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Abstract: The exploration of low-cost, high-performance adsorbents is a popular research issue.
In this work, a straightforward method that combined hydrothermal with tube firing was used to
produce Osmanthus fragrans biomass charcoal (OBC) from low-cost osmanthus for dye adsorption
in water. The study examined the parameters of starting concentration, pH, and duration, which
impacted the process of adsorption of different dyes by OBC. The analysis showed that the ad-
sorption capacities of OBC for six dyes: malachite green (MG, C0 = 800 mg/L, pH = 7), Congo red
(CR, C0 = 1000 mg/L, pH = 8), rhodamine B (RhB, C0 = 500 mg/L, pH = 6), methyl orange (MO,
C0 = 1000 mg/L, pH = 7), methylene blue (MB, C0 = 700 mg/L, pH = 8), and crystalline violet (CV,
C0 = 500 mg/L, pH = 7) were 6501.09, 2870.30, 554.93, 6277.72, 626.50, and 3539.34 mg/g, respectively.
The pseudo-second-order model and the Langmuir isotherm model were compatible with the experi-
mental findings, which suggested the dominance of ion exchange and chemisorption. The materials
were characterized by using XRD, SEM, FTIR, BET, and XPS, and the results showed that OBC had an
outstanding specific surface area (2063 m2·g–1), with potential adsorption mechanisms that included
electrostatic mechanisms, hydrogen bonding, and π-π adsorption. The fact that the adsorption
capacity did not drastically decrease after five cycles of adsorption and desorption suggests that OBC
has the potential to be a dye adsorbent.

Keywords: osmanthus fragrans biomass charcoal; adsorbent; high efficiency; dye adsorption;
regeneration cycle

1. Introduction

Organic dyes are widely utilized in the dyeing, textile, and food industries. Meanwhile,
they provide bright colors to a wide range of items, but they also produce 600,000 tons of
wastewater annually [1]. These dye effluents leak into the ground, which results in the
contamination of aquatic creatures and harm to groundwater systems. Because of their
excellent dyeing performance and straightforward synthesis procedure, azo dyes are fre-
quently utilized in commercial dyestuffs. Many common azo dyes, such as malachite green
(MG), Congo red (CR), methyl orange (MO), methyl blue (MB), and rhodamine B (RhB), are
not readily decomposed, may be poisonous, and may be hazardous to human health [2].
Methods of treating dyes include electrocatalytic degradation, microbial degradation, ad-
sorption, chemical oxidation, and coagulation or flocculation [3–7]. Many approaches are
unavailable for large-scale use due to financial and environmental limitations. Among
them, the adsorption method [8] is widely used because of its ease of use, affordability, and
lack of secondary contamination.

Many materials can be used as adsorbents, including bentonite [9], metal–organic
frameworks [10], red mud [11], zeolite [12], chitosan [13], cellulose [14], fly ash [15], and
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porous carbon [16]. Carbon compounds, such as carbon quantum dots [17], graphene [18],
activated carbon [19], and biomass carbon [20], have large numbers of functional groups and
vacancies and large specific surface areas. Carbon derived from biomass is the most notable
of them. Because biomass carbon is inexpensive, has strong charge mobility [21], and has
surface tunability [22], it has taken on many different forms. A WS-CA-AM adsorbent
was prepared by Liu et al. [23] by using functionalized straw, and it had adsorption
capacities of 3053.48 and 120.84 mg·g−1 for methyl orange (MO) and methylene blue (MB),
respectively. Using lychee peel, Wu et al. [24] created an HLP adsorbent material that
had adsorption capacities of 404.4 and 2468 mg·g−1 for Congo red and malachite green,
respectively. Jiang et al. [25] adsorbed MB with 98.56% efficiency by using carbon generated
from algal biomass. The preparation conditions of different materials have an impact on
their adsorption performance. Research on cost-effective, high-performance biochar is still
very much in demand [26]. According to incomplete statistics, Guilin is home to around
200,000 osmanthus plants. The flowering osmanthus plant is used for food, medicine,
and other purposes, in addition to air purification [27]. However, significant portions
of the osmanthus blooms fall off each year during blossoming, making it impossible to
utilize them twice and polluting the environment. After deriving carbon compounds
from osmanthus, Quan et al. [28] discovered that they had an amorphous, many-pore
structure that could be used in electrochemistry. By optimizing the pore structure, the
porous carbon (OC) material generated from osmanthus, which was developed by Zou
et al. [29], had a three-dimensional interpenetrating framework and could be employed
as an electrode material. The selection of adsorbents was mostly based on factors such as
ease of manufacture and inexpensive cost, with superior pore structure being crucial for
dye adsorption.

For the purpose of the adsorption of non-degradable azo dyes, such as malachite green
(MG), congo red (CR), methyl orange (MO), methylene blue (MB), rhodamine B (RhB), and
crystalline violet (CV), in aqueous humor, Osmanthus fragrans biomass charcoal (OBC) was
prepared in this work by using a combination of hydrothermal and tube-firing methods.
This method is low-cost and highly effective while preserving resources and protecting the
environment from pollution. We examined the effects of starting concentration, time, and
pH on the adsorption process in order to gain a better understanding of the adsorption
mechanism. Following that, an adsorption isotherm model and an adsorption kinetic model
were fitted to the experimental data, along with a number of biochar characterizations
from both before and after the adsorption of dyes. Additionally, the regeneration cycle
performance of osmanthus biochar was investigated.

2. Results and Discussion
2.1. Material Characterization

As shown in Figure 1a, an SEM image of the morphology of OBC revealed that its
surface was uneven and rough, creating a porous structure with varying pore diameters.
This was because the carbon material was calcined at high temperatures, which produced
CO2, and the alkali activation stage reaction released CO gas, which resulted in numerous
irregular pore structures and offered more active adsorption sites for the adsorption of dyes.
In Figure 1b, the surface functional groups of OBC determined with FTIR are displayed.
The stretching vibration of -OH was represented by a significant absorption peak of about
3439 cm−1 [30]. Absorption peaks also appeared around 1977, 1608, and 1091 cm−1,
suggesting that the OBC was rich in C=O, C=C, and C-O groups. The absorption peak at
623 cm−1 was attributed to the bending vibration of -CH [31], and these groups played an
important role in the subsequent adsorption of dyes.
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Figure 1. (a) SEM images of the OBC, (b) FTIR spectra, (c) pore size distribution (illustration) and
nitrogen adsorption/desorption isotherms of the OBC, and (d) TG-DTG curves of the OBC.

