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ABSTRACT 

 

This work presents a biosynthesis of zinc oxide nanoparticle (ZnO NPs) from  the Vigna unguiculata L 

extract via co-precipitation method. The prepared photocatlyst was characterized using  

thermogravimetric differential thermal analysis (TG-DTA), Bruneur-Emmett-Teller (BET), X-ray 
diffraction (XRD), ultraviolet-visible (UV/Vis), Fourier transform infra-red (FT-IR) and energy 

dispersive x-ray  fluorescence (EDXRF) analyses.TG-DTA results revealed that the calcination 

temperature was found to be 600 ℃. BET specific surface area was 190.04  m2g-1. The average crystallite 
size and band gap values were 50.10 nm and 3.25 eV, respectively. FT-IR analysis demonstrated that the 

vibrational absorption band of 637 cm-1 corresponds to the Zn-O bond.  EDXRF result confirmed the 
presence of Zn and O atoms in the ZnO. The optimal degradation efficiencies of 98.05 & 97.51,  96.58 & 

95.65, 96.45 & 94.98 and 96.75  & 93.25  %  were achieved at 10.00 mg/L eriochrome black t (EBT)/ 

methylene blue (MB) initial concentrations,  1.50 g/L  ZnO dosage, initial pH  of 9.00 and 50.00 ℃ initial 
temperature  in 120.00 min irradiation time  respectively. The photocatalytic removal of EBT and MB 

over ZnO NPs was followed pseudo-first order kinetics with apparent rate constant of 5.33 x 10-2 and 4.91 

x 10-2 s-1
,
 respectively. Activation energy (Ea), enthalpy change (∆H), entropy change (∆S) and Gibbs free 

energy change (∆G) were  + 8.94 & + 14.65 k J mol-1,  + 6.27 & + 12.02 k J mol-1, - 82.86 & - 61.56 J 

mol-1K-1 and + 31.37 & + 30.67 k J mol-1  for the photocatalytic removal of EBT and MB, respectively 
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1.     INTRODUCTION 

     Bio-nanotechnology is a one of the forefront and 

promising technology that attracted the interest of many 

scholars, researchers, and engineers due to its wide 

applications in biomedical, photocatalysis, energy 

conversion, solar cells and food processing in the world [1-

4]. This technology also known as green nanotechnology 

and it involves the production of nanoparticles usually 

ranging from the 1.00-100.00 nm from the extract of 

biological sources [5, 6]. Some of the common examples of 

nanoparticles include ZnO, TiO2, CuO, ZrO2, WO3, Cu2O, 

Fe2O3, ZnS, ZrS, SrO2, CuS, and ZTO [7-12]. Today, zinc 

oxide nanoparticles (ZnO NPs) have been recognized as one 

of the promising candidate for photocatalytic applications 

due to its chemical stability, non-toxic, low cost, 

environmental friendly species, highest conversion 

efficiency, photocatalytic performance and physicochemical 

properties as compared to the abovementioned counterpart 

photoresponsive nanoparticles [13-16]. On the other hand, 

the synthesis of ZnO NPs has been reported by the different 

physical and chemical approaches such as sol-gel, 

solvothermal, thermal evaporation, hydrothermal, 

mechanochemical, precipitation, co-precipitation, sputtering 

oxidation, micro-emulsion, chemical vapor dispersion, 

electroplating, atomic layer decomposition, anodic oxidation 

and green methods [17-20]. The conventional methods for 

preparation of ZnO NPs used harmful chemicals, high 

energy consumption, and generate hazardous byproducts, 

rising environmental problems and health concerns [21].  
 

Recently, a green approach has been considered as a 

beautiful and reliable alternative method for the synthesizing 

ZnO NPs [22]. Green synthesis is also called biosynthesis 

and it involves the use of plant extracts, fungi, and bacteria 

to develop nanomaterial formation [23]. Many literatures 

demonstrated that among the various biological resources, 

plant extracts are preferred for green synthesis because of 

their availability, low cost, friendly species and rich content 

of bioactive compounds which act as capping, reducing and 

stabilizing agents [24].  Vigna unguiculata L (bean leave) is 
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a widely cultivated leguminous plant that contains 

polyphenols and antioxidants, making it an excellent 

candidate for green synthesis of ZnO NPs. Moreover, Vigna 

unguiculata L extract was used in this study due to its 

availability, low cost, having self-fertilizer and growth fast 

in comparison with other plant extracts [25]. Additionally, 

the use of Vigna unguiculata L extract not only elevates an 

environmentally friendly synthesis route but also enhances 

the photocatalytic performance for the prepared ZnO NPs, 

potentially increasing their applications in photocatalysis 

[26].  

 

However, the photocatalytic activities for the 

biosynthesized ZnO NPs were evaluated using EBT and MB 

dyes as model substrates. EBT is an anionic dye that 

belonging to anionic-azo-group of organic dyes while MB is 

a cationic dye that belonging to cationic-azo-organic dyes. 

Both the EBT and MB dyes are extensively used in the 

textile, paper, leather, ceramic, paints, rubber and 

pharmaceutical industries as the coloring materials of their 

final products [27, 28]. These industries however, 

discharged their effluents directly into the aqueous 

environment without proper treatment. Many literatures 

reported that about 17.00-20.00 % of industrial water 

pollutions were caused by the dyeing process in which EBT 

and MB have been listed among the priority pollutants [29]. 

Various wastewater treatment methods like precipitation, 

distillation, filtration, adsorption, biodegradation, reverse 

osmosis, ultra-filtration, and decantation for the removal of 

EBT and MB dyes have recorded and insignificant responses 

were obtained [30-35] due to high solubility in water, large 

molecular weight and stability of EBT and MB dyes [36]. 

Secondly, most of these classical methods abovementioned 

were expensive, time consuming and required extra planning 

[36]. 

Nowadays, heterogeneous photocatalysis has been 

recognized as an excellent technology used for the 

photodegradation of EBT and MB dyes due its advantages 

such as absence of sludge, secondary pollutants, and 

conversion of recalcitrant into environmentally friendly 

carbon dioxide (CO2) and water (H2O) over than the 

conventional methods [37]. This technology however, 

involves the use of holes and hydroxyl radical significantly 

harvested from the light excited photoresponsive catalyst 

[38]. Today, the photocatalytic of degradation of EBT and 

MB dye have been extensively investigated by many 

scholars and researchers. For instance, Yusha’u et al [39] 

reported the sol-gel synthesis of ZnO NPs for optimized 

photocatalytic degradation of EBT under UV light 

irradiation. The optimum photodegradation efficiency of 

96.59 % was obtained at 15. 00 mg/L of EBT dye, 0.40 g/L 

catalyst dosage and initial pH of 9.00. Auwal and Gaya [40] 

investigated the mechanochemical synthesis of C-doped 

ZnO NPs for enhanced photocatalytic degradation of EBT 

dye. The optimum degradation efficiency of 97.00 % was 

achieved at 5.00 mg/L of EBT dye, 0.10 g/L C-doped ZnO 

and pH of 11.00 using face central composite design (FCCD) 

of the response surface methodology (RSM). Similarly, 

Yusha’u et al [41] studied the visible light induced 

photocatalytic removal of MB using Cu-tunable p-type ZnO 

NPs. The optimum photodegradation efficiency of 98.00 % 

was found at 0.30 g/L catalyst dosage, 10.00 mg/L initial 

MB dye concentration and initial pH of 6.00. The 

degradation model was statistically remarkable with p < 

0.0001 % in which the MB initial concentration and solution 

pH were the most significant variables influencing the 

removal of MB over Cu tunable p-type ZnO photocatalyst 

under visible light irradiation. The photocatalytic 

degradation of MB using the undoped and Cu-doped ZnO 

NPs followed pseudo-first kinetics scheme.  

 

Accordingly, Khan et al [42] reported the green 

synthesis of ZnO NPs using peels of Passiflora foetida 

extract for the degradation of hazardous organic dyes. The 

ZnO NPs exhibit excellent degradation efficiency towards 

organic pollutant dyes, i.e., Methylene blue (93.25 % 

removal) and Rhodamine B (RhB) (91.06 % removal) in 

70.00 min, under natural sunlight with apparent rate constant 

0.0337 min-1 (R2 = 0.9749) and 0.0347 min-1 (R2 = 0.9026) 

respectıvely. Additionally, Setyarsih et al [43] investigated 

the green synthesis of ZnO NPs from Pineapple skin for 

photodegradation of congo red (CR) dye. The effectiveness 

of the photodegradation of the synthesized ZnO NPs was 

altered by the mass of the catalyst under the duration of UV 

light irradiation. Catalyst masses of 5.00, 8.00, 10.00, 12.00, 

20.00 and 30.00 mg were able to degrade CR dye with a 

concentration of 30.00 ppm, respectively 93.51, 93.87, 

95.15, 96.15, 97.72 and 97.08 % after irradiation for 210.00 

min. With the large percentage of CR dye photodegradation, 

the ZnO NPs resulting from the research showed good 

photocatalytic activity. In another work separately, Alprol et 

al [44] recorded the green synthesis of ZnO NPs using 

Padina pavonica extract for efficient photocatalytic 

degradation of methylene blue. The synthesized NPs, 

characterized by Fourier transform infrared (FT-IR) 

spectroscopy, scanning electron microscopy (SEM), energy 

dispersive x-ray (EDX) spectroscopy and zeta potential, 

demonstrated high adsorption capacity (Qm = 192.308 mg g-

1) and excellent removal efficiency (> 98.00 %)  for MB at 

low concentrations. Langmuir isotherm and pseudo-second 

order kinetic models best fit the experimental data., 

suggesting monolayer adsorption and chemisorption as the 

primary mechanisms. Moreover, Kahsay et al [45] studied 

the green synthesis of ZnO nanostructures from Dolichos 

lablab L extract for photocatalytic and bactericidal 

applications. The results showed the highest efficiency of 

photodegradation of ZnO nanostructures for methylene blue 

(MB) (80.00 %), rhodamine B (RhB) (95.00 %) and orange 

II (O II) (66.00 %) at pH values of 11.00, 9.00 and 5.00 

respectively, in 210.00 min time interval. In addition, the 

antimicrobial activity of ZnO nanostructures using the agar 

well diffusion method against Bacillus pumilus and 

Spingomonas paucimobilis showed the highest zones of 

inhibition of 18.00 mm and 20.00 mm, respectively.  Hence, 

ZnO nanostructures have the potential to be used as a 

photocatalyst and bactericidal component. 



