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ABSTRACT: Dye contamination in wastewater affects the photosynthesis of
aquatic plants and algae by blocking the sunlight, and it induces toxicity to aquatic
organisms, which might result in human health effects. Thus, the treatment of
dyes in wastewater is required before discharging into the receiving water for
safety purposes. Six dye adsorbent materials bagasse beads (BB), bagasse fly ash
beads (BFB), bagasse beads with mixed iron(III) oxide-hydroxide (BBF), bagasse
fly ash beads with mixed iron(III) oxide-hydroxide (BFBF), bagasse beads with
mixed zinc oxide (BBZ), and bagasse fly ash beads with mixed zinc oxide (BFBZ)
were synthesized and investigated using various characterization techniques such
as X-ray diffractometry (XRD), field emission scanning electron microscopy with
focused ion beam (FESEM-FIB), energy dispersive X-ray spectrometry (EDX),
and Fourier transform infrared spectroscopy (FTIR). A series of batch
experiments on the effects of dosage (0.5−3 g), contact time (3−18 h),
temperature (30−80°C), pH (3−11), and initial concentration (30−90 mg/L) were used to investigate reactive blue 4 (RB4) dye
removal efficiencies in aqueous solution, and their adsorption isotherms and kinetics were studied for explaining their adsorption
patterns and mechanisms. All dye adsorbent materials demonstrated semicrystalline structures, and their surface morphologies had a
spherical shape with coarse surfaces. Five main elements of oxygen, carbon, calcium, chlorine, and sodium and six main functional
groups of alcohol and carboxylic acid (O−H), carbon dioxide (O�C�O), aromatic groups (C�O and N�O), alkene (C−H),
and sodium alginate (C−O−C) were detected in all dye adsorbent materials. For batch tests, they could remove RB4 dye by more
than 90%, and BFBF exhibited the highest RB4 dye removal efficiency at 99.36%. Freundlich and pseudo-second-order kinetic
models well explained their adsorption patterns and mechanisms, in which BFBF demonstrated a higher maximum adsorption
capacity (qm) of 10.277 mg/g than that of other dye adsorbent materials. Therefore, all dye adsorbent materials offer good potential
for further industrial applications.

1. INTRODUCTION
Dye contaminants in the effluents of textile industries may
create many environmental problems including blocking the
sunlight and affecting the photosynthesis of aquatic plants and
algae, and they are also toxic to aquatic organisms,
accumulating through food web and resulting in human health
effects such as allergy, dermatitis, skin irritation, and skin
cancer.1 Various dyes are widely used in many industries of
pigments, paints, and textiles such as acid dyes, direct dyes,
basic dyes, disperse dyes, reactive dyes, azoic dyes, etc.2

Especially, reactive dyes are commonly used for dyeing
cellulose fibers because of their long-lasting color; however,
they are polyaromatic molecules, which make them more
stable and cannot be biodegradable, resulting in environmental
accumulations.3 Therefore, the dye contaminant in wastewater
is required to be treated before discharging to protect water
bodies and the ecological system.

Coagulation−flocculation, ion exchange, advanced oxidation
processes, reverse osmosis, photocatalytic degradation, phytor-
emediation, and adsorption are normally used for dye
removal;4 among them, adsorption is an effective method
with easy operation and reasonable cost.5 The selection of
adsorbents is an challenge, as it has to provide high dye
adsorption efficiency. Moreover, the cost−benefit management
is also required for industrial applications, so low-cost
adsorbents from waste materials might be a good choice to
control the operation cost. Many research articles have used
various waste materials such as sawdust, coconut shells, potato
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peels, banana peels, rice husk, bagasse, and bagasse fly ash for
dye removal in wastewater.6−13 Among these, bagasse and
bagasse fly ash are interesting choices because not only they
have good chemical properties of cellulose, lignin, and
hemicellulose for dye removal14 but also they help reduce a
huge amount of agriculture or industrial waste by acting as
recycled waste for the wastewater treatment.
Many types of metal oxides such as titanium dioxide (TiO2),

aluminum oxide (Al2O3), manganese oxide (MnO), iron oxide
(FeOH), and zinc oxide (ZnO) have been used for dye
removal in various applications.15 Especially, iron(III) oxide-
hydroxide and ZnO are usually used for improving material
efficiency to remove dyes in many articles.16−19 Metal oxides
are not appropriate for direct use in dye removal in effluents
because they might cause problems including clogging,
pressure drop, and being hard to separate after treatment.20

Therefore, the adsorbent efficiencies are improved by adding

them to raw materials. Also, changing the material form from
powder to the beads might help solve the separation problem
after treatment, which was proved and recommended by
previous studies.21,22 Therefore, this study attempts to
synthesize dye adsorbent materials with the addition of metal
oxides and changing the material form to improve dye
adsorbent material efficiency for dye removal in wastewater
for further industrial applications.
This current research attempted to synthesize six dye

adsorbent materials such as bagasse beads (BB), bagasse fly ash
beads (BFB), bagasse beads with mixed iron(III) oxide-
hydroxide (BBF), bagasse fly ash beads with mixed iron(III)
oxide-hydroxide (BFBF), bagasse beads with mixed zinc oxide
(BBZ), and bagasse fly ash beads with mixed zinc oxide
(BFBZ) for removal of the reactive blue 4 (RB4) dye in
aqueous solution, to identify their characterizations with
several techniques such as X-ray diffractometry (XRD), field

Figure 1. Physical characteristics of (a) bagasse beads (BB), (b) bagasse fly ash beads (BFB), (c) bagasse beads with mixed iron(III) oxide-
hydroxide (BBF), (d) bagasse fly ash beads with mixed iron(III) oxide-hydroxide (BFBF), (e) bagasse beads with mixed zinc oxide (BBZ), and (f)
bagasse fly ash beads with mixed zinc oxide (BFBZ).
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Figure 2. Crystalline structures of (a) bagasse beads (BB), (b) bagasse fly ash beads (BFB), (c) bagasse beads with mixed iron(III) oxide-hydroxide
(BBF), (d) bagasse fly ash beads with mixed iron(III) oxide-hydroxide (BFBF), (e) bagasse beads with mixed zinc oxide (BBZ), and (f) bagasse fly
ash beads with mixed zinc oxide (BFBZ).
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emission scanning electron microscopy with focused ion beam
(FESEM-FIB), energy dispersive X-ray spectrometry (EDX),
and Fourier transform infrared spectroscopy (FTIR), to
investigate their dye removal efficiencies with affecting factors
such as dosage, contact time, temperature, pH, and initial
concentration by a series of batch experiments and to study
their adsorption isotherms and kinetics.

2. RESULTS AND DISCUSSION
2.1. Physical Characteristics of Dye Adsorbent

Materials. Figure 1a−f demonstrates the physical character-
istics of dye adsorbent materials, in which all materials had a
spherical shape with different colors depending on the raw
materials and types of metal oxides inside the materials. For BB
and BFB, BB had a yellow color, whereas BFB had a dark-gray
color, where their colors were directly correlated to the colors
of bagasse and bagasse fly ash, respectively, as shown in Figure
1a,b. For BBF and BFBF, BBF had an iron-rust color, whereas
BFBF had a black color, were the change of bead colors
resulted from the addition of iron(III) oxide-hydroxide to the
raw materials (BP and BFP) before synthesizing the bead
materials, respectively, as shown in Figure 1c,d. For BBZ and
BFBZ, BBZ had a light-yellow color, whereas BFBZ had a
light-gray color, resulting from the addition of zinc oxide to the
raw materials (BP and BFP), respectively, as shown in Figure
1e,f. The white color of zinc oxide has a decreasing effect on
the colors of BBZ and BFBZ compared to the colors of BB and
BFB.
2.2. Characterizations of Dye Adsorbent Materials.

