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Abstract: Spent mushroom substrate (SMS), the residual material left after mushroom
cultivation, represents an abundant yet underutilized bioresource. With global mushroom
production generating millions of tons of SMS annually, its disposal constitutes a missed
opportunity within the circular bioeconomy. This Opinion article highlights why SMS
should be repositioned as a valuable raw material for sustainable biorefineries and outlines
the technological, economic, and regulatory steps needed to unlock its potential.

Keywords: spent mushroom substrate; biorefinery; circular bioeconomy; lignocellulosic
biomass; bioactive compounds

1. Background

Spent mushroom substrate (SMS) is the growing medium leftover after mushroom
cultivation and harvesting. It is estimated that the production of one ton of mushrooms
generates up to five tons of SMS, resulting in a global annual output of roughly 250 million
tons from the mushroom industry [1]. Based on FAO data on global mushroom production
and on the typical SMS-to-mushroom ratio, it can be estimated that over 200 million metric
tons of SMS are produced annually in China, the world’s largest mushroom producer [2].
The next largest producers are Japan, India, and the USA with an estimated generation of
2.3, 1.6, and 1.5 million metric tons, respectively. Regarding the EU, roughly 6 million metric
tons of SMS are generated each year, with Poland, the Netherlands, and Spain as the leading
producers with ca. 1.2, 1.0, and 0.8 million metric tons, respectively. Most of the generated
SMS remains underutilized. As global market demands for edible mushroom increase, SMS
management is becoming increasingly problematic, especially in high-production regions,
contributing to rising logistical and environmental concerns. However, we believe that
SMS should not be considered as waste, but rather as a valuable bioresource [3]. It contains
a unique combination of polymers, bioactive compounds of both fungal and plant origin,
and enzymes. This particular composition distinguishes SMS from other biomass residues
and positions it as a promising feedstock for biorefineries. A biorefinery is an overall
concept of a processing plant where biomass feedstocks are converted into a spectrum
of valuable products, such as biobased fuels, chemicals, and materials [4]. In addition to
these products, a biorefinery processing SMS can also extract bioactive compounds suitable
as functional ingredients for pharmaceutical, nutraceutical, and biomedical applications,
provided the purification processes meet the required standards.

Molecules 2025, 30, 4518 https://doi.org/10.3390/molecules30234518
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The valorization of agricultural and agro-industrial residues within a circular biobased
economy model is a major focus of scientific interest. However, despite its potential, SMS
is typically excluded from biomass inventories and not prioritized in strategic research
programs. This exclusion highlights that neither academia nor industry has yet fully
recognized the true potential of SMS, which is a concerning oversight. Hereby, we argue
that it is time to reassess the role of SMS as a promising raw material for the sustainable
production of valuable biobased products in biorefineries.

2. What Is So Unique About Spent Mushroom Substrate (SMS)?

Although SMS is to a large extent composed of biomass derived from agricultural
or forest residues, it is qualitatively different from typical lignocellulosic materials. Due
to its dual biological origin, SMS contains not only residual plant components but also a
substantial amount of fungal biomass, resulting from mycelium growth on the cultivation
substrate. During mushroom cultivation, fungi partially degrade lignin and polysaccha-
rides, leaving behind the non-consumed lignocellulosic fraction along with mycelium and
other fungal-derived material (including secondary metabolites and other bioactive com-
pounds). SMS of white-rot fungi, which constitute a major share of cultivated mushrooms,
typically contains less lignin and more extractives than other lignocellulosic materials, as
exemplified by comparing sugarcane bagasse (a gramineous bioresource), maritime pine
(softwood), and eucalyptus (hardwood) on one side, and SMS of shiitake (Lentinula edodes)
and oyster mushrooms (Pleurotus spp.), on the other side (Table 1).

Table 1. Summary of the composition of different types of lignocellulosic biomass, including spent
mushroom substrate (SMS). The content of each component is given in % (w/w).

Biomass Material Cellulose Hemicelluloses Lignin Extractives Source

Sugarcane bagasse 36.5 21.3 19.1 4.9 [5]
Maritime pine 45.0 22.2 26.8 2.9 [6]

Eucalyptus 42.0 22.2 22.9 4.7 [7]
Shiitake SMS 28.1 12.8 6.6 25.1 [8]

Oyster mushroom SMS 30.6 18.6 12.7 13.0 [8]

The partial degradation of lignin during mushroom cultivation increases the accessibil-
ity to hydrolyzing enzymes of the cellulose remaining in the spent substrate, as compared to
that in the initial substrate [9]. This is a significant advantage from a biorefinery perspective,
as it facilitates biomass deconstruction without the need for conventional pretreatment,
which would otherwise increase costs and generate inhibitors of enzymes and microorgan-
isms. Additionally, fungal β-glucans, chitin, ergosterol, proteins, and secondary metabolites
are retained in the SMS. Many of these fungal-derived compounds are known to exhibit an-
tioxidant, antimicrobial, or immunomodulatory properties, among other bioactivities [10],
which are not to be found in common lignocellulosic biomass.

Hence, SMS can be considered a multifunctional bioresource, enriched with hydrolyz-
able cellulose and bioactive compounds. This makes it suitable as a source of fermentable
sugars for producing biofuels and biomaterials, and of extracts for producing high-value-
added products to be used in the nutraceutical, functional food, or cosmetic sectors.

3. Unrealized Potential and Missed Opportunities in SMS Exploitation

Despite its high potential value, SMS is generally downgraded to low-value uses
(usually as soil amendment after composting) [11], while it is also disposed of as waste by
incineration, burial, and piling [12]. Although existing applications contribute to organic
matter recycling, the full potential of SMS bioactive compounds and structural polymers is
far from being exploited. Mushroom production plants generally lack the facilities required

2



Molecules 2025, 30, 4518

for applying systematic valorization strategies to SMS. As a rule, the infrastructure and
technical insight needed to integrate SMS into biorefinery pipelines are far beyond the
scope of today’s mushroom industry.

This represents a missed opportunity for several economic sectors. For example,
the emerging lignocellulosic biorefinery sector, which is interested in low-cost feedstocks,
would benefit from the recognition of SMS as a prioritized raw material for producing
biofuels and platform chemicals. Furthermore, the pharmaceutical, cosmetic, and food
industries could benefit from the SMS potential as a natural source of antioxidants and
other bioactive compounds, provided that its use is promoted by national policies.

Although some lab-scale research has demonstrated the suitability of SMS for bio-
conversion through saccharification and fermentation [13], extraction of bioactive com-
pounds [14], and thermochemical conversion [15], the results rarely progress beyond the
laboratory bench. This fact indicates that SMS remains underutilized not because of lim-
ited scientific interest, but because of inadequate institutional support to establish it as
a mainstream feedstock. Therefore, the existing gap hinders the translation of scientific
knowledge into scalable, innovative processes of interest for investors and entrepreneurs.

4. The Biorefinery Potential of Spent Mushroom Substrate (SMS)

4.1. What Does SMS Offer to Biorefineries?

In lignocellulosic biorefineries, cellulose, hemicelluloses, and lignin are transformed
into smaller molecules, which are then valorized into biofuels, chemicals, or other materi-
als. During mushroom production, the substrate polymers are partially degraded, but a
substantial portion of them remains in the SMS after cultivation. This remaining fraction of
carbohydrates and lignin can be further utilized in biorefinery processes.

Cellulose saccharification is a key step in biorefineries. Enzymatic saccharification
requires pretreatment to reduce the interference of lignin and hemicelluloses, thereby
enhancing enzyme accessibility. Compared to conventional lignocellulosic materials, SMS
exhibits higher cellulose digestibility, as much of the lignin and hemicellulose interference
has already been reduced during fungal growth. Therefore, when SMS is used as feedstock,
the need for energy- and material-intensive pretreatment is minimized. For example,
in studies with shiitake SMS, we have achieved cellulose conversions over 80% (w/w),
demonstrating its high enzymatic digestibility [8,9]. SMS enzymatic saccharification results
in sugar-rich hydrolysates, which are suitable for fermentation, not only because they
provide sugars as a carbon source, but also because they are free from inhibitors typically
formed during thermochemical pretreatments, and are rich in nutrients that support
microbial growth [13].

SMS is also a source of valuable polymers, such as lignin, chitin, and crystalline
cellulose, which can be recovered by chemical processes following biorefinery routes.
These polymers can be used to formulate composites, nanoparticles, and other advanced
materials [16] with the potential to replace fossil-based products.

Unlike other lignocellulosic residues, SMS offers the added value of bioactive com-
pounds, which are either structural components of the mycelium, products of the fungus’
metabolism, phytochemicals from the original substrate, or oligomers formed by partial
lignocellulose degradation during cultivation. SMS bioactive compounds can be recovered
using green extraction methods and directed toward value-added applications.

4.2. Integrated Processing

A simplified flow diagram of our envisioned biorefinery is shown in Figure 1. The
process includes, as the first step, the extraction of bioactive compounds, which can serve
as precursors of high-value products, such as nutraceuticals, cosmetics, or functional foods.

3
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The extraction also results in an extract-free residue, which represents approximately 70% or
80% of the initial dry weight of the SMS of shiitake or oyster mushrooms, respectively [14].

Figure 1. Simplified flow diagram of a biorefinery using spent mushroom substrate as feedstock.
Blue boxes represent processes, and green boxes represent value-enabling intermediates. Brown
regular text denotes process streams, and green bold text denotes products.

The extract-free residue (EFR) undergoes saccharification to produce a sugar-rich
hydrolysate. Enzymatic conversion of over 80% (w/w) of the cellulose and hemicelluloses
can be anticipated in the case of shiitake’s SMS [8]. The hydrolysate, typically contain-
ing approximately 30–40 g/L glucose and 10–15 g/L xylose, can then be fermented into
biofuels, biopolymers, or other products (Figure 1). A residual solid stream, hereafter
referred to as enzymatic saccharification residue (ESR), is also formed during sacchari-
fication. The ESR yield is expected to be approximately 35% of the weight of the EFR
subjected to saccharification, which corresponds to around 25% of the initial SMS dry
weight. ESR contains up to 35% (w/w) lignin, 20–25% cellulose, and some amount of
chitin [8]. ESR cellulose is expected to exhibit high crystallinity, given that most of the
amorphous cellulose has been removed during enzymatic saccharification. Although data
on chitin content in SMS are scarce, our preliminary findings indicate values ranging from
5 to 30 mg/g SMS (Xiong et al., unpublished material). The saccharification residue can be
used to recover either chitin or lignin nanoparticles (LNP), while the residue from lignin
extraction can subsequently be processed into cellulose nanocrystals (CNC). Chitin, LNP,
and CNC can be applied in the formulation of innovative biobased materials. Alternatively,
the saccharification residue, as well as any other remaining residue, can be subjected to
thermochemical conversion to biocrude, biochar, or syngas, which can serve as renewable
fuels or chemical precursors, contributing to closing the carbon loop [15]. This integrated
strategy maximizes biomass utilization and supports zero-waste objectives in line with the
principles of a circular bioeconomy.

We have partially demonstrated sections of this route by extracting bioactive com-
pounds from shiitake and oyster mushroom SMS [14], running enzymatic saccharification
after the extraction of bioactives [17], fermenting the hydrolysates to ethanol [13] and
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exopolysaccharides [18], and recovering lignin from the saccharification residues [8]. The
results of our experiments, together with the insights and outcomes from conceptual stud-
ies on specific conversion routes [19], demonstrate that SMS is a versatile and modular
feedstock whose various fractions can be selectively recovered and processed through
different pathways, depending on the desired product(s) portfolio. Repositioning SMS
within the framework of biorefineries enables multi-product valorization according to the
cascading concept, whereby extraction, bioconversion, and recycling steps are integrated
to maximize both sustainability and economic viability.

5. The Bottlenecks

Despite its promising potential, the widespread adoption of SMS as a biorefinery
feedstock remains hindered by several barriers, as discussed below.

5.1. Compositional Variability

One of the key challenges in valorizing SMS is its variable composition, which can
change widely depending on the cultivated mushroom species, the initial growth substrate,
and the cultivation conditions. The compositional variability of SMS can be illustrated
by the wide ranges in the content of cellulose, hemicelluloses, lignin, and extractive com-
pounds reported for shiitake and oyster mushroom SMS (Table 2). Even within the same
species, use of different strains and/or small modifications to the substrate recipe can in-
duce metabolic changes, altering carbohydrate and lignin content and bioactive compound
profiles [20]. Conversely, deliberate adjustment of substrate composition could be used to
enhance the bioactive content of residual fungal biomass, adding value for downstream
applications [21,22]. However, this intrinsic compositional variability still hinders the use
of SMS in biorefineries, leading to unpredictable yields and product quality. The absence of
standardized characterization protocols further complicates SMS integration into industrial
value chains. Addressing this bottleneck requires the development of reliable methods for
SMS analysis to ensure reproducibility and compatibility with industrial operations.

Table 2. Compositional range of the main components of spent mushroom substrate of shiitake
(Lentinula edodes) and oyster (Pleurotus spp.) mushrooms as reported by different sources. The content
of each component is given in % (w/w).

Fungal Species Cellulose Hemicelluloses Lignin Extractives Source

Lentinula edodes 24.8–44.3 7.6–17.2 6.6–26.1 22.3–30.0 [8,9,14,23–26]
Pleurotus spp. 1 27.3–48.7 8.8–22.1 11.0–23.0 13.0–22.6 [8,14,17,25]

1 Data on P. ostreatus, P. eryngii, P. pulmonarius, and hybrid P. ostreatus × P. eryngii are compiled.

5.2. Logistical Limitations

The high moisture content of freshly produced SMS presents a major challenge for
its transport to industrial facilities. The water content of the initial substrate is typically
around 60%. However, controlled irrigation during cultivation, water release from fungal
metabolism, condensation of water vapor, and increased water retention capacity -as
polymers degrade and the substrate becomes more porous- can raise SMS water content to
a level (around 80%) that complicates handling and promotes microbial spoilage.

Furthermore, SMS has a low bulk density, increasing transportation costs. Although
dewatering SMS can lower costs, it is costly itself and requires careful evaluation of the
adverse effects it might have on efficiency, transportation savings, and SMS quality.

Another logistical challenge is that SMS is often produced in decentralized locations,
far from biorefinery facilities. This limits its transportability and shelf life, particularly for
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bioactive compound extraction, whereby rapid degradation occurring after harvest can
compromise extract suitability for further processing into high-value outputs.

Some potential measures to address the logistical challenges include implementing
low-cost dewatering and densifying strategies to improve transportability, using mobile
extraction units to preserve bioactive compounds, and establishing local biorefinery hubs
to improve shelf life and facilitate processing. Additionally, fostering farmer cooperatives
could streamline collection and further reduce costs.

5.3. Lack of Processing Infrastructure

Lignocellulosic biorefining is still an emerging industry, and most current plants are
pioneering facilities that are equipped to process specific feedstocks, such as certain agri-
cultural or forestry residues, while SMS is so far outside their scope. Adapting existing
infrastructure to handle SMS, with its unique composition, moisture content, density, and
preprocessing demands, requires substantial investment to implement the necessary techni-
cal modifications. Looking forward, we believe that as the market evolves and technologies
mature, biorefineries will become more versatile, allowing SMS to be integrated into their
feedstock portfolio and play a key role in the global bioeconomy.

5.4. Limited Research

Although SMS has been the focus of some biorefinery-related research, the number
of reported studies is considerably lower than that on other biomass materials, such as
corn stover, sugarcane bagasse, wheat straw, or forest residues. The lack of comprehensive
studies on SMS hinders the development of optimized valorization processes. While early
studies have highlighted SMS’s potential as a valuable resource, many critical aspects, such
as the identification of pre-processing methods, elucidation of microbial degradation path-
ways, and implementation of cost-effective recovery strategies, remain poorly understood.
This research gap prevents developing technologies that could streamline SMS utilization
in biorefineries. Consequently, limited research slows down industrial adoption, making it
harder for companies to justify the investment needed on a commercial scale.

5.5. Public Perception

Despite the potential of SMS as a valuable bioresource, its categorization as a waste or
a compostable by-product remains a major barrier to its broader acceptance. This outdated
perception and the general public’s limited awareness undermine the perceived economic
value of SMS and prevent its recognition as a strategic feedstock. As a consequence,
research investment is discouraged, hindering the development of innovative solutions.
We believe that a coordinated effort is required to reframe SMS as a value-enabling resource
and change the public narrative surrounding it. Without such an effort, the integration of
SMS into biorefinery processes will continue to be delayed.

5.6. Policy and Regulatory Gaps

The perception of SMS as an inconsistent bioresource due to the technical limitations
discussed in Sections 5.1–5.3 and the underestimation of its true raw material value have
discouraged its inclusion in national biomass strategies and policies. For instance, SMS is
not explicitly mentioned among the biomass residues eligible for valorization in Poland’s
Renewable Energy Sources Act [27], the Dutch Climate Agreement [28], or the Spanish
Circular Economy Strategy [29], which are the national biomass valorization frameworks
of the three largest mushroom-producing countries in Europe. As a consequence, SMS is
not included in bioeconomy roadmaps or funding calls. This regulatory ambiguity limits
the financial resources available to support SMS research, restricts industrial innovation,
and creates uncertainty for investors and entrepreneurs.
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5.7. Economic Barriers

The economic feasibility of SMS valorization depends on the cost structure of mush-
room production. In Europe, high production costs result in elevated mushroom prices,
limiting market growth and, consequently, the availability of SMS for large-scale use. These
costs stem mainly from labor- and energy-intensive cultivation methods, and outdated
technologies requiring upgrading. Moreover, limited consumer demand in some areas,
where acceptance of cultivated mushrooms remains low, reduces incentives for producers
and investors. Lowering cultivation costs and increasing consumption would help expand
both mushroom production and SMS valorization potential.

6. Why Now Is the Time

Overcoming the above-mentioned bottlenecks requires coordinated efforts between
researchers, mushroom producers, biorefinery engineers, policymakers, and funding agen-
cies. These efforts cannot be postponed, as converging trends in policy, sustainability, and
innovation only underscore their urgency.

6.1. Circular Bioeconomy Goals and Agricultural Waste Valorization

The EU Green Deal [30], the UN Sustainable Development Goals [31], and national
sustainability agendas worldwide emphasize the need to accelerate the transition to a
circular bioeconomy. Diversifying biomass feedstocks is a critical step toward that goal.
SMS, being renewable, underutilized, and available at scale, aligns well with this vision.
Furthermore, valorizing SMS contributes to the sustainability of waste management sys-
tems and supports the strategies of governments and environmental agencies in developing
waste-to-resource solutions to achieve circular bioeconomy goals.

6.2. Technological Readiness

Innovative techniques in green extraction, pretreatment, saccharification, and fer-
mentation provide solutions to recover valuable intermediates from SMS, amplifying its
potential as a biorefinery feedstock. Methods such as supercritical CO2 extraction and
microwave-assisted extraction allow for the efficient and sustainable recovery of bioactive
compounds. Similarly, recent advances in pretreatment, saccharification, and fermentation
processes—demonstrated at both pilot and commercial scales in 2G ethanol biorefineries—
improve the conversion of complex biomass into biobased products. These developments
improve the prospects for scalable implementation of SMS integration into sustainable
bioeconomy models.

6.3. Emerging Markets for Bio-Based Products

The rising demand for natural antioxidants, prebiotics, and sustainable materials is
transforming the food, cosmetic, and pharmaceutical industries, while also driving in-
novation in functional packaging. Consumers increasingly seek products of non-animal
origin that align with ethical, health-conscious, and sustainability-driven values. Natural
antioxidants are in high demand for their skin protective, anti-aging, and wellness benefits,
while prebiotics are gaining popularity for their digestive health benefits. At the same
time, biobased biodegradable packaging offers sustainable alternatives to conventional
materials. These trends underscore the SMS potential as a promising feedstock for biore-
fineries. Rich in bioactive compounds, SMS can be converted into high-value antioxidants,
prebiotics, and biopolymers, offering vegan-friendly, sustainable solutions that respond to
the growing demand for ethical, eco-conscious, and health-oriented products across these
emerging markets.

7
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6.4. Cross-Sector Collaboration Potential

Research on a hypothetical SMS-based biorefinery has great potential to serve as a
‘binder’ for interdisciplinary collaboration, including projects funded by large research and
innovation framework programs such as Horizon Europe. This is because SMS integrates
elements from agriculture, biotechnology, and bioenergy, while also offering significant
potential for high-value applications in sectors at the interface of food, wellness, pharma-
ceuticals, and functional materials. Early investment in public–private partnerships could
be a visionary step toward launching interdisciplinary innovation across the entire SMS
biorefinery value chain.

7. Conclusions

In summary, the scientific rationale is strong, the environmental urgency is clear,
and the technological tools are increasingly ready. What is needed now is a strategic
commitment to unlock the full potential of spent mushroom substrate (SMS).

This is the moment for coordinated action by researchers, industry, and policymakers
to remove existing barriers and bring SMS-based biorefineries to life. Researchers must
focus on optimizing scalable processes and fostering interdisciplinary collaboration. In-
dustry players should invest in flexible infrastructure, develop innovative logistics, and
strengthen value chain partnerships to ensure consistent feedstock supply and market
development. Meanwhile, policymakers need to integrate SMS into circular bioeconomy
frameworks, offer targeted incentives and funding mechanisms, and raise public awareness
to improve perception and regulatory clarity. With the right support, SMS can become a
key component of future sustainable biorefineries.
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Abstract: At present, the main raw material for producing graphene is graphite ore. However,
researchers actively seek alternative resources due to their high cost and environmental problems.
Biomass waste has attracted much attention due to its carbon-rich structure and renewability, emerg-
ing as a potential raw material for graphene production to be used in sports equipment. However,
further progress is required on the quality of graphene produced from waste biomass. This paper,
therefore, summarizes the properties, structures, and production processes of graphene and its
derivatives, as well as the inherent advantages of biomass waste-derived graphene. Finally, this
paper reviews graphene’s importance and application prospects in sports since this wonder material
has made sports equipment available with high-strength and lightweight quality. Moreover, its out-
standing thermal and electrical conductivity is exploited to prepare wearable sensors to collect more
accurate sports data, thus helping to improve athletes’ training levels and competitive performance.
Although the large-scale production of biomass waste-derived graphene has yet to be realized, it is
expected that its application will expand to various other fields due to the associated low cost and
environmental friendliness of the preparation technique.

Keywords: graphene; biomass waste; sports equipment; graphene derivatives; biocomposites

1. Introduction

In recent years, with the continuous advancement of a new round of global scien-
tific and technological revolution and industrial upgradation, the requirements for new
materials in various fields have become more stringent and diversified. The traditional
crystals are too unstable to exist as two-dimensional (2D) structures at non-zero absolute
temperatures, which has long plagued researchers. However, the discovery of graphene
has successfully filled this gap and completed the graphitic materials system. Graphene—a
nanomaterial—consists of a single layer of sp2-hybridized carbon atoms arranged in two
dimensions with a hexagonal honeycomb crystal structure. So far, graphene is the thinnest
nanomaterial known and is considered the “magic material of the 21st century”. It pos-
sesses many excellent properties, such as a large surface area, high conductivity, good
chemical stability, and excellent mechanical strength [1–4], which are vital for applications
spanning electronics, aerospace, renewable energy systems, sports equipment, and other
technologies. In addition, the emergence of this material has spawned a series of new
research fields targeted at future needs.

Presently, the proportion of downstream application enterprises of graphene is gradu-
ally increasing, and its market is slowly unfolding. Figure 1 shows a new wave of upsurge
in the graphene market, which is expected to reach USD 147.9 billion by 2025 [5]. Cur-
rently, the primary precursor materials for graphene are mainly metal-based, coal-based,
or petroleum coke-based [6–10]. However, these materials are associated with many prob-
lems, such as soil and water pollution, releasing harmful gases and particulate matter, and
atmospheric pollution, significantly limiting their application [11].

Molecules 2024, 29, 1825. https://doi.org/10.3390/molecules29081825 https://www.mdpi.com/journal/molecules11
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Figure 1. Estimated CAGR of the Global Graphene Market (adapted from Ref. [5]).

The biomass waste generated in the world is increasing year by year, most of which is
buried and incinerated [12,13]. This type of treatment not only causes the waste of resources
but also leads to environmental pollution. To overcome the challenges associated with the
traditional methods of graphene production, such as environmental problems, resource
scarcity, and high costs, the research on graphene production from biomass materials
has attracted much attention in recent years. Scholars actively seek greener, cleaner, and
more efficient materials, including different biomass materials, such as biomass waste
resources (composed of plants and animal waste) [14] in agriculture, forestry, and municipal
solid waste (MSW), to reduce the economic cost and environmental impact of graphene
production. This report reviews the latest progress in the research and development of
graphene prepared from biomass waste. The basic structure, characteristics, derivatives,
and production methods of graphene are summarized with a detailed discussion of the
inherent advantages of selecting biomass waste as a precursor to its preparation. Although
many relevant studies on graphene have already been conducted, a detailed focus on its
application in sports equipment is still lacking in the literature. Therefore, this report fills
the literature gap by focusing on the application prospects of graphene and its derivatives
in the sports industry. Finally, the challenges and future outlook of biomass waste-derived
graphene are presented from the perspective of the sports industry.

2. Graphene Overview

Graphene is a 2D single-atomic-layer material with a honeycomb lattice structure of
closely arranged carbon atoms. Due to its thermodynamic instability, graphene has been
used as a theoretical model to describe the structure of other carbon materials before it was
discovered [1]. The relevant academic research on graphene can be traced back to 1947
when Wallace et al. [2] proposed a theoretical model of graphene. This breakthrough model
established the starting point of academic research on graphite electrical properties. In 2004,
physicists Novoselov et al. [15] of the University of Manchester in the United Kingdom
practically obtained single-layer graphene for the first time using a tape-stripping method.
This breakthrough attracted much attention and inspired scholars to conduct in-depth
research on graphene’s structure, properties, and derivatives.

2.1. Graphene Structure

Figure 2 shows the structure of graphene and its derivatives, which exhibit a honeycomb-
like shape with individual carbon atoms evenly distributed in a 2D lattice, each having
2 s and 2 p electrons in its outer shell [16,17]. The s and p orbitals are sp2-hybridized
to make a typical hexagonal benzene ring structure, which provides the material with
significant mechanical stability [18]. In addition, there are pz orbitals perpendicular to
the direction of the plane, forming π chemical bonds. The electrons involved in these π

bonds are crucial for the conductivity of graphene, which exhibits different electronic band
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structures depending upon the structure of the edge carbon chain and the number of staked
layers in graphene [19,20].

 
Figure 2. The structure of (a) graphene honeycomb, (b) graphene oxide (GO), and (c) reduced
graphene oxide (RGO) (adapted from Ref. [21]).

Graphene has a mechanically stable chemical structure of short C-C bonds (0.142 nm
length) connected in a solid fashion [22]. Consequently, when an external force is applied
to the sheet, the bond lengths deform to offset the external stress without rearranging the
individual carbon atoms, thus maintaining a stable structure [23]. Moreover, scanning
tunneling microscopy (STM) shows that the surface of graphene possesses some nanoscale
wrinkles [17], which helps overcome the limitations of thermodynamic fluctuations, en-
abling the stable existence of the 2D lattice [24].

2.2. Graphene Properties

Carbon has achieved a quantum leap from graphite to graphene with a fully exposed
bulk and edge atomic arrangement on its surface, which endows it with excellent mechani-
cal, electrical, optical, and other properties. Researchers have conducted in-depth studies
on graphene properties and have continuously identified surprising discoveries, which
have aroused the interest of many interdisciplinary scholars.

Graphene exhibits high mechanical strength, good toughness, and excellent flexibility.
The strong σ and π covalent bonds formed between the graphene carbon atoms are mainly
responsible for the superior mechanical properties and structural rigidity [25]. Since
graphene is extremely thin in atomic order, its thickness is challenging to measure directly
through experimentations. Consequently, determining Young’s modulus of graphene
is more challenging than that of bulk materials. Lee et al. [26,27] pioneered the study
of graphene monolayers’ elastic properties and inherent strength using nanoindentation
technology based on atomic force microscopy (AFM). The results showed that Young’s
modulus of graphene monolayers was as high as 1.1 TPa, and its breaking strength could
reach up to 42 N m−1. Interestingly, graphite paper composed of graphene exhibited weak
toughness initially, but its toughness was significantly enhanced following oxidation and
functionalization. In addition, Lee et al. [28] demonstrated graphene balloon technology by
preparing graphene through chemical vapor deposition (CVD), transferring it to a circular
hole, and placing the sample in a vacuum. Due to the airtightness of graphene, air could
not penetrate it, resulting in a higher air pressure inside the balloon. The researchers
used Raman spectroscopy to study the balloon and compared the results with numerical
simulations. The study concluded that Young’s modulus of monolayer graphene was about
2.4 ± 0.4 TPa.

Graphene is very sensitive to its environment due to its unique 2D structure. Its
interactions with other materials may affect its electrical and optical properties and trigger
new physical phenomena. Most applications based on graphene rely on its high electronic
mobility. Electrons in graphene are free to move owing to the extended delocalized bonds.
However, the mobility is hindered by internal structural defects and scattering due to
lattice vibrations [29], which are almost independent of temperature [30]. Therefore, at
room temperature, when the carrier concentration is about 1012 cm−2, due to scattering
by phonons, the charge mobility can be as high as 200,000 cm2V−1s−1, which is almost
140 times that of commercial crystalline silicon [31]. Moreover, graphene has excellent
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optical properties, especially high optical transmittance. When white light is irradiated
vertically on single-layer graphene, only about 2.3% of the light is absorbed, resulting in a
transmittance of 97.7% [32]. As the number of layers increases, the visible light transmit-
tance decreases by 2.3% for each successive layer. Non-interactive Dirac–Fermi simulations
showed that the transmittance in graphene was affected by its thickness, and the number
of graphene layers could be estimated from the value of transmittance [33,34]. In addition,
the optical transitions in graphene could be modulated by changing its Fermi level with
an applied gate voltage. For instance, when graphene absorbs photons, the generated
electron-hole pairs can recombine in a very short time of picosecond. However, when an
external electric field is applied, the excited electron-hole pairs are separated, resulting in
a photocurrent flow [35–37]. Due to the unique zero-bandgap structure of graphene, the
energy required for electrons to transition from the valence band to the conduction band
is almost zero (theoretically calculated). Consequently, the majority spectrum of incident
light can generate a certain photocurrent intensity in graphene. Furthermore, graphene can
also be excited by appropriately modifying its zero bandgap [38].

2.3. Graphene Derivatives

Graphene derivatives are chemical modifications based on graphene, imparting novel
properties to the material, thus significantly expanding its application fields [39,40]. Table 1
compares the mechanical properties of the graphene family.

Table 1. Mechanical properties of the graphene family.

Materials Experimental Technique
Young’s

Modulus
Tensile

Strength
Refs.

Monolayer graphene Nano-indentation in AFM 1 TPa 130 GPa [41]

Free standing GO Nano-indentation on a
dynamic contact tool 697 ± 15 GPa 3–33 GPa [41]

RGO paper - 41.8 GPa 293.3 MPa [42]

Graphene oxide (GO) is the prime representative of graphene-derived materials, also
known as graphite oxide. It is prepared by the chemical oxidation of graphite powder.
Due to variations in the oxidation conditions, the structure of GO has not been understood
in detail until recently. As per the most widely accepted model of GO, the most active
functional groups, such as epoxy (-O-) and hydroxyl (-OH), are mainly distributed on its
surface. In contrast, functional groups, such as carboxyl (-COOH), carbonyl (-C=O), and
phenol (Ar-OH), are connected to the edges of the GO sheet [43]. Moreover, the number of
functional groups on GO depends on the preparation method employed.

GO exhibits properties utterly different from those of graphene due to its many oxygen
functional groups and its layer structure, which markedly differs from the latter. Compared
with graphene, GO exhibits stronger hydrophilicity because of its ability to make hydrogen
and polar bonds with water molecules. This property makes GO easy to exfoliate and
disperse stably in water and suitable organic solvents [44,45]. However, compared with
graphene, oxygen-containing functional groups can lead to structural defects in the 2D
atomic structure of GO, resulting in a corresponding loss of mechanical and electrical
properties [46,47].

GO can easily disperse in water to make a stable solution that can facilitate its depo-
sition on suitable substrates through the standard deposition techniques of drop casting,
spraying, and spin coating [17]. At the same time, these oxygen functional groups can
facilitate the covalent or non-covalent binding of the material to other substances, fur-
ther expanding GO applications [48]. However, the large number of oxygen-containing
functional groups on the surface of GO disrupts the continuous conjugated structure of
graphene, resulting in the loss of the characteristic high thermal and electrical conductivity
of the material. To re-establish the conjugated structure and unique properties of graphene,
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researchers chemically reduce GO to obtain reduced graphene oxide (rGO) with partial
recovery of the conjugated structure associated with unavoidable defects.

rGO is, therefore, also a graphene derivative, which has properties similar to graphene,
particularly excellent conductivity and mechanical properties [49]. The GO reduction
process removes the oxygen-containing groups and restores the conjugated structure of
graphene. Different reduction methods (including thermal, chemical, microwave, photo-
chemical, and hydrothermal reduction) lead to significantly different quality of the final
rGO. Chemical and thermal reductions are the two most widely used methods. Chemi-
cal reduction usually employs chemical reducing agents, including hydrazine, ascorbic
acid, hydroiodic acid, and sodium borohydride, to treat GO in rGO. Among the various
reducing agents, ascorbic acid has gained particular interest for the scalable production of
rGO without generating toxic gases [50]. Thermal reduction, on the other hand, employs
high-temperature conditions to remove oxygen-containing functional groups on the GO
surface. Theoretically, GO can be completely deoxidized under extreme temperatures of
more than 2000 ◦C.

Following the elimination of the oxygen-containing groups, the rGO shows completely
different properties to GO in some respects [51]. For instance, rGO exhibits better chemical
stability and electronic conductivity than GO. Moreover, rGO is prone to aggregation
in aqueous and related media, thus controlling its shape and specific surface area [52].
Conversely, oxygen-containing groups significantly enhance the hydrophilicity of GO,
making it more stable to disperse uniformly in water [53]. These characteristics open up
new opportunities for rGO and rGO-based devices in various fields.

Three-dimensional graphene (3D graphene) is a derivative of graphene consisting of
longitudinally grown stacks of 2D graphene, preserving many of its inherent properties,
such as high electrical conductivity. In addition, it possesses unique structural/electrical
characteristics, resulting in the increased absorption of near-infrared (NIR) to infrared (IR)
radiations by up to 16% [54]. The other most common chemical derivative of graphene
is nitrogen-doped graphene. Nitrogen is usually present in various carbon-based mate-
rials; however, its content is low, with no well-defined stoichiometry. The presence of
heteroatoms in the aromatic carbon rings of graphene interferes with its aromaticity, result-
ing in various effects, including bandgap opening [55,56], charge separation, ferromagnetic
ordering, different interlayer forces, and catalytic potential [57]. Subsequently, the prop-
erties of pristine graphene are altered, providing broad prospects for its application in
specific fields, such as nanoelectronics, electrochemical biosensors, energy storage, and
other fields.

3. Preparation Method of Graphene

The preparation of graphene plays a crucial role in advancing its scientific research
and wide applications. Different preparation methods vary in the yield and quality of
the resulting graphene, which are suitable for different applications [58]. Achieving the
large-scale, automated, low-cost production of high-quality graphene is essential for manu-
facturing high-performance graphene devices. The preparation methods reported in the
literature can be classified into the following two categories: top-down and bottom-up
approaches [59–61]. The top-down approach aims to break down bulk graphite into lamel-
lar graphene sheets through exfoliation. Conversely, the bottom-up approach assembles
graphene from individual carbon atoms using precursors such as methane or polymers
with benzene rings and is advantageous for high-yield production. Table 2 compares the
different preparation methods of graphene, including the typical micromechanical lift-off,
CVD, redox synthesis, and epitaxial growth methods.
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Table 2. Comparison of different preparation methods for graphene.

Method Substrate Temperature (◦C) Yield Refs.

Micromechanical
exfoliation SiO2/Si Room temperature Difficult to generate

production output [62]

Chemical vapor
deposition

Cu, Pt, Ni,
Ru, Ir >1000 Can be produced on a large scale [63]

Oxidation reduction - <500 Can be produced on a large scale [64]
Epitaxial growth SiC 1200–1600 Suitable for small-scale production [65]

3.1. Micromechanical Lift-Off

The mechanical exfoliation method was the earliest method used to prepare multilayer
graphene. This process of graphite delamination was achieved by applying a mechanical
force. Geim et al. [66,67] successfully separated graphene nanosheets by repeatedly sticking
adhesive tape to highly oriented pyrolytic graphite (HOPG) to obtain layered graphene,
combined with applying oxygen plasma etching. The principle of this preparation method
is based on the fact that van der Waals forces between graphite sheets are weak and, thus,
can easily be separated by applying an external force. Paton et al. [68] reported a simple
and efficient method for producing graphene using liquid-phase exfoliation. Graphite
powder was placed in an organic solvent containing a specific surfactant and subjected
to high-energy shear using a stator-rotor homogenizer (made by Silverson Machine, East
Longmeadow, MA, USA). This method effectively improved the speed of graphene pro-
duction via mechanical exfoliation. Furthermore, the automated exfoliation method has
significant advantages, including the simplicity, low cost, and high quality of the resulting
graphene. However, the graphene prepared through this method is highly laborious and
time-consuming. Additionally, there are uncontrollable factors causing difficulty control-
ling wrinkles and the number of layers. As a result, this method is limited to laboratory
research and is challenging to meet the demands of scaled-up production [69].

3.2. Chemical Vapor Deposition

The CVD technology originated in the 1960s and was initially used for thin film
preparation in the semiconductor industry. Later, it gradually expanded to the field of
nanomaterials. In recent years, this technology has played an essential role in promoting
the development of high-quality graphene. Before introducing the CVD technology to
prepare graphene, researchers found that layered graphitic materials can be formed on
nickel (Ni) substrates through high-vacuum annealing [70,71]. The CVD preparation
is mainly divided into two types based on the growth mechanism: (1) the dissolution
precipitation mechanism, employing Ni, cobalt (Co), and other metals with high carbon
dissolution ability, and (2) the surface catalytic mechanism, utilizing metals with low
dissolved carbon content, such as copper (Cu), molybdenum (Mo), and platinum (Pt).
In the former mechanism, the dehydrogenation of the carbon source produces carbon
atoms that penetrate the metal substrate at high temperatures. When rapidly cooled, the
carbon atoms precipitate out of the interior of the metal to nucleate and grow into graphene
on the surface of the substrate [72–76]. On the other hand, in the latter mechanism, the
carbon source is dehydrogenated at high temperatures to generate activated carbon atoms,
which, after reaching a certain supersaturation on the metal surface, leads to nucleation and
growth to form the graphene crystal domains. Finally, continuous graphene is obtained
through 2D growth and merging of the crystal domains precipitated on the surface of the
substrate [77,78].

CVD technology can prepare single-crystal graphene films with sizes ranging from
10 microns to 1.5 inches [79,80]. Park et al. [81] used CVD technology to prepare few-layer
graphene (FLG) on nickel-coated substrates and found that chemical bonds connected
different crystal domains of the FLG. Although the FLG samples were not uniform in
macrostructure, they demonstrated excellent mechanical properties. The advantages of
CVD technology include the preparation of graphene with a large 2D area, superior quality,
and complete lattice structure. However, this technology is challenged by the difficulty of
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separating graphene from the metal substrate and the possible product contamination of
the organic molecules used for its separation.

3.3. Oxidation–Reduction Method

rGO is prepared by the oxidation–reduction method. Generally, graphite is first oxi-
dized using a strong acid and oxidant and then exfoliated into GO by ultrasonic treatment.
Finally, the oxygen-containing functional groups on the surface of the GO are reduced to
obtain rGO. Various oxidation strategies, including Brodie, Hummer, and Staudenmaier
methods, are commonly found in the literature [82–84]. Since the synthesized GO is rich in
polar functional groups, it can be dispersed in water or alkaline solutions by ultrasonica-
tion. Then, GO flakes are reduced using various methods, such as microwave reduction,
solvothermal reduction, vapor phase reduction, and chemical reduction [51,85,86]. It is
noted that rGO prepared through the redox method destroys the π-electrons conjugated
structure, resulting in more functional groups and other types of defects in the synthesized
rGO, thus compromising its performance [87,88]. However, a large amount of only a few
layers of rGO could be obtained by this method, offering a low-cost production [89–92]
demanded by various fields of application.

3.4. Epitaxial Growth Method

In the early 1970s, graphene growth on a nickel single crystal (111) surface was
studied [93]. A graphene-decorated SiC substrate was obtained by heating a silicon carbide
(SiC) single crystal at high temperatures for the silicon atoms to evaporate, which is
associated with the reconstruction of the carbon atoms through self-assembly. Initially, the
growth conditions for graphene on a nickel single crystal (111) surface required an ultra-
high vacuum (UHV). When a clean Ni (111) surface is exposed to hydrocarbons, surface
carbide or graphene is produced. Additionally, it has been confirmed that the thermal
decomposition of hydrocarbons at low temperatures leads to the formation of surface
carbide, while graphene typically forms at temperatures between 500 ◦C and 700 ◦C [94].
However, recent studies showed that an atmosphere of argon or small amounts of disilanes
can reduce the rate of silicon sublimation, allowing better-quality graphene to be prepared
at higher temperatures [95]. Hass et al. achieved controlled single and multilayered
graphene growth using the SiC decomposition method [96]; however, multilayer graphene
up to 100 layers is relatively easy to obtain. The quality of graphene prepared through
this method is closely related to the heating temperature, reaction pressure, and protective
gas type. Therefore, high-quality graphene can be obtained by adjusting the reaction
parameters using the epitaxial growth method. However, the graphene yield is low while
the reaction temperature is high, limiting its adaptation for the large-scale synthesis of
single-layered graphene [97,98].

4. Biomass Waste-Derived Graphene

With the increasing emphasis on resource sustainability and environmental protection,
people are gradually becoming aware of the broad prospects of biomass resources [99,100].
Biomass waste, including biomass waste from agriculture, forestry, and MSW, constitutes
an integral part of biomass resources, which is cheap and widely available [101]. Figure 3
shows the raw materials and advantages of green synthetic graphene.

The treatment and recycling of biomass waste directly impact the comprehensive
utilization and efficiency of natural resources. Following proper treatment and processing,
biomass waste has the potential to produce high-value-added chemicals and carbon materi-
als. Therefore, biomass waste recycling is expected to promote the synergistic development
of environmental protection and resource utilization. Figure 4 shows various strategies for
utilizing biomass to produce graphene.
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Figure 3. Raw materials and advantages of green synthesis of graphene (adapted from Ref. [102]).

 
Figure 4. Strategies for using biomass to produce graphene. (adapted from Ref. [103]).

4.1. Agricultural Waste

Globally, large quantities of agricultural products are produced daily to meet the
needs of a growing population, leading to the large-scale incineration of agricultural
waste [104–106]. The indiscriminate incineration of these wastes releases harmful sub-
stances, such as carbon monoxide, sulfur dioxide, and dust, which are significant sources
of air pollution and pose a severe threat to respiratory health [107]. At the same time, the
disposal of agricultural waste without proper treatment may also cause various hazards,
such as the spread of infectious diseases, water pollution, and ecosystem damage.

Agricultural waste mainly includes three organic substances: cellulose, hemicellulose,
and lignin. Hemicellulose is a heteropolysaccharide whose specific composition varies
according to its source. For instance, hemicelluloses from angiosperms and gymnosperms,
composed of xylans and glucomannan, respectively [108], are excellent carbon sources
for synthesizing carbon materials. In addition, agricultural waste provides abundant
raw materials for producing high-performance graphene, with significant advantages in
adsorption performance and the quality of the obtained graphene [109].

Rice is one of the major sources of food. The rice husk is the outer covering of the
rice grains. During growth, rigid silica in the husk protects rice from insects and bacteria
and ensures it can obtain the necessary water and nutrients. To achieve dual functions,
silica in rice husks has evolved naturally into a unique 3D porous nanostructure [110–112].
Wang et al. [113] reported biocompatible graphene quantum dots derived from rice husks

18



Molecules 2024, 29, 1825

with a yield of 15% and obtained mesoporous silica nanoparticles as a by-product of the
preparation, realizing the comprehensive and effective utilization of agri waste.

Wheat straw is the stalk left after wheat harvesting, and its main components include
cellulose, hemicellulose, lignin, trace metals, and crude proteins [114]. Chen et al. [115] used
potassium hydroxide (KOH) to dissolve hemicellulose and lignin in wheat straw. After
multiple heat treatments to overcome its complex structure, wheat straw was finally con-
verted into cellulose fibers, which, like other lignocellulosic materials, could be converted
into graphene using high-temperature carbonization (HTC). Zhou et al. [116] successfully
synthesized interconnected high-graphite carbon nanosheets (HGCNSs) using wheat straw
as a precursor and combining the hydrothermal and graphitization processes. The ex-
perimental results showed that HGCNS possessed an interconnected two-dimensional
nanostructure capable of providing multiple storage sites for lithium ions and facilitating
the rapid transport of electrons and ions. Additionally, due to its high degree of graphiti-
zation, HGCNS significantly reduced voltage hysteresis, demonstrating excellent cycling
and rate performance. Graphene prepared from agricultural waste has significant sustain-
ability, cost-effectiveness, and environmental advantages, reducing resource waste and
environmental pollution while simultaneously achieving multifunctional applications.

4.2. Forestry Waste

Forestry waste is a vital biomass resource. Energy conversion utilizing forestry waste
is one of the research hotspots in renewable energy. Forestry waste, mainly including
branches, sawdust, rolled bark, shavings, and scraps, is continuously generated in forestry
processing. Whether woody plants or herbs, their cell walls are primarily composed of
cellulose, hemicellulose, and lignin [117], indicating that their structure has a high carbon
content. Eucalyptus bark extract is rich in 29 polyphenol compounds, which are considered
bioactive due to their excellent antioxidant and anticancer properties. Manchala et al. [118]
synthesized soluble graphene using a eucalyptus polyphenol solution obtained from the
Eucalyptus bark extract. The results showed that the polyphenol compounds in Eucalyptus
bark extract had a reducing ability; therefore, exfoliated GO could be reduced to soluble
graphene under reflux in an aqueous medium.

Wood processing produces a tremendous quantity of waste wood. Although the
wood-based panel processing industry consumes many wood processing residues, wood
chips are more cumbersome. Therefore, these biomass resources have not been recycled
and reused effectively as fuel. Although sawdust has not been widely used for fuels due to
its chemical composition, it still has the potential to produce high-quality, high-value-added
carbonaceous materials such as graphene. Severo et al. [119] successfully prepared 3D
graphene sponges from sawdust by pre-carbonization and KOH chemical activation. In
addition, this method achieves the high value-added utilization of sawdust, helping to
reduce biomass waste generation and protect the environment.

4.3. Municipal Solid Waste

MSW is a heterogeneous waste stream, which is an inevitable part of daily life [120],
characterized by complex components and a high organic content. On average, 0.74 kg of
waste is generated per person per day globally. The per capita waste generation is closely
related to the local economic level and the degree of urbanization. Generally, the higher the
income, the higher the per capita waste generation. Moreover, global waste generation is
growing more than twice the population growth rate and is projected to reach 3.4 billion
tons by 2050 [121].

Disposable paper cups (DPCs) are widely used in many families, enterprises, and pub-
lic places due to their relative hygiene, low cost, convenient use, and mass production [122].
However, most DPCs have a short service life and are difficult to segregate from waste
after use. They are eventually incinerated or buried in landfills, posing a severe threat to
human ecosystems. DPCs usually comprise high-grade cardboard and an inner polyethene
coating. Wang et al. [113] proposed a new route to prepare Fe/graphene sheets using Fe2+
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catalysts with DPCs as a carbon source. It was demonstrated that the proposed synthesis
strategy could produce graphene sheets with high yield and high quality along with two
additional products, Fe/graphene and Pt/graphene, where the latter showed high catalytic
activity for an oxygen reduction reaction in fuel cells. Ruan et al. [123] used inexpensive
carbonaceous raw materials without pre-purification, including biscuits, chocolate, grass,
plastic, cockroaches, and dog feces, to grow graphene directly on copper foil using CVD
technology. The results showed high-quality graphene monolayers prepared from these
carbon sources. Graphene production using MSW has potential in terms of quality; how-
ever, it currently faces challenges regarding yield. With process optimization, this method
could become a competitive route to produce high-quality graphene.

5. Graphene Applications in Sports Equipment

In today’s rapidly advancing society of science and technology, as we address the
contradiction between pushing the limits of human athletic abilities and sports training, the
performance of sports equipment consistently plays a crucial role in influencing athletes’
performance. To a certain extent, it enhances the ability of the human body to engage
in physical activities. According to the specific requirements of different sports events,
high-performance sports equipment has unique advantages in material selection, process
design, and ergonomics. They also play a significant auxiliary role in improving athletes’
experience, performance, and safety. Figure 5 summarizes some applications of graphene
in the sports industry.

 
Figure 5. Graphene applications in the sports industry.

5.1. Graphene Wearable Sensors

Scientific training in modern competitive sports relies on intelligent motion monitoring
devices that provide athletes with physiological signals during training or competition [124].
Researchers have proposed various types of flexible electronic sensors. Graphene-based
flexible wearable electrodes are considered efficient and promising because of their higher
elasticity, flexibility, and hydrophobicity, which can better retain contact with human skin
and remain stable after long-term use [125–127]. Graphene-coated highly conductive textile
electrodes are, therefore, expected to replace the traditional metal-based electrodes in health
monitoring devices such as electrocardiograms (ECG), electroencephalograms (EEG), and
electromyograms (EMG) [128]. Shanthi et al. [129] successfully developed a highly flexible
and washable sports undergarment using graphene-coated textile electrodes by mat curing
technology. The study showed that due to the hydrophobic nature of graphene when the
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textile electrode was exposed to sweat in maximum contact with the skin, its impedance,
and conductivity were not disturbed by human sweat. Therefore, this sportswear could
monitor high-quality ECG and heart rate under different conditions, such as rest, walking,
and running. Graphene-coated textile electrodes exhibit excellent washability and are more
suitable for long-term use than metal (Ag/AgCl) ECG electrodes, which are less flexible
and stretchable. However, due to the chemical inertness of the graphene surface and the
absence of dangling bonds to effectively control the channel carriers, the dielectric layer
should be thin by a few nanometers. Li et al. [130] achieved this by optimizing pre-H2O
treatment and employing a two-step temperature growth atomic layer deposition technique.
This way, they controlled the gas–solid physical adsorption between water molecules and
the graphene surface, directly coating a uniform and dense Al2O3 film on graphene with a
thickness of 5 nm. Consequently, the quality of the graphene–alumina was comparable to
the optimal quality of the silicon–alumina film. Raza et al. [131] designed graphene textile
(IGT) sensors by converting different polymer substrates into laser-induced graphene (LIG)
and applying them to volleyball sportswear. The results showed that IGT sensors had
four functions in volleyball sportswear: catch detection, finger contact foul detection when
blocking the ball, spike force measurement, and player position monitoring. It is anticipated
that graphene-wearable electronic sensors will improve the consistency between actual
sports and virtual activities while enhancing the ability to correct movements in virtual
space, thus providing unlimited opportunities for improving competitive levels.

