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Abstract: Textile dyes discharged into aquatic systems can have significant environmental impacts,
causing water pollution and toxicity to aquatic life, and constituting a human health risk. To
manage these effects, the sorption ability of wood biowaste chemically modified by Bi2O3 for textile
dye removal was investigated. Sorbent characterization was performed using scanning electron
microscopy, and elemental analysis by energy dispersive X-ray spectroscopy (SEM-EDX), X-ray
diffraction (XRD), the Brunauer–Emmett–Teller (BET) method for the specific surface area, and
Fourier transform infrared spectroscopy–attenuated total reflectance (FTIR-ATR). The optimization
of the sorption process was carried out, and optimal parameters, such as contact time, pH, the dose
of sorbent, the concentration of dye, and temperature, were defined. Also, desorption studies were
conducted. Kinetics and isotherms studies were carried out, and the data fits to a pseudo-second
order model (r2 ≥ 0.99) and Langmuir model (r2 ≥ 0.99), indicating that the process occurs in the
monolayer form and the dye sorption depends on the active sites of the sorbent surface. The maximal
sorption capacity of the sorbent was 434.75 mg/g.

Keywords: wood biowaste; bismuth; sorption; textile dye; removal; kinetics; isotherms

1. Introduction

Water pollution is a pressing environmental issue that endangers both human health
and natural ecosystems. It occurs when harmful substances, such as chemicals, waste, and
microorganisms, contaminate water bodies, including rivers, lakes, oceans, and ground-
water. These pollutants degrade the water quality and disrupt the balance of aquatic
environments [1]. The main sources of water pollution are industrial discharges, agricul-
tural runoff, improper waste disposal, and urbanization [2]. Industrial activities often
discharge heavy metals and toxic chemicals, such as textile dyes, into waterways, posing
serious health risks to humans and animals [3]. Textile dyes contribute significantly to
water pollution due to their complex chemical structures and extensive use in the textile
industry [4,5]. These dyes, which are often synthetic, are designed to be resistant to fading,
thus also making them resistant to natural degradation processes [6], such as reactive
blue 19, which is a very stable and resistant dye [7]. When wastewater containing dyes is
released into water bodies without proper treatment, it can cause severe environmental
and health problems. Textile dyes can discolor water bodies, reducing light penetration
and disturbing the balance of aquatic ecosystems [8]. This can negatively impact habitats
and hinder the growth and reproduction of aquatic plants and animals. Also, some studies
suggested that dyes such as reactive blue 19, due to their electrophilic vinyl sulfone groups,
have mutagenic properties [7].
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Ensuring safe drinking water, protecting wildlife, and maintaining environmental
health requires urgent action to address water pollution. According to the World Health
Organization, contaminated water is a significant cause of diseases and deaths worldwide,
underscoring the need for effective pollution control and remediation measures [1]. It
is crucial to implement effective management practices and policies. Solutions include
improving wastewater treatment, adopting sustainable agricultural practices, and enforcing
stricter regulations on industrial emissions [9].

