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Resumo

A necessidade de desenvolver métodos sustentaveis e de baixo custo para o tratamento de
aguas residuais, particularmente na industria téxtil, que € um dos principais contribuintes
para a poluicdo da agua, é de extrema relevancia, visto que os métodos tradicionais para
remover corantes dos efluentes apresentam, frequentemente, um elevado custo, produzem
poluentes secundarios e apresentam uma menor eficacia. Assim, os biocarvdes oferecem
uma alternativa promissora devido a abundancia de matérias-primas disponiveis, ao seu
baixo custo, e ao potencial de serem ajustados em funcdo da aplicacdo pretendida. Dessa
forma, foram desenvolvidas diferentes amostras de biocarvfes, derivadas de diferentes
residuos agricolas, como cascas de arroz, folhas de abacate, cascas de amendoim, e
misturas de macroalgas. As amostras de biocarvdes foram produzidas através de pirélise a
350°C, sendo que a caracterizacdo dessas amostras envolveu técnicas avancadas, como a
Difracdo de Raios X (XRD), Espectroscopia Raman e Andlise Termogravimétrica (TGA).
Essas analises revelaram informacg6es sobre a morfologia, grupos funcionais na superficie e
estabilidade térmica dos biocarvdes, fatores cruciais que determinam a eficacia de cada
amostra, como adsorventes. Entre as amostras produzidas, o biocarvao de casca de arroz
(BRH) foi o que apresentou um desempenho superior no que toca a remocao de corantes,
alcancando uma capacidade de remocdo de 99,2% para o corante Bezaktiv Blue HP-R,
81,4% para o Bezaktiv Red HP-R e 76,4% para o Bezaktiv Yellow HP-R. Para as misturas
de corantes, o BRH removeu 94,8% da mistura de corante verde e 100% da mistura de
corante roxo. O biocarvdo de folhas de abacate (BAL) também demonstrou uma elevada
capacidade, especialmente na remoc¢do de Bezaktiv Blue HP-R (94,8%) e Red HP-R
(83,6%). O biocarvao de casca de amendoim (BPS) apresentou desempenho variavel, com
a maior eficiéncia para Bezaktiv Yellow HP-R (94%), mas com resultados inferiores para
outros corantes. Ja o biocarvdo de mistura de macroalgas (BMM) apresentou a menor
capacidade de remocao, particularmente para o corante Bezaktiv Yellow HP-R (58,2%) e o
Bezaktiv Red HP-R (69,1%). O bom desempenho do biocarvao derivado de cascas de arroz
(BRH), e do proveniente de folhas de abacate (BAL), pode estar relacionado com a sua area
de superficie, e com as interacdes que essas superficies promovem. A amostra BRH, com
um alto teor de silica e uma estrutura microporosa bem desenvolvida, oferece uma elevada
area de superficie e volume de poros, proporcionando dessa forma a capacidade de
adsorver moléculas de corantes, por intermédio de mecanismos como o preenchimento de
poros, ou através de interagfes eletrostaticas. A amostra BAL, por outro lado, é rica em
grupos funcionais fendlicos e alcoois, que contribuem para fortes interacdes de ligagdo de
hidrogénio e interagbes -1 com as moléculas dos corantes. Esses grupos funcionais,
juntamente com as estruturas aromaticas presentes no BAL, facilitam a formacdo de
complexos estaveis com os corantes, resultando em alta eficiéncia de adsor¢ao.

Palavras-chave: Biocarvdo; Adsorcdo; Tratamento de aguas residuais; Corantes reativos;
Sustentabilidade.






Abstract

The study is motivated by the urgent need for sustainable and cost-effective methods for
wastewater treatment, particularly in the textile industry, which is a major contributor to water
pollution. Traditional methods for removing dyes from effluents are often costly, generate
secondary pollutants, and are less effective. Thus, biochar offers a promising alternative due
to its abundant raw materials, cost-effectiveness, and potential to be tailored for specific
applications. For that reason, distinct biochar samples were developed, derived from various
agricultural wastes—namely rice husk, avocado leaves, peanut shells, and mixed
macroalgae—as efficient sorbents for removing reactive dyes from wastewater. Biochar
samples were produced via pyrolysis at 350°C, a process known to influence the
physicochemical properties of the resulting material. The characterization of these biochars
involved advanced techniques such as X-ray Diffraction (XRD), Raman Spectroscopy, and
Thermogravimetric Analysis (TGA). These analyses revealed critical insights into the
morphology, elemental composition, surface functional groups, and thermal stability of the
biochars, which are crucial factors determining their effectiveness as adsorbents. Among the
biochar samples, rice husk biochar (BRH) exhibited superior performance in dye removal,
achieving removal efficiencies of 99.2% for Bezaktiv Blue HP-R, 81.4% for Bezaktiv Red HP-
R, and 76.4% for Bezaktiv Yellow HP-R. For mixed dyes, BRH removed 94.8% of the Green
dye mixture and 100% of the Purple dye mixture. Avocado leaves biochar (BAL) also
demonstrated high efficiency, particularly in removing Bezaktiv Blue HP-R (94.8%) and Red
HP-R (83.6%). Peanut shell biochar (BPS) showed a varied performance, with the highest
efficiency for Bezaktiv Yellow HP-R (94%) but lower results for other dyes. Mixed macroalgae
biochar (BMM) consistently displayed the lowest removal efficiency, particularly for Bezaktiv
Yellow HP-R (58.2%) and Bezaktiv Red HP-R (69.1%). The superior adsorption performance
of biochar derived from rice husk (BRH) and avocado leaves (BAL) can be attributed to their
distinct surface properties and the specific interactions these surfaces promote. BRH, with its
high silica content and well-developed microporous structure, provides extensive surface area
and pore volume, enhancing its ability to adsorb dye molecules through mechanisms such as
pore-filling and electrostatic interactions. Additionally, the alkaline nature of BRH due to its ash
content likely increases the adsorption of anionic dyes by enhancing electrostatic attraction.
BAL, on the other hand, is rich in phenolic and alcoholic functional groups, which contribute to
strong hydrogen bonding and m-1 interactions with the dye molecules. These functional
groups, along with the aromatic structures present in BAL, facilitate the formation of stable
complexes with dyes, leading to high adsorption efficiency.

Keywords: Biochar; Adsorption; Wastewater treatment; Reactive Dyes; Sustainability.
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1. Introduction

1.1. Scope and motivation

The increasing awareness of environmental pollution has led to a growing interest in the
development of sustainable and eco-friendly technologies for wastewater treatment [1]. One
of the major contributors to water pollution is the textile industry, as illustrated in Figure 1,
which generates massive quantities of dye-containing effluents, that consequently can cause
significant environmental and health hazards if not properly treated [2]. For that reason, there
has been a drastic upsurge in the number of research articles published on dye adsorption,
as shown in Figure 2.

Dye manufacturing Industry: 7.0% \
Tannery and Paint Industry: 8.0% \

Paper and Pulp Industry: 10.0%

Textile Industry: 54.0%

Dyeing Industry: 21.0%

Figure 1 - Major contributors to the water pollution by industries (adapted from [2])
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Figure 2 - Trend in the number of published papers on dye adsorption over the past three decades (adapted from [3])
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Conventional methods for the remotion of pollutants such as dyes from wastewater effluents
can range from membrane technologies, and electrochemical processes, to biological
treatments and reactions, however, these have several limitations, including high operational
and maintenance costs, the production of a toxic sludge, and limited efficiency [4,5,6].

In recent years, biochar-based sorbents have emerged as a promising alternative for dye
removal from wastewater effluents [7]. Moreover, the use of residual feedstocks as
precursors for biochar production offers a sustainable and cost-effective solution for
wastewater treatment [7].

The purpose of this study is to investigate the development of biochar-based sorbents from
residual feedstocks like rice husks, avocado leaves, and peanut shells for the removal of
dyes from wastewater effluents. The motivation behind this research is to provide a
sustainable and eco-friendly alternative solution for the adsorption of dye contamination, to
help reduce the environmental impact of wastewater effluents while also promoting the
valorization of agricultural waste.

The disposal of wastewater effluents, contaminated with dyes, into natural water presents an
adverse effect on the photosynthetic activity in aquatic ecosystems and consequently can
produce negative effects on aquatic organisms due to the existence of toxic materials, such
as metals, while also presenting toxic effects on human health (e.g., carcinogenic, and
allergic effect) [8,9,10,11]. Figure 3 demonstrates the distinct routes for environmental
pollution, caused by a vast variety of dyes while enhancing the different industries that
contribute to this contamination.
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Figure 3 - Main sources of contamination by dye type (adapted from [8)])



2. State of the art

2.1.Life cycle analysis of Biochar

2.1.1. Biochar definition and feedstocks

Biochar is a term derived from carbonaceous materials, which can have multiple applications
such as for the production of sustainable fuels, soil remediation, and carbon sequestration. In
other terms, biochar is defined as charcoal and a carbon-rich material produced by partial
oxidation of carbonaceous organic sources from a diverse range of biomass feedstocks,
excluding fossil fuel products [12,13,14].

The source of biomass can play a significant role in the physical and chemical properties of
biochar products produced from it, which can be classified into lignocellulosic and
non-lignocellulosic biomass based on cellulose and lignin contents [15]. A lignocellulosic
biomass is mainly composed of cellulose, hemicellulose, and lignin [16]. Figure 4 illustrates a
representative scheme of a lignocellulosic biomass structure. These three components are
characterized as polymeric molecules that contain covalently bonded monomers with a
biological origin, in other words also known as biopolymers; Lignin; Hemicellulose; and
Cellulose can present different composition percentages according to the source of the
biomass, but the ordinary percent of each one on a biomass structure corresponds to lignin
(10-25%); hemicellulose (20-35%); and cellulose (35-50%) [17,18].

OH

OH

HO~ /"7\“
Of
Cellulose
Hemicellulose
HOOC,
oH '\
WO M o s e e

O/
O
OH,C \OL./

OH

Figure 4 - Biopolymers, cellulose, hemicellulose and lignin, of woody biomass (adapted from [19])



Lignin acts as a binder around and in between the other biomass components, to provide
structure to the biomass, and many other characteristics, such as compressive strength;
resistance; and water resistance [17]. To enable access to the core components of the
lignocellulosic biomass, a hydrolysis process is needed, that will be responsible for the
degradation of the lignocellulose material, involving the depolymerization of cellulose and
hemicellulose into monomeric sugars, such as glucose; mannose; xylose; arabinose; and
also, galacturonic acid, that can be used as an acidifying agent for the food industry [20,21].

The non-lignocellulosic biomass is composed of lipids, proteins, carbohydrates, heavy
metals, minerals, and heteroatoms [22]. The source of this type of biomass can assume a
broad range of options, like manure; sewage sludge; bone and meat from dead animals;
feathers; and algae [22]. From an overall perspective, there is a huge variety of residual
biomass feedstocks, that can range from an agricultural waste perspective, which includes
crop residues and process residues, to a food waste point of view, with an extent of options
like fruit and vegetable peels and roots, to residues from poultry and slaughterhouses such as
feathers; eggshells; and meat or bones [23]. Figure 5 displays some of the options of
feedstocks previously cited.

Agroindustrial waste
¥

Agricultural waste 4@7
b
waste

RN
Poultry and
slaugtherhouse waste
L% ( Seed pods L —
‘— -— e

Figure 5 - Different residual sources of biomass from agro-industrial waste (adapted from [23])




Biochar has some similarities with activated carbon since both can be produced from
pyrolysis, but the temperature of the reaction influences the specific areas, which can range
from medium to high, depending on the temperature of pyrolysis. However, biochar owns a
higher number of functional groups and a non-carbonized fraction which could be related to
the milder conditions of production [24]. These non-carbonized fractions could potentially
interact with soil contaminants, as well as other surface functional groups of the biochar, such
as hydroxyl and phenolic groups, that could effectively bind soil contaminants. These
properties demonstrate that biochar has huge potential as an environmental sorbent for
organic and inorganic contaminants in soil or water [25]. With the differences between a
biochar and activated carbon being due to different parameters, it is necessary to select the
proper conditions of residence time; feedstock type; pyrolysis temperature; and heating rate,
in order to produce a biochar with the specific conditions needed as shown in Table 1 -
Characteristics of different types of feedstocks [25].

The high yield found on some of the feedstocks is related to the higher level of inorganic
constituents, as indicated by their relatively high ash content [25]. It has been reported that
the presence of high levels of inorganic constituents like potassium or zinc, and high contents
of lignin, on the feedstock correlate with the high biochar yield [26,27]. The increase in
temperature provokes dehydration and depolymerization, of plant-based biomass, into
smaller dissociation products of lignin and cellulose, on the other hand, poultry manure and
sewage sludge biochars do not undergo depolymerization because of the lack of
lignocellulosic compounds [25].



