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Preface

Carbon materials are the materials of the past, the present, and the future, catering to the

needs of mankind. As with chemicals and fuels, a paradigm shift is happening in the production

of carbon materials as well. A rapid transition is occuring in the nature of feedstock used for the

production of carbon materials, namely from fossil-based to biomass-based. Biomass is the single

largest carbon resource on the surface of planet Earth. The use of biomass as a starting material

for the production of carbon materials has made the material sustainable, environmentally benign,

and economically viable. Most often, the properties and the resulting applications of such carbon

materials are either comparable or superior to the fossil-based counterparts. As is the diversity of the

nature and the biomass contained therein, so is the diversity in the synthetic strategies, properties,

and applications of the resulting carbon materials. The first volume of this Special Issue in C—Journal

of Carbon Research on “Biomass – A renewable resource for carbon materials” has been successful,

and the second volume in this series (second edition) has seen similar success, attracting 10 research

groups from 14 different nations, showing the intensity of the research and development activity in

the field globally. The Editors wish to acknowledge the 10 research groups that have contributed 10

scholarly papers (2 state-of-the-art reviews and 8 research articles) that have formed the 10 chapters

of this Book. The content of this reprint deals with the use of novel biomass feedstock for carbon

materials production, exotic synthetic strategies, new insights into characterization techniques, and

diverse and unconventional applications, all centered around environmental remediation, a problem

requiring a quick remedy for the wellbeing of mankind. Indebtedness is due to Dr William Wang, the

Managing Editor of C—Journal of Carbon Research for his steadfast and unconditional support, without

which this endeavor could not have been possible. Grateful thanks are also expressed to Professor B

Viswanathan for introducing the astounding field of carbon materials to Dr Indra Neel.

Dedicated to “My LORD, my GOD, Jesus Christ. John 20:28”. “My grace is sufficient for thee. 2

Corinthians 12:9”.

Indra Neel Pulidindi, Pankaj Sharma, and Aharon Gedanken

Editors
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Graphene-like Carbon Structure Synthesis from Biomass
Pyrolysis: A Critical Review on Feedstock–Process–Properties
Relationship
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Nanocomposites and Mechanics Laboratory (NCM Lab), University of New Brunswick,
Fredericton, NB E3B 5A3, Canada
* Correspondence: gsaha@unb.ca; Tel.: +1-506-4587784

Abstract: Biomass pyrolysis is a promising route for synthesizing graphene-like carbon (GLC)
structures, potentially offering a cost-effective and renewable alternative to graphene. This review
paper responds to the call for highlighting the state of the art in GLC materials design and synthesis
from renewable biomass microwave pyrolysis. This paper includes an introduction of the microwave
pyrolysis technology, information on feedstock variability and selection, discussion on the correlation
between microwave pyrolysis process conditions and pyrolyzed product characteristics, and, more
importantly, a section identifying any differences between pyrolyzing feedstock using the microwave
pyrolysis method vs. conventional pyrolysis method. Furthermore, this work concludes by detailing
the knowledge currently missing with the recommendation for future research/innovation directions.

Keywords: graphene; graphene-like materials; carbon; biomass pyrolysis; microwave pyrolysis

1. Introduction

In recent times, there has been a surge of enthusiasm for the utilization of renewable
energy sources and the implementation of sustainable production approaches in order to
overcome the forthcoming energy shortage and reach carbon neutrality [1–3]. As human-
ity’s technological advances outpace the availability of resources, research endeavors are
shifting towards the development of sustainable technologies that exploit novel materials
with enhanced properties. Carbon, one of the most abundant elements on earth, has the
potential to address this challenge. Traditional carbon materials, such as diamond, graphite,
and carbon fiber, have been utilized for decades and have had a major role in economic and
social progress [4]. The research in carbonaceous materials has evolved further since the
discovery of carbon nanomaterials (CNMs) in the 1990s [5,6]. The distinctive and adaptable
surface of carbon materials, along with their simplicity of production, makes them versatile
targets and they are becoming increasingly important for use in the energy, biotechnology,
biomedicine, and environment sectors.

Graphene, a single sheet of carbon atoms connected via sp2 hybridization and ar-
ranged in a honeycomb lattice, has been widely regarded as one of the most revolution-
ary substances of the 21st century. Graphene has generated widespread interest in the
scientific community since its discovery by Konstantin Novoselov and Andre Geim in
2004 [5], owing to its unparalleled characteristics [6]. Graphene is the world’s first two-
dimensional atomic crystal that has extraordinary characteristics, such as an electron
mobility of 2.5× 105cm2V−1S−1 at room temperature, extremely high thermal conductivity
above 5300 W/mK, a Young’s modulus of up to 1 TPa, a tunable surface area of about
2675 m2/g, an atomic thickness of ~0.335 nm, a density of 2200 Kg/m3, ~97.7% optical
transmittance, and an intrinsic strength of 130 GPa [7–12]. Theoretically, graphene has a
higher electric double layer capacitance and specific capacitance than activated carbon,
with 550 Fg−1 and 268 Fg−1, respectively, compared to activated carbon’s 210 Fg−1 [13].
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In addition, this versatile material is also lightweight, impermeable to all gases, highly
resilient to high current density, and easily amenable to chemical functionalization. The
potential of graphene has yet to be fully explored, and its versatile characteristics present
numerous opportunities for further research. Figure 1 shows a schematic representation of
graphene properties.
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Figure 1. Schematic representation of graphene properties.

Graphene’s honeycomb structure is the fundamental building block for the formation
of other carbon allotropes, such as graphene oxide (GO), carbon nanotubes (CNTs), carbon
nanodots, carbon nanoparticles, and fullerenes [14]. These allotropes differ structurally,
with stacked honeycomb structures forming graphite, and rolled or wrapped honeycomb
structures resulting in one-dimensional nanotubes and zero-dimensional fullerenes, re-
spectively [15], as depicted in Figure 2a. Figure 2b–e represents the molecular structure of
graphite, graphene, GO, and rGO.

C 2023, 9, x FOR PEER REVIEW 2 of 29 
 

double layer capacitance and specific capacitance than activated carbon, with 550 Fg−1 and 
268 Fg−1, respectively, compared to activated carbon’s 210 Fg−1 [13]. In addition, this ver-
satile material is also lightweight, impermeable to all gases, highly resilient to high current 
density, and easily amenable to chemical functionalization. The potential of graphene has 
yet to be fully explored, and its versatile characteristics present numerous opportunities 
for further research. Figure 1 shows a schematic representation of graphene properties.  

 
Figure 1. Schematic representation of graphene properties. 

Graphene’s honeycomb structure is the fundamental building block for the formation 
of other carbon allotropes, such as graphene oxide (GO), carbon nanotubes (CNTs), car-
bon nanodots, carbon nanoparticles, and fullerenes [14]. These allotropes differ structur-
ally, with stacked honeycomb structures forming graphite, and rolled or wrapped honey-
comb structures resulting in one-dimensional nanotubes and zero-dimensional fullerenes, 
respectively [15], as depicted in Figure 2a. Figure 2b–e represents the molecular structure 
of graphite, graphene, GO, and rGO.  

 
Figure 2. (a) Various carbon allotropes, such as 0D, 1D, and 3D, using 2-D graphene nanosheets as 
their basic building units (with permission from Ref [6]); the molecular structure of (b) graphite, (c) 
graphene, (d) GO, and (e) rGO [16]. 

The potential applications of graphene are far-reaching, covering areas such as pho-
tonics, composite materials and coating, energy generation and storage, environmental 
protection, biomedicine, and so on. Figure 3 depicts some of the important applications of 
graphene in research and industry. 

Figure 2. (a) Various carbon allotropes, such as 0D, 1D, and 3D, using 2-D graphene nanosheets as
their basic building units (with permission from Ref [6]); the molecular structure of (b) graphite,
(c) graphene, (d) GO, and (e) rGO [16].

The potential applications of graphene are far-reaching, covering areas such as pho-
tonics, composite materials and coating, energy generation and storage, environmental
protection, biomedicine, and so on. Figure 3 depicts some of the important applications of
graphene in research and industry.
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Graphene has been found to be an ideal material to improve the corrosion resistance
of self-healing coatings due to its ability to enhance the mechanical properties, physical
shielding ability, and energy conversion efficiency of the coatings [17]. For example,
incorporating graphene into DA-epoxy resin composites has been shown to increase their
self-repairing capacity and anti-corrosion performance [18]. Furthermore, graphene can
also be used to tailor the flammability and flame retardancy of composite materials for
safety applications. Taj et al. [19] investigated the flame properties of polymer-reinforced
composites, with fillers consisting of nano-aluminum oxide and nano-graphene. It was
determined that these fillers reduced flammability and improved flame retardancy, making
them suitable for use in building materials. Tests were performed to analyze the burning
rate, mass loss, and length loss of the composites, revealing that increasing the nano-
graphene content up to 3% prevented flame propagation and resulted in a burning rate
of zero.

Agrawal et al. [20] have developed a graphene-based filter to absorb CO2 that met
not only performance expectations for CO2 collection but also recorded the highest CO2
permeance. For instance, the filter exhibited a CO2 permeance of 6180 GPU with a re-
markable CO2/N2 separation factor of 22.5. This highlights the vital role that graphene
can play in environmental applications. Additionally, a special form of graphene known
as “Graph Air” is being employed in Australia to produce clean drinking water from
highly contaminated water, with remarkable success compared to traditional filtration
systems [21], demonstrating the versatility of graphene.

Graphene can have a significant positive impact on the energy sector too. Graphene
Nanosheets derived from recycled plastics are being utilized in dye-sensitized solar cells
(DSSCs) and supercapacitors, with DSSC yielding an impressive fill factor of 86.4% and a
Voc of 0.77 V, and supercapacitors achieving a remarkable specific capacitance of
398 Fg−1 [21,22]. In addition, the incorporation of highly conductive additives, such as
graphene nanoparticles (GNPs), into phase change materials (PCMs) has been found to
boost the thermal conductivity of these heat storage systems by as much as 220% when
3 wt.% GNPs are added to the PCM [23]. Graphene is also being investigated for potential
use in smart wearable technology; for instance, researchers from Queen Mary University of
London have developed a communicative piece of cloth utilizing graphene [24].

Graphene is also demonstrating its potential in the medical sector, with its antibacterial
efficacy against both gram-positive and gram-negative bacteria being remarkable, and its
high electrical and thermal conductivity making it a promising candidate in combating
coronavirus [25]. In addition, smart drug nanocarriers (SDNCs) composed of chitosan
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and nitrogen-doped graphene quantum dots (NGQDs) for pH-responsive drug delivery
have been developed by Darwin et al. [26]. Using microplasma processing, it has been
found that only 4.5% of the NGQD ratio is necessary for the SDNCs to become tough,
thereby avoiding any exposure to high temperatures or hazardous chemical cross-linking
agents. These composites can be used in biomedical applications and offer advantages
such as strong drug-loading efficiency, pH-controlled sustained release of drugs, and
stable solid-state PL properties for monitoring and therapeutic treatment. This study
has opened new possibilities in the development of environmentally friendly and bio-
compatible nanographene hydrogels with potential biomedical applications. Meanwhile,
nano-graphene oxide (GO) is showing successful outcomes in orthopedic fields. According
to the investigation conducted by Yitian et al. [27], 3D-printed biphasic calcium phos-
phate (BCP) scaffolds containing nano-GO have been identified to significantly enhance
angiogenic effects as well as raise bone volume.

The food industry has also taken advantage of graphene-based materials for a va-
riety of purposes, including aiding in plant growth, removing and detecting contami-
nants, and detecting patulin and quinolone [28]. Additionally, there are several articles
discussing the application of graphene-based materials in medicine and biology [29], self-
healing/protective coatings [30,31], smart drug/gene delivery [32], antimicrobial and
coating applications in medicine and dentistry [33], strain sensors [34], catalysis [35], cryp-
tography [36], electrosorption [37], desalination [38], electric vehicles, [39] as well as space
technology [40].

The remarkable qualities of graphene have been well documented, but its utility
is limited by the fact that its improved properties are only available with high purity.
Moreover, the performance of graphene samples is affected by both the purity of the
sample and the number of layers [15]. Thus, in the arena of graphene synthesis, the
optimum outcome would be the mass production of graphene with purity levels equivalent
to those produced by laboratory-scale synthesis.

The production of graphene and GLC materials can be performed using top-down
and bottom-up methods. Top-down methods, such as mechanical exfoliation, chemical
exfoliation, and chemical synthesis, are easy to apply for large-scale graphene production,
but the quality of the graphene produced is often low. Bottom-up methods, such as
chemical vapor deposition (CVD), epitaxial growth, and pyrolysis, are better for producing
high-quality graphene with some structural defects and good electronic properties, though
the amount produced is small. Defect-free, adjustable layer graphene can also be produced
using bottom-up methods for special applications [41].

The CVD approach is highly cost-effective, but its yield is lower than other techniques
and the removal of graphene from the metallic substrate is a complex operation. Moreover,
this procedure can produce a considerable amount of hydrogen, which is a disadvantage.
Mechanical exfoliation, on the other hand, presents a low yield output in overcoming the
van der Waals force between the first and second layers without affecting the subsequent
layers. This can have a detrimental effect on the performance of the devices due to the alter-
ation of the 2D crystal’s lattice structure. Additionally, the insolubility of macromolecules
in organic syntheses, the emergence of unpredictable side effects with increasing molecular
weight, and the inability of mechanical cleavage techniques to undergo mass production
are all issues that must be addressed. Furthermore, liquid exfoliation techniques can yield
low-conductivity graphene. Therefore, the development of a novel production process
that can fulfill mass production and yield a superior end product is a subject of ongoing
research [15].

Pyrolysis is a straightforward and well-liked thermochemical technique for synthesiz-
ing nanostructured carbon, which breaks down carbon sources into tiny pieces without
oxygen. Historically, it has been employed in separate petroleum products but it is now
utilized to convert waste agricultural materials into commercially and environmentally
beneficial products. In recent years, microwave-assisted pyrolysis (MAP) of biomass has
emerged as a promising pyrolysis method for minimizing time and energy, achieving
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better heating efficiency, gaining greater control over the process, and producing more
desired products than conventional pyrolysis [42]. However, the major challenge with
this approach is the difficulty in regulating particle size, which leads to a wide range of
diameters from 1 to 5 nm [43].

Biomass, composed of a high concentration of carbon and being a renewable resource,
has been identified as a new potential source from which graphene and GLC materials
can be derived. The amount of biomass waste produced around the world each year is
estimated to be around 10 billion metric tons, and this number is anticipated to grow [44].
The advantages of biomass resources are their low cost and wide accessibility, which can
potentially decrease the cost of graphene and other carbon-derived compounds. So far, sev-
eral biomass materials had been effectively transformed into graphene and carbon-derived
compounds, including wheat straw, sawdust, gumwood, bamboo, peanut shell, rice husks,
sugarcane bagasse, orange peels, ginger, cotton, corncobs, and camphor leaves [45,46].
Biomass-derived graphene is frequently made up of aligned nanographene domains, which
differ from ideal two-dimensional (2D) stacked graphene sheets and result in a variety of
shapes, special functional groups, and amazing capabilities [47]. These carbons generated
from biomass are frequently referred to as graphene-like materials.

In this review paper, we summarize and discuss some recent strategies to synthesize
GLC material using solely the biomass pyrolysis process. We discuss the pyrolysis process
and the correlation between different process parameters and pyrolyzed products, as well
as the mechanisms of GLC material formation via biomass pyrolysis. Additionally, we
provide a brief discussion on the special effect of microwave irradiation during pyrolysis
on the morphology and microstructure of the pyrolyzed product.

2. Pyrolysis Process

Pyrolysis is a type of thermochemical conversion process that takes place without
the presence of oxygen and is designed to break down the chemical bonds in a particu-
lar feedstock to decompose organic materials. This yields biochar, bio-oil, syngas, and
other value-added products. The process is conducted in an oxygen-free environment
with temperatures ranging between 400 ◦C and 1200 ◦C or even higher [48,49]. In this
environment, biomass can be heated beyond its thermal stability limit without initiating
combustion. Pyrolysis is a complex process involving various reactions and pathways
such as depolymerization, dehydration, decarboxylation, intramolecular condensation, and
aromatization, which take place at different temperatures and yield diverse product states
for lignocellulosic components [49].

Depending on the heating mechanism used, pyrolysis can be classified into two
categories: conventional pyrolysis (CP) and microwave-assisted pyrolysis (MAP). CP
usually relies on an electric heating mechanism, which is often inefficient and energy
intensive. MAP, on the other hand, has gained considerable attention from the research
community due to its advantages over CP. MAP is faster, more energy-efficient, and
offers greater precision over the process. Furthermore, MAP also results in higher heating
rates and yields of desired products compared to CP [50–52]. Microwaves are a type of
electromagnetic wave that falls between infrared and radio frequencies, with a frequency
range of 300 MHz to 300 GHz and a wavelength that varies between 0.001 and 1 m.
The majority of microwave reactors used in chemical synthesis, including those found in
household kitchens, have a wavelength of 12.25 cm and a frequency of 2.45 GHz [53].

3. Microwave Pyrolysis Reaction Mechanism

In conventional pyrolysis, the heat is transmitted from an external source to the mate-
rial’s exterior and then to its core through conduction, convection, and radiation. Therefore,
CP is inefficient, energy-consuming, and relies on convection and the thermal conductivity
of the material being processed. In contrast, electromagnetic energy is transformed into
heat energy in MAP. This occurs through microwaves entering the feedstock and then
being stored as energy, which is then converted into heat inside the feedstock’s core. This
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method is advantageous because it avoids heat losses due to volumetric heating of the
feedstock [53].

In MAP, the temperature of the biomass particle increases from the interior to the
exterior, but in CP, it is the opposite. Furthermore, for both MAP and CP, the diffusion
of volatile materials (mass flow) is always outward. Thus, heat flow and mass flow are
concurrent for MAP and countercurrent for CP. Figure 4 shows the schematic of microwave
and conventional heating methods. While the volatile elements diffuse from the interior
core of the feedstock to its exterior surface, the surrounding of the feedstock is extremely
hot during the CP process and relatively cooler for the MAP process. As a result of the
improved heating mechanisms described above, MAP’s heating and response mechanisms
have significant advantages over CP. MAP offers many advantages, such as quick, precise,
and even heating, saving time and energy, eliminating direct contact between the heat
source and the material, transferring energy instead of heat, low thermal inertia, no need
for prior treatment of the feedstock, quicker response time, better control, improved safety,
and so on. Because MAP speeds up thermochemical processes and shortens reaction times,
it also has the added benefit of reducing energy consumption [53,54].
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Also, it is worth noting that biomass does not absorb microwaves well, and therefore
does not reach the necessary temperatures for pyrolysis when exposed to microwaves.
Thus, pyrolysis systems employ external microwave absorption materials [55].

4. Key Distinction between MAP and CP

Robinson et al. [56] conducted a study that combined microwave pyrolysis, dielectric
measurement, and fluid flow modeling to better understand the differences between mi-
crowave and conventional pyrolysis. Through their research, they were able to analyze and
contrast the mechanisms of both processes. Their key finding was that the distinction is not
between microwave and conventional heating, but rather between low and high heating
rates. With low microwave power or domestic ovens, the heating rate can be compara-
ble to conventional methods. When heating rates are low, vaporization of water within
biomass structures is slow and pressure remains close to atmospheric. Pyrolysis in this case
would proceed similarly to conventional methods with hemicellulose depolymerizing at
temperatures over 200 ◦C, cellulose at 300 ◦C, and lignin in the 220–400 ◦C range with a
diverse chemical composition produced. When heating rates are high (microwave heating),
the vaporization rate increases, leading to pressure build-up, which elevates the boiling
point of water remaining within biomass at temperatures well over 100 ◦C. This results
in hydrolysis of hemicellulose at ∼130 ◦C, producing furfural as the primary product;
hydrolysis of cellulose occurs at ∼175 ◦C, producing levoglucosan as the primary product;
and lignin follows the same reaction scheme as conventional pyrolysis due to its lack of
hydrolyzable linkages upon further heating, as illustrated in Figure 5.
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It was hypothesized that different behaviors with different biomasses occur not be-
cause of inherent chemistries but due to their micro- and macro-structures, which are
characterized by permeability; high permeability would not sustain high pressures, so no
difference between microwave vs. convectional pyrolysis would be expected. In contrast,
low permeability does sustain those pressures, allowing for a difference in the mechanistic
pathway based on the heating rate. The key finding of Robinson is also evident from the
study of Zoraida et al. [57] who used anthracene oil as raw material for the production of
carbon precursors via conventional and microwave technologies. In addition, they observed
that the energy usage of microwave-assisted technology for producing these materials was
up to 60% lower than traditional heating. The graphite obtained from microwave-based
precursors had an excellent degree of graphitization, with smaller crystallite sizes than
those from an exclusively microwaved coke. Graphene materials synthesized from these mi-
crowaved precursors showed improved lattice recovery, structure, and reduced oxygenated
surface functional groups, especially when derived from microwave-derived coke.

5. Current Trends on Synthesis of GLC Materials via Biomass Microwave
Pyrolysis Process

The process of creating GLC materials via microwave pyrolysis of biomasses has been
explored by researchers in recent years. Even though they used various feedstocks and
varied process settings, the basic process is nearly identical. This process involves three
distinct steps: sample pre-treatment, pyrolysis, and post-treatment. During pre-treatment,
the biomass sample is washed with deionized water to remove any contaminants, dried to
eliminate moisture, and ground into a fine powder. Pyrolysis then takes place, followed by
a post-treatment process that involves filtering, washing with deionized water, and drying.
In this section, we have highlighted some of the recent studies on GLC materials synthesis
through the biomass pyrolysis process.

Zhang et al. [58] investigated the synthesis of hollow carbon nanofibers (HCNFs) on
the surface of biochar, using pine nutshell (PNS) as feedstock, without the use of a catalyst.
The PNS was crushed until it had a particle size of 65–200 µm and then put into a vacuum
oven and heated to 105 ◦C for 10 h to take out the moisture. Afterward, it was blended
with commercially accessible biomass-based activated carbon (AC) in an 8:2 mass ratio.
The samples were then pyrolyzed for 20 min at 400 ◦C, 500 ◦C, 600 ◦C, and 700 ◦C in a
N2 atmosphere. The results indicated that 600 ◦C was the optimal temperature for the
synthesis of the HCNFs, resulting in the formation of fewer organic matrixes, functional
groups, structural defects, and imperfections. It was proposed that pyrolysis volatiles
forced their way out of surface pores, solidified, and graphitized the vapor on the bio-
char exterior, leading to the formation and development of HCNFs. On the other hand,
Gopalakrishnan et al. [59] developed a simple one-step method to synthesize few-layer
graphene-like porous carbon nanosheets (FLG-CNs) using ginger as a feedstock. The initial
step of the process was to slice up the fresh ginger and rinse it with deionized water to
eliminate any external impurities. This was followed by oven drying, and then pyrolyzing
the ginger at temperatures of 600 ◦C, 800 ◦C, and 900 ◦C for an hour under an argon gas
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atmosphere. Since ginger contains a variety of minerals, when it is heated, these minerals
become porous and increase the surface area, which is ideal for the performance of electric
double-layer capacitors (EDLCs). It was validated by the electrode constructed of FLG-CNs
at 800 ◦C exhibiting an excellent specific capacitance of 390 Fg−1 when the current density
was 1 Ag−1, and the capacity remained at 93.3% even after 3500 charge/discharge cycles.

Researchers have utilized different biomasses to synthesize graphene oxide (GO).
Danafar et al. [60] demonstrated the synthesis of nano-sized GO flakes from onion sheaths
through pyrolysis coupled with sonochemistry. To remove the surface dust, onion sheath-
ings were washed with deionized water and air dried. Then, they were pyrolyzed at 700 ◦C
under N2 gas flow. The obtained GO-like carbon flakes were washed with a combination
of water and ethanol in order to eliminate any remaining byproducts, then sonicated in
deionized water to convert them into nano-sized flakes (6.6 ± 2.4 nm) of a uniform size.
Figure 6 illustrates the X-ray diffraction (XRD) patterns of both nano-sized GO-like carbon
flakes and pyrolyzed GO-like flakes, where an intensification in the intensity of the carbon
flakes following ultrasound treatment was noticed, implying the reinforcement of the
stacking arrangement of the aromatic layers in the nanoflakes.
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A straightforward and economic procedure was developed by Somanathan et al. [61]
to synthesize GO from agricultural waste. For this study, sugarcane bagasse was first
crushed and grounded to produce a powder. A muffle furnace was used to heat 0.5 g of
powder and 0.1 g of ferrocene for 10 min at 300 ◦C under atmospheric conditions. They
found that the produced GO presented a well-graphitized structure. Another study was
carried out by Hashmi et al. [62] using orange peel (OP), sugarcane bagasse (SB), and rice
bran (RB) both individually and as tri-composite agro-waste (TAW) mixtures to produce
GO. They prepared the feedstock by washing it with water and then drying it in the sun.
The dry feedstocks were then processed using a mortar, pestle, and mixer to create fine
powder. For preparing GO from the individual agro-waste, they mixed 0.3 g of each
feedstock powder with 0.1 g of ferrocene. The mixture was then heated in a muffle kiln at
300 ◦C for 15 min. To prepare GO from the tri-composite mixture, they mixed half a gram
of each feedstock powder with 0.3 g of ferrocene and then heated the mixture in a muffle
kiln at 400 ◦C for 15 min.

Figure 7 is the illustration of the XRD spectrum of their study. From the XRD patterns,
they observed that GO was successfully prepared only by TAW with the main diffraction
peak located at 2θ = 12.705. They also observed excellent crystallinity that was indicated
by the prominent and strong peak of GO (Figure 7). Debbarma et al. [63] also synthesized
graphene oxide from sugarcane bagasse using pyrolysis at a low temperature ranging
from 250 ◦C to 450 ◦C. The first step in the process was to chop the sugarcane bagasse
into tiny pieces then wash it with deionized water to get rid of any contaminants. The

8



C 2023, 9, 31

samples were left to dry in the sun for a few days before being heated in an oven at
70 ◦C for a period of 24 h. Afterwards, the samples were ground into a fine powder and
subjected to pyrolysis at 250 ◦C, 350 ◦C, and 450 ◦C for durations of 1 h, 30 min, and
10 min, respectively. After this, the material that resulted from pyrolysis was filtered, rinsed
with warm, deionized water, and left to dry for 24 h. In this study, it was observed that
350 ◦C was suitable for condensation and aromatization of the glucose monomers to form
graphene oxide nanosheets at a large scale. In another study, this same research group
synthesized graphene nanosheets following the same process mentioned above in the
presence of sodium hydroxide [64] and they found that mixing sodium hydroxide with it
in a 1:1 ratio prevented oxygen from attacking the sample during the pyrolysis process.
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Liu et al. [65] and Wang et al. [66] synthesized biobased graphene by pyrolyzing kraft
lignin (KL) and bamboo biomass, respectively. Liu prepared biobased graphene in the
presence of iron catalyst using commercial KL as feedstock. In this experiment, five grams
of KL was mixed with Fe powder of varying ratios (1:2, 1:3, 1:5, and 1:7) before being heated
in a quartz tube at 1000 ◦C under an argon flow. The samples were kept in the quartz tube
for periods of 60, 75, 90, 105, and 120 min. Once the thermal treatment was finished, the
sample was cooled back to room temperature and rinsed multiple times with deionized
water. The iron particles were isolated by means of magnetic separation and any remaining
iron was eliminated by washing the specimens with 10% hydrochloric acid. It was observed
that the thermal treatment process lasting 90 min, with a ratio of 3:1 of carbon source to
iron, resulted in graphene of superior quality. Moreover, carbon nanotubes (CNTs) were
seen when the thermal treatment lasted 105 min. In contrast, Wang et al. [66] synthesized
graphene-containing biochar from waste bamboo biomass with the activating agent K2CO3
and the help of microwave-assisted catalytic graphitization. The process of this study
began by washing the raw bamboo with deionized water to clear away any contaminants,
followed by drying and reducing it to particles that were smaller than 0.1 mm. It was
then carbonized at 400 ◦C while under a flow of nitrogen gas for a period of three hours.
The carbonized material was combined with potassium carbonate at a ratio of 1:3, and
pyrolyzed at 900 ◦C under a nitrogen atmosphere for 25 min. For the post-treatment, the
sample was given multiple rinses with deionized water and had its pH adjusted by adding
a weak solution of hydrochloric acid. Lastly, the sample was dried at 105 ◦C for 12 h. The
resulting biochar exhibited a typical graphene structure, plenty of micropores, and a huge
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surface area of up to 1565 m2g−1. The activating agent K2CO3 played a significant role in
facilitating transformation of amorphous carbon into graphene-like carbon.

CNTs were also synthesized by different researchers using different biomasses and
varied pyrolysis processes. Yu et al. [67] developed a new approach that uses microwave
pyrolysis for producing super-long carbon nanotubes (SL−CNTs) without the need for an
outside catalyst. By pyrolyzing cellulose at temperatures ranging from 1200 to 1400 ◦C, they
were able to generate CNTs with lengths between 0.7–2 mm. For this study, cellulose was
derived from a palm kernel shell (PKS) and AC was adopted as the microwave absorbing
material. The cellulose sample was first oven dried for 12 h at 80 ◦C and then mixed with
AC at the ratio of 10:2. Next, the specimen was placed inside a quartz tube and pyrolyzed
at 600 ◦C for a period of 30 min under N2 environment. In the second step, 5 g of the
produced char from the first step pyrolysis was again pyrolyzed at 1200 ◦C, 1300 ◦C, and
1400 ◦C for 30 min under N2 environment. As the pyrolyzing temperature increased, they
observed that the average length of CNTs increased. They also observed that CNTs’ shapes
changed from twisted, coiled, and threadlike to straight structures as the temperature
varied. Furthermore, they noticed that the carbon order in the SL−CNTs increased after
microwave treatment at 1400 ◦C, which was evidenced by the low Raman ID/IG ratio of
0.84. Additionally, the inorganic components found in the biomass were thought to act
as a catalyst, accelerating the growth of the SL−CNTs. These observations are depicted
in Figure 8.
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of SL−CNTs at different temperatures. Reprinted from [67], Copyright 2022, Esohe Omoriyekomwan
J, Tahmasebi A, Zhang J, Yu J., used under Creative Commons Attribution License (CC BY) (https:
//creativecommons.org/licenses/by/4.0/ (accessed on 20 January 2023)).

Hidalgo et al. [68] developed another method for synthesizing CNTs from biochar
using microwave irradiation and ferrocene as a catalyst. The first step in this process was
to pyrolyze 100 g of agro-industrial residual biomass containing wheat straw, rapeseed
cake, oat hulls, and hazelnut hulls at temperatures of 400 ◦C and 600 ◦C under N2 gas flow
for 3 hrs. The produced biochar was then separated, milled, and fractioned using a sieve
(size < 75 µm). In the second step, the biochar was mixed with ferrocene and pyrolyzed at
80 ◦C for 5 min. Researchers observed that CNTs were present in higher concentrations
when biochar was pyrolyzed at 600 ◦C. Furthermore, a superior quality of CNTs with a
higher rate of graphitization was observed when biochar created from hazelnut hull and
wheat straw was employed.

Researchers have also synthesized graphene sheets using a biomass pyrolysis process.
Xia et al. [69] synthesized three-dimensional porous graphene-like sheets (3DPGLS) with
an impressive level of purity, negligible defect rate, great electrical conductivity, and a large
specific surface area (1506.19 m2g−1). For this experiment, coconut shells were ground to a
particle size of less than 100 µm and then carbonized at a temperature of 400 ◦C for three
hours in a nitrogen atmosphere. The biocarbon powder created from the carbonization
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process was blended with K2CO3 in a ratio of 1:2 and pyrolyzed at 900 ◦C in a nitrogen
atmosphere for 2 h. Lastly, the samples were cooled down, followed by a treatment of dilute
hydrochloric acid and de-ionized water washes, and dried for 12 h at 60 ◦C. Widiatmoko
et al. [70] also synthesized graphene sheets through a two-step pyrolysis process using oil
palm empty fruit bunch (EFB). In the first step, they ground the EFB into powder using a
ball mill and blended it with 3M FeCl2 as a catalyst, with urea as a nitrogen source (1:1)
and with ZnCl2 as an activator (2:1). Then the sample was heated on a hot plate at 80 ◦C
for 2 h, followed by 2 h in the oven for drying. For the first stage pyrolysis, the samples
were pyrolyzed at 250 ◦C, 350 ◦C, and 450 ◦C for a duration of 60 min. The second stage
involved raising the temperature to 900 ◦C and maintaining it for an additional 90 min. It
was observed that the yield of the pyrolysis product was influenced by the temperature
used in the initial pyrolysis step. Furthermore, it is a well-known fact that lignin yields
more aromatics and char than cellulose when pyrolyzed, and that decomposition of lignin
is most effective in the 350–450 ◦C range. Widiatmoko’s study showed that, when pyrolysis
began at a temperature that corresponded to the decomposition temperature of lignin,
it resulted in a great deal of graphene with a very high carbon concentration. There are
also other studies on synthesizing GLC materials via pyrolysis. A brief summary is given
in Table 1.

Table 1. GLC materials synthesis via pyrolysis from different bio sources.

Biomass Sources Reaction
Temperature

Pyrolysis
Environment

Retention
Time Catalyst Pyrolyzed Product Ref.

Waste Tea 800 ◦C N2 gas 1 h
Potassium

Ferrate
Multi-hierarchical porous

carbon
[71]Peanut Shell 800 ◦C N2 gas 1 h

Pomelo Peel 800 ◦C N2 gas 1 h

Spent Tea 1st stage: 1000 ◦C
2nd stage: 100–900 W Inert 3 h

15–180 min HNO3 Graphene quantum dots [72]

Quercus ilex leaves 820 ◦C - 3 h
ZSM-5 and
bentonite

clay

Metal-doped graphene
sheets (MDGs) [73]

Waste
biomass-derived

cellulose
800 ◦C N2 gas 2 h KOH Multilayered graphene [74]

walnut shell 850 ◦C Ar gas 90 min KOH Graphene-like (GL)
porous carbon [75]

Dried green tea
leaves 900 ◦C, 1100 ◦C N2 gas 3 h - Few-Layer Multifunctional

Graphene [76]

Chitosan 600 ◦C–800 ◦C Ar gas - - N-doped graphene [77]

Biomass guanine 1000 ◦C N2 gas 4 h - GL 2D carbon [78]

Gumwood 500 ◦C N2 gas 30 min - CNTs [79]

Okara 800 ◦C N2 gas 2 h - N-doped GL mesoporous
nanosheets [80]

6. Effect of Microwave on GLC Materials Synthesis via Pyrolysis

In the process of GLC materials synthesis via pyrolysis, the choice of heating method
plays a key role in determining the amorphous phase transition of graphene. Direct
pyrolysis via traditional heating methods typically results in an amorphous phase and
small graphite clusters. On the other hand, microwave heating can be used to convert
electromagnetic energy into heat energy at the molecular level, leading to the creation
of localized hotspots with a much higher temperature than the bulk material. These
hotspots act as nucleation sites, which promote the rearrangement of molecules from an
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unordered phase to a crystalline phase. Furthermore, microwave radiation treatment can
be used to transform sp3 bonds to sp2 bonds, in preparation for graphene formation [81].
Additionally, this method can improve the degree of graphitization of carbon material at a
lower temperature in a shorter period without the need for a catalyst, while also producing
a higher yield of few-layer graphene compared to conventional heating techniques [82]. A
better understanding of the effect of microwave on the synthesis of carbon-based materials
could be gained from the studies of Omoriyekomwan et al. [83] and Kaiqi et al. [79].

Omoriyekomwan et al. [83] conducted a study where they compared the results of
forming hollow carbon nanofibers (HCNFs) via microwave pyrolysis of palm kernel shells
at 500 ◦C and 600 ◦C to those synthesized with fixed-bed pyrolysis. They observed that the
development of HCNFs could only be detected during microwave pyrolysis, implying that
microwave radiation played an important role in the production of these nanostructures.
This growth was believed to be due to the microwave radiation being absorbed by the
biomass, causing an electric arc formation and devolatilization. The heavy components
of the volatile matter then resolidified on the surface as a result of lower temperatures,
forming carbon nanospheres. These nanospheres then self-extrude outward from the
biomass particle through nano-sized channels, initiating HCNF growth, which is known
as the “self-extrusion model growth”. In comparison, when conventional heating was
used in fixed-bed pyrolysis, the surrounding temperature was higher than the particle core,
preventing volatiles from solidifying and undergoing secondary cracking instead.

Kaiqi et al. [79] synthesized multi-walled CNTs via microwave-induced pyrolysis of
gumwood. In this experiment, gumwood was pyrolyzed at 500 ◦C and maintained for
30 min under an oxygen-free atmosphere with nitrogen gas flowing at a rate of 100 mL/min.
The gumwood was then combined with SiC in a 20:1 mass ratio, and the resultant com-
pounds were separated for further analysis. For comparison, conventional pyrolysis was
also performed at the same temperature and nitrogen flow rate. In terms of morphology
and microstructure, the researchers observed that the chars formed by microwave-induced
pyrolysis differed from those produced by conventional pyrolysis, with the latter having no
CNTs on their surfaces. They attributed the formation of CNTs under microwave-induced
pyrolysis to the special effect of microwave radiation on the thermochemical processing of
biomass. They proposed a mechanism for CNT development under microwave irradiation,
in which volatiles released from biomass formed char particles, which then served as sub-
strates. Mineral matter in char particles served as a catalyst, while released volatiles served
as a carbon source gas, undergoing thermal and/or catalytic breaking on char particle sur-
faces. As a result of the impacts of microwave irradiation, amorphous carbon nanospheres
formed, which then self-assembled into multi-walled CNTs. This method had the benefit
of producing localized hot spots that could graphitize CNTs at far lower temperatures
than conventional heating. The advantage of this approach was that it efficiently produced
localized hot spots that graphitized CNTs at much lower temperatures than conventional
heating requires.

7. Suitable Biomass Feedstock for GLC Materials Synthesis via Pyrolysis

Recently, there has been an increased focus on the synthesis of graphene or GLC mate-
rials from various biomass sources due to their sustainability, non-toxicity, environmental
friendliness, cost-effectiveness, and ease of acquisition. Lignocellulosic biomass, composed
primarily of lignin, cellulose, and hemicellulose, is particularly attractive due to its potential
to produce higher-quality GLC materials with greater surface areas. Though the influence
of feedstock composition on GLC material synthesis is not well understood, Table 2 sug-
gests that feedstocks with higher carbon contents are more suitable for producing GLC
materials via pyrolysis. Additionally, the characteristics of the final product largely depend
on the synthesis method rather than the feedstock material. Table 2 provides elemental
and proximate analysis of various bio precursors that have been used to synthesize GLC
materials via various methods.
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Table 2. Elemental and Proximate Analysis of various bio precursors.

Biomass Sample
Proximate Analysis, wt.% Ultimate Analysis, wt.%

Ref.Moisture
Content

Volatile
Matter

Fixed
Carbon Ash C H2 N2 O2

Softwood 11.5 67.3 19.5 1.7 44.43 6.16 0.18 49.23
[84]

Hemp 10.7 69.6 18.8 0.9 45.71 5.89 - 48.40

Rice straw 8.25 72.20 14.44 13.36 45.41 6.28 0.99 47.11 [85]

Pine nutshell 2.12 74.53 22.63 0.94 50.16 5.81 0.28 43.41 [58]

Palm Kernel Shell 14.90 74.68 23.68 1.64 49.90 5.25 0.36 43.54 [83]

Populus wood - - - - 39.75 6.09 1.52 52.54 [86]

Spent Coffee
Beans - - - - 49.30 3.61 2.24 41.33 [87]

Rice husk 6.81 59.8 13.68 19.71 40.71 4.97 0.49 - [88]

Sugarcane bagasse 9.51 74.98 13.57 1.94 43.77 6.83 - 47.46 [89]

Orange Peel - - - 3.05 49.59 6.95 0.66 39.7 [90]

Chitosan - - - - 45.65 7.66 7.6 39.09 [91]

The lignocellulosic contents of several bio precursors previously employed to syn-
thesize GLC materials are shown in Table 3. Each component of lignocellulosic biomass
decomposes differently, and the breakdown is affected by temperature, heating rate, and the
presence of contaminants [92]. The three components disintegrate at various temperatures,
with hemicellulose being the one that would pyrolyze the most easily. Due to the intricate
structure and higher resistance to high temperatures than hemicellulose and cellulose,
lignin would be the most challenging to pyrolyze [93]. Studies on the influence of cellulose,
hemicellulose, and lignin content on the formation of GLC materials via pyrolysis are
scarce. According to earlier research, at higher temperatures, cellulose develops significant
assemblages of polycyclic aromatic hydrocarbon domains, but lignin and hemicellulose
only produce a small amount. That is why early experiments investigated the generation of
graphitic carbon from pure cellulose [94]. Additionally, according to a few studies [95,96],
lignin is the component of lignocellulosic biomass that is most conducive to the synthesis of
laser-induced graphene (LIG). Therefore, future studies may concentrate on the impact of
various lignocellulosic components on the quality and characteristics of the GLC materials
produced through the pyrolysis process.

Table 3. Lignocellulosic Content of various bio precursors.

Biomass Cellulose (wt.%) Hemicellulose (wt.%) Lignin (wt.%) Ref.

Hemp 53–91 4–18 1–17 [97]

Rice Husk 32.67 31.68 18.81 [98]

Sugarcane Bagasse 50 25 25 [99]

Empty Fruit Bunches of Palm Oil 37.26 14.62 31.68 [100]

Wheat straw 34.40 20–25 20 [101]

Palm Kernel Shell 27.7 21.6 44 [102]

Bamboo 47.2 23.9 25.3 [103]

Rice Straw 29.2–34.7 12.0–29.3 17.0–19.0 [104]

Switch Grass 30–50 10–40 5–20 [105]

Miscanthus 24 44 17 [106]

Walnut Shell 23.9 22.4 50.3 [107]
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8. Correlation between Microwave Pyrolysis Process Conditions and Pyrolyzed
Product Characteristics

Microwave pyrolysis depends on the interaction between feedstock and microwave
irradiation. The quality and features of the product obtained from microwave pyrolysis of
biomass mostly rely on the operational conditions and the properties of biomass feedstocks.
In this section, we explore the relationship between the various process parameters of
pyrolysis and their effect on the final pyrolyzed product, with the goal of providing insight
into how to optimize the production of GLC materials.

The performance of microwave pyrolysis is greatly affected by the microwave power,
particle size, and batch size of the feedstock. Figure 9a illustrates that increasing the
microwave power increases both the heating rate and the maximum reaction temperature.
Additionally, reducing the particle size also increases both the heating rate and maximum
reaction temperature, as shown in Figure 9b. This can be attributed to increased bulk density
and intra-particle contact area with reduced particle size [85]. Furthermore, reducing the
particle size to a specific size (e.g., less than 0.25 mm) has been observed to prevent heat from
transferring within the particles, thus slowing the process of pyrolysis [108]. Parthasarathy
et al. [109] found that increasing the feedstock particle size increases both the char yield
and carbon content of the char. Lastly, the batch size of the raw material has been found to
play a crucial role in microwave pyrolysis. Figure 9c shows that using a small amount of
starting material (5–15 g) yields higher heating rates and higher residence temperatures at
a much lower microwave power [110,111].
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Low initial moisture levels in biomass are usually preferable for the pyrolysis process.
Drying the biomass before subjecting it to pyrolysis improves the energy efficiency of the
process [112]. Demirbas observed that increasing moisture content decreases biochar yield
and increases the yield of liquid product [113]. However, a few studies have found that
increasing the moisture level of the feedstock leads to an increase in char and gas genera-
tion [114–116]. Furthermore, the reaction temperature decreases as the moisture content
increases, because when the mixture is heated up, heat is expended in the process of drying
out the components [117]. Darmstadt et al. [118] observed that feedstock moisture content
had a greater impact on softwoods than hardwoods. In addition, Xiaodi Li et al. [119]
investigated the effects of preheat temperature on pyrolysis properties and product proper-
ties, finding that preheating the feedstock before microwave pyrolysis increased biochar
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yield, shortened the initial time for rapid temperature rise, and increased the BET surface
area. The effect of thermal pretreatment was also reported by Jian et al. [120]. Feedstock
moisture content also influences the heating rate. A lower heating rate arises from higher
moisture content [121]. Additionally, it was noted that as initial moisture content increased,
the specific char surface area increased, though the effect was more pronounced at lower
pyrolysis temperatures [122]. Furthermore, it is common practice to dry biomass feedstock
prior to pyrolysis, and the feedstock is frequently dried to a moisture level of less than
10% [123].

The reaction temperature of pyrolysis has a significant impact on the char yield and
characteristics. According to Mohammad et al. [124], the char yield reduces as the pyrolysis
temperature rises. At higher temperatures, the devolatilization process accelerates, which
leads to more vapors and gases being produced and a decrease in the char yield [125].
With the help of Raman spectroscopy, Asadullah et al. [126] observed that an increase in
temperature causes char to aromatize more quickly. The maximum pyrolysis temperature
also affects the surface area, pore structure, and carbon content. According to one study,
the BET surface area of a char decreases as the pyrolysis temperature rises. This was found
to be quite drastic, with the surface area dropping by a minimum of 200 times when the
temperature was raised from 500 to 800 ◦C. It is believed that the drastic reduction in
micropores which occurs between 500 ◦C and 800 ◦C is what caused the sharp decline
in the surface area [122]. In a different analysis, Fu et al. [127] observed that the surface
area of char increases with temperature; however, it decreases slightly if the temperatures
surpass 1173 K. Zhao et al. [128] also found that pyrolyzing the rapeseed steam from 200
to 700 ◦C resulted in an increase in surface area, from 1 to 45 m2/g, which shows more of
a carbonaceous, aromatic structure for the biochar. This behavior can be attributed to the
release of volatile gases and the formation of pores at higher temperatures. Furthermore,
Lua et al.’s [129] research indicates a general correlation between the BET surface area,
micropore surface area, and total pore volume, which increases up to a specific temperature
and then begins to decrease gradually. The initial increasing trend could be attributed to
the emission of low-molecular-weight gases from the carbon structure. The declining trend
might be related to the weakening and liquifying of some of the residual volatiles in the char,
which causes an intermediate melt to form in the chars. This intermediate melt obstructs
the formation of the char’s primitive pore structure by partly sealing some of the pores.
Nevertheless, when the pyrolysis temperature was increased further, it caused the pores to
grow and develop, thus leading to an increase in the BET surface area, the micropore area,
and the total pore volume. The char’s intermediate melt undergoing depolymerization and
evaporating is the reason behind this phenomenon, which causes the previously sealed
pores to open up, as well as the formation of new pores as a result of the disappearance of the
heavier volatiles. As the pyrolysis temperature increased further, decreases in BET surface
area, micropore surface area, and total pore volume were observed. This was likely due to
the compression of pores within the char and the narrowing of the pore openings, which
both cause the accessible pore surface area to be reduced. Another potential factor might be
the production of secondary melt from high-molecular-weight volatiles, comparable to the
previously stated intermediate melt. The fixed carbon content and carbon content of char
increase with temperature as a result of deoxygenation and dehydration, indicating greater
structural ordering for lowering reaction site concentration [128,130,131]. Furthermore,
with increasing pyrolysis temperature, the total volume of pores increases, but the average
pore diameter decreases as a result of an increase in the proportion of relatively tiny
pores [128].

The char characteristics and yield are significantly Influenced by the heating rate as
well. According to Mohammad et al. [124], the char yield reduces as the heating rate rises.
Although, the influence of the rate of heating was more noticeable at higher temperatures
when it came to the production of char [132]. However, compared to char produced at low
heating rates, high-heating-rate char has a smaller surface area [127]. It is believed that this
is due to an excessive heating rate that raises the temperature of the char interior and results
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in partial graphitization and the construction of a graphene structure: neither of which
contributes to the development of a large surface area. On the contrary, Zhao et al. [128]
found that rapeseed stem surface area increased at first with the increasing heating rate
due to a larger extent of thermal decomposition and then slightly decreased. When the
heating rate is increased, the carbon content of char decreases slightly while the hydrogen
and oxygen content increases. Additionally, at high temperatures, the heating rate impact
starts to disappear [133].

Moreover, Parthasarathy et al. [109] reported that the duration of residence in a given
environment has an impact on char yield and its carbon content. They observed that
increasing the residence period reduces char production while increasing char carbon
content. By decreasing the char yield, a longer residence period allows for more time for
the reactants in the volatiles to interact with the char and leads to a higher gas yield. Better
devolatilization is achieved with a longer residence time, which increases the char’s carbon
content. Additionally, research has demonstrated that the BET surface area of the char
has a direct correlation with the residence time. Initially, the BET surface area increases
with the increase in residence time, but this effect levels off after prolonged times. This
can be attributed to the sigmoidal-shaped curve of the devolatilization rate [134]. Zhang
et al. [135] also observed that the BET surface area of chars increased with the residence
time until a certain point, after which it began to decrease. This can be explained by the
fact that chars’ ability to generate pores might benefit from a fair extension of residence
time at high temperatures. However, if the residence period is prolonged too much, the
pore structure of the chars may be destroyed, which would then cause deactivation.

Lastly, the use of microwave absorbers to indirectly heat biomass particles during
pyrolysis has been shown to increase the reaction temperature at relatively low microwave
power. This increase in temperature has a significant effect on the yield and quality of
the pyrolysis products [136]. In addition, the use of iron-based catalysts, such as ferric
chloride or ferrocene, can help to produce high-quality graphene-like biochar with excellent
physicochemical properties. Furthermore, by using ferrocene as a catalyst, it is possible to
produce graphene oxide at a much lower temperature [62,68,137].

9. Formation Mechanism of Biochar during Pyrolysis

Recently, pyrolysis has been employed to produce GLC materials from a wide range of
biomasses. In order to understand the mechanism of graphene formation during biomass
pyrolysis, it is important to understand the mechanism of biochar formation, as the two
mechanisms are closely related.

Most biomasses are composed of cellulose, hemicellulose, and lignin, which each
degrade at different temperatures and through distinct pathways. For instance, the temper-
ature range for the decomposition of hemicellulose is between 220 and 315 ◦C, cellulose
is between 315 and 400 ◦C, and lignin is between 160 and 900 ◦C [138]. Examining the
individual pyrolysis mechanisms of these components can provide further insight into the
pyrolysis of biomass and the formation of GLC materials.

