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Abstract: Biochar properties are often interpreted primarily as a function of pyrolysis temperature, but feedstock
compositional differences can also influence the structural evolution of woody biochar. This study provides a
complementary characterization of biochar produced from Douglas-fir (Pseudotsuga menziesii) softwood and red
alder (Alnus rubra) hardwood forest residues under comparable pyrolysis conditions. Douglas-fir biochar was
produced at 350°C, 500°C, and 700°C, while red alder biochar was produced at 500°C, using fast pyrolysis in a
custom-built fluidized bed reactor. The biochar was characterized using proximate and elemental analysis, CO-
BET surface area, pH, Raman spectroscopy, Fourier transform infrared spectroscopy, and thermogravimetric
analysis. Within the Douglas-fir series, increasing pyrolysis temperature decreased biochar yield, volatile matter,
and oxygenated functional groups, while increasing gas yield, fixed carbon, alkalinity, surface area, and thermal
stability. Under identical pyrolysis conditions at 500°C, red alder biochar retained greater C-H and O-H functionality
and higher O/C and H/C ratios than Douglas-fir biochar. These differences were consistent with feedstock
compositional differences, particularly the higher hemicellulose content and syringyl-guaiacyl lignin composition
of red alder, which may favor retention of hydrogenated and oxygenated structures. In contrast, the higher guaiacyl
lignin content of Douglas-fir may have contributed to greater carbon condensation, deoxygenation, and aromatization.
Raman analysis showed increasing Ip/Ic ratio with pyrolysis temperature, indicating changes in carbon structure
during thermal reorganization. Feedstock differences were evaluated at 500°C, while temperature effects were
assessed only for Douglas-fir. The results from this study link feedstock composition with differences in functional-
group retention, carbon condensation, and thermal stability.

Keywords: Biochar; Pyrolysis temperature; Biomass feedstock; Characterization; Thermal stability; Functional groups.

Introduction

Biochar is a carbon-rich, porous by-product of biomass pyroly-
sis under oxygen-limited conditions (Manya 2012; Kamarudin
et al. 2022). It is widely used as a multifunctional material in
soil fertilization, metal immobilization, water treatment, and
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construction applications (Chen et al. 2011; Awad et al. 2012;
Bolan et al. 2022). Its utility arises from tunable properties,
including high porosity, large surface area, variable surface
chemistry, and chemical stability (Liu et al. 2015; Hassan et
al. 2020). As a soil amendment, biochar improves productivity
by increasing soil organic matter, water retention, microbial
activity, and nutrient retention (Glaser et al. 2002; Sopefia et
al. 2012; Bian et al. 2013; Sun et al. 2017; Yaashikaa et al.
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2020). Its sorption properties also enable removal of pollutants,
including toxic heavy metals, from water (Ahmad et al. 2014;
Shakoor et al. 2020). In construction, biochar has been incorpo-
rated into concrete and cement composites to improve thermal
insulation, chemical stability, and flammability resistance
(Gupta et al. 2018; Restuccia et al. 2020; Legan et al. 2022),
and into polymer composites to enhance mechanical strength
and thermal resistance (Das et al. 2015; Zhang et al. 2022).

Despite its broad applicability, biochar properties are highly
variable and are strongly influenced by biomass feedstock and
pyrolysis conditions (Ahmad et al. 2012; Zhao et al. 2013).
Feedstock type influences the chemical composition, structural
features, and functional potential of the resulting biochar
(Gaskin et al. 2008; Yuan et al. 2011). Common feedstocks
include animal waste, industrial waste, sewage sludge, wood
chips, food waste, agricultural residues, and forest residues
(Bedia et al. 2018). Leng et al. (2021) classified biochar feed-
stocks as wood and woody biomass, herbaceous and agricul-
tural biomass, manure/waste biomass, and algae biomass.
Lignocellulosic feedstocks differ in cellulose, hemicellulose,
lignin, extractives, and inorganic contents, which influence
biochar yield, elemental composition, and carbon stability
(Tomczyk et al. 2020; Chaturvedi et al. 2023).

Biochar characteristics are also shaped by reactor design and
production conditions, particularly pyrolysis temperature (Sun
et al. 2014; Ahmad et al. 2014; Manya et al. 2018). Higher
temperatures generally reduce biochar yield through increased
organic matter volatilization and secondary cracking, while
promoting CO»/CHa4 evolution, carbon densification, and for-
mation of more aromatic, carbon-rich structures (Novak et al.
2009; Sun et al. 2012). Elemental composition typically shifts
toward higher carbon content and aromaticity, with lower
hydrogen and oxygen contents, producing a less polar and
more hydrophobic material (Ahmad et al. 2014). The effects of
feedstock and pyrolysis temperature are complex and may act
independently or interactively (Tripathi et al. 2016; Ippolito et
al. 2020; Tomczyk et al. 2020). For example, the temperature
that maximizes surface area can vary with feedstock properties
(Sharma et al. 2015; Kan et al. 2016).

