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Abstract

A comprehensive study was conducted to determine the suitability of biochar produced
from agricultural waste in the form of alfalfa (BLsgp) and corn (BCsgg) for methylene blue
(MB) adsorption. As part of the research, biochar was produced at 500 °C by pyrolysis
using a CO, atmosphere. BLsyy and BCsgy biochar were characterised in terms of their
physicochemical and structural properties using FTIR spectroscopy, Raman spectroscopy,
and N; adsorption—desorption. The produced biochars are characterised by a significant
ash content and high carbon content. They have a specific surface area of 4.12 m?/ g (BL50o)
and 19.84 m?/ g (BCsgp), a micro-mesoporous structure and are rich in functional groups
(including OH, COOH, CO). BL5gy biochar showed greater effectiveness in removing
methylene blue (MB) than BC500, with maximum sorption capacities of 39.94 mg/g and
19.47 mg/g, respectively. Furthermore, kinetic model fitting indicated that the adsorption
process follows a pseudo-second-order model and a Langmuir monolayer model. How-
ever, the intramolecular diffusion model (IPD) and Bangham models confirmed that the
adsorption process does not occur in a single stage. The produced biochar can be used as a
sustainable adsorbent for MB from aqueous solutions.

Keywords: agricultural waste; biochar; methylene blue; adsorption; kinetic models

1. Introduction

Dyes are among the most commonly used chemical compounds. The first dye used
by humans was blue indigo, which was used by the Egyptians to dye clothing, among
other things. Currently, over 100,000 chemical compounds are produced worldwide, with
a total mass of approximately 700,000 tonnes, whose properties allow them to colour
various materials [1-4]. Thanks to properties such as intense colour, chemical stability,
light resistance and resistance to microbial degradation, organic dyes are used primarily
in the textile, paper, tanning, cosmetics, pharmaceutical and even food industries [5]. The
largest producer of dye-containing wastewater is the textile industry (approx. 54% share),
followed by the dyeing industry (approx. 21%), the paper industry (approx. 10%), the
tanning industry (approx. 8%) and the dye production industry (approx. 7%) [6,7]. Due to
the widespread use of dyes in various industries, it is impossible to accurately estimate the
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amount of dye-containing wastewater produced. However, looking at global production
and consumption, it can be assumed that once they enter the aquatic ecosystem, they pose
a potential threat to the entire environment [8]. Many dyes have toxic, mutagenic and
carcinogenic effects. For example, a study conducted on F344/N rats and B6C3F1 mice
administered various doses of MB trihydrate showed significant changes, including in
the spleen, which included hematopoietic cell proliferation, pigmentation, lymphocyte
depletion in lymphoid follicles, and capsule fibrosis [9-11]. Their entry into water bodies
can cause discolouration of surface waters. As a result, they can limit light penetration and
thus affect the aquatic microbiome, aquatic vegetation and animals [12].

Dyes are divided into several groups depending on their chemical structure and ionic
nature. The basic division includes cationic, anionic and non-ionic dyes. One of the most
commonly used, especially in the textile and paper industries, is methylene blue (MB).
It belongs to the group of cationic dyes, has a characteristic intense blue colour, and its
colour depends on chromophore and auxochrome groups [13]. At the turn of the 19th and
20th centuries, it was used as a synthetic antimalarial drug. In addition, it can be used,
among other things, in photodynamic cancer treatment, urinary tract infections, thyroid
surgery and the treatment of plaque psoriasis [14-16]. Recent studies suggest that it may
improve memory, which gives hope to Alzheimer’s patients [17,18]. MB is the most popular
dye used in the textile industry due to its ability to strongly adhere to the space between
cotton fibres [19]. Despite its therapeutic and technological usefulness, MB above certain
concentrations is carcinogenic and toxic to living organisms. It is not biodegradable, which
means that once it enters the environment, it can pose a real threat, causing respiratory
failure, blindness, digestive disorders and even mental disorders in humans [20,21].

Due to the high chemical stability and difficult biodegradability of dyes, conventional
wastewater treatment methods are not effective enough to remove them. Industrial dye
wastewater, particularly from the textile industry, contains significant amounts of organic
dyes, typically ranging from approx. 10-50 mg/dm? to as much as several thousand
mg/dm? of total dye, depending on the process type and dilution rate [22]. In research con-
ducted by Etana et al. [23], the total dye concentration in raw textile wastewater was approx.
377 mg/ dm? of identified dyes (e.g., Basic Red 46, Basic Violet 16, Basic Yellow 51, Basic
Blue 3, Basic Blue 41) [23]. The removal of dyes, including MB, is carried out using various
physicochemical methods based on, among other things, coagulation, chemical oxidation,
membrane technologies, microwave treatment, phytoremediation and liquid-liquid extrac-
tion [24-27]. Although these methods can be effective, they often involve high operating
costs, the need to use chemical compounds that may also be toxic, and, in addition, they can
generate secondary pollution (e.g., retentates produced during membrane techniques or
sediments generated during coagulation). In recent years, there has been growing interest
in the adsorption method, which is considered to be relatively cost-effective and, thanks to
the use of natural sorbents, activated carbon or biochar, effectively allows for the removal
of dyes [8].