In Figure 1c, the adsorption–desorption isotherms of the OBC reflect the area of the
surface and the pore characteristics. The average pore size of BET was 2.15 nm, and the
maximum BET-specific surface area was 2063 m2·g−1. It displayed a mesopore lag ring
pattern of H4 and type IV isotherms, suggesting that both mesopores and micropores
made up the OBC. The gas adsorption quickly increased when P/P0 < 0.4, most likely
as a result of the high content of microporous structures in the OBC. Nitrogen gradually
filled the entire microporous position and moved into the mesoporous position when P/P0
increased. When P/P0 > 0.9, the gas adsorption amount still increased, which indicated
that there were still macroporous structures in the OBC. It was clear that OBC had a highly
irregular pore structure since the adsorption–desorption isotherms did not overlap to create
a hysteresis loop and no obvious saturation states were seen. Thus, the OBC had a large
number of irregular pore structures in addition to many mesopores, micropores, and a few
macropores. The TGA curve of the OBC under a nitrogen atmosphere is shown in Figure 1d,
which demonstrates the stages of the material’s weight loss as the temperature rose. There
were two phases to the mass decrease. The mass loss of the OBC was 22.6% during the
first stage, which was from ambient temperature to around 70 ◦C. This was because when
the OBC powder was placed in a room-temperature environment, it absorbed the water
molecules into the airspace, and its free and bound water evaporated rapidly [32]. The
weight loss curve was dramatically altered after the second pyrolysis, which happened
at 380 ◦C. This meant that the organic component in the OBC began to oxidatively break
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down, and the mass of the OBC considerably dropped. After this, the mass of the OBC
equilibrated, indicating that the thermal decomposition was essentially complete.

2.2. Batch Adsorption Experiments
2.2.1. Effect of Reaction Time and Adsorption Kinetics

The adsorption kinetic curves show the relationship between the equilibrium time
and the adsorption capacity of the OBC for the adsorbed dyes. The following steps were
taken: addition of 5 mg of OBC to conical flasks containing 50 mL of dye (MG, CR, MB, MO,
RhB, and CV) and shaking on a thermostatic shaker (303 K, 180 rpm). This was followed
by filtration through a 13 mm × 0.45 µm PTFE filter and measurement of the residual
concentration of the dyes by using UV. To examine the connection between the adsorption
time and equilibrium adsorption quantity, the experimental data were fitted using a pseudo-
first-order adsorption kinetic model (Equation (1)) and a pseudo-second-order adsorption
kinetic model (Equation (2)).

log(Qe − Qt) = log Qe −
K1

2.303
t (1)

t
Qt

=
1

k2Q2
e
+

t
Qe

(2)

where the terms Qt (mg·g−1) and Qe (mg·g−1), respectively, stand for the adsorption
capacity at time t and the adsorption equilibrium capacity. The adsorption time is t (min).
The rate constants are denoted by the symbols k1 (min−1) and k2 (g·mg−1·min−1).

As shown in Figure 2, the OBC adsorbed various dyes MG (Figure 2a), CR (Figure 2b),
RhB (Figure 2c), MO (Figure 2d), MB (Figure 2e), and CV (Figure 2f), and different time
intervals were utilized to collect the supernatant (5, 10, 20, 30, 50, 70, 100, 130, 190, 250,
370, 550, and 720 min) and to measure the concentration with a UV spectrophotometer.
Due to the many pore structures of the OBC’s surface, the dye molecules were given a
significant number of active adsorption sites when they initially came into contact with
it, which caused the adsorption capacity to quickly grow. Over time, this led to a steady
rise in adsorption capacity, and the majority of the active adsorption sites were gradually
occupied by dye molecules. When the active adsorption sites of the OBC reached saturation,
the curve tended to equilibrium, and it took around 300 min for the six dyes to reach
adsorption equilibrium. The three dyes MG, CR, and MO had well-fitting rate equations,
and the growth of the adsorption capacity at corresponding sampling times was relatively
uniform. The fitted curves for the remaining RhB, MB, and CV were marginally below
the final adsorption capacity, which was caused by the rapid increase in the adsorption
capacity at the second sampling point. When the OBC was added to the dye solution, a
diffusion process occurred. The thermostatic oscillator’s vibration sped up this diffusion
by increasing the area in contact with the dye molecules, causing them to occupy the
majority of the active adsorption sites, and rapidly increasing the adsorption capacity [25].
Furthermore, within the first 100 min, these dyes were heavily sampled, which also affected
the curve fitting that came after [33]. With the exact parameters listed in Table 1, the
experimental data were fitted to the pseudo-first-order and pseudo-second-order kinetic
models. The pseudo-first-order kinetic model correlation coefficient (R2) was obviously
lower than the pseudo-second-order kinetic model when comparing the two models. As per
the suggested pseudo-second-order kinetics, there was a positive correlation between the
concentration and the reaction rate. In addition, the adsorption capacities of MG, CR, RhB,
MO, MB, and CV when fitted by the pseudo-second-order kinetic model were 4443.008,
1966.689, 508.968, 2969.427, 490.371, and 2468.242 mg/g, respectively, and they were closer
to the experimental data (6501.09, 2870.30, 554.93, 6277.72, 626.50, and 3539.34 mg/g),
which showed that the experimental data were more consistent with the pseudo-second-
order kinetic model, suggesting that the whole adsorption process was dominated by ion
exchange or chemisorption [34].
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Figure 2. Pseudo-first-order and pseudo-second-order equation fitting for the OBC’s adsorption of
the MG (a), CR (b), RhB (c), MO (d), MB (e), and CV (f) dyes.

Table 1. The OBC’s adsorption of the MG, CR, RhB, MO, MB, and CV dyes for the fitting of pseudo-
first-order and pseudo-second-order kinetic models with specific parameters.

Adsorbent
Pseudo-First-Order Model Pseudo-Second-Order Model

K1 (min−1) Qe (mg·g−1) R2 K2 (g·mg−1·min−1) Qe (mg·g−1) R2

MG 2.174 × 10−2 4062.620 0.899 7.398 × 10−6 4443.008 0.994
CR 1.037 × 10−2 1696.880 0.958 6.410 × 10−6 1966.689 0.997
RhB 10.176 × 10−2 477.290 0.839 290.60 × 10−6 508.968 0.998
MO 2.100 × 10−2 2661.941 0.975 9.470 × 10−6 2969.427 0.999
MB 9.051 × 10−2 454.027 0.752 246.071 × 10−6 490.371 0.997
CV 7.939 × 10−2 2292.463 0.839 44.942 × 10−6 2468.242 0.998
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2.2.2. Effects of Initial Concentration and Isotherms

The adsorption isotherms showed the relationship between the adsorption of different
concentrations of dyes by the OBC and the adsorption capacities. Three isotherm models
those of Langmuir (Equation (3)), Freundlich (Equation (4)), and Temkin (Equation (5)) were
used to fit the experimental data and investigate the relationship between concentration
and adsorption capacity when adsorption reached equilibrium. By using the Langmuir
model, which provided a good match with the experimental data, the separation factor (RL)
was calculated with Equation (6).

