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Abstract: Organic pollutants, especially dyes, are seriously hazardous to the aquatic system and
humans due to their toxicity, and carcinogenic or mutagenic properties. In this study, a biochar
prepared from agricultural waste (pecan shells) via pyrolysis was applied to remove the dye pollutant
Congo Red from wastewater to avoid a negative effect to the ecosystem. This study also investigated
the effect of preparation conditions (temperature and heating rate) on the physicochemical properties
and the adsorption performance of biochars. The physicochemical properties of the biochar were
characterized using scanning electron microscopy, X-ray powder diffraction, Fourier transform
infrared spectroscopy, and X-ray photoelectron spectroscopy. The adsorption performance of the
biochar was evaluated for Congo Red removal. The results showed that biochar prepared at 800 ◦C
with a heating rate of 20 ◦C/min (PSC-800-20) exhibited a higher specific surface area of 450.23 m2/g
and a higher adsorption capacity for Congo Red (130.48 mg/g). Furthermore, adsorption experiments
indicated that the pseudo-second-order and Langmuir models fitted well with the adsorption kinetics
and isotherms of the biochar derived from pecan shells, respectively. Additionally, the PSC-800-20
biochar demonstrated a stable adsorption capacity over multiple cycles, suggesting its potential
for regeneration and reuse in wastewater treatment applications. Therefore, the biochar derived
from agricultural waste presents a promising and sustainable solution for the removal of toxic dye
pollutants from wastewater.

Keywords: pecan shell; pyrolysis; biochar; Congo Red; adsorption

1. Introduction

Organic dyes have been widely applied in the textile, paper, leather industries, and
other related industries [1]. However, the discharge of dye wastewater into the aqueous
ecosystem interrupts reoxygenation and inhibits the photosynthesis of aquatic organisms,
seriously affecting their normal life activities [2]. Furthermore, some dyes with high
toxicity and carcinogenic or mutagenic properties would be harmful to human’s health
and the ecological environment [3]. Among these dyes, Congo Red (CR), an anionic dye, is
physiologically toxic (such as in terms of cell damage, oxidative stress, and gene mutations)
for the environment and humans, which not only disrupts the normal functioning of aquatic
ecosystems but also inhibits the growth of algae and phytoplankton, thus reducing the
number of primary producers in the water, which in turn impacts the entire food chain [4–7].
Hence, dye wastewater should be treated before discharging. Several treatment techniques
have been developed for the removal of the dye from wastewater, such as biological
degradation, photochemical degradation, coagulation, flotation, and adsorption [8–10].
Among these approaches, adsorption is considered to be the quickest and most effective
way for dye wastewater treatment [11]. In recent years, various adsorbents (e.g., porous
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biochar, activated carbon, magnetic materials, and functional polymers) have been explored
to improve efficiency for the highly efficient removal of dyes from wastewater [12].

Biochars are produced from forestry wastes, agricultural wastes, and sludge, etc. at
certain temperatures and oxygen conditions [13]. Meanwhile, biochars possess a porous
structure and physicochemical properties, including a large specific surface area and aro-
maticity [14]. Biochars derived from various biomass wastes (such as poplar, rick husk,
rice, wheat straw) have been developed for wastewater treatment [15–18]. Li et al. reported
the use of biochars derived from bamboo sawdust for the removal of Congo Red (CR) from
aqueous solutions, with a maximum adsorption capacity of 33.7 mg g−1 [6]. In contrast,
Alberto A. et al. prepared a magnetic nanocomposite (MNC) of γ-Fe2O3 nanoparticles (NPs)
and polypyrrole (PPY) that was synthesized by the in situ chemical oxidative polymeriza-
tion of pyrrole in the presence of FeCl3 as an oxidizing agent to evaluate its adsorption
capacity of Congo Red (CR) in aqueous solutions. The maximum adsorption capacity (qe)
achieved was 269.5 mg g−1 at a pH of 7.0 and 60 min of interaction time [19]. Global walnut
production exceeds 3 million tons; pecan are an important agricultural product [20,21].
Unfortunately, a large number of pecan shells ensue, which are deemed to be an agricultural
waste, and if not be utilized, cause serious environmental pollution owing to their difficult
biodegradation [22]. Therefore, the resource utilization of pecan shells has become urgent.
The preparation of the biochar from pecan shells not only effectively solves the issue of
wasted resources, but biochars also serve as an eco-friendly and economical adsorbent
for wastewater treatment. The biochar derived from pecan shells has been reported as an
absorbent for the removal of hexavalent chromium from aqueous solutions, which exhibit
an Cr (VI) adsorption capacity of 35.4 mg g−1 [23]. Furthermore, Komnitsas et al. prepared
biochars derived from pecan shells over a temperature range of 250–550 ◦C, then evalu-
ated their adsorption performance via the removal of Pd and Cu from the solutions [24].
The result indicated that temperature is a crucial factor for physicochemical properties
and the adsorption capacity of biochars. In addition, many studies have suggested that
pyrolysis temperature and heating rate presented significant effects on the structure of
biochars, which would further affect the performance of biochars [25–28]. However, most
of these studies have indicated that the adsorption performance was affected by the specific
surface area and pore structure, while the influence of physical and chemical properties on
adsorption performance should be further explored.

In this study, the biochar was fabricated from pecan shells at different temperatures
and heating rates and then applied as the adsorbent for the removal of CR dye from
wastewater. The physicochemical properties of biochars were investigated via various
characterization techniques. Meanwhile, the adsorption process of CR was evaluated via
the adsorption kinetics and adsorption isotherms. Based on the results of the characteri-
zation and experiments, the relationship between the physicochemical properties and the
adsorption performance of biochar was investigated. The result in this study will show
the effects of temperature and heating rate on the structure and adsorption performance
of biochars, which could be the reference for the controlled preparation of biochar and
improve the adsorption capacity of organic dyes in wastewater.

