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Abstract  25 

Rapid industrialization, particularly textile/dyeing, causes substantial surface water 26 

contamination by various dyes and pigments globally. Bangladesh’s export-oriented textile 27 

industry has grown dramatically in recent decades, causing significant pollution of nearby 28 

water bodies. In this work, nano-zinc oxide was synthesized by a precipitation method with 29 

PEG 400 and characterized using SEM, XRD and FTIR techniques and found to be fiber-like, 30 

perfectly wurtzite and pure. The nano-ZnO was applied to remove acid blue 92, an ionic dye, 31 

from aqueous solution to investigate it as an adsorbent. The effects of pH, adsorbent dosage, 32 

AB92 concentration and contact time on adsorption process were investigated for optimization. 33 

According to the correlation coefficients (R2) and the fitting of Redlich-Peterson model, the 34 

adsorption process followed Langmuir isotherm at lower temperature and Freundlich isotherm 35 

at higher temperature with Temkin model. The adsorption process was found to be endothermic 36 

and spontaneous. For adsorption thermodynamics, ΔH was found to be +20.32 kJmol-1, and 37 

ΔG was varied from -1.86 to -3.84 kJmol-1 as the temperature increased from 291 to 317 K. 38 

The adsorption kinetics exhibited pseudo second order. The Temkin isotherm and Elovich 39 

kinetic model suggested that the process to be chemisorption. The nano-ZnO showed 40 

tremendous re-usability as an adsorbent for the removal of AB92. The results are suggesting 41 

for designing nano-ZnO-based methods to remove organic pollutants efficiently from industrial 42 

effluents for ecological and sustainable development. The mechanisms of nano-ZnO fiber 43 

formation and anionic dye adsorption on nano-ZnO are also discussed. 44 

 45 
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1. Introduction 55 

Bangladesh’s economy is mainly based on textile industries that export. Export-oriented 56 

textile industries contributed 17.9% of gross domestic product (GDP) in 2010, and this figure 57 

is expected to rise to 25% by 2023. Textile industries, on the other hand, require large amounts 58 

of water as well as various chemicals in their processes, so they discharge huge amounts of 59 

effluents containing various contaminants, particularly synthetic dyes, into nearby water bodies 60 

( Habib et al., 2012a; Habib et al., 2012b; Muslim et al., 2012; Muslim et al., 2013; Hossain et 61 

al., 2016; Ertugay and Acar, 2017; Ahmadi et al., 2020). Despite the fact that Bangladesh's 62 

Department of Environment (DoE) has made it mandatory for each textile unit to have an 63 

effluent treatment plant (ETP), the ETP plants have not been functioning properly (Department 64 

of Environment, 2008).As a result, water bodies near the textile and dyeing industries are 65 

severely contaminated (Habib et al., 2012a; Habib et al., 2012b; Muslim et al., 2012; Muslim 66 

et al., 2013; Hossain et al., 2016).   67 

Among the applications of chemicals in industrial processes, synthetic dyes have been 68 

widely used in various industries, including textile and dyeing (Doulati et al., 2008), leather, 69 

printing, paper, plastics, cosmetics, pharmaceuticals, petrochemicals, and so on (Benkhaya and 70 

El Harfi, 2017; Benkhaya et al., 2020). Synthetic dyes are manufactured and used in various 71 

industrial units at a rate of roughly 700,000 metric tons per year around the world (Hoda et al. 72 

2006; Moussavi and Mahmoudi 2009; Balarak et al., 2021). About 60-70% of these synthetic 73 

dyes are used in textile industry (Lacasse and Baumann, 2004; Rawat et al., 2016; 74 

Brüschweilerand Merlot, 2017). It is worth mentioning that azo dyes are made up of aromatic 75 

amines (AAs), which are released through bacterial biotransformation when they come into 76 

dermal contact (Platzek et al., 1999;Freeman, 2013; Akhtar et al., 2016;Brüschweilerand 77 

Merlot, 2017; Amin et al., 2020). These AAs may have mutagenic and/or carcinogenic effects 78 

on humans (Platzek, 2010). As a result, several azo dyes which release the toxic AAs have been 79 

banned from textiles in the European Union (Annex XVII of the REACH regulation; No, 80 

1907/2006) (EC, 2009) and in North America (Mo, 2020). 81 

Only a small portion of the dyes are used for staining during the dyeing process, so a large 82 

amount is discharged into nearby water bodies as industrial effluents. To protect human health 83 

and the environment, it is therefore necessary to develop an efficient and cost-effective method 84 

for removing unstained azo dyes from industrial effluents. There have already been several 85 

methods developed for removing and/or mineralizing organic contaminants from industrial 86 

effluents. Among them, adsorption (Habib et al., 2006; Han et al., 2008; Ortega et al., 2017; 87 
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Ahmadi and Igwegbe 2020; Igwegbe et al. 2020), oxidation (Habib et al., 2012b; Muslim et 88 

al., 2013; Hossain et al., 2016; Ertugay and Acar, 2017; Ahmadi et al., 2018), photocatalytic 89 

degradation (Habib et al., 2012a; Muslim et al., 2012; Saravanan et al., 2013; Saravanan et al., 90 

2014), coagulation-flocculation (Obiora-Okafo and Onukwuli, 2018; Somasundaran and 91 

Runkana, 2005) and microbial-based process (Tan et al., 2013; Agrawal et al., 2014, 92 

Govindwar et al., 2014; Tan et al., 2016) have proven to be the most effective methods. The 93 

adsorption method has been widely used to remove pollutants, particularly organic dyes, from 94 

aqueous solution because of its numerous advantages, including cost effectiveness, significant 95 

removal efficiency, and the absence of secondary pollution (Habib et al., 2006; Han et al., 2008; 96 

Moussavi and Mahmoudi, 2009; Gao et al. 2013; Ortega et al., 2017; Ahmadi and Igwegbe 97 

2020; Igwegbe et al. 2020).  98 

Metal oxides and metal nanoparticles, such as MgO, Fe3O4/MgO nanoparticles, nano-ZnO, 99 

