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Abstract

Anatomical, chemical, and physical properties are critical for optimizing bamboo appli-
cations. This study evaluated the radial variability of these properties in four bamboo
species (Guadua chacoensis, Dendrocalamus strictus, Bambusa nutans, and Dendrocalamus asper)
to assess their potential as sustainable raw materials. Anatomical analysis revealed sig-
nificant radial gradients: fiber wall thickness and lignin content peaked in the peripheral
region (e.g., 30.40% lignin in D. strictus), while carbohydrate content was highest in the
central region (69.15% in D. asper). Basic density varied radially, with the highest values
in G. chacoensis (835 kg/m3) and B. nutans (858 kg/m3). Principal Component Analysis
(PCA) identified density and chemical composition as key discriminators among species.
Dendrocalamus strictus emerged as the most promising species for biochar production, ex-
hibiting high gravimetric yield (31.14%), thermal stability, and a mesoporous structure
(120.154 m2/g surface area). The biochar’s high elemental carbon (89.66%), calculated
fixed carbon (84.97%), crystallinity index (30.16%), and low volatile content (6.83%) suggest
potential for use as a soil conditioner for carbon sequestration, although direct agronomic
validation (e.g., soil, plant, or microbial assays) is still required. A techno-economic as-
sessment (TEA) demonstrated its commercial viability, projected a profit of approximately
US$ 89/ton and US$ 1107/hectare per year under a 3-year rotation cycle, assuming a
unified market price of US$ 120/ton. This estimate is preliminary and does not include
sensitivity analysis, which is suggested for future work. This study underscores D. strictus
as a dual-purpose resource, combining ecological benefits (e.g., soil enhancement) with
economic feasibility, advancing sustainable agro-industrial applications of bamboo.

Keywords: bamboo radial variability; biochar characterization; techno-economic analysis;
sustainable agriculture; lignocellulosic biomass

1. Introduction
With the increasing demand for eco-friendly alternatives, bamboo stands out as a

viable and sustainable option [1]. This versatile plant has garnered growing interest across
various research fields, ranging from civil construction to furniture production, pulp,
paper, bioenergy, and handicrafts [2]. In Brazil, the diversity of native bamboo species
offers significant potential for economic and environmentally sustainable exploitation [3].
Current literature highlights the versatility of bamboo, underscoring its relevance in both
traditional and innovative contexts [4].
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Bamboo is an abundant natural resource covering approximately 35 million hectares
of forests worldwide [5]. It is highly valued for its rapid growth rate, early maturity, and
broad climatic adaptability [6]. These characteristics not only make bamboo ideal for
cultivation but also contribute significantly to oxygenation and carbon dioxide capture
from the environment, playing a crucial role in mitigating climate change [7].

Globally, the distribution of bamboo species occurs across the Americas, Africa, and
Asia, with some species recently introduced in Europe [8]. Among American countries,
Brazil has the greatest diversity of species, with the largest areas found in the Amazon
and Atlantic forests. In Brazil, the Olyreae and Bambuseae tribes are present, currently
comprising 258 native species and 35 genera [9]. The Olyreae tribe consists of herbaceous
bamboos with 17 genera and 93 species. The Bambuseae tribe includes 18 genera and
165 species, consisting of lignified or woody bamboos [9].

The vast forest masses of bamboo used commercially for bioenergy are located in the
states of Maranhão, Piauí, Pernambuco, Paraíba, and Bahia [10]. Bamboo is regarded as a
rapidly growing plant capable of maturing within three to four years, with growth rates
ranging from 30 to 100 cm per day, depending on the species. It exhibits a high carbon
absorption rate compared with wood. These characteristics enhance its potential as an
alternative biomass resource [11].

Brazil has approximately 1.5 million hectares of planted and native bamboo, with an
annual production of roughly 150 thousand tons cultivated across all regions. The average
yield is 25 tons per hectare, with the state of Acre leading as the main producer. Maranhão
focuses its production on biomass for energy generation for the industrial sector, while
Paraíba and Pernambuco direct their output to pulp and paper production. States such
as São Paulo, Rio Grande do Sul, Minas Gerais, Bahia, and Paraná invest in commercial
cultivation aimed at producing panels, edible shoots, and phytocosmetics [12,13].

Bamboo is considered a promising alternative for diversifying the energy matrix,
complementing traditional biomass sources such as eucalyptus and pine [14]. Its species
are particularly attractive for bioenergy production due to their high productivity, elevated
fiber and lignin content, and calorific value [15]. Furthermore, bamboo has a wide range of
applications, especially in Asia and Latin America, where it is utilized as an energy source,
construction material, panels, pulp, and other products [16].

In the bioenergy context, bamboo plays a relevant role in the implementation of
biomass solutions, including solid, liquid, and gaseous fuels. Within biorefineries aimed at
maximizing biomass utilization, bamboo has been extensively studied [17,18]. Bamboo-
derived biomass and residues exhibit potential for energy utilization and chemical valoriza-
tion through various thermochemical and biochemical processes [19]. Bamboo possesses
suitable characteristics for energy applications, with potential use in various industrial sec-
tors, either as raw biomass or in the production of briquettes, pellets, and charcoal [15,20,21].
However, attention must be paid to ash content, as it may cause boiler-related issues [22].

The yield and chemical properties of pyrolysis products are influenced by opera-
tional conditions such as temperature, heating rate, residence times, particle size, and
feedstock [23]. Pyrolysis temperatures significantly affect the combustion characteristics
of bamboo biochar. The literature reports that increasing temperatures reduce the con-
tent of carbon, sulfur, oxygen, hydrogen, volatiles, H/C and O/C ratios, energy yield,
heat release rate, and calorific value. Typically, higher temperatures result in improved
combustion properties of charcoal with a higher calorific value, reduced volatiles, and
lower yields [24,25]. However, elevated pyrolysis temperatures lead to increased energy
consumption during the pyrolysis process. Thus, pyrolysis temperature plays a crucial role
in the design and optimization of biochar production for commercial development [24].
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The choice of specific carbonization parameters depends on a combination of these factors,
as well as the specific requirements of the carbonization process in question.

Calorific value refers to the amount of heat generated during the combustion of a unit
volume of gas [26]. It serves as an excellent parameter for evaluating the energy potential
of biomass fuels [27]. The gravimetric yield of charcoal derived from bamboo species is
higher than that of eucalyptus wood at similar carbonization temperatures. Rusch, de
Abreu Neto, de Moraes Lúcio and Hillig (2021) reported gravimetric yield values ranging
from 34 to 36.9% for bamboo charred at temperatures between 450 and 550 ◦C [21].

The physical and mechanical properties of bamboo vary according to its anatomical
structure, chemical composition, species, and position within the culm [9]. Although
classified as simple, the anatomical structure of bamboo culms differs among species,
suggesting specific applications for each [28]. Additionally, these variations are influenced
by factors such as age, sample position, edaphic characteristics, and climatic conditions [29].

Despite the recognized potential of bamboo for bioenergy and biochar, a significant
knowledge gap remains regarding how radial variability (from periphery to interior of
the culm wall) in anatomical, chemical, and physical properties affects the suitability of
different bamboo species for biochar production. Most studies have focused on a single
species or bulk properties, without integrating radial heterogeneity into feedstock selection
for pyrolysis. Therefore, the central hypothesis of this study is that the radial position
within the bamboo culm wall induces systematic variations in fiber morphology, lignin
content, and basic density, which directly influence biochar yield, thermal stability, and pore
structure, and that these variations are species-dependent. The novelty of this work lies in
(i) the comparative, multi-species assessment of radial gradients (periphery, center, interior)
in four bamboo species (Guadua chacoensis, Dendrocalamus strictus, Bambusa nutans, and
Dendrocalamus asper); (ii) the integration of detailed anatomical characterization, chemical
profiling (including S/G lignin ratio), principal component analysis (PCA), and biochar
performance evaluation to identify the most suitable species and radial fraction; and
(iii) the first techno-economic assessment (TEA) for bamboo-derived biochar based on
radial-specific properties, providing a practical framework for sustainable agro-industrial
applications. To address these gaps and test our hypothesis, this research investigated the
radial anatomical and chemical variations in the culm walls of the four species, linking
them to biochar production potential and economic feasibility.