The adsorption process involves the formation of chemical bonds (chemisorption) or
physical interactions (physisorption) between the adsorbent surface and the adsorbate.
The effectiveness of adsorption is determined both by the properties of the adsorbate (e.g.,
dye) and by the properties of the adsorbent—its specific surface area, volume and pore
distribution, surface charge and functional groups. Among the numerous materials tested
as adsorbents of dyes from aqueous solutions are: activated carbons, zeolites, metal oxides,
natural sorbents such as powdered walnut shells, and, more recently, biochars [6].

Biochars are produced by the pyrolysis of biomass (e.g., agri-food residues, forestry
residues, animal husbandry residues), which is usually carried out at temperatures between
300 and 700 °C under anaerobic conditions or with limited oxygen access. Depending on
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the type of raw material, the pyrolysis parameters, and the modifications applied, biochar
is highly effective at removing dyes. This is due to its properties, such as extensive specific
surface area, microporous structure and the presence of functional groups, which can be
comparable to activated carbon. In the study by Yu et al. [28], alkali-modified corn biochar
was used to adsorb MB from aqueous solution. The authors demonstrated high efficiency
of this material for MB adsorption (over 99%), and the maximum adsorption capacity
was 270 mg/g. In another study, lychee seed biochar was used to adsorb the dye from
an aqueous solution in the form of MB [29]. This study also achieved a high sorption
capacity of 124 mg/g and found that the adsorption process itself proceeds in two stages
towards chemisorption due to the presence of oxygen functional groups with which the
dye molecules bonded. Biochars obtained from various types of biomass can be effective
dye adsorbents, and their effectiveness depends on both their physicochemical properties
and the pyrolysis conditions used.

The aim of the research was to produce biochar from alfalfa and corn crop residues,
characterise it and verify its suitability for removing MB from aqueous solutions, determin-
ing the influence of the physicochemical properties of biochar on the adsorption process.
Although biochar-based adsorbents for dye removal are widely reported, most studies
emphasise high surface area while underestimating the role of ash content and surface
chemistry. In particular, biochars derived from mineral- and protein-rich biomass such
as alfalfa, as well as the use of a CO, atmosphere during pyrolysis, remain insufficiently
explored. Moreover, biochars derived from alafala biomass remain insufficiently explored
as dye adsorbents, especially in direct comparison with lignocellulosic residues such as corn
biomass. In this study, biochars from alfalfa and corn crop residues were produced via slow
pyrolysis in a CO, atmosphere at 500 °C and systematically compared for MB adsorption.

2. Materials and Methods
2.1. Pyrolysis

In order to obtain biochar, 20 g of alfalfa biomass (leaves and inflorescences) and corn
biomass (leaves) were subjected to thermal conversion at 500 °C in a CO; atmosphere
with a flow rate of 2 L/min in a retort furnace (Czylok FCF-V12RM, Jastrzebie-Zdréj,
Poland). The pyrolysis process was carried out in three stages: stage 1 involved an increase
in temperature to 200 °C at a heating rate of 5 °C/min, stage 2 involved increasing the
temperature to 450 °C at a heating rate of 6.8 °C/min and maintaining this temperature for
10 min, and stage 3 involved heating to 500 °C at a rate of 3 °C/min and maintaining the
final temperature for 30 min. The entire pyrolysis process lasted approximately 130 min.
After this time, the feedstock was seasoned for 22 h, and the obtained biochars were ground
(Testchem LMW-S vibrating mill, Radlin, Poland) to a fraction of <2 mm. The efficiency
of the pyrolysis process was also determined. The obtained biochars were designated as
follows: BLggp—alfalfa biochar and BCsgp—corn biochar.

2.2. Technical and Elemental Analysis

The moisture (W) and ash (A) content in the biochar samples were determined by dry-
ing, in accordance with PN-EN ISO 18134-2:2017-03 [30] and PN-ISO 1171 [31], respectively.
A total of 1.00 & 0.01 g of biochar was weighed into ceramic crucibles and then placed at
105 °C (moisture) and 815 °C (ash), respectively. After this time, the content of individual
parameters was determined by calculating the difference in weight before and after. The
analyses were performed in three repetitions.

The analysis of the content of elementary elements (carbon—C, hydrogen—H,
nitrogen—N, sulfur—S) was performed by burning the sample in oxygen using an El-
ementar Vario EL II analyser (Langenselbold, Germany). The results were presented in dry
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weight, and the oxygen (O) content was determined from the difference. Results below
0.3% content (limit of detection) were considered insignificant.

The surface neutralisation point (pHpzc) was determined using the method presented
by Moreno-Castilla et al., where 1.00 & 0.01 g of biochar was placed in polypropylene
containers and flooded with 20 cm® of CO,-free water [32]. The prepared suspensions were
shaken on a laboratory shaker (140 rpm) for 24 h, and then the pH of the solution was
measured using a pH metre, thus determining the pHpzc value.

2.3. FTIR and Raman Spectroscopy

FTIR spectroscopy (Jasco FTIR 6200 spectrometer, Tokyo, Japan) was used to determine
the surface functional groups present in biochars. The spectra were obtained in reflection
mode, and spectral measurements from 30 scans were performed in the spectral range of
4000-600 cm ! with a spectral resolution of 4 cm~! and a TGS detector.