Malaysian Journal of Catalysis 10 (2026) 73-93 
 

75 

 

 

Despite the coexisting works available in the 

scientific literatures, the green synthesis of ZnO NPs from 

Vigna unguiculata L extracts has not been previously 

investigated. Secondly, the thermodynamic investigation for 

decomposition processes during the biosynthesis of ZnO 

NPs from Vigna unguiculata L extract has not been 

investigated previously. Additionally, the kinetics and 

thermodynamics studies of the photocatalytic degradation of 

EBT and MB over the biosynthesized ZnO NPs from Vigna 

unguiculata L extract also have not been reported previously 

in the existing literatures. Therefore, this work aimed to 

study the green synthesis of ZnO NPs from Vigna 

unguiculata L extract for thermodynamic studies of the 

photocatalytic degradation of EBT and MB dyes under 

ultraviolet (UV) light irradiation. Similarly, the effects of 

primary parameters such as EBT and MB initial 

concentration, catalyst dosage, initial pH, and initial 

temperature were investigated. Moreover, the radical 

scavenger and durability tests were also evaluated. Finally, 

the results obtained from this work were compared with that 

of the recent previous related works recorded in the relevant 

scientific literatures. 

2.     EXPERIMENTAL 

2.1  Materials 

        All the materials used in this study were used as 

received from the manufacturer and they are all in analytical 

grade. These materials include zinc acetate dehydrate 

(Zn(CH3COO)2 .2H2O, 98 %;  Sigma Aldrich), sodium 

hydroxide (NaOH, 97 %; Merck), dil. hydrochloric acid 

(HCl, 98 %; Sigma Aldrich), ethanol (C2H5OH, 96 %; 

Merck), butanol (C4H9OH, 95 % ; Sigma Aldrich), 

benzoquinone (C6H4O2 , 97 %; Merck), ammonium oxalate 

((NH4)4C2O4,  98 % ; Merck), deionized water (H2O, highly 

pure; Fudma Lab), eriochrome black t (C20H12N3NaO9S,  98 

%;  Sigma Aldrich), methylene blue   (C16H18N3ClS, 98 %; 

Merck) and bean leaves obtained from the Garden 

Department of Biology Faculty of Life Sciences, Federal 

University Dutsin-Ma (FUDMA). 

 

2.2  Vigna unguiculata L collection and identification  

 

The local and market names of the sample used in this 

study was bean which is a popular herbaceous annual plant 

grown and cultivated for edible dry seeds or green and unripe 

pods. Its leaf is widely used as a vegetable, straw as fodder 

and functions as a protein in the biological system. This 

species adopted different environmental conditions due to 

self-nutritional nature on comparison with the other species 

of plants. Both the seed and leaves of bean served as a 

protein and produced higher yields of agricultural products. 

Bean leaves are more versatile in the aqueous ecosystems 

due to its self-nutritional properties, ability to adopt different 

environmental conditions, and higher yields of agricultural 

products. However, bean leaves were used because it’s 

possessed self-nutrients and fast growing than the other 

counterpart plants at various surrounding environments. On 

the other hand the scientific name of bean is called Vigna 

unguiculata L. The Vigna unguiculata L was collected from 

the specific areas (from the east, west, south, north and 

center point)  [44]. The plant specimens were identified at 

Herbarium of the Botanical Garden of  Faculty of Life 

Science Department of Biology Federal University Dutsin-

Ma (FUDMA), Katsina State Nigeria. After the 

identification by the expert then the samples were 

thoroughly washed multiple times with tap water, followed 

by rinsing with deionised water to eliminate any adhering 

dust, debris or other particulates. After cleaning, the samples 

were air-dried at room temperature for several hours and 

then ground into fine a fine paste. The shape of Vigna 

unguiculata L is presented in Figure 1. 

 

Figure 1. Shape of Vigna unguiculata L 

 

2.3  Preparation of Vigna unguiculata L extract   

 

The procedure reported by Basit et al [46] was 

adopted and modified for the current study. In this method, 

the fresh leaves of Vigna unguiculata L were washed several 

times with deionized water to remove debris, dust, dirt and 

suspended particles. Then the leaves were dried in the dark 

at room temperature (RT) for two (2) weeks. The dried 

leaves were ground with a mortar and pestle. An amount of 

20 g of leaves powder was taken into 500 ml of deionized 

water and boiled at 60 oC for 4 hours through magnetic stirrer 

at stirring speed of 600 rpm. The resulting extracted solution 

was allowed to cool and filtered by using Whatman filter 

paper No. 1. The filtrate was used to prepare ZnO 

nanoparticles. 

 

2.4  Synthesis of zinc oxide nanoparticles (ZnO NPs) 

 

       Green synthesis of ZnO NPS reported by Selim et al. 

[47] and Abegunde et al [48] was adopted and altered for the 

present synthesis via precipitation method. The solution 

prepared with 20.00 ml of Vigna unguiculata L extracts, 

80.00 ml of deionized water and 5.93 g  of zinc acetate 

dehydrate (Zn(CH3COO)2∙2H2O) was set-up .Then stirred at 

temperature 90oC, constant speed at 500 rpm for 23.00 min 

and then homogenized for 5 min by constant stirring 

using magnetic stirrer. Then sodium hydroxide 

(0.05MNaOH) was added drop wise to the solution till pH 

11. The past was formed after continuous heating and 

stirring then dried overnight in an oven. The resulting 

powder was evaporated at 80 oC for 10 hours and calcined at 

600oC for 2 hours using muffle furnace to obtain ZnO NPs.   
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2.5       Characterization of ZnO NPs  

 

      The synthesized ZnO NPs were subjected for 

characterization using a powerful analytical techniques such 

as x-ray diffraction (XRD), ultraviolet-visible (UV-Vis) 

spectrometry, energy dispersive-x-ray fluorescence 

(EDXRF), Fourier transform infra-red (FTIR) spectroscopy, 

thermogravimetric differential thermal analysis (TG-DTA), 

nitrogen adsorption-desorption (Brunaue-Emmit-Teller 

(BET) and Barrot-Joyner-Halenda (BJH)) analysis to 

determine the crystallite size, band gap energy, elemental 

composition, functional group, thermal stability, specific 

surface area and pore size respectively. However in XRD 

analysis, the XRD patterns of as synthesized catalysts were 

recorded using Philip Pert powder x-ray diffractometer  

(Philip Pert-X ; Philip-Pert Company) having CuKα 

radiation (λ= 1.56877Å, 30kVand 30mA) and scanned at the 

rate of 0.05s/step and 2θ range of 0 to 70o. For the band 

determination, Perkin Elmer diffuse reflectance ultra violet-

visible spectrophotometer (Perkin Elmer Lambda-35; Elmer 

Company) was used to measure the band gap energy of the 

as synthesized catalysts. It is done by scanning of a catalyst 

over wavelength range of 200-800 nm. For the measurement 

of elemental composition an EDXRF Spectrometer (E-max-

80; E-max company) was used, Similarly, for determination 

of functional group of developed ZnO NPs a FT-IR – 

Spectrophotometer (Agilant Carry-35; Agilant Company) 

was used. While thermal stability was determined using 

PerkinElmer thermal analyser (version-43; Toledo 

Company). Lastly the specific surface area and pore size 

distribution were estimated using Quantachrome (version-

11.03) in which N2 gas was used as adsorbate during the 

analysis. 

  

2.6  Scanning and calibration experiments 

 

  To determine the maximum wavelength (λmax) and 

calibration curve for the EBT and MB dyes, a stock solution 

(1000.00 mg/L) was prepared by dissolving 1000.00 mg 

(1.00 g) of the desired dye (EBT or MB) in 1000 cm3 (1.00 

L) of deionized water in a non-transparent amber bottle. 