2. Materials and Methods
2.1. Materials

For this study, bamboo samples from four species were utilized: Guadua chacoensis
(Rojas) Londono, Dendrocalamus strictus (RoxBambusa) Nees, Bambusa nutans Wall. ex Munro,
and Dendrocalamus asper (Schult. & Schult.f.) Backer (Table S1, Supplementary Materials).
All bamboo samples were collected from culms aged 3–4 years, corresponding to the
maturation stage suitable for bioenergy applications based on previous studies. For each
species, three healthy clumps (biological replicates) were selected from the same cultivation
area in São João do Oeste-PR, except for Dendrocalamus asper, which was collected from three
clumps in the Silviculture sector of the Federal University of Viçosa (Viçosa, MG, Brazil).
Clumps were separated by a minimum distance of 10 m to ensure genetic independence.
It is important to note that Dendrocalamus asper was collected from a different geographic
location (Viçosa, MG, Brazil) compared with the other three species (São João do Oeste, PR,
Brazil). Soil and climatic conditions may influence the anatomical, chemical, and physical
properties of bamboo. Therefore, direct comparisons among species should consider this
limitation, and the observed differences may partially reflect site-specific environmental
effects rather than solely genetic or species-level characteristics.
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2.2. Sample Preparation

Sampling design: From each of the three clumps (biological replicates) per species,
five mature culms (aged 3–4 years) were randomly selected, totaling 15 culms per species.
Culms were harvested at ground level, and only internodes free from visible defects or
damage were used.

Height standardization: To minimize axial variability, samples were collected exclu-
sively from the third to the sixth internode above ground level (basal to mid-culm position),
corresponding to approximately 1.5 to 3.0 m height, depending on the species. This region
was chosen because it represents the commercially relevant portion of the culm and exhibits
lower axial variation compared with apical or basal extremes.

Radial sampling: From each internode, the culm wall was divided into three radial
positions: periphery (outer 5 mm adjacent to the epidermis), center (middle third of wall
thickness), and interior (inner 5 mm adjacent to the medullary cavity). For each radial
position, samples were pooled across the five culms per clump to obtain one composite
sample per biological replicate per radial position, resulting in n = 3 biological replicates
per species per radial position.

Sample processing: A portion of the chips from each radial position was milled to pass
through a 60-mesh sieve for chemical characterization. Another portion was used for basic
density determination and anatomical analyses, as described below. Subsequently, samples
were separated for histological sectioning, as well as chips from the periphery, center, and
interior of the culm walls, aiming at a radial study of the anatomical parameters and basic
density. Following the radial sampling, part of the chips was processed into sawdust for
chemical characterization, as illustrated in Figure 1.

Figure 1. Process for sampling bamboo culms (source: author’s own work).

2.3. Bamboo Properties

For the density analysis, chips from the periphery, center, and interior were selected.
The determination of basic density was performed using the water immersion method, in
accordance with the ABNT NBR 11941 standard.

A suspension of the material was prepared, where the fibers were individualized
using hydrogen peroxide and glacial acetic acid, according to the method adapted. The
morphological characteristics of the fibers were analyzed using the VALMET FS5 ANA-
LYZER (Valmet Oy, Espoo, Finland), obtaining parameters such as fiber length, width, and
wall thickness.

Transverse sections of the test specimens were prepared for microscopic analysis. The
samples, with approximate dimensions of 2.0 × 2.0 × 1.0 cm (length, width, and thickness),
were subjected to histological sectioning. Photographs were then taken using a camera
attached to an optical microscope equipped with a micrometric eyepiece. The AxioVision
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image analysis software ((Carl Zeiss Microscopy GmbH, Jena, Germany)) was employed
to measure vascular frequency (n mm−2), vessel diameter (µm), parenchyma (%), fibers
(%), and vessels (%). The description included the following characteristics: parenchyma
and vascular bundles. For the culm wall, which spans from the epidermis to the medullary
ring, the description and measurements of anatomical elements were performed based on
radial positions: periphery, center, and interior [30,31].

For the elemental analysis of the bamboo samples, the CHNS-O LECO model equip-
ment was used (LECO Corporation, St. Joseph, MI, USA). The percentages of carbon,
hydrogen, nitrogen, and sulfur were determined using the TruSpec CHNS Micro module,
while oxygen content was calculated by difference.

To determine the structural chemical composition of the bamboo samples, the ground
fraction retained on a 60-mesh sieve was used. The determination of the oven-dry content
of the samples was performed according to the TAPPI 264 om-88 standard [32].

Extractive content was determined following the TAPPI 204 om-88 standard [33],
using the total extractive determination method, substituting ethanol/benzene with
ethanol/toluene.

Insoluble and soluble lignin contents were determined in accordance with the TAPPI
T222 om-97 and TAPPI um-250 standards. Sugars (glucose, xylose, mannose, galactose,
and arabinose) were determined according to the SCAN-CM 71:09 standard [34].

Ash content was determined following the TAPPI T211 om-97 standard [35]. Subse-
quently, acid digestion of the ash was carried out to determine the concentration of metals
(Ca, Mg, Mn, Fe, Cu) using an atomic absorption spectrophotometer. Metal concentrations
were assessed based on the TAPPI 266 om-94 standard [36]. Silica content was determined
following the TAPPI 244 om-11 standard.

For pyrolysis coupled with gas chromatography and mass spectrometry (Py-GC/MS),
bamboo sawdust samples (0.1 mg) were used to calculate the S/G ratio of lignin. Pyrolysis
was performed using a microfurnace pyrolyzer (Frontier Laboratories Ltd., Fukushima,
Japan) at 550 ◦C with a residence time of 0.1 min, connected to a GC-MS instrument (QP2020
model Shimadzu Corporation, Kyoto, Japan), employing an Ultra-ALLOY® capillary
column (UA5, 30 m × 0.25 mm internal diameter, 0.25 µm film thickness) also supplied by
Frontier Laboratories Ltd., Fukushima, Japan [37].

The pyrolysis chamber was purged with helium (100 kPa) to rapidly transfer pyrolysis
products to the GC column. The injector temperature was set to 100 ◦C, and the chromato-
graph oven temperature was ramped from 45 ◦C (4 min) to 240 ◦C at a rate of 4 ◦C min−1,
with the final temperature held for 10 min. The detector and GC-MS interface temperatures
were set at 250 ◦C and 290 ◦C, respectively.

A mass spectrometer operated in electron-impact ionization mode at 70 eV, with a
mass scan range of 50 to 350. The released compounds were identified by comparing their
mass spectra with the GC-MS spectral library (Willey and NIST), literature data, and mass
fragmentography when necessary. Sixty peaks with the largest areas were measured in
duplicate, and the average was reported.

The S/G ratio of lignin was calculated by dividing the sum of the area percent-
ages of syringyl-type lignin (S) by the sum of the area percentages of guaiacyl-type
lignin (G) [38,39].

2.4. Statistical Analysis

The experimental design consisted of a 4 × 3 factorial arrangement (four species ×
three radial positions) with three biological replicates (clumps) per species. Each biological
replicate comprised five pooled culms, as described in Section 2.2. The assumptions
of normality (Lilliefors test) and homoscedasticity (Cochran test) were verified prior to
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ANOVA. The data were subjected to Lilliefors and Cochran tests to assess normality and
homogeneity of variance, respectively. Once the assumptions were met, the data were
analyzed using analysis of variance (ANOVA), and when significance was established,
Tukey’s test at a 5% significance level was applied. All analyses were performed using the
open-source software R.

Subsequently, a principal component analysis (PCA) was conducted to reduce data
dimensionality, grouping them based on similarity and explaining the variance and covari-
ance of the random vectors composed of linear combinations of the original variables. The
calculation of the principal components was performed using a PCA algorithm with the
aid of the R software version 3.4.3.

2.5. Production and Characterization of Biochar

The production and characterization of biochar were conducted using the bamboo
species with the highest potential, selected based on its chemical and structural prop-
erties. The pyrolysis process was carried out under controlled conditions to maximize
biochar yield and its desirable characteristics, such as high fixed carbon content and low
volatile presence [40]. The characterization included physical, chemical, and thermal anal-
yses, evaluating parameters such as porosity, elemental composition, ash content, and
thermal stability.

The production of biochar was conducted using Dendrocalamus strictus as the selected
feedstock. Prior to pyrolysis, the bamboo samples were oven-dried at 103 ± 2 ◦C until
constant mass. The dried material was ground and sieved to obtain a particle size of
2.0–4.0 mm. A sample mass of 10.0 g was placed in a stainless steel fixed-bed reactor
(25 mm internal diameter, 300 mm length). The reactor was sealed and purged with nitrogen
gas at a flow rate of 100 mL min−1 for 15 min. Pyrolysis was performed at atmospheric
pressure (101.3 kPa) using a tubular furnace with a programmable temperature controller.
The heating rate was set to 10 ◦C min−1 until reaching a final pyrolysis temperature of
550 ◦C. The sample was held at this temperature for a residence time of 60 min. After the
isothermal stage, the reactor was allowed to cool passively to room temperature under
a continuous nitrogen flow of 50 mL min−1. The entire experiment was performed in
triplicate (n = 3).