Although the effects of feedstock type and pyrolysis tempera-
ture on biochar properties have been widely studied, direct
comparative studies of Douglas-fir and red alder forest-residue
biochar produced under comparable pyrolysis conditions ap-
pear to be limited. This species-specific comparison is relevant
because Douglas-fir and red alder are two important softwood
and hardwood resources in the US with different lignocellulosic

composition, ash content, extractives, and lignin chemistry.
These differences may influence the extent of functional-
group retention, deoxygenation, mineral-associated residue
formation, aromatization, and carbon condensation during
pyrolysis. Therefore, this study provides a complementary
characterization of Douglas-fir biochar across different py-
rolysis temperatures and of Douglas-fir and red alder biochar
produced at 500°C. The 500°C comparison was used to explore
potential relationships between feedstock composition of these
two species and variation in surface functionality, elemental
composition, thermal stability, and Raman spectral features.

Materials and methods

Douglas-fir (Pseudotsuga menziesii) softwood and red alder
(Alnus rubra) hardwood, composed of mixed size branches,
bark and bole wood, were used as raw materials for pyrolysis.
These raw materials were sourced from multiple locations in
Oregon.

Production of biochar

Wood particles were air-dried to 10% dry-basis moisture content
(MC). The particles were ground using a 3 hp CF 198 model
electric hammer mill (PelletMasters, WI, USA), and sieved
through a 0.5 mm W.S Tyler Incorporated standard testing sieve
before pyrolysis. Biochar was produced in a custom-built fluid-
ized bed pyrolyzer previously described in detail by Macias et
al. (2026). The reactor core consisted of a 304 stainless-steel,
Schedule 40 tube approximately 54 in. (1.37 m) in length and
3 in. (7.62 cm) in nominal diameter. The reactor was heated
externally by two independently controlled furnace sections
equipped with four Watlow electric heating elements (2 % 1.8
kW and 2 x 2.5 kW; 8.6 kW total installed power) and PID
temperature controllers. Internal thermocouples positioned along
the reactor were used to continuously monitor reactor tempera-
ture. No silica sand or other inert bed material was used in these
experiments because the recovered biochar was intended for
subsequent physicochemical characterization. Fluidization was
therefore achieved directly with the biomass and char particles
present in the reactor, avoiding contamination or dilution of the
recovered biochar with an external mineral bed material. High-
purity nitrogen was introduced through the bottom plenum and
gas-distribution screen and supplied using an Alicat mass-flow
controller at approximately 4 SLPM. The standard volumetric
flow rate was referenced to 25°C and approximately 1 atm.
Based on the internal cross-sectional area (3-in.) of the reactor,
there was a correction of the gas volumetric flow for reactor
temperature. The corresponding superficial nitrogen velocities
were approximately 0.029, 0.036, and 0.046 m s at 350°C,
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500C°, and 700°C, respectively. For the 0.5-mm biomass par-
ticles, the minimum fluidization velocity was estimated using
the Kunii and Levenspiel fluidization correlations and was on
the order of 0.01 m s™', depending on feedstock properties and
operating temperature (Kunii and Levenspiel 1997). The selected
nitrogen flow therefore maintained the solids above the estimated
minimum fluidization condition throughout the experiments.

Before biomass feeding, the desired pyrolysis temperature
was entered into the PID controllers and the reactor was
heated under continuous nitrogen flow. Once the internal
thermocouples reached the prescribed target temperature, the
reactor was maintained at that temperature for an additional
2 h to ensure thermal equilibrium and a stable temperature
profile throughout the reactor. Biomass feeding was initiated
only after this stabilization period. The same procedure was
followed for all pyrolysis temperatures investigated.

Approximately 2 kg of each biomass was subsequently fed
into the reactor at 40 g/min, corresponding to a feeding period
of approximately 50 min, while the reactor was maintained at
the prescribed pyrolysis temperature. Following completion
of biomass feeding, the reactor was maintained at the target
temperature for an additional 30 min to allow further devola-
tilization of residual material. Douglas-fir biochar produced
at 350°C, 500°C, and 700°C was referred to as DF 350, DF
500, and DF 700, respectively, whereas red alder biochar pro-
duced at 500°C was referred to as RA 500. Three independent
pyrolysis runs were conducted for each condition.

After pyrolysis, the electric heaters were switched off while
nitrogen flow was continuously maintained during cooling. The
biochar therefore remained under an inert atmosphere until the
reactor approached room temperature, minimizing oxidation
of the freshly produced char prior to collection and storage.

Biochar and biomass characterization

Proximate analysis, BET surface area analysis, and pH
measurement

Moisture content, volatile matter (VM), and ash content (AC)
were determined using Equations (1-3) and a modified ASTM
D1762-84 Standard Test Method for Chemical Analysis of
Wood Charcoal (ASTM International 2021) adapted for biochar
analysis in a muffle furnace (Aldayyat et al. 2021; Chisté et al.
2024). Crucibles were pre-fired at 750°C for 6 h and cooled to
105°C to volatilize residual organic substances before analy-
sis. MC was determined by oven-drying samples at 105°C
for 48 h. VM was measured by heating oven-dried samples
in lidded crucibles in a preheated muffle furnace at 950°C for
approximately 7 min, followed by cooling in a desiccator and

recording weight loss. AC was determined from the residue
remaining after combusting oven-dried samples in open cru-
cibles at 750°C for 6 h.

