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industrialization, especially textile/dyeing. Bangladesh's export-driven textile industry has grown
dramatically over the past few decades, severely contaminating the nearby waterways. In this study,
nano-zinc oxide was synthesized through precipitation method in the presence of PEG 400. SEM, XRD,
and FTIR techniques were used to characterize the synthesized ZnO and revealed that it was pure, fiber-
like, and essentially wurtzite. Nano-ZnO was used to remove the ionic dye acid blue 92 (AB 92) from
aqueous solution in order to test its effectiveness as an adsorbent. The effects of pH, adsorbent dosage, AB
92 concentration, and contact time were investigated in order to optimize the adsorption process. Ac-
cording to correlation coefficients (R?) and the Redlich-Peterson model's fitting, the adsorption process
followed the Freundlich isotherm at higher temperature and the Langmuir isotherm at lower temper-
ature. The adsorption process was found to be endothermic and spontaneous. For adsorption thermo-
dynamics, AH was found to be +20.32 kjmol!, and AG was varied from —1.86 to —3.84 kjmol™! as the
temperature increased from 291 to 317 K. The adsorption kinetics exhibited pseudo second order. The
Temkin isotherm and Elovich kinetic models suggested that the process was chemisorption. The nano-
ZnO showed tremendous re-usability as an adsorbent for the removal of AB 92. The results are sug-
gesting for designing nano-ZnO-based methods to remove organic pollutants efficiently from industrial
effluents for ecological and sustainable development. The mechanism of formation of nano-ZnO fiber and
adsorption of anionic dye on nano-ZnO are also explored.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

chemicals, they also discharge a lot of contaminated effluents,
particularly with synthetic dyes, into the nearby water bodies

Bangladesh's GDP is based primarily on its export-oriented
textile sector. In 2010, the GDP contribution of export-oriented
textile industries was 17.9%; by 2023, this contribution is ex-
pected to increase to 25%. On the other hand, because the processes
employed by the textile industry utilize a lot of water and various
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[1-7]. Even though the Bangladeshi Department of Environment
(DoE) has mandated that every textile facility have an effluent
treatment plant (ETP), these facilities have not been operating
effectively [8]. Waterbodies close to the textile and dyeing industry
are consequently highly contaminated [1-5].

Synthetic dyes have been extensively employed in a variety of
industries, including textile and dyeing [9], leather, printing, paper,
plastics, cosmetics, pharmaceuticals, petrochemicals, and other
industries [10,11]. Around the world, synthetic dyes are produced
and used in diverse industrial units at a rate of about 700,000
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metric tons annually [12—14]. The textile sector uses 60—70% of
these synthetic dyes [15—17]. It is important to note that azo dyes
contain aromatic amines (AAs), which are released when they come
into contact with skin due to bacterial biotransformation [17—21].
These AAs could cause human mutagenesis and/or cancer [18]. As a
result, the European Union (Annex XVII of the REACH regulation;
No, 1907/2006) [22] (EC, 2009) and North America have banned the
use of many azo dyes that release the hazardous AAs in textiles [23].

The majority of the dyes are released into neighboring water
bodies as industrial effluents because only a small portion is used
for staining during the dyeing process. Therefore, it is essential to
develop an efficient and cost-effective method for removing un-
stained azo dyes from industrial effluents in order to protect human
health and the environment. For the purpose of removing and/or
mineralizing organic pollutants from industrial effluents, a variety
of methods have already been developed. Among them, adsorption
[24—31], oxidation [2—6,32], photocatalytic degradation
[1,3,33,34], coagulation-flocculation [35,36], and microbial-based
process [37—40] have shown to be the most successful methods.
The adsorption method has been widely employed to remove
pollutants from aqueous solutions, notably organic dyes because of
its many benefits, including cost effectiveness, substantial removal
efficiency, and the absence of secondary pollution [13,24—28,41].

In order to remove dyes and metal ions from aqueous solutions,
metal oxides and metal nanoparticles have been used as adsor-
bents, including MgO [13], Fe304/MgO nanoparticles [42], nano-
Zn0 [29-31,43,44], Mn-nanoparticles [45], Ni/Fe and Mg/Fe
layered double hydroxides [46], nanofibrous metal-organic mem-
branes [47,48] and modified-SiO, nanoparticles [49]. It has been
found that for the removal of organic dyes, nano-rod ZnO shown
greater adsorption effectiveness than spherical ZnO [50]. Therefore,
efforts have been made to synthesize nano-ZnO that resembles fi-
bers and has a greater adsorption effectiveness than rod- and/or
spherical nano-ZnO.

In this study, nano-ZnO fibers were synthesized by a precipita-
tion process, and they were subsequently examined using scanning
electron microscopy (SEM), X-ray diffraction (XRD), and Fourier
transform-infrared spectroscopy (FT-IR) methods. The anionic dye
acid blue 92 (AB 92) (Scheme 1) was removed from an aqueous
solution using the as-prepared nano-ZnO under dark conditions by
adjusting the temperature, pH, and concentration of the solution. In
addition, efforts have been made to compare the nano-ZnO fibers’
ability to adsorb cationic dyes like methylene blue (MB) and
rhodamine B (RB) to anionic AB 92 in the dark.