2.6. Technical–Economic Assessment (TEA)

A technical–economic assessment of the production of biochar from bamboo residues
is necessary to establish its viability on a commercial scale [41,42]. The TEA was conducted
based on a detailed analysis of the key parameters involved in biochar production. First,
the annual biochar yield per hectare was calculated, considering a 3-year rotation cycle for
biomass harvesting. The basic density of the species was used to estimate the amount of
available material per unit area. The biochar yield was set at 30%, determining the final
product quantity obtained from the processed biomass. The revenue per ton of biochar
was established based on a unified market price of US$ 120/ton for agricultural-grade
biochar (2024 Brazilian reference). Operational costs were estimated at US$ 31.14/ton of
biochar, including harvesting, transport, grinding, pyrolysis (electricity and N2), labor, and
equipment depreciation, based on previous studies [41,42]. It is important to note that this
techno-economic assessment is presented as a preliminary estimate. The analysis does not
include uncertainty quantification or sensitivity analysis (e.g., variations in biochar price,
yield, or transportation costs), as such a detailed assessment is beyond the scope of this
study. A full sensitivity analysis is suggested for future work when commercial-scale data
become available.
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Profit per ton and per hectare was calculated by subtracting production costs from the
generated revenue, providing an economic analysis of the feasibility of biochar production
from this species. The methodology also accounted for the impact of economic variables,
such as transportation, storage, and other indirect costs, which could influence the financial
performance of the operation.

3. Results and Discussion
3.1. Characterization and Anatomical Description

The four bamboo species evaluated in this study were not collected from identical
sites. While Guadua chacoensis, Dendrocalamus strictus, and Bambusa nutans originated
from São João do Oeste-PR, Dendrocalamus asper was sampled from Viçosa-MG. Although
all plants were mature and apparently healthy, differences in soil type, nutrient avail-
ability, climate (temperature, precipitation), and management practices between these
two Brazilian regions could contribute to the observed inter-species variability. As such,
the results presented here should be interpreted with caution when attributing differences
exclusively to species identity. Future studies should aim to collect multiple species from
the same provenance or employ common garden experiments to isolate genetic from
environmental effects.

Liese (2015) described four basic types of vascular bundles in different bamboo species:
Types I, II, III, and IV [28]. Type I is typically found in monopodial bamboo species, while
the others are present in sympodial species. Type II features an enlarged fiber sheath on
the phloem side, Type III consists of isolated fiber bundles, and Type IV contains a central
vascular strand with small sclerenchyma sheaths and two isolated fiber strands located
on the sides of the phloem and protoxylem. Fibrovascular bundles exhibit anatomical
differences that vary in shape, quantity, and size. These differences can be influenced
by the internode height, wall thickness, and position within the culm wall (Figure S1,
Supplementary Materials). Below is the anatomical description of each bamboo species
studied in this research.

3.1.1. Dendrocalamus strictus

The species Dendrocalamus strictus features fibrovascular bundles of Type III, where
vascular elements are surrounded by a fiber sheath, exhibiting isolated fiber bundles
(Figure 2). Dendrocalamus strictus is typically a bamboo species with solid culms, lacking
an internal cavity. Its vascular bundles are visible under a ten-fold magnification lens and
are distributed throughout the culm, being more numerous near the epidermis (peripheral
region, Figure S2, Supplementary Materials).

 

Figure 2. Vascular bundle, fibers, and parenchyma cells of Dendrocalamus strictus (source: author’s
own work).
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Regarding the percentage of parenchyma in the species Dendrocalamus strictus, this
tissue accounts for 74% of the culm composition. The proportions of fibers and vessels
observed for the species were 23% and 3%, respectively (Figure 3). In general, the percentage
distribution of the wood elements in bamboo species (parenchyma, fibers, and conducting
cells) follows a defined pattern. Fibers are concentrated closer to the bark, in the peripheral
position, ensuring the material’s resistance to wind loads, which are among the most
consistent stresses experienced by these species in nature [43].

Figure 3. Proportion of anatomical elements in Dendrocalamus strictus (source: author’s own work).

In Table 1, the vessel diameters (µm) of metaxylem, protoxylem, and phloem in
Dendrocalamus strictus are shown as a function of the radial position in the culm wall.
According to the analysis of variance, the radial position significantly influenced the
average vessel diameters.

Table 1. Vessel Diameters (µm) for Metaxylem, Protoxylem, and Phloem.

Radial Position of Bamboo Culm Metaxylem Protoxylem Phloem

Periphery 108.73 a 84.45 b 104.46 b
Center 110.27 a 87.13 a 107.20 a
Interior 101.93 b 83.05 b 94.74 c

Means followed by the same lowercase letters in the columns do not differ statistically, according to Tukey’s test
at a 95% probability level.

Evaluating the average vessel diameter of the protoxylem reveals that the central posi-
tion exhibits the highest value for this variable. It was observed that the vessel diameters
of the metaxylem and phloem in the inner culm position were significantly smaller than
those in other evaluated positions. Indeed, the size in the inner region is smaller due to
the reduced quantity of fibers. Sola, da Costa, and de Alcantara (2023) [43] noted that the
diameter in the central culm region was statistically similar to that of the periphery but
different from the interior. This same pattern was observed in the present study.

The average frequency of vascular elements was 2.2, 2.1, and 1.8 vessels mm−2 in the
periphery, center, and interior, respectively, with no significant differences among them at a
95% probability level (Figure S3, Supplementary Materials). The frequency of fibrovascular
bundles significantly affects the tensile strength of bamboo, as vascular bundles contribute
most to its mechanical resistance [44].
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3.1.2. Dendrocalamus asper

The species Dendrocalamus asper features Type III vascular elements surrounded by
fiber bundles, but it does not exhibit isolated fiber bundles (Figure 4).

 

Figure 4. Vascular bundle, fibers, and parenchyma cells of Dendrocalamus asper (source: author’s
own work).

Regarding the percentage of fibers, this tissue accounts for 49% of the culm composi-
tion for this species. The proportion of observed parenchyma was 36%, and vessels made
up 15%, respectively (Figure 5).

Figure 5. Proportion of anatomical elements in Dendrocalamus asper (source: author’s own work).

Table 2 presents the vessel diameter values of Dendrocalamus asper based on the ra-
dial position of the culm wall. According to the analysis of variance, the radial position
significantly influenced the average vessel diameter.

Table 2. Vessel Diameters (µm) for Metaxylem, Protoxylem, and Phloem.

Radial Position of Bamboo Culm Metaxylem Protoxylem Phloem

Periphery 193.98 a 128.69 a 223.77 a
Center 192.69 a 127.03 b 212.53 c
Interior 194.08 a 116.04 c 216.69 b

Means followed by the same lowercase letters in the columns do not differ statistically, according to Tukey’s test
at a 95% probability level.
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It can be observed that the vessel diameters of the metaxylem were statistically equal
across the three evaluated positions. However, the diameters of the protoxylem and
phloem vessels showed variations among the positions. The periphery exhibited larger
phloem vessel diameters; in environments where water and nutrients may be scarce, having
larger phloem vessels can be an adaptive advantage, enabling more efficient nutrient
transport [45].

The vessels in this bamboo species are more numerous near the epidermis (periphery)
and gradually decrease toward the interior. The average frequency of vascular elements
was 1.5, 1.5, and 1.4 vessels mm−2 in the periphery, center, and interior, respectively
(Figure S4, Supplementary Materials). The diameter and quantity of vessels influence water
and nutrient transport, as well as biomass utilization processes. According to literature,
the efficiency of water transport in plants is directly related to the size and frequency of
conducting vessels [46]. Furthermore, discuss how these vascular characteristics impact
drying and preservation [45].

3.1.3. Guadua chacoensis

The species Guadua chacoensis features Type III vascular bundles; however, in the
peripheral region, all vascular elements are encompassed by fiber sheaths and exhibit a
small quantity of parenchyma cells (Figure 6).

 

Figure 6. Vascular bundle, fibers, and parenchyma cells of Guadua chacoensis (source: author’s
own work).

Regarding the percentage of fibers, this tissue accounts for 52% of the culm composi-
tion (Figure 7). The observed proportions of parenchyma and vessels for the species were
40% and 8%, respectively.

Table 3 presents the vessel diameter values of Guadua chacoensis based on the ra-
dial position of the culm wall. According to the analysis of variance, the radial position
significantly influenced the average vessel diameter.

Table 3. Vessel Diameters (µm) for Metaxylem, Protoxylem, and Phloem.

Radial Position of Bamboo Culm Metaxylem Protoxylem Phloem

Periphery 89.08 c 54.93 c 139.71 c
Center 152.27 a 87.52 a 205.71 a
Interior 141.44 b 85.93 b 142.95 b

Means followed by the same lowercase letters in the columns do not differ statistically, according to Tukey’s test
at a 95% probability level.
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Figure 7. Proportion of anatomical elements in Guadua chacoensis (source: author’s own work).

The vessel diameters of the metaxylem, protoxylem, and phloem in the periphery of
the culm were significantly smaller than in the other evaluated positions. The metaxylem
exhibits a larger diameter compared with the protoxylem. From an engineering perspec-
tive, it is essential to understand the vessel diameters and distribution along the wall
thickness [42].