Ce

Qe
=

Ce

Qm
+

1
QmkL

(3)

ln Qe = ln kF +
1
n

ln Ce (4)

Qe = Bln KT + Bln Ce (5)

RL =
1

1 + KL·C0
(6)

where Qe (mg·L−1) represents the adsorption capacity at adsorption equilibrium, Ce
(mg·L−1) stands for the equilibrium concentration of the dye, and Qm (mg·L−1) stands
for the maximum adsorption capacity in the Langmuir model. KL (L·mg−1) and KF
((mg·g−1)·(L·mg−1)1/n) are the Langmuir and Freundlich adsorption equilibrium con-
stants, respectively, where n is the dimensionless constant for the Freundlich model. KT
(L·g−1) and B (J·mol−1) indicate the Temkin equilibrium binding constant and isotherm
constant, respectively. The gas constants R and T are the temperatures in Kelvin and K,
respectively. The value of RL denotes the affinity of the adsorbent for the dyes. With
RL > 1 indicating poor adsorption, 0 < RL < 1 indicating good adsorption, RL = 0 indicating
irreversible adsorption, and RL = 1 indicating linear adsorption.

The adsorption capabilities of the OBC for the six dyes MG (Figure 3a), CR (Figure 3b),
RhB (Figure 3c), MO (Figure 3d), MB (Figure 3e), and CV (Figure 3f) at various concentra-
tions (200, 300, 400, 500, 600, 700, 800, 900, and 1000 mg·L−1) are presented in Figure 3. The
adsorption capacity increased as the concentration of the dye rose, but as long as the active
adsorption sites were occupied, the adsorption capacity tended to equilibrium and even
seemed to be somewhat decreased. This was due to the fact that the dye molecules that were
adsorbed on the OBC surface occupied the surface layer’s pore structure. However, when
the thermostatic oscillator kept oscillating, some of the insecure dye molecules became
dislodged, which reduced the OBC’s adsorption capacity. The figure also demonstrates
that the optimal adsorption concentration for each dye was different, and the optimal
adsorption concentrations for MG, CR, RhB, MO, MB, and CV were 800, 1000, 500, 1000,
700, and 500 mg·L−1, respectively. This was due to the fact that the density of each dye
molecule was not the same, and the number of entries into the OBC pores would not be the
same. This, combined with the fact that every dye had a particular environment, led to the
varying adsorption capabilities at the various concentrations. The specific inputs for fitting
the Langmuir, Freundlich, and Temkin models are listed in Table 2. When the R2 values of
the three models were compared, the R2 value of the Langmuir model was the closest to 1,
which indicated that the OBC’s adsorption of various dyes was more consistent with the
Langmuir model. This indicated that on a homogeneous surface with specific adsorption
sites in the OBC, dye monolayer adsorption took place [35]. The dimensionless separation
factor (RL), which was estimated and used to determine if the adsorption process was
thermodynamically favorable or not, was in the range of 0–1, suggesting that the OBC was
beneficial for the adsorption of the various dyes. Additionally, every value of 1/n was
less than one, meaning that every dye was effectively adsorbed. According to the Temkin
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model, R2 > 0.9, indicating that electrostatic interactions may have been engaged in the
entire adsorption process [36].
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Table 2. Adsorption isotherm parameters for the adsorption of MG, CR, RhB, MO, MB, and CV onto
the OBC.

Models Parameters MG CR RhB MO MB CV

Langmuir
Qm (mg·g−1) 7386.845 3209.326 608.709 6577.761 692.476 3069.929
KL (L·mg−1) 456.844 338.953 90.949 837.915 137.184 117.323

R2 0.996 0.998 0.997 0.987 0.996 0.997

Freundlich
1/n 0.591 0.512 0.154 0.910 0.220 0.194

KF (mg·g−1)·(L·mg−1)1/n 106.688 85.851 194.074 10.347 135.461 732.094
R2 0.956 0.962 0.957 0.975 0.964 0.961

Temkin
KT (L·g−1) 0.011 0.014 0.988 0.006 0.163 0.289
B (J·mol−1) 2616.080 1136.487 81.854 2805.106 121.485 492.192

R2 0.981 0.985 0.963 0.976 0.970 0.966

2.2.3. Effect of Different pH

The degree to which OBC absorbed dyes depended critically on its pH level. The
ability of OBC to bind six dyes (MG, CR, RhB, MO, MB, and CV) at different pH levels
was compared to the dye adsorption, as shown in Figure 4. The high concentration of H+

in the solution with too low a pH caused the dye solutions’ adsorption capabilities to be
poor at low pH values. When OBC was added to the dye, it first came into contact with
H+, which competed with the dye molecules for the active adsorption sites, resulting in a
low adsorption capacity. The deprotonation of the OBC’s reactive groups, which raised the
negative charge density and encouraged more active interaction with the dye molecules,
enhanced the adsorption capacity as the pH rose [37]. The adsorption capacity for RhB
reached a maximum at a pH value of 6, which may have been because the dye was an
anionic one and electrostatically adsorbed H+ on the OBC’s surface [38]. The adsorption
capacities of MO, CV, and MG reached a maximum at pH 7, and the adsorption capacities of
CR and MB reached a maximum at pH 8. At pH 9–11, all of the OBC adsorption capabilities
for dye adsorption dropped drastically, indicating that the adsorption capacity of OBC for
dye molecules may have resulted from the immobilization of certain dye molecules inside
the OBC’s structure in addition to the interactions between functional groups [39]. The
pore structure of the OBC may have been harmed by the very alkaline environment, which
damaged the surface active sites and reduced the adsorption capabilities.
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2.3. Adsorption Mechanism

The FTIR patterns of OBC following the adsorption of the six dyes MG, CR, RhB, MO,
MB, and CV are presented in Figure 5a. The appearance of some new characteristic peaks
showed that the dye molecules were successfully adsorbed on the OBC (MG (1510, 1380,
1192, and 906 cm−1), CR (1115 and 768 cm−1), RhB (1450 and 761 cm−1), MO (1373 cm−1),
MB (1353, 1255, and 816 cm−1), and CV (1332 cm−1)). The peak centered at 3439 cm−1

