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Abstract: Chemically modified bioadsorbents were prepared using sawdust (Aspidosperma polyneu-
ron) functionalized with urea at different concentrations (BC-1M, BC-3M, and BC-6M) to evaluate
their adsorption capacity by the methylene blue method. Fourier transform spectroscopy (FTIR) anal-
ysis and scanning electron microscopy (SEM) were employed to characterize the surface morphology
of the biomaterials. The best adsorption capacity was obtained using the biocarbon modified with
urea 6M (BC-6M), displaying a methylene blue index of 12.4 mg/g with a zero-charge point (pHpzc)
at 5.5, suggesting the potential application of this chemically modified bioadsorbent for the removal
of cationic contaminants in aqueous media.

Keywords: methylene blue; Sawdust; carbon-like biomaterial; adsorption capacity

1. Introduction

The textile industry promotes economic development. It generates many jobs, encour-
ages the cultivation of natural fiber sources, and harnesses resources from the petrochemical
industry, such as synthetic fibers, to produce various textiles [1]. However, this industry
generates many negative environmental impacts, including indiscriminate water use. The
textile industry is estimated to use more than 11,000 L of water for every kilogram of natural
fiber processed [2]. These waters have high concentrations of pollutants, including various
dyes. In this sense, the discharge of colored wastewater without prior treatment is of con-
cern since the concentrations of synthetic dyes in the body can cause multiple pathologies
in humans and animals because they are genotoxic, mutagenic, and carcinogenic [3]. In
flora, the damage is evident in the reduction in germination and growth of some plants.
Therefore, eliminating dyes in water from the textile industry is essential [4].

Treatment methods for colored water include electrocoagulation, flocculation, reverse
osmosis, and adsorption, among others [5]. Adsorption has the advantage of being one of
the cheapest technologies; however, commercial adsorbents are expensive to produce. Con-
sequently, recent research studies have focused on evaluating other adsorbents made from
various natural and synthetic materials. The possibility of using waste biomasses to prepare
adsorbents has attained the scientific community’s attention because of their availability and
low cost [6,7]. Previous studies have registered the use of various waste biomasses for the
preparation of bioadsorbents, such as orange peel [8], pineapple peel [9], mixed sawdust [7],
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and corn stover [10], among others. Furthermore, Alshammari and coworkers [11] reported
the preparation of a bioadsorbent using shrimp shells as a waste biomaterial. In that work,
they evaluated the synthesis of substituted polyaniline-based nanoparticles with chitosan
grafts from shrimp shells as a promising biomaterial for dye removal [11].

It has been reported that the wastes from the wood industry have the potential to be used
as adsorbent materials. Bortoluz et al. [12] conducted a study to evaluate the potential of Pinus
elliottii sawdust as a bioadsorbent for removing methylene blue (MB) dye in aqueous medjia.
In this work, the sawdust was subjected to a sequential extraction process using different
solvents to improve its adsorption properties. Various techniques were used to characterize
the sawdust, including morphological and spectroscopic analyses. Moreover, it was ana-
lyzed the impact of experimental variables on the adsorption process, including contact time
(2240 min), pH (3.0-10.0), stirring speed (90-210 rpm), adsorbent dose (1.0-5.0 g/L), and
initial MB concentration (60-140 mg/L). In addition, the equilibrium, kinetic, and thermody-
namic analyses were performed, and it was found that the MB removal rate was approximately
97%, mainly due to physisorption. The Freundlich model best described the experimental
data, while the kinetic data best fit the pseudo-second-order model. These results suggest that
this adsorbent can effectively remove cationic dyes from textile wastewater.

In a study performed by Bhowmik et al. [13], raw sawdust was utilized to prepare
two chemically activated carbons. One was treated with orthophosphoric acid, and the
other with sodium hydroxide. Both activated carbons were obtained in a furnace at a
temperature of 973 K and tested in batch mode to determine their efficacy in removing
indigo carmine dye. The thermodynamic results indicated that the process was exothermic,
and the activated carbon produced after activation with orthophosphoric acid proved to
have a superior removal capacity and efficiency. Moreover, its adsorption capacity reached
9.39 mg/g, compared to 6.74 mg/g for hydroxide-activated carbon. This study shows that
inexpensive waste materials, such as sawdust, can efficiently remove anionic dyes.

On the other hand, the research carried out by Sun et al. [14] consisted of the elabora-
tion of a biochar from eucalyptus sawdust modified with citric, tartaric, and acetic acid at
low temperatures to eliminate the blue of methylene (MB) from aqueous solutions. The
material was characterized by FTIR. Furthermore, the adsorption process was evaluated by
applying Langmuir, Freundlich, Temkin isotherms, pseudo-first and second-order kinetic
models, intraparticle diffusion, Elovich, and Weber-Morris models. The maximum adsorp-
tion capacities of the biochars modified with the citric, tartaric, and acetic acids were 178.57,
99.01, and 29.94 mg/g, respectively, at 35 °C. Additionally, Oyewo et al. [15] reported the
preparation and application of sawdust-derived cellulose mono-crystals with zinc oxide
nanoparticles (CNC/ZnO) as a new adsorbent material for removing methylene blue in
solution. The adsorbent material was characterized by FTIR analysis, X-ray diffraction
(XRD), and scanning electron microscopy (SEM). In this study, it was shown that impreg-
nation with ZnO nanoparticles improved the crystallinity of the adsorbent. The results
showed that the CNC/ZnO presented good performance in the adsorption of methylene
blue, achieving a maximum adsorption capacity of 64.93 mg/g, adjusting to the Langmuir
isotherm and the pseudo-second-order kinetic model.