Mn-nanoparticles, Ni/Fe and Mg/Fe layered double hydroxides, and modified-SiO2 100 

nanoparticles, have been utilized as adsorbents to remove dyes from aqueous solutions. Metal 101 

oxides and metal nanoparticles, such as MgO (Moussavi and Mahmoudi, 2009), Fe3O4/MgO 102 

nanoparticles (Salem et al., 2016), nano-ZnO (Lei et al., 2017; Zafar et al., 2019), Mn-103 

nanoparticles (Arshadi et al., 2014), Ni/Fe and Mg/Fe layered double hydroxides (Elmoubarki 104 

et al., 2017), nanofibrous metal-organic membranes (Efome et al., 2018a; Efome et al., 2018b) 105 

and modified-SiO2 nanoparticles (Patra et al., 2016) have been utilized as adsorbents to remove 106 

pollutants including dyes and metal ions from aqueous solutions. It is noted that nano-rod ZnO 107 

exhibited better adsorption efficiency compared to spherical ZnO for removal of the organic 108 

dyes (da Silva et al., 2021). Hence, attempts have been made to produce fiber-like nano-ZnO 109 

with a higher adsorption efficiency than rod-like and/or spherical nano-ZnO. 110 

In this study, nano-ZnO fibers were synthesized using a precipitation method, and then 111 

characterized using scanning electron microscopy (SEM), X-ray diffraction (XRD), and 112 

Fourier transform-infrared spectroscopy (FT-IR) techniques. Under dark conditions, the as-113 

prepared nano-ZnO was used to remove acid blue 92 (AB92) (Scheme 1), an anionic dye, from 114 

aqueous solution by varying dye concentration, adsorbent dosage, solution pH, and 115 

temperature. Cationic dyes such as methylene blue (MB) and rhodamine B (RB) were also used 116 

to compare the adsorption efficiencies of the nano-ZnO fibers for the anionic and cationic dyes 117 

under dark conditions. 118 
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 119 

Scheme 1. Structure of acid blue 92 (AB92), trisodium 4-[(4-anilino-5-sulfonaphthalen-1-120 

yl)diazinyl]-5-hydroxynaphthalene-2,7-disulfonate (C26H16N3O10S3Na3; M. Mass: 695.58). 121 

 122 

2. Experimental 123 

2.1 Materials 124 

Acid blue 92 (AB92) dye (Scheme 1) was collected from the local dye suppliers. The 125 

adsorption maximum, λmax, of AB92 is 570 nm. Hydrochloric acid, sodium chloride, ammonia 126 

and polyethylene glycol 400 (PEG 400) solution were purchased from Merck, Darmstadt, 127 

Germany. All the chemicals were used without further purification. Distilled water was used 128 

all over the experiments. 129 

2.2Synthesis and characterization of nano-ZnO 130 

Fiber-like nano-zinc oxide was precipitated from zinc nitrate solution by adding ammonia 131 

solution in the presence of 1% PEG 400. The precipitate ZnO was washed with distilled water 132 

at least three times and air dried. The air dried ZnO precipitate was placed in a desiccator filled 133 

with silica gel to remove water completely. The obtained zinc oxide was characterized using 134 

scanning electron microscope (SEM: model S-3400N, Hitachi, Tokyo, Japan), X-ray 135 

diffraction (XRD: Bruker DB-Advance X-ray diffractometer, Germany) and Fourier 136 

Transform infrared (FTIR: IR-Prestige 21 Shimadzu, Japan) techniques.   137 

2.3Synthesis of dye solution 138 

Some amount of AB92 dye was taken in a 50 mL volumetric flask in order to make a 139 

concentrated dye solution. A small volume of the stock solution was pipetted out and poured 140 

in a 100 mL volumetric flask and filled up to the mark with distilled water. Concentration of 141 

AB92 dye solution was calculated through recording the absorbance at λmax = 570 nm, 142 
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absorption maxima of AB92, using a UV-Vis spectrophotometer (UV-160A, Shimadzu 143 

Corporation, Kyoto, Japan). The final dye concentration was obtained from the absorbance 144 

using the molar absorptivity determined from the Beer-Lambert’s equation:  145 

A = εcl         (1) 146 

where, A is absorbance, ε is molar absorptivity of AB92 (ε = 17,500 Lmol-1cm-1), l is the cell 147 

constant (1 cm) and c is the concentration of AB92. 148 

2.4 Adsorption procedure 149 

The dye concentration, adsorbent dosage, pH, and temperature were all varied in a series 150 

of experiments where just one parameter was changed while the others remained constant. The 151 

dye concentration and adsorbent dosage were varied within a range from 25.43 to 67.34 mgL-152 

1 at 1.00 gL-1 of nano-ZnO and 0.40 to 3.00 gL-1 at 45.32 mgL-1 of AB92, respectively where 153 

solution pH 7.0 at 298 K. Solution pH and temperature were also varied ranging from 5.0 to 154 

9.0 at 298 K and 291 to 317 K at pH 7.0, respectively with dye concentration of 45.32 mgL-1 155 

and adsorbent dosage of 1.00 gL-1. This is because ZnO dissolves at low solution pH, for 156 

example ≤ 4.5. All the experiments were carried out under dark conditions.  157 

2.5 Adsorption efficiency and equilibrium adsorption quantity 158 

Adsorption efficiency in percent removal (%) was calculated using equation (2) while 159 

equation (3) was used to calculate the equilibrium adsorption quantity (qe).  160 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (%) =  
𝑐𝑐0 − 𝑐𝑐𝑡𝑡𝑐𝑐0 × 100                                                  (2) 161 

𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑅𝑅𝐴𝐴 𝑞𝑞𝑞𝑞𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑞𝑞 (𝑞𝑞𝑒𝑒) =
𝑐𝑐0 − 𝑐𝑐𝑡𝑡𝑊𝑊 × 𝑉𝑉                                (3) 162 

where c0 and ct are initial and at time t dye concentration, respectively where qe is the 163 

equilibrium adsorption quantity, V is volume of the experimental solution (100 mL) and W is 164 

the amount of ZnO. 165 

2.6 Adsorption isotherms  166 

The experimental data were fitted into Langmuir, Freundlich, Redlich-Peterson, and 167 