The vascular bundles of bamboo, visible under a ten-fold magnification lens, are more
numerous near the epidermis. These vessels have smaller diameters in the peripheral region,
gradually increasing toward the interior. The average frequency of vascular elements was
2.2, 1.7, and 1.5 vessels mm−2 in the periphery, center, and interior, respectively (Figure S5,
Supplementary Materials).

3.1.4. Bambusa nutans

The species Bambusa nutans features Type III vascular bundles, with all vessels encom-
passed by fiber sheaths (Figure 8). Regarding the percentage of fibers, this tissue accounts
for 51% of the culm composition (Figure 9). The observed proportions of parenchyma and
vessels for the species were 42% and 7%, respectively. Table 4 presents the vessel diameter
values of Bambusa nutans based on the radial position of the culm wall. According to the
analysis of variance, the radial position significantly influenced the average vessel diameter.

 

Figure 8. Vascular bundle, fibers, and parenchyma cells of Bambusa nutans (source: author’s
own work).
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Figure 9. Proportion of anatomical elements in Bambusa nutans (source: author’s own work).

Table 4. Vessel Diameters (µm) for Metaxylem, Protoxylem, and Phloem.

Radial Position of Bamboo Culm Metaxylem Protoxylem Phloem

Periphery 82.52 c 38.14 c 113.73 c
Center 156.33 b 87.76 b 203.26 b
Interior 175.97 a 92.09 a 211.12 a

Means followed by the same lowercase letters in the columns do not differ statistically, according to Tukey’s test
at a 95% probability level.

The largest vessel diameters were observed in the interior of the culm wall, with a re-
duction in diameter as it approaches the periphery. The sizes of the metaxylem, protoxylem,
and phloem vessels were 53.1%, 58.5%, and 46.1% larger in the interior region compared
with the periphery. Sola, da Costa, and de Alcantara (2023) reported that the sizes of
metaxylem and phloem vessels were 28.4% and 33.3% larger in the interior region relative
to the periphery [43]. This pattern aligns with the findings of Grosser and Liese (1971) [47],
where larger-diameter vessels were observed in the internal regions and smaller ones in the
periphery. The peripheral zone is composed of vascular bundles adjacent to the epidermis,
which are smaller, more numerous, and contain fewer parenchyma cells between them. The
average frequency of vascular elements was 2.1, 1.3, and 0.9 vessels mm−2 in the periphery,
center, and interior, respectively (Figure S6, Supplementary Materials).

3.2. Effect of Radial Position on Anatomical Elements Based on Bamboo Species
3.2.1. Vessels

According to the analysis of variance, there was an interaction effect between species
and radial position in the culm on the proportion of vessels. Table 5 presents the mean
values of the proportion of vessels in bamboo based on radial position and species. The
highest values were observed for Dendrocalamus asper and the lowest for Dendrocalamus
strictus. Regarding the evaluated radial positions, it can be noted that the periphery and
center showed similar values for Dendrocalamus strictus and Dendrocalamus asper. Mean-
while, Guadua chacoensis and Bambusa nutans presented similar values only for the center
and interior of the culm wall, these being the highest among the positions. As for the
shape of the vascular bundle in the peripheral region, the fiber sheaths are more compact,
reducing intercellular space and influencing the proportion of vessels [48].
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Table 5. Proportion of Vessels (%) in the Four Bamboo Species.

Radial Position in the Culm D. strictus D. asper G. chacoensis B. nutans

Periphery 3.99 ac 15.13 aba 5.97 ab 4.7 abc
Center 4.33 ac 16.65 aa 9.19 ab 8.38 ab
Interior 1.18 ac 13.7 aa 9.67 ab 9.05 ab

Means followed by the same lowercase letters in the columns do not differ statistically, according to Tukey’s test
at a 95% probability level.

3.2.2. Parenchyma

According to the analysis of variance, there was no interaction effect between species
and radial position in the culm for parenchyma percentages; only isolated effects were
observed. Table 6 presents the mean values of the proportion of parenchyma based on the
radial position of the culm wall.

Table 6. Mean Values of Parenchyma Based on Radial Position.

Radial Position of the Culm Mean Values (%)

Periphery 40.86 c
Center 44.99 b
Interior 58.81 a

Means followed by the same lowercase letters in the columns do not differ statistically, according to Tukey’s test
at a 95% probability level.

Regarding the proportion of parenchyma cells, the interior of the culm exhibited
higher mean values, meaning parenchyma is more abundant in the inner layers of the culm
and decreases as it approaches the periphery. This behavior is associated with the increase
in fiber proportion closer to the peripheral region of the culm wall. Table 7 presents the
mean values of the proportion of parenchyma based on the bamboo species.

Table 7. Mean Values of Parenchyma Based on Bamboo Species.

Species Mean Values (%)

Bambusa nutans 42.17 b
Dendrocalamus strictus 74.19 a
Dendrocalamus asper 36.39 c

Guadua chacoensis 40.15 bc
Means followed by the same lowercase letters in the columns do not differ statistically, according to Tukey’s test
at a 95% probability level.

Dendrocalamus strictus exhibited the highest proportion of parenchyma cells. Across all
species, this tissue was more abundant in the inner layers of the culm and decreased toward
the outermost layer. Regarding parenchyma percentage, Brito et al. (2015) [49] observed
that this tissue occupies 50.72% of the culm composition in Dendrocalamus giganteus. These
authors reported that the proportion of parenchyma was more abundant in the inner layers
of the culm, decreasing toward the outer layer.

3.2.3. Fibers

Percentage of Fibers
According to the analysis of variance, there was no interaction effect between species

and radial position in the culm for fiber percentages; only isolated effects of the variables
were observed. Table S2 (Supplementary Materials) presents the values of fiber proportions
based on the radial position of the culm wall. Analyzing the simple effects of the positions,
the periphery exhibited the highest proportion of fibers. Ghavami, Perazzo Barbosa, and
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Eustáquio Moreira (2017) observed an increase in fiber proportions radially from the interior
to the outer face, allowing bamboo to withstand wind loads [42].

Table S3 (Supplementary Materials) displays the fiber proportion values across species.
Among the species, the fiber proportion values were statistically similar for Guadua cha-
coensis, Bambusa nutans, and Dendrocalamus asper. Dendrocalamus strictus showed the lowest
fiber proportion, which may be linked to its higher proportion of parenchyma. Fibers are
associated with vascular bundles, either as sheaths or isolated fibers, and constitute 40–50%
of the culm’s mass [50].

For the proper utilization of fibers, understanding their structural modifications and
dimensional characteristics within the culm wall is essential. The dimensions of fibers help
define specific properties and applications for each studied material. According to the
analysis of variance, an interaction was observed between species and radial positions for
the morphological parameters shown in Table 8.

Table 8. Mean Values of Bamboo Fiber Morphology.

Property Radial Position
Species

D. strictus D. asper G. chacoensis B. nutans

Periphery 1.80 ab 1.91 aa 1.76 ac 1.80 bb
Length (mm) Center 1.79 ab 1.73 bc 1.65 bd 1.86 aa

Interior 1.67 ba 1.63 cb 1.40 cd 1.53 cc

Periphery 18.72 bc 18.34 bd 19.75 ba 19.14 cb
Width (µm) Center 19.07 ac 21.36 aa 21.32 aa 21.02 ab

Interior 18.70 bc 21.14 aa 19.87 bb 20.16 bb

Periphery 5.56 ac 4.53 ad 7.11 aa 6.13 bb
Wall Thickness (µm) Center 5.42 ac 3.15 bd 6.31 bb 6.74 aa

Interior 4.79 bc 2.21 cd 5.45 cb 5.95 ba
Means followed by the same lowercase letters in the columns do not differ statistically, according to Tukey’s test
at a 95% probability level.

The species Dendrocalamus asper, Dendrocalamus strictus, Bambusa nutans, and Guadua
chacoensis exhibited average fiber lengths of 1.75 mm, 1.75 mm, 1.73 mm, and 1.60 mm,
respectively. Liese (2002) established a relationship between fiber length and internode
length, indicating that species with longer fibers also tend to have longer internodes [51].
The longest fiber lengths observed were for Dendrocalamus asper at the periphery, Bambusa
nutans at the center, and Dendrocalamus strictus in the interior. Radial position analysis
showed that the longest fibers were generally found at the periphery for all species, except
for Bambusa nutans, where the longest fibers were observed at the center.

Species with wider fibers included Dendrocalamus asper, Guadua chacoensis, and Bambusa
nutans. These species exhibited a consistent radial position pattern, where the widest fibers
were found in the central region, followed by the inner culm area. Fiber wall thickness
ranged from 2.21 to 7.11 µm, and classified fibers within this thickness range as thick-
walled [52]. The highest wall thickness values were observed for Guadua chacoensis and
Bambusa nutans, while Dendrocalamus asper exhibited the lowest values.