Thereafter a series of the concentrations such as 2.00, 4.00, 

6.00, 8.00, 10.00, 12.00 and 14.00 mg/L were prepared from 

the mother solution using dilution formula. However, 

deionized water was used to zero the Perkin-Elmer lambda 

35 UV-Visible Spectrophotometer. The spectrum was taken 

in the range of 200 – 800 nm. The highest peak was for EBT 

and MB were taken and used during the entire experimental 

procedure. The calibration plot of absorbance versus 

concentrations was used to convert absorbance data into 

concentration via Beer Lambert law. 

 

2.7  Photocatalytic experiment 

 

In this work, the photocatalytic performance of the 

ZnO has been evaluated in the degradation of eriochrome 

black t and methylene blue dyes under ultraviolet (UV) light 

(96 W tungsten lamp) irradiation in a typical photoreactor. 

The amount of photocatalyst determined in the experiment 

plan was dispersed in 200 mL of dye solution (10 mg/L 

EBT/MB dye. Where required, the pH of the solution was 

adjusted using 0.05 M NaOH and 0.05 M HCl solution. 

During the reaction process, oxygen was continuously 

bubbled through the mixture to avoid change in the 

concentration of dissolved oxygen. Before light irradiation, 

the solution was stirred for 20 min in the dark at room 

temperature to reach the adsorption-desorption equilibrium.. 

Thereafter, aliquots of 5.00 ml test samples were let out of 

the sampling tab at periodic intervals of time (20 min), which 

was immediately filtered with cellulose nitrate filter (0.45 

μm) to separate ZnO from the solution. The residual 

concentration of EBT and MB dyes solution were measured 

at 521 and 661 nm respectively using Perkin Elmer Lambda 

35 UV-Vis spectrophotometer. The percentage efficiency (D 

%) was be calculated using Equation 1 

 

𝐷% = 1 −
[𝑑𝑦𝑒]𝑡
[𝑑𝑦𝑒]0

× 100                                                      (1) 

 

Where [dye]o and [dye]t are the initial and final 

concentration of dye, and t is the irradiation time. The effects 

of EBT and MB dyes initial concentrations, catalyst dosage, 

initial pH and initial temperatures were investigated and the 

degradation efficiencies were calculated using Equation 

1.Similarly, a comparative study such as dark adsorption and 

photolysis over the biosynthesized ZnO NPs was also 

determine. These was compared with photocatalysis over 

ZnO photocatalyst. 

  

2.8  Control experiment 

 

   Systematic control experiments for the photocatalytic 

degradation of EBT and MB over the  ZnO catalyst under 

ultraviolet (UV) (96 W halogen lamp) irradiation and natural 

sunlight illumination at optimal reaction conditions were 

conducted and compared with the photocatalysis of EBT and 

MB using ZnO catalyst under visible (300 W Xenon lamp 

emitting at 400 nm) light irradiation.). The percentage 

removal were calculated using Equation 1  
 

2.9  Radical scavenger tests 
 

         To investigate the major role of reactive radicals that 

was generated during the photocatalytic removal of EBT and 

MB over ZnO NPs, the main reactive radicals and holes was 

detected through radical scavenging experiments. During the 

photocatalytic process, the holes (h+), hydroxyl radical 

(•OH) and superoxide radical (•O-
2) are trapped by adding 

ammonium oxalate (AO), (h+ scavenger), t-butanol ((•OH 

scavenger), and p-benzoquinone ((•O-
2 scavenger) into the 

reaction solution respectively. Typically, 10.00 mg of ZnO 

NPs and 10.00 mM of radical scavengers was introduced 

into 10.00 mg/L of EBT/MB solution, then the suspension 

was irradiated using the 96 W of tungsten lamp emitting at 
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253 nm for the same time. Finally the EBT/MB 

photodegradation efficiencies were calculated using 

Equation. 

 

2.10   Durability tests 

       In order to evaluate the durability of the ZnO 

nanoparticles, a systematic experiment was performed at the 

optimum conditions of the photocatalytic removal of EBT 

and MB dyes over the ZnO NPs. Residual catalyst from 

degradation experiment was filtered, washed and dried and 

then recycled in fresh experiment and the percentage 

degradation was calculated using Equation 1  

 

 

2.11  Kinetic profile 

 

      To investigate the kinetics of the photocatalytic 

degradation of EBT and MB dyes using biosynthesized ZnO 

NPs, experiments were conducted at optimal conditions and 

kinetic data were tested using the pseudo-zeroth order, 

pseudo-first order and pseudo-second order kinetic models 

as presented in Equation 2-4 

 

[dye]0
[dy]t

= −𝑘 t                                                                        (2) 

 

 

ln
[dye]0
[dy]t

= 𝑘𝑎𝑝𝑝 t                                                                (3) 

 

  
1

[dye]t
−

1

[dye]0
= 𝑘 t                                                           (4) 

 

Where [dye]0 and [𝑑𝑦𝑒]𝑡 are the initial and final 

concentration of eriochrome black t/methylene blue, t is the 

irradiation time, 𝑘 and 𝑘𝑎𝑝𝑝 are the rate constant and 

apparent rate constant respectively for pseudo-zeroth, 

pseudo-second order and pseudo-first order reactions 

respectively. The basic kinetic parameter (k) was calculated 

from the plot of 
[dye]0

[dye]t
 against t for pseudo-zero order 

kinetics. Similarly, a plot of ln
[dye]0

[dye]t
 versus t gave a linear 

graph that passing through the origin and the apparent rate 

constant; 𝑘𝑎𝑝𝑝 (min-1) was estimated from the slope. While 

the plot of 
1

𝑑𝑦𝑒
 against t also gave a linear graph that passing 

through the intercept in which the EBT/MB initial 

concentration was calculated from intersect and rate constant 

(k) from the slope. 

 

2.12  Thermodynamic scheme 

 

        To determine the effects of crucial and important 

parameters such as activation energy (Ea), enthalpy change 

(∆H), entropy change (∆S) and Gibbs free energy change 

(∆G) for the photocatalytic removal of eriochrome black t 

and methylene blue over zinc oxide catalyst, an experiments 

were conducted at different temperatures (30, 40, 50, 70 and 

90 ℃). At each temperature, the concentration of 

corresponding dye was determined at different interval of 

time (20.00 min) and the apparent rate constant (kapp) was 

determined using pseudo-first kinetic (Equation 3). 

Furthermore, at each 30, 40, 50, 70 and 90 ℃  the 

corresponding 𝑘𝑎𝑝𝑝 were calculated and the activation 

energy for the processes was determine using Svent 

Arrhenius expression (Equation 5) 

 

ln 𝑘𝑎𝑝𝑝 = In A  −
Ea
R
 (
1

T
)                                                     (5) 

 

Where 𝑘𝑎𝑝𝑝  is apparent rate or velocity constant, A is the 

pre-exponential or stearic factor, 𝐸𝑎 is the activation energy, 

R is the molar gas constant and T is the temperature. The plot 

of 𝑙𝑛 𝑘𝑎𝑝𝑝 versus 
1

𝑇
 yield a linear graph with the intercept in 

which the𝐸𝑎 can be obtained from the slope and A from the 

intercept While ∆H, ∆S and ∆G for the photocatalytic 

removal of EBT and MB dyes were obtained using the 

following expressions (Equation 6-8) 

 

 ∆H = Ea − RT                                                                         (6) 
 

 ln (
𝑘𝑎𝑝𝑝

T
) = −

∆H

R
(
1

T
)   +      

∆S

R
 +    ln (

kB

h
)                       (7)  

 

and 
 

∆G = ∆H − T∆S                                                                    (8) 
 

Where 𝑘𝐵 is Boltzmann constant, h is planck’s constant, ∆S 

is entropy change and ∆G is the Gibbs free energy change. 

Similarly, Plotting  ln (
𝑘𝑎𝑝𝑝

T
) against 

1

𝑇
 gave a linear graph 

with intercept in which ∆H was evaluated from the slope and 

∆S was calculated from the intercept.  While equation 4 and 

6 were used to determine the enthalpy change and Gibbs free 

energy change at various temperatures. 

 

3.     RESULTS AND DİSCUSSİON  

 

3.1  Characterization of ZnO NPs 

 

3.1.1  Thermogravimetric differential thermal analysis 

(TG-DTA)  

 

        In order to estimate the thermal stability and 

thermodynamic parameters such as thermal activation 

energy, enthalpy, entropy and Gibbs free energy of 

activation [49-51] of decomposition processes for the 

biosynthesized ZnO NPs, a thermogravimetric differential 

thermal analysis (TG-DTA) was performed and the result 

obtained is presented in Figure 2. TG measurement is 

primarily used to estimate the composition of ZnO 

photocatalyst and to predict their thermal stability up to 
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elevated temperatures while DTA is primarily used to 

determine the exothermic and endothermic nature of the 

processes [49]. However, the TG-DTA of the studied 

catalysts was conducted from 30-950 ℃ at heat rate 

10.00℃/min as typical calcination temperature for ZnO and 

fall between 500.00-888.40 ℃. However, it can be seen that 

Figure 2 shows that there was consecutive weight loss in 

ZnO catalyst precursors at different stages. It is also clear 

from Figure 2 that there were three steps of decomposition 

processes during the biosynthesis of ZnO NPs. Furthermore, 

Table 1 represents the decomposition steps, temperature, and 

peak temperature and weight loss for ZnO photocatalyst. 