Wet weight — Dry weight at 105 °C
Dry weight at 105 °C

MC (%) = x 100 [1]

Dry weight at 105 °C — Dry weight at 950 °C

100 2
Dry weight at 105 °C x [ ]

VM (%) =

Wet weight — Dry weight at 750 °C (3]

AC (%) = 1
¢ (%) Dry weight at 105 °C x 100

Fixed carbon (FC) and biochar yield (Y) were calculated ac-
cording to equations (4) and (5), respectively. All values were
expressed on a dry weight basis.

FC (%) = 100 — (MC + VM + AC) [4]

Biochar mass
Dry weight of biomass at 105 °C

Y (%) = x 100 [5]

Carbon dioxide adsorption isotherms were measured at 273
K using a Micromeritics TriStar II PLUS Surface Area and
Porosity Analyzer (Norcross, GA, USA). Before analysis,
samples were degassed for 18 h at 453 K under vacuum using
a Micromeritics VacPrep 061 Degassing System. CO: adsorp-
tion isotherms were collected over p/po = 10 — 0.03 using
75 equilibration points to capture low-pressure adsorption
associated with microporosity. Apparent CO2 BET surface
area was calculated from the adsorption isotherms (Dubinin
and Radushkevich 1947; Dubinin et al. 1947).

Biochar pH was measured following Singh et al. (2017).
Approximately 5 g of biochar was dispersed in 50 mL distilled
water and shaken for 1 h at room temperature using an ONiLAB
orbital shaker (Walnut, CA) at 150 rpm. The suspension was
allowed to equilibrate for 30 min before pH measurement with
an OHAUS Starter 2200 bench pH meter (Parsippany, NJ).
Biomass characterization

The detailed biomass characterization of the material used in
this study has been previously reported by Macias et al. (2026).
Cellulose, hemicellulose, lignin, ash, and extractives contents
were determined according to the standard compositional
analysis procedures (Sluiter et al. 2012). Briefly, extractives
were removed prior to analysis, and the remaining structural
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biomass was fractionated to quantify cellulose, hemicellulose,
and lignin contents. Lignin was determined as the sum of acid-
insoluble and acid-soluble fractions, while ash was measured
gravimetrically after combustion. All compositional values
were expressed on an oven-dry weight basis.

Raman and Fourier transform infrared spectroscopy

Raman spectra were collected using a Shimadzu Airsight
Raman Microscope (Columbia, MD) to assess carbon structure.
Spectra were acquired with a 532 nm laser and 50x objective
over 500-4000 cm™, averaging 80 scans. All spectra were
baseline corrected. Fourier transform infrared spectroscopy
(FT-IR) spectra were collected using a Shimadzu [RTracer-100
(Columbia, MD) to identify functional groups. Spectra were
acquired in absorbance mode at 4 cm™ resolution from 500 to
4000 cm!, averaging 45 scans. All FT-IR spectra were baseline
corrected and normalized to the maximum absorbance peak
to enable comparison among samples.

Elemental analysis

The relative carbon, hydrogen, nitrogen, and oxygen contents
of biochar were determined using a LECO CHN®&28 series
analyzer (St. Joseph, MI). Approximately 75 mg of biochar was
used per run, consistent with the instrument calibration range
of 70-140 mg. Oxygen content was calculated by difference
after measuring carbon, hydrogen, and nitrogen.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed using a TA
Instrument thermogravimetry analyzer (New Castle, DE), TGA
550, to assess the biochar’s thermal stability and degradation
profile. Approximately 7 to 10 mg of biochar was heated from
room temperature to 800°C at a 10°C/min heating rate, under
a nitrogen atmosphere.

Scanning electron microscopy

The morphology of the samples was observed through scanning
electron microscopy (SEM) (FEI Quanta 600 FEG) with a high
voltage of 3.0 kV and a working distance ranging from 9.8 mm
to 10 mm. The SEM images were obtained from Douglas-fir and
red alder biochar produced in a separate slow pyrolysis experi-
ment and were not collected from the fast-pyrolysis biochar used
for the other characterization analyses in this study. Samples
were sputter-coated with gold before imaging, and images were
acquired at magnifications ranging from 250x to 2500x.

Statistical analysis

A two-sample t-test was used to compare two independent
groups, and one-way ANOVA was used to compare means among

more than two independent groups. Tukey’s honest significant
difference test was used for post hoc pairwise comparisons.
All analyses were performed in R at a 95% confidence level.

Results and discussion

Proximate analysis, BET surface area analysis, and pH
measurement

The three pyrolysis product yields are shown in Figure 1.
Biochar, bio-oil, and gas yields varied with pyrolysis tempera-
ture and feedstock. Biochar yield decreased with increasing
temperature (Figure 1b), consistent with trends reported for apa
wood, iroko wood, and palm kernel shell by Titiladunayo et
al. (2012). DF 350 produced the highest biochar yield (34%),
whereas DF 500 and DF 700 each produced approximately
18%. This reduction is consistent with increased thermal
cracking and decomposition of lignocellulosic components at
higher temperatures (Cardenas-Aguiar et al. 2017). RA 500
produced a slightly higher biochar yield (21%) than DF 500
(18%), showing a relatively small difference in biochar yield
between the two feedstocks.