5.2. Graphene Sneakers

Sports shoes can be divided into many types depending on the application require-
ments. Generally, polymer foams, especially ethylene vinyl acetates (EVA), are widely used
as midsole cushioning materials in these articles. Therefore, the key to further improving
the performance of sports shoes is to develop polymer foams with the required proper-
ties. Graphene is a carbon-based 2D material with potential advantages for improving
polymer matrices’ mechanical, electrical, thermal, and electromagnetic wave absorption
properties [132]. The molecular dynamics (MDs) modeling of the interaction between
the graphene and EVA matrix showed that adding graphene increases Young’s modu-
lus, the yield strength, and the glass transition temperature of the EVA matrix. When
the solid interfacial bonding between the graphene additive and the EVA matrix (the
graphene content is 9 wt.%) limits the mobility and flexibility of the EVA chain, the me-
chanical strength and thermal stability of EVA are improved [133]. Lunchev et al. [134]
mixed graphene contents in EVA foam with a twin-screw extruder. After mechanical prop-
erty analysis, graphene/EVA foam sports shoes were prepared with a sample containing
0.2 phr graphene. The results indicated that the graphene/EVA foam sneakers had a 40%
increase in wear resistance and a 30% increase in axial stiffness compared to the pure
EVA foam reference sneakers. This increase in the mechanical properties could effectively
improve propulsion during running. At the same time, the compression testing revealed
that the graphene/EVA foam sneakers were more flexible, which could help enhance their
appearance and service life.

5.3. Graphene Tennis Racket

The design of tennis rackets constantly seeks to provide athletes with competitiveness,
durability, and comfort; therefore, manufacturers are continually working to improve the
materials and designs of their products. Graphene/polymer composites are graphene-
dispersed in epoxy resin [135] and have higher strength and elastic modulus than ordinary
materials. These composite materials can significantly improve the tennis rackets’ stiffness
and strength. Moreover, graphene/polymer composites are generally less dense than
aluminum, have strength comparable to steel, and have a high elastic modulus and fatigue
strength [136], making them more suitable for tennis rackets. In 2013, HEAD launched a
new series of tennis rackets (YouTek Graphene Speed series) made of graphene/polymer
composites [137]. Young et al. [138] analyzed the microstructure of these rackets through

21



Molecules 2024, 29, 1825

combined optical microscopy and Raman spectroscopy. The study found that graphene-
based nanoparticles were utilized in the heads of the tennis rackets and the areas where
they connected to the handles, aiming to enhance the mechanical performance of these
regions. Thus, the excellent performance of graphene/polymer composites makes rackets
lighter and stiffer and lays a solid foundation for athletes to achieve good results.

5.4. Graphene Sportswear

Sports clothing must have a cooling function to rapidly release heat and sweat from
the body through different pathways, such as conduction, convection, evaporation, and
radiation [139], especially when there is a significant temperature difference between the
body and the surrounding environment or surfaces in direct contact [140]. Graphene has
become popular in textile applications, especially in lightweight sportswear, due to its
excellent properties, high thermal conductivity, mechanical strength, antistatic effect, UV
protection, electrical conductivity, and ease of functionalization. It has been used as a
conductive filler to increase heat transfer in sportswear textiles [141]. Brazilian sportswear
manufacturer BiaBrazil launched sportswear printed with graphene ink that is claimed to
improve moisture management and heat transfer by 18% [142].

In boxing, the wrong training method can easily cause physical injury. Therefore,
many sports protective clothing use high-performance materials to reduce the negative
impact of boxing training. Liu used the orthogonal test method [143] to study the effect
of materials and knitting structure on boxing clothing performance. Based on the char-
acteristics of boxing injury, the researcher(s) prepared seamless boxing clothing using a
graphene/polymer composite fiber. These graphene-based composite boxing suits were
more comfortable and robust than ordinary ones and had excellent impact resistance, pro-
tecting the athletes from potential injuries. Li et al. [144] developed a form of compression
clothing for running crafted from biomass-derived graphene-modified nylon fibers. The
findings of the study revealed that the graphene-modified nylon fibers demonstrated a
tensile strength of 4.52 cN/dtex, boasting superior mechanical properties compared to
conventional nylon fibers. Additionally, it exhibited an outstanding low-temperature
far-infrared (FIR) performance, with the FIR raising its temperature by 2.3 ◦C/30 s. This
feature can enhance blood circulation and improve bodily functions, thereby amplifying
athletic performance.

5.5. Graphene Coating

Anterior cruciate ligament (ACL) rupture is a common joint ligament injury, especially
in young athletic people aged 16 to 39 [145]. Due to the poor healing ability of ruptured
ACLs and the need for injured people to restore their function in time, artificial ligaments
are becoming increasingly popular. Graphene can potentially promote cell attachment,
proliferation, and differentiation and has shown excellent results in various biological
applications in vivo and in vitro. Graphene has been the focus of tissue repair applications
due to its excellent mechanical properties. Studies have shown that graphene can pro-
mote the differentiation of human bone marrow mesenchymal stem cells into osteoblasts
while promoting the differentiation of human neural stem cells into neurons [146,147].
Wang et al. [148] investigated the effect of graphene coating on the bioactivity of PET-based
artificial ligaments (PET-ALS). The results showed that bone tunnel healing rates were
significantly accelerated after graphene-coated grafts were implanted in bone tunnels.
Therefore, graphene-coated grafts can promote early recovery of ACL reconstruction and
show great potential in enhancing the biological activity of the material surface.
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5.6. Challenges of Biomass Waste Graphene in Sports Applications

Three-dimensional nanostructured graphene not only inherits some unique properties
of two-dimensional graphene but also offers numerous novel features, such as a boosted
surface area, rapid gas diffusion, and abundant reaction sites [149–151]. Its applications
in the sports field are steadily expanding, encompassing enhancements in sports equip-
ment performance and monitoring athletes’ physiological indicators. However, certain
biomass wastes contain metal ions such as potassium and sodium, which can complicate
the exfoliation process when deriving biomass graphene [152]. At the same time, varying
temperatures and lignocellulose compositions can induce defects in the biowaste product
composition, degradation rate, and other defects. Consequently, ensuring stability in the
properties of the biowaste precursor materials becomes a key challenge [153]. In addition,
heterogeneous waste precursor materials often contain small amounts of organic or inor-
ganic impurities, necessitating suitable pretreatment [154]. Therefore, at an industrial scale,
the costs of pretreatment and the requirements for supply chain stability may impede the
large-scale production of biomass waste-derived graphene in the sports sector.

However, although graphene derived from biomass waste has not yet been produced
on an industrial scale in the sports sector, its conversion to graphene offers potential benefits
over traditional methods. These include reduced emissions of exhaust gases, wastewater,
and solid waste to some extent, as well as decreased energy consumption [155], which
further promote the development of the green sports industry.

6. Conclusions

This paper discusses the properties, production methods, and different biomass waste
sources of graphene. Graphene has excellent electrical conductivity, biocompatibility, and
mechanical properties compared to traditional carbon materials. Its application advantages
in sports are mainly reflected in manufacturing lightweight and robust sports equipment
and improving athletes’ comfort. At the same time, it has the potential to study the
physiological mechanism of athletes deeply and promote training and rehabilitation. In
addition, graphene is expected to shine in ice and snow sports based on its excellent thermal
conductivity. Although graphene prepared from biomass waste is similar to graphene from
traditional sources, the quality of the graphene produced is compromised due to most of
the biological waste being heterogeneous in origin, thus limiting its large-scale application.
Future research should focus on the sustainability and scalability of graphene production
from natural resources. Graphene and its derivatives with superior performance can be
produced on a large scale by improving the processing techniques and standardizing the
sources and characteristics of biomass waste to meet the demands of various applications,
including sports equipment manufacturing. Although graphene based on biomass waste is
of poor quality, it still shows great potential for various applications.
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Abstract: In this research, activated carbon (AC) was synthesized from ligno-cellulosic residues of
Adansonia kilima (Baobab) wood chips (AKTW) using two-step semi-carbonization and subsequent
pyrolysis using microwave-induced heating (MWP) in the presence of a mild activating agent of
K2CO3. The influence of process input variables of microwave power (x1), residence time (y1), and
amount of K2CO3 (z1) were analysed to yield superior quality carbon having maximum removal effi-
ciencies (R1) for lead (II) cations from waste effluents, fixed carbon percentages (R2), and carbon yield
percentages (R3). Analysis of variance (ANOVA) was used to develop relevant mathematical models,
with an appropriate statistical assessment of errors. Level factorial response surface methodology
(RSM) relying on the Box–Behnken design (BBD) was implemented for the experimental design. The
surface area and porous texture of the samples were determined using Brunauer, Emmett, and Teller
(BET) adsorption/desorption curves based on the N2 isotherm. Surface morphological structure was
observed using field emission scanning electron microscopic (FESEM) analysis. Thermogravimetric
analysis (TGA) was carried out to observe the thermal stability of the sample. Change in the carbon
content of the samples was determined using ultimate analysis. X-ray diffraction (XRD) analysis
was performed to observe the crystalline and amorphous texture of the samples. The retention of a
higher proportion of fixed carbon (80.01%) ensures that the synthesized adsorbent (AKTWAC) will
have a greater adsorption capacity while avoiding unwanted catalytic activity for our synthesized
final sample.

Keywords: ligno-cellulosic biomass; activated carbon (AC); response surface methodology (RSM);
Box–Behnken design (BBD); lead (II) cations (Pb+2); microwave-assisted pyrolysis (MWP);
conventional pyrolysis; optimization and analysis of variance (ANOVA)
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1. Introduction

Adsorption is the most widely utilized approach for treating wastewater among all
known techniques due to its ease of operation, minimal installation costs, and superior efflu-
ent treatment effectiveness [1–4]. It is a reasonably environmentally benign and sustainable
strategy that utilizes waste materials, such as lignocellulosic wastes, to develop adsorbent
materials. Subsequently, it leads to the reduction of environmental pollution [5–7]. Accord-
ing to the adsorption studies, activated carbon (AC) is a commonly utilized adsorbent
material due to its excellent textural features; such as enlarged surface area, average pore
volume, and well-defined porous structures [8–10].

The morphological, as well as the chemical, features of the synthesized carbon are
determined by the lignocellulosic precursors [8,9], including the experimental variables
under which the activation procedure has taken place [10]. Physical and chemical pro-
cesses of activation, or a combination of both techniques, are used to generate activated
carbons (ACs) [11,12]. The porous nature of activated carbon (AC) enables it to have a
high sorption capacity. It is frequently used in industries to purify wastewater contain-
ing metallic/non-metallic impurities, colours, and organic compounds. Additionally, it
has exhibited considerable performance as a catalyst support and heating substrate in
thermochemical systems.

There are two processes used to produce ACs: carbonization and activation. Lignocel-
lulosic biomass is a suitable precursor for the production of ACs. ACs can be generated
using physical, chemical, and physiochemical thermochemical conversion of lignocellulosic
biomass. There is one step involved in the physical and chemical process during pyrolysis.
The physiochemical method involves two steps of carbonization and activation in the
presence of a suitable chemical reacting agent. These processes are carried out indepen-
dently, having the raw materials first carbonized and pyrolyzed at a higher temperature
(400–1000 ◦C) in the presence or absence of physical or chemical activating agents to en-
hance their porosity. Nevertheless, carbonization and activation can be accomplished
in a single-step process. There are mainly three types of pyrolysis process: traditional,
microwave heating, and catalytic pyrolysis. Conventional fixed-bed/tubular pyrolysis with
electric heating is more prevalently utilized to manufacture ACs [4]. Due to the extended
period required for the pyrolysis in an inert environment, the traditional electric heating
technique has economical limitations [13,14]. Additionally, due to the diameter and length
of the tubular furnace, a temperature gradient exists between the upper surface of the
precursors and the interior side of the sample, which may influence the composition of the
activated carbons (ACs) produced [13,14].

The conventional heating method for transferring the heat may be ineffective and
slow. The heat must be transmitted from the heat source (e.g., heating surface or filament)
to the reactor system, and then to the thermal conductor (e.g., the gas contained within
the furnace compartment) before reaching the sample surface which needs to be heated.
Additionally, this leads to a considerable loss of energy, requiring additional time to heat
the substances to the appropriate temperature for the pyrolysis to commence. Subsequently,
microwave-assisted pyrolysis (MWP) has been described for the production of high quality
ACs [15–19].

Microwave-induced heating provides an advantage over conventional heating in
terms of faster treatment time (10–15 min approximately), which usually result in energy
conservation and sustainability of the environment. This leads to a decrease in the process-
ing expenditure, using traditional pyrolysis process [13,14]. Microwave-induced heating
generates heat differently than traditional heating in a regular furnace. In a traditional
heating process, heat is transferred via conduction and convection, while in MWP heating,
heat is effectively produced via ion conduction and molecular dipole–dipole oscillation
or rotation of the sample. Consequently, sample temperature rapidly rises and tends
to produce a consistent, homogeneous temperature dispersion across the sample [13,14].
MWP heating does not involve direct interaction between the radiation supply and the
feedstock. This stimulates friction/interfacial turbulence between the subatomic particles in
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the substance, which results in a rapid thermal energy transfer across the entire volume of
the substance. This can offer additional ultra-fast, ‘volumetric’ heating to reheat the content
in large quantities. Numerous researchers have used MWP to produce ACs from a variety
of precursors, including durian shell [16], palm oil shell [13,20,21], banana frond [17], palm
shell [18], sugarcane bagasse [15], cocoa shell [19], seed pods of Albizia [22,23], rambutan
peel [24], peel of pomegranate [25], date stones [26], wastes from microalgae [27], stalks
of lotus [28], Crofton weeds [29], endocarp of macadamia [30], sludge of pulp mill [31],
industrial waste lignin [32], corn stover [33], peanut shell [34], etc.

Lead is considered as one of the hazardous heavy metals that can be ingested through
exposure to water and air [35]. Even at low concentrations, it is injurious to human and
aquatic organisms. It is typically found to form divalent cations, which is a highly toxic
element that is widely present in surface, ground, and industrial wastewater [36]. It
has the potential to be absorbed through the skin, as well as the digestive and respiratory
systems, which can have an effect on the body’s physiological mechanisms. Furthermore, its
deposition can lead to severe environmental and ecological threats for water bodies [37,38].
Wastewater from metal plating, paint, dye, battery production, and glass sectors can release
lead cations into water [38,39]. Based on the World Health Organization (WHO), the limit
of lead in water should be 0.01 mg/L. Earlier divalent cations of lead (Pb2+) concentration
was found to be approximately 0.321 mg/L in open drainage systems in certain industrial
sectors [39,40].

In this research, semi-carbonized char obtained from a fixed bed carbonization system,
derived from baobab wood chips from the trunk, was activated using microwave-assisted
pyrolysis (MWP), where potassium carbonate (K2CO3) was used as a chemical activating
agent. The process parameters of MWP were optimized in terms of microwave power (x1),
irradiation period (y1), and impregnation ratio (z1) using K2CO3. By incorporating the
Box–Behnken design (BBD), removal percentages of lead, Pb (II) cations (R1), fixed carbon
percentages (R2), and carbon yield percentages (R3) of each sample were measured depend-
ing on the response surface methodology (RSM). These assessments of input/independent
variables are essential in determining the effectiveness of the developed method for re-
cycling and converting the waste chips using a more energy-efficient process to yield
high-quality carbon that can be used for the removal of Pb (II) cations from polluted
streams. In previous literature, alkaline hydroxide, ZnCl2, or H3PO4 acid, which are strong
Lewis acid-based activating agents, have been used for pyrolysis using MWP as well as the
conventional heating process. Furthermore, ZnCl2 itself can introduce secondary pollutants
in aqueous effluents after leaching out from the carbon substrate. Adansonia kilima is mainly
found in southern and eastern Africa. Later on, it was also found in Kenya, Tanzania,
Zambia, South Africa, and Namibia. Previously, Adansonia digitata, another kind of Baobab
stem powder, and shell were activated using highly concentrated ZnCl2 to produce ACs
using conventional heating [41]. Adansonia digitata seed hulls, fruit shells, and fibres were
also activated using conventional heating using KOH, ZnCl2, H3PO4 activation; steam
pyrolysis; and two-step conventional pyrolysis, whereby both stages were conducted at
a very high temperature of 800–900 ◦C, respectively [42–44]. The use of harsh, corrosive
chemicals (KOH, ZnCl2, H3PO4) in the production of ACs is not economically feasible.
Nevertheless, the conventional pyrolysis technique is time consuming. In this study, the
potential of a relatively mild activating agent (K2CO3) is explored for microwave-assisted
pyrolysis (MWP) to produce ACs with outstanding physiochemical properties. To the
best of our knowledge, no research has been reported regarding the application of the
suggested process of microwave-assisted pyrolysis (MWP) using a Box–Behnken design
(BBD) for producing ACs from Adansonia kilima (Baobab) wood chips (AKTW) using the
mild activating agent of K2CO3.
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2. Results

2.1. Regression Model Development and Statistical Analysis

Tables 1 and 2 illustrate the magnitude of operational parameters during the microwave-
assisted pyrolysis (MWP) process. The design matrix based on a Box–Behnken design
(BBD) design suggested 17 experimental runs under different conditions containing three
input variables (power—x1, residence time—y1, and ratio—z1) and three output vari-
ables/responses (removal percentages—R1, fixed carbon content—R2, and yield
percentages—R3). Five experimental runs under identical conditions were performed
for the interpretation of the standard error at the centre/zero position.

Table 1. Input/independent variables for microwave-assisted pyrolysis (MWP) of AKTWC char,
including coded and actual level.

Input/Independent
Variables

Code Unit

Variable Levels
(Coded and Actual)

Desired Output/Dependent
Variables/Responses

−1 0 +1
Removal

Percentages
(%)

Active
Carbon

Content (%)

Yield
Percentages

(%)

Microwave Power x1 Watt 550 650 750 R1 R2 R3

Radiation/Residence
Time y1 Min. 10 12.5 15

Ratio z1 - 1 1.5 2

Table 2. Box–Behnken design (BBD) and experimental responses for microwave-assisted pyrolysis
(MWP) of AKTWC char to obtain AKTWAC, including coded and actual Level.

Sample
ID

Run Type of
Point

Level
(Coded Factors)

Input/Independent Variables
(Actual Factors)

Removal
Percent-

age
(%)

Fixed
Carbon
Content

(%)

Yield Per-
centages

(%)

Power
x1,

(Watt)

Radiation
Time,

y1,
(Min.)

Ratio
z3

R1
(%)

R2
(%)

R3
(%)

S-1 1 Center 0 0 0 650 12.50 1.50 85.99 78.77 83.44
S-2 2 Center 0 0 0 650 12.50 1.50 85.98 79.99 84.54
S-3 3 Center 0 0 0 650 12.50 1.50 85.59 78.87 83.33
S-4 4 Center 0 0 0 650 12.50 1.50 85.98 78.32 83.54
S-5 5 Center 0 0 0 650 12.50 1.50 85.77 79.33 82.99
S-6 6 IBFact 0 −1 0 550 10.00 1.50 87.04 80.22 85.88
S-7 7 IBFact +1 −1 0 750 10.00 1.50 80.99 62.77 80.08
S-8 8 IBFact +1 0 −1 750 12.50 1.00 84.33 62.76 78.99
S-9 9 IBFact 0 −1 −1 650 10.00 1.00 86.39 76.33 84.06

S-10 10 IBFact 0 +1 +1 650 15.00 2.00 72.33 70.44 76.87
S-11 11 IBFact −1 0 −1 550 12.50 1.00 86.03 75.66 86.76
S-12 12 IBFact −1 0 +1 550 12.50 2.00 81.22 70.43 81.09
S-13 13 IBFact −1 0 0 550 15.00 1.50 82.09 68.44 83.99
S-14 14 IBFact 0 +1 −1 650 15.00 1.00 73.56 70.75 82.45
S-15 15 IBFact +1 +1 −1 750 15.00 1.50 69.99 61.79 78.89
S-16 16 IBFact 0 0 +1 650 10.00 2.00 74.22 69.87 79.77
S-17 17 IBFact +1 0 +1 750 12.50 2.00 68.55 61.99 73.32

Three quadratic regression models based on removal percentages—R1, fixed carbon
content—R2, and percentage yield—R3 are suggested by the software and represented by
Equations (1)–(3).

Removal Percentages o f Lead, Pb(I I)Cations (R1) = +85.86 − 4.06x1 − 3.83y1−4.25z1 − 1.51x1y1
−2.74x1z1 + 2.73y1z1 − 1.21x2

1 − 1.62y2
1 − 1.62z2

1
(1)
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Fixed Carbon Percentages (R2)

= +79.06 − 5.68x1 − 2.22y1 − 1.60 z1 + 2.70x1y1 + 1.11 x1z1 + 1.54y1z1 − 7.44x2
1

−3.31y2
1 − 3.90z2

1

(2)

Carbon Yield Percentages (R3)

= +83.57 − 3.30 x1 − 0.95y1 − 2.65z1 + 0.17 x1y1 − 0.77 x1z1 − 0.32 y1z1

−1.05x2
1 − 0.31 y2

1 − 2.48 z2
1

(3)

The R2 values for Equations (1), (2), and (3) are 0.987, 0.981, and 0.972, respectively,
which were closer to unity, indicating that the developed models are suitable (Figure 1). The
coefficient of variation (CV) and standard deviations found were minimal, indicating that
the proposed models are reliable (Table 3). The signal-to-noise ratio was used to estimate
the magnitude of adequate precision [45,46]. Adequate precision values need to be higher
than 4 for successful simulation of the proposed models. For removal percentages, R1,
fixed carbon content, R2, and yield, R3, the adequate precision was 21.76, 18.96, and 20.26,
respectively. Therefore, the experimental data set reported here is statistically significant
for navigating the design [47].

(a) (b) 

(c) 

Figure 1. Predicted versus actual/experimental data points: (a) removal percentages, R1; (b) fixed
carbon percentages, R2; (c) yield percentages, R3.
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Table 3. Statistical tools for model validation.

Statistical Tools

Output Variables/Responses

Removal
Percentages

Fixed Carbon
Content

Percentage Yield

R1 R2 R3

Standard Deviation,
SD% 1.11 1.20 0.81

Mean 80.94 72.16 81.76
Correlation

Coefficient, R2 0.98 0.98 0.97

Adjusted R2 0.97 0.96 0.94
Coefficient of
Variation, CV 1.37 1.67 0.99

Adequate Precision 21.76 18.96 20.26

Tables 4–6 present the findings from ANOVA analysis for removal percentage (R1), car-
bon content percentages (R2), and carbon yield percentages (R3), correspondingly, indicating
that these regression models are statistically relevant, having a confidence level at 95%. To
assess the level of competence of the developed models, the magnitude of F-test results,
reflecting the divergence of the data from the average/mean value, were computed. Figure 1
represents linear plots for predicted versus actual data points for R1, R2, and R3, respectively.

Table 4. Influence of input/independent variables on removal percentages (R1): analysis of variance
(ANOVA) test.

Source Sum of
Squares

Degree of
Freedom

Mean
Square F Value Prob > F Comments

Model 665.58 9 73.95 60.45 <0.0001 Significant
x1 132.19 1 132.19 108.05 <0.0001
y1 117.58 1 117.58 96.11 <0.0001
z1 144.42 1 144.42 118.01 0.0003

x1
2 6.20 1 6.20 5.07 0.0591

y1
2 89.91 1 89.91 73.49 <0.0001

z1
2 89.72 1 89.72 73.33 <0.0001

x1y1 9.15 1 9.15 7.48 0.0291
x1z1 30.09 1 30.09 24.59 0.0016
y1z1 29.92 1 29.92 24.46 0.0017

Residuals 8.56 7 1.22
Lack of Fit 8.44 3 2.81 88.80 0.0004
Pure Error 0.137 0.0049

Table 5. Influence of input/independent variables on fixed carbon content percentages (R2): analysis
of variance (ANOVA) test.

Source Sum of
Squares

Degree of
Freedom

Mean
Square F Value Prob > F Comments

Model 738.36 9 82.04 56.64 <0.0001 Significant
x1 258.10 1 258.10 178.18 <0.0001
y1 39.47 1 39.47 27.25 0.0012
z1 20.38 1 20.38 14.07 0.0072

x1
2 33.33 1 33.33 168.08 <0.0001

y1
2 46.06 1 46.06 31.78 0.0008

z1
2 64.10 1 64.10 44.25 0.0003

x1y1 29.16 1 29.16 1.71 0.1063
x1z1 4.97 1 4.97 13.08 0.0378
y1z1 9.46 1 9.46 3.43 0.0028

Residuals 10.14 7 1.45
Lack of Fit 8.53 3 2.84 14.67 0.0126
Pure Error 1.61 4 0.40
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Table 6. Influence of input/independent variables on yield percentages (R3): analysis of variance
(ANOVA) test.

Source Sum of
Squares

Degree of
Freedom

Mean
Square F Value Prob > F Comments

Model 184.13 9 20.46 31.34 <0.0001 Significant
x1 87.38 1 87.38 133.86 <0.0001
y1 7.20 1 7.20 11.03 0.0127
z1 56.23 1 56.23 86.14 <0.0001

x1
2 4.67 1 4.67 7.15 0.0318

y1
2 0.39 1 0.39 0.60 0.4636

z1
2 25.80 1 25.80 39.52 0.0004

x1y1 0.10 1 0.10 0.19 0.6774
x1z1 0.30 1 0.30 0.77 0.2987
y1z1 0.42 1 0.42 0.64 0.4509

Residuals 4.57 7 0.65
Lack of Fit 3.22 3 1.07 1.10 0.1471
Pure Error 1.35 4 0.34

The model F values for Pb (II) cations removal percentages (R1), fixed carbon content
percentages (R2), and yield percentages (R3) were 60.45, 56.64, and 31.34, respectively,
indicating that these models were credible and significant. Nevertheless, for these output
responses, the magnitude of Prob > F values were lower than 0.05, indicating that the
model variables included here for the analysis of responses were significant [48].

The linear variables of power (x1), time (y1) and ratio (z1), interaction terms x1y1 and
y1z1, and also their quadratic terms y1

2 and z1
2, were significant for the response of removal

percentages, R1. In comparison to power (x1), other linear factors such as time (y1) and ratio
(z1) had a moderate effect on the elimination percentages (R1). The interaction between
power and ratio (x1z1) had a stronger influence on removal percentages, R1 (according to
the greatest value of F = 30.09) than the remaining interaction variables of y1z1 and z1 × 1.

For fixed carbon content percentages, R2, power (x1), time (y1), and ratio (z1), along
with the interaction terms of x1y1 and y1z1, are significant model terms. The quadratic
model terms x1

2, y1
2, and z1

2 were also significant (Table 5). The power (x1), radiation
duration (y1), and ratio (z1) had a substantial impact on percentage yield of carbon (R3).
The quadratic terms of x1

2 and z1
2 were also significant for R3. The interaction between

time and ratio, y1z1, had a more prominent influence compared with the other interaction
terms (x1z1 and x1y1) on percentage yield, R3 (Table 6).

2.2. Process Optimization

The optimal values for the output variables, designated as responses (removal percent-
ages, R1, fixed carbon content percentages, R2, and yield percentages, R3), were determined.
Due to the distinct interest areas of input variables (power—x1, radiation time—y1, and
ratio—z1), it was difficult to maximize the selected responses (R1, R2, and R3) using the
identical operating conditions. Maximum removal percentages, R1, and fixed carbon per-
centages, R2, were observed under identical conditions shown at Run 6 (power, 550 watts,
time, 10 min, and ratio 1.50). This is expected, as the maximum amount of fixed carbon
content with less ash residues can ensure maximum removal percentages. However, yield
percentage, R3, was maximum under the condition of Run 11 (power, 550 watts, time,
12.5 min, and ratio, 1.00). Two different sets of parameters were observed for maximum
values of R1, R2, and R3. Thus, the desirability indicator was implemented using the State
Ease Design Expert Software–9. To determine the optimal set of processing variables for
the production of ACs, the target criterion for the output variables/responses were fixed to
“maximum”, while the level of input variables were kept “in the range”. The desirability
ramp with the graph is shown in Figure 2.
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(a) 

(b) 

Figure 2. (a) Optimization/desirability ramp and (b) 2D contour plots for desirability function.

The predicted and actual experimental values for the responses determined under
optimum processing conditions are summarised in Table 7. The measured values demon-
strate the average of the three experimental results carried out for the assessment of the
accuracy of the process.

Table 7. Optimization for the microwave-assisted pyrolysis (MWP) process.

Power Radiation
Time

Ratio Percentage Removal
(R1)

Fixed Carbon Content
(R2)

Yield Percentages
(R3)

(Watt) (Min.) (-) Predicted Experimental Error Predicted Experimental Error Predicted Experimental Error

568.59 10.13 1.32 87.73 85.66 2.35 80.98 80.02 1.18 86.85 85.90 1.09

2.3. Effect of Process Variables on Adsorption Performance (R1) of AKTWAC

The optimum ACs need to ensure higher removal efficiencies of contaminants from the
aqueous phase, having superior physicochemical properties. In such scenarios, the carbon
materials (AKTWAC) ought to have significant BET surface area and suitable porosity
to enable the aqueous state sorption process. RSM was used to explore the influence of
three factors (power—x1, residence time—y1, and ratio—z1) on the removal percentages of
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Pb (II) metal ions (R1), employing a three-dimensional response surface (RSM) mesh and
two-dimensional contour plots. According to the RSM analysis, all three factors contributed
successively to increasing the percentage removal (R1) up to a specified level.

Figure 3a illustrates the effect of microwave power (x1) and radiation duration (y1) on
the percentage removal (R1) when the other parameters of impregnation ration (z1) were
kept consistent at centre/zero level (1.5). Figure 3b depicts the impact of duration (y1) and
ratio (z1) on the percentage removal (R1) when power (x1) was fixed at the centre point
(650 watts). Figure 3c shows the cumulative impact of power (x1) and ratio (z1) on the
removal percentages (R1) when radiation time (y1) was kept constant at the centre level
(12.5 min). The values provided along the x- and y-axis are precise, actual values.

 

(a) 

(b) 

(c) 

Figure 3. Three-dimensional RSM surface mesh plots with respective 2D contour plots for removal
percentages (R1): (a) effect of microwave power (x1) and radiation duration (y1) when impregnation
ration (z1) was kept consistent at the centre/zero level (1.5), (b) effect of duration (y1) and ratio (z1)
when power (x1) was fixed at the centre point (650 watts), (c) effect of power (x1) and ratio (z1) when
radiation time (y1) was kept constant at the centre level (12.5 min).

38



Molecules 2023, 28, 6640

Figure 3a–c demonstrates that increasing the radiation power (x1) as well as extending
the retention period (y1) in the microwave improves the percentage removal (R1) up to
a definite point. This inevitably results in a concave layout of the RSM figures. The
greatest percentage removal (R1) achieved was approximately 87.04% (from experimental
Run 6; condition: lower power level (x1)—550 watts, duration(y1)—10 min, and ratio
(z1)—1.5 under N2 flow of 50 mL/min). The application of microwave power (x1) for a
certain duration (y1) and ratio (z1) can increase the elimination and dehydration processes
during the MWP pyrolysis/activation phase. Enhanced power (x1) and duration (y1) of
activation can ensure the emission of more volatile chemicals from the interior side of
the carbon matrix. To increase the porosity and surface area, an optimal contact period is
necessary to allow greater interaction between the semi-carbonized char (AKTWC) and
K2CO3 in the presence of N2 gas [49–51]. On the other hand, a too low ratio (z1) cannot
enhance the cracking mechanism necessary for the formation of pores, consequently having
no favourable leverage on the sorption performance of the ACs synthesised here.

The lower removal percentages (R1) at a very high level of MWP power (x1) could
be related to the sintering/thermal decomposition, accompanied by deformation of the
semi-carbonized char (AKTWC). This can cause realignment of the synthesised activated
carbon structure, leading to reduced surface areas and pore volume. This phenomenon
was explained earlier for the sorption of MB using ACs produced from the stalks of cotton
using MWP-based KOH activation, whereby 400-watt power was chosen as the optimal
level of power for activation [52]. The findings of ANOVA results in Table 3 reveal that
ratio (z1) has the major impact on Pb (II) cation uptake [49,50].

The cumulative effect of power (x1) and ratio (z1) is decreasing the removal percentages
(R1), as can be seen by the contours of the graphs (Figure 3b), until a certain range. This
indicates that increasing the power (x1) and ratio (z1) of activating salt in the environment
of N2 gas would improve the rate of the reaction between K2CO3 and semi-carbonized char
(AKTWC), leading to more porosity, up to a fixed threshold value. Maximizing the power
(x1) and ratio (z1) beyond that specific threshold point will have a detrimental impact on
the sorption process. This has been anticipated because a very high level of power or
ratio of K2CO3 can disrupt certain functional groups over the carbon surface. Microwave
annealing due to heat may negatively affect the porous structure of the synthesized carbon,
incinerating the pore walls and decreasing the overall volume of the pore [44,53,54].

The residence time (y2) also had a progressive effect on increasing the surface area,
with a porous texture of the ACs produced from cassava peel. Meanwhile, the proportion
of micro- and mesopores was significantly influenced by the impregnation ratio using the
strong base of KOH and temperature [49–51]. Enhanced radiation time (y1) and power (x1)
decreased the removal percentages (R1) after a certain level. At a higher power level (x1) of
650 to 750 watts and residence time (y1) of approximately 12.5 to 15 min, more radiation
takes place, and the semi-carbonized char (AKTWC) is exposed under that condition. This
may disrupt the C–C and C–O–C bonds of carbon and can cause burning of the carbon to
produce more ash and weight loss. Too much exposure under microwave radiation is not
recommended because it may increase ash production, destruction of pores, and functional
groups, resulting in a reduction in the removal efficiencies (R1).

Thereby, it can be inferred that exceeding the optimal limits for radiation power (x1),
duration (y1), and ratio (z1) destroys the porous network, which tends to result in a de-
creased BET surface area and reduced removal rate percentages (R1). Nevertheless, the
removal percentages (R1) were reduced at extremely minimal levels of ratio (z1) of approxi-
mately 1 at a power (x1) of 650 or 750 watts, irrespective of duration (y1) at 10 to 15 min
(Table 2). This occurs as a result of inadequate interactions between the semi-carbonized
char (AKTWC) and K2CO3, potentially degrading the efficiency of the synthesized carbon
(AKTWAC) [55].
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2.4. Effect of Process Variables on Fixed Carbon Content (R2)

Figure 4a illustrates the incremental effect of two variables, power (x1) and radiation
time (y1), on the percentage fixed carbon (R2) inside the AC samples produced using the
condition of experimental Runs 1–17 (Table 2), whereby K2CO3 ratio (z1) was set to zero
at the centre point (1.25). Figure 4b depicts the simultaneous effect of radiation time (y1)
and K2CO3 ratio (z1) on percentage fixed carbon (R2), with power (x1) maintained at its
respective centre point (650 watts). Figure 4c shows the collective effect of power (x1) and
K2CO3 ratio (z1) on percentage fixed carbon (R2) when time (y1) was maintained at its
respective centre point (12.50 min).

 

 
 (c) 

(b) 

(a) 

Figure 4. Three-dimensional RSM surface mesh plots with respective 2D contour plots for fixed
carbon percentages (R2): (a) effect of microwave power (x1) and radiation duration (y1) when
impregnation ration (z1) was kept consistent at the centre/zero level (1.5), (b) effect of duration (y1)
and ratio (z1) when power (x1) was fixed at the centre point (650 watts), (c) effect of power (x1) and
ratio (z1) when radiation time (y1) was kept constant at the centre level (12.5 min).

In this study, all three factors examined had a stimulating effect on the fixed carbon
content percentages (R2). It was discovered that increasing the power (x1), duration (y1),
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and ratio (z1) significantly lowered the carbon content (R2) of the sample after the optimal
limit. Power (x1) had the greatest effect on fixed carbon content (R2), as demonstrated
before by the maximum F value of 258.10 in Table 4, but ratio (z1) was relatively less
significant (F value is 20.38) in comparison to power (x1) and time (y1). The lowest carbon
content was observed at 750 watts for 15 min, with a K2CO3 ratio of 1.50 (Run 15), as
indicated by Table 2. Increasing the power (x1), radiation duration (y1), and ratio (z1) after
a certain level will accelerate the diffusion K2CO3 within the char matrix, leading to the
formation of ash. This would lower the fixed carbon percentages (R2) due to enhanced
de-volatilization and burning of the carbon to ash residues. This phenomenon is consistent
with previous findings when producing ACs from orange peel using microwave-induced
KOH and NaOH activation [56].

2.5. Effect of Process Variables on Yield Percentages of AKTWAC Carbon (R3)

Figure 5a demonstrates the combined effect of two variables, power (x1) and radiation
time (y1), on the percentage yield of carbon (R3) inside the AC samples produced using
the condition of experimental Runs 1–17 (Table 2), whereby the K2CO3 ratio (z1) was fixed
to the centre at 1.25. Figure 5b represents the concurrent effect of radiation time (y1) and
K2CO3 ratio (z1) on percentage carbon yield (R2), with power (x1) kept at its respective
centre point (650 watts). Figure 5c shows the collective effect of power (x1) and K2CO3 ratio
(z1) on percentage carbon yield (R3) when time (y1) was retained at its respective centre
point (12.50 min).

(a) 

(b) 

Figure 5. Cont.
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(c) 

Figure 5. Three-dimensional RSM surface mesh plots with respective 2D contour plots for yield
percentages (R3): (a) effect of microwave power (x1) and radiation duration (y1) when impregnation
ration (z1) was kept consistent at the centre/zero level (1.5), (b) effect of power (x1) and ratio (z1)
when radiation time (y1) was kept constant at the centre level (12.5 min), (c) effect of duration (y1)
and ratio (z1) when power (x1) was fixed at the centre point (650 watts).

All three variables considered in this study had a significant impact on the carbon
yield percentages (R3). It was observed that raising the power (x1), time (y1), and ratio
(z1) of the MWP pyrolysis of the sample resulted in a substantial decrease in the yield
percentages (R3) after the optimum limit. As previously indicated by the maximum F value
of 87.38 in Table 5, power (x1) had the highest impact on carbon yield (R3), while radiation
time (y1) was considerably less significant (F value of 7.20). Ratio (z1) had a stronger effect
on yield percentages (R3) compared with time (y1). As stated in Table 2, the lowest carbon
yield was found at 750 watts for 12.5 min with a K2CO3 ratio of 2.00 (Run 15).

A higher magnitude of power (x1) in conjunction with a greater ratio (y1) results in
lower carbon yield percentages (R3) (Figure 5a). The rise in power (x1) will induce more
heat energy and will eventually intensify the elimination and dehydration activities inside
the sample, resulting in the formation of more gaseous and liquid fractions rather than solid
ACs with a higher proportion of ash residues. Thus, yield percentage will drop at higher
power levels with enhanced radiation time. This observation was previously reported in the
literature when oil palm fronds were used to prepare ACs using the conventional heating
approach for the elimination of zinc (Zn (II)) cations [57]. Overall, the yield percentages
(R3) of ACs dropped when the level of the process parameters was increased. Several
studies have documented a similar tendency [58–60]. The negative relationship between
microwave radiation duration and AC production can be explained by the increasing
amount of breakdown of organic residues by prolonged radiation time (heating) [60]. As a
result, more volatile content was discharged from the partially carbonized char, resulting
in a reduced yield of ACs. The greater proportion of K2CO3, along with the increased
thermal energy generated by the higher microwave power, likely aided the burning of the
semi-carbonized char, resulting in a reduced conversion of char to AC substrate.

2.6. Physio-Chemical Characterizations
2.6.1. Surface Morphological Analysis

FESEM images of untreated AKTW, AKTWC, and AKTWAC produced under optimal
circumstances are shown in Figure 6a–c. As can be seen from Figure 6a, the untreated
precursor of AKTW has a relatively smooth surface with few cracks and craters and a
negligible amount of pores. It is almost non-porous before the semi-carbonization process
using the fixed bed reactor. The semi-carbonization process in the presence of N2 gas at
650 ◦C has created some pores over the surface of AKTWC (Figure 6b). Microwave-assisted
pyrolysis (MWP) in the presence of K2CO3 leads to the formation of many distorted pores.
However, the majority of these pores have a circular shape (Figure 6c)

42



Molecules 2023, 28, 6640

  

 

Figure 6. Surface morphological analysis using field emission scanning electron microscopic (FESEM)
images: (a) AKTW, (b) AKTWC, (c) AKTWAC.

The gasification process in the presence of K2CO3 is responsible for the development
of the porous texture of the carbon and can be represented by the following reactions [61].
Due to the reducing effect, the carbon can generate K2O, K, CO, and CO2 gas from K2CO3
based on the following reactions [61]:

K2CO3 + 2C → 2K + 3CO

K2CO3 → K2O + CO2

K2O + C → 2K + CO

It is expected that metallic potassium (K) produced during the gasification will pen-
etrate into the internal surface of the char cavity, enlarging the existing holes, which can
form new pores. Pore diameter can be regulated by specific surface interactions and the
quantity and rate of volatile compounds emitted. Evidently, the volume and geometry
of the pores are highly dependent on, not only the magnitude of radiation time, ratio,
reactor design, flow rate, and types of the activating gas, but also on the sort (conventional
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or microwave-assisted) and rate of heating. After microwave-assisted pyrolysis (MWP),
the microstructure of pores was clearly apparent (Figure 6c). This indicates that K2CO3
impregnation and soaking had annihilated the undesirable particles that had been clogging
the pores after the semi-carbonization process (Figure 6b) [56,57]. As a result, the surface
area and volume of the pores were significantly enhanced after the microwave-assisted
pyrolysis process. This phenomenon is further supported by BET analysis of the AKTWC
and AKTWAC sample. The final sample of AKTWAC was washed several times to ensure
the removal of unreacted K2CO3 from sample. As depicted earlier, metallic potassium
intercalated during microwave-assisted pyrolysis to enlarge the surface area according to
mechanisms (I), (II), and (III). EDX analysis was carried out, and after final washing in
AKTWAC, the potassium content was relatively small, approximately 1.02%, with carbon
at 83.23%, oxygen at 5.57%, silicon at 6.34%, aluminium at 3.54%, and a trace amount of
iron content at 0.30%. Other elements, such as silicon, aluminium, and iron, were found
due to the presence of ash, as impurities inside the carbon matrix [35]. The lower content
of potassium is due to the vigorous washing of the final sample (AKTWAC) until the pH
became neutral.

2.6.2. Surface Area and Porous Texture Analysis

N2 adsorption–desorption curves reveal qualitative feedback on the adsorption capac-
ity and porosity of the carbonaceous substrate. The N2 adsorption isotherm assessment
(Figure 7a) revealed that the isotherm obtained here for AKTWAC can be classified as
an intermediate between Category I and Category II isotherms, designated by the Inter-
national Union of Pure and Applied Chemistry (IUPAC) association. This adsorption
pattern indicates a hybrid structure containing both micro- and meso-porous texture. At
relatively higher pressures, the isotherm curve exhibits a small hysteresis loop, indicating a
meso-porous texture.

Table 8 provides detailed information regarding the surface area and porous texture of
the AKTWC and AKTWAC samples. Mesopores have encompassed approximately 49.06%
of the total volume of the pores in AKTWAC. This reflects an adequate porous texture
suitable for aqueous phase adsorption.

Table 8. Surface textural properties analysis.

Sample
SBET

(m2/g)
Smic

(m2/g)

Langmuir
Surface

Area
(m2/g)

External
Surface

Area
(m2/g)

Smic/SBET
(%)

Vmic

(cm3/g)
Vtot

(cm3/g)
Diameter

(nm)

Bulk
Density
(g/mL)

Iodine
Number
(mg/g)

PZPC

AKTWC 448.79 209.99 699.89 238.81 46.79 0.07 0.16 4.76 - - -

AKTWAC 1390.76 798.67 1882.91 592.09 55.26 0.49 0.96 6.73 0.07 1297.87 4.6

When AKTWAC was compared to carbonized AKTWC, it was observed that the BET
surface area, micropore surface area, Langmuir surface area, and total pore volume all
increased significantly, confirming pore formation and enlargement of the existing ones
during the microwave pyrolysis step (Table 8). The AKTWAC produced in this work had a
relatively higher BET surface area of 1390.76 m2/g and total pore volume of 0.9643 cm3/g,
which is efficient enough for the removal of Pb (II) cations from waste water.

The pore size distribution is a representation of the intricate hollow areas inside the
interior surface of the solid substrate. The pores are classified as micropores (diameter less
than 2 nm), mesopores (diameter equal to 2–50 nm), and macropores (diameter greater
than 50 nm) according to the IUPAC classification. The pore size distribution of AKTWAC
was determined using density functional theory (DFT) modelling. The highest peak with
adsorbed volume was observed between 5 and 7 nm, with an average diameter of the
pore of approximately 6.73 nm (Figure 8b), indicating that the largest proportion of pores
developed inside the AKTWAC were mesopores.
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(a) 

 (b) 

Figure 7. (a) BET adsorption isotherm and (b) pore size distribution of AKTWAC sample.

45



Molecules 2023, 28, 6640

 

Figure 8. X-ray Diffraction Spectra for (a) AKTW (b) AKTWC (c) AKTWAC.

2.6.3. Thermogravimetric and Elemental Analysis

Thermo-gravimetric (TGA) analysis was used to determine the thermal stability of
AKTW, AKTWC, and AKTWAC. AKTWAC showed increased thermal stability compared
with AKTWC and AKTW. As shown in Table 9, the dtgmax values for AKTW, AKTWC,
and AKTWAC were 347.38 ◦C, 371.22 ◦C, and 378.87 ◦C, respectively. Between the three
primary components of ligno-cellulosic wastes, hemicelluloses had the minimum thermal
stability [62–64]. Semi-carbonization as well as microwave-assisted pyrolysis of AKTW
eliminated hemicelluloses and the amorphous portion of the cellulose. This finally increased
the thermal stability of the AKTWAC sample. Thus, AKTWAC contained a greater portion
of stabilized carbon fragments and was more resistant to heat. The first degrading phase,
which tends to occur between 70 and 130 ◦C, is due to the moisture evaporation. The
second degradation phase for AKTW occurs between 200 ◦C and 300 ◦C, which reflects
the degradation of hemicellulose. At 300 to 400 ◦C, degradation of cellulose takes place.
It was previously established that hemicellulose degradation occurs concurrently with
degradation of cellulose in ligno-cellulosic residues. However, degradation of lignin takes
place between 200 and 800 ◦C [62–64].

Table 9. Thermo-gravimetric (proximate analysis—TGA) of AKTW, AKTWC, and AKTWAC.

Proximate Analysis
(TGA)

AKTW AKTWC AKTWAC

Carbon Content (%) 51.92 70.70 80.02
Moisture (%) 3.88 2.87 1.76

Volatile Matter (%) 36.98 14.55 2.07
Ash Residues (%) 7.22 11.88 16.21

dtgmax 347.38 371.22 378.87
Elemental Analysis

C 53.98 68.78 81.03
H 6.87 4.89 1.12
N 2.12 0.78 0.24
O 35.05 24.52 17.29
S 1.98 1.03 0.32
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This effect is also noticeable from ultimate analysis, wherein the percentage carbon in
AKTW was originally 50.87% but was increased to 81.99% after the consecutive process
of semi-carbonization and microwave-assisted activation (MWP). Elemental analysis was
carried out and is tabulated in Table 9. The CHNOS analysis revealed that successive
treatment with pyrolysis increased the carbon content of the sample, but the proportion of
hydrogen and oxygen decreased. Enhancement of carbon content in activated AKTWAC
illustrated that microwave-assisted pyrolysis after K2CO3 impregnation was appropriate
enough to enhance the quality of the final activated carbon required for sufficient removal of
lead cations from water. Pyrolysis under microwave caused vigorous reactions to take place
due to metallic potassium intercalation inside the carbon matrix, releasing a significant
amount of volatile organic compounds as gaseous and liquid products. This finally reduced
the amount of hydrogen and oxygen content inside the sample [51,64].

2.6.4. X-ray Diffraction Analysis

The technique of X-ray diffraction analysis (XRD) is used in materials research to
identify the crystalline properties of a material [65–67]. The structural variations of the
AKTW, AKTWC, and AKTWAC were investigated using XRD analysis. The XRD patterns
for the samples are shown in Figure 8. Owing to the stacking arrangement of the aromatic
layers, a blunt diffraction peak appeared at 2θ = 22–25◦ for AKTWC and AKTWAC,
corresponding to the diffraction of (002). This represents the amorphous texture of the
AKTWC and AKTWAC samples. However, the AKTW sample contains two diffraction
peaks at 16◦ and 22◦, reflecting the presence of a crystalline and amorphous region of
cellulose. After semi-carbonization and microwave-assisted pyrolysis, the microcrystalline
framework of the cellulose in untreated AKTW has been disrupted. A similar trend was
observed for ACs obtained from lotus stalk after the activation process using phosphorous
oxy-acids [68].

3. Materials and Methods

3.1. Materials
3.1.1. Preparation of Feedstock

AKTW trunk chips were obtained from a local furniture factory in Africa. The chips
were washed under running water to avoid contamination by dust and dried for 24 h at
120 ◦C. The dried chips were crushed and ground to powder and stored in plastic vials prior
to semi-carbonization using a fixed-bed reactor under nitrogen (N2) flow at a temperature
of 650 ◦C for 2 h. The temperature ramping was kept constant at 10 ◦C per minute to avoid
excessive burn off to have a lower amount of ash residues and prevent the weight loss of
activated carbon (ACs). The semi-carbonized char designated as AKTWC was impregnated
with K2CO3 at different ratios based on the BBD design matrix, as illustrated by Tables 1
and 2. With that impregnated sample, 500 mL of distilled water was added and stirred
at room temperature for 8 h. The mixture was kept for 24 h after the stirring to ensure
adequate soaking of the sample. It was filtered and dried in a vacuum oven overnight before
the microwave-assisted pyrolysis (MWP). An impregnated and soaked sample (AKTWC)
was placed inside the quartz reactor of the microwave equipped with a thermocouple by
changing the power (x1), residence time (y1), and ratio (z1), as suggested by Table 2. Inside
the microwave, N2 gas flow was maintained at 50 mL/min. Each experimental run carried
out under different conditions yielded different types of activated carbon (AC) samples. A
synthesized AKTWAC sample after the microwave-assisted heating process was washed
vigorously with distilled water to remove the residual salt. Washing was carried out until
the sample pH was neutral. The final sample (AKTWAC) was dried overnight in a vacuum
oven at 45 ◦C and sent for necessary characterizations. Lead (II) cations, Pb (II) removal
percentages (R1), fixed carbon content (R2), and yield percentages of carbon (R3) were
determined and are tabulated in Table 2. For further mathematical modelling, ANOVA
analysis and process optimization were performed on the final sample of AKTWAC.
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3.1.2. Preparation of Adsorbate Solution

Lead nitrate, Pb(NO3)2, salt, and K2CO3 were purchased from Sigma–Aldrich, Japan.
A stock solution of lead (II) cations with a concentration of 1000 ppm was prepared using
distilled water (DI). The stock solution was diluted to 100 ppm before observing the
performance of ACs prepared using two-step microwave-assisted (MWP) pyrolysis of
semi-carbonized char (AKTWC).