SO;’ Na'
Na “O;S

4

OH

Na 'O;S

Scheme 1. Structure of acid blue 92 (AB92), trisodium 4-[(4-anilino-5-
sulfonaphthalen-1-yl)diazinyl]-5-hydroxynaphthalene-2,7-disulfonate
(C26H16N3010S3Nas; M. Mass: 695.58).
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2. Experimental
2.1. Materials

Acid blue 92 (AB 92) dye (Scheme 1) was purchased from local
dye sellers. The adsorption maximum, Amax, of AB 92 is 570 nm.
Hydrochloric acid, sodium chloride, ammonia and polyethylene
glycol 400 (PEG 400) solution were purchased from Merck,
Darmstadt, Germany. No additional purification was done before
using all of the chemicals. Throughout the studies, distilled water
was used.

2.2. Synthesis and characterization of nano-ZnO

Ammonia solution was added to zinc nitrate solution together
with 1% PEG 400 to precipitate fiber-like nano-zinc oxide. The
precipitate ZnO was at least three times rinsed with distilled water
before being allowed to air dry. To thoroughly remove water, the air
dried ZnO precipitate was put in a desiccator containing silica gel.
Scanning electron microscope (SEM: model S—3400 N, Hitachi,
Tokyo, Japan), X-ray diffraction (XRD: Bruker DB-Advance X-ray
diffractometer, Germany), and Fourier Transform infrared (FTIR: IR-
Prestige 21 Shimadzu, Japan) techniques were used to analyze the
prepared zinc oxide.

2.3. Preparation of dye solution

A small quantity of AB 92 dye was taken to prepare a concen-
trated dye solution in a 50 mL volumetric flask. A tiny amount of the
stock solution was pipetted into a 100 mL volumetric flask and
poured in before being fully topped off with distilled water. Using a
UV—Vis spectrophotometer (UV-160A, Shimadzu Corporation,
Kyoto, Japan) to record the absorbance at the AB 92 dye's absorp-
tion maximum, Anax = 570 nm, the concentration of the solution
was determined. The molar absorptivity calculated from the Beer-
Lambert's equation was used to calculate the final dye concentra-
tion from the absorbance:

A= ecl (1)

where, A is absorbance, ¢ is molar absorptivity of AB 92 (¢ = 17,500
Lmol~'em™"), 1is the cell constant (1 cm) and c is the concentration
of AB 92.

2.4. Adsorption procedure

In a series of trials, only one parameter-the dye concentration-
was altered while the other three-adsorbent dosage, pH, and
temperature-remained same. When the solution pH was 7.0 at
298 K, the dye concentration and adsorbent dosage were varied
within a range from 25.43 to 67.34 mgL~! at 1.00 gL' of nano-ZnO
and 0.40 to 3.00 gL' at 45.32 mgL~" of AB 92, respectively. With a
dye concentration of 45.32 mgL~' and an adsorbent dosage of 1.00
gL! the solution's pH and temperature were also adjusted, ranging
from 5.0 to 9.0 at 298 K and 291317 K at pH 7.0, respectively. This
is due to the fact that ZnO dissolves at low solution pH, namely
<4.5. The experiments were all conducted in complete darkness.

2.5. Adsorption efficiency and equilibrium adsorption quantity

Equation (2) was used to quantify adsorption efficiency in
percent removal (%), and equation (3) was utilized to get the
equilibrium adsorption quantity (ge).
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Co—Ct

o x 100 (2)

Removal (%) =

Co— Ct

W xV (3)

Adsorption quantity (qe) =

where ¢y and c; are initial and at time t dye concentration,
respectively where ¢. is the equilibrium adsorption quantity, V is
volume of the experimental solution (100 mL) and W is the amount
of ZnO.

2.6. Adsorption isotherms

Equations (4)—(7) were used to fit the experimental data into
the Langmuir, Freundlich, Redlich-Peterson, and Temkin adsorption
isotherm models in order to optimize the adsorption process
[51-54].

_ gqmKice
=Tk @
qe :KFCe% (5)
_ Ace
=11 BcE ()
RT
qe b In(Arce) (7)
T

where c is the equilibrium concentration of AB 92, g, (mgg™) is
the maximum adsorption capacity of nano-ZnO fiber correspond-
ing to monolayer formation where ‘K|’ is a coefficient related to the
energy of adsorption in the Langmuir isotherm. The Freundlich
isotherm's constants are Kg and n. K¢ is the nano-ability ZnO's to
adsorb AB 92 across many layers, and n is the adsorption's strength.
The Redlich-Peterson isotherm constants, A, B, and g, are used to
assess whether the adsorption process follows the Freundlich or
Langmuir isotherm. The Temkin constants are Ay (Lmg~') and by
(Jmol*1 ). The terms “br” and “A7” refer to the heat of adsorption and
the equilibrium binding constant that corresponds to the highest
binding energy, respectively. The universal gas constant is R
(8.314 J/mol K), while the absolute temperature is 298 K. The non-
linear regression plot of ge vs ce was used to obtain the values of the
adsorption model parameters.