Similar to biochar yield, DF 500 and RA 500 showed similar
bio-oil yield at 500°C, producing 56% and 58%, respectively.
Tang et al. (2020) similarly reported a 60% bio-oil yield from
a machine-learning analysis of 264 bio-oil yield datasets,
influenced by feedstock composition. In contrast, pyrolysis
temperature strongly affected DF bio-oil yield. DF 500 pro-
duced the highest bio-oil yield (56%), compared with 45% for
DF 350 which is consistent with lower degree of devolatiliza-
tion at the lower temperature. Bio-oil yield declined further
to 38% for DF 700, indicating additional devolatilization and
greater gas formation. Accordingly, DF 700 had the highest gas
yield (44%), whereas DF 350 and DF 500 produced 22% and
25%, respectively, consistent with trends reported by Chhiti
etal. (2012) and He et al. (2009). RA 500 produced 21% gas,
compared with 25% for DF 500. suggesting that feedstock
composition may reduce gas formation. Proximate analysis
was therefore conducted to further evaluate the effects of
feedstock and pyrolysis temperature.

Proximate analysis provides the compositional breakdown
of biochar into MC, VM, AC, and FC. Table 1 presents the
proximate composition of the four biochar samples. Two-
sample t-tests showed significant differences in VM (p = 0.003)
and FC (p = 0.0074) between DF 500 and RA 500. One-way
ANOVA showed no significant difference in MC among the
DF biochar (p = 0.3328), but significant differences in VM (p
=0.0016), AC (p = 0.0002), and FC (p = 0.0041) among DF
350, DF 500, and DF 700.
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Figure 1. Mean and one standard deviation of (a) biomass feedstock effects on pyrolysis product yields on
DF 500 and RA 500; and (b) temperature effects on pyrolysis product yields on DF 350, DF 500, and DF 700.

Table 1. Biochar properties as influenced by biomass feedstock and
pyrolysis temperatures.

Sample Proximate analysis (%) *

MC VM AC FC
DF 350 3.06+1.05* 3735+7.85* 2.03+0.02° 57.56+8.84°
DF 500 3.77+£0.61* 14.04+1.51°% 10.95+£2.07° 71.24+2.54%
DF700  3.07+1.05* 11.54+4.12> 238+0.61* 83.01 £2.78°¢
RA 500 237+0.60 22.03+1.54 11.86 +0.56 63.73 +£0.52

* mean + one standard deviation of three replicates. One-way ANOVA followed by
Tukey’s post hoc test was performed separately for each property using DF 350, DF 500,
and DF 700. Within each column, means sharing at least one letter are not significantly
different (o = 0.05); letters are assigned independently for each column. Separate t-test
comparisons between DF 500 and RA 500 are reported in the Results and discussion.

All biochar samples had low MC values (2.37%-3.77%),
typical of biochar (Das et al. 2015). The lower MC of RA
500 (2.37%) compared with DF 500 (3.77%) may reflect
feedstock-dependent pore structure differences. CO. BET analy-
sis supported this interpretation where DF 500 had a higher
equivalent surface area (337.53 m? g') than RA 500 (249.04
m? g'), which may contribute to a greater moisture retention.

VM decreased significantly with increasing pyrolysis tem-
perature in DF biochar, from 37.35% in DF 350 to 11.54%
in DF 700. This trend is consistent with reports that higher
temperatures promote devolatilization and removal of ther-
mally unstable compounds (Ahmad et al. 2014; Suliman et
al. 2016; Tomczyk et al. 2020). The sharp decrease from DF
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350 to DF 500 (14.04%) indicates a transition from low-
temperature biochar to a more condensed carbon structure.
VM was also significantly higher in RA 500 (22.03%) than in
DF 500 (14.04%), reflecting feedstock differences in composi-
tion and thermal degradation behavior; RA may contain more
volatilization-prone components (Zhao et al. 2013).

AC varied among samples. DF 500 (10.95%) and RA 500
(11.86%) had the highest ash contents, with no significant
difference between them by two-sample t-test (p = 0.5017).
The higher AC in DF 500 than in DF 350 (2.03%) and DF 700
(2.38%) may indicate incomplete combustion or retention of
thermally stable mineral matter.

Ash content decreased at 700°C, likely due to mineral volatil-
ization (Mohan et al. 2014). In contrast, FC increased with py-
rolysis temperature, consistent with previous studies (Demirbas
2007; Keiluweit et al. 2010). DF 700 had the highest FC
(83.01%), indicating a highly carbonized and stable biochar,
whereas DF 350 had the lowest FC (57.56%). Additionally,
DF 500 and RA 500 showed substantial carbon retention, with
FC values of 71.24% and 63.73%, respectively; however, RA
500 had a significantly lower mean FC than DF 500, again
reflecting feedstock compositional differences. The inverse
relationship between VM and FC confirms progressive carbon
enrichment as volatiles are released during pyrolysis.