Consequently, the focus of this research project is on creating carbon-based bioma-
terials utilizing sawdust from Aspidosperma polyneuron (AAP), harvested from sawmills
in Cartagena, Colombia. The goal is to explore the potential of these biomaterials for ad-
sorption using the methylene blue method. The bio adsorbents are analyzed using Fourier
transform spectroscopy (FTIR) both before and after the adsorption process. The results
of this study contribute towards sustainable technological development by describing
the characteristics of a potential adsorbent. Improving these data can aid in selecting an
efficient and cost-effective adsorbent for the removal of textile dyes, leading to reduced
costs in wastewater treatment processes, control of water body pollution, and the utilization
of sawdust of Aspidosperma polyneuron (AAP) for an alternative purpose. Furthermore, this
research expands the available literature on the evaluation of chemically modified coals
made from sawdust, addressing the current need for more information on this topic.
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2. Materials and Methods

In the following, the methodology carried out for the preparation of the biomaterials,
characterization techniques, and the determination of the methylene blue adsorption rate
will be described.

2.1. Aspidosperma Polyneuron Sawdust Pre-Treatment

The sawdust was washed at room temperature with 80 °C deionized water to remove
impurities and unwanted substances. Subsequently, it was dried in the sun for 6 h and in
an oven at 70 °C for 8 h. The dry sawdust was introduced into a muffle with a heating rate
of 5 °C/min up to 250 °C. The equipment is turned off at the end of the process, and the
mulffle is left to rest and preserved. An evaluation of the carbonization temperature and
the residence time of the biomass in the muffle was carried out to determine the values of
these variables to carry out the carbonization [16].

Afterward, a portion of the biochar was taken, washed, and dried in an oven at
100 °C for 2 h. Then, the bioadsorbent was packaged and labeled as unmodified biochar
(CCS) to be used as a control. The remaining portion was mixed with distilled water in
a 1:3 ratio, shaken, and placed in an ultrasonic bath for one minute; then, this material
was vacuum filtered and dried for two hours in an oven at 100 °C. Subsequently, the dried
biomaterial is mixed in a beaker with a 50% phosphoric acid solution, with a ratioof 1 g
per each 5 mL of solution, using constant stirring at 100 °C for 3 h [16]. Afterward, this
biomaterial was washed, vacuum filtered, and dried to perform urea functionalization.
For this chemical modification, the biomaterials were mixed with urea solutions at three
different concentrations: 1 M, 3 M, and 6 M in a ratio of 1 g:5 mL, placed in a shaker for
18 h, then vacuum filtered and dried in an oven at 100 °C, as shown in Figure 1. Adding
urea to sawdust during the functionalization process significantly impacts its ability to
adsorb contaminants [17]. This is because urea chemically interacts with the surface of
the sawdust particles, modifying their characteristics, such as their charge and affinity for
specific pollutants [18]. The concentration of urea used can also affect the structure and
porosity of the material, which directly affects its ability to interact with contaminants in
a solution [19]. By incorporating urea, the adsorption capacity can be increased, and the
selectivity of the adsorbent towards specific pollutants can be improved [18].

Biomass preparation

-

BC-1M; BC-3M; BC-6M

RN Gl

Functionalization

with urea Filtration Activation with HsPOa

Figure 1. Preparation of urea-modified carbon-type biomaterials.
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2.2. Characterization of Biomaterial-Type Carbon

To characterize the AAP and biomaterial, particle size analysis was carried out, fol-
lowing the ASTM standard [20]; for this, a shaker-type sieve shaker with seven sieves
with mesh numbers (2, 1, 0.5, 0.355, 0.212, 0.15, and 0.106 mm) was used. The variation
in the percentage of particle sizes in the sawdust was determined. The adsorbents were
characterized by FTIR analysis before and after the methylene blue adsorption process to
identify the main functional groups in the modified and unmodified biomasses.

A test tube was used to calculate apparent density, into which a specific amount of solid
with a known mass was introduced, and the ratio of mass to volume was calculated [21].
For the calculation of the real density, an empty pycnometer was initially weighed and
filled with water up to the mark; then, the pycnometer was weighed with a sample of
solid inside, and water was added up to the mark to the pycnometer with the sample and
weighed; the real density was calculated considering Equation (1).

ma PL,
Mmp +mp — Mg

M

Preal =

where 1,4 is the mass of adsorbent in g, p; is the density of the liquid in g/cm3, my is the
mass of the liquid in g, and m, [, is the mass of the adsorbent with liquid in g.

The porosity of the sawdust and the biomaterials were calculated considering Equation (2)
and the determined values of apparent density and real density of the samples.

(%) = 2P 100 ?)

Or

where p, and p, are the real and apparent densities, g/cm?, respectively.

For the determination of the pH at the zero-charge point (pHpzc) of the biomaterial,
0.05 g of each biomaterial was placed in contact with 5 mL of distilled water in test
tubes; the pH was adjusted between 3 and 11, using 0.1 N sodium hydroxide and 0.1 N
hydrochloric acid solutions. The mixture was kept for 24 h in a shaker at 200 rpm and
room temperature. Finally, the pH was measured after this time, and the pH difference was
compared graphically [22].

2.3. Adsorption Tests

Adsorption tests were performed according to ASTM [23]. For this purpose, an
adsorption test was performed with a single dependent variable: the pH of the initial
solution, using the cationic dye Methylene Blue (MB) as a contaminant. The incidence
of the initial pH of the solution was evaluated by defining 3 pH levels above pHpzc,
keeping the adsorbent dose (0.035 g), the contaminant concentration (40 mg/L), and the
volume of the solution (10 mL) constant at room temperature, with agitation at 200 rpm for
24 h. The above considers the cationic nature of the pollutant and the need to deprotonate
the adsorbent surface to encourage the attractive forces between methylene blue and the
synthesized biomaterials [24]. All experiments were performed in duplicate.

The adsorption capacity of each biomaterial was determined by centrifuging test
tubes at 5000 rpm for 5 min. The absorbance of MB was then measured at 664 nm using a
Biobase model BK-UV1900 UV-VIS spectrophotometer, acquired from the manufacturer
Biobase Group, Jinan, Shandong, China. Next, the adsorption of methylene blue was
evaluated under the best pH condition previously identified. At room temperature, the
adsorbent dose and the contaminant concentration were kept constant at 0.035 g and
60 mg/L, respectively. Each experiment was replicated by adding 10 mL of solution to each
test tube and shaking it for 24 h on a shaker.