Table 1 - Characteristics of different types of feedstocks (adapted from [25])

oo IO Mt Yeu Moe | fhed gy M oy N Sene e
Canola straw 400 20 27.4 - - - - 45.7 - - 0.19 - -
Corn cobs 500 - 18.9 - - 133 7.8 776 3.05 511 0.85 0 -
Corn stover 500 - 17 - - 328 7.2 57.29 2.86 545 147 3.1 -
Orange peel 500 - 26.9 - - 43 - 714 225 203 183 42.4 0.019
Peanut shell 300 7 36.9 60.5 37 12 7.8 6827 3.85 25.89 191 3.1 -
Peanut shell 700 7 21.9 32.7 581 89 10.6 83.76 1.75 13.34 1.14 4482 0.2
Pine needles 400 - 30 - - 23 - 77.85 2.95 18.04 1.16 112.4 0.044
Pine needles 500 - 26.1 - - 28 - 8167 2.26 14.96 1.11 236.4 0.095
:\‘;‘:\'5% 400 7 54 8.2 63.8 28 10.6 51.04 3.15 39.35 5.41 11.6 0.027
Raggﬁed 400 5 39.4 27.1 607 122 - 7134 3.93 10.84 1.43 16 1.244
Ra;’;eted 500 5 35.6 17.5 69.6 129 - 7503 2.62 7.79 1.41 15.7 1.15
Rice husk 500 - - - - 422 - 421 22 121 05 34.4 0.028
Tire rubber 400 10 59.3 - - 154 - 777 356 334 - 24.2 0.08
Tire rubber 600 10 54.5 - - 156 - 813 167 143 - 51.5 0.12
Wheat straw 400 8 34 - - 9.7 - 65.7 4.05 - 1.05 4.8 -
Wheat straw 460 8 - - - 12 8.7 724 3.15 - 1.07 2.8 -



For the previously stated parameters, a van Krevelen diagram, a diagram based on the molar
ratio between hydrogen and carbon and the molar ratio of oxygen and carbon, is required, to
enable a full understandability of the influence of pyrolysis temperature on the biochar
properties [28,29]. Figure 6 illustrates a van Krevelen diagram for some of the biomass
feedstocks previously stated.
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Figure 6 - Van Krevelen diagram illustrating the evolution of H/C and O/C ratios in biochar produced from various
biomasses at different pyrolysis temperature (adapted from [25])

The lower values of H/C and O/C demonstrate a higher degree of carbonization of the
biomass samples that suffered pyrolysis [29]. Thus, the lower molar ratios of
hydrogen/carbon and oxygen/carbon were related to a higher presence of aromatic
compounds and a lower polarity of biochar derived from pine needles [30]. The lack of
lignocellulosic compounds is easily evidenced in the poultry manure data of Figure 6 since
the non-lignocellulosic feedstock does not show the tendency of depolymerization with an
increase in temperature, as previously stated.

2.1.2.Biochar production methods and characterization techniques

There are numerous thermochemical conversion techniques to convert biomass into solid,
liquid, and gaseous products. Thermal decomposition is a standard process for biochar
production, including methods like pyrolysis; hydrothermal carbonization; gasification, and
torrefaction [31,32]. It is important to choose the method of production according to the
biomass characteristics and desired application since variables such as heating rate;
temperature; and residence time can influence the physicochemical properties of the biochar
[32].



Not only the characteristics of the biochar, but also the yield can be influenced by the
pyrolysis method (e.g. slow pyrolysis method without oxygen boosts the percentage of
biochar produced) while the increase of residence time and temperature, implies a decrease
in the percentage of solid product, and an increase on the percentage of liquid product [31].
Table 2 demonstrates some different techniques for the processing of biomass samples.

Table 2 - Characteristics of different biochar production techniques (adapted from [31])

Residence

. Temperature . Heating rate Biochar Bio-oil Syngas
Tech
echnique (°c) o °c/s) (%) (%) (%)
h
Slow pyrolysis 300 to 550 %‘;rjsto 10 10 35 30 35
Fast pyrolysis 450 to 600 <2 10 to 1000 12 75 13
Flash Pyrolysis 750 to 1000 0.5 <1 - - -
Gasification >800 10to 20 0.8to1 10 5 85
Torrefaction 450to 550 <2h - 75 20 5
Hydrothermal 3600 to
Carbonization <200 57600 <1 35 30 3

Pyrolysis can be classified into diverse types [33]. Slow pyrolysis (SP) is defined by relatively
low heat, slow heating rates, and a prolonged contact time which favors biochar formation
[31,34]. Also, SP maximizes the biochar yield by triggering secondary reactions, due to
extending the vapor residence time [35].

Fast pyrolysis (FP) is a process that is preferred when bio-oil is the desired product since the
production rates of biochar and pygas are relatively low [31]. In FP, secondary decomposition
is limited, since the vapors generated by rapid decomposition are quickly swept out of the
reactor [36]. Flash pyrolysis (FLP) produces mainly identical products as FP but with the
focus of its process aiming for the optimization of bio-oil production. FLP is defined by
elevated temperatures, high heating rates, and contact times inferior to a second [31].

Gasification is the thermochemical transformation process of biomass at remarkably elevated
temperatures under a specific amount of oxygen, which produces a combustible gas known
as syngas, mainly composed of hydrogen; carbon monoxide; and methane [31,37].

The gasification thermochemical process exposes biomass to a thermal treatment at
relatively low temperatures, as it happens in slow pyrolysis, but the main difference from that
process is the low concentration of oxygen in this case [38].



Hydrothermal carbonization is usually performed at relatively low temperatures when
compared to other pyrolysis methods, which makes it less energy-intensive [39]. Because of
that, the residence times are prolonged to enable efficient carbonization, and as happens in
SP, the variety of products is equal, since in HC the rate of solid; liquid; and gaseous
products are identical [31].

After the preparation of the biochar, from the different array of methods addressed, it is
imperative to analyze the composition of the product produced, to check if it has the desired
characteristics for the applications needed. That characterization is based on the structure of
the biochar, on physical and chemical characteristics, on the surface functional groups, and
the elemental analysis of the char [40]. Figure 7 illustrates the methods used to analyze
distinct characteristics of the biochar, as well as some of the chemical and physical
properties, which must be well known, to fully understand the potential and the best
applications for a biochar sample produced.
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Figure 7 - Parameters and techniques used to studly the characteristics of the biochar samples
(adapted from [40])
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There are some essential functional groups on the surface of biochar that increase the
sorption properties including carboxylic (-COOH), hydroxyl (-OH), amine (-NHz), amide
(-CONH2), and lactonic groups [41]. Characteristics like pH, surface area, and porosity might
reduce biochar functional groups when increased [41]. Biochar pH levels are extremely
important since they can influence the pH of soils, in cases where biochar’s used to remove
contaminants, and consequently provide micronutrient deficiencies and yield reductions in
crops [42]. Apart from that, pH is related to the ash content of samples, with woody
feedstocks having lower ash values, which implicates an inferior pH than the ones produced
from other feedstocks [43]. Not only does the ash content influence the pH of the biochar, but
also the temperatures of carbonization, since it has been stated that temperatures above
400°C expected to have higher pH than ones produced at temperature below 400°C [42,44].



The pH of the biochar analysis involves the use of a glass electrode-calomel electrode
system, and a solution (usually deionized water), but besides that, some parameters might
influence the values obtained from the electrode system since it can be affected by the
position of the electrode on the suspension; the shaking time needed between the solution
and the biochar; and the ratio of biochar and solution [42,45].

The cation exchange capacity (CEC) of the biochar, is extremely important if the desired
application is for soil remediation since biochar is emerging as an alternative for remediation
in soil and water of heavy metals [45]. CEC analysis is based on the displacement of an
ammonium cation (NH4+") by KCI, after a step of washing with an organic solvent (isopropanol
or ethanol). By applying this method for the CEC determination, it is possible to avoid
hydrolysis problems of non-neutral salts and use low-cost reagents [46]. Foremost it allows
the comparison of distinct biochar samples at a neutral pH, which is of extreme importance
since pH depends on the CEC and the high variability in surface properties of biochar [47,48].

To fully characterize a biochar, it is necessary to analyze its surface, which includes studying
the morphology, functional groups, and surface elements [40]. As illustrated in Figure 7, there
are several methods for that, such as Scanning Electron Microscopy (SEM); Energy
Dispersive X-ray (EDX); Fourier Transform Infrared Spectroscopy (FTIR); and Raman [40].

From all the methods listed, one of the most applied is, SEM, which is utilized for the analysis
of microstructural adsorbent materials, to present an image of a specific adsorbent material
and observe its features (e.g., morphology, pore size, and arrangement) or to observe
modifications after surface functionalization [49,50].

EDX is usually coupled with the SEM method, since it can provide both semiquantitative and
semiqualitative information, on the elements present on the surface of a sample, enabling an
elemental analysis and chemical configuration [51]. The data obtained from the analyses of
EDX are represented as a plot of E (Energy) vs | (Intensity). Each metal present on a sample
surface emits X-rays that are known to have a specific identity (e.g., the same wavelength
and energy for the same position on an EDX spectrum) [51]. Many other element peaks can
be observed through this method, such as N; C; O; S; and P, which can establish evidence of
the adhesion of the compound on the metal [51].

FTIR is a method used to determine the functional groups at the surface of the biochar [40].
The method is based on the excitation of a molecule by IR radiation, resulting in vibrations of
its molecular bonds for the different values of wavenumber, with shifts in band intensity
indicating that the respective functional groups have been involved in the adsorption process
[49]. Every single specific bond has different absorption bands, which are related to the
bending and stretching vibrations, which occur at different wavenumbers, and that enable
specific surface functional group identification [49]. Also, FTIR is extremely practical to
identify if an adsorbate has effectively been adsorbed by the functional groups present at the
biochar surface [49].

Not only is important to analyze the surface of the biochar, but also the structure and

molecular composition of it, and for that case, there are several methods, like
Thermogravimetric Analysis (TGA); X-ray diffraction (XRD); and Raman [40].
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TGA is a method that submits the sample to different values of controlled temperature, in a
specific atmosphere, to rate the thermal stability of biochar and characterize its structure, by
obtaining information about the yield of carbonization for different temperatures; for the
moisture content; for the distinct structural components of the biomass feedstock; and the
inorganic content of biochar [49].

XRD is an analytical technique based on the diffraction of X-rays by matter, characterized as
elastic scattering used to evaluate the structure and molecular characteristics of the biochar,
more precisely to determine the crystalline and structure of biochar [40]. This technique can
also evaluate the ratio between the crystalline and the amorphous phases, as the large X-ray
diffraction peaks indicate amorphous structure, while sharp peaks evidence crystalline
arrangements [49,50]. XRD is a nondestructive sample analysis method, used on solid
materials to determine the crystalline phases, and provide information on structures, crystal
orientations, and other structural parameters such as crystalline, tension, and crystal defects
[52].

Raman is characterized as a rapid, non-destructive technique that uses a visible or infra-red
laser (532 nm - green light; 785, 830, or 1064 nm - near infra-red (NIR) light) for analyzing the
chemical structure of a sample, which makes it a very valuable technique for studying a big
variety of carbon-rich materials including graphites, coals, carbon fibers, and amorphous
carbons [49,53,54,55]. The technique can determine the degree of biochar carbonization,
also known as aromaticity, because of its high sensitivity, and low interference [40]. The
spectrum also known as Raman scattered light is composed of diverse bands that indicate
specific biochar structures [49].

2.1.3.Biochar applications

Biochar can have numerous applications, as listed in Figure 8, that can range from the
incorporation as a catalyst in chemical reactions; to its utilization for soil and water
remediation; to producing several types of biofuels from distinct processes [56].

Conditioner

ﬁ‘.

Figure 8 - Biochar applications (adapted from [45])
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The final applications of the biochar produced depend on the process chosen to treat the vast
array of biomass feedstocks. If the process chosen is based on biochemical processes
(fermentation or anaerobic digestion), the biomass can be transformed into bioethanol or
biogas, respectively [56]. Bioethanol (C,HsOH), also known as ethanol, is an alcohol
produced from microbial fermentation of sugars present on biomass, followed by a distillation
[57]. Bioethanol is used as an additive to gasoline, being incorporated in blends that usually
have 10% bioethanol (B10), and that can already be used by most conventional gasoline
engines, without any necessity of any modifications, with a possibility of a slight improvement
to their performance [58]. Despite bioethanol, there is another biofuel, previously stated, that
can be produced from biochar, biogas, which is obtained by an anaerobic digestion process,
based on the breaking of the biomass by bacterial hydrolysis, followed by the conversion of
sugar and amino acids by acidogenic bacteria, into carbon dioxide (CO32); hydrogen (H2);
ammonia (NHs); and methane (CH4) [59]. Biogas’s main applications consist of providing
heat and electricity [60].