Biochar pH ranged from moderately alkaline at lower pyrolysis
temperature to strongly alkaline at higher temperatures. DF
350 had an average pH of 8.04, reflecting partial retention of
carboxylic acids, phenolic groups, and high residual VM, as
indicated by proximate analysis (Domingues et al. 2017; Chisté
et al. 2024). With the progressive loss of acidic functional
groups and VM, pH increased significantly to 10.34 in DF
500 and remained slightly lower in DF 700 (10.11). RA 500
showed a similar pH to DF 500, averaging 10.20. These results
indicate that pyrolysis temperature strongly influences surface
chemistry by shifting the balance between acidic and basic
functional groups, making it a key factor controlling biochar
alkalinity. Higher-temperature biochar generally exhibited
stronger alkaline reactions, consistent with previous studies
(Silber et al. 2010; Yuan et al. 2011; Manya 2012; Xu et al.
2012; Keshvardoostchokami et al. 2023).

Raman and FT-IR spectroscopy

Raman spectroscopy characterizes the structural evolution
of carbon-based materials. Biochar and other carbonaceous
materials exhibit several diagnostic Raman bands. The D band
(~1350 cm™) is commonly associated with disordered carbon

structures (Tagliaferro et al. 2020). The G band, typically
near 1580 cm™, is associated with aromatic carbon structures
(Datsyuk et al. 2008). The D/G intensity ratio (In/Ic) is com-
monly used to evaluate changes in biochar carbon structure.
However, its relationship with structural ordering is not neces-
sarily monotonic in disordered carbon materials. The 2D band,
located near 2850 cm!, is a second-order overtone of the D
band and can provide additional information on changes in
carbon structures (Childres et al. 2013; De Sousa et al. 2020).

Figure 2a shows the Raman spectra of RA 500 and DF 500 high-
lighting the D, G, and 2D bands. RA 500 and DF 500 exhibited
similar overall Raman features, although differences in peak
intensity were observed under the measurement conditions.
Figure 2b shows the Raman spectra of DF biochar produced
at 350°C, 500°C, and 700°C; DF 700 showed lower Raman
intensity than DF 350 and DF 500. These peak features indicate
the presence of aromatic clusters in all samples (Fuertes et al.
2010). The Ip/Ig ratios are presented in Table 2. RA 500 and DF
500 had comparable Ip/Ic ratios of 0.70 and 0.68, respectively,
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Figure 2. Raman spectra comparing the D, G, and 2D bands on (a) the effects
of biomass feedstock on DF 500 and RA 500; and (b) temperature effects on
DF 350, DF 500, and DF 700.
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Table 2. Ip/Ig ratio results of biochar samples.

Sample Pyrolysis temperature (°C) In/Ig ratio *
RA 500 500 0.70 £ 0.04
DF 350 350 0.66 +0.05
DF 500 500 0.68 £ 0.04
DF 700 700 0.80 +0.03

* mean + one standard deviation of three replicates.

showing similar Raman D/G characteristics at 500°C. This
suggests that feedstock-related differences between RA 500
and DF 500 were not strongly expressed in the Raman Ipn/Ic
ratios. The Ipn/IG ratios of DF 350, DF 500, and DF 700 were
0.66, 0.68, and 0.80, respectively. Within the temperature range
examined, the increase in the Ip/Ic ratio indicates changes in
the relative contributions of the D and G bands as the carbon
structure underwent thermal reorganization. A similar increase
at higher pyrolysis temperatures was reported by Chatterjee et
al. (2020) for biochar produced from miscanthus (0.65—0.88),
switchgrass (0.70-0.88), corn stover (0.58-0.83), and sugarcane
bagasse (0.59-1.01) at 500°C—800°C.

The observed trend may partly reflect structural changes as-
sociated with volatile and gas evolution during pyrolysis. This
process can contribute to structural rearrangement within the
carbon matrix. This same trend was also reported in a study
carried out by Barszcz et al. (2024). Their study reported that
biochar structure became disordered as the pyrolysis tempera-
ture increased, despite exhibiting better thermal properties. The
increase in In/Ic observed between 350°C and 700°C should
therefore be interpreted as changes in carbon structure dur-
ing thermal reorganization rather than evidence for or against
extensive graphitization. The temperatures examined in this
study are relatively low for extensive graphitic ordering of
biomass-derived carbon.