The removal efficiency (Rg) was determined using Equation (3) [25].
Co—-Cr }

(%)Rg = [ % 100

& ®
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where Cp and Cr are the initial and final dye concentrations in an aqueous solution.

The results were processed with Statgraphics Centurion XVI software to determine
the significant variables of the process through an analysis of variance ANOVA, which
is used to evaluate a null hypothesis (Hy), suggesting that the solution’s initial pH does
not significantly affect the methylene blue index, and an alternative theory (H,), which
postulates that the initial pH of the solution does influence the methylene blue index [26].

The adsorption capacity was determined using Equation (4).

ChH— CT xV
e = —( = m ) 4
where g, is the concentration of methylene blue in the adsorbent (mg/g); Co and Cr are
the initial and final concentration of dye in aqueous solution (mg/L); V is the volume of
solution (L), and m is the mass of adsorbent (g) [27].

3. Results

The results of the work are presented and discussed below.

3.1. Biomaterial Synthesis

According to Sajjadi et al. [16], a temperature of 500 °C and a residence time in the
oven of 3 h were examined for carbonization. However, low yield of char formation and the
presence of ash were detected. Therefore, a review of these two variables listed in Table 1
was conducted.

Table 1. Effect of varying carbonization temperature and residence time on the percentage yield
of char.

Carbonization Temperature (°C) Dwell Time (h)  Initial Mass (g)  Final Mass (g)  Yield (%) Ash in the Final Mass

500 3 50 0.8 L6 Yes
500 2 50 0.8 1.6 Yes
250 1 50 42 8.4 No
250 3 50 63 12.6 No

The best carbon formation results were observed at the lowest temperature and
residence time conditions, 250 °C and 30 min, respectively. The presence of ash in the
final carbon-rich mass can be attributed to the oxygen present during the carbonization
process [28]. Itis crucial to minimize the percentage of oxygen during the carbonization pro-
cess to improve the performance of the bioadsorbent, similar to a pyrolytic process [29,30].
However, considering scenarios where a pyrolytic furnace is inaccessible, alternative meth-
ods are possible, such as obtaining muffle coals with favorable characteristics. For example,
Nath et al. [31] synthesized charcoal from sawdust mixtures, producing a methylene blue
index of 78.1 mg/g, with carbonization temperatures of 400 °C. This evaluation highlights
how carbonization variables and raw material characteristics, such as moisture content and
porosity, influence biomaterials’ properties, as suggested by Prias et al. [32].

3.2. Characterization of Bioadsorbents

Table 2 shows the results of the calculation of the apparent density of AAP and the
coals synthesized from it (Table A1l presents the calculated values in Appendix A). The
samples displayed similar bulk densities, with the highest value being observed for AAP.
However, it is important to note that porosity does not necessarily follow the trend of
increased bulk density after carbonization. In the case of biomaterials made from sawdust,
the difference in particle size between the initial sawdust and the resulting biomaterial is
responsible for the differences in bulk density. The initial sawdust has a larger particle size,
influenced by different structural components such as lignin, cellulose, and hemicellulose
that get released during carbonization [33].
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Table 2. Density and porosity values of the biosorbents prepared from Aspidosperma polyneuron (AAP)
sawdust, unmodified biochar (CCS), and modified biochars (BC-1M, BC-3M, and BC-6M).

Sample Volume (cm®) Apparent Density (g/cm3) Real Density (kg/cm?) Porosity %
AAP 3 0.360 2.455 85.3
CCSs 3 0.280 0.296 0.5
BC-1M 3 0.310 0.327 5.1
BC-3M 3 0.303 0.308 1.8
BC-6M 3 0.310 0.783 60.4
Additionally, as expected, a difference was observed between the real and apparent
densities in each biomaterial. However, the difference between the real and apparent
density of the biomaterial is low, except for BC-6M; this can be attributed to the fact that the
sample BC-6M was functionalized with the highest urea concentration, which increased
the mass of biomaterial as compared with the samples BC-1M and BC-3M. Phosphoric acid
activation increased porosity by 59.9% in modified biochars (detailed values are shown
in Table A2 of Appendix A). The porosity of BC-6M sample is higher than that found for
various coals, such as the coal synthesized from Marabu, reported by Prieto et al. [34],
carbonized at 400 °C for 1 h, obtaining a porosity of 52.5%.
The size distribution of coals depends on the composition of the biomass used as raw
material and the carbonization process, as mentioned by Velazquez-Maldonado et al. [35],
hence the importance of analyzing the characteristics of AAP. Table 3 presents the size
distribution results, showing that 6.1% of the AAP sample has a mean particle size of
1.5 mm, 32.1% a particle size of 0.75 mm, 13. 6% have a particle size of 0.428 mm, 20% a
particle size of 0.284 mm, 10.8% a particle size of 0.181 mm, 9.5% a particle size of 0.128 mm,
and the remaining 8.5% have a particle size smaller than 0.106 mm.
Table 3. Estimation of fraction retained and cumulative retained from sieve data.
Mass (g) Mesh Aperture (mm) Dpi (mm) (AQ) (OR)
- - 10 2 - - -
ml 10.7 18 1 1.5 0.061 0.061
m?2 56.4 35 0.5 0.75 0.321 0.382
m3 23.8 45 0.355 0.428 0.136 0.518
m4 35.1 70 0.212 0.284 0.200 0.718
mb 19.0 100 0.15 0.181 0.108 0.826
mb6 16.6 140 0.106 0.128 0.095 0.920
m7 14 Bottom Bottom - 0.080 1.000
Mt 175.6 - - - 1 -

Note(s): where Dp;: mean particle diameter. AQ: retained fraction. @R: cumulative retained fraction.

Approximately 48% of the sawdust fraction has a particle size smaller than 0.428 mm,
which implies that the biomaterial will have a higher percentage of this particle size,
obtaining a char with finer particles than other previously studied charcoals, such as rice
husk charcoal, carbonized at 200 °C by hydrothermal carbonization, where a 55.26% by
weight of the total sample, for particle sizes between 0.86 and 2.38 mm [35]. The high
percentage of fine particles can favor the adsorption of the textile dyes to be evaluated due
to the increased surface area values expected for this type of biomaterial. It has also been
identified that fine biomaterial can perform well when used as aggregates for productive
soils because it is easier to mix with the soil, allowing the formation of a homogeneous
mixture of both components [36].