2.2.1. XRD. Figure 2a−f demonstrates the semicrystalline
structures of all dye adsorbent materials using the XRD
technique, and Table 1 illustrates their crystalline structures
with their positions at 2θ (degree). BB and BFB demonstrated
semicrystalline structures with specified cellulose structure
peaks of 16.62, 22.34, and 34.34° for BB and specified SiO2
peaks of 20.94, 26.78, and 50.32° for BFB, as shown in Figure
2a,b, respectively.11,23 Moreover, it was also found that the
specified sodium alginate peaks of 13.54, 18.58, 21.82, and
38.26° resulted from bead formations.24 BBF and BFBF not
only exhibited the specified peaks similarly to BB and BFB but
also displayed the specified iron(III) oxide-hydroxide peaks of
21.40, 33.28, 36.84, 41.50, and 53.84° related to JCPDS:29-
0713,25 resulted from adding iron(III) oxide-hydroxide to BP
and BFP before synthesizing bead materials, shown in Figure
2c,d, respectively. BBZ and BFBZ had the specified peaks
similarly to BB and BFB, and they also had specified zinc oxide
peaks of 31.90, 34.54, 36.38, 47.68, 56.66, 63.22, 68.02, and
69.12°, matching JCPDS:36-1451,26 resulted from adding zinc
oxide to BP and BFP before bead formation, as shown in
Figure 2e,f, respectively. As a result, the successful addition of
iron(III) oxide-hydroxide and zinc oxide to BP and BFP to
synthesize BBF, BFBF, BBZ, and BFBZ could be confirmed.
2.2.2. FESEM-FIB and EDX. FESEM-FIB images of surface

morphologies of dye adsorbent materials in the bead form at
100× magnification with 1 mm and the surface at 500×
magnification with 400 μm are given in Figure 3a−l. BB and
BFB had a spherical shape with coarse surfaces at 100×
magnification with 1 mm, as shown in Figure 3a,c, respectively.
At 500× magnification with 400 μm, the surface of BB
displayed the layer sheet or scaly sheet surface, whereas BFB
had a coarse surface, as shown in Figure 3b,d, respectively. BBF
and BFBF had a spherical shape with coarse surfaces, among
which BFBF presented a smoother surface than BBF at 100× T
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magnification with 1 mm, as shown in Figure 3e,g. At 500×
magnification with 400 μm, BBF had a coarse surface, whereas
BFBF had a smoother surface than BBF, as shown in Figure
3f,h. In addition, a little spreading of the iron rod in the surface
of BFBF was also observed in Figure 3h. BBZ and BFBZ had a
spherical shape with coarse surfaces, among which BFBZ
showed a smoother surface than BBZ at 100× magnification

with 1 mm, as shown in Figure 3I,k. At 500× magnification
with 400 μm, both materials were also heterogeneous and has
coarse surfaces, as shown in Figure 3j,l.
Table 2 demonstrates the average chemical compositions of

all dye adsorbent materials by EDX analysis, which indicated
the five main elements of oxygen (O), carbon (C), calcium
(Ca), chlorine (Cl), and sodium (Na), whereas zinc (Zn) was

Figure 3. FESEM-FIB images of surface morphologies in the bead form at 100× magnification with 1 mm and surface at 500× magnification with
400 μm, respectively, of (a, b) bagasse beads (BB), (c, d) bagasse fly ash beads (BFB), (e, f) bagasse beads with mixed iron(III) oxide-hydroxide
(BBF), (g, h) bagasse fly ash beads with mixed iron(III) oxide-hydroxide (BFBF), (i, j) bagasse beads with mixed zinc oxide (BBZ), and (k, l)
bagasse fly ash beads with mixed zinc oxide (BFBZ).

Table 2. Average Chemical Compositions of Bagasse Beads (BB), Bagasse Fly Ash Beads (BFB), Bagasse Beads with Mixed
Iron(III) Oxide-Hydroxide (BBF), Bagasse Fly Ash Beads with Mixed Iron(III) Oxide-Hydroxide (BFBF), Bagasse Beads with
Mixed Zinc Oxide (BBZ), and Bagasse Fly Ash Beads with Mixed Zinc Oxide (BFBZ) by EDX Analysis

chemical element (wt %)

materials O C Ca Cl Na Fe Zn Si Al K Mg

BB 43.9 43.6 8.1 3.8 0.6
BBF 40.4 31.3 11.5 4.2 2.5 10.1
BBZ 29.1 28.2 6.7 4.4 2.1 29.5
BFB 31.4 38.6 12.6 3.9 0.8 1.3 9.2 1.5 0.4 0.3
BFBF 31.7 39.1 6.5 4.1 2.2 11.7 4.2 0.4 0.1
BFBZ 20.5 30.3 5.7 4.1 1.2 2.3 30.4 4.5 0.7 0.3
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only detected in dye adsorbent materials with addition of ZnO.
Iron (Fe) was found in dye adsorbent materials that consisted
of bagasse fly ash as raw materials and dye adsorbent materials
with addition of iron(III) oxide-hydroxide. Silicon (Si),
aluminum (Al), and potassium (K) were only found in BFB,
BFBF, and BFBZ, whereas magnesium (Mg) was only
identified in BFB. For BB and BBF, O and C were decreased,
whereas Ca, Cl, Na, and Fe were increased after addition of
iron(III) oxide-hydroxide. As a result, this could verify the
successful addition of Fe to bagasse powder (BP) before
forming bead materials. For BB and BBZ, O, C, and Ca were
decreased, whereas Cl, Na, and Zn were increased after
addition of zinc oxide to confirm the addition of zinc oxide
into bagasse powder (BP) before forming bead materials. For
BFB and BFBF, O, C, Cl, Na, and Fe were increased, whereas
Ca, Si, Al, K, and Mg were decreased after addition of iron(III)
oxide-hydroxide. As a result, this could verify the addition of Fe
to bagasse fly ash powder (BFP) before forming bead materials
similarly to BBF. For BFB and BFBZ, O, C, Ca, Si, Al, K, and
Mg were decreased, whereas Cl, Na, Fe, and Zn were increased
after addition of zinc oxide to bagasse fly ash powder (BFP)
before forming bead materials similarly to BBZ. Therefore,
chemical compositions of all dye adsorbent materials were
dependent on the raw materials and types of metal oxides that
were added to the raw materials before forming bead materials.
2.2.3. FTIR. Figure 4a−f illustrates the chemical functional

groups of all dye adsorbent materials by FTIR analysis, where

the six main functional groups of O−H, O�C�O, C�O,
N�O, C−H, and C−O−C were detected in all of them, and
Table 3 demonstrates their functional groups with their
positions by wavelength. O−H represents the stretching of
alcohol and carboxylic acid, and O�C�O refers to the