Figure 10 illustrates the formation mechanism of biochar from cellulose. The pyrolysis
of cellulose is initiated by the depolymerization of cellulose into oligosaccharides and
the subsequent breaking of glycosidic bonds to form D-glucopyranose. Intramolecular
rearrangement of D-glucopyranose leads to the formation of levoglucosan, which can either
be converted to levoglucosenone through dehydration or can be exposed to a combination
of rearrangements and dehydrations resulting in the formation of hydroxymethylfurfural.
Furthermore, levoglucosenone can be chemically altered in various ways, leading to the
production of biochar. This includes dehydrating, decarboxylation, aromatizing, and
undergoing intramolecular condensation. Additionally, hydroxymethylfurfural can break
down to produce bio-oil and syngas that are more volatile, or alternatively become further
polymerized, aromatized, and condensed to form biochar [49].
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The mechanism of hemicellulose pyrolysis is similar to that of cellulose pyrolysis. It
is also depolymerized to form oligosaccharides, followed by glycosidic bond breakage
and rearrangement of the depolymerized molecules to yield 1,4-anhydro-D-xylopyranose.
Furthermore, it may be dehydrated, decarboxylated, aromatized, and intramolecularly
condensed to create solid biochar, or it can break down into smaller compounds such as
bio-oil, syngas, and low-molecular-weight compounds [49]. Figure 11 depicts the process
of producing biochar from hemicellulose.
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The degradation of lignin is relatively intricate compared to cellulose and hemicel-
lulose due to its more intricate structure, which is depicted in Figure 12. The principal
mechanism in the pyrolysis of lignin is a reaction involving free radicals, which originate
from the cleaving of the β-O-4 bond in the lignin molecules. The radicals are capable of
scavenging protons from molecules with weak C-H or O-H bonds, leading to the pro-
duction of breakdown products such as vanillin and 2-methoxy-4-methylphenol. As the
reaction progresses, radicals are transferred to other species, resulting in a chain reaction.
Ultimately, the chain reaction is halted when two radicals encounter each other and form
a more stable compound. Nevertheless, since the detection of radicals in the pyrolysis
process is exceptionally difficult, understanding the precise mechanism of lignin pyrolysis
is a major challenge [49].
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10. Mechanism of GLC Materials Formation during the Biomass Pyrolysis Process

Most biomass is lignocellulosic and contains long chains of carbon, hydrogen, and oxy-
gen compounds. The process of converting lignocellulosic biomass into graphene involves
increasing the carbon content and arranging the carbon structures in a graphitic-like form.
This process involves two steps: carbonization and graphitization. Carbonization involves
the removal of light-molecular-weight compounds through heating, while graphitization is
used to arrange the remaining carbon structures into a graphitic-like form. The converted
carbon structure may not be similar to pure graphene, but the properties that they possess
are somewhat graphene-like [44].

Debbarma et al. [64] synthesized graphene nanosheets from sugarcane bagasse via
pyrolysis in the presence of sodium hydroxide. The chemistry behind the formation of
graphene nanosheets is presented in Figure 13.

Sugarcane bagasse has a high concentration of cellulose, which is composed of glucose
monomers held together by glycosidic bonds. During the pyrolysis of sugarcane bagasse,
the breakdown of glucose monomers takes place, and these monomers contain aldehyde
and hydroxyl groups. The hydroxyl group on the fifth carbon of the glucose molecule can
then bind to the aldehyde group on the first carbon to form a cyclic hemiacetal structure.
This structure is similar to pyran and consists of six-membered heterocyclic rings. It is
thought that many of the glucose monomers were linked via glycosidic bonds during
pyrolysis, and further condensation and aromatization of the cyclic rings occurred to
form planar graphitic polyaromatic ring structures. Debbarma et al. [63] also synthesized
GO from sugarcane bagasse where heating sugarcane bagasse at different temperatures
caused the degradation of glucose monomers, leading to the formation of glycosidic bonds
and polyaromatic rings. The presence of air facilitated oxidation, aromatization, and
condensation, resulting in the formation of SBGO nanosheets. The mechanism is depicted
in Figure 14.
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This same research group synthesized nitrogen-doped GO (N-GO), wherein the for-
mation mechanism was the same as stated above, with primary amine groups from the
amino acids enhancing the nitrogen content and resulting in the formation of N-GO, as
illustrated in Figure 15 [139].
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Roy et al. [76] developed a method for synthesizing graphene from tannic acid, alginic
acid, and green tea through a controlled pyrolysis procedure, and proposed a formation
mechanism of graphene from alginic acid, illustrated in Figure 16. They proposed that this
reaction likely started with the production of radicals, which was then followed by the
release of water molecules and CO2 and the aromatization and intermolecular condensation
reactions at a temperature of 1100 ◦C. They hypothesized that similar processes happened
with the polyphenols from green tea and tannic acid based on the presence of carboxyl
groups and vulnerable oxygen bonds in their molecular structures.
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Omoriyekowan et al. [140] explored the process of carbon nanotube (CNT) formation
in their most recent investigation, synthesizing CNTs with cellulose taken from PKS. In
order to draw out the bio-components from the PKS, two distinct techniques were utilized.
Once the extraction process had concluded, cellulose and lignin were then exposed to
microwave pyrolysis. The end result of their research suggested that cellulose played a vital
part in generating CNTs. Figure 17 illustrates the reaction pathways of the decomposition
of cellulose to produce nanotubes. The authors examined bio-oils derived from lignin
and cellulose to better understand the role of cellulose. Bio-oils derived from cellulose
were high in monosaccharides, while bio-oils derived from lignin were rich in phenols and
single-ring hydrocarbons. According to the authors, the breakdown of cellulose resulted in
the production of monosaccharides such as D-glucopyranose, which was employed as a
carbon source for CNT synthesis. Splitting of the glycosidic bonds in D-glucose generated
anhydrides, oligosaccharides, and levoglucosan. Subsequently, these elements underwent
degradation, cleavage, and rearrangement, leading to the formation of anhydro sugars
and levoglucosan. The splitting of the C-O bonds in levoglucosan was followed by its
aromatization, resulting in a formation of graphite layers, as shown in Figure 17.
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Liu et al. [65] manufactured graphene using commercially accessible kraft lignin (KL)
and carefully examined the formation process, structure, and features. They provided a
general mechanism of lignin-based graphene that was catalyzed by iron, as demonstrated
in Figure 18. The main reactions were pyrolysis and carbonization of KL at temperatures
between 250 and 500 ◦C, wherein polyolefin compounds were converted into amorphous
carbon (a-C) with the aid of iron particles via catalytic dehydrogenation. The a-C was in
a metastable state and possessed a large amount of energy, so it required less energy to
dissolve in iron metal than C atoms. The temperature required for carbon to dissolve into
iron is 570 ◦C. Through the precipitation dissolution mechanism, a-C diffused into the metal
particle and then precipitated as graphene on the free surface when the solid solubility
limit was reached during cooling. Smaller metal particles and longer annealing times
resulted in the migration of activated carbon species to the top surface and the nucleation of
graphene. Graphene was observed when the holding time was in the range of 90–105 min,
but had notably reduced areas and less graphene identified by Raman when the holding
time was longer than 105 min. The probable cause of this was the growth of an sp2 carbon
network along the surface of the iron particles, which accumulated into a graphite shell.
Additionally, the contact between the a-C and iron particles at higher temperatures resulted
in a catalytic graphitization process. Iron has the ability to catalyze graphitization even at a
low temperature due to the decomposition of iron carbide in the insulation stage.
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Figure 18. Schematic representation of the graphene synthesis processes from KL using iron particles
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The reaction equations were as follows:

Fe + Ca → Fe3C

Fe3C→ Fe + Cg,

where Ca is amorphous and Cg is graphitic carbon.
The newly produced carbon from the breakdown of iron carbide is active and can

be quickly transformed into graphite. On the other hand, too much iron may make the
decomposition of Fe3C more challenging. The formation of graphene is carried out in
two phases when iron particles are used as a catalyst. One of these is the precipitation
and dissolution of carbon atoms, while the other is the manufacture and disintegration
of iron carbide. As a consequence, the retention time has an influence on the formation
of graphene.

Reviewing all the mechanisms discussed above, it may be concluded that the pyrolysis
process involves the splitting and recombination of molecules. Carbon atoms form single
covalent sp3 bonds with other atoms, but during the graphene formation process, these
bonds are broken, allowing the carbon atoms to form sp2 bonds in the form of benzene
rings. This process of nucleation leads to the development of graphene, as illustrated
in Figure 19.
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11. Conclusion and Research Outlook

In conclusion, this review paper provides a comprehensive overview of the current
state of knowledge of biomass-derived GLC materials and the microwave pyrolysis process
for their synthesis. It was revealed that the microwave pyrolysis process is a promising solu-
tion for the cost-effective and renewable synthesis of GLC materials from biomass feedstock.
Utilizing biomass waste to produce graphene can reduce high-expense production and
associated pollution. Despite the fact that several studies have preferred high-temperature
pyrolysis methods that use metal precursors along with biomass in order to break down the
structure of biomass while also enabling volatile carbon materials to be deposited, future
research may have to focus on utilizing lower-temperature thermal treatment to reduce the
length of the reaction time. Even though bio-based graphene is not of the highest quality,
the green synthesis route can still provide a good amount of multi-layer graphene, GO, and
RGO. Further research is necessary to gain a more comprehensive understanding of the
formation mechanism of GLC materials from biomass pyrolysis in order to optimize the
production process, as well as to improve the efficiency of the microwave pyrolysis process.
Additionally, the influence of feedstock particle size on the characteristics of the produced
GLC material must be investigated. Furthermore, to gain a better understanding of the
formation of GLC materials, individual pyrolysis of cellulose, hemicellulose, and lignin
using the same process parameters should be conducted. With further research, biomass-
derived GLC materials have the potential to become a viable and renewable alternative to
traditional graphene materials for a variety of applications.
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Abstract: Due to the rising worldwide demand for green chemicals, the bio-based polymer market
is anticipated to expand substantially in the future. The synthesis of functional polymers has been
a burgeoning area of research for decades. The primary driving force behind the development of
bio-based polymers has been their compostability and biodegradability, which are critical given
the public concern about waste. Significant advancements in the method for refining biomass raw
materials towards the creation of bio-based construction materials and products are driving this rise.
Bio-based polymers with this chemical structure are more flexible and adaptive, which allows them
to attain their intended characteristics and functionalities. In commercial applications and healthcare
and biotechnology, where completely manufactured, naturally occurring biomolecules are utilized
and such polymers have the greatest impact. At the same time, limitations in polymer architectural
control, biostability, and structural dynamics hinder the creation of biocompatible and functionally
varied polymers. From this standpoint, the importance of functional biosynthetic polymers in the
future years is highlighted, as well as new methods for addressing the aforementioned challenges.
The article comprehensively highlighted the current strategies, market dynamics, and research trends
of emerging Bio-Based Polymers. In addition, the most recent scientific breakthroughs in bio-based
polymers are discussed.

Keywords: polymers; biocompatible; biodegradable; compostable; sustainable; market dynamics;
research trends

1. Introduction

Polymeric materials derived from renewable resources have lately garnered more
attention as environmentally friendly and sustainable chemistry, demonstrating the variety
obtained through synthesis and semi-synthesis [1–3]. The principal source of greenhouse
gas emissions is the use of fossil fuels in various industrial operations. Concerns about the
increasing carbon footprint of major manufacturing facilities have prompted the industry to
switch from biosources to polymers, bringing the possibility of the phasing out of traditional
polymers closer to reality. In 1840, Hancock and Rudersdorf developed the first artificial
polymers by blending natural rubber with sulfur to create a strong and flexible material [4].
Major advancements in polymer chemistry facilitate the development of purely synthetic
or complex polymer materials. The two key advantages of bio-based polymers, according
to scientists, have yet to be acknowledged politically. The first advantage is the replacement
of fossil carbon in the process of production with renewable carbon from biomass, which
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is vital for a sustainable and climate-friendly plastics industry. The second benefit is that
biodegradable bio-based polymers account for approximately a quarter of all bio-based
polymers (depending on the environment). Corn, sugar cane, vegetable oils, soybeans,
and cellulose can all be used to produce this polymer. Plant-derived bio-based polymers,
also known as the next-generation polymers which have been used to reduce fossil fuel
usage and may be a solution for the issue of plastics uncollected and unprocessed in an
environment, and such polymers biodegrade without leaving microplastics behind [5,6].
Furthermore, owing to the extensive use of live and controllable polymerization techniques,
biocompatible synthetic materials have been reported as one of the most relevant and
fruitful disciplines of polymer chemistry in recent decades. Biosynthetic polymers are a
kind of material that is utilized in numerous applications, including new biomolecular
stabilizers, biosensors, therapeutic agents, biomedical adhesives, drug delivery, biomimetic
scaffolds, and vehicle antifouling materials [7]. Bio-based polymer branches are dynamic
and versatile, and they are in many stages of development, ranging from research to
preliminary market acceptance to application in long-term high-performance polymers
such as cellulose and nylon, which indicates market growth.

National policy, technology, raw material costs, competition (fossil fuels and biomass),
consumer acceptance, crude oil prices, and accessibility to clear and reliable market data are
all factors that influence the rate of expansion of bio-based polymer branches. This article
examines a variety of bio-based polymers, focusing on their characteristics, production
processes, and commercial uses. The review highlighted the composition and usage of
bio-based polymers including polylactic acid, polyhydroxyalkanoate, biopolyethylene, and
polysuccinic acid succinate. Furthermore, the process economics of conventional petroleum-
based polymers were compared, as well as the process economics of monomer and polymer
synthesis. Researchers working on the synthesis of conventionalpetroleum-derived raw
material-based and bio-based polymers may find this paper useful [8]. For example, we
described:

(1) Structural dynamics of polymer assemblies,
(2) Architecture control of synthetic components, and
(3) Biostabilization (storage, release, and biotolerance) of therapeutic contents [9].

The authors also point out that the outcome of this review is quite beneficial for re-
searchers. As a result, the research focuses on the benefits of simple formulations for the
development of highly functional biosynthetic polymers, as well as current trends, break-
throughs, and potential applications. The merits of simple synthetic polymer formulations
include the potential challenges of using bio-based materials in a variety of applications, as
well as the solutions and key industry players that may help bring these materials to market.
The conclusion offers a predicted position on future growth in the area, which is contingent
on the ability to surpass sustainability limitations [10]. The review investigated market
conditions, growth rates, market share, market momentum, challenges and opportunities,
risk and entry barriers, sales channels, distributors, and future trends. In this context, our
creative efforts to go beyond what nature has mastered are showcased.

2. Biopolymer

Sources, variety, and characteristics of biopolymers are still increasing due to the rising
interest. Biopolymers are often divided into three categories: bio-based and biodegrad-
able, petroleum-based and biodegradable, and bio-based and non-biodegradable [1].
Traditional petroleum-based polymers, except for poly(ε-caprolactone) (PCL), polybuty-
lene adipate terephthalate (PBAT), and poly(butylene succinate) (PBS), are typically non-
biodegradable [11,12].

2.1. Bio-Based Polymers

Bio-based polymers consists of at least one polymer generated from renewable sources
and are either biodegradable or non-biodegradable [12–14]. The starting component of a
bio-based polymer, for example, could be formed from corn or sugar cane, and the rest
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could be composed of carbon derived from fossil fuels. Bio-based polymers have a low
CO2 impact and are linked with the sustainability approach. Concerns about the depletion
of fossil fuels and global warming are related to the use of petrochemicals. Bio-based
polymers are further divided into natural and synthetic polymers. The entire plants and
animals are made out of polymers. The most widely used type of polymer is synthetic
polymer [15]. Polyethylene, PVC, and synthetic rubber are examples of synthetic polymers.
Plants, microbes, and animals all seem to be sources of renewable biomass. Bio-based
polymers can be made solely from sustainable biomass resources (such as cellulose) by
monomer biosynthesis followed by polymerization (PLA, etc.) or microbial production
(PHA, etc.) [16]. Alternatives to petroleum-based polycarbonates include bio-based polycar-
bonates and isosorbide polycarbonates, and certain bio-based polymers have recently been
produced commercially. Bisphenol A (BPA) monomers have been replaced by corn-based
isosorbide. Bio-based polybutylene succinate (PBS) resin made from bio-based succinic acid
and bio-based 1,4-butanediol can replace biodegradable petrochemical-based PBS (BDO).
Green polyethylene is commercialized via bio-based ethylene. In 109 product categories,
the United States Department of Agriculture (USDA) has established the minimum content
of bio-based components. To be certified as a bio-based material by the BIO preferred
program, the reference product must achieve the basic standards. According to the ASTM
D6866 standard, testing is necessary [17]. In addition to the BIO preferred label, which
itself is based on ASTM D6866 testing, there is a slew of alternative bio-based labels, such
as Vincotte’s OK bio-based. The composition of bio-based products may be assessed by
measuring the 14C concentration, according to ASTM D6866-05 (2005). For disposable
tableware manufactured of or coated with plastic, the smallest proportion of bio-based
material is 72%. This is attributable to the fact that radiocarbon (14C) from fossil-based
carbon depolymerization has a half-life of 5730 years. There is currently no equivalent ISO
standard test technique used to determine the bio-based content of materials.

2.2. Synthetic Bio-Based Polymer

Biosynthetic polymers, also known as synthetic bio-based polymers, are polymers
based on renewable materials that must be chemically processed into polymers. These are
materials that connect synthetic components to biopolymers or parts to generate realistic-
looking reproductions [18]. Biopolymers that have been synthetically modified, such
as functionalized hyaluronic acid derivatives, make up synthetic bio-based polymers or
proteins that have been tagged through cell instruction. In the first instance, site-specific
conjugation and subsequent purification are frequently problematic when reactive domains
(amine, thiol, hydroxyl, and carboxylic acid) are conservatively present as many copies
in biopolymers such as polysaccharides or proteins. Through various grafting processes,
other biosynthetic polymers are bimolecularly connected to synthetic polymers, allowing
for more exact control over sophisticated topologies, fictionalization, and dynamic function.
The main disadvantage of synthetic polymers is that they are by-products of petrochemicals
that are used for short-term purposes although they endure for a long time, resulting
in a slew of environmental issues such as soil erosion, water pollution, and toxic-gas
emissions [19,20].

Many traditional polymers can be produced using renewable resources. Corn starch,
for example, is hydrolyzed into fermentative raw ingredients for biological conversion to
lactic acid, which is then chemically processed into PLA [21]. Even if the source is renewable,
polymers produced in a chemical plant are not considered “natural”. The majority of
polymers presently in use are renewable bio-based polymers, which are produced from
non-sustainable petroleum resources. Synthetic plastic use is estimated to account for
7% of global fossil fuel consumption. People have been compelled to search for green
chemicals to create polymer materials from a range of natural resources due to the depletion
of petroleum resources and increasing interest in the environment and society. Two main
types of natural resources are now being considered.
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The first are natural polymers such as cellulose, hemicellulose, lignin, and polysaccha-
rides. These natural polymers are widely used in everyday life and are often recognized
among the most plentiful and affordable biodegradable polymers (BDPs). Because of
their intricacy and pre-existing macromolecular structures, natural polymers can only be
enhanced by physical mixing or minor chemical alterations. The second kind of natural
resource is molecular biomass, which comprises fatty acids, lactic acid, vegetable oils, hy-
droxyalkanoates, and other biomasses. Many synthetic polymers made from petroleum re-
sources may be polymerized with this type of molecular biomass, which can be molecularly
transformed into monomer subunits to perform a variety of polymerization operations [22].
Natural molecular biomass is categorized based on the composition of carbon, hydrogen,
and oxygen content, which can originate from several sources. Figure 1 illustrates the
natural molecular biomass.
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As a result, natural molecular biomass has a better chemical structure, and the creation
of various polymers from biomass with regulated topologies and specific properties has
aroused attention recently, emerging as a potential research subject.

2.3. Biodegradable Polymer Plastics

A novel category of biodegradable plastics, biodegradable polymer plastics, are con-
nected to the degradability of polymeric materials. When using these plastics, it is necessary
to ensure comparable health and applicable application performance. Following the comple-
tion of the procedure, the material can be quickly degraded in a natural setting, providing or
destroying environmental pieces. Over time, additional deterioration progressively returns
to nature as oxidising products (CO2 and water). It is critical to research perishable polymer
materials in light of environmental pollution brought on by plastic waste, environmental
protection, and human requirements. Biodegradable polymers’ chemical makeup varies
over time and in certain environmental circumstances. Biodegradable plastics may be
classified into two groups: biodegradable plastic and photodegradable plastic, depending
on what causes the changes in their chemical makeup [23].
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2.3.1. Degradation System of Degraded Plastics

Degraded plastic generally refers to a form of plastic that can be broken down into
smaller molecules by the action of microorganisms in the soil or by the exposure to sunlight.
It complies with the demands of the use of items and is simple to process as a result.
Biodegradable characteristics: The process by which sunlight interacts with polymer
materials is known as photooxidation degradation because UV light and oxygen in the
air interact in a unique way. Consider polyolefin as an illustration of the mechanism of
photooxidation degradation. In essence, photooxidation causes the polymer chain to split
or crosslink, resulting in the formation of certain functional groups containing oxygen,
such as carboxy acids, peroxides, ketones, and alcohols. The primary causes of degradation
include catalyst residues in polymers, peroxide production, and carboxyl groups added
during processing. The chemical composition of polymers and their molecular weight can
vary as a result of being eliminated or metabolically altered by microorganisms (mostly
fungus, bacteria, or algae) [24]. There are two primary categories of operation:

(1) Biophysical activity—This physical activity in the polymer generates mechanical
damage and results in oligomer fragments due to the stimulation of microbes, organic
cell development, and fermentation of polymers, ionisation, or protonation, which
are the objective of physical degradation.

(2) Biochemical activity—This activity is brought on by the breakdown of enzymes
generated by fungus or bacteria, which causes plastics to degrade or undergo oxidative
destruction as well as the breakdown of insoluble polymers into new tiny molecule
compounds (CH4, CO2, H2, CO2, etc.).

There are typically two ideas on the process by which polymer materials degrade
through biodegradation. The third concerns the reactive end(s) of polymer chain. Therefore,
structural characteristics including composition, main and side chain structure, end group
size, and the presence or lack of spatial steric resistance play a significant role in determining
the fate of degradation. The primary chain qualities are more significant features among the
process of degradation. If the main chain of polymerhas bonds that are simple to hydrate,
biodegradation will occur quickly. Then, a flexible spine will degenerate at a very rapid
rate, whereas a hard, regular spine would degenerate at a slower rate. By branching and
cross-linking, polymer materials are less likely to degrade biologically. For instance, the
addition of hydrophobic groups to the polylactic acid (PLA) molecular chain at the end
of the chain lowers the rate of erosion during the initial stages of deterioration. This is
due to the fact that during the actual disintegration process, erosion rate of PLA mostly
depends on the structure of the molecular network, and it decreases when hydrophobic
groups are added [25]. Additionally, some researchers have examined the chemical makeup
of polymers as well as the relative molecular weight of elements that are crucial to their
destruction.

2.3.2. Development of Biodegradable Plastics

The following is the route that biodegradable polymers will follow in the future:

(1) Block copolymerization of biodegradable plastics employing currently available stan-
dard polymers, microbial polymers, and natural polymers has been researched and
produced in order to create biodegradable plastics by investigating the biodegradation
mechanism of the damaged polymers.

(2) Regulation of the pace of breakdown and creation of efficient degradation promoters
and stabilisers to boost perishable biodegradable performance of plastics, lower their
price, and broaden their market application has been selected as an area of interest.

(3) Development of a common definition of deteriorated plastics, improvement of biodegra-
dation assessment techniques, and a deeper understanding of degradation mechanisms
all require further research [26].
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3. Characteristics
3.1. Compostability

Compostable materials are described as materials that are biodegradable under aerobic
circumstances that convert to biomass, water, carbon dioxide, and inorganic compounds
while releasing no noxious chemicals and disintegrating throughout the fermentation
phase [27]. Furthermore, biodegradable materials should not create difficulties in the
composting process or in the compost itself, according to the CEN standard. BDPs are not
compostable, while compostable polymers are deemed biodegradable, resulting in high
demand. In this topic, taking into consideration of temporal decay and needs during the
composting process that do not create difficulties, as well as compostability. To meet the
compostability requirements, polymers must be evaluated according to ISO, ASTM, and
EN standards.

EN 13432 is the main European standard for packaging compostability. Industrial
compost is the subject of test procedures and certifications [28]. Temperature (58 ◦C),
ventilation, humidity, and the compost cycle must all be carefully controlled in industrial
compost (thermophilic period—3 months, maturity period—3 months). Composting at
home, on the other hand, typically occurs under distinct circumstances. Temperatures in the
compost pile are lower and can change greatly throughout the season. Furthermore, there
are no international criteria for home compostability, and the performance of industrial
compostable goods (EN 13432) in household composting is unknown. Vincotte certifies
“OK Compost Home” compostable household items. The certification passes the EN13432
test standard, although at a lower temperature (20 ◦C to 30 ◦C instead of 58 ◦C) and for
a longer duration of time (365 days instead of 180 days). There are other certifications
available, such as “compostable”.

3.2. Biodegradability

A variety of international (ISO, ASTM, CEN) and national (DIN, etc.) organizations
have established biodegradability standards [29]. According to the European Commit-
tee for Standardization, biodegradable materials decompose into biomass, CO2, and/or
methane, as well as water (CEN). Other definitions include Directive 94/62/EC of the
European Parliament and Council, which states that biodegradable packaging waste must
be physically, chemically, thermally, or biologically degraded to convert materials primarily
to CO2, biomass, and water. Different publications on biodegradability standards are avail-
able on different issues. These publications describe the complexity of the biodegradation
process compared to several polymer detection methods [30].

4. Degradation vs. Biodegradation

Each polymer degrades with time, resulting in a loss of strength, quality, and molec-
ular weight. It is well known that most polymers require 100–1000 years to completely
degrade. By-products of BDPs include carbon dioxide, methane, water, and inorganic
chemicals, as well as biomass that may be readily scavenged by microbes. They degrade
extremely quickly in comparison to non-BDPs [31]. Many pro-oxidants (ferromanganese
and cobalt salts) are formulated for use in composting, garbage, and soil treatment poly-
mers. According to scientific recommendations and studies, these additives may regulate
the life of plastic films and goods when combined with conventional polymers in the right
proportions, enabling plastic waste to be destroyed without having to be collected and
disposed of. This oxidized molecular fragment is biodegradable and hydrophilic, according
to the study, and the molar mass value is reduced by more than a tenth. It has been reported
that polymers containing the above additives are fragmented into smaller parts that are
invisible to the naked eye, but it is unclear whether these parts are truly biodegradable; that
is, whether they are accessible to microflora (bacteria, fungi, etc.) to convert and assimilate
carbon in any substrate, and if so, at what rate [32].

At this point, residue fragmentation and cross-linking with moisture, heat, sunshine,
and/or enzymes create persistent residues, which weaken or break the polymer chains.
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Biodegradation is the next stage of this process. Only when the fragmented residues
are fully absorbed as food or energy by the microorganism at an appropriate pace does
biodegradation begin. Because it has yet to be shown, the fragmentation of photodegradable
(fragmentable) polymers by biodegradation based on polyethylene with pro-oxidants
remains an open concern. It failed because of conflicting biodegradable standards and
specifications. The most recent developments are bio-based polymers produced from
bacterial fermentation, which are focusing on the creation of monomers made of cellulose,
fatty acids, and starch from renewable resources [33].

5. Environmental Biodegradation Steps of the Polymer

The polymer material is employed either during the induction phase, or the polymer
chains undergo abiotic degradation (mainly oxidation). Chemicals (impurities, metals, cat-
alyst residues, additives, and so on), energy (light, heat, and sound), the environment, and
other factors may all play a role. All of these components may work together throughout
fabrication, preservation, in and after service. Exposure to photoirradiation and/or heat
energy may accelerate abiotic biodegradation [34]. Figure 2 depicts the environmental
biodegradation processes of polymers.
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The real biodegradation occurs after that, with the aid of fragmented microorganisms,
and the previously segmented polymer chains further scission and fracture. The degrad-
ing bacteria absorb and mineralize the segments of the polymer chain, and this process
continues [35]. Biodegradation of polymer materials has an impact on the morphological
characteristics of the polymer as well as its chemical integrity. Surface regions of amorphous
polymers deteriorate faster than crystalline regions, which have less free space and more
solid linkages across polymer chains.

5.1. Types

Agro-polymers are biomass products, and BDPs are split into two types based on their
fabrication technique [36]. Oil-derived polymers, traditional synthesis from bio-derived
monomers, and polymers obtained via microbial processes are the three major types of bio-
polyesters. Polysaccharides and proteins are two subcategories within the biomass products
category [37]. Polysaccharides and other agricultural resources are used to produce agro-
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polymers. Polysaccharides seem to be the most common macromolecule found naturally
(complex carbohydrates). The most well-known polysaccharide is starch, which is derived
from grains and tubers. Other polysaccharides include chitosan, chitin, and pectin. Proteins
derived from amino acids are the second kind of agricultural polymer. The most essential
characteristic of polymers is their capacity to regenerate. Casein, collagen, gelatin, and
keratin are examples of animal proteins that are commonly utilized in the food business,
whereas wheat protein, soy protein, and maize protein are examples of plant proteins.
The main bacterial proteins are lactate dehydrogenase, chymotrypsin, and fumarase [38].
Even though such polymers are primarily utilized in the food business, the packaging
industry has yet to discover a method to replace traditional plastics with agro-polymers.
Bio-polyesters (BPEs) are the second kind of BDP, and they may be composed of either
living or non-living materials (synthetics).

5.2. Examples

There are two types of lactic acid: D-lactic acid and L-lactic acid are well-known
and widely utilized biopolymers in a variety of sectors. They are produced in two ways:
biologically and chemically [39]. Lactobacillus (bacteria) or fungi are used in the former
technique to ferment carbohydrates. Lactic acid may also be formed as a result of chemical
chain reactions. When a person’s muscles are fatigued, this response may occur in the body.
Lactic acid is mostly utilized in the manufacturing of cosmetics in the industrial sector.
Polyhdroxyalkanoates (PHAs) are a form of intracellular biopolymer generated by bacteria
as intracellular carbon or energy storage granules because of their biodegradability [40].
They are utilized in the packaging and medical sectors, among others. The most typical
BDPs are petroleum by-products. Petroleum-based polyesters such as polycaprolactone,
aliphatic co-polyesters, and aromatic co-polyesters are soft materials at room temperature.

5.3. Non-Pharmacological Applications of Biopolymers
5.3.1. Bio-Plastics (BPs) for Packaging

Bio-based polymers are slowly reaching mainstream use in today’s world, with the
packaging being one of the most significant types of it [41]. As yearly sales rise by 20% to
30%, polymers produced from renewable “raw materials” may soon compete with over-the-
counter plastics. Packaging is one of the fastest-expanding businesses on the planet, with
plastic accounting for almost 40% of all packaging material [42]. Despite this, the growing
usage of plastics continues to represent a significant environmental risk. Consumers and
package makers are starting to note the significance of balancing ecosystems as a result
of the growth of digital media, and they are beginning to embrace sustainable packaging
materials, with a preference for ecologically friendly and recyclable materials. As a result of
these concerns, demand for BPs that replace conventional plastics, particularly biodegradable
BPs, is rising [43]. Films, cover films, bottles, flip-top cartons, shipping bags, trash collection
bags, and food service supplies are just a few examples of BP applications. The market for
BPs and biopolymers is expected to be worth USD 6.95 billion in 2018 and USD 14.92 billion
by 2023, according to estimates. From 2018 through 2023, the annual growth rate is 16.5%.
Between 2018 and 2023, this indicates a CAGR of 16.5% [44]. This strong demand is causing
the increase in the use of BPs in packaging in the developing nations.

The bio-based polymer industry will be substantially expanded in consumer product
applications, and government laws that increasingly concentrate on sustainability and
green procurement policies will boost the BP and biopolymer market [45]. Based on their
diverse types, BPs and biopolymers are divided into biodegradable and non-biodegradable
BPs. Biopolymers and BPs that are not biodegradable are anticipated to be the most pop-
ular and fastest-growing. The packaging industry’s rising need is causing the increasing
demand for non-biodegradable BPs. Bio-PET seems to be the most popular category of
non-biodegradable BPs and biopolymers, owing to its cheap cost and simple production
method [35]. Automotive and transportation, agriculture and horticulture, packaging,
consumer goods, textiles, and other end-use industries are among the BP and biopolymer
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markets. Packaging is the most significant and fastest-growing application for BPs and
biopolymers. Food and beverage sectors, for example, require sustainable solutions. Fur-
thermore, advances in industrial and manufacturing technology are pushing food and
beverage businesses to use BPs in their packaging [46]. The use of BP packaging to cover
organic foods and high-quality or branded goods is becoming more popular. Natural or
organic polymers generated from biomass sources such as carbohydrates, lipids, bacteria,
and oils dominate the packaging end-use industry.

Due to its cutting-edge technology and industrial standing, well-established expertise,
and creative bio-based product production, Europe now has a market leadership posi-
tion [47]. However, the fast adoptions of products are hampered by the unclear efficacy
and the lack of transparency of market. Although the use, development, and extension of
bio-based and compostable products and materials are highly limited within agriculture,
progress has been achieved with the expansion of the use of biodegradable (compostable)
and bio-based packing materials due to two key considerations: (a) the open debate for
biodegradation about testing agricultural biodegradable plastics for in-soil farm use and
(b) the open debate on biodegradation about testing agricultural biodegradable plastics [48].

The first stymies work on labelling schemes and appropriate certification, such as when
used in tandem with the recently developed labelling system concerning agricultural plastic
wastes. For almost the same reason, there is indeed a lot of uncertainty about the ways in
which these materials work in real-world soil conditions, which is limiting them from being
employed in agricultural applications more generally [49]. When packaging, shipping,
distributing, and storing the goods, extreme caution must be exercised. It is required for
the transportation and storage of items for a wide range of sectors, including institutional,
industrial, and retail. The importance of polymer and the usage of packaging goods provide
protection and confinement while also causing a shift in consumer behavior. To wrap
various kinds of goods, the packaging business uses a range of materials (polymers, metals,
glass, wood, etc.). Plastic constitutes 40% of all packaging. Because of the characteristics
of plastics, such as flexibility, impermeability, and high-water resistance, their usage is
growing, but new environmental laws have restricted the use of traditional polymers.
This is enabled in particular in packaging and handbags, which fuels the need for BPs
and biopolymers. Food packaging, pharmaceutical packaging, cosmetic packaging, and
shopping bags are just a few of the uses for packaging. Bio-PE is used to pack a variety
of cosmetic goods by Procter & Gamble and Johnson & Johnson. Because of its excellent
recyclability, PLA is often utilized. For goods such as PLA, PHA, and starch-based polymers,
it is difficult to develop eco-friendly packaging manufactured from bio-based polymers for
a variety of uses [35,50].

5.3.2. Consumer Goods

Circuit boards, housings, speakers, mobile housings, touch screens, computer hous-
ings, keyboard components, laptop mice, and vacuum cleaners are just a few examples of
where BPs and biopolymers are used in consumer goods. SUPLA has created a PLA that is
specifically designed for use in the electronics sector. Kuender also developed the world’s
first BP touchscreen computer in conjunction with a Taiwanese OEM/ODM [51]. Excellent
high gloss, high impact resistance, and steady and precise processing may be obtained
by mixing PLA mixture into the display. Europe is a significant consumer and producer
of BPs and biopolymers. It dominates the BP and biopolymer industries and is utilized
directly in the packaging end-use sector. These reasons have prompted collaboration in the
development of bio-based polymers, which are expected to transform the plastics industry.
Market penetration of BPs and biopolymers has been aided by political and economic
circumstances [52]. BASF in Germany, Nature Works in the United States, Braskem in
Brazil, Toray Industries in Japan, Novamont in Japan, Nova Corbion in Italy, Total Corbion
in the Netherlands, Biome BPs in the United Kingdom, Mitsubishi Chemical Corporation
in Japan, Plantic Technologies in Australia, Bio-On in the Netherlands, and Mitsubishi
Chemical Corporation in Japan are among the leading players in this field [53]. BDPs are a
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kind of polymer that decomposes rapidly and produces ecologically beneficial by-products,
which is a solution to the environmental pollution produced by non-degradable plastics.

5.3.3. Reuse and Recycle

The recyclates are melted and pelletized in mechanical recycling, which is an easy and
energy-efficient technique. The majority of plastics nowadays are recovered mechanically.
Unfortunately, these materials are frequently of poor quality, possess qualities inferior to
virgin materials, and lack permission for use in food. These factors limit the amount of uses
for mechanically recycled plastics, which can be found in items such as watering cans, spray
bottles, and cleaning supplies. Due to a lack of demand for recycled materials, a recent
survey indicated that only 37% of all collected plastic garbage is actually recycled. In France,
Germany, the UK, Spain, and Italy, the recycling rates range from 21 to 42%; however, this
figure also takes into account exports for recycling in other nations. The possibility of plastic
items to be recycled has recently received a lot of attention. Although this development
is significant, the key roadblock appears to be defining the uses for recovered plastics.
Recyclability is not very useful unless it truly decreases the consumption of materials
made from virgin fossil fuels. Several potential techniques for dissolving polymers into
monomers, which can then be utilized to create new polymers, are included in chemical
recycling which require more energy compared to mechanical recycling. On the contrary,
chemical recycling processes are frequently less sensitive to mixed and contaminated
plastics, and the resultant polymers exhibit comparable performance to virgin materials.
The technological, economic, and ecological elements of chemical recycling technologies,
however, need to be examined more closely because they are still in the early stages of
becoming widely used [54].

Plastics manufactured from renewable feedstock, such as plants, can be used in part
or in full in bio-based products. Furthermore, new materials are created from biological
waste, industrial side streams and residues, or even CO2. They all bind carbon from the at-
mosphere, which is something they all have in common. The carbon in materials produced
from fossil fuels, on the other hand, originates from the geosphere and is released into the
atmosphere after the useful lives of these materials. By 2020, just 1% of all plastics would
be produced using bio-based feedstock. To lead the shift to bio-based plastics, however,
a growing number of businesses have emerged. The recycling and waste management
systems also need to take this into consideration. Some bio-based plastics, such as bio-PE
and bio-PP, are chemically equivalent to the polymers made from fossil fuels and donot
need to be managed differently in the waste stream. On the other hand, PLA is a popular
bio-based polymer whose quantities are yet insufficient to establish distinct PLA recycling
streams. It is sometimes criticized as “non-recyclable” or even hazardous to current re-
cycling streams because of this; however, the arguments are generally unsupported by
evidence. In contrast, research reported that up to three weight percent of PLA was safe
to use on injection-moulded PP recycling materials and may therefore be redirected into
the PP stream. An economically viable dedicated PLA stream may already be possible at
volumes greater than this. Moreover, many PLA-based goods may be naturally recycled
in composting facilities; however, at present, this is reliant on the regional guidelines and
composting equipment [55].

6. Polymers in Biomedical Applications

As a biocompatible material, BDPs have opened the door to integrating with a variety
of medical problems [56]. BDPs are used in the medical sector since they are less hazardous
than other materials. Unlike in typical BDP applications, there are several factors to consider
when utilizing biodegradable materials as biomaterials (BMs). Non-toxicity, stabilizability,
efficacy, and biocompatibility are among these characteristics. Although it is impossible
to gain all of the information about most BDPs, scientists, physicians, and engineers have
discovered that certain BDPs may be utilized as BMs which closely interact with live cells.
There are two common applications of BMs. BMs can be used in waste items, such as
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blood bags, catheters, and syringes, representing the first application. The second use is in
surgical support materials. BMs may be used for tissue replacement prosthetics such as
lenses, dental implants, and breast implants, as well as artificial organs such as artificial
hearts and kidneys [57]. Table 1 highlights a list of some biopolymers and their emerging
applications.

Table 1. Emerging applications of various biopolymers.

BIOPOLYMERS APPLICATIONS

Cellulose Acetate Textile, cigarette filter, wound dressing,
frames, toothbrushes

Polycaprolactone (PCL) Metal protection film, sutures, contraceptives,
implants, paint

Polyhydroxyvalerate (PHV) Compost bags, packaging, agriculture,
horticulture, film, Rubbermaid

Polylactic acid (PLA)
Bone plates, bone screws, surgical sutures,

fibers, films, foam, camera, electronics, molded
plastic parts, heat-stable applications

Polyhydroxybutyrate (PHB)
Films, medical, cups, disposable, lids,

containers, cutlery, compost bags, Rubbermaid,
packaging, agriculture, horticulture

Polyalkylene alkanoate (PBS) Disposable goods, fibers, pot, molding,
injection, fishing gear

Aliphatic-aromatic (co)polyester (PBAT) Film, sheets, packaging, flower pots, plastic
envelope, agriculture, compost bags

BDPs have many surgical applications [56,58]. BDPs with bioabsorbable characteristics
are utilized for bonding, closure, separation, scaffolding, and capsulation. BDPs are used
in operations for tissue adhesion and sealing. In this instance, liquid polymers are utilized.
The liquid will turn to gel and halt bleeding as soon as it is applied to the damaged tissue.
The gelled substance will gradually dissolve and integrate into the body as the damaged
tissue heals. Bone fixation using biodegradable pins, screws, and wires follows the same
procedures. Biodegradable polymers are used in drug delivery systems. This may include
both invasive and non-invasive medication delivery techniques. These polymers serve
as a transporter in this instance, and after transporting the medication to the appropriate
location, they will rapidly integrate into the body without causing damage. The most basic
example encountered in everyday life is pill covers and coatings in various colors. The
medication is contained inside the cover, which should be eliminated without causing harm
to the body. BDPs are used to create these coverings and coatings.

Over the last two decades, significant progress has been made in the development
of biocompatible and biodegradable substances for biomedical and industrial applica-
tions [58]. Biomedical research aims to develop and characterize artificial materials, or
“spare parts”, for use in the human body to assess, repair, and enhance physiologic func-
tion, as well as to improve survival and quality of life. Inorganic (metals, ceramics, and
glasses) and polymeric materials include artificial heart valves (polymeric or carbon-based),
synthetic blood vessels, artificial hips (metallic or ceramic), medical adhesives, sutures,
dental composites, and polymers for controlled slow drug delivery [59]. When design-
ing innovative biocompatible materials, bioactivity as it relates to interacting with and
becoming integrated into the biological environment, as well as other customizable features
dependent on the specific in vivo application, are all taken into account.

Biomimetics is a related field that might be characterized as “the abstraction of out-
standing design from nature” or, to put it another way, “stealing ideas from nature”. The
goal is to develop materials inspired by nature and integrated with non-biological tech-
nologies or processes for non-biological purposes. This is swiftly emerging as a new topic
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of research. Biocompatible polymers have been a popular focus of research for regulated
medication delivery [6,60,61]. It developed out of a need for more precise and extended
pharmaceutical delivery. The goal of controlled release devices is to keep medicine within
the prescribed limit with a single dose. Localized drug delivery to a specific physiologi-
cal compartment lowers systemic drug levels, reduces follow-up care, preserves quickly
degraded medicines, and improves patient comfort and/or compliance. The architecture
of the system determines release rates, which are virtually independent of environmental
variables.

7. Pharmaceutical Applications of Biopolymers

Biopolymers have progressively started to replace conventional materials due to their
unique features. Although initially they were primarily employed in the food sector, they
swiftly found usage in other adjacent industries. Biopolymers were first employed in the
pharmaceutical sector for the same reason they were in the food sector: as thickening and
emulsifying agents, host molecules, bulking agents, or fibers. Additionally, their applica-
tion in cosmetics has grown significantly. By the end of 2021, the global biopolymer market
is predicted to have grown by approximately 17% from 2017 to 2021, reaching an estimated
value of USD 10 billion. With approximately41.5% of the worldwide market, Western
Europe dominates the largest market sector. Polymers have been effectively employed
in biomedicine in both experimental and in vivo settings, including for drug administra-
tion, tissue engineering, wound dressing, and the construction of medical devices with
electronics, sensors, and batteries. In addition, biopolymers are perfect materials com-
monly employed in the food and pharmaceutical industries due to their physical, thermal,
mechanical, and optical qualities [62].

The internal structure-dependent functional qualities of biopolymers, such as mi-
crostructure, permeability, and chargeability, may be obtained by modifying the compo-
sition and matrix of the polymer. The ability of particles to aggregate and form bonds
inside the biopolymer matrix is influenced by their electrical properties. The biopolymer
fractions with a high electrical charge are those that inhibit aggregation. Based on these
characteristics, biopolymers are effectively employed to create nanoparticles, nanoemul-
sions, nanogels, or hydrogels that are used as carrier systems in the biomedical industry.
To supplement or replace synthetic materials, polysaccharides are the most often employed
class of biopolymers. They can be used alone or in mixes with other biopolymers. In
both micro- and macrocapsules, encapsulation entails preventing live cells from being
destroyed by trapping them in biopolymer membranes. It is a process wherein one or more
materials—representing the active component or core material—are embedded or covered
with another material or system, which serves as a mantle, shell, carrier, or encapsulant [63].

The very substantial discrepancy between surface area and volume is a distinguishing
characteristic of macrocapsules. As a result, a high quantity of nutrients must be used to
provide a proper diffusion gradient for nutrient entry. The crucial nutrients for the cells also
fall under this category. Living cells are contained in macrocapsules, which are composed of
sizable diffusion chambers that are shaped as flat sheets, hollow fibers, and semi-permeable
discs. Both intra- and extra-vascular devices can utilize macrocapsules. Cells are positioned
outside the artificial capillaries and linked to the circulation using intravascular devices.
They are located close to blood circulation, facilitating the quick movement of beneficial
and nourishing materials such asoxygen. Although, the risk of developing thrombosis
is the main drawback. To avoid the necessity for direct circulatory access, research is
leaning towards use of microcapsules as extra-vascular devices with cells contained within
semi-permeable diffusion chambers that are applied transdermally or in the peritoneal
cavity. This only requires modest surgery and enables a quick and simple replacement
if the graft fails or the transplant needs to be changed for other reasons. Microcapsules
efficiently transport helpful compounds and faithfully replicate the release of molecules
such as insulin or glucose. The majority of studies concentrate on creating microcapsules
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with minimal or no inflammatory reactions due to their advantages. Endocrine problems
are effectively treated by using this characteristic.

As materials for encapsulation, several biocompatible polymers have been employed.
This requires a biopolymer to fulfill the following requirements: (i) stability and absence of
interaction with the drug it contains; (ii) non-interference with cellular function or viability;
(iii) non-toxicity, low cost, and biodegradability; (iv) molecular weight, solubility properties,
glass transition temperature, microstructure, and chemical functionality allowing for proper
drug diffusion and release; (v) biosafety; and (vi) biocompatibility [64].

The controlled release techniques may change depending on the mechanism governing
the release of active agents from the delivery system. As a result, biopolymer erosion,
diffusion, and swelling may occur before diffusion or degradation. To control the release of
macromolecules, hydrogels must first be hydrolyzed. Water-insoluble biopolymers must
then be solubilized by reactions with groups hanging from the covalently bonded atoms of
the polymer, and finally, hydrolytically labile bonds within the covalently bonded atoms of
the biopolymer must be broken. The biopolymer present in controlled release device allows
an encapsulated medicine or other active agents to pass through the outer membrane
of capsules during the diffusion process. Diffusion-controlled systems require a drug
delivery system that is stable in the biological setting and retains its size and form despite
swelling or deterioration. When additional bioactive chemicals are mixed with biopolymers,
for instance, the medicine must be able to permeate through the molecular structure of
the polymer or via its pores to reach the biological environment. The biopolymer itself
must stay unchanged at this point. Devices with swelling controlled release mechanisms
are those that, while initially dry, swell after they enter the body and encounter bodily
fluids or water. Changing the environmental conditions of delivery systems can cause
the ability of biopolymers to swell. This is one of the most significant and practical
properties of biopolymers since it allows for the control of medication or integrated active
ingredient release by adjusting temperature or pH. Last but not least, a biodegradation
of polymers in the body is a natural procedure that allows the active component to be
entirely removed [65].

The use of synthetic polymers as encapsulating agents for various medicinal com-
pounds has long been of interest. Despite having better pharmacokinetics than small-
molecule medications, their buildup in the body has led to toxicity concerns. The choice
of the appropriate compounds based on the requirement and desired effects are the main
challenge with the reorientation of the medical business towards the usage of biopolymers.
Not all biopolymers are effective drug encapsulation agents. Since oral or intravenous
administration is the two most common routes of administration, the active ingredient must
be released to the target location at the appropriate time, safely, and without any negative
side effects. The biopolymers based on polysaccharides, such as sodium alginate, chitosan,
agar, starch, and cellulose, are the most widely utilized and the subject of this review.
They have minimal toxicity, exhibit non-immunogenic behavior, interact synergistically
with other biopolymers and polymers, and are compatible with tissues and cells. These
polysaccharides are used to create microcapsules, microspheres, or nanocapsules and are
stable both in vitro and in vivo. They demonstrated significant levels of biocompatibility
and biodegradability when evaluated in vivo, which facilitated treatment, reduced side
effects, and enhanced the state of health. Their high solubility makes them ideal for use
as disintegrants in tablets that are soluble in water. For instance, the starch and chitosan
coating added to tablets enhanced their aesthetic presentation, shielded the medication
from deterioration, and masked the compound’s bad flavor. Alginate, a vegan alternative to
gelatin, or cellulose for hard capsules, was substituted for gelatin when utilized as capsule
material [66].

A relevant category of controlled-release systems is the mechanism that governs the
release of the chemical in question. The most common approach is diffusion. A reservoir
device, in which the bioactive material (drug) is confined and encircled by an inert diffusion
barrier, is the first type of diffusion-controlled system. These systems include membranes,
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capsules, microcapsules, liposomes, and hollow fibers. The active chemical is spread or
dissolved in an inert polymer in a monolithic device, on the other hand. The rate-limiting
phase in drug release is drug diffusion through the polymer matrix, much as it is in reservoir
systems, and release rates are limited by the polymer used and its influence on the diffusing
and partitioning ratio of the drug to be released [67,68].

Chemical control may be achieved via bio-erodible or pendant links in chemically
controlled systems. The use of bio-erodible (or biodegradable) systems is justified since
bio-erodible devices are absorbed by the body and therefore do not require surgical removal.
The transition of a water-insoluble material into a water-soluble substance is known as
polymer bio-erosion. The drug in a bio-erodible system is disseminated equally throughout
the polymer, similar to the way it is in monolithic systems. When the polymer that
surrounds it erodes, the drug escapes. Water or enzymes trigger bond scission, releasing
the drug which is covalently bonded to the polymer in a pendant chain form [49,69]. In
solvent-activated controlled systems, the active component is dissolved or dispersed inside
a polymeric matrix and is impossible to permeate through. As the environmental fluid
(e.g., water) enters the matrix, the polymer expands and the glass transition temperature
drops below the ambient (host) temperature in one kind of solvent-controlled system [70].
As a result, the encapsulant’s enlarged polymer becomes stretchy, enabling the medication
to pass through. Figure 3 represents various drug delivery devices.
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8. Sustainability

There should have been a debate on the limits to biomass usage for energy purposes
since the turn of the century to reduce man-made CO2 emissions. Bioenergy is now
subjected to a slew of new regulations. After all these years, how do we see ourselves
overcoming the situation?

8.1. Sustainability: From 18thCentury to Present

Bio-based polymers’ long-term viability allows them to be used for both general
and specialized applications, and deal with any issues or advancements in the polymer
sector. However, if humanity abandons accuracy and disregards biomass usage restrictions
to reduce CO2 emissions, its continual use would be impossible. Our world generates
approximately 200 billion tonnes of biomass each year. For food production, 9 billion is
required; 3 billion tones are used yearly; therefore, there seems to be enough space for some
energy generation. However, it is represented worldwide that yearly energy consumption
in biomass requires 45 billion tonnes. It is known that burning 4 billion tonnes of biomass,
mostly wood, straw, and dung (in particular in basic usage in poor nations) would result in
the remaining 40 billion tones being used to provide the same amount of energy as fossil
fuels already do (2 tonnes of biomass roughly equals 1 tonne of fossil fuel) [71].