The result presented in Table 1 indicates that in the first 

decomposition step, there is a minor percentage weight loss 

(4.12 %) at around 34.00-320.00 ℃ due to moisture and 

volatile solvent desorption for the ZnO [51, 52]. The second 

decomposition step is the major percentage weight loss 

(84.98 %) in the temperature range of 320.00-530.00 ℃ is 

due to the adsorbed gases such as carbon (iv) oxide (CO2), 

carbon (ii) oxide (CO) and intrinsic water crystallization 

(H2O) in the decomposition [53]. The latter process in the 

TG-DTA thermogram there is insignificant percentage 

weight loss of H2O and CO2 (3.00 %) in the temperature 

range 530.00-870.00 ℃ for the ZnO NPs. This shows that 

the decomposition of catalyst precursor is almost completed 

before 600.00 ℃ was attained. This implies that 600.00 ℃ 

would be a satisfactory temperature for the precursor 

decomposition. The chosen temperature for calcination of 

ZnO catalyst precursor was 600.00 ℃ as the final percentage 

weight loss even begins before this point for the ZnO 

photocatalyst.  

  

 The difference in thermal decomposition behaviour 

of the studied photocatalyst can be seen more clearly from 

curves shown in Figure.2. TG-DTA curves show three 

temperature broad peaks Tk corresponding to three 

decomposition region (Table 1) for the ZnO NPs. It is noted 

that the peak temperature Tk of TG-DTA of ZnO in all 

regions are shifted to lower temperatures.  

According to the Coats-Redfern method for first order 

reaction (Equation 9), 

 

ln [
− ln(1−δ)

T2
] = −

E∗

RT
+ ln

AR

βE∗
                                                  (9) 

 

   Where A is constant, β is the heating rate, R is the universal 

gas constant, δ is fraction of decomposition and E∗ is the 

activation energy. Therefore the plotting ln [
− ln(1−δ)

T2
] 

against 1/T according to the equation 7 should give a straight 

line whose slope is directly proportional to the activation 

energy (-
E∗

RT
).

 
Figure 2 TG-DTA curve of ZnO nanoparticles 

 
Table 1: TG-DTA data for the biosynthesized ZnO photocatalyst 

Catalyst Region of 

decomposition 

        Temperature (℃) 

Start        End     Peak Temp 

  Weight loss (%) 

Partial        Total           Residual        Comments 
 

1st 34            320      100 4.12                                                     Loss of water 

ZnO 2nd 320          530      230 84.98           92.00             8.00           Loss of CO2 

 3rd 530          870      410 88.00                                                   All most    complete 
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Tp : Peak temperature of TG-DTA 

 

 The activation entropy,∆S∗, the activation enthalpy 

∆H∗, and the free energy (Gibbs function ∆G∗) were 

calculating using the following expression (Equation 10-12)  

[51] 

 

∆S∗ = 2.303 [log
Ah

kT
] R                                                  (10) 

 

∆H∗ = E∗ − RT                                                               (11) 
 

∆G∗ = ∆H∗ − T∆𝑆∗                                                         (12) 

     

However, the calculated thermodynamic parameters values 

are given in Table 2. 

 

 

 

Table 2: TGA-DTA thermodynamic parameters for ZnO photocatalyst 

Catalyst  E∗ (kJ mol−1) 
2nd           3rd 

∆S∗ (JK−1 mol−1) 
2nd           3rd 

∆H∗ (kJ mol−1) 
2nd           3rd 

∆G∗ (kJ mol−1) 
2nd           3rd 

ZnO +123         +165 -45           -35 +130         + 120 +146        + 178 

From the result presented in Table 2, it is clear that 

the values of ∆H∗ , ∆G∗ and ∆S∗  for the biosynthesized 

catalyst increases from the second to third decomposition 

steps. This indicates that moving from one decomposition 

step to another cause an increase of thermal motion and a 

decrease of both thermal stability and the ordered of that 

system. Comparing these results, the nature of the second 

decomposition region is relatively low thermal motion, more 

orderliness and relative thermal stability of most samples 

with respect to the third decomposition process. The 

activation energies for this system are small at second stages 

of decomposition and high at the high stages. These lower 

values are most likely associated with the processes that 

occur during the formation of Zn-O system [53]). 

Additionally, the positive value of ∆G∗ and negative value of 

∆S in the second and third steps for the decomposition 

processes indicated that the process is non-spontaneous 

while the positive signs for the ∆H∗ shows that the 

decomposition process during the biosynthesis of ZnO NPs 

is endothermic in nature. 

 

3.1.2  X-ray diffraction (XRD) analysis 

 

In order to determine the microstructure, lattice 

phase, average crystallite size, lattice strain, specific surface 

area, morphology index and purity for the biosynthesized 

ZnO NPs, an x-ray diffraction (XRD) analysis was 

conducted and the result obtained is displayed in Figure 3.  

 

 
Figure 3 XRD patterns of biosynthesized ZnO NPs 

 

As observed in Figure 3  the intense peaks at 2θ 

values of 28.52, 30.90, 31.68, 32.53, 34.34, 36.17, 42.56, 

47.44, 50.65, 56.12, 56.50, 60.59, 62.76, 66.31, 67.85 and 

68.99° were corresponds to the miller index plane (111), 

(100), (002), (211), (101), (210), (102), (121),(110), (103), 

(200), (112) and (201) of ZnO NPs respectively. These 

patterns of the bioprepared ZnO nanoparticles were 

consistent with that of the standard wurtzite structure of ZnO 

(JCPDS card no. 04-005-4711). 

 

Furthermore, there were no impurity peaks in the 

observed XRD pattern indicating that the biosynthesized 

photocatalysts were pure. To confirm the crystal structure 

and shape, the structural parameters like interspacing 

distance, lattice parameters  such as a, b, c and 

volume of unite cell of the prepared catalyst was calculated 

and compared with that of standard (Equation 13-15) [50] 
 

a = b =
λ

√sinθ100
                                                                 (13)  

 

 c =
λ

sinθ002
                                                                           (14) 

 

                                           

V = 0.866 × a2 × c                                                            (15) 
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The plane d-spacing (d hkl) with the lattice parameters a, b 

and c and the Miller indices (hkl) is calculated via the 

theoretical Equation 16 and Bragg Equation 17  

 
1

𝑎2
= [

ℎ2+ℎ𝑘+𝑘2

𝑎2
] +

𝑙2

𝑐2
                                                         (16)    

 

  d =
λ

2sinθ100
                                                                        (17)     

 

Where a, b and c are the lattice constants, λ is the wavelength 

of X-ray radiation (1.5406 Å), θ is the Bragg angle, d hkl is 

the spacing distance, hkl is the miller indices, and V is the 

volume of unit cell. The calculated a, b and c values for the 

prepared ZnO NPs are presented in Table 3. 

 

Table 3: Structural parameters of ZnO photocatalyst 

Catalyst  d100  (Å)    Lattice parameter (Å) 

  a = b        c 

   Crystal structure    c/a    Volume of unit    

       cell (Å) 

ZnO 2.8115 3.2466     5.2031 Hexagonal  wurtzite    1.6026       47.4939 

    Note that: the ratio  c/a is the relationship between the lattice parameter of he synthesized ZnO NPs 

 

 

From the Table 3, the estimated structural parameters values 

for bio-prepared ZnO NPs were matched with that of 

standard hexagonal wurtzite structure of ZnO[54]. These  

also clearly indicated that the bio-prepared ZnO was the 

hexagonal wurtzite in nature. While the average crystalline 

size of the as biosynthesized catalysts was obtained by using 

a well-known expression of Debye-Scherer equation 

(Equation 18) [54] 
 

D =
kλ

βcosθ
                                                                           (18) 

 

 

where D is the average particle size, k is the Debye- Scherer 

(D-S) constants 0.89, λ is the wavelength of the x-ray 

radiation, β is the full width of half maximum intensity 

(FWHM) in radiation, θ is the diffraction angle at the 

position of peak maximum. The relationship between the 

crystallite size and lattice strain due to crystal imperfection 

and distortion was studied using the Williamson-.Hall 

method (Equation 19). [55, 56], 
 

βcosθ =
kλ

D
+ 4ε × sinθ                                                  (19) 

 

 

where D and ε are the crystallize size and lattice strain 

respectively. The crystallite size was calculated from y 

intersect of the plot βcosθ against sinθ. While the lattice 

strain (ε ) was calculated from the slope. However, the XRD 

row data also were used to estimate the SSA of the as 

synthesized ZnO, via the following theoretical equation 

(Equation 20 and 21), 

 

SSA =
6000

D×ρ
                                                                           (21)    

                                                         

SSA =
S. A

V × ρ
                                                                        (20) 

 

where V is the volume of unit cell, SA is the surface area, ρ 

is the density of catalyst and SSA is the specific surface area.  

While the bond length for the bio-prepared Zn-O bond was 

calculated using Equation 22 [57], 

L = √[(
𝑎2

3
) + (0.5 − 𝜇)2 × 𝑐2]                                   (22) 

where L is the bond length, (𝜇) is the positional parameter of 

the wurtzite structure that indicates the extent of atoms 

displacement relative to the following plane in c axis as 

expressed with equation (Equation 23) [58]. 