Besides the biofuel application, biochar can be used for wastewater treatment which enables
the remotion of contaminants present in the water effluents, while also having the ability to
seize and retain valuable nutrients and organic matter, which can be recycled and utilized in
agriculture or energy production [61]. Biochar has been reported as an effective adsorbent for
phenols in wastewater effluents, which makes it a valuable product to treat the current
concerns of organic contaminants, such as phenols and dyes, in aqueous solutions
[62,63,64]. It has been stated that cationic dyes are more highly adsorbed than anionic dyes,
due to the small molecular weight molecules; favorable electrostatic properties, and strong
n-n interaction with biochar surface [62]. Current studies state that adsorption for biochar’-s
prepared at 900°C, had a better adsorption rate, than those prepared at 600°C, due to the
significantly enhanced surface area, from the high temperatures of preparation of samples
[62]. It has recently been stated that biochars have an unprecedented ability to remove
inorganic pollutants such as heavy metals from wastewater, due to the abundance of
functional groups on their surface such as phenolic, hydroxyl, and carboxyl groups, and due
to their porous structure and its large surface area [62,65,66]. Since biochar can be used to
adsorb a vast variety of contaminants from soil and water, as previously stated, it is important
to know that there are distinct mechanisms depending on the type of contaminant, as can be
seen in Figure 9.
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Figure 8 - Mechanisms of adsorption of biochar to remove different types of contaminants (adapted from [62)])
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If the pollutants to remove are organic, the mechanism of adsorption is promoted by
electrostatic attraction; pore-filling; n-n electron-donor acceptor interaction; hydrogen-
bonding; complexes adsorption; and hydrophobic interactions [62]. The surface of biochar is
normally presented as negatively charged, due to the dissociation of oxygen-containing
functional groups, which causes electrostatic attraction between biochar and the positively
charged molecules [62,25]. For samples of biochar prepared at elevated temperatures, the
loss of oxygen-containing and hydrogen-containing functional groups makes them less polar
and more aromatic, which is less appropriate for polar organic contaminants removal [62].
However, the adsorption could occur by hydrogen bonding developed as a result of the
electrostatic repulsion, between anionic organic compounds, and the biochar. If the pollutants
to remove are inorganic, such as heavy metals, mechanisms including surface precipitation
under alkaline conditions, ion exchange, and complexation, cationic and anionic electrostatic
attraction are more indicated [62].

Apart from all the important biochar applications, formerly cited, its implementation as a feed
additive is of major importance due to the chemical and physical properties of biochar, which
have been linked to the possibility of reducing nitrogen content in manure, decreasing the risk
of pathogens, and strengthening the immune system of livestock and poultry [67]. There are
innumerable benefits of implementing biochar as a food additive for livestock and poultry;
from an animal welfare perspective, its implementation can decrease the mortality rates of
the animals, paired with a strengthening of the immune system of livestock, and also an
increase associated with nutrient digestibility [67]. About the environmental impacts, the
incorporation of biochar in animal food enables the reduction of odorous emissions in manure
and methane in ruminants [67].

As a catalyst, biochar can arrange more active sites for reactions of catalytic degradation and
contribute to the stabilization and dispersion of nanoparticles. As a heterogeneous catalyst,
biochar offers many advantages due to its large surface area, lower cost, and a specific
functional group that can be tailored to the properties needed, making it extremely appealing
for catalytic reactions [68,69]. Biochar can be incorporated into biodiesel production reactions
and the production of chemical products. The biochar-based catalysts have some
characteristics that make them a viable alternative to solid-based catalysts (e.g.
biodegradable; reusable; low cost) [68,70]. The potential of biochars is immense, with a vast
range of applications. Besides the ones stated, biochar can also contribute to plant disease
suppression; increase plant crop production; contribute to carbon sequestration; enhance
composting efficiency; and improve anaerobic digestion efficiency [71].

Also, biochar is a great alternative to traditional electrodes, for the production of highly
efficient microbial fuel cells, due to its exceptional qualities, such as a large surface area, and
high porosity, which are hugely beneficial for electrodes in those types of fuel cells [72,73].
Since the cost of traditional electrodes represents a significantly high cost on the microbial
fuel cells, with rates centered between 40%-50% of the total cost, biochar represents an
inexpensive replacement anode material for granular activated carbon and graphite granules
[72].
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2.2.Textile industry wastewater

2.2.1. Wastewater characteristics

Wastewater term refers to the stormwater and urban runoff effluents, including all the sewage
or liquid waste, coming from institutions; hospitals; industries; and domestic houses [74]. The
main objective of the treatment of wastewater effluents is to minimize the load of harmful
compounds, before the process of discharge returns to the environment, and subsequently
cause harm to aquatic and wildlife species, and eventually lead to the contamination
of drinking-water distribution systems [74]. Textile wastewater typically contains a complex
mixture of organic and inorganic chemicals and is usually polluted with hazardous organics,
such as dyes, surfactants, metals, salts, and persistent organic pollutants [75,76].

2.2.2. Types of dyes present in textile industries effluents

Wastewater contains diverse residual dyes [77]. There are many different types of dyes, most
resistant to biodegradation, present in wastewater effluents (e.g. azo dyes; anthraquinones;
phthalocyanines), and inorganic compounds such as metals [78]. Textile dyes are defined as
organic compounds, with the capacity to absorb light radiation in the visible range of the
spectrum, reflect or diffuse complementary radiation, and dye a substance [78,79]. Dyes are
composed of three essential chromophoric groups: the chromophore; the auxochromes; and
the matrix [80]. Thus, the distinct groups on each dye have specific and independent
properties (e.g., the color; and ability to be fixed on a textile fabric) [78]. The active site of the
dye is located in the chromophore group, and it can summarize the location of the atoms
absorbing light energy [80,81]. The chromophore consists of many different groups of atoms,
such as nitro (—NO2), azo (—N=N—), nitrous (—N=0), thiocarbonyl (—C=S), carbonyl
(—C=0), and alkenes (—C=C—) [80]. The mechanism of absorption by electromagnetic
waves due to the chromophore groups, is triggered because of the state of excitation by the
electrons of a molecule [80]. Table 3 illustrates some classes of dyes and the respective
chromophore group and dye example.

Table 3 - Classes of dyes with examples of each type (adapted from [80])

Class Chromophore Dye example

Azo . NaO,S SO;Na
NN O
NO,

Cyanine
A COOH
n CO

2 Q

~" mooc H
Anthraquinone 0 HO
0. OH O CH,
400 rdees
OH
HO L OH
OH O
) O
Phthalein 0O 0]

0 o
= 30,
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Azo dyes represent 70% of the world's annual production of synthetic dyes and are
characterized by at least one or more azo groups (-N=N-), bonded to a (-OH) or a (-NH2) type
of group [78]. Azo dye colors are formed inside textile fabrics, in situ, through the reaction of
two colorless, or slightly colored, compounds [82]. Some examples of azo dyes are
represented in Figure 10, with the respective maximum wavelength.
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Figure 9 - Examples of azo dyes (adapted from [78])

After the azo dyes, the most notorious class of dyes are the anthraquinones, on which the
chromophore group is a quinone nucleus, to where a hydroxyl or amino group can be
bonded, giving the dye a good light resistance capacity [83]. Figure 11 illustrates some
examples of anthraquinones, with the respective maximum wavelength.

Dyes

Reactive blue 19 (RB19)

Acid blue 62 (AB62)

Chemical structures Amax (nm)

909

//[ - 635

Figure 11 - Examples of anthraquinone dyes (adapted from [78])
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Phthalocyanine dyes are produced through the reaction of dicyanobenzene with a variety of
metal compounds (e.g., copper, nickel, cobalt, or iron), with the central structure of the
molecule allowing the dye to retain its color without fading or washing away, making it an
exceptionally durable and long-lasting dye [78]. These dyes are widely used in various
industries and applications for their exceptional color retention properties [78]. Figure 12
shows some examples of phthalocyanine dyes with their respective chemical structures and

wavelengths.

Dyes Chemical structures Amax (nm)

N N
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Figure 12 - Examples of phthalocyanine dyes (adapted from [78])

Dye classification is based on the auxochrome chromophoric group, which indicates the dye
solubility and its affinity for different fibers, while taking these criteria into account, it is
possible to separate the dyes into two different classes, the water-soluble ones, and the
water-insoluble ones [78,84]. The soluble types of dyes are divided into anionic; cationic;
metalliferous; reactive; or substantive dyes [78]. If insoluble, the types of dyes can be vat;
sulphur; dispersible; or pigments [78]. Figure 13 shows the categories of dyes by solubility.
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Dye type

Insoluble Soluble

Figure 13 - Classification of dyes through solubility capacity (adapted from [78,85])

The reactive dyes contain chromophoric groups, such as azo, anthraquinone, and
phthalocyanine [78,84]. This type of soluble dye, named reactive, denotes the existence of a
reactive chemical function type (e.g., vinyl sulfone or triazine), that creates a strong covalent
bond with the fibers, to guarantee long-lasting color retention [78,79]. Because of their
excellent fastness qualities and simplicity of application, reactive dyes are the most
extensively used class of dyes in the textile industry [84,86]. These dyes permanently bind to
the fibers, forming a part of the fabric and guaranteeing superior color retention through
washing, also RD is the preferred option for dyeing and printing cotton because they provide
an extensive spectrum of brilliant colors, excellent brightness, and remarkable fastness [87].
The structures of reactive dyes are simpler, and the absorption spectrum evidences narrower
absorption bands, with brighter dyeing, which makes them advantageous over direct dyes
[88]. Figure 14 represents two examples of reactive dyes with the corresponding structure
and wavelength.

Dyes Chemical structures Amax (nm)
NH, OH
NaO,S A A N
. Y N '
> l A ( H
Direct blue 1 (BD-1) SO,Na ' ° [ 594
a OH NH,
N ___ SO;Na
\
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Direct blue 86 (BD-86) | j N-Cu N | 594
NaO,S y e

Figure 14 - Examples of reactive dyes (adapted from [78])
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2.2.3. Processes involved in the treatment of dye wastewater

Water is an essential natural resource needed for life, while wastewater is also very
important, particularly for locations with a shortage of water [89]. Despite being very
important, wastewater effluents contain many distinct toxic substances, and for that reason, it
is imperative to submit wastewater to treatment, before discharging it back into the
environment [89]. With that being said, the treatment of wastewater can be established on
two main points: to reestablish the supply of water, and to protect the environment from
pollutants [89]. The dye-containing wastewater must be treated effectively so that the
protection of the environment and water resources from adverse effects, can be
accomplished [89]. Numerous techniques can be used to remove dyes from wastewater
effluents, from physical to chemical processes, with advanced oxidation processes (AOP),
and also with the use of biological products, supported by bacteria; algae; or yeasts as can
be seen in Figure 15.

Dye

treaiment methods

Advanced oxidation

Physical Chemical Biological

processes

f
'
N
-
ul

Coagulation-

Adsorption Flocculation

Igae-assisted Ozonation

<
N
n
L
)
<

lon exchange Electrochemical acteria-assisted hotocatalytic

@
n
b
0
P
1)
<

Irradiation Oxidation Fungal-assisted hoto-Fenton

<@
N
2
)
L
1)
@

Membrane filtration Photolysis Yeast-assisted Sonocatalytic

b
D
L
)

Figure 15 - Distinct techniques for the treatment of wastewaler effluenis (adapted from [85])

The approach for each method is distinct, for instance, physical processes are usually,
simple, and are often based on mechanisms of mass transfer, with the use of membrane
filtrations or adsorption processes [90]. These processes are defined as more dependable
than biological or chemical processes since it does not include any use of any living beings
and/or chemicals [90]. For the chemical processes, there are some important factors to take
into consideration, like being more expensive than both physical and biological methods, due
to the requirement of high energy; substantial amounts of chemical products; and specific
equipment [85]. Furthermore, there are some challenges with these methods, which lie in the
production of toxic metabolites and by-products, during the treatment of the effluents of
wastewater [91,92,93].
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Physical treatment methods incorporate processes such as adsorption; ion exchange;
irradiation; and membrane filtration, as reported in Figure 15. Adsorption is the process of
atoms, molecules, or ions diffusing and adhering to the surface of solid particles, thus
adhesion occurs due, to the not balanced forces between the solid surface, and the impure
particles [94]. lon exchange is a method, usually combined with other physical dye
wastewater treatment methods, to improve the efficiency of removal of dyes and
contaminants [94]. The method is based on a mechanism where two ions with similar
charges are interchanged, between two electrolytes or electrolyte particles [78]. The
irradiation method is effective for the remotion of dyes from wastewater effluents, through the
use of radiation from a monochromatic ultraviolet lamp, with the requirement of a constant
supply of oxygen to ensure that the organic dyes are efficiently removed [95]. The membrane
filtration method is based on a molecular sieve that is built into the structure of a film, which
can have small pores or a fine mesh to assist in the separation of the particles and molecules
[96]. The different membrane filtration methods include nanofiltration (NF); ultrafiltration (UF);
microfiltration (MF); and reverse osmosis (RO) [97].