2. Results and Discussion
2.1. The Characterization of Biochar Derived from Pecan Shells

The morphology and element content of PSs and the biochars derived from PSs
were examined by SEM, as shown in Figure 1 and Table S1. The PS feedstock presented
a dense surface morphology surface, while loose morphology was obtained after the
carbonization process. Furthermore, the SEM images of the biochars prepared at different
temperatures are shown in Figure 1B–E,G,I. The surface morphology of the biochars
gradually became looser as the carbonization temperature increased, which could be
attributed to the degradation of the unstable components and the generation of a gaseous
product at the high pyrolysis temperature, thereby leading to the formation of much more
pores [29]. However, the PSC-900 displayed denser morphology than PSC-800, which
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might have been caused by the shrinkage and aggregation of the biochar at the high
temperature. This phenomenon suggested that the morphology of the biochar was affected
by the carbonization temperature. In addition, the influence of the heating rate on the
surface morphology of the biochar was analyzed. Figure 1F–H shows the morphology
of the biochar prepared with different heating rates (5 ◦C/min, 10 ◦C/min, 20 ◦C/min).
More debris was observed in the biochar prepared at 20 ◦C/min, which may be due to the
fast release of volatiles during the carbonization process. The analysis on the morphology
of the biochar indicated that the physical characteristics could be tuned by controlling
the parameters of the carbonization process. Meanwhile, the element composition of the
PSC-800-10 biochar was determined by SEM-EDS (Figure S1), which showed that the
biochar mainly consisted of carbon and oxygen, and as we know, hydrogen is also one of
the components of biochars.
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Figure 1. SEM images of biochar derived from pecan shell. (A–I) PS, PSC-400, PSC-500, PSC-600,
PSC-700, PSC-800-5, PSC-800-10, PSC-800-20, PSC-900, respectively.

The XRD spectra of the pecan shell and the as-obtained biochar are presented in
Figure 2. The typical diffraction peaks of cellulose appeared (at 15.5◦, 22.4◦, and 34.4◦)
in the XRD spectra of the pecan shell, while the diffraction peaks of these could not be
observed in the biochar sample, which indicated that the components of the pecan shell
were converted into carbon during the calcination process (Figure 2A). Notably, the XRD
spectra of the biochar presented two similar diffraction peaks, where the former broad peak
at 23◦ was assigned to the (002) plane of the amorphous carbon and the latter peak at 43.3◦

was indexed to the (100) plane of the crystalline carbon [30]. Furthermore, the intensity
of the diffraction peaks at 43.3◦ increased as the temperature increased, which showed
that the high calcination temperature would be beneficial for the formation of a graphitic
structure [31,32]. This result indicated that the crystalline structure of the biochar could
be regulated by a change in temperature. In addition, the influence of the heating rate on
the biochar structure was explored when the carbonization temperature was at 800 ◦C, as
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shown in Figure 2B. The border and lower diffraction peaks at 23◦ and 43.3◦ could be found
in the XRD pattern of the biochar prepared at a higher heating rate, which indicated that
the amorphous carbon could be easily formed at the high heating rate. This result could
be attributed to the temperature-sensitive components (hemicellulose and cellulose) being
converted into more gaseous products, which would not be conducive to the formation
of the crystalline structures of biochars. In addition, a tiny diffraction peak at 29.1◦ could
be found at the biochars prepared at a low temperature and heating rate (PSC-500, PSC-
600 and PSC-800-5), which was attributed to the salt of the alkaline earth metals [33].
Meanwhile, the peak disappeared at a high temperature and heating rate, indicating that
the high temperature and heating rate were favorable for the release of metals, which could
further optimize the pore structure of the biochar. Overall, the calcination temperature
and heating rate were important influencing factors on the structure of the biochar derived
from the pecan shell.
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The textural characterization of the biochar derived from the pecan shell was deter-
mined via N2 adsorption–desorption analysis, as shown in Figure S2 and Table 1. According
to the IUPAC classification, Figure S2A,B shows that all the biochars displayed type-II
curves, which suggests that the structure of biochars is microporous [34]. Also, the pore
size distribution curves of the biochars are shown in Figure S2C,D. It can be observed that
the PSC-800-20 exhibited a micro-mesoporous structure, while the other biochar exhibited
a microporous structure. The micro-mesoporous structure of the PSC-800-20 would be
beneficial for mass transfer during the adsorption process of dyes [35]. Additionally, Table 1
presents detailed information about the specific surface area and pore structure of biochars.

Table 1. BET surface area and pore properties of the biochar.

Samples SBET
(m2 g−1)

Vtotal
(cm3 g−1)

Vmicro
(cm3 g−1)

Vmeso
(cm3 g−1)

PSC-400 3 0.005 0 0.004
PSC-500 11 0.009 0.004 0.005
PSC-600 368 0.144 0.135 0.009
PSC-700 398 0.145 0.142 0.004

PSC-800-5 93 0.043 0.030 0.012
PSC-800-10 436 0.158 0.147 0.011
PSC-800-20 450 0.173 0.139 0.034

PSC-900 96 0.406 0.034 0.371

The textual properties of the biochars were summarized in Table 1. The pecan shell
was pyrolyzed at 800 ◦C with 10 ◦C/min; the specific surface area of the biochar reached
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the maximum value (436.4 m2 g−1). When the temperature further increased to 900 ◦C,
the specific surface area of the biochar decreased, which may be due to the collapse of the
tiny pores. It can be observed that the specific surface area and pore volume of the biochar
increased as the temperature increased when the heating rate remained at 10 ◦C/min,
which suggests that the pyrolysis temperature was an important impact on the biochar
structure. Then, the pyrolysis temperature remained at 800 ◦C so that we could explore
the influence of the heating rate on the biochar structure. The biochar prepared with a
high heating rate exhibited a higher specific surface area and pore volume. In addition, the
Figure S2D showed some pore sizes at 2–4 nm in the PSC-800-20, which indicated that the
PSC-800-20 possessed some mesopores in the pore structure. Overall, the temperature and
heating rate affected the specific surface area and porous structure of the biochar.

To explore the evolution of the functional groups on the PS and the biochar derived
from the PS, FT-IR spectra were carried out and is displayed in Figure 3A,C. The wide
characteristic peak at 3340 cm−1 was indexed to the stretching vibration of -OH. The peaks
at 2926 cm−1 and 2946.12 cm−1 were attributed to the stretching vibrations of the sp2

C-H and sp3 C-H bonds, respectively. The three peaks at 1026 cm−1, 1236 cm−1, and
1602 cm−1 in the spectra of the PS, corresponded to the C-O-C stretching vibrational peaks
present in the glycosidic, phenol, ether, and esters groups, the C-O stretching peak from
the phenol, and the C=C stretching peak from the aromatic skeleton present in the lignin,
respectively [36]. Notably, these peaks weakened in the biochar, which could be due to
the degradation of the unstable components (such as hemicellulose, cellulose, and lignin)
in the pecan shell during the carbonization process, thereby forming the new functional
groups [37]. In addition, the intensity of the characteristic peaks was different, which
indicated that the chemical properties of the functional groups on the surface biochar
would be affected by the carbonization temperature [38]. The FT-IR spectra of the biochar
prepared at 800 ◦C with different heating rates is shown in Figure 3C. It can be observed
that the intensity of the peaks at 1026, 1602, 2260, and 3445 cm−1 weakened as the heating
rate increased, which suggests that the functional groups would be affected by the heating
rate. This result might have been caused by the degradation path and the rate of the
components at the different heating rates.