2.7. Adsorption thermodynamics

The effects of temperature on the adsorption process were
investigated by studying the adsorption of AB 92 onto the nano-
ZnO fiber at various temperatures. Equations (8)—(10) were used
to calculate the thermodynamic parameters for the adsorption of
AB 92 onto the nano-ZnO fiber, including enthalpy (AH), entropy
(AS), and Gibb's free energy (AG) [55].

1<d:%: (8)

L (9

In Kd = RT R

where Kj stands for thermodynamic equilibrium constant.
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AG=AH — TAS (10)

2.8. Adsorption kinetics

Pseudo-first order and pseudo-second order kinetic models
were utilized to investigate the adsorption mechanism of the AB 92
dye onto the nano-ZnO with a fiber-like structure. To determine
whether the adsorption kinetics were pseudo first order (equ. 11) or
pseudo second order (equ. 12), the experimental data was fitted
into the Lagergren and Ho-Mckay kinetic models. Using the Elovich
model, the rate of chemisorption was investigated (equ. 13). The
rate equations can be written as follows [53—56]:

QtZQe<l —e*"”) (11)
_ kZQezt
U= kyqet (12)
1
ge=gln(1+ABY) (13)

where k; (min~!) and k, (gmg 'min~') are the adsorption rate
constants of pseudo-first and pseudo-second order kinetic models,
respectively, A and B are the initial rate of chemisorption and
desorption for the Elovich kinetic model respectively, and q; and ge
(both in mgg~") are the equilibrium adsorption uptake at time = t
and t = oo, respectively.

3. Results and discussion
3.1. Characterization of Nano-ZnO

Fig.1(a), (b), and (c) show, the SEM image, XRD pattern, and FTIR
spectrum of the nano-ZnO as synthesized, respectively. As seen in
Fig. 1, the majority of the synthesized nano-ZnO is fiber-like and
somewhat aggregated. XRD pattern of the synthesized ZnO is
shown in Fig. 1(b). The typical peaks (100), (002), (101), (102), (110),
(103), (112), (201), and (202) of pure ZnO are observed in the XRD
pattern. The XRD data are in good agreement with the typical
values of the wurtzite structure of ZnO (JCPDS: 36—1451) (inset in
Fig. 1(b)) [57]. In light of this, it is concluded that the precipitation
method utilizing 1% PEG 400 allowed the synthesis of nano-ZnO
fibers with a perfect wurtzite structure.

In a previous work, we attempted to synthesize rod-like nano-
ZnO in the presence of surfactants such as sodium dodecyl sulfate
(SDS), cetyl trimethyl ammonium bromide (CTAB), and triton X-
100, and found that SDS could control the formation of rod-like
nano-ZnO [57,59]. Anionic SDS molecules are supposed to adsorb
on the seed ZnO during nucleation. It is impossible for additional
anionic SDS species to adsorb from other sides due to the bulky
group of the SDS molecules, but it may be possible for unidirec-
tional rod-like nano-ZnO to develop. Due to the structural differ-
ences between PEG and SDS, each surfactant functions differently.
PEG 400 was employed in this investigation to regulate the emer-
gence of different nanostructured ZnOs. Nano-ZnO forms fiber-like
nano-ZnO in the precipitation method due to PEG molecules.
Although the precise mechanism of PEG-assisted nano-ZnO fiber
formation is unknown, a hypothetical explanation based on exist-
ing knowledge is given below [60—66].

The PEG molecules are essential in the wet chemical process for
changing the spherical nanostructures of ZnO particles to wire/rod-
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Fig. 1. Characterization of the prepared nano-ZnO (a) SEM image, (b) XRD pattern and (c) FTIR spectrum. Inset is for JCPDS:36—1451 of ZnO [58].



D.S. Qais, M.N. Islam, M.H.D. Othman et al.

like nanostructures [60,61]. Nonionic surfactants PEG molecules
with the formula [H(OCH,CH>),0H] have a hydrophilic ether group
(-0-) and a hydrophobic ethylene unit (-CH,-CH;-). Due to a strong
repelling tendency between water molecules and the hydrophobic
ethylene, —CH,-CH>-, unit, water molecules are associated with the
nonionic ether group, -O- [62]. The PEG molecules therefore self-
assembled on the surface, with the hydrophilic end pointing in
the direction of the water molecule and the hydrophobic end
pointing outward.

Before exploring the mechanism of formation of the nano-ZnO
fiber, it is essential to take Zn(II) speciation in the aqueous system
into account. On the basis of a speciation diagram, Zn(Il) predom-
inantly present (~90%) in aqueous solution as Zn(Il)yq
([Zn(11)(H20)s]%>*) species at pH 6.9 and speciation data reveal the
stepwise formation of [Zn(H0)g.n(OH)n]>™ species (i.e., Zn(OH) "4,
Zn(OH)3aq, Zn(OH)34q, Zn(OH)3 2q) With solution pH [63,64]. Due to
electrostatic forces of attraction between the cationic Zn(Il),q ion
and the lone pairs of electrons of the oxygen atom, the cationic
Zn(Il),q ion in acidic solution coordinated with the oxygen atom of
the ether group, remaining Zn—O as a template unit for the crystal
growth. The Zn(II),q ion tends to coordinate with the ether oxygen
atom (-O-) because it is more basic than the oxygen atom in water
molecules. This can be explained by the fact that water has a lower
proton affinity (PA: 703 kJmol-1) than ether oxygen, which has a
higher PA of 828.4 kjmol™! [66].

