widely used, cost-effective indicators of biochar's
aromatic condensation and environmental resistance (Budai et al.,
2013). Proximate analysis, assessing fixed carbon (FC), volatile carbon
(VC), and ash content, also aids in understanding stability (Spokas,
2010). Other methods of correlation to study biochar's permeance as a
carbon sink are still being optimized mainly due to biochar's heteroge-
neous carbon pools that are not uniformly represented (Klasson, 2017).
These beta methods include incubation experiments, involving chemical
aging with oxidizing agents (eg: HyOs, KMnO4) evaluate biochar's
oxidation behaviour and mean residence time in soil but are labour-
intensive and time-consuming (Cross and Sohi, 2013) procedures.
Finally, gamma indices harboring instrumental techniques like '3C
NMR, FTIR, Raman spectroscopy, and XRD analyze biochar's structural
properties including aromaticity and crystalline composition to infer
durability (Wood et al., 2024).

Although these methods provide valuable insights, they require
rigorous updates to account for environmental variables such as soil
acidity, alkalinity, and composition, especially when biochar is used in
agriculture or soil-based CDR applications.

2.1.1. Other metrics for biochar stability

Aside from renowned conventional metrics, two other stability
indices were adopted in an attempt to evaluate the biochars produced
from in-house pyrolysis experiments.

2.1.1.1. Thermostable fraction (TSF): Category 1 or alpha. TSF is repre-
sented through the ratio of FC to the cumulative value of VC and FC
derived from proximate analysis of biochar. Eq. 1 is adapted from
Adhikari et al., 2024 to replace VC in place of VM since the biochar
sample is already pre-dried to eliminate as much moisture as possible.

FC

TSF (%) = (m

) %100 &)

2.1.1.2. TGA R50: Category 2 or beta. Oxidation resistance of biochar
was calculated using a low-cost assessment via thermogravimetric
analysis (TGA) and by incorporating an index of recalcitrance called R50
(Yang et al., 2018). It is a quantitative screening tool to predict biochar's
mineralization tendency. A higher R50 value is an indication for greater
stability and recalcitrance (Li and Chen, 2018). Pyrolysis parameters,
mainly temperature, along with heat treatment duration, and nature of
feedstock are directly proportional to this R50 value (Wang et al., 2021;
Harvey et al., 2012). The aforementioned authors classify R50 values
into three types: Class A (R50 > 0.7) suggesting least biodegradation;
Class B (0.5 < R50 < 7) with moderate degradation; and Class C (R50 <
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0.5), showing highest susceptibility to degradation. From the raw
thermogram, R50 is calculated using Eq. 2:

R50 — <T50%weight loss for biochar> (2)

TSO%weigh\ loss for graphite

Here, Ts509% weight loss for biochar Was the temperature in °C obtained
from the raw thermogram of a biochar sample where it experienced
exactly 50 % of its weight loss. Likewise, T509 weight loss for graphite Was the
theoretical temperature in °C obtained for 50 % weight loss of a refer-
ence graphite material. Different values for Tso weight loss for graphite Were
used such as 844 °C in Wang et al., 2021 and 886 °C as in Chen et al.,
2021. In this article, 886 °C was used for calculating the R50 value
because it is more common amidst literatures that try to compute bio-
char carbon stability using this method. However, before the respective
temperatures where 50 % weight loss of biochar were recorded, the
thermograms were first corrected for moisture and ash content using the
method discussed in Harvey et al., 2012. This ensures that the weight
loss was only occurring in the carbonaceous fraction of biochar. To
correct the thermogram, Eq.3 is used:

Wi.corrected —100+ |:l 00 x |: Wi‘uncorrected - WZOO,ucorrected :| :| (3)

200,uncorrected — Wcutoff,uncorrected

Here, Wi corrected Was the final corrected weight of biochar in the
thermogram, Wj uncorrected Was the initial uncorrected weight of biochar
sample during the initiation of the TGA process, W20 uncorrected Was the
weight of biochar at 200 °C at which free and non-structural water was
believed to be lost or the point after which weight loss was largely
attributed to organic carbon decomposition (Yaashikaa et al., 2020), and
Weutoff,uncorrected Was the final weight of biochar in the TGA process
where it faced no additional oxidation or further loss of weight. All
Wauncorrected Values were obtained as percentage weights of the sample at
that particular temperature from the raw thermogram.

Predicting biochar stability indices still remains challenging due to
inconsistencies in available methods, requiring further research to
establish robust evaluation criteria. Some methods available to examine
stable biochar and the methods that will be used in this work are dis-
cussed inSupplementary tablel.

2.2. Biomass preparation for pyrolysis

2.2.1. Size separation

As in Fig. 1, a mix of CRD wood of varying particle sizes was sourced
from “BRQ Fibre et Broyure”, Trois-Rivieres, Québec, Canada (A). It was
collected and brought to the Innofibre's Thermobiom premises at Trois-
Rivieres in buckets (B). Then, the mix was size separated (C) in a me-
chanically vibrated sieve of pore sizes >45 mm (E), >7 mm (F), >5 mm
(G), and > 3 mm (H) with the last tray allotted for any fines. Any con-
taminants found in the wood mix like glass, plastic, nylon, rubber, and
rocks were retrieved and segregated (D).

2.2.2. Milling

A Retsch SM300 with a 3 kW motor, coupled with a high speed
tungsten carbide rotor of variable speeds of 100-3000 rpm, was used for
fines generation through milling. The pore size of screens can go down to
as low as 500 pm for the apparatus. This equipment was used to produce
powder-like material of both, biomass and biochar for their individual
characterizations.

2.3. Biochar characterization

2.3.1. Proximate analysis

For proximate analysis, the percentage of ash was quantified using a
muffle furnace as per ISO 1171. Other available standards include EN
14775 or DIN 51719 (McLaughlin, 2018). 1 g of powdered and dry
biochar was taken in an open ceramic crucible and heated at a rate of 5
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CRD wood unloading site CRD wood collection

>3 mm

Can be considered for slow pyrolysis experiments

Fig. 1. CRD wood sorting, size-separation, and contaminant removal.

K/min from ambient temperature to 106 °C, where it was held for 60
min. Then the temperature was ramped up to 550 °C with the same
heating rate and once again, held for 120 min. Finally, the crucible was
removed from the oven and cooled in a dessicator for 15-20 min before
the residual weight of biochar was measured for ash determination. For
VC, 1 g of powdered and dry biochar was taken in a quartz sealed quartz
crucible. Once the temperature of the muffle furnace was set at 900 °C,
the crucible was placed inside for exactly 7 min. Following this, the
crucible was cooled down in a dessicator for 15-20 min before weighing
to determine the labile carbon lost. FC was calculated by using the
formula: 100-(VC + ash), on a dry basis (%DB). This formula was
adopted from Tu et al. (2022) for VC in place of VM since our sample was
already dried and moisture-deprived.

2.3.2. Ultimate analysis

To compute the percentage of elements like C, H, N, S, an Elementar
Vario Macro Cube was used that has an add on Cl detector too. About 60
samples with varying sample weights of 1-200 mg can be loaded under
the influence of helium (purity>99.996 %) as carrier gas. Combustion in
the presence of >99.996 % oxygen till a temperature of 1200 °C can
achieved with the instrumentation. With the value of ash from proxi-
mate analysis, O was calculated by difference as [100-(C+ H+ N+ S +
ash)] suggested by Chen et al., 2022a, b.

2.3.3. TGA

To study the variation in weight loss with temperature, a Perki-
nElmer TGA 8000 analyzer was used. It can also measure proximate
analysis metrics like moisture, VM, and ash. About 48 samples can be
processed at once with just 8 mg of powdered biochar as is (without
drying) in each vial. About 1200 °C can be accurately reached with this
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set-up with varying heating rates. For our analysis, compressed air was
preferred to study the oxidation behaviour of biomass and biochars at a
heating rate of 10 °C/min till a maximum temperature of 900 °C.

2.3.4. FTIR

Agilent Technologies' Cary 630 spectroscope equipped with a
Microlab PC software was used to analyze the surface functional group
distribution on biochar. About 1 g of dry biochar powder, was placed on
the surface of a diamond or germanium crystal after periodic cleaning
with ethanol, for the determination of chemical bonds that make up the
solid material, using the transmittance function with a spectral range of
1000-4000 cm 1. No normalization or baseline peak correction were
performed for the spectral peaks. Assigning peaks to their associated
functionalities was carried out following a library as mentioned in
Johnston, 2017.