The Raman spectra of the biochar prepared at different conditions are shown in
Figure 3B,D. All the samples exhibited the two characteristic peaks at 1340 cm−1 and
1580 cm−1, originating from the disorder-induced D-band and the graphitic G-band, re-
spectively, confirming the formation of the carbon structure from the pecan shell after the
carbonization process. In detail, the former peak was attributed to the disorder structure or
defects in the crystal lattice of the biochar, representing amorphous carbon, while the latter
peak was related to the in-plane tangential stretching of the ordered sp2-bonded carbon,
representing the graphite crystalline structure [39]. Furthermore, the graphitic degree of the
biochar was identified by the value of ID/IG. This result displayed that the value of ID/IG
increased with the temperature increasing, which suggested that more defects formed in
the biochar. This result would be owing to the formation of defects in the biochar structure
caused by the release of CO2, CO, H2, and CH4 derived from the decomposition of the
cellulose, hemicellulose, and side chain groups of the lignin [40]. In addition, Figure 3D
displayed the increase in the value of ID/IG as the heating rate increased, manifesting more
defects formed at the high heating rate, which would be due to the faster generation of gas
at the carbonization process. Briefly, the degradation pathway and rate of hemicellulose,
cellulose, and lignin in the pecan shell during the pyrolysis process would be affected by
the pyrolysis conditions, which could change the physio-chemical properties on the surface
of the biochar, further causing a different adsorption performance of the biochar prepared
at different conditions.
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The element composition and functional groups on the surface of the biochar are
important for the adsorption of pollutants. Herein, an XPS analysis was performed to
identify the surface chemical properties of the biochar prepared at the different conditions,
as presented in Figure 4 and Figure S3. The survey spectra of biochar are shown in Figure
S3A, which displays that the biochar was mainly composed of carbon and oxygen. Also,
Figure S3B shows that the content of carbon in the biochar was more than 85%, while, with
the increase in the carbonization temperature, the content of the carbon increased, which
could be due to the degradation of the oxygen-contained groups at the high temperature.
Meanwhile, when the heating rate increased from 5 ◦C/min to 20 ◦C/min, the content of
the carbon increased from 86.8% to 91.4%. This result indicates that the high heating rate
was beneficial to enhancing the carbon content in the biochar, owing to the greater release
of CO and CO2, which would optimize the pore structure [41].

The high-resolution C 1s spectra is shown in Figure 4A,C. The C 1s spectra could be
deconvoluted into three peaks, which displayed a typical sp2 (C-C) at 283.5 eV along with
a sp3 (C-C)/C=C at 284.8 eV [42]. In addition, a small peak at 288.0 eV corresponded to
the O-C=O [33]. As we know, the sp2-hybridized carbon components were responsible for
the impressive catalytic performances, due to the excellent electrophilicity of the active
sites, which would be beneficial for adsorbing the pollutant [43]. In addition, the O-C=O
groups could also adsorb the pollutant via electrostatic interaction [44]. Furthermore,
the binding energy of the sp2-hybrizied C-C gradually decreased with the carbonization
temperature, indicating the enhancement of the electron density, which may be attributed
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to the formation of defects in the biochar at the high temperature owing to the release of
gaseous products (i.e., CO, CO2, H2 and CH4) [45]. Figure 4C shows the C 1s spectra of the
biochar prepared with different heating rates, which shows that the surface properties of
the biochar were not affected by the heating rate.
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The oxygen-contained groups were important adsorption sites for the removal of
pollutants [46]. Herein, the O 1s spectra were analyzed, as shown in Figure 4B,D. The O 1s
peaks of all the samples were fitted to two parts: corresponding to O-C=O (531.0 eV) and
corresponding to C-OH (532.4 eV) [47]. Figure 4B shows that the binding energy of O-C=O
increased with the carbonization temperature, indicating that the electron transferred from
the oxygen atoms to the carbon atoms, which could improve the electron deficiency of the
oxygen-contained groups. This result may further the idea that the adsorption performance
of biochar can be affected by the chemical state of oxygen-containing groups, thereby
affecting the adsorption performance of the biochar. Moreover, for the biochar prepared
at 800 ◦C with a heating rate of 20 ◦C/min, the binding energy of O-C=O shifted to a
lower field, which may have affected the adsorption capacity of the biochar. Overall, the
results of the XPS analysis verified that the carbonization temperature was an important
influencing factor on the structure and surface chemical properties of the biochar, and that
the heating rate during the carbonization process also could affect the electron distribution
of functional groups.

2.2. The Adsorption of Congo Red (CR) with the Biochar Derived from Pecan Shells
2.2.1. Initial Biochar Adsorbent Screening

The adsorption performance of the biochar was investigated, as displayed in Figure 5.
A pecan shell (PS) was applied to remove the CR dyes, which provided an adsorption
capacity of 15.6 mg g−1. Then, the PS was carbonized to the biochar for the adsorption of CR.
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Figure 5 displays that the biochar exhibited more excellent adsorption performance than the
PS precursor; specifically, the PSC-400 provided about two times greater adsorption capacity
(30.7 mg g−1) in comparison to the PS. This result suggests that the adsorption performance
enhanced after the carbonization treatment of the pecan shell. The experimental results
showed that biochars prepared at a high temperature can perform higher adsorption
capacity, which may be related to the specific surface area and functional groups on the
surface of biochars. Notably, the PSC-800-20 exhibited the highest adsorption capacity,
compared to other biochar. Therefore, the biochar PSC-800 was selected to investigate their
adsorption behaviors during the adsorption process of CR.
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2.2.2. Adsorption Kinetics and Isotherms Studies of Congo Red

The adsorption kinetic curves and isothermal curves of PSC-800-5, PSC-800-10, and
PSC-800-20 are exhibited in Figure 6. Figure 6A shows that the rapid adsorption stage of
CR on the biochar occurred during the first 15 min, and then the adsorption rate gradu-
ally increased along with the adsorption time. When the adsorption time prolonged to
45 min, the adsorption capacity of the biochar reached 99.50 mg g−1, 116.37 mg g−1, and
130.48 mg g−1, corresponding to PSC-800-5, PSC-800-10, and PSC-800-20, respectively. This
experimental result indicated that the biochar derived from the pecan shell was an efficient
adsorbent for CR removal from dye wastewater. Also, the adsorption capacity of the
biochar contributed to the specific surface area and adsorption sites, which could be tuned
by the preparation condition (i.e., temperature and heating rate). Two kinds of adsorption
kinetic models were applied to fit the CR adsorption process. The relative parameters are
presented in Table 2. The results showed that the R2 of the pseudo-second-order model
was higher than the R2 of the pseudo-first-order model. Hence, the pseudo-second-order
model denoted a better fit to describe the adsorption behavior towards CR by the biochar,
which revealed that the adsorption process was mainly dominated by chemisorption [48].