3.2. Methodology
3.2.1. Adsorption Studies

The concentration of 100 mg/L was agitated with 0.25 g of the AKTWAC sample to
calculate the removal percentages, R1. (Table 2). At 30 ◦C and 200 rpm rotation speed,
the adsorption experiment was carried out. The pH of the pollutant Pb (II) solution was
fixed to 5.5 before agitation, and volume treated with 0.25 g of AKTWAC containing Pb
(II) cations with a concentration of 100 mg/L was 50 mL until equilibrium time (6 h—after
which carbon became exhausted and no further adsorption took place). The following
equation [51,64,69,70] was used to determine the quantity of Pb (II) ions adsorbed onto the
solid surface of ATWAC:

qe =
(C0 − Ce) V

W
(4)

where he quantity of cation loaded after the equilibration time is denoted by qe (mg/gm); C0
represents the initial concentration Pb (II) cation; Ce (mg/L) is the remaining liquid phase
concentrations present after equilibrium is achieved; V (L) is the pollutant volume; and W
(gm) denotes the weight of AKTWAC used. Based on Table 2, the subsequent equation was
used to calculate removal percentages under various experimental conditions [51,64,69,70]:

Removal Percentages =
(C0 − Ce)

C0
× 100 (5)

3.2.2. Design of Experiment Using Response Surface Methodology (RSM)

To investigate the influence of several effective variables on Pb (II) cation removal
efficiency (R1) from aqueous solution, the Box–Behnken design (BBD) approach, which
relies on the RSM technique, was used. The BBD design is suitable for identifying the
most optimal permutations of factors; at the same time, it can ensure maximum fixed
carbon content (R2) with maximum yield (R3) while maintaining the highest adsorption
capacity (R1). It is employed to generate a second order polynomial model including linear,
interaction, and quadratic terms (Equation (6)) [66]. The independent/input variables used
here for microwave-assisted pyrolysis (MWP) were power (x1), time (y1), and ratio (z1).
The percentage removal of Pb (II) ions (R1), fixed carbon content (R2), and yield (R3) were
selected as responses (dependent variable). Fixed carbon content was measured using
TGA analysis.

To conclude, the optimization technique consists of three key steps: statistically plan-
ning and conducting the experiments, developing the suitable mathematical models, and
assessing the appropriateness of the developed models [47,48,62,71,72].

R = ( f (x1 , x2, x3, x4 . . . xn) (6)

Here, R represents the responses and xi represents the input variables under consid-
eration. For each input factor, the low, middle, and high values were expressed by the
coded numbers 1, 0, and +1, respectively. It is significant to ensure an accurate estimation
of the appropriate functional correlation between the input/independent factors and the
predefined responses in order to optimize the system [71,72].

After the experimental runs were completed, the responses were used to develop
qualitative models that could be used to correspond the responses of removal percentages
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(R1) with fixed carbon (R2) and yield (R3) using a second-degree mathematical model, as
expressed by Equation (7) [72]:

R = b0 +
n

∑
i=0

b1x1 +
n

∑
i=1

biix2
1 +

n

∑
i=0

×
n

∑
j>1

bijxixj (7)

R stands for the anticipated responses, b0 designates the constant coefficient, b1 for the
linear coefficients, bij for the interaction coefficients, bii for the quadratic coefficients, and xi,
xj for the adsorption in coded terms [66]. The proposed number of trials at the centre point
for three factors is 5, and the overall number of experiments (N) necessary is 17 (Table 2).
The coded and actual levels of three factors, as well as the responses acquired for the BBD
experimental design matrix, are presented in Table 2.

3.2.3. Analytical Methods and Physio-Chemical Characterization

To determine the surface characteristics of the produced samples, different analytical
methods were used. A field emission scanning electron microscope (FE-SEM) connected
with EDX analysis was used to examine the surface morphological variations of final
derivatives (SUPRA Zeiss 35-VP; Zeiss Group, Berlin, Germany).

A BET Surface Area Analyser (TriStar II; Micrometrics, Berlin, Germany) was used
to determine the BET surface area, micropore, mesopore area, volume, and porosity of
the samples. The samples were outgassed under vacuum at 400 ◦C for 6 h before N2 gas
adsorption to eliminate moisture content. The Brunauer–Emmett–Teller (BET) method
was employed to estimate the surface area and diameter of the pores, while the t-plot
approach was used to quantify micropore volume. Iodine number and bulk density, along
with PZPC of the synthesized AKTWAC, were measured [52]. X-ray diffraction (XRD,
Bruker AXS-D8 Advance; Bruker Corporation, Kuala Lumpur, Malaysia) operating at
40 kV and 40 mA with a Cu-Kα radiation source was used. XRD analysis was carried out to
examine the crystalline phase of the samples. To assess the thermal stability of the materials,
thermo-gravimetric analysis (Star Mettler Toledo, Mettler-Toledo (M) Sdn Bhd, Selangor,
Malaysia) was carried out. In the TGA study, 5 mg of each sample was heated at 1000 ◦C,
with a heating rate of approximately 5 ◦C/min under N2 gas flow. The fixed carbon (R2)
content, moisture, volatile materials, and ash content were determined using TGA analysis.
The percentages of elemental carbon (C), oxygen (O), hydrogen (H), nitrogen (N), and
sulphur (S) in AKTW, AKTWC, and AKTWAC, were calculated using an ultimate analysis
(Perkin-Elmer; Series II: 2600; Malvern Panalytical, Tokio, Japan). Yield percentage (%) is
a physical parameter, and after each experimental run based on Table 2 under different
conditions, it was calculated using Equation (8).

Yield % =
Initial Weight o f the Char − Final Microwave Assisted Activated Carbon Weight

Initial weight o f the Char
× 100 (8)

All the experiments were triplicated, and average results are tabulated in Table 2. The
overall experimental steps are shown in Figure 9.
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Figure 9. Simplified flow sheet for experimental steps.

4. Conclusions

The use of microwave heating during the pyrolysis process (MWP) shortened the
production time while also generating activated carbon by expanding inaccessible pores
and forming new ones. This is due to the bulk, volumetric, internal heating approach
induced by the microwave-assisted pyrolysis (MWP) process. The findings indicate
a unique technique for producing activated carbon (AC) which is cost-effective and
energy-efficient.

The removal percentages of Pb (II) cations (R1), fixed carbon content percentages (R2),
and yield percentages (R3) are all controlled by input variables such as power (x1), radiation
time (y1), and activating agent (K2CO3) ratio (z1). Consequently, the level of input variables
and the targeted output responses should be assessed initially before designing the AC
manufacturing process.

The extent to which the cross-linking and elimination processes occur during the
carbonisation and activation process controls the porosity and surface area of the activated
carbon (Ass). The results indicate that the optimum process condition leads to the formation
of new cavities due to multiple chemical interactions between the AKTWC and K2CO3,
which makes it an efficient adsorbent for elimination of Pb (II) cations from waste effluents.
Th Box–Behnken design (BBD) methodology applied in this research illustrates a reasonable
and competent strategy to produce activated carbon from Adansonia kilima (Baobab) wood
chips (AKTW) for removing Pb (II) cations from wastewater using a reduced number of
experiments. AKTW has the potential to be used as a feedstock for the production of
superior quality ACs, having an enlarged surface area and porous texture.
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Abstract: Açai seeds have been discarded improperly around the Amazonia region, but they can
be seen as promising low-cost substrates for fermentation processes. The structural carbohydrates
and physicochemical characterization of açai seeds from the Amazonia were assessed followed by
the determination of the optimal hydrolysis conditions using H3PO4 (phosphoric acid) and H2SO4

(sulfuric acid) to obtain a liquor with high contents of simple carbohydrates and low levels of potential
microbial inhibitors usually generated during acid hydrolysis of carbohydrates. A central composite
rotational design was carried out varying the concentrations of diluted acid (0–5%, w/v), solids
(0.1–25%, w/v), and hydrolysis time (9.5–110 min). Acid hydrolysis with H2SO4 was more effective
in producing reducing sugars (15.9–103.1 g/L) than H3PO4 (2.9–33.9 g/L) during optimization. The
optimal hydrolysis conditions with H2SO4 were 3.5% of acid (w/v), 25% of solids during 70 min at
121 ◦C, which provided a liquor with 55 g/L of reducing sugars and low levels of microbial inhibitors:
acetic acid (1.8 g/L), hydroxymethyl furfural (338 mg/L), and furfural (10 mg/L). Thus, açai seeds
were characterized as promising agroindustrial waste with high potential to be used as a low-cost
substrate in biotechnological processes, comprising relevant environmental and bioeconomic aspects
for the development of the Amazonia.

Keywords: Amazonian fruits; byproduct; reducing sugars; fiber seeds; bioeconomy

1. Introduction

The world economy has improved in production systems with increasingly higher
productivity yields and lower operating costs that provide increasingly profitable agroin-
dustrial production. In line with environmental and bioeconomic aspects, it is of paramount
importance that raw materials, and derived wastes, be used in any technological processes
in its entirety. In this sense, the Amazon highlights its contribution in the agroindustrial
market with açai fruits being one of the main exploited products, yielding more than
540 million USD in 2019 [1].

Despite the expressive numbers, during açai processing, to obtain the juice, only 15%
of the fruit is used in the process (epicarp and mesocarp), with the remaining 85% composed
by fibers (endocarp), which are improperly discarded around Amazonia [2]. Waste with
fibrous characteristics formed by cellulose, lignin, and hemicellulose are susceptible to pre-
treatments to release fermentable sugars [3], which can further be used as a culture media
in biotechnological processes, with the aim of promoting and produce high value-added
products from low-cost substrates, providing cost savings in the process.
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The study of the use of new industrial fermentation means from agribusiness waste
has been intensified in recent years [3,4], and it can be produced from various lignocellulose
complexes representing a cheap source, renewable and plentiful, enabling sustainable and
profitable production. In view of this, several pre-treatments have been reported in the
literature with the aim of fractionating, solubilizing, hydrolyzing, and separating the
biomass components for adequate purposes, with acid pre-treatment being one of the
most promising in deconstructing the lignocellulose chain and changing the conformation
structure of lignins [5].

At the moment, there is a scarcity of data in the literature that assess the potential
application of agroindustrial wastes, namely açai seeds, as a substrate for the production
of high-added value products. Therefore, the objective of this work was to investigate the
acid hydrolysis treatment of açai seeds to produce a liquor with high contents of simple
carbohydrates and low levels of potential microbial inhibitors usually generated during acid
hydrolysis of carbohydrates, which were monitored for the first time, for the application
as low-cost substrate in further biotechnological processes. The innovative nature of this
work is that it provides a potential socioeconomic and environmental alternative through
the waste generated by the açai production chain, making it possible to cheapen several
fermentable processes to produce economically viable products.

2. Results and Discussion

2.1. Characterization of the Dried Açai Seeds

Açai seeds are agroindustrial wastes that are still little explored, with few scientific
data available in the literature, and their physicochemical composition is essential to enable
their application in a variety of investigations, including as a substrate in biotechnological
approaches. As can be seen in Figure 1, the major constituent of the dried seeds was
accounted for as total carbohydrates (≈87%), and according to the literature [6–9], due
to the high content of lignocellulosic material, açai seeds can be considered a promising
low-cost substrate for the production of derived compounds with high added value by
biotechnological means.

Figure 1. Physicochemical and structural carbohydrates characterization of the dried açai seeds used
in this work.

However, the determination of total carbohydrates, by difference, overestimated the
total carbohydrate values in the dried açai seeds since it also included the contents of
total extractives and total lignin. Thus, after determining the contents of total extractives,
structural carbohydrates, and total lignin, the dried açai seeds exhibited low contents of
cellulose (3.6%) and total lignin (11.68%), 14% of total extractives and high hemicellulose
contents (58%) (Figure 1). According to Oliveira et al. [6], the fibers of E. oleracea seeds
presented 38% cellulose, 18% lignin, and 25% hemicellulose; and in another study, Martins
et al. [10] reported that the fibers of the açai seeds were composed of 37% hemicellulose, 33%
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lignin, and 33% cellulose. A recent study showed that the fibers of açai seeds are mainly
composed of hemicellulose (50%, dry basis) [11], which supported our findings. Based on
these values, açai seeds presented a differentiated composition of lignocellulosic material to
be used directly as a substrate for fermentation processes, requiring pre-treatment strategies
such as acid hydrolysis to release simple fermentable sugars.

In relation to the other constituents (Figure 1), the moisture content of the dried açai
seeds (5.5%) was lower than those found in other studies with dehydrated açai seeds
(8 and 13%) [6,7], but it clearly depends on the chosen drying parameters. Importantly,
when a dried material is used for the purpose of releasing fermentable sugars through
acid hydrolysis, moisture becomes a preponderant factor, as high values may dilute the
acid concentration, decreasing the hydrolysis efficiency, and values < 10% are the most
applicable [12,13]. The total protein values found in this work (4.6%) were similar to those
found in other studies (1.7–4.3%) [6–9], and the total lipid values (1.9%) were similar to
those found by Ferreira et al. (1.70%) [8]. Additionally, based on the pH and total acidity
values (Figure 1), the dried açai seeds used in this study can be considered a low acidic
product. In general, the variations in the contents of moisture, total proteins, total lipids,
and ashes in the seeds are usually attributed to differences in planting conditions, ripening
stage, climate, geographic location, harvest period, time of sun exposure, and its own
genetic variability.

2.2. Effect of the Acid Hydrolysis Treatments on the Dried Açai Seeds

During acid hydrolysis with diluted acid, the lignocellulosic material is hydrolyzed
causing the release of sugar monomers [14]. Although H3PO4 has a higher cost than
other acids, such as H2SO4 and hydrochloric (HCl), it is considered a weaker acid (and
consequently, lower combined severity factor) as compared to the previously mentioned
acids, and its use implies lower environmental impact, in addition to being less corrosive
and toxic. Moreover, H3PO4 has phosphorus in its composition, which can be incorporated
as a micronutrient by microorganisms after hydrolysis [15,16].

In our study, although H3PO4 presented lower combined severity factors than H2SO4
for the selected acid hydrolysis conditions in the central composite rotational design (CCRD)
runs, the range of total reducing sugar contents in the produced liquor (2.93–33.97 g/L)
(Supplementary Table S1) was much lower than the contents obtained by H2SO4
(6.93–103.12 g/L) (Table 1). Thus, we decided to focus our investigation on only the
H2SO4 treatment, but all the results for the acid hydrolysis with H3PO4 can also be found
as Supplementary Material.

According to Table 1, in general, the contents of total reducing sugars increased as
the combined severity factor increased during the acid hydrolysis of dried açai seeds, and
the same tendency was observed for H3PO4 (Supplementary Table S1). For H2SO4, the
increase in the acid concentration from 0 (run 9) to 2.5% (runs 15, 16, and 17) increased
by about seven times the contents of total reducing sugars. If the acid treatments are
carried out under mild conditions of acid concentration and temperature, the hemicellulose
fraction may be extracted without significantly affecting cellulose and lignin contents [14].
Furthermore, hydrolysis time also has relevant effects to be considered since the increase
in time from 60 (run 12) to 110 min (runs 15, 16, and 17), at the same acid and solid
concentrations, did not increase the contents of reducing sugars in the liquor. This behavior
can be explained due to the higher severity of the treatment at 110 min than 60 min that
probably degraded sugars resulting in the formation of derived products [5,17]. Thus,
monitoring the combined severity factor and time during acid hydrolysis may ensure the
release of glycoside monomers while avoiding or minimizing the accumulation of sugar
degradation products, such as hydroxymethylfurfural (HMF) [5].

The highest content of total reducing sugar in the liquor after the H2SO4 treatments
(103.12 g/L) was obtained at 4% acid and 20% solids after 90 min of hydrolysis (Table 1).
Interestingly, these same conditions also yielded the highest contents of total reducing sugars
to the liquor after the hydrolysis using H3PO4 (33.97 g/L) (Supplementary Table S1).
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Table 1. Combined severity factor (CSF), contents of total reducing sugars (TRS), hydroxymethylfur-
fural (HMF) and solubilized mass obtained during the central composite rotational design (CCRD)
runs for the acid hydrolysis of açai seeds using sulfuric acid (H2SO4).

Level of Independent Variables Dependent Variables

Runs X1 X2 X3 CSF
TRS
(g/L)

HMF
(mg/L)

Solubilized
Mass (%)

1 1 (−1) 30 (−1) 5 (−1) 1.06 12.25 5.60 27.93
2 4 (+1) 30 (−1) 5 (−1) 1.21 17.65 33.68 38.58
3 1 (−1) 90 (+1) 5 (−1) 1.53 14.76 12.82 31.94
4 4 (+1) 90 (+1) 5 (−1) 1.68 25.40 90.30 48.83
5 1 (−1) 30 (−1) 20 (+1) 1.06 28.98 19.92 21.53
6 4 (+1) 30 (−1) 20 (+1) 1.21 59.60 82.06 35.23
7 1 (−1) 90 (+1) 20 (+1) 1.53 57.54 14.79 29.25
8 4 (+1) 90 (+1) 20 (+1) 1.68 103.12 448.83 48.49
9 0 (−1.68) 60 (0) 12.5 (0) NC1 6.93 1.49 11.56

10 5 (+1.68) 60 (0) 12.5 (0) 1.62 44.70 148.90 49.58
11 2.5 (0) 9.54 (−1.68) 12.5 (0) 0.69 15.93 <LOD 23.52
12 2.5 (0) 110 (+1.68) 12.5 (0) 1.75 51.34 191.34 41.22
13 2.5 (0) 60 (0) 0.1 (−1.68) 1.49 <LOD 0.59 NC2
14 2.5 (0) 60 (0) 25 (+1.68) 1.49 63.95 87.01 33.28
15 2.5 (0) 60 (0) 12.5 (0) 1.49 49.06 70.05 37.13
16 2.5 (0) 60 (0) 12.5 (0) 1.49 48.16 70.58 38.50
17 2.5 (0) 60 (0) 12.5 (0) 1.49 48.92 72.53 37.18

X1: Acid concentration (%, w/v). X2: Hydrolysis time (min). X3: Solids concentration (%, w/v). <LOD: below the
limit of detection (equal 0 for the prediction purpose). NC1: Combined severity factor not calculated given the 0%
diluted acid concentration. NC2: Not calculated (equals to 0) due to the low solid concentration (0.1%, w/v).

According to the Pareto charts (Figure 2), the contents of solids and acid concentration
were the variables that most affected (p ≤ 0.1) the contents of total reducing sugars, with
positive linear effects, followed by the hydrolysis time, suggesting that the higher the
percentage of dried açai seeds and the concentration of H2SO4, the higher the total reducing
sugar contents in the liquor. Furthermore, the treatments with H2SO4 resulted in a very
low variation in the contents of total reducing sugars at the CCRD central points (relative
standard deviation (RSD) = 1%), which indicated high repeatability of the hydrolysis
procedure. Statistical details regarding the values of the (t and (p tests carried out for
the experimental design for all the parameters observed in this study can be found as
Supplementary Table S2.

As the acid treatment acts mainly in the solubilization of hemicelluloses, very severe
treatments degrade sugars during hydrolysis, generating microbiological inhibitors, such
as HMF, which may affect fermentation processes [5]. As can be seen in Table 1, the
increase in the combined severity factor contributed to the increase in the HMF contents in
the hydrolyzed liquor, with the highest concentration found in run 8 (448 mg/L), which
corresponds to the highest factor (1.68). Oliveira et al. [6] carried out pre-treatment of açai
seeds using diluted H2SO4 under various experimental conditions of acid concentration
(0.5 to 1% m/v), hydrolysis time (9.5 to 111 min), and solids concentration (1.6 to 18%),
and reported HMF contents ranging from 1 to 221 mg/L. The milder combined severity
factor and lower solids concentration range in comparison with our study may explain
the lower contents of HMF. HMF can cause damage to yeast cells as the presence of
the hydroxymethyl group reduces both the hydrophobicity and membrane permeability,
resulting in reduced rates of HMF conversion [18]. These same authors stated that in the
presence of HMF, fermentative microorganisms redirect the energy of the cells to repair
the damage, resulting in a reduction in intracellular levels of ATP and NADPH caused by
enzymatic inhibition or by consumption/regeneration of cofactors.
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Figure 2. Pareto charts for the standardized effect estimates (absolute values) on the contents of total
reducing sugars, hydroxymethylfurfural, and solubilized mass after the acid hydrolysis of dried
açai seeds using H2SO4. X1 = Acid concentration (%, w/v); X2 = Hydrolysis time (min); X3 = Solids
concentration (%, w/v); (L): linear effect; (Q) quadratic effect.

The Pareto charts for the contents of HMF (Figure 2) showed that acid concentration
and hydrolysis time were the variables that most influenced (p ≤ 0.1) its contents, with
linear positive effects, followed by the percentage of solids, suggesting that the higher the
concentration of H2SO4 and hydrolysis time, the higher the HMF contents in the liquor.
These results were expected, as the use of high concentrations of acid, combined with high
temperatures, promotes the dehydration of hexoses and consequently the production of
furans [5,17].

Regarding the contents of solubilized mass of the solid fractions of the dried açai
seeds after the acid hydrolysis with H2SO4, the lowest percentage (11.56%) was observed
at 0% of diluted acid, and the mass solubilization increased in the runs with acid addition
(1–5%) from 21.53 to 49.58% (Table 2). According to the Pareto charts (Figure 2), the positive
linear effect of acid concentration was the variable that most affected (p ≤ 0.1) the mass
solubilization, followed by the negative quadratic effect of solids percentage and linear
positive effect of hydrolysis time, suggesting that the solid fraction of the dried açai seeds
was more soluble at the highest tested H2SO4 concentration and hydrolysis time. According
to the literature, the acid pre-treatment of most lignocellulosic materials results in high
solubilization percentages of hemicellulose and a partial digestion of cellulose leading the
formation of monomer or oligomer sugars [15,16,19].
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Table 2. Contents of sugars and microbiological inhibitors in the newly hydrolyzed liquor and
after neutralization both produced after acid hydrolysis of dried açai seeds with H2SO4 at the
optimal conditions.

Hydrolyzed Liquor

Newly Hydrolyzed After Neutralization *

Sugars

Mannose (g/L) 51 ± 1 a 42.1 ± 0.1 b

Xylose (g/L) 1.9 ± 0.2 a 1.4 ± 0.2 b

Glucose (g/L) 1.3 ± 0.1 a 1.0 ± 0.1 a

Cellobiose (g/L) 0.9 ± 0.1 a 0.7 ± 0.1 a

Sum of the sugars (g/L) 55 ± 1 a 45.2 ± 0.4 b

Microbial inhibitors

Hydroxymethylfurfural (mg/L) 338 ± 50 a 238 ± 20 b

Furfural (mg/L) 10 ± 1 a 9 ± 1 a

Acetic acid (g/L) 1.8 ± 0.1a 1.76 ± 0.04 a

* Liquor hydrolyzed under the optimal acid hydrolysis conditions, followed by neutralization with K2SO4,
autoclaved at 121 ◦C for 15 min and filtered, according to common practices used in fermentation processes. The
values (mean ± standard deviation) with the same superscript letters in the same line are not statistically different
(p > 0.05) (Student’s t-test).

Figure 3 shows the behavior reflected in the distribution of residues, where the data
from the present study are arranged randomly and not with a curved pattern for the
solubilized mass (Figure 3c). Still, we no longer see the same behavior for TRS (Figure 3a)
and HMF (Figure 3b), which indicates the need to adjust the mathematical model. In the
calculated ANOVA (Supplementary Table S3), it was observed that there was a lack of fit
for the data of this study; although the models studied were significant, they cannot be
considered predictive; they can only be used as trend indicators, that is, only evaluated for
the values of the range studied in the present work and cannot predict other values that
may deviate from this range.

Figure 3. Graph of the observed and predicted values of the experimental design with central
composite and axial levels of the studied parameters (a) TRS, (b) HMF, and (c) solubilized mass.

2.3. Optimal Conditions to Produce Liquor from Dried Açai Seeds by Acid Hydrolysis as
Pre-Treatment Using H2SO4

After performing ANOVA (p ≤ 0.1), the second order polynomial models proposed by
the response surface methodology were not adequate for the prediction of TRS, HMF, and SM
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contents, since they showed great lack of fit; they were significant but non predictive, despite
their high and moderate R2 (0.96, 0.89, and 0.71, respectively) (Supplementary Table S3).

The regression models aim to establish a relationship that predicts the response
corresponding to any independent variable value. For the test of the statistical significance
of the regression, it was observed that the F distribution for TRS (20.11), with a 90%
confidence interval, was greater than the Ftable value (2.72). For HMF, the Fregression value
(6.92), with a 90% confidence interval, is greater than the Ftable value (2.72). Regression
(1.93) was more significant for soluble solids than the Ftable (2.72), which rules out the null
hypothesis that there is no linear relationship between the dependent and independent
variables.

However, a lack of fit was observed in all experiments, which may be due to the failure
to fully evaluate the response surface, as can be seen in Figure 4 (for constructing the contour
graph). Therefore, the complementation of the results obtained in the regression analysis
was considered satisfactory for continuing studies in the range of our experimental design.

Figure 4. Contour plots to illustrate the contents of total reducing sugars (g/L), hydroxymethylfur-
fural (mg/L), and solubilized mass (%) for the determination of the optimal conditions for the acid
hydrolysis of dried açai seeds using H2SO4.

Concerning the formation of HMF after carbohydrate hydrolysis, the highest levels
tend to be formed at longer times and both higher acid and solid concentrations, as
expected. However, according to Figure 4, no relevant increase in the HMF contents is
expected to be found as long as the acid concentration is kept below 2%, even at longer
hydrolysis time and higher solids concentration. Lastly, in relation to the solubilized mass,
the highest solubilization of lignocellulosic material in dried açai seeds will be achieved by
the combination of the highest acid concentrations and hydrolysis time.

Considering that the liquor with the highest TRS content (103.12 g/L) was obtained
at the highest H2SO4 and longer time, which also showed the highest HMF level, we
decided to use the desirability function to determine the optimal acid hydrolysis conditions

61



Molecules 2023, 28, 6661

with reduced CSF that minimize the formation of HMF. Therefore, after considering all
the tendencies shown by the contour plots (Figure 4), the desirability function was set to
predict the contents of TRS, HMF, and solubilized mass at 3.5% (w/v) acid concentration
(m/v), 70 min of hydrolysis time, and 25% (w/v) solids concentration (Supplementary
Figure S1). The correct selection of the acid hydrolysis conditions should be carefully and
systematically further investigated to provide industrially feasible results to establish an
economical viable process; the higher the acid concentration, the higher the probability of
reactors’ corrosion, increasing the maintenance price. Moreover, the need of high-power
consumption due to long times as well as the need for additional costs for the neutralization
of the acid liquor along with further purification steps must also be taken into account
when designing any industrial project.

In order to validate the optimal acid hydrolysis conditions selected in our study for
the dried açai seeds, we carried out the hydrolysis procedure (triplicate) and the produced
liquor presented 82 ± 2 g/L of TRS, 265 ± 1 mg/L of HMF, and the solubilized mass was
41 ± 1%. The experimental values were close to the values predicted by the desirability
function for TRS (94 g/L), HMF (273 mg/L), and solubilized mass (36%), with low relative
standard deviation values (RSD = 9.6%, 2.1%, and 9.2%, respectively), demonstrating that
the approached methodology is predictive and the conditions established for the acid
hydrolysis procedure are reproductive.

2.4. Characterization of Sugars and Potential Microbial Inhibitors in the Newly Hydrolyzed Liquor
and the Neutralized Liquor to Be Used as Substrate in Fermentation Processes

In our study, the newly hydrolyzed liquor obtained at the optimal acid hydrolysis
conditions exhibited very low pH value (pH < 1.0) due to the use of 3.5% H2SO4, which
characterizes it as a non-favorable substrate to be used for fermentation purposes, thus needing
neutralization (pH close to 7.0). According to Table 2, the newly hydrolyzed liquor presented
55 g/L of sugars, mannose being the major monosaccharide (51 g/L) and accounting for about
93% of the detected sugars. After the neutralization of the liquor, the contents of mannose
decreased by about 18% (42 g/L), and xylose by ≈26% (1.4 g/L), and were lower than those
reported by Monteiro et al. [11] who found maximum values of 49.5 g/L for mannose in the
liquor. For the contents of xylose, the values found hitherto varied from 1.9 to 1.4 (before and
after neutralization) and were lower than the values observed by Oliveira et al. [6], which was
24.8 g/L, and by Monteiro et al. [11] with the maximum value of 3.26 g/L.

Several yeasts of the genus Rhodotorula spp., such as R. glutinis, R. toruloides, R. graminis,
and R. mucilaginosa, have been investigated over the years as carotenoid producers by
biotechnological means, and they were reported to be able to metabolize mannose and
xylose as carbohydrate source [20–24], highlighting the high potential of açai seeds as
low-cost substrates for the growth of selected microorganisms. As an example, Silva
et al. [23] cultivated a strain of R. glutinis in a culture medium containing higher amounts
of xylose (28 g/L) and compared to a glucose-containing medium (28 g/L, control). These
authors observed that after 111 h of fermentation the maximum biomass concentration
was almost the same for the two carbon sources (4.14 and 4.30 g/L for glucose and xylose,
respectively). However, the specific growth rate for glucose (0.1 h) was higher than
that observed for xylose (0.05 h). Another study carried out with R. toruloides tested a
higher xylose concentration than our study (40 g/L) and the authors also reported that the
growth rate in glucose-containing medium was higher (twice) than for xylose medium,
the exponential phase with glucose lasting 72 h as compared to xylose (40 h) [24]. The
high contents of mannose found demonstrates the great value of açaí seeds as a potential
culture medium for similar yeasts, which was confirmed by Byrtusová et al. [25], who
demonstrated the influence of mannose on yeast growth as similar to the influence of
glucose, the most assimilable carbon source by yeasts, to perform growth.

Regarding the potential microbial inhibitors produced during the acid hydrolysis of
carbohydrates in the hydrolyzed liquor of the dried açai seeds (Table 2), acetic acid was the
major detected compound (1.8 g/L), followed by hydroxymethylfurfural (338 mg/L), and
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furfural (10 mg/L), and a significant decrease (≈29.5%) in the contents of hydroxymethyl-
furfural was observed after the liquor neutralization. Furfural and hydroxymethylfurfural
are derived from pentoses and hexoses degradation, respectively, while acetic acid is
formed from the acetic groups present in the hemicellulosic fraction generated during
steam explosion; they have been reported as inhibitor for the growth of several microorgan-
isms by prolongation of the lag phase during fermentation [5,17]. However, the inhibitory
concentration ranges of each compound should be systematically investigated, particularly
for each interested microorganism to establish the allowed limits in the culture media to
enable the use of a great variety of substrates, especially those that are low-cost and derived
from agroindustrial wastes.

Lin et al. [26] reported an inhibitory effect on R. glutinis when acetic acid concentration
reached 12 g/L, and furfural at 800 mg/L also caused the inhibition of yeast growth for 12 h.
In contrast, hydroxymethylfurfural at 200 mg/L had no inhibitory effect on yeast growth,
but at 400 mg/L, an inhibitory effect on biomass was observed. In another study, Vajzovic
et al. [27] reported that furfural at concentrations lower than 3 g/L showed no inhibitory
effect on the growth of R. mucilaginosa, and that xylose metabolism was negatively affected
only from this value onwards.

2.5. Scanning Electron Microscopy (SEM) of the Dried Açai Seeds before and after Acid Hydrolysis
Treatment with H2SO4

Through the micrographs obtained by SEM (Figure 5), it was possible to observe
that the biomass of dried açai seeds before the acid treatment (Figure 5A–C) showed
no damage or cracks in its fiber structures, with small irregular protuberances due to
the milling process of the fruit. However, after the acid treatment with diluted H2SO4
(Figure 5D–F), it was possible to observe the loss of mass density, cracks, and accentuated
cell disruption, promoting partial structural disorganization, making the material more
porous and amorphous. These modifications are the result of the acid-solubilized mass
(mainly hemicellulose) and partial modification of cellulose crystallization. According to
the literature, the cracks and ruptures observed in the micrographs of the hydrolyzed açai
seeds may be due to the breaking of bonds between carbohydrates and lignin [28].
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Figure 5. Micrographs of biomass of dried açai seeds before ((A) = 500× (B) = 500×; (C) = 1000×)
and after the acid treatment ((D) = 500× (E) = 1000×; (F) = 3000×) with diluted H2SO4 at the optimal
hydrolysis conditions (3.5% acid concentration (w/v), 25% solids concentration (w/v), during 70
min).

3. Materials and Methods

3.1. Açai Seeds

The açai seeds (Euterpe oleracea Mart.) (25 kg) were donated by a fruit pulp process-
ing Company, whose fruits were grown in Igarapé-Miri city, Pará State, Brazil (latitude
1◦58′37′′ S, longitude 48◦57′34′′ W). The access to açai fruits was registered in the Brazil-
ian National System for the Management of Genetic Heritage and Associated Traditional
Knowledge (SisGen AF18EDC). After removing the pulp and rind to produce açai juice,
the açai seeds (25 kg) were collected at the company and directed to the laboratory. The
açai seeds were washed with running water to remove solid wastes and other impurities,
followed by sanitization by immersion in a sodium hypochlorite solution (100 mg/L) for
10 min. The seeds were dried at 65 ◦C in an oven with forced air circulation for 48 h, until
moisture was below 10%, as monitored by an infrared moisture analyzer, according to
the National Renewable Energy Laboratory [12]. The dried açai seeds were ground in
a knife mill, subjected to sieving at 20 mesh (0.841 mm), and stored under vacuum in
polypropylene plastic bags at −20 ◦C until use.

3.2. Characterization of Dried Açai Seeds

The contents of total proteins (conversion factor 6.25 from total nitrogen), total lipids,
total acidity (expressed in meq NaOH/100 g), ashes, and pH values were determined
according to the Association of Official Analytical Chemists [29]. The total carbohydrate
contents (%) were calculated by the difference between 100 and the sum of the percentages
of moisture, proteins, lipids, and ashes. The contents of total extractives (secondary metabo-
lite compounds of vegetables that may include waxes, fats, resins, tannins, gums, sugars,
starches, and pigments) were determined by gravimetry according to Sluiter et al. [30] to
eliminate the usual overestimation of structural carbohydrates. Briefly, 4 g of dried açai
seeds were rinsed in reflux with ethanol (99%) until complete decolorization of the solvent,
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followed by washing with distilled water and drying in an oven until dryness. All the
results, in triplicate, were expressed in g/100 g (%).

3.3. Determination of Structural Carbohydrates

The structural carbohydrates were determined in the dried açai seed samples, after
removing the extractives, followed by acid hydrolysis with H2SO4 72%, according to Sluiter
et al. [31]. The contents of structural carbohydrates were calculated after the determination
of furfural, hydroxymethylfurfural, total lignin, monomeric sugars, and acetic acid.

3.3.1. Determination of Furfural and Hydroxymethylfurfural Content

The furfural and hydroxymethylfurfural (HMF) contents were determined in a HPLC
(Agilent HPLC, model 1260 Infinity, Santa Clara, CA, USA), equipped with a quaternary
pump (G1311C), a Rheodyne injection valve with a 20 μL loop, an oven (G1316A), and a
diode array detector (DAD) (G1328C). For all the chromatographic analyses, samples and
solvents were filtered using 0.22 and 0.45 μm membranes, respectively (Millipore, Billerica,
MA, USA). The compounds were separated in a C18 column (Nova-Pak Waters, Milford,
MA, USA) with an isocratic mobile phase of acetonitrile/water (1:8, v/v) with 1% acetic
acid, at 30 ◦C, flow rate at 0.8 mL/min, and the chromatograms were monitored at 280 nm
for 20 min [3]. The furfural and HMF contents were determined, in triplicate, by analytical
curves (0.001 to 0.1 g/L, R2 > 0.99), and the results are expressed in g/L.

3.3.2. Determination of Total Lignin

The content of soluble and insoluble lignin (Lignin of Klason) was determined ac-
cording to Sluiter et al. [31] Since part of the insoluble material of the dried açai seeds is
composed of minerals (ashes), which are not soluble in acid, the ashes contents were also
determined to avoid the overestimation of insoluble lignin values. The content of soluble
lignin was determined by spectrophotometry at 280 nm. All the results, in triplicate, are
expressed in g/100 g (%).

3.3.3. Determination of Monomeric Sugars and Acetic Acid

The contents of cellobiose, glucose, mannose, xylose, and acetic acid in the hy-
drolysates were determined by HPLC (Thermo Fisher Scientific, SRVYER model, San
Jose, CA, USA), coupled to a refractive index detector (SRVYER-RI), according to Martins
et al. [3] The compounds were separated in an ion exchange column (Aminex HPX-87H) at
30 ◦C with a solution of 5 mM H2SO4 in deionized water as mobile phase at 0.6 mL/min
(isocratic mode). The chromatographic separation was monitored by a refractive index
detector (RID) at 35 ◦C for 20 min. The contents (g/L, n = 3) of each sugar and acetic acid
were determined by external standardization with 6-point analytical curves ranging from
0.1 to 0.6 g/L (r2 > 0.99) with D-(+)-cellobiose, D-glucose, D-mannose, D-xylose, and acetic
acid standards.

3.3.4. Calculation of Structural Carbohydrates Contents

Cellobiose and glucose contents were converted into cellulose, using the conversion
factors of 0.95 and 0.90, respectively, and mannose and xylose contents were converted into
hemicellulose, using the conversion factor of 0.88. For the acetyl groups, the conversion
factor from acetic acid to acetate of 0.717 was used, and for the calculation of the masses of
furfural and HMF, the conversion factors of 1.375 and 1.286, respectively, were used, with
furfural being converted to hemicellulose and HMF for cellulose. The conversion values
are part of the known stoichiometry involved in the reaction, involving their respective
molecular masses during the conversions, according to Sluiter et al. [32].

3.4. Determination of the Optimal Conditions for the Acid Hydrolysis of Dried Açai Seeds

The optimal conditions for the acid hydrolysis of the dried açai seeds as pre-treatment
were determined, in a first moment, for two diluted acids (H2SO4 and H3PO4) using a
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central composite rotational design (CCRD) for each acid in order to select the most efficient
acid in generating total reducing sugars. Both the CCRDs consisted of a 23 factorial design
plus 6 axial points and 3 repetitions at the central point, totaling 17 experiments for each
diluted acid, with three independent variables at two levels (−1, +1): acid concentration
(1 to 4%, w/v), hydrolysis time (30 to 90 min), and solids concentration (5 to 20%, w/v)
(Table 3), for which the selected ranges were based on the results obtained by previous
studies [3,6].

Table 3. Range of the independent variables selected for the central composite rotational design
(CCRD) during the determination of the optimal conditions for the acid hydrolysis of dried açai seeds
using H2SO4 and H3PO4 as pre-treatment.

Independent Variable
Level

−1.68 −1 0 +1 +1.68

Acid concentration (%, w/v) X1 0 1 2.5 4 5
Hydrolysis time (min) X2 9.5 30 60 90 110

Solids concentration (%, w/v) X3 0.1 5 12.5 20 25

The response variables for the experimental designs using H2SO4 or H3PO4 were the
content of total reducing sugars (TRS) and the combined severity factor of the acid treatment
(CSF). The TRS contents were determined by spectrophotometry at 540 nm, according to the
dinitro-3,5-salicylic acid (DNS) method [33], the contents (g/L, in triplicate) being obtained
by external analytical curves with 10 points of D-glucose standard ranging from 0.1 to
1 g/L (R2 > 0.99). The CSF was calculated according to Equation (1).

log(R0) = log·
[

t·exp
(T − Tre f

14.75

)]
− pH (1)

where: t is the reaction time (min), T is the reaction temperature (◦C), Tref is the reference
temperature (100 ◦C), pH is the dilute acid solution; 14.75 is an arbitrary constant (ω) based
on the activation energy of the reaction when assuming pseudo-first order kinetics.

In a second step, after selecting the most efficient acid that produced liquors with
the highest yields of TRS to continuous the investigation, we also determined the levels
of hydroxymethylfurfural (HMF) and solubilized mass yields (SM) for the same CCRD.
The HMF contents were determined by spectrophotometry at 284 and 336 nm, according
to the methodology of AOAC [29], and the percentages of SM of the solid fraction of the
hydrolyzed core were determined according Equation (2).

SM(%) =

( m f inal

minitial
× 100

)
− 100 (2)

where minitial is the initial dry mass of lignocellulosic material; mfinal is the final dry mass of
lignocellulosic material.

In all the experiments of the acid hydrolysis, the ground dry açai seeds were weighed,
transferred to borosilicate flasks, followed by the different acid and solid concentrations,
and submitted to heating in an autoclave at 121 ◦C at different times, according to the
selected CCRD experiment. After the acid hydrolysis step, the solid biomass was separated
from the liquor by vacuum-filtration on qualitative filter paper (with mass previously
known). The obtained liquor was directed for the TRS and HMF determinations by
spectrophotometry during the CCRD experiments; and after establishing the optimal
hydrolysis conditions, the newly hydrolyzed liquor was fully characterized by HPLC for
the contents of cellobiose, glucose, xylose, arabinose, acetic acid, furfural, and HMF. In
another set of experiments, the full characterization was also carried out for the newly
hydrolyzed liquors produced at the optimal conditions and submitted to neutralization
with K2SO4, autoclaved at 121 ◦C for 15 min, and filtered, according to common practices
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to be further used in fermentation processes. The solid biomasses obtained during vacuum-
filtration were washed with distilled water until the washing water reached pH close
to neutrality (pH 6.0–7.0). The biomass was dried in an oven at 105 ◦C with forced air
circulation until constant mass for the SM (%) determination.

3.5. Scanning Electron Microscopy (SEM)

The ground dried açai seeds (in natura) and the dried biomass obtained after the
pre-treatment with the selected acid, at the optimal hydrolysis conditions, were analyzed
by SEM (Zeiss, EVO MA10, Germany) to observe the surface changes resulting from the
pre-treatment. The samples were fixed with carbon tape on an aluminum support, then
submitted to a 10 nm gold metallic coating in a metallizer. The operating conditions
were electron beam current = 100 μA, constant accelerating voltage = 10 kV, and working
distance = 8.5 mm.

3.6. Statistical Analysis

The results (mean ± standard deviation, n = 3) were analyzed by the Statistica 7.0
software (Statsoft Inc., Tulsa, OK, USA) through analysis of variance (ANOVA), Tukey’s
test, and Student’s t-test (p < 0.05). All data obtained by the CCRD experiments were
fitted to second order polynomial models to determine the optimal hydrolysis conditions
by the response surface methodology, and Pareto charts were built at 10% of statistical
significance (p ≤ 0.1) to investigate the effects of acid hydrolysis on the studied variables.
The adequacy to the second order models was determined by evaluating the coefficient
determination (R2), lack of fit, and Fisher test values (F-value) through ANOVA at 10% of
statistical significance (α = 0.1). The obtained mathematical models were used to generate
response surfaces and contour plots to provide the optimal acid hydrolysis conditions to
obtain a liquor with high contents of simple carbohydrates and low levels of potential
microbial inhibitors.

4. Conclusions

Pre-treatment with diluted H2SO4 was more efficient than H3PO4. The optimal
hydrolysis condition established for the açai seeds for fermentation processes provided a
concentration of 55 g/L of sugars, consisting mainly of mannose (93%) and low levels of
inhibitors. Thus, açai seeds can be seen as a promising byproduct with both high value and
high potential to be used as a substrate in biotechnological processes, contributing to an
environmental and socioeconomic strategy for the use of agroindustrial waste.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules28186661/s1, Supplementary Table S1: Total reducing sugars
(TRS) and combined severity factor (CSF) obtained during the central composite rotational design
(DCCR) runs for the acid hydrolysis of açai seeds using phosphoric acid (H3PO4). Supplementary
Table S2—t and p value at 90% confidence for the studied parameters in the experimental design.
Supplementary Table S3—ANOVA (10% significance) for the adequacy of the quadratic response surface
models to determine the contents of total reducing sugars (TRS), hydroxymethylfurfural (HMF) and
solubilized mass (SM) after acid hydrolysis of dried açai seeds. Supplementary Figure S1—Profiles
for the predicted values and desirability function used to predict the contents of total reducing sugars
(TRS), hydroxymethylfurfural (HMF), and solubilized mass at the chosen optimal condition for the acid
hydrolysis of dried açai seeds: with 3.5% H2SO4 + 25% solids during 70 min in autoclave.
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Abstract: Diverse methodologies exist to determine the chemical composition, proximate analysis,
and calorific value of biomass. Researchers select and apply a specific methodology according to
the lignocellulosic material they study and the budgetary resources available. In this project, we
determined the primary chemical constitution and proximate analysis of Prosopis laevigata (Humb.
& Bonpl.) Jonhst wood using a traditional chemical method and a novel procedure based on the
deconvolution of the DTG signal produced by TGA. The highest calorific value was verified using a
calorimetric pump based on mathematical models. We also conducted elemental analysis and a mi-
croanalysis of ash, and applied Fourier transform infrared spectroscopic analysis (FT-IR). The means
of the results obtained by the chemical method and TGA-DTG, respectively, were: hemicelluloses
7.36%–(8.72%), cellulose 48.28%–(46.08%), lignin 30.57%–(32.44%), extractables 13.53%–(12.72%),
moisture 2.03%–(4.96%), ash 1.77%–(1.90%), volatile matter 75.16%–(74.14%), and fixed carbon
23.05%–(18.93%). The procedure with the calorimetric pump generated a calorific value above
20.16 MJ/kg. The range generated by the various models was 18.23–21.07 MJ/kg. The results of the
elemental analysis were: carbon 46.4%, hydrogen 6.79%, oxygen 46.43%, nitrogen 0.3%, and sulfur
0.5%. The microanalysis of ash identified 18 elements. The most abundant ones were potassium > cal-
cium > sodium. Based on the infrared spectrum (FT-IR) of Prosopis laevigata wood, we detected the
following functional groups: OH, C-H, C=O, CH2, CH3, C-O-C, C-OH, and C4-OH. Our conclusion
is that the TGA-DTG method made it possible to obtain results in less time with no need for the
numerous reagents that chemical procedures require. The calorific value of P. laevigata wood is higher
than the standards. Finally, according to our results, proximate analysis provides the best model for
calculating calorific value.

Keywords: TGA-DTG; biomass; proximate analysis; calorific power; biofuels

1. Introduction

Worldwide, 44 species of the genus Prosopis have been registered. The predominant
species in Mexico are P. laevigata and P. glandulosa. In this project, we studied the wood of
P. laevigata, a species of the Fabaceae family that has a broad, natural distribution in arid and
semiarid zones of the country. Estimates indicate that 50% of Mexico’s national territory
has these types of climates, concentrated in the states of Guanajuato, Hidalgo, Michoacán,
Nuevo León, Oaxaca, Puebla, San Luis Potosí, and Veracruz [1,2]. P. laevigata is a species
of great ecological and economic importance. Its wood is commercialized mainly in the
manufacture of rustic furniture, artisanal crafts, flooring, railroad ties, moldings, doors,
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and windows, as well as charcoal production. The bark is used in tanning, the exudate
known as gum arabic is used in cosmetic products, printing, and as a glue for paper, while
the leaves and fruits have medicinal applications as antimicrobials and are utilized in
cattle feed [3,4]. While information on the uses, diversity, and distribution of this wood is
abundant, there are few studies of its chemical constituents and energy properties [5–7].
Given the heterogeneous nature of wood, it is especially important to determine the
chemical and energy properties of its lignocellulosic biomass as a possible energy source.
A renewable raw material, wood is neutral in terms of emissions and ensures a sustainable
supply because the CO2 it produces is equivalent to the amount of energy retained in
the plants [8,9]. Today, bioenergy is the main source of renewable energy, representing
around 10% of global energy consumption and 77% of all forms of renewable energy; that
is, biofuels and hydroelectric, solar, eolic, and geothermic energy [10]. Determining the
chemical and energy properties of this biomass can be achieved using various techniques
that evaluate its principal chemical components, but proximate analysis of lignocellulosic
materials using routine gravimetric procedures require considerable care and time [9,11].
Other methods include thermogravimetric analysis (TGA) and the deconvolution of the first
derivative (DTG), which generate precise quantifications in less time, and can determine the
primary constituents of biomass and proximate analysis [12,13]. Few researchers, however,
have access to DTG because many laboratories lack the budgetary resources to acquire the
equipment used to perform TGA. For this reason, they continue to use classic gravimetric
methods for the chemical analysis of biomasses [9,14]. The objective of the present study is
to contribute to the development of new methodologies that will improve our knowledge
of the chemical and energy properties of P. laevigata wood.

2. Results and Discussion

2.1. Primary Constitution of the Wood: Chemical and TGA-DTG Methods

Diverse methodologies are available to determine the primary composition of biomass,
but it is well known that each one has certain strengths and weaknesses [9,11]. This study
found that statistically significant differences exist (p ≤ 0.05) between the chemical and
thermogravimetric (TGA-DTG) methods for the parameters of the primary constituents—
hemicelluloses and lignin– and in a proximate analysis of moisture, volatile matter, and
fixed carbon. In contrast, there were no significant differences for cellulose, extractables,
and ash (Table 1). The differences encountered are related to the procedure used, since
the chemical method makes its determinations individually, while thermogravimetry
(TGA-DTG) obtains results through pyrolysis in a controlled system using mathematical
calculations, such as multiple linear regression, where the fractions of the main chemical
components can be optimized [15]. Independent thermal degradation by pyrolysis of the
three principal chemical components of wood (cellulose, hemicelluloses, and lignin) can
accurately predict the parameters of deconvolution of the DTG [13,16].

Table 1. Chemical composition and proximate analysis of P. laevigata wood by two methods.

Parameter
Chemical Analysis * TGA-DTG Analysis *

Average (%) SD (±) Average (%) SD (±)

Hemicelluloses 7.36 0.15 8.74 0.22
Cellulose 48.28 1.0 46.08 0.25
Lignin 30.57 0.74 32.44 0.40
Extractives 13.53 0.12 12.72 0.73
Moisture 2.03 0.14 4.96 0.11
Ashes 1.77 0.07 1.90 0.01
Volatile material 75.16 0.13 74.14 0.16
Fixed carbon 23.05 0.36 18.93 0.08

* Statistically significant difference (p ≤ 0.05) between methods. SD: standard deviation.
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Our review of other chemical studies of the duramen of P. laevigata wood using chemi-
cal methods found that published results vary. Carrillo et al. [5], for example, reported the
following percentages: hemicelluloses 16%, cellulose 45.7%, lignin 31.4%, and extractables
16%. In contrast, based on a fiber analysis by the Van Soest method [7] published these
yields: hemicelluloses 14.09%, cellulose 45.35%, lignin 22.14%, extractables 16.72%, and ash
1.70%. The results of our work are only comparable with respect to cellulose, lignin, and
ash, according to these references (Table 1). It is important to emphasize that the relevant
literature indicates that the chemical constituents of wood can vary by the material studied
(duramen, sapwood, bark), the age of the tree, growth conditions, geographic location,
altitude, climatic factors, the chemical solvents utilized, and experimental methodologies,
among other factors [17,18].

Through proximate analysis, one can obtain an immediate profile of the quality of
solid biofuels, so this is an important approach for commercialization and the design of
combustion equipment [19], two parameters that affect the quality of biofuels. For example,
high percentages of moisture and ash reduce the calorific value and efficiency of biomasses
during combustion [20,21], while high percentages of volatile matter increase yields during
the conversion of biomass into biodiesel by pyrolysis and favor the production of biogas
and the calorific value in densified biofuels [22,23]. In this regard, high fixed carbon content
improves the calorific value of densified biofuels and charcoal [24,25]. Our work did
not find any statistically significant differences for ash content (Table 1). The statistically
significant differences determined for the other parameters tested in the proximate analysis
may be related to the procedures used in distinct methodologies; for example, the fact that
in TGA pyrolysis is determined using a sample in a controlled system (Figure 1). However,
they may also be attributable to the calculation method applied. In gravimetric methods,
these are performed on the basis of biomass that is free of moisture using, for instance,
the expression: % fixed carbon = [100 − (% ash + % volatile matter)], where adjusting
for the moisture in the ash and volatile matter is performed previously. Meanwhile, the
TGA method for calculating volatile matter uses the expression: % volatile matter = [100 −
(% moisture + % ash + % fixed carbon)]. Based on these expressions, it is clear that the
adaptation of the % of moisture influences results.