2.3.5. Raman spectroscopy

To analyze the amorphous and highly stable/graphitic carbon make-
up in powdered dry biochar, a ThermoScientific DXR3 Raman Spectro-
scope with a laser power of 7 mW, collection exposure time of 60 s, and a
laser excitation wavelength of 532 nm for carbonaceous materials, was
used. The diameter which the laser spot could cover can be as low as 1
pm that aided a wider coverage of biochar crystallites. Recorded spectra
were under the wavenumber range of 800-1800 cm ™. The ratio of D
and G band as Ip/Ig, was used to represent the evolution of biochar's
microstructure or degree of graphitization as pyrolysis temperature
increased from 500 °C to 800 °C.

2.3.6. Bet

Micrometrics Tristar Il with a deaerator system to remove impurities,
was used to measure the specific surface area and pore volume of dry
biochar powder through nitrogen or helium gas physisorption. Pore
sizes varying from 0.35 to 100 nm can be detected using this instru-
mentation, beginning from 0.01 m?/g.

2.3.7. Metals

For the detection of metals and other sensitive elements in dry bio-
char powder, Agilent Technologies' 4210 Microwave Plasma Atomic
Emission Spectrometer (MP-AES) operating with nitrogen as fuel source
and a SPS 4 autosampler, was used. It allows simultaneous multi-
element analysis by nebulizing the biochar sample into a nitrogen
plasma to form monoatomic ions. To precisely measure the inorganic
content, organic matter in biochar was digested completely by the
instrumentation.

2.3.8. pH

Dry biochar powder, at a 1:10 weight ratio with demineralized water
(DMW), was mixed with a magnetic stirring plate for 60 min. Post
shaking, a bench-top pH analyzer was used to measure the pH of the
biochar suspension.

2.3.9. Bulk density of biomass

The bulk density of CRD wood to figure out the type of wood it
harbored, was carried out according to a method discussed in Pahnila
et al., 2024. A steel container of a known mass and volume was filled
with the heterogeneous CRD wood (before size separation). The surface
of the wood mix was evenly levelled to take away excess material and
the mass of the container was re-weighed. With the difference in mass of
container with and without the CRD wood and its known volume, the
bulk density is calculated using Eq. 4:
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(Mass of container with CRD biomass — Mass of empty container)
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4

. (kg
Bulk density ( —2 | =
ulk density (m3> Volume of container

2.3.10. Biochar yield

The extent of biomass conversion to carbonaceous biochar was
indicated by the mass yield that is given by Eq. 5, as reported by Khater
et al., 2024.

100

Biochar yield (%) — ( Mass of biochar from pyrolysis ) "

Mass of CRD biomass taken for pyrolysis
)

2.3.11. Higher heating value (HHV)

The HHV of CRD biomass and biochars were calculated using the
method described in Channiwala and Parikh, 2002 and Khatibi et al.,
2023. This method correlated elemental analysis to determine fuel-like
properties of the materials.

2.3.12. SEM-EDX

All 4 PR:2 biochars were submitted internally to the microscopy
laboratory at I%E,3 UQTR for the SEM-EDX analysis using a Hitachi
electron microscope SU-70 attached to an X-ray analyzer. Magnifica-
tions of 500x and 1000x with a 15 kV acceleration voltage under
vacuum were adopted for this characterization.

2.4. Statistical analysis

To evaluate the impact of a pyrolysis parameter on key biochar
properties such as carbon, hydrogen, oxygen, H/C, O/C, surface area,
biochar yield, VC, FC, ash, and TSF, a one-way analysis of variance or
ANOVA statistical test using Design Expert software and Origin was
applied. Here, differences across the aforesaid dependent variables w.r.t
an independent variable like pyrolysis temperature are quantitively
analyzed. The data was initially prepared to include replicate informa-
tion for calculating mean and standard deviation. The p-value was then
calculated to check the level of significance (p < 0.05 — the influence is
significant) for the ANOVA test. The meaning for errors were also given
to understand the cause of outliers.

2.5. Slow pyrolysis of CRD wood residues

2.5.1. Laboratory-scale horizontal tube furnace - 105 min cycle with 60
min BRT

Initially, 15 g of CRD wood waste not cleaned for AAEM and con-
sisting of a heterogeneous mixture of bark-less hardwood and softwood
of varying particle sizes (3 mm to 2.5 cm), were loaded into a cylindrical
quartz column (length of 12 in., diameter of 1 in., and volume of 0.15 L)
of a Thermo Scientific Lindberg Blue M™ 1100 °C mini horizontal
tubular fluidized reactor, with a heater wattage of 800 W, power 50/60
Hz and 120 V. The unit and its functions are shown in Supplementary
figure 2.

It was verified via a Mettler Toledo analyzer that the moisture

Table 1
Pyrolysis parameters for laboratory-scale horizontal tube furnace (105 min and
165 min cycles).

Parameters varied during the first Range
round of laboratory trials with

constant mass (15 g) of feedstock lowest  low mlfj_ high  highest
point

Pyrolysis temperature (°C) 300 400 500 600 700

Biomass heating rate (°C/min) 20 26.7 33.3 40 46.7

content of biomass was <10 % to minimize a delay in the onset of py-
rolysis and to attenuate excessive thermal inertia between the feed and
the furnace. Successively, the tube was purged with nitrogen gas (0.1-1
I/min) to flush out oxygen and other reactive gases surrounding
biomass, to maintain an inert atmosphere before and after the heating
function was turned on. As in Table 1, pyrolysis temperature
(300-700 °C) and heating rate (20-50 °C/min) were the variable pa-
rameters taken into consideration. In all, 5 experimental runs were
conducted to understand the behaviour of the tube furnace on biomass
as well as biochar's yield and characteristics. A total cycle time of 105
min was followed during pyrolysis that comprised of a ramp-up phase in
the first 15 min, followed by a stationary phase (at set temperature) for
60 min, and a final dwelling/cooling phase for 30 min. The pyrolysis
gases generated were condensed in a cold trap and the NCGs were let
out.

2.5.2. Laboratory-scale horizontal tube furnace - 165 min cycle with 120
min BRT

For the next series of experiments, the same process conditions as
before were adopted except the BRT parameter which was increased to
120 min from 60 min.

2.5.3. AAEM reduction in CRD wood

The sourced CRD biomass while classified as low-ash (<5 %), con-
tains significant intrinsic AAEM that could pose challenges in biochar
production by increasing ash content, catalyzing carbon cracking, and
reducing fixed carbon, particularly at high pyrolysis temperatures.
Initial experiments with untreated CRD wood revealed issues such as
residue buildup that required labour-intensive cleaning. Sometimes, it
lead to equipment damage and operational downtime in both laboratory
and scaled-up reactors. Albeit, a mild acid pre-treatment leached some
AAEM content and enabled smoother pyrolysis operations with
improved equipment longevity. Given the scarcity of research on CRD
wood pyrolysis in Québec and Canada, future work linked to this article
will also focus on uncleaned feedstock processed in tube furnaces and
pilot-scale equipment (15-25 kg batches) to further investigate the role
of pyrolysis parameters, feedstock composition, kinetics, and the oper-
ational impact of AAEM-laden wood on biochar properties.

Pre-treatment of CRD biomass to lower AAEM and unstable metal
content in ash could increase efficiency of pyrolysis (Mazerolle et al.,
2019). To evaluate if AAEM can be reduced in CRD wood residues prior
to pyrolysis, solvent-based lixiviation was followed. This washing of
biomass involves a systematic approach using specific reagents and
methods to ensure effective inorganic contaminant removal. The pro-
tocol mentioned in Québec, 2023 was adopted and modified according to
our objectives to be assessed. In Supplementary Fig. 3, CRD wood blocks
(base case) and their chipped/milled residues were taken as two
different samples just to compare the change in leaching efficiency with
particle size and solvent medium. DMW of a neutral pH at 7.00, served
as the primary washing solvent. For acid treatment, a solution was
prepared by mixing 14 mL nitric acid (HNO3) and 16 mL of sulfuric acid
(H2S0y4) in a beaker. This stock solution was then diluted by adding it
dropwise to 950 mL of DMW in a 2 L beaker, ensuring a final pH range of
3-4 to mimic a moderately acidic leaching (used interchangeably here
with lixiviation) atmosphere. Firstly, for DMW as the leaching solvent,
40 g of undried CRD wood as blocks and chips, were loaded into a
lixiviation bottle where a solid-to-liquid ratio of 1:4 was maintained.
The mixture was stirred vigorously and subjected to a lixiviation roller
treatment at 30 rpm for either 16 or 24 h, depending on the
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experimental conditions designed. Post-lixiviation treatment, vacuum
filtration via a 0.45 pm pore size filter paper proceeded to collect the
leached filtrate for analysis. Secondly, for acid leaching, the same pro-
cedure was followed by substituting DMW with the prepared acid buffer
solution as a new lixiviation solvent. For the entirety of experiments,
critical parameters including solid-liquid ratio, lixiviation time, rpm,
and the weight of CRD chips/blocks, were maintained as constant pa-
rameters to ensure reliable results.