Temkin’s adsorption isotherm models in order to optimize the adsorption process using 168 

equations (4), (5), (6), and (7) respectively (Zhang et al., 2020; Belhachemi et al., 2011; Nethaji 169 

et al. 2013; Ngakou et al., 2019).  170 𝑞𝑞𝑒𝑒 =  
𝑞𝑞𝑚𝑚 𝐾𝐾𝐿𝐿  𝑐𝑐𝑒𝑒
1 + 𝐾𝐾𝐿𝐿  𝑐𝑐𝑒𝑒                                                                          (4) 171 

𝑞𝑞𝑒𝑒 = 𝐾𝐾𝐹𝐹𝑐𝑐𝑒𝑒1𝑛𝑛                                                                                  (5) 172 
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𝑞𝑞𝑒𝑒 =  
𝐴𝐴 𝑐𝑐𝑒𝑒

1 + 𝐵𝐵 𝑐𝑐𝑒𝑒𝑔𝑔                                                                          (6) 173 

𝑞𝑞𝑒𝑒 =
𝑅𝑅𝑅𝑅𝑏𝑏𝑇𝑇  𝑅𝑅𝐴𝐴(𝐴𝐴𝑇𝑇𝑐𝑐𝑒𝑒)                                                                     (7) 174 

where ce is the equilibrium concentration of AB92, qm (mgg-1) is the maximum adsorption 175 

capacity of nano-ZnO fiber corresponding to monolayer formation where ‘KL’ is a coefficient 176 

related to the energy of adsorption in the Langmuir isotherm. The KF and n are the constants in 177 

Freundlich isotherm. KF is the capacity of nano-ZnO for multilayer adsorption of AB92 and n 178 

is intensity of adsorption. Parameters A, B and g are the Redlich-Peterson isotherm constants 179 

used to determine whether the adsorption process follows the Langmuir or Freundlich isotherm. 180 

AT (Lmg-1) and bT (Jmol-1) are the Temkin constants. The terms ‘bT’ is related to heat of 181 

adsorption and ‘AT’ is the equilibrium binding constant corresponding to the maximum binding 182 

energy. R (8.314 J/molK) is the universal gas constant and T (K) is the absolute temperature 183 

(298 K).  The values of the adsorption model parameters were calculated from the non-linear 184 

regression plot of qe vs ce. 185 

2.7 Adsorption thermodynamics 186 

The adsorption of AB92 onto the nano-ZnO fiber was studied at different temperatures in 187 

order to explore the effects of temperature on the adsorption process. The thermodynamic 188 

parameters such as enthalpy (ΔH), entropy (ΔS) and Gibb’s free energy (ΔG) for the adsorption 189 

of AB92 onto the nano-ZnO fiber were calculated using the following equations 8-10 (Wu et 190 

al., 2019). 191 𝐾𝐾𝑑𝑑 =  
𝑞𝑞𝑒𝑒𝑐𝑐𝑒𝑒                                                                                                                  (8) 192 

𝑅𝑅𝐴𝐴𝐾𝐾𝑑𝑑 = −Δ𝐻𝐻𝑅𝑅𝑅𝑅 + 
Δ𝑆𝑆𝑅𝑅                                                                                              (9) 193 

where Kd stands for thermodynamic equilibrium constant. 194 Δ𝐺𝐺 =  Δ𝐻𝐻 − 𝑅𝑅Δ𝑆𝑆                                                                                                    (10) 195 

2.8 Adsorption kinetics 196 

To explore the adsorption mechanism of AB92 dye onto the fiber-like nano-ZnO, pseudo-197 

first order and pseudo-second order kinetic models were used. The experimental data was fitted 198 

into the Lagergren,Ho-Mckay kinetic models to evaluate whether the adsorption kinetics were 199 

pseudo first order (equ. 11) or pseudo second order (equ. 12). The Elovich model was 200 

implemented to study the rate of chemisorption (equ. 13). The rate equations can be written as 201 

follows (Zhang et al., 2020; López-Luna et al., 2019; Ngakou et al., 2019):   202 𝑞𝑞𝑡𝑡 = 𝑞𝑞𝑒𝑒(1 − 𝑅𝑅−𝑘𝑘1𝑡𝑡)                                                                                 (11) 203 
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𝑞𝑞𝑡𝑡 =
𝑘𝑘2𝑞𝑞𝑒𝑒2𝐴𝐴

1 + 𝑘𝑘2𝑞𝑞𝑒𝑒𝐴𝐴                                                                                         (12) 204 

𝑞𝑞𝑡𝑡 =
1𝐵𝐵 𝑅𝑅𝐴𝐴 (1 + 𝐴𝐴𝐵𝐵𝐴𝐴)                                                                                (13) 205 

where k1 (min-1) and k2 (gmg-1min-1) are the adsorption rate constants of pseudo-first and 206 

pseudo-second order kinetic models, respectively, A and B are the initial rate of chemisorption 207 

and desorption for the Elovich kinetic model respectively, and qt and qe (both in mgg-1) are the 208 

equilibrium adsorption uptake at time = t and t = ∞, respectively. 209 

 210 

3. Results and discussion 211 

3.1. Characterization of nano-ZnO 212 

The SEM image, XRD pattern, and FTIR spectrum of the as-prepared nano-ZnO are shown 213 

in Figures 1(a), (b), and (c), respectively. As seen from Fig. 1, most of the prepared nano-ZnO 214 

is fiber-like and aggregated to some extent. Figure 1(b) depicts the XRD pattern of the as-215 

prepared ZnO. The XRD pattern shows the characteristic peaks (100), (002), (101), (102), 216 

(110), (103), (112), (201) and (202) of pure ZnO. As shown in inset in Figure 1(b), the XRD 217 

results are in good agreement with the standard values of the wurtzite structure of ZnO (JCPDS: 218 

36-1451) (Elmorsi et al., 2017). Therefore, it is concluded that the precipitation method with 219 

1% PEG 400 aided the formation of fiber-like nano-ZnO with perfectly wurtzite structure.  220 

In a previous study, we attempted to fabricate rod-like nano-ZnO in the presence of 221 

surfactants such as sodium dodecyl sulfate (SDS), cetyl trimethyl ammonium bromide 222 

(CTAB), and triton X-100, and observed that SDS could control rod-like nano-ZnO formation 223 