8.2. Controversy on Limits to Biomass Use

It is an ongoing debate about whether biomass should be used for energy production
or not. Biomass use has been a preferred plan of climate activists and policymakers since
the turn of the century. Almost every sustainable energy concept involving biomass has
been accepted. Despite this, there used to be a lack of comprehensive knowledge of the
potential of solar, wind, and hydro energy, as well as other sources of energy [72]; regarding
genuine options, the general understanding used to be extremely limited. Biomass is a
convenient option since it was projected to expand in use at a fast pace, using the size,
infrastructure, and long history of food production and commerce [47]. It may have been
obvious at the time that for the sake of convenience, humanity would prefer to utilize
food components (sugar, maize, and palm oil), but that argument was dismissed. The
cultivation of fast-growing crops on empty land is imperative, according to proponents.
However, the dispute about whether utilizing farmlands for biofuels enhances the emission
of greenhouse gases as a result of land-use change started in 2008 and is still ongoing today.
If production of crops such as maize were to be initiated, the outcome would be a decrease
in CO2 emissions from fossil fuels. Because the CO2 produced during biofuel incineration
has already been absorbed by the growing crop, the advantaged and disadvantages sum
up to zero (if we disregard diesel oil for tractors and energy used in fertilizer production).

There are other issues with biofuels. The simplest biofuels are prioritized above food
production and (once again) tropical forests. Sugar or wheat dietary components are the
simplest sources of bioethanol. Vegetable oils are required for biodiesel, such as palm oil
(also a food component), for which large areas are burnt down in tropical forests (again)
in Indonesia and Malaysia [73]. It is challenging to combat such activities of Western
headquarters and cities, since merchants are always looking for the path of least resistance.
However, significant policy changes have occurred since 2008, such as the promotion of
“second generation” biofuels (produced from straw and other non-food resources) over
“first generation” biofuels (produced from food ingredients).

8.3. Outlook and Future Prospects

Sustainable polymers based on renewable resources are now gaining traction, and
so, in the coming future, society will seek and require materials that are less environmen-
tally harmful. Initial breakthroughs in the production of sustainable polymers resulted
in the creation of commodities which are largely used in packages and as fiber. The dis-
covery of raw materials or structural components which can be easily generated from
abundant feedstocks, do not compete for resources with food crops, and do not affect the
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environment is a major challenge. Innovations in crop growth and harvesting practices
such as yield optimization are predicted to increase the economic impact of bio-derived
polymers while minimizing their environmental impact. Examples of industrial as well as
agricultural waste are corn stover, fruit pulp, forestry debris, and CO2 emissions which
might be employed as monomers. The ubiquitous availability of lignocellulosic biomass
offers another substantial opportunity; nevertheless, improved biopolymer separation,
degradation, and transformation chemistry, as well as biochemistry, will be required to
maximize both monomer yield and affordability. Prioritizing monomer and polymer paths
that are interoperable with the present industrial base is an important, but frequently
disregarded design factor. Low cost and efficient purity of raw materials and products
for highly oxygenated bio-based materials need much greater customization. Retrofitting
existing industrial systems to support sustainable polymer manufacturing will remain a
significant driver in lowering expenses and accelerating uptake [74].

The end-of-life fate of sustainable polymers used in throwaway applications such as
packaging will have a huge impact on the implementation of bio-based materials. Novel
recycling, degrading, and disposal options are projected towards becoming increasingly
important in the future for preventing new materials from adding to current plastic waste
concerns, and policy and law may be able to affect the outcome. Although quantitative
assessment and assessment of sustainable polymers with petrochemical-derived equiv-
alents is still in its initial stages, many studies have shown that production impacts are
decreased in many cases, particularly in terms of greenhouse gas emissions and fossil
resource depletion. Studies should also examine the product’s life beyond manufacturing
and the consequences of disposal. Only a few polymers have been created that are totally
biodegradable; however, aliphatic polyesters such as polylactide are notable examples.
Bio-based polymers are currently widely used in packaging, although they are still unable
to compete with petrochemical-derived polymers in regard to price. Bio-based polymers
should instead compete in high-value, high-performance markets including thermoplas-
tic elastomers, engineering plastics, and composite materials. To ensure success, it is
important to customize and improve the properties of these polymers. Heat-resistant poly-
mers, for example, might compete with semi-aromatic polyesters and nylons are available
on the market. Elastomers with higher elongation-at-break values could compete with
petrochemical-derived polymers. Another area of research is understanding and develop-
ing bio-based polymer degradation patterns, such as combining long-term durability with
triggered disintegration. The task of broadening the scope and range of sustainable poly-
mers is enormous; to solve these complex problems, researchers from agriculture, biology,
biochemistry, catalysis, polymer chemistry, materials science, engineering, environmental
impact assessment, economics, and policy fields will need to collaborate. In the future,
humanity will require more materials that are effectively produced from natural waste and
are recyclable or biodegradable [75].

8.4. Future of Polymers Is a Sustainable Future

Stahl is a firm believer in the use of cutting-edge technology that allows us to produce
future-proof, long-lasting, and environmentally friendly polymers for use in coatings,
paints, varnishes, sealants, building chemicals, inks, and adhesives. Creation of superior
technologies is possible by using water and bio-based technology, as well as APEO-, VOC-,
solvent-, and label-free solutions. Legislation and various other efforts have put us on
the road to a more prosperous future. These advancements are reshaping our industry’s
future, paving the way for a new generation of future-proof technology that will contribute
to a more sustainable and prosperous sector. Professionals from all sectors are search-
ing for the most recent developments, including the automobile industry, construction
chemicals, graphic arts, mechanical engineering, aerospace, and shipbuilding, as well as
architecture, particularly in regard to the beautiful use of wood or metal in architectural
masterpieces [76].
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8.5. Relationship with Sustainable Development Goals of United Nations Organizations
(2030 Agenda)

The Sustainable Development Goals of United Nations Organizations (2030 agenda)
put forward 17 Sustainable Development Goals and 169 targets which demonstrated the
scale and ambition of this new universal Agenda. It commits to lessen the harmful effects
of urban activities and polymeric materials that are harmful to the environment and human
health, including through environmentally sound management and safe use of polymers,
waste reduction, and recycling, and more effective use of water and energy. The main
objective states that by 2030, there will be a significant decrease in the number of fatalities
and illnesses caused by hazardous non-BDPs, as well as pollution and contamination of
the air, water, and soil. The next major target is improving the water quality by decreasing
pollution, eliminating dumping, and minimizing the release of dangerous polymeric mate-
rials, half the share of untreated wastewater, and greatly boosting recycling and safe reuse
internationally. The final objective entails achieving environmentally sound management
of polymeric waste and all other chemical waste throughout their life cycles by established
international frameworks, and significantly reducing their release to air, water, and soil in
order to minimize their detrimental effects on human health and the environment [77].

9. Economic Potential

The market for bio-based polymers is anticipated to reach USD 29.8 billion by 2027,
expanding at a CAGR of 18.2% from 2022 to 2027. Sustainable polymers known as “bio-
based polymers” are created from renewable resources including biomass, starch, and
rubber, among others. Bio-based polymers’ starting components originate from plants,
animals, enzymes, or microbes. Polylactic acid, also known as polylactide, is considered
to be compostable and biodegradable. One of the key factors influencing the market for
bio-based polymers during the projected period is the rise in environmental concerns
regarding the disposal and recycling of synthetic polymers. The market expansion for
bio-based polymers is also being supported by the increasing acceptance of bio-based
materials in the end-use sectors, including packaging, pharmaceutical, construction, and
consumer products, among others. Chitosan is one of the most popular bio-based polymers
because it has amino groups on its polymer backbone, making it a rare natural cationic
polymer. Global bioplastics output in 2021 was 2.42 million tonnes, according to figures
released by European Bioplastics in partnership with the nova-Institute. Nevertheless, over
the projection period of 2022–2027, the market expansion is projected to be hampered by
the high cost of bio-based polymers. The market share of polyhydroxyalkanoates, which
was over 30% in 2021, is expected to increase significantly over the course of the projected
period. PHAs safeguard the environment and aquatic life by degrading in soil, water, and
municipal waste treatment facilities. The demand for the polyethylene sector is being driven
by the rising need for rigid and flexible packaging across a variety of industries, including
food, beverage, and pharmaceutical industries. Numerous packaging materials, including
carry bags, plastic films, and bottles, among others, employ polyhydroxyalkanoate. In 2020,
49 million metric tonnes of bottled drinking water will be produced annually, according to
DCC China [78].

Approximately 58% of the market in 2021 was accounted for by the packaging seg-
ments, which are predicted to expand at a noteworthy CAGR. The packaging sector now
has increasing need for bio-based polymers due to consumer lifestyle changes and tighten-
ing environmental laws regarding the use of synthetic polymers. The packaging business
has boosted demand for polymers because of the great durability and water resistance
of plastics. Among additional packaging uses for bio-based polymers are shopping bags,
cosmetic and personal care packaging, healthcare packaging, and food packaging. All
merchants will now be required to pay a levy for the use of plastic shopping bags starting
in July 2020, except for those that are biodegradable and those made with at least 25%
renewable plant-based resources. The Coca-Cola Company manufactures over 3 million
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tonnes of plastic packaging annually, according to the Forbes article. These are a few of the
elements influencing the packaging market.

In 2021, the Asia Pacific area accounted for up to 42% of the global market for bio-based
polymers, because of the booming packaging, food and beverage, and pharmaceutical
sectors. The market expansion in the area is being fueled by the presence of growing
countries such as China and India. The area demand is further supported by a large
supply of raw materials and a readily available workforce. Leading manufacturers of
food, drink, and personal care products, including Nestle, PepsiCo, Coca-Cola, LOreal
SA, Procter & Gamble, Beiersdorf AG, Unilever PLC, and others, are present in the region,
supporting regional growth during the course of the projection period. The China Chain
Store and Franchise Association reported that the country’s food and beverage (F&B)
market reached over USD 595 billion in 2019. Because bio-based polymers have a high cost
of polymerization, their manufacturing costs are typically 20% to 80% higher than those of
conventional polymers. In comparison to their petrochemical equivalents, which have been
developing quickly for more than 50 years, bio-based products are generally still in the
development stage and have not yet reached the same degree of commercialization. Only
1% of the world’s total polymers are produced from bio-based materials, as opposed to 99%
of the widely accessible conventional polymers. While standard polymers are available for
USD 1/kg to US D 2/kg, bio-based polymers range in price from USD 2/kg to US D 5/kg.
Because of this, the market expansion during the projected period is being constrained by
the high cost of bio-based polymers [79].

10. Current Strategies, Market Dynamics, and Research Trends
10.1. Current Strategies

Material selection is one of the most important tactics for the successful commercial-
ization of bio-based polymers. The right feedstock must be chosen by researchers before
bio-based polymers can be produced. The choice of feedstock is critical since it can alter the
characteristics of the polymer and the environmental effect. Several feedstocks are available
for the manufacturing of bio-based polymers, including sugarcane, maize, potato, and
other biomass sources. For instance, maize is used to make polylactic acid (PLA), which has
high processing, biodegradability, and mechanical qualities. The choice of feedstock must
take into account its accessibility, affordability, and environmental effect. The process of
synthesizing polymers is another important tactic. Bio-based polymers must be produced
using specialized polymerization processes that are suited to the particular feedstock. To at-
tain the required molecular weight, crystallinity, and other qualities, the reaction conditions
must be optimized. In the case of polyhydroxyalkanoates (PHAs), microbial fermentation
is used. The resultant polymer is versatile, biodegradable, and has high mechanical char-
acteristics. In order to achieve consistency in quality, cost-effectiveness, and commercial
viability, the polymerization process must be optimized.

Another essential tactic for a successful commercialization is the scaling up of the man-
ufacture of bio-based polymers. To guarantee cost-effectiveness and consistency in quality,
the production process must be optimized as part of the scaling-up process. The scale-up
procedure must take into account a number of variables, such as reactor size, feedstock
supply, and downstream processing. In the scale-up process, the deployment of pilot plants
is also crucial. Enzymes are used to depolymerize waste PET, which is followed by purifi-
cation and repolymerization of the resultant monomers to produce bio-based polyethylene
terephthalate (PET). This procedure has been successfully scaled up to allow for the com-
mercial production of bio-based PET. Other crucial tactics in the commercialization of
bio-based polymers include certification and regulatory compliance. To guarantee their
safety and effectiveness, bio-based polymers must adhere to strict regulatory standards.
To guarantee that they adhere to the appropriate criteria for biodegradability, toxicity, and
other important factors, testing and certification are required. Testing for biodegradability
in a variety of settings, including soil, the ocean, and commercial composting facilities, is
often required for the certification of bioplastics. Moreover, bio-based polymers need to
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adhere to a number of rules, such as the REACH regulation of the European Union, which
seeks to ensure the safe use of chemicals in the EU [45].

10.2. Market Dynamics

The market dynamics of emerging bio-based polymers are influenced by a variety of
factors, including regulations, feedstock availability, cost-effectiveness, and competition
from other sustainable materials. One of the primary factors influencing the market
dynamics of emerging bio-based polymers is regulatory requirements. Governments across
the world are implementing regulations to reduce the use of single-use plastics and promote
the use of eco-friendly alternatives. For example, the European Union’s Single-Use Plastics
Directive aims to reduce the consumption of single-use plastics and promote the use of
bio-based and biodegradable materials. Such regulations create a favorable market for
bio-based polymers, as companies seek to comply with these requirements.

Another key factor impacting the market dynamics of bio-based polymers is feedstock
availability. Bio-based polymers are primarily produced from agricultural crops such as
corn and sugarcane. The availability and cost of these feedstocks can significantly impact
the cost of bio-based polymers. In recent years, researchers have been exploring alternative
feedstocks, such as waste streams from various industries, to reduce the cost of bio-based
polymers and increase their availability. Cost-effectiveness is also a significant factor in
the market dynamics of bio-based polymers. While bio-based polymers are eco-friendly,
they must also be cost-effective to be competitive with traditional plastics. Companies
are exploring innovative methods for the production of bio-based polymers to reduce
production costs and increase efficiency. For example, researchers are developing microbial
fermentation processes for the production of bio-based polymers, which has the potential
to reduce production costs significantly.

Competition from other sustainable materials is another factor impacting the market
dynamics of bio-based polymers. While bio-based polymers offer a sustainable alterna-
tive to traditional plastics, they are not the only option. Companies must compete with
other materials, such as recycled plastics and paper-based materials, to provide the most
sustainable and cost-effective solutions for their customers. Consumer demand is another
significant driver of the market dynamics of emerging bio-based polymers. Consumers
are becoming increasingly aware of the environmental impact of traditional plastics and
are seeking eco-friendly alternatives. As a result, there is a growing demand for bio-based
polymers from consumers who aim to reduce their carbon footprint [80].

10.3. Research Trends

The rapid development of novel feedstocks is one of the key research themes in
the creation of bio-based polymers. Many bio-based polymers are now produced from
agricultural crops such as maize and sugarcane, but scientists are also examining additional
biomass sources such waste streams from different sectors, agricultural and forestry wastes,
and algae. These feedstocks may be more affordable, more readily available, and less
in conflict with food crops. Researchers are also searching for ways to develop more
productive and environmentally friendly production processes in order to maximize the
conversion of these feedstocks into bio-based polymers. The alteration of current materials
to enhance their qualities is a significant topic of research in the realm of bio-based polymers.
For instance, scientists are researching the ways to modify polylactic acid (PLA) in order
to increase its flexibility and robustness. Nowadays, PLA is utilized in many different
contexts, including packaging, but its brittleness has restricted its use in other contexts.
Other bio-based polymers with potential for use in the medical and pharmaceutical sectors,
such as polyhydroxyalkanoates (PHAs), are also being studied for methods to enhance
their mechanical qualities.

Another significant trend in research is the biodegradability and compostability of bio-
based polymers. These characteristics are crucial to the way bio-based polymers affect the
environment and their capacity to reduce plastic waste. To increase the biodegradability and
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compostability of bio-based polymers, researchers are examining the ways to improve their
chemical structure and molecular weight. Researchers are also investigating the possibility
of creating novel biodegradable materials that may offer a larger variety of applications,
including textiles, electronics, and automobile components. A prominent research topic
in the area of bio-based polymers is the upcycling and recycling of materials. Recycling
and upcycling have the ability to lessen the environmental impact of bio-based polymers
just as well as biodegradable and compostable products in terms of plastic waste reduction.
In order to recycle bio-based polymers, scientists are considering several strategies, such
as using enzymes and microorganisms to break down the materials into their component
components, which may then be utilized to create new bio-based polymers. Another
method being researched as a way to lessen waste and advance the circular economy is
upcycling, which is turning waste materials into goods with higher value.

Improved characteristics, broader potential applications, and cost-effective large-scale
production are the main goals of the current research trends in new bio-based polymers.
Significant research is conducted in the areas of examining novel feedstocks, modifying
current materials, and enhancing biodegradability and compostability. Investigations into
recycling and upcycling are especially crucial in the field of bio-based polymers because
they have the potential to cut waste and advance the circular economy. These developments
in research are essential for the creation and commercialization of bio-based polymers,
which have the potential to drastically lessen the environmental effect of plastics and
advance the progression of a more sustainable future [81].

11. Conclusions

Future growth of the bio-based polymer sector is anticipated to be significant due to
the growing need for green chemicals on a worldwide scale. For decades, scientists have
been investigating the production of functional polymers. The primary inspirations for the
development of bio-based polymers—which are necessary for a society that cares about
reducing waste—are compostability and biodegradability. This increase has been fueled by
significant advancements in the production of bio-based construction materials and technol-
ogy for the processing of biomass raw materials. Because of this, the chemical structure of
bio-based polymers is uniquely versatile and flexible, enabling them to achieve the desired
properties and functions. Such polymers play a major role in biomedical and biotechno-
logical applications as well as industrial applications, where biomolecules that naturally
exist are meticulously produced. At the same time, restrictions on the management of
polymer design, biostability, and structural dynamics obstruct the efficient production of
biocompatible and functionally diverse polymers despite major advancements. In light
of this, the significance of functional biosynthetic polymers in the next years has been
highlighted, and innovative methods have been created to address the aforementioned
difficulties. The most recent technical developments in bio-based polymers are also dis-
cussed. Due to the importance of polymer research in our daily lives, demand is growing
fast. The production of polymeric materials that are green, sustainable, energy-efficient,
high-quality, and affordable will guarantee that the best solutions are available everywhere,
and these polymers will be the foundation of the new millennium. In an effort to provide
the greatest goods with sustainable qualities, scientists and researchers keep working to
develop this material via studies and research. These people are finding successful careers
in the rubber, polymer, petroleum, and oil industries because of their increased polymer
engineering skills. Conversely, less attention is directed towards the end-of-life fates of
polymers. We suggest shifting more of a focus on chemical recycling in the future; chemical
recycling recognizes the value in plastic trash and promotes a closed-loop plastic economy.
The synthetic polymer community should regularly seek out the systems viewpoint offered
by life cycle assessment to help keep us on the path towards sustainability.

49



C 2023, 9, 30

Author Contributions: Conceptualization, T.M.J.; methodology, T.M.J.; validation, T.M.J., K.S.J.,
A.B.U., D.K.M., J.H. and S.T.; formal analysis, T.M.J., K.S.J., A.B.U. and D.K.M.; investigation, T.M.J.;
resources, J.H. and S.T.; data curation, T.M.J. and D.K.M.; writing—original draft preparation, T.M.J.;
writing—review and editing, T.M.J. and D.K.M.; supervision, J.H. and S.T.; project administration,
J.H. and S.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: A.B.U. acknowledges NCN Sonata- UMO-2021/43/D/ST5/01114.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Niaounakis, M. Biopolymers: Applications and Trends; William Andrew: New York, NY, USA, 2015; ISBN 978-0-323-35433-2.
2. KI, S.; Nutenki, R.; Joseph, T.M.; Murali, S. Structural, molecular and thermal properties of cardanol based monomers and

polymers synthesized via atom transfer radical polymerization (ATRP). J. Macromol. Sci. Part A 2022, 59, 403–410. [CrossRef]
3. Muringayil Joseph, T.; Murali Nair, S.; Kattimuttathu Ittara, S.; Haponiuk, J.T.; Thomas, S. Copolymerization of Styrene and

Pentadecylphenylmethacrylate (PDPMA): Synthesis, Characterization, Thermomechanical and Adhesion Properties. Polymers
2020, 12, 97. [CrossRef]

4. Hayward, W.W. The History of Hancock, New Hampshire, 1764–1889; Vox Populi Press, S. W. Huse & Co.: Philadelphia, PA, USA, 1889.
5. Muringayil Joseph, T.; Mariya, H.J.; Haponiuk, J.T.; Thomas, S.; Esmaeili, A.; Sajadi, S.M. Electromagnetic Interference Shielding

Effectiveness of Natural and Chlorobutyl Rubber Blend Nanocomposite. J. Compos. Sci. 2022, 6, 240. [CrossRef]
6. Nayak, A.K.; Hasnain, M.S.; Pal, D. Natural Polymers for Pharmaceutical Applications: Volume 1: Plant-Derived Polymers; CRC Press:

Boca Raton, FL, USA, 2019; ISBN 978-1-00-058682-4.
7. Kumar, P.; Mahapatra, D.K.; Kumar, D.; Taleuzzaman, M.; Borikar, S.; Gulecha, V.S.; Zalte, A.G.; Dadure, K.M.; Puranik, M.; Das,

M.; et al. Liposomal Delivery System for the Effective Delivery of Nutraceuticals and Functional Foods; Apple Academic Press: Palm Bay,
FL, USA, 2022; pp. 173–184.

8. Joseph, T.M.; Mahapatra, D.K.; Luke, P.M.; Haponiuk, J.T.; Thomas, S. Perspectives of Cashew Nut Shell Liquid (CNSL) in a
Pharmacotherapeutic Context; Apple Academic Press: Palm Bay, FL, USA, 2021; pp. 123–133, ISBN 978-1-00-305745-1.

9. Luke, P.M.; Dhanya, K.R.; Joseph, T.M.; Haponiuk, J.T.; Rouxel, D.; Thomas, S. Developments of Health Care: A Brief History of
Medicine; Apple Academic Press: Palm Bay, FL, USA, 2021; pp. 3–30, ISBN 978-1-00-305745-1.

10. Boichenko, S. Advance in Petroleum and Gas Industry and Petrochemistry ΠРIОРИТЕТ КAТЕГОРIЇ ЯКОCТI B CУЧACНИХ
УМОBAХ ΠAЛИBОЗAБЕЗΠЕЧЕННЯ ЕКОНОМIКИ УКРAЇНИ; Lviv Polytechnic National University: Lviv, Ukraine, 2022.

11. Shokri, Z.; Seidi, F.; Saeb, M.R.; Jin, Y.; Li, C.; Xiao, H. Elucidating the impact of enzymatic modifications on the structure,
properties, and applications of cellulose, chitosan, starch and their derivatives: A review. Mater. Today Chem. 2022, 24, 100780.
[CrossRef]

12. Seidi, F.; Arabi Shamsabadi, A.; Ebadi Amooghin, A.; Saeb, M.R.; Xiao, H.; Jin, Y.; Rezakazemi, M. Biopolymer-based membranes
from polysaccharides for CO2 separation: A review. Environ. Chem. Lett. 2022, 20, 1083–1128. [CrossRef]

13. Zheng, L.; Seidi, F.; Liu, Y.; Wu, W.; Xiao, H. Polymer-based and stimulus-responsive carriers for controlled release of agrochemi-
cals. Eur. Polym. J. 2022, 177, 111432. [CrossRef]

14. Adampourezare, M.; Hasanzadeh, M.; Dehghan, G.; Hosseinpourefeizi, M.-A.; Seidi, F. An innovative fluorometric bioanalysis
strategy towards recognition of DNA methylation using opto-active polymer: A new platform for DNA damage studies by
genosensor technology. J. Mol. Recognit. 2022, 35, e2981. [CrossRef] [PubMed]

15. Joseph, T.M.; Pallikkunnel, M.L.; Mahapatra, D.K.; Kallingal, A.; Thomas, S.; Haponiuk, J.T. Polyurethane−Epoxy Composites:
Recent Developments and Future Perspectives. In Polyurethane Chemistry: Renewable Polyols and Isocyanates; ACS Symposium
Series; American Chemical Society: Washington, DC, USA, 2021; Volume 1380, pp. 257–280. ISBN 978-0-8412-9840-8.

16. Dalton, B.; Bhagabati, P.; De Micco, J.; Padamati, R.B.; O’Connor, K. A Review on Biological Synthesis of the Biodegradable
Polymers Polyhydroxyalkanoates and the Development of Multiple Applications. Catalysts 2022, 12, 319. [CrossRef]

17. Standard Test Methods for Determining the Biobased Content of Solid, Liquid, and Gaseous Samples Using Radiocarbon Analysis.
Available online: https://www.astm.org/d6866-22.html (accessed on 30 December 2022).

18. Functionalized Masks: Powerful Materials against COVID-19 and Future Pandemics—Seidi—2021—Small—Wiley Online Library.
Available online: https://onlinelibrary.wiley.com/doi/full/10.1002/smll.202102453 (accessed on 30 December 2022).

19. Environmental Problems Caused by Polymers. Available online: https://www.azocleantech.com/article.aspx?ArticleID=1189
(accessed on 30 December 2022).

20. The Harmful Effects of Petrochemicals on the Environment|Sciencing. Available online: https://sciencing.com/harmful-effects-
petrochemicals-environment-8771898.html (accessed on 30 December 2022).

21. Balla, E.; Daniilidis, V.; Karlioti, G.; Kalamas, T.; Stefanidou, M.; Bikiaris, N.D.; Vlachopoulos, A.; Koumentakou, I.; Bikiaris,
D.N. Poly(lactic Acid): A Versatile Biobased Polymer for the Future with Multifunctional Properties—From Monomer Synthesis,
Polymerization Techniques and Molecular Weight Increase to PLA Applications. Polymers 2021, 13, 1822. [CrossRef]

50



C 2023, 9, 30

22. Delidovich, I.; Hausoul, P.J.C.; Deng, L.; Pfützenreuter, R.; Rose, M.; Palkovits, R. Alternative Monomers Based on Lignocellulose
and Their Use for Polymer Production. Chem. Rev. 2016, 116, 1540–1599. [CrossRef]

23. Haider, T.P.; Völker, C.; Kramm, J.; Landfester, K.; Wurm, F.R. Plastics of the future? The impact of biodegradable polymers on the
environment and on society. Ang. Chem. Int. Ed. 2019, 58, 50–62. [CrossRef]

24. Rai, P.; Mehrotra, S.; Priya, S.; Gnansounou, E.; Sharma, S.K. Recent advances in the sustainable design and applications of
biodegradable polymers. Biores. Techol. 2021, 325, 124739.

25. Leja, K.; Lewandowicz, G. Polymer biodegradation and biodegradable polymers-a review. Pol. J. Environ. Stud. 2010, 19, 255–266.
26. Mohanty, A.K.; Misra, M.A.; Hinrichsen, G.I. Biofibres, biodegradable polymers and biocomposites: An overview. Macromol.

Mater. Eng. 2000, 276, 1–24. [CrossRef]
27. Kyrikou, I.; Briassoulis, D. Biodegradation of Agricultural Plastic Films: A Critical Review. J. Polym. Environ. 2007, 15, 125–150.

[CrossRef]
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Abstract: Novel customised carbon monoliths with a high specific surface area were synthesised
by carbonisation plus activation of dehydrated whey powders, a biomass byproduct of the dairy
industry. The whey powders were casted directly by pouring them into a desired mould. After a
pseudo-sintering process promoted by the self-reaction of the whey components (mostly lactose
and whey proteins) at moderate temperatures (ca. 250 ◦C), 3D porous carbons were obtained. The
process did not require any binder or external overpressure to prepare the 3D porous carbons.
Upon thermal activation with CO2 or chemical activation with H3PO4 and KOH, the shape of the
monolithic structure was preserved after the development of a microporous network (SBET up to
2400 m2/g). Both thermal and chemical activation had little effect on the macroporosity of the
monoliths. Activation of these 3D carbons had to be performed with care to avoid heterogeneous
skin/core activation and/or overactivation. Highly porous monoliths (SBET of 980 m2/g; open
porosity of 70%) with outstanding compressive strength (10 MPa) could be obtained by thermal
activation (CO2) of whey monoliths at 850 ◦C for 1.5 h. Additionally, the use of whey as a precursor
provided the carbon monolith with a relatively high nitrogen content (ca. 3 wt.%).

Keywords: porous carbon monolith; activation; whey; biomass carbon; mechanical properties

1. Introduction

The manufacture of most carbon materials that are technologically relevant has
strongly relied on the fossil fuel industry. The predicted gradual phase-out of this in-
dustry is thus expected to have a massive impact on the way technological carbons are
made today, with carbon materials corporations being compelled to search for low-carbon
alternatives, including precursors. In this scenario, biomass is expected to play a primary
role as a precursor in several carbon markets in which its presence has been so far residual
or non-existent [1–3].

Biomass is already a significant contributor to the industrial production of porous
carbon materials. Activated carbon companies nowadays consume lignocellulosic biomass
(wood and coconut shell mainly) to obtain porous carbon powders or granules, which are
daily used products in a wide variety of activities including environmental and energy
storage applications [4–6]. However, in a number of processes, 3D structured porous
carbons (carbon monoliths) offer several advantages over powdered or granular ones [7–9].
Monolithic structures incorporate transport pores to reduce the pressure drop in contin-
uous operations such as industrial filters [10,11]. They are also very relevant materials
for heterogeneous catalytic reactors at the industrial level [12,13], and gas storage appli-
cations [14–16]. In all these applications, not only the porosity of the carbon material is
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of paramount importance but also how the 3D carbon structure endures the operating
conditions in industrial plants. In other words, 3D structured porous carbons should also
have good mechanical properties, which makes the current fossil fuel-derived resins and
binders (i.e., pitch) imperative in the manufacture of carbon monoliths [17–19].

There have been significant efforts to cut off ties with this undesirable dependence.
Carboxymethyl cellulose (CMC) has been used as a green binder with remarkable results
in terms of the mechanical properties of the resulting activated carbon monoliths [20].
However, the use of binders to agglomerate activated carbon powders has traditionally
important drawbacks related to pore clogging [21,22]. Strategies based on binder-free
monoliths from biomass precursors are scarce. Indeed, a very interesting methodology
comprises the formation of slurries from activating agents such as H3PO4 or ZnCl2 and lig-
nocellulosic precursors [23–25]. These slurries are prone to be either uniaxially compressed
or extruded to obtain monoliths that withstand carbonisation and washing of the activation
by-products. On the other hand, sustainable approaches to a greener synthesis of 3D struc-
tured porous carbons comprise studies with a number of novel biomass-derived precursors
including polysaccharides [26], tannins [27], or novel biomass wastes (i.e., beyond ligno-
cellulosic precursors) [28]. Hydrothermal carbonisation (HTC) and other approaches also
looked forward to obtaining 3D structured porous carbons, mainly carbon aerogels [29,30].
However, results in terms of the mechanical integrity of those green carbon monoliths have
been, in general, rather limited.

We have recently discovered the possibility of obtaining 3D porous carbons with
outstanding mechanical properties by direct carbonisation of whey powders poured on
moulds [31]. Whey powders result after the spray-drying of liquid whey, a byproduct of
cheese and casein production found in massive quantities in the dairy industry [32]. The rel-
atively high organic matter (mainly lactose) load of liquid whey makes whey management
a serious burden. Big dairy companies have invested important resources to valorise whey
and an estimated 50% of liquid whey ends nowadays in food and feed industries [33,34].
Still, ca. 100 million tons of liquid whey are wasted each year worldwide [35]. Since, as
detailed in [31], the mechanical properties of the 3D whey derived carbons compete with
those prepared from conventional resins, whey should be then considered a robust biomass
precursor to manufacture green carbon monoliths that can be used, for example, as bone
scaffolds [36].

The porosity of the 3D whey-derived carbons have been also characterised in previous
studies. The carbonisation of whey powders renders materials that are mainly macrop-
orous, with limited meso- and micropore development, as determined by N2 adsorption at
cryogenic temperatures [31]. The aim of this work is to study the activation of whey carbon
monoliths to improve their micro- and mesoporosity, which is compulsory for their use as
adsorbents or catalysts/catalyst supports. Although KOH activation of whey powders has
been reported before [37], as it has been that of non-fat powdered milk, a precursor similar
to whey [38], the final product of these studies are activated carbon powders, which is not
the purpose of this work.

2. Materials and Methods
2.1. Synthesis and Activation of the Whey-Derived Carbon Monoliths

The preparation of the custom-made microporous carbon 3D structures from whey com-
prises two steps: (i) pre-conformation of the 3D structure; (ii) carbonisation and/or activation.

For the pre-conformation of the 3D structures, whey powder (W) (CAPSA-Food,
Granda, Spain) was poured into a 12 mm inner diameter glass tube. Details of W including
its chemical composition have been reported elsewhere [31]. The pre-conformation step
was carried out at 150 ◦C for 1 h in a lab stove. After this step, the W powder transformed
into a solid rod of 12 mm diameter. The rod was then cut in cylinders of 30 mm height
using a circular saw.

The cylinders were further carbonised at different temperatures in a tubular furnace
(Carbolite, Hope Valley, UK) under N2 (100 mL/min) with a heating rate and dwell time
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of 10 ◦C/min and 1.5 h, respectively. The carbonised samples were labelled as CW_X,
with X being the carbonisation temperature. Some of the carbonised whey cylinders were
demineralised (samples CW_X_D) by acid (HCl) plus water washing in an ultrasonic bath.

Thermally activated samples (TAW) were first heat treated at up to 850 ◦C for 1.5 h
under 100 mL/min N2. After carbonisation, the temperature of the oven was set to the
activation temperature (800–850 ◦C), the N2 flux was switched to 50 mL/min CO2 and
kept at that activation temperature for 1–3 h. Finally, the monolith was cooled down in N2
(100 mL/min). The TAW_X_Y samples’ labelling code includes the activation temperature
(X) followed by the dwelling time (Y).

Chemically activated samples (CASs) were prepared using both KOH and H3PO4
as activating agents (CH). KOH powder, H3PO4 (85% in water) and fuming HCl were
purchased from Sigma-Aldrich (Schnelldorf, Germany). Milli-Q water was used for wash-
ing and impregnation procedures. The direct chemical activation of the pre-conformed
monoliths was not feasible and a thermal stabilisation step was required prior activation.
In the case of H3PO4 activation, the pre-conformed cylinders were heated up to 250 ◦C
in the tubular furnace under N2 (100 mL/min) for 1.5 h, whereas for KOH activation, the
stabilisation temperature was set at 450 ◦C. The thermally stabilised monoliths (S) were
then impregnated with different proportions of either KOH or H3PO4. This impregnation
step was carried out by sonicating the monolith in 100 mL of a water solution of the CH at
80 ◦C for 2 h and then dried at 100 ◦C. It is important to mention that the integrity of the
monolith remained unaltered after this stage. Afterwards, the impregnated monolith was
placed in an alumina crucible and thermally treated at different temperatures for 1.5 h with
a heating ramp of 10 ◦C/min under N2 atmosphere (100 mL/min). After cooling down in
N2, the CAS samples obtained using KOH were washed with 1 M HCl under US during
three cycles of 15 min each followed by vacuum filtration for each batch. Then, samples
were washed with distilled water in an ultrasonic bath and filtrated. This procedure was
performed for three consecutive 15 min washing cycles. The samples were finally dried at
110 ◦C in a convection oven overnight. For phosphoric activated samples, five washing
cycles were performed using only sonicated water. The resulting monoliths were labelled
as CAS_X_CH_Z, X being the heat treatment temperature, CH the activating agent (K for
KOH and P for H3PO4) and Z the S:CH impregnation ratio.

2.2. Characterisation Methods

The thermogravimetric (TG) analyses of the W powders were carried out in a TGA
Q5000 device from TA Instruments (New Castle, DE, USA) under N2 and CO2 atmospheres
(20 mL/min) using a heating rate of 10 ◦C/min from room temperature to 1000 ◦C with
sample masses of ca. 20 mg. For ash and moisture contents of the carbonised and activated
monoliths (also ca. 20 mg), TGs were obtained using 20 mL/min of N2 up to 900 ◦C
and then switching to air (20 mL/min) for 30 min at that temperature. The moisture
contents were calculated from the loss of weight at 110 ◦C. The ash content was estimated
by the difference of the total loss of weight of the sample after combustion at 900 ◦C on
air. The elemental analysis of the carbon monoliths was carried out in LECO (Geleen,
The Netherlands) apparatuses (LECO CHNS-932, and LECO VTF-900 for oxygen content
determination). The point of zero charge of the monoliths (pHPZC) was determined by
mass titration [39].

Nitrogen adsorption–desorption isotherms at −196 ◦C were performed in a Mi-
cromeritics Tristar II volumetric adsorption system, after outgassing the samples at 120 ◦C
overnight. The specific surface area (SBET) and micropore volume (Vmicro) were calcu-
lated using the Brunauer–Emmett–Teller (BET) and Dubinin–Radushkevich (DR) models,
respectively, while the pore size distributions (PSD) were calculated using the Density
Functional Theory (DFT) model. The helium densities (ρHe) were determined in an Accu-
Pyc 1330 pycnometer (Micromeritics, Norcross, GA, USA). For the Hg intrusion technique,
an AutoPore IV porosimeter (Micromeritics, GA, USA) was used. The Hg densities (ρHg)
and corresponding PSDs were determined from the Hg intrusion data up to a maximum
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operating pressure of 227 MPa. For both He and Hg densities determination, samples were
outgassed at 120 ◦C overnight.

Compressive strengths (Su) were evaluated in an Instron Model 8562 (Instron, Nor-
wood, MA, USA) device with a cell load of 10 kN and a test velocity of 0.5 mm/min. The
final dimensions of the tested specimens were 12.25 ± 0.2 mm diameter and 22.5 ± 0.2 mm
height. The compressive strength value is the maximum stress (load/area) that the spec-
imen stood during the test. The elastic compressive moduli (E) were obtained from the
slope of the linear elastic region of the stress vs. strain curve. For a given sample, the Su
and E values reported are the average of three compressive tests.

3. Results and Discussion
3.1. Customised 3D Structures Made of Carbonised Whey Powders

As shown in Figure 1, 3D monolithic porous carbons with different shapes and sizes
were obtained by the simple carbonisation of pre-conformed W powders, depending on
the selected mould (cubes, cylinders, spheres, hexagons, etc.). Even more sophisticated
geometries, such as nuts or hollow cylinders, are possible. Also, the mechanical stability
of the whey-derived carbon monoliths bears machining processes to obtain customised
materials for a variety of applications. As pointed out in previous works [31], whey particles
stick to each other by the self-reaction between the precursor constituents (lactose and
whey proteins) during the heat treatment. Whey particles do not melt with temperature
and both the pre-conformation and carbonisation/activation of the 3D structures is carried
out in absence of any external template, binders or pressure. It should be finally mentioned
that quantities of inorganic matter (6–13% ash contents, depending on the W batch and/or
brand) remain in the carbon monoliths, mainly composed of Ca, K, Na, and P [31,40].
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Figure 1. Examples of customised whey-derived carbon 3D structures made by simple moulding, or
by moulding + machining.

3.2. Thermal Activation of the Whey-Derived 3D Carbons

As mentioned in the Introduction, whey carbon monoliths are essentially macroporous
materials (maximum of the Hg intrusion PSD centred at 20–40 µm, see Section 3.4) and
show no significant micro or mesoporosity, as measured by N2 adsorption at −196 ◦C
(Figure 2a). However, the adsorption of CO2 at 0 ◦C on the same materials (Figure 2b) is
significant and reveals the ultra-microporosity (pore sizes below 0.7 nm) of these materials.
The ultra-microporosity is incipient in the low-temperature carbonised monoliths CW_450
and increases substantially as the carbonisation temperature rises up to 750 and 850 ◦C.
Finally, higher carbonisation temperatures (CW_1000) result in a decrease in the volume of
CO2 adsorbed, thus suggesting the collapse of the narrow micropores. The relevant CO2
adsorption on these materials, especially CW_750 and CW_850, opens the possibility of
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transforming the whey-derived carbon 3D structures into activated carbon monoliths by
thermal activation.
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Figure 2. (a) N2 adsorption isotherms (−196 ◦C); and (b) CO2 adsorption isotherms (0 ◦C) on whey
monoliths carbonised at different temperatures.

This was further confirmed by the TG analysis of the precursor W. Figure 3 shows the
TG and DTG profiles of W heated in both N2 and CO2 atmospheres. Discussing first the TG
profile of whey carbonisation, the TG curve is characterised by five stages. The first stage
with the DTG peak at ca. 80 ◦C is attributed to the evaporation of the moisture remaining
in the W sample. The second stage (130–160 ◦C) corresponds to the loss of crystalline
water present in the α-lactose monohydrate (spray dried whey particles are a matrix of
amorphous lactose in which lactose monohydrate crystals, proteins, fats and minerals are
embedded). The reactions occurring in this temperature range are critical for the formation
of 3D structures from W that withstand carbonisation. The release of crystalline water in
this second stage is expected to boost the formation of melanoidins through the Maillard
reactions between the lactose and the proteins in W. The successive thermal events (from
160 ◦C onwards) are thus complex and comprise the thermal evolution of unreacted lactose
and whey proteins, on one side [31], and melanoidins, on the other [41,42].
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Figure 3. TG and DTG of the whey powders under N2 and CO2 atmospheres.

57



C 2023, 9, 100

The TG of W in CO2 is, as expected, virtually identical to that in N2 during most
of the temperature scan. Gasification starts at 720 ◦C, and the quick mass drop, also
reflected in the sharpness of the corresponding CO2 DTG band with maximum at 935 ◦C,
indicates the relatively high reactivity of the W char when compared, for example, to
conventional biomass chars such as coconut char [43]. This high reactivity of the whey
char is a consequence of two contributions: (i) the high ultra-micropore volume of the CWs
obtained at carbonisation temperatures above 700 ◦C (Figure 2b); and (ii) the existence
of mineral matter catalysing the gasification. Analysis of the TG/DTG CO2 profile of W
suggests that the best temperature range for thermal activation of W chars is 800–850 ◦C,
temperatures at which the gasification would be kept under (relative) control.

The activation of the W chars (CW_850) was thus carried out at 800 ◦C and 850 ◦C.
Before showing and discussing the results obtained, a fundamental comment regarding the
thermal activation of these monoliths should be pointed out. The thermal activation of the
stocky 3D structures of carbonised whey in the tubular oven was quite tricky. Considering
that, even when working with powders, the standard procedures of CO2 activation recom-
mend the deposit of thin layers over the crucible in order to facilitate the contact between
the gas and the carbon material, the activation of a monolith represents a challenge. The
CO2 needs to diffuse into the whole cylinder in order to obtain a homogeneous activation,
i.e., to minimise the differences of activation between the skin and the core of the mono-
lith [44]. N2 isotherms (−196 ◦C) of the monolith skin and core were thus measured by
removing the outermost (approx. 1 mm) crust of the cylinders after activation. Although
we were confident that the open macroporosity of the whey-derived chars would ease the
diffusion of the CO2 inside the cylinders, the initial experiments failed to provide homo-
geneous activation of the pieces. Regardless of the changes in the composition (relative
proportion of CO2 and N2) and flux of the inlet gas, those initial experiments brought
about either non-activated monoliths or only skin-activated monoliths. It was necessary
to plug a substantial amount of quartz wool at the tube inlet (approx. 10 cm length), that
helped to spread the laminar flow of CO2, to succeed with differences between the skin
and core being less than 10%. The results shown in Figure 4 and Table 1 correspond to the
measurements of the whole (skin + core) monolith.
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Figure 4. (a) N2 adsorption isotherms (−196 ◦C); and (b) DFT pore size distributions of the thermally
(CO2) activated monoliths derived from whey.
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Table 1. Selected textural parameters and yields of the thermally activated carbon monoliths.

Sample SBET
(m2/g)

Vtotal
a

(cm3/g)
Vmicro

b

(cm3/g)
Vmeso

c

(cm3/g)
ρHe

(g/cm3)
Yield d

(%)
Burn-Off e

(%)

CW_850 <10 0.001 - - 2.00 22.4 0
TAW_800_1 500 0.287 0.205 0.082 2.07 17.2 23.2
TAW_800_2 663 0.363 0.261 0.102 2.00 15.0 33.0
TAW_800_3 834 0.529 0.332 0.197 1.98 12.3 45.1
TAW_850_1 839 0.516 0.331 0.185 2.01 12.3 45.1

TAW_850_1.5 981 0.689 0.377 0.312 2.01 10.1 54.9
TAW_850_2 1140 0.995 0.442 0.553 1.99 7.1 68.3

a Calculated at p/p0 = 0.99; b calculated with the DR method; c Vmeso = Vtotal − Vmicro; d expressed as
(massmonolith/masswhey) × 100; e expressed as 100 − [(yieldCW_850/yieldmonolith) × 100].

Thermal activation is effective at both temperatures, rendering materials that combine
micro and mesoporosity (isotherm Type IV, Figure 4a). The monoliths activated at 800 ◦C
show a limited development of the microporosity, with SBET maximum values of 840 m2/g
after 3 h of dwell time. This very same value is obtained after only 1 h of CO2 activation at
850 ◦C, whereas 2 h activation at this higher temperature brings about materials with SBET
values well above 1100 m2/g. Due to the high reactivity of the whey-derived carbon, this
relatively high surface area is attained at the expense of a high burn-off (68.3%, Table 1) of
the whey char, which strongly limits the mechanical integrity of the resulting 3D structure
(Figure 5). Profusion of cracks in the whey monoliths makes the activation conditions (2 h
at 850 ◦C) unfeasible for their practical use, thus establishing the temperature and dwell
time boundaries for thermal activation of these 3D structures with CO2. On the other hand,
looking at the textural parameters of the activated monoliths at 850 ◦C (Table 1), there is a
considerable gap between the specific surface area of the TAW_850_1 and TAW_850_2. We
decided then to perform an additional activation experiment with a 1.5 h dwell time (sample
TAW_850_1.5); the results are also included in Figure 4 and Table 1. The TAW_850_1.5
monoliths were free of external crevices.
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Figure 5. An example of a monolith with crevices due to overactivation. This picture corresponds to
TAW_850_2, but it is also representative of the chemically activated monoliths.

The gasification of the whey monoliths under the tested conditions encompasses not
only the formation of micropores but also an enhancement of the mesoporosity. The pore
size distribution in the mesopore range of these materials is very similar for all materials
except TAW_850_1.5 (Figure 4b). They are wide distributions in which several maxima
can be spotted at ca. 20, 35, and 50 nm. In the case of the TAW_850_1.5 mesopore size
distribution, the maximum at 20 nm seems to further split into two bands at 10–12 nm
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and 25 nm. The evolution of the micropore and mesopore volumes (Table 1) as the ac-
tivation conditions become harsher confirms that a 850 ◦C and 2 h dwell is a point of
inflection with Vmeso > Vmicro, thus suggesting that gasification of the char is widening the
micropore network.

Figure 6 shows the relation between the burn-off and the specific surface area and
micropore volume of the thermally activated samples. A good linear correlation exists in
both cases.

C 2023, 9, x FOR PEER REVIEW 8 of 18 
 

 
Figure 5. An example of a monolith with crevices due to overactivation. This picture corresponds to 
TAW_850_2, but it is also representative of the chemically activated monoliths. 

The gasification of the whey monoliths under the tested conditions encompasses not 
only the formation of micropores but also an enhancement of the mesoporosity. The pore 
size distribution in the mesopore range of these materials is very similar for all materials 
except TAW_850_1.5 (Figure 4b). They are wide distributions in which several maxima 
can be spotted at ca. 20, 35, and 50 nm. In the case of the TAW_850_1.5 mesopore size 
distribution, the maximum at 20 nm seems to further split into two bands at 10–12 nm 
and 25 nm. The evolution of the micropore and mesopore volumes (Table 1) as the acti-
vation conditions become harsher confirms that a 850 °C and 2 h dwell is a point of in-
flection with Vmeso > Vmicro, thus suggesting that gasification of the char is widening the 
micropore network. 

Figure 6 shows the relation between the burn-off and the specific surface area and 
micropore volume of the thermally activated samples. A good linear correlation exists in 
both cases. 

 
Figure 6. Specific surface area (SBET) and micropore volume (Vmicro) as a function of the thermal ac-
tivation burn-off of the whey-derived activated carbon monoliths. Void and solid symbols corre-
spond to the TAW_800 and TAW_850 monoliths, respectively. 

3.3. Chemical Activation of the Whey-Derived 3D Structures 

20 30 40 50 60 70
400

500

600

700

800

900

1000

1100

1200

,  SBET (r2 = 0.996)

S B
ET

 (m
2 /g

)

Burn-off (%)

0.20

0.25

0.30

0.35

0.40

0.45

,  Vmicro (r2=0.996)

V m
ic

ro
 (c

m
3 /g

)

Figure 6. Specific surface area (SBET) and micropore volume (Vmicro) as a function of the thermal acti-
vation burn-off of the whey-derived activated carbon monoliths. Void and solid symbols correspond
to the TAW_800 and TAW_850 monoliths, respectively.

3.3. Chemical Activation of the Whey-Derived 3D Structures

KOH and H3PO4 were selected as activating agents (CH) due to their well-known
capacity to generate a microporous network into the carbon matrix. As detailed in the
Section 2, the chemical activation was carried out over thermally stabilised monoliths. The
direct activation of the whey brought about melted structures that did not keep the shape of
the mould containing them, obtaining either powders (KOH activation) or foamy structures
(H3PO4 activation). On the other hand, the issue that was pointed out when discussing the
results of the thermal activation, regarding the homogeneity of the activated materials, was
much less critical in the case of the chemical activation of the thermally stabilised monoliths.
The macroporosity already present in these stabilised monoliths was well interconnected
and the CH impregnation step was effective in reaching the inner parts of the stabilised
monoliths. In addition, in the case of KOH it is also expected that the melting of the salt at
temperatures above 360 ◦C will help the infiltration of CH into the monoliths and thus lead
to a more homogeneous activation.

3.3.1. KOH Activation

Figure 7 shows the N2 adsorption isotherms (−196 ◦C) of the KOH-activated samples
and Table 2 summarises the principal textural parameters calculated from those isotherms.
All N2 isotherms are Type I with well-defined plateaus corresponding to highly micro-
porous materials with slit-shaped pores in the micropore range, with the exception of
CAS_750_K_1:1, which is a mixed Type I and IV isotherm with a hysteresis loop denoting
the presence of mesopores (Vmeso = 0.137 cm3/g, Table 2).
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Figure 7. (a) N2 adsorption isotherms (−196 ◦C); and (b) DFT pore size distributions of the chemically
(KOH) activated monoliths derived from whey. Inset of (b) is a zoom of a selected area (5–50 nm).

Table 2. Selected textural parameters and yields of the chemically (KOH) activated carbon monoliths.