shifted as the dye molecules adsorbed. The -OH group was able to adsorb the dyes through
a variety of mechanisms, such as the formation of hydrogen bonds [40], which could result
in physical adsorption, or by functioning as a Lewis base and donating electron pairs to
nearby dye molecules, which could result in the formation of chemical bonding between
the dyes and the OBC, leading to adsorption. Furthermore, the density of negative charges
on the surface of the OBC was increased by the presence of -OH groups, and positively
charged dye molecules were drawn to the dense concentration of negative charges [41]. All
of the absorption peaks at 1608 cm−1 were displaced [42], suggesting that bond interactions
may have been involved in dye adsorption. This was because the dye molecule combined
with the OBC was aromatic, and bond stacking occurred between the dye molecule’s
aromatic ring structure and the benzene ring. In Figure 5b, the high-resolution C 1s spectra
of the OBC are shown. These could be broken down into peaks at 284.79 eV with the cyan
curve (C-C/C=C), 286.28 eV with the magenta curve (C-O), 288.88 eV with the green curve
(O-C=O), and 293.18 eV with the blue curve (π-π).
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The high-resolution C 1s profiles of OBC after the adsorption of the six dyes MG,
CR, RhB, MO, MB, and CV are shown in Figure 6. These peaks are at the cyan curve
(C-C/C=C), magenta curve (C-O), green curve (O-C=O), and blue curve (π-π). The peaks
of the C-O bond (286.41 eV) and the O-C=O bond (288.24 eV) were shifted in the C 1s
profiles of the adsorbed MG, as shown in Figure 6a. This suggested that the -OH group was
primarily responsible for the adsorption of MG. The O-C=O (288.62 and 287.96 eV) and π-π
bonds (293.08 eV and 289.74 eV) of the adsorbed CR (Figure 6b) and RhB (Figure 6c) were
shifted. The C 1s profiles of the adsorbed MO are shown in Figure 6d, with shifts in the
C-C/C=C bonds (284.82 eV) and O-C=O bonds (288.68 eV). The aromatic ring structure of
the dye molecule contributed significantly to this process by generating an accumulation
of π-π bonds that took part in the reaction. The π-π (292.98 eV) and C-C/C=C bonds
(284.72 eV and 284.66 eV) for the adsorbed MB (Figure 6e) and CV (Figure 6f), as well as
the C-O bonds (285.93 eV and 286.03 eV), O-C=O bonds (288.79 eV and 289.14 eV), and π-π
bonds (287.27 eV and 287.88 eV), were shifted, and the shifts in the peaks showed that the
adsorption of the dye involved the aforementioned functional groups. Additionally, this
implied that hydrogen bonding and π-π interactions were potential adsorption mechanisms
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and that hydroxyl groups were involved in the adsorption process. This confirmed the
results of the FTIR analysis. As shown in Figure 7, we drew a diagram of the possible
mechanisms of OBC’s adsorption of the MG, CR, RhB, MO, MB, and CV dyes based on the
above analysis.
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2.4. Adsorbent Regeneration

Because it includes both the cost of adsorption and resource recycling, the problem
of adsorbent regeneration is essential for the practical treatment of wastewater. Adsorp-
tion desorption cycle tests were continuously conducted to assess the reusability of the
adsorbent. To each of the six dyes (MG, CR, RhB, MO, MB, and CV, in that order), 25 mg of
OBC was added. The solution’s remaining dye concentration was determined through UV
spectroscopy of the supernatant, which was collected after 300 min of shaking in a shaker
maintained at 303 K and 180 rpm. An anhydrous ethanol (95%, AR) solution was chosen as
the desorbent. This was because, in order to facilitate desorption, the hydroxyl anion in
it was able to swap with the oxygen anion in the dye molecule. The powdered material
was filtered and poured into an anhydrous ethanol (95%, AR) solution, stirred for 12 h,
washed repeatedly with deionized water, dried, and used for the next round of adsorption
experiments. As shown in Figure 8, after five cycles, partial desorption and leftover dye
molecules on the OBC’s surface or in its pore structure caused the adsorption performance
to somewhat decline, but overall, there was no sharp decline, suggesting that the OBC
adsorbent may be reused to save costs. A comparison of the adsorption performance of
different types of adsorbent materials for dyes is shown in Table 3. Previously reported dye
adsorbents were prepared under harsh conditions, through complicated processes, and at
a high cost. OBC is quite effective at adsorbing MG, CR, RhB, MO, MB, and CV. It is also
very easy to produce. It adsorbs a relatively wide range of dyes at a low cost and can be
recycled, unlike the other related adsorbents shown in Table 3. In light of these factors the
raw material sources, preparation expenses, and environmental concerns OBC is a useful
adsorbent for improving dye wastewater.



Molecules 2023, 28, 6305 12 of 16

Molecules 2023, 28, x FOR PEER REVIEW 12 of 16 
 

 

Table 3. Comparison of the adsorption capacity of OBC for MG, CR, RhB, MO, MB, and CV dyes 
with that of other adsorbents. 

Adsorbent 
Qm (mg·g−1) 

Ref. 
MG CR MB MO RhB CV 

DBSA-Fe3O4@BC     367.67  [33] 
MNB  1360.00   320.00  [20] 
HLP 2468.00 404.40     [24] 

SWAC   249.00    [25] 
HTCM   124.22 1009.66 136.35 124.87 [43] 

MIL-121  597.90 246.00    [44] 
TpStb-SO3H 5857.00  1078.00   1861.00 [45] 

MnO2-NP-CPC 319.40  289.84  267.67  [46] 
CGLC  220.70   572.80  [47] 

Alg-g-PANI 578.30 409.60     [48] 
PVP/rGO/CFO  355.90 333.30  558.70  [49] 

OBC 6501.09 2870.30 626.50 6277.72 554.93 3539.34 This work 

 
Figure 8. The ability of OBC to adsorb MG, CR, RhB, MO, MB, and CV at various periods in the 
cycle. 

3. Materials and Methods 
3.1. Materials 

Osmanthus fragrans was acquired at a farmers’ market. Chemicals purchased from 
Xilong Chemical Co. included potassium hydroxide (KOH), sodium hydroxide (NaOH, 
95%), hydrochloric acid (HCl, 37%), and anhydrous ethanol (95%, AR). Methyl orange 
(MO, AR), methylene blue (MB, AR), rhodamine B (RhB, AR), and Congo red (CR, AR) 
were bought from Aladdin (Shanghai, China). Malachite green (MG, AR), and crystalline 
violet (CV, AR) were bought from Xilong Chemical Co., Ltd. (Shantou, China). 

3.2. Adsorbent Preparation 
Osmanthus fragrans was bought, cleaned with distilled water, dried in an oven at 80 

°C, crushed into a powder, and passed through a 100-mesh sieve. In 80 mL of distilled 
water, 1.5 g of dried Osmanthus fragrans powder was scattered; this was transferred into 
a 100 mL polytetrafluorocarbon reactor and kept at 200 °C for 12 h. After that, it was 
washed many times with deionized water and dried in a freezer dryer. After drying, it 
was mixed with a KOH solution in a ratio of 1:2 by mass. The resulting slurry was dried 
overnight in an oven set to 80 °C. The samples were cleaned with 1 M hydrochloric acid 

Figure 8. The ability of OBC to adsorb MG, CR, RhB, MO, MB, and CV at various periods in the cycle.

Table 3. Comparison of the adsorption capacity of OBC for MG, CR, RhB, MO, MB, and CV dyes
with that of other adsorbents.