In addition to Raman spectroscopy, FT-IR was used to evaluate
biochar surface functional groups. Figure 3 shows the FT-IR
spectra, with Figure 3a comparing DF 500 and RA 500. The
main spectral difference occurred near ~1400 cm ™!, which cor-
responds to C-H deformation in cellulose and hemicellulose
(Wozniak et al. 2022) and was more pronounced in RA 500.
This suggests that RA retained more aliphatic C-H bonds than
DF after pyrolysis at 500°C. This region may also overlap with
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Figure 3. FT-IR spectra comparing the functional group peaks on (a) the effects of biomass
feedstock on DF 500 and RA 500; and (b) the temperature effects on DF 350, DF 500, and DF 700.
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aliphatic C-H from lignin retained after pyrolysis. The stronger
RA 500 band may reflect the hardwood lignin composition
of RA, which contains syringyl lignin in addition to guaiacyl
lignin. Syringyl lignin is less cross-linked than guaiacyl lignin,
which is dominant in softwoods such as DF (Stewart 2008).
These differences in lignin structure may influence carbon
condensation and functional-group retention during pyrolysis
and may therefore contribute to the contrasting FT-IR features
of RA 500 and DF 500. The role of feedstock composition in
these differences is discussed further in the Effect of chemical
composition section. Jackson et al. (2013) similarly reported
that pine softwood biochar was more oxidation-resistant at
higher temperatures than hardwood oak biochar because of
its higher lignin content. DF 500 and RA 500 also showed
similar peaks between 1000 and 1250 cm™, indicating C-H
in-plane bending (Li et al. 2023), with the peak near 1100 cm™*
attributed to aromatic ester C-O bonds (Vaughn et al. 2013).
Considering the MC results in Table 1 and the FT-IR findings,
the lower MC of RA 500 is likely more strongly related to pore
structure than surface chemistry.

Narrow bands with strong signals were observed near 1600
cm™, corresponding to aromatic C=C stretching. Weaker bands
at 750-900 cm™ are attributed to aromatic structures. Broad
absorption at 3200-3400 cm™, attributed to O-H stretching,
indicated hydroxyl groups from residual cellulose, hemi-
cellulose, or absorbed water (Leng et al. 2021). This band
was slightly stronger in DF than RA, although the difference
was less pronounced than for the C-H band discussed above.
Weak peaks at 2800—3000 cm ™ corresponded to aliphatic C-H
stretching (Lu et al. 2005), while peaks near 2000-2200 cm™
were likely due to aromatic combination bands or overtones,
or C=C functionalities (Kumar 2006).

Among the three pyrolysis temperatures shown in Figure 3b, DF
700 showed no significant peaks, suggesting minimal detectable
surface functional groups and less polar surface chemistry. In
contrast, DF 350 and DF 500 displayed distinct peaks, with DF
350 showing stronger absorbance. The more pronounced O-H

stretching in DF 350 suggests greater retention of hydroxyl-
containing structures from residual cellulose, hemicellulose,
or adsorbed water. Stronger C-H in-plane bending and C-O
bands further indicate higher oxygen-containing functional
group abundance, consistent with increased deoxygenation
at higher pyrolysis temperatures. For DF 700, dehydration,
deoxygenation, and aromatization likely contributed to the
substantial reduction in detectable functional groups signals
(Liu et al. 2018). Elemental analysis was therefore conducted
to help interpret the FT-IR results.

Elemental analysis

Elemental analysis (EA) provides information on the chemical
composition of biomass and biochar, including changes in car-
bon, hydrogen, and oxygen contents with pyrolysis temperature
and treatment. These results complement the spectroscopy
analyses by indicating the degree of carbonization and changes
in elemental composition as a function of pyrolysis conditions.
Table 3 presents the elemental composition of DF biomass; DF
biochar produced at 350°C, 500°C, and 700°C; RA biomass;
and RA biochar produced at 500°C. Carbon content increased
from 48% in raw DF biomass to 75% after pyrolysis at 350°C,
then increased further to 81% at 500°C and 87% at 700°C.
Similarly, carbon content in RA increased from 48% in raw
biomass to 71% after pyrolysis at 500°C.

RA 500 had lower relative carbon content than all DF biochar,
consistent with the FT-IR results showing greater retention
of aliphatic C-H in RA 500 and greater aromatization in DF
500. Oxygen content showed the opposite trend, decreasing
with increasing pyrolysis temperature. RA 500 had the high-
est post-pyrolysis oxygen content (25%), suggesting greater
retention of oxygen-containing structures, consistent with the
FT-IR evidence for hydroxyl-containing groups. Fuertes et al.
(2010) reported a similar finding for corn stover hydrochar,
which retained stable functional groups and had an O/C atomic
ratio of 0.27. Oxygen-to-carbon (O/C) and hydrogen-to-carbon
(H/C) ratios are commonly used to assess biochar chemical
stability and polarity. The Van Krevelen diagram in Figure 4

Table 3. Relative elemental composition of DF and RA biomass and biochar.

Relative composition (%) Ratio
Sample @© H (0] o/C H/C
DF biomass 47.81 6.42 0.34 45.43 0.71 1.60
RA biomass 48.40 6.21 0.31 45.08 0.70 1.53
RA 500 70.84 3.18 1.24 24.74 0.26 0.54
DF 350 74.63 4.24 0.44 20.70 0.21 0.68
DF 500 80.65 2.96 0.76 15.63 0.15 0.44
DF 700 87.34 1.61 0.60 10.46 0.09 0.22
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Figure 4. Plot of atomic ratio H/C vs. O/C of the biomass and biochar samples.

plots atomic H/C against O/C ratios for all samples. DF and RA
biomass had the highest H/C and O/C ratios, characteristic of
raw lignocellulosic biomass (Zhang et al. 2024). With increas-
ing pyrolysis temperature, both ratios decreased, reflecting
progressive dehydration and decarboxylation, hydrogen and
oxygen loss, carbon enrichment, and increased aromaticity
(Wang et al. 2022).