Sample SBET
(m2/g)

Vtotal
a

(cm3/g)
Vmicro

b

(cm3/g)
Vmeso

c

(cm3/g)
ρHe

(g/cm3)
Yield d

(%)

CW_750 <10 - - - 1.91 27.1
CW_750_D 528 0.287 0.205 0.082 1.93 26.1

CAS_700_K_1:2 1777 0.722 0.690 0.032 2.08 14.2
CAS_750_K_1:1 1346 0.655 0.518 0.137 2.02 21.3
CAS_750_K_1:2 2440 1.100 1.072 0.028 2.12 13.9
CAS_750_K_1:3 2815 1.224 1.216 0.008 2.36 10.9
CAS_800_K_1:2 2356 1.029 1.017 0.012 2.44 13.0

a Calculated at p/p0 = 0.99; b calculated with the DR method; c Vmeso = Vtotal − Vmicro; d expressed as
(massmonolith/masswhey) × 100.

The effect of the monolith/CH ratio on the KOH activation was as expected. For a
given temperature (750 ◦C), increasing the KOH content increases the total pore volume
of the monoliths from 0.655 to 1.224 cm3/g. The microporosity is enhanced as one moves
from CAS_750_K_1:1 to CAS_750_K_1:3, whereas the mesopore volume diminishes quickly
(Table 2). A close look to the PSD of these materials (Figure 7b) shows how the initially wide
mesopores (>5 nm) present in CAS_750_K_1:1 disappear as the relative CH ratio increases
(i.e., samples CAS_X_K_1:2 and CAS_X_K_1:3, with X being 750 or 800), with narrow
mesopores with an average diameter of around 2.8 nm evolving in those samples. The
origin of the wide mesopores in sample CAS_750_K_1:1 should be related to the precursor
porosity [45]. Since the carbonised whey CW_750 shows no significant N2 adsorption at
cryogenic temperatures, the origin of the wide mesoporosity of CAS_750_K_1:1 should be
related to the washing carried out after the KOH activation to remove byproducts (mainly
carbonates). To check this possibility, a CW_750 monolith was thoroughly washed with
HCl and water following the same methodology used for the KOH-activated monoliths.
The N2 adsorption isotherm and textural parameters of the CW_750 _D monolith are also
included in Figure 7 and Table 2. It is clear that (i) a simple demineralisation process
increases significantly the porosity (as determined by the N2 adsorption) of the whey
carbon monoliths, with mineral species in the CWs blocking the entrance to pores; and
(ii) mesopores are a significant part of CW_750 _D porosity, with a PSD resembling that of
CAS_750_K_1:1 (see inset in Figure 7b).
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As for the effect of the activation temperature [45], for a given monolith/CH ratio (1:2),
results fulfilled the expectances only partially. Increasing the heat treatment temperature
from 700 ◦C to 750 ◦C leads to an important increment in the porosity of the monoliths
(Figure 7 and Table 2). However, a further rise to 800 ◦C has little effect in either the specific
surface area or pore volumes.

The effectiveness of the KOH activation when compared to thermal activation is clearly
demonstrated with materials reaching SBET values up to 2815 m2/g and a Vtotal = 1.224 cm3/g
for the maximum chemical agent ratio tested (1:3). Moreover, the yields of the activated
monoliths per specific surface area are much higher in the case of the KOH-activated
samples (Tables 1 and 2). In spite of this latter observation, the harshness of the alkali
activation caused at least the presence of cracks that where evident after ocular inspection
of the monoliths (Figure 5). In some cases, CAS_750_K_1:3 and CAS_800_K_1:2, the
breakdown of the monoliths in several pieces occurred, thus limiting strongly the feasibility
of this type of activation to obtain customised 3D microporous carbons.

3.3.2. H3PO4 Activation

As in the case of the KOH activation, we explored the effect of the CH relative pro-
portion and the activation temperature variables on the outcome. Figure 8 shows the N2
adsorption isotherms (−196 ◦C) of the H3PO4 activated samples, with Table 3 collecting
the principal textural parameters calculated. All phosphoric activated monoliths isotherms
are a combination of Type I and Type IV for microporous materials with a certain amount
of mesopores and hysteresis loop type H4 for slit-shaped pores. The isotherms have open
“knees” in the micropore relative pressure range, which indicates a lower contribution of
microporosity to the total pore volume. This contrasts with the KOH-activated samples
showing isotherms with very close “knees”. Thus, comparing the samples with simi-
lar Vtotal values (i.e., CAS_750_K_1:1 and CAS_800_P_1:2, Tables 2 and 3, respectively),
the KOH-activated samples exhibit significantly higher SBET and Vmicro than the H3PO4-
activated samples. As a consequence, the contribution of mesoporosity to the Vtotal is the
highest for this type of activation. The N2 PSDs of all the phosphoric-activated samples
(Figure 8b) point out that a relatively sharp, unimodal distribution in the mesoporosity
range is common to all monoliths, with maxima located at ca. 3 nm (i.e., narrow mesopores).
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Table 3. Selected textural parameters and yields of the chemically (H3PO4) activated carbon monoliths.

Sample SBET
(m2/g)

Vtotal
a

(cm3/g)
Vmicro

b

(cm3/g)
Vmeso

c

(cm3/g)
ρHe

(g/cm3)
Yield d

(%)

CAS_500_P_1:2 893 0.554 0.329 0.225 1.64 33.7
CAS_700_P_1:2 891 0.511 0.303 0.208 1.83 31.8
CAS_800_P_1:2 1354 0.751 0.438 0.313 2.00 23.7
CAS_800_P_1:3 886 0.539 0.297 0.242 1.93 26.4
CAS_850_P_1:2 1062 0.578 0.372 0.206 1.93 22.1

a Calculated at p/p0 = 0.99; b calculated with the DR method; c Vmeso = Vtotal − Vmicro; d expressed as
(massmonolith/masswhey) × 100.

The possibility of using different thermally stabilised whey:H3PO4 ratios was very
limited and restricted in practice to a 1:2 ratio. The thermally stabilised whey: H3PO4
ratios of 1:1 produced little to no pore development, whereas the use of higher ratios (1:3)
led to the overactivation of the monoliths. This latter observation is exemplified with
the samples CAS_800_P_1:2 and CAS_800_P_1:3 in Figure 8 and Table 3. Increasing the
relative proportion of the CH brings about a monolith with lower textural parameters. It
has been reported that, when using high phosphoric acid impregnation ratios at relatively
high (800 ◦C) activation temperatures, the progressive formation of polyphosphates and
C-O-P bonds could block the pore entrances and lead to some loss of porosity, since these
phosphate-like species are not easily removed in the washing process [46]. This would
also justify the higher yield of CAS_800_P_1:3 when compared to that of CAS_800_P_1:2
(Table 3).

Regarding the effect of the activation temperature, although the activation with H3PO4
works better at lower temperatures for lignocellulosic precursors [47,48], in this case,
results show that higher temperatures (800 ◦C) are necessary to obtain an optimal porous
development (Figure 8), with a maximum SBET for sample CAS_800_P_1:2 of 1354 m2/g
(Table 3). This could be attributed to the different mechanisms involved in the activation
with phosphoric acid. In the activation at low temperatures (500 ◦C) of the thermally
stabilised (250 ◦C, in this case) whey monoliths, the porosity is mainly produced by the
elimination of volatile matter (Figure 3) catalysed by the dehydration of the phosphoric
acid, which promotes bond cleavage reactions and crosslinking formation via processes
such as cyclisation and condensation [47,48]. Activation at higher temperatures (>500 ◦C)
provokes, in some cases, the collapse of the porous network. However, when the activation
temperature rises to 700 ◦C, the structure of the whey carbon is strong enough to maintain
the microporosity developed at earlier stages (hence the similar pore development of
samples CAS_500_P_1:2 and CAS_700_P_1:2), with a slight densification taking place as
shown by the significant increase in the real density (ρHe) of the CAS_700_P_1:2 sample.

As just mentioned, the most important pore development occurs at 800 ◦C, sample
CAS_800_P_1:2. The activation mechanism of phosphoric acid at such relatively high
temperatures is different to that already discussed. At this temperature, H3PO4 dehydrates
and transforms into P4O10 [40]. This latter moiety behaves in the absence of water as an
oxidant reacting with the carbon matrix as follows [48]:

P4O10 + 2C → P4O6 + 2CO2 (1)

The formation of volatile phosphorous-containing compounds as a result of the present
phosphate reduction and the introduction of phosphorus species into the carbon structure
through C-O-P bonds led to the formation of new pores and the widening of the existent
pores. At the same time, the reaction between the evolved CO2 and the carbon skeleton
results in an additional increase in porosity. Depending on the precursors, some authors
report the presence of PH4 and elemental P4 as products of the high-temperature phosphoric
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activation of carbons [48–50]. These phosphorous species are easily removed in the washing
process thus leaving pores available. Finally, further rising the activation temperature up
to 850 ◦C (sample CAS_850_P_1:2) backtracks in terms of the pore development, thus
suggesting that some of the micro- and narrow mesoporosity start to collapse.

Although the porous development of the H3PO4-activated samples is poorer compared
with the KOH-activated samples, the yields are considerably higher, higher even than the
thermally activated ones. This would make this activation very interesting, although we
could not obtain samples free of cracks (Figure 5) under the activation conditions tested.

3.4. Further Characterisation of Selected Samples

Five monolithic samples combining high specific surface area and (in principle) good
mechanical integrity, namely CW_850, CW_750_D, TAW_850_1.5, CAS_750_K_1:2, and
CAS_800_P_1:2 were further characterised using different techniques.

To complete the characterisation of the porosity of the monoliths, the selected samples
were analysed by Hg intrusion. Figure 9 shows the PSD obtained by Hg intrusion with
the corresponding main textural parameters collected in Table 4. All monoliths show an
important macroporous development with the maxima of the Hg PSD centred at ca. 27 µm,
except in the case of TAW_850_1.5, for which the Hg PSD is slightly shifted to smaller pore
sizes values (Table 4). The percentage of porosity of the activated samples is >70%, with
sample CAS_750_K_1:2 showing an outstanding 82% porosity value. The widening of the
PSD of CAS_750_K_1:2 in the lower pore sizes region is also evident. This might suggest
that the intrusion of Hg is damaging the sample. The same observation also stands when
analysing the PSD of the monoliths in the mesoporous region. The relatively high Vmeso (as
determined with Hg intrusion) of CAS_750_K_1:2 was totally unexpected in the light of its
N2 adsorption isotherm (Figure 7). Actually, the only monoliths that show significant Vmeso
values in the Hg intrusion characterisation are the activated ones (Table 4), thus pointing
out that the monoliths might not be bearing such massive pressures.
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Figure 9. Pore size distributions (PSD) of selected monoliths as measured by Hg intrusion.

The elemental analyses, moisture and ash contents of the selected monoliths are
collected in Table 5. Both CW_850 and TAW_850_1.5 samples have the highest ash contents.
The demineralisation of the carbonised samples and the cleaning of the by-products after
the chemically activated monoliths remove most of the ashes leaves only <4% leftover.
Those two samples also contain the highest moisture values and oxygen contents, and
the lowest carbon contents, all of which being related to their high ash content. It is also
remarkable the high nitrogen content that remains in the carbon structure of the activated
monoliths (≥3%), regardless of the activation procedure. Specifically, chemical activation
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had little effect on the final nitrogen content of the monoliths. This is especially relevant
for a broad spectrum of electrochemical applications with special interest in natural and
induced nitrogen carbon materials [51–53]. This is very interesting since all this nitrogen
content is naturally present in the whey powders, i.e., there is no need for an extra nitrogen
source for N-doping. Furthermore, the N content of these materials surpasses even those
reported for N-doped mesoporous carbons derived from tannins, as well as the microporous
carbons derived from various natural biowaste fibres that have been modified with different
nitrogen source species, such as urea or melamine [54,55]. Finally, monolithic materials
with very different surface chemistry in terms of acidity/basicity, as determined by the
pHPZC, were obtained.

Table 4. Textural parameters of selected monoliths obtained from Hg intrusion data.

Sample
VHg

a

(cm3/g)
Vmacro

b

(cm3/g)
Vmeso

c

(cm3/g)
dmax

d

(µm)
ρHg

(g/cm3)
s e

(wt.%)

CW_850 1.435 1.435 - 27.3 0.85 57
CW_750_D 1.493 1.469 - 27.1 0.85 59
TA_850_1.5 1.947 1.854 0.094 23.7 0.62 70

CAS_750_K_1:2 2.378 2.134 0.245 27.0 0.38 82
CAS_800_P_1:2 2.038 1.884 0.145 28.8 0.57 72

a Volume of intruded Hg; b volume of Hg intruded in pores with sizes > 50 nm; c Vmeso = VHg − Vmacro; d pore
size of the PSD maximum; e open porosity, s = [1 − (ρHg/ρHe)] × 100.

Table 5. Elemental analysis, moisture and ash contents, and pHPZC of selected monoliths.

Sample C a

(wt.%)
H a

(wt.%)
N a

(wt.%)
S a

(wt.%)
O a

(wt.%)
Moisture b

(wt.%)
Ash b

(wt.%)
pHPZC

CW_850 68.0 1.2 2.3 0.2 13.4 12.2 6.1 11.1
CW_750_D 88.5 0.8 3.0 0.2 6.6 6.2 2.7 5.2
TA_850_1.5 64.5 0.8 3.0 0.2 14.0 13.7 18.1 11.3

CAS_750_K_1:2 88.3 0.5 3.2 0.2 6.7 9.6 3.0 4.8
CAS_800_P_1:2 82.3 1.2 3.1 0.0 11.4 7.8 3.8 2.4

a Elemental analysis, dry basis; b proximate analysis, wet basis.

3.5. Mechanical Properties of Selected Monoliths

Mechanical properties of the selected samples were evaluated by compressive tests.
Figure 10a shows typical strain/stress curves of the tested materials. Two of the monoliths,
the chemically activated CAS_750_K_1:2 and CAS_800_P_1:2, could not bear any load
during the compressive test, i.e., the structures shattered as soon as the load started to
build up. The crevices on the surface of the chemically activated monoliths acted as
fracture initiators that propagated quickly and destroyed the structures. Conversely, the
compressive test curves of the CW_850 and CW_850_D monoliths increased monotonically
within the elastic linear zone of the curve until the experiment reached the point of failure.
This behaviour is characteristic of ceramic materials presenting brittle failure. Finally, a
clear difference is observed in the stress/strain curve of the thermally activated monolith
TA_850_1.2. In this case, the curve progresses with some breaks or jumps, which could
indicate small fractures or imperfections in the monolith. After these discontinuities
in the curve, the stress recovers almost immediately and the monoliths is capable of
bearing loads up to higher strain values, when compared to CW_850 and CW_850_D.
The imperfections/fractures change the monolith failure mode to non-brittle, and if they
exacerbate, as in the case of the chemically activated monoliths and the thermally activated
monoliths under more severe conditions, thus leading to surface crevices (Figure 5), the
monolith cannot bear a substantial load.
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Figure 10. (a) Examples of stress/strain curves; and (b) strength (Su) and modulus (E) of selected
carbon monoliths.

Figure 10b shows the average values (and standard deviations) of the compressive
strength (Su) and modulus (E) of CW_850, CW_750_D, and TAW_850_1.5. The monolith
elastic modulus goes down with porosity, from 1.5 GPa to 350 MPa for CW_850_D and
TAW_850_1.5, respectively. This latter value is, however, much higher than the elastic
modulus reported for hierarchical carbon monoliths made from glucose (1 MPa) [56]. In the
case of CW_850, the Su value is over 40 MPa, which is superior to other porous carbons and
even ceramic materials with similar porosities. As the porosity of the monoliths increases,
the compressive strength decreases (Figure 11). In this way, CW_850_D presents values
around 20 MPa, while for TAW_850_1.5 the value of Su drops to ca. 10 MPa. However, all
these values are still very remarkable and considerably higher than those of other activated
carbons found in the literature (Figure 11, red symbols) [19,20,57–62], specifically those
made from coal (red triangles) [19], or those that are resin-based [57]. The red star of
Figure 11 corresponds to a ceramic (cordierite)/carbon monolith [62].
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4. Conclusions

A simple and novel method is presented for synthesising highly porous 3D carbon
structures. These carbon monoliths can be easily moulded to specific shapes and ma-
chined for specific applications. They are easily produced by pseudo-sintering dehydrated
whey powders at high temperatures, which promote self-reaction between the precursor
components (specifically lactose and whey proteins) with no need for external binders,
overpressure, or templates. A mechanically strong porous carbon 3D structure with a hier-
archical macro/meso/microporosity can be obtained simply by demineralising the whey
carbon monoliths. The monolithic shape is preserved upon thermal activation with CO2
and chemical activation with KOH or H3PO4, resulting in high porosities and SBET up to
2400 m2/g, although chemical activation affects critically the mechanical properties of the
3D structures. The final carbonised, demineralised, and thermally activated monoliths have
exceptional mechanical properties and an interconnected porous structure. In addition,
they have a notable natural nitrogen content of up to 3 wt.%.

The possibility of using whey as a precursor of activated carbon monoliths constitutes
a modest alternative for whey valorisation, in addition to lessening their dependence on
fossil-fuel derived precursors. These two outcomes are significant in a circular economy
model of materials/goods production and consumption.
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Abstract: Waste insulation electrical cables (WIEC) currently do not have an added value, due to
their physical–chemical characteristics. Carbonization is known to enhance feedstock properties,
particularly fuel and material properties; as such, this article aimed to study the production and
activation of biochars using WIEC and lignocellulosic biomass wastes as feedstock. Biochars were
produced in a ceramic kiln with an average capacity of 15 kg at different temperatures, namely 300, 350
and 400 ◦C. After production, the biochars were further submitted to a washing process with water
heated to 95 ◦C ± 5 ◦C and to an activation process with 2 N KOH. All biochars (after production,
washing and activation) were characterized regarding an elemental analysis, thermogravimetric
analysis, heating value, chlorine removal, ash content, apparent density and surface area. The
main results showed that the increase in carbonization temperature from 300 to 400 ◦C caused the
produced biochars to present a lower amount of oxygen and volatile matter, increased heating value,
greater chlorine removal and increased ash content. Furthermore, the activation process increased
the surface area of biochars as the production temperature increased. Overall, the carbonization of
WIEC mixed with lignocellulosic wastes showed potential in enhancing these waste physical and
chemical properties, with prospects to yield added-value products that activates biochar.

Keywords: WIEC; carbonization; biochar; pretreatment; activation

1. Introduction

Nowadays, the problems related to humanity’s carbon footprint have become an
important theme, and carbon neutrality has been pointed out as the only viable path-
way to solve our current environmental issues. As such, it is necessary to research new
materials that can be considered similar to fossil fuels but which are characterized by a
reduced or zero contribution to the overall balance of carbon dioxide [1]. The search for
alternative fuels with low emissions and renewable characteristics is crucial to mitigate en-
vironmental impacts and meet the increased global energy demand [2]. In this sense, wastes
(e.g., biomass wastes, municipal solid wastes, mixed wastes and construction and demoli-
tion wastes) are presented as valuable and sustainable energy sources to generate clean
energy instead of fossil fuels, presenting a fundamental role in sustainable development
strategies [3–5].

There are significant amounts of plastic and mixed wastes that cannot be recycled and
are not adequate for direct combustion or gasification due their heterogeneity and high
chlorine contents. These wastes usually end up being landfilled instead of being recognized
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for their potential as energy sources. Wastes from electrical equipment (e-waste or WEEE,
which includes waste insulation electric cables—WIEC) are the fastest-growing waste type
and are becoming a major environmental problem, mainly for developing and emerging
economies [6–9]. This increase is associated with the consumption of electrical equipment
(EEE), which increases annually around 2.5 Mt, resulting from economic and technological
development [10]. The amount of WEEE generated is increasing year by year, thus making
it difficult for recycling to keep up with this growth [11]. In the last 5 years, the global
amount of WEEE has increased by more than 9.0 Mt, producing an amount of 53.9 Mt
in 2019, with Europe being the third-largest producer of these wastes with annual rates
of 2% and estimating that less than 40% of these wastes are recycled [6]. In Portugal, in
2017, 43.5% of WEEEs were recycled. This increasing trend is clearly related to a higher
consumption of electrical equipment associated with a short lifetime and limited repair
options for the equipment [12,13].

Plastics assume different proportions in WEEEs, varying according to size and charac-
teristics. The plastic component can serve as housing, casing, insulation, internal shelves
or lining. The amount of plastic by weight represents a range between 3.5% and 45%,
presenting a great challenge to the recycling of WEEE derived from the mixture of plastics
that is used for each component and the plastic’s mechanical properties [14–16]. The charac-
teristics of different types of plastics must be taken into account for WEEE management to
provide a solid benchmark of environmental performance in recycling WEEE plastics [17].

Considering that wastes—in particular, biomass and mixed wastes—have very par-
ticular properties regarding their chemical characteristics, an understanding and compre-
hension of the various processes that integrate the energy recovery from them is essential.
To enhance the process of converting wastes into products with value, a pretreatment is
usually necessary. To further use these wastes in thermochemical conversion processes,
adsorption processes, as an additive in construction materials or for agricultural appli-
cations, carbonization can be applied to deal with the inherent recalcitrance present in
the components of these materials, being an alternative to homogenizing the material,
increasing their energy density or even their porosity. Carbonization is a thermochemical
process carried out at atmospheric pressure, temperatures between 300 and 500 ◦C in
a nonoxidizing atmosphere, with slow heating rates [18–21]. This process has emerged
as one of the approaches to treat biomass and wastes before submitting the feedstock to
gasification processes, for example, to avoid the excessive production of tars and harmful
compounds such as chlorine and yield better-quality syngas [22,23]. The main product
of this thermal process is known as biochar. Currently, there is a great interest in biochar
production due to the possibility of energy storage and possible use as anodes, filters
and biofuels. The use of different reaction conditions and different feedstock allow the
production of biochar with customized physical and chemical properties [24–26]. When
the feedstock is a biomass, the lignin content has a positive effect on the biochar yield and
its physical–chemical properties [27,28] The lignin content of a biomass also influences the
particle size, porosity and aromatic carbon content of the biochar products [29].

The production of biochar brings many benefits to the environment, because it can
be produced from a broad range of renewable sources and has low production costs and
various applications [30]. Biochars can also be produced from biomass or mixed wastes,
but conversion conditions must be optimized in order to maximize the energy efficiency
and production yield, as these wastes are usually heterogeneous and their composition is
variable, depending on the source and collection period [31].

This work aimed to produce biochar with waste insulation electric cables (WIEC) and
waste lignocellulosic biomass (WLB) using the carbonization process. The main goal was
to evaluate the characteristics of the produced biochars and assess their use in further
thermochemical conversion processes (e.g., as feedstock for gasification) and their use as
activated carbon precursors. Overall, applying carbonization can be one solution to achieve
better properties for these wastes to find them added-value applications to decrease the
large amounts that are currently being landfilled.
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2. Materials and Methods
2.1. Feedstock

Lignocellulosic biomass wastes (WLB) were supplied by a biomass waste management
company (CMC Biomassa) located in Portugal. This company collects lignocellulosic waste
from deforestation, furniture and other wood wastes, which are later recycled into fractions
that can be recovered as raw material and transformed into pellets, briquettes, flooring,
new pallets, etc.

Waste insulation electric cables (WIEC) were supplied by a company dedicated to
the management, recycling and recovery of waste, namely the recovery of noble metals
(AFCarreto). This recovery from the pickling of electrical cables leads to the generation
of a large amount of polymeric wastes, which are part of the coating of electrical cables
corresponding to a mixture of polyvinyl chloride (PVC) and polyethylene (PE) and noble
metals in small quantities.

Detailed characterizations of both WIEC and WLB can be found in [32]. For this work,
a mixture with 50% WIEC and 50% WLB was prepared for the carbonization tests, as shown
in Figure 1.
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Figure 1. Mixture of WIEC and WLB used for the carbonization tests on a pilot scale.

2.2. Carbonization Experiments

The carbonization experiments were based on the carbonization study carried out
by [32], whose main objective was to optimize the carbonization process to obtain biochar
with higher chemical and energy properties for energy recovery. Using the results of the
best mixture, temperature and residence time, carbonization was carried out on a pilot scale.
Briefly, an electric oven (KS 72L ceramic oven) with a capacity between 12 and 20 kg per test
(depending on the properties of the raw material) was used. The oven had a temperature
and heating rate control panel and capacity of 72 L in the carbonization zone. For biochar
production, 15 kg of the mixture (50% WIEC + 50%WLB) was placed in capped clay vessels
(to ensure a nonoxidizing atmosphere) that were heated at a heating rate of 10 ◦C/min
until reaching the final carbonization temperatures (300, 350 and 400 ◦C) and remained in
the oven for 2 h. A general schematic for the used oven can be seen in Figure 2.
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2.3. Biochar Washing Process

The produced biochars were crushed and sieved, and the fraction lower than 425 µm
was used. This fraction was washed in heated water for the removal of water-soluble
compounds based on the works of [33,34]. The biochars were placed in glass containers
under heating and stirring plates with a ratio of 100 g/200 mL of deionized water and
heated to the temperature of 95 ± 5 ◦C, remaining after temperature stabilization for 30 min.
The biochars were then allowed to cool to room temperature and filtered. Afterwards, the
biochars were dried in an oven (Holelab Greenhouse) at 105 ◦C until reaching a constant
mass, which took about 24 h [32,35].

2.4. Biochar Activation Process

The activation process involved mixing 2 g of biochar (already washed and dried as
described above) with 500 mL of a KOH 2 N solution under agitation for 1 h. After this
process, the biochar samples were left at rest for 30 min and filtered for recovery. After the
filtration process, the biochars were washed in deionized water, and the resulting solution
was neutralized with the addition of HCl 1 N. The biochar samples were then filtered again
and dried in an oven at 105 ◦C for 12 h prior to the characterization analysis.

2.5. Biochar Characterization

Table 1 presents the conditions for obtaining the Table 1 different biochar samples
according to the processes described in Sections 2.2–2.4.

Table 1. Processing conditions for each biochar sample.

Sample Temperature Features

B300 300
Biochars were produced at different temperatures.B350 350

B400 400
B300-L 300

Biochars were washed in hot water, filtered and dried.B350-L 350
B400-L 400
B300-A 300 Biochars were washed in hot water, filtered and dried and

were submitted to an activation process with KOH 2 N.B350-A 350
B400-A 400

To evaluate the efficiency of the carbonization process, the biochar yield (Equation (1)),
energy yield (Equation (2)) and energy density (Equation (3)) were determined.

Biochar Yield (wt. %) =
M1

M0
× 100 % (1)

where M1 is the final mass in g, and M0 is the initial mass in g.

Energy Yield (wt. %) =
M1 × HHV1

M0 × HHV0
× 100 % (2)

where M1 is a final mass in g, M0 is the initial mass in g, HHV1 is the final higher heating
value in MJ/kg and HHV0 corresponds to the initial higher heating value in MJ/kg.

Energy Density (%) =
Energy Yield
Char Yield

× 100 % (3)

2.5.1. Elemental Analysis

The elements of interest included carbon (C), hydrogen (H), nitrogen (N), sulfur (S)
and oxygen (O). The amounts of C, H, N, S and O were determined using a Thermo Fisher
Scientific Flash 2000 CHNS-O analyzer. Oxygen was determined by the difference in a
dry base.
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2.5.2. Thermogravimetric Analysis

A thermogravimetric analysis (TGA) was used to determine the moisture content,
volatile matter and fixed carbon combined with ash. The tests were performed in triplicate
with sample weights between 3 and 4 mg. A PerkinElmer thermogravimetric analyzer,
STA 6000, using a heating rate of 20 ◦C/min was used. The content of each proximate
analysis parameter was taken from the thermogravimetric profiles (sample mass variation
versus temperature), considering the inflection points of the mass derivative on the function
of time.

2.5.3. High Heating Value and Low Heating Value

For the high heating value (HHV) of the biochar samples, IKA C2000 calorimetry
equipment was used, which performed the complete combustion of the samples in an
adiabatic environment. For this measurement, a sample with 0.5 ± 0.1 g of each sample
was placed in the calorimeter, and its total combustion was carried out. The measurements
for each biochar sample were performed in triplicate, and the presented values represent
the average values. The lower heating value (LHV) was determined using Equation (4)
as follows:

LHV = HHV − 2.26 × 9H
100

(4)

where LHV is a lower heating value in MJ/kg, HHV is a higher heating value in MJ/kg
and H is hydrogen.

2.5.4. Chlorine Content and Mineral Composition

The chlorine content of the produced biochars was determined through X-ray fluores-
cence (Niton XL 3T Gold++).

The biochars’ complete mineral composition (Al, B, Ba, Ca, Cr, Fe, K, Mg, Na, Ni and
Zn) was determined through ICP-AES (Inductively Couple Plasma—Atomic Emission
Spectrometer, Horiba Jobin-Yvon, Ultima), after ashing and acid digestion of the biochar
samples. All the measurements were carried out in triplicate, and the results shown are the
average values.

2.5.5. Ash Content

For the determination of the ash content, biochar samples were placed in porcelain
crucibles in a muffle furnace at 500 ◦C ± 5 ◦C until the total burning of the organic matter.
The ash content was calculated using Equation (5):

mashes =
mf − mcrucible

msample
(5)

where mashes is the mass of the ashes in g, mf final mass in g, mcrucible is the mass of the
calcinated empty crucible in g and msample is the mass of the initial sample in g.

2.5.6. Apparent Density

The determination of the apparent density is the relationship between the mass of a
sample and its occupied volume. This determination was performed with a beaker and
expressed in g/cm3, according to Equation (6).

D =
M
V

(6)

where M corresponds to the mass in g and V to the volume in cm3.

2.5.7. Fourier-Transform Infrared

Fourier-transform infrared spectra (FTIR) were obtained as an average of 128 scans at
a resolution of 4 cm−1 using an ATR-FTIR spectrometer (Thermo Scientific Nicolet iS10),
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with a range of 4000 to 400 cm−1. The biochar samples were powdered and placed in
the ATR diamond crystal and compacted using a vertical screw to the plane to perform
the analysis.

2.5.8. Nitrogen Adsorption at 77 K

Nitrogen adsorption at 77 K was used to measure the specific area of the samples.
For biochar samples, Micromeritics ASAP 202 Plus equipped with sensors and a vacuum
system was used. The vacuum is controlled by a high vacuum pump with a 1 mmHg
transducer. This equilibrium has two independent vacuum systems, which allows the
preparation of two samples and the analysis of a third simultaneously.

3. Results and Discussion
3.1. Biochar Yield, Enery Yield and Energetic Densification

The production of biochar can be affected by several factors: the characteristics of
the materials used, the method, formation of byproducts, application, economic aspects
and environmental impact. The chemical composition, particle size, pH value, moisture
level, calorific value and volatility are important characteristics of materials that must be
considered as they directly affect the biochar results [36]. The results obtained for the
biochar samples (without washing or activation) regarding the biochar yield, energy yield
and energy density are shown in Figure 3.
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Temperature is one of the main factors that affect the biochar structure and physic-
ochemical properties, as it affects the decomposition, formation and transformation of
the biomass and wastes [37]. With higher temperatures, there is a favoring of free radi-
cal reactions such as decarboxylation, decarbonylation, dehydration, aromatization and
intermolecular rearrangement, among others [27]. From the obtained results, it was pos-
sible to observe that, for the three biochar production conditions, the biochar yield was
between 58 and 63%. Sample B300 consistently presented higher values for the parameters
depicted in Figure 3, indicating that higher temperatures promote sample decomposition
via the above-described reactions, entailing lower mass and energy yields. On the other
hand, energy densification was similar for the three studies, and considering the type of
wastes used as feedstock, higher temperature were most likely needed to reach a higher
densification factor.
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3.2. Biochar Characterization
3.2.1. Elemental Analysis and Heating Value

After the biochar production process at temperatures of 300, 350 and 400 ◦C, part of
the biochar was washed, and another part was washed and activated. Table 2 presents the
results for the elemental analysis, HHV and LHV of the produced biochars.

Table 2. Elemental analysis, HHV and LHV of the original mixture and the different biochar samples.

Parameters WIEC/WLB B300 B350 B400 B300-L B350-L B400-L B300-A B350-A B400-A

C (wt.%, db) 52.3 40.77 42.64 43.95 42.38 43.06 43.14 41.59 35.22 47.44
H (wt.%, db) 2.5 4.02 3.74 2.83 2.81 3.33 3.76 4.34 3.56 5.12
N (wt.%, db) 0.2 5.08 4.24 4.01 12.9 11.38 10.41 0.9 0.85 0.51
S (wt.%, db) <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.
O (wt.%, db) 45.0 50.13 49.38 49.21 41.91 42.23 42.69 53.17 60.37 46.93

HHV (MJ/kg, db) 21.23 18.15 18.27 18.45 19.6 19.67 19.71 - - -
LHV (MJ/kg, db) 19.88 15.98 16.25 16.92 18.08 17.87 17.68 - - -

The main elements that are present in the WIEC/WLB mixture are C (52.3%) and O
(42.7%). Concerning the produced biochars without treatment (B300, B350 and B400) and
washed biochars (B300-L, B350-L and B400-L), it is possible to observe that the amount of
C is not very variable, 42.85% ± 4%, but the amount of O was reduced by an average of
30% for the washed biochars. On the other hand, the amount of ash for the mixture was
3%, and after carbonization, the ash content increased to an average of 37% (results shown
below. With the increase in the amount of ash in biochar, there is a reduction in the calorific
value of the material by an average of 2 MJ/kg.

Activated carbons are very similar to other biochar samples, differing only in the
amount of oxygen, which is 10% higher than other biochars. The activation process is
carried out to produce a biochar that can be used for other methods, such as being used as
an adsorbent for gas or liquid effluents.

The carbonization process promotes dehydration, thus promoting the elimination of
H, resulting in an accumulation of C in the biochar. The content and proportions of these
elements are the most important factors influencing the stability or carbon sequestration
capacity of biochar. The lability of biochar is directly related to the oxygen content and
indirectly to the C content present in the biochar [38]. The O/C and H/C ratios are
indicative of biochar structures and provide an intrinsic measure of biochar stability. These
relationships are negatively correlated with the percentage of aromatic C in the biochar [39].
Figure 4 shows the van Krevelen diagram for the obtained biochars.

The oxygen content plays an important role in the chemical behavior of the biochar
surface; this factor is associated with a close relationship with the number and composition
of substituted functional groups, and these functional groups constitute an important
driver for the degradation potential. The H/C molar ratio can be used to evaluate the
thermochemical alterations that produce fused aromatic ring structures in the material. A
lower amount of H/C means that higher fused aromatic ring structures provide greater
stability. The H/C ratio is considered an index of aromaticity and resistance of char to
microbial and chemical degradation. As biochar is mainly composed of some aromatic
compounds, the amount of C present is an important factor in determining the stability of
biochar. According to Spokas [40], Budai et al. [41] and the European Biochar Certificate
(EBC), the O/C and H/C molar ratios are indicators of biochar stability. Moreover, the
upper limit for the O/C ratio is 0.4, and for the H/C ratio, the established limit is 0.7 [31].

Based on Figure 4, it is possible to observe that all the biochar samples that were
washed have a stability below 0.2, and sample B400-A biochar is also considered stable
for this parameter. Regarding the H/C ratio, it is possible to observe that the biochars are
relatively similar, with little variation [42]. Using the two parameters to define the most
stable biochar, it is possible to verify that B300-L and B400-A are the most stable.
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3.2.2. Thermogravimetric Analysis

Figure 5 shows the results for the TGA analysis of the produced biochars compared
with the original feedstock.

The moisture content is an important parameter and is negatively correlated with
the heating value of fuel and with the potential for biological degradation during storage.
Materials with a relatively low moisture content become more prone to self-ignition at room
temperature [43]. In the obtained TGA profiles (Figure 5), the WIEC/WLB mixture (original
feedstock) has a low moisture content, less than 0.5%, which means that it is suitable
for thermochemical conversion processes, as they contain less than 10% moisture [44].
However, the produced biochars showed higher moisture contents, between 8 and 15%
(B300, B350 and B400). These results can be associated with the absorption of atmospheric
moisture and the tars that are on the surface of the biochar [45]. As for the biochars that
were washed and activated, despite having been dried in an oven before carrying out the
tests, the values for the moisture contents can also be associated with atmospheric humidity.
The moisture content variations of the washed biochars were between 2 and 7% and, for
the activated biochars, less than 5%, and in all the studied biochars, the loss of mass in
the first stage was associated with dehydration and the decomposition of the hydrated
compounds and light volatiles, which occurs up to 200 ◦C [46].

The main degradation occurred after dehydration, causing a sharp decrease at 200 ◦C
and ending close to 600 ◦C, reaching the peak of Tmax at 475 ◦C. This peak corresponds to a
loss in volatile matter, being 45–50% of the weight for the biochars. This decrease in volatiles
may be related to the decomposition of the biomass fraction (hemicellulose, cellulose and
lignin), which occurs in a temperature range up to 400 ◦C, but also to the decomposition of
some polymeric monomeric units with a higher degree of unsaturation [46].

The second curve can be divided into the depolymerization of biodegradable ma-
terials up to approximately 400 ◦C and degradation of less reactive and high molecular
weight components [46,47]. The degradation of polystyrene (PS), polypropylene (PP) and
polyethylene terephthalate (PET) occurs between 350 and 500 ◦C; this phenomenon can be
observed in biochars produced at 400 ◦C, where the amount of organic matter present in
the biochar is lower because they have already been previously degraded [48].

77



C 2023, 9, 49
C 2023, 9, x FOR PEER REVIEW 9 of 20 
 

100 200 300 400 500 600 700 800 900

20

30

40

50

60

70

80

90

100

Temperature / °C

W
ei

g
h

t 
p

er
ce

n
ta

g
em

 /
 %

 WIEC/WLB

 B300

 B350

 B400

 

 
  

(a) 

(b) 

C 2023, 9, x FOR PEER REVIEW 10 of 20 
 

100 200 300 400 500 600 700 800 900

20

30

40

50

60

70

80

90

100

W
ei

g
h

t 
p

er
ce

n
ta

g
em

 /
 %

Temperature / °C

 WIEC/WLB

 B300-L

 B350-L

 B400-L

 

 

(c) 

(d) 

Figure 5. Cont.

78



C 2023, 9, 49

C 2023, 9, x FOR PEER REVIEW 11 of 20 
 

100 200 300 400 500 600 700 800 900

20

30

40

50

60

70

80

90

100

W
ei

g
h

t 
p

er
ce

n
ta

g
em

 /
 %

Temperature / °C

 WIEC/WLB

 B300-A

 B350-A

 B400-A

 

 

Figure 5. Thermogravimetric profiles. (a) TGA—raw biochars, (b) DTG—raw biochars, (c) TGA—

washed biochars, (d) DTG—washed biochars, (e) TGA—activated biochars and (f) DTG—activated 

biochars. 

The moisture content is an important parameter and is negatively correlated with the 

heating value of fuel and with the potential for biological degradation during storage. 

Materials with a relatively low moisture content become more prone to self-ignition at 

room temperature [43]. In the obtained TGA profiles (Figure 5), the WIEC/WLB mixture 

(original feedstock) has a low moisture content, less than 0.5%, which means that it is 

(f) 

(e) 

Figure 5. Thermogravimetric profiles. (a) TGA—raw biochars, (b) DTG—raw biochars, (c) TGA—
washed biochars, (d) DTG—washed biochars, (e) TGA—activated biochars and (f) DTG—
activated biochars.

The third peak, which started after 600 ◦C, corresponds to the decomposition of
inorganic substances such as inorganic carbonate and lignin aromatic rings [49,50], varying
up to 850 ◦C for B300, B350 and B400 biochars, and for biochars that have been washed
and/or activated up to 800 ◦C.

3.2.3. Mass Yield, Ash Content, Chlorine Removal Potential and Apparent Density of
the Biochars

Figure 6 shows the results for the mass yield, ash content, chlorine removal potential and
apparent density for all the produced biochars (without treatment, washed and activated).

It is possible to observe that, when compared with the nontreated biochar samples,
the washed and activated samples show greater mass yields, particularly samples B300-A,
B350-A and B400-A.

For the ash content results, there was an increase in the ash content when the car-
bonization temperature was increased from 300 to 400 ◦C. When washing the biochar, there
was a reduction of the ash content, and with the activation of biochars B300-A and B350-A,
the ash content increased. For samples B400-L and B400-A, the differences between the
ash contents after the different processes were not noticeable. The ash contents obtained
in biochars produced at 300 and 350 ◦C were very similar and differed significantly from
B400, with very close mass yields (70–75%).
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The chlorine removal potential for biochars B300, B350 and B400 were negative, which
means that there was a concentration effect, caused by the mass loss, associated with the
chlorine volatilization and, further, deposited onto the biochar surface. When the biochars
were washed with hot water, the chlorine removal potential showed very significant values
greater than 85%. This removal potential is an important indicator that demonstrates the
further need to treat biochars that are produced from chlorine-containing wastes, since the
chlorine content is extremely important in further thermal conversion processes. Excess
chlorine is known not only for producing harmful emissions (such as HCl or PCDD/Fs) but
also to cause equipment damage due to corrosion phenomena [51]. Activated biochars have
shown to be very stable in terms of the mass yield, chlorine and ash removal. These biochars
differ mainly regarding the apparent density, as the higher the production temperature,
the greater the density of the biochar. Biochar samples B400-L and B400-A presented
chlorine removal potentials of 86 and 89%, respectively, mass yields above 82% and ash
contents of 33% for B400-L and 26% for B400-A, thus presenting the best carbonization and
treatment conditions.

Overall, the apparent density of the produced biochars increased as the production
temperature increased, varying between 0.50 and 0.54 g/m2. However, as it was a measure
with experimental observations, this difference was not very significant. For the biochars
that were washed (B300-L, B350-L and B400-L) and for the activated ones (B300-A, B350-A
and B400-A), the values for the apparent density when compared to the nontreated biochars
at the same production temperature were the same.

3.2.4. Mineral Composition

Figure 7 shows the mineral compositions for the different biochars.
It is possible to observe that the concentrations of aluminum in the ashes of biochars

B300, B300-L, B300-A, B400, B400-L and B400-A are decreasing. These results can be related
to the fact that, with washing, the aluminum concentration was reduced and, with the
activation process, the reduction compared to the initial concentration was, on average,
50%. Regarding the calcium in all washed biochars, it was possible to observe that, when
the production temperature increased, the concentration of this element was lower, and
when the biochars were activated, the calcium concentration had no significant variation.

The concentrations of magnesium and silica for the different biochars that did not
undergo treatment (B300, B350 and B400) and for the biochars that were subjected to a
washing process (B300-L, B350-L and B400-L) also showed no relevant variations. For
the activated biochars (B300-A, B350-A and B400-A), the concentrations of magnesium,
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copper, potassium and sodium were similar and higher when compared to the other
studied biochars.
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Figure 7. Mineral compositions of the produced biochars expressed in mg/kg of ash. 
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3.2.5. Fourier-Transform Infrared Spectroscopy

In a general observation of the FTIR spectra presented in Figure 8, it is possible to
observe that there was a reduction in the intensity of the peaks between biochar samples
B300, B350 and B400 for the biochars that were washed and activated.

The FTIR analysis provided us with an absorption spectrum of chemical clusters and
not substances. Despite being an analysis that hardly identifies a substance, in the PP, PS
and PVC spectra, it is possible to observe a higher concentration of chemical groups up to
1800 cm−1. When polymeric materials undergo a thermochemical process, it is possible to
observe that these chemical groups are no longer evident.
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Figure 8. FTIR spectra: (a) biochars produced at 300 ◦C, (b) biochars produced at 350 ◦C and
(c) biochars produced at 400 ◦C.

Except for B300-L and B350-A, it was possible to observe the presence of a peak at
3400 cm−1 that corresponded to the vibration of -OH elongation of the hydroxyl groups [52].
In biochars produced at temperatures of 350 and 400 ◦C, as the biochar underwent treat-
ment and drying processes, the intensity of the peak decreased. According to Preston
and Schmidt [53], the aromatic ring structure should be progressively formed with the
increasing temperature. The high intensity and pronounced peak that we could observe at
2350–2340 cm−1 might occur due to the existence of atmospheric C02 and also due to the
existence of some groups due to O = C = O stretching [54]. Another prominent intensity
peak was 1600 cm−1, which corresponds to the C = C stretching vibrations in aromatic
compounds [55], and it was possible to verify a higher incidence as the biochar production
temperature increased. In biochars B350-A and B400-A, it was possible to observe that a
peak intensity appeared corresponding to the functional group and stretching C = C, which
indicated that the projection of aromatic structures occurred [56]. The peak of 700–600 cm−1

corresponded to the C–Cl stretching vibration, and when washing and activation occurred,
chlorine was absorbed or adsorbed in the case of activation [57].
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3.2.6. Nitrogen Adsorption at 77 K

The removal of volatile matter produces a void within the biochar that leads to a large
surface area, which is also dependent on the properties of the raw material used to produce
the biochar. Biochar production based on a biomass develops pores and has been found to
be very useful in land application, effluent purification and the removal of heavy metals
and different chemicals [58–60]. A biochar with a high carbon content and a large surface
area is also considered a potential electrode [61]. Figure 9 shows the results obtained for
the surface area analysis of the produced biochars.
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Temperature is one of the main factors that affects the structure and physicochemical
properties of biochar. Temperature affects the decomposition, formation and transformation
of biomass and thus differs from the surface functionality of biochar [27].

In the tests carried out and presented in Figure 9, the increase in temperature did not
significantly increase the surface area of biochars B300, B350 and B400. As the temperature
increased, the surface area increased; however, it was possible to observe that, in the
biochars produced without any type of treatment, there was a reduction in the surface area
associated with a greater production of tars that were embedded on the biochar surface,
and when they were washed, they increased the area due to the removal of the tars. When
the biochars underwent the hot water washing process, the results showed an increase in
surface area from 198 m2g−1 to 226 m2g−1 when the temperature was raised from 300 to
400 ◦C, respectively. Biochar samples B300-A and B350-A, when compared to the biochars
without treatment, showed that the activation process did not significantly improve the
area, with an increase corresponding to approximately 16%. Sample B400-A was the biochar
that obtained the best surface area; when compared to sample B400, it had a 133% increase
in surface area. These results indicated that the greater the removal of volatile matter, the
better the surface area.

4. Conclusions

The characteristics of the biochars produced at temperatures of 300, 350 and 400 ◦C
are strongly influenced by the production temperature and, subsequently, by washing and
activation treatments. This was indicated by the different physicochemical properties that
the biochars presented.

• The percentage of carbon present in the original feedstock and in the produced biochars
were similar, differing mainly in the percentage of oxygen, which was lower, and in
the ash, which increased as the temperature increased.
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• The amount of volatile matter in the biochars was lower as the temperature of biochar
production increased from 300 to 400 ◦C.

• The mass yield of biochars was not influenced by the temperature increase, ranging
between 70 and 75%.

• The chlorine removal potential for biochars that were washed and activated was above
80%, demonstrating the efficiency of carbonization as a pretreatment for thermochemi-
cal processes to remove chlorinated compounds.

• In the FTIR analysis, it was possible to observe that there was a great difference
between the spectra of the untreated biochars and the washed biochars, indicating the
removal of compounds that were on the surface, such as chlorine. Biochar produced
at 400 ◦C showed the lowest peaks after washing.

• In the analysis of the surfaces of the biochar samples, the differences between temper-
atures were more noticeable when the biochars were washed. When the activation
process was carried out, the biochar samples produced at 300 and 350 ◦C were very
similar, with the biochar produced at 400 ◦C having a higher surface area.

• Some results for the 350 ◦C biochars were not similar to the behaviors of the biochars
produced at 300 and 400 ◦C, indicating that, when making the feedstock mixture,
the amount of plastic and small metals may have been higher, thus making the
carbonization process more difficult.
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Abstract: Carbonaceous materials are a highly appealing class of adsorbents, owing to their excep-
tional properties, such as high surface area and thermal and chemical stability. These materials have
found successful applications in water purification. Sweet chestnut (Castanea sativa) cupules are
disposed of as waste. Valorization of these residues is a step forward in terms of circular economy and
sustainability. Meanwhile, per- and poly-fluoroalkyl substances (PFASs) pose significant concerns
due to their persistence, bioaccumulation, and toxicity, emerging as contaminants of concern for
human health and the environment. This study focuses on preparing carbonaceous material by
hydrothermal carbonization from chestnut cupules, followed by their use as adsorbents for PFAS
removal from polluted water. The cupule waste material was crushed, ground, sieved, and sub-
jected to hydrothermal treatment at temperatures ranging from 180–200 ◦C to produce hydrothermal
carbons. The adsorbents obtained were characterized by various techniques such as nitrogen ad-
sorption isotherm, porosimetry, point of zero charge, Fourier-transform infrared, scanning electron
microscopy, and thermal, elemental, and energy dispersive X-ray analyses. Surface area (SBET) values
of 42.3–53.2 m2·g−1 were obtained; pHPZC ranged from 3.8 to 4.8. This study also determined the
adsorption kinetics and isotherms for removing perfluorooctanoate-contaminated water. The equi-
librium was established at 72 h and qe = 1029.47 mg·g−1. To summarize, this research successfully
valorized a biomass residue by transforming it into hydrothermal carbon, which was then utilized as
an adsorbent for water decontamination.

Keywords: carbonaceous material; biochar; hydrothermal carbon; Castanea sativa; biomass residues;
residue valorization; per- and poly-fluoroalkyl substances (PFAS); water decontamination

1. Introduction

Carbonaceous materials constitute an attractive group of adsorbents due to their prop-
erties, such as large surface area and thermal and chemical stability. In addition, activated
carbons with different pore sizes can be obtained, thus adapting them to the functions
they are designed for. On the other hand, functionalizing the surface of activated carbons
is possible, giving them specific chemical properties adapted to a particular purpose. It
is also of great importance that carbonaceous materials are considered safe, accessible,
and affordable [1]. Various types of biomass residues, due to their low cost and abun-
dance, have been evaluated to obtain functional carbonaceous materials. Many methods
provide materials whose physicochemical properties can be tuned at will, thus obtaining
materials that have shown promising results in different fields, such as adsorption or
energy storage [2]. For this reason, they are considered suitable candidates for obtaining
sustainable materials. These materials have been successfully applied in catalysis, water
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purification, and soil remediation since they can remove heavy metals, agrochemicals, an-
tibiotics, and other organic compounds. Excellent reviews on these aspects can be found in
Soffian et al. [3], Adegoke et al. [4], Gęca et al. [5], Borchardt et al. [6], and Ma et al. [2]. One
such type of carbonaceous material is biochar, which can be produced from biomass waste
through hydrothermal carbonization, chemical carbonization, gasification, torrefaction,
and pyrolysis [3,7–9].

Sweet chestnut (Castanea sativa) is a deciduous tree of the Fagaceae family, native to
humid temperate regions of the Northern Hemisphere and widely distributed throughout
Europe. It can reach 35 m in height and 2 m (exceptionally more) in diameter. Sweet
chestnut trees live to an age of 600 years or even more. By autumn, the female flowers de-
velop into spiny cupules containing 3–7 brownish nuts, which are shed in October [10–12].
After the chestnuts are harvested, the spiny dome is disposed of as waste and used as fuel
for fireplaces.