The chemical treatment methods include techniques like oxidation; photolysis;
electrochemical, and coagulation/flocculation, described in Figure 15. In the
coagulation/flocculation technique, distinct materials (e.g., polymers) are added to the
wastewater to destabilize colloidal materials and cause the small particles to agglomerate
into larger flocs. [98]. Electrochemical techniques are based on the use of electricity to
conduct the treatment process [99]. There are numerous electrochemical techniques, the
most common the electrochemical oxidation (utilized for mineralization of organic pollutants;
water disinfection; and removal of cyanides); electrochemical reduction (used for metals
recovery; and modification of organic compounds into less toxic forms); electrocoagulation
(used to remove suspended particles); and electrodialysis (for water desalination) [100].
Photolysis is established on the photodegradation of compounds that absorb light as short
wavelengths, through Ultraviolet (UV) light irradiation, to degrade them [101]. The chemical
oxidation technique is used to remove colors from dye wastewater effluents, through the use
of many different materials (e.g. ozone; hydrogen peroxide; acids) to break down dyes,
although oxidized dyes and organic hazard compounds are not removed with this technique,
which potentialized the development of AOP [89,102,103].

Despite the chemical and physical methods for the treatment of dye wastewater, there are
also biological and advanced oxidation processes, which can be based on distinct
technologies. For instance, biological processes can be based on algae; yeast; fungi; or
bacteria to biodegrade or adsorb dyes [104]. Advanced Oxidation Processes (AOP) involve
distinct effective, and eco-friendly techniques to assist in the remotion of persistent organic
contaminants and microbes, while also disinfecting by-products from water, through powerful
oxidizing agents (e.g., hydroxyl radicals) in situ [105].

Figure 16 and Figure 17, illustrate some of the numerous advantages and disadvantages

inherent to the previously cited, physical and chemical wastewater treatment methods,
respectively.
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High level of efiiciency
Overall low cost
Capacity to be regenerated
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Simplicity of application

Need of disposing adsorbents

Figure 16 - lllustration of the wastewater physical treatment methods (adapted from [85,90,91,92, 106, 107])
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Figure 17 - lllustration of the wastewater chemical treatment methods (adapted from [85,90,91])
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2.3. Dye adsorption

2.3.1. The mechanism involved in the dye removal with biochar-based sorbents

Adsorption is defined as the process of adhesion of a liquid; gas; or solid material onto the
surface of another material, with the adsorbed material being called adsorbate, and the
material that proportionate the adsorption on its surface is defined as adsorbent [108].
Adsorption can be sorted as physisorption or chemisorption, depending on the strength of the
interactions, between the adsorbate and the adsorbent. There are distinct mechanisms for
the processes of adsorption, based on electrostatic interactions, such as n-n interactions;
hydrogen bonding; or pore filling, with each mechanism utilization depending on the
properties of each contaminant or dye to be removed [109,110]. Figure 18 summarizes the

different mechanisms of adsorption.
‘ Pore filling \

A

H-bond interactions Physisorption

A

Adsorption
mechanism

A

Chemisorption

Y
‘ Covalent bonding \

Figure 18 - Mechanisms of adsorption for dye removal (adapted from [109)])

There are different physisorption mechanisms, such as the pore-filling process, which is
composed of two adsorption steps, while in first place, occurs the external diffusion of the dye
molecules, from the boundary layer to the surface of the biochar, and, secondly, the internal
diffusion, which consists of the penetration of the dye molecules, into the pores of the biochar
[111].
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Besides the pore-filling mechanism, there are other physisorption routes such as the H-bond
interactions, in which the hydrogen bonding is favored, with materials that contain oxygen
groups, since this mechanism is based on interaction from the H-bonds (e.g. -COOH or
—-OH), that act as a donor of hydrogen to the biochar surface, and the nitrogen or oxygen
atoms in dyes (e.g. nitrogen atoms in the Reactive dye molecules) [111].

n-n interactions are another example of physisorption mechanisms [111]. These interactions
are defined as a noncovalent interaction between n-acceptors and n-donor molecules [111].
In these reactions, the aromatic rings of the biochar act as n-electron donors and the
aromatic rings of the dyes act as n-electron acceptors [111]. Also, molecular structures of
cationic dyes possess a cation (e.g. N+), which can end on the binding of cation to the
aromatic rings on the biochar surface, forming an n+-n interaction [111]. Figure 19 represents
a physical adsorption mechanism based on electrostatic interactions, between a cationic
polymer product, called B-Chitosan (CS) and a reactive dye, more precisely reactive blue 221
(RB221) that is an anionic type of dye [112]. The attraction between the two species present
on the dye and the chemical adsorbent, is made through the difference between the positive
charge of CS protonated amine group (-NHs") with the anionic sulfate groups (-SO37) of
RB221 [112].
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Figure 19 - An example of a physical adsorption mechanism between an adsorbent and a reactive dye
(adapted from [111,712])

In alternative to the physical mechanisms, there is also the chemical adsorption route, which
consists of the formation of an ionic or covalent chemical bond, between the adsorbent and
the adsorbate, with a consequently change in the electronic configuration for both the
adsorbate and the adsorbent, with a massive exothermic enthalpy being associated [113].
The bonding between adsorbate and adsorbent is highly site-specific, on chemisorption,
since the volumetric number density of the active sites, can inform about the thermodynamic
chemisorption models of the adsorbent, in contrast with what happens on the surface
adsorption, by physisorption methods [114]. In this type of adsorption, valence forces bind the
molecules of the adsorbate, to specific functional groups located on the adsorbent surface
[114]. In cases where the adsorbent has defined flat surfaces, the process of chemisorption is
limited to a single surface layer [114].
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2.3.2. Factors that influence the adsorption process

The adsorption process can be influenced by many different physicochemical factors, which
can range from the type of dye and its chemical structure to the properties of the adsorbent
utilized to adsorb that dye from wastewater effluents [115]. These important physicochemical
factors are the pH of the solution; the temperature; the pressure; the stirring speed; the
properties of the adsorbent and dye contaminant, and other parameters, which can be seen
in Figure 20.

- Initial dye
pH Temperature Pressure Stirring speed concentration
Pamc;e siEe Adsorbent Contaminants Dye Adsorbent
weight in the properties properties
surface area solutioe

Figure 20 - Range of parameters that affect the adsorption efficiency (adapted from [115])

One of the most important adsorption factors is the pH of the dye solution, which can affect
the capacity of the adsorbent and, thus the efficiency of the entire process [115]. This factor
can influence the chemistry of the contaminants present in the solution, involving the activity
inherent to the functional groups, the surface charge of the adsorbent, and the degree of
ionization of the adsorbed ion, while also interfering with the chemical structure of the dye
itself [115,116]. It has been reported that anionic dyes can form more efficient bonds with
adsorbents in an acidic solution, while cationic dye bonds are more effective in basic
solutions [115]. Table 4 summarizes some examples of the influence of pH on the capacity of
adsorption of different adsorbents, by distinct nature of dyes. For anionic dyes, it was
reported that with an increase in pH, the capacity of adsorption diminishes, while for cationic
dyes the capacity of adsorption increased with an increase of the pH levels.

Table 4 - pH influence on the capacity to adsorb reactive dyes (adapted from [115,117,118,119, 120))

Dyestuff Adsorbent Dyes lonic Nature  pH  Observations: with the Increase (1) of pH
Reactive Black 5 spent mushroom waste anionic 21010 q(mglg) |
Reactive Orange 16 carbon from Phyllanthus reticulatus anionic 2to 11 q(mg/g) |
Malachite Green almond shell cationic 2t0 11 q(mg/g)
Methylene Blue olive stone activated carbons cationic 21012 q(mg/g) 1

In addition to the pH parameter, temperature is also of huge importance to the adsorption
efficiency, since it can shift the nature of the reaction from endothermic to exothermic [115]. If
the reaction is endothermic, with an increase in the temperature levels, there will be an
increase in the efficiency of adsorption, linked to an increment in the availability of active sites
due to the activation of the adsorbent surface at higher temperatures [115,121].
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Contrarily, if the reaction is exothermic, an increase in the temperature will have the inverse
effect on the capacity of adsorption, provoking a decrease, since the potential of adsorption
between the adsorbate and active sites will become weaker [115,122]. One of the main
factors that can influence the adsorption process, is the initial dye concentration (IDC), as it
can indirectly affect the efficacy of dye removal, through a decrease or increase in the
availability of binding sites on the adsorbent surface [115]. Usually, the percentage of dye
removal decreases with an increase in the initial dye concentration, which is correlated to the
saturation of the adsorption sites, located on the adsorbent surface [115]. That means that at
a low initial dye concentration, the surface area of the adsorbent and consequently the
number of adsorption binding sites will be high, making it easier for the dye molecules to bind
to the adsorbent surface [115]. However, if there is a high initial dye concentration, the
saturation of the adsorption sites will occur, since the number of sites on the adsorbent
surface will not be enough to adsorb the full concentration of the dye, which will end in a
reduction of the adsorption process efficiency [115]. Adsorption experiments were conducted
by Rapé and Tonk (2021) to evaluate the influence of initial dye concentration, with a reactive
dye (Reactive Black 5) [115]. The dye concentration varied from 50mg/L to 100mg/L, with a
corresponding adsorption capacity of 24.8 mg/g and 6.7 mg/g, respectively, which indicates
that an increase of the dye concentration provoked a saturation of the active sites of the
experimental adsorbent (pent tea leaves), since the capacity of adsorption could only reach
6.7 mg/g when the concentration of the dye in the solution increases to 100mg/L [115].

Another factor of main influence on the adsorption processes is the particle size (PS) [123].
As it has been reported, it is advantageous to have a reduction of the size of the particles,
since the maximum adsorption capacity of the adsorbents increases with a decrease of the
PS, which indicates that a smaller particle size is directly correlated to the promotion of larger
surface area, to provide a higher availability of active sites [123]. However, the particle size
cannot be too small, since it can turn out to be inaccessible to some molecules of dyes that
are too large, and for this reason, it is important to find the optimal minimum patrticle size, to
boost the adsorption capacity and not compromise it [123,124]. Figure 21 demonstrates the
influence of the particle size of three distinct samples (ASC - aamla seed carbon;
TSC - tamarind seed carbon; and SNC - soapnut carbon) on the adsorption capacity, while
where it is visible that with an increase in the particle size, there is a decrease in the
percentage of removal, indicating that the optimal PS is the lower value illustrated.
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Figure 21 - Influence of the particle size on the adsorption capacity (adapted from [115])
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3. Methodology

3.1. Biochar Preparation

Different types of biomass feedstocks were submitted to a pre-treatment step, such as
avocado leaves; rice husk; peanut shells; and macroalgae, to prepare the biochar samples via
pyrolysis. Some biomass feedstocks were placed in an oven (EHRET BK4029) at 70 °C for 48
hours to reduce water content, while others were already provided dry. The dried biomass was
then shredded in a grinder (EDM 07588), to decrease the particle size, and then sieved, with
0.250 mm mesh screens, to minimize impurities and homogenize the biomass powder. After
this pre-treatment, the biomass feedstocks were stored in glass containers, to protect them
from factors, such as humidity. The production of biochar involved the enclosure of 50g of the
pre-treatment biomass in several layers of aluminum foil, with a small aperture for the release
of volatiles, then the biomass enclosed in the aluminum was introduced in a muffle (SNOL
13/1100), with the purpose to emulate an oxygen-free pyrolysis reactor, and thereby
establishing a non-oxidizing environment. After introducing the biomass in the muffle, slow
carbonization was performed, by subjecting the biomass to a heating ramp of approximately
2.5 °C/min until the highest treatment temperature (HTT) of 350 °C was reached. Then, the
biomass was kept at that HTT for a further 2 hours, while the cooling was slow in the muffle.
Figure 22 illustrates a sample of biomass before being submitted to the muffle, on the left, and
after being produced through a thermal process, on the right.

Figure 22 - Biomass sample before and after being submitted to pyrolysis
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Following the production of biochar, each sample was weighed, on an analytical balance
(Mettler PM460), to determine the corresponding yield. The formula used to calculate the yield
is shown in Equation 1, with the mass of biochar produced, denoted as m;, and the initial mass
of the biomass sample defined as m; [125].

m
L %100

m, (1)

Yield (%) =

After calculating the yield of each sample produced, it was necessary to grind the biochar
samples, with an agate mortar and a pestle, to increase the surface area, and consequently
the surface availability to boost the adsorption capacity of each sample [126].

3.2. Biochar Sorbents Characterization

The biochar samples were characterized by a distinct array of methods such as a Scanning
electron microscope coupled with X-ray dispersive spectroscopy (SEM-EDS), X-ray diffraction
(XRD), Raman spectroscopy, Thermogravimetric analysis (TGA), and Attenuated Total
Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR).