Adsorbent
Qm (mg·g−1)

Ref.
MG CR MB MO RhB CV

DBSA-Fe3O4@BC 367.67 [33]
MNB 1360.00 320.00 [20]
HLP 2468.00 404.40 [24]

SWAC 249.00 [25]
HTCM 124.22 1009.66 136.35 124.87 [43]

MIL-121 597.90 246.00 [44]
TpStb-SO3H 5857.00 1078.00 1861.00 [45]

MnO2-NP-CPC 319.40 289.84 267.67 [46]
CGLC 220.70 572.80 [47]

Alg-g-PANI 578.30 409.60 [48]
PVP/rGO/CFO 355.90 333.30 558.70 [49]

OBC 6501.09 2870.30 626.50 6277.72 554.93 3539.34 This work

3. Materials and Methods
3.1. Materials

Osmanthus fragrans was acquired at a farmers’ market. Chemicals purchased from
Xilong Chemical Co. included potassium hydroxide (KOH), sodium hydroxide (NaOH,
95%), hydrochloric acid (HCl, 37%), and anhydrous ethanol (95%, AR). Methyl orange (MO,
AR), methylene blue (MB, AR), rhodamine B (RhB, AR), and Congo red (CR, AR) were
bought from Aladdin (Shanghai, China). Malachite green (MG, AR), and crystalline violet
(CV, AR) were bought from Xilong Chemical Co., Ltd. (Shantou, China).

3.2. Adsorbent Preparation

Osmanthus fragrans was bought, cleaned with distilled water, dried in an oven at
80 ◦C, crushed into a powder, and passed through a 100-mesh sieve. In 80 mL of distilled
water, 1.5 g of dried Osmanthus fragrans powder was scattered; this was transferred into a
100 mL polytetrafluorocarbon reactor and kept at 200 ◦C for 12 h. After that, it was washed
many times with deionized water and dried in a freezer dryer. After drying, it was mixed
with a KOH solution in a ratio of 1:2 by mass. The resulting slurry was dried overnight in
an oven set to 80 ◦C. The samples were cleaned with 1 M hydrochloric acid to eliminate
any last traces of inorganic pollutants. After that, they were continuously cleaned with
distilled water until the solution reached pH neutrality. Finally, the samples were dried in
a freeze dryer for an entire night to produce powdered OBC.
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3.3. Characterization

The materials’ surface topography was examined by using scanning electron mi-
croscopy (SEM, HITACHI SU5000, (Tokyo, Japan)). Fourier-transform infrared spectroscopy
(FTIR, Thermo Scientific iN10, (Tw, USA)) was used to examine their functional groups,
and a thermal analyzer was used to evaluate their thermal stability. The phase composition
of the samples was ascertained by using the X-ray powder diffraction (XRD, MiniFlex-600,
(Tokyo, Japan)) technique. TG/DTA6300 (Cambridge, MA, USA) was used to measure the
samples’ thermal stability. BET (Micromeritics Tristar 3000, (Atlanta, GA, USA)) was used
to analyze the samples’ particular surface areas and pore structures. A UV spectrophotome-
ter (UV-2700, (CT, Houston, TX, USA)) was used to measure the concentrations of dyes.
Relevant data on the chemical state and sample surface composition were examined by
using an X-ray photoelectron spectrometer (XPS, ESCAL-250XI, (Waltham, MA, USA)).

3.4. Adsorption Experiments

Every experiment was conducted at room temperature. The six dyes (MG, CR, MB,
MO, RhB, and CV) were initially made individually, and then their reserve solutions
(1000 mg/L) were diluted to different concentrations as a backup. The initial and residual
concentrations of the dyes could then be determined. These sets of dye solutions, each
with a different concentration, were put into quartz cuvettes and measured at 618, 498,
664, 464, 554, and 590 nm, respectively, with a UV–visible spectrophotometer to produce
the calibration curves for the individual dyes. The pH of the solutions was adjusted to a
range of 4–11 by using 0.1 M HCl and 0.1 M NaOH at various times (range: 5–720 min) and
varied concentrations (range: 200–1000 mg·L−1). A total of 50 mL of the dyestuff solution
(MG, CR, MB, MO, RhB, and CV) was coupled with 5 mg of OBC to evaluate the impacts
of various variables on the adsorption process. Before being filtered through a 13 mm ×
0.45 µm PTFE filter and having the remaining dye concentration assessed with a UV–Vis
spectrophotometer, the samples were shaken at 303 K and 180 rpm on a thermostatic
shaker. It was then determined how much dye was still there by measuring it with a UV–
visible spectrophotometer. The data obtained at different times and initial concentrations
were fitted to kinetic rate equations and adsorption isotherm models, respectively. All
experiments were repeated three times to take the average, and the standard deviation
was used for graphing. A series of adsorption–desorption cycle tests were conducted on
the adsorbent in order to evaluate its repeatable usefulness. The adsorption capacity was
calculated by using Equation (7).

Qe =
C0 − Ce

m
V (7)

where V (L) is the volume of the dye solution, m (g) is the mass of the adsorbent, and Qe
(mg·L−1) is the capacity for adsorption at the adsorption equilibrium. C0 (mg·L−1) and Ce
(mg·L−1) denote the dye concentration at the beginning and the dye concentration after
the adsorption reached equilibrium, respectively.

4. Conclusions

The present study examined the starting concentration, pH, and time taken for six
dyes, namely, MG, CR, RhB, MO, MB, and CV, during the process of adsorption by OBC.
The batch adsorption test outcomes showed that the ideal adsorption conditions for the
adsorption of various dyes were as follows: for MG, C0 = 800 mg·L−1, pH = 7, and
Q = 6501.09 mg·g−1; for CR, C0 = 1000 mg·L−1, pH = 8, and Q = 2870.30 mg·g−1; for RhB,
C0 = 500 mg·L−1, pH = 6, and Q = 554.93 mg·g−1; for MO, C0 = 1000 mg·L−1, pH = 7, and
Q = 6277.72 mg·g−1; for MB, C0 = 700 mg·L−1, pH = 8, and Q = 626.50 mg·g−1; for CV,
C0 = 500 mg·L−1, pH = 7, and Q = 3539.34 mg·g−1. The pseudo-second-order model and
the Langmuir isotherm model, which more accurately depicted the full adsorption process,
demonstrated that ion exchange, or chemisorption, is the primary adsorption process in
monolayer adsorption. Hydrogen bonding, π-π interactions, and electrostatic adsorption
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are potential adsorption mechanisms. Furthermore, after five cycles, the Osmanthus
fragrans biomass charcoal’s adsorption ability did not abruptly decline, indicating that it
may have application as a possible adsorbent for dye adsorption.