stretching of carbon dioxide.27 C�O and N�O are the
stretching of aromatic groups including carbonyl bonds of
hemicellulose and the stretching of aromatic groups displaying
lignin, respectively.28,29 C−H represents the stretching of
alkene, and C−O−C demonstrates the stretching of sodium
alginate.30 BB exhibited the stretching of O−H at 3737.93 and
3316.75 cm−1, stretching of O�C�O at 2349.71 cm−1,
stretching of C�O and N�O at 1600.16 cm−1, stretching of
C−H at 1421.99 cm−1, stretching of C−O−C at 1026.45 cm−1,
and stretching of C�C at 883.37 cm−1, related to hemi-
cellulose and cellulose in bagasse31 shown in Figure 4a. BFB
exhibited the stretching of O−H or Si−OH related to the
silanol group at 3727.76, 3625.83, and 3600.45 cm−1,
stretching of O�C�O at 2349.66 cm−1, stretching of C�
O and N�O at 1596.13 cm−1, stretching of C−H at 1424.74
cm−1, stretching of C−O−C at 1019.17 cm−1, and stretching
of Si−H at 779.70 cm−1, normally found in bagasse fly ash27

shown in Figure 4b. BBF exhibited the stretching of O−H at
3727.86, 3703.37, 3626.30, 3599.89, and 3320.20 cm−1,
stretching of O�C�O at 2349.72 cm−1, stretching of C�
O and N�O at 1600.81 cm−1, stretching of C−H at 1412.34
cm−1, stretching of C−O−C at 1016.74 cm−1, and stretching
of C�C at 875.11 cm−1, as shown in Figure 4c. BFBF
demonstrated the stretching of O−H or Si−OH at 3728.29
and 3354.31 cm−1, stretching of O�C�O at 2349.14 cm−1,
stretching of C�O and N�O at 1596.64 cm−1, stretching of
C−H at 1415.17 cm−1, stretching of C−O−C at 1023.08 cm−1,
and stretching of Si−H at 779.38 cm−1, as shown in Figure 4d.
BBZ illustrated the stretching of O−H at 3727.70 and 3313.39
cm−1, stretching of O�C�O at 2349.77 cm−1, stretching of
C�O and N�O at 1598.48 cm−1, stretching of C−H at
1416.80 cm−1, stretching of C−O−C at 1024.01 cm−1, and
stretching of C�C at 825.50 cm−1, as shown in Figure 4e.
BFBZ illustrated the stretching of O−H or Si−OH at 3728.10,
3626.51, and 3600.32 cm−1, stretching of O�C�O at
2349.70 cm−1, stretching of C�O and N�O at 1596.70
cm−1, stretching of C−H at 1433.64 cm−1, stretching of C−
O−C at 1027.64 cm−1, and stretching of Si−H at 779.60 cm−1,
as shown in Figure 4f.
2.3. Batch Experiments. 2.3.1. Effect of Dose. Figure 5a

was demonstrated the effect of dose from 0.5 to 3 g of dye
adsorbent materials on dye removal efficiencies with the
control condition of the initial dye concentration of 50 mg/L, a
sample volume of 100 mL, a contact time of 12 h, pH 7, a
temperature of 50 °C, and a shaking speed of 150 rpm. Dye
removal efficiencies of all dye adsorbent materials were
increased with the increasing of material dosage similarly to
previous studies which the high amount of adsorbent dose
contributed the high surface area and increased the adsorption
sites for dye adsorption.32 In this study, material dosages of 2,
3, 3, 2, 3, and 2 g demonstrated the highest dye removal
efficiencies of 89.95, 90.80, 88.92, 92.34, 90.13, and 94.32% for
BB, BFB, BBF, BFBF, BBZ, and BFBZ, respectively. Therefore,
those material dosages were the optimum dosage of all dye
adsorbent materials and used for studying of contact time
effect.
2.3.2. Effect of Contact Time. Figure 5b was displayed the

effect of contact time from 3 to 18 h of dye adsorbent materials
on dye removal efficiencies with the control condition of the
optimum dosage from 2.3.1, the initial dye concentration of 50
mg/L, a sample volume of 100 mL, pH 7, a temperature of 50
°C, and a shaking speed of 150 rpm. The trends of dye removal
efficiencies of all dye adsorbent materials were increased with

Figure 4. FTIR spectra of (a) bagasse beads (BB), (b) bagasse fly ash
beads (BFB), (c) bagasse beads with mixed iron(III) oxide-hydroxide
(BBF), (d) bagasse fly ash beads with mixed iron(III) oxide-
hydroxide (BFBF), (e) bagasse beads with mixed zinc oxide (BBZ),
and (f) bagasse fly ash beads with mixed zinc oxide (BFBZ).
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the increasing of contact time similarly to the results of effect
of dose. Generally, the optimum contact time refers the time of
the saturated dye adsorption on dye adsorbent, and dye
adsorption will be constant or decrease after this time.33 In this
study, the highest dye removal efficiencies of almost dye
adsorbent materials were found at 12 h with 91.09, 88.41,
83.56, and 93.78% for BB, BFB, BBZ, and BFBZ, respectively
except BBF and BFBF which were found at 9 and 3 h with
85.21 and 94.44%. Therefore, those contact times were the
optimum contact time of all dye adsorbent materials and used
for studying of temperature effect.

2.3.3. Effect of Temperature. Figure 5c was displayed the
effect of temperature from 30 to 80 °C of dye adsorbent
materials on dye removal efficiencies with the control
condition of the optimum dosage and contact time from
2.3.1 and 2.3.2, the initial dye concentration of 50 mg/L, a
sample volume of 100 mL, pH 7, and a shaking speed of 150
rpm. The temperatures of 70, 70, 70, 50, 60, and 40 °C
illustrated the highest dye removal efficiencies of 96.66, 95.64,
94.51, 97.98, 93.38, and 97.21% for BB, BFB, BBF, BFBF,
BBZ, and BFBZ, respectively. After those temperatures, dye
removal efficiencies of all dye adsorbent materials were
decreased. Since the criteria of choosing the optimum

Table 3. Functional Groups of Bagasse Beads (BB), Bagasse Fly Ash Beads (BFB), Bagasse Beads with Mixed Iron(III) Oxide-
Hydroxide (BBF), Bagasse Fly Ash Beads with Mixed Iron(III) Oxide-Hydroxide (BFBF), Bagasse Beads with Mixed Zinc
Oxide (BBZ), and Bagasse Fly Ash Beads with Mixed Zinc Oxide (BFBZ) by FTIR Analysis

functional groups (wavenumber (cm−1))

dye adsorbent materials O−H or Si−OH O�C�O C�O, N�O C−H C−O−C C�C Si−H
BB 3737.93, 3316.75 2349.71 1600.16 1421.99 1026.45 883.37
BFB 3727.76, 3625.83, 3600.45 2349.66 1596.13 1424.74 1019.17 779.70
BBF 3727.86, 3703.37, 3626.30, 3599.89, 3320.20 2349.72 1600.81 1412.34 1016.74 875.11
BFBF 3728.29, 3354.31 2349.14 1596.64 1415.17 1023.08 779.38
BBZ 3727.70, 3313.39 2349.77 1598.48 1416.80 1024.01 825.50
BFBZ 3728.10, 3626.51, 3600.32 2349.70 1596.70 1433.64 1027.64 779.60

Figure 5. Batch experiments of bagasse beads (BB), bagasse fly ash beads (BFB), bagasse beads with mixed iron(III) oxide-hydroxide (BBF),
bagasse fly ash beads with mixed iron(III) oxide-hydroxide (BFBF), bagasse beads with mixed zinc oxide (BBZ), and bagasse fly ash beads with
mixed zinc oxide (BFBZ) in (a) dose, (b) contact time, (c) temperature, (d) pH, (e) concentration for dye adsorptions.
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condition in this study was the lowest value of each parameter
which it obtained the highest dye removal efficiency, those
temperatures were used for studying of pH effect as the
optimum temperatures of all dye adsorbent materials.
However, the low temperature was recommended to be
operation for safe natural environment after treatment. Since
the dye removal efficiencies of all dye adsorbent materials were
more than 85% in a range of temperatures of 30−50 °C, those
temperature were good choices for applying in a real
wastewater treatment operation.
2.3.4. Effect of pH. Figure 5d displays the effect of pH from

