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In this research endeavor, we sought to enhance the efcacy of bamboo fbers through modifcation with the surfactant
cetyltrimethylammonium bromide (CTAB) for the purpose of removing Reactive Blue 235 from efuent. Our investigation
encompassed a comprehensive exploration of the impact of crucial parameters, namely, adsorbent dosage (0.25 g–1.25 g), contact
time (10–80min), pH (2–12), initial dye concentration (20–100mg/L), and temperature (298K, 308K, and 318K) on the dynamics
of dye removal. Te optimum dye removal efciency of 94% for Reactive Blue 235 was obtained at an adsorbent dosage of 0.5 g/
50ml of dye solution, initial dye concentration of 40mg/L, pH of 6, and contact time of 40min. Te experimental framework
included the anticipation of data aligned with various isothermal and kinetic models, facilitating a nuanced understanding of the
adsorption process. Our fndings unveiled that the kinetics of adsorption adhered to a second-order model, while the Langmuir
isotherm model aptly described the adsorption behavior. Particularly noteworthy was the monolayer’s adsorption capacity,
quantifed at an impressive 7.39mg·g−1 at a temperature of 318K. Te value of Freundlich’s constant, KF, increases with an
increase in temperature indicating the endothermic nature of adsorption. Te magnitude of E obtained from Dubi-
nin–Radushkevich isotherm varying from 3.92 to 4.66 kJ/mol on increasing temperature from 298K to 318K suggests that
adsorption of RB235 on BAT is a physisorption (value of E is between 1 and 8 kJ/mol). Delving into the thermodynamic aspects of
the process, we calculated ΔH and ΔS to be 54.88 kJ/mol and 184.54 J/mol/K, respectively. Te consistently negative values of ΔG
(between −0.183 kJ/mol and −3.884 kJ/mol) at all temperatures underscored the feasibility, spontaneity, and entropy-driven
nature of the adsorption of RB235 on CTAB-treated bamboo fber (BAT). What sets our study apart is the deliberate utilization of
bamboo fbers sourced from local waste streams, embodying a commitment to sustainable practices. Beyond its efectiveness in
efuent treatment, our approach aligns with eco-friendly principles by repurposing indigenous waste materials, contributing to
a more sustainable and environmentally responsible future.

1. Introduction

Te discharge of efuents from textile industries poses
substantial risks to both human and aquatic life [1–4].
Annually, the global fabric industry manufactures

approximately 7×107 tons of artifcial dyes, with approxi-
mately 10% released as environmental efuent after dyeing
and processing [5, 6]. Dyes fnd extensive applications in the
printing, cosmetics, textile, pharmaceutical, leather, and
food sectors.Te hazardous and nonbiodegradable nature of
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various organic dyes raises concerns for both the aquatic
environment and human health [7]. Notably, 40–50% of
applied dyes persist in the liquid phase, contributing to
environmental pollution [2].

Dyes can be classifed as anionic (direct, acid, and re-
active dyes), cationic (basic dyes), and nonionic (disperse
dyes) [5]. However, reactive azo dyes constitute over 50% of
all textile dyes used in the industry, and they are charac-
terized by the existence of nitrogen-nitrogen double bonds
(-N�N-) [6, 7]. Among all the textile dyes, reactive dyes
impose difculty in removing from the efuent as these dyes
are excessively water soluble [8]. Several industries are
encouraged to use these dyes because of their unique
properties, which include vibrant colors, outstanding col-
orfastness, and ease of use [9]. Despite the reality that re-
active dyes are highly toxic and can cause allergic reactions
in the eyes, skin, mucous membranes, and upper respiratory
tract [9], as well as the fact that a small amount of dye is
hydrolyzed during dyeing (15–40%), they are still widely
used in the textile industry since they are highly stable and
have a very good ability to bind via formation of covalent
bond with the textile fbers considering they contain many
reactive groups in their chemical structure [10].

Tus, an array of technologies, including coagulation/
focculation [11, 12], fltration [13], adsorption [14], con-
structed wetlands [15, 16], advanced oxidation process
(AOP) [17], sonophotocatalytic degradation [18], activated
sludge process (ASP) [19, 20], sequencing batch reactors
(SBRs) [20, 21], membrane bioreactors (MBRs) [22], and
ion-exchange [23, 24], are reported to be used for the re-
moval of dyes from wastewater.

Among these technologies, adsorption stands out as one
of the most efcient and straightforward techniques for
removing dyes from efuents. Its advantages include sim-
plicity, environmental friendliness, low cost, and, in most
cases, the reusability of the adsorbent [25]. During ad-
sorption, dye molecules in the liquid phase move into the
solid phases of various adsorbents [26]. Te efectiveness of
adsorption technology hinges on the development of ef-
cient adsorbents.

Diverse materials have been explored as adsorbents to
remove dye efuents, including activated carbon [27–29],
hybrid nanomaterials [30, 31], bio-adsorbents [32–35],
metal-organic frameworks [36], carbon nanotubes [37], and
polymers and their nanocomposites [38, 39], among others.

Various adsorbents, including surfactant-modifed ones,
have been employed to address the removal of reactive dyes
[40–60].

Over the years, researchers have explored the use of
agricultural wastes, such as rice husk, wheat straw, rice peel,
sugar cane bagasse, orange peel, and garlic peel, for dye
removal [61–64]. Naturally occurring fber-based materials,
including cotton fbers, kapok, kenaf core, and palm kernel,
have also been investigated as adsorbents for dye removal
[65–68].

Bamboo, classifed as a lignocellulosic biomass fber
[69, 70], shares characteristics with other bast fbers like jute
and fax concerning chemical composition and physical
qualities. Comprising extractives such as protein, pectin, and

wax (2-3%), along with cellulose (70–74%), hemicellulose
(12–14%), and lignin (10–12%), bamboo fbers exhibit
unique properties. Notably, bamboo fbers boast a higher
water-holding capacity than traditional fbers like cotton and
fax, making bamboo a promising material for adsorption
applications.

Previous literature has explored the adsorption capa-
bilities of carbon fber aerogel derived from natural bamboo
fbers, highlighting the potential of bamboo in capturing oils
and organic solvents [70–73]. Studies have also reported
successful dye removal using bamboo-based activated car-
bons [74–77], bamboo-based biochar [78, 79], and car-
bonized bamboo leaf powder [80].

Building on this groundwork, our current study focuses
on harnessing the potential of bamboo waste obtained from
Unati Bamboo Mission (Mission to develop, train, and
deliver Bamboo Products). Specifcally, we employ cetyl-
trimethylammonium bromide (CTAB) to treat these
bamboo fbers. Tese treated fbers, designated as bamboo
after treatment (BAT), serve as an adsorbent for removing
Reactive Blue 235 (RB235) color from textile efuent.
Signifcantly, the utilization of bamboo fbers treated with
CTAB for reactive dye removal from efuent represents an
innovative approach with potential sustainability
implications.

Te primary objectives of our research underscore the
importance of local bamboo waste: (1) evaluate the practi-
cality of BATas an adsorbent for removing Reactive Blue 235
dye; (2) characterize the prepared adsorbents through
various techniques; (3) investigate parameters infuencing
the dye removal percentage; and (4) assess the applicability
of kinetic and isothermal models for the adsorption data. By
emphasizing the local bamboo waste as a key component of
our study, we aim to contribute not only to efective dye
removal but also to sustainable waste utilization practices
within the context of textile industry efuent treatment.

2. Materials and Methods

2.1. Materials. Bamboo fbers were obtained from Bambuka
Under Unnati (Mission to develop, train, and deliver Bamboo
Products). Cetyltrimethylammonium bromide (CTAB) was
the surfactant used and was purchased from Loba Chemie
Laboratory Reagents & Fine Chemicals (CASNo. 57-09-0 and
purity = 99%), and sodium hydroxidepellets (CAS No. 1310-
73-2 and minimum assay of 98%) was obtained from Sis-
coResearch Laboratories Pvt. Ltd. A Remazol dye Novacron
Blue FNR (C.I. name=Reactive Blue 235, PubChem CID:
138394484, Molecular formula = C29H25CuFN9Na3O12S3+2,
molecular weight = 939.3), which is a copper complex of
Formazan Reactive dye with mono-fuoro triazine and vinyl
sulfonyl reactive groups (bifunctional dye) were used in our
study. Te dye was provided by Colour-Chem India Pvt. Ltd.
(triazine). During this study, all the other chemicals used were
of analytical grade.

2.2.PreparationofAdsorbents. Bamboo fbers obtained from
Bambuka Under Unnati were allowed to dry at 60°C for
24 hours in order to completely eliminate any moisture that
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might have been retained inside. To boost their absorbency,
these fbers underwent additional modifcations. In order to
achieve this, 20 g of dried bamboo fbers (BBT) was taken
and put into a beaker containing 1.14 g of CTAB dissolved in
500ml of distilled water. After that, the entire mixture was
allowed to shake for 24 hours at room temperature (25°C).
Te suspension was left undisturbed for 10minutes, and
then the liquid was discarded. After that, the surfactant that
had been superfcially bonded to the treated bamboo fbers
was removed by repeatedly washing them in distilled water.
Furthermore, these CTAB-treated bamboo fbers (BAT)
were dried in a hot air oven for 24 hours at 60°C.