Synthetic dyes are chemically complex and resistant to conventional wastewater treat-
ment methods such as coagulation, flocculation, and sedimentation, making their removal
from wastewater difficult. More effective treatment methods include advanced oxidation
processes, membrane filtration, and biological treatments [10]. However, these methods are
more expensive and require advanced infrastructure and expertise. Recent advancements in
wastewater treatment have introduced sorption as an innovative technique to enhance the
removal of contaminants and improve sustainability. Sorption is a highly effective method
for treating wastewater from the textile industry, particularly for dyes removal. This pro-
cess involves the adhesion of molecules of dye onto the adsorbent material surface [11].
The method is praised for its high efficiency, cost effectiveness, and relative simplicity in
implementation. Creating sorbents from waste materials involves transforming discarded
or byproduct materials into substances that can sorb pollutants. This approach not only
repurposes waste but also contributes to environmental remediation. Common waste
materials used include agricultural residues, industrial byproducts, and even municipal
solid waste, such as plastic [12,13]. Sorbents based on waste lignocellulose biomass, such as
wood and agricultural residues, provide a green alternative for various environmental and
industrial applications. Their continued development is promising, focusing on enhanc-
ing their efficiency and usability [14]. Waste lignocellulose biomass consists of cellulose,
hemicellulose, and lignin [15,16]. Cellulose provides structural support and a high surface
area [17]. Hemicellulose adds versatility and enhances sorptive properties [18]. Lignin
contributes hydrophobic qualities and structural rigidity [19]. Also, wood biowaste has
various functional groups, such as hydroxyl, carbonyl, carboxyl, phenolic, and amide,
which are responsible for the binding of pollutants, predominantly cationic pollutants,
such as heavy metals [20–23]. These functional groups can also be used for chemically or
physically modified metal oxides to enhance their adsorption capabilities, uptake capacity,
or sorption rate [24]. In recent studies, metal oxide, such as bismuth oxide (Bi2O3), was
used as a nanocomposite with zeolite as a promising sorbent material for Rhodamine B
and Methylene Blue dyes, which are cationic [25]. So, the main objective of this work
was the synthesis of low-cost sorbents from wood biowaste chemically modified with
bismuth oxide Bi2O3, for the removal of anionic pollutants, such as the commonly used
textile dye reactive blue 19 from a model solution. The main sorption parameters, such as
contact time, the solution’s pH, sorbent dose, dye concentration, and temperature, were
investigated. The isotherm and kinetics sorption models were used to determinate the
sorption equilibrium, mechanism, and sorbent capacity.

2. Materials and Methods
2.1. Reagents

Bi(NO3)3 × 5H2O, NaOH, HNO3, NaNO3, Bi2O3 and reactive blue 19 were purchased
from Sigma-Aldrich and used without further purification. The deionized water (18 MΩ)
was used to prepare all solutions.

2.2. Synthesis

Wood sawdust, an industrial biowaste, was obtained from a furniture factory and used
for sorbent synthesis. The wood biowaste was fractionized and the 0.4–0.8 mm fraction
was used for chemical modification. After that, the wood biowaste was washed using
deionized water and treated with 0.5 M NaOH for 30 min to activate the surface functional
groups. Then, in the first step, the 10 g of wood biowaste were incorporated in a solution of
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2.0 g of Bi(NO3)3 × 5H2O in 30.0 cm3 of 2 M HNO3. After mixing the mixtures for 30 min,
they were filtered, and then in the second step the residue was treated with trimethylamine
vapor for 90 min, which was used to create the conditions necessary to produce Bi2O3. Then,
the material was washed and dried at 65 ◦C for 6 h. The obtained wood biowaste–Bi2O3
sorbents were abbreviated as W-Bi. The schematic illustration for the synthesis process of
the W-Bi sorbent is shown in Scheme S1 in Supplementary Materials.

2.3. Characterization

The morphology of the sorbent was investigated using a scanning electron microscope
(SEM, SUPRA 35VP (Carl Zeiss), Jena, Germany) at an accelerating voltage of 1.0 kV. All
samples were attached to carbon tape and coated with thin and thick conductive Cr layer
to avoid electrical discharge. Magnifications of ×5000 were used for imaging the samples.
The energy-dispersive X-ray spectroscopy (EDX) was investigated on the JSM-5300 SEM
(SEM, JEOL Ltd., Tokyo, Japan) with QX2000 system (Link Analytical, High Wycombe,
UK). Samples were attached to aluminum stubs with Leit-c conductive carbon cement.
Secondary electron images were collected with a Hitachi High Technologies SU8030 (Tokyo,
Japan) field emission gun SEM. Samples were imaged uncoated, at 20 kV with a Thermo
Scientific System 7 Ultradry EDX detector (Waltham, MA, USA). Five random areas were
analyzed on each sample. The crystalline structure and compositions were examined
using theta–theta geometry in reflection mode with a D8 Advance X-ray diffraction (XRD)
instrument (Bruker, Billerica, MA, USA). The analysis employed Cu Kα radiation at 40 kV
and 40 mA, with a LynxEye silicon strip detector. Data were collected over a range of 2–80◦