(unpublished, Leila et al. 2018). During nucleation, anionic SDS molecules are thought to 224 

adsorb on the seed ZnO. The bulky group of the SDS molecules prevents further anionic SDS 225 

species from adsorbing from other sides, but it may allow the formation of unidirectional rod-226 

like nano-ZnO. Because PEG and SDS are structurally distinct, their functions will differ.  227 

In this study, PEG 400 was used to control the formation of various nanostructured ZnOs. 228 

PEG molecules in the precipitation method cause fiber-like nano-ZnO to form. Despite the fact 229 

that the exact mechanism of PEG-assisted nano-ZnO fiber formation is unknown, an arbitrary 230 

explanation based on literature and current findings is provided below (Parra et al., 2015; 231 

Pavani et al., 2015; Tshabalala et al., 2012; Dobryszycki et al., 2001; Li et al., 2003; Habib et 232 

al., 2020; Nargis et al., 2021; Wikipedia). 233 
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 234 

Figure 1. Characterization of the prepared nano-ZnO (a) SEM image, (b) XRD pattern and (c) 235 

FTIR spectrum. Inset is for JCPDS:36-1451 of ZnO (Elmorsi et al., 2017).   236 

 237 
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In the wet chemical method, the PEG molecules are crucial for changing the nanostructures 238 

of ZnO particles from spherical to wire/rod-like (Parra et al., 2015; Pavani et al., 2015). PEG 239 

molecules with the formula [H(OCH2CH2)nOH] are nonionic surfactants with a hydrophilic 240 

nonionic ether group (-O-) and a hydrophobic ethylene unit (-CH2-CH2-).Water molecules are 241 

associated with the nonionic ether group, -O-, due to a strong repelling tendency between water 242 

molecules and the hydrophobic ethylene, -CH2-CH2-,unit (Parra et al., 2015; Tshabalala et al., 243 

2012). As a result, the PEG molecules self-assembled on the surface, with the hydrophilic end 244 

pointing toward the water molecule and the hydrophobic end pointing away from it. 245 

Prior to discussing the mechanism of nano-ZnO fiber formation, it is necessary to consider 246 

the speciation of Zn(II) in the aqueous system. According to a speciation diagram, Zn(II) 247 

predominantly present (~90%) in aqueous solutionasZn(II)aq ([Zn(II)(H2O)6]2+) species at pH 248 

6.9 and speciation data reveal the stepwise formation of [Zn(H2O)6-n(OH)n]2-n species 249 

(i.e.,Zn(OH)+
aq, Zn(OH)2

0
aq, Zn(OH)3

-
aq, Zn(OH)4

2-
aq) with solution pH (Habib et al., 2020; 250 

Nargis et al., 2021). The cationic Zn(II)aq ion in acidic solution coordinated with the oxygen 251 

atom of the ether group due to electrostatic forces of attraction between the cationic Zn(II)aq 252 

ion and the lone pairs of electrons of the oxygen atom, remains Zn-O as a template unit for the 253 

crystal growth. Because the ether oxygen atom is more basic than the oxygen atom in water 254 

molecules, the Zn(II)aq ion prefers to coordinate with it. This can be explained by the fact that 255 

ether oxygen has a higher proton affinity (PA: 828.4 kJmol-1) than water (PA: 703 kJmol-1) 256 

(Wikipedia). With rising solution pH, stepwise deprotonation of the coordinated water 257 

molecules with the Zn(II) ion of the Zn-O template occurs. As a result, the template Zn(II) ion 258 

must have a hydroxyl group attached to it. 259 

As previously stated, solution pH causes the formation of various hydroxozinc(II) species, 260 

which can exist as either soluble (aqua) or insoluble (colloids) forms depending on their 261 

solubility products. Both the soluble (aqua) and insoluble (colloids) forms of Zn(II) ion must 262 

carry hydroxyl groups and approach the Zn-O template due to hydrogen bonding between 263 

hydroxyl groups of incoming hydroxozinc(II) species and Zn-O template (Habib et al., 2020). 264 

With increasing solution pH, more colloidal ZnO(H) particles form and deposit on the Zn-O 265 

template. One-dimensional (1D) nano-ZnO crystal formation is enhanced by hydrophobic cone 266 

type ethylene units. Scheme 2 depicts a suggested mechanism for the formation of 1D crystal 267 

growth of nano-ZnO fiber. The length of the fiber-like ZnO depends on the degree of adsorption 268 

of the colloidal ZnO(H) particles on the Zn-O template (Parra et al., 2015; Pavani et al., 2015; 269 

Tshabalala et al., 2012). The amount of PEG and the length of its chain may cause structural 270 

deformation, resulting in fiber-like nano-ZnO. Since ZnO exhibits polar crystal growth along 271 
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[0 0 0 1] direction, rod-like and/or fiber-like nanostructures of ZnO are possible, as shown in 272 

Figure 1(a) (Parra et al., 2015; Pavani et al., 2015; Tshabalala et al., 2012). 273 

Figure 1(c) shows the FT-IR spectrum of the as-prepared ZnO measured in the range of 274 

4000-400 cm-1. As shown in Figure 1(c), the prepared ZnO showed the vibrational peaks at 275 

470, 640, 737, 833, 887, 1043, 1377, 1510, 1631, 2854, 2922 and 3450 cm-1. The peak 276 

appearing at 470 cm-1 was attributed to the Zn-O stretching band while the vibrational peaks 277 

appeared within a range from 1700 to 600 cm-1 corresponding to C=O, C-O and C-H vibrations 278 