Table 2. Adsorption kinetic parameters for CR on different biochar.

Samples
Pseudo-First-Order Model Pseudo-Second-Order Model

K1 (min−1) R2 K2 (min−1) R2

PSC-800-5 0.098 0.936 0.002 0.986
PSC-800-10 0.118 0.963 0.002 0.991
PSC-800-20 0.126 0.960 0.002 0.992
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The three models (Langmuir, Freundlich, and Sip) were used to describe the adsorption
behaviors of the PSC-800 biochar during the adsorption process (Figure 6B), where the Lang-
muir adsorption isotherm model assumed that the adsorption occurred on uniform adsorption
sites and the Freundlich model assumed the adsorption occurred on the heterogeneous surface
and unequal binding sits [49]. The experimental results showed that the adsorption capacity of
all three biochars gradually increased with the increase in the initial CR concentration. As the
reaction proceeded, more CR molecules were adsorbed on the biochar and the adsorption sites
of the biochar continued to decrease, causing the adsorption capacity to reach a saturation state.
In addition, Table 3 presented the relevant parameters calculated by the above-mentioned
isotherm models. The R2 value (0.988–0.993) of the Langmuir model of the three catalysts
were slightly above that of the Freundlich model, but both fit the experimental result well,
indicating that the adsorption of the CR mainly occurred on the heterogeneous surface of the
biochar [50]. Therefore, the Sip model was used to further explore the adsorption process, and
it exhibited the best fitting trend (highest R2 value) for the three biochars compared to the
Langmuir and Freundlich models. The γ values were close to 1 and determined whether the
Sip model amounted to the Langmuir or the Freundlich model. The γ values of PSC-800-5,
PSC-800-10, and PSC-800-20 were 0.505, 0.802, and 0.537, respectively, indicating that the
surface of the PSC-800 biochar was mainly heterogeneous with varying distributions of active
sites, but also including some homogeneous areas.

Table 3. Parameters derived from isotherms of CR on different biochar.

Samples

Langmuir Isotherm Model Freundlich Isotherm Model Sip Model

qmax
(mg g−1)

KL
(min−1) RL R2 KF (L mg−1) 1/n R2 qmax

(mg/g)
k

(mg/(g·min)) γ R2

PSC-800-5 99.50 0.011 0.377 0.988 69.09 0.104 0.967 115.66 0.129 0.505 0.991
PSC-800-10 116.37 0.130 0.048 0.993 54.78 0.130 0.957 119.82 0.092 0.802 0.993
PSC-800-20 130.48 0.378 0.017 0.993 52.93 0.114 0.985 132.48 0.200 0.537 0.994

2.2.3. Effect of the Solution pH

The dye solution pH is an important effect factor during the adsorption process be-
cause it can affect the ionization of the adsorbate molecules and surface chemical properties
of the adsorbent. Figure 7 illustrates the adsorption of CR on the PSC-800-20 biochar at
different pH conditions. There was a sharp increase in the amount of adsorbed CR during
the initial 30 min, after which it began to approach equilibrium. It can also be observed
that stronger acidity resulted in a longer time to reach equilibrium. Notably, the biochar
provided a higher maximum adsorption capacity when the value of the dye solution was 2,
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which indicated the more excellent adsorption performance of biochar at the dye solution
with a lower pH value. The CR molecules could be protonated in acidic condition, which
could weaken the repulsion between the CR molecules and the oxygen-containing func-
tional groups on the carbon surface. Therefore, the biochar performed a higher adsorption
capacity of CR at a lower pH solution.
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2.2.4. Reusability and Regeneration of Biochar Derived from Pecan Shell

The reusability of the biochar is an important factor, determining the economy during
the application of adsorbing organic pollutant. Thus, the PSC-800-20 was evaluated by
performing consecutive runs using the recovered biochar. Specifically, the PSC-800-20 biochar
was separated via centrifugation after the adsorption of the CR dye, then directly subjected to
the next run. Figure 8 shows that the adsorption capacity of the biochar gradually decreased
as the experiment continued, which may be due to the surface adsorption sites occupied by
the CR molecules. Then, the recovered PSC-800-20 biochar was regenerated at 500 ◦C under a
N2 atmosphere. The regenerated PSC-800-20 provided 87.2 mg g−1 of CR adsorption capacity.
The slight decrease in the adsorption capacity may have been indexed to the residual CR
molecules blocking the pore or the collapse of the pore part during the regeneration process.
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2.2.5. Possible Adsorption Mechanisms of CR on PSC-800-20 Biochar

Based on the previous results of the characterizations and experiments, a possible
adsorption mechanism was proposed, as shown in Figure 9. A combination of the analysis
of the pore structure and the adsorption performance of the biochar with the higher specific
surface area could provide more excellent adsorption performance. This indicated that the
pore structure of the biochar performed an important role during the adsorption process.
In addition, the XPS analysis of the recovered PSC-800-20 biochar was explored. The results
showed that the binding energy of C 1s at 284.8 eV shifted significantly, which may have
been caused by the disturbance of the benzene ring structure in the adsorbed CR molecules
(Figure 9A). Meanwhile, the binding energy of the O 1s had apparently changed. The
binding energy at 532.4 eV (C-OH group) shifted to a low field (0.2 eV), indicating the
increase in the electron density around the oxygen atom in the C-OH group (Figure 9B).
Hence, a possible adsorption mechanism was proposed, as shown in Figure 9C. The CR
molecules would fill the pores of the biochar because of the porous structure of the biochar.
In addition, the abundant hydroxyl on the surface of the biochar could interact with the CR
molecules via the hydrogen bonding and electrostatic interaction. Meanwhile, the benzene
ring could interact with the biochar structure via π-π stacking.
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3. Experimental Section
3.1. Preparation of the Biochar Derived from the Pecan Shell

The pecan shell (PS) was obtained from Linan, Hangzhou, China. Before the prepara-
tion process, the sample was milled into 120 meshes by a grinder (ML-1000, Wuyi Haina
Instrument Technology Co., Ltd., Wuyi, China) and washed five times with deionized
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water to remove the impurities on the surface of the PS, then the PS powder was dried at
105 ◦C overnight.