The structure was determined using Raman spectroscopy (NRS-5100 spectrometer
from Jasco, Tokyo, Japan). The spectra were obtained using laser excitation with a wave-
length of 532 nm and an exposure time of 60 s, in the Raman range from 100 cm~! to

3700 cm~! with a resolution of 3.62 cm™1.

2.4. BET Surface and Porous Analysis

The analysis of specific surface area (Spgt) and pore distribution was performed based
on the determination of N; adsorption—desorption isotherms at 77 K (AUTOSORB IQ
by Quantachrome, Boynton Beach, FL, USA). The biochar samples were degassed under
vacuum (107 bar) at 50 °C for 48 h. The specific surface area was determined using the
M-BET method, while the pore size distribution was determined using QSDFT (Quenched
Solid Density Functional Theory) and BJH (Barrett, Joyner and Halenda).

2.5. Adsorption Study
2.5.1. Adsorbent Dose

Effect of the adsorbent dose in the form of BL5gy and BCsyy biochars on the MB
adsorption efficiency. Various doses of adsorbents were placed in Erlenmeyer flasks: 0.01;
0.025; 0.05; 0.075; and 0.1 & 0.01 g, and then a constant volume of MB solution with a
concentration of 100 mg/dm? and pH 5.2 was added. Next, the concentration of MB in
the filtrates was determined spectrophotometrically, based on the calibration curve, at a
wavelength of 656 nm, determined by scanning the entire wavelength range.

The percentage efficiency (E%) of dye adsorption was determined using the following
formula (Equation (1)):

(G0~ C)

0

E% = 1100, (1)

where terms are defined as follows:

E—adsorption efficiency after time t, [%];

Co—initial dye concentration, [mg/ dm?];

Ci—concentration after time t of the adsorption process, [mg/dm?].

The dye adsorption capacity (g.) was determined by calculating the sorption capacity
(ge) according to the following formula (Equation (2)):

Je = M, )

m

where terms are defined as follows:
ge—sorption capacity [mg/gl;
Co—initial dye concentration, [mg/ dmd];
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Ci—concentration after time t of the adsorption process, [mg/ dm?]
V—solution volume, [dm?3];
m—biochar mass, [g].

2.5.2. MB Adsorption Efficiency over Time

The MB adsorption efficiency over time was determined by placing 0.01 g of the
analysed biochars in Erlenmeyer flasks and then adding 10 cm® of MB solution with a
concentration of 100 mg/dm? and pH 5.2. The adsorption process was carried out at time
intervals of 5, 10, 15, 30, 45, 60, 90, 120 and 150 min. The samples were then filtered and the
amount of remaining MB (656 nm) in the filtrate was determined spectrophotometrically.
The adsorption efficiency over time was also determined according to Equation (1).

2.5.3. Kinetics Models

The adsorption of MB at a concentration of 100 mg/dm? was carried out in 100 cm?
flasks. The 0.05 £ 0.01 g of biochar was weighed into each flask, and then 10 cm? of
dye solution with a pH of 5.20 was added. Next, the flasks were placed on a laboratory
shaker, and the adsorption process was carried out at 180 rpm. Adsorption was carried
out by dynamic contact using a laboratory shaker (180 rpm) at intervals of 5, 10, 15,
30, 45, 60, 90, 120 and 150 min. After the process, the biochar was separated from the
solution by filtration. Next, the concentration of methylene blue (MB) in the filtrates was
determined spectrophotometrically, based on the calibration curve, at a wavelength of
656 nm, determined by scanning the entire wavelength range.

The experimental sorption capacity (g.) data obtained were compared with the values
predicted by selected kinetic models: pseudo-first-order model (PFO), pseudo-second-order
model (PSO), intramolecular diffusion model (IPD), and Bangham model, expressed in
linear form (Equations (3)—(7); Table 1).

Table 1. Assumptions of kinetic models.

Model

Equation Model Description

pseudo first order
model (PFO)

In(ge — q¢) = 10g(qe) — 245, (3)

ge—sorption capacity at equilibrium, [mg/g];
q+—sorption capacity after time ¢, [mg/g];
ky—rate constant of the PFO model, [min~!];
t—czas, [min].

In assumes that the adsorption rate is proportional
to the number of free active sites [33]

pseudo second order

t 1 t
a - kzqg - a/ (4)
oraz
h = kyq3, (5)
ge—sorption capacity at equilibrium, [mg/g];

In assumes that the adsorption rate depends on the

model (PSO) gr—sorption capacity after time t, [mg/g]; square of the concentration difference [33].
ky—rate constant of the PSO model, [g/mg-min];
t—time, [min].
h—initial adsorption rate [mg/g-min]
qr =kst'/? +C, (6)
Intramolecular q+—sorption capacity after time ¢, [mg/g]; s ?t assumes that adsorption does not occur .
diffusion model (IPD) ks—rate constant of the IPD model, [mg/g-min”~]; immediately on the outer surface but requires the

t—time [min];
C—intercept.

diffusion of molecules into the pores [33].

Bangham model

In (qe’qu) = Ink + alnt, (7)

ge—sorption capacity at equilibrium [mg/g];
g+—sorption capacity after time t [mg/g];
k, k—model constants.