2.3. Preparation of the Dye Solution. Remazol dye Reactive
Blue 235 was used without further purifcation. A stock
solution of dye (100mg/L) was prepared in distilled water.
By dilution with distilled water, a number of the necessary
concentrations were created consecutively from this stock
solution.Te electronic absorption spectra were recorded on
a Shimadzu UV-1900 UV-vis spectrophotometer.

2.4. Characterization of Adsorbents. Te Fourier transform
infrared (FT-IR) spectra were noted in the range of
4000− 400 cm−1 on Agilent technology Cary 630 spectro-
photometer using ATR technique. Te samples were fur-
ther characterized by X-ray difraction using XRD Rigaku
minifex 2 analytical instruments functioned with a current
of 30mA and at 40 kV with Cu-Kα radiation (λ�1.5406 Å).
Te specifc surface area of the adsorbents was calculated
using the BET method (Brunauer–Emmett–Teller) in ac-
cordance with the BET equation, assuming that the ni-
trogen molecule has an area of 0.162 nm2. Surface
morphology of BBT, BAT, and bamboo fbers after treat-
ment with CTAB loaded with Reactive Blue 235 dye (RB-
BAT) was analyzed under a Carl Zeiss FE-SEM (Scanning
Electron Microscope). Te SEM was operated at 10 kV and
50 microAmp for anode voltage and beam current, re-
spectively. Te thermal stability of BBT, BAT, and RB-BAT
was evaluated; approximately 2mg of compounds was
analyzed using a thermogravimetric analyzer (model
HITACHI STA7200). Te heating was done as described
from 22 to 800°C at a rate of 10°C/min under 250ml/min
fow rate of nitrogen.

Zero-point charge pH (pHzpc) plays a critical role in the
adsorption process. Utilizing the drift method [81], the
pHzpc of BBT and BAT was determined. In a 100ml vol-
umetric fask, 50ml of a 0.01M sodium chloride solution was
used for this experiment. Successive NaCl solutions of
various pH values from 12 to 2 pH were prepared by
employing either 0.1N of sodium hydroxide for alkaline
pH and 0.1N of hydrochloric acid for acidic pH. Adsorbents
(0.15 g) were immersed to each 50ml NaCl solution (from
pH 2 to 12). We measured the fnal pH and plotted it versus
the change in pH after a 24-hour contact time. As is re-
ported, the point of zero charge, pHzpc (pHFinal � pHInitial), is
defned as the pH where the curve crosses the line.

Boehm titration methods were used to ascertain the
surface chemistry [82]. 50ml of 0.01M sodium bicarbonate
was mixed with 100mg of BAT. Similarly, 50ml of
hydrochloric acid, sodium hydroxide, and sodium carbonate
of 0.01M each were mixed with 100mg of BAT. Tese
mixtures were kept for agitation at 298K and 100 rpm for
24 hours separately. For calculating the acidic groups present
in BAT, the aliquots were back-titrated with 0.01M
hydrochloric acid, whereas for determining basic groups,
titration was done using 0.01M NaOH. Te neutralization
points were determined by applying phenolphthalein as an
indicator for strong base and strong acid titration and
methyl red for strong acid and weak base titration. It is
assumed that only carboxylic acid groups are neutralized by
sodium bicarbonate, and both carboxylic and lactonic
groups are neutralized by sodium carbonate, whereas car-
boxylic, lactonic, and phenolic groups are neutralized by
sodium hydroxide [82].

2.5. Batch Adsorption Study. Adsorption studies were done
in batches to determine the impact of various factors such as
adsorbent dosage, contact time, pH, initial concentration of
dye, and temperature on the adsorption of Reactive Blue 235
onto adsorbents BBT and BAT. Te experimental circum-
stances studied were pH (2–12), contact time (10min–80min),
adsorbent dosage (0.25 g–1.25 g), dye concentration (20mg/L
to 100mg/L), and temperature (298K, 308K, and 318K). A
conical fask was flled with 50ml of a known concentration
dye solution, and the required quantities of adsorbent were
added and shaken at predefned conditions. Following that,
the liquid supernatant was fltered, and the quantity of dye
extracted from the dye solution and subsequently adsorbed on
BBT and BAT was calculated spectrophotometrically
(λmax � 612nm). A most favorable set of experimental factors
such as adsorbent dosage (0.5 g), contact time (60minutes),
pH (7.0), stirring speed (180 rpm), dye concentration (40mg/
L), and temperature (298K) was used in all experiments except
wherever mentioned diferently.

Batch equilibrium and kinetic studies were done by
shaking a 50ml dye solution of various dye concentrations at
pH 7.0 with 0.5 g of adsorbents at 298K, 308K, and 318K,
respectively. Te adsorption capacity at equilibrium (qe), at
any time (qt), and % dye removal were determined using the
following equations:

Adsorption capacity at equilibrium, qe � Co − Ce(  X
V

w
,

Adsorption capacity at any time, qt � Co − Ct(  X
V

w
,

%dye removal � Co − Ce(  X
100
Co

,

(1)

where Co is the initial concentration of the dye, Ce is
concentration of the dye at equilibrium, Ct is the concen-
tration of dye at any time, V is the dye solution’s volume
taken in litres, and w is the mass of BBT or BAT.
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3. Results and Discussion

3.1. Characterization of Bamboo Fibers (Treated BAT and
Untreated BBT)

3.1.1. pHZPC and Surface Functional Groups. Te de-
termination of the point of zero charge (pHZPC) for BBTand
BAT was conducted through the drift method. Te calcu-
lated pHZPC value for BBTand BATwas found to be 5.2 and
8.5, respectively (refer to Figure 1).Tis value signifes that at
pH levels below the pHZPC, the BBTand BATsurface carries
a positive charge, while at pH levels above the pHZPC, the
surface exhibits a negative charge.Tis observation is critical
for understanding the optimal conditions for adsorption.

Figure 1 illustrates the pHZPC of BBT and BAT, high-
lighting the transition from a negatively charged surface to
a positively charged one. Notably, the pHZPC of BBT is less
than 7 which signifes that the surface of BBT is negatively
charged, whereas the pHZPC of BAT is more than 7 sug-
gesting the positively charged surface of BAT as depicted in
Figure 1(c) [83]. Given the anionic nature of the dye used in
this study, efective adsorption is favored when the surface of
the adsorbent is positively charged. Conversely, when the
surface becomes negatively charged, repulsion between
anionic dye molecules and the adsorbent surface hinders the
adsorption process [84]. Tus, the treatment of BBT with
surfactant CTAB helps in converting the charge on the
surface of bamboo fbers from negative to positive, thus
enhancing the afnity of anionic dye molecules towards the
adsorbent [85].

In an aqueous medium, BBT was found to have a pH of
5.7 suggesting its somewhat acidic nature [86], whereas BAT
was observed to have a pH of 7.9, suggesting its basic nature.
Tis is further supported by both the pH and pHZPC values.
Te Boehm titration results for BAT revealed a higher
quantity of basic groups compared to acidic groups, con-
frming the overall basic nature of BAT. Specifcally, the total
functionalized groups, acidic groups, and basic groups were
determined to be 3.18mmol/g, 0.48mmol/g, and 2.7mmol/
g, respectively. Tis comprehensive characterization of
pHZPC and surface functional groups provides valuable
insights into the electrochemical properties of BBTand BAT,
laying the groundwork for understanding its adsorption
behavior in subsequent analysis.

3.1.2. FT-IR Studies. Fourier transform infrared (FT-IR)
analysis stands as a pivotal technique for elucidating in-
formation regarding the functional groups and various
bonds within materials [87, 88]. Figure 2 presents the FT-IR
spectra of bamboo before treatment (BBT), bamboo after
treatment (BAT), and Reactive Blue-loaded BAT (RB-BAT).
Te spectral features ofer crucial insights into the chemical
composition and structural changes induced by the treat-
ment processes.

Te absorption band observed around 3324 cm−1 (in
case of RB-BAT) is attributed to O-H stretching vibration.
Tis stretching vibration is likely associated with hydroxyl
groups present in cellulose, hemicellulose, lignin, extrac-
tives, and carboxylic acids. It can be seen from Figure 2 that

the band of O-H stretching vibration has shifted from
3338 cm−1 in case of BBT to 3333 cm−1 in case of BAT and
fnally to 3324 cm−1 in RB-BAT. Te band at approximately
2905 cm−1 corresponds to C-H stretching, a characteristic
feature of natural fbers.

