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Abstract: Wastewater treatment from industrial effluents is a global problem. Searching for 

environmentally safe and green technology is in the utmost interest of the scientific community. 

Especially organic pollutants, due to their difficulty to biodegrade, have posed a problem to human 

health and the aquatic environment. Hence, we reported plant extract-mediated synthesis of zinc oxide 

nanoparticles (ZnO NPs) in this study for photocatalytic degradation of methylene blue (MB) under 

sunlight irradiation. Echinops kebericho root extract was used as a reducing and stabilizing agent during 

the synthesis of ZnO NPs. The presence of phenolics, tannins, flavonoids, terpenoids, and alkaloids was 

qualitatively confirmed in the aqueous root extract of the plant under study. These secondary 

metabolites have a high potential in facilitating capping and stabilizing effects on the formation of ZnO 

nanostructures. Powder X-ray diffraction (XRD) and Fourier transform infrared (FT-IR) spectroscopy 

were used to characterize the crystal structure and chemical bond of ZnO NPs, respectively. The XRD 

patterns showed the formation of pure phase hexagonal wurtzite ZnO NPs with an average crystal size 

of 14.67 nm. The photocatalytic degradation efficiency of ZnO NPs (80 mg) to remove 10 mg/L of MB 

dye was found to be 92.2% at pH=10 and 120 min contact time under direct sunlight irradiation. 

Therefore, ZnO NPs synthesized using E.kebericho were potential photocatalysts for the degradation 

of MB from wastewater for at least three cycles. 
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1. Introduction 

Dumping a lot of solid waste and discharging wastewater to rivers, lakes, and oceans 

are day-to-day activities of the textile, paper, cosmetic, rubber, food, and leather industries [1-

5]. More than 100 tons of dyes per year are released into water bodies from the industries, and 

this wastewater has brought a huge threat to the environment and human health [1,3-5]. 

Allergy, skin diseases, mutation, and cancer are anxious health problems imparted by dye 

contaminated water. Moreover, such wastewater is harmful to the kidneys, liver, brain, and 

central nervous system [1-3]. The dyes in the water system shield the penetration of light, which 

slows down photosynthesis in aquatic life [1-3]. Methylene blue (MB) is a cationic industrial 

dye commonly used in textile factories. It is harmful to human health and marine organisms 

because of its toxicity [6-8]. MB is environmentally stable and causes difficulty in sewage 

treatment [6-10]. Hence, removing MB to or below the permissible limit is highly desirable. 
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Adsorption [7,8], Fenton-like degradation [11], flocculation [1], and photocatalytic 

degradation processes [4-5,12-19] are widely used for the abatement of dye pollutants.  

The photocatalytic degradation process takes substantial interest due to its potential to 

mineralize the organic compounds without leaving any unwanted residue. Recently, utilizing 

semiconductor nanostructured metal oxide materials for environmental application has shown 

a promising technology [1]. On account of unique optical, electronic, mechanical, magnetic, 

and chemical properties from the bulk counterparts, inorganic metal oxide nanoparticles make 

them the subject of current research [10,12-20]. These special properties are attributed to their 

small crystal size and large surface area [13]. ZnO has a direct wide bandgap of about 3.3 eV 

and photo-corrosion stability, and it has great potential for applications in biosensors, 

cosmetics, pharmaceuticals, and photocatalysis [1,2,12-19]. Moreover, ZnO NPs have been 

reported as suitable photocatalysts for the degradation of organic dyes [20,21].  

Synthesis of ZnO NPs can be achieved by numerous chemical methods such as sol-gel 

processing, precipitation, mechanical milling, organometallic synthesis, microwave, spray 

pyrolysis, and thermal evaporation [11-12,21]. However, these chemical techniques often use 

highly reactive and environmentally harmful organic solvents and toxic reducing agents [1,21]. 

Hence, the synthesis of ZnO NPs via the green method is vital for its practical application. In 

this regard, due to their low cost, sustainability, efficiency, and less or no toxicity, plant extract 

have been widely used for the synthesis of ZnO NPs [1,5,6,20,21]. To the best of our 

knowledge, there is no reported data on E. kebericho root extract-assisted synthesis of ZnO 

NPs for photocatalytic degradation of MB.  

In this work, facile green synthesis of ZnO NPs using aqueous root extract of an 

endemic medicinal plant, E. kebericho (Family Asteraceae), for photocatalytic degradation of 

MB dye is reported. E. kebericho is traditionally used to treat infectious and non-infectious 

diseases such as fever, headache, stomachache, malaria, and cough in the community [23-25]. 

Plant extracts containing metabolites with hydroxyl and carboxyl functional groups react 

electrostatically with metal ions to prevent the crystal growth of ZnO [1,6,20,26]. XRD and 

FTIR techniques were used to characterize the synthesized ZnO NPs, and the photocatalytic 

activity was evaluated by degradation of MB under sunlight irradiation. 