On the other hand, per- and poly-fluoroalkyl substances (PFASs) are a group of
synthetic chemicals that have been used in a wide range of industrial and consumer
products, such as firefighting foams, non-stick coatings, and water-repellent fabrics [13,14].
Due to their persistence, bioaccumulation, and toxicity, PFASs are considered Contaminants
of Emerging Concern (CECs), with potentially adverse effects on human health and the
environment [15–21]. These substances have been detected in various environmental media,
including water, soil, air, and biota, and have attracted increasing attention from regulators,
scientists, and the public worldwide [22]. Among the different methods for treating
PFAS-contaminated water, adsorption has been recognized as a promising technology,
given its effectiveness, versatility, and ease of implementation [23,24]. Carbonaceous
materials are widely used as adsorbents for PFAS removal due to their high surface area,
microporous structure, and affinity for hydrophobic compounds. One of the classic and
best-known carbonaceous materials is activated carbon (AC) [25–27]. It is usually obtained
at high temperatures in a double carbonization and activation process. This material is
characterized by a highly developed porous structure, a generally alkaline character, and
a predominantly hydrophobic surface [28,29]. It is well known that these properties can
be modified by adjusting the conditions of the activation processes or employing suitable
chemical or thermal treatment [30,31].

In recent years, numerous studies have investigated using these adsorbents for PFAS
adsorption in water, aiming to optimize the adsorbent properties and conditions, under-
stand the adsorption mechanisms, and evaluate the performance and feasibility of the
technology. The effectiveness of AC as an adsorbent for PFAS removal depends on its
physicochemical properties, which can be tailored by adjusting the activation process
and conditions. The surface area, pore size, surface chemistry, and surface charge of AC
determine its adsorption capacity, selectivity, and kinetics for PFAS removal. The larger
the surface area and the more mesopores present, the higher the adsorption capacity; this
is due to the increased availability of adsorption sites and the enhanced accessibility of
PFAS molecules to the internal surface of the carbonaceous material. The surface chem-
istry can also affect PFAS adsorption, as hydrophobic interactions between PFASs and
the nonpolar surface are favored over electrostatic interactions with the polar surface of
water molecules. Therefore, adsorbents with a higher content of surface functional groups,
such as oxygen-containing or nitrogen-containing groups, may have a lower adsorption
capacity for PFASs than non-functionalized ones due to the reduced hydrophobicity and
the increased competition for adsorption sites.

In the last decade or so, a new type of carbonaceous material, hydrothermal carbons
(HC), has attracted considerable interest from researchers in this field [32,33]. It is obtained
by treating carbon-rich materials with water at a moderate temperature in a closed vessel
so that endogenous water vapor pressure acts on this material [34]. Generally, some
biomass is used as raw material. This type of material is characterized by low pore
development, acidity, and a hydrophilic surface, with many surface groups. As in the
previous case, these properties can be modified by thermal or chemical treatments. This
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has the advantage of being a more environmentally friendly manufacturing process, as it
is carried out in hermetically sealed containers and at a lower temperature. This allows
for easier management of possible waste and lower energy consumption. Additionally,
despite its limited specific surface area, its high proportion of functional groups can give
rise to adequate adsorption capacity. We have been working on the obtention and use of
hydrothermal carbons from chestnut cupules for the last few years. Our preliminary results
(unpublished) show that these carbons are suitable adsorbents in the decontamination of
heavy metals, such as thorium, from water. Given these results, we thought it would be apt
to check for the adsorption capacity of apolar organic molecules such as PFAS. Adsorption
onto carbonaceous materials has been established as a promising technology for PFAS
removal from water [20,35–42].

The objective of this work is to investigate the use of chestnut cupule waste as sustain-
able biomass raw material to obtain hydrothermal carbons—hence, adding value to it—and
its use as adsorbent material for the removal from water of sodium perfluorooctanoate
(PFONa), the anion of perfluorooctanoic acid, one of the most significant PFASs.

2. Materials and Methods
2.1. Materials

Sodium perfluorooctanoate 97%, CAS 335-95-5 (Figure 1), was purchased from Thermo
Fisher. Milli-Q water was used as a solvent in all determinations. Sweet chestnut (Castanea
sativa) cupules were collected from chestnut groves in Valle del Jerte, in Cáceres, Spain.
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2.2. Methods
2.2.1. Synthesis of the Hydrothermal Carbons

The chestnut cupules were allowed to dry naturally. They were subsequently ground
and sieved, collecting three fractions: large size (1–2 mm), medium size (0.5–1 mm), and
small size (less than 0.5 mm). Then, they were subjected to hydrothermal treatment in a
duralumin-coated Teflon™ reactor.

To obtain HC-A, in a hydrothermal reactor, 100 mL of distilled water and 15 g of
small-size sieved cupule were added. The reactor was closed, placed in an oven previously
programmed at 180 ◦C, and kept for 24 h. The reactor was then removed from the oven
and, once cold, opened. The final product was filtered and washed with plenty of distilled
water (ca. 200 mL) on a filter. Subsequently, it was dried in an oven at 110 ◦C for 8 h. The
other carbons were prepared similarly, according to the data in Table 1.

Table 1. Operating conditions for the preparation of hydrothermal carbons.

Carbon Raw Material Oven Temperature
Particle Size (mm) Mass (g) (◦C)

HC-A <0.5 15 180
HC-B 0.5–1 5 200
HC-C 1–2 15 200

2.2.2. Characterization of the Hydrothermal Carbons

Textural characterization was performed by N2 adsorption isotherms at 77 K in a
Quantachrome Quadrasorb Evo (Quantachrome Ltd., Hook, UK), and the specific sur-
face area was calculated by applying the BET method [43]. Porosimetry was performed
in a Quantachrome Poremaster 60 (Quantachrome, Hook, UK). Thermal analysis was
carried out in an STA 449 F3 Jupiter thermobalance (Netzsch, Selb, Bavaria, Germany).
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Fourier-transform infrared spectra were recorded in a Bruker Vertex70 spectrometer in the
400–4000 cm−1 range, with a DLaTGS detector and a 0.4 cm−1 spectral resolution. A KBr
tablet was prepared with 1/250 dilution (Bruker, Billerica, Massachusetts, USA). Elemental
analysis (C, H, N, S, O) was performed using a Leco CHMS-932 elemental analyzer (Leco,
St. Joseph, MI, USA). C, H, N, and S were analyzed, and the difference was assigned to ash
(measured from proximate analysis) and oxygen content. The point of zero charge (PZC)
values were determined using the method proposed by Valente Nabais and Carrott [44]. To
carry out this measurement, a 0.1 M solution of sodium nitrate was prepared, and 7% in
weight of the carbon was added, followed by stirring for 48 h at 25 ◦C in a thermostatic
bath. Subsequently, it was filtered, and the pH of the filtered solution was measured with
a pH meter. This pH value corresponded to the point of zero charge. A field emission
scanning electron microscope (SEM) Quanta 3D FEG (FEI Company, Hillsboro, OR, USA)
was used to explore the surface morphological characteristics of all samples. The sample
analysis was performed under high vacuum with a secondary electron. The surface of
the samples was coated with gold due to their low conductivity. Energy dispersive X-ray
analyses (EDX) were recorded with the same equipment.

2.2.3. Adsorption Experiments

The conjugate base sodium salt (PFONa), instead of the perfluorooctanoic acid, was
used to carry out the adsorption experiments, since the acid has a Ka ca. -1 and dissociates
completely in water.

1. Adsorption kinetics

To determine the PFONa adsorption over time, the following procedure was used:
A 200 mg/L PFONa water solution was prepared by dissolving 10 mg of PFONa in

a 50 mL volumetric flask. It was then transferred to an Erlenmeyer flask, and 50 mg of
hydrothermal carbon (HC) was added, so the HC to PFONa ratio was 5:1. All flasks were
thermostated at 25 ◦C and magnetically stirred at 400 rpm. Assays were performed in
duplicate; 2 mL samples were taken at 2, 4, 24, 48, 72, and 96 h, then filtered with a 0.22 µm
pore filter, and, finally, aliquots were analyzed for PFONa concentration.

2. Adsorption isotherm

Different PFONa solutions of 40, 70, 100, 130, 165, and 200 mg/L were prepared in
10 mL volumetric flasks. They were then transferred to separate Erlenmeyer flasks, and
10 mg of hydrothermal carbon was added to each one, so the HC to PFONa mass quotient
was 25.0, 14.3, 10.0, 7.7, 6.1, and 5.0, respectively. All flasks were thermostated at 25 ◦C and
magnetically stirred at 400 rpm. Assays were performed in duplicate; 2 mL samples were
taken at 96 h, then filtered with a 0.22 µm pore filter, and, finally, aliquots were analyzed
for PFONa concentration.

2.2.4. Analytical Determinations

The samples were analyzed using liquid chromatography (Agilent 1290 Infinity II LC
(Agilent Technologies, Santa Clara, California, USA)) coupled to a triple quadrupole mass
spectrometer (Agilent 6460 triple quad LC/MS (Agilent Technologies)). Aliquots of 3 µL
were injected, and elution was carried out by operating in gradient mode at 0.4 mL/min
with a reverse phase HPLC Zorbax Extend C18 column (3 µm, 100 mm × 1.8 mm) at 30 ◦C.
As the mobile phase, 0.1% formic acid in ultrapure water (A) and 0.1% formic acid in
acetonitrile (B) were used, as shown in Table 2.

Ionization was carried out in negative mode. The equipment parameters were gas
temperature 225 ◦C, gas flow 10 L/min, nebulizer 45 psi, sheath gas temperature 350 ◦C,
sheath gas flow 11 L/min, capillary voltage 3.6 kV, nozzle voltage 1500 V, and delta EMV 400.
The MassHunter B.07.00 (Agilent) software was used for data acquisition and equipment
control. Multiple Reaction Monitoring (MRM) was used, with the transitions sought to be
412.9→ 368.9 and 412.9→ 169, the former used in the quantification of the compound. The
fragmentation and collision energy voltages were 86 V and 5 V, respectively.
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Table 2. Mobile phase composition.

t, min A, % B, %

0 80 20
9 4 96
10 0 100
11 0 100
12 80 20
15 80 20

3. Results and Discussion
3.1. Characterization of the Hydrothermal Carbons

The nitrogen adsorption isotherms (Figure 2) corresponded to type III, according to
the IUPAC classification [45,46]; therefore, the interaction between the N2 molecules and
the surface must have been weak. The surface obtained by the BET method produced
values that were higher than those obtained by the DFT method but in the same order
of magnitude (Table 3) [43,47]. Nevertheless, since the isotherms were of Type III, the
BET model was not to be considered highly reliable. All three carbons showed a minimal
surface area, low microporosity, and a considerably greater volume of large pores, i.e.,
mesopores and macropores (Figures 3–5). The HC-A coal had the least-developed porosity.
The DFT method was used to study the distribution of micropores and mesopores. The
results show that the three carbons presented a similar pore distribution. A high volume of
narrow mesopores was detected, whereas no micropores were present. The HC-B carbon
had a larger volume of narrow mesopores, while the HC-C showed more volume when the
pores widened. The HC-A carbon showed a more significant development of wide porosity
than the other two adsorbents. It should be noted that HC-B and HC-C carbons showed a
more developed narrow mesoporosity than HC-A. However, the mesopore and macropore
structure was very similar in the three materials.
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Table 3. Porosity and specific surface area of carbons.

Material BET 1 DR 2 Porosimetry DFT 3

S, m2 g−1 Vmicro, cm3 g−1 Vmeso, cm3 g−1 S, m2 g−1 Vtotal, cm3 g−1

HC-A 42.3 0.007 0.078 27.68 0.085
HC-B 53.2 0.007 0.061 39.13 0.122
HC-B 53.2 0.007 0.061 39.13 0.122

1 Brunauer, Emmett, and Teller model [43]. 2 Dubinin and Radushkevich model [48,49]. 3 Density Functional
Theory [47].
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The DFT method was used to study the distribution of porosity in micro and meso-
pores, and the results are shown in Figure 3. The cumulative volume plot obtained from
porosimetry is shown in Figure 4, and the width pore distribution plot, also obtained from
porosimetry, is shown in Figure 5.

The measurements of the PZC show that all three materials were acidic (Table 4), as
is usual in hydrothermal carbons. It must be considered that basic oxygenated functional
groups (carbonyl) are more labile than those that provide acidic properties (alcohol and
carboxylic), so it is to be expected that the former will degrade in a more significant
proportion than the latter. In addition, as the degree of graphitization was low, as observed
from the elemental composition with low carbon content, there was not a substantial
contribution of basicity by the aromatic structures.

Table 4. Point of zero charge of the carbons.

Material PZC

HC-A 4.0
HC-B 3.8
HC-C 4.8

The Fourier-transform infrared (FTIR) spectra obtained are shown in Figure 6. Numer-
ous observable bands in the FTIR spectra belonging to many functional groups indicate
that the degree of graphitization of these materials was not high. The most intense band at
3400 cm−1 corresponded to either alcohol or carboxylic O-H bonds. The band at 2935 cm−1

was assigned to C-H bonds, but its low wavenumber suggested they were mainly aliphatic
bonds, since the aromatic ones give a signal at higher values. The 1710 cm−1 band was due
to C-O double bonds that can be carbonyl or carboxylic, whereas the neighboring band
of 1610 cm−1 was characteristic of C-C conjugated double bonds. Several bands between
1550 cm−1 and 1300 cm−1 can be attributed to the carbon backbone of these materials,
for instance, those at 1515 cm−1 and 1460 cm−1; however, the presence of O-H and C-O
bands in this region made assigning them somewhat problematic. Between 1300 cm−1 and
100 cm−1, the bands were mainly due to oxygenated or nitrogenous functional groups (C-O
or C-N bonds) [50].
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the original material (Figure 10), in which the cells of the lignocellulosic material were 
more clearly observed. The treatment, therefore, removes matter from the original mate-
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it is known that obtaining hydrothermal coals from carbohydrates gives rise to spherical 
particles, so they could have come from dissolved substances of the chestnut cupule that 
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The scanning electron microscopy images of the samples in which hydrothermal
carbonization had been carried out (Figures 7–9) showed a more defined structure than
in the original material (Figure 10), in which the cells of the lignocellulosic material were
more clearly observed. The treatment, therefore, removes matter from the original material,
increasing the porosity. In some images, small spheres on the surface could be seen; it
is known that obtaining hydrothermal coals from carbohydrates gives rise to spherical
particles, so they could have come from dissolved substances of the chestnut cupule that
underwent hydrothermal carbonization. Another option is that they were wax deposited
on the surface of the biochar; given the similarity of composition in both cases, it is difficult
to determine which of the processes gave rise to these structures.
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Figure 10. SEM image of raw chestnut cupule.

The thermal analysis program can be found in the Supplementary Material (Table S1).
Thermograms (Figure 11) show that the moisture of these materials was low, as well as the
amount of residual ash, which was less than 1% in the three carbons. Regarding the volatile
matter (from 50 to 80 min approximately), it followed the order HC-A > HC-B > HC-C, and
the fixed carbon followed the opposite order. Therefore, they can be considered simply as
carbonaceous materials with a low content of mineral matter.
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Figure 11. Thermograms of the hydrothermal carbons.

The results of the organic elemental analysis (C, H, N, S, and O) and the ash content
(Table 5) show that the samples prepared at a higher temperature (HC-B and HC-C)
presented more carbon, nitrogen, and ash, and less hydrogen and oxygen. This indicates
that the carbonization process was more intense when the temperature was raised. The
size did not seem to be crucial, though, since the smaller the particle size, the more intense
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the effect of pressurized water should have been, and this was not observed in the results.
The data in the table agree with the fixed carbon content, which tended to increase with
elemental carbon content, and the volatile matter, which tended to increase with oxygen
and hydrogen content.

Table 5. Elemental analyses of the hydrothermal carbons.

Sample C, % H, % N, % S, % O, % Ash, %

HC-A 57.50 6.56 0.53 0.05 35.31 0.05
HC-B 61.70 5.93 0.58 0.05 31.55 0.19
HC-C 63.70 5.89 1.06 0.05 28.46 0.84

On the other hand, EDX analyses were performed on all three hydrothermal carbons
and the raw chestnut cupule (Table 6). This determination, which studied a more superficial
area than the elemental analysis, confirmed the same trend. All carbons had been enriched
in carbon and depleted in oxygen. It is worth noticing that the HC-C sample contained the
most significant mineral matter. This effect is larger than the one found in the elemental
analysis, which indicates that the hydrothermal treatment affected the surface more than
the interior of the material particles.

Table 6. EDX analyses of the hydrothermal carbons.

Raw Material HC-A HC-B HC-C

C 54.2 69.6 72.5 72.0
O 43.6 30.0 27.4 26.9

Mg 0.1 0.0 0.0 0.0
Al 0.1 0.1 0.0 0.0
Si 0.2 0.1 0.0 0.0
P 0.1 0.0 0.0 0.2
K 1.0 0.0 0.1 0.2
Ca 0.7 0.1 0.0 0.5
Fe 0.1 0.0 0.0 0.0
S 0.0 0.1 0.1 0.1

3.2. Adsorption Experiments

The kinetic study of adsorption processes makes it possible to relate the amount of
adsorbate adsorbed per gram of adsorbent with the elapsed contact time between adsorbent
and adsorbate. The variation in the excess PFONa concentration over time data is shown in
Table 7. At 96 h, equilibrium can be considered established, having reached the maximum
adsorption. Our preliminary studies show that HC-A and HC-B have adsorption of around
15%, while HC-C adsorbs 26%; therefore, further decontamination studies presented herein
focused on the most promising adsorbent, HC-C.

Table 7. Adsorption kinetics results for HC-C.

Time PFONa 1

(h) Excess (mg/L) Adsorbed (mg/L) Adsorbed (%)

2 161 39 19
4 159 41 21
24 156 44 22
48 150 50 25
72 149 51 26
96 149 51 26

1 Average value of duplicate runs.

The Lagergren adsorption kinetic model assumes that the adsorption rate is propor-
tional to the number of unoccupied sites available for adsorption. However, when we
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applied it, we found it to be inappropriate for our data. On the other hand, the pseudo-
second-order adsorption kinetic model assumes that the rate-limiting step is the chemical
adsorption process, and it can be expressed mathematically, as shown in Equation (1):

t
qt

=
1

k·qe2 +
t
qe

(1)

where t is the time, qt is the amount of solute adsorbed at time t, qe is the amount of solute
adsorbed at equilibrium, and k is the rate constant. The data are shown in Table 8, whereas
the graph of t/qt vs. t is plotted in Figure 12.

Table 8. Data for the pseudo-second-order kinetic model.

Time, t (h) t/qt (h·g·mg−1)

0 0
2 2.5907 × 10−03

4 4.8603 × 10−03

24 2.7027 × 10−02

48 4.7619 × 10−02

72 7.1146 × 10−02

96 9.3842 × 10−02
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Figure 12. Plot for pseudo-second-order kinetics.

The data points follow a straight line, suggesting that the pseudo-second-order adsorp-
tion kinetic model applies to this system. The slope was 9.7137 × 10−4, and the intercept
was 1.1612 × 10−3, so we can calculate the rate constant (k = 8.126·10−4 h−1·mg−1·g) and
the amount of solute adsorbed at equilibrium (qe = 1029.47 mg·g−1).

Experiments were conducted with different HC-C to PFONa ratios to determine the
carbon adsorption isotherm. The values obtained are shown in Table 9 and plotted in
Figure 13.

Table 9. Adsorption isotherm results for HC-C 1.

c0 (mg/L) ce (mg/L) qe (mg/g)

40 36.6 3.40
70 61.1 8.95

100 81.5 18.55
130 103.2 26.80
165 126.6 38.40
200 148.9 51.15

1 Time = 96 h.
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We found that the data obtained did not mathematically fit the Langmuir adsorption
model, i.e., the adjustment of the model to the experimental data was inconsistent. On
the other hand, the Freundlich model fit these results. Data for the Freundlich model are
shown in Table 10.

Table 10. Data points for the Freundlich model.

Experiment Log(ce) Log(qe)

1 1.563481 0.531479
2 1.785686 0.951823
3 1.910891 1.268344
4 2.013680 1.428135
5 2.102434 1.584331
6 2.172749 1.708846

Using Equation (2) and the adjusted values, the Freundlich model constants can
be calculated:

lnqe =
1
n

lnce + lnKF (2)

The calculated values of Freundlich isotherm constants were KF = 12.3099; and
1/n = 1.9513 (r2 = 0.9962).

The consistency with the Freundlich model indicates some degree of heterogeneity
on the surface (not all active sites are identical) and the possibility that more than one
layer can be adsorbed. Since the material used as adsorbent was amorphous, this relative
heterogeneity can be expected. Moreover, the value of n indicates that the interaction
between adsorbent and sorbate is mainly of the chemisorption type. Our results are
promising, with a qe = 1029.47 mg·g−1; interestingly, they suggest that the maximum
adsorption capacity had not been achieved at high concentrations. To put these results in
perspective, we can refer to the excellent review by Liang et al.; in it, the authors compared
the different adsorption methods for removing PFAS from water [37]. Analyzing the results
obtained in water at pH 7, we found that, for granular activated carbon (GAC), a value of
qe = 2.34–102.7 mg·g−1 is reported; and for powdered activated carbon (PAC), qe values
of 16.9–500 mg·g−1 are found. On the other hand, for biochar derived from hardwood
sawdust, the value obtained for qe at pH 7.2 is 2.4 mg·g−1, and for pinewood at the same
pH, qe is 2.1 mg·g−1. Liang et al. found that ion exchange resins (qe = 525–1500 mg·g−1)
and carbon nanotubes (qe = 140–1110 mg·g−1) show the highest adsorption capacities, yet
they interestingly concluded that low-cost adsorbents with high adsorptive capacity are
highly recommended in place of commercial AC due to their local availability, technical
feasibility, and cost-effectiveness.
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The mechanisms affecting PFAS adsorption have been reviewed by Liang et al. in
an excellent review [37]. Diffusion, electrostatic interaction, hydrophobic interaction, ion
exchange, and hydrogen bonds all can play a role in the adsorption process and are
affected by the physicochemical characteristics of the adsorbent, such as pore size, pore
distribution, and functional groups. In our case, HC-C is the carbon with the largest volume
of mesopores; since PFONa is a large PFAS, it is essential for diffusion and adsorption that
there are large numbers of mesopores. It is also the most graphitized hydrothermal carbon,
i.e., the least polar; this also plays a vital role in the PFONa adsorption mechanism onto
HC-C. Because of the hydrophobic nature of PFAS chains, the sorption of anionic PFAS can
be dominated by hydrophobic interactions between the negatively-charged hydrophobic
fluorinated tail and the surface of hydrophobic adsorbents, regardless of the electrostatic
repulsion [51,52]. Particularly at high pH, hydrophobic interaction, which is not sensitive
to changes in pH, should be the primary PFAS adsorption mechanism [53,54].

Given these results, and due to the advantages of the hydrothermal carbon herein
reported, further work is underway to gain insight into the full potential of this adsorbent
in water decontamination.

4. Conclusions

The preparation conditions of the hydrothermal carbons greatly influence the result;
this allows for obtention of coals with tuned properties by optimizing the obtention process.

Carbonaceous material obtained by hydrothermal carbonization of sweet chestnut
(Castanea sativa) cupule residues is a cost-effective, environmentally benign adsorbent,
which effectively adds value to this biomass waste.

The carbons thus obtained show a limited surface area and a low microporosity
while having a large volume of mesopores and macropores. All of them are acidic, with
a low graphitization index, minimal moisture, and slight residual ash content; they are
carbonaceous materials with a low mineral matter content.

It is possible to purify water contaminated with perfluorooctanoate by adsorption on
this type of hydrothermal carbon. The adsorption process follows pseudo-second-order
kinetics. Additionally, it fits the Freundlich model, showing that more than one layer can
be adsorbed, which is expected in such an amorphous adsorbent.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/c9020057/s1, Table S1. Thermal Analysis Program; Figure S1.
SEM Images of HC-A; Figure S2. SEM Images of HC-B; Figure S3. SEM Images of HC-C; Figure S4.
SEM Images of raw chestnut cupule.
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Abstract: Currently, heavy metal-contaminated groundwater is an environmental concern. This
study investigated the use of bamboo biochar, chitosan-impregnated biochar, and iron-impregnated
biochar for arsenic, iron, and manganese removal from groundwater. Isotherms of arsenic, iron,
and manganese adsorption by bamboo derived biochar were compared with those of commercial
activated carbon in simulated groundwater composed of single and trinary heavy metal solutions.
The binding of heavy metals by virgin and loaded bamboo biochar and activated carbon was also
investigated by sequential extraction. Chitosan and iron-impregnated biochar had enhanced arsenic
adsorption, but these sorbents turned the pH of solution acidic, while it was alkaline for activated
carbon. Adsorption equilibrium times of arsenic and iron were faster for single than trinary heavy
metal systems because less ion competition occurred at active sites. The Langmuir model fitted
the adsorption data well. The maximum adsorption capacities of arsenic, iron, and manganese by
bamboo biochar in trinary heavy metal system were 2.2568, 0.6393, and 1.3541 mg g−1, respectively.
The main mechanism for arsenic removal was precipitation with iron. Bamboo biochar bound iron in
organic and sulfide fractions and manganese with iron-oxide. Bamboo biochar can replace activated
carbon as a more efficient and sustainable carbonaceous sorbent material for removal of mixed heavy
metals from groundwater within acceptable pH ranges.

Keywords: adsorption; fractionation; heavy metal removal; isotherm; modified biochar

1. Introduction

Iron (Fe) and manganese (Mn) are ubiquitous in soil and normally found in surface
and groundwater from rock weathering. In some regions of Asian countries, heavy metal
contamination in water resources was associated with mining, manufacturing, and rock
weathering [1,2]. Arsenic (As) is one of the heavy metals causing concern, and about
180 million people are at risk of arsenic poisoning [2]. In addition, environmental impacts
will differ between single-metal and mixed-metal pollution [1]. Excessive arsenic, iron, and
manganese concentrations were found in groundwater in the rural areas of developing
countries where groundwater is the main water resource for drinking water. Groundwa-
ter reportedly contained As, Fe, and Mn at maximum concentrations of 0.09, 3.68, and
0.38 mg/L in Jashor, Bangladesh [3]; 0.112, 46.3, and 6.16 mg L−1 in Shuangliao, China [4];
and 0.416, 68, and 1.9 mg L−1 in Lampang, Thailand [5]. Iron and manganese are necessary
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for human health as iron relates to a wide variety of metabolic processes, including oxygen
transport, deoxyribonucleic acid synthesis, and electron transport [6]. Manganese is also
essential for development, metabolism, and the antioxidant system [7] serving as a cofactor
of several critical enzymes [8]. However, prolonged consumption of high amounts of these
heavy metals results in severe health impacts such as organ dysfunction including cell
death, fibrosis, and carcinogenesis from iron toxicity [9]; psychiatric symptoms including
emotional liability, mania, compulsive or aggressive behavior, irritability, reduced response
speed from manganese toxicity [10]; and disturbance in the nervous system, while car-
cinogenic effects on numerous organs such as lung, urinary tract, and skin result from
arsenic toxicity [11]. The maximum concentrations of As, Fe, and Mn for drinking water
recommended by the WHO (2017) [12] are 0.01, 0.3, and 0.4 mg L−1, respectively. As the
excessive presence of As and Mn in water resources is a serious concern to public health,
they should be removed to the allowable concentrations by water treatment.

The adsorption process is widely used in water treatment due to its ease of operation
and cost-effectiveness. Adsorption is a mass transfer process in which the pollutant from
the liquid phase transfer to the solid phase or adsorbent. The porous structure, surface area,
and functional groups of adsorbents play an important role in heavy metal removal. Heavy
metals tend to adsorb onto the oppositely charged adsorbents. Among the numerous
studied adsorbents, biochar has proven to be effective for the removal of heavy metals
from water and wastewater due to its negative charge from oxygen functional groups and
also other related mechanisms such as complexation, physical sorption, reduction of metal
species, electrostatic interactions, and precipitation [13,14]. Thus, biochar is increasingly
considered as alternative that can replace commercial activated carbon. Biochar can also
be modified on its surfaces with chemicals to improve its adsorption properties. Chitosan
impregnation of biochar was reported for the removal of inorganic and organic pollutants
including heavy metals [15]. Chitosan is widely used because it is a biodegradable and
renewable polymer that possesses both cationic charges (from amino groups-NH2) and
anionic charges (from hydroxyl groups-OH). Loc et al. [16] reported the removal of an or-
ganic dye by chitosan-modified biochar through electrostatic interaction and complexation.
Another simple modification of biochar surfaces is iron impregnation for the removal of
acid red dye [17], phosphate [18], and arsenic [19,20]. Sun et al. [21] concluded that the
main mechanisms for arsenic removal by modified biochars were electrostatic interaction,
complexation, and precipitation.

Biochar composition is highly heterogeneous, containing not only the main elements
of carbonaceous adsorbents (carbon, hydrogen, and oxygen) but also nutrients (nitrogen,
phosphorus, and potassium) and some heavy metals. It was reported that biochar pro-
duced from coconut residues and rice straw contains Fe, Zn, and Al [22]. Wang et al. [23]
researched the amounts of heavy metals in chicken manure biochar and water-washed
swine manure biochar indicating high concentrations of arsenic, chromium, and manganese;
however, the proportions of labile fractions were decreased with increased pyrolysis tem-
perature during thermal conversion of biomass. Thus, if biochar is used as adsorbent for
water treatment it may release nutrients and heavy metals. It was reported that the release
of ions from biochar into deionized water followed the order of Cl− > K+ > Na+ > PO4

3− >
SO4

2− > Ca2+ > NO3
− > Mg2+ > NH4

+ = NO2
− and chitosan-impregnated biochar released

less ions than unmodified biochar [24]. Previous research mostly evaluated the removal of
heavy metals by biochar and modified biochar in single solute systems. Few studies have
addressed the removal of mixed heavy metals and considered the fraction of heavy metals
in biochar.

Bamboo is abundantly available in tropical and subtropical countries. To increase
its stability in the environment, it is necessary to convert raw biomass to biochar. Bam-
boo may be a promising adsorbent as bamboo biomass has been previously transformed
into biochar, activated carbon, and aerogel [25]. Previous research reported the main
structural components of bamboo biomass were cellulose and hemicellulose of 47.5 and
15.3%, respectively [26]. A review on bamboo-based biochar indicated the high surface
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area and mesoporous structure of bamboo biochar enables it to adsorb antibiotics (fluoro-
quinolone, sulfamethoxazole, and sulphapyridine), nutrients (ammonium ion, nitrate ion,
and phosphate ion), heavy metals (Cd, Cr, and U), dyes (Congo red and acid black 172),
and 2,4-dichlorophenol [25]. Hernandez-Mena et al. [26] reported bamboo biochar could
adsorb heavy metals with strong adsorption intensity, but less is known about the removal
of mixed heavy metals, such as As, Fe, and Mn in a trinary system [26]. In addition, the
effects of surface modification on adsorption capacities for a trinary system has also hardly
been investigated. Thus, the present study aimed to (i) study the performance of bamboo
biochar without and with modification by iron and chitosan impregnation, in comparison
with commercial activated carbon, in terms of the adsorption of As, Fe, and Mn in single
and trinary systems and (ii) to investigate the labile and stable fractions of heavy metals
bound onto bamboo-derived biochars.

2. Materials and Methods
2.1. Simulated Water Solution

Tap water was used to provide background ions for all experiments. It was analyzed
for cations and anions by Ion Chromatography (IC, 761 Compact IC, Metrohm, Switzerland)
as shown in Table 1. Before being used, tap water was spiked to achieve the desired
concentration of each heavy metal in the preparation of the single or trinary heavy metal
solution systems. The Fe(II), Mn(II), and As(V) ions were prepared from FeSO4·7H2O
(Ajax Finechem Pty Ltd., Taren Point, Australia), MnSO4·H2O (Ajax Finechem Pty Ltd.,
Taren Point, Australia), and Na2HAsO4·7H2O (Sigma-Aldrich, St. Louis, MO, USA) salts in
analytical grade, respectively.

Table 1. Background ions in simulated groundwater solution.

Ions Na+ NH4
+ K+ Ca2+ Mg2+ Cl− NO3− SO42− PO43−

(mg L−1) 11.95 0.03 4.66 57.05 9.52 12.75 4.03 34.89 ND

Note: ND = not detectable.

2.2. Bamboo-Derived Biochars and Characterization

Bamboo biochar (B) was derived from Ubon Ratchathani province, Thailand. Bamboo
stem (Bambusa beecheyana) at the age of 2–3 years were cut into lengths of 30 cm and then
the cuttings were placed in a traditional earth mound kiln (hemispherical shape with
diameter of 2.5 m and height of 2.5 m). Carbonization was completed within 6 days with
the temperatures range 400–600 ◦C. Then, the kiln was left to cool for 6 days, and biochar
was taken out from the kiln. It was crushed to a uniform size in the range of 2.0–3.0 mm.
All experiments used same batch of biochar production.

Chitosan-impregnated bamboo biochar (BC) was prepared following Vinitnantharat
et al. [27] by placing 5 g crushed B in 100 mL chitosan solution in a 250 mL Erlenmeyer flask.
Then, the suspension was agitated in a shaker at 100 rpm for 24 h at room temperature
(30 ◦C). The chitosan solution was prepared by dissolving 1 g chitosan powder in 100 mL
of 1% (v v−1) acetic acid. BC was separated from the mixture and rinsed with tap water
until the pH of the wash water reached 7.0 ± 0.5. BC was rinsed with deionized water
(200 mL) and air dried for 2 days before storage in a bottle.

Iron-impregnated bamboo biochar (BFe) was prepared by adapting the method of
Kalaruban et al. [28]. A total of 20 g of crushed B was mixed with 1.35 % (w v−1) of
FeCl3·6H2O solution in a 250 mL Erlenmeyer flask. Then, the suspension was agitated in a
shaker at 100 rpm for 24 h at room temperature (30 ◦C). BFe was separated from the mixture
by filtering through a plastic sieve, then it was rinsed with tap water until pH was 7.0 ± 0.5
and rinsed with deionized water (200 mL). BFe was left to dry at room temperature and
then kept in a bottle.
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Commercial activated carbon (AC) in the size of 2.0–3.0 mm was obtained from
Charcoal Home Co., Ltd., Bangkok, Thailand. It was made from bamboo (Dendrocalamus
asper) by carbonization in a brick kiln at high temperature (1000 ◦C). It was used as received.

Adsorbents were characterized by the physical adsorption of nitrogen gas according
to the method of Brunauer, Emmet, and Teller (BET, Quantachrome, Quandrasorb evo,
Anton Paar GmbH, Graz, Austria); the surface features and morphology were studied by a
Scanning Electron Microscope and Energy Dispersive X-ray Spectrometer (SEM-EDS, Jeol,
JSM-7610F Plus, Japan); surface functional groups were characterized by Fourier transform
infrared spectroscopy (FTIR, Thermo Scientific Nicolet 6700, Waltham, MA, USA); and
chemical composition was studied by X-ray fluorescence (XRF, Rigaku, ZSX Primus II,
Japan).

Iodine number was analyzed to determine the iodine adsorption following the ASTM
D4607 method. The pH of each biochar was measured after shaking 5 g of biochar in 50 mL
of deionized water (pHDI) at 100 rpm at 30 ◦C and the pH at point of zero charge (pHpzc)
was analyzed following the method of Khawkomol et al. [22]. The pH value was measured
by a pH meter (pH3210, WTW, Weilheim, Germany).

2.3. Adsorption Equilibration Time Study

The adsorption equilibration time was performed for single and trinary heavy metal
solution systems. The single heavy metal system was performed using 0.5 g of adsorbents
with 50 mL of solution containing 0.05 mg L−1 As(V), or 7.0 mg L−1 Fe(II), or 1.0 mg L−1

Mn(II) in 100 mL plastic bottles. As for trinary heavy metal system, the concentrations of
As(V), Fe(II), and Mn(II) were 0.02, 7.0, and 1.0 mg L−1, respectively. The solution pH was
adjusted to 7.00 ± 0.50, except that it was 4.40 ± 0.50 for adsorption of single Fe(II) solution
to avoid iron precipitation. The mixtures were agitated in an incubator shaker at 100 rpm
and temperature of 28 ± 0.5 ◦C. After contact time at 2, 5, 12, 24, 36, 48, 72, 84, 96, 108,
120, 132, 144, and 156 h, the mixture was passed through a 0.45 µm nylon membrane and
the filtrate was analyzed for As(V) using an inductively coupled plasma-optical emission
spectrometer (ICP-OES, Perkin Elmer Optima 8000), and for Fe(II) and Mn(II) using an
atomic absorption spectrometer (AAS, Shimadzu Europa AA-6300, Japan). All experiments
were performed in duplicate. The amount of Fe, Mn, and As adsorbed onto the adsorbent,
q (mg g−1), was calculated using Equation (1):

qt = [(C0 − (Ct − Cc)) · V]/m (1)

where C0 is the initial concentration of heavy metal ion (mg L−1), Ct is the concentration of
heavy metal ions at time t (mg L−1), Cc is the concentration of heavy metal ions released
by adsorbent into simulated water solution for the same condition of heavy metal ions
adsorption at time t (mg L−1), V is the volume of solution (L), and m is the mass of
adsorbent (g).

2.4. Isotherm Study

The batch adsorption experiments consisted of single and tri-heavy metals solutions
for determining the adsorption capacities of each biochar type. Adsorption studies were
performed in 100 mL bottles shaken in an incubator shaker at 100 rpm and temperature of
28 ± 0.5 ◦C until reaching equilibrium.

For single heavy metal isotherm experiments, a biochar dosage of 0.5 g was con-
tacted with 50 mL simulate water solution containing different concentration of As(V)
0.01–0.10 mg L−1 or Fe(II) 1.00–10.00 mg L−1 or Mn(II) 1.00–18.00 mg L−1. The pH of the
solution was adjusted to 7.00 ± 0.50, except it was 4.40 ± 0.50 for Fe(II) adsorption. In
the case of the trinary heavy metal system, different masses of biochars (0.2–1.0 g) were
contacted with fixed concentrations of 0.02 mg L−1 As(V), 7.0 mg L−1 Fe(II), and 1.0 mg L−1

Mn(II) in 50 mL simulated water solution. The initial and final equilibrium concentrations
were measured for each heavy metal and used for the construction of isotherm curves. The
pH of the solution at equilibrium (pHE) was also measured.
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Two adsorption models, Freundlich and Langmuir, were used to fit the experimental
data. The Freundlich model is an empirical model suitable for nonideal adsorption on
heterogeneous surfaces as expressed in Equation (2).

qe = KFCe
1/n, (0 < 1/n < 1) (2)

where qe is the amount of heavy metal adsorbed at equilibrium (mg g−1), Ce is the heavy
metal concentration at equilibrium (mg L−1), KF is the Freundlich constant related to
maximum adsorption capacity ((mg g−1)(L mg−1)1/n), and 1/n is the Freundlich constant
relate to the intensity (dimensionless).

The Langmuir adsorption model has been used to describe the uniform energies of
adsorption onto the surface and no transmigration of adsorbate in the plane of the surface.
The Langmuir model is given by Equation (3).

Ce

qe
=

1
KLqm

+
Ce

qm
(3)

qm defines the maximum amount of heavy metal per unit weight of adsorbent to form a
complete monolayer coverage on the surface (mg g−1), and KL is the Langmuir constant (L
mg−1).

2.5. Fractionation Analysis

The distribution pattern of heavy metals bound on the specific functional groups of
selected biochars was investigated by using biochar before and after being loaded with
trinary heavy metal solution (biochar dosage 1% w v−1). Two grams of biochar were
sequential extracted into 6 fractions: F1 Water soluble (Soluble); F2 Exchangeable (Exch);
F3 Bound to carbonate (CO3); F4 Bound to Fe/Mn oxides (Fe/MnO); F5 Bound to organic
matter and sulfide (Org/S); and F6 Residual. The extraction method was adapted from
Kashem et al. [29] as shown in Table 2. All extracts were centrifuged for 10 min at 3000 rpm
to separate the residue and supernatant. The supernatant was filtered and adjusted to
pH < 2 for analysis of As(V), Fe(II), and Mn(II).

Table 2. Sequential extraction procedures.

Fraction Extractants Extraction Conditions

F1 Soluble 20 mL of deionized water Shaking at room temperature for 1 h
F2 Exch 20 mL of 1 M NH4OAc, pH 7 Shaking at room temperature for 2 h
F3 CO3 20 mL of 1 M NH4OAc, pH 5 Shaking at room temperature for 2 h

F4 Fe/MnO 20 mL of 0.04 M NH2OH.HCl in 25%
acetic acid (v v−1), pH 3

Placing in the water bath at 80 ◦C for
6 h

F5 Org/S
15 mL of 30% H2O2 (v v−1),
after being cooled add 5 mL of 3.2 M
NH4OAc in 20% HNO3 (v v−1)

Placing in the water bath at 80 ◦C for
5.5 h Shaking at room temperature for
0.5 h

F6 Residual 20 mL of 7 M HNO3
Placing in the water bath at 80 ◦C for
6 h

The percentage of a heavy metal in each fraction (Fi) was calculated following
Equation (4)

%Fraction(i) =
100 × Fi

(F1 + F2 + F3 + F4 + F5 + F6)
(4)
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3. Results
3.1. Biochar Characteristics

Table 3 shows the chemical and physical properties of each biochar. Results from XRF
revealed that there were Fe and Mn in all bamboo-derived biochars and activated carbon,
but arsenic was not detected. The highest content of metal from XRF analysis of B and
AC was potassium (K). Chongtham et al. [30] reported that potassium was the main metal
in bamboo shoot ranging from 41.90–66.60% whereas Fe and Mn were in the range from
0.047–0.10% and 0.012–0.097%, respectively. The oxides of calcium (Ca) and K could be
hydrated to Ca(OH)2 and KOH, respectively, and produce alkaline solutions. The pHDI
of AC was higher than B because it contains more base cations. Impregnation of chitosan
and iron changed the elemental composition and decreased pHDI. BC was prepared by
coating chitosan on B, for which chitosan was dissolved in acetic acid solution. Thus,
metals in B were released particularly for easily soluble metal such as potassium, resulting
in higher relative contents of other metal contents than B. In addition, the percentages of
Fe, Ca, silica (Si), magnesium (Mg), and phosphorus (P) were increased. Fe and chloride
(Cl) contents were high in BFe because of the impregnation by FeCl3. The pHDI of BFe
was lowest compared to the other adsorbents as the hydrolysis of Fe3+ formed FeOH2+

and released hydrogen ions (H+). BC and BFe had pHDI lower than pHpzc, hence their
surfaces exhibited a net positive charge. BET surface area (SBET) and pore volume (Vp)
of BC and BFe were lower than B indicating that impregnation was achieved. However,
pore diameters (Dp) of BC and BFe were closed to the original biochar (B). Iodine number
measures the elementary iodine (I2) which has a statistical radius of 2.46 Å [31]. Ferric
chloride was used for impregnation and the Fe3+ with a radius of 0.65 Å [32] could fill up
the micropores. The Dp of AC was less than B according to the pyrolysis temperature of AC
was 1000 ◦C higher than those of B. Sahool et al. [33] reported the evolution of micropores
in the biochar leads to a decrease in pore diameter at high pyrolysis temperature. This
result agrees with the remarkably high iodine number of AC indicating its microporous
structure.

Table 3. Chemical and physical characteristics of bamboo-derived biochar.

Metal Composition (%) SBET Vp Dp

pHDI pHpzc

Iodine
Number
(mg g−1)Mn Fe Ca Si S P Cl Mg As K (m2

g−1)
(cm3

g−1) (Å)

B 0.70 0.32 7.78 7.93 2.87 7.06 5.62 2.69 ND 64.5 191.9 0.10 21.64 8.66 7.63 75.30
BC 1.68 0.82 13.7 14.5 6.44 10.9 ND 3.41 ND 47.7 66.6 0.04 21.96 4.31 4.56 72.09
BFe 0.59 19.6 3.17 25.9 3.08 6.04 24.3 1.39 ND 13.2 127.7 0.07 22.06 2.59 3.61 45.54
AC 0.88 2.21 9.77 9.62 1.04 2.41 4.44 3.60 ND 65.7 136.0 0.11 19.52 9.35 8.34 267.38

The SEM images of biochar samples confirmed the high porosity of biochar with
longitudinal pores originating from the vascular bundles of bamboo, whereas AC showed
cracked surfaces (Figure 1). Chitosan was mostly impregnated on the surfaces, whereas iron
was impregnated in the mesopores and micropores of biochar. AC had irregular surfaces
and porous structure. In addition, there were some particles on the surfaces. Result from
EDS revealed that carbon (C) content was high in B, BC, and AC, ranging from 76.24 to
88.51%, followed by oxygen (O), ranging from 7.84 to 25.37%. After chitosan impregnation
of biochar, the lower percentage of carbon content and higher oxygen content suggested
the presence of chitosan on the BC surface. As for BFe, the C and O contents were 33.46%
and 25.37%, respectively. The O/C ratio of BFe was highest at 0.76, followed by BC, B, and
AC, at 0.16, 0.08, and 0.09, respectively, indicating the increased oxygen functional groups
on BFe surfaces. The low O/C ratio of B and AC was due to the loss in oxygen functional
groups such as hydroxy, carboxyl, and carbonyl groups in the thermo-conversion process.
At pyrolysis temperature of 300–400 ◦C, cellulose and hemicellulose are decomposed and
lignin is decomposed above 400 ◦C [34]. However, Mn was found at the outer surfaces of
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BC and BFe at 6.08% and 2.39%, respectively. This is due to the acid solution of BC and
BFe which enhanced Mn mobility allowing its transport from the inner layers to outer
surfaces. The stability of biochar can be estimated from the O/C ratio and the O/C of BFe
was greater than 0.6, indicating a half-life of less than 100 years whereas the O/C of the
rest of the biochars were less than 0.2 implying a half-life of more than 1000 years [35].
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Figure 1. SEM-EDS images of bamboo-derived biochars. (a) B (b) BC (c) BFe (d) AC.

3.2. Adsorption Equilibration Time

Adsorption equilibration times of As and Fe in the single heavy metal system were
faster than in the trinary system because heavy metal ions in the trinary system competed
for the same active sites of biochar. BC and BFe reached equilibrium for As adsorption
in the single heavy metal system at 5 and 2 h, respectively, which was faster than B and
AC that reached equilibrium at 12 h (Figure 2a). Dissolved As(V) is negatively charged at
neutral pH so it reacted with the positively charged surfaces of BC and BFe. Likewise, Fe (II)
adsorption also reached equilibrium within 3 h for B and AC because of the opposite charge
of adsorbent and adsorbate (Figure 2b). It took 12 and 48 h for BC and BFe, respectively, to
reach Fe adsorption equilibrium in the single heavy metal system. Adsorption of Mn(II)
required more time than As and Fe adsorption in the range of 72–108 h. In addition, the
equilibration times of Mn adsorption in the single system were the same as in the trinary
system (Figure 2c).
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Figure 2. Equilibration time of (a) As(V), (b) Fe(II), and (c) Mn(II) adsorption in single and trinary
heavy metal systems by different biochars and activated carbon.

3.3. Single Heavy Metal Solution Adsorption

Freundlich and Langmuir adsorption isotherms are widely used to explain the ad-
sorption on heterogeneous and homogeneous of adsorbent surfaces, respectively. The
corresponding parameters, correlation coefficients (R2), and pHE are listed in Table 4.
The R2 values calculated for each model indicated that the adsorption data by B and BC
were more suitable described by the Langmuir model than by the Freundlich model. The
Langmuir model also provided the best fit for Mn adsorption by BFe, and for As and Fe
adsorption by AC. In addition, kinetic studies from previous work also revealed that the
adsorption of As(V), Fe(II), and Mn (II) by all adsorbents were following pseudo-second
order kinetics. This indicates that adsorption could be achieved via chemical processes [36].
The qm from the Langmuir model revealed that chitosan impregnation enhanced all heavy
metals adsorption, whereas iron impregnation enhanced only As adsorption. The highest
As adsorption was 0.019 mg g−1 by BFe, and the highest Fe and Mn adsorption were 303.03
and 5.2029 mg g−1 by BC. BFe and BC significantly removed As and Fe, respectively. It
shows that qm values of BFe to remove As were higher than qm values of B, BC and AC of
3.36, 2.03 and 10.83 times, respectively. The qm values of BC were higher than qm values
of B, BFe, and AC of 1.76, 7.12, and 22.70 times for removal of Fe, respectively. Other
work on iron-modified biochar reported high qm for As(V) adsorption of 0.926 mg g−1

by palm leave biochar [37] and 0.19 mg g−1 by parsley leaf biochar [38]; however, those
As(V) concentrations were higher in the ranges pf 0.5–30 mg L−1 and 0.05–2.00 mg g−1,
respectively, compared to the present study of 0.01–0.1 mg L−1.
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Table 4. Isotherm parameters and correlation coefficients for As, Fe, and Mn adsorption in the single
heavy metal system.

Adsorbent Heavy Freundlich Langmuir
pHE

Metal KF
(mg g−1) (L mg−1)1/n) 1/n R2 qm

(mg g−1)
KL

(L mg−1) R2

As (V) 0.0044 0.8435 0.9215 0.0058 0.7986 0.9630 7.98–8.78
B Fe(II) 353.25 0.9353 0.9450 172.41 0.3621 0.9482 8.00–8.33

Mn (II) 1.1410 0.7727 0.9911 5.0226 3.3451 0.9914 8.19–8.59

As (V) 0.0594 0.7384 0.8924 0.0096 0.0334 0.9162 5.00–5.33
BC Fe(II) 274.21 0.9513 0.9959 303.03 0.9091 0.9966 6.13–6.34

Mn (II) 0.0260 1.0336 0.9230 5.2029 181.92 0.9914 4.96–5.94

As (V) 0.1018 0.5052 0.9050 0.0195 0.0087 0.8639 6.05–6.98
BFe Fe(II) 97.55 0.8309 0.7684 42.55 0.2128 0.8971 6.33–6.37

Mn (II) 0.0515 0.7436 0.9449 0.2170 2.6296 0.8137 5.03–6.96

As (V) 0.0038 0.6713 0.8499 0.0018 0.1268 0.8889 9.32–9.50
AC Fe(II) 25.23 0.2672 0.8541 13.35 0.0080 0.8153 8.95–8.99

Mn (II) 2.5796 0.3375 0.9222 4.8355 0.4265 0.9317 8.89–9.24

BC gave high adsorption capacities because chitosan has free amino and hydroxyl
groups for interaction with negative and positive charges of heavy metals, respectively.
The pKa of the amino group in chitosan ranges from 6.2–7.0 [39]. Hence, at a solution pH
below 6.2 the amino group is protonated. Reportedly, the extent of protonation is 9, 50, 91,
and 99 % at pH 7.3, 6.3, 5.3, and 4.3, respectively [40]. The pH of solution also affects the
adsorbent surfaces and the specification of heavy metals. The speciation of As at different
pHs is shown in Equations (5)–(7) [41].