Furthermore, distinct bands at 1739 cm−1 (present in
BBT and BAT but absent in RB235) and around 1632 cm−1

(RB-BAT) are indicative of C�O stretching. Tese bands in
the spectra are likely attributed to the vibration of the α-keto
carbonyl for cellulose. As seen in Figure 2, the band at
1665 cm−1 (in BBT) shifted to 1661 cm−1 (in BAT) and fnally
diminished a lot in case of RB-BAT. Te band at 1638 cm−1

in BBTgets shifted to 1632 cm−1 in case of RB-BATand also
this band has become more prominent in case of RB-BAT.
Te presence of an absorption band at 1421 cm−1 (in RB-
BAT) which was at 1429 cm−1 (in BBT) suggests an aromatic
ring vibration. Te band at 1365 cm−1 (in BBT) shifted to
1362 cm−1 in case of RB-BAT.Te band at 1323 cm−1 may be
associated with C-H deformation in lignin. Additionally, the
band at 1161 cm−1 (in BAT) has shifted to 1153 cm−1 (in RB-
BAT) which is a potential indication of C-O stretching in
conjugated ester groups within lignins. Lastly, the band at
1028 cm−1 corresponds to C-H and C-O deformation.

Te comparison of FT-IR spectra between BBT, BAT, and
RB-BAT provides a comprehensive understanding of the
chemical changes occurring during the treatment process and
subsequent dye loading. Tis detailed analysis aids in eluci-
dating the functional groups involved in the adsorption
mechanism and provides a foundation for interpreting the
adsorption behavior in subsequent sections of the study.

3.1.3. X-Ray Difraction Study. Te X-ray difraction (XRD)
technique serves as a powerful tool for discerning the nature
of materials based on their crystallinity or amorphousness.
Crystalline materials exhibit well-defned peaks, whereas
amorphous or noncrystalline materials manifest broad peaks
rather than sharp ones.

Figure 3 illustrates the XRD spectra of bamboo before
treatment (BBT), bamboo after treatment (BAT), Reactive
Blue-loaded BAT (RB-BAT), and the Reactive Blue 235
(RB235) reference. Notably, both BBT and BAT showcase
a slightly crystalline nature. To delve deeper into the crys-
tallite size, the Scherer formula [89] was employed:

D �
Kλ

β cos θ
, (2)

where K is the shape factor, λ is the wavelength of X-ray, β is
the line broadening at half the maximum intensity (FWHM)
in radians, and θ is the Bragg angle.

Despite the slight crystallinity observed, no signifcant
change in the amorphousness or crystallinity of bamboo
fbers was noted after treatment with a surfactant or sub-
sequent dyeing, and Twas found to be 3.67 nm, 2.98 nm, and
3.18 nm, respectively. Te dimensionless shape is evident in
Figure 3. Te calculated crystallite size for BBT, BAT, and
RB-BA factor, typically around 0.9, varies with the actual
shape of the crystallite. Importantly, the crystallite size is
inversely proportional to the peak width.
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Te XRD results afrm the resilience of bamboo fbers’
crystallinity, suggesting that their structural integrity re-
mains relatively unchanged after surfactant treatment and
dye loading. Tis information is vital for understanding the
stability and structural characteristics of bamboo fbers,
providing a foundation for further investigations into their
adsorption behavior and potential applications in waste-
water treatment.

3.1.4. SEM Analysis. In-depth insights into the structural
modifcations of bamboo fbers, pre and post-treatment with
cetyltrimethylammonium bromide (CTAB), as well as
subsequent dye loading with Reactive Blue 235 (RB235),
were obtained through advanced surface characterization
techniques, specifcally scanning electron microscopy (SEM)
and energy dispersive X-ray (EDX) analysis.

SEM images unveiled distinctive surface morphologies,
highlighting the transformative impact of the CTAB treat-
ment. Bamboo before treatment (BBT) displayed a pristine,
smooth surface (Figure 4(a)), while bamboo after treatment
(BAT) (Figure 4(b)) showcased a surface adorned with

numerous ridges and fssures, indicative of the surfactant’s
infuence. Te enhanced roughness of BAT underscores the
successful modifcation induced by CTAB. Furthermore, the
SEM image of Reactive Blue-loaded BAT (RB-BAT)
(Figure 4(c)) provided visual confrmation of the dye
molecules frmly adhering to the BAT surface. Tis obser-
vation is crucial, as it substantiates the adsorption capacity
and efciency of BAT in capturing and retaining dye
molecules.

Energy dispersive X-ray (EDX) analysis delved into the
elemental composition of BBT, BAT, and RB-BAT, shedding
light on the molecular constituents present on the fber
surfaces. In the case of BBT (Figure 5(a)), the major elements
were carbon and oxygen. Intriguingly, the surfaces of both
BAT (Figure 5(b)) and RB-BAT (Figure 5(c)) exhibited the
presence of bromine, signifying the incorporation of hex-
adecyltrimethylammonium bromide molecules during the
treatment process. Tis result aligns with the expected
outcome, as CTAB, a bromide-containing surfactant, was
utilized in the modifcation. Additionally, the EDX analysis
of RB-BAT (Figure 5(c)) revealed the existence of copper
(Cu), sodium (Na), sulfur (S), and fuorine (F), elements
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Figure 1: Point of zero charge (pHZPC) of (a) BBT and (b) BAT. (c) Role of surfactant in changing the surface charge of bamboo fbers.

Journal of Engineering 5



(a) (b) (c)

Figure 4: SEM images of (a) BBT, (b) BAT, and (c) RB-BAT.
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characteristic of Reactive Blue 235 dye.Tis corroborates the
successful loading of the dye onto the BAT surface, rein-
forcing the material’s potential as an efective adsorbent for
dye removal in wastewater treatment.

In summary, the integrated SEM and EDX analyses
provide a nuanced understanding of the structural and
compositional changes brought about by the CTAB treat-
ment and dye loading. Tese changes not only confrm the
efcacy of BATas an adsorbent but also lay the groundwork
for a comprehensive assessment of its adsorption behavior
and potential applications in sustainable wastewater treat-
ment strategies.

3.1.5. TGA Analysis. Termogravimetric analysis (TGA)
was employed to gain a comprehensive understanding of the
thermal stability of bamboo before treatment (BBT), bam-
boo after treatment (BAT), and Reactive Blue-loaded BAT
(RB-BAT) under a nitrogen atmosphere. Te TGA results,
illustrated in Figure 6, delineate the intricate thermal deg-
radation processes occurring within the bamboo fbers at
varying temperature ranges.

Te TGA curves exhibit three distinct stages of mass loss
at temperature intervals of 25–320°C, 320–380°C, and
380–550°C. Each phase corresponds to specifc thermal
events, providing valuable insights into the thermal behavior
of the materials.

In the initial stage, ranging from 25 to 320°C, the mass
loss is attributed to the removal of water molecules from the
absorbent and the decomposition of low molecular weight
organic compounds. Tis phase primarily addresses the
elimination of moisture content within the materials.

Te second phase, spanning 320 to 380°C, reveals a sharp
decrease in mass. Tis is indicative of the degradation of the
main hemicellulose skeleton present in BBT, BAT, and RB-
BAT. Te specifc temperature range suggests the de-
polymerization of hemicellulose components, elucidating
the thermal changes induced by CTAB treatment and dye
loading.

Te third phase, occurring between 380 and 550°C,
signifes further decomposition. Tis stage involves the
breakdown of cellulose and the 0.4% lignin components

present in BBT, BAT, and RB-BAT. Te comprehensive
decomposition process sheds light on the thermal stability of
the materials across various temperature regimes.

Te TGA analysis not only provides a qualitative as-
sessment of the thermal stability of BBT, BAT, and RB-BAT
but also ofers quantitative data on the extent of mass loss
during distinct temperature intervals. Understanding the
thermal behavior is crucial for evaluating the materials’
performance under varying environmental conditions, es-
pecially in potential applications involving thermal treat-
ment or exposure to elevated temperatures. Te multistage
mass loss observed in the TGA curves contributes to a nu-
anced comprehension of the thermal dynamics within the
bamboo fbers, enhancing our insights into their stability
and suitability for diverse applications.

3.1.6. BET Analysis. Te BET surface area, single-point
adsorption total pore volume, and BET average pore
width (calculated as 4V/A by BET) were extracted from the
adsorption isotherms. For BAT, the BET surface area was
determined to be 0.3944m2/g, the single-point adsorption

(a) (b) (c)

Figure 5: EDX of (a) BBT, (b) BAT, and (c) RB-BAT.
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Figure 6: TGA of BBT, BAT, and RB-BAT.
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total pore volume was 2.746757 cm³/g, and the BET average
pore width stood at 278605.2840 Å. In comparison, BBT
exhibited a BET surface area of 0.0625m2/g, a single-point
adsorption total pore volume of 3.266709 cm³/g, and a BET
average pore width of 2090973.1769 Å.