2θ, with a step size of 0.02◦ and a counting time of 0.5 s per step. Data acquisition was
managed through DIFFRAC plus XRD Commander software version 2.6.1 (Bruker-AXS),
while qualitative analysis utilized EVA version 5 (Bruker-AXS) and the PDF-2 2020 database
(ICDD). Quantitative analysis was conducted using TOPAS version 5 (Bruker-AXS). The
specific surface area was measured by nitrogen adsorption using the Micromeritics Gemini
5 Surface Area Analyzer, USA, using the Brunauer–Emmett–Teller (BET) method [26].
Samples were degassed overnight under flowing nitrogen gas. The Barret–Joyner–Halenda
(BJH) method was used for pore size and pore volume analysis [27]. The molecular structure
was investigated using Fourier transform infrared spectroscopy–attenuated total reflectance
(FTIR–ATR, Vertex 70v (Bruker), Billerica, MA, USA) in the spectral range 4000–600 cm−1.
The net surface charge of the sorbent was determined by the point of zero charge (PZC)
drift method. The series of 0.1 dm3 0.1 M NaNO3 solutions were adjusted to the initial
pH (pHi) range 2.0–10.0 using 0.1/0.01 M HNO3 and 0.1/0.01 M NaOH. A total of 0.2 g of
sorbents were added to each solution into stopped glass tubes and stirred. The final pH
(pHf) was measured after 24 h. The PZC was obtained at the intersection of the pHi and
pHf curves.

2.4. Sorption and Desorption Study

The W-Bi sorbent was used to remove textile dye reactive blue 19 from aqueous
solution. For the sorption experiments, freshly prepared dye working solutions were
utilized. The pH was adjusted to the required level using HNO3 and NaOH solutions.
Once the appropriate amount of sorbents was added to the dye solution, the mixture was
stirred at 500 rpm until equilibrium was achieved. Dye concentration was measured by
analyzing samples of the solution at 569 nm using a UV-1800 spectrophotometer (Shimadzu,
Kyoto, Japan). The removal efficiency (RE, %) and sorption capacity (qt, mg/g) over time (t,
s) were calculated using Equations (1) and (2), respectively:

RE(%) =
ci − cf

ci
· 100%, (1)

qt =
(ci − cf) · V

m
, (2)
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where ci (mg/dm3) is the initial dye concentration, cf (mg/dm3) is the final dye concentra-
tion, V (dm3) is the dye volume solution and m (g) is the sorbent mass. The sorption study
was carried out to analyze the effects of the initial pH of dye solution (2.0–10.0), the W-Bi
dose (0.5–6.0 g/dm3), initial dye concentration (50.0–1000.0 mg/dm3) and temperature
(5.0–55.0 ◦C). Also, the sorption study for dye removal using unmodified waste biomass
and commercial Bi2O3 was carried out for comparison. The desorption was carried out
using 0.5 M NaOH.

2.5. Kinetic and Isotherm Study

The kinetic and isotherm examination was conducted with a 2.0 g/dm3 sorbent dose in
range of 10.0–1000.0 mg/dm3, with the dye solutions mixed up to equilibrium. Two kinetic
models, the pseudo-first order and the pseudo-second order, and two isotherm models,
Langmuir and Freundlich, were employed for the kinetics and isotherm examination of
dye sorption onto W-Bi. The pseudo-first order model describes the sorption rate, which
is dependent on the number of active sites available on the sorbent surface for binding
the sorbate molecules [28]. The pseudo-second order model assumed that the sorption
rate is controlled by the amount of sorbate sorbed on the sorbent surface [29]. The pseudo-
first order and the pseudo-second order model are represented in Equations (3) and (4),
respectively:

qt = qe

(
1 − e−k1t

)
, (3)

qt =
q2

e k2t
1 + k2qet

, (4)

where k1 (1/min) and k2 (g/mg·min) are the the pseudo-first order and the pseudo-second
order rate constant, qe (mg/g) is the sorbed dye amount at equilibrium, and r2 is the
determination coefficient.