(Xiong et al., 2009). The peaks appeared within 2854- 3450 cm-1 were attributed to the O-H 279 

stretching vibrations and bending modes of adsorbed water molecules, respectively (Xiong et 280 

al., 2009). In the precipitation method, PEG was used as a capping agent in order to fabricate 281 

nano-ZnO fiber. The appearance of the C=O, C-O and C-H vibration bands in the IR spectrum 282 

was due to the presence of PEG.  283 

 284 

 285 

Scheme 2. A proposed mechanism of formation of nano-ZnO fiber by precipitation method in 286 

presence of PEG 400. 287 

 288 

3.2. Effect of initial dye concentrations  289 

The effect of initial dye concentrations on the adsorption of AB92 onto the nano-ZnO fiber 290 

was carried out to optimize the adsorbent dose and equilibrium time. Reasonably, the 291 

availability of surface area for adsorption will be maximum at the initial stage, particularly 292 

within the first 5 min, which results in significant adsorption efficiency. The extent of 293 

adsorption decreases with contact time as the adsorption process continues. The amount of 294 

adsorbent is being limited with time because adsorbate molecules occupy most of the active 295 

sites at the initial stage of the adsorption process. At a fixed amount of the adsorbent, the initial 296 

adsorbate concentration leads to different concentrations of adsorbate molecules on the active 297 

sites of adsorbents (Jethave et. al. 2018; Tang et. al. 2014).  298 
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Figure 2. Effect of initial dye concentration on the removal of AB92 in the presence of 1 gL-1 301 

of nano-ZnO fiber. Solution pH: 7.0; Temperature: 298 K.  302 

 303 

Figure 2 shows the effect of initial concentrations of the AB92 dye in the presence of 1.00 304 

gL-1 of nano-ZnO at solution pH 7.0 at 298 K. As shown in Figure 2, all the dye concentrations 305 

exhibited a sharp rise in adsorption, and the equilibrium conditions were attained at 40 min. 306 

After 40 min, no significant adsorption was observed. The low concentration of AB92 dye 307 

(25.43 mgL-1) showed the maximum removal (81%) from aqueous solution while minimum 308 

removal (69%) was observed for the highest concentration (67.34 mgL-1) of the AB92. It is 309 

reasonable to find the maximum removal of AB 92 for the lowest concentration (25.34 mgL-1) 310 

of the dye in the presence of a fixed amount of the nano-ZnO.  311 

3.2. Effect of adsorbent dose 312 

Figure 3 depicts the effect of dose on the adsorption efficiency of AB 92. As seen from 313 

Figure 3, the removal efficiency of the AB 92 dyes increases with increase nano-ZnO. It is 314 

reasonable that the number of active sites for will be maximum at the higher amount of the 315 

adsorbent. 316 

 317 
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Figure 3. Effect of adsorbent dose on the removal of AB 92. [AB 92]: 45.32 mgL-1; Solution 319 

pH: 7.0; Temperature: 298 K.  320 

 321 

For 1.00 gL-1 of nano-ZnO fiber, the maximum removal of AB 92 was 78%, while for 0.40 322 

gL-1 of nano-ZnO fiber, the maximum removal was only 29%. With higher adsorbent dosages, 323 

such as 3.00 gL-1, about 98% of AB 92 was removed in only 5 min. In the continued adsorption 324 

process, no further removal was observed. This is because a certain number of AB 92 dye 325 

molecules were completely adsorbed into comparable active sites on nano-ZnO surfaces, 326 

leaving an excess of active sites unoccupied (Habib et al., 2006; Hoda et al., 2006).      327 

3.3. Effect of pH  328 

Figure 4 shows the effect of solution pH on the removal of the AB 92 dye in the presence 329 

of the nano-ZnO fiber in aqueous solution at 298 K. As shown in Figure 4, the maximum 330 

removal (77%) was observed for the solution pH 8.0 followed by 76% for pH 7.0 at the 331 

equilibrium time (40 min), however that decreased either the solution pH increased or 332 

decreased. 333 

The zero-point charge of nano-ZnO is 8.9, thus, the surface of the nano-ZnO remains 334 

positive, Zn(OH)+, up to the solution pH ≤ 8.9 and then becomes negatively charged (ZnO-) as 335 

the solution pH exceeds 8.9 (Degen and Kosec, 2000; Habib et al., 2012a). The pKa value of 336 

the AB 92 dye is 11.22, so the dye molecules are supposed to exist as electrically neutral species 337 

in aqueous medium within the experimental pH range, 5.0 - 9.0. However, the sodiated AB 92 338 

dye molecules are reasonably present as partially ionized form, [AB 92]- in the aqueous 339 

solution, where Na+ acts as a counter ion below the pKa value, 11.22. The percentage of ionized 340 
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AB 92 dye molecules will be higher in the pH range from neutral to alkaline than in acidic pH. 341 

It is expected that the AB 92 dye molecules become positively charged through gaining proton 342 

(H+) as the solution pH decreases from neutral to acidic. This is due to the presence of the azo 343 

group (-N=N-) in the AB 92 dye molecules. It is highly desirable that for the adsorption of the 344 

cationic dyes such as methylene blue (MB) and rhodamine B (RB) onto the   nano-ZnO (1.00 345 

gL-1) should be minimum (~5%) at solution pH 7.0 at 298 K as shown in Figure 5. These results 346 

suggested that the surface charge of the prepared nano-ZnO was obviously positive at pH < 8.9 347 

(zpc of nano-ZnO) and the adsorption of the cationic dyes, such as MB and RB, onto the nano-348 

ZnO became negligible (~5%). In fact, the electrostatic force of repulsion between the two 349 

positively charged species is mainly responsible for the minimal adsorption of the cation dye 350 

molecules onto the positively charged surface of nano-ZnO at pH < 8.9.  351 
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Figure 4. Effect of pH on the removal of AB 92 in the presence of nano-ZnO fiber (1.00 gL-1). 354 

[AB 92]: 45.32 mgL-1; Temperature: 298 K. 355 

 356 

At low solution pH (5.0-6.0), a considerable fraction of the AB 92 dye molecules become 357 

positively charged, thus resulting in lower adsorption efficiency (removal, ~71%) of the 358 

cationic dye molecules onto the positively charged surface of the nano-ZnO at the equilibrium 359 

time, 40 min (Figure 4). At solution pH 9.0, the adsorption efficiency of the AB 92 dye onto 360 

the nano-ZnO was a little bit higher (removal, ~73%) compared to that for pH 5-6 at the 361 

equilibrium time. The zpc of the nano-ZnO is 8.9, reasonably most of the surface-active sites 362 

of the nano-ZnO will remain positively charged at the solution pH 9.0. The AB 92 dye 363 

molecules are mainly anionic at the solution pH 9.0 that may elevate the adsorption efficiency 364 
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slightly. Because of the dissolution of ZnO at low solution pH, the experiment was not carried 365 

out at lower pHs such as 4.0 or 3.0. 366 
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Figure 5. Removal of methylene blue (MB) and rhodamine B (RB) in the presence of nano-369 