  μ =
𝑎2

3𝑐2
+ 0.25                                                                (23) 

Moreover, the average crystallite size, surface area, lattice 

strain and bond length were also estimated for ZnO catalyst 

and the results are presented in Table 4. 

 

Table 4: Average crystallite size of ZnO NPs estimated using Debye-Scherer and Williamson-Hull equation. 

Catalyst Crystallite size, D-S                       

 (nm) 

Crystallite size, W-H  

    (nm) 

Lattice strain (ℇ x 10-3) Surface area  

    (m2g-1) 

Bond length L (Å) 

ZnO  50.10   87.23    3.11    74.98     1.951 

The results in the Table 4 elaborates that the average 

crystallite size of the ZnO) was found to be 50.10 nm (Table 

4). On the other hand the surface of ZnO was found to be 

74.98 m2g-1. These indicate that as the average crystallite 

size decreases and the surface area of ZnO was increased 

[57]. These finding were in good agreement with many 

results reported in the literature 41, 42,[44, 45, 57, 58]. 

However, the surface area for ZnO catalyst was estimated by 

the Debye-Scherer’s (D-S) and Willianmson-Hull (W-H) 

models and the results were compared in which the surface 

area estimated by W-H model is higher than the one 

estimated by the D-S. These differences might to arise due 

the different models but the two models followed the same 
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trend. On the other hand the estimated bond length value of 

ZnO was found to be 1.951 Å (Table 4).  

 

3.1.3  FT-IR analysis 

 

  The functional groups and vibration bond of the bio-

synthesized photocatalyst was determined by the FT-IR 

spectrum in the wavenumber range 4000-500cm-1[58, 59]. 

The FT-IR spectrum of the ZnO catalyst is depicted in 

Figure 4. 

 
Figure 4. FT-IR spectrum of ZnO NPs 

 

Figure 4 indicates the present of different functional groups 

and their corresponding vibration bonds and the summary is 

presented in Table 5. 

 

Table 5: Functional groups and the vibration bonds present 

in the, ZnO nanoparticles 

S/NO Catalyst Wavenumber 

(cm-1) 

Functional Group 

 

1 

 

ZnO 

3315 

1447 

1665 

637 

O-H stretching 

vibration 

C-C=C vibration 

bonds 

C=C vibration 

bond 

Zn-O stretching 

vibration 

  
However, the result presented in Table 5 demonstrates that 

the peaks appear at 3315 cm-1 corresponding to the vibration 

bonds of O-H from suspension of hydroxyl group in 

adsorbed water [58]). The peaks observed at 1447, and 1665 

cm-1 corresponding to the vibration bonds of C=C-C and 

C=C tensile vibration respectively [59-61]. While the peaks 

at 637 cm-1 ascribed to the stretching vibration bond of Zn-

O [62]. The bonding could occur through the sharing or 

transfer of electrons between these elements. The Zn-O bond 

might suggest that the Zn and O has been chemically reacted. 
 

3.1.4  EDXRF analysis 

 

 To determine the elemental composition present in 

the biosynthesized ZnO catalyst is of great importance. 

Energy Dispersive X-ray Fluorescence (EDXRF) analysis 

was conducted and the result obtained for ZnO is presented 

in Figure 5. As seen in Figure 5, the present of the prominent 

peaks at 8.40 and 8.60 KeV which correspond to the zinc 

(Zn) atoms with no other undefined and insignificant peaks. 

This confirmed that the sample was pure ZnO nanoparticles 

Therefore, present of Zn atom, clearly confirmed the 

EDXRF spectrum of ZnO NPs.  However, these results were 

in good agreement with the results obtained from the FT-IR 

analysis.  Furthermore, the constituent elements and it 

percentage composition present in ZnO photocatalyst is 

presented in Table 6. 

  

 
 

Figure 5. EDXRF spectrum of ZnO NPs 

 
Table 6: EDXRF elemental composition of ZnO 

photocatalyst 

Element Composition (%) 

Fe 0.0127 

Co 

Ni 

0.2482 

0.0149 

Zn 55.602 

Ga 0.0274 

Ta 0.3490 

C 1.8680 

Au 0.1126 

Al 0.1040 

Si 0.0707 

S 

Cl 

0.6315 

0.0143 

K 0.0023 

Ti 0.0135 

Mn 

As 

0.0001 

0.0006 

Rb 0.0000053 

Y 0.000996 

Zr -0.02000 

Nb 0.0784 

Mo -0.000 

Bi 0.03911 

Pb 

Th 

Ag 

Ce 

0.0002 

0.00065 

0.00054 

0.0083 

Total (%) 96.422 

 

Where total percentage composition of elements detected in 

ZnO = 59.180 %, Zn = 55.602 %, O = 40.820 % and trace 

elements (impurities) = 3.578 %. According to the Table 6, 
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the percentage composition of ZnO was found to be 96.422 

% in which Zn = 55.602 %, O = 40.820 % and trace elements 

= 3.578 %. These indicated that the biosynthesized ZnO is 

pure. Moreover, these results were supported the FT-IR and 

XRD analyses and many other previous related works in the 

literature [63, 64]. 

  

3.1.5  UV/Vis analysis 

 

 Band gap energy (Eg) is a one of the important 

parameter that determined the photocatalytic performance of 

a good catalyst. In this paper, Perkin Elmer diffuse 

reflectance ultra violet-visible spectrophotometer was used 

to measure the band gap energy of the as biosynthesized ZnO 

catalyst. It is done by scanning of a catalyst over wavelength 

range of 200-800 nm. The band gap (Eg) for the ZnO NPs 

was calculated from electronic data recorded by the 

UV/Visible spectrophometer using Schuster-Kubelka-Munk 

relations (M-K) (Equation 24). 

(αhν)
1
n = K(hν − Eg)                                                       (24) 

 

 

where α is the absorption coefficient obtained from Beer’s –

Lambert law, h is the planck’s constant, ν is the frequency of 

vibration, K is the proportionality constant and Eg is the band 

gap energy of the semiconducting material. The Eg value was 

calculated from intersect of the plot (αhν)
1

n against hν and 

the K was obtained from the slope. The result obtained for 

this analysis was displayed in Figure 6. 

 

Figure 6. Tauc ‘s plot  of ZnO 

 

Figure 6 shows linearity in the vicinity of the band gap 

region for the ZnO photocatalyst revealing that the ZnO 

crystal structure did not change the direct electron transition 

characteristics of the ZnO [65]. The band gap energy value 

for the ZnO catalyst was found to be 3.25 eV. The value 

obtained (3.25 eV)  was consistent with bandgap of 

conventional ZnO NPs recorded in the recent previous 

related works [39, 40, 41, 42, 44]. This confirming the ability 

of the synthesized ZnO to relatively absorb more UV light. 

As a result, the ZnO nanoparticle is an excellent conductor 

and can be used as an electrophotocatalyst in the 

photoelectrochemical reactions [66]. 

 

3.1.6  BET analysis 

 

Surface area is a one of the crucial factor that plays 

an important role in determining the catalystic activities of a 

catalyst because it provides more active sites on the surface 

of good catalysts [67]. The surface area, pore size and pore 

volume of the ZnO were determined by N2 adsorption-

desorption isotherms and their results are shown in  

 

 7. 

 

 

Table 7 Surface area, pore volume and pore size of ZnO photocatalyst  

Catalyst     Model Surface area (m2g-1) Pore volume (ccg-1) Pore size (nm) 

  Single point  BET        101.01          -       - 

   Multipoint BET        190.04          -       - 

   Langmuir        4652.82          -       - 

      BJH        190.303      92.6200    3.28 

ZnO       DH         202.01      946.70    2.14 

    t-method       190.00       -      - 
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From the result presented in Table 7, the surface area, pore 

size and pore volume were determined by the different 

models. But the multipoint Brunauer-Emmiitt-Teller (BET) 

and Barrett-Joyner-Halender (BJH) are the most promising, 

widely and acceptable models used for determining the 

surface area, pore size and pore volume of a catalyst in many 

literatures [68]. Because of the above mentioned reasons, the 

summary of the multipoint BET surface, BJH pore size and 

BJH pore volume for the ZnO, is shown in Table 8. 

 

Table 8 Multipoint BET surface, BJH pore size and pore 

volume of ZnO photocatalyst  

Catalyst BET surface 

area (m2g-1) 

BJH pore 

size (nm) 

BJH pore 

volume (ccg-1) 

ZnO 190.04 3.275 5.96 × 102 

    

The result presented in Table 8, the multipoint BET surface 

area (SBET) was found to be 190.04, m2g-1 for ZnO catalyst. 

As observed in the Table 8, the higher the surface area, the 

lower the lower the pore size and pore volume of a catalyst 

and vice versa. These finding were in good agreement with 

many results presented in previous related works [68, 69]. 

Additionally the particle distribution and N2 adsorption-

desorption isotherm for the bio-prepared ZnO catalysts are 

depicted in Figure 7. As seen from the Figure 7 (a) the pore 

size for the prepared catalyst is within the porosity range 

from 2.00-50.00 nm. Therefore, it can be concluded that the 

biosynthesized ZnO photocatalyst is mesoporous or 

mesopore in nature. While Figure 7 (a1) revealed that the 

data obey the adsorption isotherm type-IV for the hysteresis 

loops. However, these findings were in good agreement with 

many previous recent related works in the literatures [68]. 