It assumes that adsorption occurs in the pores of
the adsorbent and is controlled by the diffusion of
adsorbate molecules in the pores, rather than by a
chemical reaction on the surface [34].
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2.5.4. Adsorption Isotherm Models

The adsorption isotherms were determined by placing 0.05 £ 0.01 g of biochar in
100 em? flasks and then adding 10 cm? of dye solution with concentrations of 20, 40, 60, 80
and 100 mg/dm?3. The adsorption process was carried out at equilibrium, determined in
kinetic tests. The biochar was separated from the solution by filtration, and then the MB
concentration in the solution was determined spectrophotometrically at a wavelength of
656 nm. The adsorption isotherms were determined in a non-linear form according to the
Langmuir and the Freundlich model equations (Equations (8) and (9); Table 2).

Table 2. Assumptions of adsorption isotherm models.

Model Equation Model Description
T’H/Z.'/\'K CE
Je = ? + Kicef ®) . .
 ge—sorption capacity at equilibrium [mg/g]; Model of a single adsorption layer on a

Langmuir  C,—equilibrium concentration in the solution [mg/dm?3]; homogeneous surface with

Gmax—maksymalna pojemnos¢ sorpcyjna [mg/g]; non-interacting adsorption sites [35].

K;—Langmuir constant [dm3/ mg].

1
Je = KrCs, (9) .. . .

ge—sorption capacity at equilibrium [mg/g]; Empl.ru?al multllaygr 150th?1fm .for

Freundlich Ce—equilibrium concentration in the solution [mg/dm?]; describing adsorption equilibrium for

1/n—empirical exponent describing the intensity of

adsorption;

materials characterised by a
heterogeneous surface [36].

Kr—Freundlich constant [(mg/g)(dm3/mg)!!/™].

3. Results and Discussion
3.1. Biochars’ Technical and Elemental Characteristics

Biochar has diverse properties, which largely depend on the type of biomass subjected
to pyrolysis. The content of components such as ash, carbon, oxygen and nitrogen is of
particular importance in adsorption processes (Table 3). In this study, the pyrolysis yield
for alfalfa biomass was 34.65%, while for corn waste it was 31.66%.

Table 3. Moisture content, ash content, and elemental analysis on a dry basis.

Sample BL500 BC500
W [% s.m.] 5.40 + 0.56 2.49 +0.04
A [% s.m.] 17.77 £ 0.34 12.58 + 0.80
PHpzc - 10.38 +0.10 9.99 + 0.01
C [Yos.m.] 59.10 £ 0.10 69.36 £ 0.03
H [Yos.m.] 3.12 £0.07 2.88 £+ 0.08
N [Yos.m.] 3.69 £0.03 3.02 £0.01
S [Y%os.m.] n.d. 0.88 £ 0.04
@) [Yos.m.] 16.17 £ 0.22 11.28 + 0.09
H/C - 0.05 0.04
o/C - 0.27 0.16

The analysis conducted indicates diverse physicochemical properties of biochars.
BCsgp has lower moisture and ash content than BLsgg, with differences of approx. 3% for
moisture (W) and 5% for ash (A). Furthermore, it can be concluded that BCsyy biochar
contains less moisture than biochars obtained in other studies [37,38]. Under the pyrolysis
conditions used, BLsyy biochar has a lower C content (59.10%) but a higher content of N
(3.69%), O (16.17%) and H (3.12%) than BCsgy biochar (C—69.36%; O—11.28%; N—3.02%;
H—2.88%). Furthermore, no S was detected in BLsgy biochar. During the pyrolysis of
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organic materials, such as plant biomass, a series of primary and secondary chemical
reactions, mainly radical in nature, occur, leading to the release of organic volatile com-
pounds [39]. The course of these reactions depends mainly on the chemical structure of
the biomass, as well as on the particle type and size and the process parameters [40,41].
Corn leaves consist mainly of carbohydrates (cellulose 32—40%, hemicellulose 18-25%
and lignin 11-17%), which together with proteins, lipids and chlorophyll form their basic
structure [42,43]. Alfalfa biomass, on the other hand, is characterised by a high content of
protein, vitamins and a large proportion of mineral fraction [44,45]. This means that under
the influence of temperature, the decomposition of biomass will proceed in a different way,
thus affecting the physicochemical properties of biochar.

The pHp;c value is an important parameter determining the adsorption capacity of
biochar, deciding whether it will electrostatically attract or repel contaminants with a
specific charge. The obtained biochars have a pHpzc of 9.99 for BCspy and 10.38 for BLs5qy.
At a solution pH below pHypy,, the surface of the biochar is positively charged, which
promotes the adsorption of negative ions. However, at a solution pH above pHyp,c, the
surface of the biochar becomes negatively charged, which intensifies the adsorption of
positive ions [46]. The pH of the MB solution used in the study was 5.20; therefore, ApH
(ApH = pHe — pHinit) for both biochars is approximately 5, which may suggest high
efficiency of dye adsorption from the aqueous solution.

The H/C and O/C ratios are key indicators of the degree of carbonisation of biochar,
which largely determine its chemical stability and surface properties [47,48]. Biochar BLsg
has a higher O/C ratio (0.27) than biochar BCsg, while the H/C ratio for both biochars
is similar. An increased O/C ratio indicates a greater presence of oxygen-containing
functional groups (e.g., -COOH, -OH), which may increase the polarity of the surface and
the number of sites capable of interacting with ions and molecules. This may also be related
to a higher mineral fraction content (oxygen in the form of metal oxides or carbonates) [49].
The surface of biochar formed in this way may promote a higher cation exchange capacity,
but it should be emphasised that this parameter depends not only on elemental ratios,
but also on a number of additional factors, such as pH, type of raw material, degree of
aromatisation and development of the porous structure [50-52].