H3AsO4 � H+ + H2AsO4
− pK1 = 2.3 (5)

H2AsO4
− � H+ + HAsO4

2− pK2 = 6.8 (6)

HAsO4
2− � H+ + AsO4

3− pK3 = 11.6 (7)

The adsorption experiments for As adsorption were performed at the initial pH of
7.00 ± 0.50. Use of BC as adsorbent could decrease the pH values and the pHE for As
adsorption were in the range of 5.00–5.33. Thus, the main speciation of As was H2AsO4

−,
whilst the amino and hydroxyl groups of BC were protonated. These protonated groups
at acidic pH result in electrostatic attractions with negatively charge arsenate species. At
the solution pH below pHpzc, anions favor to adsorb on the adsorbent surfaces. The pHpzc
values of B and AC were 7.63 and 8.34, respectively, enabling adsorption of HAsO4

− species.
As for BFe, the main mechanisms for arsenate removal were the surface complexation with
iron oxyhydroxide and partial inclusion into the crystalline iron oxides [20,28].

The initial pH for Fe adsorption is 4.40 ± 0.50, which is lower than pHpzc of B, BC,
and AC, indicating these adsorbents exhibit positive charge. Thus, the repulsion of Fe2+

could occur. BFe exhibits negative charge resulting in electrostatic attraction. However, the
pH values were increased after contacting with adsorbents. This was due to the release of
base cations and hydroxide ions from adsorbents into solution. The pHE values of B and
AC were alkaline (8.00–8.99), whereas the pHE values of BC and BFe ranged from 6.13–6.37.
In the agitation during adsorption experiments, Fe2+ could be oxidized to Fe(OH)3. Hove
et al. [41] expressed that the oxidation rate at pH 9.0 was higher than at pH 6.0. The results
agree with the study of contact time showing B and AC reached equilibration times faster
than BC and BFe.
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Adsorption of Mn was performed at neutral pH; thus, the main species was Mn2+.
The pHpzc values of all adsorbents were lower than pHE indicating favorable conditions to
adsorb Mn2+. The formation of manganese oxide (MnO2) from aeration at pH below 9.0 is
a slow process and may not be achieved [42]. Because of this, Mn is hardly removed via
adsorption.

It should be noted that R2 values of the Freundlich model were closed to those of
the Langmuir model, therefore, heavy metals possibly adsorbed in the inner pores. The
radius of H2AsO4

−, Fe2+ and Mn2+ are 2.27, 0.77, and 0.83 Å [32], respectively which are
smaller than pore diameters of the adsorbents. In addition, multilayer adsorption such as
surface complexation may have occurred as the simulated groundwater contains cations
and anions.

The pHE values of BC were lower than 6.0 for As and Mn adsorption which was
outside the allowable range of pH 6.5–9.2 of drinking water standards in Thailand [43].
Thus, it may not be suitable for groundwater treatment as low pH could corrode and induce
the release of other ions from the adsorbent. Hence, B, BFe, and AC were selected for the
trinary adsorption experiments.

3.4. Trinary Heavy Metal Solution Adsorption

Arsenic was completely removed from the trinary heavy metal system by adsorption;
therefore, the data could not be fitted by the adsorption models. Saikia et al. [44] also
reported that iron oxide coated sand and other adsorbents removed As(III) 100 % from
water at concentration ranges 0.6–1.0 mg L−1 in the presence of Fe(II) and Mn(II). The initial
pH of solution was 7.00 ± 0.50. After being agitated, Fe2+ was oxidized to Fe3+ and then it
could react with As(V) to ferric arsenate (i.e., FeAsO4). Table 5 shows that the Langmuir
model provides the best fit for Fe and Mn adsorption by B and BFe, and for Fe adsorption
by AC.

Table 5. Isotherm parameters and correlation coefficients for Fe and Mn adsorption in trinary system.

Adsorbent

Heavy Freundlich Langmuir pHE

Metal KF
(mg g−1) (L mg−1)1/n)

1/n
(L g−1) R2 qm

(mg/g−1)
KL

(L mg−1) R2

B
Fe(II) 2.6710 0.6808 0.8022 2.2568 0.3056 0.8360

6.82–8.44Mn(II) 0.2559 0.6979 0.9020 0.6393 1.5398 0.9155

Bfe
Fe(II) 36.874 0.7530 0.8686 26.1780 0.3010 0.9008

5.58–6.80Mn(II) 0.2715 0.8946 0.8388 3.6643 12.342 0.8732

AC
Fe(II) 3.6370 0.8387 0.8632 3.1756 0.5062 0.8868

6.80–9.47Mn(II) 0.2142 0.8680 0.9031 1.3541 5.3369 0.8823

The qm values show that adsorption of Fe and Mn is in the order of BFe > AC > B. The
qm values from trinary heavy metal adsorption experiments were less than qm values from
single heavy metal adsorption, except for Mn adsorption by BFe. The pHE values of BFe
were far higher than pHpzc (3.61), because of the negative charge of BFe surfaces. AC had
higher adsorption than B because its porous structure enabled adsorption of heavy metals
in the inner pores. In addition, Mn can be oxidized to MnO2 at pH 9. To examine the main
functional groups for heavy metal adsorption, the FTIR spectra of virgin and loaded B, BFe,
and AC were compared in Figure 3.
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The spectral bands obtained at 3200–3600 cm−1 were attributed to the O-H stretching
vibration of alcohols [45]. The band ranges 1550–1640 cm−1 were denoted as N-H stretching
vibration of amides [45], and ranges 1400–1450 cm−1 was the C-H bending vibration of
alkanes [45]. The spectral bands at 1000–1300 cm−1 were attributed C-O stretching vibration
of ethers. The peaks of virgin adsorbents were similar to the peaks of loaded adsorbents,
but the peak intensities of loaded B and AC were smaller than those of virgin B and
AC, especially for the O-H group. This indicates the binding of Fe(II) and Mn(II) by this
group. Virgin and loaded BFe were found to have additional peaks at 582 and 597 cm−1,
respectively, which represented the Fe-O bond from iron impregnation [46]. The intensity of
characteristic bands of AC was low comparing to the bands of B and BFe because the high
pyrolysis temperature (1000 ◦C) for AC preparation could degrade cellulose, hemicellulose,
and lignin. The presence of O-H, N-H and C-O functional groups confirms their availability
for adsorption via different mechanisms.

3.5. Fraction of Heavy Metal Adsorption onto Bamboo Biochar and Activated Carbon

Table 6 presents the distribution pattern of As, Fe, and Mn in virgin and loaded B and
AC. As was not found in virgin B, but small amounts were found in F1 and F4 of virgin AC.
After loading with mixed heavy metals, As contents were found in F1. Fe was found in all
fractions, except in F3 in both virgin B and AC, and was predominantly in F6 for virgin B at
76.2%, and in virgin AC at 47.6%. Fe in the soluble fraction may have reacted with As and
precipitated from the solution, thus As was found in the soluble form after being loaded
onto the adsorbents. Fe content was decreased after adsorption indicating Fe also reacted
with other anionic ions such as sulfate ions. The main fraction of Fe after adsorption was in
F5 for B and in F6 for AC. Mn fractions in virgin B and AC were in the following order: F6
> F4 > F5~F2 > F1. It previously reported that the highest Mn fraction was found in the
residual fraction (F6) in goat manure biochar and bound to organic matter (F5) in swine
manure biochar [47]. Once B and AC were loaded with heavy metals, the metals were
mainly found in the fractions F4 and F3. Since F1, F2, and F3 are weakly binding, it was
found that Mn is more present in mobile fractions than Fe. The mobile fractions of Mn after
being adsorbed were 44.15 and 41.03% for B and AC, respectively.
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Table 6. Comparison of As, Fe, and Mn contents in each fraction of virgin and loaded B and AC.

Adsorbents Fractions (mg kg−1)

Metal F1 Soluble F2 Exch F3 CO3 F4 Fe/MnO F5 Org/S F6 Residual Total

B Virgin 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
As Loaded 0.02 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.00

AC Virgin 0.04 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.00
Loaded 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01

B Virgin 0.23 ± 0.01 1.20 ± 0.42 0.00 ± 0.00 2.03 ± 0.95 9.45 ± 3.45 41.47 ± 3.99 54.40 ± 3.99
Fe Loaded 0.41 ± 0.19 1.36 ± 0.26 2.44 ± 0.30 9.35 ± 0.13 14.75 ± 2.73 7.98 ± 2.18 36.29 ± 2.73

AC Virgin 0.20 ± 0.06 0.34 ± 0.16 0.00 ± 0.00 94.64 ± 7.41 9.61 ± 1.65 95.21 ± 18.16 200.01 ± 18.16
Loaded 0.41 ± 0.06 0.77 ± 0.00 0.62 ± 0.23 54.46 ± 4.07 3.97 ± 1.44 72.73 ±12.32 132.96 ± 12.32

B Virgin 0.67 ± 0.02 3.55 ± 0.28 8.32 ± 0.06 11.84 ± 3.79 9.15 ± 0.37 14.00 ± 1.69 47.53 ± 3.79
Mn Loaded 0.34 ± 0.04 15.83 ± 1.36 22.91 ± 0.88 24.24 ± 0.04 12.57 ± 0.64 12.64 ± 0.24 88.54 ± 1.36

AC Virgin 0.00 ± 0.00 0.14 ± 0.09 0.72 ± 0.01 2.22 ± 0.20 0.91 ± 0.14 2.98 ± 0.39 6.97 ± 0.39
Loaded 0.00 ± 0.00 1.88 ± 0.36 3.82 ± 0.29 4.65 ± 0.48 1.30 ± 0.09 2.26 ± 0.25 13.92 ± 0.36

4. Discussion

Bamboo biochar can replace commercial activated carbon for heavy metal removal
from groundwater. Bamboo biochar and activated carbon had the same functional groups
of O-H, N-H, C-H and C-O. The pH of solution and heavy metal speciation influenced the
adsorption of As(V), Fe(II), and Mn(II) both in single and trinary heavy metal systems. The
pH values of treated water after heavy metal adsorption by bamboo biochar were in the
range suitable for drinking water production, whereas AC produced alkaline water, and
BC and BFe produced acidic water. However, the maximum adsorption of As(V), Fe(II),
and Mn(II) were improved for the chitosan or iron impregnated biochars. BC and BFe
can thus be used for removal of As, Fe, and Mn contamination in groundwater, but pH
needs readjustment to the acceptable values for drinking water. In addition, treated water
should be analyzed for other heavy metals which may be released from biochar. Further
work should scrutinize the chemicals used for impregnation and the release of other heavy
metals after adsorption. BC and BFe may also be suitable for removal of high concentration
of heavy metals such as from mining wastewater.
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Abstract: There have been several emphasized pathways toward a reduction in carbon footprint in
the built environment such as recycling, technologies with lower energy consumption, and alternative
materials. Among alternative materials, bio-based materials and nature inspired solutions have been
well-received. This study examines the merits of using rice husk ash as a replacement for lime; lime
has a high carbon footprint mainly associated with the decomposition of calcium carbonate to calcium
oxide to form lime. Lime is commonly used in bituminous composites for roadway construction
to mitigate their susceptibility to moisture damage. Replacing lime with a low-carbon alternative
could allow a reduction in CO2 equivalent of bituminous composites. This paper studies the merits
of using rice husk ash (RHA) as a substitute for conventional hydrated lime (HL) in bituminous
composites. It should be noted that rice industries burn rice husks in a boiler as fuel, generating a
substantial volume of RHA. The disposal of this ash has major environmental impacts associated
with the contamination of air and water. Here, we study physical and chemical characteristics of both
HL and RHA for use in bitumen mixtures. This was followed by examining the extent of dispersion
of each filler in bitumen via optical microscopy to ensure their uniform dispersion. The properties
of the mixtures were further studied using the Marshall mix design method. It was found that a
25.67% increase in Marshall stability and a 5.95% decrease in optimum binder content were achieved
when HL was replaced by RHA at 4% filler concentration. In addition, mixtures containing RHA
exhibited higher resistance to cracking and permanent deformation compared to mixtures containing
HL. Additionally, 4% RHA in the mix showed stripping resistance similar to the conventional mix
with HL. The mixture with 4% RHA had a lower carbon footprint with enhanced economic and
environmental impacts compared to the conventional mix with HL. The study results provide insights
pertaining to the merits of bio-based materials to reduce the carbon footprint of pavements.

Keywords: sustainability; carbon footprint; rice husk ash; lime; silica; asphalt; concrete; roadways

1. Introduction

Generally, a bituminous mix is composed of aggregate, mastic (bitumen mixed with
filler), and air voids [1]. Fillers are fine material that mostly passes through a 75-µm sieve
and occupies 2–10% of the total mixture’s aggregate weight [2]. The critical roles of filler
are to steady the mix by filling the holes in the aggregate skeleton and to enhance the
viscoelastic properties of the mastic that glues the aggregate together [3]. It is commonly
acknowledged that the performance of bituminous mixes is greatly affected by the overall
characteristics of the filler [3].

Conventionally, stone dust produced during the process of stone crushing was used
as filler in a bituminous mix. Presently, cement and hydrated lime (HL) are used as
fillers in place of stone dust, since they deliver better binding and antistripping properties
in the mix [4]. In comparison with cement, HL acts as an active filler and enhances
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adhesion by altering the aggregate’s surface chemistry and reacting with acid components
in bitumen [5]. These conventionally used fillers are acquired by mining, and their constant
use in bituminous mixes has led to their shortage in different parts of the world. Regular
extraction for control fillers also causes the loss of riparian vegetation, damage in water-
retentive strata, lowering of the groundwater level, and disturbance of the remaining
ecosystem [6]. There are additional negative impacts on the environment: every ton of
cement production emits 0.73–0.99 tons of CO2, and every ton of lime production emits
0.2–0.45 tons of CO2 [7].

The use of available waste as an eco-friendly replacement for conventional fillers will
improve sustainability in building roads and create a way to lessen the carbon footprint
throughout the world. However, before applying such wastes, it is essential to check the
technical and economic viability of the resulting bituminous mix.

Rice is a primary food source for more than 100 countries and is consumed as an
essential food by nearly half of the world’s population. In 2014, the global rice harvesting
area was 162.72 million ha, and 741.48 million tons of rice were produced. Asia alone
produced more than 90% of the rice; India contributed 21.20% of the total output [8]. In the
production of milled rice, huge quantities of rice husk are generated as by-products. For
instance, India produced 104.8 million tons of rice in 2015 [9]. Theoretically, in 2015, India
generated 20.96 million tons of rice husk, which caused a problem for the rice-grinding
industry. Due to the inherent properties of rice husk (hard surface, poor nutritional value,
high silica content, fair resistance to bacterial decomposition), it is left unused or burned in
a boiler to generate steam or electricity. Additionally, the burning of rice husk produces
another source of pollutants called rice husk ash (RHA). The volume of this waste generated
every year (5.58 million tons in 2019) is so large that the safe disposal of this waste powder
has become a severe problem for the rice-milling industry [10]. Usually, RHA is discarded
in nearby landfills, resulting in severe environmental pollution and contamination of water
resources [10].

To overcome these problems, investigators have made many attempts to use RHA as
added building materials to reduce the contamination effect and total construction cost.
For instance, RHA has been used as a pozzolanic material in the construction industry [11].
From previous studies, it is known that RHA can be grinded finer and become more active
because of the metastable state of the surface structure [12]. As a result, the activated fine
nature of RHA makes it a potential filler/modifier in other materials, such as a bituminous
binder or mix [12]. However, very few studies deal with RHA’s use in a bituminous mix.
The application of RHA was examined as a partial replacement for the standard filler,
i.e., limestone powder [4]. One study investigated the applicability of RHA combined with
brick powder and waste glass dust as a filler in a bituminous mix; in that study, RHA did
not show any noteworthy performance compared to the other fillers [13]. The result of
another study showed that RHA could boost the visco-elastic properties of a bituminous
binder. Furthermore, RHA upgraded the elastic response of the modified binder [12]. Yet,
nearly all these research works are limited to only a few properties of the bituminous mixes,
or the studies applied RHA in an arbitrary percentage. Various studies also established
that RHA could be used as filler in a bituminous mix, but tests of RHA’s effectiveness
against stripping acquired conflicting results [13]. Additionally, up to now, no study has
investigated how modification with RHA affects the physical and morphological properties
of the resultant bituminous mastic. Thus, further investigation is needed on the usefulness
of RHA as a filler in a bituminous mix.

Objectives

This research has four objectives:

1. Analyze the suitability of HL and RHA individually as fillers by evaluating their
essential properties.

2. Examine the effect of each filler on the physical and morphological behavior of the
resultant bituminous mastics.
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3. Design dense bituminous macadam mixes using each filler at four percentages (2%,
4%, 6%, and 8%) and compare their mechanical and durability properties at the
corresponding optimum bitumen content.

4. Analyze the economic viability of each filler by comparing the costs of the pre-
pared mixes.

2. Materials and Methods
2.1. Materials

Aggregates of the basalt type were gathered from a Pakur quarry (Birbhum district,
West Bengal, India) and used in this study. Table 1 provides a description of the aggregates’
attributes. To suit the continuous aggregate gradation of dense bituminous macadam
(DBM) grade-II established by Indian standard specification [2], the collected coarse and
fine aggregates were sieved. The results are shown in Figure 1.

Table 1. Evaluated properties of studied aggregates.

Property Values Specified Limits [2]

Aggregate impact value 17% max 27%
Los Angeles abrasion value 20% max 35%
Water absorption value 1.3% max 2%
Specific gravity
� Coarse aggregate 2.86

2.5–3.0
� Fine aggregate 2.71
Combined Flakiness and Elongation Index 26.3% max 35%

Figure 1. Adopted gradation of DBM grading II mix.

A VG30 grade of bitumen was used as a binder. The bitumen came from Haldia
Petrochemicals (Purba Medinipur district, West Bengal, India) and is typically used in the
hot-mix asphalt industry in India. The binder had a penetration value of 57, a kinematic
viscosity (135 ◦C cSt) of 368, an SG of 1.045, and a softening point of 49 ◦C.

HL collected from a local market of Shibpur (Howrah district, West Bengal, India) was
used as the conventional filler. RHA was collected from a rice mill in the Purba Burdwan
district of West Bengal, India. Oven-dried fillers were used in this investigation after sieving
through a 0.075 mm sieve.
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2.2. Test for Filler Characterization

The physical and chemical features of each filler were estimated according to associated
specifications. Specific gravities of fillers were determined using a pycnometer as per ASTM
D854 [14]. The particle size distribution test was conducted as per ASTM D422 [15], and the
curves were plotted according to the guidelines. The fineness modulus (FM) and uniformity
coefficient (UC) were used to examine the curves. The specific surface area (SSA) was
evaluated by Blaine’s air permeability test using IS 4031 Part 2 [16]. Scanning electron
microscopy (SEM) imaging methods were used to observe that the fillers’ particle shape
and surface texture conformed to ASTM E 986–04 [17].

The quantity of harmful clays in the fillers was estimated by the methylene blue
values (MBV) according to ASTM C837-09 [18]. X-ray diffraction (XRD) analysis was used
to identify the prevalent minerals present in the fillers; the XRD was conducted using a
Rigaku D/Max-IIIC diffractometer operated with CuKα radiation over a range of 5–40◦

(2θ = 10◦ to 80◦) at a rate of 0.2◦ min−1. X-ray fluorescence spectroscopy was used to
determine the chemical composition of each filler as per ASTM E1621-13 [19]. The organic
content of each filler was quantified using a Loss-On-Ignition (LOI) test.

2.3. Designing and Testing of Bituminous Mastics and Mixes
2.3.1. Preparation of Mastic Samples

The mastic samples were fabricated by adding a suitable amount of fillers to preheated
bitumen in order to maintain a filler/bitumen (f/b) ratio of 0.5–1.4 with a rate of 0.3 rises
by weight; each sample was then mixed for 1 h. A shear blender with blending conditions
of 2800 rpm at 160 ◦C was applied to attain homogeneity, as detailed in earlier studies [20].
Afterward, 100 gm of each mastic sample was stored in an airtight container for physical
and morphological characterization.

2.3.2. Determination of the Physical Properties of Mastic

The conventional bitumen tests of penetration and softening point were performed to
assess the physical properties of the prepared mastics. Those two tests may be considered a
significant indicator of the stiffening effect of the fillers in mastic. Again, a conventional
approach was taken from the Shell bitumen handbook to forecast the thermal susceptibility
of the mastic samples in respect of the penetration index [21]. Such an index for mastics is
based on their penetration value and softening point, as shown in Equation (1). A lower
value of a binder’s penetration index indicates greater temperature susceptibility, whereas
a higher value indicates more resistance to low-temperature cracking [22].

Penetration Index (PI) =
1952 − 500 log(Pen25)− 20SP

50 log(Pen25)− SP − 120
(1)

where Pen25 = Penetration value of the mastic at 25 ◦C, and SP = Softening point (◦C) of
the mastic.

2.3.3. Morphological Analysis by Optical Microscopy Test

A Ziuss optical microscope was used to study the extent of dispersion of fillers in
the binder. A droplet of warm mastic was crammed between two microscope slides that
were then bound by adhesive tape at both ends and left to dry for a day in a dirt-free Petri
dish (Figure 2a). Then, they were studied using an optical microscope (Figure 2b) with a
20× magnification power; the images were captured by Axiovision software. The photos
of 16 numbered slides (2 replicates × 2 types of filler × 4 f/b ratios) were captured and
considered for analysis.
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Figure 2. (a) Microscope slide having bituminous mastic (b) Optical microscope.

2.3.4. Marshall and Volumetric Properties

The Marshall mix design method was used to evaluate the optimum bitumen content
(OBC) of all mixes according to MS-2 [23] guidelines. For each mix, about 1200 g of
aggregate was sieved at the chosen gradation (Table 2) with five bitumen contents (4.5–6.5%)
and four filler contents (2%,4%, 6%, and 8% by the weight of aggregate). For each mix,
15 numbered samples (three for each bitumen content) were fabricated, and their volumetric
properties, Marshall stability, and flow were calculated (ASTM D6927 [24]). The OBC of
each mixture was considered as a binder percentage in the compacted samples with 4% air
voids [25]. The air voids in the compacted specimens were measured according to ASTM
D3203-17 [26]. The increase in filler content in the mix was achieved by reducing the fine
aggregate fraction to maintain the required grading. In this study, the mix having 2% HL
as filler was considered the conventional/control mix.

Table 2. Characteristics of Fillers.

Property HL RHA

Specific Gravity 2.15 2.00
FM 3.18 2.86
UC 2.33 2.92

Specific surface area (m2/kg) 431.5 565.8
MBV (gm/kg) 0.97 1.27

Particle shape and texture (SEM) Angular particles with
uneven texture

Irregular porous particles
with very rough texture

Chemical composition
SiO2 3.23 86.64
CaO 72.42 1.88

Al2O3 0.41 1.66
Fe2O3 0.31 1.06
MgO 0.46 0.97
K2O 0.13 0.40
SO3 1.22 0.12

Loss on ignition (LOI) 21.69 6.15

2.3.5. Cracking Resistance

The resistance to cracking of each mix was evaluated by measuring the average indirect
tensile strength (ITS) of compacted samples by the ASTM D 6931-12 guidelines [27]. The
cracking resistance of bituminous mixes was extensively examined with the help of the
indirect tensile strength test [6,20]. According to the specification, testing was executed at
25 ◦C, and a compressive load was applied on compacted Marshall specimens (at 4% air
voids) diametrically with steel strips at a continuous rate of 50.8 mm/min. Twenty-four
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samples were fabricated, and average ITS values for each mix were compared. The ITS was
calculated using Equation (2):

ITS =
2000Pmax

πDT
(2)

where ITS = indirect tensile strength (kPa); Pmax = peak load (N); D = the diameter of the
samples (mm); and T = the thickness of the samples (mm).

2.3.6. Resistance to Moisture Damage

In this study, the resistance to moisture damage of the bituminous mixes was deter-
mined following AASHTO T283 [28]. After calculating the OBC, 48 Marshall samples
were fabricated. Before casting each mix, the appropriate minimum specimen weight to
reach the air voids of 7 ± 1.0% was achieved by trial and error. Each mixture was divided
into two subgroups: dry and saturated. A partial vacuum was applied to the saturated
specimens to achieve 55% to 80% saturation. Next, the samples were placed in a deep
freezer at −18 ± 2 ◦C for 16 h. Then, the specimens were positioned under a 60 ± 1 ◦C
water bath for 24 ± 1 h. Before the ITS test, the saturated specimens were located in an
additional water bath at 25 ± 0.5 ◦C for two hours. The ITS of dry samples and the ITS
of water-conditioned samples were measured at 25 ◦C. The ability of the bituminous mix
to withstand the harmful effect of moisture was represented as the ratio of the ITS of the
saturated specimens to the ITS of the dry samples, which is known as the tensile strength
ratio (TSR). The TSR (expressed as a percent) was calculated using Equation (3).

TSR =
ITSsaturated

ITSdry
× 100% (3)

2.3.7. Creep Resistance

As described in BS598-111 [29], the uniaxial static creep recovery test was used to
measure the resistance to permanent deformation of bituminous mixes with different fillers.
This test was performed by applying a static load to a specimen and measuring the resulting
deformation with time. The reversible part of the total deformation was also recorded by
removing the entire load and measuring deformation after a recovery time equal to the
loading time. A set-up was fabricated at the transportation Engineering Laboratory, IIEST,
Shibpur. This test was performed using the Marshall loading frame, a dial gauge with an
accuracy of at least 0.001 mm, and a video camera for recording the dial gauge reading and
time. In this test, a 10 kg load was applied to provide axial stress of 100 kg for 1 h on the
sample, followed by unloading and a recovery time of 1 h, all at a test temperature of 27 ◦C.

3. Results and Discussion
3.1. Filler Characterization

The characteristics of the considered fillers are shown in Table 2 and Figures 3–5. The
specific gravity of RHA (2.00) was marginally less than that of HL (2.15). RHA was a finer
filler than HL; the FM of RHA (2.86) was less than the FM of HL (3.18). Earlier studies [3,30]
stated that fillers that are finer in nature show a stronger physicochemical interaction with
bitumen, thus providing higher stiffness and better moisture resistance. The UC values of
RHA (2.92) and HL (2.33) indicated that both were uniformly graded fillers. As expected,
the specific surface area of RHA (566.8 m2/kg) was larger than the specific surface area of
HL (432.5 m2/kg).

Figure 4 shows the SEM images of the fillers. As shown in Figure 4a, HL usually
has a rough texture with variations in sizes, and it has a proclivity toward agglomeration.
Figure 4b shows that RHA has larger particles of irregular shape and is poriferous in nature.
In the SEM image of RHA, a unique honeycomb structure can be seen. RHA particles range
in size from 10 to 100 microns. Experience indicates that the cellular structure of RHA has
been gradually broken-down during grinding, which can account for the RHA’s higher
specific surface area compared to HL [12]. This is particularly evident in ashes derived
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from the uncontrolled RHA combustion processes, which can produce high carbon content
and wide distributions of particle size [12].

Figure 3. Particle size distribution curves of fillers.

Figure 4. Physical appearance and SEM image of (a) HL and (b) RHA.

123



C 2023, 9, 37

Figure 5. X-ray diffraction spectrum of (a) HL and (b) RHA.

A filler containing a high quantity of detrimental clay may swell when interacting
with water and act as a partition between binder and aggregates, weakening the adhesion
at the bitumen–aggregate interface [6]. There is no specific range for methylene blue value
(MBV) given in India’s specifications. In Portugal’s specification, the highest allowable
limit for MBV is 10 g/kg. The MBV values for HL (0.97 g/kg) and RHA (1.27 g/kg)
were much lower than the permissible limit. XRD diffractograms of the studied fillers are
shown in Figure 5. The HL composition had a prevalence of calcite and portlandite. These
compounds are popularly known as anti-stripping agents and are generally found in HL
and ordinary Portland cement. A small percentage of calcite was also found in RHA. Silica
in the form of cristobalite and quartz was observed in all fillers but in different quantities.
Silica in the form of cristobalite was observed in RHA. As shown in Table 2, the chemical
characteristics of HL show a high proportion of CaO (approximately 72%), along with an
LOI of 21.69%. RHA shows a composition similar to the F pozzolans [31], since the sum
of Fe2O3, Al2O3, and SiO2 is more than 70%, and the LOI is 6.15%. Although there is no
permissible limit for the LOI value, it would be more feasible to use fillers with a relatively
low LOI in order to reduce the possible preoccupation of binders by unburned carbon
particles [32].

3.2. Mastic Evaluation
3.2.1. Physical Properties of Mastics

The change in physical properties of mastics prepared with various proportions of
reference fillers is shown in Figures 6 and 7. The penetration and the softening point are
inversely co-related. The penetration value shows the hardness and consistency of the
bituminous binder, and the softening point indicates the temperature at which the binder
changes its phase. Figure 6 shows a continuous decreasing tendency in penetration value of
the mastic blend, and Figure 7 shows an increasing drift in the softening point of the mastic
blend. Compared to HL at the same f/b ratio of the mastic samples, RHA shows a lower
penetration value and a higher softening point. This might be due to the lower density and
higher specific surface area of RHA compared to HL. It is well-known that the inclusion of
filler with fine particles makes a bituminous binder stiffer and improves the performance
of the resultant mixtures under permanent deformation [33]. Further, a bituminous binder
with a high softening point can resist deformation due to a temperature increase. The test
results for softening point show that the mastic having RHA is an excellent solution for a
hot climate such as India’s.

Figure 8 shows that the inclusion of RHA in binder increases the penetration index
with an increase in the f/b ratio. At an f/b ratio of 0.8, the penetration index of bituminous
mastic having either HL or RHA as filler lies within the specified range of −1 to +1 [34].
This indicates that the thermal susceptibility of the bitumen was improved by the addition
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of HL or RHA fillers. Therefore, it is possible to use those waste fillers for road construction
in a hot climate; this is in line with observations from previous studies [12].

Figure 6. Variation in the penetration values of the mastic samples.

Figure 7. Variation in the softening point value of the mastic samples.

Figure 8. Evaluation of thermal susceptibility of bituminous mastic by penetration index.
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3.2.2. Morphological Analysis of Mastic

The mastic is the delicate phase of a bituminous mix; the affinity between filler and
bitumen is vital for good performance of the bituminous mix [1]. The morphology of
mastic made with HL or RHA at f/b ratios of 0.5, 0.8, 1.1, and 1.4 is shown in Figure 9
for HL and Figure 10 for RHA. The uniform dispersion of HL molecules in bitumen is
shown at the f/b ratio of 0.5 (Figure 9a). HL is very active chemically and has a relatively
low molecular weight, and it has a high relative concentration of reactive chemical func-
tionality. HL also has a comparatively strong base and reacts with acid components such
as carboxylic acid and 2-quinolone-type. Removal of these acid components from the
bitumen matrix enhances the compatibility in the bitumen–filler system; this may account
for the excellent stripping performance of the conventional mix. For HL at f/b ratios of
0.8, 1.1, and 1.4, as shown in Figure 9b–d, the HL particles tend to be clustered in the
bitumen. Additionally, the absorption of bitumen’s oil fraction by calcium hydroxide in
HL increases the rate of particle agglomeration, leading to asphaltene precipitation in the
mastic. For RHA, accumulation was more likely to occur at the f/b ratio of 0.5; Figure 10a
shows the heterogeneous dispersion of RHA particles in bitumen. RHA molecules had
their best bonding arrangement in the mastic at the f/b ratio of 0.8; Figure 10b shows the
homogeneous dispersion of RHA and adequate filling of the pores through absorption
of the acid molecules of bitumen by siliceous nanoparticles of RHA, providing a steadier
adhesive system [33]. This result parallels the mix performance, which suggests that RHA
modification at the f/b ratio of 0.8 may significantly enhance the stiffness and resistance to
moisture damage of the RHA-modified mix.

Figure 9. Optical micrograph of mastics with HL at f/b ratio of (a) 0.5, (b) 0.8, (c) 1.1, and (d) 1.4.
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Figure 10. Optical micrograph of mastics with RHA at f/b ratio of (a) 0.5, (b) 0.8, (c) 1.1, and (d) 1.4.

3.3. Performance of Bituminous Mixes
3.3.1. Marshall and Volumetric Properties

The change in average Marshall properties (air voids, voids in mineral aggregates
(VMA), voids filled with bitumen (VFB), stability, and flow) of the mixes with OBCs are
shown in Table 3. The conventional mix (HL at 2% filler content) has an OBC of 5.2%; the
OBC at 4% filler content is lower at 5.17%, and then reaches 5.6% at 8% filler content. In
contrast, the RHA-modified mixes display lower OBC in comparison with HL for filler
content levels of 2%, 4%, and 8%. It should be noted that RHA shows nearly 5.9% lower
OBC than the conventional mix when 4% filler is used. A similar trend was observed in
earlier studies [12,30,33]. Compared to HL, RHA has larger particles, as shown in Figure 4.
Nonetheless, RHA has a larger specific surface area than HL. This can be attributed to the
mesoporous structure of RHA particles. However, the pores in RHA are not accessible
to binder molecules [12], thus the OBC of RHA is lower. The range of pore diameters in
RHA is 0.002 µm to 0.12 µm [35], while the average bitumen film thickness is typically
2–8 µm [36].

Table 3. Average Marshall and Volumetric Properties of the Mixes.

Filler Type
Amount
of Filler

(%)

OBC
(%)

Marshall
Stability

(kN)

Flow
(mm)

VMA
(%)

VFB
(%)

HL 2 5.2 13.85 3.82 16.18 74.57
4 5.17 15.75 3.77 16.07 72.59
6 5.35 14.75 3.79 16.32 74.79
8 5.60 14.18 3.96 16.82 74.85

RHA

2 5.15 14.5 3.65 15.93 70.44
4 4.91 17.25 3.48 15.66 70.83
6 5.38 16.62 3.73 16.21 73.34
8 5.42 15.93 3.82 16.5 73.87

Requirements (MORTH 2013) - 9.00
(min) 2–4 13.00

(min) 65–75
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At 4% filler content, the peak stability of the HL mixture is 15.75 kN, while that of the
RHA mixture is 17.25 kN. The superiority in stability values of RHA mixtures relative to HL
mixtures can be attributed to the irregular particle shape of RHA giving rise to interlocking
actions (see Figure 4b). This, in turn, may increase the shear strength and stiffness of the
modified binder, which can increase resistance to the plastic flow of the mix.

All mixes have flow values within the desired range (Table 3). The VMA of all the
mixes is well above the minimum requirement. RHA mixes have the lowest VMA values.
The HL mixes have the greater VMA values, despite HL having small-sized particles. This
result may be attributed to the clustered HL particles. All mixes have VFB values in the
acceptable range as specified in the Indian Code (Table 3). RHA mixes have lower VFBs
than the HL mixes and can be used in areas having hotter environments because of a low
bleeding prospect [37].

3.3.2. Cracking Resistance

Figure 11 shows the ITS values of the mixtures with various percentages of HL and
RHA. As shown in Figure 11, the ITS increases with the rise in filler content and comes to a
peak at 4% content. The conventional mix (HL at 2% filler) has an ITS value of 646 kPa, but
the ITS of HL mix at 4% filler is 23.06% higher at 795 kPa compared to the conventional mix.
Further, the RHA mix at 2% filler has an ITS value of 720 kPa; however, the ITS of RHA
mix at 4% filler is 50.15% higher at 970 kPa compared the conventional mix. The higher ITS
values of HL mix and RHA mix at 4% filler may be attributed to the fine nature of HL and
RHA as indicated by their high specific surface areas [10,30]. However, further increments
in filler content (6% and 8%) decrease the values of the said properties. This may be owing
to the higher stiffness of modified mixes at increasing filler proportion. Since the HMA
with high stiffness is prone to be more brittle and has less ability to bear tensile strength.
The improvement in ITS value of RHA mixes may be attributed to the multilayer structure
and micro-pores in RHA (see Figure 4b), which successfully enhance the cohesion and
adhesion of the mastic, thereby helping to increase the cracking resistance of the mixture.

Figure 11. ITS values of HL mixes and RHA mixes with different filler contents.

3.3.3. Resistance to Moisture Damage

Bituminous mixes with higher TSR values have better resistance to moisture damage.
Figure 12 shows the TSR values of all mixes. According to the Indian Code, each bituminous
mix should have a TSR of 80% or more [2]. All the mixtures met this requirement at 2%, 4%,
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and 6% filler. As expected, the conventional mix (HL at 2% filler) displays the maximum
TSR value of 98.13% among all mixes. HL in this mix may enhance the mixture’s resistance
to moisture damage by neutralizing the acidic compounds in bitumen [38]. Neutralizing
the acidic compounds in bitumen helps prevent moisture from weakening the interfacial
bond between bitumen and aggregate [39].

Figure 12. TSR values of HL mixes and RHA mixes with different filler contents.

Nonetheless, at 4%, the RHA mix has a TSR value of 97.74%, which is almost equal to
the 98.13% TSR of the control mix (HL at 2%). The acid components in bitumen (carboxylic
acid and 2-quinolone-type) are responsible for weakening the ability to resist stripping at
the bitumen–aggregate interface, especially for siliceous aggregates and the gathering of
a layer of brush-like acid crystals at the bitumen–silica interface [39]. Due to the unique
nature of RHA, it can act as a sink for acid compounds and prevent their crystallization
at the surface of silica particles; this, in turn, helps prevent moisture damage. [39]. It has
been reported that fillers with a high specific surface area help to prevent accumulation
and crystallization of the acids at the bitumen–stone interface [40].

The size and surface chemistry of siliceous particles play a major role in their perfor-
mance in asphalt; functionalized, surface-treated silica has been used to improve asphalt’s
durability and moisture resistance [40,41]. In the case of RHA, the presence of carboxyl
groups on the surface can promote interaction with bitumen compounds. It has been shown
that modifying bitumen with nano clay (which includes silica platelets) promotes asphalt’s
resistance to moisture damage [42]. Additionally, Fini et al. showed that active mineral
powders can be used as modifiers in bitumen to control the migration of alkane acids
to the interface of bitumen and aggregate, thereby improving the resistance to moisture
damage [38].

3.3.4. Creep Resistance

The test results for static creep recovery and permanent deformation are shown for HL
mixes in Figure 13 and for RHA mixes in Figure 14. (Each reported test result is an average
of three samples.) In the present study, creep and permanent deformation (due to sustained
10 kg load) for all the mixtures shows that the creep performance improved with increased
filler content. This trend could be observed for both fillers at all percentages of filler. This is
expected, since an increase in filler percentage increases the stiffness, thereby providing
more resistance to deformation. At filler levels of 2%, 4%, 6%, and 8%, the respective
permanent deformation of HL mixes was found to be 0.20, 0.13, 0.10, and 0.06 mm, and
the respective permanent deformation of RHA mixes was found to be 0.16, 0.12, 0.07, and
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0.04 mm. As shown in Figure 4b, RHA has a rough interior and exterior layer. Further, the
RHA micro-particles contain three-dimensional micro-sheets and columnar SiO2 crystals,
which might be attracted to base bitumen. In contrast, HL particles are more regular and
uniform than RHA. Compared to HL, RHA could form a more stable and viscous three-
dimensional meshed bonding system with bitumen, increasing the mixture’s resistance to
permanent deformation [12].

Figure 13. Creep performance of mixes containing different percentages of HL.

Figure 14. Creep performance of mixes containing different percentages of RHA.

3.4. Cost Analysis

The economic benefit from using RHA as filler was evaluated after comparing the
material cost for the production of a 1.0 m3 of DBM grading-II (50 to 75 mm thickness) layer.
Based on the performance of all the studied mixes, mixes up to 4% filler were considered in
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the cost analysis. The quantities of materials were calculated as per the mix design used
in this study. Table 4 shows the present unit cost of each ingredient (coarse aggregate,
fine aggregate, hydrated lime (HL), and bitumen) for production of dense bituminous
macadam mixes according to the schedule of rates of the Public Works Department, West
Bengal, India [43]. Since RHA is a waste material, RHA is freely available, apart from its
transportation cost. Thus, the carrying cost for RHA was considered to be the same as for
cement. RHA does not require any processing, since it mostly passed through a 75 µm
sieve. RHA’s processing (labor) cost in the worst situation can be taken as 0.5% of the total
cost needed to produce 1.0 m3 of DBM mix.

Table 4. Comparison of Cost of Selected Mixes.

Materials WBPWD
Rates

Quantity in 1 m3 of Dense Bituminous
Macadam Grade-II (50 to 75 mm) Thickness

2% HL 4% HL 2% RHA 4% RHA

Coarse Aggregate (m3) 1536.35/m3 0.952 0.948 0.952 0.948
Fine Aggregate (m3) 1167.10/m3 0.483 0.452 0.483 0.452
Hydrated Lime (kg) 7.50/kg 44 88 0 0
Rice Husk Ash (kg) 0 0 0 44 88

Bitumen (kg) 35.18/kg 114.62 113.96 113.08 107.8
Cost in (INR/m3) 6389 6659 6005 5777

Transportation cost
(INR/MT) 84/MT 0 0 3.696 7.392

0.5% for processing
(INR/m3) 0 0 300 289

Total Cost (INR/m3) 6389 6659 6305 6066
Percentage saving in
cost with respect to
conventional mix

(2% HL) (%)

0 −4.22 1.31 5.06

The results of the cost analysis clearly show that the mixes composed of 2% RHA or
4% RHA filler are economical compared to the conventional mix (2% HL). The significant
parameter in the cost reduction is the lesser amount of bitumen consumed by RHA mixes.
The cost comparison is also made by considering the increasing quantity of alternative
filler (mixes with 2% RHA or 4% RHA) and observing that the cost of the mixes gradually
decreases with the increase in filler content. Thus, the significant observation is that the total
material cost of constructing 1.0 m3 of DBM layer using 4% RHA mix is nearly 5.06% lower
than that of the conventional mix (2% HL) after satisfying all standard specifications. Apart
from these monetary benefits, using RHA as a filler has environmental benefits such as
saving a significant amount of valuable land from being used as landfill for discarded RHA.

4. Conclusions

This study examined the merits of replacing hydrated lime (HL) used in bituminous
composites with rice husk ash (RHA) to reduce their carbon footprint and promote both
construction sustainability and resource conservation. Based on the study results, these are
the conclusions:

• Mixtures containing RHA (up to 4%) were shown to have enhanced Marshall stabilities
and volumetric characteristics compared to those containing HL.

• The mixture containing 4% RHA had the lowest optimum binder content; this can be
attributed to RHA’s physiochemical characteristics and particle size distribution.

• Compared to the control mixture containing HL, the mixture containing RHA had
a nearly 47% higher resistance to cracking and 40% higher resistance to perma-
nent deformation. This was attributed to the RHA micro-particles containing three-
dimensional micro sheets and columnar SiO2 crystals, forming a stable and viscous
three-dimensional network with bitumen compared to the control mixture.
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• Resistance to moisture damage in mixtures containing RHA was found to be slightly
better than that of mixtures containing HL. This can be attributed to the active silica in
RHA and physiochemical characteristics of RHA, which can adsorb acidic compounds
of bitumen, as shown by prior studies [38].

• Mixtures containing RHA had lower carbon footprints than mixtures containing HL.
In terms of production cost, mixtures containing RHA cost 5% less than the control
mixture containing HL.

The study results showed that replacing HL by RHA had positive effects on the
performance of bituminous composites while reducing their carbon footprint. Accordingly,
the study outcomes promote construction sustainability and resource conservation.
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Abstract: This study was conducted to assess the effects of amending tropical sandy soils with
biochar derived from agro-industrial wastes on the leaching and utilization of nitrogen (N) by maize.
The experiment was conducted in pots in a greenhouse with two sandy soil types and two different
biochars. The biochars used in this experiment were preselected in a preliminary column experiment
that assessed the N retention capacities of the different biochars and those that exhibited the best
retention capacities chosen for experimentation. The biochars evaluated included saw dust, rice
husk and corncob pyrolyzed at 500 ◦C and the results from the column leaching experiment showed
that sawdust biochar had superior retention capacities for both NO3

− and NH4
+, followed by rice

husk biochar. The pot experiment utilized sawdust and rice husk biochars applied at rates of 0,
20 and 40 t/ha to the soil treated with different N sources including cow dung and ammonium
sulfate and growing maize on the amendments for two seasons with each season lasting for five
weeks. The soils were leached on the 14th and 28th days after planting to determine the amount of
leachable N. Biochar amendments reduced the leaching of NO3

−N and NH4
+N with no significant

differences observed between biochar types, but between soil types. The abatement of leaching by
biochar amendments consequently enhanced N uptake by maize and dry matter production and
thus, agro-industrial waste biochar amendment is recommended for reducing leaching in tropical
sandy soils.

Keywords: biochar; dry matter accumulation; leaching of nitrogen; nitrogen uptake; tropical
sandy soils

1. Introduction

Despite the fact that nitrogen (N) is by far the largest component in the atmospheric
air, it is the major limiting factor for the productivity of agricultural crops and is hence an
indispensable input in crop production [1,2]. However, N applied to the soil is highly prone
to leaching and volatilization, with nitrous oxide (N2O) and ammonia (NH3) being the
gaseous emissions of great environmental concern, while NO3

− ions are the main form of N
leached [3]. Indeed, McAllister et al. [4] indicated that about 50% to 70% of N applied to the
soil is lost through a combination of pathways, including leaching, erosion, denitrification,
incorporation into microbial biomass and volatilization. N lost from the soil causes or
exacerbates environmental pollution through triggering/heightening eutrophication, global
warming, loss of biodiversity and depletion of ozone in the stratosphere [1,2]. The vast
majority of West Africa is rich in low activity clay soils [5], on which leaching of nutrients,
including N, is severe. The low nutrient retention capacities of these soils coupled with high
infiltration rates, low organic matter (OM) content and high water conductivity culminate
into low nutrient uptake by plants, fertilizer use efficiency and yield [6,7].
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The use of biochar to check the leaching of applied N fertilizers has attracted a lot
of interest in recent years and several studies have been conducted. An early study by
Yao et al. [8] showed that only a few of the thirteen biochars used in their experiment
could reduce leaching of nitrates in a batch experiment, but nine of the thirteen biochars
attenuated ammonium leaching. Another study by Major et al. [9] found that biochar
applied to a Columbian savanna oxisol at a rate of 20 tons per hectare increased nitrate
leaching up to a soil depth of 0.6 m but the leaching was reduced by 8% at a 1.2 m soil
depth. Sika and Hardie [10] showed that the pine wood sawmill waste biochar applied to a
South African sandy soil at rates of 0.5, 2.5 and 10% reduced the leaching of ammonium
nitrogen by 12, 50 and 86%, respectively, while the reduction rates of nitrate leaching stood
at 26, 42 and 96%, respectively. Later on, Xu et al. [11] found that the application of maize
straw biochar at 2, 4 and 8% to fluvo-aquic soil layered in columns reduced the leaching of
urea by 18.8, 19.5 and 20.2%, respectively. A study by Sun et al. [12] showed that wheat
straw biochar applied to saline coastal soils at rates of 0.5, 1.0, 2.0 and 4.0% reduced the
leaching of ammonium by 11.64–27.68% and nitrate by 13.19–36.26%, with the leaching
reduction power of the biochar increasing with increasing application rates.

However, its worth noting that the biochar-induced reductions in N leaching may not
be agronomically beneficial, as has been demonstrated by numerous studies. For example,
Sika and Hardie [10] noted that the leached biochar-amended soils contained infinitesimal
amounts of exchangeable ammonium (0–7.3 mg kg−1) and nitrate (5.8–8.0 mg kg−1), which
could negatively affect crop yield even though they did not grow any crops in their
experiment. Indeed, in a four-year field experiment, Haider et al. [13] found that although
biochar reduced nitrate leaching from the temperate soil, there was no positive effect on
the yield of the grown maize. Contrary to this observation, Liu et al. [14] indicated that the
concomitant reduction in N leaching caused by biochar applied to the sandy soil boosted
N uptake and the dry weight of ryegrass in the first season of the experiment, although
this positive effect was ephemeral and could not be reproduced in the second season. It is
important to note that both experiments that involved the growing of crops were conducted
in temperate soils and, to the best of our knowledge, there are no data that examined the
effects of biochar on the leaching of N and subsequent effects on the uptake and yield of
the crops grown in a tropical soil. Therefore, this experiment was conducted to assess the
effects of biochar on N leaching from two different tropical sandy soils and to discern if the
biochar’s influence on N leaching affects N uptake and the growth of crops using maize as
a test crop.

2. Materials and Methods
2.1. Descriptions of the Soils and Biochar Used in the Experient

The soils used belonged to the Keta (K) and Nyankpala (Ny) series whose samples
were taken from Anloga in the Volta and Nyanpkala in Tolon-Kumbumgu district of the
northern regions of Ghana, respectively. The Volta region is situated within the coastal
savannah zone of Ghana with a mean temperature of 28 ◦C and an average annual rainfall
of about 900 mm which is evenly spread over the year. On the other hand, Nyanpkala is
situated within the guinea savannah zone of Ghana with a unimodal rainfall pattern of
1000–1300 mm per annum and a mean temperature of 32 ◦C. K series belongs to an Entisol
order and Psamment suborder (Quartzipsamment) of the USDA soil taxonomy. Although the
K series has little agricultural prospect due its low fertility status, with heavyfertilization
the soil has been used for intensive maize and vegetable production over the years (Obeng,
2000). The Ny series soils are classified as Plinthic acrisols according to the FAO soil
classification system. Both soil types were sampled at the depth of 0–20 cm, transported to
the laboratory, air-dried, sieved through a 2 mm sieve, analyzed and used for the study.
Biochar was produced at 500 ◦C in a kiln from three different feedstock biomasses and
these were rice husk, saw dust and corn cob, following the pyrolysis method described by
Lehmann et al. [15]. After pyrolysis, the biochar samples obtained were ground and the
particles were homogenized by sieving through a 0.5 mm sieve.
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2.2. Biochar and Soil Analysis

Biochar’s pH measurement with a pH meter followed extraction of biochar with
distilled water in ratios of 1:10, respectively. The total phosphorus and cations were
extracted by wet ashing with concentrated nitric acid. The orthophosphate was then
determined colorimetrically following a method espoused by Murphy and Rilley [16]
after neutralization of the digest’s pH with NaOH, while the cations were quantified
with atomic absorption spectrometery (AAS). The total surface area was determined by
following the Brunauer–Emmett–Teller (BET) method. The soil pH was measured both
in water and calcium chloride. The mixing ratios adopted in the former method were 1:5,
while 1:2.5 (soil: calcium chloride) was adopted for the latter. Particles size distributions
were determined by using the Bouyoucos method [17], while the soil bulk densities were
determined through strict adherence to the Blake and Hartge [18] method. The total
organic carbon was determined by strictly adhering to the Walkley and Black [19] method,
whilst the total nitrogen content was analyzed through the Kjeldahl method. The available
phosphorus was determined by strictly adhering to the Bray P1 extraction procedure as
outlined by Jones [20] and quantifying the orthophosphate colorimetrically at 880 nm by
following the Murphy and Rilley [16] method. The basic cations were extracted from the
soil samples with 1 M neutral ammonium acetate and analyzed by the AAS. The selected
properties of the two soils used in the experiment are shown in Table 1, while those of the
biochars are exhibited in Table S1 in the Supplementary File.