  

 
Figure 7 (a) Particle distribution (a1) N2-adsorption-

desorption isotherm of bio-prepared ZnO photocatalyst 

  
3.2 Evaluation of the photocatalytic activity of bio-

prepared ZnO NPs 
 

3.2.1 Scanning and calibration curve of EBT and MB dyes 

 

 To determine the maximum wavelength (λmax) and 

calibration curve for the eriochrome blact t and methylene 

blue dyes,  stock solution of for each EBT and MB was 

prepared by dissolving 100 mg (0.1 g) of dye with 1 liter of 

deionized water in a non-transparent container (Amber 

bottle). Then 2, 4, 6, 8, 10, 12 and 14 mg/L of EBT/MB 

solutions were prepared from stock solution using dilution 

formula. A blank sample of deionized water was used to zero 

the Perkin-Elmer lambda 65 UV-Visible 

Spectrophotometer. The spectrum was taken in the range of 

200 – 800 nm. The highest peak for EBT/MB was taken and 

used during the entire experimental procedure. The 

calibration plot of EBT/MB dye of absorbance vs 

concentration was used to convert absorbance data into 

concentration of EBT/MB solution using the Beer Lambert 

law.  
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 The result for the scanning of EBT dye is depicted in 

Figure 8 (a). It can be seen from the Figure 8 (a) that the λmax 

of EBT was found to be 521 nm which was used throughout 

the photocatalytic experiments in this work. The calibration 

curve for the EBT with correlation coefficient (R2) of 0.9956 

is illustrated in Figure 8 (b). While result obtained for the 

scanning of MB dye is presented in Figure 9 (a). It can be 

seen from the Figure 9 (a) that the λmax for MB was found to 

be 668 nm which was used throughout the photocatalytic 

experiments. The calibration curve for the MB dye with 

correlation coefficient (R2) of 0.9971 is display in Figure 9 

(b). 

 
Figure  8 (a) Scanning of EBT dye to determine the 

maximum wavelength 

 

 
Figure 8 (b) Calibration Curve of EBT dye at λmax =
521 nm 

 

 

 

  
Figure 9 (a) Scanning of EBT dye to determine the 

maximum wavelength 

  

 
Figure 9 (b) Calibration Curve of EBT dye at λmax =
668 nm 

 

3.2.2  Effect of initial concentrations 

 

 To determine the effect of initial concentrations for 

the EBT and MB dyes, experiments were conducted by 

varying the initial concentrations of EBT /MB (10-50 mg/L). 

The amount of the ZnO (1.5 g/L), initial pH (9) of the 

suspension, volume of the solution (200 mL), irradiation 

time (120 min) and temperature (50 ℃) were kept constant 

and the results obtained is presented in Figure 10. It can be 

seen from the Figure 10 that the percentage degradation 

efficiency increases with decreasing of the EBT and MB 

initial concentration. For instance the optimum degradation 

efficiencies (98.05 and 97.51 %) were obtained at 10 mg/L 
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initial concentration of EBT and MB dyes respectively in 

120 min irradiation time.  This is because the number of 

photons absorption by the catalyst increases in the lower 

concentration regime. This suggests that as the initial 

concentration of EBT increases the requirement of the 

photocatalyst surface needed for the degradation also 

increases. Since the irradiation time and amount of the ZnO 

NPs are constant, the •OH radical (primary oxidant) formed 

on the surface of ZnO is also constant. Furthermore, the 

relative number of the free radical attacking the EBT/MB 

molecule decreases with increasing amount of the 

photocatalyst [70]. While the percentage photo removal of 

EBT/MB decreases with the increasing of the EBT/MB 

initial concentration. This is because the number of photons 

absorption by the ZnO photocatalyst decreases in the higher 

concentration of EBT/MB and requirement of the ZnO 

surface required for the degradation also increases. These 

findings were consistent with the work reported by Abdu et 

al [71] and Kansal et al [72]. 

 
Figure 10. Effect of initial concentration on the 

photocatalytic removal of EBT and MB dyes over ZnO 

nanoparticles 
 

3.2.3  Effect of ZnO loading 

 

 To determine the optimum amount of ZnO loading in 

the photocatalytic removal of EBT/MB, various amount of 

ZnO (0.1-0.6 g/L) were used while the EBT/MB initial 

concentration, initial pH, volume of solution, temperature 

and irradiation time were kept constant. Figure 11 shows the 

effect of catalyst loading for the photocatalytic degradation 

of EBT/MB over the ZnO NPs. From the Figure 11, it can 

be seen that the increase in the amount ZnO from 0.5 to 3g 

/L slightly increases the percentage degradation of EBT/MB 

due to availability of active sites with increases of catalyst 

loading. Furthermore, decrease in the removal efficiencies of 

EBT/MB was observed at amount of ZnO above 1.5 g/L. 

Thus 1.5 g/L ((96.58 and 95.65 %) of ZnO photocatalyst was 

found to be the optimal amount when compared with the rest 

amount of catalyst in 120 min. The slight decrease in 

degradation of EBT/MB may be due to the aggregation of 

ZnO NPs. These findings were in good agreement with the 

previous related works [39, 66] 

 
Figure 11.  Effect of the amount of catalyst on the 

photocatalytic degradation of EBT and MB dyes over 

ZnO nanoparticles 

 
3.2.4  Effect of initial pH 

 

 To determine the effect of initial pH on the 

photocatalytic removal of EBT and MB using ZnO 

photocatalyst, experiments were performed by varying the 

initial pH in the range (3-13). In the experiments pH was 

adjusted by adding appropriate drop of 0.05 M HCl or 0.05 

M NaOH solution while the initial concentration, catalyst 

dosage, volume of solution, temperature and irradiation time 

were kept constant and the result is presented in Figure 12. 

From the Figure 12, it can be seen that there was a significant 

increase in the removal of EBT with an increase in initial pH. 

It is also observed that the percentage degradation of EBT is 

slightly increasing from 3-9 and decreases at the pH greater 

than 10. This clearly indicated that the optimum degradation 

efficiencies (96.45 and 94.98 %) for the photocatalytic 

removal of EBT and MB dyes over the obtained ZnO NPs 

were archived at initial pH of 9 in 120 min. This is because 

the solution pH affects the surface charge of ZnO and 

availability of hydroxyl radicals. At high pH values (greater 

than 9) the hydroxyl radicals are so rapidly scavenged that 

they do not have the opportunity to react with EBT/MB. The 

pH affects not only the surface properties of ZnO, but also 

the dissociation of EBT/MB and formation of hydroxyl 

radicals. Thus, the degradation of EBT/MB in this work was 

more efficient under basic (9) conditions than under acidic 

conditions. This is because under basic conditions, the •OH 

radicals are generated more easily by oxidizing more 

hydroxide ions available the catalyst surface and thus the 

efficiency of the process is enhanced. Similarly, at low pH, 

reduction by electrons in the conducting band may play a 
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very important role in the degradation of EBT/MB due to the 

reductive cleavage of azo bonds. These findings were 

consistent with previous studies [39, 66, 67]  

 
Figure 12.  Effect of initial pH on the photocatalytic 

degradation of EBT and MB over ZnO NPs 

 

3.2.5  Effect of temperature 

 

 To investigate the effect of temperature, experiments 

were conducted by varying the temperature 30.00, 40.00, 

50.00, 70.00 and 90.00 ℃. While the amount of the ZnO, 

initial pH of the suspension, volume of the solution, 

irradiation time and EBT/MB initial concentration were kept 

constant and the results obtained is depicted in Figure 13. 

However, the result presented in Figure 13 demonstrated that 

the EBT/MB photoremoval efficiency increased 

progressively as the temperature increases roughly from 

30.00-50.00 ℃. This indicated that the optimum 

photocatalytic degradation efficiencies (96.75 and 93.25 %) 

of EBT and MB over the ZnO nanoparticles were obtained 

at a temperature of 50.00 ℃ in 120.00 min. This might to be 

attributed to the fact that as the temperature increases from 

30.00-50.00 ℃ the adsorption of the EBT/MB onto the 

surface of the ZnO catalyst and kinetic energy also increases 

and thus leads to the better degradation efficiency. These 

findings were in line with the previous works reported by 

Barakat et al [68] and Chen et al [69]. On the other hand the 

photocatalytic degradation of EBT/MB over ZnO catalyst 

decreased when the temperature is above 50.00 ℃. This 

shows that the adsorption capacity for ZnO catalyst declined 

as the higher temperature above the optimum levels. 

Similarly, as the temperature is higher than 50.00 ℃, the 

recombination of charge carriers will increase and active site 

of the ZnO catalyst will be decrease, become disfavored and 

subsequently lead to the decreased in the photocatalytic 

removal of EBT/MB. Moreover, these results were in good 

agreement with the study recorded by Parra et al [73] and 

Kumar et al [74]. 