As was previously mentioned, the formation of different
hydroxozinc(ll) species is influenced by the pH of the solution.
These species can exist in soluble (aqua) or insoluble (colloids)
forms depending on their solubility products. Due to hydrogen
bonding between the hydroxyl groups of the incoming hydrox-
ozinc(Il) species and the Zn—O template, the Zn(Il) ion must be
present in both the soluble (aqua) and insoluble (colloids) forms
[64]. The amount of colloidal ZnO(H) particles that form and de-
posit on the Zn—O template increases as the pH of the solution
rises. Hydrophobic cone type ethylene units facilitate one-
dimensional (1D) nano-ZnO crystal formation. Scheme 2 shows a
potential mechanism for the growth of nano-ZnO fiber as a 1D
crystal. The amount to which colloidal ZnO(H) particles adsorb on
the Zn—O template determines the length of the fiber-like ZnO
[60—62]. PEG concentration and chain length could lead to struc-
tural deformation and fiber-like nano-ZnO. It is feasible to create
rod- and/or fiber-like nanostructures of ZnO because it displays
polar crystal growth in the [0 0 0 1] direction, as demonstrated in
Fig. 1(a) [60—62].

The FT-IR spectra of the prepared ZnO, measured in the 4000-
400 cm™! range, is shown in Fig. 1(c). It is depicted that the syn-
thesized ZnO had vibrational peaks at 470, 640, 737, 833, 887, 1043,
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Fig. 2. Effect of initial dye concentration on the removal of AB 92 in the presence of 1
gL of nano-ZnO fiber. Solution pH: 7.0; Temperature: 298 K.

1377, 1510, 1631, 2854, 2922, and 3450 cm ™' (Fig. 1(c)). While the
vibrational peaks appeared in a range from 1700 to 600 cm™'
corresponding to C=0, C-0, and C—H vibrations, the peak at
470 cm~ ! was assigned to the Zn—O0 stretching band [67]. The peaks
that appeared in the range of 2854—3450 cm™~! were attributed to
the O—H stretching vibrations and the bending modes of adsorbed
water molecules, respectively [68]. PEG was used as a capping
agent to produce nano-ZnO fiber using the precipitation method.
The presence of PEG caused the C=0, C—0, and C—H vibration
bands to show up in the IR spectra.

3.2. Effect initial dye concentrations on adsorption of AB 92 dye

In order to optimize the adsorbent dose and equilibrium time, it
was investigated how initial dye concentrations affected the
adsorption of AB 92 onto the nano-ZnO fiber. It makes sense that
the surface area that is available for adsorption will be at its peak
early on, especially in the first 5 min, leading to a large increase in
adsorption efficiency. As the adsorption process progresses, the
degree of adsorption decreases with contact time. Because adsor-
bate molecules occupy the majority of the active sites at the
beginning of the adsorption process, the amount of adsorbent is
limited over time. The initial adsorbate concentration results in
various concentrations of adsorbate molecules on the active sites of
adsorbents at a certain amount of the adsorbent [69,70].
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Scheme 2. A proposed mechanism of formation of nano-ZnO fiber by precipitation method in the presence of PEG 400.
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The impact of initial AB 92 dye concentrations is depicted in
Fig. 2 in the presence of 1.00 gL"! of nano-ZnO at pH 7.0 and 298 K.
As seen in Fig. 2, all dye concentrations experienced a rapid in-
crease in adsorption, and equilibrium was reached within 40 min.
No discernible adsorption was seen after 40 min. The maximum
removal of the AB 92 dye from aqueous solution was seen at the low
concentration (25.43 mgL~!), whereas the minimum removal was
seen at the highest concentration (67.34 mgL~!). Finding the
highest removal of AB 92 at the lowest dye concentration (25.34
mgL~1) in the presence of a constant amount of nano-ZnO seems
plausible.

3.3. Effect of adsorbent dose on adsorption of AB 92 dye

The effect of dosage on AB 92 adsorption is shown in Fig. 3. Fig. 3
illustrates how the amount of nano-ZnO enhances the removal
effectiveness of the AB 92 dyes. It makes sense that the maximum
number of active sites will exist at the greater adsorbent dosage.

The maximum removal of AB 92 for 1.00 gL™! of nano-ZnO fiber
was 78%, whereas just 29% was for 0.40 gL'! of nano-ZnO fiber. 98%
of AB 92 was removed using larger adsorbent doses, like 3.00 gL’!
within 5 min. There was no more removal while the adsorption
process progressed. This is due to the fact that an excess of active
sites on nano-ZnO surfaces remain empty because a specific
number of AB 92 dye molecules were entirely adsorbed into cor-
responding active sites [12,24].