Author Contributions: Investigation, Formal analysis, Writing—original draft, Z.X.; Formal analysis,
S.D.; Data curation, R.X.; Methodology, G.W.; Conceptualization, Funding acquisition, J.W.; Visual-
ization, G.H.; Conceptualization, Resources, T.T.; Investigation, L.J.; Validation, X.L.; Supervision,
Writing—review and editing, M.L.; Writing—review and editing, H.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No.
12164013), the Natural Science Foundation of Guangxi Province (No. 2020GXNSFBA297125), and the
Science and Technology Base and Talent Special Project of Guangxi Province (AD21220029).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data can be made available upon reasonable request.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

Sample Availability: Not applicable.

References
1. Marrakchi, F.; Fazeli Zafar, F.; Wei, M.; Wang, S. Cross-linked FeCl3-activated seaweed carbon/MCM-41/alginate hydrogel

composite for effective biosorption of bisphenol A plasticizer and basic dye from aqueous solution. Bioresour. Technol. 2021,
331, 125046. [CrossRef] [PubMed]

2. Liu, J.; Wang, N.; Zhang, H.; Baeyens, J. Adsorption of Congo red dye on FexCo3-xO4 nanoparticles. J. Environ. Manag. 2019, 238,
473–483. [CrossRef]

3. Santoso, E.; Ediati, R.; Kusumawati, Y.; Bahruji, H.; Sulistiono, D.O.; Prasetyoko, D. Review on recent advances of carbon based
adsorbent for methylene blue removal from waste water. Mater. Today Chem. 2020, 16, 100233. [CrossRef]

4. Ganzoury, M.A.; Ghasemian, S.; Zhang, N.; Yagar, M.; de Lannoy, C.-F. Mixed metal oxide anodes used for the electrochemical
degradation of a real mixed industrial wastewater. Chemosphere 2022, 286, 131600. [CrossRef]

5. Salmerón, I.; Oller, I.; Malato, S. Solar photo-assisted electrochemical processes applied to actual industrial and urban wastewaters:
A practical approach based on recent literature. Chemosphere 2021, 279, 130560. [CrossRef]

6. Monteagudo, J.M.; Durán, A.; Valderas, V.; Chen, X.; Shi, X. Capture of ambient air CO2 from municipal wastewater mineralization
by using an ion-exchange membrane. Sci. Total Environ. 2021, 790, 148136. [CrossRef] [PubMed]

7. Atsever, N.; Borahan, T.; Girgin, A.; Selali Chormey, D.; Bakırdere, S. A simple and effective determination of methyl red in
wastewater samples by UV–Vis spectrophotometer with matrix matching calibration strategy after vortex assisted deep eutectic
solvent based liquid phase extraction and evaluation of green profile. Microchem. J. 2021, 162, 105850. [CrossRef]

8. Mashkoor, F.; Nasar, A. Magsorbents: Potential candidates in wastewater treatment technology—A review on the removal of
methylene blue dye. J. Magn. Magn. Mater. 2020, 500, 166408. [CrossRef]

9. Momina; Mohammad, S.; Suzylawati, I. Study of the adsorption/desorption of MB dye solution using bentonite adsorbent
coating. J. Water Process Eng. 2020, 34, 101155. [CrossRef]

10. Drout, R.J.; Robison, L.; Chen, Z.; Islamoglu, T.; Farha, O.K. Zirconium Metal–Organic Frameworks for Organic Pollutant
Adsorption. Trends Chem. 2019, 1, 304–317. [CrossRef]

11. Yang, T.; Wang, Y.; Sheng, L.; He, C.; Sun, W.; He, Q. Enhancing Cd(II) sorption by red mud with heat treatment: Performance
and mechanisms of sorption. J. Environ. Manag. 2020, 255, 109866. [CrossRef]

12. Cheng, Z.-L.; Li, Y.-X.; Liu, Z. Study on adsorption of rhodamine B onto Beta zeolites by tuning SiO2/Al2O3 ratio. Ecotox. Environ.
Safe 2018, 148, 585–592. [CrossRef]

13. León, O.; Muñoz-Bonilla, A.; Soto, D.; Pérez, D.; Rangel, M.; Colina, M.; Fernández-García, M. Removal of anionic and cationic
dyes with bioadsorbent oxidized chitosans. Carbohyd. Polym. 2018, 194, 375–383. [CrossRef] [PubMed]

14. Shahnaz, T.; Bedadeep, D.; Narayanasamy, S. Investigation of the adsorptive removal of methylene blue using modified
nanocellulose. Int. J. Biol. Macromol. 2022, 200, 162–171. [CrossRef] [PubMed]

15. Hussain, Z.; Chang, N.; Sun, J.; Xiang, S.; Ayaz, T.; Zhang, H.; Wang, H. Modification of coal fly ash and its use as low-cost
adsorbent for the removal of directive, acid and reactive dyes. J. Hazard. Mater. 2022, 422, 126778. [CrossRef] [PubMed]

16. Jin, L.; Zhao, X.; Qian, X.; Dong, M. Nickel nanoparticles encapsulated in porous carbon and carbon nanotube hybrids from
bimetallic metal-organic-frameworks for highly efficient adsorption of dyes. J. Colloid Interf. Sci. 2018, 509, 245–253. [CrossRef]

https://doi.org/10.1016/j.biortech.2021.125046
https://www.ncbi.nlm.nih.gov/pubmed/33827016
https://doi.org/10.1016/j.jenvman.2019.03.009
https://doi.org/10.1016/j.mtchem.2019.100233
https://doi.org/10.1016/j.chemosphere.2021.131600
https://doi.org/10.1016/j.chemosphere.2021.130560
https://doi.org/10.1016/j.scitotenv.2021.148136
https://www.ncbi.nlm.nih.gov/pubmed/34102438
https://doi.org/10.1016/j.microc.2020.105850
https://doi.org/10.1016/j.jmmm.2020.166408
https://doi.org/10.1016/j.jwpe.2020.101155
https://doi.org/10.1016/j.trechm.2019.03.010
https://doi.org/10.1016/j.jenvman.2019.109866
https://doi.org/10.1016/j.ecoenv.2017.11.005
https://doi.org/10.1016/j.carbpol.2018.04.072
https://www.ncbi.nlm.nih.gov/pubmed/29801852
https://doi.org/10.1016/j.ijbiomac.2021.12.081
https://www.ncbi.nlm.nih.gov/pubmed/34979188
https://doi.org/10.1016/j.jhazmat.2021.126778
https://www.ncbi.nlm.nih.gov/pubmed/34391971
https://doi.org/10.1016/j.jcis.2017.09.002


Molecules 2023, 28, 6305 15 of 16

17. Wang, C.; Bi, L.; Liu, J.; Huang, B.; Wang, F.; Zhang, Y.; Yao, C.; Pan, G.; Song, M. Microalgae-derived carbon quantum dots
mediated formation of metal sulfide nano-adsorbents with exceptional cadmium removal performance. J. Colloid Interf. Sci. 2023,
629, 994–1002. [CrossRef]