2.5.4. Scaled-up horizontal tube furnace

Acid-washed and chipped CRD wood of varying particle sizes (till
2.5 cm) was loaded into a scaled-up horizontal fluidized bed reactor
depicted in Supplementary Fig. 4. A BRT of 120 min and pyrolysis
temperatures between 300 °C and 800 °C were tested, with heating rates
varying from 20 to 55 °C/min to resemble prior conditions. Pyrolysis gas
release was monitored as in Supplementary Fig. 5 to check the reaction's
progress.

2.5.4.1. Experimental set-up. A Thermo Scientific Lindberg Blue M™
1100 °C horizontal tube furnace was utilized as a scaled-up configura-
tion for slow pyrolysis under fluidized conditions. A cylindrical heat-
resistant steel reactor column of diameter 2.5 in., length 69 in., and a
combined volume of approximately 5.55 L, was designed and con-
structed. It could accept up to 500 g of feedstock for pyrolysis at once
considering limitations circumventing heat distribution, inert gas pas-
sage, and the circulation time of pyrolytic gases. Heating rate for py-
rolysis was calculated based on the fact that the reactor was pre-
programmed to achieve the set point temperature (SPT) in 15 min.
This instrumentation was equipped with 3 temperature controllers,
connected by individual K-type thermocouples that measured the
furnace temperature supplied to 3 different zones of the quartz tube
reactor. This enabled us to comprehend the actual temperature imbibed
by the pyrolysis feedstock keeping in mind, any thermal inertia that may
have occured. Supplementarily, another K-type thermocouple was
lodged into the quartz column to monitor real time temperature within
the reaction zone and to understand how thermal inertia affected the
efficiency of pyrolysis. This was the first amendment to our process
design. To subdue the settling of hydrocarbon-rich volatiles on biochar
surface and also to improve the Van-Krevelen parameters, carefully
increased nitrogen flow rates (between 1 and 5 1/min) to sweep through
the reactor to flush out any reactive atmospheres and fixing a vacuum
pump as in Supplementary Fig. 6 with heating a high suction capacity
towards the exit gas zone, were two other measures considered.

A problem via accumulation of condensed volatiles in the vacuum
suction unit's hose was encountered as pyrolysis gas temperature re-
duces. A heating tape set at 300 °C and that was attached to the outer
body of the vacuum pump's hose, ensured a drastic reduction of tar
accumulation inside it or the pump's core. In other words, the pyrolysis
gases were transported to the combustion chamber as is with negligible
condensation. Usually, if the condensable pyrolysis gases are not
removed immediately from the hot reactor, their extended residence
time could also result in the formation of more gaseous components
thereby leading to carbon loss in biooil or char. The product gases were
actually fed into the combustion chamber of a pilot pyrolyzer that
catered to a part of its energy demand for pyrolysis operations in the

Table 2
Elemental analysis and biochar yields from the 105 min cycle.
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factory. A series of steel meshes with different pore sizes were capped to
the end of the reactor column where pyrolysis gases passed through to
the vacuum pump. These ensured that firstly, any solid particles were
retained within the reactor and did not clog the suction apparatus.
Secondly, the meshes also came in handy to prevent solid particulates in
the pyrolysis gas mixture from depositing within the condenser train in
case they are to be liquified for analyzing the biooil product quality and
characteristics.

As the first step to test the column's functions, understand thermal
inertia, and acclimatise/train it to pyrolysis cycles, a few redundant test
runs were conducted on the CRD wood feedstock as aforesaid earlier,
with a diverse range of temperatures (300-800 °C), BRT (30-120 min),
and mass of loaded CRD wood (100-500 g). Once the equipment func-
tionalities and process are standardized, further R&R runs will be
performed.

3. Results and discussion

3.1. Slow pyrolysis in laboratory-scale horizontal tube furnace - 105 min
cycle with 60 min BRT

The three phases of CRD wood pyrolysis, i.e, ramp-up, stationary,
dwelling, and their experimental progress were recorded as shared in
Supplementary Fig. 7. The ultimate analysis and biochar yield data in
Table 2 show a clear increase in carbon content with rising pyrolysis
temperatures from 300 °C to 600 °C, consistent with observations by
Babu et al., 2024. However, at 700 °C, carbon content decreases slightly
below 80 %, potentially due to the onset of carbon cracking, resulting in
the loss of carbon as light gases. This phenomenon aligns with findings
by Aktas et al. 2024, which indicate a 39 % reduction in biochar
yield—from 39.13 % at 300 °C to 23.93 % at 700 °C. The presence of
AAEM in the biomass could have contributed to greater catalytic ac-
tivity, promoting gas-phase reactions that remove carbon during
volatile-char interactions (Li et al., 2023). Conversely, AAEM may also
increase secondary char yield under certain conditions, highlighting the
complexity of its dual effects (Anca-Couce et al., 2017). Further research
is necessary to fully understand these mechanisms.

The density and diversity of oxygen-containing volatile functional
groups decrease with rising pyrolysis temperatures. However, at 700 °C,
the oxygen content in biochar contradicts this trend, showing an unex-
pected increase compared to the biochar at 600 °C. This anomaly may
result from the deposition of oxygen-rich pyrolytic volatiles on biochar
or their interaction during volatile evolution within the reaction zone
(Huang et al., 2020). Without proper removal of pyrolytic vola-
tiles—either by increasing the inert carrier gas flow rate or employing
vacuum suction—oxygenic volatiles might condense within cooler
reactor zones, particularly at the tube's ends where heating is less
effective. Additional factors contributing to the observed carbon loss
and oxygen increase include: air infiltration during pyrolysis (Supple-
mentary fig. 10); air infiltration during the cooling phase; or secondary
reactions between volatiles and char, leading to carbon loss as gaseous
products.

Proposed solutions to mitigate these challenges are discussed in
subsequent sections, which focus on scaled-up experiments using a
horizontal tube furnace.

Sample N (%) C (%) H (%) S (%) Ash (%) 0O (%) H/C 0/C Biochar yield (g) Biochar yield (%)
(Biomass or biochar)

CRD wood feed 0.99 49.88 6.12 0.10 1.17 41.74 1.47 0.63 - -

Biochar at 300 °C 0.30 69.97 3.87 0.17 4.82 20.87 0.66 0.22 5.87 39.13

Biochar at 400 °C 0.38 75.16 3.45 0.09 5.99 14.93 0.55 0.15 4.59 30.60

Biochar at 500 °C 0.39 79.28 2.97 0.05 6.80 10.51 0.45 0.10 4.19 27.93

Biochar at 600 °C 0.34 82.86 2.22 0.03 6.32 8.23 0.32 0.07 3.90 26.00

Biochar at 700 °C 0.57 79.18 1.40 0.02 6.96 11.87 0.21 0.11 3.59 23.93
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The removal of heat-labile functional groups (hydrogen, oxygen, and
decomposable carbon) increases with higher pyrolysis temperatures and
BRT that can be represented by a Van Krevelen diagram. This indicates a
reduction in volatile functionalities and progress in carbon structural
ordering (C—C, C=C). Low H/C and O/C ratios are critical for oxidative
stability, though they require further validation for accurately predict-
ing biochar's structural framework (Zhu et al., 2023). Optimization of
pyrolysis conditions and biomass pre-treatment (e.g., acid washing to
reduce catalytically active AAEM) can improve biochar quality. Higher
temperatures and longer BRT enhance intra-particle heat distribution,
aided by external convective heating. This promotes more efficient
biomass decomposition, increasing carbon content while reducing oxy-
gen, hydrogen, and overall biochar yield.

To study the effect of longer biomass residence time (BRT), it was
increased from 60 to 120 min, keeping the ramp-up and dwelling times
constant. The stationary phase (SPT) was extended by 60 min, while the
temperature range (300-700 °C) and heating rates remained un-
changed. Increasing the nitrogen gas flow is recommended to prevent
condensation of pyrolytic volatiles on biochar. However, excessive ni-
trogen flow may cool the reactor, reducing heat distribution and
accelerating volatile condensation.

3.2. Slow pyrolysis in laboratory-scale horizontal tube furnace - 165 min
cycle with 120 min BRT

Similar to the 105 min pyrolysis cycle, the three phases of CRD wood
pyrolysis in the 165 min cycle with their temperature profiles were
recorded as shared in Supplementary Fig. 8. During the 165 min cycle,
biochar at 700 °C showed higher carbon content (83-84 %) with
reduced oxygenates and improved Van Krevelen parameters of H/C and
0O/C (Table 3), compared to minor discrepancies in the 105 min cycle.
Carbon content increased from 62.16 % at 300 °C to 83.51 % at 700 °C.
While increased BRT theoretically reduces yields due to prolonged
heating, yields were consistent between cycles at 400-700 °C. However,
at 300 °C, yield increased significantly (70.60 %, 10.59 g), likely due to
unconverted CRD wood fractions from uneven heating or temperature
gradients (Marti-Rossello et al. 2019). The BET surface area at 700 °C
was 139.88 m?2/g, indicating micropore formation from volatile
decomposition, compared to a lower surface area (2.67 m2/g) at 300 °C
(Barszcz et al., 2024). Pyrolysis gases (CO, CO2, and C;-Cg3) released
intrinsic carbon, forming structurally ordered microporous networks.