 
Figure 1. TGA and DTG curves of P. laevigata wood.

72



Molecules 2024, 29, 2587

Because P. laevigata wood has an especially high amount of fixed carbon, it is a solid
biofuel of good quality. The proximate analysis of the duramen of P. laevigata in a study
using gravimetric methods obtained the following percentages: ash 1.70%, volatile matter
78.46%, and fixed carbon 19.83% [7]; while in their work, Martínez-Pérez et al. [6] reported
1.24% of ash in the duramen of this species. In comparative terms, only the percentage of ash
obtained in these two reports is comparable to the references consulted (Table 1). In general,
the results obtained with the two methods applied in our work are within the ranges
reported for woods of latifoliate species: ash 0.49–4.51%, volatile matter 76.60–94.70%, and
fixed carbon 9.32–21.27% [26,27].

2.2. Thermal Decomposition Process (TGA) and Deconvoluted (DTG)

In the first stage of the pyrolysis process of P. laevigata wood, conducted in the tem-
perature range of 25–100 ◦C for a period of 80 min, a loss of moisture from the biomass
occurred (Figure 1). Some studies have reported that this temperature causes the volatiliza-
tion of the organic fraction of low molecular weight biomass, including some extractable
substances [28].

In the second stage, when the temperature was increased from 100 to 700 ◦C for
30 min, we obtained the calculation of the fixed carbon content from the proximate analysis.
This stage included the thermal decomposition of the hemicelluloses and cellulose. It
is estimated that the loss of mass of these polymers occurs in a temperature range of
200–675 ◦C [29,30]. Another characteristic of this stage is a greater loss of the wood fraction.
As Figure 1 shows, DTG indicates the degradation velocity of the mass (in blue). It is well
known that wood is made up mainly of these polysaccharides, with estimated fractions
as high as 70% [18,31]. Table 1 shows the percentages of these chemical constituents.
Figure 2 presents the deconvolution of the DTG, where the orange color represents the
primary component with lower thermal stability due to the presence of acetyl groups that
correspond to the hemicelluloses. Other researchers have reported this tendency [12,15] in
other lignocellulosic materials. The curve of greater size—in green—represents cellulose.
This second polymer presents higher thermal resistance than the hemicelluloses due to its
crystalline structure [32,33].

Figure 2. Deconvoluted DTG curve of P. laevigata wood.
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This illustration includes a curve—in black—that corresponds to lignin, which began
a reaction at low temperatures that persisted across a broad temperature range. This
phenomenon is associated with the diverse functional groups in its structure, which vary
in terms of thermal stability [34]. Reports in the literature include antecedents of this
phenomenon of thermal degradation in some latifoliate species [12,32]. Figure 2 also shows
the experimental graph—in blue—with calculations in pink. The similarity between them
is evident, leading to the conclusion that they are correct. In the third stage (Figure 1), a
peak was registered at an approximate time of 155 min. This corresponded to the influx of
oxygen that was applied at 700 ◦C to eliminate all organic matter. Finally, the last fraction,
consisting of the remaining residue, corresponds to the inorganic fraction made up of ash,
which was obtained at the end of the cooling process from 700–25 ◦C in a time of 20 min.

2.3. Higher Heating Value (HHV)

The calorific value is the amount of energy per unit of mass or volume that is released
in a complete combustion [35]. It is the most important parameter for characterizing ma-
terials used as fuels. The calorific value of wood depends on its chemical components.
Some authors mention that lignin favors the calorific value of solid biofuels [36,37], though
other studies have concluded that extractables increase calorific value, especially in species
of Pinus spp. [38,39], while others report this same effect [40]. Our study did not iden-
tify any statistically significant differences (Tukey, p ≤ 0.05) in the calorific value higher
than—using a calorimetric pump—between the predictive mathematical models based on
chemical composition and the proximate analysis (Table 2). We did, however, find that
the model based on elemental analysis generated a lower value and presented statistically
significant differences (p ≤ 0.05) with respect to both the standard methodology and the
other predictive models. These results are consistent with those reported in published
studies that utilized the same models [26].

According to the results of the present study, the best model for predicting calorific
value is proximate analysis, since there were no statistically significant differences between
this model and the procedure that involved the use of the calorimetric pump. Moreover,
this can be calculated by immediate analyses that do not require chemical reagents or
large investments in expensive equipment. This concurs with reports by Rodríguez-
Romero et al. [14]. Martínez-Pérez et al. [6], meanwhile, reported a lower calorific value
of 18.31 MJ/kg in P. laevigata wood based on the approach using a calorimetric pump.
They also obtained a larger interval (18.4–19.2 MJ/kg) than the one registered for latifoliate
woods in UNE-EN ISO 17225-1 [41]. It is important to emphasize that the results for
the caloric value obtained herein with the methodologies utilized are within the interval
of 18.13–21.7 MJ/kg estimated for various species of latifoliate woods in Mexico [27,42].
According to international parameters (Table 3), the calorific value higher than of P. laevigata
wood is above the quality parameter.

Table 2. Calculation of the higher calorific value (MJ/kg) of P. laevigata wood.

HHV using calorimetric pump [43] 20.16 (±0.25) a
HHV = 17.9017 + 0.07444 (L) + 0.0661 (E) [44] 21.07 (±0.06) a
HHV = 354.3 (FC) + 170.8 (VM) [45] 21.06 (±0.07) a
HHV = 0.335 (C) +1.423 (H) − 0.154 (O) −
0.145 (N) [46] 18.23 (±0.92) b

Different letters in the column indicate that there is a significant Tukey statistical difference (p ≤ 0.05). Where:
L = lignin, E = Extractives, FC = Fixed carbon, VM = Volatile material, C = carbono, H = Hydrogen, O = Oxygen,
N = Nitrogen.
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Table 3. Energetic properties, elemental analysis and microanalysis of ashes from P. laevigata.

Parameter Magnitude
Calculated

Value

Technical
Parameters
Limit [47]

Typical Variation
for Hardwood

Woods [41]

Energetic properties

Moisture % 7.36 (±0.15) ≤10 NS
Ashes % 1.77 (±0.07) ≤1.5 0.2–1.0
Calorific value MJ/kg 20.1 (±0.25) 16.3–19 18.4–19.2

Elementary analysis

Carbon % 46.4 (±0.42) - 48–52
Hydrogen % 6.79 (±0.15) - 5.9–6.5
Oxygen % 46.43 (±0.38) - 41–45
Nitrogen % 0.3 (±0.12) ≤0.5 < 0.1–0.5
Sulfur % 0.05 (±0.01) <0.03 <0.01–0.05

Ash microanalysis (parts per million, ppm)

K mg/kg 182,962.57 - 500–1500
Ca mg/kg 122,616.47 - 800–20000
Na mg/kg 11,042.69 - 10–200
Sr mg/kg 3174.39 - NS
S mg/kg 1265.70 - NS
Mg mg/kg 972.01 - 100–400
P mg/kg 649.19 - 50–200
Ba mg/kg 106.76 - NS
B mg/kg 84.35 - NS
Si mg/kg 69.56 - 100–200
Fe mg/kg 53.47 - 10–100
Cu mg/kg 44.28 - 0.5–10
Al mg/kg 35.98 - <10–50
Li mg/kg 32.40 - NS
Mn mg/kg 23.72 - 83
Zn mg/kg 16.37 ≤10.0 5–100
Ni mg/kg 7.70 ≤10.0 <0.1–10
Cr mg/kg 4.48 ≤10.0 0.2–10

NS = not specified.

2.4. Elemental Analysis

The elemental analysis of biomass is another important parameter since it can define
the exact atomic elements that make up wood; namely, carbon, hydrogen, nitrogen, and
sulfur. Criteria for the quality of biofuels registered in the literature include high percent-
ages of C and O in biomass, as this favors calorific value [48,49]. This affirmation must
be qualified; however, because Ali et al. [50] reported that lignocellulosic materials with
high O content can corrode combustion equipment. Hydrogen, in contrast, has been found
to contribute positively to calorific value, though its proportion in biomass is lower than
that of C [48]. Studies also estimate that high amounts of N and S in biomass are the main
causes of environmental impacts that can damage human health and lead to the formation
of incrustations in combustion equipment [51]. Table 3 presents the results of our elemental
analysis of P. laevigata wood, which determined a low proportion of C, while H and O
were above the ranges reported in the literature for latifoliate woods: respectively, % C:
49.13–50.63, % H: 5.96–6.21, and % O: 43.62–44.49, compared to Rutiaga-Quiñones et al. [43].
Based on norm UNE-EN14961-1 [47] for solid biofuels, N complies with this parameter,
but S is slightly above the limit and is comparable to the range estimated for woods of
latifoliate species (Table 3).
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2.5. Microanalysis of Ash

This analysis was performed to identify the inorganic fraction of the biomass, which
consists of the minerals present in the soils where the trees grew. Although these exist in
low proportions in wood, they can have negative effects on combustion. For example, Ca, K,
P, and Mg can produce slag, corrosion, and fine particle emissions, and form incrustations
in combustion equipment [52,53]. Na, Fe, and Si can cause problems like ash fusion,
incrustations, and corrosion [54]. We identified 18 elements in our samples (Table 3). The
most abundant ones were K >Ca >Na. Published studies have reported that Ca, K, P, and
Mg are the most abundant chemical elements in wood ash [26,39]. This is consistent with
our identifications. Sjöström [17] mentions that B, Cu, Mn, Si, and Zn can be found in
lower proportions, and, in effect, we detected these elements. In relation to the elemental
ranges of solid biofuels listed in norm UNE-EN 14961-1 [47], P. laevigata wood exceeds
the ≤10.0 mg/kg of Zn. In contrast, Ni and Cr concentrations were below reported levels
(Table 3). Other microanalyses of the wood ash of P. laevigata have also detected the presence
of Ca, K, Mg, P, Si, and Al [6].

2.6. Fourier Transform Infrared Spectroscopy (FT-IR)

Figure 3 shows the infrared spectrum (FT-IR) of P. laevigata wood. We identified the
OH group in the 3700–3000 cm−1 region. This functional group has also been reported for
P. juliflora wood from our study area [55]. Published reports suggest that this functional
group corresponds to the water molecules that constitute the biomass. However, it is im-
portant to note that significant broadening of this band indicates the presence of numerous
hydrogen bonds. The existence of adsorbed water molecules or crystallization may be
considered less important. This has been reported for other latifoliate woods at 3423 cm−1.
These stretching vibrations are related to the cellulose and hemicellulose polymers [56]
in the absorption band of the 3000–2750 cm−1 region. We also identified the functional
group CH and, as with other species of this genus, there was an absorption band in the
2980–2800 cm−1 region in P. juliflora wood [55]. According to the literature, absorption
bands in this region are related to the CH group present in the structural components of
wood (cellulose, hemicelluloses, lignin). The CH functional group has been found in other
studies of latifoliate species, in the region of 2933 cm−1 [57,58]. The peak found between
wave numbers 1800–1500 cm−1 is related to the C=O stretching vibrations of carboxylic
acid and/or carbonyl (aldehydes, ketones, and esters) [59]. This result is comparable to
other studies of latifoliate woods that report the presence of this functional group between
1740 and 1730 cm−1. It is important to note that this functional group has been assigned to
the hemicelluloses [58,60].

Turning to the carbonyl functional group, it was identified at an absorption of 1695 cm−1

in extracts isolated with acetone, and in aromatic substances between 1615 and 1520 cm−1

in extractable substances obtained with methanol and water in P. kuntzei wood. Other
published reports affirm that these low molecular weight organic compounds are often
present in derivatives of gum arabic, mainly in species of the genus Prosopis [61]. The
position of the absorption bands between 1510 and 1260 cm−1 is associated with the func-
tional groups CH2 and CH3, which correspond to the FT-IR spectrum of this wood. The
CH2 group has also been identified in P. juliflora wood [55]. These functional groups are
associated with cellulose and lignin [58,62]. Other studies have detected them in latifoliate
species in the region of 1464–1375 cm−1 [59,63]. Finally, the functional groups C-O-C,
C-OH, and C4-OH were identified in vibrations at 1234, 1160, and 1028 cm−1, respectively,
and β-glucopyranose was found in the cellulose [64]. Similar values have been reported
for other latifoliate species, including beech [65].
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Figure 3. FT-IR infrared spectrum of P. laevigata wood.

3. Materials and Methods

3.1. Collection and Preparation of the Study Material

Samples of P. laevigata wood were collected in the Lake Cuitzeo Basin in the State of Mi-
choacán, Mexico, between parallels 19◦58′51′′ N 101◦7′15′′ O and 19◦58′21′′ N 101◦7′28′′ O.
They were taken from three individual trees of this species in 10-cm slices, cut at a height
of 1.30 m (diameter at the height of the chest). The wood was separated from the bark,
splintered manually, and left to dry in the shade until it reached a moisture equilibrium
(approximately 12%). After drying, the splinters were ground in a conventional grinder,
and then sieved in a RO-TAP device (Model RX-29, W.S. Tyler, Mentor, OH, USA) us-
ing standard meshes, as follows [66]: numbers 20, 40, and 60, and the #40 flour mesh
(425 μm), in accordance with norm T 264 cm-97 [67]. The higher heating value (HHV) was
utilized for the chemical, thermogravimetric (TGA), proximate analysis, elemental, and
calorific analyses.

3.2. Primary Constitution and Proximate Analysis by Chemical Methods
3.2.1. Primary Analysis by the Chemical Method

Chemical characterization was conducted in an Ankom Model A200 fiber analyzer
(ANKOM Technology, Macedon, NY, USA) following the methodology in Van Soest
et al. [68]. Gravimetric calculations were performed to obtain the percentages of neu-
tral detergent fiber (NDF), acid detergent fiber (ADF), insoluble lignin (IL), and ash, based
on Equations (1)–(4), as reported by Torres et al. [69].

%Extractives = 100 − %NDF (1)

%Hemicelluloses = %NDF − %ADF (2)

%Cellulose = %ADF − %IL (3)
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%Lignin = %IL − %Ash (4)

3.2.2. Proximate Analysis by Gravimetric Methods

The percentage of moisture was determined using a thermobalance (Benetech Inc.,
model Gm640, Aurora, IL, USA), according to norm ASTM D4442-20 [70]. The percentage
of ash was measured according to norm ASTM D1102-84 [71], while volatile matter content
was verified based on norm ASTM E872-82 [72]. Fixed carbon was calculated as the
following difference: % fixed carbon = [100 − (% ash + % volatile matter)], based on
calculations reported previously by Ngangyo-Heya et al. [73].

3.3. Thermogravimetric (TGA) and Differential (DTG) Analyses

For the purposes of this study, a rapid methodology that integrated TGA-DTG analysis
was applied using a PerkinElmer STA 6000 thermogravimetric analyzer (Pyris™ software,
Version 11, PerkinElmer, Waltham, MA, USA), based on the parameters of the ASTM
D5142-90 standard [74]. This analyzer has an alumina crucible that was filled with an
amount of 30 ± 10 mg. The sample was distributed uniformly inside the crucible. The
analysis was carried out in an inert atmosphere that required a flow of nitrogen gas (N2)
that was 99.99% pure. Before each experiment, the equipment was purged with N2 for
15 min to eliminate, insofar as possible, the air inside the chamber where pyrolysis was
conducted.

3.3.1. Proximate Analysis by TGA

The heating ramp was programmed in four stages. Stage (1): initial heating from 25 to
105 ◦C. This temperature was maintained for 80 min. The heating velocity was 30 ◦C/min,
in a nitrogen atmosphere at a flow rate of 30 mL/min. Stage (2): temperature was increased
to 700 ◦C at a rate of 15 ◦C/min, then maintained for 30 min under the same nitrogen flow.
Stage (3): oxygen (O2) was introduced at a flow rate of 30 mL/min. The temperature was
kept at 700 ◦C for 5 min. Stage (4): a switch was made back to nitrogen. Cooling from 700
to 25 ◦C was performed at a velocity of 30 ◦C/min. In this final stage, the nitrogen flow
was reduced to 15 mL/min.

3.3.2. Primary Constitution: Deconvolution of the DTG

Based on the algorithm developed and data from the TGA analysis, the fractions of
the structural components of the wood (cellulose, hemicelluloses, lignin) were calculated
utilizing the deconvolution of the curve of the TGA derivative that corresponded to the
DTG analysis. The algorithm allowed us to determine the fractions of the structural
components as a function of the loss of mass in the sample.

The graphs of the curves were created based on the specific algorithm written in the
SciLab platform, which utilizes the ODE (ordinary differential equations) subroutine based
on the Adams method (for non-rigid ODE problems). This approach integrates ordinary
differential equations to describe the loss of weight associated with the degradation of
hemicellulose, cellulose, and lignin, and the Fminsearch subroutine (based on Nelder and
Mead’s algorithm) to optimize the kinetic parameters and achieve the best adjustment
of the experimental results [12]. Extractable substances were calculated as the following
difference: % extractables = 100 − (% cellulose + % hemicelluloses + % lignin + % ash).

3.4. Calorific Value Higher Than (HHV)

The calorific value was determined in a calorimetric pump (LECO AC 600, LECCO
Corporation, St. Joseph, MI, USA) following norm UNE-EN ISO 18125 [43]. The calorimeter
was calibrated with benzoic acid before initiating the analysis. HHV was calculated using
mathematical models according to the chemical composition (lignin and extractables),
following White [44] and incorporating the results of the proximate analysis as a function
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of the fixed carbon and volatile matter. This procedure followed Cordero et al. [45] and
employed the mathematical model that resulted from the elemental analysis [46].

3.5. Elemental Analysis

Carbon, hydrogen, nitrogen, and sulfur content were determined in a Perkin-Elmer,
model 2400 CHNS-Or apparatus, using the modified Dumas method [75]. Sulfur con-
tent was calculated by the turbidimetric method with gum arabic. Oxygen content was
calculated by difference, based on the reports by Ghetti et al. [76].

3.6. Microanalysis of Ash

Identification of the inorganic elements in the ash was conducted by means of in-
ductively coupled plasma atomic emission spectroscopy (ICP-AES) (VARIAN 730-ES,
Varian Inc., (Agilent), Mulgrave, Australia), under the operating conditions reported by
Arcibar-Orozco et al. [77].

3.7. Fourier Transform Infrared Spectroscopy (FT-IR)

The functional groups of P. laevigata wood were obtained by FT-IR in a Perkin Elmer
ATR model 400 spectrometer. The spectra were determined in 16 scans per sample in a
range of 4000–500 cm−1 at a resolution of 4 cm−1, according to the operating conditions
reported by our research team in previous studies [15].

3.8. Statistical Analyses

The analyses of the primary constituents and the proximate analysis by the chemical
method and thermogravimetry (TGA-DTG) were performed in triplicate. A student’s t-test
was used to compare the two treatments for each variable of the basic chemical composition
and proximate analysis. For calorific value, an analysis of variance (ANOVA) (p ≤ 0.05)
was applied with a comparison of means using the Tukey test. All statistical analyses
were performed with the R Studio program [78]. For the elemental analysis, we report the
means and their standard deviation. The microanalysis of ash and spectroscopy (FT-IR)
was carried out only once.

4. Conclusions

The novel TGA-DTG thermogravimetric method tested in this study can obtain results
for the principal chemical components of wood and for proximate analysis in less time,
once the algorithm has been obtained, with no need for numerous chemical reagents
compared to traditional chemical procedures. We found statistically significant differences
(p ≤ 0.05) between these two methods in some parameters, but both approaches yielded
results comparable to reports in the literature. The calorific value of P. laevigata wood is
higher than international standards for solid biofuels. According to our results, the best
model for calculating calorific value is the one obtained through proximate analysis, as this
showed no statistically significant differences (p ≤ 0.05) with studies that used a calorimetric
pump. This method has two advantages: (i) it generates results immediately because no
chemical reagents are required, and (ii) it does not require costly equipment. Regarding
the elemental analysis, P. laevigata wood complies with the limit on nitrogen content
for commercialization, while sulfur content was only slightly above the corresponding
specification. The microanalysis of ash identified 18 elements, the most abundant ones
being potassium >calcium >sodium. According to technical parameters, nickel and chrome
concentrations comply with international allowances. Finally, the FT-IR analysis detected
eight functional groups: OH, C-H, C=O, CH2, CH3, C-O-C, C-OH, and C4-OH.
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Abstract: Ceiba aesculifolia is an important species in Mexico that generates significant amounts
of biomass waste during its exploitation, which can be utilized to produce energy. This study
presents the characterization of this waste based on chemical (proximal and elemental) and ther-
mal analyses (TGA-DTG) at different heating rates (β = 10–30 ◦C/min (283–303 K/min)) in the
presence of nitrogen and in a temperature range of 25–900 ◦C. Kinetic parameters were calcu-
lated and analyzed as well. Activation energy (Ea) and the pre-exponential factor (A) were deter-
mined using the Friedman (132.03 kJ/mol, 8.11E + 10 s −1), FWO (121.65 kJ/mol, 4.30E + 09), KAS
(118.14 kJ/mol, 2.41E + 09), and Kissinger (155.85 kJ/mol, 3.47E + 11) kinetic methods. Variation
in the reaction order, n (0.3937–0.6141), was obtained by Avrami’s theory. We also calculated the
thermodynamic parameters (ΔH, ΔG, ΔS) for each kinetic method applied. The results for Ea, A, n,
ΔH, ΔG, and ΔS show that this biomass waste is apt for use in pyrolysis. Moreover, the moisture
(<10%), ash (<2%), volatile material (>80%), and HHV (>19%) contents of C. aesculifolia allowed us
to predict acceptable performance in generating energy and fuels. Finally, infrared spectroscopy
analysis (FT-IR) allowed us to identify important functional groups, including one that belongs to the
family of the aliphatic hydrocarbons.

Keywords: pyrolysis; physiochemical properties; TGA-DTG; iso-conversional kinetic methods;
thermodynamic analyses and bioenergy potential

1. Introduction

Today, one of the most attractive options worldwide for developing energies based on
alternative sources is biomass. Mexico is no exception in this regard. Every day in western
Mexico, thousands of tons (1,018,407.17 m3) of biomass is produced as lignocellulosic
waste from the exploitation of forest species like pine, oak, mahogany, parotta (elephant-
ear tree), and ceiba, among others [1]. This waste consists mainly of sawdust, branches,
leaves, bark, and stumps. Unfortunately, it is rarely used for purposes other than as fuel
for cooking or drying wood, or in ovens to cook adobe bricks [2]. However, research
into the energy potential of biomass waste, focused on utilizing it to produce fuels that
could eventually replace fossil fuels, has expanded around the world [3]. Biomass waste
from Ceiba aesculifolia (Kunth) Britt and Baker (hereinafter, C. aesculifolia, known locally as
pochote) is an option that may help achieve this goal. This tree, which grows in western
Mexico, including the state of Michoacán, is notable for its natural ability of constant
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regeneration. It is well known that lignocellulosic biomass—terrestrial and marine—can be
thermally transformed to generate energy. Currently, thermochemical processes (pyrolysis,
gasification, combustion) are viable options for converting biomass into products with high
added value, such as bio-oil, bio-char, and combustible gas (Figure 1), all of which can be
used to generate electrical energy by means of fuel cells [4,5].

 

 

Figure 1. Generation of high-value-added products from biomass.

Of the processes mentioned above, pyrolysis is one of the most widely used forms of
thermochemical transformation of biomass waste not only into lignocellulosic biomass,
but also into animal biomass waste, such as manure [6], and even in materials such as mi-
croplastics [7]. This thermal process, also called destructive distillation, is carried out in an
inert atmosphere (e.g., nitrogen and argon), in contrast to the process that requires oxygen
(complete combustion). Pyrolysis of biomass can be used to obtain several substances of
importance for industry, such as oil, coal, hydrocarbon chains (e.g., methane), aromatic
compounds, and hydrogen (H2), known as syngas, which is usually obtained industri-
ally through petroleum refining processes. Pyrolysis generally requires temperatures of
400–600 ◦C and a pressure of 1–5 bar [8]. Given the efficiency of hydrogen, the possibility
of obtaining this gas from biomass, and its potential for generating clean, renewable, envi-
ronmentally friendly electrical energy, numerous researchers have taken up the challenge
of optimizing processes to obtain it. Published studies show good average yields of 55, 40,
48, 50, 48, and 50% H2 in biomass derived from nogal and cotton, and waste from tea, olive,
beech, and fir production, respectively [9]. Significantly, studies of biomass include marine
residues like algae [10]. At the time of our study, however, there were no reports on the
biomass waste of C. aesculifolia.

It is well known that, thanks to its physicochemical properties and lignocellulosic
composition, biomass is an excellent option as an energy source. One key aspect in
optimizing yields consists of analyzing the kinetic parameters of the thermochemical
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conversional process utilized (in the present case, pyrolysis). This study documents the
chemical, energy, and thermal characterization of this material and discusses the handling
of the data obtained from thermogravimetric analyses and their application in well-known
mathematical methods that make it possible to optimize the energy extracted from this
biomass. We applied three iso-conversional methods—Friedman, Flynn–Wall–Ozawa
(FWO), and Kissinger–Akahira–Sunose (KAS)—and Kissinger’s non-iso-conversional type
to obtain precise values for three kinetic parameters—apparent energy activation, Ea, the
pre-exponential factor, A, and the reaction order, n—as well as the Gibbs free energy change
as a thermodynamic parameter, and changes in enthalpy and entropy. In addition to the
fact that this thermokinetic study is the first to be carried out for C. aesculifolia, we believe
that it is necessary to make better energy use of the enormous amounts of biomass waste
such as sawdust (more than 2000 kg) and shavings (more than 5000 kg) that are generated
per week in some communities in Mexico [11].

2. Results and Discussion

2.1. Determination of Basic Density

The basic density of wood is a physical characteristic that has a crucial role in processes
of biomass combustion [12,13]. Studies of this factor show that an increase in basic density
leads to an increase in calorific value; that is, a larger amount of energy stored per unit of
volume. According to the literature [14], C. aesculifolia wood is classified as “heavy”, with a
basic density of 0.70 g/cm3. For the wood of the group of leafy trees, basic density varies
from 0.475 to 0.814 g/cm3 [15], so C. aesculifolia is within this range.

2.2. Basic Chemical Composition
2.2.1. Holocellulose, Cellulose, and Hemicellulose

Holocellulose constitutes the total fraction of the polysaccharides present in wood,
including cellulose (CE) and hemicelluloses (HMs) [16,17]. In this study, the sum of CE and
HM resulted in a total of 77.74%, a percentage above those reported for other hardwoods
in Mexico, which tend to fall between 63.8 and 73.58% [18,19]. It is important to clarify that
the total content of the basic composition shown in Figure 2, practically 100%, is only the
sum of EC, HMs, lignin, and extractables.

Figure 2. Basic chemical composition of C. aesculifolia wood.
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The cellulose content of C. aesculifolia wood (see Figure 2) exceeds the 41.29% reported
for Ceiba pentandra [20]; in fact, the value obtained herein is above the range of 41.32–58.83%
registered for Mexican hardwoods [21]. This suggests its potential for use in producing
bioethanol, although the CE is found mainly in crystalline form, which can impede its
depolymerization for fermentation due to problems of accessibility and the consumption
of chemical reagents [22]. This high percentage (66.25%) means that C. aesculifolia wood
can be effective in obtaining CE destined for producing paper and its derivatives, a process
that is expected to give high yields [23]. The percentage of hemicelluloses (11.49%) can
be considered within the range (11.75–24.38%) found in five hardwood species native to
Mexico that have characteristics similar to those of the biomass used in this study [24]. It
is important to mention that the HMs present in amorphous regions are more easily hy-
drolyzed using enzymes than the crystalline forms, so they could be useful in fermentation
processes [25].

2.2.2. Lignin

Lignin is the second-most-abundant amorphous biopolymer in nature. Its principal
derivatives are coniferyl, coumaryl, and sinapyl alcohol. Lignin represents 15–30% of the
composition of wood [26]. We found that C. aesculifolia contains 10.82% lignin (Figure 2),
although other authors have recorded percentages from 14.86 to 36.57% in Mexican hard-
woods [19]. Clearly, the value found in our work is below this range—a fact that could
favor bioethanol production, since lignocellulosic materials with high percentages of lignin
can impede fermentation treatments [22]. High lignin content in wood, in contrast, can
improve its quality as a solid biofuel, because this compound increases the higher heating
value [27,28].

2.2.3. Extractives

In general, extractives are organic substances of low molecular mass that are not part of
the wood cell wall. They are also commonly called accessory substances or extraneous com-
ponents, are formed from the secondary metabolism of plants, are removed by water and
organic solvents (water, alcohol, acetone, benzene, ether, and mixtures between solvents),
and contain various compounds such as waxes, fats, aromatic compounds (phenolics),
terpenes, alcohols, esters, tannins, flavonoids, and carbohydrates [29]. Although extractives
do not change the structure of wood, and they contribute only a low percentage of mass,
they significantly impact its properties and transformation processes [30]. Recent reports
on some Mexican hardwoods affirm that the content of extractive components ranges from
8.2 to 30.7% [19]. Our results show a percentage (11.37%) of extractives in C. aesculifolia
within this range (Figure 2). We should mention that, according to the chemical and/or
thermal transformation, the presence of extractives in lignocellulosic materials can have
disadvantages, such as a greater risk of corrosion and an increase in the consumption of
reagents in chemical transformation equipment. However, they may offer an advantage by
increasing the higher heating value [27].

2.3. Proximal Analysis and the Higher Heating Value

Proximal analysis is widely used to evaluate biofuels because it provides initial in-
formation on the possible qualities of a biomass as a fuel source. This method involves
measuring such parameters as the moisture, ash, fixed carbon, and volatile compounds
present in biomass samples [31]. Table 1 shows the results. It should be clarified that, in the
case of gravimetric analysis, moisture is omitted because the calculations are made on a
dry weight basis, i.e., 100% should be considered in relation to the percentages of volatile
materials, fixed carbon, and ash.
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Table 1. Average results of proximate analysis and superior calorific value of C. aesculifolia.

Moisture (%) VM (%) 1 FC (%) 2 Ash (%) HHV (MJ/kg) 3

9.37 ± 0.2 83.83 ± 2 14.33 ± 2.1 1.84 ± 0.1 19.12 ± 0.2
1 VM: volatile material, 2 FC: fixed carbon, and 3 HHV: higher heating value.

2.3.1. Moisture Content

As Table 1 shows, the moisture content detected in C. aesculifolia was 9.37%, a figure
within the range mentioned by other authors [32]. The marked variability of 6–75% in
the initial moisture levels of our biomass samples was due primarily to the fact that some
samples were taken from recently processed wood, while others were drawn from material
that had been exposed to the environment. It is important to mention that high moisture
content in biomass causes a weight increase that generates higher transport costs and
greater energy consumption during the chipping process and can affect the quality of the
splinters obtained [23]. High percentages of moisture in samples also require implementing
drying procedures, although these raise costs and prolong drying times before the material
can be used as biofuel [33].

It is worth mentioning that we have observed that humidity varies slightly even on
the same day at different times. For that reason, the chemical analysis was performed
with anhydrous wood, and the humidity of 9.37% corresponds to the humidity of the
sample in the proximal analyses determined by gravimetric methods. It should also
be mentioned that the proximal analyses were carried out on the basis of anhydrous
weight; that is, the humidity of the flour was adjusted in the calculations. Due to the two
procedures—chemical and TGA (Section 2.6) methods—there are some differences in the
results, such as the humidity of 9.37% and 6.65% respectively.

2.3.2. Volatile Materials

The proportion of volatile materials in lignocellulosic biomass can vary from 76 to
86% by weight [34]. C. aesculifolia had a volatile material content within this range, at
approximately 84% (Table 1). This volatile fraction was converted into gas [35], which was
also within the reported limits of 82.6–84.9% for biomass collected in diverse regions of
Mexico [18]. In analyses of volatile materials, a high content is an indicator that favors
ignition even at relatively low temperatures, as various authors have noted [36]. However,
high levels can also increase the speed of the combustion process, which may be disad-
vantageous in the case of solid biofuels [37], although they can be beneficial for biogas
production [38]. As can be seen, C. aesculifolia is rich in volatiles, which, when thermally
degraded, can be implemented for the generation of biogas such as hydrogen from a
reforming of the so-called synthesis gas. This product would be a significant bioresource
for such important purposes as the generation of electrical energy from the use of fuel cells
(for example, solid oxides) [39].

2.3.3. Fixed Carbon

Fixed carbon is generated by the combustion of biomass through the oxidation of solid
material, which lasts considerably longer than that of gases in fuels [34]. C. aesculifolia had
a fixed carbon value of 14.33% (Table 1), placing it in the highest range according to the
figures of 14.1–14.3% reported for diverse hardwood species [14]. This factor is deemed
favorable for bioenergy processes [40], although it is important to note that low fixed carbon
values are not considered to be disadvantageous and, in fact, can be appropriate for biogas
and biodiesel production [41].

2.3.4. Ash

Ash includes chemically bonded, salt-based compounds. Lignocellulosic materials
acquire ash during growth in their natural environment. Individual species may have
distinct components present in variable amounts [42]. The ash content in lignocellulosic
materials ranges from 0.94 to 17.89% [43]. For the biomass under study, we found a
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percentage of 1.84% (Table 1). It is important to point out that some of the compounds
that make up this ash are volatilized and incorporated into the gaseous phase, but that
the residual part can cause serious problems in equipment (for example, corrosion and
obstruction of the gaseous flow in combustion boilers). According to the aforementioned
range, the ash content of C. aesculifolia (1.84%) is low, leading us to believe that these
would not be common problems. Although low, this level would impede the fabrication of
products like pellets and briquettes, since current norms stipulate a maximum ash content
of 0.70 for the former and 0.5% for the latter [44].

2.3.5. Higher Heating Value (HHV)

Another fundamental characteristic of biofuels is the higher heating value, which is
determined by their chemical composition. It is widely held that elevated HHV values indi-
cate good capacity as a fuel, while low values suggest the opposite [45]. Some researchers
hold that the gross HHV of diverse raw materials ranges from 19.8 to 20.7 MJ/kg [34]. As
Table 1 shows, the HHV value for C. aesculifolia wood (19.12 MJ/kg) is within this range.
Similar reports exist for some hardwood species with high commercial value, such as the
leaves of Ebenopis ebano [27]. This HHV result can be considered appropriate for the
generation of high-value-added bioenergy products such as methane and hydrogen. This
affirmation is based on the results observed in research on lignocellulosic biomasses that
present an approximate HHV value of 19.12 MJ/kg, where gases such as bio-methane [46]
and hydrogen [47] have been obtained from pyrolysis. However, due to the amount of
fixed carbon obtained (14.33%), it is possible not to consider the production of materials
such as briquettes, although this value may also represent an advantage in reducing CO2
emissions [48].

2.4. Microanalysis of Ash

The results of the microanalysis of ash (see Table 2) identified 18 elements, with a
marked presence of potassium (K), followed by calcium (Ca), phosphorus (P), sodium (Na),
and magnesium (Mg).

Table 2. Microanalysis of C. aesculifolia ashes.

Element ppm

K 257,523.69
Ca 35,917.89
P 15,824.95

Na 2373.19
Mg 1329.53
S 1198.21
Sr 292.95
Si 164.05
Ba 153.00
Fe 112.42
Li 91.78
B 69.67

Cu 41.73
Al 38.88
Mn 35.36
Zn 26.46
Ni 0.90
Cr <0.05

Note: ppm = parts per million. The elements are represented by their symbols.

Of these five elements, the most common one (K) is characteristic of diverse woods
and their derivatives, including Persian lime (leaves), orange trees’ branches, and lemon
peel. In the case of the leaves of Persian lime, phosphorus and magnesium have similar
values, and the value for sodium approaches those obtained for Pinus spp. [18]. The pre-
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dominant presence of these elements is significant because they have the potential to cause
complications during combustion processes by affecting the fusion point of ash, causing the
formation of slag, corroding equipment, emitting fine particles, and causing incrustations
that can damage ovens and boilers [49]. However, some authors stress that elements like Ca
and Mg may favor combustion processes by raising the fusion point of ash, thus reducing
the amount inside the combustion equipment and contributing to environmental safety by
reducing the toxicity of the residues dispersed Into the air [50]. In contrast to these two
elements, sodium, iron, and silicon interfere in the fusion of ash and lead to the formation
of incrustations. Here, we should mention that sulfur (≈1200 ppm) can cause serious
corrosion problems due to the formation of iron (II) chloride [46]. C. aesculifolia also had
trace amounts of Cu, Ni, and Zn, which, even in small quantities, can have a direct negative
impact on the environment. Actions have been undertaken to apply them to the benefit of
the environment [51].

2.5. Elemental Analysis

This analysis was utilized primarily to determine five elements: carbon, hydrogen,
oxygen, nitrogen, and sulfur. The first three are important because they supply the highest
amounts of energy in the biomass. However, nitrogen and sulfur, even in small amounts,
are also very significant, for when derived from processes like pyrolysis they indicate
the possible formation of gases and/or acids (Nox, Sox, NH3) that are harmful to the
environment when expelled into the atmosphere. Table 3 shows the results of this analysis,
which are within the ranges cited in recent publications. Of these five elements, we would
emphasize the low sulfur content of C. aesculifolia (a value of just 0.08), although the
nitrogen content is high. In thermal processes like pyrolysis, the atmospheric emissions of
Sox types and nitrogenous compounds must be reduced to a minimum [52].

Table 3. Elemental analysis of C. aesculifolia wood.

Element This Research (%) Literature (%) [42,53]

C 45.60 40–46
H 6.90 4–6
O 47.20 45–50
N 0.30 0.11–0.32
S 0.08 0.00–0.96

2.6. Thermal Properties of C. aesculifolia: TGA-DTG

The thermal behavior generated by the mass degradation of the lignocellulosic material
under study was characterized using a thermogravimetric analyzer. In Figure 3, the two
vertical axes show the loss of mass (left axis) at a certain velocity (right axis). The latter
represents the first derivative (DTG) of the thermogravimetric curve (TGA) throughout
the temperature range. The thermogram reveals a behavior similar to that of diverse
lignocellulosic materials [54].

Three regions at distinct heating speeds are discernible in Figure 3 (β = 10–30 ◦C/min;
283–303 K/min). The first, located at temperatures between 300 and 415 K, can be identified
with the loss of surface water from the biomass. As the graph advances, it presents the
greatest loss of mass (≈60 %) in region 2 (415–680 K). For lignocellulosic materials, this
zone is distinguished by the elimination of volatile materials, especially the two main
polysaccharides: hemicellulose and cellulose. This is normally the area where the chemical
reactions that decompose these compounds and the greatest generation of gases (methane,
hydrogen, nitrogen, carbon monoxide and dioxide) occur, so it is called the active stage
of pyrolysis. Finally, in the range of 680–1100 K, the degradation of lignin—the main
cementing compound in these materials—occurs. Region 3 also reveals the formation of
fixed carbon. In this stage, both curves (TGA and DTG) are practically flat.
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Figure 3. TGA-DTG test of C. aesculifolia for five heating rates.

In addition to the mass degradation curves (TGA), Figure 3 displays the characteristic
peaks of the derivative of TGA—that is, the DTG that represents the ratio of change in
weight loss with respect to temperature throughout the thermal process. Like TGA, DTG
provides valuable information on key changes in the biomass, such as the maximum
reaction temperatures (peaks) and decomposition velocities at any given point [55].

Parallel to TGA, the two main peaks in DTG represent the decomposition velocities of
water, polysaccharides (hemicellulose and cellulose), and lignin. It is interesting to note
that although this biomass is made up of these three compounds, as well as water, only two
principal peaks encompass them. As mentioned, the polysaccharides degrade at distinct
temperatures. Reports generally indicate that, due to heterogeneity and the size of the
fiber in hardwoods [56], the decomposition of hemicellulose and cellulose occurs between
573 and 673 K [57], while the range for lignin is wider: 300–1200 K [58]. In this study, this
summarizes the thermal behavior of C. aesculifolia wood. Another aspect observable in
Figure 3 is the left-to-right shift of the TGA-DTG curves as the heating rate (10–30 ◦C/min;
283–303 K/min) and temperature increase. The explanation of this phenomenon is based
on heat transfer inside the biomass, which is inversely proportional to the heating rate [59].

2.7. Kinetic Analysis of C. aesculifolia Wood: Ea and A

Based on the data obtained from the thermogravimetric analysis and the methods of
chemical kinetics proposed by Friedman, Flynn–Wall–Ozawa, Kissinger–Akahira–Sunose,
and Kissinger, it was possible to determine the principal kinetic parameters—that is,
activation energy (Ea) and the pre-exponential factor (A). The reaction order, meanwhile,
was determined using Avrami’s method, as explained in the materials and methods section.
These methods are extremely important for improving our understanding of the pyrolytic
process of C. aesculifolia wood in an inert atmosphere. Since each one uses distinct aspects to
determine the reaction mechanism, associated kinetics, and regression techniques according
to the handling of the data obtained from the thermal process, distinct interpretations may
be reached for each result, as occurs with Ea. Because each mathematical method applied
in reaction kinetics studies represents diverse mechanisms, the values for the kinetic
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parameters (Ea and A) will show certain differences [60]. Figure 4a–d and Table 4 show the
results for these parameters according to the four methods used to describe interrelations
among the degree of advance, temperature, and velocity. They also show the calculation of
the correlation coefficient, R2 (Table 4). This is particularly important because, according to
the value obtained—preferably between 0.90 and 1.0—any graph of the kinetic methods
proposed is considered acceptable. In this study, the graph of C. aesculifolia presented low
R2 values (<0.80) when the degree of conversion (α) was >0.70. These values were not
included in the analysis. It is important to mention that some research related to kinetic
studies (Friedman, FWO, and KAS) of biomass have reported similar behavior, in fact with
a lower degree of progress (α = 0.65). This situation can be attributed to the degree of
complexity in the generation of carbon in the pyrolysis process [61]. Recent research has
had to adjust its results to values where the degree of advance is also 0.70 due to poor
fitting of the data—for example, in Trapa natans peel biomass [62]. However, this does not
mean that the results are not valid for the study in question.

 
 

 

Figure 4. Cont.
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Figure 4. Regression lines to apparent activation energy proposed by Friedman (a), Flynn–Wall–
Ozawa (FWO) (b), Kissinger–Akahira–Sunose (KAS) (c), and Kissinger (d) method free plots at the
different heating rates for C. aesculifolia biomass.

It is important to emphasize that the average R2 value for the four methods was >0.95,
a figure practically equal to those of the FWO (0.9938) and KAS (0.9865) methods. We
should clarify that Kissinger’s method does not use the degree of conversion as its basis
for analysis, although it must also fulfill the condition that R2 is >0.90 in order to achieve
more approximate values [63]. According to Table 4, the average Ea of the Friedman, FWO,
and KAS methods was 132.03, 121.65, and 118.14 kJ/mol, respectively, while the figure for
Kissinger’s method was 155.85 kJ/mol. The first three results are quite similar, with KAS
having the lowest value and Kissinger’s method the highest. These differences are due to
the mathematical bases employed in each method. Friedman’s method is differential, based
on the rate of change in the degree of advance with respect to time (dα/dt), while FWO and
KAS are based on the heating rate (β), and both are integral methods. Thus, we must keep
in mind that these kinetic methods are complementary and should not be understood as
being in competition [64]. Also important, however, is that Kissinger’s method reports only
a value for Ea. Since it is not possible to appreciate the degree of advance of the pyrolytic
process, the complexity of that process is not observed clearly. From the phenomenological
point of view, one of the variables used by these methods (Friedman, FWO, KAS, and
Kissinger) is temperature. Such differences in activation energy can also be explained as
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a function of increasing temperature and advancing degree of advancement, causing a
reduction in the molecular mobility of the biomass structure, resulting in an increase in
activation energy. As the process continues, the activation energy is reduced as the kinetics
progresses [65]. It can be observed that the value of the activation energy in the FWO
method is slightly higher compared to the KAS method; this may be related to the behavior
of the bonds in the biomass structure, the weakest being the ones that are first randomly
broken by scission effects [66].

Table 4. Kinetic parameters for pyrolysis of C. aesculifolia biomass.

Degree of Conversion (α) Equation (y = mx + b) R2 Ea (kJ.mol−1) A (s−1), (β = 15 ◦C/min)

Friedman method
0.10 y = −9849.9x + 14.886 0.9675 81.89 7.68E + 04
0.15 y = −18044x + 29.732 0.9981 150.02 1.05E + 11
0.20 y = −15786x + 25.46 0.9892 131.24 2.21E + 09
0.25 y = −14761x + 23.488 0.9894 122.72 3.81E + 08
0.30 y = −16454x + 26.142 0.9919 136.80 6.93E + 09
0.35 y = −17888x + 28.348 0.9921 148.72 8.03E + 10
0.40 y = −18415x + 29.008 0.9946 153.10 1.97E + 11
0.45 y = −17748x + 27.696 0.9821 147.56 6.33E + 10
0.50 y = −17833x + 27.585 0.9812 148.26 7.31E + 10
0.55 y = −18989x + 29.174 0.9887 157.87 5.25E + 11
0.60 y = −14395x + 21.333 0.9813 119.68 2.03E + 08
0.65 y = −10742x + 15.022 0.9657 89.31 3.65E + 05
0.70 y = −15536x + 21.579 0.9878 129.17 1.44E + 09

Average 0.9854 132.03 8.11E + 10

Flynn–Wall–Ozawa method
0.10 y = −9463.7x + 20.702 0.9869 74.79 1.71E + 04
0.15 y = −13993x + 28.077 0.9926 110.59 3.08E + 07
0.20 y = −15222x + 29.708 0.9979 120.30 2.31E + 08
0.25 y = −16296x + 31.168 0.9910 128.79 1.33E + 09
0.30 y = −16226x + 30.666 0.9981 128.23 1.19E + 09
0.35 y = −16540x + 30.871 0.9985 130.72 1.98E + 09
0.40 y = −17355x + 31.951 0.9941 137.16 7.46E + 09
0.45 y = −17915x + 32.609 0.9897 141.58 1.85E + 10
0.50 y = −17793x + 32.141 0.9942 140.62 1.52E + 10
0.55 y = −17108x + 30.759 0.9975 135.21 4.99E + 09
0.60 y = −17094x + 30.485 0.9915 135.09 4.88E + 09
0.65 y = −14206x + 25.514 0.9944 112.27 4.37E + 07
0.70 y = −10898x + 19.913 0.9929 86.13 1.87E + 05

Average 0.9938 121.65 4.30E + 09

Kissinger–Akahira–Sunose method
0.10 y = −8406.1x + 6.1598 0.9836 69.89 6.05E + 03
0.15 y = −12885x + 13.443 0.9914 107.13 1.50E + 07
0.20 y = −14089x + 15.029 0.9975 117.14 1.20E + 08
0.25 y = −15146x + 16.459 0.9897 125.92 7.37E + 08
0.30 y = −15060x + 15.929 0.9978 125.21 6.36E + 08
0.35 y = −15360x + 16.110 0.9983 127.70 1.06E + 09
0.40 y = −16163x + 17.171 0.9933 134.38 4.21E + 09
0.45 y = −16713x + 17.811 0.9883 138.95 1.08E + 10
0.50 y = −16579x + 17.324 0.9934 137.84 8.60E + 09
0.55 y = −15883x + 15.923 0.9972 132.05 2.61E + 09
0.60 y = −15859x + 15.633 0.9902 131.85 2.50E + 09
0.65 y = −12954x + 10.635 0.9934 107.70 1.69E + 07
0.70 y = −9622.7x + 4.996 0.9911 80.00 5.16E + 04

Average 0.9865 118.14 2.41E + 09

Kissinger method
α not involved y = −18746x + 20.857 0.9506 155.85 3.47E + 11
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Table 4 also shows that the maximum values for Ea (Friedman, KAS, FWO) are within
the range of the degree of advance (α)—that is, between 0.40 and 0.55. This means that,
based on this value (0.55), the amount of mass available to participate in the thermal
process will be lower. These maximum values can also be interpreted as a function of the
greater decomposition of the biomass that, according to the TGA-DTG graph (Figure 3),
corresponds to the elimination of the HM and CE that make up the wood of C. aesculifolia.

Another significant aspect is the variability in Ea over the range considered for the
methods applied: 81.89–153.10, 74.79–141.78, and 69.89–138.95 kJ/mol for the Friedman,
FWO, and KAS methods, respectively. These results mean that the pyrolytic process is
complex, occurs in multiple stages, and presents diverse types of chemical reactions across
the temperature range [67]. In general, reports in the literature affirm that the range of Ea
for lignocellulosic biomass made up of woody tissue lies between 60 and 170 kJ/mol [68].
Our results are within this range. Other biomasses present similar values for Ea: nutshell
(≈136 kJ/mol) [69], Indian almond (≈133 kJ/mol) [70], Brazil nut (≈137 kJ/mol) [71], prod-
ucts of figs (≈160 kJ/mol) [72], fistula cane (Cassia fistula L.) (≈137 kJ/mol), peach palm
(≈112 kJ/mol) [73], Manilkara zapota seeds (≈132 kJ/mol), Delonix regia (≈143 kJ/mol),
and Cascabela thevetia (≈152 kJ/mol) [74].

Another key parameter in kinetic analyses of thermogravimetric processes is the
reaction order (n). The variation in this parameter for C. aesculifolia is shown in Figure 5
and Table 5. This was calculated using Avrami’s equation, as indicated in the Materials
and Methods section. Calculating the reaction order requires considering the heating rate
(β = 10–30 ◦C/min; 283–303 K/min) and the temperature range of 500–650 K for the most
important event of pyrolysis (region 2)—that is, the TGA-DTG analysis. Clearly, according
to the lines in Figure 5, the value of the lineal correlation coefficient (R2) lies between 0.95
and 0.99, with an average of 0.9903, which is acceptable for calculating the reaction order.

Figure 5. Regression lines to reaction order (n) proposed by Avrami’s theory.

As Table 5 shows, the reaction order initially increased from 0.3937 to 0.6141, before
decreasing to 0.3895, with an average value of 0.4887. This result is similar to those obtained
by authors who have analyzed pyrolysis using agricultural waste and applying Avrami’s
equation, as in the cases of corn straw and rice husk, for which average reaction orders
of 0.365 and 0.539 were reported, respectively. It is true that this value can change from
one type of biomass to another. These differences may be related to the composition of
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ash content, since this exerts a significant effect on the alkaline metals present and, in turn,
their impact on the thermal process [75].

Table 5. Reaction order (n) deduced from Avrami’s theory for C. aesculifolia.