The Hitachi S-2400 scanning electron microscope (SEM) was used to analyze the morphology
and near-surface elemental composition of the sorbents. It was equipped with an Energy
Dispersive Spectrometer (EDS) featuring a Bruker SDD light element detector. Digital images
were captured using Bruker Esprit 1.9 software at a resolution of 4 nm and an accelerating
voltage of 25 kV. The high resolution allowed for a detailed examination of surface structures.
This setup ensured precise identification and mapping of elemental distributions across the
sorbent surfaces.

The elucidation of phases within biochar was conducted employing an X-ray diffractometer,
specifically the Panalytical XPERT PRO model. This analysis utilized Cu Ka radiation and
referenced the Powder Diffraction File™ (PDF2) database from the International Centre for
Diffraction Data (ICDD). The parameters for the measurements were meticulously set as
follows: a 26 range from 5° to 70°, with a step size of 0.033° 26; the scan was conducted with
either 75 or 150-second equivalent step times for extended duration runs. Additionally, the X-
ray generator was operated at settings of 35 mA current and 40 kV voltage. The high-
resolution data acquisition and precise calibration ensured accurate phase identification and
robust analytical results.

Sorbents were meticulously analyzed using Raman spectroscopy to evaluate their degree of
graphitization. Raman spectra were acquired with a LabRAM HR 800 Evolution confocal
Raman microscope (HORIBA Scientific), employing 532 nm wavelength (green light) radiation
and a 50x visible objective. The spectral data were meticulously collected over a range of
wavelengths spanning from 2250 to 650 cm™. To ensure accuracy and clarity, all Raman
spectra underwent baseline correction and normalization before further deconvolution
analysis.
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The analysis of samples utilizing thermogravimetric methods was performed using a
NETZSCH STA 409 PC/PG system. This sophisticated instrument facilitates comprehensive
thermal characterization by monitoring mass changes as a function of temperature. The
thermal analysis was conducted across a range from 30 to 1100°C with a heating rate of
30.0°C/min. The sample measurements were executed under controlled conditions, ensuring
precise and reliable data on thermal stability and composition. The system's advanced
calibration and high-resolution capabilities provided detailed insights into the material’'s
thermal behavior and decomposition characteristics, thereby enabling a thorough evaluation
of the sample’s thermal properties.

The surface functional groups of the biochar and its feedstocks were examined using Fourier
Transform Infrared Spectroscopy (FTIR) to elucidate the interactions between the dye and the
biochar surface. Post-adsorption characterization of various biochars was also performed to
illustrate these interactions in detail. Each spectrum was obtained via attenuated total
reflectance (ATR) mode, utilizing a PerkinElmer Spectrum Two IR spectrometer, which was
outfitted with a Pike ATR accessory featuring a diamond crystal. IR spectra were recorded
within the wavenumber range of 4000 to 400 cm™, employing 64 scans with a resolution of
4 cm™. This thorough analysis enabled a comprehensive assessment of the chemical
interactions and functional group modifications occurring on the biochar surfaces. The results
provided insight into the adsorption mechanisms and effectiveness of the biochars in dye
removal.

3.3. Conducted adsorption experiments for different dyes

To conduct the adsorption experiments, it was essential to prepare solutions with precise dye
concentrations. Initially, a solution of 500 ppm (0.5 g) was formulated using an anionic
reactive industrial dye, Bezaktiv Blue HP-R, also known as Reactive Blue 221 [112]. This dye
was meticulously dissolved in a 1 L volumetric flask, with distilled water added incrementally
until the total volume reached 1 L. Following the preparation, thorough agitation of the mixture
was imperative to achieve complete homogenization. Consequently, a dilution of the 500 ppm
Bezaktiv Blue HP-R solution was carried out by preparing 1 L of a 6.5x10* M acetic acid
solution (99% Honeywell), to change the solution of dye to a pH of 4. This choice was made
because anionic dyes form more efficient bonds with adsorbents in acidic conditions [115].
Acetic acid was selected for its sustainability, as it can be derived from biomass oxidation or
pyrolysis bio-oil, in stark contrast to conventional strong acids, which are generally sourced
from non-renewable resources [127,128].

For the dilution, 500 mL of the initial 500 ppm dye solution was mixed with 1000 mL of the
acetic acid solution, achieving a 1:3 dilution ratio, which resulted in a final dye concentration of
167 ppm. It is important to note that this preparation process was applied to the three
elemental dye colorants included in the study: Bezaktiv Blue HP-R, Bezaktiv Yellow HP-NP,
and Bezaktiv Red HP-3B. Each final solution was then transferred to a volumetric flask,
wrapped in aluminum foil, and stored in a light-free environment to preserve its stability.
Figure 23 demonstrates the coloration of the different solutions prepared with the elemental
reactive dyes, previously mentioned. It's important to note that mixtures of reactive dye
solutions (RDS) were made through the mixing of an equal mass proportion (1:1), of the
elemental colors of RDS, to produce more solution colors, such as green and purple.
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Figure 23 - Distinct solution colorations prepared from Bezaktiv industrial dyes

After meticulously preparing the solutions with a precise dye concentration, experiments were
conducted in round-bottom, one-neck glass flasks, which were heated by an electrical
resistance apparatus (AGIMAN 7000272) ensuring a controlled temperature environment and
consistent agitation. Several adsorption experiments were carried out, each introducing
biochar (1g) into the pre-prepared solutions (100 mL) once the desired thermal conditions
were attained (40°C) and a pH level of 4. The adsorption system's agitation was facilitated
through a magnetic stirring bar (900 rpm), optimizing the contact between the biochar and
dye, thereby enhancing the adsorption rate. At predetermined intervals of 15, 30, 45, and 60
min, a 5 mL sample of the solution was carefully extracted using a plastic syringe. This
sampling process was conducted to monitor the progress of the adsorption process over
time. Upon reaching the predetermined contact duration (60min) between the reactive dye
solution (RDS) and the biochar, the sorbent was meticulously separated from the solution via
vacuum filtration, employing FILTER-LAB® filter papers characterized by pore apertures of
5-7 um. Each specific elemental dye concentration in the filtrate was precisely quantified by
referencing a calibration curve, obtained for the absorbance at a specific wavelength
correlating to the respective reactive dye solution (RDS). This calibration curve was
generated using a JASCO V-750 UV-visible spectrophotometer through the analysis of
various standard solution concentrations. Figures 24 through 26 elucidate the distinct
calibration curves, used for the determination of the adsorption capacity of each sample, for
the reactive blue dye solution (RBDS), the reactive red dye solution (RRDS), and the reactive
yellow dye solution (RYDS), respectively.
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Figure 24 - Calibration curve for obtaining RBDS concentration as a function of absorbance at 290 nm
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Figure 25 - Calibration curve for obtaining RRDS concentration as a function of absorbance at 290 nm
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Figure 26 - Calibration curve for obtaining RYDS concentration as a function of absorbance at 290 nm
The removal efficiency percentage of the reactive dye solution (RDS) was ascertained using

Equation 2, where Co and C: (mg L") represent the initial and residual reactive dye
concentrations in the solution after t contact time [129].

Co—C
RDS removal ef ficiency (%) = C—t x 100
0 (2)

The formula provided is essential for calculating the removal efficiency percentage of dye
from the reactive dye solution (RDS), making it crucial in assessing how effectively the
biochar samples prepared are capable of removing the dye from a solution over time. Further
data resembling the influence of concentration in the absorbance levels, is evidenced in the
Appendix data, for each sample.
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4. Results and Discussion

4.1. Characterization of Biochar properties

4.1.1. XRD

The biochar samples were submitted to a XRD analysis in order to study the different
crystalline phases of the derived chars produced from different types of biomass feedstocks.
Figure 27 to 29 shows the distinct diffractograms of the Mix Macroalgae Biochar (BMM);
Avocado Leaves Biochar (BAL); and Rice Husk Biochar (BRH) samples respectively, while
the BPS sample was not presented due to the lack of carbonate materials on its spectrum,
with the predominant amorphous structures being noted with broad bands.

The BMM sample, illustrated at Figure 27, demonstrates various materials, such as
carbonate minerals (e.g., calcite (CaCOa3)); chlorides (e.g., sylvite (KCI) and halite (NaCl));
and quartz (SiO2), due to the fact that some of the crystalline phases present in the
macroalgae did not suffered a transformation during the carbonization process, and are of
marine origin, with some of the salts being related to the shell remnants in the biomass, or
from the evaporation of seaweed moisture [130].

Also, all the sylvite standard bands can be observed, from 26=5° to 26=70°, with the
diffraction peaks of KCI (200; 220; 222) at 26=28.3°; 26=40.5°; 26=50.2°; respectively, being
indexed to a cube with a middle face structure [131]. The pattern of peaks and their
sharpness indicate well-crystallized phases, while the baseline level and smaller peaks
suggest the presence of amorphous or less crystalline components [132]. Macro-nutrients
(e.g., nitrogen; phosphorus; potassium; and sulfur) are usually present in the nutritional
composition of macroalgae’s, which at various temperatures can form mineral phases such
as arcanite (K2SQ,) in biochar samples, with multiple peaks illustrated at Figure 27 [133,134].

Figure 28 represents the BAL sample, with the main observed crystalline phases being
correlated to the presence of a chloride (sylvite), since this specific crystalline phase was not
transformed through the carbonization, as previously stated [130]. Therefore, calcium oxalate
(whewellite) is accumulated in the tissues of the plant corpse and leaves (e.g., avocado
leaves) [135]. There is evidence of multiple diffraction standard peaks of this mineral
illustrated at the diffractogram in Figure 28, with the higher peaks (100; 021; 040) located at
20=14.9°; 26=15.3°; 26=24.4°, respectively [136].

The BRH sample, illustrated at Figure 29, showed a predominantly mineral presence of
quartz (SiO,) originated from the transformation of amorphous SiO: during rice husk
pyrolysis [137]. Diffraction peaks of quartz (101; 102; 112) can be seen at 26=26.7°;
20=39.5°; 26=50.2°, while the band fixed between 26=18° and 26=32° is correlated to the
presence of the unreacted SiO-, characterized as amorphous due to the huge widespread of
the band, that indicates the non crystalline nature of the material presented between those
values [132,138,139].
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Figure 27 - X-ray diffraction pattern for the BMM sample
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Figure 28 - X-ray diffraction pattern for the BAL sample
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Figure 29 - X-ray diffraction pattern for the BRH sample




4.1.2. ATR-FTIR

Following the identification of the crystalline phases, the samples were further examined
using Attenuated Total Reflectance Fourier-Transform Infrared (ATR-FTIR) spectroscopy to
observe the functional groups present in each sample. The spectral analysis was conducted
across a wavenumber range of 720 to 3600 cm™, facilitating the identification of specific
vibrational bands associated with different chemical bonds and structures, visible in Figure
30.

In the ATR-FTIR spectrum of the BRH sample, distinct peaks were observed, with different
molecular vibrations. A minor peak at 800.21 cm™ was attributed to the Si-H stretching
vibration [140]. This band is typically associated with silanol groups (Si-H), suggesting that
despite the high-temperature pyrolysis process, some residual silanol functionalities remain
within the biochar structure [140].

The low intensity of this peak indicates that Si-H bonds are not predominant in the sample,
which aligns with the expected transformation of rice husk into biochar, where most silanol
groups are likely converted into more stable siloxane (Si-O-Si) structures [140]. A prominent
peak at 1069.93 cm™ was identified as corresponding to the Si-O-Si asymmetric stretching
vibration [140]. This peak is a hallmark of silica-rich materials, indicating a significant
presence of silicon dioxide (SiO2) in the biochar sample [140].

The high intensity of this band underscores the high silica content, characteristic of biochars
derived from rice husk due to the high inorganic content of the precursor material [140]. A
slight bump at 1218.32 cm™ indicated the presence of C-O-C stretching vibrations,
suggesting that ether-like structures or anhydrides may be present in the biochar, possibly as
a result of the partial degradation of cellulose or hemicellulose during pyrolysis, while the
presence of these structures implies that some organic components have survived the
pyrolysis process, potentially affecting the surface chemistry and reactivity of the biochar
[140].

Additionally, the bands observed at 1446.21 cm™ and 1600.02 cm™ were indicative of C=C
stretching vibrations within aromatic rings [140]. These peaks are characteristic of the
aromatic structures formed during the carbonization process, with the presence of these
aromatic vibrations suggesting a high degree of aromaticity in the biochar, which is typical for
biochar produced at high temperatures and is associated with their stability and resistance to
further thermal degradation [140].