3.2. Structural Properties of Biochars

Surface functional groups present in sorption materials are responsible for the effective
adsorption of organic pollutants from aqueous solutions. They act as active sites that
interact with dye molecules. The produced biochars have different functional groups on
their surface, with BCsgg characterised by slightly greater diversity (Figure 1).

The characteristic broad band with a centre at a wavelength of approximately
3100 cm~! originates from intramolecular vibrations in the -OH group, mainly from
compounds such as cellulose, hemicellulose and lignin, in which hydrogen atoms form
hydrogen bonds [53]. Further characteristic bands appear from the stretching vibrations of
the carbonyl group C=0 (wavelengths of 1883 cm~! and 1871 cm ™! for biochar BLsgy and
BCsp, respectively) [54]. The bands appearing at wavelengths of 1660 cm~!, 1573 cm ™!,
and 1392 cm~! of BCsq biochar originate from the stretching vibrations of the methyl
esterified carboxyl group COO-R, which are characteristic of compounds such as cellulose,
hemicellulose and lignin [55]. In contrast, for BLsyy biochar, these bands were identified
at wavelengths of 1571 cm~! and 1384 cm~!. The stretching vibrations of C-O bonds
present in esters or ketones in the BCsgy biochar spectrum are located at a wavelength of
1262 cm™~! [56]. The vibrations of the bond present in the -C-O-C group, characteristic
of polysaccharides, were identified at wavelengths of 1061 cm~! and 1063 cm™! in the
spectrum for BL5py and BCsgg biochar, respectively [57]. Below the wavelength of 900 cm !
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in the spectra of both analysed biochars correspond, among others, to the vibrations of
CH=CH vinyl groups or C-H bonds of aromatic rings [58].

@ BLsq ®) BCsu
e
[
I
| 9
= °©
= . s
*x
: - E
£ £
'E [ ! E
2z, |/ 5
£ 98 : &=
= ' B
3
670 1170 1670 2170 2670 3170 3670 670 1170 1670 2170 2670 3170 3670
Wavenumber [cm™] Wavenumber [cm 1]
Figure 1. FTIR spectra of analysis biochars: (a) BLsgg; (b) BCsgp.
The produced biochars were also characterised in terms of structural order using
Raman spectroscopy. Figure 2 shows the spectra obtained for both analysed biochars.
(a) (b)
BLsgo BGCsg9
1800 1600
1600 G 1400 G
1400
1200
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— — 1000
2 2
. 1000 .~
= = 800
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5 |
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Figure 2. Raman spectra of analysis biochars: (a) BL5g; (b) BCsqg.
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Raman spectrum analysis revealed the presence of two characteristic bands for carbon
materials: D and G. The D band, located in the range of 1340-1360 cm ™!, corresponds
to so-called defects in the crystal structure of carbon materials. It arises as a result of
disturbances in the symmetry of the graphite lattice, the presence of carbon layer edges,
functional groups, oxygen atoms or sp> defects [59], and the intensity of this band increases
with the increase in the disorder of carbon structures. The G band, located at a wavelength
of approximately 1580 cm !, originates from the valence vibrations of C-C bonds in sp?
hybridisation, located within ordered graphite domains. Its presence and intensity indicate
the formation of hexagonal networks in a graphite or graphene system.

An important parameter for determining the nature of the biochar structure is the
ratio of the intensity of the defect bands to the intensity of the graphite band. The value of
this ratio determines the degree of disorder in the structure, where the closer to 1, the more
disordered the structure. The calculated Ip/Ig ratio values for BLsyy biochar were 0.05,
while for BCsq biochar, they were 0.12, which are characteristic of biochar obtained at lower
temperatures [60,61]. Both of these values are close to 0, which indicates a well-ordered
structure with a significant content of bonds typical for graphite materials. The differences
in the Ip /I ratio between these two biochars may result from the different composition of
the raw materials—corn biomass usually contains more hemicellulose, among other things,
which may promote the formation of more defective structures during pyrolysis.

The porosity of biochars was determined based on N, adsorption-desorption
isotherms at 77 K (Figure 3). According to the IUPAC classification, the isotherms of
both samples correspond to type II isotherms (Figure 3). The shape of this isotherm is
related to unlimited monolayer—multilayer adsorption to high p/py. In the case of both
biochars, we are dealing with a gradual curvature, where the inflexion point is less visible.
This means that from the very beginning there is a strong overlap of monolayers and
multilayer adsorption begins [62].