The design processes of silos in solids handling for the storage of adsorbents used for
adsorption at the industrial level require data on size distribution analysis by sieving; there-
fore, the data presented from the study of sawdust are essential for a possible subsequent
industrial implementation in addition to indicating an estimate of the size distribution of
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biomaterial which shows particle size values lower than those found for sawdust due to
the decrease in particle size of the biomass in the carbonization process [37].

When analyzing the sawdust particles of Aspidosperma polyneuron (AAP), the density
of 2455 kg /cm? was taken into consideration to determine the surface-volume diameter,
mass mean diameter, and arithmetic mean diameter (values are shown in Table A3 in
Appendix A). The diameter data obtained indicated that the AAP sawdust has a small
particle size compared to other woods, such as carob, majagua, and cedar, which exhibit
larger particle sizes of 1.59, 3.2, and 4.8 mm, respectively [38]. The average mass diameter
of the AAP sawdust is 0.479 mm, which is advantageous for adsorption as the charcoal
synthesized from AAP has a particle size smaller than 0.428 mm, leading to a high sur-
face area [38,39].

3.3. Zero Loading Point pHp,.

Low pHpgc values of 3.35, 3.6, and 5.6 were found for the biomaterials functionalized
with urea BC-1M, BC-3M, and BC-6M. This indicates that these biomaterials favor the
adsorption of cationic contaminants in solutions with a pH higher than the pHy,,. found
for each biomaterial. In comparison, the adsorption of anionic contaminants is favored
in solutions with lower pH (see Figure 2). In the case of unmodified charcoal (CCS) and
sawdust from Aspidosperma polyneuron (AAP), a pHp,c of 5.6 and 8.1, respectively, was
found. These data were evaluated to obtain comparison values and provide information
for future experiments where CCS and AAP are considered adsorbents.

12
—u— Patternline
—eo— AAP
0] —a—ccs /
—v—BC-1M
]l —e—BC-3M ./
—<—BC-6M
- 8 . o— /
(o ./ </
= \4/
]
g

] Z/ N

/v

2 . ; . r r r r T r
2 4 6 8 10 12
Initial pH

Figure 2. Evaluation of the pHp,c of AAP, CCS, BC-1M, BC-3M, and BC-6M.

A pHyp,c for the AAP of 8.1 is observed, indicating alkalinity, while the value for
CCS presented a value indicating acidity (5.6). The latter result agrees with those found
by Prieto et al. [40], who synthesized biomaterial from red variety sugarcane bagasse,
obtaining a value of 6.1, which was then heated at 800 °C for 120 min and chemically
modified only with phosphoric acid at 0.6 mol/L: the residence time and carbonization
temperature allow the release of a higher concentration of substances that contribute to the
acidity of the adsorbent, which is why the pHp,. values differ. For their part, Daza et al. [41]
evaluated the pHy,. of a biomaterial physically activated with steam made from bituminous
mineral coal, obtaining a value of 5.6 in both cases.
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Transmittance (%)

On the other hand, a decrease in the pHpZC of the functionalized biomaterial concerning
the unmodified CCS coal is observed, indicating an increase in its acidity. This behavior
is related to the acidic nature of the modifying agents, which affects the final pH of the
adsorbent; a similar behavior is observed in the pHp, of biomaterial synthesized from a
mixture of sawdust by Nath et al. [31], obtained a value of 4.8 for this biomaterial, while
the biomaterial modified with NaOH and coated with a biopolymer made from okra
mucilage presented a value of 7.95; an increase in alkalinity related to the modifying agents
is observed. In the case of the biomaterials modified in this study, it is assumed that to favor
the adsorption of cationic pollutants, the pH of the solution must be adjusted above the
pHpzc value found for each one, because in solutions with pH higher than pHp,. there is a
more significant presence of negatively charged ions, favoring the adsorption of cations.

3.4. FTIR Analysis

FTIR spectra were compared to determine the difference in the functional groups of
the biomass, sawdust, and unmodified biomaterial. Figure 3 shows the differences between
the infrared spectra of the bio adsorbents under study.

100

80

60 —

40 -

20

—AAP — CCS ——BC-1IM —BC-3M — BC-6M—BC-1M-MB BC-3M-MB BC-6M-MB

T
4000

T % T o T J T ¢ T * T ¢ T
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure 3. FTIR analysis of the adsorbents evaluated with the methylene blue test (after and before
the adsorption process) (BC-1M-MB, BC-3M-MB, and BC-6M-MB).

In the first biomaterial (AAP), a medium broad peak was identified at approximately
3333.2 cm ! related to the stretching of the O-H group, more precisely OH of polymeric
molecules, due to being in the range 3200-3400 cm ~!; these molecules are possibly cellulose,
the main component of wood. At approximately 1732.58 cm~!, the stretching of the
carbonyl group C=0 was identified in a range characteristic of esters, which could be
related to resins, grease, and waxes typical of Aspidosperma polyneuron wood. A sharp
peak is observed at approximately 1030.84 cm~!, corresponding to the C-OH bond of
aromatic rings, probably related to the aromatic rings of lignin. Concerning CCS, a less
pronounced peak is visualized at approximately 3255.81 cm ™!, which may be associated
with the stretching of the OH group. In the CCS spectrum, the peaks observed in the
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AAP spectrum from 1232 to 1732 cm ! disappear, giving way to a single sharp rise at
approximately 1581 cm ! related to the functional group C=C, which indicates the release
of volatile compounds in the carbonization process, obtaining a compact char. This shift
of the representative peaks in the infrared spectrum between biomass and char was also
observed between eucalyptus sawdust and biomaterial synthesized from it in the study
by Chen et al. [42]. The peak at approximately 3000 and 3500 cm ! corresponding to the
stretching of the OH group is one of the peaks in which the release of volatiles during
carbonization is most clear [42].