A low-intensity band at 1650.24 cm™ was identified, corresponding to the C=C stretching
vibration typical of alkenes, suggesting the presence of unsaturated carbon-carbon bonds in
the biochar, which may result from incomplete carbonization of the precursor material [140].
The C=C alkene stretch, though less prominent than the aromatic C=C vibrations, indicates
that some degree of unsaturation is retained in the biochar's carbon structure [140].
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In the ATR-FTIR spectrum of the BMM sample, several key peaks were observed, each
corresponding to distinct molecular vibrations. A band at 875 cm™ was identified, indicative of
the presence of carbonate (COs?") minerals [141]. The identification of this carbonate band,
along with another prominent carbonate-related band at 1419 cm™, suggests the presence of
calcite (CaCOQO:s) in the biochar, consistent with findings from the X-ray diffraction (XRD)
analysis [142]. These bands confirm the retention of inorganic carbonate minerals in the
biochar, which could be a result of the original mineral content in the macroalgae precursor
material [141,142]. A notable peak centered at 1083 cm™ was attributed to the stretching
vibrations of aliphatic amines (C-N) and/or the C-O stretch of phenolic compounds and
alcohols [143,144].

The band centered at 1582 cm™ was likely due to the presence of carboxylate (COQO") groups
within the BMM sample, correlating strongly with C=C stretching vibrations in aromatic rings
[145]. This peak suggests that the biochar retains some degree of carboxylation, which may
be a result of the partial decomposition of polysaccharides and proteins in the macroalgae
during pyrolysis [146]. The presence of aromatic C=C stretches indicates a degree of
aromaticity, reflecting the formation of stable, conjugated carbon structures in the charred
material [145,147]. Furthermore, the presence of aliphatic methylene (-CHz) C-H stretching
vibrations was identified at bands centered at 2924 cm™ and 2852 cm™ [148]. These bands
are characteristic of long-chain hydrocarbons, which may persist in the biochar due to
incomplete pyrolysis of the macroalgae's lipid components [148]. The retention of these
aliphatic structures suggests that the biochar has a diverse chemical composition, potentially
influencing its hydrophobicity, surface reactivity, and interaction with other organic
compounds [148].

In the ATR-FTIR spectrum of the BAL sample, multiple peaks were observed at Figure 30. A
narrow band located at 780 cm™ was identified as indicative of an aromatic C-H vibration
[149]. This band suggests the presence of aromatic rings within the biochar structure, likely
derived from the lignin and other aromatic compounds in the avocado leaves [149]. The
sharpness of this band indicates well-defined aromatic structures, which are typically formed
during the pyrolysis process as the organic material is converted into stable carbon-rich
compounds [149]. Between 1010 and 1050 cm™, several bands were identified. At 1010
cm™, the presence of phosphate (PO4) bonds was detected, likely due to the phosphorus
content naturally present in the avocado leaves [150].

Phosphorus is a vital element in plant tissues, and its presence in the biochar could enhance
the material's nutrient retention capabilities, making it useful for agricultural applications
[150]. The narrow peak at 1022 cm™ corresponds to the stretching vibration of C-O groups,
while the band at 1050 cm™ is attributed to the C-OH stretching vibration [151,152]. These
bands suggest the presence of oxygen-containing functional groups, such as alcohols and
phenolics, which may influence the biochar’s reactivity and adsorption properties [151,152]. A
band at 1315 cm™ was identified as corresponding to CH bending vibrations [153]. This band
indicates the presence of aliphatic hydrocarbons, which may have survived the pyrolysis
process [153]. Additionally, at 1362 cm™, a C-N stretching vibration for aromatic amines was
noted [154]. The presence of these nitrogen-containing functional groups could be significant
for the biochar's ability to interact with other organic molecules or serve as a medium for
nutrient exchange in soil applications [154].
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From 1400 to 1700 cm™, several peaks were found that are indicative of C=C aromatic
stretching vibrations, more precisely, these peaks were observed at 1430 cm™, 1560 cm™,
1600 cm™, and 1695 cm™ [155,156,157]. The presence of multiple bands in this region
suggests a high degree of aromaticity within the BAL sample, reflecting the formation of
stable, conjugated carbon structures [155,156]. These aromatic C=C stretches indicate the
presence of condensed aromatic rings, which are a key feature of biochar's structure and are
associated with its long-term stability and resistance to degradation [156,157]. Furthermore,
the presence of aliphatic methylene (-CHz) C-H stretching vibrations was identified at bands
centered at 2924 cm™ and 2852 cm™ [148]. These bands are characteristic of long-chain
hydrocarbons, as seen in the BMM sample, that may persist in the biochar due to incomplete
pyrolysis [148].

For the ATR-FTIR spectrum of the BPS sample, distinct molecular vibrations were observed
throughout the different peak regions. A band centered at 800.21 cm™ was identified as
indicative of a Si-H stretching vibration [140]. This band suggests the presence of silanol
groups within the biochar, likely originating from the silicate content in the peanut shells [140].

The persistence of this Si-H stretch indicates that some silanol groups survived the pyrolysis
process, contributing to the inorganic matrix of the biochar [140]. Between 850 and 875 cm™,
a broad band was observed, indicating the presence of carbonate (COs*") minerals, along
with C-H asymmetric bending vibrations [141]. The carbonate band suggests the presence of
calcite or similar carbonate minerals, which may have been retained from the original
biomass or formed during the pyrolysis process [141]. The C-H bending vibrations in this
region also indicate the presence of aliphatic or aromatic hydrocarbons, which contribute to
the complex organic structure of the biochar [141].

A peak at 1083 cm™ was attributed to the stretching vibrations of aliphatic amines (C-N)
[143]. This indicates the presence of nitrogen-containing functional groups within the biochar,
likely derived from proteins or other nitrogenous compounds in the peanut shells [143]. These
amine groups could play a role in the biochar’s potential for nutrient retention or interaction
with other organic molecules in environmental applications [143]. The broad band observed
around 1200 cm™ was identified as being due to several functional groups, including both
inorganic and organic silicon compounds, phosphorus compounds, as well as C-O stretching
and sulfate groups [158].

This complex band suggests that the BPS sample contains a mixture of functional groups,
which could enhance its chemical reactivity and interaction with various contaminants or
nutrients in soil or water environments [158]. A band centered at 1430 cm™ was indicative of
C=C stretching vibrations within aromatic rings [155]. The aromaticity of the biochar is further
supported by the band at 1582 cm™, which is attributed to COO" groups, again associated
with C=C stretching in aromatic rings [145]. These aromatic and carboxylate groups indicate
that the biochar retains a complex and stable carbon matrix, which is resistant to degradation
[145]. At 1700 cm™, a defined band was correlated with the stretching vibrations of carboxyl
(C=0) groups [156].
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This band suggests the presence of carboxylic acids or esters within the biochar, which may
result from the partial oxidation of organic matter during pyrolysis [156]. The presence of
COO- stretching vibrations was further confirmed by a band at 2342 cm™, indicating the
presence of acetate ions [159]. This band suggests that some organic acids, such as acetic
acid, may have survived the pyrolysis process or were formed during the thermal
decomposition of the biomass [159]. Additionally, a band at 2367 cm™ was attributed to S-H
stretching vibrations, confirming the presence of sulfur-containing groups, possibly in the
form of thiols or sulfides [159]. The presence of sulfur in the biochar could influence its
reactivity and its ability to interact with heavy metals or other pollutants in environmental
applications [159]. As seen in other samples, the presence of aliphatic methylene (-CHz) C-H
stretching vibrations was identified at bands centered at 2924 cm™ and 2852 cm™, due to the
incomplete pyrolysis process [148].

4.1.3. Raman

The Raman spectra analysis was made for the biochar samples, that exhibited a better
adsorption rate, produced at 350°C from rice husk (BRH), avocado leaves (BAL), and peanut
shell (BPS) revealing important insights into their structural properties. Figure 31 display the
distinctive bands typical of biochar, with the most prominent peaks occurring between 1350-
1370 cm™ and 1580-1600 cm™ [160]. These peaks correspond to the vibrational modes of
sp?-hybridized carbon atoms, where the former peak (D-band) is associated with structural
defects, and the latter (G-band) is linked to graphitized carbon structures [160]. The intensity
and shape of these bands provide crucial insights into the degree of disorder and
graphitization within the biochar samples, while the spectral information is essential for
understanding the material's structural properties and potential applications [160].

Intensity (a.u.)

900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Wavenumber (cm-1)

Figure 31 - Raman spectra comparing the D and G band intensity between BRH BAL,; and BPS samples
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The D-band areas for BRH, BAL, and BPS are 97.9; 116.9; and 97.8, respectively, while the
G-band areas are 86.2; 104.9; and 92.7. These values suggest that BAL exhibits the highest
carbon content, as reflected in the largest D-band and G-band areas among the three
samples [160].

Table 5 - Graphitization index (ID/IG) and the respective band intensity of the BRH; BAL, and BPS samples

Sample  BRH (350°C) BAL(350°C) BPS(350°C)

IDband 97.9 116.9 97.8
IGband 86.2 104.9 92.7
ID/1G 1.11 1.08 1.02

Therefore, the ID/IG ratio can predict the biochar graphitization degree, as the lower this ratio
is, the closer to non-defective pure graphite is the biochar structure, while also considered a
key factor of the amorphous composition of the carbon materials, indicating that a higher ratio
is correlated to a lower degree of graphitization [161,162]. The ID/IG ratio stands at 1.08 for
BAL, 1.11 for BRH, and 1.02 for BPS, which suggests that the BAL sample is relatively more
graphitic compared to BRH but slightly less so than BPS [160].

In contrast, BRH, with the highest ID/IG ratio of 1.11, shows the greatest degree of disorder,
as the larger D-band area relative to the G-band area indicates more defects within its carbon
structure [161]. The significant lower values related to the ID/IG can be related to the fact that
a sample presents a larger particle size and fewer edge defects on its structure, moreover, an
increased degree of graphitization can potentially enhance adsorption capacity through n-n
interactions, however, this same characteristic might also limit adsorption efficiency due to a
reduction in available adsorption sites, often resulting from the diminished presence of
heteroatom doping [162,163].

Gao et al. (2022) have reported that the characterization of various biochar samples revealed
a correlation between higher doping ratios and a decrease in both the degree of
graphitization and surface oxygen (O) content, while surface nitrogen (N) content exhibited
an increase [164]. Therefore, it should be noted that the adsorption capacity is positively
associated with the surface O content and the degree of graphitization, while negatively
associated with the surface N content [164].

41.4. TGA

The thermogravimetric analysis (TGA) illustrated at Figure 32 shows the thermal degradation
profiles of the three biochar samples: BRH (rice husk biochar), BAL (avocado leaves
biochar), and BPS (peanut shell biochar). TGA measures the rate of thermal degradation (in
wt.-%/min) as a function of temperature, providing insights into the thermal stability and
composition of the materials [165]. The BRH sample exhibits a relatively smooth degradation
curve with significant weight loss occurring in two stages, with the first major degradation
event occurring between approximately 100°C and 130°C, suggesting that could be related to
the evaporation of water adsorbed from moisture [166]. The second degradation stage starts
at about 280°C with the completion being observed at, approximately, 460°C which could be
attributed to the decomposition of lignin [167].
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Figure 32 - Thermogram of BRH; BAL, and BPS samples

The BAL sample shows a more complex degradation pattern with multiple stages of weight
loss, more precisely between 100°C and 130°C (first stage); at 170°C to 200°C (second
stage); at 280°C and 460°C (third stage); and at approximately 800°C (fourth stage). The first
degradation stage that occurs is likely due to the release of moisture, as previously seen
[166]. The second degradation peak is visible at, approximately, 200°C and indicates the
decomposition of organic matter, such as side chains and light molecular compounds [168].
The major degradation event, similar to BRH, occurs between 280°C and 460°C, suggesting
the thermal breakdown of lignin [167].

However, the presence of a fourth degradation event, specifically around 750-800°C, is due
to the thermal decomposition of whewellite (calcium oxalate monohydrate, CaC20a4-Hz0),
which corresponds to the decomposition of calcium carbonate (CaCOs), formed as an
intermediate product during the decomposition of calcium oxalate, into calcium oxide (CaO)
and carbon dioxide (CO2) [169]. The BPS sample has a similar degradation profile to the
BRH sample, with the most prominent weight loss occurring between 280°C and 460°C [166].
However, BPS exhibits a more gradual and extended degradation curve, indicating that it
contains a broader range of thermal degradation products, with multiple small peaks in the
degradation rate main peak, likely due to the presence of both volatile and stable carbon
structures [166].
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4.1.5. SEM-EDS

In order to better comprehend the morphology of the samples, previously stated, a SEM
analysis was made for each biochar, with a magnification of 160x. Figure 33 illustrates all the
four samples surfaces, with the imaging conditions being associated with a 15.0 kV
accelerating voltage using a mixture of signals of 50%.