A high nitrogen carrier gas flow rate likely reduced reactive species
by quickly removing pyrolytic volatiles, preventing their premature
settling on biochar or biomass surfaces and reducing secondary char-
ring. Secondary charring can block micropores and active sites,
impairing adsorptive properties (Anca-Couce et al., 2017). Retrofitting a
vacuum suction pump to extract pyrolytic gases during production is a
potential solution for scaled-up systems to mitigate this issue.

High thermal inertia between the refractory bricks and the tube
reactor was observed at higher pyrolysis temperatures (>500 °C),
affecting biochar appearance. At lower temperatures (300-400 °C),
unconverted biomass fractions persisted suggesting incomplete biomass
breakdown and insufficient pyrolysis. To address these issues, additional
tests were conducted using equipment with temperature monitoring (via
a probe) under the same 120 min BRT. Results confirmed a thermal
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inertia of approximately 300 °C (Supplementary Fig. 9), which
adversely impacts biomass carbonization and biochar physiochemical
properties. Despite significant thermal inertia, ash content in biochar
increased with temperatures from 300 to 700 °C when BRT was
extended by 60 min. Pre-treating biomass with H2SOs, HNOs, or water
washing could reduce initial metal content, potentially improving bio-
char quality. Using a gas analyzer during the initial phase of the 120 min
BRT cycle (Supplementary fig. 10) revealed oxygen levels of 15-20 vol
%, likely from unnoticed air infiltration due to sealing issues. This could
lead to mild combustion, contributing to increased ash and reduced
carbon in biochar. Gaseous products like CO and CO2 were detected,
likely from typical decarbonylation and decarboxylation reactions but
warrant differentiation from oxygen infiltration. Proper reactor sealing
and inert gas use are essential to maintain an oxygen-limited environ-
ment (<1 vol% oxygen) and prevent combustion-like reactions,
ensuring optimal biochar composition and stability.

Examining the results from 105 min and 165 min cycles, minor
discrepancies can be observed with respect to heat loss, heat transfer
between biomass particles, and partial settling of volatile matter. On the
other hand, elemental analysis and yields of biochar implied that the
effect of feedstock composition, optimization of pyrolysis parameters,
and modifying reactor/working design can boost the reliability of ex-
perimentations. Due to the undependability of obtained results from
laboratory-scale horizontal tube furnace linked to unevenness of
equipment functions, the next phase of trials were conducted in a scaled-
up horizontal tube furnace, but this time, using CRD wood treated for
inherent metals like AAEM.

3.3. Impact of CRD wood acid washing

Acid washing of CRD wood was performed to assess its ability to
leach metals and its impact on subsequent pyrolysis (Bindar et al., 2024a,
b). The leaching efficiencies for Ca, K, Ba, Mg, and Na were significantly
higher in acidic media than in DMW, regardless of particle size. The
formation of soluble metal complexes through proton displacement in
the acid might explain this trend (Usino et al., 2023). The pH of lixivi-
ated acidic filtrates increased over time due to rising metal concentra-
tions, neutralizing the acid's effect. As tabulated in Supplementary
Table 2, with CRD wood blocks, metal concentrations rose substantially
between DMW (16 h lixiviation) and acid (24 h lixiviation): Na from
18.07 to 69.83 mg/L, K from 2.12 to 28.99 mg/L, Ca from 4.50 to
104.11 mg/L, Mg from 5.58 to 52.55 mg/L, and Ba from 0.011 to 0.125
mg/L. For CRD wood chips, similar trends were observed: Na from 86.56
to 240.09 mg/L, K from 20.87 to 239.39 mg/L, Ca from 80.14 to 719.31
mg/L, Mg from 51.01 to 258.03 mg/L, and Ba from 10.096 to 191.242
mg/L. These results confirm the effectiveness of acid washing in
reducing metal content, enhancing its potential for improved pyrolysis
outcomes.

Ca was the most leached AAEM across both biomass particle sizes
(Fig. 2). Mild acid pre-treatment proved effective in reducing AAEM
content in CRD wood with stronger acids likely to enhance this reduc-
tion further. Acid treatment destabilized and hydrolyzed biomass
polymers like hemicellulose and cellulose, weakening covalent bonds
with lignin and AAEM which may improve pyrolysis efficiency (Usino
et al., 2023). An unusual trend was noted with Fe levels which increased

Table 3

Elemental analysis and biochar yields from the 165 min cycle.
Sample (Biomass or biochar) N (%) C (%) H (%) S (%) Ash (%) 0 (%) H/C 0/C Biochar yield (g) Biochar yield (%) S.Area
CRD wood feed 0.99 49.88 6.12 0.10 1.17 41.74 1.47 0.63 - - -
Biochar at 300 °C 0.23 62.16 5.37 0.00 4.8 27.39 1.04 0.33 10.59 70.60 2.67
Biochar at 400 °C 0.43 73.14 3.46 0.00 8.8 14.19 0.57 0.15 4.86 32.40 2.76
Biochar at 500 °C 0.36 78.38 2.77 0.00 9.0 9.48 0.42 0.09 3.97 26.47 99.16
Biochar at 600 °C 0.43 79.98 2.27 0.06 10.1 7.19 0.34 0.07 3.75 25.00 104.5
Biochar at 700 °C 0.54 83.51 1.62 0.00 9.6 4.70 0.23 0.04 3.51 23.40 139.88
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Fig. 2. Variation in concentration of leached AAEM with time, solvent type, and particle size.

Table 4
Difference in composition of CRD wood before and after washing.

Sample N C (%) H S Ash
(Biomass or (%) (%) (%) (%)
biochar)

0o(%) H/C 0/C

CRD wood 0.99
feed before
washing

CRD wood 0.49
feed after
washing

49.88 6.12 010 1.17 41.74 147 0.63

53.83 584 0.04 0.85 3895 1.30 0.54

significantly in CRD wood blocks from 0.82 mg/L (16 h DMW) to
100.77 mg/L (24 h acid). This was likely due to residual nails or metal
traces in the blocks, contrasting with lower Fe levels in CRD chips, where
particle size reduction helped separate contaminants. Chips also showed
higher leaching efficiency, as finer samples provided greater surface
area and solution contact.

As described in Zadeh et al., 2020, when the mild acid treated and
untreated CRD wood chips were compared, there was an increase in
carbon (7.92 %), and a reduction in nitrogen, sulfur, hydrogen, and
oxygen heteroatoms as interpreted from Table 4. Implicitly, H/C and O/
C were also lowered suggesting that acid treatment solubilized some
biomass volatiles. Ash content in the treated fraction concomittantly
reduced by 27.35 %.

This experiment, hence proves that AAEM and other metals in CRD
wood can be reduced prior to pyrolysis for eliminating any unnecessary
side reactions and inflicting mechanical stress over the unit's instru-
mentation (mainly the reactor). However, it is important to remember
that treating CRD wood for any metal removal will generate metal-laden
wastewater that has to be treated via biological or chemical means
eventually adding to process costs.

3.4. Slow pyrolysis in scaled-up horizontal tube furnace

It was examined from Supplementary Fig. 11 that the temperatures
of 300 °C and 400 °C yielded low carbon in the biochar and also resulted
in incomplete conversion of biomass. In other words, it was increasingly
complex to achieve high degree of carbonization below 500 °C. From
500 °C, the conversion and char morphology were appreciable. Higher
temperatures of 600, 700, and 800 °C yielded chars with subsided yields,
but with superior properties. Subsided yields can be attributed to high
heat treatment temperature (HTT) and due to leached/gradual

devolatilization of AAEM as inferred from Xu and Sheng, 2012. Thermal
inertia between the refractory bricks and reaction column was minimal
(15-20 °C) up to 500 °C but increased to 50-125 °C at 500-800 °C
(Supplementary Fig. 12). To address this, SPTs were adjusted for each
trial. A 120 min BRT was maintained to replicate conditions from the
smaller laboratory-scale setup. At the larger scale, 400 g of feedstock
was identified as the optimal biomass load per run, ensuring efficient
heat transfer, minimal pyrolytic condensate trapping, and effective inert
gas sweeping for vacuum suction. Further experiments are needed to
confirm the repeatability and reproducibility (R&R) of this setup.

As a second step, two different conditions were chosen based on the
observations from preliminary test runs. For the first condition, a
moderate pyrolysis temperature of 500 °C, BRT of 120 min, and 400 g of
CRD wood feedstock was adopted. The second condition was executed at
a high pyrolysis temperature of 800 °C while the other two parameters
remained the same. The elemental analysis and yields of biochar are
tabulated in Table 5.