The Langmuir isotherm suggests that sorbate uptake occurs through monolayer ad-
sorption on a surface that is energetically uniform, with no interaction between the sorbate
molecules [30]. The Freundlich isotherm indicates that sorption happens on a heteroge-
neous surface, where sites with higher energy are occupied first. As the occupation of these
sites increases, the binding strength decreases [31]. These models are expressed by the
Equations (5) and (6), respectively:

qe =
qmKLCe

1 + KLCe
, (5)

qe = KFc
1
n
e , (6)

where ce (mg/dm3) is the equilibrium dye concentration, qm (mg/g) is the maximum
capacity, KL and KF are the Langmuir and the Freundlich constants, respectively, and 1/nF
is the Freundlich exponent.

All parameter evaluations were conducted using Origin 2021 software (OriginLab
Corporation, Northampton, MA, USA).

3. Results and Discussion
3.1. Characterization
3.1.1. SEM-EDX

The morphologies and microstructures of the wood biowaste (Figure 1a) and the W-Bi
sorbent (Figure 1b–d) were examined by SEM. The samples before and after modification
show a very similar smooth surface and a porous morphology, containing specific chan-
nels and pores, which means that the modification process did not cause any significant
morphological change in the wood biowaste surface. The size of the particles on the W-Bi
sorbent surface is near 1 mm, with about 100-µm-sized cell-like units. These unites have
randomly positioned holes whose dimensions are around 1 µm. On the surface of some
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particles of the W-Bi sorbent, there was a smooth layer consisting of a higher atomic number,
meaning that Bi2O3 was highly and homogeneously dispersed, without a change in the
wood biowaste structure. The chemical composition of the wood biowaste (Figure 2a) and
W-Bi sorbent (Figure 2b) was confirmed by EDX analysis. The wood biowaste consists of
59.7% carbon and 39.4% oxygen, and W-Bi sorbent consists of 23.4% carbon, 57.9% oxygen
and 18.7 bismuth. With the increase of bismuth content in the samples, oxygen content also
increased, meaning that there was no incorporation of individual bismuth atoms in the
wood biowaste structure, but it is most likely an oxide form of bismuth.
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Figure 2. EDX spectrum of (a) wood biowaste and (b) W-Bi sorbent.

3.1.2. XRD

The mineral properties of the wood biowaste (Figure 3a) and the W-Bi sorbent (Figure 3b)
were examined by XRD. The samples before and after modification show a very similar
structure, which is predominantly amorphous. The W-Bi sorbent has broad reflections of 2θ
at 23 and 16, with a significantly weaker broad reflection of 2θ at 43. These are reminiscent of
a partially amorphous, poorly crystalline material in the W-Bi sorbent, and no characteristic
peaks of crystal Bi2O3, which occurred in the Bi2O3 with a crystal structure [32], meaning
that Bi2O3 does not occur as a separate or individual form on the W-Bi sorbent surface, and
indicating that Bi is chemically bonded to the wood biowaste.
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3.1.3. BET

The specific surface area of the wood biowaste (Figure 4a) and the W-Bi sorbent
(Figure 4b) was estimated using the BET method. Surface area measurements showed
that the wood biowaste and W-Bi sorbent has a BET surface area of 5.70 and 1.70 m2/g,
respectively. The BJH pore size distribution of the wood biowaste was 5.13 nm with a BJH
pore volume of 0.0067 cm3/g. The BJH pore size distribution of W-Bi sorbent was 7.11 nm
with a BJH pore volume of 0.0033 cm3/g. Wood-based sorbents can have varying BET
surface areas depending on their treatment and preparation. Generally, untreated wood
has a relatively low BET surface area, often in the range of 1–10 m2/g [33]. The activated
carbon derived from wood can have a significantly higher BET surface area depending on
the activation process [34]. However, wood-based sorbents which are not carbonated have
generally relatively low BET surface areas, such as the W-Bi sorbent [33].
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3.1.4. FTIR