Mag. (Pol)

160 x

BMM 350°C

Mag. (Pol) 3 Mag. (Pol)
160 % 15KV Mix 50% 160 x

Figure 33 - SEM micrographs of BRH; BAL;, BMM; and BPS samples, obtained with a magnification of 160x

By the comparison of the different samples images, it's clear that the BRH sample exhibited
rough surfaces and irregular shapes, with many small aggregates inferior to 50 pm. On the
other side, samples such as the BAL showed smooth surfaces with larger aggregates, in
some cases larger than 200 um. These differences might be correlated with the nature of the
samples, or to the milling intensity. BMM and BPS demonstrated elongated structures with
well defined edges. Tables 6 and 7, show the atomic percentage of the different elements
found in these samples, by EDS analysis.
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Table 6 - Atomic % of carbon and oxygen, and the O/C atomic ratio for the biochar samples, determined by EDS

analysis

Atomic C @) o/C
Sample
BRH
61.36 28.69 0.47
BAL
76.22 18.02 0.24
BMM
51.68 9.30 0.18
BPS
84.34 13.53 0.16

Table 7 - Atomic % of inorganic elements for the biochar samples, determined by EDS analysis

Samp BRH BAL BMM BPS
Atomic %
Mg 0.07
0.26 2.63
Si 8.42
0.57
K 0.85
3.39 9.22
Na 417
Al 0.51
Cl 0.44 9.65
Ca 0.71 1.31

In Table 6, it is clear that the BRH sample got the higher O/C atomic ratio, which can be
related to the performance of this sample in terms of adsorption capacity. This ratio is related
to the polarity of the biochar samples, in a directly proportional way, which means that the
fact that the ratio is higher in this sample, indicates that the polarity for the BRH is also higher
[170]. Furthermore, a higher polarity of the adsorption material, favors the adsorption of polar
compounds, such as the reactive dyes, desired to remove from the aqueous solutions [171].
The inorganic elements categorized, in Table 7, by each biochar sample, corroborate the
previously analysis made, since the BPS does not exhibit any mineral crystallographic
structure, as in XRD. The BRH shows a high silica content in it's structure, as also seen by
FTIR analysis, while the macroalgae derived biochar got the most inorganic elements, since

this biomass is a natural adsorber of minerals [172].
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4.2. Reactive dye solution remotion capacity

The data presented in Table 8 shows the efficiency of different biochar samples, in removing
reactive dye solutions from water, expressed as a percentage of dye removal. The biochar
samples are derived from rice husk (BRH); avocado leaves (BAL); peanut shells (BPS); and
mixed macroalgae (BMM). Each biochar was tested into several reactive dyes, such as
Bezaktiv Blue HP-R; Bezaktiv Red HP-R; Bezaktiv Yellow HP-R; and combinations such as
Bezaktiv Yellow + Blue HP-R (Green); and Bezaktiv Blue + Red HP-R (Purple).

The results show that BRH is the most efficient biochar in removing the coloration from the
different solutions, since it exhibits excellent removal for all individual dyes, particularly
Bezaktiv Blue HP-R (99.2%) and Bezaktiv Red HP-R (81.4%), while still maintaining high
removal for Bezaktiv Yellow HP-R (76.4%). For mixed dyes, BRH shows an outstanding
performance, achieving 94.8% removal for the Green dye mixture and complete (100%)
removal for the Purple dye mixture. Similarly, BAL performs almost as well, with high removal
efficiencies for Bezaktiv Blue HP-R (94.8%) and Red HP-R (83.6%). Although slightly less
efficient in removing Yellow HP-R (75.5%), it maintains excellent removal for the Purple dye
mixture, reaching nearly 99.9%. In comparison, BPS (Peanut Shell Biochar) performs well in
some cases but is generally less effective. While it shows high removal for Bezaktiv Yellow
HP-R (94%), its removal efficiency for Bezaktiv Red HP-R (70.7%) Green (78%) and Purple
(91.2%) mixtures is lower than that of BRH and BAL. Finally, BMM consistently shows the
lowest performance, particularly for Bezaktiv Yellow HP-R (58.2%) and Bezaktiv Red HP-R
(69.1%). The superior performance of BRH and BAL can be attributed to their chemical and
physical properties, which make them more effective adsorbents compared to the other
biochar samples since rice husk and avocado leaves are rich in lignocellulosic materials,
which upon pyrolysis, produce biochar with a high surface area and porous structure
[173,174,178].

Rice husk has a high silica content and a well-developed microporous structure after
pyrolysis, which increases its surface area and improves the adsorption capacity [176]. The
presence of oxygen-containing functional groups (such as hydroxyl, and carbonyl groups) on
the biochar surface increases the chemical interaction with dye molecules, enhancing the
adsorption process [177]. Additionally, the ash content in rice husk can increase the pH of the
solution, promoting electrostatic interactions between the negatively charged dye molecules
and the positively charged biochar surface [178]. Avocado leaves, on the other hand, contain
various phytochemicals that might contribute to higher adsorption efficiency after conversion
into biochar, since the presence of functional groups like phenols and alcohols in the
avocado leaves may form complex interactions with the dye molecules, enhancing removal
efficiency [179]. In contrast, BPS and BMM have different compositions that may explain their
relatively lower adsorption capacities, thus peanut shells contain higher levels of lipids and
proteins, which produce a less porous biochar structure after pyrolysis, potentially leading to
lower surface areas and fewer adsorption sites [180,181]. Moreover, the high performance of
some samples in the remotion of mixed solutions could be related to the interplay between
the sample's surface properties and the complex structure of the dyes, since mixed dye
solutions can contain multiple functional groups, such as anionic or cationic, that can interact
with the biochar surface in different ways, which makes BRH and BAL, with distinct surface
functional groups, better suited for the effective remotion of these mixtures [182].
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Table 8 - Performance of different biochar samples on the remotion of reactive dye solutions expressed in percentage

Biochar sample

Bezaktiv Blue HP-R
(removal %)

Bezaktiv Red HP-R
(removal %)

Bezaktiv Yellow
HP-R (removal %)

Bezaktiv Yellow
HP-R
+
Bezaktiv Blue HP-R

Bezaktiv Blue HP-R
+

Bezaktiv Red HP-R
(Purple) (removal

(Green) (removal %) %)
BRH (Biochar of Rice Husk) 99.2 814 76.4 94.8 100
BAL (Biochar of Avocado 94.8 83.6 755 80.8 99.9
Leaves)
BPS (Biochar of Peanut 90.9 207 94 78 912
Shell)
BMM (Biochar of Mix 92 69.1 582

Macroalgae)
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5. Conclusions

This work investigated the properties and efficacy of different biochar samples derived from
distinct biomass feedstocks, including rice husk (BRH), avocado leaves (BAL), peanut shells
(BPS), and mixed macroalgae (BMM). Through detailed characterization using X-ray
diffraction (XRD), Attenuated Total Reflectance Fourier-Transform Infrared (ATR-FTIR)
spectroscopy, Raman spectroscopy, and thermogravimetric analysis (TGA), the study
provided comprehensive insights into the structural, chemical, and thermal properties of
these biochars and their performance in environmental applications, particularly in the
removal of reactive dye solutions from water.

The XRD analysis revealed distinct crystalline phases in each biochar sample, reflecting the
composition and transformation of the biomass during pyrolysis. For instance, the BRH
biochar exhibited significant peaks associated with quartz (SiOz), particularly at 26=26.7° and
26=50.2°, indicating a high silica content resulting from the pyrolysis of rice husk at 350°C. In
contrast, the BAL biochar displayed peaks correlated with calcium oxalate (whewellite), with
major peaks at 26=14.9° and 26=24.4°, suggesting a significant presence of this mineral in
avocado leaves. These variations in mineral content highlight how different feedstocks lead
to the formation of biochars with unique crystalline structures, which in turn influence their
adsorption capabilities.

ATR-FTIR analysis further confirmed the presence of various functional groups that
contribute to the reactivity and adsorption properties of the biochars. For example, in the BRH
biochar, a prominent peak at 1069.93 cm™ was identified as corresponding to the Si-O-Si
asymmetric stretching vibration, indicative of high silica content. Additionally, the presence of
aromatic C=C stretching vibrations in the BAL biochar, observed at around 1600 cm™,
suggests a high degree of aromaticity, which is associated with the stability and adsorption
capacity of these materials.

The thermogravimetric analysis (TGA) provided insights into the thermal stability of the
biochars, with BRH and BPS showing significant weight loss between 280°C and 460°C,
attributed to the decomposition of lignin. BAL exhibited a more complex thermal degradation
pattern, with multiple stages of weight loss, including a notable event at around 750-800°C,
likely due to the decomposition of calcium oxalate. The performance of these biochars in
removing reactive dye solutions from water was also evaluated, with BRH and BAL biochars
demonstrating superior adsorption efficiencies. Specifically, the rice husk biochar achieved
an outstanding 99.2% removal efficiency for Bezaktiv Blue HP-R and 100% removal for the
Bezaktiv Blue + Red HP-R (Purple) dye mixture. The BAL biochar similarly performed well,
with 94.8% removal of Bezaktiv Blue HP-R and 99.9% removal of the Purple dye mixture.
These results can be attributed to the high surface area and well-developed microporous
structure, as well as the presence of functional groups like hydroxyl and carbonyl, which
enhance chemical interactions with dye molecules.
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The findings of this study underscore the potential of biochar as a sustainable solution for
wastewater treatment, particularly in the removal of organic contaminants like reactive dyes.
The superior performance of BRH and BAL biochars suggests that lignocellulosic materials
with high silica or aromatic content are ideal feedstocks for producing effective adsorbents.

Future research should focus on optimizing pyrolysis conditions to further enhance the
desirable properties of biochar, such as surface area, pore structure, and functional group
density. Moreover, exploring the use of biochar in other environmental applications, such as
soil amendment or heavy metal remediation, could provide additional avenues for its
utilization. The development of biochar-based materials tailored for specific contaminants
could significantly improve the efficiency and cost-effectiveness of water treatment
processes, contributing to the broader goal of sustainable environmental management.

In conclusion, this study provides a solid foundation for understanding the properties and
applications of biochar derived from various biomass sources. The results indicate that with
careful selection of feedstock and pyrolysis conditions, biochar can be engineered to serve
as an effective and sustainable material for environmental remediation, particularly in the
area of wastewater treatment. Continued research and development in this field will be
crucial for advancing the practical application of biochar in diverse industrial and
environmental contexts.
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APG 1 - UV-VIS spectra of the Bezaktiv Blue Reactive Dye per different concentration
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APG 2 - UV-VIS spectra of the Bezaktiv Yellow Reactive Dye per different concentration
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APG 3 - UV-VIS spectra of the Bezaktiv Red Reactive Dye per different concentration
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Tecnologia do Google Tradutor . 3 5 . X 5 y
& Rockweed (Ascophyllum nodosum), dried @& Giant kelp (Macrocystis pyrifera), dried @ Dulse (Palmaria palmata), dried

& Sea lettuce (Ulva spp.), dried & Maer (calcified seaweeds) @ Laminaria and Saccharina seaweeds & Seaweeds

Feed categories (Sargassum spp.)
Alliféods Avg: average or predicted value; SD: standard deviation; Min: minimum value; Max: maximum value; Nb: number of values
Forage plants (samples) used
» Cereal and grass forages
+ Legume forages Rockweed (Ascophyllum nodosum), dried
» Forage trees
» Aquatic plants |;_
» Other forage plants
Plant products/by-products Main analysis Unit Avg SD Min Max Nb
¥1:Ceredl greiis ant by products Dry matter % as fed 880 27 854 918 4
» Legume seeds and by-products i : g E % 2
+ Oil plants and by-products Crude protein % DM 8.0 27 56 121 5
» Fruits and by-products Crude fibre % DM 55 4.1 6.8 2
» Roots, tubers and by-products NDF % DM 209 198 220 2
» Sugar processing by-products ADF % DM 131 1
4 z’)';’:f'::;": 'a‘;duds Lignin % DM 138 6.2 214 2
A e Ether extract % DM 39 16 29 58 3
eeds of animal origin
» Animal by-products Ash % DM 225 21 18.9 250 12
» Dairy products/by-products Gross energy MJ/kg DM 147 145 147 2%
» Animal fats and oils
Binsects Minerals Unit Avg SD Min Max Nb
0‘*:;’ feelds Calcium g/kg DM 200 1
» inerais
AR— Phosphorus g/kg DM 1.0 1
Potassium g/kg DM 240 1
Sdentifichanmes Magnesium g/kg DM 8.0 1
Manganese mg/kg DM 12 3 7 17 8
Plant and an!mal famll,es Zinc ma/kg DM 181 114 74 403 8
Plant and animal species Copper mg/kg DM 28 16 8 63 8
Iron mg/kg DM 134 36 101 198 8
Tools
FAO Ration Tool for dairy cows Amino acids Unit Avg SD Min Max Nb
FAO Laboratory Audit Tool Alanine % protein 54 53 54 2
Arginine % protein 6.0 40 8.0 2
Resources Aspartic acid % protein 8.4 6.9 938 2
Broadening horizons Cystlnev . % prote!n 09 0.0 18 2
Literatire seatch Glutamic acid % protein 1.6 10.0 131 2
Image search Glycine % protein 48 45 50 2
Glossary Histidine % protein 14 13 15 2
External resources Isoleucine % protein 31 28 34 2
» Literature databases Leucine % protein 53 46 6.0 2
» Feeds and plants databases Lysine % protein 46 43 49 2
» ‘Organisations & networks Methionine % protein 13 07 19 2
b -BO0K Phenylalanine % protein 32 23 40 2
» Journals
Proline % protein 3.0 26 34 2
Serine % protein 35 3.0 4.0 2
Threonine % protein 36 28 43 2
Tyrosine % protein 0.9 1
Valine % protein 41 37 44 2
The asterisk * indicates that the average value was obtained by an equation.
References
Anderson et al., 2006; Applegate et al., 1995; Cruz-Suarez et al., 2008; Dierick et al., 2009; Erickson et al., 2012; Lunde, 1970
Last updated on 13/05/2015 17:13:12
Giant kelp (Macrocystis pyrifera), dried
[P
Main analysis Unit Avg SD Min Max Nb
https://www.feedipedia.org/node/78 1/5
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Dry matter
Crude protein
Crude fibre
NDF

ADF

Lignin

Ether extract
Ash

Gross energy

Minerals
Calcium
Phosphorus
Potassium
Sodium
Magnesium
Manganese
Zinc
Copper

Iron

Amino acids
Alanine
Arginine
Aspartic acid
Cystine
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

Secondary metabolites
Tannins (eq. tannic acid)

% as fed
% DM

% DM

% DM

% DM

% DM

% DM

% DM
MJ/kg DM

Unit

g/kg DM
g/kg DM
g/kg DM
g/kg DM
g/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM

Unit

% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein

Unit
g/kg DM

The asterisk * indicates that the average value was obtained by an equation.