Wall thickness and fiber length are key parameters associated with fiber resistance,
impacting properties like density and dimensional stability [53]. The study confirmed
this correlation, showing that species with lower density possessed thinner-walled fibers.
Radial analysis revealed that the highest wall thickness values occurred at the periphery,
except for Bambusa nutans, where the central region showed greater wall thickness.

According to the International Association of Wood Anatomists (IAWA), fibers
are categorized into three groups: medium length (0.91–1.60 mm), moderately long
(1.61–2.20 mm), and very long (2.21–3.00 mm). The studied species exhibited fiber lengths
ranging from 1.61 to 1.77 mm, classifying them as moderately long fibers.
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3.3. Basic Density

Basic density is a key quality property of lignocellulosic materials, as it correlates with
the chemical, physical, and anatomical properties of biomass. The average values of basic
density for each bamboo species, considering the positions, can be observed in Table 9.

Table 9. Mean Values of Basic Density (kg/m3) of Bamboo Based on Culm Wall Positions.

Position
Species

D. strictus D. asper G. chacoensis B. nutans

Periphery 569 ab 354 ac 835 aa 858 aa
Center 549 ab 151 bc 545 bb 712 ba
Interior 432 ba 145 bb 359 ca 479 ca

Means followed by the same lowercase letters in the columns do not differ statistically, according to Tukey’s test
at a 95% probability level.

The analysis of variance indicated a significant interaction between species and culm
position for basic density. Bambusa nutans showed the highest density values across all culm
positions, as well as the highest mean density for the species, followed by Guadua chacoensis.
Conversely, Dendrocalamus asper had the lowest density values, both across positions and
the mean. In all studied species, the highest basic density was found at the periphery
of the culms. The differences in density between peripheral and internal regions of the
culms can be exploited for separation in physical processing. This variation in basic density
within the culm wall is due to the predominance of fibrous tissue in the outer region and
parenchymatous tissue in the inner regions.

The results revealed an increase in density values from the inner region to the periph-
eral region of the culm. This behavior is associated with the heterogeneity of bamboo, as its
vascular bundle distribution is non-uniform, leading to reduced density and challenges in
product stability, causing variability in shrinkage and swelling properties [24].

The observed mean values were 516, 216, 579, and 683 kg/m3 for Dendrocalamus
strictus, Dendrocalamus asper, Guadua chacoensis, and Bambusa nutans, respectively. For
Bambusa nutans, the literature reported an average density of 556 kg/m3, which is lower
than the value found in the present study but similar to the value of 615 kg/m3 reported
by Ciaramello and Azzini (1971) for this species at two to three years of age [54]. These
authors also noted that among the studied bamboo species, Bambusa nutans was the densest,
consistent with the findings of the present work.

The average basic density observed for Guadua chacoensis aligns with data the literature,
who suggested that the basic density of the Guadua genus ranges from 450 to 650 kg/m3.
Additionally, Marafon et al. (2019) reported an average density of 577 kg/m3 for Guadua
angustifolia [15]. The average basic density values of Dendrocalamus asper in the present
study were lower than those reported by Siam et al. (2019) [55], who found average values
of 559 kg/m3. Similarly, Santos et al. (2016) reported a value of 604 kg/m3 for five-year-old
Dendrocalamus asper [56].

3.4. Chemical Characterization
3.4.1. Elementary Analysis

The analysis of variance demonstrated no significant interaction between the factors for
carbon, hydrogen, and oxygen content, with only isolated effects observed for species and
culm position (Table 10 and Table S4, Supplementary Materials). According to Tukey’s test,
the mean carbon contents for the four species are statistically equivalent, as are the values for
the three radial positions (Table 10). Carbon content is highly significant for both charcoal
production and direct combustion. For hydrogen content, no interaction was observed
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between positions and species. Analyzing the simple effects among species, Dendrocalamus
asper and Guadua chacoensis exhibited the highest mean values. Regarding radial positions,
hydrogen values were statistically equivalent. During combustion, hydrogen releases more
energy than carbon. Despite its lower concentration, hydrogen content is crucial for energy
production [57].

Table 10. Mean Values of Carbon, Hydrogen, and Oxygen Content for Bamboo Species.

Property D. strictus D. asper G. chacoensis B. nutans

Carbon (%) 44.73 a 44.92 a 44.33 a 45.10 a
Hydrogen (%) 5.36 b 5.60 a 5.60 a 5.37 b

Oxygen (%) 49.52 a 48.68 a 49.75 a 49.29 a
Means followed by the same lowercase letters in the columns do not differ statistically, according to Tukey’s test
at a 95% probability level.

For oxygen content, no interaction was observed between radial positions and species.
Oxygen contents were statistically equivalent across both species and positions. Oxygen
negatively affects calorific value, as compounds with higher oxygen content tend to store
less energy [57].

For nitrogen and sulfur contents, the interaction between species and positions was
significant. Among the species, Dendrocalamus asper exhibited the highest mean nitrogen
and sulfur contents, at 0.68% and 0.12%, respectively. Conversely, Bambusa nutans presented
the lowest nitrogen content, while Guadua chacoensis displayed the lowest sulfur content.
For Dendrocalamus strictus, Guadua chacoensis, and Bambusa nutans, no statistical differences
in nitrogen content were observed across the three radial positions. However, Dendrocala-
mus asper showed higher nitrogen content in the inner region (Table S5, Supplementary
Materials). The presence of nitrogen and sulfur in biomass directly impacts environmental
pollution, due to the formation of harmful oxides and volatile compounds [58].

Regarding sulfur content, no statistical differences were observed between positions
for Dendrocalamus asper and Guadua chacoensis. For Dendrocalamus strictus and Bambusa
nutans, the highest sulfur content was found at the periphery. Sulfur content in biomass
affects fuel quality and has environmental implications, as sulfur oxides (SO2) released
during combustion are atmospheric pollutants [59]. On average, plant biomass has very
low sulfur content, ranging from 0.01% to 0.2% on a dry basis [60].

3.4.2. Structural Chemical Analysis

Analyzing the structural chemical composition, an interaction between bamboo species
and radial positions was observed in Table 11. Among the species, Dendrocalamus strictus
exhibited the lowest extractives content (1.53%), while Bambusa nutans had the highest
(3.52%). Across radial positions, only Bambusa nutans showed variations, with the highest
extractive content observed in the inner culm wall. Potenciano Marinho et al. (2012) [61]
found that bamboo samples at two years of age had the highest extractive contents, both in
ethanol-toluene extractives and total extractives. In contrast, bamboo samples at six years
of age exhibited the lowest extractive contents, indicating that bamboo age significantly
impacts the concentration of extractives, with younger bamboo containing higher levels of
these compounds. No numerical relationship between extractive contents and the age of
the materials was observed in the present study.

The analysis of variance revealed a significant effect of radial culm positions on lignin
content for all species. The highest lignin contents, ranging from 28.0% to 30.40%, were
found in the peripheral region, except for Dendrocalamus asper, which showed higher lignin
content in the inner culm wall. This behavior, according to Rusch et al. (2021) [62], may
be linked to bamboo lignification, which occurs from the base to the top of the stem and
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from the outer to the inner culm wall, being more intense around the xylem vessels. This
could be related to the higher concentration of fiber bundles in the peripheral region and
the increase in parenchyma cells in the inner region.

Table 11. Contents of Extractives, Lignin, and Ash (%) in Bamboo Based on Culm Position.

Property Position D. strictus D. asper G. chacoensis B. nutans

Periphery 1.46 ac 2.2 ab 2.18 ab 3.17 ba
Total Extractives Center 1.76 ac 2.46 ab 2.04 abc 3.34 ba

Interior 1.37 ac 2.13 ab 2.44 ab 4.06 aa

Periphery 30.40 aa 26.14 bd 28.86 ab 28.0 ac
Total Lignin Center 29.51 ba 25.28 cd 27.06 bb 26.12 cc

Interior 29.07 ca 28.27 ac 28.63 ab 26.88 bd

Periphery 62.8 cd 68.05 ba 63.8 cc 65.9 cb
Carbohydrates Center 64.5 ad 69.15 aa 67.55 ac 68.5 ab

Interior 63.85 bd 67.6 ca 64.7 bc 66.8 bb

Periphery 2.2 cb 3.2 ca 2.04 cb 1.74 bc
Ashes Center 2.99 bb 3.4 ba 2.48 bc 1.62 bd

Interior 3.84 aa 3.76 aa 2.84 ab 1.93 ac
Means followed by the same lowercase letters in the columns do not differ statistically, according to Tukey’s test
at a 95% probability level.

Literature reports lignin contents ranging from 22.63% to 32.65% for bamboo
species [61]. High lignin contents can give bamboo excellent physical and mechanical
properties [63]. It is worth mentioning that lignin, as the thermally most stable component,
can contribute to higher charcoal yields when present in larger amounts. With 60–64%
elemental carbon in its molecular composition, lignin is the main constituent responsible
for increased calorific value.