 
Figure 13.  Effect of temperature on the photocatalytic 

degradation of EBT and MB dye over ZnO NPs 

 

3.2.6  Control  

 

 To evaluate the photocatalytic degradation of EBT 

and MB dyes over ZnO photocatalyst, control experiments 

were performed under different experimental conditions (a) 

EBT photocatalysis (b) MB photocatalysis (c) adsorption 

and (d) photolysis. While the other conditions such as 

EBT/MB initial concentration, amount of ZnO catalyst, 

volume of solution, temperature, irradiation time and initial 

pH were kept constant and the result is displayed in Figure 

14.  

 
Figure 14.  Control experiment (a) EBT photocatalysis 

(b) MB photocatalysis (c) adsorption (d) photolysis 

 

 According to the results presented in Figure 14, the 

photolysis (10.89 %) yields the insignificant responses 
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during the process while the adsorption (18.89 %) revealed 

the moderate and intermediate response. While the 

photocatalysis resulted the better and significant responses 

for the photocatalytic removal of EBT (96.11 %) and MB 

(86.12 %) using ZnO photocatalyst under UV light 

irradiation. These clearly demonstrated the light and 

photocatalyst were the two most significant and important 

factors that influencing the photocatalytic removal of EBT 

over the biosynthesized ZnO nanoparticles. These findings 

were also found to be in line with the previous related work 

investigated by Yusha’u et al [39]. 

  
3.2.7  Radical scavengers test and proposed mechanism 

 

 To investigate the roles and contributions of the 

hydroxyl radical (•OH), superoxide (O2
−) and hole (h+) 

generated during the photocatalytic degradation of EBT and 

MB over the ZnO photocatalyst. However, the main reactive 

radicals and holes were detected through radical scavenging 

experiments. During the photocatalytic process, the holes 

(h+), hydroxyl radical (•OH) and superoxide radical (•O-
2) 

are trapped by adding ammonium oxalate (AO), (h+ 

scavenger), t-butanol (•OH scavenger), and p-benzoquinone 

(•O-
2 scavenger) into the reaction solution respectively. 

While the other conditions such as EBT/MB initial 

concentration, amount of ZnO catalyst, volume of solution, 

temperature, irradiation time and initial pH were kept 

constant and the result is presented in Figure 15. Based on 

the results presented in the Figure 15, the holes, superoxide 

and hydroxyl radicals contributed immensely during the 

photocatalytic process as compared with the photocatalytic 

removal in the absence of scavengers. Moreover, among the 

most reactive radicals and holes, the hydroxyl radical 

showed the most significant responses on the photocatalytic 

removal of EBT and MB dyes using the ZnO photocatalyst 

under UV light irradiation as proved by given low yielded 

for the photocatalytic processes. Based on this result the •OH 

is key and important radical that leads the photoremoval of 

EBT and MB dyes over the developed catalyst. These 

findings were in line with the previous study reported by 

Yusha’u et al [9]. ).  

 

 A mechanism for photocatalytic removal of 

eriochrome black t/methylene blue dyes onto the surface of 

ZnO nanoparticle under UV irradiation is illustrated in 

Figure 16. According to the Figure 16, the electrons in 

valence band (VB) transfer to the conduction band (CB) 

under UV irradiation of the photocatalyst. The 

corresponding energy is higher than the band gap of the ZnO 

(3.18 eV) there by promoting the generation of conduction 

band electrons and valence band holes. The photogenerated 

holes (h+) could either directly oxidize adsorbed EBT/MB or 

react with hydroxyl or hydrogen peroxide to generate 

hydroxyl radical. Similarly, the photoelectrons (e-) reduce 

oxygen adsorbed on the photocatalyst surface into 

superoxide radical. Thereafter, the EBT/MB dye was 

degraded by generated hydroxyl and superoxide radical into 

environmentally friendly species carbon dioxide, water and 

byproduct according to the expressions (Equations 25-28). 

 

TiO2  + hϑ →  h+  +  e−                                                     (25) 

 

h+  +  OH− or H2O2  → • OH                                            (26) 
  

e− + O2  → • O2
−                                                                  (27) 

 

• OH +
EBT

MB 
dye →  x CO2  +  yH2O   + biproduct   (28) 

 

Where x and y are the stoichiometric number of carbon (IV) 

oxide and water molecules respectively. 

 

 

Figure 15.  Photocatalytic degradation of (a) EBT dye (b) 

MB dye in the presence of scavengers and absence 

 

 
Figure 16.  Mechanism of the photocatalytic degradation 

of EBT and MB Dyes over ZnO photocatalyst 
 

3.2.8  Durability test 

  

 To determine the stability, durability and reusability 

for the synthesized ZnO photocatalyst, number of 

experiments were conducted at the optimum conditions of 

the photocatalytic degradation of EBT and MB dyes over the 

TiO2 NPs. Residual catalyst from degradation experiment 

Without EDTA-2Na p-BQ IPA

0

20

40

60

80

100

 

 

D
eg

ra
d

a
ti

o
n

 e
ff

ic
ie

n
cy

 (
%

)

Type of scavengers

 (a) EBT dye

 (b) MB dye



Malaysian Journal of Catalysis 10 (2026) 73-93 
 

88 

 

was filtered, washed and dried and then recycled in fresh 

experiment and the result is illustrated in Figure 17. From 

the Figure 17, it can be seen that the degradation of 

eriochrome black t decreased steadily from the 1st (95.75 %) 

and 2nd (94.93 %) cycles but 3rd (94.81 %), 4th (94.80 %), 5th 

(94.80 %) and 6th (89.99 %) cycles remained almost the 

same. Similarly, for the photocatalytic removal of methylene 

blue decreased from the 1st (94.75 %), and 2nd (93.93 %) 

cycles while the 3rd (93.93 %), 4th (93.80 %), 5th (93. 80%), 

and 6th (93.79 %) cycles also remained almost the same. This 

clearly indicated that the stability and effectiveness of the 

biosynthesized ZnO photocatalyst in the degradation of 

eriochrome black t and methylene blue dyes. These findings 

were in line with the study recorded by Auwal et al [41] and 

Behailu et al [75]. 

 
Figure 17.  Reusability test of biosynthesized ZnO NPs 

for the photocatalytic degradation of (a) EBT dye (b) MB 

dye 

   

3.3  Kinetic scheme 

 

 The kinetic of the photocatalytic removal of EBT and 

MB dyes using ZnO photocatalyst were investigated at 

optimal conditions of EBT/MB initial concentration, initial 

pH, initial temperature, and amount of ZnO photocatalyst 

under UV light. Three integrated kinetic models such as 

pseudo-zeroth, pseudo-first and pseudo-second order 

schemes were tested. However, the photocatalytic removal 

of both EBT and MB over the bionanosized ZnO 

photocatalyst were fitted the pseudo-first order kinetics with 

the coefficient of regression of R2 = 0.9923 & 0.9972 

respectively and the result is displayed in Figure 18. The 

apparent kinetic parameter known as velocity constant and 

coefficient of regression (R2) for the photocatalytic removal 

of EBT and MB over the developed ZnO NPs according to 

the pseudo-zeroth, pseudo-first and pseudo-second order 

kinetics is shown in Table 9. It can be seen from the Table 9 

that the apparent rate constant according to the pseudo-

zeroth, pseudo-first order and pseudo-second order models 

were found to be 4.34 x10-2 moldm-3 s-1 & 3.21 x10-2 moldm-

3 s-1 , 5.33 x10-2 s-1 &4.91 x10-2 s-1 and 3.73 x10-2 mol-1dm3s-

1 & 2.97 x10-2  mol-1dm3 s-1 for the degradation of EBT and 

MB dyes respectively. While the coefficient of regression in 

accordance with the pseudo-zeroth, pseudo-first order and 

pseudo-second order models were found to be 0.8995 & 

0.9123, 0.9923 & 0.9972 and 0.8321 & 0.8542 for the EBT 

and MB dyes degradation respectively. However, the highest 

value of coefficient of regression, R2 (0.9923 & 0.9972) 

which are close to one (1) is a primary indication that the 

kinetic study for the photocatalytic degradation of EBT and 

MB using ZnO photocatalyst were followed the pseudo-first 

order kinetic model. 