Te BETanalysis ofers crucial information regarding the
porosity and surface area of the adsorbents, which are
paramount factors infuencing their adsorption capacity.
Te higher BET surface area of BAT (0.3944m2/g) in
contrast to BBT (0.0625m2/g) indicates that the CTAB
treatment led to an increase in the available surface for
adsorption. Tis augmentation in surface area correlates
with the structural changes observed in SEM analysis, where
BAT exhibited a surface covered with ridges and fssures,
enhancing its adsorption potential.

Additionally, the single-point adsorption total pore
volume signifes the total volume of pores accessible for
adsorption. BAT exhibited a lower pore volume
(2.746757 cm³/g) compared to BBT (3.266709 cm³/g), sug-
gesting that the surfactant treatment infuenced the pore
structure, potentially leading to a more selective adsorption
process.

Te BETaverage pore width provides information about
the size of pores within the material. BATdisplayed a smaller
average pore width (278605.2840 Å) compared to BBT
(2090973.1769 Å), indicating a more refned pore structure
post-treatment.

In summary, the BET analysis enhances our un-
derstanding of the surface characteristics, porosity, and
potential adsorption sites within BAT and BBT. Tese
fndings contribute to a comprehensive assessment of the
adsorption behavior, aiding in the determination of the
materials’ suitability for specifc environmental applications.

3.2. Efect of the Adsorbent Dose. Te study delved into the
infuence of adsorbent dosage on the percentage of dye
removal, shedding light on the optimal conditions for ef-
fective Reactive Blue 235 (RB235) removal. Te outcomes of
this investigation are illustrated in Figure 7, providing in-
sights into the comparative performance of bamboo before
treatment (BBT) and bamboo after treatment (BAT) under
varying doses.

Te graph portrays the dynamic relationship between
the adsorbent dose and the efciency of dye removal, spe-
cifcally focusing on a dye concentration of 40mg/L. No-
tably, the data reveal that the highest degree of dye removal is
achieved with the utilization of 0.5 g of BAT for a 50ml
solution containing 40mg/L RB235 dye.

Analyzing the fndings from Figure 7, a clear trend
emerges, highlighting the optimal dosage of 0.5 g/50ml of
dye solution (40mg/L) for maximum dye removal. Te
superior performance of BATcompared to BBTunderscores
the signifcance of surfactant functionalization in enhancing
the adsorption capacity of bamboo fbers.Te initial negative
charge of untreated bamboo fbers is efectively transformed
into positive surface charges through surfactant treatment.
Tis positive charge modifcation contributes to an im-
proved afnity for reactive anionic dyes like RB235.

Te observed trend not only provides practical insights
for optimizing the adsorbent dosage in real-world appli-
cations but also substantiates the research hypothesis. Te
surfactant-functionalized bamboo fber (BAT) demonstrates
enhanced efcacy in dye removal compared to its untreated
counterpart (BBT). Te positive surface charges acquired
during the surfactant treatment process play a pivotal role in
augmenting the adsorption afnity for anionic dyes.

Tese fndings are pivotal for designing efcient ad-
sorption systems for textile efuent treatment. Tey ofer
a nuanced understanding of the adsorbent dose-response
relationship, enabling the customization of treatment pro-
tocols for varying dye concentrations. Ultimately, this
knowledge contributes to the development of sustainable
and efective wastewater treatment strategies, aligning with
the broader goals of environmental conservation.

3.3. Efect of pH. Te investigation into the efect of pH on
the adsorption of Reactive Blue 235 onto bamboo before
treatment (BBT) and bamboo after treatment (BAT) pro-
vides critical insights into the interplay between solution
chemistry, surface charge, and adsorption capacity. Te
experimental results, presented in Figure 8, elucidate the
nuanced relationship between pH variations and the ef-
ciency of dye removal in a 40mg/L dye solution at 298K.

Te graph captures the dynamic response of dye removal
percentage to alterations in pH, ofering a comprehensive
understanding of the pivotal role played by pH in infu-
encing the adsorption process. Notably, the investigation
utilized a dye solution concentration of 40mg/L with an
adsorbent dose of 0.5 g per 50ml of the dye solution.

From Figure 8, a discernible pattern emerges, unveiling
the sensitivity of dye removal to changes in pH. Te per-
centage of dye removal exhibits an incremental trend as
pH decreases from 8 to 2. Intriguingly, beyond a pH of 8,
there is a gradual reduction in the percentage of dye removal.

Te observed pH-dependent trend can be attributed to
the intricate interplay between the chemistry of the dye
solution and alterations in the surface charge of the ad-
sorbent. At lower pH levels, the positively charged surface of
the adsorbent, induced by surfactant treatment, facilitates
electrostatic attraction with anionic dye molecules [90]. Tis
favorable interaction contributes to the enhanced adsorption
capacity observed. Te afnity of RB235 for the BAT in an
acidic medium is due to the anionic nature of the dye
molecule which showed higher adsorption capacity in the
medium [91].

Conversely, as pH increases beyond 8, the reduction in
positive charge on the adsorbent surface diminishes the
electrostatic attraction between the adsorbent and the an-
ionic dye molecules. Tis diminishing afnity results in
a gradual decline in the percentage of dye removal. Te
fndings align with the established principle that
pH signifcantly infuences the surface charge of adsorbents,
thereby modulating their adsorption capabilities.

In summary, the exploration of pH efects on dye ad-
sorption not only substantiates the intricate dynamics at play
but also provides valuable insights for optimizing the
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pH conditions in practical applications. Tis knowledge is
instrumental for tailoring efective and sustainable dye re-
moval strategies in textile efuent treatment.

3.4. Efect of Contact Time. Te investigation into the tem-
poral dynamics of Reactive Blue 235 dye removal, employing
both bamboo before treatment (BBT) and bamboo after
treatment (BAT), unravels crucial insights into the time-
dependent efciency of the adsorption process. Te exper-
imental fndings, depicted in Figure 9, illuminate the evo-
lution of dye removal percentages with varying contact
times, providing a comprehensive understanding of the
optimal temporal conditions for efcient dye elimination in
a 40mg/L dye solution at 298K.

Tis graph serves as a temporal roadmap, delineating the
progression of dye removal percentages as the contact time
between the adsorbents and the dye solution extends. Te
experimental parameters included an adsorbent dose of 0.5 g
per 50ml of the dye solution, maintaining a constant dye
solution concentration at 40mg/L.

Figure 9 vividly illustrates the direct correlation between
contact time and the percentage of Reactive Blue 235 dye
removal. As the contact time escalates from 0minutes to
60minutes, a steady increase in the percentage of dye

removal is observed. Notably, within the initial ten minutes
of contact, BAT exhibits an exceptional performance,
eliminating more than 80% of the dye.

Te time-dependent nature of the adsorption process is
evident in the observed trend. Te initial phase of rapid dye
removal can be attributed to the availability of vacant
adsorption sites on the surface of BAT, enabling swift
interactions with the dye molecules. As the contact time
extends, more adsorption sites become engaged, contrib-
uting to the continuous increase in dye removal
percentages.

Te exceptional performance of BAT, surpassing 80%
dye removal within ten minutes, underscores the efec-
tiveness of surfactant-functionalized bamboo fbers. Te
surfactant treatment not only enhances the afnity for an-
ionic dye molecules but also facilitates rapid adsorption
kinetics.

Understanding the temporal dynamics of dye removal is
pivotal for optimizing operational parameters in practical
applications, ensuring resource-efcient and time-efective
wastewater treatment strategies.Tese fndings contribute to
the design of sustainable and expeditious adsorption pro-
cesses for textile efuent remediation.

3.5. Efect of Initial Concentration of Dye. Te exploration of
the intricate relationship between the initial concentration of
Reactive Blue 235 dye and the quantity adsorbed unfolds in
Figure 10 shedding light on the dynamic interplay infu-
encing the adsorption process.Tis investigation, conducted
with bamboo after treatment (BAT), scrutinizes the varia-
tions in dye adsorption (mg·g−1) in response to a diverse
range of initial dye concentrations, spanning from 20mg/L
to 100mg/L, at 298K.

Tis graph serves as a visual representation of the
evolving correlation between dye adsorption and varying
initial dye concentrations, ofering valuable insights into the
underlying mechanisms at play during the adsorption
process.

Figure 10 unveils a proportional relationship between
the initial dye concentration and the quantity of dye
adsorbed onto BAT. As the initial dye concentration
escalates from 20mg/L to 100mg/L, there is a corre-
sponding increase in the amount of dye adsorbed by the
adsorbent.
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Figure 8: Efect of pH on adsorption of Reactive Blue 235 on BAT
(conc. of dye solution, Co � 40mg/L, adsorbent dose� 0.5 g/50ml
of dye solution, contact time� 40min, and temperature� 298K).
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Te observed correlation fnds its roots in the principles
of difusion and concentration gradients. With an elevation
in the initial dye concentration, a heightened difusion of dye
molecules from the solution onto the BAT surface is wit-
nessed. Tis phenomenon is propelled by the development
of a concentration gradient between the dye solution and the
adsorbent (BAT), amplifying the driving force behind the
adsorption process.