These results indicate that low-temperature biochar retained
more oxygenated groups, consistent with FT-IR results, and
may therefore offer more reactive sites for subsequent chemical
modification. Additionally, this means that the polarity of the
biochar was reduced with increasing pyrolysis temperature
(Novak et al. 2009; Sun et al. 2012).

Referring to the Raman and FT-IR results, the comparable Ip/
I ratios of RA 500 and DF 500 indicate that the differences
observed in functional group retention and elemental composi-
tion were not accompanied by a large difference in the Raman
Ip/Ig ratio at 500°C.

Thermogravimetric analysis

TGA provided insight into the thermal decomposition be-
havior and stability of the raw biomass and biochar samples
by monitoring weight loss as a function of temperature. The
TGA results provide complementary information on thermal
stability that can be compared with the FT-IR and elemental
analysis results. As shown in Figure 5a, the thermograms of
DF and RA biomass resembled those of typical lignocellulosic
materials. The initial stage, from room temperature to ~100°C,

corresponded to moisture evaporation, followed by steep deg-
radation associated with thermal decomposition of cellulose
and hemicellulose (Yang et al. 2007). Table 4 summarizes the
onset temperatures and residue percentages of the samples.

The onset of steep degradation differed between DF and RA
biomass, occurring at 263°C for DF and 305°C for RA, fol-
lowed by gradual lignin degradation over a broader temperature
range. The lower onset temperature of DF indicates earlier
thermal decomposition of its lignocellulosic components. For
the biochar, DF 500 had a higher degradation onset temperature
than RA 500 (529°C vs. 502°C), indicating greater resistance
to thermal degradation. This is consistent with the lower H/C
and O/C ratios and weaker aliphatic and oxygen-containing
FT-IR features observed for DF 500. In addition, DF biochar
had lower residual mass than RA biochar.

TGA of biochar produced at 350°C, 500°C, and 700°C showed
that thermal stability increased with pyrolysis temperature. DF
700 exhibited the lowest weight loss, indicating a carbon-rich

Table 4. TGA onset temperature and residue of the biomass and
biochar samples.

Sample Onset temperature (°C) Residue (%)
DF biomass 263 81
RA biomass 305 89

RA 500 502 35

DF 350 363 47

DF 500 529 22

DF 700 546 10
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Figure 5. TGA profiles comparing (a) DF and RA biomass; (b) DF and RA
biochar produced at 500°C; and (c¢) DF biochar produced at three different
temperatures (350°C, 500°C, and 700°C).

structure, consistent with the low O/C and H/C ratios from
elemental analysis (Table 3) and the FT-IR results (Figure
3b). In contrast, DF 350 showed lower thermal stability due
to retained functional groups, with degradation onset at 363°C
associated with cellulose and hemicellulose decomposition.
This result also agrees with the elemental and FT-IR analyses.
Residual mass at 800°C decreased substantially with pyrolysis
temperature, from 47% for DF 350 to 10% for DF 700. This
trend is consistent with previous studies showing that higher

pyrolysis temperatures produce biochar with greater carbon
content and thermal resilience (Keiluweit et al. 2010; Ahmad
et al. 2012).

Effect of chemical composition

RA used in this study contained 34.4 £+ 5.3% cellulose, 23.5
+ 4.5% hemicellulose, and 32.3 £ 2.3% lignin, whereas DF
contained 35.8 £ 2.4% cellulose, 19.2 + 7.8% hemicellulose,
and 36.8 = 0.9% lignin (Macias et al. 2026). Cellulose content
was similar between the two feedstocks, suggesting that the
contrasting behavior at 500°C is more likely associated with
differences in hemicellulose content, lignin chemistry, ash, and
extractives than with differences in initial cellulose content.
The higher hemicellulose content of RA, together with its
syringyl-guaiacyl lignin composition, may provide a larger
initial pool of oxygen- and hydrogen-rich precursors during
pyrolysis. Hemicellulose, the most thermally labile structural
biopolymer, degrades at approximately 220°C—315°C and can
contribute residual aliphatic C-H fragments to the char matrix
at 500°C. Syringyl lignin, which contains two methoxy groups
per aromatic ring and is linked mainly by labile B-O-4 ether
bonds, can also release aliphatic and oxygenated fragments
during cleavage rather than fully condensing into an aromatic
structure. Consistent with these compositional differences, RA
500 showed less extensive deoxygenation and aromatization
at 500°C, retaining pronounced C-H (~1400 cm™) and O-H
(3200-3600 cm™) FT-IR bands, as well as elevated O/C (0.26)
and H/C (0.54) ratios.

In contrast, the higher guaiacyl lignin content of DF may
contribute to carbon condensation. Guaiacyl units contain one
methoxy group and are connected by more thermally resistant
5-5 and B-5 carbon-carbon bonds, which resist cleavage and
favor aromatic ring fusion as temperature increases. At 500°C,
this structure promotes elimination of aliphatic and oxygen-
ated functional groups, producing DF 500 with lower O/C
(0.15) and H/C (0.44) ratios and lower TGA residue than RA
500 (22% vs. 35%). These results suggest a more aromatized,
oxygen-depleted carbon skeleton in DF 500.