3 to 11 of dye adsorbent materials on dye removal efficiencies
with the control conditions optimum dosage, contact time, and
temperature from 2.3.1, 2.3.2, and 2.3.3, the initial dye
concentration of 50 mg/L, a sample volume of 100 mL, and a
shaking speed of 150 rpm. Dye removal efficiencies of all dye
adsorbent materials were decreased with increasing pH values,
among which pH 3 demonstrated the highest dye removal
efficiencies of 96.23, 94.45, 93.62, 99.69, 92.78, and 98.88% for
BB, BFB, BBF, BFBF, BBZ, and BFBZ, respectively. In
addition, the point of zero charge (pHpzc), which is a pH value
at the net charge equal to zero, is generally used for
considering which pH is optimal for good adsorption by the
adsorbent.34 As a result, this study investigated the point of
zero charge of all dye adsorbent materials, as shown in Figure
6a,b. Figure 6a represents the results of pHpzc of BB, BBF, and
BBZ; their pHpzc values were 7.13, 7.28, and 7.48, respectively.
pHpzc values of BFB, BFBF, and BFBZ were 7.25, 7.39, and
7.55, respectively, shown in Figure 6b. Addition of iron(III)
oxide-hydroxide and zinc oxide increased the pHpzc values of
BB and BFB, and zinc oxide resulted in more increasing pHpzc
than iron(III) oxide-hydroxide. In the case of anionic dyes, the
pH of the solution should be lower than pHpzc because dye
ions are well adsorbed by the positive charge of dye
adsorbents. Therefore, the pH solution should be lower than
pH 7 (pH < pHpzc) to obtain high adsorption efficiencies by all
dye adsorbent materials. Moreover, these results agreed with
other studies that anionic dyes were highly adsorbed at low pH
or acidic pH because of the electrostatic interactions on the
positive surface charge of dye adsorbent materials.35 In an
opposite way, increasing pH values especially alkaline pHs
increased the −OH or negative charge sites of dye adsorbent
materials, so dye removal efficiencies were decreased. There-
fore, pH 3 was the optimum pH of all dye adsorbent materials
and used for characterizing the effect of concentration.
2.3.5. Effect of Concentration. Figure 5e displays the effect

of concentration from 30 to 90 mg/L of dye adsorbent
materials on dye removal efficiencies with the control
conditions optimum dosage, contact time, temperature, and
pH from 2.3.1, 2.3.2, 2.3.3, and 2.3.4, a sample volume of 100
mL, and a shaking speed of 150 rpm. Dye removal efficiencies
from 30 to 90 mg/L of BB, BFB, BBF, BFBF, BBZ, and BFBZ
were 93.56−97.91, 91.57−96.07, 86.92−95.49, 99.10−99.49,
80.05−93.88, and 94.51−99.86%, respectively; they were
decreased with increasing dye concentration. These results
corresponded to other studies that increasing initial dye
concentration decreased active adsorbent sites and resulted in
the decrease of dye removal efficiency.36 For the dye
concentration of 50 mg/L, dye removal efficiencies of BB,
BFB, BBF, BFBF, BBZ, and BFBZ were 96.09, 95.08, 91.44,
99.36, 90.92, and 98.88%, respectively, and BFBF demon-
strated the highest dye removal efficiency than others.
Therefore, all dye adsorbent materials were high-quality

adsorbents for a dye removal of 50 mg/L in wastewater
more than 90%.
In conclusion, 2 g, 12 h, 70 °C, pH 3, and 50 mg/L; 3 g, 12

h, 70 °C, pH 3, and 50 mg/L; 3 g, 9 h, 70 °C, pH 3, and 50
mg/L; 2 g, 3 h, 50 °C, pH 3, and 50 mg/L; 3 g, 12 h, 60 °C,
pH 3, and 50 mg/L; and 2 g, 12 h, 40 °C, pH 3, and 50 mg/L
were the optimum conditions in dosage, contact time,
temperature, pH, and concentration of BB, BFB, BBF, BFBF,
BBZ, and BFBZ, respectively, and they could be arranged in
order from high to low as BFBF > BFBZ > BB > BFB > BBF >
BBZ. From these results, BFBF and BFBZ spent less amounts
of adsorbent, contact time, and temperature than BFB, and
they exhibit higher dye removal efficiencies than that of BFB.
Therefore, the addition of metal oxides to bagasse fly ash not
only helped increase dye material efficiencies similarly to other
studies37,38 but also decreased the operation cost. As a result,
only dye adsorbent materials using bagasse fly ash as a raw
material with metal oxides could increase dye removal
efficiencies, whereas dye adsorbent materials with bagasse
without metal oxide (BB) demonstrated higher dye removal

Figure 6. Point of zero charge of all dye adsorbent materials of (a)
bagasse beads (BB), bagasse beads with mixed iron(III) oxide-
hydroxide (BBF), and bagasse beads with mixed zinc oxide (BBZ)
and (b) bagasse fly ash beads (BFB), bagasse fly ash beads with mixed
iron(III) oxide-hydroxide (BFBF), and bagasse fly ash beads with
mixed zinc oxide (BFBZ).
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Figure 7. (a, b) linear Langmuir, (c, d) linear Freundlich, (e, f) linear Temkin, and (g, h) nonlinear adsorption isotherms of bagasse beads (BB),
bagasse fly ash beads (BFB), bagasse beads with mixed iron(III) oxide-hydroxide (BBF), bagasse fly ash beads with mixed iron(III) oxide-
hydroxide (BFBF), bagasse beads with mixed zinc oxide (BBZ), and bagasse fly ash beads with mixed zinc oxide (BFBZ) for dye adsorptions.
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efficiency than that of dye adsorbent materials of bagasse with
metal oxide (BBF and BBZ). Finally, BFBF demonstrated the
highest dye removal efficiency than that of other dye adsorbent
materials.
2.4. Isotherm Study. The adsorption patterns of dye

adsorbent materials were identified by plotting linear and
nonlinear models of Langmuir, Freundlich, and Temkin
isotherms. For linear models, Langmuir, Freundlich, and
Temkin isotherms were plotted by Ce/qe versus Ce, log qe
versus log Ce, and qe versus ln Ce, respectively. For nonlinear
models, all isotherms were plotted by Ce versus qe. Figure 7a−h
demonstrates the plotting results of all isotherm models, and
Table 4 illustrates their equilibrium isotherm parameters.
The regression value (R2) is generally used to characterize

which isotherm model well explains the adsorption pattern of
the adsorbent material. A higher R2 is preferred especially
closely to 1.21,22 Since the R2 values of BB, BFB, BBF, BFBF,
BBZ, and BFBZ in both linear and nonlinear Freundlich
models were higher than those of Langmuir and Temkin
models, their adsorption patterns corresponded to the
Freundlich isotherm in relation to physicochemical adsorp-
tion.39 Therefore, Freundlich parameters of KF and 1/n values
were used for explaining the adsorption pattern. KF refers to
the Freundlich adsorption constant;21,40 BFBZ exhibited the
highest KF value than that of other adsorbents. The 1/n value
is a constant depicting the adsorption intensity, where 0 < 1/n
< 1 means the favorable adsorption isotherm, and higher 1/n
represents high equilibrium adsorption capacity.21,40 There-
fore, BFBF demonstrated the highest equilibrium adsorption
capacity than that of other dye adsorbent materials correlated
to the results of batch experiments. Moreover, since the
equilibrium parameters and R2 of BB, BFB, BBF, BFBF, BBZ,
and BFBZ on dye adsorptions by linear and nonlinear