Carbohydrate content varied across species and radial positions. Dendrocalamus asper
and Bambusa nutans exhibited the highest mean carbohydrate contents, at 68.27% and
67.07%, respectively. Previous studies found increased carbohydrate content in Bambusa
vulgaris with age [22]. All evaluated species showed variations in carbohydrate contents
across radial positions, with the highest values found in the central region, followed by the
inner region. Studies on three-year-old bamboo species reported carbohydrate contents
ranging from 74.62% to 84.53%, with the highest content found in the outer region [64].

Ash contents varied across positions and species. For all species, the highest ash
content was found in the inner culm wall. Inorganic substances are predominantly present
in the inner layers of the culm. In his study, only silicon was more concentrated in the
epidermis [48]. Among the species, mean ash content ranged from 1.76% in Bambusa nutans
to 3.15% in Dendrocalamus asper. Santos (2023) reported an ash content of 2.96% for Bambusa
nutans [65]. Liese et al. (2015) noted that ash quantity is influenced by bamboo growth
locations, and differences among species may be linked to soil and climate in the cultivation
areas [28].

3.4.3. Ash Constituents

According to the analysis of variance, the highest values of substances insoluble in
hydrochloric acid, including silica, were found in the periphery for all species. However,
Dendrocalamus strictus exhibited the highest silica content in the inner culm wall (Table 12).
Among the evaluated species and radial positions, Guadua chacoensis exhibited the highest
content of insoluble substances. Silica, considered an impurity, is undesirable in combustion
processes. Lower silica content can help minimize erosion and slag formation issues
during biomass processing. Guadua chacoensis had the highest insoluble content, while
Dendrocalamus asper presented the lowest. The characteristics of the ash are correlated with
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the composition of the raw material. The analysis of variance revealed variations in ash
constituents across the studied species and radial positions.

Table 12. Content of Insolubles in HCl (Silica) (%).

Property Position
Species

D. strictus D. asper G. chacoensis B. nutans

Periphery 0.95 cc 1.1 abc 2.0 aa 1.37 ab
Insoluble HCl Center 1.5 bb 0.37 cc 2.0 aa 1.20 ab

Interior 2.0 aa 0.73 bc 2.0 aa 1.29 ab
Means followed by the same lowercase letters in the columns do not differ statistically, according to Tukey’s test
at a 95% probability level.

The most abundant elements in the bamboo culm biomass ash in this study were
manganese (Mn), magnesium (Mg), and calcium (Ca) (Table 13).

Table 13. Mean Values of Bamboo Ash Constituents (mg/Kg).

Property (mg/kg) Radial Position
Species

D. strictus D. asper G. chacoensis B. nutans

Periphery 10.5 cc 5.7 cd 23.17 ba 18.37 ab
Calcium (Ca) Center 16.4 ab 13.73 ac 21.57 ca 7.8 bd

Interior 12.1 bb 10.17 bc 23.5 aa 3.9 cd

Periphery 47.37 aa 39.3 ac 19.7 cd 40.97 cb
Magnesium (Mg) Center 41.37 cb 37.27 bc 20.87 bd 46.8 ba

Interior 43.5 cb 29.5 cc 24.4 ad 53.7 aa

Periphery 20.57 bd 35.7 bb 41.07 ba 25.5 cc
Manganês (Mn) Center 31.6 ad 37.8 ab 45 aa 33.97 ac

Interior 33.5 ac 36.7 abb 42.57 ba 28 bd

Periphery 11.13 ab 12.33 ba 8.5 ac 12.7 aa
Iron (Fe) Center 5.93 ca 2.07 cc 6.13 ba 5.47 bb

Interior 6.4 bb 14.5 aa 3.1 cd 5.13 bc

Periphery 2.87 ab 5.53 ca 0.43 bd 1.30 ac
Copper (Cu) Center 2.23 bb 8.07 aa 0.30 bd 1.47 ac

Interior 2.77 ab 7.17 ba 1.27 ac 1.30 ac
Means followed by the same lowercase letters in the columns do not differ statistically, according to Tukey’s test
at a 95% probability level.

3.4.4. Syringyl/Guaiacyl Ratio (S/G)

Biomasses with higher syringyl unit content tend to be more thermally stable and
exhibit more uniform decomposition, which is advantageous for biochar production [66].
Furthermore, an optimal balance between syringyl (S) and guaiacyl (G) units can enhance
the efficiency of biomass conversion into bioenergy due to variations in the reactivity of
bonds between the subunits [67]. Therefore, analyzing the S/G ratio enables the optimiza-
tion of energy conversion processes and charcoal production, making them more efficient
and sustainable.

The analysis of variance revealed an interaction between the evaluated species and
radial positions. Among the species, Dendrocalamus strictus exhibited the lowest S/G ratio.
On the other hand, Bambusa nutans showed the highest S/G ratio, with the maximum value
observed in the inner culm wall (Table 14).

For Dendrocalamus asper, the S/G ratio values were similar across the three evaluated
radial positions. In contrast, Guadua chacoensis exhibited the highest S/G ratio in the inner
culm wall. Across all species, the lowest S/G ratio values were found in the peripheral
region. Dendrocalamus strictus and Dendrocalamus asper displayed a similar pattern, with S/G
values increasing from the periphery to the center and then decreasing in the inner culm
wall. Conversely, for Guadua chacoensis and Bambusa nutans, the S/G ratio progressively
increased from the periphery to the inner culm wall.
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Table 14. Syringyl/Guaiacyl (S/G) Ratio of Lignin.

Variable Position
Species

D. strictus D. asper G. chacoensis B. nutans

Periphery 0.6 bb 1.08 aab 1.27 bab 1.4 ba
S/G Center 1.32 ab 1.41 ab 1.52 bb 1.8 ba

Interior 1.04 abb 1.19 ab 2.64 aa 5.12 ab
Means followed by the same lowercase letters in the columns do not differ statistically, according to Tukey’s test
at a 95% probability level.

Guaiacyl lignin contains more elemental carbon than syringyl in its molecular structure.
Ideally, biomasses with lower S/G ratios in lignin should be sought for energy applica-
tions [68]. The composition of lignin, particularly the type and proportion of syringyl to
guaiacyl units (S/G), has a significant impact on energy production from biomass.

A lower S/G ratio is preferable for lignocellulosic compounds in energy applications,
as a lower presence of syringyl units compared with guaiacyl units in lignin structure delays
thermal degradation during combustion [22]. Additional studies support this assertion.
For instance, Sannigrahi et al. (2010) observed that an excess of syringyl units can hinder
combustion efficiency [69]. Similarly, Pu et al. (2013) found that a higher proportion of
guaiacyl units can enhance the thermal stability of lignin, making it more suitable for
energy generation [70].

3.5. Principal Component Analysis (PCA)

Principal Component Analysis (PCA) was conducted based on the correlation matrix
between the anatomical, chemical properties, and basic density of bamboo biomass species.
To identify the most significant properties for discriminating bamboo species, the analysis
excluded variables associated with the highest eigenvector in the principal component with
the lowest eigenvalue [71]. This process was carried out by removing one variable at a time
and repeating the procedure after each removal.

According to the criteria adopted in this study, principal components with eigenvalues
greater than 1 were selected. As a result, the first two components were extracted, which
together explain 85.11% of the total variability in the dataset. Information regarding the
correlation between the study variables can be determined using the cosine of the angle
formed between two vectors. If both vectors have the same orientation, a positive correla-
tion exists between the variables. Conversely, if the vectors have opposing orientations,
a negative correlation is present. However, if two vectors are nearly perpendicular, the
correlation approaches zero (Figure 10).

The analysis enabled the selection of eight representative parameters for discriminat-
ing the evaluated bamboo species and positions. Basic density and wall thickness showed
a positive correlation, with the angle formed between the vectors being close to 0◦, indicat-
ing that wall thickness significantly contributes to increased basic density. Fibers with high
wall thickness values exhibit greater mass to support thermal decomposition, enhancing
the yield and quality of biochar [22]. In this study, higher basic densities were associated
with species having thicker fiber walls and smaller pore diameters. Thus, fibers with thicker
walls are desirable to achieve the highest possible density.

As expected, lignin and carbohydrate contents showed a strong negative correlation,
with the vectors forming an angle close to 180◦. Given that the cellular wall composition is
almost entirely lignin and carbohydrates, there is a marked negative correlation between the
two; an increase in lignin content corresponds to a decrease in carbohydrate content [44].
The proportion of fibers and carbohydrates exhibited a positive correlation, with their
vectors forming an angle smaller than 90◦. Basic density, fiber proportion, and lignin
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content also showed a positive correlation, with their vectors forming an angle smaller
than 90◦.