Table 1. Properties of the soils used in the experiment.

Parameters Assessed
Soil Type

K Ny

Particle size
(%)

Sand 90.04 ± 0.44 68.01 ± 0.65
Silt 7.01 ± 0.07 24.01 ± 0.19

Clay 2.95 ± 0.05 7.98 ± 0.09
Bulk density (Kg/m3) 1.63 ± 0.04 1.58 ± 0.06

pH H2O (1:5) 6.60 ± 0.22 5.35 ± 0.34
CaCl2 (1:2.5) 6.31 ± 0.16 5.10 ± 0.25

TOC (g kg−1) 3.77 ± 0.30 9.95 ± 0.69
TN (g kg−1) 0.20 ± 0.01 0.71 ± 0.05

Avail. P (mg kg−1) 1.71 ± 0.13 2.23 ± 0.28
CEC (cmolc kg−1) 3.03 ± 0.11 8.14 ± 0.59

Exchangeable
bases

(cmolc kg−1)

Ca 1.02 ± 0.07 1.10 ± 0.15
Mg 0.50 ± 0.00 0.54 ± 0.03
K 0.30 ± 0.05 0.40 ± 0.01

Na 0.50 ± 0.09 0.23 ± 0.06
K: Keta series, Ny: Nyankpala series.

2.3. Assessment of the NH4
+ and NO3

− Retention Capacities of the Biochars

Before the leaching experiment, the biochars were tested for their potentials to retain
both the ammonium and nitrate ions. To execute this objective, biochar was packed into
acrylic cylinders, the bottoms of which were covered with Whatman No 42 filter paper
followed by a 25 µm pore size nylon mesh. The filter paper and nylon mesh were secured
at the mouth with circular metal clips to prevent biochar particles from falling. Then, 150 g
of each of the biochar sample was weighed into the acrylic cylinders and packed to 200 cm3

by gently tapping the sides of the cylinders. The set up was replicated three times for
each biochar type. Subsequently, 2.1 g of (NH4)2SO4 and 3.42 g of KNO3 as sources of
NH4

+ and NO3
−, respectively, were each dissolved in 500 mL of deionized water and

allowed to pass through the biochar sample in the column. A constant head of 50 cm was
maintained and the leachate was collected. The concentrations of NH4

+-N and NO3
−-N in

every 50 mL of the leachate collected were determined colorimetrically. The former was
determined through the indophenol blue method after extraction with 2 M KCl following
a method adopted by Hood-Nowotny et al. [21], while the latter was extracted with 2M
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KCl and determined following the chromotropic acid procedure espoused by West and
Ramachandran [22]. The NH4

+-N and NO3
−-N retention powers of the biochar were

determined according to the equation below:

A = M1 − M2/W,

where A = amount of NH4
+-N or NO3

−-N retained by the biochar, M1 = mass of NH4
+-N

or NO3
−-N applied, M2 = mass of NH4

+-N or NO3
−-N in leachate, W = weight of biochar

in the column. Apart from fertilizers that supplied single forms of ionic N, a retention
experiment with a fertilizer source that supplied both NH4

+ and NO3
−, i.e., NH4NO3 was

also conducted with NH4NO3 used in such quantities as to maintain the amounts of NH4
+

and NO3
− employed in the above-mentioned cases. Two biochars with superior retention

capabilities of both NH4
+ and NO3

− were selected out of the three biochars tested for the
leaching and used for the maize growing experiments in the greenhouse. The quantities of
the different ionic forms of N retained by the different biochar types are shown in Table S2
in the supplementary file. The biochar impregnated with ammonium sulfate was dried
and used as a nitrogen-enriched biochar-based fertilizer, denoted as ASS.

2.4. Greenhouse Experiment

The greenhouse experiment was conducted to assess the effects of biochar amendments
on leaching of nitrogen from two distinctly different sandy soils and elucidating whether
the biochar-induced effects on leaching has any bearing on N uptake and dry matter
accumulation by maize. The two soils used for the experiment were the K series soil
(Quartzipsamment) and the Ny series soil (Plinthic Acrisol) collected from the Volta and
northern regions of Ghana, respectively. Under heavy fertilization regimes, both soils have
been used for intensive maize and vegetable production over the years. A 2.3 kg sample
of each of the soils was weighed into experimental pots measuring 15 cm in height and
8 cm in diameter. Four holes were created at the bottom of the pots which were then
plugged with cotton wool to prevent soil particles from falling. The moisture content of
the soil was maintained at 80% field capacity except on the days of collecting the leachate
when the soils were saturated. Each pot was placed in a bowl to allow easy collection
of leachate. Each of the biochars was applied at rates of 20 and 40 tons per hectare,
while N in form of ammonium sulfate (ASP) was applied at the recommended rate of
265 kg per hectare and each of the treatments was replicated thrice. Additionally, the
two biochars were impregnated with ASP and applied as nutrient-enriched biochar-based
fertilizers. The ASP embedded into the biochar was denoted as ASS. A treatment with
cow dung (CD) as a nitrogen source instead of the mineral fertilizers was included and it
was applied at a rate that satisfied the nitrogen requirement of maize. Another treatment,
CDASS was constituted by combining ASS and CD in equal proportions in terms of their
nitrogen contents. The experiment was organized in a completely randomized design.
The sawdust biochar applied at 20 tons and 40 tons per hectare was denoted as SD20 and
SD40, respectively. The rice husk biochar applied to the soil at 20 tons and 40 tons per
hectare was denoted as RH20 and RH40, respectively. All the soil amendments, including
N, were applied once at the beginning of the first growing season. Four seeds of maize
were sown per pot and thinned to two plants per pot after germination. Maize was grown
for two seasons and each season lasted for a period of 5 weeks. Each of the treatments was
replicated thrice. The leachate was collected on the 14th and 28th days after planting (DAP)
in both seasons. The harvested maize plants were separated into shoots and roots, and
dried in an oven at a temperature of 68 ◦C for 48 h to determine dry matter weight and
N content of the maize which was determined through the Kjeldhal method. In order to
investigate whether biochar amendments could lead to the preservation of soil N, maize
was grown for a second season without any additional amendments to the soil.
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2.5. Statistical Analysis

The data collected were subjected to analysis of variance (ANOVA) using Genstats
(9th edition) and the means were separated at a least significance level of 5%.

3. Results and Discussion
3.1. Nitrogen Retentions by Biochar and Leaching from the Soil

As shown in Table S2, the saw dust biochar retained the highest amounts of NH4
+ from

both the (NH4)2SO4 and NH4NO3 fertilizers with the quantity adsorbed from the former
totaling to 2273.40 mg kg−1 while that from the latter amounted to 2475.1 mg kg−1. This was
followed by the rice husk biochar which retained 1809.57 mg kg−1 and 1703.88 mg kg−1

of NH4
+ from (NH4)2SO4 and NH4NO3 fertilizers, respectively. The corncob biochar on

the other hand adsorbed 1756.70 mg kg−1 of NH4
+ from the (NH4)2SO4 fertilizer whilst

the quantity retained from NH4NO3 was a meagre 1022.38 mg kg−1. This same trend was
observed with the adsorption of NO3

− from NH4NO3 where the sawdust biochar retained
2283.93 mg kg−1, whereas rice husk and corncob biochars adsorbed 1860.32 mg kg−1 and
1569.08 mg kg−1 of NO3

−, respectively. With regard to the adsorption of NO3
− from KNO3,

the saw dust biochar adsorbed the highest quantity which totaled up to 2283.93 mg kg−1

and was followed in a descending order by the corn cob biochar at 1881.31 mg kg−1 and
the rice husk biochar at 1743.33 mg kg−1. Therefore, in the presence of both NH4

+-N and
NO3

−-N (when NH4NO3 was used), the sawdust biochar exhibited a preference for NH4
+

while both the rice husk and corncob biochars showed more affinity for NO3
− than NH4

+.
The differences in the affinity for different forms of N by biochar have been documented
by Yao et al. [8] through a batch experiment, where they employed one hydrochar as
well as twelve biochars produced from four different biomass feedstocks at three different
temperatures of 300 ◦C, 450 ◦C and 600 ◦C. They found that only three biochars pyrolyzed
at the highest temperature of 600 ◦C could adsorb 0.12% to 3.7% of NO3

−-N from NH4NO3
while nine out of the twelve biochars adsorbed 1.8% to 15.7% of NH4

+-N. Fidel et al. [23]
later supported these deductions by demonstrating that the sorption of NO3

−-N increased
with the pyrolysis temperature and that differences in sorption existed between red oak
and corn stover biochars at most pyrolysis temperatures. The relatively high amount of
NH4

+-N and NO3
−-N retained by the sawdust biochar when the biochar samples were

loaded with the fertilizer solutions could be due to the relatively high surface area of the
sawdust biochar in comparison with other biochar types (Table S2), which provided more
surfaces for N adsorption. Indeed, Zhou et al. [24] elucidated that adsorptions of nitrate and
phosphates by biochars were influenced by their surface areas and porosity characteristics.

Leachates collected from the K series soil contained significantly higher amounts of
both NH4

+-N and NO3
−-N (p < 0.05) than the leachates obtained from the Ny series soil on

both the leaching events and in both maize growing seasons as shown in Tables 2 and 3. The
differences in the quantities of inorganic N leached from the two soils might have ensued
from the differences in their clay contents. Additionally, control treatments without any
biochar amendments leached significantly higher quantities of both NH4

+-N and NO3
−N

(p < 0.05) than the biochar-amended soils, implying that biochar greatly reduced leaching
of the aforementioned ions from the soil. In comparison with the control experiment,
the worst performing biochar amendments reduced NH4

+-N leaching from the K series
soils fertilized with ASP, ASS, CD and CDASS by 229.8%, 329.6%, 121.4% and 180.3%,
respectively, in the first leaching event of the first season (see Table 2). In the second
leaching event of the first season, the worst performing biochar amendments reduced
NH4

+-N leaching by 269.0%, 160.6%, 177.2% and 87.5% from the K series soils fertilized
with ASP, ASS, CD and CDASS, respectively.
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In the Ny series soils, the worst performing biochar amendments abated NH4
+-N

leaching by 381.1%, 218.5%, 167.4% and 239.6% from pots fertilized with ASP, ASS, CD
and CDASS, respectively, in the first leaching event of the first season (see Table 2). In the
second leaching event, NH4

+-N leaching reduced by 143.7%, 96.1%, 117.8% and 199.7% in
the ASP, ASS, CD and CDASS fertilized pots, respectively. In the first leaching event of the
second season, the worst performing biochar amendments reduced NH4

+-N leaching from
the ASP, ASS, CD and CDASS fertilized K series soil by 192.7%, 128.1%, 246.5% and 29.5%,
respectively, while in the second leaching event, the reductions stood at 454.2%, 615.4%,
477.3% and 604.7%, respectively. The worst performing biochar amendments reduced
NH4

+-N leaching from the Ny series soil fertilized with ASP, ASS, CD and CDASS by
146.8%, 184.8%, 146.2% and 227.5%, respectively, in the first leaching event, whereas in the
second leaching event, the reductions amounted to 200.0%, 207.4%, 395.2% and 192.3%,
respectively. This observation accorded with the results obtained by Yao et al. [8], Sika and
Hardie [10] and Haider et al. [13], who reported decrements in the amounts of nitrates and
ammonium leached from biochar-amended soils.

The leachates generally contained more NO3
−-N than NH4

+-N in all the leaching
events in both soils, which was in agreement with the observation made by Liu et al. [14],
who found that NO3

−-N accounted for more than 90% of the total amount of inorganic
N leached from the soil. This can be attributed to the presence of negatively charged
carboxylic and phenolic compounds on the biochar surface with limited ability to retain
NO3

− [25] and accelerated nitrification brought about by biochar which resulted in greater
amounts of leachable NO3

−-N [14]. However, the amount of leached NO3
−-N were far

less in biochar-amended soils than in the control. In comparison with the control, the
worst performing biochar amendments on ASP, ASS, CD and CDASS fertilized K series
soil reduced NO3

−-N leaching by 186.7%, 272.2%, 202.3% and 150.5%, respectively, in the
first leaching event, and by 673.0%, 807.2%, 873.6% and 903.8%, respectively, in the second
leaching event of the first season (see Table 3). In the Ny series soil, the worst performing
biochar amendments waned NO3

−-N leaching by 200.5%, 57.9%, 29.0% and 234.5% in
the first leaching event, and by 513.7%, 1071.8%, 7122.2% and 508.2%, respectively, in the
second leaching event.

In the second season, the worst performing biochar amendments on K series soil
fertilized with ASP, ASS, CD and CDASS lessened NO3

−-N leaching by 312.5%, 305.2%,
370.1% and 67.2%, respectively, in the first leaching event, and by 146.3%, 201.7%, 78.5%
and 202.5%, respectively, in the second leaching event. In the N series, the worst per-
forming biochar amendments lowered NO3

−-N leaching by 118.2%, 40.4%, 167.1% and
461.6% in the first leaching event, and by 173.9%, 9.8%, 185.9% and 8.1%, respectively, in
the second leaching event. This is because biochar also has positive surface charges which
aid in its attraction of the negatively charged ions including NO3

− and phosphate ions, as
Chintala et al. [26] noted. Great statistical differences existed both between the biochar
types and application rates in the first leaching event as far as the amounts of NO3

−-N
leached were concerned. In this regard, the sawdust biochar exhibited the highest leaching
attenuation power and the leached quantities of NO3

−-N decreased with increasing ap-
plication rates of either biochars. These statistical differences, however, diminished with
subsequent leaching events to the extent that there were hardly any statistical differences in
the amounts of NO3

−-N leached from the biochar-amended soils by the last leaching event,
as seen in Table 3. On the other hand, the amount of NH4

+-N leached from both soils in
similar leaching events did not exhibit statistical variations. The amount of N retained in
the soil at the end of the experiment was at least three times more in the biochar-amended
soils than in the control, as shown in Table S3 which confirms the great N retention power of
the biochar.

3.2. Dry Matter Accumulation and Nitrogen Uptake by Maize

The shoot and root dry matter (DM) accumulations in maize grown in the various
amended soils are shown in Figures 1 and 2, respectively. The accumulated shoot dry
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matter of maize grown in the first and second seasons are shown in Figure 1a,b, respectively,
while Figure 2a,b exhibits the root dry matter accumulated in the first and second seasons,
respectively. The shoot and root dry weights produced by the control treatments in both
soils were not significantly (p > 0.05) different from each other. This could be attributed
to the inherent inability of the soils used to retain applied plant nutrients especially N
as a result of their low CEC (Table 1). Amending the two soils with biochar significantly
(p < 0.05) increased the dry matter yield. In comparison with the control experiment, the
worst performing biochar amendments on ASP, ASS, CD and CDASS fertilized K series soil
boosted shoot dry matter accumulation by 127.8%, 240.9%, 119.4% and 110.5%, respectively,
in the first season. In the Ny series, the dry matter enhancement amounted to 101.8%,
128.5%, 220.0% and 162.7%, respectively. In the second season, the worst performing
biochar amendments on ASP, ASS, CD and CDASS fertilized pots increased shoot dry
matter accumulation by 928.9%, 534.7%, 488.9% and 378.8%, respectively, in the K series
soil, and by 1629.6%, 1209.7%, 661.5% and 741.6%, respectively, in the Ny series soil.

The root dry matter increased by a minimum of 495.8%, 752.8%, 452.8% and 415.8% in
the ASP, ASS, CD and CDASS fertilized K series soils, respectively, in the first season, and
by 819.2%, 529.4%, 445.0% and 375.6%, respectively, in the second season in comparison
to the control. On the other hand, the worst performing biochar amendments on the Ny
series increased root dry matter accumulation by 498.0%, 555.3%, 700.0% and 590.7% in
the first season, and by 1025.8%, 1050.0%, 311.0% and 691.5% in the second season when
applied together with ASP, ASS, CD and CDASS nitrogen sources, respectively. The obser-
vations made as far as dry matter accumulations are concerned contradict the one made by
Haider et al. [13] who indicated that while biochar was able to reduce leaching from temper-
ate soils in a four-year field trial, the effects on dry matter accumulation and yield were null.
Additionally, Liu et al. [14] showed that biochar increased the dry matter accumulation in
ryegrass grown on a sandy soil only in the first season of a two-season experiment, while
the effects in the second season were null in comparison to the control.

The observed increment in the dry matter accumulation observed in the current study
could be ascribed to the increased availability of the applied N brought about by biochar’s
high adsorption power for the ionic forms of the N fertilizer. According to Taghizadeh-
Toosi et al. [27], recent evidence has indicated that N adsorbed by biochar is eventually
made available for plant uptake. Ma and Matsunaka [28] reported that when biochar is
applied as a sole amendment or together with N fertilizer, it significantly improved the
dry matter of shoots and roots of lettuce. A similar trend was also observed during the
second planting, as shown in Figure 2a,b. In both seasons, maize grown on the Ny series
accumulated higher shoot and root dry matter than the one grown on the K series. It is
worth noting, however, that the differences in the shoot dry matter of the maize grown
on the amended soils were not statistically significantly different in the first season while
the differences in the root dry matter in both seasons were not significantly different. The
differences in the dry matter accumulated in the maize grown on the K and Ny series
can be attributed to the differences in the clay contents of the two soils, whereby the Ny
series soil contained almost thrice as much clay as did the K series (see Table 1). This
observation concurs with the one made by Chintala et al. [26] who observed differences in
dry matter accumulations in maize grown on two different soils and with different biochar
types. However, they attributed the observed differences to the differing biochar properties
rather than the differences in soil properties. Therefore, the reasons behind the observed
differences require further investigations.
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Figure 1. Dry shoot weight of the maize grown with the different amendments in the (a) first and 
(b) second growing seasons. K: Keta series, Ny: Nyankpala series, ASP: Ammonium sulfate 

Figure 1. Dry shoot weight of the maize grown with the different amendments in the (a) first
and (b) second growing seasons. K: Keta series, Ny: Nyankpala series, ASP: Ammonium sulfate
fertilizer, ASS: Ammonium sulfate embedded into the biochar, CD: Cow dung, CDASS: Cow
dung + Ammonium sulfate embedded into the biochar, RH20: 20 t ha−1 Rice husk biochar,
SD20: 20 t ha−1 sawdust biochar, RH40: 40 t ha−1 rice husk biochar, SD40: 40 t ha−1 sawdust
biochar. Values for dry shoot weight with same letter(s) under the same planting season were
not significantly different at p =0.05.
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Figure 2. Dry root weights of the maize grown with the different amendments in the (a) first
and (b) second growing seasons. K: Keta series, Ny: Nyankpala series, ASP: Ammonium sulfate
fertilizer, ASS: Ammonium sulfate embedded into the biochar, CD: Cow dung, CDASS: Cow
dung + Ammonium sulfate embedded into the biochar, RH20: 20 t ha−1 Rice husk biochar,
SD20: 20 t ha−1 sawdust biochar, RH40: 40 t ha−1 rice husk biochar, SD40: 40 t ha−1 sawdust
biochar. Values for dry root weight with same letter(s) under the same planting season were not
significantly different at p =0.05.
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Enriching biochar with nitrogen before application did not have any impact on the
dry matter accumulation in maize as the shoot and root dry weights obtained with ASS
were not significantly different from the rest of the treatments. This observation is in
contrast to the one made by Dietrich et al. [29] and Luyima et al. [30]. The former found
that biochar enriched with biogas digestates produced heavier dry shoot and root weights
of maize than the normal biochar without any enrichment, while the latter indicated
that sorbing urea into co-pyrolyzed cow dung and bone meal produced leaf lettuce with
heavier shoots and roots than the control. Unlike the dry shoot weight, which exhibited
significant statistical differences in the second season across the amended soils, there were
no significant statistical differences in the dry root weights obtained from the biochar-
amended soils in both seasons, even though the roots obtained from the K series were
lighter than those from the Ny series.

Concerning N uptake by maize, the uptake was higher in the maize grown in the
Ny series than in the K series in both seasons, as shown in Table 4. This may still be
attributed to the fact that the clay content in the K series was lower than that in the Ny
series, as shown in Table 1. Indeed, differences in N uptake ensuing from variations in
soil properties have been well documented by Liu et al. [14], who found an increased N
uptake by ryegrass grown on a sandy soil amended with biochar but failed to observe
any improvement in N uptake when biochar was applied to a loam soil. Amending the
soils with biochar significantly (p < 0.05) enhanced N uptake, as shown in Table 4. The
addition of biochar to the two soils enhanced N retention in the soils, which might have
helped in making the retained N available for possible uptake by maize. In contrast to the
observation made by Liu et al. [14], who indicated that the ability of biochar to increase N
uptake by ryegrass diminished in the second season, the capacity of biochar amendments
to increase N uptake by maize remained strong even in the second season in the present
study. This observation indicates that biochar is capable of enhancing soil retention of N for
extended periods. There are several pathways through which biochar improves N retention
in the soil including reductions in gaseous emissions, adsorptions of both NO3

− and NH4
+

ions, abatement of denitrification of NO2, etc., as Rashid et al. [31], Luyima et al. [2,32,33]
and others have elaborated. Taghizadeh-Toosi et al. [27] indicated that N adsorbed by
biochar is bioavailable and is easily released for plant uptake.

Table 4. Nitrogen uptake in maize.

Soil
Type

Biochar
Amendment

Nitrogen Fertilizers

ASP ASS CD CDASS
N1 N2 N1 N2 N1 N2 N1 N2

K

Control 8.97 ± 0.69a 9.64 ± 0.95a 9.54 ± 0.52a 7.94 ± 0.72a 8.89 ± 0.44a 6.56 ± 0.67a 9.02 ± 0.29a 7.46 ± 0.18a
RH20 51.47 ± 4.17b 43.80 ± 3.10b 59.37 ± 4.98b 51.38 ± 2.10b 52.01 ± 3.21b 40.64 ± 5.01b 60.10 ± 3.97b 48.05 ± 2.87b
RH40 51.60 ± 3.96b 50.49 ± 3.89b 47.87 ± 2.67b 52.71 ± 4.17b 56.37 ± 3.88b 43.36 ± 2.98b 54.12 ± 5.11b 50.66 ± 3.07b
SD20 51.29 ± 2.86b 47.37 ± 2.77b 54.53 ± 2.85b 54.64 ± 3.62b 50.52 ± 2.99b 45.02 ± 5.40b 47.85 ± 2.84b 50.31 ± 3.52b
SD40 52.36 ± 3.18b 44.19 ± 1.98b 55.77 ± 3.17b 51.71 ± 2.73b 53.62 ± 3.77b 42.87 ± 1.98b 52.70 ± 5.06b 50.42 ± 4.37b

Ny

Control 9.47 ± 0.71a 8.04 ± 0.45a 8.29 ± 0.32a 6.69 ± 0.51a 11.60 ± 0.62a 6.68 ± 0.39a 13.58 ± 0.83a 8.38 ± 0.28a
RH20 84.13 ± 5.78c 77.09 ± 4.89c 78.70 ± 5.67c 66.36 ± 6.19c 81.77 ± 5.89c 69.89 ± 4.90c 73.34 ± 5.19c 74.11 ± 3.49c
RH40 78.43 ± 4.13c 76.21 ± 6.67c 86.91 ± 5.81c 67.55 ± 4.96c 87.88 ± 5.33c 72.57 ± 6.13c 86.37 ± 5.76c 68.93 ± 4.88c
SD20 81.09 ± 6.89c 65.46 ± 5.93c 75.99 ± 4.88c 73.68 ± 5.73c 84.78 ± 7.24c 68.93 ± 6.85c 83.29 ± 5.12c 71.48 ± 5.33c
SD40 79.79 ± 5.88c 74.31 ± 4.89c 64.66 ± 6.02c 67.26 ± 3.94c 81.41 ± 6.88c 66.50 ± 3.99c 71.65 ± 6.03c 73.09 ± 6.42c

K: Keta series, Ny: Nyankpala series, N1: Nitrogen uptake by maize in the first season, N2: Nitrogen uptake
by maize in the second season, ASP: Ammonium sulfate fertilizer, ASS: Ammonium sulfate embedded into the
biochar, CD: Cow dung, CDASS: Cow dung + Ammonium sulfate embedded into the biochar, RH20: 20 t ha−1

Rice husk biochar, SD20: 20 t ha−1 sawdust biochar, RH40: 40 t ha−1 rice husk biochar, SD40: 40 t ha−1 sawdust
biochar. Values for nitrogen uptake by maize obtained in the same season with same letter are not significantly
different p = 0.05.

4. Conclusions

Although biochar exhibited significant differences in the sorption of ionic forms of N
from solution during the column experiment, no such differences were observed in their
capacities to reduce leaching of N from the soil. This means that even biochars that have
been found to be inferior in sorbing ionic forms of N in batch experiments can be helpful in
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attenuating N leaching from the soil. Secondly, the ability of biochar to reduce N leaching
from the tropical sandy soils is long-lived and, hence, biochar can result in a prolonged
conservation of N in the soil. The abatement in the amounts of N leached out of the soil
in biochar-amended sandy soils consequently resulted in more N being available to the
growing maize crop which increased both N uptake and dry matter accumulations. From
the observations made in this study, therefore, biochar amendments are recommended for
sustainable maize production on tropical sandy soils since they result in the conservation
of N and higher maize yields than the conventional fertilizer amendments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/c9010034/s1, Table S1: Some physico-chemical properties of the
biochar used; Table S2: Amount of NH4

+–N and NO3
−–N retained by biochar; Table S3: Residual

soil available N.
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Abstract: Mediterranean countries experience a large production of olive oil, thus generating huge
quantities of non-biodegradable vegetation waters. The discharge of these effluents into aquatic
environments seriously affects the quality of surface waters. This study investigated the potential use
of carbon steel slag (SS) as an adsorbent and improver for reducing olive mill wastewater (OMWW)
toxicity. The elemental and structural characterization of SS was carried out using inductively
coupled plasma-optical emission spectrometry (ICP/EOS), X-ray fluorescence (XRF), X-ray powder
diffraction (XRD), scanning electron microscopy (SEM), and Brunauer–Emmett–Teller (BET) analysis.
OMWW characterization indicated that the effluent was acidic in nature, with a pH of 4.8, a higher
conductivity reaching 14.92 mS/cm, higher COD of 157.31 g/L, rich in organic matter 112.33 g/L,
and total phenolic compounds of 11.13 g/L. The neutralization capacity of SS was demonstrated
by reducing the OMWW’s acidic character. Afterward, the adsorption of tannic acid (TA) was
investigated using SS. Parameters such as contact time, initial TA concentration, adsorbent dosage,
pH, and temperature were investigated. The kinetic study indicated that the adsorption of TA onto
SS fitted well with the second pseudo-order (r = 0.99) and Elovich (r = 0.98) models, indicating that
the adsorption of TA was mainly chemical and depends on the reactions of oxide hydrolysis and
hydroxides dissolution. Moreover, Langmuir isotherm has greatly described the adsorption of TA on
SS (R = 0.997), suggesting that the surface of SS is homogenous, and the adsorption occurs mainly in
monolayer. The maximum adsorption capacity reached 714.28 mg/g, indicating the higher capacity
of SS to reduce the polyphenolic compounds in OMWW. This study demonstrated that SS residue
from the steelmaking industry could present a highly interesting material for OMWW remediation.

Keywords: OMWW; adsorption; carbon steel slag; tannic acid

1. Introduction

In the Mediterranean region, olive oil (Olea europaea L.) is increasingly consumed for its
bioactive content, organoleptic properties, medicinal value, and protection against certain
diseases [1–3]. In addition, the Mediterranean countries are responsible for 98% of olive oil
production worldwide [4]. However, regardless of its economic importance, the extraction
of olive oil is associated with some environmental impacts, such as water pollution, soil
deterioration, and air emissions [5]. Olive oil extraction generates solid wastes composed of
wet pomace formed from the pulp and pits of olives and a liquid effluent called olive mill
wastewater (OMWW) or sometimes vegetable waters. Generally, the solid by-product does
not constitute disposal problems as long as specific industrial oil mills use it to produce
a so-called pomace oil by (chemical) solvent extraction. After the extraction, the pomace
serves as fuel in industrial boilers, ovens, and public baths. In contrast, the liquid effluent
is rarely treated and dumped directly into natural waters. OMWW is composed mainly of
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vegetation water from olive, process water (washing and treatment), a portion of the pulp,
and residual oil [6]. The olive oil extraction generates quantities of OMWWs ranging from
0.3 to 1.1 m3 per ton of olives processed, depending on the olive oil extraction technique [7–
9]. This liquid effluent is characterized by a cloudy appearance, a strong odor of olive oil, an
intense brown-red to black color, and is heavily loaded with organic matter and suspended
solids [10]. Eroğlu et al. [11] reported that the black-brownish color characteristic of this
effluent is due to the low biodegradability of phenolic compounds.

Recently, great efforts have been made to reduce the toxicity of OMWWs, and var-
ious authors discussed the possibility of OMWW treatment through physical, chemical,
and biological processes. Among these methods, combined coagulation–flocculation with
hydrogen peroxide oxidation [12], biological treatments [13], photocatalysis [14], solvent
extraction followed by photo-Fenton oxidation [15], electrocoagulation [16], aerobic biolog-
ical treatments [17], and anaerobic digestion treatment [18] were investigated. The removal
of phenolic compounds from OMWWs has recently gained more attention. Among the
existing methods, adsorption is regarded as the most appropriate treatment for removing
polyphenols since it is a cost-effective operation that can be handled without needing
higher temperatures, specific methodology, or large energy input [19,20].

Oil mill waste contains a high concentration of phenolic compounds such as polyphe-
nols, including condensed and hydrolysable tannins, which require proper disposal to
avoid environmental hazard [21]. Besides the olive mills wastewater, tannic acid may
also be found in effluent from the coir and cork processing industries, as well as the
plant medicine, paper, and leather industries [22,23]. Tannic acid (TA) is a natural or-
ganic matter (NOM) component present in surface and groundwater generated from
the degradation of biomass [23,24]. Because it can generate carcinogenic disinfection
by-products (DBPs) during the chlorination process, TA might contaminate drinking
water [23,24]. Since it is a water-soluble polyphenolic molecule, TA is also hazardous
to aquatic organisms such as algae, phytoplankton, fish, and invertebrates [23]. Con-
sequently, eliminating TA from water and wastewater is critical for both human health
and the ecosystem [23]. Several attempts were made to remove TA from aqueous solu-
tion, e.g., polyaniline (PANI) prepared by chemical oxidation [25], electrochemical pro-
cesses [26], coagulation-adsorption [27], membranes ultrafiltration [28], and biological
processes [29]. Among these methods, adsorption has been widely used to remove TA from
water and wastewater using different adsorbents such as carbon nanotubes [30], amino-
functionalized magnetic mesoporous silica [23], silk fiber [31], polystyrene microplas-
tics [32], attapulgite/CoFe2O4 [33], chitosan-montmorillonite composites [34], chitosan and
activated clay [35], and functionalized zeolites [36].

Steel slag (SS) is a solid by-product of the steel-making industry generated in huge
quantities (thousands of tons) in different regions of the world. The production of 1 ton of
steel is associated with the production of 0.13–0.2 tons of slags [37,38]. The steel slag (SS) is
an alkaline residue representing a higher surface area and porosity and mainly consisting
of oxides (CaO, MgO, SiO2, Al2O3, and Fe2O3). Investigations on the use of steel slag
in water treatment have been carried out to achieve effective and comprehensive reuse
of this solid waste, thereby presenting a low-cost solution for wastewater treatment [39].
Some researchers have already demonstrated satisfactory results when applying SS as an
adsorbent to remove ammonia, phosphate, hydrogen sulfide, cadmium Cd (II), and arsenic
As (V) [40–44]. Furthermore, due to the greater amount of metal oxides such as CaO and
MgO, the SS residues displayed effectiveness in terms of CO2 capture [45–48].

This research presents a new low-cost and simple approach for treating olive mill
wastewaters (OMWWs) utilizing steel slag (SS) waste from industrial steelmaking. The
physicochemical properties of OMWW were analyzed. Afterward, various techniques
were employed to characterize the steel slag used in this work (ICP/OES, XRF, XRD, SEM,
and BET). Before Bach experiments, OMWW was treated with different ratios of raw SS
to investigate the direct effect of SS addition on the OMWWs’ pH neutralization. The
adsorption behavior of tannic Acid (TA) under different conditions (contact time, initial
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TA concentration, adsorbent mass, pH, and temperature) was investigated. Adsorption
isotherms, kinetics, and adsorption mechanisms were discussed. The contribution of this
study is expected to reduce the acute acidity of vegetation waters and the high polyphenolic
content of OMWWs.

2. Materials and Methods
2.1. Olive Mill Waste Water (OMWW)

The olive mill effluent investigated in this study derived from a traditional oil-producing
plant located in Chefchaouen city in the Northwest of Morocco. Sampling was carried out
in an oil mill during the pressing phase of oil production. The newly collected olive mill
wastewater was transported to the laboratory in polyethylene bottles (5 L), carefully filled,
and tightly sealed to maintain an oxygen-free environment. To avoid fermentation, OMWW
samples were stored in the dark at 4 ◦C in a non-oxygenated environment.

2.2. Olive Mill Wastewater Characterization

The pH and Electrical conductivity (EC) measurements were made for a sample of
undiluted raw olive vegetable water using a pH and EC meter brand HANNA HI2550
(Hanna Instruments, Woonsocket, RI, USA). After calibrating the pH meter, the measuring
electrode was immersed in a flask containing 50 mL of effluent. The OMWW water content
was determined by the difference between the fresh weight of the effluent sample and its
dry weight (after drying in an oven at 105 ◦C for 24 h) and expressed as a percentage of
humidity, while the solid residue was considered as dry matter (DM) expressed in (g/L).
The organic matter (OM) was determined by the loss on ignition (LOI) method at 525 ◦C
for 2 h and expressed as g/L. The COD was determined using JP SELECTA BLOC DIGEST
apparatus (JP Selecta, Barcelona, Spain). The oxidation was carried out by the potassium
dichromate method. This method is based on boiling oxidation (150 ◦C for 2 h) of reducing
materials with an excess of (K2Cr2O7) in an acidic medium (H2SO4), and in the presence
of silver sulfate as a catalyst and sulfate mercury as a chloride complexing agent. The
COD is evaluated at the end of the reaction by taking a suitably diluted sample before
oxidation 100 times. This measurement was made for raw OMWW samples according to
the NFT 90–101 standardized method. Determining the biological oxygen demand (BOD) is
an essential parameter for treating liquid effluents such as OMWWs. The 5-day biochemical
oxygen demand BOD5 was determined by a respirometry method using an OxiTop system
(WTW, Xylem, Weilheim, Germany). The total phenolic content was determined following
the Folin–Ciocaltau method [49] using tannic acid (tannic acid powder, puriss; Sigma
Aldrich, St. Louis, MO, USA ) as a standard and equivalent of the total polyphenolic
concentration contained in OMWW. The concentration of tannic acid was quantitatively
determined at 760 nm using the JASCO 630 Double Beam UV/Visible spectrophotometer
(JASCO, Tokyo, Japan).

2.3. Steel Slag (SS) Characterization

The steel manufacturing process in electric arc furnaces consists of two stages: the
first, called primary metallurgy or fusion, in which raw materials are fused in an electric
arc furnace (EAF), and the second, called secondary metallurgy or molten bath refining,
which begins in the electric furnace and ends in the ladle furnace. The steel slag used
in this study was produced in Sevilla, Spain. The plant produces two types of SS. Black
slags generated during the fusion step are very hard materials, unlike the white slags
produced during the refining phase, which is a relatively soft and finer material and
has high basicity due to the percentage of free lime. The white steel slag used in this
study was collected from the ladle furnace. The material was characterized by a crumbly
structure and a softer texture, the sample was sieved using a 200-micron mesh, and
no modification was performed on the raw SS (Figure 1). The pH of the SS sample
was measured following the 9045D method using a pH meter (Thermo Fisher Scientific,
Waltham, MA, USA). The determination of major elements and trace elements in the SS was
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carried out using inductively coupled plasma–optical emission spectroscopy (ICP/OES,
Agilent 5100, Tokyo, Japan) after acid digestion (HNO3-HCL 1:3 (v/v)) using a DigiPREP
heating and digestion blocks (SCP Science, Montreal, QC, Canada). The Brunauer–Emmett–
Teller (BET) analysis was employed to investigate the pore size distribution, specific surface
area, and nitrogen adsorption–desorption curve of SS. The analysis was performed using
BET Surface Area Analyzer Micromeritics Tristar II 3020 (Micromeritics Instr. Corps.,
Norcross, GA, USA). The structural and morphological surface of the steel slag sample
was determined using scanning electron microscopy (SEM) (SEM, Hitachi, Tokyo, Japan, S-
4800). Simultaneously, the elemental composition of the SS was determined using an X-ray
fluorescence spectrometer (XRF, PANalytical Axios FAST simultaneous WDXRF, Malvern
PANalytical Ltd., Almelo, The Netherlands). The crystalline composition of SS was
analyzed by X-ray diffraction (XRD) using a PANalytical X’Pert Pro X-ray diffractometer
(Malvern PANalytical Ltd., Almelo, The Netherlands). All the experiments were carried
out using ultrapure Mllii-Q water.
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Figure 1. Olive mill wastewater (OMWW) and steel slag (SS) samples.

2.4. Effect of SS Addition on Raw OMWW

In order to investigate the effect of SS addition on the OMWW pH variation, The
OMWW was treated with different ratios of SS. Different doses of SS (0.5-1-2-3-4-5-10-20-30–
40 g/L of OMWW) were dispersed in the raw OMWW samples and stirred. Afterward, the
pH variation of OMWW was measured at different contact times (30-60-90-120-150-180 min)
and after 24 h.
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2.5. Adsorption Study

For the adsorption study, the influence of different parameters on the TA-SS adsorption
mechanism, namely the time of equilibration, the pH, the initial concentration of the solute,
and the influence of the temperature, were investigated.

The batch experiments were performed to assess the TA adsorption isotherms onto
SS. Accordingly, 100 mg of steel slag SS was added to a 150 mL flask containing 100 mL
of TA solution with initial concentrations ranging from 50 to 1000 mg/L and a pH of
6 (pH solution). The flasks were placed inside an incubator and stirred at 25 ◦C for 24 h.
After achieving adsorption equilibrium, the adsorbent particles were centrifuged from the
aqueous solution, filtered, and the residual TA concentrations in the aliquot were evaluated
using a UV-vis spectrometer with a detection wavelength of 760 nm. The equilibrium of TA
adsorption capacity was calculated using Equation (1):

qe =
(C0− Ce)V

M
(1)

Noting that qe is the adsorbed amount of tannic acid in mg/g, V the volume of solution
in mL, Ce concentration at the equilibrium in mg/L, and C0 initial concentration of TA in
mg/L, and M is the SS mass in (g).

In order to study the time effect, the experiments were carried out by varying the
contact time from 30 to 240 min. The pH solution, temperature, and SS mass were kept
constant. The studied pH values range from 2 to 11 (the acidic and basic pH values obtained
by adjusting the initial pH of the adsorbate solutions using NaOH and HCl solutions). The
suspensions were stirred to the equilibrium time determined by the kinetic study of adsorp-
tion. The other parameters were held constant. The optimal temperature of adsorption was
carried out by Bach experiments at 15, 30, 45, and 60 ◦C. The remaining parameters were
kept constant. Adsorption kinetics were investigated using the pseudo-first-order, pseudo-
second-order, Elovich, and intraparticle diffusion models. The modeling of isotherms was
performed by plotting the linear form of Langmuir and Freundlich isotherms.

3. Results and Discussion
3.1. The Results of OMWW Characterization

The OMWWs are generally characterized by an acid pH of 3–6, rich in organic matter,
and low in biodegradable polyphenols (0.5–24 g/L) [19,50–53]. In addition, these effluents
displayed higher electrical conductivity (EC), chemical oxygen demand (COD), and biolog-
ical oxygen demand (BOD) ranging from 40–220 g/L and 35–110 g/L, respectively [54,55].
The pH of the sampled OMWW was 4.8. As a result, the nature of this effluent is acidic. The
existence of organic acids (phenolic acids, fatty acids, etc.) capable of releasing positively
charged protons H+ is primarily responsible for this acidity. Table 1 represents the main
results of OMWW characterization. The measured electrical conductivity (EC) of OMWW
was 14.92 mS/cm, resulting mainly from the higher concentration of dissolved minerals
and salts. Olives acquire a significant amount of water during the pressing process. The
OMWW contained 83.04% water content and a relative dry matter (DM) of 177.04 g/L. Total
suspended matter (TSM) concentration was high in OMWW, showing a value of 98.85 g/L,
theses solid materials are essentially organic in nature and generate increased turbidity in
the receiving environment. The OM loading in the OMWW sample was higher, reaching
112.33 g/L. Furthermore, the COD and BOD5 of OMWW were 157.31 and 35.40 g/L, respec-
tively, indicating severe organic pollution of this effluent and its limited epuration capability.
Similarly, OMWW had a higher polyphenolic concentration of 11.13 g/L, indicating an
abundance of non-biodegradable phytotoxic compounds. According to Bouknana et al.
and El Gnaoui et al. the poor biodegradability of OMWW is mainly related to their high
polyphenol and COD concentrations, limiting thus any biological decomposition [56,57].
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Table 1. Physicochemical characterization of OMWW.

Parameter Unit Value

pH _ 4.80

EC ms/S 14.92

Water content % 83.04

Dry matter (DM) g/L 177.04

Total Suspended matter (TSM) g/L 98.85

Organic Matter (OM) g/L 112.33

DOC g/L 157.31

BOD5 g/L 35.40

Total phenols (as tannic acid) g/L 11.13

3.2. Steel Slag (SS) Characterization
3.2.1. Physicochemical Characterization

The main physicochemical characterization results are shown in Table 2. The white
slag sampled from the ladle furnace has a higher alkalinity with a pH of 12.58; This higher
value is due to the dissociation of calcium and magnesium hydroxides, which allows the
formation of OH− ions, and thus a more elevated alkalinity. Indeed, the calcium content was
higher and represented 15.05% of the total SS residue. This higher calcium content in SS is
attributable to the introduction of CaO (free lime) and dolomite as fluxing agents to remove
impurities from the molten steel contained in the Ladle furnace [58]. Evaluating SS toxicity
is a necessary step to ensure the safe utilization of SS residue and avoid the environmental
hazard. The SS leaching experiments are conducted to gather more information about the
possible release of contaminants from the slag samples into the nearby environment as a
result of weathering mechanism. Additionally, trace elements concentrations in SS leachates
could be compared to water and soil quality standards to determine the possibly harmful
effects. There are generally two methodologies regarding trace elements leaching from
solid wastes. The first being the total concentration test of trace elements which is intended
to estimate the total trace elements content through heating and aggressive acid digestion
following (U.S. EPA. “Method 3050B”), methodology followed during this study. While
a second methodology based on (EPA method 1311-Toxicology Characteristic Leaching
Test) is designed to determine the mobility of trace element in the liquid phase. As a result,
the SS toxicity depends on their leaching capacity, and not directly on the totally available
trace elements. In this study, the total concentration of trace elements in SS has decreased
in the following sequence Zn > Cu > Cr > Pb >Ni > As > Mo > Cd > Co > Hg. Among the
analyzed trace elements, only Zinc concentration exceeded 390 mg/Kg. According to De
Martino et al. [59] Zinc-Aluminum hydroxide could decontaminate OMWW by reducing
the phenolic compounds up to 90%. The concentrations of Cu, Cr, Pb, and Ni displayed
natural background levels and did not exceed the permissible level for waste disposal. At
the same time, trace elements such as As, Cd, Co, and Hg were relatively low in the SS. A
study of SS toxicity of heavy metals showed a relatively higher total concentrations than
the present study, e.g., Cd = 89.65; As= 23.13; Cu = 70.38; and Pb = 978.41 mg/Kg [60].
However, according to this study, the Toxicology Characteristic Leaching Test (method
1315) displayed limited mobility of heavy metals indicating a secure disposal condition.
In addition, the SS used in this study is intended to remediate a highly loaded organic
wastewater and not directly discharged into the environment. Generally, the white SS from
the Ladle furnace is usually less toxic because most trace elements are accumulated in the
black slags produced during the fusion process. Furthermore, due to the limited solubility
of its mineral phases, Ladle furnace slag has negligible environmental consequences [61].
The trace elements analysis of SS generally demonstrated low concentrations with a total

153



C 2023, 9, 32

weight of less than 0.1% in volume. These results confirm that white SS from the refining
phase of the steelmaking industry could be used for OMWWs treatment.

Table 2. Physicochemical characterization of SS.

Parameter Unit Value

pH _ 12.58
Ca % 15.05
As mg/kg 8.86
Cd mg/kg 0.91
Co mg/kg 0.53
Cu mg/kg 71.23
Hg mg/kg ND
Mo mg/kg 4.65
Ni mg/kg 23.19
Pb mg/kg 24.56
Zn mg/kg 390.86

Cr (total) mg/kg 44.58

3.2.2. Elemental Composition by XRF

Table 3 shows the elemental composition of SS. CaO, MgO, SiO2, and Al2O3 were the
main oxides present in SS, representing a percentage higher than 80%, with a predominance
of Ca followed by Mg oxides. Other oxides such as FeO, MnO, NaO, K2O, TiO, P2O5, and
SO3 were present in a lower percentage of 3.55%. In contact with water, oxides such as
CaO, MgO, and other alkaline metals dissociate and form hydroxide groups. The mixed
hydrolysis of these hydroxides liberates hydroxyl (OH−) groups and cationic metals such
as Ca2+ and Mg2+ in water [39]. The free (OH−) contained in an aqueous solution could be
responsible for the adsorption, ion exchange, and precipitation processes of contaminants
in wastewater [39].

Table 3. Chemical composition of steel slag by XRF spectrometry.

Element SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 SO3 L.O.I

SS 11.64 5.92 1.09 0.64 22.6 40.2 0.26 0.06 0.27 0.03 1.2 15.11

3.2.3. XRD Characterization of Steel Slag

The XRD patterns show the main identified crystalline phases contained in the raw
SS (Figure 2). The profile displays a heterogeneous composition with various mineralog-
ical phases composed mainly of oxides and hydroxides. The following mineralogical
phases were the major identified patterns in the SS sample: (1) katoïte Ca3Al12(SiO4)(OH)8;
(2) Magnesium hydroxide base (Mg(OH)2); (3) Calcium Silicate (Ca2SiO4), (4) portlandite
(Ca(OH)2); and (5) calcium silicate hydrate (3 CaO, 2SiO2, 3H2O). These results confirm
that the dominant oxides CaO, MgO, SiO2, and Al2O3 previously determined by XRF
were the main constituent of SS mineralogical phases, demonstrating heterogeneity in the
distribution of SS oxyhydroxides. The obtained XRD pattern phases were much similar to
those provided by Navarro et al. [62]. Furthermore, Rad̄enović et al. [61] stated that silicate
calcium was the main constituent of Ladle furnace slags under its different mineralogical
forms. The same authors have reported that the presence of CaO, MgO, and SiO2, in
addition to aluminum silicates, confers to SS the adsorption properties.
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Figure 2. Main identified phases detected in steel slag sample: (1) Calcium Aluminum Silicate
Hydroxide; (2) Magnesium Hydroxide; (3) Calcium Silicate; (4) Calcium Hydroxide; (5) Calcium
Silicate Hydroxide Hydrate.

3.2.4. BET Characterization of the Steel Slag Adsorbent

Table 4 represents the characteristics of the SS surface by the BET method. The studied
steel slag was characterized by a surface area of 10.90 m2/g, representing a great surface
area compared with other SS studies. Furthermore, the SS demonstrated a larger Langmuir
surface area and pore diameter distribution of 15.61 m2/g and 12.55 nm, respectively. The
total pore volume was 0.035 cm3/g. It is also noted that the micropore surface area was
low in SS, representing only 0.86 (m2/g). Wang et al. [23] studied the adsorption of TA
on amino-functional magnetic mesoporous silica. They reported that efficient and rapid
adsorption of TA is achieved due to the mesoporous nature of the adsorbent. The N2
adsorption–desorption curve shows that SS’s maximum N2 adsorption capacity reached
31.16 (cm3/g STP) (Figure 3). The SS adsorption–desorption isotherm belongs to type
IV, which is characteristic of mesoporous material. Effectively, the pore size distribution
confirms that steel slag contains meso- and macropores structure mainly distributed between
10 and 100 nm.

Table 4. Steel slag (SS) BET surface area characteristics.

Sample BET Surface Area
(m2/g)

Langmuir Surface
Area (m2/g)

Micropore Area
(m2/g)

Total Pore Volume
(cm3/g)

Pore Diameter
(nm)

SS 10.90 15.61 0.86 0.035 12.55

3.2.5. Morphological Characterization of Steel Slag by SEM

The SEM micrographs of SS are shown in Figure 4. Firstly, the particle size distribution
shows that SS exclusively has a low grain size distribution of <5 µm according to the SEM
scale. While some minerals, probably Quartz (SiO2) represent a relatively higher diameter.
The morphology of SS was quite heterogeneous, displaying a rich mineralogical surface.
In addition, SEM micrographs show pores of various sizes distributed over the surface
of SS and oxides, confirming that the SS contains macro and mesopores as reported by
BET analysis. These pores were predominantly large in diameter and volume, with low
microporosity observed. Furthermore, it was clear that the surface of SS was quite rich in
oxides, which display heterogeneous shapes and forms.
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3.3. Study of OMWW Neutralization by Steel Slag (SS)

Olive mill wastewater’s acidity is one of the most preoccupations that affect
the quality of natural waters. This acidity is mainly due to the organic acids and
polyphenols-rich wastewater.

Depending on disposal specifications, this experiment could determine the amount
of SS needed to raise the OMWW to a given pH. For this reason, OMWW was treated
with different dosages of SS. The variation of OMWW pH as a function of SS dosage is
highlighted in Figure 5. It was obvious that the pH of OMWW increases parallelly with
increasing time and SS mass. By considering neutral condition (pH = 7) as the appropriate
pH value for OMWW disposal/treatment. The addition of 0.5, 1, 2, 4, 6, and 8 g(ss)/L(OMWW)
increased the pH of OMWW gradually from 4.8 to 6.54 after 24 h of agitation. While a
neutral pH of 7.18 was achieved only after 24 h of agitation by adding 10 g(ss) /L(OMWW)
as the minimum required dose. For the remaining doses, 20 g/L and 40 g/L, neutral pH
of 7.33 and 7.3 was reached rapidly after 120 and 60 min, respectively. It is to note that
the maximum recorded pH was 9.02 after 24 h of agitation and 40 g(ss)/L(OMWW). The
process of pH augmentation in OMWW could be explained by the dissociation of (Ca(OH)2)
and (Mg(OH)2) hydroxides resulting from the hydrolysis of metal oxides such as CaO,
MgO, and Al2O3. This dissociation results in the release of free cations and hydroxyl
groups (OH-) in the solution, which raises the pH by neutralizing the OMWW’s organic
acids. According to XRD and XRF characterization results, the studied SS was composed
mainly of Hydrated lime (Ca(OH)2), dolomitic lime (Mg(OH)2), free lime CaO, and other
alkaline metals. Lime is widely reported for its efficiency in OMWW treatment [63–66],
e.g., Aktas et al. found that applying 40 g/L of lime for OMWW treatment raised the pH
to 12 and removed 73% and 40% of polyphenols and COD, respectively [67]. Accordingly,
SS could be considered a liming agent given its high content of dolomite (CaMg(CO3)2)
and portlandite (Ca(OH)2). Similarly, Sarti et al. demonstrated the potential use of olive
pomace biomass slag, which contains a similar composition as SS, to neutralize acidic
agricultural sandy soils [68]. Therefore, regardless of the potential unexplored effects of
OMWW treatment by SS. It could be deduced that the application of SS could at least
neutralize OMWW and probably reduce COD and other polyphenolic compounds.