ZnO fiber (1.00 gL-1), [Cationic dye]: 45.55 mgL-1; Temperature: 298 K. 370 

 371 

3.4. Adsorption isotherms 372 

Adsorption isotherms are mathematical models that have been generated with the means of 373 

the experimental data. The isotherms describe the distribution of the adsorbate molecules onto 374 

the adsorbent surfaces through either physisorption and/or chemisorption. In this paper, The 375 

equilibrium data for AB 92 onto the nano-ZnO fiber was analyzed using the most generally 376 

used isotherms, such as the Langmuir, Freundlich, and Temkin models, in order to find a model 377 

that could be used for adsorption process design and optimization. The Langmuir isotherm 378 

stands for monolayer homogeneous adsorption (Langmuir, 1918) and the Freundlich isotherm 379 

is for heterogeneous multilayer (Freundlich, 1906) while the Redlich-Peterson isotherm 380 

combines both the Langmuir and Freundlich isotherms (Redlich and Peterson, 1959)and the 381 

Temkin isotherm is for chemisorption (Temkin and Pyzhev, 1940). The Langmuir, Freundlich, 382 

Redlich-Peterson and Temkin equations can be expressed using equations (4), (5), (6), and (7), 383 

respectively.     384 

Figures 6(a), (b), (c) and (d) show the Langmuir, Freundlich, Redlich-Peterson and Temkin 385 

models, respectively. The isotherms parameters are tabulated in Table 1. According to these 386 

figures, Langmuir, Freundlich, Redlich-Peterson, and Temkin isotherms fitted the adsorption 387 



16 

 

data almost perfectly as the correlation coefficients (R2) for all of the isotherms are quite close 388 

to unity at room temperature, 291K.However, when the temperature is raised, the adsorption 389 

data began to deviate from the Langmuir model, with R2<0.95 at 311K. With increasing 390 

temperature, Langmuir’s maximum adsorption quantity, qm, decreases significantly.  391 
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Figure 6.  Adsorption isotherm plots of (a) Langmuir, (b) Freundlich, (c) Redlich-Peterson and 395 

(d) Temkin models at different temperatures. Nano-ZnO fiber: 1.00gL-1; Solution pH: 7.0. 396 

 397 

 398 

 399 
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Table 1. Isotherm parameters of adsorption of AB 92 onto nano-ZnO fiber at different temperatures. Nano-

ZnO: 1.00 g L-1; Solution pH: 7.0.  

     

Temp. 

(K) 

Langmuir 

 

Freundlich Redlich-Peterson Temkin 

 
 

 qm 

(mgg-1) 

KL 

(Lg-1) 

R2 KF 

(mgg-

1((Lmg-

1)1/n)-1) 

1/n R2 A  

(Lg-1) 

B  

(Lmg-1) 

g R2 AT 

(Lg-1) 

bT 

(Jmol-1) 

R2 

291 343.12 0.005 0.9964 2.15 0.92 0.9953 1.88 0.005 1.00 0.9963 0.19 94.46  0.9952 

298 75.72 0.071 0.9894 8.54 0.56 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 0.33 0.9837 122.05 6.006 0.59 0.9754 4.21 239.25 0.9672 

 400 

At lower temperatures, the adsorption process follows the Langmuir isotherm (Abdelkader et. 401 

al. 2015; Ahmadi et al., 2020; Belhachemi et al., 2011), but at higher temperatures, it follows 402 

the Freundlich isotherm (Malakootian et al., 2015; Salaimi et al., 2017a; Zafar et al., 2019; Sun 403 

et al., 2020; Yakar et al., 2020). In the Freundlich model, 1/n = 0 signifies irreversible, 1/n less 404 

than 1 indicates favorable, and 1/n greater than 1 indicates unfavorable (Zafar et al., 2019; 405 

Yakar et al., 2020). The 1/n decreased as the temperature increased, showing that the 406 

heterogeneous multilayer system became more favorable. 407 

If the constant g in the Redlich-Peterson isotherm is unity or near to unity, the model will 408 

follow the Langmuir model; however, if the value moves away from unity and Bce
g is more 409 

than unity, the model will follow the Freundlich model (Wang et al., 2013; Belhachemi et al., 410 

2011; Zhang et al., 2020). In Figure 6(c), g changed from 1 to 0.59 as the temperature increased 411 

from 291K to 311K. According to B in Table 1, Bce
g is greater than unity as well. This confirms 412 

that the adsorption process followed Langmuir model at lower temperatures but the process 413 

tends to follow Freundlich model more than Langmuir with increasing temperature. This 414 

indicates that the AB 92 dye molecules form homogenous monolayers at low temperatures and 415 

heterogeneous multilayers at higher temperatures onto the nano-ZnO fiber. 416 

As demonstrated in Table 1, AT and bT increased with temperature, resulting in a greater 417 

chemical interaction between AB 92 molecules and nano-ZnO fiber surfaces, as predicted by 418 

the Temkin model. The adsorption process is caused by electrostatic force of attraction since 419 

AB 92 is an anionic dye and the surface charge of nano-ZnO is positive at pH 7.0 (Zhang et 420 

al., 2020; Belhachemi et al., 2011; Ngakou et al., 2019). Due to the positive surface charge, the 421 

maximum adsorption quantity of anionic dye AB 92 is quite high compared to that of cationic 422 

dye MB, which only exhibits around 10.70 mgg-1 (Zhang et. al., 2013). Based on the isotherm 423 
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data at various temperatures, it can be concluded that the adsorption of AB 92 onto the nano-424 

ZnO fiber strongly follows Langmuir at lower temperatures, and that as the temperature rises, 425 

the inclination to follow Freundlich and Temkin increases and Langmuir diminishes. 426 