The biochar derived from the PS was prepared at the temperature range of 400 to
900 ◦C. In brief, the pecan shell powder (10 g) also was added into a crucible and then put
in a tube furnace under the N2 atmosphere (100 mL/min), heated to 800 ◦C at 10 ◦C/min,
and kept for another 2 h. In addition, the biochar was also prepared at 800 ◦C with different
heating rates (5 ◦C/min, 10 ◦C/min and 20 ◦C/min). Finally, the biochar was collected
after the following steps, and named as PSC-X-Y, where X was the temperature and Y was
the heating rate.

This study investigated the effects of pyrolysis temperature, heating rate, pH, reusabil-
ity, and regeneration. The adsorption test was performed in a conical flask with 100 mL of
Congo Red (CR) and 50 mg biochar at a 150 mg/L concentration. The samples were placed
in an incubator at 25 ◦C, 150 rpm for 3h for adsorption. After that, the water sample was
filtered with 0.45 µm filter membranes. The antibiotic content was measured via ultraviolet
spectrophotometry (TU-1901, Beijing Purkinje General Instrument Co., Ltd., Beijing, China)
with Congo Red (CR) of 488 nm, and the biochar adsorption capacity was calculated. Each
set of trials was repeated three times to ensure accuracy, and the recovered biochar after
five runs had been regenerated in a tube furnace at 500 ◦C under a N2 atmosphere for
30 min, and then the powder was collected when the temperature cooled down to room
temperature.

The adsorption kinetics of Congo Red were carried out using PSC-800-5, PSC-800-10,
and PSC-800-20. The adsorption conditions were consistent with the above adsorption
test conditions. The treated liquid was collected at 5, 10, 15, 20, 25, 30, 45, 60, 90, 120, 150,
and 180 min during adsorption. The Congo Red content in the solution was measured
using ultraviolet spectrophotometry. Each experimental group consisted of three replicates.
The experimental data were matched by the pseudo-first-order and pseudo-second-order
models. In addition, the CR adsorption behavior of the biochar was analyzed and explained.
In the adsorption isotherm fitting test, the initial CR solution concentrations were 120, 150,
180, 210, 240, 270, and 300 mg/L, with an adsorption time of 3 h. The Langmuir and
Freundlich models fit the adsorption isotherms to the experimental data. In addition, the
reusability of the biochar was evaluated for 5 consecutive runs. The used biochar was
collected via filtration, then directly used for the next run.

3.2. Characterization of the Biochar Derived from the Pecan Shell

The microstructure of the biochar was characterized by the scanning electron micro-
scope (SEM, SU-8010, Hitachi, Tokyo, Japan). The crystalline structure of the biochar was
analyzed on an X-ray diffractometer (XRD 6000, Shimadzu, Tokyo, Japan) with Cu Kα

radiation. The Brunner–Emmett–Teller (BET) surface area and porosity of the biochar were
recorded on an Automatic Surface Area and Pore Analyzer (ASAP2460, Micromeritics,
Norcross, GA, USA). The Fourier transform infrared (FT-IR) biochar was analyzed by a
BRUKER VERTEX 80 V spectrometer (BRUKER, Bremen, Germany). The Raman spectra
of the biochar were recorded on a Renishaw InVia micro-Raman spectrometer with laser
excitation at 633 nm. X-ray photoelectron spectrometry (XPS, Thermo Fisher Scientific,
Waltham, MA, USA) was applied to analyze the surface chemical states of the biochar.

SBET, Vmicro, and Vmeso represented the specific surface area, the micropore volume,
and the mesopore volume, which were determined by the Brunner–Emmett–Teller (BET)
method, the t-plot method, and the Barrett–Joyner–Halenda (BJH) method, respectively.

4. Conclusions

In summary, a low-cost and environmentally friendly biochar was prepared from the
agricultural waste of a pecan shell and applied to remove the CR dye from wastewater.
The results of the characterization proved that the preparation conditions (temperature
and heating rate) could significantly affect the structure and surface properties of biochars,
which further affected the adsorption performance. The biochar prepared at a relatively
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higher temperature (800 ◦C) and heating rate (20 ◦C/min) presented a higher specific
surface area and adsorption capacity of CR, which would be attributed to the excellent
pore structure and oxygen-containing groups on the surface of biochars. Furthermore, the
adsorption process was investigated, and the results showed that the pseudo-second-order
kinetic model and the Langmuir model exhibited better fits for describing the adsorption
process of the biochar derived from the pecan shell. This study provides a novel strategy for
utilizing agricultural waste resources in the purification of dye wastewater. Nevertheless,
some approaches should be further developed for improving their specific surface area
and tuning the functional groups on the surface of biochars to enhance the adsorption
performance of the biochars derived from agricultural waste. In addition, the applicability
of dye mixtures in actual wastewater treatment should be further explored.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules29235532/s1. Figure S1: The EDS analysis of the
PSC-800-10 biochar. Figure S2: The N2 adsorption–desorption isotherms (A,B), and the pore size
distribution curves (C,D) of the biochar prepared at a different temperature and heating rate. Figure
S3: X-ray photoelectron spectroscopy analysis of the obtained samples. (A) Survey spectra of the
biochar prepared at different conditions. (B) The carbon content of the obtained biochars from XPS
analysis. Table S1: the contents of carbon and nitrogen element of biochar.

Author Contributions: Conceptualization, B.C., Y.Z. (Yongjian Zhang) and H.P.; Software, X.Z. and
Y.Z. (Yating Zhang); Investigation, W.X.; Writing—original draft, W.X.; Writing—review & editing,
B.C., Y.Z. (Yongjian Zhang) and H.P.; Visualization, X.Z. and Y.Z. (Yating Zhang); Supervision, B.C.,
Y.Z. (Yongjian Zhang) and H.P. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was financially supported by the Scientific Research and Developed Fund of
Zhejiang A&F University (2022LFR073).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

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

References
1. Goswami, K.; Ulaganambi, M.; Sukumaran, L.K.; Tetala, K.K.R. Synthesis and application of iron based metal organic framework

for efficient adsorption of azo dyes from textile industry samples. Adv. Sample Prep. 2023, 7, 100080. [CrossRef]
2. Oveisi, M.; Asli, M.A.; Mahmoodi, N.M. MIL-Ti metal-organic frameworks (MOFs) nanomaterials as superior adsorbents:

Synthesis and ultrasound-aided dye adsorption from multicomponent wastewater systems. J. Hazard. Mater. 2018, 347, 123–140.
[CrossRef] [PubMed]

3. Cai, B.; Feng, J.F.; Peng, Q.Y.; Zhao, H.F.; Miao, Y.C.; Pan, H. Super-fast degradation of high concentration methyl orange over
bifunctional catalyst Fe/Fe3C@C with microwave irradiation. J. Hazard. Mater. 2020, 392, 122279. [CrossRef] [PubMed]