—a—BL500 (b) —a—BC500
5
~e—BL500 —+-BC500
™
45 0002
os
oo0s 4 0002
®
E g
Zoom ) £
2 - 3.5 £ ooor
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® oo g z
=
3
oo01 = o001
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Figure 3. N, adsorption-desorption isotherms in 77 K for biochar (a) BL5gg oraz (b) BCsg.
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The determined BET specific surface areas are relatively low: 4.12 m?/ g for BLspp and
19.84 m?/g for BCsng. This means that the proportion of the porous phase is limited, and
some of the micropores may be inaccessible to N, molecules (e.g., due to pore blockage
by pyrolysis products or diffusion limitations at 77 K) [63]. BL5gg and BCsg biochars are
characterised by a mesoporous structure with some micropores. The majority of the BL500
surface area is occupied by mesopores ranging from 4 to 50 nm (89% of the surface area) with
an average capacity of 0.0029 cm3/g. In addition, there are also larger micropores with an
average size of 1.478 nm and a capacity of 0.014 cm®/g. BCsqg biochar has micropores with
an average size of 1.356 nm and a capacity of 0.004 cm®/g, which occupy approximately
49% of the surface area. The remainder is made up of mesopores.

The development of the porous structure of biochar depends largely on the compo-
sition of the biomass. The rapid decomposition of cellulose and hemicellulose promotes
the formation of micropores through the emission of gaseous pyrolysis products, while
lignin forms compact, aromatic structures with lower porosity but greater chemical stabil-
ity [64,65]. BL5gg and BCsgg biochars also have a significant ash content (over 17% and 12%,
respectively), and the mineral content can act both as a catalyst for pore development and
as a factor blocking their availability [66]. As a result, biochar obtained from biomass with
a high cellulose content and low ash content is usually characterised by the largest specific
surface area and a favourable distribution of micro and mesopores.

3.3. Adsorption Properties

Biochars from lignocellulosic waste BL5p9 and BCsgy were analysed for their ability to
adsorb methyl blue (MB). The adsorption process was carried out using the contact method
with shaking at 180 rpm, and the adsorption efficiency was analysed over a period of 5
to 150 min. Figure 4a. shows the determined MB adsorption efficiency on biochars over
a period of 5 to 15 min. Analysis of the results obtained indicated that in the case of MB
dye, BLsgg proved to be a more effective adsorbent, adsorbing over 98% of the dye after
only 5 min, while BCsyg biochar adsorbed 84% of the initial dye concentration during this
time. After 150 min of the adsorption process, the adsorption efficiency for the MB dye
was 99.71% and 96.80% for BLs5gg and BCsgg biochar, respectively. Such high dye removal
efficiency by both biochars is probably related, among other things, to the high pHpzc
(BL50p—10.38; BC500—9.99). The obtained pHp,. values indicate that under the applied
experimental conditions (pH < pHp,c), the biochar surfaces are negatively charged, which
favours the electrostatic attraction of the cationic methylene blue molecules.

According to the literature, increasing the sorbent dose usually leads to increased
MB removal efficiency [67-69]. However, it may also result in a decrease in the sorption
capacity per unit mass. As part of the research, analyses were carried out related to the
effect of the adsorbent dose on the efficiency and adsorption capacity of BLsgy and BCsgg
biochars (Figure 4b). The obtained results confirm the above-mentioned relationships.

The kinetic parameters of the MB adsorption process were determined using the PFO,
PSO, IPD and Bangham models (Table 4). Analysis of the determined kinetic parameters
of MB adsorption on BLspg and BCsgy biochar showed that the PSO model was the best fit
for both materials, with correlation coefficients of R? = 0.9988 and R? = 0.9979, respectively
(Figure 5). High correlation coefficients indicate that the MB adsorption process is controlled
by a chemisorption mechanism through the formation of chemical bonds between dye
molecules and functional groups on the surface of biochar [70].
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Figure 4. The course of MB adsorption on BLs5gy and BCsgy biochars expressed as (a) adsorption
efficiency over time (m = 0.05 g; V = 0.01 dm?); (b) adsorption efficiency and capacity depending on
the adsorbent dose.

Biochars BL5pp and BCsgg have similar sorption capacities at equilibrium under the
conditions of the experiment (19.49 mg/g and 13.40 mg/g) in relation to MB, but there are
significant differences in the speed of the entire process. The initial adsorption rate of MB
for BLs5gg biochar is 5.98 mg/g-min, and for BCsqg is 6.75 mg/g-min. This suggests that
BL5gp and BCsgg biochar have a comparable number of active sites, allowing dye molecules
to have better contact with the adsorbent surface.
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Table 4. Kinetics parameters for methylene blue adsorption on BLspy and BCs.

Kinetic Model Parameters BLsqg BCsq0
q1 4.3068 0.8332
PFO k1 0.0199 0.0023
R! 0.9525 0.3760
9o 19.4932 13.4048
ko 0.0157 0.0376
PSO I 5.975 6.7510
R? 0.9988 0.9979
ki» 0.3368 0.1412
IPD C 15.296 11.6180
R2 0.9649 0.9345
&y 0.2115 0.0565
Bangham Ky, 1.0762 0.0617
R? 0.8576 0.8925
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Figure 5. Fitting of the PSO model for MB adsorption on biochar: (a) BLsgy and (b) BCsqp.

Analysis of the PFO model coefficients allows us to conclude that the adsorption
process is not limited to physisorption, especially in the case of BCsyy biochar. In turn,
the IPD and Bangham models confirm that the process is not a single-stage process. In
the Bangham model, the high R? coefficient value for both biochars confirms that dye
diffusion in the pores is important during the adsorption process, but it is not the process
that determines the adsorption rate. The IPD model showed relatively good linearity for
both materials (R? = 0.9649 for BLsgy and 0.9345 for BCsqg). However, the non-zero intercept
values (C = 15.30 for BL5pp and 11.62 for BCsyg) indicate that intraparticle diffusion is not
the sole rate-controlling step. This suggests that surface adsorption and boundary layer
diffusion play a significant role, especially during the initial stages of adsorption [71].