3.4. Effect of pH on adsorption of AB 92 dye

The removal of the AB 92 dye in the presence of the nano-ZnO
fiber in aqueous solution at 298 K as a function of solution pH is
shown in Fig. 4. The highest removal (78%) was seen for solution pH
8.0, followed by pH 7.0 (76%), at the equilibrium time (40 min).
However, that dropped either the solution pH increased or
decreased, as shown in Fig. 4. The presence of anions in the aqueous
solution can cause the anionic AB 92 dye molecules to compete
with one another for the same adsorption sites, while the positively
charged nano-ZnO surface can both bind to and compete with the
anionic AB 92 for adsorbent sites. It follows that the presence of
other ions will inhibit anionic AB 92 adsorption and reduce its
effectiveness. Because of this, 77% of the maximum AB 92 dye
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=
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Fig. 3. Effect of adsorbent dose on the removal of AB 92. [AB 92]: 45.32 mgL™; So-
lution pH: 7.0; Temperature: 298 K.
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1). [AB 92]: 45.32 mgL~'; Temperature: 298 K.

adsorption in the presence of nano-ZnO was realized.

The surface of nano-ZnO is positively charged (Zn(OH)*) up to a
solution pH below 8.9 and then turns negatively charged (ZnO™) as
the solution pH rises above 8.9 because the zero-point charge of
nano-ZnO is 8.9 [1,71]. The dye molecules in aqueous medium
should exist as electrically neutral species throughout the experi-
mental pH range of 5.0—9.0 because the pK, value of the AB 92 dye
is 11.22. However, it is reasonable to expect the sodiated AB 92 dye
molecules to be present in the aqueous solution as the partially
ionized form, [AB 92], below the pKa value, 11.22, where Na"
serves as a counter ion. In the pH range from neutral to alkaline as
opposed to acidic pH, the proportion of ionized AB 92 dye mole-
cules will be larger. It is anticipated that when the pH of the solu-
tion lowers from neutral to acidic, the AB 92 dye molecules will gain
proton (H™) and become positively charged. This is caused by the
azo group, (-N=N-), presence in the AB 92 dye molecules. The
minimum adsorption (5%) of cationic dyes like methylene blue
(MB) and rhodamine B (RB) onto the nano-ZnO (1.00 gL™!) at so-
lution pH 7.0 at 298 K is extremely desirable, as illustrated in Fig. 5.
These findings revealed that at pH 8.9 (zpc of nano-ZnO), the sur-
face charge of the prepared nano-ZnO was plainly positive and the
adsorption of cationic dyes, such as MB and RB, decreased to a

6.0
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S
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2.4 —=— Methylene Blue (MB)
—e—Rhodamine Blue (RB)
T T T T
0 5 30 45 60
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Fig. 5. Removal of methylene blue (MB) and rhodamine B (RB) in the presence of
nano-ZnO fiber (1.00 gL!), [Cationic dye]: 45.55 mgL~'; Temperature: 298 K.
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negligible level (5%). The little adsorption of the cation dye mole-
cules onto the positively charged surface of nano-ZnO at pH 8.9 is
actually mostly caused by the electrostatic force of repulsion be-
tween the two positively charged species.

A significant portion of the AB 92 dye molecules become posi-
tively charged at low solution pH (5.0—6.0), which leads to a
decreased adsorption efficiency (removal, ~71%) of the cationic dye
molecules onto the positively charged surface of nano-ZnO at the
equilibrium time, 40 min (Fig. 4). When compared to pH 5—6 at the
equilibrium time, the adsorption effectiveness of the AB 92 dye
onto the nano-ZnO was slightly higher at pH 9.0 (removal, ~73%).
Since the nano-ZnO has a zpc of 8.9, it is reasonable to assume that
at a pH of 9.0, the majority of its surface-active sites will continue to
be positively charged. At a solution pH of 9.0, the majority of the AB
92 dye molecules are anionic, which could marginally increase
adsorption efficiency. The experiment was not run at lower pHs like
4.0 or 3.0 since ZnO dissolves at low solution pHs.

3.5. Adsorption isotherms

Adsorption isotherms are mathematical concepts developed
through the use of experimental data. The isotherms explain how
the adsorbate molecules are distributed throughout the adsorbent
surfaces by physisorption and/or chemisorption. The most widely
used isotherms, including the Langmuir, Freundlich, and Temkin
models, were employed in this study to assess the equilibrium data
for AB 92 onto the nano-ZnO fiber in an effort to identify a model
that could be applied for the design and optimization of adsorption
processes. The Langmuir isotherm is used to describe homoge-
neous monolayer adsorption [72], the Freundlich isotherm is used
to describe heterogeneous multilayer adsorption [73], the Redlich-
Peterson isotherm combines the Langmuir and Freundlich iso-
therms [74], and the Temkin isotherm is used to describe chemi-
sorption [75]. Equations (4)—(7) can be used to express the
Langmuir, Freundlich, Redlich-Peterson, and Temkin equations,
respectively.