The results in Fig. 3 revealed that CRD wood pyrolysis in the scaled-
up horizontal tubular furnace supported lower H/C, O/C, higher carbon,
and better temperature control (low heat loss — biomass in the reaction
zone received sufficient heat) relative to the laboratory-scale horizontal
tubular furnace. So, the next set of trials will be carried forward in this
set-up. A comparison of Van-Krevelen performances of CRD wood bio-
chars produced in-house versus some reference biochars, anthracites,
and cokes (described in Supplementary Table 3) was derived to under-
stand the effect of pyrolysis process conditions on biochar properties.

VC in biochar was estimated as %DB (dry basis) to assess the pro-
portion of easily decomposable carbon. Unlike volatile matter (VM), VC
excludes moisture and other labile components. Using ash content
values, FC was calculated to better understand carbon stability (Mois-
ture + VC + FC + Ash = 100 wt%). To evaluate the repeatability and
reproducibility (R&R) of the scaled-up horizontal tube furnace, two
additional pyrolysis rounds (PR:1 and PR:2) were conducted using CRD
wood residues from the same bale. Identical biomass pre-treatment and
pyrolysis parameters were applied by different operators. The properties
of the resulting biochars, detailed in Table 6, were analyzed to validate
the system's performance.

3.5. Biochar characterization

3.5.1. Ultimate analysis for PR:1 and PR:2 biochars
Heteroatom composition in PR:1 and PR:2 biochars was consistent.
The carbon content increased while oxygen and acidic functionality
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Table 5
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Biochar properties and conversion from test runs at 500 °C and 800 °C in scaled-up tube furnace.

Sample N (%) C (%) H (%) S (%) Ash (%) 0 (%) H/C o/C Biochar yield (g) Biochar yield (%)
CRD wood feed 0.49 53.83 5.84 0.04 0.85 38.95 1.30 0.54 - -
Biochar 500 °C 0.45 86.26 2.90 0.06 2.66 7.67 0.40 0.07 106.8 26.7
Biochar 800 °C 1.04 90.78 0.72 0.05 6.62 0.79 0.10 0.01 78.0 19.5
1.4 1.4
CRD biomass ™ CRD biomass -
1.2 | Biochars produced in-house 1.2 | Biochars produced in-house
Reference anthracites and cokes
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Fig. 3. Comparative Van-Krevelen performance of carbonaceous materials. {12 tests in total: (5 tests) - 105 min pyrolysis; (5 tests) - 165 min pyrolysis; and (2 tests)

- scaled-up horizontal tube furnace pyrolysis trial runs}.

Table 6

Physiochemical properties of biochars produced in the scaled-up horizontal tubular furnace as part of R&R testing.

Sample N (%) C (%) H (%) S (%) Ash (%) 0 (%) H/C o/C S.Area (m?/g) Pore volume (cm®/g) Yield (%)
Treated CRD wood feed 0.49 53.83 5.84 0.04 0.85 38.95 1.30 0.54 - - -
Pyrolysis Round 1: (PR:1)

Biochar 500 °C 0.56 85.42 3.63 0.25 3.88 6.27 0.51 0.06 88.335 0.092 25.7
Biochar 600 °C 0.41 85.46 218 1.01 4.94 6.01 0.31 0.05 198.151 0.096 22.4
Biochar 700 °C 0.18 87.82 0.89 0.25 5.88 4.98 0.12 0.04 251.276 0.111 21.1
Biochar 800 °C 0.16 89.54 0.67 0.10 7.27 2.27 0.09 0.02 270.004 0.122 16.6
Pyrolysis Round 2 (PR:2)

Biochar 500 °C 0.51 84.02 3.11 1.01 211 9.24 0.44 0.08 71.354 0.090 26.9
Biochar 600 °C 0.46 85.87 2.64 0.25 3.76 7.02 0.37 0.06 187.516 0.092 21.9
Biochar 700 °C 0.38 87.09 1.59 0.25 5.65 5.04 0.22 0.04 223.703 0.102 19.6
Biochar 800 °C 0.25 89.47 0.91 0.10 6.52 2.76 0.12 0.02 238.88 0.116 15.1

decreased with higher pyrolysis temperatures, promoting aromatic
condensation and hydrophobicity. High-temperature biochars exhibited
alkaline pH due to the decomposition of surface protons and the con-
centration of residual ash including AAEM salts and minerals which
contribute to basicity (Sun et al., 2017). This alkaline range is beneficial
for remediating acidic soils through extractable nitrates, Mg, and Ca
(Premalatha et al., 2023). Traces of sulfur from gypsum drywall com-
posites in CRD wood were detected as intrinsic sulfur in biochars at
400-500 °C. After 600 °C, sulfur could have been released as SOz and
H:S due to progressive carbon lattice cleavage. Surface area increased
significantly with temperature: for PR:1, from 88 m?/g at 500 °C to 270
m?/g at 800 °C (206 % rise), and for PR:2, from 71 m?%/g to 238 m?%/g.
These enhancements, along with tunable active sites and porosity, make
biochar suitable for agricultural applications, improving moisture
retention, erosion control, aeration, and microbial development
(Sharma, 2024).

3.5.1.1. H/C and O/C indices to determine biochar stability. Biochars

produced at 600-800 °C align with stability standards set by global
organizations such as the European Biochar Industry (EBI), International
Biochar Initiative (IBI), and Australia New Zealand Biochar Industry
Group (ANZBIG) (Adhikari et al., 2024). As shown in the Van Krevelen
plots, biochar at 800 °C exhibits properties similar to green coke, with
potential for further heat treatment to enhance stability akin to metal-
lurgical or calcined coke. High pyrolysis temperatures increased carbon
content while reducing H/C and O/C ratios, consistent with findings by
Sanei et al., 2024 and validated in this study. As depicted in Fig. 4, H/C
values for biochars above 500 °C dropped to 0.1 or lower, with PR:1
biochar at 800 °C achieving an H/C of 0.09, classifying it under the
“inertinite benchmark” (Bier and Lerchenmiiller, 2024). These biochars
hold potential for long-term carbon sequestration, with inertinite frac-
tions offering resistance to degradation for up to 10,000 years (Bier and
Lerchenmuller, 2024). Although most commercial biochars meet these
inertinite criteria, further research is needed to confirm their resistance
to microbial degradation through realistic incubation studies (Azzi et al.,
2024).
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Fig. 4. H/C and O/C indicators of biochars produced in pyrolysis rounds 1 and 2 for projecting stability. The two test runs at 500 °C and 800 °C from laboratory

scaled-up horizontal tube furnace are also included.

In the black carbon continuum, biochars with O/C < 0.2 are less
sensitive to oxidative atmospheres and may have a half-life exceeding
1000 years, compared to 100-1000 years for O/C between 0.2 and 0.6,
and ~ 100 years for O/C > 0.6 (Spokas, 2010). This makes O/C < 0.2
ideal for applications like soil carbon sequestration and metallurgy,
which require resistance to mineralization. Mineralization, as defined in
this context, refers to the decay of organic matter to CO: via biotic or
abiotic interactions (Chiaramonti et al., 2024a, b). For biochars produced
in the scaled-up horizontal tube furnace, O/C values <0.1 (Fig. 4) sug-
gest a minimum half-life of 1000 years and progression towards a tur-
bostratic structure of condensed heterocyclic aromatics. However,
confirming this requires molecular analyses such as Raman spectros-
copy, XRD, 3¢ NMR, or FTIR. O/C is an indicator of stability but can be

Table 7

Proximate analysis parameters and HHV for biochars produced in pyrolysis
rounds 1 and 2. TGA thermal stability index and Raman index for biochars
produced in pyrolysis round 1 only.

Char VC (% Ash FC (% TSF HHV TGA In/Ig
sample DB) (% DB) (%) mJ/ R50
DB) kg)

PR:1, 25.74 3.88 70.38 73.22 33.38 - -
500 °C

PR:2, 24.86 2.11 73.03 74.60 32.09 0.544 0.787
500 °C

PR:1, 15.55 4.94 79.51 83.64 31.77 - -
600 °C

PR:2, 16.04 3.76 80.20 83.33 32.30 0.577 0.812
600 °C

PR:1, 12.23 5.88 81.89 87.01 31.09 - -
700 °C

PR:2, 13.60 5.65 80.75 85.59 31.66 0.588 0.928
700°C

PR:1, 9.27 7.27 83.46 90.00 31.67 - -
800°C

PR:2, 10.06 6.52 83.42 89.24 31.89 0.647 0.972
800°C
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influenced by post-production factors like cooling method, rate, and
storage. For instance, while nitrogen-purged cooling and airtight storage
in this study ensured O/C < 0.2, air or water cooling and open storage
could increase O/C, regardless of pyrolysis temperature. Thus, O/C (and
H/C) may reflect not just volatile content but also inherent structure and
post-production effects, emphasizing the need for controlled pyrolysis,
activation (if necessary), and storage practices.