3.4. Adsorption of Tannic Acid (TA) on Steel Slag (SS)
3.4.1. Adsorption Kinetics

The kinetic of TA adsorption on SS is highlighted in Figure 6. Results show that TA
is adsorbed on the SS matrix with the same kinetics for the three initial concentrations; a
maximum adsorption of TA was noticed (0–45 min), during which more than 92, 80, and
75% of the adsorption capacity was reached for an initial TA concentration of 100, 200, and
300 mg/L, respectively. While a relatively slow to constant adsorption was observed
between 45 and 225 min, after 24 h (1440 min), no effective change was highlighted in
the adsorption rate allowing us to define 225 min as the optimum equilibrium time since
more than 90% of TA removal is achieved during this contact time. These results suggest
that the adsorption equilibrium of TA depends either on the initial concentration of TA or
the equilibrium time. Tannic acid is a weak acid, and therefore its reaction with a strong
base such Ca(OH)2 and/or Mg(OH)2 could be responsible for the formation of insoluble
precipitates. In this study, the primary preproposal process of TA adsorption on SS was
regarded as chemical because of the rich accessibility of oxides and hydroxides on the SS
surface. Therefore, the following reactions are considered in the process of adsorption.

CaO + H2O→ Ca(OH)2 (2)

157



C 2023, 9, 32 C 2023, 9, x FOR PEER REVIEW 11 of 26 
 

 
Figure 5. pH variation of OMWW as a function of time and steel slag dosage. 

3.4. Adsorption of Tannic Acid (TA) on Steel Slag (SS) 
3.4.1. Adsorption Kinetics 

The kinetic of TA adsorption on SS is highlighted in Figure 6. Results show that TA 
is adsorbed on the SS matrix with the same kinetics for the three initial concentrations; a 
maximum adsorption of TA was noticed (0–45 min), during which more than 92, 80, and 
75% of the adsorption capacity was reached for an initial TA concentration of 100, 200, 
and 300 mg/L, respectively. While a relatively slow to constant adsorption was observed 
between 45 and 225 min, after 24 h (1440 min), no effective change was highlighted in the 
adsorption rate allowing us to define 225 min as the optimum equilibrium time since more 
than 90% of TA removal is achieved during this contact time. These results suggest that 
the adsorption equilibrium of TA depends either on the initial concentration of TA or the 
equilibrium time. Tannic acid is a weak acid, and therefore its reaction with a strong base 
such Ca(OH)2 and/or Mg(OH)2 could be responsible for the formation of insoluble precip-
itates. In this study, the primary preproposal process of TA adsorption on SS was regarded 
as chemical because of the rich accessibility of oxides and hydroxides on the SS surface. 
Therefore, the following reactions are considered in the process of adsorption. 

Figure 5. pH variation of OMWW as a function of time and steel slag dosage.

Ca(OH)2 → Ca2+ + 2OH− (3)

MgO + H2O→ Mg(OH)2 → Mg2+ + 2OH− (4)

Ca2SiO4 + H2O→ 2CaO·2SiO2·3H2O→ 2Ca2+ + H2SiO2−
4 + 2OH− (5)
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Murdiati et al. reported that the reaction between TA and Ca(OH)2 generates binded
insoluble complexes [69]. Other authors added that complexation through chelation is
possible between calcium and TA [70]. In comparison, other authors confirmed that the
presence of Ca2+ in the solution greatly enhanced the adsorption of TA on polystyrene
microplastics. In another study, Murdiati et al. studied the capacity of polyvinylpyroli-
done (PVP), Ca(OH)2, and activated charcoal to precipitate TA in solution and found that
Ca(OH)2 was more effective in the precipitation process of tannin and tannic acid [71].
This explains the fast adsorption of low TA concentration by SS, and may suggest that the
formation of SS–TA complex depends on the initial TA concentration and the accessible free
cations and hydroxyl groups in the solution. However, the adsorption of TA onto accessible
mesopores should not be ignored.

In order to investigate the main mechanisms intervening in the adsorption of TA on
SS as function of time. The following kinetic models were used in this study: Pseudo-
first-order Equation (6), Pseudo-second-order Equation (7), Elovich Equation (8), and
Intra-particle models Equation (9).

Ln(qe − qt) = Lnqe − K1t (6)

where, qe (mg·g−1) represents adsorption amount of TA at equilibrium; qt (mg·g−1) adsorp-
tion amount at time t; K1 (1·min−1) pseudo-first-order rate constant.

t
qt

=
1

K2·qe2 +
t
qe

(7)

where qe (mg·g−1) is the adsorption amount of TA at equilibrium; qt (mg·g−1) refers to TA
absorbed onto SS at time t; K1 (1·min−1) represents the constant of pseudo-first-order rate,
K2 (g·m−1·min−1) represents the constant of pseudo-second-order rate

qt =
1
β

ln(αβ) +
1
β

ln t (8)

where α refers to the initial adsorption coefficient (mg·g−1·min−1); β is the desorption
coefficient (g·mg−1);

qt = Kint
√

t + C (9)

Kint the constant of the rate (g·mg−1·min−1/2) and C is a constant of intra-particle
diffusion model.

Figure 7 displays the fitting results of the four studied models. According to the fitting
parameters in Table 5, the pseudo-second-order model provides the most significant corre-
lation coefficients (R2 = 0.997). According to these characteristics, the pseudo-second-order
kinetic model was more accurate and helpful in simulating TA adsorption on steel slag.
Considering its mathematical characteristics, the pseudo-second order fitted well the exper-
imental adsorption data in this study and the chemical kinetics provide the best correlation
for the adsorption of TA on SS. The adsorption process, known as chemisorption, chemi-
cally controls the rate-determining step of the sorption process and kinetically provides
the highest correlation due to the mathematical characteristics of the pseudo-second-order
model. Furthermore, a study on the adsorption of OMWW phenolic compounds onto local
natural clay showed that chemisorption was mainly the governing process of adsorption
and followed the pseudo-second-order [72]. Among the remaining models, the Elovich
kinetic model showed in turn, a good correlation coefficient of 0.9841, confirming thus the
chemical nature of TA sorption on SS.
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and Elovich kinetics fitting, respectively, and (d) intraparticle diffusion model. Adsorption conditions:
pH = 6.6; T = 293 K; time = 225 min.

Table 5. Fitting parameters of TA adsorption to SS following pseudo-first-order, pseudo-second-order,
Elovich kinetics, and Intraparticle diffusion model.

Models Pseudo-First-Order Pseudo-Second-Order Elovich Intraparticle Diffusion

Parameters qe K1 R2 qe K2 R2 α β R2 Ki C R2

Value 241.048 0.0222 0.8305 294.117 1.92 10−4 0.9977 58.545 0.0196 0.9841 17.649 44.122 0.8496

3.4.2. Effect of SS Dosage on Adsorption of TA

In order to investigate the adsorption amount % and adsorption capacity qe (mg/g) of
SS, the effect of adsorbent dosage on TA adsorption within a range of 0.5 g/L to 10 g/L
of SS was investigated. In this experiment, the initial TA concentration was 300 mg/L.
Figure 8 shows the removal of TA according to SS adsorbed amount (a) and adsorption
capacity (b). It was observed that increasing the dosage of SS from 50 mg to 1000 mg
resulted in an increased TA removal rate from 80.50% to 98.91 %, respectively. This result
indicates that a small dose of adsorbent might not achieve the equilibrium adsorption of
TA on SS. However, in terms of efficiency, the adsorption capacity (qe) of SS decreased
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parallelly with increased SS dosage at fixed TA concentration, indicating that higher SS
dosage affects the adsorption capacity of TA. According to these findings, 1 g/L of SS,
which demonstrates a higher removal rate of 92 %, was selected to investigate the effect of
pH and initial concentrations on TA adsorption.
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In accordance with the findings of this investigation regarding the influence of SS on raw 
OMWW, and because the adsorption study is intended to evaluate the SS capacity to re-
duce polyphenolic substances, it is possible to infer that the amount of steel slag could be 
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3.4.3. Effect of pH

The initial pH is one of the main factors influencing the adsorption behavior. As
mentioned before, steel slag has high alkalinity due to its high concentration of basic oxides,
which allows it to neutralize strong acids. The adsorption of TA on SS at different pH
is shown in Figure 9. The results indicate that the adsorption of TA increased slightly
with increasing pH values. Whereas a maximum adsorption capacity was achieved at
pH 11. Generally, the transition between acidic and alkaline pH has no significant effect on
TA adsorption, indicating only a slight removal difference of 5.43%. This low difference
could be explained by the overdominance of the SS hydroxyl group (OH−) in the solution,
allowing the maintenance of an alkaline pH medium. It is assumed that the free cations in
the solution react with the negatively charged TA molecules to create a precipitate, therefore
removing TA from the aqueous solution. According to research, steel slag was able to raise
the pH of acidic wastewater, thus reaching the solubility product (Ksp) of the contaminant
and resulting in the formation of a precipitate easily separated from wastewater. A similar
study reported that removing total phenolic compounds by olive pomace-activated carbon
was greatly achieved at pH 10 [73]. Similarly, the adsorption of organic acids onto clay
was greatly affected by higher pH and/or Ca(OH)2 concentration [74]. Furthermore,
polyphenol dissociation can occur only when the pH of the solution is greater than the
Pka of the polyphenols [75]. Given that TA Pka is approximately 6, it was evident that SS
had a significant influence on TA solubility, paving the path for the adsorption process.
In accordance with the findings of this investigation regarding the influence of SS on raw
OMWW, and because the adsorption study is intended to evaluate the SS capacity to reduce
polyphenolic substances, it is possible to infer that the amount of steel slag could be the
main pH regulating agent when treating OMWW.

161



C 2023, 9, 32

C 2023, 9, x FOR PEER REVIEW 16 of 26 
 

 
Figure 9. Effect of pH on TA adsorption. Adsorption conditions: SS dosage = 100 mg; T = 293 K; time 
= 225 min; initial concentration = 300 mg/L, volume = 100 mL. 

3.4.4. Effect of TA Initial Concentration and Isothermal Study 
The adsorption of TA on SS at different initial concentrations (50–1000 mg/L) was 

investigated in this study. TA adsorption according to different equilibrium concentra-
tions (Ce) is presented in Figure 10. An apparent linearity was observed regarding the 
removal of tannic acid, indicating a substantial removal of more than 90 % for each inves-
tigated initial TA concentration. These results demonstrate that the adsorption capacity 
increases with increasing TA initial concentration. The higher initial concentrations of TA 
could increase the driving force required to overcome the mass transfer barrier of phenols 
between the liquid and solid phases, resulting in a more significant possibility of contact 
between TA and sorbent [75,76]. 

 
Figure 10. Adsorption isotherm of TA on SS as function of initial concentrations. Adsorption condi-
tions: pH = 6.6; T = 293 K; time = 225 min; SS dosage= 100 mg, volume = 100 mL. 

Figure 9. Effect of pH on TA adsorption. Adsorption conditions: SS dosage = 100 mg; T = 293 K;
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3.4.4. Effect of TA Initial Concentration and Isothermal Study

The adsorption of TA on SS at different initial concentrations (50–1000 mg/L) was
investigated in this study. TA adsorption according to different equilibrium concentrations
(Ce) is presented in Figure 10. An apparent linearity was observed regarding the removal of
tannic acid, indicating a substantial removal of more than 90 % for each investigated initial
TA concentration. These results demonstrate that the adsorption capacity increases with
increasing TA initial concentration. The higher initial concentrations of TA could increase
the driving force required to overcome the mass transfer barrier of phenols between the
liquid and solid phases, resulting in a more significant possibility of contact between TA
and sorbent [75,76].
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Currently, several theoretical models have been developed to describe adsorption
isotherms, gathering information on surface adsorption, and types of interaction between
Sorbent and Sorbate. Langmuir and Freundlich models listed below were used to model the
experimental results in this study. The experimental data obtained from initial concentration
were used to fit linear equation of Langmuir [77] (Equation (10)) and Freundlich [78]
(Equation (11)) isotherms:

Ln(qe − qt) = Lnqe − K1t (10)

t
qt

=
1

K2·qe2 +
t
qe

(11)

where qmax (mg·g−1) is the Langmuir maximum adsorption capacity; Ce (mg·L−1) is the
equilibrium concentration of the TA solution; qe (mg·g−1) is the amount of TA absorbed at
equilibrium; KL (L·mg−1) is the Langmuir bonding term related to the interaction energies,
KF (L·mg−1) is the Freundlich affinity coefficient; n is Freundlich linearity constant.

The results presented in Table 6 summarizes the different constants obtained for each
model, according to the Langmuir and Freundlich plotting models Figure 11.

Table 6. Parameters of the Freundlich and Langmuir models for TA adsorption on steel slag.

Types Langmuir Isotherm Freundlich Isotherm

Parameter qmax (mg·g−1) KL (L·mg−1) RL R2 KF (L·mg−1) 1/n R2

Value 714.28 0.01380 0.59 0.9969 9.76 0.6906 0.9782
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(SPIAHS) [81], and green synthesized nano-hydroxyapatite [82], has similar affinity for 
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and 94.8 mg/g, respectively. According to Shi et al., the Langmuir model may adequately 

Figure 11. Adsorption isotherm for the TA adsorption by Steel Slag: Langmuir (a), Freundlich (b).

According to the fitting results, the Langmuir isotherm provides higher correlation co-
efficient to experimental data R = 0.9969, while a significative correlation was also observed
by Freundlich model displaying a coefficient of R = 0.9782. These findings indicate that the
adsorption of TA on SS conforms suitably to both Langmuir and Freundlich models. The
assumption regarding Langmuir’s model is that TA adsorption occurs on a homogeneous
monolayer surface of SS with no interaction between adsorbed molecules. Previous studies
have shown that TA adsorption onto polyaniline [25], commercial resins XAD-7, XAD-4,
and NDA-7 [24], surfactant-modified zeolite [79], chitosan-coated attapulgite [33], chi-
tosan/NaOH/fly ash [80], soy protein isolate–alginate hybrid spheres (SPIAHS) [81], and
green synthesized nano-hydroxyapatite [82], has similar affinity for the Langmuir model
reporting a q(max) values of 1023, 286, 111, 95.2, 286, 243.90, 1076.5, and 94.8 mg/g, respec-
tively. According to Shi et al., the Langmuir model may adequately represent the adsorption
process of numerous pollutants onto SS [39]. In this study, the maximum adsorption capac-
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ity (qmax) of SS following the Langmuir model was 714.28 (mg/g), indicating a promising
adsorption capacity when compared to the aforementioned synthesized adsorbents.

The separation factor (RL) shows whether the form of the isotherms is unfavorable
(RL > 1), linear (RL = 1), favorable (0 < RL < 1), or irreversible (RL = 0). The calculated RL
parameter was 0.59, implying that the adsorption of TA on SS was favorable.

3.4.5. Adsorption Thermodynamics

The thermodynamic parameters of free energy change (∆G0), enthalpy change (∆H0),
and entropy change (∆S0), might be valuable in gathering further information on the
thermodynamic adsorption behavior of TA on steel slag. The parameters were calculated
using Equations (12)–(14):

∆G◦ = −RTLn(Kd) and ∆G◦ = ∆H◦ − T∆S◦ (12)

Ln(Kd) =
∆S◦

R
− ∆H◦

RT
(13)

Kd =
Qe

Ce
(14)

where: T is the temperature in kelvin (K); Kd is the distribution constant in (l·g−1); R is the
gas constant (8.314 J·mol·K−1).

The thermodynamic equilibrium constant was calculated by plotting ln(qe/Ce) vs
qe (Figure 12). ∆H◦ and ∆S◦ were determined from the slope and intercept of ln(qe/Ce)
vs. 1/T plotting. The results reported in Table 7 show a positive value of ∆H◦, suggesting
an endothermic mechanism for TA adsorption on SS. This is supported by the fact that
increasing the temperature decreases TA concentration in the solution. In addition, the
absolute value of ∆H◦ was 5.5 kJ/mol, demonstrating that hydrogen bonding intervenes
in the adsorption process of TA in steel slag [81]. The negative value ∆G◦ suggests that
the adsorption occurred spontaneously. The decrease in ∆G0 as temperature increases
suggests that higher removal rates could be achieved in higher temperatures. The high
positive value of ∆S◦ (33.38 J·mol−1·K−1) indicates that TA adsorption on SS is an entropy-
increasing mechanism that is traduced by the higher degree of freedom of TA and its
affinity of SS surface.
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Table 7. Thermodynamics parameters for the adsorption of acid tannic on steel slag.

Thermodynamic Parameters ∆G◦ (kJ·mol−1) ∆H◦

(kJ·mol−1)
∆S◦

(J·mol−1·K−1)

Temperature 288 303 318 333

Value −4.107 −4.608 −5.108 −5.776 5.506 33.3798

3.5. Characterization of SS–TA before Adsorption

In order to explore the SS-loaded TA characteristics after adsorption, XRD patterns of
raw SS and SS-loaded TA were compared in Figure 13. By comparing the peaks character-
istics, it was observed that calcite CaCO3 phase was appeared in the SS–TA composition,
noting that no calcium carbonate phase was detected in the raw SS. On the other hand,
calcium hydroxide Ca(OH)2 peaks were reduced after the adsorption of TA onto SS. The
precipitation of TA in water solution and subsequent formation of CaCO3 may be attributed
to the interaction of the TA carbon molecules (C76H52O46) with calcium hydroxide Ca(OH)2.
It was also noticed that SS composition after TA adsorption was approximately the same
structure as before adsorption. Zhao et al. [83] compared the steel slag XRD characteristics
before and after adsorption of p-Nitrophenol and reported no significative changes in the
crystalline phase of SS. Similarly, the same authors indicated the reduction in Ca(OH)2
and Ca2SiO4 peaks after adsorption. The significant difference in peaks intensities before
and after adsorption suggests that TA could affect the crystalline size of SS resulting in
higher and sharper peaks. In addition, since the material maintains approximately the same
structure as before adsorption the potential of its reuse still possible. Among the techniques
suggested is pyrolysis of SS-loaded TA to remove TA organic carbon. This regeneration
procedure could result in a great substance with a larger surface area that can be reused in
other applications.
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Significant differences between the raw SS and SS-loaded TA were observed by scan-
ning electron microscopy (Figure 14). It can be seen that there was in fact a reaction
between the TA and the SS surface functions (micrograph f). The raw SS showed sharp
edges composed mainly from different shapes (micrographs a–c). The surface morphology
of TA-adsorbed SS, on the other hand, differed from that of SS, as evidenced by a decrease
in SS cracks and mesopores. After the adsorption, the SS-loaded TA showed a relatively
rounded structure on which a thin carbon coating layer has been developed. This thin layer
was characterized by a woolly texture covering the surface of SS (micrographs d,e). These
findings demonstrated that TA molecules were well adsorbed onto the surface of SS.
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4. Conclusions

In this study the potential treatment of olive mill wastewater (OMWW) by steel slag
(SS) as an improver and adsorbent was investigated. The OMWW characterization demon-
strated that this effluent is acidic, rich in organic matter and polyphenols, and displayed
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higher chemical and biological oxygen demands, whereas SS characterization showed that
this residue is non-toxic, rich in alkaline metals oxides and hydroxides, and possesses
a meso-macroporous structure, which provides an excellent material to be valorized in
wastewater treatment.

The buffer capacity of SS was investigated in order to promote neutral disposal
conditions of OMWW. The results confirm that SS could be used as a liming material,
given its high content in alkaline oxyhydroxides. Moreover, the neutralization process
could be achieved by controlling the optimal SS dosage in the function of time. In ad-
dition, the OMWW neutralization by SS might be responsible for reducing COD and
phytotoxic polyphenols.

The study of tannic Acid (TA) adsorption onto steel slag (SS) was carried out to assess
the SS capacity in reducing the total polyphenolic compounds in OMWWs. The following
points were the main conclusions:

Batch experiments revealed that an alkaline medium could be a favorable sorption
condition for TA on SS.

The maximum adsorption efficiency can reach 98.91% with an adsorbent dosage of
10 g/L. However, a decrease in adsorption efficiency was related to higher SS dosages.

The TA adsorption increased with the contact time until reaching the equilibrium
which was higher than 90 % of initial TA concentrations, indicating that the adsorption
capacity increased while increasing the initial TA concentration.

The adsorption capacity increased with increasing the temperature.
Adsorption kinetic and mechanism investigations revealed that TA adsorption

fitted the pseudo-second-order kinetic model and Elovich. While Langmuir, isotherm
described the TA adsorption on SS suitably, providing a maximum adsorption capacity
(qmax) of 714.28 mg/g.

The chemical alterations in SS resulting from the interactions between SS and TA
chemical bonds were emphasized by the characterization of SS after TA adsorption.
The affinity towards Langmuir and pseudo-second-order models observed during the
TA adsorption on SS indicate that chemisorption was the mechanism underlying TA
adsorption onto SS.

This study shows that steel slag, an industrial waste, is a low-cost and readily accessible
adsorbent for treating OMWWs. Further research should be carried out on the recovery of
valuable chemicals from SS.
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Abstract: Due to the rapid growth of the global economy, energy consumption has been steadily in-
creasing, leading to increasing issues such as energy shortages and environmental concerns. Biomass
energy, a critical renewable energy source, plays a vital role in advancing low-carbon energy develop-
ment and resource sustainability. In this study, experiments were conducted to study the migration of
C, H, and N elements of corn straw during the microwave heating process, and the effects of residence
time, heating temperature, and microwave power were also investigated. The results showed that
when the temperature rose, both the proportion of C and H elements fluctuated slightly. Specifically,
when the temperature rose from 75 ◦C to 275 ◦C, there was a 1.02% increase in the proportion of the
C element and a 0.25% decrease in the proportion of the H element. Residence time appeared to be a
significant factor influencing the changes in C, H, and N elements. For a 40 min residence time, the
proportion of the C element increased from 31.77% to 35.36%, while the proportion of the H element
decreased from 4.50% to 3.83%. When there was an increase in the microwave power between 160 W
and 200 W, higher temperatures were reached in the samples, leading to the carbonization process of
corn straw being more complete. Consequently, the proportion of the C element rose with extended
residence time, whereas the proportion of the H element decreased as the residence time increased.

Keywords: C; H; N; corn straw; microwave heating

1. Introduction

With the rapid advancement of the global economy and the steady rise in population,
energy consumption is increasing year by year [1,2]. The excessive exploitation and con-
sumption of fossil fuels have led to a growing list of drawbacks. Energy shortages and
environmental crises have gradually emerged as the primary challenges confronting the
international community. The issue of climate change resulting from excessive carbon diox-
ide emissions is widely recognized as the most severe environmental problem of our time,
and it represents a crucial strategic concern for global sustainable development. Notably,
more than 90% of carbon dioxide emissions linked to energy production originate from
the burning of fossil fuels. Consequently, reducing the consumption of fossil energy is
a necessary step to mitigate carbon emissions [3,4]. Renewable energy, characterized by
abundant reserves and minimal environmental impact, is viewed as an effective alternative
to fossil fuels and has garnered significant global attention [5].

Biomass energy, a key component of renewable energy, boasts remarkable qualities
such as renewability, widespread availability, and low carbon emissions. It holds substantial
potential for future development [6]. China, being a major agricultural nation with a dense
population, possesses abundant biomass resources. In 2022, China’s biomass production
reached 3.7 billion tons, equivalent to 460 million tons of standard coal. However, the
country’s energy utilization rate of biomass is merely 12%, and its contribution to the
overall energy consumption structure stands at only 4.6%, considerably lower than the
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global average [7]. Therefore, actively utilizing and exploiting biomass energy resources
holds immense significance in promoting low-carbon energy development and fostering
resource recycling.

Presently, China’s utilization of biomass energy exhibits a diversified trend, encom-
passing various approaches such as direct combustion, biogas fermentation, biomass
gasification, and biomass oil production [8,9]. Notably, the products derived from biomass
gasification and biomass oil production can effectively serve as substitutes for fossil fuels
like oil and natural gas and have thus experienced substantial growth in recent years.

Microwave heating represents a novel approach to heating. In contrast to traditional
heating methods, microwave heating offers distinct advantages, including even heating,
rapid heating rates, high efficiency, and minimal environmental impact. These attributes
have gathered significant attention from researchers [10–12]. Moreover, microwave-assisted
chemical conversion technology has emerged as a central pathway for the utilization of
biomass energy.

Qiu et al. [13] conducted a study on the impact of electric pyrolysis versus microwave
pyrolysis of corn straw on biochar yield. The findings indicated that when subjected to
microwave pyrolysis at 800 ◦C for 180 min, the biochar yield increased by 21.24% compared
to electric pyrolysis. Shvets et al. [14] investigated the influence of microwave power
on the product composition during the microwave pyrolysis of woody biomass. Their
research revealed that as microwave power increased from 840 W to 1760 W, the aver-
age yields of CO and CO2 remained relatively stable. However, with a further increase
in power to 2200 W, there was a notable increase in the average yields of CO and CO2.
Additionally, high microwave power was found to enhance the production of CH4 and H2.
Zhang et al. [15] developed a microwave-assisted biomass air gasification system. They
subsequently investigated the effects of the airflow rate, gasification temperature, and
residence time on the yield of syngas and carbon conversion rate. The outcomes demon-
strated that increasing the residence time significantly elevated both syngas yield and
carbon conversion rate. Specifically, under conditions of an airflow rate of 600 mL/min
and a temperature of 700 ◦C, the residence time played a critical role in the process: at
30 min, the syngas yield can reach 76.14%. Fu et al. [16] carried out a study on microwave-
assisted biomass air gasification in a fluidized bed reactor and obtained the optimal reaction
conditions for syngas production: a gasification temperature of 900 ◦C, equivalent ratio
of 0.35, and syngas yield of 78.2%. Mao et al. [17] carried out microwave-assisted pyrolysis
experiments of furfural residue in a continuous spiral reactor and explored the effects of
kaolin, CaO, and K2CO3 additives on the yield of pyrolysis gas. The results showed that all
three additives can increase the yield of H2 and CH4, and CaO can also reduce the yield
of CO2.

The microwave absorption capacity of biomass is weak. In order to meet the tempera-
ture conditions of biomass gasification and pyrolysis, it is often necessary to add microwave
absorbers, such as SiC, activated carbon, graphite, etc. Shi et al. [18] used bamboo, cork,
pine, and mahogany as raw materials to study the effect of activated carbon additives
on the production of syngas under microwave irradiation and found that the coupling of
activated carbon reforming and microwave-assisted pyrolysis not only increased the yield
of gas products and reduced the yield of bio-oil, but also further improved the selectivity
of H2 generation and increased the overall low heat value of products. Zhou et al. [19]
studied and developed a continuous microwave-assisted pyrolysis system with a large
processing capacity. Using SiC as the microwave absorber, it could process 10 kg of biomass
per hour. Huang et al. [20] used magnetite as a microwave absorber to pyrolyze chlorella
and spirulina to produce bio-oil. The results showed that Fe3O4 accelerated the decarboxy-
lation reaction in the decomposition process of microalgae and promoted the formation of
nitrogen-containing fatty compounds.

The bio-oil obtained by microwave pyrolysis of biomass has high oxygen content, low
calorific value, complex composition, and instability and often needs to be upgraded by
catalysis. Commonly used catalysts include metal salts, metal oxides, and ZSM-5 catalysts.
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Li et al. [21] modified the ZSM-5 catalyst with NaOH and TPAOH alkaline solutions and
applied it to microwave catalytic pyrolysis of rice husks. The results showed that the
catalyst treated with 2.0 mol/L TPAOH solution showed better catalytic performance and
the relative content of hydrocarbons in the pyrolysis products was high. The relative
contents of benzene, toluene, and xylene were up to 58.6%. Wan et al. [22] applied MgCl2 to
the microwave catalytic pyrolysis of poplar wood, and the results showed that the furfural
content in the pyrolysis products increased with the increase in MgCl.

Previous studies focused on the pyrolysis and gasification characteristics of biomass
with the addition of microwave absorbents and catalysts but ignored the effect of mi-
crowaves on the heating characteristics of biomass. In this study, the effects of residence
time, heating temperature, and microwave power on the migration of C, H, and N elements
of corn straw were investigated by experiments without adding microwave absorbent,
which is of great significance for the efficient utilization of biomass.

2. Materials and Methods
2.1. Materials

China is rich in straw resources, accounting for about 20% of the total biomass re-
sources. In this study, samples of corn straw were taken from Lianyungang City, China,
in 2022. Ultimate analysis was performed using an Organic Elemental Analyzer (Thermo
Fisher Scientific Inc, Waltham, MA, USA), and the results are shown in Table 1.

Table 1. Proximate analysis and ultimate analysis results of corn straw.

Proximate Analysis (wt.%) Ultimate Analysis (wt.%)

Mar Vdaf FCar Aar Car Har Oar
a Nar Sar

5.11 37.55 12.14 75.45 31.77 4.50 1.24 0.66 0.90
a Calculated by difference. M, V, FC, and A indicate moisture, volatile, fixed carbon and ash, respectively. C, H, O,
N, and S indicate elements C, H, O, N, and S, respectively. Subscript ar means “as received basis”. Subscript daf
means “dry ash-free basis”.

The corn straw was crushed in a Baihaojia HY-608 pulverizer (Hongtaiyang Elec-
tromechanical Inc., Yongkang, China), and then the crushed material was screened with an
80-mesh sieve; the corn straw below the sieve was taken as the experimental sample, as
shown in Figure 1. In order to ensure that the composition of the sample does not change,
contact with air should be avoided as much as possible, and it should be stored in a dry
and airtight container before use.
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2.2. Experimental System

The microwave heating device used in this study is shown in Figure 2 and mainly
consists of two systems: (a) a microwave heating system; and (b) a temperature measure-
ment system. Microwave heating systems include quartz tubes and microwave ovens. The
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microwave oven is made by Beijing Yihuida Microwave Devices Co., LTD. (Beijing, China),
with a length of 30 cm, a width of 30 cm, and a height of 35 cm. In the quartz tube setup, a
small sieve plate is positioned in the middle section. This serves a dual purpose: it facilitates
the loading of experimental samples and ensures that both the upper and lower layers of
the sample are exposed to the surrounding air. To monitor temperature, a temperature
measurement system composed of a digital thermometer and a K-type thermocouple is
employed. The digital thermometer is responsible for gathering temperature data from the
thermocouple probe and transmitting it to the computer through a USB connection. Once
the arrangement of the quartz tube is finalized, the setup is insulated by adding thermal
insulation cotton inside the furnace and wrapping the quartz tube. This precaution is taken
to prevent any interference from radiation heat transfer, which could affect the accuracy of
experimental results.

Figure 2. Microwave heating system. (1) power supply; (2) microwave; (3) K-type thermocouple;
(4) reactor; (5) samples; (6) sieve plate; (7) digital thermometer; (8) computer.

2.3. Experimental Procedures

Connect the experimental device as shown in Figure 2 and open the temperature
recorder to record the temperature data in real time. It should be emphasized that the
diffusion rate of air in the sample was very slow without external force. Therefore, a
small amount of sample was used in each experiment to ensure that the thermocouple
temperature probe was just submerged by the sample.

Start heating by activating the microwave oven. Adjust the microwave power to reach
the desired experimental temperature while maintaining a consistent temperature range or
slight fluctuations within ±15 ◦C. This step aims to investigate the impact of temperature
and residence time on the migration of C, H, and N elements. The effect of microwave
power on the migration of C, H, and N elements was investigated by controlling the heating
time. After the experiment was completed, the sample was cooled naturally and removed
from the glass tube, and the change rule of C, H, and N elements was explored by ultimate
analysis, which was performed using Thermo’s Flash Smart Organic Element Analyzer.

To determine an appropriate experimental temperature, a preliminary experiment
was conducted. Figure 3 shows the temperature of corn straw particles at 200 W. It was
observed that the sample gradually heats up to 292 ◦C. Afterward, the temperature began
to increase rapidly, reaching 1200 ◦C within 2 s. Simultaneously, a dense white smoke
formed within the reactor. Evidently, at this point, a combustion reaction occurred within
the sample rather than slow oxidation. To prevent a combustion reaction, the sample
temperature must be maintained below 292 ◦C.
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3. Results and Discussion
3.1. Effect of Temperature on Migration of C, H, and N Elements

The reaction time was set at 10 min, and the proportions of C, H, and N elements
changed at various temperatures were examined, as illustrated in Figure 4. When the
temperature increased, the proportion of the N element remained nearly constant, with
only a minimal 0.047% difference between the maximum and minimum values, which
could be disregarded. This stability was due to the fact that N in biomass primarily existed
in organic matter form, which was not easily vaporized at lower temperatures [23].
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Figure 4. Proportions of C, H, and N elements at different temperatures (10 min).

Since the biomass contained a significant amount of water, it required lower tempera-
tures for the water to vaporize. As the temperature rose, more water vaporized, causing
the proportion of H element to steadily decrease. The proportion of the C element showed
an overall upward trend. On the one hand, water and some volatiles were released, and the
content of the H and O elements decreased, which in turn increased the proportion of the
other elements. On the other hand, most C-containing components started to decompose at
temperatures above 300 ◦C. Below 275 ◦C, the C element underwent only slow oxidation,
resulting in minimal changes. For instance, at 275 ◦C, the proportion of the C element was
33.01%, while the proportion of the H element was 4.41%. In comparison to 75 ◦C, this
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represented a 1.02% increase in the C element proportion and a 0.25% decrease in the H
element proportion, as shown in Figure 4.

3.2. Effect of Residence Time on Migration of C, H, and N Elements

Temperature plays a pivotal role in the release of volatile compounds and the oxida-
tion of element C. At lower temperatures, biomass samples primarily underwent water
release, with minimal involvement in other reactions. Based on pre-experiment findings, a
temperature of 275 ◦C was selected for further investigation into the impact of residence
time on the migration of C, H, and N elements, as depicted in Figure 5. Over the initial
0–20 min, an increase in time led to a continuous rise in the proportion of the C element
and a concurrent decline in the proportion of the H element. This phenomenon could be
attributed to the volatilization of water and certain biomass components containing H. By
the 30 min mark, there was a notable shift compared to the state at 20 min. The proportion
of the C element decreased from 34.05% to 32.24%, and the proportion of the H element
continued to decrease. This was due to the continuous release of volatile fractions con-
taining H, further reducing the proportion of the H element. Meanwhile, the C element
began undergoing a noticeable oxidation reaction, with a portion converting into CO2 and
being released. Comparing the color of the samples after the experiment, it can be found
that when the residence time was 30 min, some samples became black. This resulted in a
significant decrease in the proportion of the C element, overtaking the release rate of the
H element. As time progressed to 40 min, the proportion of the H element continued to
decline, with an accelerated rate, decreasing from 4.32% at 30 min to 3.83%. Conversely,
the proportion of the C element increased notably, from 32.24% at 30 min to 35.36%. At
this stage, the slow oxidation reaction of the C element had essentially concluded. The
reduction in the proportions of H elements became the primary factor driving the increase
in the proportion of the C element. These findings demonstrated that residence time is a
crucial factor influencing the slow oxidation reaction of the C element, with the 30 min
mark serving as a crucial point. The period between 20 and 30 min represented the active
reaction time, while after 30 min, the reaction nearly ceased.

C 2023, 9, x FOR PEER REVIEW 6 of 10 
 

Figure 4. Proportions of C, H, and N elements at different temperatures (10 min). 

3.2. Effect of Residence Time on Migration of C, H, and N Elements 
Temperature plays a pivotal role in the release of volatile compounds and the oxida-

tion of element C. At lower temperatures, biomass samples primarily underwent water 
release, with minimal involvement in other reactions. Based on pre-experiment findings, 
a temperature of 275 °C was selected for further investigation into the impact of residence 
time on the migration of C, H, and N elements, as depicted in Figure 5. Over the initial 0–
20 min, an increase in time led to a continuous rise in the proportion of the C element and 
a concurrent decline in the proportion of the H element. This phenomenon could be at-
tributed to the volatilization of water and certain biomass components containing H. By 
the 30 min mark, there was a notable shift compared to the state at 20 min. The proportion 
of the C element decreased from 34.05% to 32.24%, and the proportion of the H element 
continued to decrease. This was due to the continuous release of volatile fractions contain-
ing H, further reducing the proportion of the H element. Meanwhile, the C element began 
undergoing a noticeable oxidation reaction, with a portion converting into CO2 and being 
released. Comparing the color of the samples after the experiment, it can be found that 
when the residence time was 30 min, some samples became black. This resulted in a sig-
nificant decrease in the proportion of the C element, overtaking the release rate of the H 
element. As time progressed to 40 min, the proportion of the H element continued to de-
cline, with an accelerated rate, decreasing from 4.32% at 30 min to 3.83%. Conversely, the 
proportion of the C element increased notably, from 32.24% at 30 min to 35.36%. At this 
stage, the slow oxidation reaction of the C element had essentially concluded. The reduc-
tion in the proportions of H elements became the primary factor driving the increase in 
the proportion of the C element. These findings demonstrated that residence time is a 
crucial factor influencing the slow oxidation reaction of the C element, with the 30 min 
mark serving as a crucial point. The period between 20 and 30 min represented the active 
reaction time, while after 30 min, the reaction nearly ceased. 

0 10 20 30 40

2

30

34

0

4

32

36

Pr
op

or
tio

n 
(%

)

Time (s)

 N    C    H

 
Figure 5. Proportion of C, H, and N elements at different times (275 °C). 

3.3. Effect of Microwave Power on Migration of C, H, and N Elements 
Based on the preliminary experiment, microwave power settings of 160 W, 180 W, 

and 200 W were selected. Figure 6 illustrates the temperature of corn straw particles dur-
ing the initial 20 min at different microwave powers, with peak temperatures reaching 144 
°C, 193 °C, and 233 °C, respectively. The temperature changes in corn straw followed a 
similar pattern at other time intervals. At the 40 min mark, the maximum attainable tem-
peratures for the corn straw were 165 °C, 223 °C, and 257 °C, respectively. 

Figure 5. Proportion of C, H, and N elements at different times (275 ◦C).

3.3. Effect of Microwave Power on Migration of C, H, and N Elements

Based on the preliminary experiment, microwave power settings of 160 W, 180 W, and
200 W were selected. Figure 6 illustrates the temperature of corn straw particles during
the initial 20 min at different microwave powers, with peak temperatures reaching 144 ◦C,
193 ◦C, and 233 ◦C, respectively. The temperature changes in corn straw followed a similar

177



C 2023, 9, 117

pattern at other time intervals. At the 40 min mark, the maximum attainable temperatures
for the corn straw were 165 ◦C, 223 ◦C, and 257 ◦C, respectively.
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Figure 7 displays the changes in the proportion of C, H, and N elements at various 
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microwave power levels were as follows: 16.5 °C/min, 17.8 °C/min, and 24.4 °C/min. Ac-
cording to the relevant literature, the heating rate significantly affects the release of vola-
tile gases [24], and the change in the proportion of the C element confirmed this observa-
tion. With an increased heating rate, the release of volatile gases containing H was accel-
erated, resulting in a decrease in the H element content and an increase in the C element 
proportion. 
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gressed, the volatiles containing H were no longer released, and the proportion of the H 
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tile release was reached. Different from the previous section, the microwave power was 
not adjusted during the experiment in this section, so the migration rule of C and H ele-
ments was different. 

When the microwave power was 160 W and the time exceeded 30 min, the proportion 
of the C element began to decline, which was because the oxidation rate of the C element 
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Figure 6. Temperatures of corn straw particles at different microwave powers.

Figure 7 displays the changes in the proportion of C, H, and N elements at various
microwave powers. Across the three microwave power settings, the changes in C, H, and
N elements followed a consistent pattern: the proportion of the C element increased with
time, the proportion of the H element decreased with time, and the proportion of the N
element remained relatively stable with time. At the 10 min mark, the proportions of the C
element for 160 W, 180 W, and 200 W microwave power were 31.62%, 31.81%, and 32.28%,
respectively. During this time, the sample heating rates corresponding to these microwave
power levels were as follows: 16.5 ◦C/min, 17.8 ◦C/min, and 24.4 ◦C/min. According to
the relevant literature, the heating rate significantly affects the release of volatile gases [24],
and the change in the proportion of the C element confirmed this observation. With an
increased heating rate, the release of volatile gases containing H was accelerated, resulting
in a decrease in the H element content and an increase in the C element proportion.

In the case of 200 W, the proportion of the H element changed very little over time.
At 10 min, the H element content was 4.48%, and at 40 min, it was 4.42%, which was
negligible. This indicated that most of the volatiles containing H releasable under this
power condition have been released within a certain time. Consequently, even as time
progressed, the volatiles containing H were no longer released, and the proportion of the H
element remained almost constant until a higher temperature condition for further volatile
release was reached. Different from the previous section, the microwave power was not
adjusted during the experiment in this section, so the migration rule of C and H elements
was different.

When the microwave power was 160 W and the time exceeded 30 min, the proportion
of the C element began to decline, which was because the oxidation rate of the C element
exceeded the release rate of volatile fractions containing H. At the same time, when the
microwave power was 180 W and 200 W, the proportion of the C element continued to
maintain an upward trend. It was proved that the temperature required for the oxidation
of the C element was significantly lower than the temperature containing H volatile release.
With the increase in microwave power, the maximum temperature that core straw can
reach increased, and the release rate of volatiles containing H was accelerated. Although
the oxidation rate of element C was also accelerated, the former rate was faster, so the
proportion of element C will continue to rise.
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4. Conclusions

In this study, the effects of temperature, residence time, and microwave power on the
migration of C, H, and N elements of corn straw during the microwave heating process
were experimentally investigated. The following conclusions were obtained:

At temperatures below 275 ◦C, N elements of corn straw particles did not migrate
much. As the temperature increased, the carbonization process of corn straw was more com-
plete, and the proportion of the C element increased gradually. At 225 ◦C, the proportion
of the C element decreased due to an oxidation reaction.

The residence time was critical for the migration of C, H, and N elements. The increase
in residence time made the carbonization process of corn straw more complete, resulting
in an increase in the C element proportion from 31.77% to 35.36%. A significant decrease
in the proportion of the C element occurred around the 30 min mark, indicating a notable
oxidation process.

Microwave power played a role in both the heating rate of the sample and the maxi-
mum temperature it could reach, which affected the changes in C, H, and N elements. At
160 W, the proportion of the C element increased initially and then decreased as residence
time grew, with the turning point occurring at 30 min due to the oxidation of the C element.
The proportion of the H element decreased as residence time increased due to the continu-
ous release of H-containing volatiles. When the microwave power was 180 W and 200 W,
the carbonization process of the C element was more complete with the increased residence
time. Consequently, the proportion of the C element increased, while the proportion of the
H element decreased.

Author Contributions: Z.L.: Experiment and writing original draft, W.C.: Experiment and writing
original draft, M.Z.: Supervision, W.Z.: Validation, Y.Z.: Supervision. All authors have read and
agreed to the published version of the manuscript.

Funding: National Natural Science Foundation of China (52076049), Heilongjiang Province “Dou-
ble First-class” Discipline Collaborative Innovation Achievement Project (LJGXCG2023-080), and
Heilongjiang Provincial Key R&D Program “Unveiling the Leader” Project (2023ZXJ02C04).

Data Availability Statement: Data are contained within the article.

Acknowledgments: Financial support was provided by the National Natural Science Foundation of
China (52076049), Heilongjiang Province “Double First-class” Discipline Collaborative Innovation
Achievement Project (LJGXCG2023-080), and Heilongjiang Provincial Key R&D Program “Unveiling
the Leader” Project (2023ZXJ02C04).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Amalina, F.; Krishnan, S.; Zularisam, A.W.; Nasrullah, M. Effect of process parameters on bio-oil yield from lignocellulosic

biomass through microwave-assisted pyrolysis technology for sustainable energy resources: Current status. J. Anal. Appl. Pyrolysis
2023, 171, 105958. [CrossRef]

2. Rajpoot, L.; Tagade, A.; Deshpande, G.; Verma, K.; Geed, S.R.; Patle, D.S.; Sawarkar, A.N. An overview of pyrolysis of de-oiled
cakes for the production of biochar, bio-oil, and pyro-gas: Current status, challenges, and future perspective. Bioresour. Technol.
Rep. 2022, 19, 101205. [CrossRef]

3. Dong, F.; Wang, Y.; Su, B.; Hua, Y.; Zhang, Y. The process of peak CO2 emissions in developed economies: A perspective of
industrialization and urbanization. Resour. Conserv. Recycl. 2019, 141, 61–75. [CrossRef]

4. Gadkari, S.; Fidalgo, B.; Gu, S. Numerical investigation of microwave-assisted pyrolysis of lignin. Fuel Process. Technol. 2017,
156, 473–484. [CrossRef]

5. Kamari, M.L.; Maleki, A.; Daneshpour, R.; Rosen, M.A.; Pourfayaz, F.; Nazari, M.A. Exergy, energy and environmental evaluation
of a biomass-assisted integrated plant for multigeneration fed by various biomass sources. Energy 2023, 263, 125649. [CrossRef]

6. Contescu, C.I.; Adhikari, S.P.; Gallego, N.C.; Evans, N.D.; Biss, B.E. Activated carbons derived from high-temperature pyrolysis
of lignocellulosic biomass. C-J. Carbon Res. 2018, 4, 51. [CrossRef]

7. 3060 Blue Book on Zero-Carbon Biomass Energy Development Potential; Biomass Energy Industry Branch of China Industrial
Development Promotion Association: Beijing, China, 2021.

8. Sun, J.; Luo, J.; Lin, J.; Ma, R.; Sun, S.; Fang, L.; Li, H. Study of co-pyrolysis endpoint and product conversion of plastic and
biomass using microwave thermogravimetric technology. Energy 2022, 247, 123547. [CrossRef]

180



C 2023, 9, 117

9. Wu, G.; Cheng, D.; Li, L.; Li, C.; Jiang, G.; Zheng, Y. Biomass energy utilization and soil carbon sequestration in rural China: A
case study based on circular agriculture. J. Renew. Sustain. Energy 2018, 10, 13107–13111. [CrossRef]

10. Shi, C.; Shi, H.; Li, H.; Liu, H.; Mostafa, E.; Zhao, W.; Zhang, Y. Efficient heating of activated carbon in microwave field. C-J.
Carbon Res. 2023, 9, 48. [CrossRef]

11. Guo, R.M.; Cheng, T.C.; Ng, J.H.; William, W.F.C.; Su, S.L.; Hwai, C.O.; Farid, N.A. Microwave pyrolysis for valorisation of horse
manure biowaste. Energy Convers. Manag. 2020, 220, 113074.

12. Asif, F.C.; Saha, G.C. Graphene-like carbon structure synthesis from biomass pyrolysis: A critical review on feedstock-process-
properties relationship. C-J. Carbon Res. 2023, 9, 31. [CrossRef]

13. Qiu, T.; Liu, C.; Cui, L.; Liu, H.; Kashif, M.; Zhang, Y. Comparison of corn straw biochars from electrical pyrolysis and microwave
pyrolysis. Energy Sources Part A Recovery Util. Environ. Eff. 2023, 45, 636–649. [CrossRef]

14. Shvets, A.; Vershinina, K.; Vinogrodskiy, K.; Geniy, K. Microwave pyrolysis of woody biomass: Influence of radiation power on
the composition of conversion products. Appl. Sci. 2023, 13, 7926. [CrossRef]

15. Zhang, Y.; Fu, W.; Cui, L.; Tariq, M.; Li, B. Experimental microwave-assisted air gasification of biomass for syngas production.
Fuel 2023, 339, 126954. [CrossRef]

16. Fu, W.; Zhang, Y.; Cui, L.; Liu, H.; Tarique, M. Experimental microwave-assisted air gasification of biomass in fluidized bed
reactor. Bioresour. Technol. 2023, 369, 128378. [CrossRef] [PubMed]

17. Mao, X.; Kang, Q.H.; Liu, Y.; Asif, A.S.; Ao, W.; Ran, C.; Fu, J.; Deng, Z.; Song, Y.; Dai, J. Microwave-assisted pyrolysis of furfural
residue in a continuously operated auger reactor: Characterization and analyses of condensates and non-condensable gases.
Energy 2019, 187, 583–584. [CrossRef]

18. Shi, K.; Yan, J.; Luo, X.; Luo, X.; Yang, G.; Chen, Y.; Edward, L.; Wu, T. Production of H2-rich syngas from lignocellulosic biomass
using microwave-assisted pyrolysis coupled with activated carbon enabled reforming. Front. Chem. 2020, 8, 3. [CrossRef]

19. Zhou, N.; Zhou, J.; Dai, L.; Guo, F.; Wang, Y.; Li, H.; Deng, W.; Lei, H.; Paul, C.; Liu, Y.; et al. Syngas production from biomass
pyrolysis in a continuous microwave assisted pyrolysis system. Bioresour. Technol. 2020, 314, 123756. [CrossRef]

20. Huang, F.; Tahmasebi, A.; Maliutina, K.; Yu, J. Formation of nitrogen-containing compounds during microwave pyrolysis of
microalgae: Product distribution and reaction pathways. Bioresour. Technol. 2017, 245, 1067–1074. [CrossRef]

21. Li, Z.; Zhong, Z.; Zhang, B.; Wang, W.; Gabriel, V.; Fernando, L. Effect of alkalitreated HZSM-5 zeolite on the production
of aromatic hydrocarbons from microwave assisted catalytic fast pyrolysis (MACFP) of rice husk. Sci. Total Environ. 2020,
703, 134605. [CrossRef]

22. Wan, Y.; Chen, P.; Zhang, B.; Yang, C.; Liu, Y.; Lin, X.; Ruan, R. Microwave-assisted pyrolysis of biomass: Catalysts to improve
product selectivity. J. Anal. Appl. Pyrolysis 2009, 86, 161–167. [CrossRef]

23. Lu, Q.; Zhao, W.; Xia, Y.; Liu, J.; Meng, H.; Guo, X.; Hu, S.; Hu, B. Research on the migration and transformation mechanism of
nitrogen during biomass pyrolysis. J. Fuel Chem. Technol. 2023, 51, 1047–1059+1025.

24. Yao, X.; Xu, K. Pyrolysis characteristics of corn cob and release rule of gas products. J. Agric. Eng. 2015, 31, 275–282.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

181





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

www.mdpi.com

C Editorial Office
E-mail: carbon@mdpi.com

www.mdpi.com/journal/carbon

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are

solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s).

MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from

any ideas, methods, instructions or products referred to in the content.





Academic Open 
Access Publishing

mdpi.com ISBN 978-3-0365-9861-1


	Cover-front.pdf
	Book.pdf
	blank page.pdf
	Book.pdf

	Cover-back.pdf