The Bangham model exhibited lower correlation coefficients (R? = 0.8576 and 0.8925),
implying that pore diffusion alone cannot fully explain the adsorption mechanism. Nev-
ertheless, the higher Bangham constant (Kj) for BLso suggests a greater contribution of
pore-related interactions compared to BCsy.

The MB adsorption isotherms on BL5yy and BCsg biochar were expressed in the non-
linear form of the Langmuir and the Freundlich model, and their fit is shown in Figure 6.
The simulation fit values with all parameters are shown in Table 5. The Langmuir isotherm
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model is used to describe adsorption equilibrium, where adsorbate molecules form a single
layer on the surface of the adsorbent [72]. In practice, fitting to this model means that the
surface of the adsorbent is homogeneous and the adsorbed molecules are bound to only
one activation centre. The Freundlich model, on the other hand, describes the adsorption
equilibrium that occurs on a heterogeneous adsorbent surface with active sites of varying

energy [36].
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Figure 6. Comparison of fit to nonlinear models, (a) Langmuir and (b) Freundlich, after MB adsorption

on BLggy and BCsgg biochar.

Table 5. Parameters of Langmuir and the Freundlich isotherms for methylene blue adsorption on

BL500 and BC500.

Model Parameters BLsoo BCspo
Gmax 39.94 19.47

Langmuir Ky 2.11 2.46

Ry 0.2 0.02
R? 0.8163 0.8944

Kr 47.33 11.59

Freundlich n 1.07 3.93
R? 0.7404 0.7868
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The analysis of MB adsorption isotherms on BLspy and BCsgy biochar indicates a
moderate fit to both models (Figure 6). The fit was performed using a non-linear method in
order to avoid errors resulting from measurement data, especially when the data covers a
wide range of concentrations [73].

For BL5gy and BCsgg biochar, the Langmuir model better reflects the MB adsorption
mechanism (R? 0.8163 and 0.8944 for BLsg and BCsqg biochar, respectively). BLspg biochar
has a higher sorption capacity (qmax 39.94 mg/g), and the K; value (2.11 L/mg) indicates
a strong affinity of the dye to the sorbent surface (Table 5). The high sorption capacity of
MB on biochar has also been confirmed in other studies. For example, Al-Musawi and
Al-Qaim [74] obtained a maximum adsorption capacity for biochar produced from fig fruit
of 115 mg/g, and the adsorption process proceeded according to the Langmuir model [64].
In a study by Miayh et al. [75], the maximum sorption capacity of MB biosorbent from
walnut shells was over 178 mg/g, and the adsorption process proceeded in a monolayer.
In the case of BCsgg biochar, the g;,x value was 19.47 mg/g, and the K} constant value was
2.46 L/mg. The R; separation coefficient value close to 0 for both biochars means that MB
adsorption on these materials is favourable and may be irreversible.

The fit to the Freundlich model is weaker than for the Langmuir model. The Kr
constant for BL5gg biochar is 47.33, while for BCs(g biochar it is 11.59. This confirms that
alfalfa biochar has a higher MB sorption capacity and more active centres that can effectively
bind the dye. The value of the constant 1, which determines the extent to which adsorption
proceeds favourably on the surface of the material, is in the range 1 < n < 10 for both
biochars. For BLs5(y biochar, the value of this coefficient is 1.07, which is characteristic of
adsorbents with a heterogeneous surface. However, the lower fit to the experimental data
suggests that the Freundlich model is not dominant in the description of the analysed
process (R? of 0.7404 and 0.7868 for BLsyy and BCsgy biochar, respectively). However, it
should be noted that the difference in fit between the Langmuir and the Freundlich models
is not significantly large (Table 5). This may be due to the heterogeneity of the biochar
surface and, consequently, the different activation energy of the active sites, which depends
on the chemical composition and structure of the adsorbent [76-78].

The differences in the course of MB adsorption on BL5(y and BCsg biochar are probably
directly related to their structural composition and physicochemical properties. BLsgg
biochar has approx. 59% C, 16% O and nearly 18% A, and is characterised by a specific
surface area of 4.12 m?/ g. BCsqp biochar, on the other hand, has a higher C content (69.36%),
lower O (11%) and A (12%) content, and a specific surface area of 19.84 m?/g. Oxygen
functional groups play a decisive role in dye adsorption, but so does the ash fraction present
in the analysed materials. In the case of BCsyy biochar, the lower ash content and higher
proportion of organic oxygen groups allow for a more uniform MB adsorption process,
which is confirmed by the fit to the Langmuir isotherm, with a dominant contribution
of physisorption and the probable formation of 7 - -7 interactions between the organic
structures of carbon and the dye [79]. Biochar BLsgg also shows that MB adsorption with its
participation proceeds in accordance with chemisorption processes (fit to the PSO model),
forming a monolayer. However, this process is not as homogeneous as in the case of BCsgg
biochar. BLsyy biochar is characterised by a higher ash content (17.77%), which in turn
makes its surface more heterogeneous and has active sites with different energies [80,81].
The presence of a mineral fraction in BL5gg biochar presumably promotes the adsorption
of the cationic MB dye more through ion exchange with anionic oxide centres, but also
through electrostatic interactions [82-84].