4. He, L.; Chen, Y.; Li, Y.; Sun, F.; Zhao, Y.; Yang, S. Adsorption of Congo red and tetracycline onto water treatment sludge biochar:
Characterisation, kinetic, equilibrium and thermodynamic study. Water Sci. Technol. 2022, 85, 1936–1951. [CrossRef]

5. Oladoye, P.O.; Bamigboye, M.O.; Ogunbiyi, O.D.; Akano, M.T. Toxicity and decontamination strategies of Congo red dye.
Groundw. Sustain. Dev. 2022, 19, 100844. [CrossRef]

6. Li, Y.; Meas, A.; Shan, S.; Yang, R.; Gai, X. Production and optimization of bamboo hydrochars for adsorption of Congo red and
2-naphthol. Bioresour. Technol. 2016, 207, 379–386. [CrossRef]

7. Al-Tohamy, R.; Ali, S.S.; Li, F.; Okasha, K.M.; Mahmoud, Y.A.-G.; Elsamahy, T.; Jiao, H.; Fu, Y.; Sun, J. A critical review on
the treatment of dye-containing wastewater: Ecotoxicological and health concerns of textile dyes and possible remediation
approaches for environmental safety. Ecotoxicol. Environ. Saf. 2022, 231, 113160. [CrossRef]

8. Gai, X.; Wang, H.; Liu, J.; Zhai, L.; Liu, S.; Ren, T.; Liu, H. Effects of feedstock and pyrolysis temperature on biochar adsorption of
ammonium and nitrate. PLoS ONE 2014, 9, e113888. [CrossRef]

9. Bhargava, N.; Bahadur, N.; Kansal, A. Techno-economic assessment of integrated photochemical AOPs for sustainable treatment
of textile and dyeing wastewater. J. Water Process. Eng. 2023, 56, 104302. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules29235532/s1
https://www.mdpi.com/article/10.3390/molecules29235532/s1
https://doi.org/10.1016/j.sampre.2023.100080
https://doi.org/10.1016/j.jhazmat.2017.12.057
https://www.ncbi.nlm.nih.gov/pubmed/29304451
https://doi.org/10.1016/j.jhazmat.2020.122279
https://www.ncbi.nlm.nih.gov/pubmed/32087399
https://doi.org/10.2166/wst.2022.085
https://doi.org/10.1016/j.gsd.2022.100844
https://doi.org/10.1016/j.biortech.2016.02.012
https://doi.org/10.1016/j.ecoenv.2021.113160
https://doi.org/10.1371/journal.pone.0113888
https://doi.org/10.1016/j.jwpe.2023.104302


Molecules 2024, 29, 5532 14 of 15

10. Liaquat, I.; Munir, R.; Abbasi, N.A.; Sadia, B.; Muneer, A.; Younas, F.; Sardar, M.F.; Zahid, M.; Noreen, S. Exploring zeolite-based
composites in adsorption and photocatalysis for toxic wastewater treatment: Preparation, mechanisms, and future perspectives.
Environ. Pollut. 2024, 349, 123922. [CrossRef]

11. Wang, B.; Zhai, Y.; Wang, T.; Li, S.; Peng, C.; Wang, Z.; Li, C.; Xu, B. Fabrication of bean dreg-derived carbon with high adsorption
for methylene blue: Effect of hydrothermal pretreatment and pyrolysis process. Bioresour. Technol. 2019, 274, 525–532. [CrossRef]
[PubMed]

12. Moradi, O.; Sharma, G. Emerging novel polymeric adsorbents for removing dyes from wastewater: A comprehensive review and
comparison with other adsorbents. Environ. Res. 2021, 201, 111534. [CrossRef]

13. Yu, S.; Zhang, W.; Dong, X.; Wang, F.; Yang, W.; Liu, C.; Chen, D. A review on recent advances of biochar from agricultural and
forestry wastes: Preparation, modification and applications in wastewater treatment. J. Environ. Chem. Eng. 2024, 12, 111638.
[CrossRef]

14. Ihsanullah, I.; Khan, M.T.; Zubair, M.; Bilal, M.; Sajid, M. Removal of pharmaceuticals from water using sewage sludge-derived
biochar: A review. Chemosphere. 2022, 289, 133196. [CrossRef] [PubMed]

15. Chen, S.; Qin, C.; Wang, T.; Chen, F.; Li, X.; Hou, H.; Zhou, M. Study on the adsorption of dyestuffs with different properties by
sludge-rice husk biochar: Adsorption capacity, isotherm, kinetic, thermodynamics and mechanism. J. Mol. Liq. 2019, 285, 62–74.
[CrossRef]

16. Illankoon, W.A.M.A.N.; Milanese, C.; Girella, A.; Rathnasiri, P.G.; Sudesh, K.H.M.; Llamas, M.M.; Collivignarelli, M.C.; Sorlini,
S. Agricultural Biomass-Based Power Generation Potential in Sri Lanka: A Techno-Economic Analysis. Energies 2022, 15, 8984.
[CrossRef]

17. Illankoon, W.A.M.A.N.; Milanese, C.; Karunarathna, A.K.; Alahakoon, A.M.Y.W.; Rathnasiri, P.G.; Medina-Llamas, M.; Collivi-
gnarelli, M.C.; Sorlini, S. Development of a Dual-Chamber Pyrolizer for Biochar Production from Agricultural Waste in Sri Lanka.
Energies 2023, 16, 1819. [CrossRef]

18. Sakhiya, A.K.; Kaushal, P.; Vijay, V.K. Process optimization of rice straw-derived activated biochar and biosorption of heavy
metals from drinking water in rural areas. Appl. Surf. Sci. Adv. 2023, 18, 100481. [CrossRef]

19. Ramírez-Ortega, A.A.; Medina-Llamas, M.; da Silva, R.J.; García-Elías, J.; de Lira-Gómez, P.; Medina-Llamas, J.C.; Chávez-
Guajardo, A.E. Synthesis of a maghemite-polypyrrole nanocomposite for the removal of congo red dye from aqueous solutions.
Environ. Nanotechnol. Monit. Manag. 2021, 16, 100597. [CrossRef]

20. Fronza, D.; Hamann, J.J.; Both, V.; Anese, R.d.O.; Meyer, E.A. Pecan cultivation: General aspects. Ciênc. Rural. 2018, 48, 1–9.
[CrossRef]

21. Aldana, H.; Lozano, F.J.; Acevedo, J.; Mendoza, A. Thermogravimetric characterization and gasification of pecan nut shells.
Bioresour. Technol. 2015, 198, 634–641. [CrossRef] [PubMed]