3.5.2. Proximate analysis for PR:1 and PR:2 biochars

In Table 7, increase in pyrolysis temperature from 500 °C to 800 °C,
led to a reduction in VC by 64 % among the PR:1 biochars (also
described in Supplementary Fig. 13). A similar trend was observed for
the PR:2 biochars where it decreased by 60 %. Heat treatment releases
most functional groups from the biochar's surface into the pyrolysis gas
phase and concentrates carbon with inorganics. This statement can be
confirmed by the increase in ash content by 87 % and 209 % for PR:1
and PR:2 biochars respectively. FC concomittantly rose by approxi-
mately 19 % and 14 % too.

TSF is a proxy for biochar FC and VC which are in turn surrogate
indices for the overall biochar stability. TSF for biochars in PR:1 and
PR:2 are comparable and vary from 73 to 75 % when the pyrolysis
temperature is 500 °C, to 89-90 % when produced at 800 °C. This could
prove that biochars derived at high temperatures can retain a remark-
able amount of carbon by resisting thermal decomposition, and could
have a high permeance when applied to soils or used for carbon credits
projects. HHV of CRD biomass was calculated to be 21.62 MJ/kg. As
pyrolysis temperature was increased, the HHV ranged from 31 to 34 MJ/
kg which signifies a jump in calorific value. To summarize, the prop-
erties of biochar from the above trials (test runs, PR:1, and PR:2) do not
differ drastically thereby, bypassing the need for the triplicate runs.
There is plausible precision with the results from the two trials in
addition to the test runs at 500 and 800 °C. Hence, this equipment is
suitable for biochar production.

The following characterizations inclusive of TGA/DTG, SEM-EDX,
TGA R50, FTIR, and Raman analysis were performed only on PR:2
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biochars as an example to evaluate their stability.

3.5.3. TGA/DTG

Thermal decomposition and stability of biomass and biochars was
analyzed using TGA and TGA R50 respectively, at a heating rate of
10 °C/min (Figure 5). Biomass thermograms exhibited a three-phase
weight loss pattern (Sarkar et al., 2024): a) water evaporation; b)
decomposition of holocellulose (hemicellulose and cellulose); and decay
of lignin along with high molecular weight compounds. Maximum
biomass weight loss (>90 %) occurred between 150 and 550 °C, while
biochars decomposed primarily between 500 and 700 °C, beyond which
inorganic content acted as a heat dissipation barrier, halting further
weight loss (Anand et al., 2023).

For CRD wood, the DTG plot revealed three degradation phases,
similar to pine wood and sawdust (Mishra and Mohanty, 2018). The first
phase (150-200 °C) involved moisture and surface volatile removal. The
second phase (200-400 °C) with a sharp weight loss and peaking at
346 °C indicated hemicellulose and cellulose decomposition, accompa-
nied by reactions such as decarbonylation, depolymerization, and
decarboxylation, releasing carbon, oxygen, and hydrogen as gas-phase
products. This stage marked a significant reduction in char yields and
the release of pyrolytic volatiles (condensible as biooil), mostly from
cellulose. Progression of pyrolysis is very obvious in this zone where
dissociation of the relatively tough lignin framework also begins. The

12

third phase (beyond 400 °C) involved slow lignin decomposition,
peaking at 483 °C. Endothermic reactions such as dehydration, cracking,
demethylation, condensation, isomerization, and aromatization formed
aromatics and higher hydrocarbons. This phase also promoted char
formation and residual ash accumulation.

For PR:2 biochars produced at 500-700 °C, the DTG plot showed a
single peak mass loss at 515 °C, 539 °C, and 556 °C, reflecting increased
thermal stability and higher energy required to break condensed aro-
matic structures as pyrolysis temperature rose. These biochars exhibited
high energy content due to strong C—C, C=C, and C=C bonds. At these
temperatures, diminished H/C and O/C ratios confirm the volatilization
of heat labile compounds during carbonization (Babinszki et al., 2024).
Slow pyrolysis heating rates promoted VM melting, aiding micropore
structure development and surface area increase. Conversely, biochars
at lower temperatures retained higher VM, aligning with our findings.
For biochar at 800 °C, peak mass loss shifted to ~600 °C, indicating
expanded FC and ash content. The flatter DTG curve suggested the
absence of easily degradable organics.

3.5.4. SEM-EDX

Through the EDX spectra, the presence of high carbon and resolute
AAEM in ash were shown to be predominant contenders in these stable
biochars produced at 600-800 °C which is explainable by increase in
alkalinity up to a pH of 11.09. Carbon content in the cross-sections of
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Fig. 6. EDX spectral distribution of biochars with concentrated carbon and reduced volatile content: From the top: 600-800 °C.

biochar under analysis as in Fig. 6, was about 95 %, 95.5 %, and 96.6 %
respectively iterating to the formation of large aromatic carbons via
condensation of small aromatic units. Oxygen decreased from 4.6 % to
3.8 %, and 2.8 % respectively, specifying that high temperatures showed
a reduction in oxygenic functional groups (eg: -OH, SOsH, -COOH).
Oxygen may also be bonded to AAEM, as concluded in Chiaramonti et al.,
2024a, b. AAEM content in ash at this point was mainly seen as Na, K,
and Ca making up to 0.4-0.5 % only, due to their eventual devolatili-
zation. Pre-treatment of CRD wood might have also led to a decrease in
inorganics detected in the EDX spectra. Sulfur was detected due to the
presence of gypsum fines from dry wall residues in the initial CRD wood
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feedstock.

3.5.5. TGA R50

The TGA R50 plots and corrected thermograms (Figure 5) showed
improved biochar thermal stability as pyrolysis temperature increased
from 500 °C to 800 °C during PR:2. The R50 index rose from 0.54 to
0.65, indicating enhanced stability. Since CRD wood biomass has a R50
of only 0.39, biochar at even a lower temperature can alleviate major
stability concerns. As appended in Supplementary Fig. 14, R50 strongly
correlates with O/C ratios, where O/C decreases from 0.08 to 0.02
across biochars with increasing HTT, reducing oxidative sensitivity,
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promoting the degree of recalcitrance, and minimizing carbon loss to
degradative reactions. These findings align with Leng and Huang, 2018,
who described a black-carbon continuum where O/C decreases from
raw biomass charcoal, combustion soot, and finally to graphite (1 to 0:
decreasing order). Biochar, being heterogeneous, overlaps with the
other carbonaceous materials in composition and stability. R50 also
directly relates to ash, FC, TSF, Ip/Ig, and inversely to VC. However,
limitations exist in using R50 as a stability index. Nair et al., 2020 noted
that correcting raw thermograms for ash might overlook catalytic in-
organics' role in stability. Additionally, R50 for graphite is not constant
and varies with experimental conditions, including graphite type, oxy-
gen flow rate, heating rate, and equipment thermal inertia. Measuring
graphite R50 alongside biochar samples is essential for consistency.
Gomez et al. 2016 proposed refining the R50 scale as T50 % weight loss
for graphite (886 °C) may not necessarily replicate the exact structural
changes happening in biochars, especially at lower or moderate
temperatures.

3.5.6. FTIR

Generally, an inverse relation is construed between pyrolysis tem-
perature and the presence of functional groups where increase in tem-
peratures exhibit biochar with limited functional groups. From the FTIR
spectrum of PR:2 biochar at 500-800 °C, it is clear that low pyrolysis
temperatures conserve oxygenic functionalities that provide biochar
surfaces with an overall negative charge. More the deprotonation of
biochar surface, higher the pH, greater the negativity, and higher the
cation exchange capacity (CEC) (Sarfaraz et al., 2020). CEC is evident
for soil (eg: minerals) and adsorption (eg: heavy metals and cationic
dyes) applications mainly. At high temperatures, these surface groups
are eliminated which could decrease the conferred CEC. As concluded
from the EDX analysis, AAEM and their salts present as part of the ash
fraction in high temperature-biochars, may geometrically shield some
oxygen functional groups via AAEM-O-C linkages which ameliorate their
retention concerns. In this case, an intrinsic CEC may persist till the
melting of AAEM at very high temperatures after which CEC is highly
negligible.