The experimental data obtained and presented in this paper (Tables 4 and 5) corre-
spond to the data found in the literature. Using biochars obtained from various lignocellu-
losic biomass, the content of MB in the aquatic environment can be reduced by over 99%.
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Furthermore, using various biochar production and modification methods, adsorbents with
a wide range of adsorption capacity can be obtained—from 7.8 to as much as 643 mg/g
(Table 6). They confirm that MB adsorption occurs mainly through chemisorption, with
the mechanism of dye binding (monolayer or multilayer) depending on the nature of the
adsorbent surface. This nature will be influenced by many factors, including the composi-
tion and type of raw material from which the bio-gel is obtained, but also the parameters
of the pyrolysis process (heating rate, protective gas or temperature). During the thermal
decomposition reaction, substances with varying reactivity are released, which in turn lead
to a series of chemical reactions that determine the final properties of biochar and its affinity
for the adsorbate.

Table 6. Comparison of the kinetics and adsorption isotherms of MB on different adsorbents.

Adsorbent Kinetics Model Adsorption Izoterms References
sawdust-based biochar - Langmuir—Freundlich [85]
pine wood biochar - Langmuir [86]
sawdust-based biochar pseudo-second order model Freundlich—Langmuir - [87]
Citrus aurantium L. biochar pseudo-first order model Freundlich [88]
municipal sewage sludge—tea waste biochar ~ pseudo-second order model Langmuir [89]
Eucalyptus sheathiana biochar pseudo-second order model Langmuir [90]

4. Conclusions

Residues from corn and alfalfa crops were subjected to pyrolysis in a CO; atmosphere
at a temperature of 500 °C using a three-stage cascade. This yielded biochar (BL5yy and
BCs0p) with specific physicochemical and structural properties. The process conditions used
allowed biochar with a significant ash content (BL5pp—17.77% and BCsp—12.58%), carbon
(BL50p—>59.10% and BCspp—69.36%) and oxygen (BL5pp—16.17% and BCs59p—11.28%). FTIR
spectrum analysis determined that as a result of the decomposition of biomass components
such as cellulose, lignin, proteins and lipids, free functional groups such as -O-H, -COO,
C=0 and O-C-O are formed on the surface of the biochar, and the I /I ratios determined
from the Raman spectra confirm the ordered structure (0.05 for BLsg and 0.12 for BCsy).
Despite isotherms indicating microporosity, the Spgt of biochars was low (4.12 m?/g for
BLsgo and 19.84 m? /g for BCsgg), which suggests limited availability of micropores, e.g.,
due to their blockage by pyrolysis products or diffusion effects. Both biochars exhibit a
micro-mesoporous structure, with mesopores dominating in BLsgy (89% of the surface area),
while micropores account for about half of the total surface area in BCs.

The results obtained for MB dye adsorption indicated that BLsyy biochar is a more
effective adsorbent (98% of the dye adsorbed after 5 min) (Figure 4). The analysis of MB
adsorption showed that for both BL5yy and BCsgg, the Langmuir model best describes
the equilibrium data, suggesting the dominance of the monolayer adsorption mechanism.
BLsgg biochar had a higher sorption capacity than BCsgg, and separation coefficients close
to zero (BL5gp—0.02 and BCs0p—0.02) confirmed the favourable adsorption process on both
materials. The fit to the Freundlich model was slightly weaker than that to the Langmuir
model, but it confirmed the differences in the number of active centres on the surface of
both sorbents and the heterogeneous nature of their surfaces. The kinetics of the process for
both biochars were best described by the PSO model, and very high correlation coefficients
(R% = 0.9988 and R? = 0.9979 for BLsyy and BCjsg, respectively) indicate that the process is
controlled by chemisorption. BCsyp showed a significantly higher initial adsorption rate
(h = 6.75 mg/(g-min)), which indicates a greater number of easily accessible active sites on
its surface. Diffusion models (IPD and Bangham) confirmed that the process does not occur
in a single stage and that the role of diffusion within the pores is significant, especially
for BC500.
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The present study provides new insight into MB adsorption on biochars produced
from alfalfa and corn crop residues via slow pyrolysis in a CO, atmosphere at 500 °C.
By combining detailed physicochemical characterisation with kinetic and equilibrium
modelling, this work demonstrates that high adsorption efficiency and rapid dye removal
can be achieved even for biochars with relatively low BET surface areas. The results
highlight the dominant role of surface chemistry and ash-related active sites over porosity
alone and contribute to a better mechanistic understanding of dye adsorption on ash-rich,
agricultural-waste-derived biochars.

Therefore, this study advances the current knowledge by elucidating how feedstock
composition and pyrolysis atmosphere jointly determine biochar structure and adsorp-
tion behaviour, offering a complementary perspective to surface-area-driven approaches
commonly reported in the literature.

The biochar produced from alfalfa and corn crop residues can therefore be considered
as a potential sustainable adsorbent for dyes from aqueous solutions, while also fitting in
with the principles of the circular economy. This is particularly important in the context of
increasing levels of surface water pollution.
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