2. Materials and Methods 

2.1. Materials. 

Analytical grade zinc acetate dihydrate powder ((CH3COO)2Zn.2H2O (99.5%)), 

sodium hydroxide pellets (NaOH, 99.8%), methylene blue (C16H18ClN3S) (Loba Chemie Pvt. 

Ltd, India) were used in this work without further purification. Double distilled water was used 

throughout the whole experiment. 

2.2. Preparation of aqueous extract and phytochemical screening test. 

Fresh roots of E. kebericho collected from North Showa Zone, Menz qeya district 

(Kebele 2), Amhara Regional State, Ethiopia, were rinsed with tap water followed by double-

distilled water and dried in the shade for two weeks at room temperature. The dried roots were 

ground and packed in plastic bags until use. Twenty grams of roots powder (20 %) of E. 

kebericho was boiled in double distilled water at 60 oC for 30 min. The aqueous extract was 

then cooled and filtered with Whatman No 1 filter paper and stored at 4 oC for further use.  
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Qualitative phytochemical analysis of E. kebericho root extract was made following 

known protocols [27]. Terpenoids such as dehydrocostus lactone and costunolide were isolated 

from the solvent root extract as main components, although no report of their presence in the 

aqueous extract [25]. 

2.3. Synthesis of ZnO NPs. 

A facile and friendly precipitation method was used to synthesize ZnO NPs in the 

presence of an aqueous root extract of E. kebericho. In particular, 0.5 g of Zn(CH3COO)2.2H2O 

(0.019 M) and about 100 mL of aqueous  root extract (20 %) were mixed gently in 250 mL 

round-bottomed flask under reflux condenser at 60 oC  for 1 h. The pH of the solution was 

adjusted to pH=10 using 0.01 M NaOH. The resulting solution was centrifuged at 15,000 rpm 

for 10 min and washed with double distilled water until getting a pale white precipitate. The 

precipitate was then dried in the oven to remove adsorbed water at 100oC for 4 h. The role of 

the plant extract on the crystal structure of ZnO NPs was investigated using different extract 

concentrations at the tested reaction conditions: constant pH (10), reaction time (1 h), precursor 

amount (0.019 M, 50 mL), and temperature (60 °C).  

2.4. Characterization of ZnO NPs. 

The crystal structure and phase of ZnO NPs were investigated using a powder X-ray 

diffractometer (Shimadzu Corporation (Japan), XRD-7000) at the operating voltage of 40.0 kV 

and 30 mA, with a Cu- Kα (λ = 1.54056 Å) radiation with 2 ranging from 10-80˚. The average 

crystallite size of the as-synthesized nanoparticles was determined from the band broadening 

of the XRD patterns according to Scherer’s equation (1) [1,28,29]. 





cos

k
D =

--------------------Eq. 1 

Where: D is crystallite size, k is Scherer constant, λ is the X-ray source wavelength 

equals0.15406 nm, β is the full width half maximum intensity (FWHM) in radians, and θ is the 

half diffraction (Bragg’s) angle. 

FT-IR spectra of aqueous extract of E. kebericho root and plant-mediated ZnO NPs 

were recorded using Perkin Elmer FT-IR spectrometer in the range 400-4000 cm-1 in KBr pellet 

method to identify the functional groups present in the extract and ZnO NPs [28].  

2.4.1. Point of Zero Charge. 

The pH of point zero charges (pHpzc) of ZnO NPs was determined using the salt 

addition method to examine the surface charge as a function of pH where sodium chloride 

solution (30 mL, 0.01 M) was placed in 100 mL Erlenmeyer flask. The pH was then adjusted 

to initial pH values (2, 4, 6, 8, and 10) by either NaOH or HCl (0.01 M). A 0.025 g of ZnO NPs 

was added to 30 mL of initial concentration for a contact time of 24 h on a rotary shaker. The 

final pH was then measured, and ∆pH was calculated by the formula pHfinal-pHinitial.The pHpzc 

is obtained from the plot of initial pH vs. ∆pH [11,22].  
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2.5. Photocatalytic degradation of MB dye. 

The photocatalytic potential of ZnO NPs was evaluated from the degradation of MB in 

the presence of solar light in an open system containing 30 mL of MB solution of different 

concentrations at room temperature (1,12,10-19). The absorption maxima of MB solution were 

recorded using a UV-Vis spectrophotometer scanned at λmax=664 nm. Stirring was maintained 

to keep the mixture in suspension during photodegradation. The photocatalytic degradation 

potential of the reaction was investigated as a function of solution pH, contact time, catalyst 

dose, and initial MB concentration (as shown below), where the degradation efficiency of the 

process concerning each parameter was calculated by Eq. 2 [1,11].  