By fitting the data on assignment of FTIR spectral bands in Johnston,
2017 to Fig. 7, from the range of 900-700 em-!, biochars produced at
500 °C and 600 °C undergo O—H stretch (812-868 cm ™! and 807-868
cm™, respectively) that may result from a mass loss due to the onset of
dehydration reactions. For biochar at 700 °C, the O—H stretch lies
slightly farther at 935 cm ™! that signifies metal-O-H vibrations and
bending associated to minerals in biochar (eg: AAEM-O-H). This may
highlight the effect of temperature on mineral degradation that detaches
O—H and eventually exposes these labile functionalities. Next, C—O
stretch for biochars at 500 °C and 600 °C is seen uniquely in the regions
of 1164 cm ! and 1153 em ™. These intense peaks can correlate with the
vibrations amidst pyrolyzed carbohydrate fractions in the form of al-
dehydes, alcohols, ethers, and furfurals. COO™ activation as in amides
from proteins and esters is showcased only for biochars at 500 °C and
600 °C along 1578 cm-! and 1550 cm™! and can be attributed to
decarboxylation pathways that reject CO5. In both phenomena, trans-
formations of oxychemicals are apparent where oxygen rejection re-
actions are being favored. Also, these peaks within 1650-1550 cm 2,
may be due to the vibration of C=C that could relate to skeletal vibra-
tions in lignin aromatics as reported by Chiaramonti et al., 2024a, b.
Strong C=0O striations in ketones and carboxylic acids are common to all
four biochars in 1701 cm™%, 1701 em™, 1735 ecm™!, and 1696 cm™ !,
respectively. Albeit, the intensity decreases for biochars at 700 °C and
800 °C as they may have already started experiencing decomposition of
the aforesaid groups due to increase in HTT.

Between 3000 and 2000 cm ™!, C—H stretching vibrations with de-
formations in terminal CH; or CHs aliphatic hydrocarbons increase for
lower temperature biochars. Rising distortions of H-bearing syndicates
can hint at the formation of aromatics from these aliphatics by dehy-
drogenation, condensation (eg: Diels-Alder), and cyclization which
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leads to a decrease in H/C as justified from the ultimate analysis results.
Between 3100 and 3000 cm™!, C—H stretching vibrations in nascent
aromatic systems appear as medium-to-low intensity bands in lower
temperature biochars pointing out that a stable arrangement of carbon
resulting from high degrees of disorder in amorphous carbon, is in
progress as soon as the material witnesses sustained heat treatment. For
biochars at 700 °C and 800 °C, these bands are not present that could
mean a significant portion of carbon in these biochars do not exhibit
defects (McCall et al., 2024). However, this do not mean that such C—H
contractions are the only qualifying criteria to identify aromaticity in
high temperature-biochars (McCall et al., 2024). Even the presence of
any substituents in the aromatic rings structure may also lead to vibra-
tions of the C—H planes. Next, within spectroscopic bands in the range
of 3670-3200 cm ™}, presence of polar -OH groups that are hydrogen-
bonded to biochar mostly via moisture sorption, are seen for tempera-
tures of 500 °C and 600 °C making them hydrophilic. Due to large pore
sizes, there could also be sufficient diffusion of ambient humidity and its
further interaction with biochar carbon. At higher temperatures, the
polar -OH groups diminish and this is in agreement with Sahoo et al.,
2021. Simultaneously, a diffusion limitation comes into play due to
disappearance of meso and macropores and the origination of micro-
pores. Despite micropores being limiting factors for the entry of sur-
rounding moisture, their surface availability (increase in surface area)
could also lead to sorption and contribute to clear spectral bands in this
region.

An interesting observation from the FTIR spectra is the absence of
bands below 600 cm ™' which may usually arise due to vibrational
bending of inorganics like Cl, P, and Si according to Nair et al., 2020.
Despite ash content between 5 and 8 % for PR:2 biochars at 700 °C and
800 °C, the absence of spectral bands could be due to devolatilization of
some of its endogenous components at high pyrolysis temperatures.
Therefore, investigating the exact composition of ash at this stage might
be necessary to understand which constituents are amplified and
become recalcitrant at high temperatures.

3.5.7. Raman spectroscopy

The Ip/Ig ratio from Fig. 8, captures the structural evolution of
biochars during pyrolysis. The D band reflects disorder in amorphous
carbon caused by edges, vacancies, or functionalities during its trans-
formation to a turbostratic configuration, while the G band indicates
sp>-bonded crystalline carbon, typical of graphite (Xu et al., 2020). The
carbon arrangement in turbostratic crystallites however, does not
perfectly resemble stacked carbon as in graphite (Amdani et al., 2020).
As pyrolysis temperature increased from 500 °C, PR:2 biochars showed a
rise in the D band intensity (higher Ip/Ig), indicating increased faultiness
in amorphous carbon (Sarkar et al., 2024). This deformity keeps growing
proportionally with pyrolysis temperature or any post-production heat
treatment till a point where all defect-borne amorphous carbon is con-
verted to large, stable, condensed aromatics that develop inherent
chemical and biological recalcitrance during the transformation process
(Pusceddu et al., 2017). At 800 °C, PR:2 biochars reached an Ip/Ig of
0.972, suggesting further pyrolysis at >900 °C could yield values >1,
signalling structural inconsistencies prior to crystalline carbon
formation.

Biochars, however, typically exhibit limited graphitization and may
remain mildly non-graphitized even with higher heat treatment (Wood
et al., 2024). Unlike TGA R50, the Ip/Ig ratio provides insights into the
structural makeup and stability of biochar carbon. Results may vary
with sample preparation, biochar particle size, and environmental
conditions.

A low H/C can also be analogized with high aromaticity and stable
biochar carbon as pyrolysis temperature increases (Xiao et al., 2016)
(represented in Supplementary Fig. 15). For example, hydrogen elimi-
nation reactions inclusive of dehydration, oxidation, and condensation
of cyclic hydrocarbons lower H/C suggesting the formation of mono-
aromatic and polyaromatic hydrocarbon (MAH/PAH) clusters. This
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Fig. 8. Defects in biochar carbon with increase in pyrolysis temperature realized via the Raman Ip/I; index. Progress of D band towards G band is from right to left
due to inverted x-axis scale. For 500 °C — D band at 1348 cm ™! and G band at 1587 cm ™. For 600 °C — D band at 1344 cm ™! and G band at 1590 cm™~!. For 700 °C - D
band at 1330 cm™! and G band at 1586 cm ™. For 800 °C — D band at 1333 cm ™! and G band at 1589 cm™.

theory is ideally validated by the properties of PR:2 biochars where H/C
lowered from 0.44 to 0.12, and Ip/Ig graphitization degree increased
from 0.787 to 0.972.

3.6. Statistical analysis

The statistical analysis was performed only for biochars from PR:1
and PR:2 produced using the scaled-up horizontal tubular furnace with
reference to the most influencing process parameter, i.e., temperature,
since other parameters such as BRT, heating rate, equipment, feedstock
type, and mass of feedstock processed are unvaried. For a replicate count
of two (N = 2), a descriptive statistical analysis for biochar properties at
each temperature was carried out. The computed values of standard
deviations for parameters like C%, H%, 0%, H/C, O/C, yield, VC, FC,
ash, and TSF of biochar are <2 (in most cases <1), which indicates a
lower degree of variability among these dependent variables. However,
the standard deviation of surface area is >2 that may be due to differ-
ences in cross-section of biochar and particle size whilst BET analysis.
From the ANOVA analysis, it can be concluded that temperature defi-
nitely influenced all dependent variables since p-value was <0.05. With
an increase of pyrolysis temperature, a significant elevation of carbon
content (p = 0.004) especially at 800 °C, decrease in hydrogen (p =
0.006) and oxygen content (p = 0.036) conferring greater stability and
aromaticity, decrease in Van-Krevelen parameters of H/C (p = 0.005)
and O/C (p = 0.013) interspersing resistance towards oxidative reac-
tivity, an increase of surface area (p = 0.001) specifically at 800 °C due
to micropore development, and a reduction in yield (p = 0.001) favoring
efficient depolymerization of the CRD biomass, were observed. For the
proximate analysis parameters, an increase in temperature aided a drop
in VC (p = 0.0001), increase in FC (p = 0.001), increase in ash (p =
0.030), and promotion of TSF (p = 0.0001). These replicates also
showed very minimal perturbation indicating relatively consistent
experimental and characterization conditions.

Any errors in this analysis may have stemmed from minor in-
consistencies among CRD biomass constituents taken for pyrolysis
mainly at low temperatures, like particle size, composition, and residual
inherent contaminants. Sometimes variabilities could arise due to un-
even heating patterns encountered in the furnace assembly.
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Measurement inaccuracies during characterization may be yet another
error source. Mitigation strategies to address potential outliers can
include increasing the number of replicates and advanced standardiza-
tion of experimental conditions to enhance data reliability and inter-
pretation. These findings emphasize the importance of optimizing
different pyrolysis conditions aside from temperature for desired bio-
char characteristics.

3.7. Effect of feedstock composition and pyrolysis parameters on biochar
properties

To lock in as much stable carbon as possible, the erosion resistance of
biochar needs to be remediated such that it does not get oxidised or
degraded quickly under harsh environments (natural — e.g.: soil, and
artificial: power plants). The properties of biochar governing the
aforesaid characteristics in general, are greatly influenced by both the
type of feedstock, and the conditions appropriated during pyrolysis.