Figure 10. Vectors of bamboo properties and score dispersion in relation to principal components
1 and 2 (Where: Basic Density (1), Wall Thickness (2), Fiber Proportion (3), Parenchyma Proportion
(4), Vessel Proportion (5), Lignin Content (6), Carbohydrate Content (7), and Insolubles (8)).

The study of dissimilarity among bamboo species using a graphical biplot represen-
tation of the principal components was performed by observing the proximity of points
on the plot. Materials farther apart are more dissimilar than those closer together. From
the graph, it is apparent that the species Dendrocalamus asper is significantly more distant
from the others, with only the characteristics of the peripheral region resembling those of
Guadua chacoensis in the center and Bambusa nutans.

3.6. Biochar Production and Characterization

To select the most suitable bamboo species for biochar production, a comparative
analysis was performed based on key biomass properties that directly influence biochar
yield, thermal stability, and carbon sequestration potential: total lignin content (higher is
favorable), syringyl/guaiacyl (S/G) ratio (lower is favorable), elemental carbon content,
basic density, and ash content. Table 15 summarizes these parameters for the four species,
considering the peripheral region of the culm, which is the most relevant for biochar
production due to its higher lignin and fiber content [72–74].

Dendrocalamus strictus exhibited the highest lignin content (30.40%) and the lowest
S/G ratio (0.60) among all species. Higher lignin content is known to increase biochar gravi-
metric yield and thermal stability, while a lower S/G ratio indicates a higher proportion of
guaiacyl units, which enhances thermal degradation resistance and carbon retention during
pyrolysis [22,69,70]. Although B. nutans and G. chacoensis showed higher basic density
and lower ash content, their higher S/G ratios and lower lignin contents make them less
suitable for biochar production when considering long-term carbon sequestration and
energy efficiency. Dendrocalamus asper presented the lowest lignin content and the lowest
basic density, which would likely result in lower biochar yield and poorer mechanical
stability [75]. Therefore, D. strictus was selected as the most promising feedstock for biochar
production. Moreover, its lower carbohydrate proportion (Table 11) further reduces volatile
release during pyrolysis, leading to a higher fixed carbon content in the final biochar.
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Table 15. Standards for Biochar Characterization.

(a)

Species Lignin (%) S/G Ratio Carbon (%) Basic Density (kg/m3) Ash (%)

Dendrocalamus strictus 30.40 0.60 44.73 569 2.20

Dendrocalamus asper 26.14 1.08 44.92 354 3.20

Guadua chacoensis 28.86 1.27 44.33 835 2.04

Bambusa nutans 28.00 1.40 45.10 858 1.74

(b)

Parameters Standard

Elemental chemical composition DIN EN 15104

Insolubles HCl (Silica) TAPPI 244 om-11

Metals TAPPI 266 om-94

Higher heating value ABNT NBR 8633

The samples of Dendrocalamus strictus were dried in an oven at a temperature of
103 ± 2 ◦C until a constant mass was achieved. The pyrolysis process was conducted under
an inert atmosphere using nitrogen as the purge gas to ensure anaerobic conditions and
prevent oxidation of the biomass [76,77]. The gravimetric yield (based on dry mass) of
biochar was determined according to Equation (1).

RG =
MC
MB

× 100 (1)

where:
RG = Gravimetric yield of biochar (%);
MC = Mass of biochar (g);
MB = Dry mass of bamboo (g).
The fixed carbon (FC) content (%) was indirectly determined as part of the proximate

analysis, following the standard procedure outlined in ABNT NBR 8112 (1986). It was
calculated by subtracting the total volatile matter (VM) and ash content (A) from 100%, as
shown in Equation (2).

Fixed Carbon (%) = 100 − Volatile Matter (%) − Ash Content (%) (2)

Thermogravimetric analysis (TGA) and X-ray diffraction (XRD) were conducted for
the biochar, following the methodology standard [78,79]. The specific surface area of the
biochars was obtained using the Brunauer, Emmett, and Teller (BET) equation, developed
in 1938, which relates values obtained from adsorption isotherms to the specific area of a
solid. The analysis was performed using the AUTOSORB-1 equipment (Quantachrome
Instruments, Boynton Beach, FL, USA), with nitrogen gas as the adsorbate at 77 K. Prior to
the analysis, approximately 10 mg of each biochar sample was degassed at 150 ◦C for 4 h
under a nitrogen flow to remove any adsorbed impurities. Table 15 presents the standards
used for the characterization analyses of the biochar.

The average values of gravimetric yield and the properties of the biochars produced
from the different bamboo species are presented in Table 16. It is important to distinguish
between elemental carbon (determined by CHNS elemental analysis, representing total
carbon atoms in the biochar matrix) and fixed carbon (calculated from proximate analysis,
representing the non-volatile carbon fraction that remains after pyrolysis and is thermally
stable). For carbon sequestration applications, fixed carbon is the more relevant parameter
because it correlates with the biochar’s resistance to mineralization in soil. The carbon
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sequestration potential can be estimated from the fixed carbon content, assuming that this
fraction remains stable under typical soil conditions over decadal to centennial timescales.

Table 16. Average yield values and properties of Biochar from Dendrocalamus strictus.

Property Biochar Note

Gravimetric Yield (%) 31.14 c
Carbon (%) 89.66 b CHNS analysis

Hydrogen (%) 1.31 a
Nitrogen (%) 0.132 c

Sulfur (%) 0.031 a
Oxygen (%) 6.86 c

Volatile Materials (%) 6.83 c Proximate Analysis
Ashes (%) 8.20 c

Fixed Carbon (%) 84.97 Calculated: 100—VM—Ash
HCl Insolubles (Silica (%)) 2.83 c

Means followed by the same lowercase letter do not differ significantly according to Tukey’s test (p < 0.05).
Values are presented as mean ± standard deviation (SD). For results obtained in triplicate, variability between
measurements was minimal; thus, standard deviation values are not shown.

The analysis of the average gravimetric yield and properties of Dendrocalamus strictus
biochar highlights its favorable characteristics for both agricultural and energy applications.
A gravimetric yield of 31.14% reflects efficient biomass conversion into biochar, demonstrat-
ing effective utilization of the material during the pyrolysis process. The high elemental
carbon content (89.66%) confirms the production of highly carbonized biochar, while the
calculated fixed carbon content (84.97%), derived as 100% minus volatile matter (6.83%)
and ash (8.20%), represents the fraction of carbon expected to remain stable in soil over long
periods. The difference between elemental carbon (89.66%) and fixed carbon (84.97%) is
attributed to residual carbon-containing volatile compounds that are released upon further
heating. This fixed carbon value (84.97%) is the primary parameter for assessing carbon
sequestration potential, as it corresponds to the recalcitrant, non-labile carbon fraction
resistant to microbial decomposition [14].

Low hydrogen (1.31%), nitrogen (0.132%), and oxygen (6.86%) contents suggest
that the biochar has a predominantly aromatic structure with reduced chemical reactiv-
ity, enabling its prolonged presence in soil without rapid degradation [80]. Reduced
volatile matter content (6.83%) indicates thermal stability, while low sulfur content
(0.031%) minimizes environmental risks such as soil acidification. The high calorific value
(7504.79 kcal/kg) underscores its potential as a solid biofuel for energy applications. The
presence of ash (8.20%) and silica (2.83%) could positively influence soil fertility by aiding
nutrient retention and improving soil structure, but this hypothesis requires direct testing
through soil incubation or plant growth experiments.

The X-ray diffraction analysis (Figure 11) of Dendrocalamus strictus biochar revealed a
crystallinity index of 30.16%, indicating the presence of both crystalline and amorphous
regions in its structure [79]. This value suggests that, while the biochar contains an ordered
fraction, a significant portion of its structure remains disorganized, a characteristic typical of
carbonized materials derived from lignocellulosic biomass [80,81]. The amorphous fraction
is usually associated with disordered carbon, which can directly influence its adsorption
properties and interaction with soil.

Based on literature reports, the presence of a partially crystalline structure is expected
to enhance the stability of biochar in soil, potentially reducing its decomposition over
time and enabling more long-lasting carbon sequestration. Additionally, the amorphous
fraction has been associated with improved nutrient and contaminant adsorption, which
could position biochar as both a soil conditioner and a potential agent for environmental
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remediation. However, these effects remain to be verified for the specific biochar pro-
duced in this study through targeted agronomic assays [82]. Additionally, the amorphous
fraction tends to improve nutrient and contaminant adsorption, positioning biochar as
both a soil conditioner and a potential agent for environmental remediation [83]. These
combined characteristics suggest that Dendrocalamus strictus biochar can play a dual role in
soil: improving its physicochemical properties while acting as a stable carbon reservoir,
contributing to climate change mitigation [84].

Figure 11. X-ray diffractograms of Dendrocalamus strictus biochar.

The mass loss as a function of increasing temperature for the produced biochar can be
observed in Figure 12.

Figure 12. TG/DTG curves of Dendrocalamus strictus biochars.