Langmuir, Freundlich, and Temkin isotherm models had
approximately closer values; their results were consistent with
each other. Therefore, both linear and nonlinear isotherm
models were required to plot graphs for preventing data
mistranslation.22,41

Finally, the comparison of the maximum dye adsorption
capacity (qm) of this study with that of other adsorbents for
reactive blue 4 (RB4) dye removal is represented in Table 5.
Almost all adsorbents had a higher qm value in this study
except pecan nut shells42 and chitosan glutaraldehyde-cross-
linked beads.39 Different conditions such as raw materials,
adsorbent dose, contact time, pH, and initial concentration of
all adsorbents might affect the different qm values, which could
not be directly compared with each other including this study.
Although all dye adsorbent materials in this study had lower qm
values than others, they demonstrated higher RB4 dye removal
efficiencies more than 90%, which could guarantee the
available active sites of all dye adsorbent materials.
2.5. Kinetic Study. Linear and nonlinear kinetic models of

the pseudo-first order, pseudo-second order, and intraparticle
diffusion were used to explain the adsorption rate and
mechanism of dye adsorbent materials. For linear models,
the pseudo-first-order kinetic model, pseudo-second-order
kinetic model, and intraparticle diffusion model were plotted
by ln(qe − qt) versus time (t), t/qt versus time (t), and qt versus
time (t0.5), respectively. For nonlinear models, the pseudo-first-
order and pseudo-second-order kinetic models were plotted by
qt versus time (t). Figure 8a−h demonstrates the plotting
results of all kinetic models, and Table 6 illustrates their
adsorption kinetic parameters.
The best-fitted model of the adsorption mechanism is

chosen using the same criteria of adsorption isotherms that a
higher R2 value or that close to 1 is selected. Since the R2

Table 4. Equilibrium Isotherm Parameters of Bagasse Beads (BB), Bagasse Fly Ash Beads (BFB), Bagasse Beads with Mixed
Iron(III) Oxide-Hydroxide (BBF), Bagasse Fly Ash Beads with Mixed Iron(III) Oxide-Hydroxide (BFBF), Bagasse Beads with
Mixed Zinc Oxide (BBZ), and Bagasse Fly Ash Beads with Mixed Zinc Oxide (BFBZ) for Dye Adsorptions

regression method model parameter BB BFB BBF BFBF BBZ BFBZ

linear Langmuir qm (mg/g) 3.170 5.571 3.765 10.277 3.178 6.775
KL (L/mg) 0.175 0.162 0.148 0.129 0.307 0.383
R2 0.984 0.956 0.914 0.877 0.977 0.862

Freundlich 1/n 0.297 0.671 0.500 0.727 0.418 0.565
KF (mg/g)(L/mg)1/n 0.975 0.849 0.695 1.261 0.924 1.917
R2 0.994 0.994 0.969 0.992 0.991 0.972

Temkin bT (J/mol) 4821.614 2481.041 3580.059 1017.138 4018.876 1793.682
AT (L/g) 2.900 1.713 1.575 1.164 3.123 3.936
R2 0.972 0.971 0.915 0.959 0.971 0.903

nonlinear Langmuir qm (mg/g) 3.001 5.845 4.098 12.074 3.134 7.884
KL (L/mg) 0.216 0.150 0.122 0.102 0.315 0.288
R2 0.923 0.990 0.946 0.984 0.961 0.938
Radj2 0.908 0.988 0.936 0.981 0.953 0.925
RMSE 0.159 0.073 0.150 0.139 0.129 0.280

Freundlich 1/n 0.303 0.667 0.552 0.756 0.418 0.628
KF (mg/g)(L/mg)1/n 0.960 0.853 0.628 1.218 0.924 1.823
R2 0.991 0.992 0.983 0.991 0.989 0.966
Radj2 0.990 0.991 0.980 0.989 0.987 0.960
RMSE 0.054 0.064 0.084 0.105 0.069 0.206

Temkin bT (J/mol) 5776.959 3088.967 5193.514 1916.943 4789.275 2616.058
AT (L/g) 5.102 2.266 3.156 2.309 4.505 7.255
R2 0.978 0.988 0.960 0.988 0.978 0.901
Radj2 0.973 0.985 0.952 0.986 0.974 0.881
RMSE 0.162 0.231 0.334 0.445 0.177 0.601
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values of BB, BFB, BBF, BFBF, BBZ, and BFBZ in both linear
and nonlinear pseudo-second-order kinetic models were higher
than those of pseudo-first-order kinetic and intraparticle
diffusion models, their adsorption rate and mechanism of all
dye adsorbent materials corresponded to the pseudo-second-
order kinetic model with relation to the chemisorption process
with heterogeneous adoption, similar to that reported in other
studies.42,50,52 Therefore, the adsorption kinetic parameters of
qe and k2 were used for explaining the adsorption mechanism.
The adsorption capacity (qe) of the pseudo-first-order kinetic
model in the order from high to low was BFBF > BFBZ > BB >
BFB > BBF > BBZ, correlating with the results of batch
experiments and adsorption isotherms. The k2 value is the
pseudo-second-order kinetic rate constant of which BFBF
demonstrated the highest value than that of other adsorbents.
Finally, the results of both linear and nonlinear pseudo-first-
order, pseudo-second-order kinetic, and intraparticle models of
all dye adsorbent materials were consistent to each other, so
the plotting of both linear and nonlinear kinetic models was
also recommended for correct data translations.22,41

2.6. Possible Mechanism of RB4 Dye Adsorption by
Dye Adsorbent Materials. The possible mechanism of RB4
dye adsorption by dye adsorbent materials (BB, BFB, BBF,
BFBF, BBZ, and BFBZ) is demonstrated in Figure 9. The
surfaces of all dye adsorbent materials had the main functional

groups of O−H, O�C�O, C�O, N�O, C−H, and C−O−
C reported by FTIR. BBF, BFBF, BBZ, and BFBZ also
exhibited the complex molecules of Fe-(OH)3 or ZnO with
hydroxyl groups (−OH) through sharing electrons.57 The
main mechanism of RB4 dye adsorption on dye adsorbent
materials might contain three possible reactions, which were
electrostatic attractions, hydrogen bonding interactions, and
n−π bonding interactions.39 For electrostatic interactions, RB4
dye molecules with negatively charged sulfonate groups
(−SO3

−) interacted with the positively charged hydroxy
group (−OH) on the surfaces of dye adsorbent materials at
acid pH (pH < pHpzc),

58 their pHpzc values are reported in
Figure 6. For hydrogen bonding interactions, the hydrogen
ions (H+) of the hydroxyl group (−OH) in dye adsorbent
materials reacted with the nitrogen (N) of the dye molecule for
RB4 dye removal.59 Finally, the hydroxyl group (−OH) or
oxygen bond (−O) in dye adsorbent materials reacted with the
aromatic rings of RB4 dye molecules for facilitating n−π
bonding interactions.60