Te concentration gradient acts as a compelling driving
force, propelling a greater infux of dye molecules towards
the adsorbent surface. Consequently, the adsorption ca-
pacity of BAT is maximized at higher initial dye
concentrations.

Understanding the impact of initial dye concentration
is pivotal for optimizing adsorption systems, especially in
scenarios where varying dye concentrations are en-
countered in real-world applications. Tese fndings
provide a nuanced understanding of the concentration-
driven dynamics, aiding in the design of efcient and
adaptable adsorption processes for the treatment of textile
efuents.

3.6. Adsorption Kinetic Study. Understanding the kinetics of
the adsorption process is pivotal for unravelling the un-
derlying mechanisms governing the efciency and behavior
of the adsorbent. In this study, both pseudo-frst-order and
pseudo-second-order models were employed to scrutinize
the adsorption type, capacity, and rate of the system. Te
evaluation of these kinetic models was based on the de-
termination ofR2 values, alongside ameticulous comparison
between experimental values (qe, exp) and calculated values
(qe, cal) of adsorption capacity. Te model with the best ft
was identifed through this comprehensive analysis.

3.6.1. Pseudo-First-Order Reaction Kinetics. Te pseudo-
frst-order kinetic model’s linear form can be written as [92]

log qe − qt(  � log qe −
k1t

2.303
, (3)

where qt (mg·g−1) and qe (mg·g−1) are the quantity of
adsorbed dye by BAT at time t (min) and equilibrium, re-
spectively. k1 (min−1) is the pseudo-frst-order rate constant.

Te intercept and slope of the plot of log(qe − qt ) versus
t (Figure 11) yield the parameters qe and k1, respectively.

Although the R2 value obtained from pseudo-frst order
plot is signifcant, a notable disparity exists between the
experimental qe values and the calculated ones, as detailed in
Table 1. Tese fndings underscore that the pseudo-frst-
order model fails to accurately represent the kinetics of the
adsorption process, prompting the exploration of alternative
models to elucidate the dynamic behavior of Reactive Blue
235 adsorption onto BAT.

3.6.2. Pseudo-Second-Order Reaction Kinetics. In addition to
the pseudo-frst-order model, a comprehensive exploration
of the adsorption kinetics involved the application of the
pseudo-second-order kinetic model, represented by the
following equation [93]:

t

qt

�
1

k2qe2
+

t

qe

, (4)

where k2 (g·mg−1·min−1) is the rate constant of second-order
reaction. Te rate constant k2 and qe were determined from
the intercept and slope, respectively, of the plots of t/qt

versus t (Figure 12).
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Figure 9: Efect of contact time on adsorption of Reactive Blue 235 onto BATand BBT (adsorbent dose� 0.5 g/50ml of dye solution, conc. of
dye solution, Co � 40mg/L, and temperature� 298K).
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Te outcome of this analysis supports the conclusion
that adsorption follows the pseudo-second-order kinetic
model. Tis is evident from the high R2 values, approxi-
mating 0.999 or 1, and the close agreement between the
experimental qe values and their calculated counterparts, as
detailed in Table 1.Tis unequivocally demonstrates that the
adsorption of Reactive Blue 235 onto BATaligns closely with
the pseudo-second-order kinetic model, providing a deeper
understanding of the dynamic behavior of the adsorption
process.

3.6.3. Intra-Particle Difusion Model. In the quest to de-
cipher the difusion mechanism governing the adsorption,
the intra-particle difusion model proposed by Weber and
Morris [94] was employed. Te model is mathematically
expressed as

qt � ki t
1/2

+ Ci, (5)

where ki is the intra-particle difusion rate (mg·g−1·min−1/2).
If the only step in the adsorption process that limits rate

is intra-particle difusion, the plot of qt versus t1/2 should
represent straight lines passing through origin. Te rate
constants Ci (mg·g−1) and ki are determined from the in-
tercept and slope of the regression line, respectively. C
signifes the thickness of the boundary layer.Te larger value
of C signifes the larger efect of the boundary layer as in-
dicated in Table 2.

It can be seen from the graph (Figure 13) that the plots of
qt versus t1/2 are not passing through origin, this indicates
a lower degree of boundary layer control, and it further
showed that just intra-particle difusion was not the rate-
limiting step, rather there might be some other processes
also controlling the adsorption rate. Te boundary layer
efect increases as temperature rises, as shown by the C
values.

3.6.4. Boyd Plot. To fnd out the actual rate-controlling step
of the adsorption, the acquired data were additionally in-
vestigated using the kinetic expression specifed by Boyd
et al. [95]. Tis model was used to distinguish between flm
difusion and particle difusion. Particle difusion happens
when a transfer of the adsorbate occurs within the pores of
the adsorbent (internal transport> external transport), and
flm difusion happens when the transfer of adsorbate occurs
on the surface of the adsorbent (internal transport< external
transport) [96].

F � 1 −
6
π2

exp(−Bt), (6)

where F is the fractional achievement of equilibrium at
a time “t” and Bt is a mathematical function of F. F (frac-
tional attainment) is calculated by using the following
equation:

F �
qt

qe

. (7)

Here, qt (mg·g−1) is the quantity of dye adsorbed after
time t and qe (mg·g−1) is the quantity of dye adsorbed at
equilibrium. Applying (6) into (5), (5) becomes

Bt � −0.4977 − ln 1 −
qt

qe

 . (8)

Te adsorption rate for the particle and flm difusion
was calculated with the help of Bt versus time (t) plot
(Figure 14). If Bt versus t plot gives straight line that passes
through the origin, then adsorption is said to be presided
over by a particle-difusion mechanism (transfer of the
adsorbate within the pores of the adsorbent), or else
presided over by flm difusion (transfer of adsorbate to
surface of adsorbent). Figure 14 displays that the adsorp-
tion process in the present study is a flm difusion
mechanism as the Bt versus t plot is not passing through the
origin.

3.6.5. Elovich Model. Tis model is generally used to in-
terpret the adsorption kinetics. It helps in successfully de-
scribing the pseudo-second-order kinetics supposing that
the surface is energetically heterogenous. It is generally
expressed as [97]

qt �
1
β
ln (αβ) +

1
β
ln t, (9)

where α and β are the initial adsorption rate (mg·g−1) and
desorption constant (g·mg−1), respectively. qt (mg·g−1) is
the quantity of the dye adsorbed at time t (min). By
plotting qt versus ln t (Figure 15), the plot’s slope
and intercept can be used to determine the values of α and
β. Table 3 lists the values of α and β at diferent
temperatures.

3.6.6. Bangham’s Model. Te adsorption was assessed using
Bangham’s equation to be as pore difusion controlled.
Bangham equation is generally expressed as [98]

y = -0.0378x - 0.0372
R² = 0.9956

y = -0.0394x + 0.0397
R² = 0.992

y = -0.0401x + 0.1566
R² = 0.9973
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Figure 11: Pseudo-frst-order linear plots for adsorption of Re-
active Blue 235 on BAT at 298K, 308K, and 318K.
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Log log
Co

Co − qtm
   � log

kom

2.303V
  + B log t.

(10)

Here, Co is the initial dye concentration in solution
(mg/L). V is the volume of solution (ml), m is the weight of
the adsorbent per litre of solution (g/L), qt (mg·g−1) is the
quantity of adsorbed dye at time t, and B(<1) and ko are
constants, discussed in Table 4. An increase in temperature

was found to result in an increase in the values of constants B
and ko.

Double logarithmic plot obtained from equation (10) did
not produce adequate linear curves for the adsorption of
Reactive Blue 235 onto BAT. Tis shows that the difusion of
adsorbents into the pores of the sorbent was not the only rate-
controlling step (Figure 16). Terefore, the removal of dye
molecules using BATas adsorbent may involve both the pore
and flm difusion mechanism, albeit to varying degrees.
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Figure 12: Pseudo-second-order linear plots for adsorption of
Reactive Blue 235 on BAT at 298K, 308K, and 318K.

Table 2: Comparison of Ci and Ki values at various temperatures.

Temperature (K) Ci Ki R2

298 3.218 0.0614 0.78
308 3.250 0.0717 0.7703
318 3.280 0.0802 0.7954

y = 0.0614x + 3.218
R² = 0.78

y = 0.0717x + 3.2502
R² = 0.7703

y = 0.0802x + 3.2796
R² = 0.7954
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Figure 13: Weber–Morris intra-particle difusion model for the
adsorption of Reactive Blue 235 on BAT (conc. of dye sol-
ution� 40mg/L and adsorbent dose� 0.5 g/50ml).
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Figure 14: Boyd’s plot for the adsorption of Reactive Blue 235 on
BAT (conc. of dye solution� 40mg/L and adsorbent dose� 0.5 g/
50ml).
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Figure 15: Elovich model for adsorption of Reactive Blue 235 on
BAT (conc. of the dye solution� 40mg/L and adsorbent dos-
e� 0.5 g/50ml).