 
Figure  18.  Pseudo-first order plot for the photocataltytic 

degradation (a) methylene blue (b) eriochrome black t 

using biosynthesized ZnO NPs under UV light irradiation 

 

Table 9: Apparent rate constant (kapp) and coefficient of 

regression (R2) according to the pseudo-zeroth, pseudo-first 

and pseudo-second kinetic for photo removal of EBT and 

MB dyes over ZnO NPs 

S/NO Dye   Model Apparent rate 

constant (kapp) 

Correlation 

coefficient 

(R2) 

  Pseudo-

zeroth 

order 

4.34 x10-2 

moldm-3 s-1 

0.8763 

1 EBT Pseudo-

first order 

5.33 x10-2 s-1 0.9923 

  Pseudo-

second 

order 

3.73 x10-2  

mol-1dm3 s-1 

0.8321 

  Pseudo-

zeroth 

order 

3.21 x10-2 

moldm-3 s-1 

0.9123 

2 MB Pseudo-

first order 

4.91 x10-2 s-1 0.9972 
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  Pseudo-

second 

order 

2.97 x10-2  

mol-1dm3 s-1 

0.8542 

 

 

3.4  Thermodynamic investigation 
  

 The thermodynamic study of the photocatalytic 

degradation of eriochrome black t and methylene blue dyes 

using ZnO nanoparticles was investigate by carried out the 

photocatalytic experiments at different initial temperature 

such as 30.00, 40.00, 50.00, 70.00 and 90.00 ℃ while all 

other reaction conditions such as initial EBT/MB 

concentration, catalyst loading, initial pH were kept 

constant. The apparent rate constant (kapp) at each 

temperatures for the degradation of EBT and MB dyes were 

calculated using Equation 2 and the results obtained are 

presented in Figure 18. Accordingly, the kapp at each of the 

working temperatures for the photocatlytic removal 

eriochrome black t and methylene blue dyes were illustrated 

in Figure 18 (a) and (b) respectively. The activation energy 

(Ea) for degradation of EBT and MB dyes over  ZnO NPs 

were evaluated using Equation 5 and the result was obtained 

is displayed in Figure. 19 (c). It can be seen that from the 

Figure 19 (c) the activation energy for the removal of EBT 

and MB dyes were found to be + 14.65 and + 8.94 kJ mol-1 

respectively. Positive sign of Ea indicated that the 

photoreactions for EBT and MB dyes removal are 

endothermic processes. But the Ea for the MB removal is 

lower than that of the EBT removal and thus the reaction is 

more facilitated in the case of MB removal because of the 

lowering the catalyst. While the enthalpy and entropy 

change for the photoremoval of EBT and MB dyes were 

obtained using Equation 7 and the result was presented in 

Figure 19 (d). 

 

 

 
Figure 19.  Pseudo-first order plot for the photocatalytic 

degradation (a) eriochrome black t dye (b) methylene dye 

using ZnO nanoparticles 

  

 

 
Figure 19 (c). Arrhenius plot of  the photocatalytic 

removal of EBT and MB dyes over ZnO NPs 

 
Figure 19 (d).  Eryring Plot of the photocatalytic 

degradation of EBT and MB dyes using ZnO NPs  
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According to the Fig. 18 (d) the enthalpy and entropy 

change for the photocatalytic degradation of EBT and MB 

dyes were found to be + 6.27 and +12.02 kJ mol-1 and - 

82.84 and - 61.56 Jmol-1K-1 respectively. Moreover, the 

enthalpy change and Gibbs free energy change at various 

temperatures were obtained using Equation 6 and 8 

respectively. The results obtained are shown in Table 10 

 

Table 10: Thermodynamic functions for the 

photocatalytic degradation of EBT and MB  dyes over 

ZnO NPs at various temperatures according to Arrhenius 

plot 

Dye T 

(K) 

Ea (kJ 

mol-1) 

∆H (kJ 

mol-1) 

∆S (J 

mol-1 

K-1) 

∆G (kJ 

mol-1) 

 303  +6.42 -258.17 +84.65 

 313  +6.34 -257.39 +86.90 

EBT 323 +8.94 +6.26 -256.21 +89.02 

 343  +6.09 -255.12 +93.59 

 363  +5.92 -254.96 +98.47 

 303  +12.13 -256.58 +89.87 

 313  +12.05 -253.77 +91.48 

MB  

23 

+14.65 +11.96 -250.82 +92.97 

 343  +11.79 -250.24 +97.62 

 363  +11.63 -249.74 +102.29 
 

 

Table 11: Summary of thermodynamic quantities for the 

photocatalytic degradation of EBT and MB dyes over ZnO 

NPs according to the Eryring plot 

Dye Ea (kJ 

mol-1) 

∆H (kJ 

mol-1) 

∆S (J 

mol-1 K-

1) 

∆G (kJ 

mol-1) 

EBT +8.94 +6.27 -82.84 +31.37 

MB +14.65 +12.02 -61.56 +30.67 

  

It can be seen from the Table 10 that the positive value of 

∆H decreases as the temperature increases for both EBT and 

MB dyes indicated the endothermic nature of the catalytic 

process respectively. Similarly, the negative value of ∆S and 

positive value of ∆G increases as the temperatures increases 

for both EBT and MB dyes demonstrated that both the 

photocatalytic removal of EBT and MO dyes were non-

spotaneous in nature. On the other hand Table 11 indicated 

that the Ea (+8.94 kJ mol-1) of EBT is lowered than the Ea 

(+14.65 kJ mol-1) of MB. This suggested that the catalyst 

lowered the activation barrier needed for the photocatalytic 

removal to occur. Based on these, the photocatalytic removal 

of EBT dye over ZnO NPs is less endothermic in nature as 

compared to that of the photoremoval of MB dye. Moreover, 

the ∆G of +31.37 and +30.67 kJ mol-1 obtained for EBT and 

MB dyes respectively also highlighted the non-spontaneous 

nature of the photoremoval processes.  But EBT removal 

process exhibited a better non-spontaneity as compared to 

that of the MB removal. These findings were in line with 

results reported by Siddique et al [76]. 

  

3.5  Comparison 

  

 To demonstrate the research gap of the present 

photocatalytic degradation of eriochrome black t and 

methylene blue dyes over ZnO photocatalyst under UV light 

irradiation, the results obtained in this work were compared 

with the previous related works reported in the relevant 

scientific literature and the result is shown in Table 12. 

However, the Table 12 was presented in term of 

photocatalyst used, type of extract used, type of dye used, 

degradation efficiency and thermodynamic study during the 

photocatalytic reactions. It was observed from the Table 12, 

that the photocatalytic degradation of EBT and MB using 

ZnO nanoparticles under UV light irradiation exhibited in 

better degradation efficiency of 98.95 & 98.51 % 

respectively in 120 min on comparison with the previous 

related works recorded in the literature. This demonstrated 

that the biosynthesized ZnO NPs of the current study could 

be effectively used for the photoremoval of both EBT and 

MB dyes under UV light irradiation from the aqueous 

environment 

 

 

Table 12: Comparison of the photocatalytic degradation of EBT and MB dyes for this work and previous related works reported 

in the relevant scientific literature. 

S/NO Catalyst Extract used Dye used Degradation efficiency (%) Thermodynamics Ref 

1 ZnO Justicia adhatoda MG 96.5 Not available [77] 

2 ZnO Pineapple skin CR 97.08 Not available [43] 

3 ZnO Carissa 

macrocarpa 

MB and MO 82.2  (MB) and 87.5 (MO) Available [76] 

4 ZnO Passiflora foetida MB and RhB 93.25 (MB) and 91. 06 

(RhB) 

Not available [42] 

5  ZnO Eucalyptus leaves Acid black 

210 

62 Available [78] 

6 ZnO Padina pavonica MB 98 Not available [44] 

7 ZnO Jujube fruit MB and 

ECBT 

92 (MB) and 86 (ECBT) Not available [79] 

10 ZnO Olea europaea EBT 92 Not available [80] 

11 ZnO Brassica oleracea MB 80 Not available [81] 

12 ZnO Salvia officinalis MO 92.47 Not available [82] 
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13 ZnO Elettaria 

cardamomum pod 

MG 99.8 Not available [83] 

14 ZnO Leonotis ocymifolia MB 89.81 Not available [84] 

15 ZnO Myristica fragrans MB 88 Not available [85] 

16 ZnO Cocos nucifera MB 84.29 Not available [86] 

17 ZnO Salvadora persica MO 68 Not available [87] 

18 ZnO Lychee peel CR 98 Not available [88] 

19 ZnO Acalypha indica MB 96 Not available [89] 

20 ZnO Vigna unguilculata 

L 

EBT and MB 98.95 (EBT) and 98.51  

(MB) 

Available This work 

. 

4.  CONCLUSİON    

 

The present study successfully synthesized ZnO 

nanoparticle by using Vigna unguiculata L. extract as a 

reducing and stabilizing agent via co-precipitation method. 

The TG-DTA analysis revealed that the calcination 

temperature of ZnO was found to be 600 ℃. Thus the 

decomposition reaction of precursor during the biosynthesis 

of the catalyst is endothermic and non-spontaneous 

processes. The lattice parameters confirmed that the 

developed ZnO photocatalyst was matched to the standard 

hexagonal wurtzite ZnO nanoparticles. However, the band 

gap (3.18 eV) obtained for the developed ZnO was 

consistent with that of relevant scientific literature. 

Furthermore, the eriochrome black t and methylene blue 

dyes photocatalytic degradation under ultraviolet irradiation 

exhibited degradation efficiencies of 98.05 and 97. 51 % 

respectively in 120 min..  Radical scavengers test revealed 

that the •OH contributed more significantly during the 

photocatalysis. Moreover, the reusability test showed a good 

stability and durability for the developed ZnO nanoparticles. 

Additionally, the crucial and essential functions such as Ea, 

∆H, ∆S and ∆G of the photocatalytic removal for both EBT 

and MB dyes over ZnO NPs under UV light irradiation 

indicated the endothermic and non-spontaneous in nature. 

But the photocatalytic removal of EBT exhibited less 

endothermic and non-spontaneity on comparison with that 

of the MB degradation process. Therefore, the synthesized 

ZnO nanoparticles could be effectively used for the 

photocatalytic degradation of eriochrome black t, methylene 

blue and other industrial effluents under UV light 

illumination. 
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