T (K) Slope (m) of the Equation Reaction Order (n = −m)
Correlation

Coefficient (R2)

500 −0.4774 0.4774 0.9531
525 −0.3937 0.3937 0.9986
550 −0.5114 0.5114 0.9976
575 −0.6141 0.6141 0.9992
600 −0.5890 0.5890 0.9986
625 −0.4456 0.4456 0.9889
650 −0.3895 0.3895 0.9963

Average 0.4887 0.9903

2.8. Thermodynamic Analysis of C. aesculifolia: A, ΔH, ΔG, and ΔS

The first parameter obtained in thermodynamic analyses is the pre-exponential factor,
calculated using the Ea values throughout the range of the degree of advance (α = 0.10–0.70)
and the temperature at the maximum peak of the DTG (Figure 3). Table 4 shows the pre-
exponential factor (A) obtained at a low heating rate (β = 15 ◦C/min). This reflects the fact
that the frequency of molecular collisions increases proportionally to the heating rate [76].
In this regard, applying a low value of β reduces the degree of interaction among the
constituents of the biomass in pyrolysis. Recent research (on cattle manure and pistachio
shells) has also opted for the calculation of the pre-exponential factor at even lower heating
rates (10 ◦C/min) [77,78]. It is worth mentioning that, with respect to different regions of
mass degradation, more accurate results can be obtained by performing thermogravimetric
analysis at low heating rates, even as low as 1 ◦C/min [79]. In this regard, and based on
the information reported in the aforementioned investigations, thermodynamic analysis
of C. aesculifolia is performed at a low heating rate. In this study, A varied in the range
of 104–1011 s−1, defining the occurrence of both reactions and complex structures in this
process due to the thermal conversional of the biomass [60]. This variability in A may be
conditioned by other factors, such as particle size, the presence of a catalyzer, and even the
diverse heating rate applied. It is indicative of the collisions that occur among the particles
during the thermal process. Here, the number of collisions increased with the increase
in this value. The average values shown in Table 4 for the KAS, FWO, Friedman, and
Kissinger methods are 2.41E + 09, 4.30E + 09, 8.11E + 10, and 3.47E + 11 s−1, respectively.

Similar results have been reported where A varied from 107 to 1012 s−1—for example,
with red pepper, rice husk, and bran [80]. Other reports affirm that, depending on whether
the value of A is <109 s−1 or ≥109 s−1, either collisions or superficial reactions and the
formation of a simple compound will occur, respectively. However, if this value lies between
1010 and 1012 s−1, there is a possibility of activating rotations of certain compounds that
were passive at first [81]. This may cause the size of the complex formed to increase
(unimolecular reaction) or remain unchanged (monomolecular reaction) in relation to the
interaction with its neighbors [82]. In this case, regardless of the method applied, the
constant values of the pre-exponential factor (1010–1011 s−1) represent the zone where the
main loss of mass occurs—that is, degradation of HM and CE when the degree of advance
(α) lies between 0.40 and 0.55 throughout the pyrolytic process. The highest value for A
(3.47E + 11 s−1) was calculated by Kissinger’s method, perhaps reflecting the fact that the
rotation of the active–reactive compound pair remained unchanged during the thermal
process [83]. However, in light of the disparity with the results of the Friedman, FWO,
and KAS methods, it is likely that Kissinger’s method presented this result because of the
method’s mathematical basis, as explained previously.

In addition to the pre-exponential factor, and as part of the thermodynamic study
of the pyrolysis process of C. aesculifolia, Table 6 shows the variation in three other key
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parameters that make it possible to analyze energy behavior in terms of spontaneity,
conservation, equilibrium, and quality [84], namely, analyses of enthalpy (ΔH, kJ/mol),
Gibbs free energy (ΔG, kJ/mol), and entropy (ΔS, J/mol. K). As mentioned above, these
parameters were calculated at a low heating rate. Table 6 displays the average values for
these thermodynamic properties (ΔH, ΔG, and ΔS) according to the Friedman (127.12,
174.89, −78.83), FWO (116.75, 175.30, −96.61), KAS (113.23, 175.46, −102.68), and Kissinger
(150.95, 173.97, −37.98) kinetic methods.

Table 6. Thermodynamic properties of C. aesculifolia.

Friedman FWO KAS

α ΔH ΔG ΔS ΔH ΔG ΔS ΔH ΔG ΔS

0.10 77.51 177.21 −164.51 70.41 177.67 −176.98 65.51 178.01 −185.63
0.15 145.43 174.16 −47.41 106.00 175.69 −115.01 102.53 175.85 −120.99
0.20 126.56 174.83 −79.66 115.61 175.27 −98.45 112.45 175.40 −103.89
0.25 117.96 175.17 −94.40 124.03 174.93 −84.00 121.16 175.04 −88.91
0.30 131.97 174.62 −70.38 123.41 174.95 −85.05 120.38 175.07 −90.24
0.35 143.84 174.20 −50.11 125.83 174.85 −80.89 122.82 174.97 −86.06
0.40 148.16 174.06 −42.73 132.22 174.61 −69.95 129.44 174.71 −74.71
0.45 142.57 174.24 −52.26 136.60 174.45 −62.46 133.96 174.54 −66.96
0.50 143.23 174.22 −51.13 135.59 174.48 −64.19 132.81 174.58 −68.93
0.55 152.80 173.90 −34.82 130.13 174.68 −73.52 126.97 174.80 −78.92
0.60 114.55 175.30 −100.23 129.97 174.69 −73.79 126.73 174.81 −79.34
0.65 84.12 176.77 −152.89 107.08 175.62 −113.09 102.51 175.83 −120.98
0.70 123.89 174.91 −84.20 80.85 176.95 −158.59 74.72 177.33 −169.31

Average 127.12 174.89 −78.83 116.75 175.30 −96.61 113.23 175.46 −102.68

Kissinger ΔH ΔG ΔS

150.95 173.97 −37.98

ΔH and ΔG are given in kJ/mol, and ΔS in J/mol. K.

In the process of lignocellulosic biomass pyrolysis, i.e., the generation of compounds
such as solids, liquids, and gases, the enthalpy can be defined as the energy that will be
required by the biomass for the generation of these products [85]. Table 6 shows that,
regardless of the mathematical method applied, enthalpy begins with low values, increases
proportionally with the reaction order up to high values, and then decreases. This behavior
revealed that the biomass contained compounds that require greater energy to achieve
their total transformation. The positive value of enthalpy is another important factor, for it
indicates that the thermal degradation process of C. aesculifolia involves an endothermic
reaction [86]. Recently, similar enthalpy values have been obtained from the biomass of
Manilkara zapota seeds, with reports of an average value of 137 kJ/mol [75]. Other studies,
one with almond husk and another with acorn pericarp [87], have reported values close
to the ones found in our work. Here, we would emphasize that the difference between
activation energy (Table 4) and enthalpy (Table 6) is <5 kJ/mol, so we can affirm that the
results for the degradation of C. aesculifolia, the formation of activated compounds, and
the conversion into other compounds will all be favorable [88]. This means that the energy
barrier to carry out the pyrolysis process is low, and the formation of pyrolytic products
will be favorable.

In lignocellulosic biomass pyrolysis processes, the possibility of generating activated
complexes is defined according to the total energy available in the thermal system, i.e.,
Gibbs free energy (ΔG) [82]. As Table 6 shows, this parameter is positive throughout the
range of the degree of advance (α = 0.10–0.70), indicating that the process does not develop
directly or automatically but, rather, is oxidative in nature and requires external energy
to achieve the pyrolysis reaction [89]. This need for additional energy input may be a
disadvantage; however, it is important to highlight that, in pyrolytic biomass processes,
the results of entropy (negative) and ΔG > ΔH (Table 6) imply consideration that a small
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amount of energy is surplus as input to the thermal system [90]. It is also clear that an
approximate value of 175 kJ/mol is maintained in all three iso-conversional methods
(Friedman, FWO, KAS), as well as for Kissinger’s non-iso-conversional method. Recent
studies of corncobs and pine wood report approximate ΔG values of 173 kJ/mol [91] and
180 kJ/mol [86], respectively. These values are relatively high for lignocellulosic biomass,
which means that pyrolysis of C. aesculifolia consumes a large amount of energy.

Theoretically, the entropy (ΔS) of a system represents its molecular disorder and ran-
domness [76]; however, in a pyrolytic system, this function may represent the level of order
or disorder of the carbon layers formed in the thermal process [82]. Results for this factor
are shown in Table 6, where negative values indicate that the system will undergo only rela-
tively small physicochemical changes; that is, the level of disorder in the thermal process of
C. aesculifolia is relatively low compared to some of its degraded products [92]. The highest
ΔS value was found for the KAS method (−102.68 J/mol. K), while the lowest was found
for Kissinger’s method (−37.98 J/mol. K). Studies of biomass waste (red pepper) have
reported such negative values ranging from −100 J/mol. K to almost −250 J/mol. K over a
wide conversion range. [93]. This variability in entropy may be related to the mathematical
method applied and to the precise components of the biomass, which can interfere with the
thermal process, such as the presence of certain inorganic and alkaline earth compounds,
or even the production method of the biomass [94]. However, it has also been determined
that such negative entropy values (i.e., reduction in the randomness of the system) as those
reported in this study for C. aesculifolia can be generated due to physicochemical aging
processes, which can lead to a higher thermodynamic equilibrium [95].

2.9. Fourier-Transform Infrared Analysis (FT-IR)

The FT-IR spectra of raw C. aesculifolia biomass are portrayed in Figure 6. There, we
can identify the characteristic signals that correspond to the various functional groups that
constitute the structure of wood, including polysaccharides, lignin, and other low-weight
molecular compounds. The absorption band visible at 3354 cm−1 corresponds to the
stretching vibrations of hydroxyl groups (OH) that are interlaced intermolecularly. These
vibrations are related to the main constituents of wood, including cellulose, hemicellulose,
lignin, and some proteins [75]. In another study, this functional group was reported
for the bark of C. pentandra at 3418 cm−1 [96]. There are reports in the literature that
this functional group is associated with the constitutional water present in the cell walls
of wood [97]. Another functional group identified was CH, as has occurred with other
species of this genus, like the bark of C. pentandra, where a similar signal to that of
C. aesculifolia was observed at 2935 cm−1 [96]. According to the literature, the signal at
2911 cm−1 is associated with symmetric and non-symmetric vibrations, suggesting the
presence of groups of aliphatic chains (CH2, CH3) derived from the elemental structure
of the raw material, such as cellulose, hemicellulose, and lignin [98]. The CH functional
group has been found in other studies of hardwood species in the range of 2938–2933
cm−1 [99]. Likewise, for species of this genus, there are reports of a vibration in the region
around 2918 cm−1 in the cellulose of the fruit of C. pentandra [100]. Published reports also
affirm that the bands centered around 2911 cm−1 have been associated with extractable
substances located on the surface of the primary cell wall. A study of C. aesculifolia seeds
found these kinds of substances at 2918 cm−1, while another found them in C. speciosa
fruit (also a member of this genus). In that case, the signals at 2900 cm−1 were attributed to
lipids [101,102].

The signal at 1734 cm−1 is associated with stretching vibrations of the C=O type, such
as the aldehyde, ketone, and ester functional groups present in cellulose, hemicellulose, and
lignin [103]. This finding is similar to those of a study on C. aesculifolia seeds, which reported
a signal at 1736 cm−1 [102], and to those of reports on hardwoods that found this functional
group between 1740 and 1730 cm−1 [104]. In the absorption band centered at 1594 cm−1,
there were stretching vibrations characteristic of double bonds (C=C) in the aromatic skele-
ton of lignin [105]. A study of C. aesculifolia seeds reported this group (C=C) at 1594 cm−1,
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a result consistent with the value reported here [102]. The functional groups CH2 and CH3
have been found in studies of hardwood species at around 1464–1375 cm−1 [104]. The
signal at 1238 cm−1 is also linked to those groups, associated mainly with the CE and
lignin in C. aesculifolia [106]. This signal has also been associated with the stretching of the
C-O bonds in the xylene and syringyl ring of lignin and hemicellulose [107]. A study of
cellulose using C. pentandra fruit identified C-O at 1249 cm−1 [99].

Figure 6. FT-IR spectra of C. aesculifolia.

The peaks at 1150 cm−1 are assigned to the stretching vibration of the C-O-C bridge of
the characteristic esters of cellulose and hemicellulose. One study of C. aesculifolia seeds
reported this bond at 1157 cm−1 [100]. The functional groups C-O-C, C-OH, and C4-OH
were identified in the absorption band at 1025 cm−1, where mainly β-glucopyranose was
located in the cellulose [101]. Similar values have been obtained for other hardwood
species, including Prosopis laevigata [101]. Some authors affirm that the signal centered at
1025 cm−1 corresponds to the symmetric stretching of the C-OH groups in lignin, cellulose,
and hemicellulose [108].

There are reports that vibrations around 930 cm−1 correspond to glycosidic bonds
in cellulose and hemicellulose [109]. A study of cellulose in C. pentandra fruit identified
this at 900 cm−1 [100]. Likewise, the vibration around 725 cm−1 can be attributed to the
balance of the CH2 group in crystalline cellulose I [110]. A study of C. aesculifolia seeds
located this at 710 cm−1 [102]. These peaks are characteristic of native cotton [111]. Finally,
the signal found with values near 600 cm−1 was thought to be due to the deformation of
OH groups [112]. A study of cellulose in C. pentandra fruit identified this at 614 cm−1 [100].

3. Materials and Methods

3.1. Collection Area and Preparation of the Study Materials

As Figure 7 shows, the C. aesculifolia waste analyzed was collected in the Lake Cuitzeo
basin in the state of Michoacán, Mexico (coordinates in Table 7). Three trees were selected,
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and 10 cm wide slices were cut at a height of 1.30 m (DAP: diameter at the height of the
chest). We then separated the wood and bark of the slices. The wood was splintered
manually and left to dry in the shade until it reached moisture equilibrium (approximately
12%). After drying, the splinters were pulverized in a mill (Model K20F, series 236, Micron
S.A. de C.V., Mexico City). Finally, the pulverized material was sifted in a Ro-Tap machine
(Model RX-29, W.S. Tyler, Mentor, OH, USA), utilizing meshes of 20, 40, and 60. The
material from flour mesh 40 (425 μm) was used for the chemical, energy, and thermal
characterizations (TGA-DTG) and thermodynamic analysis.

Figure 7. Geographic location of C. aesculifolia.

Table 7. Characteristics of C. aesculifolia trees sampled.

Trees Geographic Location DBH (cm) 1 Tree Height (m) SLHA (m) 2

1 19◦58′37′ ′N,
101◦5′42′ ′O 16 5.30 1850

2 19◦58′13′ ′N,
101◦5′38′ ′O 23 8.50 1940

3 19◦58′18′ ′N,
101◦6′3′ ′O 17 5.40 1920

1 Diameter at breast height. 2 Height above sea level.

3.2. Determination of Basic Density

Three pieces of C. aesculifolia wood were selected from each tree, following the recom-
mendation to take samples that are free of knots and in good condition with a moisture
content of 12%. The samples were cut into rectangles to facilitate measuring. A Vernier
caliper was used to precisely measure the length, width, and thickness of each sample in
order to calculate their volume [113]. Mass was calculated on an Ohaus PA214 scale at a
precision of 0.0001 g, and density was determined (g/cm3).
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3.3. Basic Chemical Composition

The chemical composition was verified according to well-known methodologies [114].
The main polymeric components of the wood (CE, HM, lignin) were determined by fiber
analysis using Van Soest’s gravimetric method with α-amylase. Extractable substances were
calculated by subtracting the percentages of CE, HM, lignin, and ash at 100% application,
as well as a correction factor for ash as in earlier studies [115]. The equipment utilized
was an ANKOM fiber analyzer (model AMKON200, ANKOM Technology, Macedon, NY,
USA).

3.4. Proximal Analysis

The moisture content of each dry sample was determined in triplicate based on the
UNE-EN ISO18134-1 standard [116]. The percentage of ash was calculated according
to the UNE-EN 14775 standard [117], and the volatile material content was determined
in accordance with ASTM E 872-82 [118]. As Equation (1) shows, fixed carbon [119]
was calculated by the differences of the means. Average values and standard deviations
are reported.

%Fixed carbon = 100 − (%volatile matter + %ash) (1)

3.5. Microanalysis of Ash

This analysis was conducted by inductively coupled plasma optical emission spec-
trophotometry (VARIAN 730-ES, Varian Inc., (Agilent), Mulgrave, Australia), following
well-established procedures [120].

3.6. Elemental Analysis

This analysis encompassed determining the primary components of the biomass, such
as carbon, hydrogen, oxygen, nitrogen, and sulfur (CHONS). Calculations of C, H, N,
and S were carried out in triplicate using a COSTECH elemental analyzer (Model 4010;
COSTECH International S.P.A., Milan, Italy), in strict adherence to the UNE-CEN/TS
15104 EX standard [121]. Oxygen content was calculated from the difference in each
analysis performed.

3.7. Higher Heating Value (HHV)

The higher heating value was determined in triplicate according to the UNE-EN 14918
standard [122], using a semiautomatic calorimeter (LECO AC600, LECCO Corporation, St.
Joseph, MO, USA). The calorimetric pump was calibrated with benzoic acid. Mean values
and standard deviations are reported.

3.8. Fuel Value Index

It is necessary to evaluate lignocellulosic material destined for use as fuel in terms of
its suitability for bioenergy production. In this regard, it is important to mention that the
fuel value index is a measure used to categorize the biomass by taking its heating value
and density as positive parameters, and ash as a negative one. This analysis was performed
in triplicate. Average values and standard deviations are reported. This parameter was
also determined using well-established methods according to Equation (2) [123].

Fuel value index =
(Higher heating value, MJ/kg)

(
basic density, g/cm3)

ash content (%)
(2)

3.9. Thermogravimetric (TGA-DTG), Thermodynamic, and FT-IR Analyses
3.9.1. TGA-DTG Analysis

The thermal analysis (TGA-DTG) of C. aesculifolia wood (Kunth) Britt and Baker was
carried out with an STA 6000 device (Perkin Elmer Inc., Wellesley, MA, USA). Pyrolytic
conditions were maintained using ultrahigh-purity nitrogen gas (99.99% pure) acquired
from INFRA, Mexico. This grade of purity was required to minimize possible mass transfer.

101



Molecules 2024, 29, 4388

The nitrogen flow was kept at 30 mL/min. Approximately 30 ± 5 mg of the sample was
placed uniformly in an aluminum crucible for each assay, heated through a programmed
range of 25–900 ◦C, and kept at this temperature for 10 min, before being allowed to cool at
a rate of 30 ◦C/min. Figure 8 depicts this process. It is important to note that the kinetic
and thermodynamic analyses of C. aesculifolia waste required considering as many as five
heating rates (β = 10–30 ◦C/min; 283–303 K/min). To minimize error and achieve greater
precision, all tests were performed in triplicate. The heating ramps were also carried out in
triplicate when the conversional difference was >5%, or when the data contained excessive
background noise. OriginPro Graphing and Analysis software 2016 was used to graph
the data.

 

Figure 8. Equipment for thermogravimetric analysis (a), nitrogen tanks used in the experiment (b)
and heating ramp used (c).

3.9.2. Theory of Kinetic Analysis

According to the iso-conversion principle, the methods used for kinetic analyses
are based on a constant conversional value, such that the reaction velocity is a function
of temperature [121,122]. The pyrolysis process of solid biomass can be simplified as a
one-step global process with a first-order reaction, as depicted in Figure 9.
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Figure 9. General biomass pyrolysis process.

According to Figure 9, volatiles are considered to be indicative of the gas generated,
while the variable k refers to the velocity constant of the pyrolysis process. The conversion
degree in each fraction, denoted as α, in any temperature range, is defined as the mass
conversion in the pyrolytic reaction. It can be defined as in Equation (3):

α = (mi − mt)/
(

mi − m f

)
(3)

where mi, mt, and mf represent the initial, instant, and final mass of the sample, respectively.
Parallel to this, the constant of velocity (k) is directly related to the temperature (T) of

the entire pyrolytic process. As Equation (4) shows, Arrhenius’s ratio makes it possible to
analyze this relation:

k(T) = Aexp(
−Ea
RT ) (4)

This equation includes several variables of vital importance for analyses of ther-
mogravimetric processes. The indicators A, Ea, R, and T represent the pre-exponential
factor (s−1), the apparent activation energy (kJ/mol), the universal constant of ideal gases
(8.314 J/Kmol), and the absolute temperature (Kelvin), respectively.

Equation (4) can be considered together with a reaction method (fα) in order to deter-
mine the ratio of change in the degree of mass conversion with respect to time (dα/dt), as
shown here:

dα

dt
= K(T)× f (α) (5)

By substituting the value of k(T) from Equation (4) into Equation (5), we obtained the
fundamental expression of the analytical methods applied to study the kinetic parameters
in relation to the results of the thermogravimetric analysis:

dα

dt
= Aexp(

−EA
RT )× f (α) (6)

Non-isothermal processes generally consider a heating rate (dT/dt), denoted as β.
Upon including this variable in Equation (6) and simplifying it, we obtained

dα

dt
=

A
β
·exp(

−EA
RT )× f (α) (7)

The solution of this expression can be approached using methods like those of
Doyle [123], Agrawal, Gorbatchev, and Frank-Kamenetskii [124], which permit calcu-
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lating the principal kinetic parameters involved in the thermal process. The resulting
equation is

g(α) =
∫ α

0

dα

f (α)
=

A
β

∫ T

T0

exp(
−Ea
RT )dT (8)

Determination of the Kinetic Parameters

Since a complex physicochemical interaction of mass–heat transfer occurs during py-
rolysis, it is necessary to optimize the energy and/or reduce contaminants in the industrial
equipment used in this process of thermally transforming lignocellulosic material like the
biomass analyzed. This means that a study of the kinetics involved must be conducted
first to analyze the main parameters: activation energy, the pre-exponential factor, and the
reaction order. Figure 10 shows some of the mathematical methods most often employed
to calculate the first two parameters—the same ones that were applied in this study.

 

Figure 10. Mathematical method to determine the kinetic parameters of C. aesculifolia.

To calculate the reaction order, we began with Avrami’s equation [124]. The ratio
required for this parameter is outlined in the following procedure:
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Avrami’s method: α = 1 − e(
−k(T)

βn )

Transposing and applying logarithms: −ln(1 − α) = −
[(−k(T)

βn

)]
−ln(1 − α) = −

[−k(T)
βn

]
−ln(1 − α) =

[
k(T)
βn

]
Applying logarithms again: ln[−ln(1 − α)] = ln

(
k(T)
βn

)
Applying logarithmic properties: ln[−ln(1 − α)] = lnk(T)− lnβn

Substituting k(T) according to Equation (3): ln[−ln(1 − α)] = ln
[

Ae(− Ea
RT )

]
− lnβn

Applying logarithmic properties: ln[−ln(1 − α)] = lnA +
(
− Ea

RT

)
− lnβn

ln[−ln(1 − α)] = lnA − Ea
RT − lnβn

Equation that calculates the reaction order: ln[−ln(1 − α)] = lnA − Ea
RT − nlnβ

The graph is obtained in analogy to the
equation y = mx + b, where

y = ln[−ln(1 − α)]
m = −n
x = lnβ

b = lnA − Ea
RT

Hence, the value for the reaction order (n) is given by the slope (m) calculated on the y
vs. x graph.

3.9.3. Determination of the Thermodynamic Parameters

Once Ea was determined by the Friedman, FWO, KAS, and Kissinger methods, we
were able to calculate the three thermodynamic parameters enthalpy (ΔH), Gibbs free
energy (ΔG), and entropy (ΔS), at a low heating rate of 15 ◦C/min. In this stage, we also
calculated the pre-exponential factor (A) considering, first, the Ea value obtained and,
second, the heating rate. Figure 11 shows the equations utilized.

 
Figure 11. Equations for the determination of thermodynamic parameters, where Ea is the activation
energy, R is the ideal gas constant, Tα is the temperature according to the degree of conversion, Tm is
the temperature at the maximum peak of the DTG, KB is the Boltzmann constant (1.381E-23 J/K), h is
Planck’s constant (6.626E-34 J.s), and β is the heating rate (15 ◦C/min).

3.9.4. Fourier-Transform Infrared Analysis (FT-IR)

The FT-IR spectrum was obtained from the raw biomass. The functional groups of C.
aesculifolia waste were analyzed by FT-IR in a Perkin Elmer ATR model 400 spectrometer.
Spectra were obtained in 16 scans per sample in a range of 4000–500 cm−1, at a resolution
of 4 cm−1. The samples selected were mixed with potassium bromide (KBr) and then dried
in an oven for 24 h.

4. Conclusions

The waste of Ceiba aesculifolia wood constitutes an abundant renewable energy source.
This study was designed to determine the thermochemical characterization of this biomass
during pyrolysis. The results for moisture (9.37%), ash (1.84%), volatile material content
(83.83%), and HHV (19.12%) demonstrate that it is feasible to consider this biomass an ex-
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cellent candidate with high energy potential. The TGA analysis indicated that the greatest
degradation, around 60%, occurred in the temperature range of 415–680 K. This is the first
study to conduct a kinetic analysis of the thermogravimetric process of C. aesculifolia waste
with a view to determining the kinetic triplet using three iso-conversional methods and
one non-iso-conversional approach. The average values estimated for activation energy
by the Friedman, FWO, KAS, and Kissinger methods were 132.03, 121.65, 118.14, and
155.85 kJ/mol, respectively. The Friedman, FWO, and KAS methods showed variations
throughout pyrolysis, but Kissinger’s method showed no changes. According to Avrami’s
equation, the reaction order presented a variation of 0.3937–0.6141 across the entire temper-
ature range (500–650 K). It is important to emphasize that a high correlation coefficient was
obtained (R2 = approximately 1) in all of the graphs of the mathematical methods applied,
a result that is deemed preferable in kinetic analyses. The value for the pre-exponential
factor varied from 103 to 1011 s−1, indicating that pyrolysis of C. aesculifolia waste transpires
at a high reaction velocity. The thermodynamic analysis showed that the pyrolysis was
endothermic, since the difference between the apparent activation energy and enthalpy
was <5 kJ/mol. We conclude that this process is not totally spontaneous, since the Gibbs
free energy and entropy were positive and negative, respectively. The principal vibrations
detected by FT-IR were O-H, C-H, C=O, C=C, CH2, CH3, C-O-C, C-OH, and C4-OH. Based
on these findings, we can affirm that it is possible to optimize the times, temperatures, and
heating rates of C. aesculifolia waste during pyrolysis to generate bioenergy.
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60. Manić, N.; Janković, B.; Dodevski, V. Model-free and model-based kinetic analysis of Poplar fluff (Populus alba) pyrolysis process
under dynamic conditions. J. Therm. Anal. Calorim. 2021, 143, 3419–3438. [CrossRef]

61. Khiari, B.; Jeguirim, M. Pyrolysis of grape marc from Tunisian wine industry: Feedstock characterization, thermal degradation
and kinetic analysis. Energies 2018, 11, 730. [CrossRef]

108



Molecules 2024, 29, 4388

62. Nawaz, A.; Singh, B.; Mishra, R.K.; Kumar, P. Pyrolysis of low-value waste Trapa natans peels: An exploration of thermal
decomposition characteristics, kinetic behaviour, and pyrolytic liquid product. Sustain. Energy Technol. Assess. 2023, 56, 103128.
[CrossRef]

63. Roslee, A.N.; Munajat, N.F. Comparative study on pyrolysis behavior and kinetics of two macroalgae biomass (Ulva cf. flexuosa
and Hy. edulis) using thermogravimetric analysis. J. Teknol. 2018, 80, 123–130. [CrossRef]

64. Brown, M.E.; Maciejewski, M.; Vyazovkin, S.; Nomen, R.; Sempere, J.; Burnham, A.A.; Opfermann, J.; Strey, R.; Anderson, H.L.;
Kemmler, A.; et al. Computational aspects of kinetic analysis: Part A: The ICTAC kinetics project—Data, methods and results.
Thermochim. Acta 2000, 355, 125–143. [CrossRef]

65. Hernowo, P.; Steven, S.; Restiawaty, E.; Bindar, Y. Nature of mathematical model in lignocellulosic biomass pyrolysis process
kinetic using volatile state approach. J. Taiwan Inst. Chem. Eng. 2022, 139, 104520. [CrossRef]

66. Lopez-Velazquez, M.; Santes, V.; Balmaseda, J.; Torres-Garcia, E. Pyrolysis of orange waste: A thermo-kinetic study. J. Anal. Appl.
Pyrolysis 2013, 99, 170–177. [CrossRef]

67. Slopiecka, K.; Bartocci, P.; Fantozzi, F. Thermogravimetric analysis and kinetic study of poplar wood pyrolysis. Appl. Energy 2012,
97, 491–497. [CrossRef]

68. Di Blasi, C. Modeling intra- and extra-particle processes of wood fast pyrolysis. AIChE J. 2002, 48, 2386–2397. [CrossRef]
69. Ashwini, K.; Resmi, R.; Reghu, R. Pyrolysis characteristics and kinetic analysis of coconut shell and nutmeg shell for potential

source of bioenergy. Eng. Sci. Technol. Int. J. 2024, 50, 101615. [CrossRef]
70. Suresh Kumar, P.; Edwin, M.; Bensam Raj, J. Pyrolysis characteristics and kinetic analysis of Indian almond fruit biomass by

thermogravimetric analysis for the potential source of bioenergy. Proc. Inst. Mech. Eng. Part E J. Process Mech. Eng. 2023, 237,
290–299. [CrossRef]

71. Colpani, D.; Santos, V.O.; Araujo, R.O.; Lima, V.M.; Tenório, J.A.; Coleti, J.; Chaar, J.S.; de Souza, L.K. Bioenergy potential analysis
of Brazil nut biomass residues through pyrolysis: Gas emission, kinetics, and thermodynamic parameters. Clean. Chem. Eng.
2022, 1, 100002. [CrossRef]
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Abstract: The growing demand for sustainable building materials, amid escalating costs, has spurred
interest in alternative solutions such as wood cement composites. This study explores the feasibility
of producing wood cement boards (WCBs) using locally sourced cedar sawdust as a reinforcing
agent. Boards with a thickness of 10 mm and a target density of 1200 kg/m3 were manufactured
under pressures ranging from 2 to 6 MPa for 24 h. Cedar sawdust, used as raw and untreated
material, was incorporated into the mixture as a partial substitute for cement in varying proportions,
ranging from 10% to 25% (by weight). The WCBs were cured for 28 days under ambient conditions.
Physical properties including density, water absorption (WA), and thickness swelling (TS) were
assessed, along with mechanical properties through flexural tests. The results showed that increasing
cedar sawdust content decreased both density and mechanical performance while increasing WA
and TS. Microstructural analysis (SEM and EDS) revealed significant porosity at higher sawdust
contents, while lower contents had better matrix–reinforcement cohesion. Additionally, substantial
levels of calcium and silicon were detected on the sawdust surface, indicating stabilized cement
hydration products. These findings, supported by thermal (TGA and DSC) and FTIR analyses,
clearly demonstrate that cement boards with 10% cedar sawdust exhibit favorable properties for
non-structural applications, such as wall and partition cladding.

Keywords: cedar sawdust; wood cement boards; bio-based material; mechanical properties; physical
properties; cement hydration products

1. Introduction

Recent decades have witnessed a global scientific renaissance aimed at addressing the
increasing demands of everyday life. However, this advancement has often compromised
natural heritage and ecological stability, especially in developing countries. In these regions,
factors such as population growth, overgrazing, logging, and fuelwood collection have
led to forest degradation and, ultimately, deforestation. For instance, logging activities
have diminished Morocco’s cedar forests by 12%, threatening its ecological balance [1].
The cedar, a genus of conifers in the Pinaceae family, is native to the mountains of the
western Himalayas and the Mediterranean region [2]. It encompasses several species,
including the Atlas cedar (Cedrus atlantica), which is endemic to northwest Africa, specif-
ically Morocco and Algeria [3]. The Atlas cedar plays a vital role in Morocco’s forestry
sector, contributing to 80% of the nation’s timber production [4]. Despite its ecological and
economic significance, the Atlas cedar population continues to decline due to unsustainable
practices. This decline persists even as international organizations like UNESCO recognize
Morocco’s cedar forests as vital biosphere reserves essential for global biodiversity. These
challenges underscore the urgent need for innovative strategies to alleviate pressure on
forest resources and enhance sustainable management practices [5]. Such an approach can
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help preserve forest biodiversity, stabilize ecosystems, mitigate environmental erosion, and
combat climate change [6].

The growing interest in sustainable building materials has driven research into the
utilization of lignocellulosic waste from agroforestry industries [7]. In Morocco, sawmills
generate over 100,000 tons of sawdust annually, yet its utilization remains minimal [8].
Typically, sawdust is used in low-value applications, such as fuel, industrial site cleaning,
or bedding for poultry and livestock, which do not fully exploit its potential as a valu-
able resource. To better harness this potential, recent research has shifted focus toward
transforming sawdust into a functional material for construction, particularly through the
production of wood cement boards (WCBs) [9].

WCBs are composite materials made by combining wood particles (aggregate), Port-
land cement (mineral binder), chemical additives, and water under pressure [10,11]. These
boards offer an environmentally friendly alternative to traditional wood or asbestos cement
boards [12]. Among the various types of mineral-bonded wood composites, cement-bonded
particleboard is prominent, consisting of 10–70% wood particles and 30–90% Portland ce-
ment binder [13]. Woody material residues are often used as aggregates and include planer
shavings; sawmill residues such as slabs, edges, and upholstery; logging residues from
furniture match factories; and deforestation residues such as short trunks, broken logs,
bent trunks, small crowns and branches, forest thinning, and bark [14]. Over the past few
decades, numerous types of composite materials have emerged, including cement-bonded
wood wool (CBWW), cement-bonded particleboard (CBPB), and fiber-reinforced cement
board [15]. While resin-bonded boards are an alternative in some applications, the high cost
of resins and the machinery required for production point in favor of the cement-bonded
board [7]. Moreover, replacing organic adhesives like phenols and formaldehyde with
cement-based adhesives aligns to manufacturing safe, environmentally-friendly products.

The incorporation of wood particles into the cement matrix inhibits crack propagation,
enhancing fracture toughness, ductility, and flexural strength, which allows the board
to withstand higher deformation limits, making it more resilient and durable in various
applications [16,17]. The quality of these composites is influenced by various factors such as
the type of lignocellulosic material used, density, particle size and volume, aspect ratio, mix
design, mixing method, and treatment processes [18]. WCBs have a wide range of applica-
tions, including exterior wall cladding surfaces, siding panels, roof shakes, fire protection
elements, specialized flooring, thermal and acoustic insulation purposes, building renova-
tions, decorative applications, and sound insulation [10]. Their adaptability allows them to
be molded into any shape to meet specific needs [6]. Furthermore, WCBs are asbestos-free,
are devoid of hazardous and volatile substances, and minimize the spread of dust and
toxic gases, ensuring a safe and environmentally friendly manufacturing process [19].
Cement-bonded boards are also highly resistant to various factors including freeze, thaw,
fire, water, rot, termites, insects, and fungi attacks [6]. Their accessibility, low density, light
weight, rigidity, non-corrosive nature, workability, low cost, and ease of manufacturing
make them highly versatile and promising for a wide range of applications [20].

While there is a growing body of literature on the use of sawdust in composite
materials, several gaps remain in the research. The careful selection of wood type is crucial
for WCB production to ensure good chemical compatibility with cement and minimize
chemicals hindering adhesion. Coniferous wood species, such as cedar, are commonly
favored due to their superior chemical compatibility with cement [9]. Some wood species
may impede cement hydration due to the type and content of extractives they contain [21].
Wood particles can be treated with hot water, sodium hydroxide, or other chemicals to
address this. Additionally, mineralizing agents like calcium chloride (CaCl2) can be added
to the mix to accelerate cement setting [22]. However, these procedures often increase the
cost of production and energy consumption and result in a slower production process [23].

This study introduces a novel application for Atlas cedar residues by utilizing sawdust
as a reinforcing material in WCBs. This approach not only enhances the aesthetic value
and fragrance of the boards but also addresses the lack of research on the specific use
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of cedar sawdust. The primary objective of this research is to examine the impact of
varying cedar sawdust content on the physical, mechanical, morphological, and thermal
properties of WCBs without any additional chemical modifications. This study contributes
to the development of sustainable building materials that minimize environmental impact,
improve resource efficiency, and promote forest conservation. The insights gained from this
research can serve as the basis for optimizing WCBs in diverse non-structural applications,
such as wall and partition cladding.

2. Results and Discussion

2.1. Chemical Constituents of Cedar Sawdust

Several challenges still significantly hinder the advancement of wood–cement com-
posites, notably the substantial variability in the compatibility of different wood species
with cement constituents and the inhibitory impact that certain wood species have on
cement’s hydration [24]. Certain wood components, such as holocellulose, lignin, and
total extractives, can impede the bond between wood particles and cement, potentially
delaying cement hydration or setting time. Conversely, substances like ash can enhance
compatibility between these elements [25].

To ensure successful wood–cement composite production, it is crucial to evaluate
the chemical composition of wood species and select those with minimal elements hin-
dering the bond between wood and cement molecules. In this study, the suitability of
cedar sawdust for cement board manufacturing was evaluated by comparing its chemical
composition, based on the literature (Table 1) [26], with that of certain previously used
species in these boards. The conifer family, to which cedar belongs, is often preferred for the
production of wood–cement boards (WCBs) due to their generally more chemically com-
patible nature with cement, as they do not contain substances that inhibit its hardening [9].

Table 1. Atlas cedar wood chemical composition found by Quiquandon [26].

Components Content (%)

Cellulose 50
Hemicelluloses 12.10
Lignin 32
Resin 1.45
Extractives 4.24
Ash 0.31

Wood compositions primarily contain organic chemical compounds such as cellulose,
hemicelluloses, and lignin, which collectively constitute over 99% of the total mass [27].
In this context, Pettersen et al. [28], reported that wood generally has a higher proportion
of holocellulose than of lignin, extractives, and ash. Similarly, the chemical composi-
tion of Atlas cedar wood, as shown in Table 1, indicates a higher quantity of holocel-
lulose (62.10%) compared to lignin (32%), extractives (4.24%), and ash (0.31%). These
lignin, holocellulose, and ash contents are comparable to those of other species previously
used in wood–cement composite manufacture, such as eucalyptus [11], pine [18], tropical
woods [25], and Ochroma pyramidal [9]. However, the extractive content in Atlas cedar
wood is lower than in most of these species.

The amount and composition of extractives are specific to each wood species and
are the main reason for the prevention of cement hydration, leading to incompatibility
between wood and cement [15,29]. Extractives are generally composed of terpenes, fatty
acids, tannins, carbohydrates, and inorganic substances [30]. They also contain several
organic compounds that form complexes with metal ions present in the cement solution,
reducing the concentration of calcium ions (Ca2+), and disrupting the equilibrium of the
solution, thereby delaying the onset nucleation of Ca(OH)2 and calcium silicate hydrate
(C-S-H) gel [25].
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As the content of these elements increases, so does the percentage of anhydrate clinker,
resulting in reduced mechanical performance of wood–cement composites [15]. Hence,
wood species with low levels of extractives are deemed more suitable for wood–cement
composites [29]. For instance, Mandes et al. [18] found that boards produced from eucalyp-
tus wood residues displayed better physical and mechanical properties because of their low
extractives content (2.3%) in contrast to other wood sources such as Pinus wood, sugarcane
bagasse, and bamboo particles, which had higher extractives contents of 10.8, 12.5, and
9.2%, respectively. Thus, the lower percentage of extractives (4.24%) in Atlas cedar wood is
in line with the expected results of this study.

In previous studies, attempts were made to improve board properties by removing
certain extractives to expedite the cement setting and hardening process. However, this
treatment did not always yield beneficial results. For instance, Setter et al. [9] utilized
Ochroma pyramidal wood with a comparable extractives content (5.78%) and applied
treatments involving cold water, hot water, and NaOH solution. However, the outcomes did
not demonstrate any enhancement in the final quality of the produced boards, whether in
terms of physical or mechanical properties. Consequently, these findings have favored the
use of cedar sawdust in its untreated form, reducing energy consumption and expediting
the production process.

XRF analysis of the cement unveiled its chemical composition, comprising various
metal oxides, as detailed in Table 2. Chowdhury et al. [31] highlighted that these oxides
are also present in wood ash in significant quantities. This suggests that the cementitious
properties of wood ash enhance the role of cement in the production of wood–cement com-
posites, as pozzolanic reactions occur between wood ash (pozzolan), water, and calcium
hydroxide released by cement hydration, increasing the amount of the cement bonding
phase (C-S-H) and improving cement bond strength [25]. However, considering the com-
position outlined in Table 1, Atlas cedar contains a limited amount of ash (0.31%), thereby
reducing its potential to improve the properties of the produced boards.

Table 2. Cement composition and its physical properties.

Chemical Composition Physical Properties

SiO2 (%) 20.43 Specific surface Blaine (cm2/g) 4500
Al2O3 (%) 4.21 Initial setting (min) 100
Fe2O3 (%) 0.43 Final setting (min) 130
CaO (%) 66.03 Refusal at 45 μm sieve (%) 1.69
MgO (%) 1.40 Refusal at 90 μm sieve (%) 0.18
SO3 (%) 3.35 Apparent density (g/L) 3047
K2O (%) 0.54 Loss on ignition (%) 3.45

Na2O (%) 0.14

Bogue’s Compounds

C3S 84.59 C2S 5.22
C3A 10.43 C4AF 1.30

2.2. Physical Properties
2.2.1. Density

The results of the physical and mechanical properties of the manufactured boards
are shown in Table 3, while Table 4 reports their variance analysis. The change in density
concerning cedar sawdust content, illustrated in Figure 1, indicates an average value
ranging from 1093.81 to 1432.51 kg/m3. The lowest density was obtained for boards with
a 10% sawdust content (WCB 1), while the highest density was observed in boards with
a 25% sawdust content (WCB 6). The variance analysis for density revealed significant
differences among all levels, indicating a noticeable effect of cedar sawdust content on
board density.

As depicted in Figure 1, as the amount of cedar sawdust in the boards increased,
there was a discernible drop in density. This trend aligns with results from some prior
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research, where an increase in the percentage of wood particles or fibers in wood–cement
composites resulted in decreased density [32–34]. This decrease can be attributed to
the higher proportion of cedar wood in the mixture, which has a much lower density
(218 kg/m3) compared to cement (3047 kg/m3). In other words, increasing the amount
of sawdust increases the total volume of the mixture required to produce a particleboard
of a given thickness. It is essential to note that the mechanical and physical properties of
particleboard can be influenced by board density and particle size [35].
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Figure 1. Variation in density with sawdust content.

Similarly, in the current study, it was observed that the board with the highest density
value at 10% cedar sawdust content exhibited the highest modulus of rupture (6.94 MPa)
and modulus of elasticity (3181.33 MPa), while the lower mechanical properties of the
board prepared with 25% cedar sawdust may be attributed to its lower density. Except
WCB 6, all of the produced boards meet the requirements for HZ-type BISON boards,
which specify values not less than 1200 kg/m3 [36].

Table 3. Mean values obtained for physical and mechanical properties of cedar–cement boards.

Board
Density
(kg/m3)

WA 2 h
(%)

WA 24 h
(%)

TS 2 h
(%)

TS 24 h
(%)

MOR
(MPa)

MOE
(MPa)

WCB 1 1432.51 (27) a 11.11 (0.59) a 12.35 (2.58) a 0.27 (0.04) a 0.36 (0.09) a 6.94 (0.67) a 3181.33 (286) a

WCB 2 1388.33 (11) ab 13.01 (1.79) ab 13.70 (1.67) ab 0.39 (0.04) b 0.49 (0.11) a 6.47 (0.75) ab 2634.16 (188) b

WCB 3 1343.53 (31)b 13.82 (1.24) b 16.49 (2.31) b 0.43 (0.04) bc 0.65 (0.06) b 5.21 (0.96) bc 2197.83 (271) b

WCB 4 1263.65 (23) c 14.82 (0.55) b 16.07 (1.32) b 0.48 (0.02) c 0.66 (0.06) b 4.19 (0.82) cd 1655.33 (350) c

WCB 5 1203.11 (31) d 17.77 (1.44) c 21.07 (2.12) c 0.67 (0.04) d 1.16 (0.12) c 3.65 (1.06) d 1608.80 (414) c

WCB 6 1093.81 (62) e 23.06 (1.45) d 27.75 (2.69) d 0.71 (0.05) d 1.22 (0.11) c 1.27 (0.74) e 476.83 (259) d

BISON board
type HZ [36] 1200 -- -- 0.8 1.2–1.8 9 3000

Means followed by the same letter in the same column are statistically equal according to the Tukey test with a
probability of 95%. Values in parenthesis are standard deviations.

Table 4. Variance analysis of physical and mechanical properties of cedar–cement boards.

Source Density WA 2 h WA 24 h TS 2 h TS 24 h MOR MOE

Sawdust content *** *** *** *** *** *** ***

*** (significant on α < 0.01).
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2.2.2. Water Absorption and Thickness Swelling

During the lifespan of wood and its derivatives, exposure to weathering and various
decomposition factors, both biotic and abiotic, significantly impacts their performance [37].
These factors, along with others, contribute to increased wood permeability and decreased
resistance to water [38], underscoring the importance of assessing the durability of pro-
duced boards against such conditions. Water absorption (WA) and thickness swelling (TS)
are crucial physical properties utilized to evaluate the dimensional stability of boards,
particularly those intended for outdoor use under extreme humidity conditions [34,39].

This study investigates how sawdust content affects the WA and TS characteristics
of the boards. Figure 2 provides the average %WA and %TS values after immersing the
samples in water for both 2 h and 24 h. Notably, boards with 10% sawdust (WCB 1) display
the lowest WA and TS values across both immersion durations, while those containing
25% sawdust (WCB 6) exhibit the highest values. Specifically, Figure 2a shows WA values
ranging from 11.11% to 23.06% after 2 h of immersion and from 12.35% to 27.75% after
24 h. However, Figure 2b reveals that average TS values vary from 0.27% to 0.71% after
2 h of immersion, and from 0.36% to 1.22% after 24 h. The increase in both WA and
TS with immersion time is evident, as prolonged immersion increases the likelihood of
water permeating the board’s interiors, heightening their instability. This phenomenon
can be attributed to the inherent hygroscopic properties of wood fibers, which possess a
considerable affinity for water [40]. This aligns with findings from Setter et al. [9], where
increasing the soaking time of WCBs from 2 h to 72 h resulted in similar trends.

Additionally, statistical analysis of the results in Table 3 reveals that these properties
intensify with higher sawdust content in the boards, particularly noticeable for WCB 5
and WCB 6. Other researchers have reported similar trends. For instance, Ali et al. [41]
observed an increase in both WA and TS as the sawdust content in cement boards ranged
from 20% to 40%.

Likewise, Bilcati et al. [42] conducted an evaluation of cement composites with saw-
dust content between 10% and 20%, supporting these findings. In addition to the hygro-
scopic nature of lignocellulosic materials and the composition of its hemicellulose-rich
fibers, which are inherently more hydrophilic [43], this type of behavior can also be ex-
plained by the wood particles’ porosity [41]. Sotannede et al. [34] pointed out that the
difficulty in compressing and the presence of void spaces in the boards enhance water
absorption. Hence the high proportion of wood particles within the board increases the
rate of pores accessible to water, accounting for the low densities recorded at high sawdust
content.

Conversely, increasing the percentage of cement and decreasing the sawdust content
reduces the water absorption by the boards [34]. This effect occurs because the binder
fills the pore holes that would otherwise result from the wood’s porosity [19]. For saw-
dust content ranging from 10% to 20%, the WA values observed in this study are lower
than those reported by other researchers. For example, Olorunnisola et al. [44] used eu-
calyptus wood particles as reinforcement, while Bilcati et al. [42] assessed lightweight
cement-based composites reinforced with Pinus sawdust. Conversely, for a 25% sawdust
content (cement–wood ratio of 3:1), several studies found WA values lower than those
observed in this study (27.75%). For instance, Ogunjobi et al. [19], using Anogeissus leio-
carpus wood particles, reported an average value of 24.95%. Similarly, Adelusi et al. [45]
and Amiandamhen and Izekor [46] found values of 24.45% and 21.59%, respectively, using
Gmelina arborea sawdust in cement-bonded boards.

The variation in results observed for the 25% sawdust content compared to previous
studies could be attributed to particle size effects. Smaller dimensions lead to increased
surface area of the particles, making it challenging for the cement to adequately cover them
all. To ensure the production of high-quality cement-bonded boards with good dimensional
stability, it is recommended to use mixed-size or coarse particles [13]. Mendes et al. further
substantiated this point by confirming that particle size and geometry significantly impact
the physical properties of the cement-bonded boards, with larger particles yielding better
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performance [18]. Similarly, Sotannde et al. demonstrated that composites made from
a mixture of sawdust and flakes outperformed those made from each component sepa-
rately [34]. In this study, particle size diversity was limited (ranging from 2 mm to 4 mm).
Additionally, there may have been an incompatibility between wood and cement, resulting
in internal free space at the particle–cement interface, which potentially led to significant
moisture absorption. Frybort et al. highlighted that the presence of extractives is one of the
primary causes of this incompatibility [15].
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Figure 2. (a) Variation in WA with cedar sawdust content; (b) Variation in TS with cedar sawdust content.
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In prior research endeavors, chemical and/or physical pretreatment involving addi-
tives has often been employed during the manufacturing process of cement-bonded boards
to enhance their dimensional stability. For example, Sotannde et al. explored the impact
of incorporating three different chemical additives (CaCl2, MgCl2, AlCl3) on the WA and
TS of CBPB derived from Afzelia Africana wood residues. Their findings revealed that
the introduction of chemical additives led to a reduction in water absorption of the boards
by up to 16% [34]. Similar conclusions have been reached by other studies as well [41,47].
The average TS values obtained in this study closely align with the findings of most of the
previously mentioned works [41,44–46]. They also conform to the normative standards
outlined by both the CBPB manufacturer Cetris® [48], and the requirement set by BISON
for an HZ-type board [36] which stipulates a maximum of 1.8% TS. However, only the
WA values of WCB 1, WCB 2, and WCB 3 are close to those specified by the manufacturer
Cetris® (16%).

2.3. Mechanical Properties

The flexural mechanical properties of the produced boards were evaluated through
measurements of the modulus of rupture (MOR) and the modulus of elasticity (MOE). As
illustrated in Figure 3, MOR values ranged from 1.27 to 6.94 MPa, while the MOE values
varied from 476.83 to 3181.33 MPa. A thorough statistical analysis of the results in Table 3
indicates that cedar sawdust content significantly affects mechanical properties. Notably,
there is a discernible negative correlation between sawdust content and board strength:
as cedar sawdust content increases, mechanical properties decrease. Boards containing
10% cedar sawdust (WCB1) exhibited the highest values of MOR (6.94 MPa) and MOE
(3181.33 MPa), aligning with previous research on cementitious composites using various
lignocellulosic reinforcements, such as eucalyptus [44], oil palm veins [49], and rattan
particles [50], where optimal mechanical properties were similarly achieved at 10% content.
However, other studies have reported maximum mechanical properties with reinforcement
contents exceeding 10% [51,52]. These results can be attributed to several factors, including
improved compatibility between particles and the cementitious matrix, effective particle
dispersion within the cement matrix, and the pressing cycle during board production,
which minimized voids as much as possible [40].

Beyond 10% cedar sawdust content, mechanical properties declined, with a more
pronounced decrease observed when content exceeded 20%. This trend mirrors findings
from some previous studies. For instance, Ali et al. noted a 17% to 48% decrease in strength
properties when sawdust content increased from 20% to 30% and 40% in cement parti-
cleboards [41]. Similarly, Ayrilmis et al. noted a decline in the mechanical properties of
cement-bonded composites with increased palm particle main vein content beyond 10%,
attributing this to increased composite porosity and reduced particle–matrix interfacial
area [49]. The significant decrease in mechanical properties observed beyond 20% cedar
sawdust content for WCB 6 can be attributed to inadequate compaction and the lower den-
sity of the wood–cement composites produced with high contents [33]. This phenomenon
is linked to the attainment of high porosity due to a low cement-to-wood ratio, resulting in
diminished MOE and MOR values [15]. At this juncture, the cement becomes insufficient
to bind the wood particles, leading to maximum porosity, as evidenced by the low density
(1093.81 kg/m3) recorded for boards with 25% cedar sawdust content.