When comparing the spectra of the biomaterials functionalized with urea, it is ob-
served in the BC-1M sample a peak at approximately 3245 cm~! before the adsorption
process, which can be attained to the stretching of the OH group. Moreover, a decrease in
the vibration of this peak was observed for the other functionalized biocarbons (BC-3M
and BC-6M), which can be related to increased urea concentration. This same behavior is
observed with the peak, at BC-1M, at approximately 1223 cm ™!, related to the carboxyl
group; this behavior may be described in the first case as the interaction between the OH
group and the urea molecules, between which hydrogen bonds are formed according to
what was reported by Sajjadi et al. [16]; in the second case, the interaction is between the
OH group and the carboxyl group; decreasing the vibration of the OH group, this decrease
is accentuated as the urea concentration increases. The FTIR analysis shows the compar-
ison of the characteristic peaks of the main functional groups of the biomaterials before
and after carbonization; the common peaks for all the biomaterials are those observed
between 3000 and 3500 cm !, corresponding to the OH group, at approximately 1500 cm !
corresponding to the stretching of the C=C bond of aromatic rings and at approximately
1200 cm ! for the stretching of the C-O group, in addition, different peaks corresponding
to the stretching of specific functional groups are observed.

3.5. Scanning Electron Microscopy

Figure 4a shows the SEM image of the sawdust of Aspidosperma polyneuron (AAP),
showing a compact layered structure with few visible pores. In contrast, the unmodified
CCS biomaterial shows a highly porous structure. This fact evidences the benefits of the
biomass carbonization process, where volatile compounds are released from the sawdust
and the carbon content is increased, as can be seen in Figure 4b.

In the SEM images of the biomaterials modified with urea (Figure 4c—e), it is evident
that the effect of ultrasound substantially improved the presence of micropores, eliminating
traces of ash and obtaining cleaner surfaces. From this, it can be ensured that the time
in the ultrasound manages to open the pores clogged by-products of the carbonization
process, increasing the porosity of the materials. For this reason, it can be ensured that it is
not enough to carbonize the biomass without subsequent processes; in this case, ultrasonic
washing, proposed by Sajjadi et al. [11], stands out, who compared commercial biochar,
made from pine softwood without subsequent processes, with the same type of sonicated
biochar and evaluated the difference of biochar’s with SEM micrographs, finding results
similar to those of the present study, because in the biochar’s sonicated for 20, 40, and 60 s,
open pores were observed. No lumps were visualized, while in the biochar without time in
the ultrasound, they were observed the opposite.

Likewise, it is observed that the macropores are morphologically more defined in the
CCS, while in the functionalized biomaterials, the deformation of the mesopores increases;
this change in the morphology of the macropores is attributed to the activation with
phosphoric acid. The amorphous surface structure of adsorbents favors the adsorption of
contaminants since amorphous materials have the advantage of providing a higher surface
area and higher number of active sites for adsorbate molecules compared to crystalline
adsorbents, such As mentioned by Salehi et al. [18], who synthesized biochar’s at different
temperatures and observed a decrease in their crystallinity as the carbonization temperature
increased, obtaining a higher percentage of adsorbate removal (MB in their case), with the
amorphous biochar’s synthesized at 400 °C and 500 °C.
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Figure 4. Scanning electron microscopy (SEM). (a) AAP, (b) CCS (c) BC-1M, (d) BC-3M, and (e) BC-6M.

3.6. Methylene Blue Adsorption Tests

The three levels of pH variation analyzed were 7, 8, and 9, which are above pHp,. The ad-
sorbent dose was 0.035 g, and the contaminant concentration was 40 mg/L. Considering the
replicates, the average adsorption capacity was calculated, and pH 7 was identified as the
optimum pH because 75% of the evaluated biomaterials had the highest adsorption capacity at
this pH. Figure 5 shows the effect of the solution’s pH on methylene blue’s adsorption capacity.

10 EMPTS = BC-IM EBC-3M H BC-6M

Adsorption capacity (mg/g)
wv

pH

Figure 5. Effect of pH on the adsorption capacity of methylene blue average adsorption capacity to
find the optimum pH.
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One-factor ANOVA statistical was employed, establishing the null and alternative
hypothesis to determine the effects of the initial pH of the contaminant solution on the
methylene blue index:

Hjy: The initial pH of the solution does not affect the methylene blue index.

Ha: The initial pH of the solution affects the methylene blue index.

A value of p < 0.05 was set as the criterion for statistical significance. Table 4 shows
the ANOVA for methylene blue adsorption capacity. A value greater than 0.05 is observed
in each case, which indicates that Hy is not discarded, meaning that there are no significant
differences between the means of the methylene blue index values when varying the initial
pH concentration. Based on the above, it was decided to take pH 7 for the next adsorption
test, which is the lowest pH level. It allowed obtaining the highest values of methylene
blue index in three of the four adsorbents evaluated.

Table 4. ANOVA for methylene blue adsorption capacity.

Adsorbent Source of Variation Sum of Squares Degrees of Freedom Fo p Value
Treatments 0.0014 2
CCS Error 0.0005 3 3.92 0.1456
Total 0.0019 5
Treatments 0.4562 2
BC-1M Error 1.0885 3 0.63 0.5915
Total 1.5447 5
Treatments 0.0009 2
BC-3M Error 0.0009 3 1.47 0.3584
Total 0.0018 5
Treatments 2.4637 2
BC-6M Error 2.0515 3 1.80 0.3063
Total 4.5152 5
Biomaterials are commonly produced from plant residues, including wood [31,42],
tea [43], seaweed [44], corn stalk [45], lignin [46], water thistle husk [21], banana pseudo
stem [47], soybean slag [48], bamboo, bagasse, and marabou cane [34]. These lignocellulosic
materials are preferred for their abundance, particularly in the case of agroindustrial
residues. They are transformed into biosorbents and other valuable products, such as fuels
and fertilizers, to reduce waste emissions and carbon footprint, taking advantage of their
economic potential [49]. Additionally, biomaterials are produced from other types of waste,
such as activated sludge and municipal waste, including food, cardboard, paper, and yard
waste [50-52]. Table 5 compares various studies documented in the scientific literature and
the current research results on biochar synthesis.
Table 5. Comparison of chemically modified biomasses for methylene blue adsorption: preparation
and characterization techniques.
Characterizations
Biomass Synthesis Variables References
Methylene Blue (MB) Test Techniques
T (°C) 450 qe (mg/g) 32
t (h) 4 SEM: Identification of the polymeric layer on the surface of the
Adsorbent dose 1 biochar. FTIR: Amide I and Amide II. Amino acids and proteins
Sawdust mix Free of O, No (/L) (1635 and 1565 cm™!). Carboxylate ion (1395 cm™!) and pectin [31]
ool ] ; pyranoid ring (1130 cm™!). Phenolic O-H (1260 cm™!) Organic
Biopolymer layer MB concentration 25 phosphorus P-O and/or sugar C-O bond present in the
Modification ~ (Okra mucilage). (ppm) biopolymer. pH,,x = 7.95