3.7.1. Feedstock composition

3.7.1.1. Biochemical framework. CRD wood residues, a mix of hard-
wood and softwood, consist of cellulose, hemicellulose, and lignin, with
bulk density varying from 200 to 800 kg/m?, reflecting compositional
variability. Their lignin content varied from 24 to 31 % which proves
this heterogeneity factor. Softwoods contain 22-40 % hemicellulose,
33-42 % cellulose, and 27-32 % lignin, while hardwoods have 17-38 %
hemicellulose, 38-51 % cellulose, and 21-31 % lignin (Tarasov et al.,
2018). Hemicellulose, an amorphous polymer of short-chain sugars,
decomposes at 190-350 °C, producing non-condensable gases (Wang
etal., 2022). Its degradation produces biochar with high volatile content
and poor properties (Chen et al., 2022a, b). Cellulose, with f-1,4-glyco-
sidic-linked glucose, degrades at 260-400 °C. Amorphous cellulose de-
composes first, yielding anhydrosugars like levoglucosan (LGA) and
levoglucone (LGO) along with light oxygenates from pyranose ring
collapse (Leng et al., 2018). Cellulose contributes to biochar porosity,
CEC, and pH, suitable for soil enrichment (Santos et al., 2023). Lignin, a
complex aromatic polymer with hydroxyphenyl, syringyl, and guaiacyl
units, begins depolymerization at 160-330 °C and undergoes significant
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mass loss at 400-600 °C due to stable C=C, C—O0, and aromatic bonds
(Li et al., 2020). Lignin's aromatic content enhances char yield and
stability, with optimal pyrolysis temperatures between 300 and 600 °C.
Softwoods, with higher lignin content, favor recalcitrant char formation.

3.7.1.2. Extractives. Additionally, biomass is also embodied of extrac-
tive materials such as pigments, sugars, fats, proteins, resins, gums, oils,
and waxes that can either effect the reactivity of feedstock during py-
rolysis reactions or can block biochar pores thereby reducing its surface
area and reactivity (Shadangi et al., 2023). This is implicit for CRD
residues that is bearing painted, varnished or resin-rich wood.

3.7.1.3. Inorganics and minerals. Biomass for pyrolysis contains inor-
ganic minerals, including AAEM (e.g., Ca, K, Na, Mg, Ba) and their salts
(chlorides, carbonates, sulfates, nitrates), which influence biochar's ash
content, porosity, and reactivity (Mourant et al., 2011). AAEMs, acting
as cross-linkers in biomass polymers, sever, and reform organometallic
bonds (e.g, Ca-O-C) during pyrolysis, altering reaction pathways
(Mourant et al., 2011). While AAEMs can enhance secondary char pro-
duction (Anca-Couce et al., 2017), they also concentrate ash at high
temperatures, reducing carbon content (Hu et al., 2015). Additionally,
AAEMs promote reactions such as the water-gas-shift (WGS) and Bou-
douard reactions, increasing CO2, Hz, and CO in the gas fraction (Hu
et al., 2015). Pyrolysis temperature significantly affects biochar pH and
surface functionality. At low temperatures, volatiles with protonic
functional groups are retained, resulting in acidic biochar (pH < 7).
Higher temperatures eliminate H-containing volatiles and concentrate
inorganic salts (e.g., CaCOs, KOH, NaCl), leading to negatively charged
surfaces and alkaline biochar (pH > 7). This trend was observed in PR:1
and PR:2 biochars, where pH increased from 7.27 to 11.09 as pyrolysis
temperature rose from 500 °C to 800 °C.

3.7.2. Pyrolysis parameters: Interdependence between biomass particle size,
temperature, heating rate, and BRT to assess potential applications

The CRD wood sized between a few mm and 2.5 cm, showed minimal
heat transfer limitations at high pyrolysis temperatures. However, bio-
chars produced at 300 °C and 400 °C in both laboratory-scale and scaled-
up horizontal tube furnaces could have faced intra-particle thermal
gradient issues particularly at 300 °C, leading to poor conversion. To
address this, subsequent trials were conducted starting at 500 °C,
ensuring complete carbonization. BET characterization revealed that
smaller CRD wood particle sizes increased biochar surface area due to
reduced macro- or mesoporosity and enhanced micropore formation
(Maziarka et al., 2024). Biochars produced at 700 °C and 800 °C ach-
ieved surface areas between 200 and 300 m?/g without additional
activation.

At high pyrolysis temperatures, aromatic compounds fuse, increasing
stability as labile functionalities are rejected, and carbon becomes
concentrated. Fused aromatic rings stack into carbon sheets, tran-
sitioning from amorphous to composite, turbostratic, and ultimately
annealed structures with maximum order (Zou et al., 2024; Makowska
and Dziosa, 2024). This progression is reflected in the Ip/Ig ratio from
Raman spectra (PR:2 biochar), exceeding 0.9 at 800 °C, indicating de-
formations in the carbon lattice en route to a graphitic structure. High-
temperature biochars (700-800 °C) exhibit enhanced mechanical
integrity, carbon content, microporosity, and surface area, making them
suitable for metallurgy, pollutant adsorption, capacitive energy storage,
soil salinization mitigation, and long-term carbon sequestration (Xu
et al., 2024). However, at these temperatures, CRD wood particle yields
are lower due to rapid thermal degradation and charring. Achieving a
balance between solids yield and carbon composition is critical for
effective conversion. For soil amendment applications aiming to reduce
nutrient run-off and improve water retention, biochars with greater
porosity and surface functionality are preferred. These properties are
best achieved at lower pyrolysis temperatures, promoting hydrophilicity
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and uniform surface features (Tang et al., 2023).

A low heating rate (~50 °C/min or lower) enables gradual phase
transformations, balancing biochar yield and gas evolution (Mukherjee
etal., 2022). Combined with high BRT, it enhances carbon conservation,
FC, low VM, and calorific value, making biochar ideal for metallurgical
reductants and power plants (Makavana et al., 2020). From Table 7,
biochar produced at 500 °C had the highest HHV, while higher tem-
peratures reduced HHV by 1-2 MJ/kg due to increased ash and reduced
hydrogen content (Rahmat et al., 2023). The resulting hydrophobic and
stable biochar is suitable for polymer composites, enhancing thermal
stability, tensile strength, and impact resistance (Hoang et al., 2024).
Hydrophobic biochar has also been applied for oil spill sorption (Sun
et al., 2022). Heating rate also influences porosity. Low heating rates,
prolonged BRT, and high temperatures for small CRD wood particles
result in micropores with high adsorptive properties. For PR:2 biochar at
600 °C, 40 °C/min, and 120 min BRT, adsorption capacity for methyl
orange (MO) ranged from 0.8 mg/g to 15 mg/g, achieving >90 % dye
removal for wastewater concentrations of 8-164 ppm (Tomczyk et al.,
2020). Conversely, higher heating rates with low BRT cause rapid
devolatilization, creating macropores suited for agricultural applica-
tions but with reduced surface area (Hosseinzaei et al., 2022).

4. Conclusion

The nature of biomass feedstock and pyrolysis conditions penulti-
mately decide biochar's physiochemical properties and potential appli-
cations. Slow pyrolysis characterized by low heating rate, high residence
time, and high pyrolysis temperature produced highly stable biochar
that can be evaluated by different categories of stability indicators.
Proximate analysis can be used to derive a conclusion on the chemical
make-up of biochar whereas ultimate analysis with the support of Van-
Krevelen indices, can predict both the chemical composition and sta-
bility of biochar at appreciable levels and moreover, cost-effectively
within a short time frame. Structural analysis tools like Raman Ip/Ig,
despite being a rapid technique, is expensive. FTIR is very beneficial to
identify functional groups of interest on biochar surfaces that gives an
overall idea of biochar carbon forms. TGA coupled with DTG and R50
recalcitrance index, are sound methods to evaluate biochar thermal
stability but encompass nuances related to the apt heating rates
employed during non-isothermal analysis. SEM-EDX can be used as an
auxiliary method to proximate and ultimate analysis for assessing ash
and carbon concentration in biochar which communicate a proverbial
inertness factor, i.e., resistance to biotic and abiotic degradation. Stan-
dardizing these metrics and understanding that no single indicator can
be exploited to assess biochar permeance are key as part of further in-
vestigations especially in the area of CDR technologies. As for future
work on CRD wood waste valorization, scaled-up pilot pyrolysis trials to
produce biochar followed by its characterization, kinetic analysis of
pyrolytic decomposition via non-isothermal TGA/DTG under different
heating rates, and the propensity for biochar to undergo self-ignition
during post-production stages, will be studied.
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