The thermogravimetric curve (TG) and derivative thermogravimetric curve (DTG) of
Dendrocalamus strictus biochar, presented in Figure 12, illustrate its thermal stability and
behavior under increasing temperatures. The biochar demonstrates relatively low mass
loss throughout the analyzed temperature range, indicating high thermal resistance. This
trait is attributed to its high fixed carbon content and prior degradation of volatile matter
during pyrolysis, making the biochar more resistant to thermal decomposition [85,86].

The DTG curve (in red) shows no significant peaks of mass loss, further confirming
the thermal stability of the biochar. This advantageous behavior enhances its suitability for
soil applications, as it suggests slow degradation and the ability to act as a stable carbon
reservoir over extended periods. Additionally, its low decomposition rate can improve soil
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physicochemical properties without frequent replenishments, positioning Dendrocalamus
strictus biochar as a sustainable option for agricultural management and carbon emission
mitigation [87,88]. Considering the application of biochar in soil, analyses of surface area
and pore structure were conducted, and the results are presented in Table 17.

Table 17. Surface area and pore characteristics of the biochar.

Species BET Surface Area (m2/g) Total Pore Volume (cm3/g) Average Pore Diameter (nm)

D. strictus 120.154 0.085 2.822

The BET surface area analysis, total pore volume, and average pore diameter of Den-
drocalamus strictus biochar reveal favorable properties for soil application. Its high specific
surface area (120.154 m2/g) indicates a highly porous material, which according to the
literature could contribute to water and nutrient retention in the soil, potentially reducing
leaching and improving the availability of essential elements for plants. Nevertheless,
direct evidence for these agronomic benefits is not provided in the present study, and such
effects would need to be confirmed through controlled soil or plant assays. This feature
may be beneficial in sandy or degraded soils, but this remains a hypothesis to be tested [87].
This feature is particularly beneficial in sandy or degraded soils, where low water retention
capacity hinders crop growth.

Additionally, the total pore volume (0.085 cm3/g) and average pore diameter
(2.822 nm) indicate a predominantly mesoporous structure, which promotes the coloniza-
tion of beneficial microorganisms and the adsorption of organic and inorganic compounds.
The presence of mesopores facilitates gas exchange within the soil and enhances biological
activity, improving the health of the underground ecosystem. Thus, Dendrocalamus strictus
biochar exhibits characteristics that not only enhance soil physicochemical properties but
also contribute to mitigating environmental impacts, making it a promising alternative for
sustainable agriculture [89–91].

3.7. Technical–Economic Assessment (TEA)

According to the literature, on an industrial scale, the pyrolysis of bamboo yields a
biochar range of 30–35% [12–14]. Based on the experimental gravimetric yield of 31.14% for
Dendrocalamus strictus, a preliminary techno-economic assessment was conducted. Table 18
summarizes the key parameters and the estimated profit per ton and per hectare. The
calculation assumes a 3-year rotation cycle, a unified biochar selling price of US$ 120/ton,
and a production cost of US$ 31.14/ton of biochar. All values are presented as point
estimates. This is a preliminary estimate intended to provide a first indication of economic
feasibility; it does not include sensitivity analysis, discount rates, or net present value
calculations. Future work should include a full techno-economic model with uncertainty
and sensitivity analysis [41].

The techno-economic analysis of Dendrocalamus strictus biochar reveals a significant
profit per ton (US 88.86) and per hectare (US 1107), indicating strong economic viability for
this biomass production. A 31.14% biochar yield, combined with a revenue of US 48.3 per
ton and relatively low costs (US31.14), contributes to considerable profitability. Additionally,
the basic density of 0.517 t/m3 suggests efficient production with good material utilization.
These results are promising, especially when considering the 3-year rotation cycle, which
enables continuous and profitable production. However, it is important to note that the
market viability of biochar (price of US$120/ton) and other operational costs may influence
profits, depending on price fluctuations and expenses associated with production and
commercialization [92].
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Table 18. Technical–Economic Assessment of Dendrocalamus strictus biochar in terms of Profit (US$/t
and US$/ha).

Parameter Value Unit Source

Basic density 0.517 t/m3 Experimental (Table 9)
Biomass productivity 40 ton/ha/year Estimated from density and rotation

Biochar gravimetric yield 31.14 % Experimental (Table 16)
Biochar production 12.456 ton/ha/year =Biomass × Yield (%)
Biochar selling price 120.00 US$/ton Market price (agricultural grade, Brazil 2024)

Operational cost 31.14 US$/ton Based on [37,38]
Revenue per ton 120.00 US$/ton =Selling price

Cost per ton 31.14 US$/ton =Operational cost
Profit per ton 88.86 US$/ton =Revenue − Cost

Profit per hectare per year 1107 US$/ha/year =Profit per ton × Biochar production
3-year rotation cycle. All values are point estimates. This is a preliminary assessment; sensitivity analysis, discount
rates, and NPV are not included.

3.8. Biochar Application

Based on the characterization of biochar produced from Dendrocalamus strictus, its
application in soil offers numerous agronomic and environmental benefits. The high
fixed carbon content (84.97%) and porous structure of the biochar enhance water and
nutrient retention in the soil, reducing losses from leaching and increasing fertilizer use
efficiency [93]. Furthermore, its low reactivity and chemical stability ensure prolonged
effects in the soil, contributing to long-term improvements in fertility. These factors make
the biochar from Dendrocalamus strictus an excellent choice for degraded soils or those with
low moisture retention capacity [94].

In addition to its physicochemical benefits, the application of biochar from this species
also aids in mitigating climate change, as the carbon sequestered in bamboo biomass is
stabilized in the soil for extended periods, reducing CO2 emissions into the atmosphere [95].
Studies have shown that biochar can stimulate plant growth by creating an environment
more conducive to beneficial microbial activity, improving soil health and enhancing
agricultural productivity [96]. Consequently, the use of Dendrocalamus strictus biochar
stands out as a sustainable alternative for regenerative agriculture and soil management.

4. Conclusions
The study revealed significant radial variability in anatomical, chemical, and physical

properties across the four bamboo species (Dendrocalamus strictus, Dendrocalamus asper,
Guadua chacoensis, and Bambusa nutans). Dendrocalamus strictus exhibited higher proportions
of parenchyma and lignin, particularly in the peripheral region, while other species showed
greater fiber content. Basic density and fiber morphology varied radially, with the highest
densities observed in the periphery.

Dendrocalamus strictus emerged as the most promising species for biochar production
due to its high lignin content (30.40%), thermal stability, and favorable gravimetric yield
(31.14%). The biochar demonstrated excellent physicochemical properties, including high
elemental carbon (89.66%) and a calculated fixed carbon content of 84.97% (derived from
proximate analysis), low volatiles (6.83%), and a mesoporous structure (120 m2/g surface
area), suggesting its potential suitability for soil conditioning and carbon sequestration.
Direct agronomic validation is required to confirm these hypothesized benefits.

A preliminary techno-economic assessment (TEA) indicated a potential profit of ap-
proximately US$ 89/ton and US$ 1107/hectare per year for Dendrocalamus strictus biochar
under a 3-year rotation cycle, assuming a biochar price of US$ 120/ton. However, this
estimate is preliminary and does not include sensitivity analysis. Future studies should
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perform a full TEA with uncertainty quantification (e.g., variation in biochar price, yield,
and transportation costs) to confirm commercial viability under different market scenar-
ios. These findings highlight the dual potential of bamboo as a sustainable resource
for agro-industrial applications, combining ecological benefits with economic feasibil-
ity. Future research should explore biochar interactions with different soils and crops to
optimize its agricultural use. However, because Dendrocalamus asper originated from a
different geographic location than the other three species, the comparative findings should
be considered preliminary regarding species-level differences. Future studies should
standardize collection sites or include controlled cultivation experiments to confirm the
observed patterns.

5. Future Work
For future studies, it is recommended to conduct additional research on the interaction

of Dendrocalamus strictus biochar with various soil types and agricultural crops to optimize
its application and maximize agronomic benefits. Additionally, producing and characteriz-
ing biochar derived from other bamboo species could provide valuable insights. Further
investigations into the effects of this biochar on soil microbial communities and nutrient
dynamics are also suggested, offering a deeper understanding of its long-term impacts [97].
Exploring its potential for remediating contaminated soils and integrating biochar usage
with other sustainable practices, such as composting and organic fertilization, represents
another promising research avenue. Lastly, analyzing the economic and environmental
feasibility of large-scale biochar implementation could contribute to the development of
public policies and strategies, promoting its use in agriculture and sustainable soil manage-
ment [98]. Additionally, a comprehensive techno-economic assessment including sensitivity
analysis (e.g., ±20% variation in biochar price, ±5% in gravimetric yield, and transporta-
tion costs) and life-cycle costing (discount rates, net present value) is recommended to
support commercial-scale decisions regarding Dendrocalamus strictus biochar.
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