18. Hou, H.; Murugadoss, V.; Qin, Z.; Wang, D.; Li, Y.; Xu, B.B. Mechanical properties of graphene-metal composite system: A first
principles study. Adv. Compos. Hybrid Mater. 2023, 6, 97. [CrossRef]

19. Shen, X.; Hussain, T.; Mitchek, M.; Wong, J.; Reible, D. Evaluating the Sorption Kinetics of Polychlorinated Biphenyls in Powdered
and Granular Activated Carbon. Water Res. 2023, 236, 119978. [CrossRef]

20. Zhang, X.; Tran, H.N.; Liu, Y.; Yang, C.; Zhang, T.; Guo, J.; Zhu, W.; Ahmad, M.; Xiao, H.; Song, J. Nitrogen-doped magnetic
biochar made with K3[Fe(C2O4)3] to adsorb dyes: Experimental approach and density functional theory modeling. J. Clean. Prod.
2023, 383, 135527. [CrossRef]

21. Zhang, J.; Shao, J.; Zhang, X.; Rao, G.; Li, G.; Yang, H.; Zhang, S.; Chen, H. Facile synthesis of Cu-BTC@biochar with controlled
morphology for effective toluene adsorption at medium–high temperature. Chem. Eng. J. 2023, 452, 139003. [CrossRef]

22. Liao, W.; Zhang, X.; Shao, J.; Yang, H.; Zhang, S.; Chen, H. Simultaneous removal of cadmium and lead by biochar modified with
layered double hydroxide. Fuel Process. Technol. 2022, 235, 107389. [CrossRef]

23. Liu, Q.; Li, Y.; Chen, H.; Lu, J.; Yu, G.; Möslang, M.; Zhou, Y. Superior adsorption capacity of functionalised straw adsorbent for
dyes and heavy-metal ions. J. Hazard. Mater. 2020, 382, 121040. [CrossRef]

24. Wu, J.; Yang, J.; Feng, P.; Huang, G.; Xu, C.; Lin, B. High-efficiency removal of dyes from wastewater by fully recycling litchi peel
biochar. Chemosphere 2020, 246, 125734. [CrossRef] [PubMed]

25. Jiang, D.; Li, H.; Cheng, X.; Ling, Q.; Chen, H.; Barati, B.; Yao, Q.; Abomohra, A.; Hu, X.; Bartocci, P.; et al. A mechanism study of
methylene blue adsorption on seaweed biomass derived carbon: From macroscopic to microscopic scale. Process Saf. Environ.
Prot. 2023, 172, 1132–1143. [CrossRef]

26. Yang, X.; Wang, L.; Shao, X.; Tong, J.; Chen, R.; Yang, Q.; Yang, X.; Li, G.; Zimmerman, A.R.; Gao, B. Preparation of biosorbent for
the removal of organic dyes from aqueous solution via one-step alkaline ball milling of hickory wood. Bioresour. Technol. 2022,
348, 126831. [CrossRef]

27. Zheng, J.; Lu, B.; Xu, B. An update on the health benefits promoted by edible flowers and involved mechanisms. Food Chem. 2021,
340, 127940. [CrossRef]

28. Quan, H.; Fan, X.; Wang, W.; Gao, W.; Dong, Y.; Chen, D. Hierarchically porous carbon derived from biomass: Effect of mesopore
and heteroatom-doping on electrochemical performance. Appl. Surf. Sci. 2018, 460, 8–16. [CrossRef]

29. Zou, R.; Quan, H.; Wang, W.; Gao, W.; Dong, Y.; Chen, D. Porous carbon with interpenetrating framework from Osmanthus
flower as electrode materials for high-performance supercapacitor. J. Environ. Chem. Eng. 2018, 6, 258–265. [CrossRef]

30. Tian, S.-Q.; Wang, L.; Liu, Y.-L.; Yang, T.; Huang, Z.-S.; Wang, X.-S.; He, H.-Y.; Jiang, J.; Ma, J. Enhanced Permanganate Oxidation
of Sulfamethoxazole and Removal of Dissolved Organics with Biochar: Formation of Highly Oxidative Manganese Intermediate
Species and in Situ Activation of Biochar. Environ. Sci. Technol. 2019, 53, 5282–5291. [CrossRef]

31. Shui, T.; Feng, S.; Chen, G.; Li, A.; Yuan, Z.; Shui, H.; Kuboki, T.; Xu, C. Synthesis of sodium carboxymethyl cellulose using
bleached crude cellulose fractionated from cornstalk. Biomass Bioenergy 2017, 105, 51–58. [CrossRef]

32. Ferreira, D.C.M.; Ferreira, S.O.; de Alvarenga, E.S.; Soares, N.D.F.F.; Coimbra, J.S.D.R.; de Oliveira, E.B. Polyelectrolyte complexes
(PECs) obtained from chitosan and carboxymethylcellulose: A physicochemical and microstructural study. Carbohydr. Polym.
Technol. Appl. 2022, 3, 100197. [CrossRef]

33. Li, X.; Xu, J.; Luo, X.; Shi, J. Efficient adsorption of dyes from aqueous solution using a novel functionalized magnetic biochar:
Synthesis, kinetics, isotherms, adsorption mechanism, and reusability. Bioresour. Technol. 2022, 360, 127526. [CrossRef]

34. Xiao, J.; Hu, R.; Chen, G. Micro-nano-engineered nitrogenous bone biochar developed with a ball-milling technique for high-
efficiency removal of aquatic Cd(II), Cu(II) and Pb(II). J. Hazard. Mater. 2020, 387, 121980. [CrossRef]

35. Wu, F.; Chen, L.; Hu, P.; Zhou, X.; Zhou, H.; Wang, D.; Lu, X.; Mi, B. Comparison of properties, adsorption performance and
mechanisms to Cd(II) on lignin-derived biochars under different pyrolysis temperatures by microwave heating. Environ. Technol.
Innov. 2022, 25, 102196. [CrossRef]

36. Rana, V.S.; Sharma, N. Adsorption profile of anionic and cationic dyes through Fe3O4 embedded oxidized Sterculia gum/Gelatin
hybrid gel matrix. Int. J. Biol. Macromol. 2023, 232, 123098. [CrossRef] [PubMed]

37. Yao, X.; Ji, L.; Guo, J.; Ge, S.; Lu, W.; Chen, Y.; Cai, L.; Wang, Y.; Song, W. An abundant porous biochar material derived from
wakame (Undaria pinnatifida) with high adsorption performance for three organic dyes. Bioresour. Technol. 2020, 318, 124082.
[CrossRef] [PubMed]