Activation with

NaOH pH 7
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Table 5. Cont.

h .
Biomass Synthesis Variables Characterizations References
Methylene Blue (MB) Test Techniques
T (°C) 700 qe (mg/g) 112
t (h) 1h, 15 min SEM: Presence of channels in the form of columns and slits. FTIR:
Adsorberﬁf dose 1 Peaks at 3000-3500 cm ! for —OH groups; at 1799 cm~! for C=O
Eucalyl:c)itus Free of O, No (&/L) from carbonyl and carboxyl groups; 1579 em ™! for C=C bonds; [42]
WOO! MB concentration 1400 cm ™! for COO carboxylic groups; 1122 cm~! for C-O bonds;
o Activation with (ppm) 50 588, 622, 696, and 877cm ™! for FeO bonds. SBET = 645.23 mz/g.
Modification FeCls PP Average pore diameter: 2.71 nm. Pore volume: 0.44 cm®/g.
T(°C) 25
T(C) 700 qe (mg/g) 4258 SEM: Rough and uneven surface textures. Pores of different sizes
and shapes were visualized. The chemical activation process
Sawdust t (h) 2 Adsorbent dose produced pores on the carbon’s surface and obtained carbon with
(PSAC) from Free of O, Yes (g/L) 1 a large surface area and a porous structure. FTIR: Peaks at
the Pentace 3611-3951 cm~! for OH vibrations; 2720 cm ™! for C-H groups; [53]
species MB concentration 0 2335 cm~! for C-C bonds; 1689 and 1520 cm ™! for C = O bonds
Modification ~ Activation with (ppm) and aromatic rings C = C, respectively; and 1269 cm ™! related to
KOH the C-O stretch of the phenolic group. SBET: 914.15 m? /g, Pore
pH 7 volume: 0.52 cm? /8. Average pore diameter: 3.19 nm.
T(°C) 425 qe (mg/g) 210
SEM: The surface textures of the precursors were rough and
t(h) 2 Adsorbent dose i i i
. uneven. Pores of different sizes and shapes were evident. FTIR:
Sawdust Free of O, Yes (g/L) Peaks at 3420 cm~! for OH groups; 2926 and 2853 cm ! for CH 54
— - groups; 1458 and 1377 cm ™! for C=0 bonds; 1704 cm~! for COO" [54]
ﬁctli\é)atlon _w1t2 MB concentration B groups; and P-containing groups at 1167 cm~! for C-O-P formed
Modification wi3th uﬂlitj;:(liﬁd (ppm) by the reaction of phosphorus oxides. SBET: 1504 m?/g. Pore
Py oH - volume: 0.78 cm®/g.
T Q) 400 qe (mg/g) 15
t(h) 1 Adsorbent do
se
Sugarcane Free of O, No (g/L) Pycnometric density: 1.09 g/mL. Bulk density: 0.28 g/mL. Total 34
bagasse —— porosity: 74%. Fixed Coal: 12%. Bulk density: 0.33 g/mL. (341
Activation first i Y &
5 MB concentration Average pore radius: 535 nm.
o with H3PO; follo- ( ) -
Modification  yyed of activation PP
with HNO3 pH -
T(°C) 600 qe (mg/g) 15
t(h) 2 Adsorbent dose _
Sugarcane Free of O, No (g/L) Pycnometric density: 1.09 g/mL. Bulk density: 0.28 g/mL. Total )
bagasse Actvation fi porosity: 74%. Fixed Coal: 12%. Apparent density: 0.28 g/mL. [40]
Activation first MB concentration SBET: 305 m?/g. pHpzx: 6.1.
o with H3POy follo- (ppm) -
Modification  yyed of activation idi
with HNO; pH -
T(°C) 700 qe (mg/g) 48.39
t
(h) 4 Adsorbent dose 1 SEM: Porous channel structure rich and well developed, better
. Free of O, No (g/L) than unmodified biochar. Elemental analysis by EDS: Detection of
Tea residue : : [43]
- C, N, O, Na, and K atoms with a concentration of 81.29%, 8.79%, ;
Activation with MB concentration 50 6.19%, 1.59%, and 0.03%, respectively. SBET: 178 m? /g, Pore
Modification ~ NaOH at 10% (ppm) volume: 0.164 cm’/g.
w/w H 10
P
T (°C) 300 qe (mg/g) 31.46
t(h) - Adsorbent d SEM: Semi-finished porous structure was observed. FTIR: Peaks
' Free of O v (gjrﬁ) ose 13 at 3413 cm ™! for OH groups; 2921 cm~ ! and 2851 em ™! for -CH
Tea residue 2 es bonds; 1613 cm ™ for secondary amine; 1440 cm~! for C-C bonds [30]
MB concentration in aromatic rings; 1000-1163 cm ™! for C-O groups; and bands at
o Activation with (ppm) 50 960-970 cm ™! for C-H bonds in aromatic rings. SBET: 1.9 m?/g.
Modification H;PO, " Pore volume: 0.0048 cm®/g.
P 9.65
T (°C) 400 qe (mg/g) 162.93
t(h) 1 SEM: Biochar samples have micropore structure. Unmodified and
Adsorbent dose modified biochar samples had similar pore diameter distributions.
Lignin Free of O, No (8/L) FTIR: Peaks at 3442 cm™ for OH groups; 1620 cm ™! for C-H )
- groups in aromatic ring; 1384 cm™ for -CH, and -CHj3 groups; [46]
o . MB concentration 1262 em ™! for ether bond; and 1082 cm™ for C-O bond. SBET:
Modification with 50 2
Modification MnO (ppm) 349.646 m*~/g. Average pore diameter: 2.184 nm. Pore width:
nO, pH 12 1.178 nm. Pore volume: 0.029 Cms/g.
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Table 5. Cont.