Differences in ash and extractives may have further contrib-
uted to the feedstock-dependent behavior. RA had a higher
ash content than DF (1.260 + 0.001% vs. 0.750 = 0.001%)
(Macias et al. 2026), indicating a greater initial mineral frac-
tion that could contribute to the higher residue observed for
RA 500 during TGA. Minerals may also influence pyrolysis
reactions by catalyzing dehydration, decarboxylation, and char-
forming reactions, which could partially affect the retention of
oxygenated structures and the final carbon matrix. In contrast,
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DF contained substantially higher extractives than RA (8.8
+ 1.3% vs. 3.5 + 1.0%). These extractives may volatilize or
thermally degrade during pyrolysis, contributing to volatile
release. Therefore, hemicellulose content and lignin chemistry
provide plausible explanations for the contrasting behavior of
RA 500 and DF 500, while differences in ash and extractives
may act as additional modifiers of thermal degradation, residue
formation, and carbon condensation.

It is worth noting that a limitation of the present study is that red
alder biochar was produced only at 500°C, whereas Douglas-
fir biochar was evaluated across 350°C, 500°C, and 700°C.

350°C

Douglas-fir biochar

Red alder biochar

Consequently, temperature-dependent trends can be assessed
only for Douglas-fir, while feedstock-related differences are
limited to the direct comparison between Douglas-fir and red
alder at 500°C. The current design therefore does not allow
feedstock vs temperature interactions to be independently
evaluated. Future work should evaluate both feedstocks across
a common temperature range to more clearly separate feedstock
effects from temperature-dependent responses.

Temperature-dependent structural evolution

The SEM micrographs were obtained from DF and RA biochar
produced in a separate slow pyrolysis experiment and were not

700°C

Figure 6. Scanning electron microscopy (SEM) images of biochar samples pyrolyzed at 350°C, 500°C, and
700°C. The top two rows correspond to DF biochar, while the bottom two rows correspond to RA biochar.
For each wood species, the first row shows images acquired at 100x magnification (scale bar = 500 pm),
and the second row shows higher magnification images at 500% (scale bar = 100 pm).
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collected from the fast-pyrolysis biochar characterized earlier.
These SEM images are included as complementary qualitative
observations of temperature-dependent morphological changes
and are not interpreted as direct morphological evidence for
the fast pyrolysis samples. Qualitative SEM observations
showed changes in DF and RA surface morphology (Figure
6). At 350°C, both DF and RA biochar retained the fibrous,
elongated architecture of their wood precursors and displayed
open longitudinal channels consistent with preserved cell
lumens (Figure 6d,j). At 500°C, both biochar showed greater
structural disruption. DF exhibited regular transverse surface
corrugation, consistent with cell wall shrinkage and partial
collapse (Figure 6¢), whereas RA showed heterogeneous
conversion, with macroporosity developing in some fiber
fragments (Figure 6k). At 700°C, both species exhibited more
extensive cellular disruption. DF showed greater collapse of
cell walls and elongated elements (Figure 6f), while RA de-
veloped elongated interlamellar pores formed by longitudinal
cell-wall delamination (Figure 61).

These observations are consistent with the sequential thermo-
chemical decomposition of hemicellulose, cellulose, and lignin
with increasing temperature, where residual lignin provides
structural support at 350°C and near-complete biopolymer
volatilization at 700°C yields a porous carbon skeleton.

Conclusions

This assessment of Douglas-fir and red alder biochar revealed
clear differences in physicochemical properties, thermal be-
havior, and structural features related to feedstock composition
and pyrolysis temperature. A key finding, supported by FT-IR,
elemental analysis, and TGA, was that RA 500 retained more
hydrogenated and oxygenated structures than DF 500, as shown
by stronger C-H and O-H bands and higher O/C and H/C ratios.
These differences are consistent with the higher hemicellu-
lose content and syringyl-guaiacyl lignin composition of RA,
whereas the higher guaiacyl lignin content of DF may contribute
to greater deoxygenation, aromatization, and carbon condensa-
tion. Across the Douglas-fir temperature series, biochar yield
decreased with increasing temperature, whereas gas yield
increased, particularly at 700°C. Proximate analyses showed
that higher pyrolysis temperatures reduced volatile matter and
increased fixed carbon, while pH shifted from moderately to
strongly alkaline values. Raman analysis showed increasing
Ip/Ic ratio with pyrolysis temperature, indicating changes in
carbon structure during thermal reorganization. Feedstock
differences were evaluated only at 500°C, while temperature
effects were assessed only for Douglas-fir. Overall, the results

show that differences in hemicellulose content, lignin chemistry,
ash, and extractives may contribute to the contrasting proper-
ties of Douglas-fir and red alder biochar. These relationships
provide a basis for further evaluation of woody biomass and
pyrolysis conditions for biochar applications.

Data availability: Data will be made available upon request.

Competing interests: The authors declare no competing
interests.
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