The functional groups content of the wood biowaste and the W-Bi sorbent was exam-
ined by FTIR-ATR (Figure 5a). The samples before and after modification show that the
modification using Bi2O3 generated several changes in the IR region of 4000–400 cm−1. The
bands in the region 3500–3000 cm−1 are related to the stretching vibration of hydroxyl and
methyl/methylene groups in the hemicellulose and lignin molecules in both spectra, and
the peak at around 3350 cm−1 is related to the band of hydroxyl groups [35]. The peaks
observed in the 1700–1380 cm−1 range in the spectra of the W-Bi sorbent correspond to
the bending vibrations of Bi–OH groups. These peaks are overlapped by other vibrations,
including the stretching vibrations of C=O groups in carboxylic acids and esters, aromatic
ring bands, and the stretching vibrations associated with lignin and hemicellulose. The
bands in the region 1200–800 cm−1 are related by the presence of carbohydrate components
and correspond to the vibration of C–O–C, C–O and O–H of cellulose in both spectra [35].
The series of minor absorption peaks around 550 cm−1 in the spectra of the W-Bi sorbent
correspond to Bi–O vibrations. These peaks exhibit lower intensity due to the relatively
low concentration of Bi in the W-Bi sorbent [36]. This indicates that Bi2O3 is chemically
bonded to functional groups of wood biowaste, creating new specific active centers.
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3.1.5. PZC

The PZC of the W-Bi sorbent was estimated using the PZC drift method (Figure 5b).
It was found that the PZC of W-Bi was 5.67. When the pH of the solution is below the
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PZC, the surface of the sorbent typically carries a positive charge, which can attract anions
(negatively charged ions). Conversely, when the pH is above the PZC, the sorbent’s surface
usually carries a negative charge, making it more likely to attract cations (positively charged
ions) [37].

3.2. Sorption and Desorption Study
3.2.1. Contact Time

The contact time is a critical factor which affects the sorption of dyes and directly
influences the equilibrium state of the sorption process. The effect of the contact time was
explored in a period of time of 150 min at a pH value of 2.0 with a 2.0 g/dm3 sorbent
dose and a 100.0 mg/dm3 dye concentration at 25.0 ◦C. The results presented in Figure 6a
show that the dye sorption efficiency increased with time and took place in two phases.
The first one was fast, and dye removal efficiency increased from 0 to 95.3% in less than
20 min. After that, the slower phase took place, until reaching equilibrium for 60 min. An
increase in contact time generally enhances the dye sorption efficiency until equilibrium is
reached. Initially, the sorption rate was high due to the abundance of active sites on the
W-Bi sorbent’s surface, but as these sites became occupied, the rate decreased, leading to a
plateau phase, indicating equilibrium [38]. The sorption removal of dye using unmodified
wood biowaste and commercial Bi2O3 was investigated in period of 150 min, after which
the dye removal efficiency was 0.95 and 12.24%, respectively. These experiments show that
the chemical modification of wood biowaste using Bi2O3 improved the capability of wood
biowaste to remove anionic pollutants such as reactive blue 19 dye, and the obtained W-Bi
sorbent displayed very high and rapid sorption.
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3.2.2. pH

The pH of the solution is a key factor in the sorption process of textile dyes, influencing
dye ionization, sorbent surface charge, and overall sorption mechanisms. Optimizing
pH conditions is essential for enhancing dye removal efficiency in wastewater treatment
processes. The effect of the pH was explored by changing its values from 2.0 up to 10.0,
with a 2.0 g/dm3 sorbent dose and a 100.0 mg/dm3 dye concentration at 25.0 ◦C. The
results presented in Figure 6b show that, with the increase in the pH up to 5.0, the removal
efficiency decreased from 100 to 70.5%. An additional increase in pH to 10.0 led to a
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significant decrease in the removal efficiency (1.9%). The maximal dye uptake was achieved
at pH 2.0. Reactive blue 19 is an anionic dye, due to the sulfonic group in the molecule,
which has a negative charge, and influences dye interaction with sorbents. The surface
charge of the W-Bi sorbent changes with pH. In acidic environments, at a pH lower than
the PZC of the W-Bi sorbent, the W-Bi sorbent’s surface becomes positively charged due
to the protonation of surface groups. This positive charge enhances the sorption of dye
molecules because opposite charges attract [39]. At higher pH levels, at a pH higher than
the PZC of W-Bi sorbent, the W-Bi sorbent’s surface becomes more negatively charged due
to deprotonation. This increased the negative charge and repelled dye molecules, reducing
their sorption [40]. Generally, a lower pH enhances dye adsorption due to increased
attraction, while a higher pH can decrease adsorption due to increased repulsion (Scheme
S2 in Supplementary Materials).