References

925
10.1 23
8.0 25
19.9
126
36
06 0.2
320 95
9.0 0.4
Avg SD
14.1 15
29
67.5 224
36.9 9.9
39.0 228
1
12
2
17
Avg SD
109 18
35 07
97 1.1
25 08
143 24
45 1.0
13 03
34 0.2
58 04
47 07
19 04
38 04
36 0.2
42 06
46 0.6
09 0.1
26 0.2
52 17
Avg SD
25.0 16.4

923
6.6
45

02
10.8
85

Min
125
26
536
311
129

Min
8.1
23

14
126
28
09

53
36
15

32
32
38
09
24
43

Min
05

926
132
1.3

08
386
93

154

32
934
484
55.0

Max
13.0

39
109

184
52
17

6.4
5.5
24

38
48
54
1.0
28
86

342

Castro et al., 1991; Castro-Gonzalez et al., 1994; Cruz-Suarez et al., 2008; Mora-Castro et al., 2009; Ortiz et al., 2009

Last updated on 13/05/2015 17:15:23

Dulse (Palmaria palmata), dried

Main analysis
Crude protein

Crude fibre
Ash

Minerals
Manganese
Zinc
Copper
Iron

Unit

% DM
% DM
% DM

Unit

mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM

Avg
191

15
245

Avg
1
143
24
153

The asterisk * indicates that the average value was obtained by an equation.

References

Galland-Irmouli et al., 1999; Lunde, 1970; MiSurcova et al., 2010

Last updated on 11/10/2014 00:01:07

Sea lettuce (Ulva spp.), dried
Includes Ulva lactuca and Ulva rigida

&
Main analysis
Dry matter

Unit
% as fed

SD Min

6.1 9.9

175

SD Min
Avg SD
88.6 3.0

APT 2 - Chemical Composition of macroalgae (Part 2)

Min
83.6

Max
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Max
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Crude protein % DM 18.6 73 8.0 295 14
Crude fibre % DM 6.9 41 24 123 7
NDF % DM 26.2 54 18.4 331 6
ADF % DM 87 6.2 0.7 153 4
Lignin % DM 35 21 19 60 3
Ether extract % DM 1.2 0.8 0.1 25 14
Ash % DM 230 74 10.1 391 13
Gross energy MJ/kg DM 147 26 94 15.1 4*
Minerals Unit Avg SD Min Max Nb
Calcium g/kg DM 292 289 6.0 615 3
Phosphorus g/kg DM 27 21 1.0 50 3
Potassium g/kg DM 221 15.1 290 2
Sodium g/kg DM 20.2 11.0 293 2
Magnesium g/kg DM 16.7 32 13.0 19.0 3
Manganese mg/kg DM 101 1
Zinc mg/kg DM 45 28 61 2
Copper mg/kg DM 12 7 17 2
Iron mg/kg DM 1246 1052 1440 2
Amino acids Unit Avg SD Min Max Nb
Alanine % protein 59 55 6.2 2
Arginine % protein 45 3.2 57 2
Aspartic acid % protein 79 73 84 2
Cystine % protein 59 1
Glutamic acid % protein 133 1.0 155 2
Glycine % protein 54 4.9 59 2
Histidine % protein 20 1.6 23 2
Isoleucine % protein 26 22 29 2
Leucine % protein 52 50 53 2
Lysine % protein 38 3.7 39 2
Methionine % protein 16 1.3 1.9 2
Phenylalanine % protein 36 34 38 2
Proline % protein 28 1
Serine % protein 42 38 46 2
Threonine % protein 38 1
Tyrosine % protein 14 1
Valine % protein 44 4.2 45 2
Ruminant nutritive values Unit Avg SD Min Max Nb
Energy digestibility, ruminants % 60.0 1
DE ruminants MJ/kg DM 88 *
ME ruminants MJ/kg DM 71 *
a(N) % 234 15.1 317 2
b (N) % 319 220 418 2
c(N) h-1 0.083 0070 009% 2
Nitrogen degradability (effective, k=4%) % 45 45 446 2*
Nitrogen degradability (effective, k=6%) % 42 41 44 2*

The asterisk * indicates that the average value was obtained by an equation.

References

Adubados et al., 2013; Arieli et al., 1993; Bindu et al., 2004; Cruz-Suarez et al., 2008; Diler et al., 2007; Gowda et al., 2004;
Kut Guroy et al., 2007; Okab et al., 2013; Rai et al., 2008; Sebahattin et al., 2009; Valente et al., 2006; Ventura et al., 1994;
Ventura et al., 1998; Zitouni et al., 2014

Last updated on 10/10/2014 23:49:35

Maerl (calcified seaweeds)

Main analysis Unit Avg SD Min Max Nb
Dry matter % as fed 992 03 98.9 99.5 4
Ash % DM 95.0 0.8 941 959 5
Minerals Unit Avg SD Min Max Nb
Calcium g/kg DM 3359 1.2 2932 350.8 61
Sodium g/kg DM 33 0.3 28 39 51
Magnesium g/kg DM 327 322 332 2

The asterisk * indicates that the average value was obtained by an equation.
References

AFZ, 2011

Last updated on 11/10/2014 18:17:49

Laminaria and Saccharina seaweeds
Includes data for Laminara digitata, Laminaria hyperborea and Saccharina japonica

[
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Main analysis
Dry matter
Crude protein
Crude fibre
NDF

Ether extract
Ash

Total sugars
Gross energy

Minerals
Calcium
Phosphorus
Potassium
Sodium
Magnesium
Manganese
Zinc
Copper

Iron

Amino acids
Alanine
Arginine
Aspartic acid
Cystine
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

Seaweeds (marine macroalgae) | Feedipedia

Unit

% as fed
% DM

% DM

% DM

% DM

% DM

% DM
MJ/kg DM

Unit

g/kg DM
g/kg DM
ag/kg DM
g/kg DM
g/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM

Unit

% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein

Avg
15.4
98
6.6
16.6
0.8
315
85
125

Avg
88
30
595
253
55
6
m
14

196

Avg
6.5
4.0

10.0
22

15.0
47
3.0
35
6.0
58
17
39
31
36
45
04
23
6.7

The asterisk * indicates that the average value was obtained by an equation.

References

sD
36
22

76

SD

70

233

SD

Min
97
57
55

05
193

Min

NN ©w

-

Min
57
33

12
6.2
40
22

49
39
09

31
33
35
03
17
38

225
13.0
77

1.0
440

10
276

865

Max
73
48

125

238
53
38

72
77
24

31
40
55
05
28
97

~3nvan88E

Nb

[N

12
12
12
12

=
o

NRNNNRNNRNONRNONNRNNONNNNNONNNNN

Black, 1950; Dawczynski et al., 2007; Kolb et al., 2004; Lunde, 1970; Marsham et al., 2007; MiSurcova et al., 2010; Rupérez et

al., 2001

Last updated on 20/05/2015 16:57:36

Seaweeds (Sargassum spp.)

P

Main analysis
Dry matter
Crude protein
Crude fibre
NDF

ADF

Lignin

Ether extract
Ash

Starch (polarimetry)
Total sugars
Gross energy

Minerals
Calcium
Phosphorus
Potassium
Sodium
Magnesium
Manganese
Zinc
Copper

Iron

Amino acids

Unit

% as fed
% DM
% DM
% DM
% DM
% DM
% DM
% DM
% DM
% DM
MJ/kg DM

Unit

g/kg DM
glkg DM
g/kg DM
g/kg DM
g/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM

Unit

Avg
92.1

10.1
295
213

45

359
0.0
19

Avg
38
22

46.2

36.0
77

214

214

7291

Avg

APT 4 - Chemical Composition of macroalgae (Part 4)

SD
24
18
24
34
44

09
128
0.0
0.1

SD
26
1.0
94

106
151

6327

SD

Min
15
0.5

159
233
75

"

263

Min

94.7
16
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320
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79

512
0.0
20

Max
6.4
27

766

4238
79

286

14
12177

Max
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Alanine % protein 46 43 50 2
Arginine % protein 49 45 54 2
Aspartic acid % protein 76 6.1 91 2
Cystine % protein 0.9 08 0.9 2
Glutamic acid % protein 14.5 10.2 187 2
Glycine % protein 40 33 48 2
Histidine % protein 20 13 26 2
Isoleucine % protein 39 37 40 2
Leucine % protein 6.0 53 6.7 2
Lysine % protein 35 31 39 2
Methionine % protein 16 1:5 16 2
Phenylalanine % protein 37 27 46 2
Proline % protein 32 26 38 2
Serine % protein 33 28 37 2
Threonine % protein 35 3.0 41 2
Tryptophan % protein 04 1
Tyrosine % protein 29 28 3.0 2
Valine % protein 46 42 49 2
Secondary metabolites Unit Avg SD Min Max  Nb
Tannins (eq. tannic acid) g/kg DM 220 1

The asterisk * indicates that the average value was obtained by an equation.
References

Bindu et al., 2004; Casas-Valdez et al., 2006; Dawczynski et al., 2007; El-Deek et al., 2009; Gojon-Baez et al., 1998; Marin et
al., 2009; Misurcova et al., 2010; Rai et al., 2008

Last updated on 20/05/2015 17:03:13
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References

Tables of chemical composition and nutritional value

& Peanut hulls

Avg: average or predicted value; SD: standard deviation; Min: minimum value; Max: maximum value; Nb: number of values

(samples) used

Peanut hulls
%4

Main analysis
Dry matter
Crude protein
Crude fibre
NDF

ADF

Lignin

Ether extract
Ash

Gross energy

Minerals
Calcium
Phosphorus
Potassium
Sodium
Magnesium
Manganese
Zinc
Copper

Iron

Amino acids
Alanine
Arginine
Aspartic acid
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Phenylalanine
Proline
Serine
Threonine
Tyrosine
Valine

Unit

% as fed
% DM

% DM

% DM

% DM

% DM

% DM

% DM
MJ/kg DM

Unit

g/kg DM
g/kg DM
g/kg DM
g/kg DM
g/kg DM
mg/kg DM
mg/kg DM
mg/kg DM
mg/kg DM

Unit

% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein
% protein

Ruminant nutritive values

OM digestibility, uminants

OM digestibility, uminants (gas production)
Energy digestibility, ruminants

DE ruminants

ME ruminants

ME ruminants (gas production)

Nitrogen digestibility, ruminants

Pig nutritive values

Energy digestibility, growing pig
DE growing pig

Nitrogen digestibility, growing pig

APT 6 - Chemical Composition of peanut shell

Unit
%
%
%

MJ/kg DM
MJ/kg DM
MJ/kg DM

%

Unit
%

MJ/kg DM

%

Avg
916

70
65.9
66.4

24
20
52

198

Avg
24
07

0.1
12

15
210

Avg
44
30

136

10.8

24
37
6.3
46
39
89

33
13
49

Avg
20.1

173

27
45
187

Avg
325

6.4
296

sD
26
16
96
179
187
1.8
18
24

SD
16
05
0.1
03
1"
70
92

SD

sD

SD

Min
87.2
4.0
439
276
13.1
58
0.2
20
17.8

Min
13
03
0.0
09

29

23
109

Min

Min
20.0

0.0

Min

96.1
105
80.5
87.0
76.2
452

73
16

70
22

02
18

145
27
295

201

374

S AW w o

Nb

B m m S

Nb
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