3. CONCLUSIONS
Six dye adsorbent materials such as bagasse beads (BB),
bagasse fly ash beads (BFB), bagasse beads with mixed
iron(III) oxide-hydroxide (BBF), bagasse fly ash beads with
mixed iron(III) oxide-hydroxide (BFBF), bagasse beads with
mixed zinc oxide (BBZ), and bagasse fly ash beads with mixed
zinc oxide (BFBZ) were synthesized for the removal of reactive
blue 4 (RB4) dye in aqueous solution. All materials had a
spherical shape with different colors dependent upon the
colors of raw materials and metal oxides. All dye adsorbent
materials demonstrated semicrystalline structures with specific
peaks of sodium alginate, and the specified peaks of iron(III)
oxide-hydroxide and zinc oxide were found in BBF, BFBF,
BBZ, and BFBZ. Their surface morphologies had spherical
shapes with coarse surfaces, and five main elements of oxygen
(O), carbon (C), calcium (Ca), chlorine (Cl), and sodium
(Na) were found in all dye adsorbent materials. Six main
functional groups of O−H, O�C�O, C�O, N�O, C−H,
and C−O−C were detected in all materials. The optimum
conditions of BB, BFB, BBF, BFBF, BBZ, and BFBZ for RB4
dye adsorption of 50 mg/L were 2 g, 12 h, 70 °C, and pH 3; 3
g, 12 h, 70 °C, and pH 3; 3 g, 9 h, 70 °C, and pH 3; 2 g, 3 h, 50
°C, and pH 3; 3 g, 12 h, 60 °C, and pH 3; and 2 g, 12 h, 40 °C,
and pH 3, respectively, and they could be arranged in order
from high to low as BFBF > BFBZ > BB > BFB > BBF > BBZ,
which could remove RB4 dye more than 90%. As a result, both
the change of the material form and addition of metal oxide
helped improve dye adsorbent efficiencies. Especially, dye
materials from bagasse fly ash with iron(III) oxide-hydroxide
represented the highest RB4 dye removal in this study. For
adsorption isotherms and kinetics, they corresponded to the
Freundlich model and pseudo-second-order kinetic models
with relation to the physicochemical adsorption and chemo-
sorption process. Therefore, all dye adsorbent materials are
potential materials for RB4 dye adsorptions in aqueous
solution, and they might be used for industrial applications
in the future. For future studies, the possible reuse of materials
needs to be investigated through the desorption experiments,
and the continuous flow study is also required for real
industrial wastewater treatment applications.

Table 5. Comparison of the Maximum Dye Adsorption
Capacity (qm) with Various Adsorbents for Reactive Blue 4
(RB4) Dye Removal

adsorbents
qm

(mg/g) references

bagasse (modified propionic acid) 13.20 32
mustard stalk activated carbon 25.80 43
bokbunja waste seeds untreated with n-hexane 25.44 44
bokbunja waste seeds treated with n-hexane 26.16 44
surfactant modified barley straw 29.16 45
pecan nut shells 7.91 42
peanut shell modified with IL 30.20 46
peanut shell-activated carbon modified with IL 376.25 46
rice bran (modified with magnetite) 181.82 47
rice bran (modified with SnO2/Fe3O4) 217.39 48
calcium alginate immobilized cells 15.87 49
calcium alginate immobilized EPS 18.65 49
extracellular polymeric substances 42.93 49
dry cells of Rhizopus oryzae biomass 101.10 50
activated carbon developed from Enteromorpha
prolifera

131.93 51

lanthanum incorporated carboxymethylcellulose-
bentonite composite

45.87 33

polymetallic nanoparticles from spent lithium-ion
batteries

345.00 52

guar gum and silica nanocomposite 579.01 53
chitosan glutaraldehyde-crosslinked beads 1.76 39
chitosan@hydroxyapatite nanocomposite 166.80 54
chitosan activated charcoal composite (modified
Fe3O4)

250.00 55

chitosan 200.00 56
chitosan modified with HAD/APTES beads 666.70 56
BB 3.17 this study
BFB 5.57 this study
BBF 3.77 this study
BFBF 10.28 this study
BBZ 3.18 this study
BFBZ 6.78 this study
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4. MATERIALS AND METHODS
4.1. Raw Materials. Bagasse was collected from a local

market in Khon Kaen province, Thailand, and bagasse fly ash
was collected from a sugar factory in Khon Kaen province,
Thailand.
4.2. Raw Material Preparations. Bagasse was washed

using tap water to eliminate contamination, and then, it was
dried overnight using a hot air oven (Binder, FED 53,

Germany) at 80 °C. After that, it was ground and sieved to a
size of 125 μm, and it was kept in a desiccator before use,
called bagasse powder (BP). Bagasse fly ash was sieved to a
size of 125 μm, and then, it was kept in a desiccator before use,
called bagasse fly ash powder (BFP).
4.3. Chemicals. All chemicals were analytical grade (AR)

and used without purification. For modified bead materials,
ferric chloride hexahydrate (FeCl3·6H2O) (LOBA, India),

Figure 8. (a and b) linear pseudo-first-order, (c and d) linear pseudo-second-order, (e and f) linear intraparticle diffusion, and (g and h) nonlinear
kinetic models of bagasse beads (BB), bagasse fly ash beads (BFB), bagasse beads with mixed iron(III) oxide-hydroxide (BBF), bagasse fly ash
beads with mixed iron(III) oxide-hydroxide (BFBF), bagasse beads with mixed zinc oxide (BBZ), and bagasse fly ash beads with mixed zinc oxide
(BFBZ) for dye adsorptions.
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Table 6. Adsorption Kinetic Parameters of Bagasse Beads (BB), Bagasse Fly Ash Beads (BFB), Bagasse Beads with Mixed
Iron(III) Oxide-Hydroxide (BBF), Bagasse Fly Ash Beads with Mixed Iron(III) Oxide-Hydroxide (BFBF), Bagasse Beads with
Mixed Zinc Oxide (BBZ), and Bagasse Fly Ash Beads with Mixed Zinc Oxide (BFBZ) for Dye Adsorptions

regression method model parameter BB BFB BBF BFBF BBZ BFBZ

linear pseudo-first-order kinetic model qe (mg/g) 1.352 1.039 0.870 0.050 0.449 0.311
k1 (min−1) 0.0004 0.0006 0.0004 0.0050 0.0004 0.0040
R2 0.915 0.847 0.656 0.625 0.905 0.914

pseudo-second-order kinetic model qe (mg/g) 2.277 1.592 1.417 2.597 1.304 2.526
k2 (g/mg·min) 0.0164 0.0149 0.0348 0.1215 0.0558 0.0312
R2 0.999 0.999 1.000 0.952 1.000 1.000

intraparticle diffusion ki (mg/g·min0.5) 0.0179 0.0196 0.0125 0.0072 0.0058 0.0153
Ci (mg/g) 1.722 0.995 1.065 2.316 1.126 2.102
R2 0.967 0.915 0.783 0.454 0.962 0.748

nonlinear pseudo-first-order kinetic model qe (mg/g) 1.459 1.122 0.939 0.054 0.484 0.336
k1 (min−1) 0.0006 0.0008 0.0006 0.0071 0.0006 0.0057
R2 0.963 0.850 0.664 0.660 0.989 0.974
Radj2 0.959 0.831 0.622 0.618 0.988 0.971
RMSE 0.134 0.185 0.259 0.481 0.044 0.130

pseudo-second-order kinetic model qe (mg/g) 2.187 1.529 1.413 2.528 1.274 2.525
k2 (g/mg·min) 0.0322 0.0226 0.0357 0.0586 0.1123 0.0310
R2 0.992 0.982 0.996 0.999 0.997 1.000
Radj2 0.991 0.980 0.995 0.999 0.997 1.000
RMSE 0.062 0.064 0.028 0.022 0.021 0.014

intraparticle diffusion ki (mg/g·min0.5) 0.0207 0.0227 0.0145 0.0083 0.0067 0.0177
Ci (mg/g) 1.576 0.911 0.975 2.119 1.030 1.923
R2 0.981 0.978 0.782 0.470 0.984 0.769
R2adj 0.979 0.976 0.755 0.404 0.982 0.740
RMSE 0.609 0.355 0.279 0.600 0.291 0.546