Table 3: Comparison of α and β values at various temperatures.

Temperature (K) α β R2

298 1440263.937 5.393743258 0.89
308 156208.9072 4.61041955 0.883
318 43629.92005 4.144219 0.902
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3.7. Adsorption Isotherms. To compare and forecast the
adsorbent’s adsorption performance, adsorption isotherm
data modelling is required. Te practical design and oper-
ation of adsorption depend on the correlation between
experimental results and the adsorption model, which can
aid in understanding the mechanisms of adsorption and the
heterogeneity of the surface of the adsorbent.

3.7.1. Langmuir Isotherm. According to the Langmuir ad-
sorption isotherm, the adsorbate molecules develop
a monolayer on the adsorbent’s surface. Adsorbate ad-
sorption at a specifc location occurs regardless of whether
adsorbate is present at nearby sites. Te most popular and
straightforward explanation of the adsorption process is
Langmuir’s model, which ignores the change in adsorption
energy. In linearized form, a representation of Langmuir’s
model is as follows [99]:

Ce

qe

�
1

KLqm

+
1

qm

× Ce, (11)

where Ce is the dye concentration (mg/L) at equilibrium and
qe is the adsorption capacity at equilibrium (mg·g−1). Te
maximummonolayer adsorption capacity is indicated by the
constant qm (mg·g−1), which is dependent on the number of
adsorption sites. KL is correlated with the adsorbate’s afnity
for the binding sites. Table 5 illustrates the values of qm

(mg·g−1) and KL, which were determined by analyzing the
slope and intercept of the plots Ce ∕ qe versus Ce (Figure 17).

RL, a dimensionless separation factor, can be used to
express the main features of the Langmuir equation, which is
defned by the following equation [100]:

RL �
1

1 + KLC0( 
, (12)

where C0 is the initial concentration of dye (mg/L). Te
adsorption process’s nature is indicated by the value of
parameter RL, as indicated in Table 6.

It is evident from the data in Table 5 that as the tem-
perature has increased, so too have the values of the con-
stants KL and qm. Te explanation for this could be that as
the temperature rises, the dye’s kinetic energy rises as well,
increasing the dye ions’ mobility. Consequently, there was
a greater likelihood of the dye being adsorbed onto the
adsorbent, leading to an increase in its qm.

3.7.2. Freundlich Isotherm. Te sorbent’s surface hetero-
geneity is described by the empirical equation known as the
Freundlich isotherm model. It takes into account in-
teractions between molecules that are absorbed as well as
multiple adsorption layers with an uneven distribution of
active site energy [101]. In linearized form, Freundlich’s
model is represented as

ln qe � lnKF +
1
n
lnCe, (13)

where qe is the quantity of adsorbed dye per unit of ad-
sorbent (mg·g−1) at equilibrium and Ce is the dye concen-
tration in solution at equilibrium (mg/L). Te Freundlich
adsorption isotherm constants regarding the adsorption
intensity and capacity are denoted by n and KF, respectively.
Trough the intercept and slope obtained from the linear
plot of ln qe versus lnCe (Figure 18), the values of n and KF

were computed and are shown in Table 7. Tis model’s
favorable adsorption can be described as follows: adsorption
is favorable if n is greater than unity.

It is indicated that the adsorption conditions are fa-
vorable since n is greater than 1. Higher temperatures
appeared to favor the removal of dye Reactive Blue 235 by
this adsorbent, as indicated by the KF values increasing with
temperature. An increasing trend with the temperature
further suggested that this adsorption phenomenon is en-
dothermic. Furthermore, for the adsorption of the dye
Reactive Blue 235, the KF values displayed the identical
temperature dependence pattern as qm in the
Langmuir model.

3.7.3. Temkin Isotherm. Te Temkin isotherm includes
a factor that evidently accounts for the interactions between
the adsorbent and the adsorbate. Tis isotherm is predicated
on the following assumptions: (i) all molecules in the layer
experience a linear decrease in heat of adsorption with
increasing coverage due to adsorbent-adsorbate in-
teractions; and (ii) up to a certain maximum binding energy,
an even distribution of the binding energies is the charac-
teristic of adsorption [102, 103]. Temkin’s isotherm model
thus suggests that the adsorption energy decreases linearly
with surface coverage due to interactions between the ad-
sorbent and adsorbate. Tis isotherm’s linear form is pro-
vided by

Table 4: Comparison of B and k0 values at various temperatures.

Temperature (K) B K0 R2

298 0.189 0.0044 0.91
308 0.253 0.0049 0.92
318 0.347 0.0059 0.96
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R² = 0.9116 
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Figure 16: Bangham’s model for adsorption of Reactive Blue 235
on BAT (conc. of the dye solution� 40mg/L and dose of
adsorbent� 0.5 g/50ml).
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qe � B1 ln kT + B1 lnCe, (14)

where B1 � RT∕ b.
Plotting qe against lnCe (Figure 19) aids in determining

isotherm’s constants kT and B1 given in Table 8. Te heat of
adsorption is represented by B1, whereas maximum binding

energy’s accompanying equilibrium binding constant is kT

(L/mg) [103].
T represents the absolute temperature (K) and R is the

gas’s constant (8.314 J/mol K).

3.7.4. Dubinin–Radushkevich (DR) Isotherm. Due to its
assumption of neither a homogeneous surface nor a fxed
sorption potential, the Dubinin–Radushkevich (DR)

Table 5: Langmuir constants at diferent temperatures.

Temperature (K) Reactive Blue 235
concentration (mg/L) RL KL (L/mg) qm (mg·g−1) R2

298

20 0.09

0.534 7.00 0.99
40 0.05
60 0.03
80 0.024
100 0.019

308

20 0.08

0.664 7.21 0.99
40 0.04
60 0.03
80 0.02
100 0.02

318

20 0.09

0.861 7.36 0.99
40 0.05
60 0.03
80 0.03
100 0.02

Te obtained separation factor values, RL, at 298K, 308K, and 318K range from 0.02 to 0.09, demonstrating the present adsorption process’s favorability.
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Figure 17: Plot of Ce/qe versus Ce for the adsorption of Reactive
Blue 235 onto BAT at 298K, 308 K, and 318K.

Table 6: Relation between RL values and type of adsorption.

Value of RL

Type
of adsorption process

RL � 0 Irreversible adsorption
RL � 1 Linear adsorption
0<RL < 1 Favorable adsorption
RL > 1 Unfavorable adsorption
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Figure 18: Plot of lnqe versus lnCe for adsorption of Reactive Blue
235 onto BAT at 298K, 308K, and 318K.

Table 7: Freundlich’s constants for Reactive Blue 235 adsorption
on BAT at various temperatures.

Temperature (K) KF (mg·g−1) (L·mg−1)1/n n R2

298 3.14 4.482 0.99
308 3.38 4.541 0.99
318 3.63 4.615 0.98
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equilibrium model tends to be more general than the
Langmuir isotherm [104]. In order to diferentiate between
the physical and chemical forms of adsorption, the DR
model was proposed in the vicinity of the adsorbent surface
within the adsorption space. Te DR isotherm presumes
that monolayer adsorption occurs in the adsorbent’s mi-
cropores [105].

Tis isotherm is represented as

qe � qS exp −Bε2 . (15)

Te linear form is as follows [27]:

ln qe � ln qs − Bε2, (16)

where DR constant, qS, is the theoretical saturation capacity
of adsorbent (mg·g−1), B is a constant related to adsorption
energy, and ε is the Polanyi potential (kJ/mol) and can be
represented as

ε � RT ln 1 +
1

Ce

 . (17)

Te constant B gives the average adsorption energy when
adsorbate (dye molecules) is transferred to the surface of the
adsorbent (BAT) from the dye solution and can be calculated
using the following equation:

E �
1

(2B)
1/2, (18)

where R is the gas constant (8.314 J/mol K) and T is the
absolute temperature.

Figure 20 displays a linear plot of lnqe versus ε2 for the
dye Reactive Blue 235 at 298, 308, and 318K for the Dubinin
and Radushkevich (DR) method.

Plotting ln qe versus ε2 yields the values of B and qs

(mg·g−1), which can be found by analyzing its slope and
intercept. Te maximum quantity of adsorbate which is able
to be adsorbed on the adsorbent is indicated by the constant
qs (mg·g−1). Te DR constants calculated for Reactive Blue
235 adsorption on BAT at 298, 308, and 318K are provided
in Table 9. One can identify the type of adsorption by
calculating the mean adsorption energy using the DR iso-
therm, i.e., it is chemisorption or physisorption. Te mag-
nitude of E in the context of physisorption varies from 1 to
8 kJ/mol, whereas if the value of E is greater than 8 kJ/mol,
then it is said to be chemisorption. Te current system’s
value of E indicates that Reactive Blue 235 is adsorbing on
BAT in a physical manner.