Conversely, applying higher pressures during manufacturing leads to the densification
of the wood, elimination of gaps, and stronger matrix–reinforcement connections, thereby
enhancing strength and stiffness [53]. The findings of this study are comparable to those
reported by Setter et al., who observed MOR values ranging from 3.08 to 3.58 MPa and MOE
values spanning from 2197 to 2739 MPa when using Ochroma pyramidal wood particles
as reinforcement in WCBs [9]. It is worth noting that the maximum mechanical property
values of cement-bonded boards vary across different studies, primarily influenced by
factors such as the aspect ratio, size, orientation, and interfacial adhesion of the particles
used as reinforcement. Ghofrani et al. observed that for the same 25% reinforcement
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content, the MOR value obtained when incorporating hardwood fibers (8.1 MPa) was lower
than that obtained with rice stalk fibers as reinforcement (8.6 MPa). They attributed this
difference to the aspect ratio of the fibers, which is significantly higher in rice stalk fibers,
enabling better stress transfer between the matrix and the fibers [52]. In another study,
Nasser et al. achieved MOR and MOE values of 11.78 MPa and 5667 MPa, respectively,
for cement boards produced using the prunings of certain Saudi Arabian tree species,
highlighting the importance of employing mixed or coarse particle sizes to achieve high
mechanical properties [13]. Similarly, Olorunnisola observed that boards prepared with
10% rattan particles of varying sizes exhibited a higher MOR value (6.8 MPa) compared to
those with uniform particle size (4.3 MPa) [54].
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Figure 3. (a) Variation in MOR with cedar sawdust content; (b) Variation in MOE with cedar
sawdust content.
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Alternatively, in a study exploring the effect of strand orientation on the physical and
mechanical properties of cement boards, Cabral et al. found that the best performance was
observed with boards containing 35% parallel-oriented eucalyptus wood strands, with
MOR and MOE values reaching approximately 15 MPa and 7072 MPa, respectively [55].
While cedar sawdust demonstrated effectiveness as reinforcement in WCBs, the mechanical
properties achieved in this study were not on par with those reported in most previous
research. This shortfall can be attributed to certain characteristics of the reinforcement
employed, such as its uniform particle size, non-fibrous nature, low aspect ratio, and lack
of orientation. These factors contribute to inadequate physical contact between particles.

To address these limitations and enhance the findings, it is essential to improve
the properties of the reinforcement by adjusting particle size and orientation during the
manufacturing process. Based on the findings of this study, none of the boards met the
minimum bending strength (MOR) requirement of 9 MPa set by BISON for HZ-type boards.
However, boards containing 10% cedar sawdust content surpassed the MOE requirements
of 3000 MPa for HZ-type boards [36]. Despite not meeting structural standards, these
boards remain suitable for applications where direct structural support is unnecessary,
such as interior or exterior cladding for thermal and acoustic insulation purposes.

2.4. Microstructural Analysis
2.4.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) analysis stands as the predominant technique for
scrutinizing fiber–matrix interactions at fracture surfaces and matrix distributions in plant
fiber composites [56]. In this study, SEM was employed to unveil the internal microstructure
and alterations on the fracture surface of the examined boards after the post-bending test,
offering insights into some physical and mechanical properties obtained. Specifically, the
analysis was conducted on two samples from each of the boards containing 10% and 25%
cedar sawdust, with images captured at various magnifications, as represented in Figure 4.

The fracture surface unveils failure occurring either at the particle–matrix interface
or within the cementitious matrix, with samples displaying fractured ends of sawdust
particles and instances of pull-out from the matrix (Figure 4A), confirming that the interface
is indeed the weakest part of the board, potentially due to the diminutive size of the particles
used (2–4 mm). This mode of failure mirrors observations made by Amiandamhen et al. in
cementitious composites containing wood residues, attributing it to the small size of the
wood particles adversely affecting interfacial adhesion [56,57].

Samples containing 10% cedar sawdust content exhibit notable adhesion between
the sawdust particles and the cement matrix, as evidenced by matrix encrustation on the
surfaces of the sawdust particles (Figure 4B,C), indicating well-distributed particles devoid
of agglomeration. The presence of matrix encrustation on fiber surfaces and the appearance
of fractured ends of pulled-out fibers are clear signs of successful fiber reinforcement [58].
Furthermore, at this content, the matrix appears more compact and denser with reduced
amounts of air pores at the interface (Figure 4D), fostering better adhesion between cedar
sawdust and cement and resulting in superior physical and mechanical performance. Prior
research attributes this cohesion to the formation of cement hydration products, which
serve as anchors between reinforcement and the cement matrix, enhancing inter-particle
conditioning in the composite [57,59,60]. Additionally, the quality of the cement signif-
icantly impacts the formation of these compounds, with studies demonstrating that the
use of 52.5R Super White Cement generates more hydration products, thereby bolstering
physical–mechanical properties due to its higher CaO and SiO2 content compared to 32.5R
Portland cement [61].

Conversely, samples containing 25% cedar sawdust exhibit an escalation in porosity
with the increase in cedar sawdust content (Figure 4E,F). The structure reveals the presence
of air pores surrounding the wood particles at the interface (Figure 4E), while the cementi-
tious matrix appears less dense and more hollow (Figure 4F). This suggests a weaker bond
strength, with the cementitious matrix seemingly inadequate to fully bind all the wood
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particles together. This aligns with earlier research showing that higher aggregate content
at low cement content results in inadequate hydration products, attributed to unreacted
CaO and SiO2 [57]. Furthermore, Nasser et al. stated that voids within the particleboard
may originate from air within the wood particles [13]. This assertion finds support in the
microstructure of cedar sawdust illustrated in Figure 4B, validating their conclusions.

In summary, the porous microstructure of the used reinforcement affects board stability,
with an increase in its content in the mixture explaining lower density, MOR, and MOE
values, as well as higher water absorption observed.

 

Figure 4. SEM micrographs of WCB samples: (A,B) the fractured surface; (C,D) board samples
containing 10% cedar sawdust; (E,F) board samples containing 25% cedar sawdust.
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2.4.2. Energy-Dispersive X-ray Spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS) analysis was conducted on the cedar
sawdust particles, as well as at two locations of the fracture surface of the board containing
10% cedar sawdust: on the surface of the cement matrix and the surface of the sawdust
reinforcement. Figure 5A–C illustrate the EDS spectra obtained, respectively, while Table 5
provides a summary of the corresponding chemical weight composition.

 

Figure 5. EDS spectra and analyzed points of (A) Cedar sawdust; (B) Cement matrix; and
(C) Reinforcement.

Table 5. Estimated elemental chemical composition for the composites.

Detection of Chemical Elements (% by Weight)
Ca/Si

C O Si Ca

Cedar sawdust 52.38 47.62 - - -
Surface of the cement matrix 8.28 51.12 8.97 31.63 3.52
Surface of reinforcement 41.18 53.57 1.04 4.21 4.05

Figure 5A reveals that cedar sawdust particles consist primarily of oxygen (O) and
carbon (C), which are key components of lignocellulosic materials, while Figure 5B indicates
that the cement matrix surrounding the reinforcement contains inorganic elements, such as
calcium (Ca) and silicon (Si), as its main constituents. These findings align with the X-ray
fluorescence (XRF) analysis presented earlier. The predominant element (Ca) originates
from lime (CaO), while the silicon is derived from silica (SiO2). Some minerals, such as Al,
Fe, and Mg, were not detected prominently due to the low proportions of alumina (Al2O3),
hematite (Fe2O3), and magnesium oxide (MgO) in this type of cement.

Figure 5C reveals that the chemical composition of the reinforcement displays elevated
levels of oxygen (O) and carbon (C) in comparison to the cement matrix, attributed mainly to
the organic nature of the cedar sawdust particles utilized in board production. Additionally,
the surface of the reinforcement exhibits a moderate presence of calcium and a relatively
low quantity of silicon. This outcome is consistent with previous studies. For instance,
Miranda et al. observed low amounts of Ca, Si, Al, and Mg on the surface of Pinus spp.
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Particles attribute this to the precipitation of materials from cement hydration on the cell
walls of these particles [12].

Similarly, Brasileiro et al. noted a significant rise in Ca concentration on the surface of
coir pith particles used as reinforcement in cementitious composites, attributing it to the
ability of lignocellulosic materials to stabilize this element on their surfaces, along with
the high mobility of Ca ions in the cement hydration solution. Consequently, there is an
accumulation of cement hydration products, represented mainly by calcium hydroxide
(Ca(OH)2) and hydrated calcium silicate (C-S-H), at the reinforcement–cement interface [59].
Aras et al. reported that the formation of these products increases as the amount of CaO
and SiO2 components in the cement rises, strengthening the bonds between wood and
matrix and improving the mechanical and physical properties of cement boards [61].

In addition to hydrogen bonds, cement hydration products contribute to the creation
of a physical anchor between vegetal particles and the paste, due to the porosity of these
materials. Furthermore, the analysis indicates a notable variation in the Ca/Si ratio at the
fracture surface. Specifically, it increases from 3.52 at the fracture surface of the cement
matrix to 4.05 at the surface of the reinforcement. This observation suggests that the
localized augmentation in Ca/Si ratios at interfaces means that these regions facilitated
the accumulation of more hydration products, such as CH crystals, thereby fostering the
development of interlocking structures between wood and cement. Consequently, this
phenomenon contributes to enhanced bond strength and elevated mechanical strength [60].

2.5. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 6 displays the FTIR spectra for cedar sawdust, Super White Cement, and boards
with different cedar sawdust contents (10%, 15%, 20%, and 25%). These results reveal several
significant absorption bands that explain the findings of the MEB, EDS, and thermal analyses.

The FTIR spectra of the cement show intense peaks characteristic of the C-O bond
in calcium carbonate (CO3

2−), represented by an asymmetric stretching vibration mode
at approximately 1420 cm−1 and a bending vibration mode at 875 cm−1 [62]. The band
at around 925 cm−1 is related to the asymmetric stretching vibration of the silicate group
(Si-O) in SiO4−

4 , associated with the presence of the C3S and C2S mineral phases, and the
band at 1130 cm−1 is attributed to the vibrations of the sulfate group (S-O) in SiO2−

4 . The
presence of these bands indicates the existence of calcium silicates and calcium sulfate such
as gypsum and anhydrite [63]. The small peaks in the range of 712 to 780 cm−1 correspond
to the symmetric stretching vibration of Si-O-Si, and those in the range of 600 to 660 cm−1

are attributed to the bending vibration of Si-O-Si [62].
The FTIR spectra of the cedar sawdust reveal the presence of a broad band located

at 3330 cm−1, corresponding to the stretching vibrations of bonded O-H groups from the
three main polymers present in wood (cellulose, hemicellulose, and lignin). The band at
2910 cm−1 is attributed to the asymmetric stretching vibration of aliphatic C-H bonds in
methyl (CH3) and methylene (CH2) groups of holocellulose and lignin. The small bands at
1590 cm−1 and 1505 cm−1 correspond to the symmetric elongations of C=C bonds in aromatic
rings, attributed to lignin, while the broad band located at 1019 cm−1 is attributed to the
stretching vibration of the C-O bond of the primary alcohol in carbohydrates and the C-O-bond
of ether in cellulose, or the CH3-O bond in lignin and the CH3-O- bond in ester [3,64].

The FTIR spectra of all the boards show a strong presence of the characteristic peaks
of calcium carbonate at 1420 cm−1 and 875 cm−1. The intensity of these peaks increases
with the cedar sawdust content in the boards, reaching its highest level at a cedar sawdust
content of 20%. Govin observed similar results, noting that the intensity of the broad
band associated with the C-O bond vibrations in calcium carbonate increased as the
poplar content in the boards increased [65]. This increased formation of carbonates can be
explained by the reaction of organic compounds present in the wood with the calcium in
the cement, thus promoting the formation of calcium carbonates. This result corroborates
the increase in carbonation observed during the thermal analysis.
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Figure 6. FTIR spectra of samples: (a) 1600–500 cm−1 (b) 4000–1600 cm−1.
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Furthermore, the spectra reveal the increasing appearance of broad bands at 3400 cm−1

and 1650 cm−1, corresponding to the stretching and bending vibrations of bonded -OH
groups and H2O, respectively [62]. The intensity of these bands rises with higher cedar
sawdust content in the boards. This enhancement is likely due to the hydrophilic nature of
organic compounds in the cedar sawdust, which promote the formation of calcium hydroxides
(portlandite) during cement hydration, thereby increasing the presence of -OH groups.

The spectra reveal prominent bands at approximately 975 cm−1, associated with Si–O
asymmetric stretching vibration. These bands confirm the formation of calcium silicate hydrate
(C–S–H) gel, which is essential for the strength of the concrete [66]. Previous studies suggest
that the peak associated with C-S-H gel in Portland cement systems represents a shift of the
previously observed peak at 923 cm−1 in cement spectra to higher wave numbers [67–69].
Mollah links this shift to the polymerization of SiO4−

4 silicate units during the formation
of C-S-H gel [69]. Additionally, isolated hydroxide ion vibrations were found to exhibit a
distinctive fine band feature at 3645 cm. This band facilitates the monitoring of portlandite
(Ca(OH)2) formation [63]. The intensity of this band slightly increases with sawdust content,
suggesting that cedar sawdust promotes the precipitation of portlandite. This observation
supports the noted increase in carbonation up to 20% cedar sawdust content.

2.6. Thermal Analysis

Figure 7 presents the TG/DTG and DSC analysis results for samples of Super White
Cement (Figure 7a), cedar sawdust (Figure 7b), and the WCB 1 board containing 10% cedar
sawdust (Figure 7c). The thermal behavior of Super White Cement begins at 60 ◦C, as shown
in Figure 7a, with a total mass loss of 5%. Previous studies [63,70,71] attribute this mass loss
to (i) dehydration of crystal-bonded water molecules, primarily due to cement’s hygroscopic
nature and the presence of pre-hydrated phases, occurring up to 275 ◦C; (ii) dihydroxylation
of calcium hydroxide (Ca(OH)2), as detailed in Equation (1), marked by a moderate-intensity
endothermic peak at 433 ◦C; and (iii) the decarbonation of calcium carbonate (CaCO3), as
described in Equation (2), indicated by a sharp endothermic peak at 762 ◦C.

Ca(OH)2 → CaO + H2O, (1)

CaCO3 → CaO + CO2, (2)
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Figure 7. Cont.
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Figure 7. Thermal analysis (TG, DTG, and DSC) of (a) Super White Cement, (b) Cedar sawdust, and
(c) WCB (10% SWD).

The TG/DTG and DSC results in Figure 7b indicate that cedar sawdust degradation
starts at 40 ◦C, with a total mass loss exceeding 77%, occurring in three distinct stages.
In the first weight loss stage, a 3.54% mass loss is observed, accompanied by a low-
intensity endothermic peak at 90.4 ◦C. This peak is associated with the evaporation of
water and light volatile substances from cedar wood. The second stage features two closely
connected intense peaks: the first peak, observed at 293 ◦C, corresponds to a 31% mass
loss, primarily due to the decomposition of hemicellulose and minor cellulose dehydration.
The second peak, located at 345 ◦C, shows a 29% mass loss attributed to the thermal
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decomposition of cellulose [72]. According to Kim et al., wood components decompose at
different temperatures: hemicellulose between 150 and 350 ◦C, cellulose between 275 and
350 ◦C, and lignin between 250 and 500 ◦C [73]. The final phase, starting at 390 ◦C, reveals
a 13% mass loss, likely due to carbonaceous residues’ combustion and lignin’s thermal
degradation, which is relatively stable and degrades over a wider temperature range [72].

The TG/DTG and DSC curves of the WCB 1 shown in Figure 7c reveal a total mass loss
of 38%, occurring in several stages marked by significant endothermic effects. The initial
endothermic effect observed between 40 and 190 ◦C is attributed to the dehydration of
interstitial water and the moisture present in cement and sawdust, as well as to the thermal
decomposition of calcium silicate hydrate (C–S–H) and ettringite [74,75]. According to the
findings of Yel et al. [71], the largest mass loss (15%) observed between 190 and 390 ◦C,
is attributed to the decomposition of wood components, during which the most intense
endothermic peak occurs, consistent with findings from cedar sawdust analysis in Figure 7b.
Between 420 and 490 ◦C, a low-intensity thermal effect is associated with the dehydration of
calcium hydroxide (Ca(OH)2), accompanied by a measured mass loss (approximately 2.78%)
that is slightly lower than reported in other studies [71,74]. Petkova et al. suggest that this
discrepancy may indicate a lower presence of portlandite crystals, potentially leading to the
increased amount of C-S-H phases in the samples and enhanced strength properties [63].

The decarbonization of calcium carbonate (CaCO3) occurs between 620 and 800 ◦C,
marked by an intense endothermic peak and a mass loss exceeding 10%. Similar observa-
tions have been noted in previous studies on cement-bonded particleboards made from
various species [71,74,75]. The higher mass loss (10.7%) compared to raw cement (4%) in
this temperature range suggests differences in the amount and crystallization of carbonates
formed. Studies on accelerated carbonation in particleboards, including Cabral et al.’s
research [74], indicate a higher mass loss in carbonated samples due to the decomposition
of well-crystallized calcium carbonate compared to poorly crystallized forms in control
samples. Additionally, Hassan et al. highlight the conversion of portlandite to CaCO3 in the
presence of organic fibers such as plant fibers [75], suggesting that cedar sawdust promotes
increased formation of well-crystallized calcium carbonate within the boards. Similar
results were observed by Govin for cementitious pastes containing poplar wood [65].

3. Materials and Methods

3.1. Materials

The materials used in the production of the boards included cedar sawdust as a
reinforcing agent, Super White Cement (SWC) as a binder, and an appropriate amount of
water. Figure 8 illustrates the morphologies and images of the cedar sawdust and cement
employed in this study.

3.1.1. Cedar Sawdust

The raw material used in this study comprised wood sawdust sourced from wood-
working workshops in Khénifra, Morocco, where Atlas cedar wood is commonly processed.
Following the cutting of cedar logs, the resulting residues underwent collection under
industrial conditions, requiring the removal of flakes and the sorting of the fraction suitable
for the study. The sorted sawdust particles then underwent classification using 2 mm and
4 mm diameter sieves. Particles that passed through the 4 mm mesh but were retained by
the 2 mm mesh were chosen for the study. Any particles larger than 4 mm were trimmed
before reuse, while those smaller than 2 mm were deemed insignificant and excluded. The
acquired sawdust particles underwent air-drying for two weeks until reaching a moisture
content of 12%. Subsequently, their density was determined, and they were stored in plastic
bags for future utilization.
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Figure 8. (A1) Image of cedar sawdust; (A2) SEM image of cedar sawdust; (B1) Image of SWC;
(B2) SEM image of SWC.

3.1.2. Super White Cement (SWC)

The Super White Cement (SWC, CEM 52.5R) utilized as a binder was a commercial
product from the manufacturer Çimsa (Ataşehir, Turkey). The cement was characterized fol-
lowing the procedures outlined in NM 10.1.005 (2008) and EN 196-2-3-6 standards [76–79].
The characterization process involved analyzing the chemical composition of cement sam-
ples using X-ray fluorescence spectroscopy. Each sample, weighing 10 g, was compacted
inside a metal ring using an APM device, alongside specific admixture tablets. The resulting
pellet was then inserted into an XRF spectrometer (ARL 9900, Thermo Fisher Scientific,
Waltham, MA, USA) for analysis. Based on the chemical composition of the SWC, Bogue’s
equations were employed to calculate the percentage of anhydrous cement compounds [80].
Additionally, cement characterization encompassed the determination of physical proper-
ties, mainly specific surface area, setting time, fineness, density, and loss on ignition. The
obtained cement composition and its physical properties are displayed in Table 2.

3.2. Boards Production

The production of the boards was based on a single variable, namely sawdust content
by weight. Six different levels of cedar sawdust content were employed: 10%, 12.5%,
15%, 17.5%, 20%, and 25%, with four repetitions for each cedar sawdust content level,
resulting in a total of 24 panels. The quantities of components and the designations of the
prepared panels are indicated in Table 6. Methods from prior studies were employed to
calculate the required amounts of cement and cedar sawdust [22,44], aiming to produce
boards with a density of 1200 kg/m3 and nominal dimensions of 28 cm × 28 cm × 1 cm.
The specifics of the components and designations of the prepared boards are provided in
Table 6, along with the necessary water amounts calculated using Equation (3), developed
by Simatupang [81], as follows:

Water requirement (mL) = 0.35 Z + (0.30 − r) × H, (3)

where Z (g) represents the cement weight, r (%) indicates the moisture content of the
sawdust, and H (g) denotes the sawdust weight.
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Table 6. The production plan of wood cement boards.

Board Types
Raw Material

Sawdust (wt%) Cement (wt%) Water (g)

WCB 1 10 90 313
WCB 2 12.5 87.5 309
WCB 3 15 85 305
WCB 4 17.5 82.5 301
WCB 5 20 80 297
WCB 6 25 75 289

The board production process is illustrated in Figure 9. Following weighing, the ce-
ment and cedar sawdust quantities were meticulously dry-mixed in a plastic bowl before
adding the required water amount. The mixture was uniformly stirred for 10 min until
achieving a homogeneous paste, free of lumps. The resulting paste was poured into a de-
tachable iron mold designed for creating boards with dimensions of 28 cm × 28 cm × 1 cm.
Using a wooden ruler, the paste was evenly distributed to create a flat, homogeneous mat.
To aid in demolding and prevent adherence of the board to the mold’s interior, the mat
was covered with a polyethylene sheet before placing the metal cap. The paste then un-
derwent 24 h of cold pressing in a manual hydraulic press, with pressure varying between
2 and 6 MPa, to reach a final board thickness of 10 mm. Once pressed, the boards were
detached from the mold and stored in polyethylene bags for 28 days to prevent moisture
loss, complete the cement hydration, and allow it to fully harden. Subsequently, the boards
underwent finishing operations using sandpaper, including sanding the surfaces and edges
(Figure 10a). Then, they were cut using circular saws based on the principles specified in
the European Standards to obtain specimens suitable for mechanical and physical tests,
with the remaining parts utilized in other tests.

 

Figure 9. The production steps of WCB.

131



Molecules 2024, 29, 4399

  
(a) (b) 

 
(c) 

Figure 10. (a) WCB5 after finishing operations; (b) MOR-MOE test samples; (c) The universal testing
machine used for mechanical characterization.

3.3. Physical and Mechanical Characterization of the Boards

The physical tests encompassed the measurement of density, water absorption (WA),
and thickness swelling (TS). A precision balance and a digital caliper were employed to
measure the mass and dimensions of the samples following the PNM EN 325 (2012) stan-
dard [82]. For density calculations, eight specimens of each content with dimensions of
50 × 50 mm2 were used. Average values were obtained by calculating the ratio between
the weight (g) and volume (mm3) of each test specimen according to the EN 323 (1993) stan-
dard [83]. The WA and TS were evaluated successively after both 2 h and 24 h immersion in
water. Tests were manually conducted on square specimens, similar to those used for den-
sity measurements, following the procedures described in the EN 317 (1993) standard [84].
Eight samples were tested for each cedar sawdust content level by immersing them in
deionized water under room conditions. The initial (W1) and final (W2) weights before and
after immersing were measured, and the WA was calculated using the following formula:

Water absorption = (W2 − W1)/W1 × 100. (4)
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Similarly, for the initial (T1) and final (T2) thicknesses, the TS was calculated using
the formula:

Thickness swelling = (T2 − T1)/T1 × 100. (5)

The assessment of the mechanical properties involved three-point bending tests con-
ducted on rectangular specimens measuring 25 × 5 × 1 cm3 (Figure 10b). For each cedar
sawdust content level, six samples were individually mounted on a universal testing
machine (H25KT, Tinius Olsen, Horsham, PA, USA) equipped with a 25 KT compres-
sion/tension sensor (Figure 10c).

A perpendicular bending load was applied to the center of each sample at a speed
of 10 mm/min using an electromechanical motor until failure occurred. The modulus
of rupture (MOR) and the modulus of elasticity (MOE) were determined following the
EN 310 (1993) standard [85].

3.4. Microstructural Analysis of the Boards

Microstructural analysis of the produced boards was conducted via scanning electron
microscopy (SEM) using a JSM-IT500HR/LA microscope (JEOL, Tokyo, Japan). This analy-
sis was conducted to investigate structural variations in the boards. It also examined the
differences in the fracture surfaces between boards containing 10% and 25% cedar sawdust
after bending tests. The SEM analysis was performed at an accelerating voltage of 10 kV
and a working distance of 13.4 mm in a low-vacuum mode (LV-SEM). The SEM instrument
is coupled with Energy-dispersive X-ray spectroscopy (EDS), which was utilized to examine
variations in the elemental composition of the samples.

3.5. Fourier Transform Infrared Spectroscopy Analysis

Fourier transform infrared spectroscopy (FTIR) was employed to observe chemical re-
actions and identify functional groups of cedar sawdust, Super White Cement, and various
WCB samples. Spectral data were acquired using a Nicolet iS10 FTIR spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA), utilizing the Attenuated Total Reflectance
(ATR) technique. Pellets were prepared from 300 mg of finely ground sample powders,
ensuring an accurate representation of each material. Spectra were recorded over a broad
wavelength range spanning from 500 to 4000 cm−1, with a high spectral resolution of
4 cm−1 and an average of 32 co-addition scans.

3.6. Thermal Analysis of the Boards

Thermogravimetric analysis (TGA), derivative thermogravimetry (DTG), and differen-
tial scanning calorimetry (DSC) were performed to investigate the thermal behavior and
stability profiles of cedar sawdust, Super White Cement, and related WCBs. The measure-
ments were conducted using a simultaneous thermal analyzer, specifically the Netzsch
STA 449 F5 Jupiter (NETZSCH Gerätebau GmbH, Selb, Germany). Operational parameters
for TG/DTG-DSC measurements included a sample mass of 15.0 ± 5.0 mg and an Al2O3
sample crucible with a volume of 85 μL. Heating was carried out under static conditions
in an argon atmosphere, with a temperature range spanning from 25 ◦C to 800 ◦C and a
heating rate of 10 ◦C/min.

3.7. Statistical Analysis

Statistical analysis was carried out on the data obtained during the experiment, includ-
ing a one-way analysis of variance (ANOVA), to assess the relative importance of various
sources of variation in the physical and mechanical property results. The ANOVA revealed
statistically significant differences between the levels of all properties. Subsequently, mean
values were compared using Tukey’s test at a 95% confidence level.

4. Conclusions

This study highlights the feasibility of using cedar sawdust as a reinforcing agent
in wood–cement boards, providing an effective approach for recycling bio-waste and
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advancing eco-friendly construction materials. Incorporating cedar sawdust improves
production efficiency and environmental benefits, with optimal physical and mechanical
performance achieved at a sawdust content of 10%. The key findings from this research
include the following:

• Atlas cedar sawdust, with lower extractives compared to other species, enhances
board properties without significantly affecting the cement setting.

• Physical properties indicate that board density decreases with increasing cedar saw-
dust content, reaching its lowest at 25% sawdust. Concurrently, water absorption and
thickness swelling increase with higher sawdust content due to its hygroscopic nature
and resultant porosity.

• Mechanical properties reveal that boards with 10% cedar sawdust content exhibit
the highest modulus of rupture (MOR) and modulus of elasticity (MOE). In contrast,
increasing the sawdust content beyond this level results in lower mechanical perfor-
mance due to higher porosity and insufficient cement bonding, making the boards
less suitable for structural applications.

• Morphological analysis shows that lower sawdust content (10%) provides better
adhesion between the sawdust and the cement matrix, resulting in higher density and
improved mechanical properties. In contrast, boards with higher sawdust content
(25%) display increased porosity and weaker particle–matrix bonds, contributing to
reduced strength and increased water absorption and thickness swelling.

• EDS analysis indicates an increased calcium-to-silicon ratio at the particle–matrix
interface, suggesting enhanced bonding for boards with 10% cedar sawdust due to
the accumulation of cement hydration products, mainly calcium hydroxide (Ca(OH)2)
and calcium silicate hydrate (C-S-H).

• FTIR spectroscopy results show an increase in calcium carbonate and hydroxide
formation, with higher sawdust content, indicating improved carbonation and C-S-H
gel formation.

• Thermal analysis confirms the consistent formation of well-crystallized calcium car-
bonate and a lower presence of portlandite crystals, contributing to increased C-S-H
phases in the boards.

This research underscores the potential of using locally sourced bio-waste and high-
lights the need for further investigations to optimize board performances. Future studies
will focus on strategies to decrease porosity at higher sawdust contents and the use of pre-
treated cedar sawdust, and explore chemical additives to reduce setting time and improve
the interface bonding quality. Addressing these aspects will enhance the sustainability and
practical application of wood–cement boards, promoting more environmentally friendly
construction practices.
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Abbreviations

WCB Wood-Cement Board
WA Water Absorption
TS Thickness Swelling
SEM Scanning Electron Microscopy
EDS Energy-Dispersive X-ray Spectroscopy
XRF X-ray Fluorescence
TG/DTG—DSC Thermal analysis
FTIR Fourier Transformed Infrared
CBPB Cement-Bonded Particleboard
SWC Super White Cement
WCB 1 Boards with 10% Cedar sawdust
WCB 2 Boards with 12.5% Cedar sawdust
WCB 3 Boards with 15% Cedar sawdust
WCB 4 Boards with 17.5% Cedar sawdust
WCB 5 Boards with 20% Cedar sawdust
WCB 6 Boards with 25% Cedar sawdust
C–S–H Calcium silicate hydrate
SWD Cedar sawdust
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Abstract: This paper evaluates the modification of fiber morphology and the strength property
development of paper from Enset fiber as a function of soda pulping conditions and refining energy.
Soda pulping was conducted at pulping temperatures between 160 and 180 ◦C. The NaOH charge
was 16, 20, and 24% based on the initial raw material. The beating of pulp was conducted using a
Jokro mill. The refining of pulp was conducted in a laboratory refiner at different refining intensities.
The mild Jokro mill beating was not effective on Enset fiber pulp. On the other hand, the laboratory
refiner effectively refined the pulp. The fiber morphology was altered in the way of improving the
paper formation and strength. The beating degree of the pulp was increased to about 49 ◦SR. The
tensile index was enhanced to around 80 Nm/g using a refining energy input of 250 kwh/t. From
the results, it can be concluded that Enset fiber pulp is suitable for packaging papers due to its high
strength level. On the other hand, Enset fiber can be a potential raw material for specialty papers like
filter paper and tea bags because of its high porosity.

Keywords: non-wood; alternative fiber sources; Enset fiber; soda pulping; refining; papermaking;
paper strength; fiber morphology; fiber length

1. Introduction

Even if digitalization has led to a drastic decrease in graphic paper demand, the paper
and pulp industry is still growing as packaging and tissue papers are filling the shrinking
graphic paper market share gap. Various non-wood plants and agricultural residues are
already being used to satisfy the pulp and paper fiber industry demand.

Enset plant fiber is one of the readily available agricultural residues in southern and
southwestern parts of Ethiopia, with increasing interest being generated in natural fiber
research. It is a compact yellowish-white cellular bunch of predominantly long cells (fibers),
vessels, and parenchyma. The length of the cellular fiber obtained after dissociation of
the bundle varied from 2.6 to 11.4 mm, and it had a width varying from 15.3 to 18.1 μm,
a lumen width varying from 7.0 to 11.2 μm, and a cell wall thickness varying from 2.3 to
4.6 μm. The fiber comprises a high proportion of holocellulose (87.5%), of which 60% is
cellulose. The amount of lignin is relatively low (10.5%). However, a strong delignification
condition may be needed to delignify the fiber effectively due to the lower S/G ratio in
the lignin monomeric composition (H:G:S, 1:0.7:0.8). The mineral components of the fiber
are dominated by potassium, whereas, in the micronutrient, iron is present in significant
amounts. Due to its promising characteristics, Enset fiber can be considered a good
candidate as a long-fiber source in the pulp and paper industry. Berhanu et al. [1] reported
a pulp yield of around 70%, with a low kappa number of around five and excellent sheet
paper strength properties during the ethanol alkaline pulping of Enset fiber without further
bleaching and a pulp refining stage. The major influencing factor in the pulping experiment
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was the NaOH charge, followed by temperature, and reaction time had little effect on the
resulting pulp [1,2].

Soda pulping is the preferred process for the pulping of annual plants [3]. It uses
sodium hydroxide (NaOH) as an active chemical under high pressure and temperatures to
allow fiber swelling, and it increases the better penetration of the cooking chemicals [4].
Besides delignification, the peeling reaction of glucosidic bonds could be of significant
concern during soda pulping since there are considerable yield losses due to carbohydrate
degradation by the peeling reaction [3]. Previous studies have shown that the amounts of
dissolved carbohydrates in the cooking liquor increase rapidly during the initial deligni-
fication of the cooking. The dissolution of carbohydrates then decreases during the bulk
delignification phase, growing again in the final delignification [3]. Thus, to reduce the
degradation of carbohydrates and promote delignification, a proper alkali charge and
reaction temperature should be selected.

The other vital phase in the paper industries is pulp refining or pulp beating. Pulp
refining is a mechanical treatment step to improve the paper formation and paper me-
chanical properties. Compressive, shear, and bending forces are randomly and repeatedly
undertaken on the fibers during refining. This mechanical action reduces fiber stiffness and
increases fiber flexibility. Moreover, the surfaces of the fibers are modified so it improves
the fiber-to-fiber bonds in the paper [5–9]. Refining causes significant changes in the fiber
structure, such as cutting, the swelling of fiber walls, external and internal fibrillation,
increased flexibility, and curling [10]. Those refining effects lead to changes in density,
porosity, formation, and other essential paper properties [5,11].

Refining also lowers the pulp drainage capability. That means it reduces the paper
production rate and increases the energy consumption. One of the essential features
of pulp is the beating degree. It is the susceptibility of the pulp to refining that is key
as refining energy is required to reach a specific water retention value or tensile index.
The mechanical action of refining causes cavity formations and delamination of the fiber
wall, which allows the water to penetrate through the fiber wall, resulting in a more
significant swelling potential [11]. The water makes the fiber much more flexible and
relevant to breaking hydrogen bonds. Whenever the fibers are thoroughly wetted, refining
disrupts the crystallinity of fibers, and more water can be added to the cellulose fibers.
This phenomenon is known as internal fibrillation, and it is among the main reasons for
improving the strength properties of paper.

External fibrillation is, on the other hand, when fibrils are peeled off from the surface of
the fiber surface while still attached. Fibrillation exposes the cellulose fibers and increases
the fiber surface area to improve the fiber-to-fiber bonding of the final sheet. The fibrils
enhance the bonding between fibers through mechanisms such as mechanical interlocking,
leading to paper with higher tensile strength. Furthermore, the surface area of the fiber
increases and becomes more flexible to fit in around each other. These increase the bonding
surface area and lead to a denser sheet [7]. However, due to the reduction in the strength of
individual fibers, external fibrillation can negatively influence the tear strength [11].

The fibers also change their geometric shape and fibril alignment along their length,
and the fibers flatten or collapse. Fiber curl and kinks are induced or straightened. More-
over, little dislocations and compressions are generated or diminished in the fiber [7].

Fiber cutting and breakage also occur during refining. This contributes to the changes
in fiber length distribution and decreases in the mean fiber length. In addition, the pro-
portion of fines might be increased. Fines have pros and cons regarding the strength of
the final paper, and they are conditional to their shape and type [11]. The primary fines
are present in the pulp before refining. They have an adverse effect on the strength of
the paper. Secondary fines are created during refining, and they are mainly composed of
fibrils. They improve the strength of the paper by increasing the effective contact area of
the bonded fibers, which can help establish contact between close fibers [6]. Generally,
some fiber morphological properties are modified in a way to improve paper properties,
but others deteriorate with refining. All these changes that co-occur during refining are
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irreversible. The morphology of the fiber and the refining conditions governs the extent of
the changes in the pulp. The refining conditions are the design of the refining equipment
and its operating variables, such as the consistency, intensity, and refining time [7,12].

The refining equipment can be conical or disk-type refiners with a parallel flow to
the bar crossings. Refining power is a measure of the power input to the motors of the
refiner based on the amount of pulp processed. It is an indirect measure of the energy
used in cutting and fibrillating the pulp fibers, although these processes consume only
a small percentage of the power. These values are essential in the design and economic
calculations. The specific refining energy is commonly expressed in kilowatt hours per ton
of pulp processed (kWh/t) [7,13].

The different pulp originating from various fiber sources have varying fiber lengths,
cell wall thicknesses, and widths to their central lumen. They respond accordingly to a
given type of refining and set of refining conditions, and not all fibers must receive the
same treatment. Some fibers are fibrillated more by one kind of beating than another. Thus,
the right refining type and intensity should be selected based on the type of fiber and
desired paper properties.

In the present paper, the effect of soda pulping parameters and the type and severity
of refining on the morphology of the fiber and the physical paper properties were studied.

2. Results and Discussion

2.1. Laboratory-Scale Soda Pulping and Jokro Mill Beating

In the first series of experiments, the soda pulping of Enset fiber was investigated
using a laboratory-scale rotating digester. The pulping temperature varied between 160 and
180 ◦C. The NaOH charge was 16%, 20%, and 24% based on oven-dry raw material. All
other pulping parameters were kept constant. The pulp yield, the kappa number, and
the carbohydrate composition of the soda pulps from the pulping in the laboratory-scale
digester are presented in Figure 1.

Figure 1. Cont.
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Figure 1. The pulp yield (a), kappa number (b), and carbohydrate composition (c) of the soda pulps
from the pulping of Enset fiber at different temperatures and different NaOH charges.

The pulp yield and the kappa number dropped with the pulping condition severity,
as shown in Figure 1a,b. This was due to the degradation and dissolution of mainly lignin,
as expressed in the decrease in kappa number. However, under such strong alkaline
conditions, the degradation and dissolution of cellulose and hemicellulose also occurred.
The latter can be clearly seen from the graph in Figure 1c, where the xylose content of the
pulp was at the lowest level when the highest NaOH charge of 24% was applied.

The NaOH charge was the dominant factor in the soda pulping of Enset fiber compared
to the pulping temperature [1]. The effect of temperature was found to be statistically
insignificant (p-value < 0.08), whereas the NaOH charge was found to be statistically
significant (p-value < 0.01). As can be clearly seen in Figure 1a, the effect of temperature on
the pulp yield was not significant for pulping at a lower NaOH charge and was significant
for pulping at a higher NaOH charge. The same scenario was obtained in the statistically
significant result in the kappa number and carbohydrate composition (Table S1).

Berhanu et al. [1] reported a similar situation in the ethanol alkaline pulping of
Enset fiber, where the alkali charge was the dominant factor compared to other pulping
parameters. This might be because the peeling reaction can occur whenever the alkaline
liquor is in contact with the lignocellulosic material, even at low temperatures, as stated by
Ek et al. [3].
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The fiber length distribution and fiber morphology of the selected pulp was measured
before and after beating in a Jokro mill for 4 min, 20 min, and 30 min. The fiber length
distribution data for pulps made at 160 ◦C, 170 ◦C, and 180 ◦C at a 16% NaOH charge are
presented in Figure 2.

Figure 2. Fiber length distribution data for the pulps made at 160 ◦C (a), 170 ◦C (b), and 180 ◦C (c) at
a 16% NaOH charge at beating times of 0–30 min.
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The pulp comprised fine particles and short and long fibers. The average fiber length
of the Enset fiber soda pulp was 2.8 mm, which was not altered due to Jokro mill beating,
as can be seen in Table 1. The soda pulp from Enset fiber had a longer average fiber length
and lower average fiber width than most agricultural residues, such as wheat straw and
rye straw [14]. These morphological properties resulted in a higher slenderness ratio of
Enset soda pulp, making the fiber a more suitable raw material for paper industries with
higher strength properties [14,15]. The content of primary fiber fines in the Enset fiber was
also lower than that in the wheat straw and rye straw. The fines present in the pulp before
refining adversely affect the strength properties of the final paper [11].

Table 1. Fiber morphology of the Enset soda pulp prepared at 160 ◦C and 16% NaOH using the
rotating digester and Jokro mill beating.

Beating
Time
(min)

Fiber Length
(mm)

Fiber Width
(μm)

CWT
Fines Fraction

(%)
Fibrillation

(%)

0 2.8 17.5 7.0 5.0 9.7
4 2.8 17.7 6.4 5.0 9.6
20 2.8 17.7 6.1 5.7 9.7
30 2.8 17.7 6.6 5.4 9.6

The long fibers (>2 mm) were 63% of the pulp, and the fine particles (<0.2 mm)
were less than 2% of the pulp. Figure 2 shows that was no significant change in the fiber
length distribution due to Jokro mill beating. Statistical analysis also demonstrated the
ineffectiveness of Jokro mill for Enset fiber pulp (Table S2). In addition to the fiber length,
the other fiber morphological properties were not altered meaningfully and significantly
due to Jokro mill beating, as shown in Table 1.

The strength property of the paper sheets was measured for all nine samples with a
15 L rotary digester to see the possible effect of Jokro milling at different beating times. The
strength properties of the pulps are presented in Figure S1 (Supplementary Materials).

The Schopper-Riegler value ranged from 17 to 36 ◦SR without any defined correlation
with the beating time or pulping condition. The tensile and burst indexes of the unbeaten
pulp produced by 16% NaOH were much higher than the other two unbeaten pulp pro-
duced by a 20% and 24% NaOH charge. In contrast, the tear index was much lower for
the unbeaten soda pulp produced by milder pulping conditions, as shown in Figure S1.
The paper from Enset fiber has higher strength properties than Bagasse, wheat straw, and
rye straw. As explained earlier, this can be due to the superiority of the morphological
property of Enset fibers [16–18]. Unlike wheat straw, the beating time, beating degree,
and strength properties of Enset fiber do not correlate during Jokro mill beating [17]. The
porosity (gurley) and specific volume of unbeaten pulp produced by milder conditions
were much lower than those produced by severe conditions (Figure S1). The porosity of the
hand sheet from unbeaten Enset fiber pulp was much higher than that of the hand sheet
from wheat straw and bagasse. This can be explained by its lower amount of primary fine
particles in the pulp, lower fibrillation, and longer fiber length [17,18].

Moreover, ununiform fiber distribution in the formed paper sheet was visible to the
naked eye, and some of the fibers were even observable. This indicates that the mild Jokro
mill treatment is unsuitable for Enset fiber. Therefore, a Voith LR 40 refiner had to be used
to see the full development of the strength potential of Enset fiber. For this experiment,
larger quantities of pulp were required. Upscaled pulping was performed in a large paddle
digester simulating the horizontal tube digester usually applied for the pulping of the
annual plants in the industries.

2.2. Pilot-Scale Soda Pulping

Figure 3 shows the yield, kappa number, and carbohydrate composition of the pulps
from a paddle digester compared to a small electrical digester at the same cooking con-
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ditions. The pulp yield from the paddle digester was 60% for mild and 54% for severe
pulping, and the corresponding kappa numbers were 9.9 and 3, respectively (Figure 3a,b).
On the other hand, the yield was 65% and 55%, and the kappa number was 16.6 and 8.4 for
the small electrical digester at the same pulping conditions. The type of digester did not
significantly affect the pulp yield (p value < 0.26). On the contrary, the kappa number and
the total lignin content were much lower for the paddle digester (Figure 3b). The total
lignin content for the pulp was between 1.6% and 1% for the paddle cooker and 7% to 1.6%
for the electrical digester at the same cooking conditions. The large-scale pulping in the
paddle cooker was effective in selective delignification (p value < 0.05) due to the high
mixing efficiency in the paddle reactor.

Figure 3. The pulp yield, kappa number (a), and carbohydrate composition (b) of the soda pulps
from pulping at different NaOH charges using a paddle digester.

The carbohydrate composition of the pulp was evaluated because it affects the final
characteristics of the paper. Paper with higher hemicellulose and cellulose content show
higher tensile strength because they are responsible for the fiber-to-fiber bonding in the
paper. In addition, the bonding is improved by hemicellulose through its ability to hold
water during processing [19]. On the other hand, lignin prevents the formation of fiber-
to-fiber bonds in paper and reduces paper strength [12]. The result shows that the paddle
reactor removed xylose more effectively than the small electrical digester. The amount of
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xylose was from 11% to 8.4% for pulps from the paddle reactor, whereas it was 12% to
10% in the electrical digester at the same cooking conditions. The reactor type significantly
affected the removal of xylose in the pulp (p-value < 0.05). On the other hand, the glucose
proportion was comparable to the pulp from a small electrical reactor.

2.3. Refining and Fiber Morphology

The pulp from the paddle digester was refined in a laboratory refiner (Voith LR 40)
at different refining energy levels up to 250 kwh/t. The average fiber length of the pulp
decreased with the pulping condition severity and refining energy, as shown in Figure 4a.
The difference between the average fiber length of the unrefined pulp in mild and severe
conditions was 0.2 mm. The variation became 0.8 mm at the refining energy level of
250 kwh/t, as shown in Figure 4a. The result clearly indicates that the pulping severity
affects the average fiber length and makes the fiber susceptible to refining.

Figure 4. Cont.
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Figure 4. The average fiber length (a), fiber fines (b), CWT (c), and fibrillation (d) of the soda pulps
from pulping at different NaOH charges depending on the refining energy.

On the other hand, the fine fraction in the pulp increased with increasing pulping
severity and refining energy (Figure 4b). It is clear from the slope of the graphs in Figure 4b
that the increasing rate of the fine fraction in severe conditions was higher than the other
two pulps due to the weakness of the fiber in resisting the refining effect.

Figure 5 shows the impact of the pulping severity and refining intensity on the fiber
length distribution. The proportion of long fiber (>2 mm) decreased while the proportion of
short fiber (<1.2 mm) increased with increasing soda pulping conditions and pulp refining
energy. The longest fiber fractions (>3.2 mm) of the unrefined pulp decreased from 25.7% to
20.8% with pulping severity. The proportion of long fiber was also remarkably reduced with
refining energy. It declined at a higher rate for the pulp produced with severe pulping. It
decreased by 5.3%, 6.5%, and 13.5% at 16%, 20%, and 24% NaOH charges, respectively. On
the other hand, the fine fraction (<0.5 mm) increased by 0.43%, 1.2%, and 3.6%, respectively
(Figure 6). The weakness of the fiber due to severe pulping conditions facilitated the
formation of fine particles. Statistical analysis of the fiber length distribution proved that
the fiber length distributions depended on both pulping and refining conditions (Table S2).
Moreover, the pulping severity and refining condition interaction significantly affected
the fiber length distribution. The Enset fiber had a wide range of fiber length distribution
compared to other agricultural residues for instant EFB fiber, which only ranged from
0.2 mm to 1.6 mm, and the wheat straw ranged from 0.1 to 1.7 mm [20].

Figure 5. Cont.
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Figure 5. Fiber length distribution of the soda pulps from pulping at different NaOH charges
depending on the refining energy: (a) 0 kWh/t and (b) 250 kWh/t.

Figure 6. The beating degree (a) and strength properties of the soda pulps from pulping at different
NaOH charges depending on the refining energy: (b) tensile index; (c) tear index; and (d) burst index.
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The refining intensity indirectly affects the fiber width, fiber surface area (CSA), and
cell wall thickness (CWT). As reported by Berhanu et al. [2], the cell wall thickness of
the raw Enset fiber was in the range of 2.3 to 4 μm. The cell wall thickness increased to
6 μm for pulping when using a low NaOH charge of 16% and to 8 μm when using a high
NaOH charge of 24% (Figure 4c). The increase in CWT was due to the swelling effect of the
increasing NaOH charge on the fiber cell. The fiber width and surface area decreased with
refining due to the deformation of the cell wall and the lumen. They decreased with refining
due to the pressing of two opposite walls and a collapsing of the fibers, or due to the lumen
being eliminated partly or entirely. The other crucial parameter was fibrillation, which
makes the fiber flexible and ready to form fiber-to-fiber bonds in the paper. This improves
paper formation, where the fibrillation of the pulp increases with refining (Figure 4d). The
curl index decreased with increasing refining energy. Fiber curls are directly related to the
tensile index and influence the stretchability of a paper, so they are more critical on sack
paper [12].

2.4. Refining and Paper Strength Property

The beating degree and paper strength properties strongly depend on the original
structure of the fiber and the morphological modification of the fibers during refining [12].
In addition to various interrelated fiber properties, the strength of the hand sheet paper
is also affected by pulping techniques. Therefore, it is not easy to find correlations that
justify every scenario [21]. The primary targets of refining are to improve the strength and
formation of paper. The extent of refining is monitored by measuring the beating degree
(Shopper Riegler SR◦ pulp freeness) and the strength properties of hand sheets [7].

The refining of Enset fiber pulp using a Voith refiner showed apparent enhancement
in SR◦ and in the strength properties of the paper, as shown in Figure 6a. The ◦SR value
of unrefined Enset fiber pulp at different NaOH charges was 17 to 21. The ◦SR linearly
increased with increasing refining energy. At the refining energy of 250 kWh/t, the ◦SR
reached 45 to 49. The increase in ◦SR value was related to the surface conditions and
swelling of the fibers.

Moreover, the internal and external fibrillation and fine formation was the main
reason for the increment in the Shopper Riegler value [22]. Olejnik et al. [5] also reported an
increment in the water retention value of fiber with increasing refining energy. Compared
to bagasse and wheat straw, Enset fibers are resistant to refining. The SR◦ value of wheat
straw has already reached 55 and bagasse soda pulp has reached 75 at 120 kwh/t and
200 kwh/t refining, respectively [17,18].

Paper sheets were then formed using unrefined and refined pulps to analyze the
improvement of the strength properties of the paper. Figure 6b–d shows the strength
property of the paper plotted against the beating degree.

The tensile index and burst index of the paper sheet increased with increasing SR◦,
while the tear index decreased (Figure 6b–d). The tensile index was improved through
increasing bonding potential due to fibrillation and fiber flexibility [23]. The fibrillation of
the individual fiber sourced a better fiber-to-fiber contact area. The reduction in average
fiber length negatively affected the tensile strength of the paper. However, the reduction in
fiber width and cell wall thickness compensates for the strength drop [12]. The secondary
fine particles are also suitable for the tensile and burst index [10]. Salehi et al. [18] reported
the maximum specific energy that the bagasse pulp tolerates before the strength start
deterioration is 163 kwh/t. Unlike bagasse, the strength development in the Enset fiber
pulp showed a potential increment beyond a refining energy of 250 kwh/t.

The higher tensile strength in the pulp produced by 16% NaOH can also be correlated
with its high xylose content. Omer et al. [23] reported the good bonding ability of the fiber
with high hemicellulose content. High hemicellulose content in the pulp makes the fiber
more flexible and fibrillated during refining [12,19]. As reported by Olejnik et al. [5], the
tensile strength of paper from eucalyptus tends to be constant after the refining energy of
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200 kwh/t. However, in the case of Enset fiber pulp, the tensile index still has the potential
to increase if the refining energy increases beyond 250 kwh/t.

The tear index dropped with refining because it depends on the individual fiber length,
strength, degree of inter-fiber bonding, and fiber orientation in the paper (Figure 6d; [7]).
The tear index is lower when the fibers are short, weak, and poorly bonded. It is more
dependent on fiber breakage than bond breakage. Longer and stronger fibers provide
higher tear strength because of the work needed to pull the fibers from the sheet [24].

The porosity and specific volume of the sheet decrease with SR◦ because when the
fibers are more flexible, denser papers are produced [7,18]. In addition, the CWT and fiber
width reduction make the paper more compact each other and result in lower specific
volume. The increasing ratio of small non-fiber fragments and fine particles fills the paper
and reduces porosity [10].