3.2.3. Sorbent Dose

The sorbent dose has a critical role in optimizing dye removal processes, and it is
crucial to determine the optimal dose to avoid inefficiencies and unnecessary costs and
achieve effective and cost-efficient dye removal from wastewater. The effect of the sorbent
dose was explored by changing its values from 0.5 up to 6.0 g/dm3 at a pH value of 2.0
with a 100.0 mg/dm3 dye concentration at 25.0 ◦C. The results presented in Figure 6c show
that increasing the W-Bi dose to 2.0 g/dm3 increased removal efficiency from 52.9 to 100%;
after that, the dye removal efficiency negligibly changed, with higher W-Bi doses up to
6.0 g/dm3. The maximal dye uptake was achieved at 2.0 g/dm3 sorbent dose. Increasing
the sorbent dose generally enhances the removal of textile dyes from aqueous solutions, due
to the increase in surface area and more sorption sites available for the dye molecules [41].
Also, a higher sorbent dose led to more effective dye removal due to enhanced sorption
capacity and better interactions between the dye molecules and the sorbent surface.

3.2.4. Dye Concentration

The effect of dye concentration on removal efficiency in the sorption process is a
significant factor influencing the performance of adsorption systems used in wastewater
treatment. Recent studies have elucidated how varying dye concentrations can impact the
efficiency of dye removal, providing insights into optimizing sorption processes for en-
hanced environmental management. As dye concentration increases, the removal efficiency
of the sorption process typically shows a trend of decreasing effectiveness. The effect of
the dye concentration was explored by changing its values from 50.0 up to 1000.0 mg/dm3

at a pH value of 2.0 with a 2.0 g/dm3 sorbent dose at 25.0 ◦C. The results depicted in
Figure 6d indicate that as the dye concentration increases, the removal efficiency of the
dye decreases. At lower dye concentrations (50.0–500.0 mg/dm3), the removal efficiency is
very high, approaching nearly 100%. The maximal dye uptake was achieved at lower dye
concentrations from 50.0 to 500.0 mg/dm3. Further increasing the dye concentration up
to 1000.0 mg/dm3 reduces the removal efficiency to 72.3%. This occurs because, at higher
concentrations, the number of dye molecules exceeds the number of available active sites on
the sorbent material. Consequently, the sorption sites become saturated, leading to a reduc-
tion in the overall efficiency of the removal process [42,43]. The comparison of maximum
sorption capacities for reactive blue 19 dye of the W-Bi sorbent and other novel sorbents
from the literature are presented in Table 1, and it is noticeable that the sorption capacities
depend on nature of the used sorbent. The W-Bi sorbent shows very high dye sorption
efficiency among the other sorbents, which proves the advantages of chemical modification
using Bi2O3 in comparison with other physical/chemical modification methods reported
in the literature. The use of wood waste sorbents for the removal of organic dyes, par-
ticularly reactive blue 19, offers several advantages that make them an attractive choice
for treating dye-contaminated water. The biggest advantage of W-Bi sorbent compared to
other sorbents from the literature is the cost-effectiveness due to wood biowaste abundant
availability and low acquisition costs. The removal of such a high dye concentration using
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sorbents is crucial, particularly in the textile industry, where wastewater often contains
significant levels of dye. The textile sector is known for generating large volumes of effluent
with high concentrated dyes due to the processes of dyeing and finishing. Implementing
W-Bi sorbent for the removal of high dye concentrations not only helps in mitigating the
environmental impact of textile effluents but also supports compliance with regulatory
standards for wastewater discharge.

Table 1. The comparison of various novel sorbents used for reactive blue 19 dye removal.