Te value of the maximum adsorption capacity of BAT
determined from the Langmuir model (qm � 7.36mg·g−1) at
318K was found to be higher than that of the DR model
(qs � 5.76mg·g−1), indicating that BAT has a notable
quantity of active sites.

Te maximum uptake by a monolayer on the adsorbent
surface is represented by qm in the Langmuir model, whereas
qs in the DR model denotes the maximum uptake as a result
of pore flling rather than monolayer adsorption. As a result,
the two quantities are basically diferent, which accounts for
the diferent values found when the two models are ftted to
the experimental data. It appears that the DR model is less
suitable for explaining our data, given that the Langmuir
model fts the data better [106].

3.8. Adsorption Termodynamics. Temperature-dependent
adsorption of Reactive Blue 235 on BAT has also been
revealed. For this purpose, the thermodynamic parameters
like standard free energy change (ΔG∗), standard enthalpy
change (ΔH∗), and standard entropy change (ΔS∗) are
determined using the given equations [105]:

ΔG∗ � −RT lnKC,

ΔG∗ � ΔH∗ − TΔS∗.
(19)

From equations (16) and (17), we get

lnKc � −
ΔH∗

RT
+
ΔS∗

R
, (20)

where R (8.314 J/mol/K) is the universal gas constant, T(K) is
the solution temperature in kelvin, and Kc (L/g) is the
equilibrium constant. ΔH and ΔS can be computed using the
slope and intercept of the graph between lnKc and 1/T
(Figure 21) [107]. Table 10 displays values for each ther-
modynamics parameter. Te table shows that ΔG varies
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Figure 19: Plot of qe against lnCe for the Reactive Blue 235 ad-
sorption onto BAT at 298K, 308K, and 318K.

Table 8: Temkin constants for RB235 adsorption on BAT at dif-
ferent temperatures.

Temperature (K) KT (L/mg) B1 R2

298 61.29 0.850 0.935
308 80.70 0.863 0.961
318 104.43 0.878 0.983
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from −0.183 to −3.884 kJ/mol on increasing temperature
from 298K to 318K. At all temperatures, ΔG is negative,
which shows that Reactive Blue 235 can adsorb spontane-
ously and successfully on BAT. At elevated temperatures, the
adsorption appears more favorable, as indicated by the
progressively increasing negative values of ΔG with tem-
perature [108–110]. Tis could be possible because a rise in

temperature causes the dye molecules’ mobility in the so-
lution to increase and thus the afnity of dye towards BAT is
higher at high temperatures.

An endothermic adsorption phenomenon is suggested
by a positive value of ΔH. Te sorption type may also be
inferred from the magnitude of ΔH. Te heat produced by
physical adsorption is 2.1–20.9 kJ/mol, the same as the heat
produced by condensation, whereas the typical range for the
heat of chemisorption is 80–200 kJ/mol. Terefore, rather
than being solely the result of a physical or chemical ad-
sorption process, it appears that this adsorption can be
assigned to a physicochemical adsorption process, as seen
from ΔH value given in Table 10 [111, 112].

Here, ΔS is positive, which signifes that entropy is
driving the process of adsorption. During the adsorption
process, a positive value of entropy change (ΔS) indicates
a rise in disorder at the solid/liquid interface [113].

3.9. Adsorption Mechanism. In this section, the mechanism
of RB235 dye uptake by BAT is discussed based on the
characterization, kinetics, and isotherm study.

A possible adsorption mechanism of RB235 dye onto
BAT is illustrated in Figure 22.

Te RB235 dye could react with oxygen-containing
functional groups including hydroxyl and carbonyl on the
surface of BAT as suggested by FT-IR. Te adsorption of
RB235 dye on BAT followed the chemisorption type
mechanism as demonstrated by the pseudo-second-order
kinetic model (Figure 12) included in this investigation. Te
homogeneous kind of adsorption between RB235 and BAT
was verifed using the Langmuir adsorption isotherm
(Figure 17) while the Dubinin–Radushkevich (DR) isotherm
revealed the value of E varying from 3.92 to 4.66 kJ/mol
which is in between 1 and 8 kJ/mol suggesting that Reactive
Blue 235 is physically adsorbing on BAT. Prior research has
established the simultaneous or synchronous existence of
both processes, such as chemical and physical adsorption
[114].

3.10. Removal of Dyes Using Synthetic Efuent. According to
the adsorption data (kinetic and equilibrium), BAT was
efcient in removing Reactive Blue 235 from aqueous so-
lution, indicating that this could also be used to treat real
efuents. For this, the real efuent was generated in the lab.
To prepare the real textile efuent on a laboratory scale, the
dyeing bath was prepared for cotton substrate. Te shade
percentage was taken as 1% using Reactive Blue 235 [115].
Te soaping of dyed substrate was also carried out using
nonionic detergent. Te efuent was collected at four
stages: (a) the used or exhausted dye bath; (b) rinsing; (c)
soaping; and (d) fnal mixture of all the three types of
efuents. Tese four efuents were studied separately as
well as a combined efuent of these four stages was also
studied regarding removal of dyes from these efuents
using BAT adsorbent.

Te %removal of dye from efuent was evaluated from
UV-visible spectra of untreated and treated efuents
(Figure 23).
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Figure 20: Plot of lnqe versus ε2 for the adsorption of Reactive Blue
235 onto BAT at 298K, 308K, and 318K.

Table 9: Values of qs and E at various temperatures.

Temperature (K) qs (mg·g−1) E (kJ/mol) R2

298 5.36 3.92 0.73
308 5.53 4.44 0.75
318 5.76 4.66 0.80

y = -6601.3x + 22.196
R² = 0.9941
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Figure 21: Plot of lnKc versus 1/T for the adsorption of Reactive
Blue 235 onto BAT.

Table 10: Termodynamic parameters for RB235 adsorption onto
BAT.

Temperature (K) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/mol/K)
298 −0.183

54.88 184.54308 −1.796
318 −3.884
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From the absorbance study, it was found that about 95%
of dye was removed from real efuent using BAT as an
adsorbent.

Te K/S values, color images, color fastness, and light
fastness of absorbent and dye loaded adsorbent were also
calculated using Datacolor 200M (given in Tables 11 and 12).

Te K/S versus wavelength plot obtained from Datacolor
200M is shown in Figure 24.

3.11. Variables Controlling the Price of Reactive Blue 235
Adsorption on BAT. To maintain the sustainable utilization
of the proposed method of the removal of the dye, it is very
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Figure 22: Proposed mechanism of adsorption of RB235 dye on adsorbent surface.
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much required to calculate the tentative overall execution
cost. Te overall execution cost was minimal. Along with the
removal of the dye, the overall execution cost was also
determined. It is found that the execution cost is minimal
because of the minimum use of chemical amount and the
low cost of adsorbent [116].

Te execution cost is primarily determined by the fol-
lowing factors.

3.11.1. Adsorbent Cost (A). As the bamboo waste used in our
study is easily available, its price is very low in comparison to
other available adsorbents. Te adsorbent costs nearly Rs. 5
per kg from a nearby supplier. 10 g of adsorbent is needed for
removing dye from 1 litre of 40mg/L dye solution. Tus, it
will cost Rs. 0.05 per litre of colored solution.

3.11.2. Processing Cost (B). Surfactant CTAB is used for
modifying the bamboo fbers which costs near about Rs.
950 per kg. For modifying 10 g of adsorbent, 0.57 g of
CTAB is used. Tus, this step will cost Rs. 0.5415 per litre of
dye solution (40mg/L). Apart from this, the tentative cost
of electricity consumed for drying the adsorbent and
shaking the adsorbent after surface modifcation with
CTAB has been estimated to be Rs. 2.03 Per litre of dye
solution.

3.11.3. Batch Operation Cost (C). Te continuous stirring is
required for each batch operation (dye removal). To run
a single batch, 40minutes is required which requires a very
small amount of electrical energy. Te cost of this step is
almost Rs. 1.45 per litre of dye solution.

Table 11: Color images and K/S values of various stages of adsorbent.

S.No. Various
stages of adsorbent Color images K/S values at 620 nm

1 BBT 0.06

2 BAT 0.07

3 RB-BAT 1.45

Table 12: Color fastness of the BAT sample loaded with dye RB235.

Sample Change in
color

Color staining
Light fastness

SCA BUC N P A WW
RB-BAT 3-4 4 4-5 4 4 4 4 3-4
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Figure 24: Plot of K/S versus wavelength obtained from Datacolor 200M.
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So, the overall execution cost� adsorbent cost
(A) + processing cost (B) + batch operation cost (C).
�Rs. (0.05 + 0.5415 + 2.03 + 1.45) per litre of dye
solution.
�Rs. 4.0715 per litre of dye solution.

Te best thing about the overall execution cost obtained
is that with the increase in amount of dye solution (to be
treated), the value of processing cost as well as batch op-
eration cost will not be highly increased. Te adsorbent cost
will only be slightly increased.