Figure 9. Schematic diagram of the possible mechanism of RB4 dye adsorption by dye adsorbent materials.
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sodium hydroxide (NaOH) (RCI Labscan, Thailand), and zinc
oxide (ZnO) (QRe C̈, New Zealand) were used. Sodium
alginate (NaC6H7O6) (Merck, Germany) and calcium chloride
(CaCl2) (Kemaus, New Zealand) were used for bead
formation. The chemical structure of reactive blue 4 (RB4)
dye (C23H14Cl2N6O8S2) (Sigma-Aldrich, Germany) is showed
in Figure 10 and was used for preparing synthetic dye solution.

For the point of zero charge, 0.1 M hydrochloric acid (HCl)
(RCI Labscan, Thailand) and 0.1 M sodium chloride (NaCl)
(RCI Labscan, Thailand) were used. Finally, 0.5% nitric acid
(HNO3) (Merck, Germany) and 0.5% NaOH (RCI Labscan,
Thailand) were used for pH adjustments.
4.4. Preparation of the Dye Solution. The dye solution

was prepared from the stock solution of reactive blue 4 (RB4)
dye of 100 mg/L concentration. It was prepared by adding 0.1
g of RB4 to a 100 mL beaker which contained 50 mL of
deionized (DI) water, and then, it was mixed using a glass rod.
The sample was poured into a 1000 mL volumetric flask, and
then, approximately 950 mL of DI water was added until a
volume of 1000 mL was obtained.
4.5. Material Synthesis. Figure 11 demonstrates the

synthesis of all dye adsorbent materials, and the details were
clearly explained below:
4.5.1. Synthesis of Bagasse or Bagasse Fly Ash Beads (BB

or BFB). A total of 10 g of BP or BFP was added to a 1000 mL
beaker containing 400 mL of 2% sodium alginate, and it was
heated using a hot plate (Ingenieurbüro CAT M. Zipperer
GmbH, M 6, Germany) at 60 °C with a stable stirring speed of
200 rpm. Then, the sample was added drop by drop to a 500
mL beaker containing 250 mL of 0.1 M CaCl2 using a syringe
with a needle (1.2 mm × 40 mm), and they were soaked in 0.1
M CaCl2 solution for 24 h. After that, they were filtered, rinsed
with DI water, and air-dried at room temperature for 12 h. The
samples were kept in a desiccator before use called bagasse
beads (BB) or bagasse fly ash beads (BFB).
4.5.2. Synthesis of Bagasse or Bagasse Fly Ash Beads with

Mixed Iron(III) Oxide-Hydroxide (BBF or BFBF). A total of 10 g
of BP or BFP was added to a 500 mL Erlenmeyer flask
containing 160 mL of 5% FeCl3·6H2O, and it was mixed using
an orbital shaker (GFL, 3020, Germany) at 200 rpm for 3 h.
Then, the sample was filtered and air-dried at room
temperature for 12 h. After that, the sample was added to a
500 mL Erlenmeyer flask containing 160 mL of 5% NaOH,
and it was shaken using an orbital shaker (GFL, 3020,
Germany) at 200 rpm for 1 h. Then, it was filtered and air-
dried at room temperature for 12 h and kept in a desiccator
before use, called bagasse powder with mixed iron(III) oxide-
hydroxide (BPF) or bagasse fly ash powder with mixed
iron(III) oxide-hydroxide (BFPF). Then, BPF or BFPF was
added to a 1000 mL beaker containing 400 mL of 2% sodium
alginate, and then, it was homogeneously mixed and heated
using a hot plate (Ingenieurbüro CAT M. Zipperer GmbH, M

6, Germany) at 60 °C with a constant stirring of 200 rpm.
Then, the sample was added drop by drop using a 10 mL
syringe with a needle size of 1.2 × 40 mm to 250 mL of 0.1 M
CaCl2. The beaded samples were soaked in 0.1 M CaCl2 for 24
h, and then, they were filtered and rinsed with DI water. After
that, they were air-dried at room temperature for 12 h and kept
in a desiccator before use, called bagasse beads with mixed
iron(III) oxide-hydroxide (BBF) or bagasse fly ash beads with
mixed iron(III) oxide-hydroxide (BFBF).
4.5.3. Synthesis of Bagasse or Bagasse Fly Ash Beads with

Mixed Zinc Oxide (BBZ or BFBZ). A total of 10 g of BP or BFP
was added to a 500 mL Erlenmeyer flask containing 160 mL of
5% zinc oxide, and it was mixed using an orbital shaker (GFL,
3020, Germany) at 200 rpm for 3 h. Then, the sample was
filtered and air-dried at 12 h, and it was kept in a desiccator,
called bagasse powder with mixed zinc oxide (BPZ) or bagasse
fly ash powder with mixed zinc oxide (BFPZ). Next, BPZ or
BFPZ was added to a 1000 mL beaker containing 400 mL of
2% sodium alginate, and then, it was homogeneously mixed
and heated using a hot plate (Ingenieurbüro CAT M. Zipperer
GmbH, M 6, Germany) at 60 °C with constant stirring at 200
rpm. Then, the sample was added drop by drop using a 10 mL
syringe with a needle size of 1.2 × 40 mm to 250 mL of 0.1 M
CaCl2. The beaded samples were soaked in 0.1 M CaCl2 for 24
h, and then, they were filtered and rinsed with DI water. After
that, they were air-dried at room temperature for 12 h and kept
in a desiccator before use, called bagasse beads with mixed zinc
oxide (BBZ) or bagasse fly ash beads with mixed zinc oxide
(BFBZ).
4.6. Characterization of Dye Adsorbent Materials.