. . Characterizations
Biomass Synthesis Variables References
Methylene Blue (MB) Test Techniques
T Q) 200 qe (mg/g) 81.54 SEsx:a He};a; a mgsopm;{ s}tlructlféeEThe mo;lli)fiei/[ bi?'?l}'\ar S'h(mled
ore size, which could be caused by Mo filling in the
t (h) 1 pores or pore collapse. FTIR: Peaks at 3440 cm ™! for OH groups;
Banana Adsorbent dose 05 2927 cm! for C-H groups; 1595 and 1642 cm ™ attributed to C-O
pseudostem Free of O, Yes (8/L) and C-C groups, respectively; 1434 and 1449 cm ™! for C-C groups [47]
MB irati in aromatics; 1040 and 1097 ecm~! for C-O bonds in aliphatic and
Phosphomolvbdi concentration 50 aromatic structures; 951 and 799 cm~! for Mo-O bonds. Average
Modification P aii do ybdic (ppm) pore diameter: 43.283 pum. Pore diameter: 14.33 nm, Pore volume:
pH 7 0.01234 cm®/g. SBET: 3.741 m?/g.
T (°C) 800 qe (mg/g) 96
t (h) 3 Adsorbent d SEM/EDS: Pores and cavities are observed on the surface/C
Seaweed S"E ?IL‘> ose 1 (72.96%), O (15.03%), N (5.78%) and S (6.22%). FTIR: Peaks at
(Gelidiella Free of O, Yes 5 3440 cm™ for O-H group; 1625 cm ™! for primary amine N-H [44]
acerosa) The biomass was MB concentration 100 group; 1389 cm™! for N-O group; 1168 and 1127 cm™? f(')r c-O
Modification  Washed with HCI (ppm) group. SBET: 922.39 m*/g. Mesopore vol}lme and size:
and distilled 0.57 cm’ /g and 2.45 nm, respectively.
water at pH 6.5 pH 7
T(°C) 400 qge (mg/g) 0.38
t(h SEM: Irregular sheet-like structure, sparse texture, and presence
() - Adsorbent dose 30 of few small pores on the carbon surface. FTIR: Peaks at
. Free of O Yes (g/L) 3700 cm ™! for O-H group; 2840 and 2349 cm ! for C-H and
Fir sawdust 2 srovp [55]
0=C=0 groups, respectively; 1650 cm~! for C-H bond; 1050 cm ™! o
MB concentration 60  for C-O group; and 875 for C-Cl bond. Elemental analysis by EDS:
Modification No (ppm) Detection of C, Ca, Si, Al, K, and S atoms with a concentration of
78.03%, 18.64%, 1.469%, 0.562%, 0.103%, and 0.139%, respectively.
pH 6.5 P Y-
T (°C) 750 qe (mg/g) 125
t(h) 15 Adsorbent dose 015 SEM: Small pores were observed in addition to a rigid frame on
Water caltrop Free of O, Yes (g/L) : the surface of the resulting carbon. SBET: 810.5 + 25.7 m?/g. Pore (1]
shell volume: 0.441 + 0.024 cm3/ g. Average pore diameter:
MB concentration 20 21.7 4 0.8 A. Real density: 1.787 g/cm3. Particle density:
Y. g Y
Modification No (ppm) 0.999 g/cm®. Porosity: 0.441.
pH 7
TCO 800 qe (mg/g) 996.37 FTIR: Peaks at 3411 cm~! for O-H group; 2933 cm~! for C-H bond;
t (h) _ Adsorbent d 1710 and 1587 cm ™! for C = O and C = C bonds; 1095 cm ™! for
sor exﬁt ose 1 C-OH bond. SEM: Random pore structures were evident on the
Soybean Free of O, Yes (g/L) surface after high-temperature activation with KHCOj3. SBET: [48]
dross MB concentration 1620 m2/ g. Elemental analysis by EDS: Detection of C, O, H, N,
o Activated with (ppm) 1000 and S atoms with a concentration of 66.28%, 28.11%, 1.67%,
Modification KHCO; PP 0.542%, and 0.383%, respectively. Pore volume: 0.7509 cm®/g.
H Average pore diameter: 1.859 nm. Yield: 15.61%.
p &e P
T(°C) 300 qe (mg/g) 16.41
t(h) 1 SEM: Increased pores were observed on the surface after biomass
Adsorbent dose 2 modification. FTIR: Peaks at 3410 cm ! for O-H group; 2925 and
Free of O Yes (g/L) 2842 cm™! for -CHj; and -CH, groups; 1680 and 1430 cm™! for
Corn stalk = vibration of the benzene ring'g1109pcm’] for C-O bond from 4]
Modificati ith MB concentration 45 phenols and oxyhydrogen §rloups; 873 cm~" due to weaker
Modification o 111?2?“ wid (ppm) aromatization. SBET: 2.56 m?/g. Pore volume: 0.00864 cm®/g
gl pH Average pore diameter: 13.5 nm.
T (°C) 300 qe (mg/g) 5.018
Mixture of t (h) 12 Adsorbent dose SEM: It was evaluated two samples of BC' from paper/cardboard
food, garden, F 0 (/1) 5 and food/garden, showing differences in the structure of the
paper, and ree of L Yes 8 surface, demonstrating the variability of the structure of carbons [56]
cardboard MB concentration from this type of waste. FTIR: Peaks at 1416, 873, and 712 cm ™!
waste o (ppm) 75 for CO; presence; peaks between 3500 and 3000 cm ™~ for OH
Modification No groups; and peaks between 1550 and 1350 cm ™~ for calcite.
pH 5
o 180 °Cin
TCO drying oven qe (mg/8) 15.77
t (h) 12h
Adsorbent dose 05
Sewa Free of O, No (hydro (8/L) '
8¢ thermal process) FTIR: Peaks at 3420 cm™! for OH group; 2920 and 2853 cm ™! for [57]
sludge Mixing and methylene; 1630 and 1030 cm ™~ for carbonyl; and 575 cm ™!
g . attributed to Fe-O.
carbonization with MB concentration
Fe-rich sludge (ppm) 10
Modification (by-product of PP
groundwater
purification). pH
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Table 5. Cont.