Simultaneously, the color values (K/S values) and fast-
ness properties of the used adsorbents have been studied.
Te K/S value showed that the maximum amount of the dye
present in the efuent has been transferred onto the fbers.
Te fastness properties in terms of washing and light of the
used bamboo fbers are rated as average (3-4) to good (4). It
is a clear indication that these used fbers can be further used
formanufacturing various utility products, that is, foot mats/
rugs, composite sheets, colored papers, decorative book
binding clothes, and wrapping paper, and can be blended
with other bast fbers.Tis will further reduce the load on the
environment in terms of dumping of used adsorbents after
their use like another synthetic adsorbent.

3.12. ComparingTis Adsorbent to Others. Very scanty work
hasbeen reported on the removal of Reactive Blue 235 dye
using the adsorptionprocess. Although Reactive Blue 235 is
a widely used dye in the textileindustry, adsorption is the
most cost-efective, simple, easy and widely usedtechnique
for the removal of dye. . From literature survey [117], it is
observed that only one adsorbent has been used for re-
moving Reactive Blue 235 dye. In this reported study, the
optimum time required for the removal process is
240minutes which is higher than the optimum contact time
(40minutes) used in present study.

When compared to the other adsorbent material,
Table 13 indicates that BAT is a worthy adsorbent that can
be used for the removal of Reactive Blue 235 from
wastewater.

4. Conclusions

In this pioneering study, we delved into the transformative
potential of cetyltrimethylammonium bromide (CTAB)
modifed bamboo fbers, sourced from local waste streams, as
a highly efective adsorbent for eliminating Reactive Blue 235
from textile efuent. Te central focus on utilizing bamboo,
a readily available and renewable local resource, serves as the
cornerstone of our commitment to sustainability.

Our exhaustive characterization of the adsorbent (BAT)
through techniques such as FT-IR, Powder-XRD, SEM,
Brunauer–Emmett–Teller (BET) analysis, and thermogra-
vimetric analysis provided a detailed understanding of its
structural and chemical properties. Notably, the percentage
of dye removal demonstrated a direct correlation with both
the initial dye concentration and the dosage of the
adsorbent.

BAT’s exceptional efciency was underscored by its
ability to remove over 80% of the dye within a remarkably
short contact time of just 10minutes. Te infuence of
pH emerged as a critical factor, with optimal results achieved
at lower pH values.

Adsorbent dosage of 0.5 g/50ml of dye solution, initial
dye concentration of 40mg/L, pH of 6, and contact time of
40minutes were found to yield the best dye removal ef-
ciency of 94% for Reactive Blue 235.

Te pseudo-second-order and Langmuir adsorption
models efectively described the adsorption mechanism,
afrming the favorable nature of Reactive Blue 235 ad-
sorption on BAT.

Our nuanced exploration of the boundary layer efect, as
evidenced by the graph of qt versus t

1/2 not passing through
the origin, provided insights into the multifaceted nature of
the rate-limiting steps. Te Temkin isotherm and Dubi-
nin–Radushkevich (DR) isotherm models revealed
temperature-dependent variations, highlighting the physi-
cochemical essence of the adsorption process.

Te thermodynamic analysis ofered additional depth,
unveiling the spontaneity of the adsorption process driven
by positive entropy (ΔS). Te obtained values of ΔH and ΔG
indicated a physicochemical adsorption process, afrming
the versatility and adaptability of BAT.

In conclusion, our study advocates for the adoption of
CTAB-modifed bamboo fbers, derived from locally avail-
able waste bamboo, as a compelling and eco-friendly so-
lution for textile efuent treatment. Beyond addressing
efuent pollution, this approach champions the repurposing
of local waste materials, aligning with the principles of
sustainability and environmental stewardship. Trough the
utilization of indigenous resources, our research contributes
to the paradigm shift towards more sustainable practices in
the realm of environmental remediation.
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[99] A. Dąbrowski, “Adsorption-from theory to practice,” Ad-
vances in Colloid and Interface Science, vol. 93, no. 1-3,
pp. 135–224, 2001.

[100] J. R. Njimou, J. Godwin, H. Pahimi et al., “Biocomposite
spheres based on aluminum oxide dispersed with orange-
peel powder for adsorption of phenol from batch membrane
fraction of olive mill wastewater,” Colloid and Interface
Science Communications, vol. 42, Article ID 100402, 2021.

[101] H. K. Boparai, M. Joseph, and D. M. O’Carroll, “Kinetics and
thermodynamics of cadmium ion removal by adsorption
onto nano zerovalent iron particles,” Journal of Hazardous
Materials, vol. 186, no. 1, pp. 458–465, 2011.

[102] G. Crini, “Kinetic and equilibrium studies on the removal of
cationic dyes from aqueous solution by adsorption onto
a cyclodextrin polymer,” Dyes and Pigments, vol. 77, no. 2,
pp. 415–426, 2008.

[103] R. D. Johnson and F. H. Arnold, “Te Temkin isotherm
describes heterogeneous protein adsorption,” Biochimica et
Biophysica Acta (BBA) Protein Structure and Molecular
Enzymology, vol. 1247, no. 2, pp. 293–297, 1995.

[104] A. A. Inyinbor, F. A. Adekola, and G. A. Olatunji, “Kinetics,
isotherms and thermodynamic modeling of liquid phase
adsorption of Rhodamine B dye onto Raphia hookerie fruit
epicarp,” Water Resources and Industry, vol. 15, pp. 14–27,
2016.

[105] S. Kaur, S. Rani, and R. K. Mahajan, “Adsorptive removal of
dye crystal violet onto low-cost carbon produced from
Eichhornia plant: kinetic, equilibrium, and thermodynamic
studies,” Desalination and Water Treatment, vol. 53, no. 2,
pp. 543–556, 2015.

[106] J. R. Njimou, M. Pengou, H. K. Tchakoute et al., “Removal of
lead ions from aqueous solution using phosphate-based
geopolymer cement composite,” Journal of Chemical Tech-
nology and Biotechnology, vol. 96, no. 5, pp. 1358–1369, 2021.

[107] N. Ayawei, A. T. Ekubo, D. Wankasi, and E. D. Dikio,
“Adsorption of Congo red by Ni/Al-CO3: equilibrium,
thermodynamic and kinetic studies,” Oriental Journal of
Chemistry, vol. 31, no. 3, pp. 1307–1318, 2015.

[108] A. Altinisik, E. Gur, and Y. Seki, “A natural sorbent, Lufa
cylindrica for the removal of a model basic dye,” Journal of
Hazardous Materials, vol. 179, no. 1-3, pp. 658–664, 2010.

[109] Q. Huang, D. Hu, M. Chen, C. Bao, and X. Jin, “Sequential
removal of aniline and heavy metal ions by jute fber bio-
sorbents: a practical design of modifying adsorbent with
reactive adsorbate,” Journal of Molecular Liquids, vol. 285,
pp. 288–298, 2019.

[110] S. Rajoriya, V. K. Saharan, A. S. Pundir, M. Nigam, and
K. Roy, “Adsorption of methyl red dye from aqueous so-
lution onto eggshell waste material: kinetics, isotherms and
thermodynamic studies,” Current Research in Green and
Sustainable Chemistry, vol. 4, Article ID 100180, 2021.

[111] R. S. Mane and V. N. Bhusari, “Removal of Colour (dyes)
from textile efuent by adsorption using Orange and Banana
peel,” International Journal of Engineering Research in Africa,
vol. 2, no. 3, pp. 1997–2004, 2012.

[112] N. Ayawei, A. N. Ebelegi, and D. Wankasi, “Modelling and
interpretation of adsorption isotherms,” Journal of Chem-
istry, vol. 2017, Article ID 3039817, 11 pages, 2017.

[113] A. K. Dey, A. Dey, and R. Goswami, “Selection of optimal
performance characteristics during adsorption of Methyl red
dye using sodium carbonate treated jute fbre,” Desalination
and Water Treatment, vol. 260, pp. 187–202, 2022.

[114] S. De Gisi, G. Lofrano, M. Grassi, and M. Notarnicola,
“Characteristics and adsorption capacities of low-cost sor-
bents for wastewater treatment: a review,” Sustainable
Materials and Technologies, vol. 9, pp. 10–40, 2016.

[115] V. A. Shenai and M. Saraf, Principles & Practice of DYEING,
Sevak publications, Mumbai, India, 1991.

[116] A. Das, N. Bar, and S. K. Das, “Adsorptive removal of Pb(II)
ion on Arachis hypogaea’s shell: batch Experiments, statis-
tical, and GA modeling,” International journal of Environ-
mental Science and Technology, vol. 20, no. 1, pp. 537–550,
2023.

[117] E. Natarajan and G. P. Ponnaiah, “Optimization of process
parameters for the decolorization of Reactive Blue 235 dye by
barium alginate immobilized iron nanoparticles synthesized
from aluminum industry waste,” Environmental Nanotech-
nology, Monitoring & Management, vol. 7, pp. 73–88, 2017.

Journal of Engineering 25