The Langmuir, Freundlich, Redlich-Peterson, and Temkin models
are depicted in Fig. 6(a), (b), (c), and (d), respectively. Table 1
contains a summary of the isotherms parameters. These results
show that the Langmuir, Freundlich, Redlich-Peterson, and Temkin
isotherms almost completely suit the adsorption data because the
co-efficient of correlation (R?) for each isotherm is very close to
unity at 291 K. The adsorption data started to depart from the
Langmuir model, with R* < 0.95 at 311K, as the temperature was
elevated. The maximal adsorption capacity, g, of Langmuir falls
dramatically with temperature.

The adsorption process follows the Freundlich isotherm at
higher temperatures [7,51,76] whereas the Langmuir isotherm is
followed at lower temperatures [44,77—80]. According to the
Freundlich model, 1/n = 0 denotes irreversibility, 1/n < 1 denotes
favorability, while 1/n > 1 denotes unfavourability [44,80]. As the
temperature rose, the 1/n decreased, indicating that the hetero-
geneous multilayer system was becoming more advantageous.

The Langmuir model will be used if the constant g in the
Redlich-Peterson isotherm is one or very close to one; however, the
Freundlich model will be used if the constant g deviates from one
and Bcg is more than one [51,53,81]. As the temperature rose from
291K to 311K in Fig. 6(c), g changed from 1 to 0.59. B in Table 1
indicates that Bc§ is also greater than unity. This proves that the
adsorption process followed the Langmuir model at lower tem-
peratures, but that as the temperature rises, the process tends to
follow the Freundlich model more closely than the Langmuir
model. This suggests that the AB 92 dye molecules deposit homo-
geneous monolayers onto the nano-ZnO fiber at low temperatures
and heterogeneous multilayers at higher temperatures.
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As seen in Table 1, At and bt rose with temperature, causing AB
92 molecules to interact with nano-ZnO fiber surfaces more
chemically, as predicted by the Temkin model. Since AB 92 is an
anionic dye and nano-ZnO has a positive surface charge at pH 7.0,
the adsorption process is driven by electrostatic force of attraction
[51,53,54]. The maximum adsorption quantity of anionic dye AB 92
is quite high compared to that of cationic dye MB, which only ex-
hibits about 10.70 mgg~' [82] because of the positive surface
charge. According to the isotherm data for different temperatures,
it can be inferred that at lower temperatures, the adsorption of AB
92 onto the nano-ZnO fiber strongly follows Langmuir, whereas at
higher temperatures, the tendency to follow Freundlich and Tem-
kin increases and Langmuir decreases.

3.6. Adsorption thermodynamics

According to Fig. 7, when the solution temperature rises, the AB
92 dye is more effective at adhering to nano-ZnO. In contrast to the
adsorption effectiveness of the AB 92 dye on the nano-ZnO at
ambient temperature, thermal heating significantly improved it as
shown in Fig. 7 [80], but no enhancement was seen at higher
temperatures. It should be mentioned that while desorption took
place at the maximum temperature, 317 K, equilibrium was reached
after 40 min. At the high temperature of 317 K, it is reasonable to
see a slight desorption of the deposited AB 92 dye molecules. This is
because at the high temperature of 317 K, the nano-ZnO molecules
may also absorb thermal energy, leading to a little desorption.

As shown in Fig. 8, the slope and intercept of the plot of InKy vs
T~! were used to derive the values of AH and AS, and AG was
calculated using equation (9). Table 2 contains a summary of these
thermodynamic characteristics. The analysis revealed that AH and
AS had values of +20.32 kjmol™! and +76.21 Jmol 'K, respec-
tively. These findings demonstrated that chemisorption was the
dominant kind of endothermic adsorption.

These findings demonstrated that the adsorption was endo-
thermic in nature and chemisorption was the dominant process
[44,83,84]. It is logical to assume that chemisorption is how the AB
92 dye molecules were brought to the nano-ZnO fiber surface.
Anionic AB 92 dye species exhibit electrostatic attraction to the
nano-ZnO surface, suggesting chemisorption, because the surface
charge of nano-ZnO remains positive until solution pH 8.9 (zpc of
nano-ZnO). Table 2 demonstrates that when temperature rises, the
negative values of AG for the adsorption process also rise. These
results suggested that the spontaneous adsorption of the AB 92 dye
onto nano-ZnO.

In terms of thermodynamics, adsorption in the gas phase and
that in the solution phase are two quite different processes. The
formation of new chemical bonds by adsorbate molecules on the
surface of the adsorbent during the gas phase results in the evo-
lution of heat energy, demonstrating the exothermic nature of the
process. On the other hand, adsorption in the solution phase is a
distinct phenomenon. Depending on the chemical characteristics of
both the adsorbent and adsorbate molecules, the adsorbate mole-
cules may be aggregated and/or enclosed in hydration shells. As a
result, energy is needed to dissolve the aggregates and/or hydration
shells for adsorption. As a result, the system needs a net energy for
efficient adsorption, which causes an endothermic process. The
adsorption process was determined to be endothermic and spon-
taneous based on the observed thermodynamic parameters
[54,55,85,86].