38. Jana, S.; Ray, J.; Mondal, B.; Pradhan, S.S.; Tripathy, T. pH responsive adsorption/desorption studies of organic dyes from
their aqueous solutions by katira gum-cl-poly(acrylic acid-co-N-vinyl imidazole) hydrogel. Colloids Surf. A 2018, 553, 472–486.
[CrossRef]

39. Zhou, P.; Li, X.; Zhou, J.; Peng, Z.; Shen, L.; Li, W. Insights of the adsorption mechanism of methylene blue on biochar from
phytoextraction residues of Citrus aurantium L.: Adsorption model and DFT calculations. J. Environ. Chem. Eng. 2023, 11, 110496.
[CrossRef]

40. Du, Q.; Sun, J.; Li, Y.; Yang, X.; Wang, X.; Wang, Z.; Xia, L. Highly enhanced adsorption of congo red onto graphene oxide/chitosan
fibers by wet-chemical etching off silica nanoparticles. Chem. Eng. J. 2014, 245, 99–106. [CrossRef]

https://doi.org/10.1016/j.jcis.2022.08.188
https://doi.org/10.1007/s42114-023-00674-9
https://doi.org/10.1016/j.watres.2023.119978
https://doi.org/10.1016/j.jclepro.2022.135527
https://doi.org/10.1016/j.cej.2022.139003
https://doi.org/10.1016/j.fuproc.2022.107389
https://doi.org/10.1016/j.jhazmat.2019.121040
https://doi.org/10.1016/j.chemosphere.2019.125734
https://www.ncbi.nlm.nih.gov/pubmed/31918084
https://doi.org/10.1016/j.psep.2023.02.044
https://doi.org/10.1016/j.biortech.2022.126831
https://doi.org/10.1016/j.foodchem.2020.127940
https://doi.org/10.1016/j.apsusc.2018.01.202
https://doi.org/10.1016/j.jece.2017.11.080
https://doi.org/10.1021/acs.est.9b00180
https://doi.org/10.1016/j.biombioe.2017.06.016
https://doi.org/10.1016/j.carpta.2022.100197
https://doi.org/10.1016/j.biortech.2022.127526
https://doi.org/10.1016/j.jhazmat.2019.121980
https://doi.org/10.1016/j.eti.2021.102196
https://doi.org/10.1016/j.ijbiomac.2022.12.317
https://www.ncbi.nlm.nih.gov/pubmed/36681219
https://doi.org/10.1016/j.biortech.2020.124082
https://www.ncbi.nlm.nih.gov/pubmed/32932115
https://doi.org/10.1016/j.colsurfa.2018.06.001
https://doi.org/10.1016/j.jece.2023.110496
https://doi.org/10.1016/j.cej.2014.02.006


Molecules 2023, 28, 6305 16 of 16

41. Kushwaha, R.; Singh, R.S.; Mohan, D. Comparative study for sorption of arsenic on peanut shell biochar and modified peanut
shell biochar. Bioresour. Technol. 2023, 375, 128831. [CrossRef] [PubMed]

42. Abdelaziz, M.A.; Owda, M.E.; Abouzeid, R.E.; Alaysuy, O.; Mohamed, E.I. Kinetics, isotherms, and mechanism of removing
cationic and anionic dyes from aqueous solutions using chitosan/magnetite/silver nanoparticles. Int. J. Biol. Macromol. 2023, 225,
1462–1475. [CrossRef]

43. Zhang, X.; Hou, L.; Liu, H.; Chang, L.; Lv, S.; Niu, B.; Zheng, J.; Liu, S.; Fu, J. Hollow polyphosphazene microcapsule with
rigid-flexible coupling cationic skeletons for highly efficient and selective adsorption of anionic dyes from water. Appl. Surf. Sci.
2023, 626, 157234. [CrossRef]

44. Hu, N.; Hang, F.; Li, K.; Liao, T.; Rackemann, D.; Zhang, Z.; Shi, C.; Xie, C. Temperature-regulated formation of hierarchical
pores and defective sites in MIL-121 for enhanced adsorption of cationic and anionic dyes. Sep. Purif. Technol. 2023, 314, 123650.
[CrossRef]

45. Li, R.; Tang, X.; Wu, J.; Zhang, K.; Zhang, Q.; Wang, J.; Zheng, J.; Zheng, S.; Fan, J.; Zhang, W.; et al. A sulfonate-functionalized
covalent organic framework for record-high adsorption and effective separation of organic dyes. Chem. Eng. J. 2023, 464, 142706.
[CrossRef]

46. Belcaid, A.; Beakou, B.H.; Bouhsina, S.; Anouar, A. New insights on manganese dioxide nanoparticles loaded on cellulose-based
biochar of cassava peel for the adsorption of three cationic dyes from wastewater. Int. J. Biol. Macromol. 2023, 241, 124534.
[CrossRef] [PubMed]

47. Kim, S.-H.; Kim, D.-S.; Moradi, H.; Chang, Y.-Y.; Yang, J.-K. Highly porous biobased graphene-like carbon adsorbent for dye
removal: Preparation, adsorption mechanisms and optimization. J. Environ. Chem. Eng. 2023, 11, 109278. [CrossRef]

48. Mohammad-Rezaei, R.; Khalilzadeh, B.; Rahimi, F.; Moradi, S.; Shahlaei, M.; Derakhshankhah, H.; Jaymand, M. Simultaneous
removal of cationic and anionic dyes from simulated industrial effluents using a nature-inspired adsorbent. Environ. Res. 2022,
214, 113966. [CrossRef]

49. Du, R.; Cao, H.; Wang, G.; Dou, K.; Tsidaeva, N.; Wang, W. PVP modified rGO/CoFe2O4 magnetic adsorbents with a unique
sandwich structure and superior adsorption performance for anionic and cationic dyes. Sep. Purif. Technol. 2022, 286, 120484.
[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.biortech.2023.128831
https://www.ncbi.nlm.nih.gov/pubmed/36878372
https://doi.org/10.1016/j.ijbiomac.2022.11.203
https://doi.org/10.1016/j.apsusc.2023.157234
https://doi.org/10.1016/j.seppur.2023.123650
https://doi.org/10.1016/j.cej.2023.142706
https://doi.org/10.1016/j.ijbiomac.2023.124534
https://www.ncbi.nlm.nih.gov/pubmed/37121420
https://doi.org/10.1016/j.jece.2023.109278
https://doi.org/10.1016/j.envres.2022.113966
https://doi.org/10.1016/j.seppur.2022.120484

	Introduction 
	Results and Discussion 
	Material Characterization 
	Batch Adsorption Experiments 
	Effect of Reaction Time and Adsorption Kinetics 
	Effects of Initial Concentration and Isotherms 
	Effect of Different pH 

	Adsorption Mechanism 
	Adsorbent Regeneration 

	Materials and Methods 
	Materials 
	Adsorbent Preparation 
	Characterization 
	Adsorption Experiments 

	Conclusions 
	References