Uncorrelated changes were clearly observed because the paper-making pulp was
a highly heterogeneous lignocellulosic material, and there was a wide range of fiber
length distribution in the pulp compared to pulp from other annual plants, as shown
in Figure 6 [20,25]. As a result, no satisfactory mathematical equations unambiguously
predict pulp properties based on pulping and refining parameters [5].

3. Materials and Methods

3.1. Raw Material Characterization

Enset fiber bundles were collected from southwestern Ethiopia, Wolkite, and Wolayita.
The samples were air-dried and cut into 2–5 cm-long pieces. Extensive chemical com-
position analysis was conducted in our previous study regarding extractive content, ash
content, carbohydrate composition, and lignin content [26]. The chemical compositions of
the Enset fiber are summarized in Table 2.

Table 2. Summary of the chemical compositions of the Enset fiber [27].

Extractives (%)

Petrol ether 0.1
Acetone 0.9
Water 3.4
∑ 4.4

Lignin (%)
Klason lignin 10.8
Acid-soluble 2.5
∑ 13.3

Monosaccharides (%)

Rhamnose, mannose,
arabinose, galactose 2.4

Xylose 10.7
Glucose 58.9
∑ 72.1

Ash (%)
Silica 2.6
∑ 5.4

3.2. Soda Pulping of the Enset Fiber

A total of 300 g (oven-dry) of Enset fiber was used for soda pulping in a 15-Liter
laboratory rotating digester at a maximum temperature of 160 ◦C, 170 ◦C, and 180 ◦C.
Sodium hydroxide charges were 16%, 20%, and 24% based on the oven-dry weight of the
raw material. The solid-to-liquid ratio was kept at 1:4 for all experiments. The maximum
temperature was attained within 60 min and kept there for another 60 min.

Three pulping conditions were selected for large-scale pulping in an 80-Liter, steam-
heated horizontal reactor with a mixer rotated at 0.12–0.13 rpm. The pulping was performed
at 170 ◦C and at NaOH charges of 16%, 20%, and 24%.

The resulting pulps from both reactors were washed and dewatered by centrifugation
in a spinner (Thomas Centri 776 SEK, Thomas, Neunkirchen, Germany) for 10 min at
2800 rpm. The pulp yield was analyzed after homogenizing of the pulp for 10 min in a
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rotary stirrer (Hobart, Offenburg, Germany) and reported as a percentage of the initial
weight of fiber.

3.3. Chemical Composition of the Enset Fiber Soda Pulp

A 200 mg soda pulp sample was air-dried and milled with a disc mill (SM 200, Retsch,
Haan, Germany) to determine the monomeric carbohydrate composition from the two-stage
acid hydrolysis filtrates by Borate-AEC using a Dionex Ultimate 3000 (Dionex, Sunnyvale,
CA, USA) as described in Lorenz et al. [27]. Specifically, 200 mg of oven-dry material were
hydrolyzed with 2 mL of 72% sulfuric acid at 30 ◦C for exactly one hour to break up the
crystalline structure of the cellulose. Thereafter, the sulfuric acid was diluted by adding
56 mL of water, and then the samples were put in an autoclave at 120 ◦C and 1.2 bar for
40 min to degrade the remaining oligosaccharide chains into monomeric sugars. After
cooling, the samples were filtered on a N◦4-sintered glass crucible. The hydrolysis residue
(HR) was oven-dried and gravimetrically determined, and it represented the acid-insoluble
lignin content, which is analogous to Klason lignin. The quantitative and qualitative
carbohydrate composition in the hydrolysates was analyzed by borate-HPAEC analysis.
Dionex Ultimate 3000 and an anion exchange resin MCL Gel CA08F (Mitsubishi Chemical,
Tokyo, Japan), in a column with the dimensions of 5 × 120 mm (Omnifit) (packed at 65 ◦C),
were used for chromatographic separation. The mobile phase consisted of two potassium
tetraborate/boric acid buffers in water: 0.3 M (A; pH 8.6) and 0.9 M (B; pH 9.5). Separation
was performed at 65 ◦C with a flow rate of 0.7 mL/min. The elution program started with
90% A and 10% B and changed to 10% A and 90% B within 35 min. This rate was kept
constant for 8 min and changed back to 90% A and 10% B within 7 min. Prior to detection,
a post-column derivatization by Cubicinchoninate (0.35 mL/min) was applied at 105 ◦C in
a Teflon® coil of 30 m length and 0.3 mm diameter. The analytes were detected at 560 nm
via UV/VIS-detection. The contents of the carbohydrates and lignin were determined as
triplicates. The standard deviation (SD) was between 0.2% and 1.7% for the carbohydrate
content and less than 0.5% for the lignin content (HR).

The UV-Spectrophotometer LAMBDA 650 (PerkinElmer, Waltham, MA, USA) at a
wavelength of 205 nm was used to determine the acid-soluble lignin content according to
Maekawa et al. [28]. The Klason lignin content was calculated from the solid residue [26].
Kappa numbers were determined using the TAPPI standard T236 om-99 (1999) [29].

3.4. Pulp Beating and Refining

The never dried pulp from the 15-Liter rotating digester was beaten using a Jokro mill
(FRANK-PTI, Birkenau, Germany) according to the German standard Zellcheming V/5/60
(1960) [30]. The mechanical action was conducted between the inner and outer walls of the
mill at a principle of centrifugal force of 150 rpm for 4 min, 20 min, and 30 min. The fiber
morphology and sheet paper strength were measured before and after beating.

The pulps from the large-scale reactor were subjected to refining using a fully auto-
mated laboratory refiner (Votih LR 40, FRANK-PTI) with disc refiner headsets (standard
plate for long fibers). The full refiner was operated under a refining intensity of 1 J/m and
a rotation speed of 2000 rpm. The refining energy range was from 0 kwh/t to 250 kwh/t. A
pulp consistency of 3% was kept for each batch of samples.

After beating or refining, the pulp was disintegrated using a standard pulp disintegra-
tor based on ISO 5263-2:2004 (2004) [31] to disperse the pulp fiber into the solution. The
beating degree was determined with a Schopper-Riegler (◦SR) freeness tester type SR1
(Karl Schröder KG, Weinheim, Germany). The resulting pulp with different degrees of
refining was analyzed using a Kajani Fiber lab (Metso, Helsinki, Finland) to determine the
fiber length distribution and fiber morphology characterization, such as the average fiber
length, the amount of fine material, fiber width, and the fiber curl and kink index.
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3.5. Analysis of the Paper Strength

Laboratory handsheets of about 80 g/m2 basis weight were prepared using a Rapid-
Koethen sheetformer (FRANK-PTI, Birkenau, Germany). The resulting paper was acclimatized
at 23 ± 1 ◦C and 55 ± 2% relative humidity overnight before testing its strength properties.

The compression, burst, tensile, and tear strength were measured according to DIN
54518:2004 (2004) [32], ISO 2759:2014 (2014) [33], ISO 1924-2:2009 (2009) [34], and ISO
1974:2012-09 (2012) [35], respectively, using instruments manufactured by FRANK-PTI
GmbH (Birkenau, Germany). The results were normalized by dividing with the grammage
of each paper sheet.

4. Conclusions

The Enset fiber soda pulp shows superior quality for the paper industry compared to
other annual plants and agricultural residues. It is a better suited raw material compared
to wheat straw and bagasse. The soda pulp from Enset fiber was effectively refined by a
Voith LR 40 refiner, and the strength of the paper was improved.

One main new achievement was the observation that the beating of Enset fiber pulp
in a Jokro mill had almost no effect on the fiber morphology and the development of paper
strength. This put emphasis on the fact that the mechanisms in Jokro mill and laboratory
refiner beating are completely different and therefore have a different impact on the fiber.
It was found that fibers are more squeezed and maybe crushed in Jokro mill beating, while
the fibers are actually cut in laboratory refining. This can be seen in Figure 5a,b, where the
fraction of “long” fibers (3.2–7.6 mm) decreased from >20% to less than 10% after refining.
Only the cutting of fibers in laboratory refining led to a change in fiber and paper properties,
while the squeezing and crushing in Jokro mill beating had almost no effect on fiber and
paper properties.

Based on this result, the fiber can be used for packaging or sack paper due to its
high tensile strength and curl index. Due to its porosity, Enset fiber pulp can also be
used for specialty paper, such as tea bags or as filter paper. Sanitary purposes are also
another possibility because of its high-water permeability due to higher hemicellulose
content. Depending on the intended product being made, there should be always a trade-off
between various properties during pulping and refining stages.
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Abstract: Microbial consortium degradation technology can improve the degradation
efficiency and adaptability through fungi–bacteria synergism, but the mechanism of the
fungi–bacteria interaction is still unclear, making it difficult to optimize the degradation
process. The microbial consortium J-6, with high lignin degradation efficiency and strong
environmental adaptability, was obtained in our previous research. In this study, the
fungi–bacteria interacting mechanism of the microbial consortium J-6 was inferred based
on metabolomics technology. The results showed that the positive interaction between
fungi and bacteria could improve the efficiency of lignin degradation. The metabolites re-
leased by fungi, especially betanidin and ergosterol, had an impact on bacterial metabolism,
promoted the degradation of macromolecules, and significantly increased the lignin degra-
dation efficiency. Metabolites released by bacteria, especially L-phenylalanine and taurine,
played a key role in fungal metabolism, leading to more complete degradation. The in-
teraction mechanism of chemical currencies exchange between fungi and bacteria during
lignin degradation obtained in this study can provide theoretical guidance for microbial
consortium degradation technology.

Keywords: lignin degradation; microbial consortium; metabolomics analysis; interaction
mechanism

1. Introduction

The lignocellulosic biomass has wide sources on Earth. The annual production of
lignocellulose can reach 170 billion tons; however, only 3% of lignocellulose can be effec-
tively utilized in the circular bioeconomy [1]. The effective utilization of lignocellulosic
biomass can not only reduce environmental pollution and carbon emissions but also pro-
duce bioethanol and other fuels to relieve fossil energy shortages [2]. Lignin, as a major
component of plant cell walls, not only provides strength and resistance to lignocellulosic
biomass but also protects carbohydrates from enzyme digestion. The degradation of lignin
is a key step in the utilization of lignocellulosic resources [3]. However, lignin, as a macro-
molecular aromatic polymer, is difficult to degrade due to its complex structure [4]. At
present, the degradation process of lignin has been a research hotspot in the field of global
carbon cycle and biomass resource utilization.
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Lignin can be degraded by many methods, such as biodegradation, catalytic degrada-
tion [5,6], solvent degradation [7], and so on. By comparison, microbial degradation has
the advantages of low energy consumption, low cost, environmental friendliness, and safe
operation. However, single fungi always grow and degrade slowly, while bacterial degra-
dation has the disadvantages of incomplete degradation and low degradation efficiency [8].
As a result, the research on the lignin degradation system of fungi–bacteria mixed microor-
ganisms has attracted a lot of attention. Iimura et al. [9] found five species of bacteria of
the genus Methylobacterium that coexisted with white-rot fungi from decayed wood, and
their research showed that the lignin degradation rate was increased by the fungi–bacteria
collaboration. Zhong et al. [10] also revealed the effectiveness of fungi–bacteria synergistic
pretreatment for the lignin degradation process. In our preliminary research, four efficient
lignin-degrading microbial consortia were screened, among which the lignin degradation
efficiency by microbial consortium J-6 could reach 54% in 2 d. Moreover, microbial con-
sortium J-6 could effectively and selectively degrade lignin in the biomass degradation
system (selectivity value = 3.59), which proved that fungi and bacteria could effectively
increase the degradation efficiency of lignin in lignin degradation systems through positive
interactions [11].

The degradation mechanism of lignin by the single strain has been extensively investi-
gated [12]. However, research on the degradation mechanism of the microbial consortium
to degrade lignin is insufficient. Although there were reports on the possible ways of
fungi–bacteria interactions in the microbial consortium during lignin degradation, the
mechanisms of fungi–bacteria interaction during lignin degradation still remain unclear.
For example, Wilhelm et al. [13] reported that the fungi carried out the primary degradation
of lignin, and the bacteria continued to metabolize and synthesize their cells subsequently.
In the study of lignin decomposition processes in soil, Lacerda-Junior et al. [14] found
that key bacterial (Bordetella and Streptomyces) and fungal (Aspergillus) members may
play synergistic eco-physiological roles in the decomposition of lignin-derived compounds
through the carriage of most of the genes encoding auxiliary activity (AA) family of lignin-
modifying enzymes. It is worth noting that these studies lacked exploration of interacting
substances in microbial consortiums, resulting in unclear mechanisms of interaction.

Currently, the mechanism of interactions among microorganisms in the microbial
consortium has attracted extensive attention. For example, substances released by mi-
croorganisms may become signal transducers that activate or inhibit gene expression or
biological activity, thereby altering the behavior and growth of other microorganisms.
Amin et al. [15] found that the indoleacetic acid secreted by sulfitobacter species could
stimulate the division of diatom cells and promote the growth of algae. Song et al. [16]
used metabolomics analysis to study the interacting substance between chlorella vulgaris
and microcystis. Bruger et al. [17]’s research suggests that bacteria produce and release
small hormone-like signaling molecules called autoinducers (AI) into the environment
and that adjacent microbial cells detect and respond to these molecules to change gene
expression and coordinate the behavior of the entire community. Shibl et al. [18] identified
a key chemical currency in the regulation of microbial interactions in different ecosystems.

Meanwhile, the use of metabolomics technology has made positive progress in terms
of the mechanism of microbial lignin degradation in recent years [19,20]. Metabolomics
refers to the identification and quantitative analysis of all metabolite components in a partic-
ular tissue or cell of an organism [21]. At present, metabolite composition analysis is mainly
achieved by liquid chromatography–mass spectrometry (LC-MS), gas chromatography–
mass spectrometry (GC-MS), nuclear magnetic resonance (NMR), Fourier transform in-
frared spectroscopy (FTIR), capillary electrophoresis–mass spectrometry (CE-MS), LC-
MS/MS (liquid chromatography–tandem mass spectrometry) and so on [22,23]. The
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rapidly developing and widely-used LC-MS/MS technology can meet the requirements
of general quantitative analysis accuracy, with good reproducibility and linear range [24].
LC-MS/MS can help find the changes of different metabolites and metabolic characteris-
tics in the fungi–bacteria co-culture system to infer the fungi–bacteria interaction and its
influence on each other’s growth and lignin degradation process.

In this research, the metabolic profiles of fungi and bacteria were analyzed using
metabolomics technology based on LC-MS/MS. The fungi–bacteria interaction in the co-
culture system and the effects of interaction on the microbial growth and lignin degradation
process were analyzed by variation in metabolic properties and screening of differential
variables. The key interaction substances were verified by the complementation experi-
ments. This research can elucidate the mutualism mechanism of lignin degradation by
microbial consortium and clarify the exchange of substances between fungi and bacteria.

2. Results and Discussion

2.1. Metabolomics Analysis of Different Lignin Degradation Systems

Metabolomics studies are expected to obtain data on the abundance of large amounts
of metabolites in biological degradation systems, and the abundance contains information
about the biological phenomenon under research, which is manifested in (co-) variations
in the abundance of metabolites [25]. In this research, three groups containing fungal
samples (labeled F), bacterial samples (labeled B), and original J-6 samples (labeled 6) were
set up for comparison, and metabolomics analysis was carried out. To ensure the output
of high-quality data, quality control of the assay process was performed. The TIC plots
of the experimentally detected samples (Figure S1) showed good sample quality, good
experimental methodology, and good system stability. Through the analysis of the above
data, the key interaction substances produced in the process of microbial degradation of
lignin were speculated, and the fungi–bacteria interaction mechanisms were analyzed.

2.1.1. Metabolite Classification Statistics

The kinds and proportions of metabolites found in the samples were determined
by statistical analysis, with the result displayed in Table 1. The metabolites are mainly
composed of organoheterocyclic compounds (31.469%), organic acids and derivatives
(24.126%), lipids and lipid-like molecules (14.336%) and benzenoids (8.042%). Similarly,
Zhu et al. [26] analyzed the mechanism of lignin degradation by Aspergillus fumigatus
G-13 and obtained that the types of differential metabolites were mainly lipids and lipid-
like molecules, organic acids and their derivatives, and organoheterocyclic compounds.
The results of this study were consistent with their research. The result also indicated that
lignin might be depolymerized by extracellular oxidative enzymes into simple monomeric
forms such as benzene ring-type compounds such as coumarin alcohol, coniferyl alcohol,
and sinapyl alcohol [27], which were subsequently metabolized by various intracellular
enzymes into the intermediates, such as syringic acid, vanillic acid, and p-hydroxybenzoic
acid [28].

2.1.2. Principal Component Analysis (PCA)

The first and second principal component scores were shown by the horizontal co-
ordinate PC1 and the vertical coordinate PC2, respectively, in the scatter plots of PCA
scores (Figure 1A,B). The more similar the types and contents of metabolites in the samples
were, the closer the distribution of the sample points [29]. The result showed that the
degree of dispersion of the sample points was higher in the fungi–bacteria consortium than
that in the single fungal consortium or single bacterial consortium sample points. This
clearly indicated that the degree of difference in metabolic levels was overall greater in
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the fungi–bacteria mixed consortium compared to the single fungal consortium or single
bacterial consortium.

Table 1. Metabolite classification and proportion for all samples (including the J-6 consortium and J-6
bacterial/fungal consortium).

Super Class Percentage

Organoheterocyclic compounds 31.47
Organic acids and derivatives 24.13

Lipids and lipid-like molecules 14.34
Benzenoids 8.04

Organic oxygen compounds 7.69
Nucleosides, nucleotides, and analogues 4.55

Organic nitrogen compounds 3.85
Phenylpropanoids and polyketides 3.15

Alkaloids and derivatives 2.10
Organic 1,3-dipolar compounds 0.35

 

Figure 1. Basic data analysis of metabolomics: (A) Score scatter plot of PCA model for J-6 consortium
vs. J-6 bacterial consortium; (B) score scatter plot of PCA model for J-6 consortium vs. J-6 fungal
consortium; (C) volcano plot for J-6 consortium vs. J-6 bacterial consortium; (D) volcano plot for J-6
consortium vs. J-6 fungal consortium.

2.1.3. Screening of Differential Metabolites

The volcano plots were created by combining the findings of the univariate and mul-
tivariate statistical analyses to test for different metabolites (Figure 1C,D). Every point
on the volcano plot represented a peak. The vertical coordinate indicated the p-value
of the Student’s t-test (derived from the negative of the logarithm of base 10) and the
horizontal coordinate indicated the fold change of the group comparing each substance.
The scatter size corresponded to the value of the variable importance projection (VIP) in
the OPLS-DA model, where a larger scatter indicated a higher VIP value. Red points
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represented significantly up-regulated metabolites, blue points represented significantly
down-regulated metabolites, and gray points represented metabolites that were not sig-
nificantly different [30]. The volcano plot results showed that there were many types of
differential metabolites in different metabolic systems, and further analysis of the key
substances was needed.

In addition, hierarchical clustering analysis (HCA) was performed in order to discover
the characteristics of metabolite variation among experimental groups (Figure 2). The
highly expressed substances in each group illustrated in the clustered heatmaps include
the substances in Table 2, thus suggesting that these substances may be biologically simi-
lar/complementary in outcome and function and may be involved together in the same
metabolic processes.

Figure 2. Heatmap of hierarchical clustering analysis: (A) J-6 consortium vs. J-6 bacterial consortium;
(B) J-6 consortium vs. J-6 fungal consortium.
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Table 2. Major differential metabolites in lignin degradation systems.

J-6 and J-6 Bacterial Consortium J-6 and J-6 Fungal Consortium

Name Fold-Change p-Value Name Fold-Change p-Value

Betanidin 2113.76 0.00028 Taurine 4.83 0.000036
4-Pyridoxic acid 1536.90 0.00039 L-Phenylalanine 2.11 0.031

Ergosterol 243.13 0.0016
Graveoline 229.67 0.00051

Nicotinic acid mononucleotide 135.94 0.0019
Glycerophosphocholine 71.14 0.0012

2.1.4. Matchstick Analysis of Differential Metabolites

The matchstick plots (Figure 3) demonstrated differential metabolites with a large
degree of change. The expression of corresponding enzyme genes might be strongly
activated or strongly inhibited (* represents significance). The horizontal axis of the figure
represented the change multiple after logarithmic conversion, while the depth of the
dot color indicated the VIP value [31]. This analysis showed that the substances that
were significantly up-regulated in the mixed system compared to the bacterial system
were betanidin, 4-pyridoxic acid, 13-oxocryptopine, graveoline, choline, and so on. The
substances that were significantly up-regulated in the mixed system compared to the fungal
system were 13-oxocryptopine, taurine, gamma-aminobutyric acid, betonicine, palmitic
acid, beta-D-glucosamine, and so on.

2.1.5. KEGG (Kyoto Encyclopedia of Genes and Genomes) Annotation and Enrichment
Analysis of Differential Metabolites

KEGG pathway map contains reaction/interaction networks for species metabolism,
genetic information processing, and so on. It not only provides all possible metabolic path-
ways for the interconversion of biochemicals but also contains comprehensive annotations
of the enzymes that catalyze each step [32]. All pathways mapped by the corresponding
species differential metabolites were collated, differential metabolites were labeled on
KEGG pathway maps, and information such as the flow of up-/down-regulated significant
differential metabolites and their metabolic responses was also collated.

The enrichment results of differential metabolites in the KEGG metabolic pathway
were presented in differential abundance score graphs (Figure 4A,B). The DA Score (dif-
ferential abundance score) of the graphs reflected the overall change of all metabolites
in the metabolic pathway. Therein, a score of 1 indicated that the expression trend of all
annotated differential metabolites in the pathway was up-regulated, and −1 indicated that
the expression trend of all annotated differential metabolites in the pathway was down-
regulated. The length of the line segment indicated the absolute value of the DA Score. The
size of the dots indicated the number of annotated differential metabolites in the pathway,
and a larger dot indicated a higher number of differential metabolites in the pathway [33].
The results showed that the fungi–bacteria mixed system compared to the bacterial system
in membrane transport—glycerophospholipid metabolism, ABC transporter, nucleotide
metabolism—pyrimidine metabolism, amino acid metabolism—glycine, serine, and threo-
nine metabolism, the overall expression of metabolites tended to be up-regulated. Mean-
while, the overall expression of metabolites in amino acid metabolism—lysine biosynthesis,
lysine degradation, metabolism of taurine and hypotaurine, metabolism of cofactors and
vitamins—biotin metabolism tended to be up-regulated in the fungi–bacteria mixed system
compared to the fungal system.
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Figure 3. Matchstick analysis of different lignin degradation systems: (A) J-6 consortium
vs. J-6 bacterial consortium; (B) J-6 consortium vs. J-6 fungal consortium. * stands for
significance: * 0.01 < p < 0.05, ** 0.001 < p < 0.01, *** p < 0.001.
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Figure 4. Functional annotation analysis of metabolomics: (A) differential abundance score for J-6
consortium vs. J-6 bacterial consortium; (B) differential abundance score for J-6 consortium vs. J-6
fungal consortium; (C) metabolic pathway analysis bubble plot for J-6 consortium vs. J-6 bacterial
consortium; (D) metabolic pathway analysis bubble plot for J-6 consortium vs. J-6 fungal consortium.
* stands for significance: * 0.01 < p < 0.05, ** 0.001 < p < 0.01, *** p < 0.001.
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2.1.6. Metabolic Pathway Analysis of Differential Metabolites

The results of the metabolic pathway analysis were presented in bubble plots, repre-
sented in Figure 4C,D. Each bubble in the plot corresponded to a specific metabolic pathway.
The horizontal position and size of the bubble indicated the impact factor of the pathway in
the topology analysis, where larger bubbles meant higher impact factors. The vertical posi-
tion and color of the bubble reflected the p-value of the enrichment analysis, where the color
intensity represented the significance level, and darker-colored bubbles indicated smaller
p-values, indicating a higher degree of enrichment significance [34]. Large dark bubbles
(the pathways with higher enrichment) were selected as the focus of subsequent research.
The comparison between the fungi–bacteria mixed system and the bacterial system showed
differences in lysine biosynthesis, biotin metabolism, tryptophan metabolism, taurine, and
hypotaurine metabolism, as well as nicotinate and nicotinamide metabolism. On the other
hand, the comparison between the fungi–bacteria mixed system and the fungal system
revealed distinctions in glycerophospholipid metabolism, glycerolipid metabolism, biotin
metabolism, tryptophan metabolism, taurine, and hypotaurine metabolism, as well as
nicotinate and nicotinamide metabolism.

2.1.7. Analysis of Interacting Substances

The fungal versus bacterial system and the bacterial versus fungal system were ana-
lyzed using the same methods as previously described. Based on the inference from the
literature that utilizes similar methodologies to investigate the interaction of substances [16],
it is likely that substances that are significantly up-regulated in both the fungi–bacteria
mixed system versus the bacterial system and the fungal system versus the bacterial system
are released by the fungi. Conversely, substances that are significantly up-regulated in both
the fungi–bacteria mixed system versus the fungal system and the bacterial system versus
the fungal system are likely released by the bacteria. And these substances may be the most
important interacting substances between fungi and bacteria.

In order to screen for more accurate interacting substances, the differential metabo-
lites obtained by the above metabolomics analysis were screened with FOLD_CHANGE
(up-regulation value) greater than 2 (those lower than 2 were not screened), and at the
same time satisfied the p-value value of less than 0.05. As shown in Table 2, the substances
that were significantly up-regulated in the fungi–bacteria mixed system compared with the
bacterial system and the fungal system compared with the bacterial system were betanidin,
4-pyridoxic acid, graveoline, ergosterol, nicotinic acid mononucleotide, glycerophospho-
choline, and so on. The substances that were significantly up-regulated in the mixed system
versus the fungal system and the bacterial system versus the fungal system were mainly
L-phenylalanine and taurine.

In summary, through synthesizing the metabolic levels of each metabolite and their
roles in the pathway, it could be hypothesized that the key compounds released by the fungi
that might affect the bacterial system were ergosterol, betanidin, glycerophosphocholine,
4-pyridoxic acid, gravoline, and nicotinic acid mononucleotide. The key compounds
released by the bacteria that might affect the fungal system were L-phenylalanine and
taurine. Among these substances, betanidin and glycerophosphocholine may play a role
in regulating osmosis in microbial cells. Betanidin serves as the synthetic precursor of
betalain. Betalain can be involved in osmoregulatory processes that help sustain normal
physiological functions. Additionally, it can act as a non-enzymatic antioxidant, aiding in
the neutralization of excessive reactive oxygen species during unfavorable conditions to
maintain standard cellular metabolic activities [35]. Glycerophosphocholine, recognized
as a vital component of cell membrane structure, exhibits a dose-dependent elevation in
cellular glycerophosphocholine levels in response to high osmolarity [36]. Glycerophos-
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phocholine has been identified as the preferred osmoprotectant over other endogenous
metabolites [37]. Nicotinic acid or its derivatives of nucleosides and mononucleotides
are important intermediates in the synthesis of a variety of body-required bioproducts,
thus, nicotinic acid mononucleotide may be associated with microbial energy-producing
metabolism. Ergosterol and taurine may be associated with microbial stress adaptation
and may enhance microbial resistance. Higher levels of ergosterol are linked to improved
resistance against low temperature, freezing, low sugar, alcohol, and oxidative stress in
the yeast. Meanwhile, the yeast with decreased ergosterol content exhibited reduced
adaptation to high osmotic stress [38]. Chen et al. [39] found that taurine has an effect on
regulating cellular metabolism and enhancement of stress resistance. Previously, several
studies have demonstrated that phenylalanine affects metabolism through induction under
stress conditions [40,41]. Therefore, L-phenylalanine may affect microbial metabolism
through induction.

2.2. Verification of Key Interacting Substances

The effects of these key compounds on lignin degradation and microbial growth were
experimentally verified. The compounds released by the fungi and added to the bacterial
culture system were ergosterol, betanidin, nicotinic acid mononucleotide, 4-pyridoxalic
acid, gravoline, and glycerophosphorylcholine. The compounds released by the bacteria
and added to the fungal culture system were L-phenylalanine and taurine, respectively.

It could be seen from Figure 5 that in the experiment using alkali lignin as a degrada-
tion substrate within a certain concentration range, four interacting substances, i.e., taurine,
L-phenylalanine, ergosterol, and betanidin, significantly promoted the degradation of
lignin. The increase in fungi–bacteria interacting substances concentration correlated with
an increase in the degradation efficiency of lignin. The lignin degradation efficiency reached
the highest value when the concentration was 0.75–1 μg/L, and the degradation efficiency
was 8.11% (taurine, 0.75 μg/L), 10.89% (L-phenylalanine, 1 μg/L), 29.94% (ergosterol,
1 μg/L), 25.12% (betanidin, 0.75 μg/L), respectively. Compared with the blank experi-
mental group (bacterial consortium: 23.16%; fungal consortium: 6.24%), the degradation
efficiency was improved. From Figure 6, it can be seen that when the lignin degradation
efficiency was higher, the growth of the microorganisms was also better. In addition, the
effects of these compounds and their analogs on lignin degradation systems have also been
reported. For example, the research of Wang et al. [42] proved that ergosterol was a kind
of ligninolytic-inducing compound in the incubation of Phanerochaete sordida YK-624 and
they also identified and synthesized the ergosterol metabolites ergosta-4,7,22-triene-3,6-
dione and ergosta-4,6,8(14),22-tetraen-3-one, which were compounds that also enhanced
lignin-degrading activity. However, the other four interacting substances (4-pyridoxic acid,
gravorin, choline glycerophosphate, and niacin mononucleotides) had no significant effect
on the degradation of lignin. Compared with the experiments we did before, under the
same conditions (optimal lignin degradation conditions), the J-6 microbial consortium can
degrade lignin up to 54% efficiently [43]. In contrast, in this experiment, the J-6 bacterial
consortium reached a degradation rate of 29.94% in the presence of ergosterol from fungi,
and this degradation rate was the highest degradation rate among all groups in this ex-
periment. It was hypothesized that fungi and bacteria in the microbial consortium may
degrade lignin more efficiently by releasing interacting metabolites compared to the fungal
consortium or bacterial consortium alone.
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Figure 5. Verification of key interacting substances in the fungi–bacteria lignin degradation system:
(A): lignin degradation efficiency of fungal culture systems adding taurine; (B) lignin degradation
efficiency of fungal culture systems adding L-phenylalanine; (C) lignin degradation efficiency of
bacterial culture systems adding ergosterol; (D) lignin degradation efficiency of bacterial culture
systems adding betanidin). Different letters in the graph indicate significant differences (p < 0.05).

In the experiment with lignocellulose biomass as the substrate, the degradation ef-
ficiency of lignin did not change significantly with the increase in the concentration of
fungi–bacteria interacting substances. It was hypothesized that the fungi or bacteria con-
sortium alone might not be adapted to an environment with biomass as a substrate but can
be adapted to an environment with alkaline lignin as a substrate. Therefore, when using
biomass as a substrate, it was more necessary to use the fungi–bacteria mixed system for
lignin degradation. This has also been confirmed in our previous research [11].

2.3. Comparison of Lignin Degradation Products

To further validate the roles of these key interacting substances in the degradation of
lignin by microbial consortium, additional experiments were conducted. The lignin degra-
dation products produced by a bacterial/fungal culture system incorporating ergosterol
and L-phenylalanine, which significantly increased the efficiency of lignin degradation,
were analyzed. Additionally, the lignin degradation products from a bacterial/fungal
culture system where these two substances were not added were also analyzed. The results
(Table 3) showed that different microbial consortia have different characteristics in the
type of degradation products. For example, most of the degradation products of bacterial
consortium are substances with high molecular weights, such as 13-oxocryptopine, and
substances containing multiple benzene rings, such as 5,5′-dimethoxy-3,3′,7,7′-tetramethyl-
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2,2′-binaphthalene-1,1′,4,4′-tetrone. However, with the addition of ergosterol, lignin degra-
dation products of high molecular weight or containing multiple benzene rings are signifi-
cantly reduced. In contrast, the degradation products of fungal consortium hardly contain
compounds with multiple benzene rings but contain many metabolic intermediates such as
L-alanyl-L-glutamine, L-citrulline, as well as many small molecules, such as 1,7-diphospho-
1-epi-valienol and selenohomocystine. In addition, with the addition of L-phenylalanine,
small molecule lignin degradation products increased, and there was not much change in
metabolite types in general.

Due to the limited detection time of GC-MS analysis, not all lignin degradation
products were detected, but the major products of lignin degradation were detected. For
example, Zhang et al. [43] used GC-MS analysis to detect lignin degradation products such
as phenol, benzaldehyde, 3-methyl, butylated hydroxytoluene, benzenebutyric acid,2,3-
dimethoxy, etc., were also detected in this experiment.

Figure 6. Verification of key interacting substances in the fungi–bacteria lignin degradation system:
(A) biomass of fungal culture systems adding taurine; (B) biomass of fungal culture systems adding
L-phenylalanine; (C) biomass of bacterial culture systems adding ergosterol; (D) biomass of bacterial
culture systems adding betanidin). Different letters in the graph indicate significant differences (p < 0.05).

2.4. The Fungi–Bacteria Interaction Mechanism of Microbial Consortium

Through the metabolomics analysis of various data, eight key fungi–bacteria interact-
ing substances, including taurine, L-phenylalanine, ergosterol, betanidin, 4-pyridoxic acid,
gravoline, glycerophosphorylcholine, and nicotinic acid mononucleotide were screened.
Through experimental verification, taurine, L-phenylalanine, ergosterol, and betanidin
were found to most significantly enhance the efficiency of lignin degradation by a single
consortium, especially the J-6 bacterial consortium, which achieved a 29.94% degradation
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rate with the addition of ergosterol, a 29.27% increase compared to the bacterial consor-
tium without ergosterol. Moreover, as the efficiency of lignin degradation increased, so
did the biomass. Subsequent analysis of degradation products from microbial consortia
with and without the addition of these key interactive substances showed that with the
addition of ergosterol, high molecular weight or polycyclic aromatic metabolites in the
bacterial consortium significantly decreased. With the addition of L-phenylalanine, inter-
mediate metabolites in the fungal consortium decreased while small molecule metabolites
increased. This indicated that these two key interactive compounds played a significant
role in achieving complete degradation of lignin.

Table 3. Identification of the products of the lignin degradation system.

No. RT 1 Compound

Bacterial
Consortium

Bacterial
Consortium
+ Ergosterol

Fungal
Consortium

Fungal Consortium +
L-Phenylalanine

1d 2d 1d 2d 1d 2d 1d 2d

1 10.45 min Phenol + + + +

2 11.58 min Ethyl 3-hydroxybutyrate + + + +

3 13.27 min Benzaldehyde, 3-methyl + + + + + + +

4 18.32 min 5,5′-Dimethoxy-3,3′,7,7′-tetramethyl-2,2′-
binaphthalene-1,1′,4,4′-tetrone + +

5 19.81 min Butylated Hydroxytoluene + +

6 22.79 min Benzenebutyric acid, 2,3-dimethoxy- + + + + + +

7 23.77 min 1,2-Benzenedicarboxylic acid, butyloctyl ester + + + + +

8 23.77 min Phthalic acid, hept-3-yl isobutyl ester + + + + +

9 24.64 min n-Hexadecanoic acid + + + + + + + +

10 26.51 min Octadecanoic acid + + + + + + +

11 32.69 min
1-Hydroxy-2-(2,3,4,6-tetra-O-acetyl-beta-D-

glucopyranosyl)-9H-xanthene-3,6,7-triyl
triacetate

+ + + + + +

12 34.27 min L-Alanyl-L-Glutamine + + + +

13 35.75 min 1,7-diphospho-1-epi-valienol + +

14 35.82 min Selenohomocystine + + + +

15 36.32 min L-Citrulline + + +

16 36.33 min 3-Methoxytyrosine + + +

17 36.55 min 4-(Trimethylammonio)butanoate + + + +

18 36.80 min Chlomethoxyfen + + +

19 38.45 min 13-Oxocryptopine + + + + +

1 RT: retention time.

Based on the above analysis, a hypothesis regarding the interaction mechanism of
these key chemical currencies in the degradation of the lignin mixed system was formulated
(Figure 7). Betanidin from fungi may play a role in regulating the osmotic pressure of
bacterial cell membranes, while ergosterol could be involved in stress-adaptive regulation
and enhancing stress resistance in bacteria. Additionally, L-phenylalanine from bacteria
may be involved in inducing cellular metabolism in fungi, while taurine could play a role
in stress-adaptive regulation and enhancing stress resistance in fungi.
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Figure 7. Degradation mechanism of lignin consortium system and key interacting substances
interaction mechanism.

3. Materials and Methods

3.1. Materials

The microbial consortium J-6 was obtained from our previous research and stored
at 4 ◦C in a refrigerator [43]. The fungi of J-6 were dominated by Saccharomycetales
(98.92%) and the bacteria were mainly Cupriavidus sp. (29.84%), Shinella sp. (47.38%), and
Bosea sp. (7.96%). This experiment was conducted using common lignocellulosic biomass
in China, including bagasse (Guangxi, China), eucalyptus root (Guangxi, China), and
corn straw (Heilongjiang, China). The lignin content of the biomass was from 16.37% to
26.31% [11]. In addition, the main experimental reagents, such as alkaline lignin, betanidin,
ergosterol, taurine, L-phenylalanine, magnesium sulfate, and so on, were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). The reagents were
analytically pure.

3.2. Culture Medium
3.2.1. Basic Medium

The basic medium consisted of the following components: 2.5 g/L sodium chloride,
2.5 g/L (NH4)2SO4, 1 g/L potassium dihydrogen phosphate, 0.2 g/L MgSO4·7H2O, 0.1 g/L
calcium chloride, 0.5 g/L glucose, 1 mL/L trace elements and 0.5 g/L alkaline lignin, which
were acquired from our prior experiments [43]. Additionally, 1 mol/L NaOH or HCl
solution was added to the mixture in order to regulate the pH level.

3.2.2. Degradation Medium

The composition of the degradation medium was as follows: biomass (1.6 g/L) or al-
kaline lignin (0.5 g/L), 0.2 g/L MgSO4, 1.0 g/L KH2PO4, 2.5 g/L NaCl, 2.5 g/L (NH4)2SO4,
0.1 g/L CaCl2, 0.5 g/L glucose, and 1 mL/L trace elements. Trace elements solution formu-
lation was as follows: 0.1 g/L ZnSO4·7H2O, 0.16 g/L CoCl2·6H2O, 0.15 g/L CuSO4·5H2O,
0.1 g/L MnSO4·H2O, 0.02 g/L H3BO3, 0.8g/L Na2MoO4·8H2O, and 0.05 g/L NiCl2·6H2O.
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3.3. Isolation of Fungal and Bacterial Consortium

According to the available study [44], the isolation of fungal bacteria was done by
the use of antifungal agents and antibiotics, and this isolation method was proven to be
effective. This method was also applied in this study.

For bacterial isolation, the J-6 consortium suspension was diluted in 10 times the
volume of sterile saline, and the diluted consortium suspension was shaken in a vortex
apparatus for homogenization. The consortium suspension was moved to the basic medium
with a 10% inoculum volume. At the same time, 0.05 g/L of nystatin and 0.2 g/L of
cycloheximide were added to inhibit the growth of fungi. After that, it was put into a
constant-temperature shaker to be cultured for 24 h at 37 ◦C and 200 rpm.

When the fungi were isolated, the suspension was inoculated into the culture medium
according to the above method. Then, 0.1 g/L penicillin and 0.1 g/L streptomycin were
added to inhibit the growth of bacteria before incubation, followed by being put into
the constant-temperature shaker at 28 ◦C and 200 rpm for 3–7 d after the inoculation
was completed.

The above isolated bacterial and fungal consortia were transformed and amplified
three times, respectively. Then the colony composition was analyzed to ensure complete
isolation by the sequencing method. After analyzing the community structure, it was
determined that the fungi and bacteria had been completely isolated.

3.4. Metabolomics Analysis
3.4.1. Analytics Information and Raw Data Preprocessing

Due to the complexity of natural lignin, the use of stable lignin purification products
is an effective and conventional method to study the microbial degradation behavior
and mechanism of lignin, and there is great similarity between the two structures [45].
Therefore, in the process of metabolomics research in this study, the carbon source used
was alkali lignin.

Three groups of control experiments were conducted separately, inoculating J-6 con-
sortium (labeled 6), J-6 fungal consortium (labeled F), and J-6 bacterial consortium (labeled
B) into the alkaline lignin degradation medium, and lignin degradation was conducted in
a constant-temperature shaker at 30 ◦C and 200 rpm for 48 h to obtain the test samples.
Then, 100 μ L of different samples were transferred to an EP tube (Eppendorf tube). After
the addition of 400 μ L of extract solution (acetonitrile:methanol = 1:1), the samples were
vortexed for 30 s, sonicated for 10 min in and ice-water bath, and incubated for 1 h at
−40 ◦C. Then, the samples were centrifuged at 13,800× g for 15 min at 4 ◦C. The resulting
supernatant was transferred to a fresh glass vial for LC-MS/MS analysis. Specifically, the
ionization source of the Orbitrap platform was electrospray ionization. The positive and
negative ion modes were combined to detect the metabolome.

This analysis consisted of four stages, which were basic data analysis, differential
metabolite screening, advanced data analysis, and speculation of interacting substances.
The original data was prepared and sorted through deviation filtering, missing value
filtering, missing value filling, and data standardization.

3.4.2. Basic Data Analysis

Hierarchical clustering analysis (HCA) was performed on all samples and their metabo-
lites, and the substances with high expression were screened. Metabolite classification
statistics were carried out to classify the identified metabolites according to the chemical
classification information. The metabolite classification and proportion pie chart were
drawn, focusing on the types of metabolites that accounted for a relatively large proportion.
Multivariate analysis (MVA) was conducted with principal component analysis (PCA),
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orthogonal partial least squares-discriminant analysis (OPLS-DA) and so on. Through PCA
using SIMCA software (V16.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden), the
overall distribution trend as well as the degree of difference of samples between groups,
were obtained. To gather more accurate data regarding the differences between metabolite
groups and the level of correlation of the experimental group, non-orthogonal and orthogo-
nal variables were analyzed independently after the orthogonal variables in the metabolites
that were not correlated with the categorical variables were filtered out using OPLS-DA
in SIMCA software. Univariate analysis (UVA) was studied with a Student’s t-test and
analysis of variance (ANOVA) to obtain independent changes in metabolite levels.

3.4.3. Differential Metabolite Screening

Combining the results of univariate and multivariate statistical analyses, the differen-
tial metabolites were screened, and volcano plots were used to illustrate the findings of
screening differential metabolites, which intuitively demonstrated the overall distribution
of the metabolite differences between groups.

3.4.4. Advanced Data Analysis

Matchstick plot analysis of differential metabolites was carried out to compare each
group, calculate the ratio corresponding to the quantitative value of differential metabolites,
and screen out the different metabolites with greater variation through the matchstick
diagram analysis. KEGG annotation of differential metabolites was to sort out various
relevant information about pathways in the KEGG Pathway database and draw pathway
maps. According to the enrichment results of differential metabolites in KEGG metabolic
pathways, the general changes of all differential metabolites in a pathway were obtained.
Besides, the pathways whose overall expression tended to be up-regulated were screened
out. Metabolic pathway analysis of differential metabolites was performed to find out
the target pathway where differential metabolites had a greater impact on the pathway
through the comprehensive analysis of the pathway where differential metabolites reside
(including enrichment analysis and topological analysis).

3.4.5. Speculation on Fungi–Bacteria Interacting Substances

The key fungi–bacteria interacting substances were analyzed by combining the
metabolic levels of these metabolites and their roles and effects in the pathway.

3.5. Complementation Experiments with Interacting Substances

The isolated bacterial/fungal suspensions were inoculated into the medium containing
the interaction compounds to be verified at a 10% inoculation rate, and the concentration
gradients of the interaction compounds to be verified were set as 0 μg/L, 0.25 μg/L,
0.5 μg/L, 0.75 μg/L, 1 μg/L, and 1.25 μg/L, respectively. Three parallel experiments
were set for each concentration gradient. After inoculation, the samples were incubated at
30 ◦C and 200 rpm in a constant-temperature shaker. Throughout the incubation period,
samples were sampled periodically. The incubation time of the biomass degradation
system was 14 d, and the incubation time of the alkaline lignin degradation system was
48 h (the incubation conditions and incubation time were determined according to the
previous experiments).

3.6. Analytical Methods

LC-MS/MS analyses were performed using a UHPLC system (Vanquish, Thermo
Fisher Scientific, Waltham, MA, USA) with a UPLC BEH Amide column (2.1 mm × 100 mm,
1.7 μm) coupled to Q Exactive HFX mass spectrometer (Orbitrap MS, Thermo Fisher Scien-
tific, USA). The mobile phase consisted of 25 mmol/L ammonium acetate and 25 mmol/L
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ammonia hydroxide in water (pH = 9.75) (A) and acetonitrile (B). The auto-sampler tem-
perature was 4 ◦C, and the injection volume was 2 μL.

According to the previously reported method, soluble lignin concentration was mea-
sured by absorbance at 280 nm [46]. The NREL (National Renewable Energy Laboratory)
method of the U.S. Department of Energy was used to determine the lignin content in
biomass [47]. The absorbance value of the microorganism suspension at 600 nm was mea-
sured using a visible spectrophotometer (TU-1901, Purkinje General Instrument, Beijing,
China). The community structure analysis method was high-throughput sequencing [43].

The lignin degradation products were analyzed by gas chromatography–mass spec-
trometry (GC-MS) analysis, which was performed using previously reported methods [48].

3.7. Statistical Methods

The above experiments were replicated three times, and the average data were
recorded. One-way ANOVA was employed to identify any significant bias in the results
(Tukey test, p < 0.05).

4. Conclusions

Investigating the fungi–bacteria interaction mechanism during lignin degradation
to improve the degradation efficiency of lignin is of great significance for global carbon
cycling and value-added utilization of biological resources research. The results showed
that the positive interaction between fungi and bacteria could improve the efficiency of
lignin degradation. The metabolites released by fungi, especially betanidin and ergosterol,
had an impact on bacterial metabolism, promoted the degradation of macromolecules,
and significantly increased the lignin degradation efficiency. Metabolites released by
bacteria, especially L-phenylalanine and taurine, played a key role in fungal metabolism,
leading to more complete degradation. The interaction mechanism of chemical currencies
exchange between fungi and bacteria during lignin degradation obtained in this study can
provide theoretical guidance for microbial consortium degradation technology. In future
research, it is necessary to utilize the results of this study to develop suitable biodegradation
enhancement methods for different lignin degradation systems in order to optimize the
lignin degradation process.
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Abstract: Food waste is a global challenge, with nearly 40% of food discarded annually,
leading to economic losses, food insecurity, and environmental harm. Major factors driving
spoilage include microbial contamination, enzymatic activity, oxidation, and excessive
ethylene production. Active packaging offers a promising solution by extending shelf life
through the selective absorption or release of specific substances. In this study, polyvinyl
alcohol (PVA) films incorporating metal-organic frameworks (MOFs) were prepared via
solvent casting to enhance their mechanical and barrier properties. Five MOFs (HKUST-1,
MIL-88A, BASF-A520, UiO-66, and MOF-801) were embedded in the PVA matrix and
analyzed for their physical, mechanical, and optical characteristics. The incorporation
of TEMPO-oxidized cellulose nanofibers (CNF) improved MOF dispersion, significantly
strengthening film performance. Among the formulations, PVA-CNF-MOF-801 exhibited
the best performance, with a 130% increase in tensile strength, a 50% reduction in water
vapor permeability, and a 168% improvement in UV protection compared with neat PVA
films. Ethylene adsorption tests with climacteric fruits confirmed that CNF-containing
films retained ethylene more effectively than those without CNFs, although the differences
among the MOFs were minimal. These results highlight the potential of PVA-CNF-MOF
composite films as sustainable active packaging materials, providing an effective strategy
to reduce food waste and its environmental impact.

Keywords: metal-organic frameworks; cellulose nanofibers; PVA; PVA-CNF-MOF film;
active packaging

1. Introduction

The global food supply chain faces considerable hurdles due to population growth,
which is projected to reach 9.8 billion inhabitants by 2050 [1], compounded by intensifying
environmental pressures driven by climate change, socio-economic disruptions in the
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post-COVID-19 era that have exposed critical vulnerabilities in global supply chains, and
geopolitical instabilities such as the Russia-Ukraine conflict, which has markedly affected
the availability and cost of key agricultural commodities [2–4]. Several studies suggest that
the increase in population will require a greater food supply, which is expected to increase
by 35% to 56% between 2010 and 2050 [5], leading to a rise in food waste [6]. According
to the latest available data, nearly 40% of the food intended for human consumption
(1.3 billion tons of edible food) ends up as waste [7]. This substantial waste, known
as “food loss and waste” (FLW), represents a hazard to the economy, environment, and
food security [8]. FLW, estimated to be worth 1 trillion US dollars [9], is very harmful
to the environment due to decomposition in landfills, where part of it breaks down into
greenhouse gases and methane, with a global warming potential 28–36 times higher than
carbon dioxide [10]. In fact, FLW contributes to 8–10% of greenhouse gas emissions, with an
estimated carbon footprint of 3.3 billion tons of CO2 [11]. Consequently, the United Nations
(UN) has implemented measures to reduce FLW as part of the Sustainable Development
Goals (SDG 12) for 2030 [12]. Solutions to this problem include reducing the amount of
waste generated, optimizing the food chain, increasing consumer awareness [13], and
improving packaging systems that increase the shelf-life of food [6].

The longevity of food products can be influenced by numerous factors, including
microbial contamination, enzymatic degradation, oxidation, or the presence of excessive
ethylene [14]. To mitigate these challenges, a range of preservation methods have been
devised to extend shelf life, such as coating preservation, vacuum preservation, and active
packaging [15]. Among these options, active packaging is emerging as a newer approach
that is gaining prominence over traditional packaging systems due to the ability of this type
of packaging to control the amount of moisture, oxygen, or ethylene in contact with food.
Additionally, active packaging can desorb substances with antimicrobial and antioxidant
properties, thus enhancing food preservation. Its versatility and flexibility, driven by its
ability to be customized for different applications, make it a favorable field for future
research and innovation [15].

In this context, the utilization of metal-organic frameworks (MOFs) is gaining signifi-
cance in active packaging materials. MOFs represent a class of hybrid porous materials
composed of metal ions or clusters coordinated to organic ligands. These materials stand
out for their high specific surface area and porosity, presenting a high variation in com-
ponents in their structure, thus facilitating interaction with multiple materials [16]. One
of the main problems faced by MOFs is that they are mainly presented in powder form,
which hinders their processing and therefore their direct application or use on an industrial
scale [17]. This can be solved by mixing MOFs with other types of materials, such as
polymers, forming different types of composites, such as films, membranes, or foams, with
the aim of increasing their application and improving the synergistic properties of both
components [16,18].