Various characterization techniques such as X-ray diffractom-
etry (XRD) (Bruker, D8 Advance, Switzerland) in a range of
2θ = 5−80°, field emission scanning electron microscopy with
focused ion beam (FESEM-FIB) with energy dispersive X-ray
spectrometry (EDX) (FEI, Helios NanoLab G3 CX), and
Fourier transform infrared spectroscopy (FTIR) (Bruker,
TENSOR 27, Hong Kong) in a range of 4000−600 cm−1

were used to determine the crystallized structures, surface
morphologies, chemical compositions, and chemical functional
groups of all dye adsorbent materials.
4.7. Batch Experiments. Dye removal efficiencies of dye

adsorbent materials by varying the dosage, contact time,
temperature, pH, and concentration were investigated through
a series of batch experiments. The dye concentrations of all
samples were analyzed using UV−VIS spectrophotometry
(Hitachi, UH5300, Japan), and the details of batch experi-
ments were clearly explained below.
4.7.1. Effect of Dosage. Different doses of dye adsorbent

materials from 0.5 to 3.0 g were used to investigate the dye
removal efficiencies with the control conditions of a sample
volume of 100 mL, a dye concentration of 50 mg/L, a shaking
speed of 150 rpm, a contact time for 12 h, a temperature of 50
°C, and pH 7. The lowest material dose with the highest dye
removal efficiency was preferred as the optimum dose and used
for the next experiment of the contact time effect.
4.7.2. Effect of Contact Time. The optimum dose from

4.7.1 and the contact time from 3 to 18 h were used to study
the dye removal efficiencies of dye adsorbent materials with the
contact time effect. The control conditions included a sample
volume of 100 mL, a dye concentration of 50 mg/L, a shaking
speed of 150 rpm, a temperature of 50 °C, and pH 7. The
lowest contact time with the highest dye removal efficiency was

Figure 10. Chemical structure of RB4.
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Figure 11. Synthesis of bagasse beads (BB), bagasse fly ash beads (BFB), bagasse beads with mixed iron(III) oxide-hydroxide (BBF), bagasse fly
ash beads with mixed iron(III) oxide-hydroxide (BFBF), bagasse beads with mixed zinc oxide (BBZ), and bagasse fly ash beads with mixed zinc
oxide (BFBZ).
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preferred as the optimum contact time and used for the next
experiment of the temperature effect.
4.7.3. Effect of Temperature. Different temperatures of 30−

80 °C were used to examine the dye removal efficiencies of dye
adsorbent materials with the control conditions including a
sample volume of 100 mL, a dye concentration of 50 mg/L, a
shaking speed of 150 rpm, pH 7, and the optimum dose and
contact time from 4.7.1 and 4.7.2. The temperature with the
highest dye removal efficiency was preferred as the optimum
temperature and used for the next experiment of the pH effect.
4.7.4. Effect of pH. The optimum dose, contact time, and

temperature from 4.7.1, 4.7.2, and 4.7.3 and pH of 3, 5, 7, 9,
and 11 as representative acid, neutral, and base conditions
were used to investigate the dye removal efficiencies of dye
adsorbent materials with the pH effect. The control conditions
included a sample volume of 100 mL, a dye concentration of
50 mg/L, and a shaking speed of 150 rpm. The pH value with
the highest dye removal efficiency was preferred as the
optimum pH and used for the next experiment of the
concentration effect.
4.7.5. Effect of Concentration. Different concentrations of

30−90 mg/L were used to study the dye removal efficiencies
of dye adsorbent materials with the control conditions
including a sample volume of 100 mL, a shaking speed of
150 rpm, and the optimum dose, contact time, temperature,
and pH from 4.7.1, 4.7.2, 4.7.3, and 4.7.4. The concentration
with the highest dye removal efficiency was preferred as the
optimum concentration.
To confirm the results, triplicate experiments were

conducted, and the average values were reported. The dye
removal efficiency in the percentage is calculated using the
following eq 1

= ×C C Cdye removal efficiency (%) (( )/ ) 1000 e 0 (1)

where Ce is the equilibrium of dye concentration (mg/L) and
C0 is the initial dye concentration (mg/L).
4.8. Point of Zero Charge. A total of 0.1 M NaCl was

used as the sample solution, and pH was adjusted from 2 to 12
using 0.1 M HCl and 0.1 M NaOH. Then, 0.1 g of each dye
adsorbent material was added to 250 mL Erlenmeyer flasks
containing 50 mL of 0.1 M NaCl with pH values of 2−12, and
they were mixed using an orbital shaker (GFL, 3020,
Germany) at room temperature at 150 rpm for 24 h. After
that, the samples were characterized for the final pH value
using a pH meter (Mettler Toledo,SevenGo with InLab 413/
IP67, Switzerland), and ΔpH was calculated (pHfinal −
pHinitial). The value of the point of zero charge (pHpzc) is a
point which is the crossing line of ΔpH versus pHinitial equal to
zero.
4.9. Adsorption Isotherms. The adsorption pattern of

dye adsorbent materials was explained using linear and
nonlinear Langmuir, Freundlich, and Temkin isotherms
following eqs 2−7 61−63

Langmuir isotherm

= +C q q K C qlinear: / 1/ /e e m L e m (2)

= +q q K C K Cnonlinear: /1e m L e L e (3)

Freundlich isotherm

= +q K n Clinear: log log 1/ loge F e (4)

=q K Cnonlinear: n
e F e

1/
(5)

Temkin isotherm

= +q RT b A RT b Clinear: / ln / lne T T T e (6)

=q RT b A Cnonlinear: / lne T T e (7)

where qe is the capacity of dye adsorption on dye adsorbent
materials at equilibrium (mg/g), qm is the maximum amount of
dye adsorption on dye adsorbent materials (mg/g), Ce is the
equilibrium of dye concentration (mg/L), KL is the Langmuir
adsorption constant (L/mg), KF is the Freundlich constant of
adsorption capacity (mg/g)(L/mg)1/n, n is the constant
depicting the adsorption intensity, R is the universal gas
constant (8.314 J/mol K), T is the absolute temperature (K),
bT is the constant related to the heat of adsorption (J/mol),
and AT is the equilibrium binding constant corresponding to
maximum binding energy (L/g).21 Graphs of linear Langmuir,
Freundlich, and Temkin isotherms were plotted by Ce/qe
versus Ce, log qe versus log Ce, and qe versus ln Ce, respectively,
whereas graphs of their nonlinear counterparts were plotted by
qe versus Ce.
For the adsorption isotherm experiment, the optimum dose

of the dye adsorbent materials was applied with varying dye
concentrations from 30 to 90 mg/L with the control
conditions including a water sample of 100 mL, a contact
time of 12 h, a temperature of 50 °C, pH 7, and a shaking
speed of 150 rpm.
4.10. Adsorption Kinetics. The adsorption kinetics was

investigated for explaining the adsorption rate and mechanism
of dye adsorbent materials using linear and nonlinear pseudo-
first-order, pseudo-second-order, and intraparticle diffusion
models following eqs 8−12 64−66

Pseudo-first-order kinetic model

=q q q k tlinear: ln( ) lne t e 1 (8)

=q qnonlinear: (1 e )k t
t e

1 (9)

Pseudo-second-order kinetic model

= +t q k q q tlinear: / 1/ (1/ )t 2 e
2

e (10)

= +q k q t q k tnonlinear: /(1 )t 2 e
2

e 2 (11)

Intraparticle diffusion model

= +q k t Clinear and nonlinear: it i
0.5

(12)

where qe (mg/g) and qt (mg/g) are the capacities of the dye
adsorbed by dye adsorbent materials at equilibrium and at the
time (t), respectively, k1 (min−1), k2 (g/mg·min), and ki (mg/
g·min0.5) are the reaction rate constants of pseudo-first-order,
pseudo-second-order, and intraparticle diffusion models,
respectively, and Ci (mg/g) is the constant that gives an idea
about the thickness of the boundary layer.21 Graphs of linear
pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models were plotted by ln(qe − qt) versus time (t),
t/qt versus time (t), and qt versus time (t0.5), respectively,
whereas their nonlinear graphs were plotted by the capacity of
the dye adsorbed by dye adsorbent materials at the time (qt)
versus time (t).
For the adsorption kinetic experiment, the optimum dose of

the dye adsorbent materials was applied with the control
conditions including a dye concentration of 50 mg/L, a sample
volume of 1000 mL, a contact time for 15 h, a temperature of
50 °C, pH 7, and a shaking speed of 150 rpm.
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