3.7. Adsorption kinetics

The plot of g; vs time in Fig. 9 displays the values of the constants
for pseudo-first order kinetics, pseudo-second order, and the
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Fig. 6. Adsorption isotherm plots of (a) Langmuir, (b) Freundlich, (c) Redlich-Peterson and (d) Temkin models at different temperatures. Nano-ZnO fiber: 1.00gL™; Solution pH: 7.0.

Table 1
Isotherm parameters of adsorption of AB 92 onto nano-ZnO fiber at different temperatures. Nano-ZnO: 1.00 g L™'; Solution pH: 7.0.
Temp. (K) Langmuir Freundlich Redlich-Peterson Temkin
dm(mgg) K.(lg") R Ke (mgg~'((Lmg™")"™~") 1/n R A(lg™) B(lmg') g R Ar(lg-1)  br(Jmol') R?
291 343.12 0.005 0.9964 2.15 092 0.9953 1.88 0.005 1.00 09963 0.19 94.46 0.9952
298 75.72 0.071 0.9894 854 056 0.9989 6.65 0.326 0.58 0.9652 0.63 142.67 0.9842
311 53.51 0.338 0.8953 18.41 033 0.9837 122.05 6.006 059 09754 4.21 239.25 0.9772

Elovich adsorption kinetics. Table 3 lists each of the parameters.
The findings demonstrate that the pseudo first-order reaction's rate
constant (k1) rises as dye concentration (Table 3). The pseudo first
order kinetic model did not match the adsorption data satisfactorily
since the R? values are significantly lower than unity.

Fig. 9(b) presents k; and g for the adsorption of various con-
centrations of AB 92 onto the nano-ZnO fiber for pseudo second
order adsorption kinetics. Here, as a function of dye concentration,

the rate constant, ky, also drops (Table 3). It should be observed that
the values of R? were relatively near to one, but they became lower
with rising AB 92 concentrations. Both adsorption and chemical
kinetics are likely to show such phenomena. The highest number of
adsorption sites are initially available, which causes the adsorbate
molecules to adhere to the adsorbent surfaces more quickly. The
rate of adsorption reduces with time as the number of active sites
for a given quantity of adsorbent grows lower. According to the
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results, pseudo second order kinetics, not pseudo first order ki-
netics, governs the adsorption of AB 92 onto the nano-ZnO fiber
[52,78,87,88].

Fig. 9(c) shows that under the Elovich kinetic model, the R2
values increased as the concentration of AB 92 increased. With
increasing AB 92 concentration, the initial adsorption rate, A,
likewise increased sharply (Table 3). The electrostatic chemical
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interaction between the positively charged nano-ZnO surface and
the anionic dye increases with higher concentrations of anionic
species due to their negative charge, which leads to the conclusion
that the adsorption process is dependent on the AB 92 concentra-
tion. With increased AB92 concentration, the initial desorption rate,
B values decreased even further, indicating a steady adsorption
process and a potent interaction between the adsorbent and
adsorbate [47,48]. The pseudo second order and Elovich kinetic
models of the adsorption process are consistent with the kinetic
data, and as the concentration of AB 92 increases, the process tends
to favor the Elovich kinetic model over the pseudo second order
kinetic model, providing evidence that the process is
chemisorption.

3.8. Re-usability of nano-ZnO

In order to look into the stability of the used nano-ZnO as an
adsorbent, a dilute solution of NaOH was added to it. More AB 92
removal from the aqueous solution was accomplished using the
modified nano-ZnO. At least three or four times as effective as AB
92 could be removed using the produced nano-ZnO.

In the presence of freshly prepared, first re-used, and second re-
used nano-ZnO (1.00 gL-1), using 45.32 mgL-1 dye concentration,
and at solution pH 7.0 and 298 K, respectively, around 76, 75, and
73% of AB 92 were removed, as shown in Fig. 10. The removal of at
least 70% of AB 92 from aqueous solution by nano-ZnO after three
or four applications is therefore inferred.

3.9. Mechanism of adsorption and desorption of AB 92 dye

The adsorption of the anionic dye, AB 92, onto the positively
charged nano-ZnO surface is mostly dependent on electrostatic
force of attraction, as was before mentioned. Prior to a pH of 8.9 in
the solution, the surface charge is positive [1]. The stronger anionic
species, OH™, which are more abundant in solutions with pH values
above 8.9, induce the adsorbed AB 92 molecules to desorb from the
nano-ZnO surface. Scheme 3 illustrates a potential mechanism for
this adsorption/desorption process.

3.10. Comparison with other adsorbents

Table 4 lists the maximum adsorbent removal efficiencies of AB
92 from aqueous medium using different adsorbents. As can be
seen from Table 4, nano-ZnO fiber was able to remove around 78%
of AB 92 from aqueous solution. However, another study showed
that single-walled carbon nanotubes (SWCNTs) exhibited remark-
able adsorption efficiency for removal of AB 92 from aqueous so-
lution (99.4%). The removal of AB 92 from aqueous solution by the
other adsorbents, including Azolla filicoloides, exfoliated graphite,
nickel oxide nanoparticle-modified diatomite, and Nd203 nano-
particles, was found to be 91%, 96, 95, and 99% efficient. It is quite
probable that the presence of anions will cause the dye molecules
in AB 92 to compete for adsorption, decreasing the adsorption ef-
ficiency. The manufacturer of AB 92 claims that the pKa value of this
dye is 11.22 [89], however Balarak et al. (2021) reported that it is
only 3.2 [14].