. . Characterizations
Biomass Synthesis Variables References
Methylene Blue (MB) Test Techniques

(O 250 qe (mg/g) 1245 PTIR: Peak at 3183 cm™! for OH group; 1586 cm~! for C = C bond
t(h 05 from the aromatic ring; 1215 cm~! for carboxyl group; peaks from

Sawdust ® Adsorbent dose 35 581 to 533 cm ™! for hydrocarbon groups of single, double, and

from Free of O, No (8/L) triple bonds. SEM/EDS: Porous surface was observed; however, Present
Aspidosperma Activation with ] the pores decreased in size with respect to the urea concentration. study

polyneuron H:PO, and MB concentration 60 Elemental analysis by EDS: Detection of C and O atoms with a

Modificati 3 A (ppm) concentration of 68.45% and 31.55%, respectively. Actual density:
odification  functionalization 0.783 ¢ /cm?. Porosity: 0.604. pHpze: 5.6
with urea (6M) pH 7 .783 g/cm?®. Porosity: 0.604. pHpzc: 5.

After studying the synthesis of biomaterials at temperatures between 180 and 400 °C, it
was observed that the BC-6M sample exhibited a lower methylene blue adsorption capacity
than 75% of the analyzed studies. However, it was found that the BC-6M sample has a
similar adsorption capacity compared to at least four other studies with g, values higher
than the BC-6M sample. On the other hand, waste mixtures [56] and spruce sawdust [55]
biomaterials showed even lower methylene blue adsorption capacity than the BC-6M
sample. However, in the case of waste mixtures, it was observed that the carbonization
temperature was 50 °C higher than that of the BC-6M sample, with a longer residence time
and an inert atmosphere. In the case of spruce sawdust biomaterial, it was observed that
the carbonization temperature was 150 °C higher than the BC-6M sample, with a higher
adsorbent dosage and an inert atmosphere. All these variables contribute to an increase in
the porosity of the biomaterials and, therefore, their methylene blue adsorption capacity.
However, due to the good physicochemical characteristics of the BC-6M sample, such as
sonication processes, activation with phosphoric acid, and functionalization with 6M urea,
it has a better g, value. In conclusion, the BC-6M biomaterial can be a practical option for
removing textile dye.

4. Conclusions

This study investigated the effectiveness of AAP-derived biomaterials for their ability
to remove textile dyes. The biomaterials were modified with phosphoric acid and function-
alized with urea at different concentrations; furthermore, their adsorption capacity was
evaluated using the methylene blue method. The best results were achieved at a synthesis
process temperature of 250 °C for 30 min. The physical characterization of sawdust before
biomaterial synthesis showed that over 48% of the AAP biomaterial fraction had a size of
less than 0.428 mm, which was beneficial for adsorption since the synthesized biomaterials
had small particle sizes and high surface area.

The BC-6M biomaterial stood out with a methylene blue adsorption index of 12.4 mg/g
due to its favorable physicochemical properties derived from sonication, activation with
phosphoric acid, and functionalization with 6M urea. SEM analysis revealed significant
improvements in the morphology of the urea-modified biomaterials, mainly due to the
application of ultrasound, which opened clogged pores and increased the porosity of
the materials. Phosphoric acid activation also affected macropore morphology, while the
amorphous surface structure of the adsorbents improved adsorption capacity by providing
a greater surface area and more active sites for adsorbate molecules.

These findings suggest that functionalized biomaterials are effective for contaminant
removal, with the BC-6M biomaterial showing promise as a candidate. Combining tech-
niques such as sonication and chemical activation can potentially improve the properties
of biomaterials for adsorption applications. These results contribute to a better under-
standing of the relationship between material morphology and performance in removing
contaminants and offer new perspectives for designing and developing effective and
sustainable biomaterials.
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Appendix A

Table A1l. Detailed calculation of the apparent density for the biomaterials.

Sample Weight (g) Volume (cm?) Apparent Density (g/cm?)
AAP 1.080 3 0.360
CCs 0.840 3 0.280

BC-1IM 0.930 3 0.310

BC-3M 0.908 3 0.303

BC-6M 0.930 3 0.310

Table A2. Detailed calculation of the porosity for the biomaterials.

Sample Sample Weight (g) Sample Weight + Water (g) Real Density (g/cm®) Porosity %

AAP 1.26 10.87 2.455 85.3
CCSs 0.55 8.8 0.296 0.5
BC-1M 0.49 9.1 0.327 5.1
BC-3M 0.38 9.26 0.308 1.8
BC-6M 0.75 9.91 0.783 60.4

Table A3. Calculation of surface-volume diameter, mass-mean diameter, and arithmetic mean diameter.

Passing Fraction Particle Number AQID,; N;*Dp; AG*Dypi
1 - - - -
0.939 0.002 0.041 0.004 0.091
0.618 0.101 0.428 0.075 0.241
0.482 0.229 0.317 0.098 0.058
0.282 1.158 0.705 0.328 0.057
0.174 2.409 0.598 0.436 0.020
0.080 5.952 0.739 0.762 0.012
Nt Y. AQ@/Dpi Y- Ni*Dpi Y. A*Dpi
9.851 2.827 1.703 0.479
Shape factor (a) 0.524
Particle density (Kg/cm?) 2455
S-V diameter (mm) 0.354
Arithmetic mean diameter (mm) 0.173

Mass median diameter (mm) 0.479
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