22. Leichtweis, J.; Silvestri, S.; Carissimi, E. New composite of pecan nutshells biochar-ZnO for sequential removal of acid red 97 by
adsorption and photocatalysis. Biomass Bioenergy 2020, 140, 105648. [CrossRef]

23. Ferreira, A.B.; Baierle, A.L.; Zazycki, M.A.; Perondi, D.; Godinho, M.; Foletto, E.; Dotto, G.; Collazzo, G.C. Biochar Pecan Nutshell
Via Pyrolysis for Use As an Adsorbent: An Applied Study for the Removal of Hexavalent Chromium. Lat. Am. Appl. Res. 2020,
50, 203–208. [CrossRef]

24. Komnitsas, K.; Zaharaki, D.; Bartzas, G.; Kaliakatsou, G.; Kritikaki, A. Efficiency of pecan shells and sawdust biochar on Pb and
Cu adsorption. Desalin Water Treat. 2016, 57, 3237–3246. [CrossRef]

25. Ding, Z.; Wan, Y.; Hu, X.; Wang, S.; Zimmerman, A.R.; Gao, B. Sorption of lead and methylene blue onto hickory biochars from
different pyrolysis temperatures: Importance of physicochemical properties. J. Ind. Eng. Chem. 2016, 37, 261–267. [CrossRef]

26. Zhang, X.; Fu, W.; Yin, Y.; Chen, Z.; Qiu, R.; Simonnot, M.-O.; Wang, X. Adsorption-reduction removal of Cr(VI) by tobacco
petiole pyrolytic biochar: Batch experiment, kinetic and mechanism studies. Bioresour. Technol. 2018, 268, 149–157. [CrossRef]

27. Cobbina, S.J.; Duwiejuah, A.B.; Quainoo, A.K. Single and simultaneous adsorption of heavy metals onto groundnut shell biochar
produced under fast and slow pyrolysis. Int. J. Environ. Sci. Technol. 2019, 16, 3081–3090. [CrossRef]

28. Shagali, A.A.; Hu, S.; Wang, Y.; Li, H.; Wang, Y.; Su, S.; Xiang, J. Comparative study on one-step pyrolysis activation of walnut
shells to biochar at different heating rates. Energy Rep. 2021, 7, 388–396. [CrossRef]

29. Ma, X.; Cao, Y.; Deng, J.; Shao, J.; Feng, X.; Li, W.; Li, S.; Zhang, R. Synergistic enhancement of N, S co-modified biochar for
removal of tetracycline hydrochloride from aqueous solution: Tunable micro-mesoporosity and chemisorption sites. Chem. Eng. J.
2024, 492, 152189. [CrossRef]

30. Zheng, L.; Cui, X.; Wang, X.; Xu, D.; Lu, X.; Guo, Y. Pt/N co-doped porous carbon derived from bio-tar: A remarkable catalyst for
efficient oxidation of 5-hydroxymethylfurfural under alkali-free condition: Performance, mechanism and kinetics. Chem. Eng. J.
2023, 454, 140179. [CrossRef]

31. Hallam, K.R.; Darnbrough, J.E.; Paraskevoulakos, C.; Heard, P.J.; Marrow, T.J.; Flewitt, P.E.J. Measurements by x-ray diffraction
of the temperature dependence of lattice parameter and crystallite size for isostatically-pressed graphite. Carbon Trends 2021, 4,
100071. [CrossRef]

32. Phillips, R.; Jolley, K.; Zhou, Y.; Smith, R. Influence of temperature and point defects on the X-ray diffraction pattern of graphite.
Carbon Trends 2021, 5, 100124. [CrossRef]

33. Fang, L.; Yang, W.; Hou, J.; Zheng, K.; Hussain, A.; Zhang, Y.; Hou, Z.; Wang, X. Tofukasu-derived biochar with interconnected
and hierarchical pores for high efficient removal of Cr (VI). Biochar 2023, 5, 69. [CrossRef]

https://doi.org/10.1016/j.envpol.2024.123922
https://doi.org/10.1016/j.biortech.2018.12.022
https://www.ncbi.nlm.nih.gov/pubmed/30557826
https://doi.org/10.1016/j.envres.2021.111534
https://doi.org/10.1016/j.jece.2023.111638
https://doi.org/10.1016/j.chemosphere.2021.133196
https://www.ncbi.nlm.nih.gov/pubmed/34890621
https://doi.org/10.1016/j.molliq.2019.04.035
https://doi.org/10.3390/en15238984
https://doi.org/10.3390/en16041819
https://doi.org/10.1016/j.apsadv.2023.100481
https://doi.org/10.1016/j.enmm.2021.100597
https://doi.org/10.1590/0103-8478cr20170179
https://doi.org/10.1016/j.biortech.2015.09.069
https://www.ncbi.nlm.nih.gov/pubmed/26433788
https://doi.org/10.1016/j.biombioe.2020.105648
https://doi.org/10.52292/j.laar.2020.70
https://doi.org/10.1080/19443994.2014.981227
https://doi.org/10.1016/j.jiec.2016.03.035
https://doi.org/10.1016/j.biortech.2018.07.125
https://doi.org/10.1007/s13762-018-1910-9
https://doi.org/10.1016/j.egyr.2021.10.021
https://doi.org/10.1016/j.cej.2024.152189
https://doi.org/10.1016/j.cej.2022.140179
https://doi.org/10.1016/j.cartre.2021.100071
https://doi.org/10.1016/j.cartre.2021.100124
https://doi.org/10.1007/s42773-023-00268-0


Molecules 2024, 29, 5532 15 of 15

34. Wang, J.; Ye, C.; Yang, H.; Jin, H.; Wang, X.; Zhang, J.; Dong, C.; Li, G.; Tang, Y.; Fang, X. Exploring the effect of different precursor
materials on Fe-loaded biochar catalysts for toluene removal. J. Environ. Chem. Eng. 2024, 12, 112601. [CrossRef]

35. Liou, T.H.; Tseng, Y.K.; Zhang, T.Y.; Liu, Z.S.; Chen, J.Y. Rice husk char as a sustainable material for the preparation of graphene
oxide-supported biocarbons with mesoporous structure: A characterization and adsorption study. Fuel. 2023, 344, 128042.
[CrossRef]

36. Kushwaha, S.; Sreedhar, B.; Sudhakar, P.P. A spectroscopic study for understanding the speciation of Cr on palm shell based
adsorbents and their application for the remediation of chrome plating effluents. Bioresour. Technol. 2012, 116, 15–23. [CrossRef]
[PubMed]

37. Zhang, B.; Jin, Y.; Yu, Y.; Chen, S.; Chen, G. Biochar with enhanced performance prepared from bio-regulated lignocellulose for
efficient removal of organic pollutants from wastewater. J. Environ. Chem. Eng. 2023, 11, 110526. [CrossRef]

38. Khan, S.A.; Khan, S.B.; Khan, L.U.; Farooq, A.; Akhtar, K.; Asiri, A.M. Fourier Transform Infrared Spectroscopy: Funda-
mentals and Application in Functional Groups and Nanomaterials Characterization. Published Online 2018. Available on-
line: https://www.researchgate.net/publication/327779563_Fourier_Transform_Infrared_Spectroscopy_Fundamentals_and_
Application_in_Functional_Groups_and_Nanomaterials_Characterization (accessed on 20 November 2024).