Table 2

The thermodynamic parameters for the adsorption process of AB 92 onto the nano-ZnO fiber. [AB 92]: 45.32 mg L™'; Nano-ZnO fiber: 1.00 g L'!; Solution pH: 7.0.
Temperature (K) 1T (K1) AG (kJmol 1) AH (kJmol 1) AS (Jmol ' K1) R mol 'K
291 0.00344 -1.89 20.32 76.23 8.316
301 0.00332 -2.66
311 0.00322 —-3.42

317 0.00315 —3.88
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Fig. 9. Adsorption kinetics of different concentrations of AB 92 on nano-Zno fiber of (a) pseudo first-order, (b) pseudo second-order kinetics and (c) Elovich model. Nano-ZnO fiber:

1.00 gL'; Solution pH: 7.0; Temperature: 298 K.

Table 3

Kinetic parameters of the adsorption of AB 92 dye onto the nano-ZnO fiber. Nano-ZnO fiber: 1.00 g L!; Solution pH: 7.0; Temperature: 298 K.

Dye conc. (mgL~') Pseudo first-order kinetics

Pseudo second-order kinetics

Elovich model

ki (min')  ge(mgg') R ky(gmg 'min')  g.(mgg') R Anb(mgg 'min~')  B(mgg 'min') R
2543 0.298 20.08 08721  0.0282 2125 09950  2500.20 0.534 0.9414
32.69 0.306 24.70 08546  0.0239 26.11 09948  4057.01 0.446 0.9537
4532 0316 3338 08237 00184 3527 09827 684525 0337 0.9611
55.89 0.346 38.49 07754  0.0183 40.43 09748 2088638 0.329 0.9694
67.34 0.369 4139 07803  0.0182 47.85 09755  30583.25 0.329 0.9695

4. Conclusions

Due to the rapid expansion of Bangladesh's textile export-
focused industries, untreated effluent pollution of adjacent water

10

sources is a significant problem. The desorption method is one of
the wastewater depollution strategies that have already been
developed and put into practice. As an adsorbent to remove dyes
from aqueous solution, nano-ZnO was synthesized through
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precipitation. When the nano-ZnO was characterized using SEM,
XRD, and FTIR methods, a wurtzite structure and fiber-like
appearance were observed. In order to test the effectiveness of
the nano-ZnO in its as-prepared form, it was used to remove the
model dye AB 92 from aqueous solution. In order to optimize the
experimental conditions, the adsorption investigation was con-
ducted with variations in dye concentration, solution pH, adsorbent
dosage, and temperature. The maximal removal of AB 92 was
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determined to be 78% for 45.32 mgL~! of AB 92, pH 7.0, and 1.00 gL~
1 of adsorbent at 311 K. The adsorption analyses showed that AB 92
adhered to nano-ZnO in a manner that closely matched both the
Freundlich and Temkin models. Thermodynamic investigations
show that the adsorption process appears to be endothermic and
spontaneous. The results of the kinetics experiments showed that
the adsorption process closely followed pseudo-second order ki-
netics. The fiber-like nano-ZnO had a high surface area with a
positive surface charge (pH < 8.9), and shown improved adsorption
and good recyclability for the removal of the anionic AB 92 dye, but
only 5% removal for the cationic dyes, MB and RB. The prepared
nano-ZnO fiber can therefore be utilized to remove anionic dyes
from aqueous industrial effluents and may work well as an adsor-
bent in practical applications.
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Table 4
Comparison of nano-ZnO fiber with other adsorbents for AB 92 removal.
Adsorbent Max removal  Conditions Reference
Nano-ZnO fiber 78% [AB92]: 45.32 mg/L; pH: 7.0; dosage: 1.00 g/L; contact time: 40 min; temperature: 38 °C This study
SWCNTs 99.4% [AB 92]: 10 mg/L; pH: 3; dosage: 0.12 g/L; contact time: 75 min; temperature: Balarak et al. (2021) [14]
(30 + 20C); agitation speed: 180 rpm
Azolla filicoloides 99% [AB 92]: 10 mg/L; dosage: 7 g/L; pH: 3; contact time: 90 min Balarak et al. (2016) [90]
Exfoliated graphite 96% (5.02 [AB 92]: 30 mg/L; feed flow rate: 9.6 mL/min; temperature = 27 + 2 °C Goshadrou and Moheb
(gdye/gEG) (2011) [91]
Nickel oxide nano- particles- 95% [AB 92]: 50 mg/L; dosage: 0.1 g/L; pH: 2; temperature: 25 + 1 °C; speed: 200 rpm; Khalighi Sheshdeh et al.
modified diatomite contact time: 90 min (2012) [92]

Nd,03 nanoparticles

91% (7.3 mg/g) [AB92]: 138.5 mg/L; dosage: 0.83 g/L; pH: 3.15; contact time: 50 min; speed: 180 rpm Ahmadi et al. (2020) [7]
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