3.5. Adsorption thermodynamics 427 

Figure 7 showed that the adsorption efficiency of the AB92 dye on the nano-ZnO increases 428 

with increasing the solution temperature. As shown in Figure 7, thermal heating substantially 429 

enhanced the adsorption efficiency of the AB92 dye on the nano-ZnO compared to room 430 

temperature (Yakar et. al., 2020), but little enhancement was observed at the higher 431 

temperatures. It is noted that equilibrium was attained at 40 min, whereas desorption occurred 432 

at the highest temperature, 317 K. It is reasonable to observe a minor desorption of the adsorbed 433 

AB92 dye molecules at the elevated temperature, 317 K. This is because the nano-ZnO 434 

molecules may also absorb the thermal energy at the elevated temperature, 317 K, thus a slight 435 

desorption occurred.  436 
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Figure 7. The effect of temperature on the adsorption efficiency of AB92 dye onto the nano-439 

ZnO fiber surface. [AB92]: 45.32 mgL-1; Nano-ZnO fiber: 1.00 gL-1; Solution pH: 7.0. 440 

 441 

The values of ΔH and ΔS were calculated from the slope and intercept of the plot of lnKd 442 

versus T-1 as shown in Figure 8 and ΔG was obtained from equation 9, respectively. These 443 

thermodynamic parameters are tabulated in Table 2.  The results showed that the values of ΔH 444 

and ΔS were found to be +20.32 kJmol-1 and +76.21 Jmol-1K-1, respectively. These results 445 

revealed that the adsorption was endothermic in nature and dominated by chemisorption 446 
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(Duran et al., 2011; Li et al., 2014; Zafar et al., 2019). It is reasonable to realize that the AB 92 447 

dye molecules were deposited onto the nano-ZnO fiber surface through chemisorption. 448 

Because the surface charge of nano-ZnO remains positive until solution pH 8.9 (zero-point 449 

charge of nano-ZnO), anionic AB 92 dye species develop electrostatic attraction towards the 450 

nano-ZnO surface, implying chemisorption (Habib et al., 2012a). As seen from Table 2, the 451 

negative values of ΔG of the adsorption process increases with increasing temperature. These 452 

findings suggested that the AB 92 dye adsorption onto nano-ZnO was spontaneous. 453 
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 454 

Figure 8. Plot of logKd versus 1/T for the calculation of ΔH and ΔS for the adsorption of AB 455 

92 dye onto nano-ZnO fiber surface. [AB 92]: 45.32 mgL-1; Nano-ZnO fiber: 1.00 gL-1; 456 

Solution pH: 7.0.  457 

 458 

Table 2. The thermodynamic parameters for the adsorption process of AB 92 onto the nano-ZnO 

fiber. [AB 92]: 45.32 mg L-1; Nano-ZnO fiber: 1.00 g L-1; Solution pH: 7.0. 

      

Temperature (K) 1/T (K-1) ΔG (kJmol-1) ΔH (kJmol-1) ΔS (Jmol-1 K-1) R (J mol-1 K-1) 

      

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 

 459 

Adsorption in the gas phase and solution phase are two fundamentally distinct processes in 460 

terms of thermodynamics. In the gas phase, adsorbate molecules adsorb on the surface of the 461 

adsorbent by forming new chemical bonds, resulting in the evolution of heat energy, indicating 462 
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that the process is exothermic. On the contrary, adsorption in the solution phase is a different 463 

phenomenon. The adsorbate molecules may be aggregated and/or encapsulated in hydration 464 

shells depending on the chemical properties of both the adsorbate and adsorbent molecules. 465 

Thus, energy is required to break down the aggregates and/or hydration shells for adsorption. 466 

Therefore, the system requires a net energy for effective adsorption that provides an 467 

endothermic process. On the basis of the obtained thermodynamic parameters, the adsorption 468 

process was concluded to be both endothermic and spontaneous (Hameed et. al. 2016; Wu et. 469 

al. 2019; Zhang et. al. 2020; Huo et. al. 2019). 470 

3.6. Adsorption kinetics 471 

Figure 9 depicts the plot of qt vs. time that provides the values of the constants of pseudo 472 

first order, pseudo second order and Elovich adsorption kinetics. All the parameters are 473 

tabulated in Table 3.The results show that the rate constant (k1) of the pseudo first-order 474 

reaction increases with increasing dye concentration (Table 3). The R2 values are quite lower 475 

from unity as well, meaning the pseudo first order kinetic model did not fit the adsorption data 476 

properly. 477 

For pseudo second order adsorption kinetics, Figure 9(b) provides k2 and qe for the 478 

adsorption of different concentrations of AB 92 onto the nano-ZnO fiber. Herein, the rate 479 

constant, k2, also decreases as a function of dye concentration (Table 3). It is noted that the 480 

values of R2 were quite close to unity but decreasing with increasing concentrations of AB 92. 481 

Such events are likely to be observed in both adsorption and chemical kinetics. Because there 482 

are a maximum number of adsorption sites available at the beginning, the adsorbate molecules 483 

adsorb onto the adsorbent surfaces at a faster rate. As the number of active sites for a fixed 484 

amount of adsorbent decreases with time, so does the rate of adsorption. Based on the findings, 485 

it is concluded that the adsorption of AB 92 onto the nano-ZnO fiber follows pseudo second 486 

order rather than pseudo first order kinetics (Nethaji et al., 2013; Mohamed et al., 2017; Salaimi 487 

et al., 2017a; Salaimi et al., 2017b).  488 

According to the Figure 9(c), the R2 values increased with increasing AB92 concentration 489 

for the Elovich kinetic model. The initial adsorption rate, A also increased significantly with 490 

increasing AB92 concentration as well (Table 3). This leads the conclusion that, the adsorption 491 

process is dependent on the AB92 concentration as the electrostatic chemical interaction 492 

between the positively charged nano-ZnO surface and the anionic dye increases with greater 493 

concentration of anionic species due to their negative charge. The initial desorption rate, B 494 

values were extremely low and became even lower with increasing AB92 concentration 495 

indicating stable adsorption process and strong interaction between adsorbent and adsorbate 496 
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(Efome. et. al. 2018a; Efome. et. al. 2018b). From the kinetic data, it can be concluded that the 497 

adsorption process follows pseudo second order and Elovich kinetic models and with 498 

increasing AB92 concentration, the process tends to favor Elovich kinetic model rather than 499 

pseudo second order kinetic model providing evidence for the process to be chemisorption. 500 