Sorbent qm (mg/g) Reference

chitosan-tripolyphosphate/MgO/Fe3O4 120.3 [44]
chitosan-glyoxal/organically modified montmorillonite 122.3 [45]
chitosan grafted-benzaldehyde/montmorillonite/algae 213.6 [46]

chitosan-ZnO derived from Nymphaeaceae fronds 219.6 [47]
magnetic chitosan-benzoin/fly ash 309.6 [48]

wood biowaste modified with Bi2O3 434.75 This study
lignin-based polyporous carbon@polypyrrole 537.52 [49]

mesoporous chitosan-epichlorohydrin/kaolin clay 560.9 [50]

3.2.5. Temperature

The effect of temperature on removal efficiency plays a significant role in the sorption
process, influencing both the rate and capacity of sorbents to remove pollutants from water.
Sorption is sensitive to temperature changes due to its impact on the interaction dynamics
between the sorbent and the pollutants. The effect of the temperature was explored by
changing its values from 5.0 up to 55.0 ◦C at a pH value of 2.0 with a 2.0 g/dm3 sorbent
dose and a 100.0 mg/dm3 dye concentration. The results presented in Figure 6e show that
increasing the temperature from 5.0 to 55.0 ◦C led to an increase in the removal efficiency
of dye from 88.2% to 100%, indicating that the sorption process is endothermic in nature.
The maximal dye uptake was achieved at 25 ◦C. Such an influence of temperature may be a
result of the fact that higher temperatures generally increase the mobility of both the sorbate
and the sorbent molecules, which can lead to more frequent collisions and interactions [51].

3.2.6. Desorption and Reusability

Desorption studies are critical for understanding environmental impact and the ef-
fectiveness of the W-Bi sorbent. The pH levels significantly affect the desorption process.
Increasing the pH can enhance the desorption of anionic dyes from substrates due to the
reduction in electrostatic interactions between the dye molecules and the substrate [52].
The results presented in Figure 6f show that the dye removal efficiency using W-Bi sorbent
was reduced gradually from 100 to 80.5 %, after six sorption–desorption cycles, meaning
that W-Bi sorbent had good reusability properties. The decrease in dye removal efficiency is
probably attributed to the loss of the W-Bi sorbent in the sorption–desorption processes or
the inactivation of surface sorption centers. The desorption did not lead to visible changes
on the surface and in the structure of the sorbent (Figure S1 in Supplementary Materials).

3.3. Kinetic and Isotherm Study
3.3.1. Sorption Kinetic

Sorption kinetics refers to the rate at which dye molecules are sorbed by the W-Bi
sorbent. This concept is crucial in environmental science, chemistry, and materials science
for understanding how quickly dye molecules interact with surfaces of W-Bi sorbent. The
results presented in Figure 7a,b show the plot of qt vs. t for the pseudo-first order and the
pseudo-second order model for dye removal using W-Bi sorbent, respectively. The obtained
value of the parameters presented in Table 1 shows that the determined values of qe for
dye sorption using W-Bi showed similarity with the obtained experimental qe values, but
in the case of the pseudo-second order model, they are closer to the experimental values.
The obtained r2 for the pseudo-second order model was from 0.999 to 0.993, which was
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relatively higher than the r2 for the pseudo-first-order model, which was from 0.997 to
0.960, meaning that the pseudo-second order model better fitted experimental data than
the pseudo-first order. The obtained results indicate that the pseudo-second order model
can be successfully used for the study of dye sorption by W-Bi and implies that the sorption
process is controlled by the interaction between the sorbate and specific binding sites on
the sorbent [53]. This can reflect the involvement of chemisorption or the formation of new
chemical bonds, which often occurs when the sorbate and sorbent have a high affinity for
each other (Table 2).
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Table 2. Kinetic parameters obtained for dye sorption using W-Bi sorbent and their 98% confidence
intervals.