MOFs have garnered significant attention due to their exceptional properties in thin
film materials. These hybrid structures incorporate an organic ligand, which imparts
functional versatility, and an inorganic substrate, which contributes to mechanical rigidity
and stability. Although the integration of inorganic substrates ensures robust mechanical
performance and long-term stability, it often involves high costs and intricate fabrication
processes [16]. In contrast, polymer membranes, such as polyvinyl alcohol (PVA), offer a
more economically viable and industrially feasible alternative. By combining MOFs with
PVA, composite films are created that synergistically exploit the adaptable functionality
and porosity of MOFs alongside the cost-effectiveness, flexibility, and processability of
PVA. This approach not only reduces fabrication complexity but also broadens the scope
for scalable and practical applications in various industries. [19]. However, challenges arise
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during the preparation process, as MOF particles may undergo coverage or aggregation,
potentially diminishing their effectiveness. Notwithstanding these challenges, the versa-
tility and potential applications of MOF/PVA composite films, ranging from catalysis to
food packaging [20,21], position them as a promising area of research and development in
materials science. Addressing issues related to particle coverage and aggregation could
further enhance the performance and applicability of these composite materials across
various industries.

In this aspect, the incorporation of TEMPO-oxidized cellulose nanofibers (CNFs), pro-
duced through a selective oxidation process using the TEMPO (2,2,6,6-tetramethylpiperidine-
1-oxyl) catalyst, offers an intriguing solution as these nanofibers exhibit a high content
of carboxyl groups and a large specific surface area, enabling improved interactions with
the positive charge of metal ions. This strategy would improve the dispersion of MOF
particles and ensure a better homogenization in the PVA composite film resulting in a more
effective synthesis procedure. Also, CNF adhesion to PVA films has been shown to be
efficient since it improves mechanical properties and thermal stability as well as reduces
water vapor permeability and water uptake [22,23]. The integration of the mechanical
properties of PVA-CNF films with the capacity of MOFs for the adsorption and desorption
of bioactive compounds positions these composite materials as highly suitable for diverse
applications, including active packaging [24]. Notably, certain MOFs have demonstrated
exceptional suitability for ethylene retention [25], a key factor in the preservation of fruits
and vegetables, thereby significantly extending their shelf life.

This study focuses on the production of MOF/PVA composite films through a sim-
ple solution casting process [26]. Five types of MOFs (MIL-88A, A520-BASF, HKUST-1,
MOF-801, and UiO-66) were compared to evaluate their influence on the physicochemical
properties of the resulting materials. MOF/PVA films were characterized to determine
their physical properties (density, moisture content, water solubility, swelling behavior, and
water vapor permeability), mechanical properties (tensile strength and Young’s modulus),
and optical properties (transparency and UV-light barrier). Their structural and morpho-
logical features were further analyzed using X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). To improve the
interaction between the film components, TEMPO-oxidized cellulose nanofibers, obtained
to our knowledge for the first time from cotton linters, were incorporated. In this way,
MOF-PVA-CNF films were developed and characterized using a similar methodology. In
addition to their role as physical barriers, these composite films were designed to provide
active functionalities relevant to food preservation, including enhanced UV shielding,
improved barrier properties against water vapor, and ethylene scavenging capacity, thereby
contributing to the delayed ripening and reduced spoilage of fresh produce. Both MOF-
PVA and MOF-PVA-CNF composite films were subsequently tested on climacteric fruits
to assess their ethylene adsorption capacity, demonstrating their potential as sustainable
active materials for food packaging.

2. Results and Discussion

2.1. MOF Characterization

Table 1 summarizes the structural and adsorption properties of the synthesized MOFs,
highlighting their potential for ethylene capture based on previous studies [26]. Ethylene
adsorption in these materials depends on their specific surface area, pore structure, and
active sites. HKUST-1 exhibits the highest ethylene adsorption capacity per gram due
to its large surface area. However, when adsorption is normalized per unit area, MIL-
88A demonstrates the highest specific ethylene adsorption, surpassing even HKUST-1.
This suggests that MIL-88A possesses a high density of active adsorption sites despite its
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lower total surface area. Ethylene adsorption in MIL-88A is primarily driven by metal-π
interactions, in which open metal sites (Lewis acid sites) play a crucial role. A similar
mechanism could be expected in other MOFs with accessible metal centers, such as HKUST-
1 (Cu-based), BASF-A520 (Al-based), and UiO-66 and MOF-801 (Zr-based). However,
their interaction efficiency may vary due to differences in Lewis acidity, pore structure,
and metal-ligand coordination environments. While HKUST-1 and BASF-A520 contain
transition metals that could contribute to strong ethylene interactions, UiO-66 and MOF-
801 feature more stable Zr coordination, which might favor selective adsorption while
maintaining good structural integrity.

Table 1. Summary of structural and adsorption properties of the MOFs synthesized for this study,
highlighting their potential as candidates for ethylene capture based on prior studies [26]. BTC = 1,3,5-
benzenetricarboxylic acid, Fum = Fumaric acid, BDC = 1,4-benzenedicarboxylic acid.

Material
Metallic
Center

Organic
Linker

SBET (m2/g)
Theoretical
Pore Size

(Å)

Ethylene
Adsorption
(mmol·g−1)

HKUST-1 Cu BTC 2042 9.0 8.33
MIL-88A Fe Fum 359 6.0 1.63

BASF-A520 Al Fum 911 5.8 3.90
UiO-66 Zr BDC 1400 7.5, 12.0 2.61

MOF-801 Zr Fum 856 4.8, 5.6, 7.4 2.31

From a food safety perspective, the biocompatibility and stability of MOFs must be
considered. Zirconium-based MOFs (UiO-66 and MOF-801) are generally regarded as
highly stable and suitable for applications involving food contact. Aluminum-based MOFs,
such as BASF-A520, also exhibit good stability, which can be advantageous for long-term
use. HKUST-1, being Cu-based, may require careful consideration regarding potential metal
leaching, though its performance in adsorption remains high. Similarly, MIL-88A (Fe-based)
presents an interesting balance between adsorption efficiency and biocompatibility, as iron
is an essential element in biological systems. Additionally, the choice of organic linkers
influences toxicity; thus, selecting chemically stable and non-reactive ligands ensures safe
application in active food packaging. Fumaric acid-based linkers, present in MIL-88A,
BASF-A520, and MOF-801, are generally considered less toxic, as fumarate is a naturally
occurring metabolite involved in biological cycles such as the Krebs cycle in humans [27].
In contrast, aromatic carboxylate ligands, such as benzene-1,3,5-tricarboxylate (HKUST-1)
and benzene-1,4-dicarboxylate (UiO-66), may require further evaluation due to potential
concerns associated with aromatic compounds [28]. However, the overall toxicity MOFs is
influenced not only by its linker but also by its metal center and structural stability, making
case-by-case assessments essential for food-related applications.

When considering the integration of MOFs into a PVA matrix with CNF, several
factors must be considered, including particle dispersion, interfacial compatibility, and po-
tential hydrogen bonding or electrostatic interactions. MOFs with higher surface areas and
more polar functional groups may exhibit better dispersion and interaction with PVA and
CNF, leading to enhanced mechanical and barrier properties. In this regard, BASF-A520
[Al(OH)(Fum)·3.5H2O], UiO-66 [Zr6O4(OH)4(BDC)6], and MOF-801 [Zr6O4(OH)4(Fum)6]
could be strong candidates due to their structural stability, high surface area, and the pres-
ence of hydroxy functional groups coordinated to the metal cluster, which may favor interac-
tions with PVA and CNF via hydrogen bonding. Conversely, MIL-88A [Fe3O(Fum)3(H2O)2],
which contains fumaric acid linkers in its molecular structure, also exhibits high hydrophilic-
ity, potentially improving dispersion within the polymeric matrix. However, the dynamic
structural flexibility (breathing effect) of MIL-88A may influence its performance, depend-
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ing on the processing conditions. HKUST-1 [Cu3(BTC)2] despite its high surface area,
may require careful consideration due to its potential sensitivity to moisture and its aro-
matic linker, which could affect its compatibility with the hydrophilic nature of PVA and
CNF. Overall, while all MOFs appear suitable for incorporation into the PVA-CNF sys-
tem, Zr-based MOFs (UiO-66 and MOF-801) and fumaric acid-linked MOFs (MIL-88A
and BASF-A520) may provide the best combination of stability, compatibility, and func-
tional properties.

The N2 adsorption-desorption isotherms presented in Figure 1a provided insights
into the textural characteristics of the studied MOF samples (Table 2). The isotherms for all
samples predominantly exhibited Type I isotherms, which are characteristic of microporous
materials [29]. This is evidenced by the steep rise at low relative pressures (P/P0), indicating
significant micropore filling due to strong adsorbent-adsorbate interactions. However, the
isotherms for HKUST-1 (a) and MIL-88A (b) also displayed characteristics of Type IV
isotherms, typically associated with mesoporous materials [26,30]. These features were
observed in the form of a gradual slope and the presence of hysteresis loops at higher
relative pressures, suggesting a combined micro- and mesoporous structure. Specifically,
the hysteresis observed in these two samples corresponds to Type IV hysteresis, indicative
of capillary condensation occurring in mesopores. This suggested that HKUST-1 and MIL-
88A exhibit a hybrid micro- and mesoporous structure. In contrast, the remaining samples
lacked significant hysteresis, confirming their predominantly microporous nature [31–33].
The textural properties summarized in Table 2 support these observations. Among them,
HKUST-1 and UiO-66 achieved the highest Langmuir surface areas (1526 and 1531 m2/g,
respectively) and micropore volumes (0.584 and 0.585 cm3/g), strongly confirming their
dominant microporous nature [34,35]. MIL-88A, although having the lowest Langmuir
surface area (469 m2/g) and total pore volume (0.198 cm3/g), displayed an average pore
width of 4.9 nm, indicative of some degree of mesoporosity within its structure [26]. In
contrast, BASF-A520 presented the largest average pore width (10.6 nm) and a significant
total pore volume (0.414 cm3/g), consistent with part of its mesoporous framework [31].
Similarly, MOF-801 exhibited a combination of microporosity and mesoporosity, with a
total pore volume of 0.333 cm3/g and an average pore width of 4.9 nm. The particle size
distribution determined by laser diffraction for each MOF is presented in Figure 1b, with
the following average particle sizes (D [4.3]) determined for the samples: MIL-88A (4.0 μm),
BASF-A520 (17.0 μm), HKUST-1 (31.5 μm), MOF-801 (1.0 μm), and UiO-66 (37.3 μm). These
values may be overestimated due to particle aggregation and deviations from sphericity
in ethanolic dispersion, as the laser diffraction method assumes an equivalent spherical
diameter that may not fully represent the morphology of irregularly shaped or aggregated
MOF particles. Such effects contribute to the broader particle size distributions observed in
some of the samples.

Table 2. Porous textural properties of MOF samples.

MOF Sample
Langmuir

Surface Area
(m2/g)

t-Plot
Micropore

Area (m2/g)

t-Plot
External

Surface Area
(m2/g)

Total Pore
Volume
(cm3/g)

t-Plot
Micropore

Volume
(cm3/g)

BJH
Desorption

Average Pore
Width (nm)

HKUST-1 1526 1471.8 54.2 0.584 0.512 4.8
MIL-88A 469 429.9 39.4 0.198 0.146 4.9

BASF-A520 968 909.2 59.2 0.414 0.313 10.6
UiO-66 1531 1478.0 52.6 0.585 0.514 6.3

MOF-801 853 797.1 55.6 0.333 0.272 4.9
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Figure 1. (a) N2 adsorption-desorption isotherms at −196 ◦C and (b) particle size distribution of
MOF samples: HKUST-1, MIL-88A, BASF-A520, UiO-66, and MOF-801.

Regarding the morphology observed by SEM, different shapes of MOFs particles
were evidenced (Figure 2). HKUST-1 (Figure 2(a1,a2)) consisted of small particles approx-
imately 2 μm in length and 1 μm in width, along with larger particles ranging between
20–30 μm in length and 15–20 μm in width, both displaying an octahedral shape [36]. The
MIL-88A material (Figure 2(b1,b2)) exhibited a distinctive morphology characterized by
particles with a prismatic central body and pyramidal tips at both ends [26]. The sample
consisted of well-defined elongated crystals, forming large micrometric particles measuring
approximately 5.0 μm in length and 2.0 μm in width. This unique structural arrangement
highlights the highly ordered structure and anisotropic crystal growth. The BASF A520
sample (Figure 2(c1,c2)) showed a morphology consisting of quasi-spherical crystals ap-
proximately 100 nm in size [37]. These nanoscale crystals likely formed as a result of rapid
crystallization and were observed to aggregate into larger, micron-sized particles. This
hierarchical structure reflects the interplay between crystal growth kinetics and particle
assembly during synthesis. SEM images of UiO-66 (Figure 2(d1,d2)) revealed a granular
morphology, characterized by aggregates of small crystallites produced through the direct
reaction between zirconium salt and terephthalic acid. The particles demonstrated a ho-
mogenous size distribution around 100 nm, in agreement with previous studies reported
in the literature [38]. This homogeneity underscores the precision of the synthesis process
and the reproducibility of the material’s morphological features. Conversely, MOF-801
(Figure 2(e1,e2)) exhibited uniform octahedral shapes, approximately 400 nm in size.

The TGA profiles presented in Figure 3 provided valuable insights into the thermal
stability of the MOFs studied. HKUST-1 displayed an initial weight loss below 200 ◦C,
attributed to the desorption of water and residual solvents. The primary decomposition
step occurs between 300 and 350 ◦C, corresponding to the thermal degradation of the
copper-coordinated benzene tricarboxylate linkers. This behavior indicates moderate
thermal stability, which is consistent with the previously reported thermal properties of
copper-based MOFs [39]. MIL-88A showed an initial weight loss below 150 ◦C due to the
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release of adsorbed water and residual solvents. A significant degradation event occurred
from 200 ◦C, associated with the breakdown of the organic linker. This thermal profile
reflected the moderate thermal stability of iron-based MOFs with flexible frameworks,
which is a characteristic feature of the MIL family [26]. BASF-A520, or aluminum fumarate,
demonstrated a higher thermal stability compared to MIL-88A and HKUST-1. Minimal
weight loss was observed below 350 ◦C, primarily due to solvent desorption. The major
decomposition step took place between 400 and 500 ◦C, corresponding to the degradation
of the fumarate linker. This behavior highlights the robustness of aluminum-based MOFs,
which often exhibit significant thermal stability [40]. UiO-66 exhibited the highest thermal
stability among the studied MOFs. Apart from minor solvent desorption below 400 ◦C, this
material remained stable, with its primary decomposition event occurring between 450 and
550 ◦C. This corresponded to the breakdown of the terephthalate linker and is indicative of
the exceptional thermal stability of zirconium-based MOFs, which benefit from their rigid
and robust framework structure [41]. Lastly, MOF-801, another zirconium-based MOF,
showed a thermal stability that was slightly lower than that of UiO-66. Negligible weight
loss was observed below 300 ◦C, with the major degradation step occurring between 350
and 450 ◦C. This thermal behavior was attributed to the decomposition of the organic linker,
further emphasizing the stability of zirconium-coordinated MOFs [42]. These TGA results
reflect the influence of their metal centers and organic linkers on their thermal behavior,
which underlines the importance of structural composition in determining the thermal
properties of MOFs [43] for various applications related to active packaging.

 

Figure 2. SEM images of MOFs obtained at different magnifications. These correspond to
(a1,a2) HKUST-1, (b1,b2) MIL-88A, (c1,c2) BASF-A520, (d1,d2) UiO-66, and (e1,e2) MOF-801.

180



Molecules 2025, 30, 3971

Figure 3. TGA curves of the MOF samples in air atmosphere.

2.2. Characterization of the PVA-MOF Films

The morphology of the cross-section and surface of the films was examined through
SEM images, shown in Figure 4. The surface images of the films demonstrated the presence
of MOFs within the PVA film matrix, indicating effective homogenization, as they were
distributed across the entire surface. This behavior could be expected due to the strong
interaction between the MOFs and the polyhydroxylated structure of PVA [16,44,45]. How-
ever, some aggregations of MOFs were observed on the film surface, which may negatively
impact the film’s properties. This phenomenon occurs because, at high concentrations,
MOF particles tend to aggregate [46]. As observed in the characterization of the MOFs,
these images highlighted the distinct morphology of each MOF used, both in terms of size
and composition. It is also evident that there was heterogeneity in particle size among
the different MOFs, as the particle size distribution results showed (Figure 1b). The cross-
sectional images of the films displayed a homogeneous appearance, further indicating an
effective MOF distribution throughout the matrix.
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Figure 4. SEM images of the surface of different films obtained. These correspond to (a1–a4) PVA
films, (b1–b4) PVA-HKUST-1, (c1–c4) PVA-MIL-88A, (d1–d4) PVA-BASF-A520, (e1–e4) PVA-UiO-66,
and (f1–f4) PVA-MOF-801. (1) Corresponds to the cross section; (2) Corresponds to the 100× magnifi-
cation; (3) Corresponds to the 1500× magnification; and (4) Corresponds to the 5000× magnification.

The results obtained from XRD and FTIR (Figures 5 and 6) confirmed the presence of
the MOF in the matrix observed in Figure 4. The XRD patterns of the different composite
films are shown in Figure 6. All the films showed a characteristic peak related to the semi-
crystalline nature of PVA at 19.5◦, attributed to the crystal plane (111) [47]. The diffraction
peaks observed in the PVA-HKUST-1 film (Figure 5a) at 6.6◦, 9.4◦, 11.5◦, and 13.3◦ were
assigned to the (200), (220), (222) and (400) crystal planes from HKUST-1, respectively [48].
The PVA-MIL-88A film showed a diffraction peak at 10.1◦ which correspond to the (100)
plane of the MOF (Figure 5b) [49]. The peak observed at 10.3◦ in PVA-BASF-A520 is related
to the (100) plane of the MOF (Figure 5c) [50]. In Figure 5d, one of the most intense peaks
from UiO-66 can be seen in the mixed film at 7.4◦ and 8.5◦, which are related to the (111)
and (200) crystal planes, respectively [51]. The XRD pattern of MOF-801 (Figure 5e) showed
well defined peaks, which are also in the composite film. Some of them, at 10◦ and 21.7◦,
correspond to the (200) and (440) planes, respectively [52]. In the composite films, some
characteristic peaks of the MOFs are clearly present in the diffractogram, although slightly
attenuated, most likely due to the dominant amorphous/semi-crystalline nature of the
PVA matrix and the lower relative MOF content.
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Figure 5. XRD pattern of the PVA-MOF composite films.

The chemical structure of the films, generated from different MOFs, was studied
using FTIR analysis (Figure 6). The spectra obtained from the different films showed
some characteristic peaks of the PVA, such as those observed at 3285 cm−1, 2915 cm−1,
1420 cm−1, and 1080 cm−1, attributed to the stretching of -OH groups, -CH bonds, C=O
and C=C bonds, and C-O bonds, respectively [53]. Some of the most characteristics peaks
of HKUST-1, such as those observed at 1650, 1450, and 1365 cm−1, arising from asymmetric
and symmetric stretching vibrations of carboxylate groups, are not observed in the PVA-
HKUST-1 film [54]. The peaks observed at 1600 and 1380 cm−1 in the PVA-MIL-88A film
correspond to symmetric and asymmetric vibration modes of the fumarate carboxyl group.
Those observed at 990 and 530 cm−1 are attributed to C-H bond bending vibration and
the stretching of the Fe-O bond, respectively [49]. In the PVA-BASF-A520 film, peaks at
690, 1400, and 1600 cm−1 are observed, corresponding to the Al-OH bond and symmetric
and asymmetric vibrations of aluminum fumarate carboxyl groups, respectively. However,
other characteristic peaks of BASF-A520 related to the O-H bond (980 cm−1) and C-O bond
(1160 cm−1) cannot be observed in the film [55].The PVA-UiO-66 film presents characteristic
peaks in the range of 1600–1400 cm−1, associated with the stretching vibrations of C=C and
C=O bonds [56]. MOF-801 presents a series of characteristic peaks, all observed analogously
in the film. At 1575 cm−1, a peak attributed to the asymmetric stretching of --C-O produced
by the ligand carboxyl group can be observed. The symmetric stretching vibration of

183



Molecules 2025, 30, 3971

the C-H group is shown at 1400 cm−1. Conversely, the peaks observed at 1215, 985, and
800 cm−1 may be ascribed to C-O stretching, CH3 skeletal vibrations, and C=C-H out-of-
plane bending, respectively. Additionally, the peaks at 655 and 475 cm−1 are indicative
of vibrations associated with Zr6(OH)4O4 and the asymmetric stretching of the Zr-(OC)
group of MOF-801 [52]. Overall, no systematic shifts were detected in the main absorption
bands of PVA upon MOF incorporation, which suggests that the polymer backbone is not
chemically altered. However, the attenuation or absence of some MOF-specific peaks in
the composite films indicates that certain vibrational modes may be overlapped or masked
by the strong absorption of PVA. While clear evidence of chemical bonding cannot be
drawn from the spectra, weak physical interactions such as hydrogen bonding between
PVA hydroxyl groups and MOF carboxylate or hydroxyl moieties may contribute to the
compatibility observed in the films.

Figure 6. FTIR spectra of the different composite films.

The physical, optical, and mechanical properties of films are critical for their applica-
tion as active food packaging materials. High transparency and efficient UV dispersion
enhance consumer perception by improving food visibility while protecting food from
oxidative damage [57]. Strong mechanical properties are essential to withstand stress
during packaging and transportation, ensuring durability while maintaining the structural
integrity of the package and protecting the food [58]. Furthermore, films with enhanced
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barrier properties, such as lower WVP and reduced moisture content, are particularly
desirable, as they help preserve food quality and ensure the package’s structural stability
over time [59].

The results of the physical, optical, and mechanical characterization of the different
PVA-MOF films are presented in Figures S1, S2 and S3, respectively, demonstrating that
the addition of different MOF particles significantly influences the properties of the PVA
film. Notably, distinct effects were observed among the various MOFs, attributed to their
unique compositions, as well as differences in particle size, porosity, and specific surface
area (Tables 1 and 2, and Figure 1). These variations in the overall properties arise from
the incorporation of MOFs into the PVA matrix, which disrupts its uniform arrangement,
preventing a denser and more consistent packing of the film [60]. The MOFs with smaller
particle sizes tend to be distributed more homogeneously within the matrix, resulting in a
lesser impact on the film. However, larger MOF particles promote the formation of stress
zones and structural discontinuities that act as weak points within the material due to their
less uniform distribution [61]. These larger particles create regions with reduced cohesion
between the PVA and the added material, thereby decreasing matrix uniformity and
facilitating the formation of microfractures and porosity channels. This behavior explains
why the density of the PVA films, as well as the transparency of the films, decreases upon
the incorporation of MOFs, with films containing smaller average particle sizes (such as
MIL-88A and MOF-801) being less affected. Similarly, the films’ moisture content was
reduced due to the strong interactions between MOFs and the PVA polymer matrix [16],
which limit water uptake by preventing hydrogen bonding with the PVA matrix. However,
MOFs with higher porosity, such as HKUST-1, may allow for slightly more interactions
with water molecules.

Another aspect to consider is the stability in aqueous media that MOFs present. This
stability depends on several factors, including the nature of the metal center, the type of
ligand, and the interaction between them. Metals with higher valence states, such as Zr4+,
tend to form stronger bonds with carboxylate groups due to their higher charge density,
which allows for more stable coordination with the ligands. This results in a more robust
structure that is less susceptible to hydrolysis. In contrast, carboxylate ligands, when
coordinated with lower-charge metals like copper (Cu2+), form weaker bonds, making
these MOFs more prone to decomposition and dissolution in water [62]. These findings are
consistent with the results obtained for water solubility, in which HKUST-1 (Cu2+) exhibited
significantly higher values compared to the others. On the other hand, the PVA-MIL-88A
and PVA-A520-BASF films exhibited intermediate behavior as they do not interact as
strongly as those with metals of higher valence states, like zirconium. Furthermore, particle
size also affects solubility. Larger MOF particles, such as those in HKUST-1, facilitate
water access to the PVA matrix by creating microfractures and porosity channels, thereby
increasing overall solubility. The low water stability of HKUST-1, as well as the size of
its particles and the associated issues, would explain why it exhibits higher WVP values
compared to the other films.

The films containing MOFs exhibited a significant improvement in UV blocking
properties compared to the PVA film. This behavior has been previously observed with
various MOFs in prior studies and is attributed to proper particle dispersion within the
matrix, good interaction with the matrix, their composition (metal center and ligand), and
properties that enable UV light reflection (porous structure and surface area) [44,63,64].

Previous studies have reported improvements in the mechanical properties of PVA
films with the addition of MOFs, likely due to strong interactions with the polyhydroxylated
structure of the PVA matrix [16,44,45]. However, the results in Figure S3 deviate from these
expectations, as most films showed no significant differences in mechanical properties,
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and in some cases, even a notable decrease is observed. This may be because prior studies
achieved improvements using a lower MOF content (typically 0.5–2% by weight) [46]. As
observed in the SEM images (Figure 4) and noted in previous sections, the MOF particle size
and its tendency to aggregate play a critical role in influencing film properties. Smaller MOF
particles were more uniformly dispersed in the PVA matrix [65], reducing the formation
of microfractures and porosity channels. Conversely, larger MOF particles with higher
aggregation tendencies create stress zones that weaken the structure. This is consistent with
the mechanical characterization results, in which films with smaller-sized MOFs (MIL-88A
and MOF-801) exhibit greater tensile strength and deformation resistance.

2.3. Characterization of the CNFs

Table 3 presents the results of the characterization of the cellulose nanofibers obtained
from cotton linters, as well as data from other raw materials processed using similar
methods. The results of the cotton linter nanofibers exhibit values that are very similar, and
in some cases even superior, to those of the other nanofibers in terms of cationic demand,
with the exception of those derived from orange peels. Specifically, the results closely
resemble those of wheat straw nanofibers, which are commonly used as reinforcing agents
in PVA films. This similarity is particularly evident in parameters such as cationic demand,
specific surface area, and diameter. This suggests that cotton linter nanofibers could be
suitable for use as reinforcing agents in PVA films. Therefore, incorporating these nanofibers
could not only enhance the mechanical and barrier properties of PVA-CNF films but also
facilitate a more uniform distribution of MOFs throughout the matrix. This improved
distribution and enhanced performance make these films an even more promising material
for active packaging applications. Additionally, the addition of CNF potentially could
improve the overall distribution throughout the film by reducing MOF aggregation at high
concentrations and thus leading to an overall improvement in properties [18].

Table 3. Results from the characterization of the TEMPO nanocellulose compared with other CNFs
obtained from different sources.

Parameters Yield (%)
Cationic
Demand
(μeq/g)

Carboxyl
Content
(μeq/g)

Specific
Surface Area

(m2/g)

Diameter
(nm)

Length (nm)

Cotton Linter
(This work) 63.55 ± 7.89 1178.59 ± 59.02 534.02 ± 27.61 314 ± 32 8.01 ± 0.82 319.29 ± 30.66

Raspberry [57] >95 1264 ± 32.6 240.2 ± 4.5 548 5 N.R.
Horticultural
residues (bell

pepper, tomato,
eggplant) [66]

63.44 ± 4.52 1043.54 ± 18.2 148.12 ± 5.26 436 6 614

Vine shoots [66] 60.42 ± 5.56 1227.91 ± 18.8 168.93 ± 10.25 516 5 755
Orange peel
wastes [23] 75.58 ± 2.21 2144.73 ± 29.64 559.73 ± 16.60 772 3 2383

Wheat straw [67] 98.71 1116.5 ± 43.10 367.0 ± 8.72 367.01 6.81 1395
Olive tree

pruning [68] 26.44 ± 4.15 521.27 ± 9.33 311.95 ± 19.02 101.93 24 705

2.4. Characterization of the PVA-CNF-MOF Films
2.4.1. PVA-CNF Films

To assess the reinforcement capacity of our nanofibers, multiple PVA-CNF films were
prepared at various nanofiber concentrations. The results are shown in Table S1.

The evaluation of mechanical properties reveals that both the tensile strength and
Young’s modulus increase as the CNF content rises, with a significant peak observed
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at the 5% incorporation level. This enhancement is largely attributed to the nanofibers’
ability to create inter- and intramolecular hydrogen bonds, their more uniform dispersion
within the matrix, and their high compatibility with the PVA. Nevertheless, when the
CNF concentration surpasses 5%, the films experience a reduction in tensile strength and
Young’s modulus. This decline is likely caused by the tendency of nanofibers to aggregate
at higher concentrations, leading to the formation of clusters within the matrix, which in
turn weakens the material [23].

The WVP results indicate a significant improvement in the barrier properties of the
films after the incorporation of nanofibers, with values decreasing from 0.1749 ± 0.0109
for pure PVA to 0.0622 ± 0.0062 (g·Pa−1·s−1·m−2·10−7) for the 5% CNF composition. This
effect is attributed to the so-called tortuous pathway, where the nanofibers act as fillers
within the matrix, obstructing the optimal movement of water molecules, which become
trapped. The films with the CNF show better results, as previously mentioned, due to a
more homogeneous nanofiber distribution within the matrix, further enhancing the barrier
properties. However, higher nanofiber concentrations lead to an expected increase in WVP,
likely due to the formation of nanofiber aggregates that facilitate the passage of water
molecules [23,69]. This behavior was expected to result in a lower moisture content, as
well as a reduction in solubility and swelling. However, no significant differences were
observed in moisture content, and a slight increase in swelling and moisture was noted in
some film compositions. The transparency of the films is also related with the dispersion of
the nanofibers in the PVA matrix [67]. As shown in the results, an increase in the nanofiber
content leads to a decrease in transparency, indicating a homogeneous dispersion within
the film. However, the 7% composition shows an increase in transparency, which may be
due to the aggregation of nanofibers, facilitating the passage of light. The UV barrier results
did not show any significant difference between the different films.

Based on the results obtained, it was determined that the composition with 5% cel-
lulose nanofibers exhibited the greatest improvement in properties relevant to active
packaging, such as WVP and overall mechanical properties. Therefore, this composition
was selected for the fabrication of the PVA-CNF-MOF films.

2.4.2. Characterization of the PVA-CNF-MOF Films

Figure 7 shows SEM images of the cross-section and surface of the PVA-CNF-MOF
films. These images are significantly different from the images obtained for the PVA-MOF
films (Figure 4). A more homogeneous distribution and the absence of aggregations are
evident on the film surfaces, even at higher magnifications. Similarly, the cross-section of
the films presents a homogeneous appearance, further indicating effective MOF distribution
throughout the matrix. This behavior is expected, as previously mentioned, since cellulose
nanofibers enhance the dispersion of MOFs due to the strong interaction between the
carboxylate groups of the nanofibers and the metal centers of the MOFs, serving as binding
sites for the MOFs [18]. This is a crucial aspect, as it is expected to result in the improved
physical and mechanical properties of the films.

The XRD and FTIR results are shown in Figures S4 and S5, respectively. In the FTIR
spectrum, no characteristic peaks of cellulose were observed due to overlapping with the
characteristic peaks of PVA, attributed to their similar structure and the low concentration
of cellulose nanofibers present [70]. However, the presence of cellulose nanofibers can be
identified in the XRD spectrum, which shows a diffraction peak at 22◦, corresponding to
the (200) crystallographic plane of cellulose [71]. In both spectra, the characteristic peaks of
the respective MOFs, as well as those of PVA, are also observed, as previously described.
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Figure 7. Surface images of various films obtained via SEM. These correspond to (a1–a4) PVA-
CNF, (b1–b4) PVA-CNF-HKUST-1, (c1–c4) PVA-CNF-MIL-88A, (d1–d4) PVA-CNF-BASF-A520,
(e1–e4) PVA-CNF-UiO-66, and (f1–f4) PVA-CNF-MOF-801 films. (1) Corresponds to the cross-section
view; (2) Corresponds to the 100× magnification; (3) Corresponds to the 1500× magnification; and
(4) Corresponds to the 10,000× magnification.

The expected improvement in the properties of the films with the inclusion of CNF
is evident in the results obtained from the characterization of their physical, optical and
mechanical properties (Figures 8–10). As previously mentioned, and as observed in the
SEM images (Figure 7), the presence of cellulose nanofibers likely facilitates a more ho-
mogeneous dispersion of MOFs within the matrix. This prevents the formation of stress
zones and structural discontinuities that could act as weak points in the material [61], while
compacting the matrix, thereby reducing both porosity and accessibility. This phenomenon
explains the slight increase in density and in mechanical properties (Figure 10), as well as
the significant reduction in swelling values and WVP (Figure 8), which is also associated
with the tortuous pathway mechanism previously described [23]. Additionally, films con-
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taining MOFs (HKUST-1, BASF-A520, and UiO-66) with larger particles showed a notable
reduction in solubility values, as expected. Conversely, an increase in solubility is observed
in films incorporating smaller MOFs. These unexpected behaviors could be attributed to
the film formation process itself.

 

Figure 8. Physical properties of the PVA-MOF and PVA-CNF-MOF films. Different letters above bars
indicate significant differences among formulations (p ≤ 0.05).

The improved distribution provided by the CNF is also reflected in the optical properties
(Figure 9). The enhanced dispersion of the MOFs results in a more uniform distribution on
the film surface, which explains the observed variations compared to the films without CNF.

 

Figure 9. Optical properties of the PVA-MOF and PVA-CNF-MOF films. Different letters above bars
indicate significant differences among formulations (p ≤ 0.05).
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The mechanical properties of the films, shown in Figure 10, exhibit a significant
improvement with the incorporation of cellulose nanofibers, particularly highlighting the
reinforcing effect in compositions containing HKUST-1 and MOF-801. The film with MOF-
801 achieved exceptional values for its Young’s modulus and tensile strength, reaching
5426 MPa and 69.12 MPa, respectively. These values represent an increase of approximately
290% in its Young’s modulus and 130% in its tensile strength compared to the properties of
pure PVA.

 

Figure 10. Mechanical properties of the PVA-MOF and PVA-CNF-MOF films. Different letters above
bars indicate significant differences among formulations (p ≤ 0.05).

2.5. Scavenging Activity

The results obtained from the proof-of-concept test to measure ethylene retention by
the PVA-MOF and PVA-CNF-MOF films are shown in Table 4. This table presents the
texture and browning rate results for the selected bananas. The texture results demonstrate
the mechanical strength of the banana pulp after being stored in a controlled environment
with the films. Some compositions showed significant improvements with the incorpo-
ration of CNF, such as in the case of HKUST-1, BASF-A520, and MOF-801, highlighting
the importance of proper homogenization to improve the active surface of the films. Sim-
ilarly, the browning rate also showed improvements in films with CNF compared to
their counterparts without nanofibers. However, despite the observed improvements in
films incorporating CNF and the different ethylene adsorption capacities of the MOFs
(Table 1), only small differences were observed between them and the PVA film, in which
the difference in the firmness (texture) of the bananas was notable.

Table 4. Results of browning rate and texture obtained from the banana characterization. Different let-
ters under texture and browning rate parameters indicate significant differences among formulations
(p ≤ 0.05).

Parameters Texture (g) Browning Rate (%)

Samples PVA-MOF PVA-CNF-MOF PVA-MOF PVA-CNF-MOF
0% MOF 77.80 ± 33.09 bcd 64.81 ± 22.29 de 40.82 ± 13.81 bc 44.37 ± 7.69 b
HKUST-1 53.19 ± 20.80 e 77.02 ± 35.47 bcd 37.01 ± 7.94 bcd 20.28 ± 0.00 d
MIL-88A 78.11 ± 21.56 bcd 71.97 ± 25.67 bcd 42.06 ± 7.78 bc 37.30 ± 1.96 bcd

BASF-A520 67.13 ± 19.75 cde 85.91 ± 16.19 ab 41.88 ± 18.70 bc 26.69 ± 4.66 bcd
UiO-66 98.11 ± 22.94 a 83.32 ± 21.56 abc 33.64 ± 7.04 bcd 28.33 ± 17.25 bcd

MOF-801 63.91 ± 16.41 de 87.15 ± 26.82 ab 64.29 ± 16.56 a 22.53 ± 29.50 cd

In future studies, using freshly harvested fruit under controlled storage conditions
could help reduce variability and provide a clearer assessment of the effect of MOFs on
the formulations. The variability observed in this study may be attributed to the natural
heterogeneity of fresh produce, particularly when sourced from supermarkets. Differences
in cultivation practices, prior storage conditions, environmental exposure, and handling
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can influence key parameters such as texture and browning rate, potentially masking the
impact of MOFs on fruit preservation [72–75].

Nevertheless, PVA-CNF-MOF-801 films show great promise due to their excellent
mechanical properties, high UV protection, and low WVP. The superior mechanical perfor-
mance observed for PVA-CNF-MOF-801 films can be attributed to the intrinsic stability
of the MOF-801 framework, its smaller particle size, and its favorable interaction with the
polymeric and CNF matrix. These factors likely promoted better interfacial adhesion and
stress transfer compared with other MOFs, thereby enhancing their tensile strength and
Young’s modulus. Additionally, PVA-CNF-MIL-88A films are also of interest, despite their
mechanical properties being inferior to those of PVA-CNF-MOF-801 films. Both MOFs
exhibit high biocompatibility, making them suitable for direct contact with food products.

3. Materials and Methods

3.1. Materials

Cellulose derived from cotton linter was supplied by Cotton South S.L (Granada,
Spain). Sodium bromide (NaBr, 99% purity) was supplied by ACS reagent (Washington, DC,
USA). Ethanol was supplied from Alcoholes del Sur S.A (Córdoba, Spain). Cupric nitrate
hemipentahydrate (Cu(NO3)2·2.5H2O), benzene-1,3,5-tricarboxylic acid, iron(III) chloride
hexahydrate (FeCl3·6H2O), fumaric acid, aluminum sulfate hydrate (Al2(SO4)3·18H2O),
zirconium(IV) chloride (ZrCl4), 1,4-benzenedicarboxylic acid, zirconium oxychloride oc-
tahydrate (ZrOCl2·8H2O, purity ≥ 99.5%), formic acid, N,N-Dimethylformamide anhy-
drous (DMF, purity ≥ 99.8%), 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, free radical,
98% purity), Bis-(ethylenediamine)copper(II) hydroxide solution (CED), and poly(vinyl
alcohol) (PVA) were supplied by Sigma Aldrich (St. Louis, MO, USA). Sodium hypochlorite
solution (10% w/v, technical grade) and sodium hydroxide (pellets technical grade) were
supplied from PanReac AppliChem ITW Reagents (Barcelona, Spain). Pes-Na (0.001 N)
and Cationic Titrant (0.001 N) were provided by BTG Instruments AB (Espoo, Finland).
Granulated calcium chloride anhydrous (extra pure) from Scharlau Chemie S.A (Barcelona,
Spain) was employed.

All MOF materials were prepared following procedures previously reported in the
literature: HKUST-1 [76], MIL-88A [26], BASF-A520 [31], UiO-66 [77], and MOF-801 [78].

3.2. Synthesis of the TEMPO-Oxidized Cellulose Nanofibers (CNFs)

Cellulose nanofibers were obtained by chemical pretreatment process involving
TEMPO catalytic oxidation and subsequent high-pressure homogenization. This pretreat-
ment involves the oxidation of cellulose through the addition of 5 mmol NaClO/g fiber in
the presence of NaBr (0.1 g/g fiber) and TEMPO (0.016 g/g fiber), followed by the addition
of 0.5 M NaOH until the reaction reaches stable pH values of 10.2. Once the reaction time is
completed (2 h), 100 mL of ethanol was added, the pulp was filtered and a 1.5% suspension
in distilled water was prepared and stirred for 24 h. After this time, high-pressure homoge-
nization was carried out using an optimized pass sequence [67] in the GEA Niro Panda Plus
2000 high-pressure homogenizer (GEA Spain Alcobendas, Alcobendas, Madrid, Spain). The
nanofibers generated were stored under refrigeration at 4 ◦C.

3.3. Synthesis of the PVA-CNF-MOF Films

Films with a grammage of 35 g/m2 were fabricated using a solvent casting technique.
For this purpose, an aqueous solution of PVA was prepared at a concentration of 30 g/L.
The mixture was then stirred for 3 h at 85 ◦C.

To create MOF/PVA films, different types of MOFs were added up to 10% with respect
to the dry weight of PVA. The MOF/PVA mixtures were then diluted to a total volume of
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100 mL and mechanically agitated for 3 h to ensure proper homogenization. After the time
elapsed, the solutions were poured into Petri dishes with an area of 144 cm2 and dried in a
climate-controlled environment at 25 ◦C with 50% relative humidity.

The reinforcing effect of CNF on PVA films was investigated by adding different
proportions of nanofibers (1, 3, 5, and 7% based on the dry weight of PVA). For this purpose,
the determined amount of CNF was diluted in 50 mL of distilled water and dispersed by
applying a homogenizer IKA T18 digital Ultra Turrax (IKA Works Spain, Limited Company,
Barcelona, Spain). Once uniformly dispersed, they were mixed with the predetermined
amount of PVA, further diluted to 100 mL, shaken and then poured into Petri dishes.

MOF-PVA-CNF films with the optimal nanofiber content were prepared following a
similar procedure as described above. In this case, CNFs were pre-mixed with the various
MOFs at different concentrations (1, 3, 5, and 10% w/w based on PVA) and homogenized
prior to blending with PVA. All film preparations were conducted in triplicate to evaluate
their reproducibility.

A schematic illustration summarizing the workflow for producing PVA-MOF and
PVA-CNF-MOF films is provided in Figure 11.

Figure 11. Step-by-step schematic of the synthesis procedures for PVA-MOF and PVA-CNF-MOF films.

3.4. Structural, Textural, Chemical and Morphological Characterization Techniques

X-ray diffraction (XRD) patterns were obtained using a Bruker D8 Discover diffrac-
tometer (Bruker, Berlin, Germany) equipped with a LynxEye linear position-sensitive
detector and a Cu-Kα radiation source (λ = 1.5418 Å), operating in reflection geometry
mode. A Ni filter was used to suppress the Kβ radiation, and both Kα1 and Kα2 com-
ponents were included in the analysis. The scans were performed over a 2θ range of
5–70◦, with a step size of 0.02◦, at a scan rate of 0.04◦/min, using fixed divergence and
receiving slits. The total acquisition time per sample was approximately 55 min. Samples
were mounted on standard Bruker polymer-based transparent sample holders, which are
optimized for thin film analysis and provide minimal background signal. The textural
properties of the MOFs were analyzed through N2 adsorption-desorption isotherms in a Mi-
cromeritics ASAP 2020 instrument (Micromeritics, Norcross, GA, USA) at −196 ◦C. Before
the measurements, a degasification step was carried out at 120 ◦C overnight under vacuum
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conditions (10−6 mbar) to remove residual adsorbed gases and impurities. Thermogravi-
metric analysis (TGA) measurements were performed using a Mettler Toledo-TGA/DSC
(Mettler Toledo, Greifensee, Switzerland) under air atmosphere by heating the samples
from 25 to 800 ◦C at 10 ◦C min−1. Particle size analysis was performed using a Mastersizer
S laser diffraction system (Malvern Instruments, Malvern, UK). The sample was dispersed
in ethanol and subjected to ultrasonic treatment for 10 min to prevent particle aggregation.
Volume Moment Mean (D [4.3], De Brouckere Mean Diameter) was obtained for each MOF
material. The incorporation of MOFs and the CNF in the films was evaluated by Fourier
transform infrared spectroscopy (FTIR) using a Perkin-Elmer Spectrum Two FTIR-ATR
spectrometer (PerkinElmer U.S. LLC, Shelton, CT, USA). The spectrum was analyzed with
a resolution of 4 cm−1 in a range of 400–4000 cm−1. The different morphologies of the
MOFs, PVA-MOF films, and PVA-CNF-MOF films were examined by Scanning Electron
Microscopy (SEM) technique on a JEOL JSM 7800 F Scanning Electron Microscope (JEOL
Ltd., Akishima, Japan). For this purpose, the samples were coated with gold to improve
the conductivity. The accelerating voltage applied to the samples was 5 KV, with a working
distance of 10 mm.

3.5. Characterization of the CNFs

The CNFs were characterized in terms of their nanofibrillation yield, cationic de-
mand, carboxylation rate, and degree of polymerization. The nanofibrillation yield was
determined by preparing a 0.1% suspension of the nanofibers, followed by centrifugation
for 12 min at 10,000 rpm. For the cationic demand determination, 0.1% suspension was
prepared with 0.2 dry grams. Once homogenized, a 15 mL aliquot was mixed with 15 mL of
a cationic polymer (cationic titrant) and centrifuged at 4000 rpm for 90 min. Subsequently,
a Mütek PCD 05 particle charge detector (Malvern Panalytical Ltd., Malvern, UK) was used
to determine the cationic demand of the supernatant aliquots.

The carboxyl content was calculated by conductimetry of a 0.3 g dry sample of
nanofiber, diluted to 55 g with distilled water and adding 5 mL of 0.1 M NaCl to increase
the conductivity, followed by titration with a standardized 0.01 M NaOH solution.

The results obtained for the carboxyl rate and cation demand were used for the
calculation of the specific surface area (σ) and the diameter of the nanofibers (d), making
use of results and equations reported in the literature (Equations (1) and (2)) [79]:

σnano f ibers

(
m2/g

)
= (CD − CC)·σcationic titrant (1)

where CD is the cationic demand and CC is the carboxyl content.

d(nm) =
4

σnano f ibers·1600·103 (2)

The measurement of the degree of polymerization (DP) was determined by calculating
the intrinsic viscosity according to [80]. For this purpose, a given amount of nanofiber was
dissolved in 50 mL of 0.5 M CED solution and measured using a Manual SCAN/ISO 5351
Viscometers Type T (PSL Rheotek, Granger, IN, USA). The results of the degree of polymer-
ization were used to calculate fiber length using the following equation (Equation (3)) [81]:

Length (nm) = 4.286·DP − 757 (3)

3.6. Mechanical Properties of the PVA-CNF-MOF Films

Young’s modulus and tensile strength of the films were determined using an LF Plus
Lloyd Instrument testing machine with a 1 kN cell load. The analyses were performed on
film samples measuring 10 cm in length and 1.5 cm in width accordance with ASTM D882.
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For each sample the test was repeated 10 times, and the results are expressed as the mean
value accompanied by its corresponding standard deviation.

3.7. Physical Properties of the PVA-CNF-MOF Films

The films obtained were measured in terms of weight, area and thickness to calculate
the density of the films. The moisture content of the films was calculated by determining
weight differences of the films before and after putting them in an oven at 105 ◦C for 24 h.
These same fragments are used to determine the swelling and water solubility of the films.
To determine swelling, the dried fragments were placed in 50 mL of distilled water for 24 h.
After this time, they were extracted, the excess water was removed by depositing them on
a filter paper, and the weight was recorded. These fragments were returned to the oven for
24 h to calculate the water solubility. All these measurements were carried out in triplicate,
and their result is shown as the mean with the standard deviation.

Water vapor permeability (WVP) of the films was determined according to ASTM
E96/E96M-10 standard test method. For this purpose, TQC SHEEN Permeability Cup
aluminum capsules with a surface area of 10 cm2 were used. The capsules were loaded
with CaCl2 to serve as the desiccant material. These capsules, containing the film and salt,
were then introduced into a climatic chamber at 25 ◦C and 50% RH, where the weight was
recorded at different hours. The WVP result was calculated using the following equations
(Equations (4) and (5)):

WVP =
WVTR

Δp
=

WVTR
S(R1 − R2)

(4)

In this equation, Δp represents the vapor pressure difference, S denotes the saturation
vapor pressure at the test temperature, and R1 and R2 indicate the relative humidities at
the source and vapor sink, respectively, presented as fraction.

WVTR =
G
tA

(5)

where G is the weight variation (g), t is the time elapsed during the measurement (h), and
A is the test area (ft2).

3.8. Optical Properties of the PVA-CNF-MOF Films

The ultraviolet barrier and transparency of the films were determined by mea-
suring their transmittance at 280 and 660 nm, respectively, using a Jenway 7315 Ad-
vance UV/Visible Spectrophotometer (Fisher Scientific International, Inc., Hampton, VA,
USA). The transmittance (T) values were then processed using the following equations
(Equations (6) and (7)):

Transparency (%) =
log%T660

thickness (mm)
(6)

UV − light barrier (%) = 100 −
(

%T280

%T660
·100

)
(7)

3.9. Ethylene Scavenging Application

The ethylene retention capacity of the films with 10% MOF were tested through an
experiment using bananas. Bananas from the same bunch were selected and placed in
zip-lock polyethylene bags, with films inside. The bags containing the bananas were stored
in a climatic chamber at 25 ◦C and 50% relative humidity for eight days. Throughout the
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experiment, the bananas were photographed daily to monitor the progression of browning,
which was quantified using the following equation (Equation (8)):

Rb = Sb/St (8)

where Sb represents the brown area, and St is the total area of the banana peel [82].
The firmness of the bananas was measured on the ninth day using a TA. XT Plus

texture analyzer equipped with a P6 cylindrical probe (6 mm diameter). Samples with a
thickness of 1.5 cm were taken from different parts of the banana (front, rear, and middle
sections), and measurements were performed in triplicate. The test was conducted with a
testing speed of 2.00 mm/s, a post-test speed of 2.00 mm/s, and a plotting parameter of
5.00 mm/s over a distance of 5 mm [83].

3.10. Statistical Analysis

The experimental results are expressed as the mean ± standard deviation. Analysis of
variance (ANOVA) followed by the Duncan post hoc test were performed. Samples were
considered to be statistically different at p ≤ 0.05.

4. Conclusions

This study evaluated the potential of PVA-MOF and PVA-MOF-CNF films for active
packaging applications. The incorporation of TEMPO-oxidized cellulose nanofibers (CNFs)
significantly enhanced the homogeneity of the MOF distribution, reducing aggregation
and improving the interaction between components. This improvement led to a more
structurally and functionally cohesive matrix, resulting in a superior overall performance
compared to their counterparts without nanofibers. Notably, the films exhibited substan-
tial improvements in mechanical properties, including significant increases in Young’s
modulus and tensile strength. Additionally, the barrier properties were enhanced, with a
marked reduction in WVP and improved UV shielding, which was attributed to the MOFs.
These enhancements are critical for ensuring the performance of the films in protecting
and extending the shelf life of perishable foods, underscoring their suitability for active
packaging applications.

While the PVA-CNF-MOF films showed improved ethylene retention compared to
PVA-MOF films, the differences in ethylene retention among the PVA-CNF-MOF variants
were statistically very small. This limitation highlights the influence of external factors on
product variability, emphasizing the need for subsequent research to refine experimental
conditions and isolate the effects of the materials themselves. To address this, future
studies should consider using freshly harvested fruit stored under controlled conditions to
minimize variability and provide a clearer assessment of MOF performance.

Despite this limitation, PVA-CNF-MOF-801 demonstrated the most promising results
among the compositions tested in the ethylene scavenging analysis. This film exhibited
high biocompatibility, making it suitable for direct contact with food products, in this
case, bananas. This characteristic, combined with their enhanced mechanical and barrier
properties, reinforces the potential of PVA-CNF-MOF films as viable materials for food
packaging applications. In the future, their use could be expanded to other ethylene-
producing commodities, such as tomatoes, avocados, or apples, thereby contributing to
sustainable strategies for extending the shelf-life of fresh produce.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules30193971/s1, Figure S1: Physical properties (density,
moisture, swelling degree, solubility and WVP) of the composite films. Different letters above bars
indicate significant differences among formulations (p ≤ 0.05); Figure S2: Transparency and UV
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barrier of the different composite films. Different letters above bars indicate significant differences
among formulations (p ≤ 0.05); Figure S3: (a) Young’s Modulus, (b) tensile strength and (c) stress-
strain curves of PVA films with the different MOFs. Different letters above bars indicate significant
differences among formulations (p ≤ 0.05); Figure S4: XRD pattern of the PVA-CNF-MOF films;
Figure S5: FTIR of the PVA-CNF-MOF composite films; Table S1: Results of the characterization of
the PVA-CNF composite films in terms of mechanical, physical and optical properties.
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