39. Liu, Z.; Cheng, X.; Muhammad, F.; Zhang, J. Preparation of hierarchically porous zeolite templated carbon from fly ash with
investigation into the adsorption behavior towards volatile organic compound. J. Environ. Chem. Eng. 2024, 12, 112254. [CrossRef]

40. Monteagudo, J.M.; Durán, A.; Alonso, M.; Stoica, A.I. Investigation of effectiveness of KOH-activated olive pomace biochar for
efficient direct air capture of CO2. Sep. Purif. Technol. 2025, 352, 127997. [CrossRef]

41. Villardon, A.; Dorado, F.; Silva, L.S. Journal of Environmental Chemical Engineering Enhancing carbon dioxide uptake in biochar
derived from husk biomasses: Optimizing biomass particle size and steam activation conditions. J. Environ. Chem. Eng. 2024, 12,
113352. [CrossRef]

42. Chuaicham, C.; Sekar, K.; Xiong, Y.; Balakumar, V.; Mittraphab, Y.; Shimizu, K.; Ohtani, B.; Dabo, I.; Sasaki, K. Single-step
synthesis of oxygen-doped hollow porous graphitic carbon nitride for photocatalytic ciprofloxacin decomposition. Chem. Eng, J.
2021, 425, 130502. [CrossRef]

43. Zhao, C.; Meng, L.; Chu, H.; Wang, J.-F.; Wang, T.; Ma, Y.; Wang, C.-C. Ultrafast degradation of emerging organic pollutants via
activation of peroxymonosulfate over Fe3C/Fe@N-C-x: Singlet oxygen evolution and electron-transfer mechanisms. Appl. Catal.
B Environ. 2023, 321, 122034. [CrossRef]

44. Ewis, D.; Ba-Abbad, M.M.; Benamor, A.; El-Naas, M.H. Adsorption of organic water pollutants by clays and clay minerals
composites: A comprehensive review. Appl. Clay Sci. 2022, 229, 106686. [CrossRef]

45. Ding, X.; Gao, R.; Chen, Y.; Wang, H.; Liu, Y.; Zhou, B.; Wang, C.; Bai, G.; Qiu, W. Carbon Vacancies in Graphitic Carbon
Nitride-Driven High Catalytic Performance of Pd/CN for Phenol-Selective Hydrogenation to Cyclohexanone. ACS Catal. 2024,
14, 3308–3319. [CrossRef]

46. Hamad, H.; Bailón-García, E.; Morales-Torres, S.; Carrasco-Marín, F.; Pérez-Cadenas, A.F.; Maldonado-Hódar, F.J. Physicochem-
ical properties of new cellulose-TiO2 composites for the removal of water pollutants: Developing specific interactions and
performances by cellulose functionalization. J. Environ. Chem. Eng. 2018, 6, 5032–5041. [CrossRef]

47. Demir, M.; Tessema, T.D.; Farghaly, A.A.; Nyankson, E.; Saraswat, S.K.; Aksoy, B.; Islamoglu, T.; Collinson, M.M.; El-Kaderi, H.M.;
Gupta, R.B. Lignin-derived heteroatom-doped porous carbons for supercapacitor and CO2 capture applications. Int. J. Energy Res.
2018, 42, 2686–2700. [CrossRef]

48. Li, X.; Shi, J.; Luo, X. Enhanced adsorption of rhodamine B from water by Fe-N co-modified biochar: Preparation, performance,
mechanism and reusability. Bioresour. Technol. 2022, 343, 126103. [CrossRef]

49. Herath, A.; Salehi, M.; Jansone-Popova, S. Production of polyacrylonitrile/ionic covalent organic framework hybrid nanofibers
for effective removal of chromium(VI) from water. J. Hazard. Mater. 2022, 427, 128167. [CrossRef]

50. Nie, Y.; Zhao, C.; Zhou, Z.; Kong, Y.; Ma, J. Bioresource Technology Hydrochloric acid-modified fungi-microalgae biochar for
adsorption of tetracycline hydrochloride: Performance and mechanism. Bioresour. Technol. 2023, 383, 129224. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jece.2024.112601
https://doi.org/10.1016/j.fuel.2023.128042
https://doi.org/10.1016/j.biortech.2012.04.009
https://www.ncbi.nlm.nih.gov/pubmed/22609649
https://doi.org/10.1016/j.jece.2023.110526
https://www.researchgate.net/publication/327779563_Fourier_Transform_Infrared_Spectroscopy_Fundamentals_and_Application_in_Functional_Groups_and_Nanomaterials_Characterization
https://www.researchgate.net/publication/327779563_Fourier_Transform_Infrared_Spectroscopy_Fundamentals_and_Application_in_Functional_Groups_and_Nanomaterials_Characterization
https://doi.org/10.1016/j.jece.2024.112254
https://doi.org/10.1016/j.seppur.2024.127997
https://doi.org/10.1016/j.jece.2024.113352
https://doi.org/10.1016/j.cej.2021.130502
https://doi.org/10.1016/j.apcatb.2022.122034
https://doi.org/10.1016/j.clay.2022.106686
https://doi.org/10.1021/acscatal.3c05625
https://doi.org/10.1016/j.jece.2018.07.043
https://doi.org/10.1002/er.4058
https://doi.org/10.1016/j.biortech.2021.126103
https://doi.org/10.1016/j.jhazmat.2021.128167
https://doi.org/10.1016/j.biortech.2023.129224

	Introduction 
	Results and Discussion 
	The Characterization of Biochar Derived from Pecan Shells 
	The Adsorption of Congo Red (CR) with the Biochar Derived from Pecan Shells 
	Initial Biochar Adsorbent Screening 
	Adsorption Kinetics and Isotherms Studies of Congo Red 
	Effect of the Solution pH 
	Reusability and Regeneration of Biochar Derived from Pecan Shell 
	Possible Adsorption Mechanisms of CR on PSC-800-20 Biochar 


	Experimental Section 
	Preparation of the Biochar Derived from the Pecan Shell 
	Characterization of the Biochar Derived from the Pecan Shell 

	Conclusions 
	References