Sorption Kinetics

Pseudo-First Order Pseudo-Second Order

c0 (mg/dm3) exp qe (mg/g) qe (mg/g) k1 (1/min) r2 qe (mg/g) k2 (g/mg·min) r2

50.0 25.00 ± 0.00 24.97 ± 0.00 2.68 ± 0.005 0.997 25.00 ± 0.00 4.09 ± 0.008 0.999

100.0 49.99 ± 0.01 49.62 ± 0.01 1.07 ± 0.002 0.995 50.00 ± 0.00 1.98 ± 0.004 0.999

250.0 124.97 ± 0.03 122.22 ± 0.03 0.65 ± 0.001 0.981 125.01 ± 0.01 1.07 ± 0.002 0.999

500.0 249.89 ± 0.11 234.87 ± 0.11 0.16 ± 0.0001 0.964 250.03 ± 0.03 0.29 ± 0.0001 0.997

750.0 374.40 ± 0.60 348.64 ± 0.60 0.10 ± 0.0001 0.961 375.05 ± 0.05 0.17 ± 0.0001 0.995

1000.0 440.84 ± 0.88 417.12 ± 0.83 0.09 ± 0.0001 0.960 445.73 ± 0.89 0.15 ± 0.0001 0.993

3.3.2. Sorption Isotherm

Sorption isotherms describe how dye molecules interact with a W-Bi sorbent, illustrat-
ing the relationship between the quantity of the dye molecules sorbed and its concentration
in the surrounding phase at equilibrium. The results presented in Figure 8a,b show the
plot of qe versus ce for the Langmuir and the Freundlich isotherm for dye removal using
the W-Bi sorbent, respectively. The obtained parameter values presented in Table 3 show
that the r2 obtained for the Langmuir model was 0.991, which was relatively higher than
the r2 for the Freundlich model, which was 0.999, meaning that the Langmuir model better
fitted experimental data than the Freundlich model, which achieved a value of 0.671. This
outcome means that for systems where adsorption sites are homogeneously distributed
and a maximum capacity is reached, the Langmuir model can provide a more accurate rep-
resentation of the adsorption process compared to the Freundlich model [41]. The maximal
sorption capacity of the W-Bi sorbent for reactive blue 19 calculated from Langmuir model
was 434.75 mg/g.
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434.75 6.19 0.999 233.59 6.63 0.671

4. Conclusions

The morphology analysis revealed that the W-Bi sorbent consists of particles approxi-
mately 1 mm in size, featuring cell-like units around 100 µm in diameter, each with holes
of about 1 µm. The chemical analysis confirmed that the W-Bi sorbent consisted of 23.4%
carbon, 57.9% oxygen and 18.7 bismuth. The mineral analysis proved that the W-Bi sorbent
has an amorphous structure, meaning that Bi2O3 does not appear as a separate or individ-
ual form on the W-Bi sorbent surface. Surface area measurements showed that the W-Bi
sorbent has a BET surface area of 1.70 m2/g with a BJH pore size distribution of 7.11 nm
and BJH pore volume of 0.0033 cm3/g. The sorption study of dye using the W-Bi sorbent
confirmed that removal efficiency increased from 0 to 95.3% in less than 20 min, reaching
equilibrium for 60 min, and the maximal dye uptake was achieved at a pH of 2.0, with
a 2.0 g/dm3 sorbent dose at lower tested dye concentrations from 50.0 to 500.0 mg/dm3.
The desorption study showed that dye removal efficiency using the W-Bi sorbent was
reduced from 100 to 80.5%, after six sorption–desorption cycles. Kinetics and isotherms
studies revealed that the data were best fitted to pseudo-second order model (r2 ≥ 0.99) and
Langmuir model (r2 ≥ 0.99), indicating that the process occurs in the monolayer form and
the dye sorption depends on the active sites of the sorbent surface. The maximal sorption
capacity of the W-Bi sorbent for dye was 434.75 mg/g. All these results suggest that the
W-Bi sorbent could be a viable option for reactive blue 19 dye removal from polluted
waters or wastewaters, particularly in the textile industry, where wastewater often contains
significant levels of dye.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr12092025/s1, Scheme S1: Schematic illustration for the synthesis
of W-Bi sorbent. Scheme S2: Schematic illustration for proposed sorption mechanism of Reactive blue
19 dye using W-Bi sorbent. Figure S1: The characterization of W-Bi sorbent after desorption: (a) SEM;
(b) EDX; (c) XRD; (d) FTIR.
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