     501 

0 13 26 39 52 65

18

27

36

45

0 13 26 39 52 65

18

27

36

45

0 13 26 39 52 65

18

27

36

45

 at 25.43 mg/L AB92

 at 32.69 mg/L AB92

 at 45.32 mg/L AB92

 at 55.89 mg/L AB92

 at 67.34 mg/L AB92

q
t (

m
g

 g
-1

)

Time (min)

(a) Pseudo First Order
 at 25.43 mg/L AB92

 at 32.69 mg/L AB92

 at 45.32 mg/L AB92

 at 55.89 mg/L AB92

 at 67.34 mg/L AB92

q
t (

m
g

 g
-1

)

Time (min)

(b) Pseudo Second Order

 at 25.43 mg/L AB92

 at 32.69 mg/L AB92

 at 45.32 mg/L AB92

 at 55.89 mg/L AB92

 at 67.34 mg/L AB92

q
t (

m
g
 g

-1
)

Time (min)

(c) Elovich model

 502 

 503 

Figure 9. Adsorption kinetics of different concentrations of AB 92 on nano-ZnO fiber of (a) 504 

pseudo first-order, (b) pseudo second-order kinetics and (c) Elovich model. Nano-ZnO fiber: 505 

1.00 gL-1; Solution pH: 7.0; Temperature: 298 K.   506 

 507 

 508 
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Table 3. Kinetic parameters of the adsorption of AB 92 dye onto the nano-ZnO fiber. Nano-ZnO 

fiber: 1.00 g L-1; Solution pH: 7.0; Temperature: 298 K. 

 

Dye conc. 

(mgL-1) 

Pseudo first-order kinetics 

 

Pseudo second-order kinetics Elovich model 

         

 k1 

(min-1) 

qe 

(mgg-1) 

R2 k2 

(gmg-1min-

1) 

qe 

(mgg-1) 

 

R2 A  

(mgg-1mi

n-1) 

B  

(mgg-1 

min-1) 

R2 

25.43 0.298 20.08 0.8721 0.0282 21.25 0.9950 2500.20 0.534 0.9414 

32.69 0.306 24.70 0.8546 0.0239 26.11 0.9948 4057.01 0.446 0.9537 

45.32 0.316 33.38 0.8237 0.0184 35.27 0.9827 6845.25 0.337 0.9611 

55.89 0.346 38.49 0.7754 0.0183 40.43 0.9748 20886.38 0.329 0.9694 

67.34 0.369 41.39 0.7803 0.0182 47.85 0.9755 30583.25 0.329 0.9695 

 509 

3.7. Re-usability of nano-ZnO 510 

The used nano-ZnO was treated with dilute solution of NaOH to investigate its stability as 511 

an adsorbent. The treated nano-ZnO was further used for the removal of the AB 92 from the 512 

aqueous solution. The prepared nano-ZnO could be effective at least three or four times for the 513 

removal of AB92.   514 

As shown in Figure 10, about 76, 75 and 73% of AB92 was removed in the presence of 515 

freshly prepared, first re-used and second re-used nano-ZnO (1.00 gL-1) using 45.32 mgL-1 dye 516 

concentration, respectively at solution pH 7.0 and 298 K.  So, it can be concluded that after 517 

three or four uses the nano-ZnO can remove at least 70% of AB92 from aqueous solution 518 

effectively. 519 
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Figure 10. Adsorption of AB92 in the presence of freshly prepared and re-used nano-ZnO fiber 521 

(1.00 gL-1) for 45.32 mgL-1 of dye concentration at pH 7.0 and 298 K. 522 
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3.8. Mechanism of adsorption and desorption of AB92  523 

As mentioned above, electrostatic force of attraction plays a vital role for the adsorption of 524 

the anionic dye, AB92, onto the positively charged nano-ZnO surface. The surface charge 525 

remains positive until the solution pH ≤ 8.9 (Habib et al., 2012a). As the solution pH goes 526 

above 8.9, the more available stronger anionic species, OH-, causes to desorb the adsorbed 527 

AB92 molecules from the nano-ZnO surface. A proposed mechanism for this 528 

adsorption/desorption process is shown in Scheme 3.  529 

 530 

 531 

 532 

Scheme 3. Proposed mechanism of adsorption and desorption of AB92 in the presence of nano-533 

ZnO fiber. 534 

 535 

 536 

4. Conclusions 537 

The rapid growth of export-oriented textile industries in Bangladesh discharges untreated 538 

effluents into nearby water bodies, causing serious contamination. Many approaches to 539 

wastewater depollution, including the desorption method, have already been developed and 540 

implemented. Nano-ZnO was produced via precipitation and used as an adsorbent to remove 541 

dyes from aqueous solution. SEM, XRD, and FTIR techniques were used to characterize the 542 

as-prepared nano-ZnO, which revealed a fiber-like and wurtzite structure. The as-prepared 543 

nano-ZnO was applied to the removal of AB 92 dye, a model dye, from aqueous solution to 544 

investigate its efficiency. The adsorption study was carried out with variations in dye 545 

concentration, solution pH, adsorbent dosage, and temperature in order to optimize the 546 

experimental conditions. For 45.32 mgL-1 of AB 92, pH 7.0, adsorbent dosage 1.00 gL-1 at 311 547 

K, the maximum removal of AB 92 was found to be 78 percent. According to the adsorption 548 

studies, the adsorption process of AB 92 onto nano-ZnO strongly followed both the Freundlich 549 

pH<8.9 pH>8.9

Before adsorption Adsorption After adsorption Desorption

NaOH
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and Temkin’s models. The adsorption process appears to be both endothermic and 550 

spontaneous, according to thermodynamic studies. The kinetics data revealed that the 551 

adsorption process followed pseudo-second order kinetics very closely. The fiber-like nano-552 

ZnO had a high surface area with a positive surface charge (pH≤8.9) and showed enhanced 553 

adsorption ability with good recyclability for the removal of the anionic AB92 dye, but only 554 

5% removal for the cationic dyes, MB and RB. It is, therefore, concluded, that the prepared 555 

nano-ZnO fiber can be used to remove anionic dyes from aqueous industrial effluents and may 556 

be an effective adsorbent in the real world. 557 
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