To evaluate the effect of pH, different pH values (2, 4, 6, 8, 10) of solutions were 

adjusted by adding 0.01 M HCl or NaOH, and 0.025 g of the ZnO was added to 30 mL initial 

concentration of MB for a contact time of 4 h on a rotary shaker. To evaluate the effect of 

contact time, the experiment was conducted at 0, 30, 60, 90, 120, 150 min using 30mL of MB 

solution and 0.05 g of ZnO NPs. The effect of catalyst dose on degradation efficiency of MB 

by ZnO NPs was investigated using a dose of 20, 40, 60, 80, 100, and 120 mg in 30 mL of MB 

within the optimum contact time. The effect of 30 mL initial concentration of MB dye solution 

on its degradation was studied by varying the concentrations as 5, 10, 15, and 20 mg/L keeping 

ZnO NPs load (80 mg) constant for 2 h. 

100100(%) 
−

=
−

=
o

to

o

to

A

AA

C

CC
nDegradatio    -------------------Eq. 2 

Where: C0 (mg/L) is the initial concentration of MB, Ct (mg/L) is the concentration of MB after 

photodegradation at time t, A0 is the initial absorbance of MB, At is the absorbance of MB after 

photodegradation at a time t. 

2.6. Degradation kinetics. 

The first-order degradation kinetics model was employed to investigate the plausible 

photocatalytic degradation mechanism of ZnO NPs synthesized by E.kebericho aqueous root 

extract. 

3. Results and Discussion 

3.1. Phytochemical analysis and synthesis mechanism. 

Qualitative chemical analysis of phytoconstituents present in the aqueous root extract 

of E. kebericho showed the presence of phenols, tannins, flavonoids, terpenoids, and alkaloids 

(Table 1). Previous reports show the presence of flavonoids, alkaloids, tannins, resins, 

saponins, and terpenoids [23-25].  

Table 1. Phytochemical screening test of aqueous root extract of E. kebericho. 

No Phytochemicals Reagent added  Presence/absence 

1 Phenolics  Ferric chloride + 

2 Tannin  Ferric chloride + 

3 Flavonoids  Ammonia and sulphuric acid + 

4 Alkaloids  Wagner’s reagent + 

5 Terpenoids  Chloroform and H2SO4 + 

6 Saponins  Distilled water - 

7 Steroids  Acetic acid anhydride - 

           (+) = presence, (-) = absent 
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In addition to chemical tests, the FT-IR spectrum showed the presence of polar 

functional groups, which are predominately responsible for electrostatic interaction during 

nanoparticle formation. Plant metabolites with phenolic groups such as flavonoids and tannins 

are possibly involved in forming ZnO NPs as capping and stabilizing agents, as shown in the 

plausible mechanism elsewhere, without producing environmentally toxic chemicals [1]. This 

ZnO nanomaterial synthesized upon experimental conditions was characterized using 

analytical techniques to check its purity, size, and functionalization. 

3.2. Powder X-ray Diffraction (XRD) analysis. 

The powdered-XRD patterns of synthesized ZnO NPs at different concentrations of 

plant extract were investigated (Fig. 1) for their phase purity and crystallinity. The diffraction 

peaks of ZnO NPs synthesized using 1% (v/v) plant extract were positioned at 2θ of 31.77°, 

32.70°, 34.43°, 36.26°, 37.31°, 46.86°, 47.54°, 55.80°, 56.59°, 57.14°, 62.26° corresponding 

to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), (202) diffraction planes, 

respectively (JCPDS: 01-0890511) [30].  

 
Figure 1. XRD pattern of ZnO NPs synthesized using 1% (A), 2% (B) and 3 % (C) E. kebericho aqueous 

extracts. 

The results of XRD patterns of the synthesized ZnO NPs corresponded well with that 

of the standard ZnO with a hexagonal wurtzite crystal structure (Fig. 1). The resulting average 

crystallite size of the three as-synthesized ZnO NPs prepared using 1%, 2%, and 3% plant 

extract were 19.66 nm, 17.17 nm, and 14.67 nm, respectively (Table 2). This crystallite size 

reduction from 19.66 nm to 14.67 nm suggests the involvement of phytochemicals of E. 

kebericho root extract in the synthesis of ZnO NPs as good capping and stabilizing agents. The 

average crystallite size of ZnO NPs computed (Eq.1) from the most intense peak corresponding 

to (101) plane located at 36.26° was estimated to be 17.66 nm, 15.18 nm, and 13.07 nm for A, 

B, C, respectively (Fig. 1, Table 2). This implies that hampering successful crystal growth was 

significant at higher extract concentrations to affect small-sized nanoparticles of crystalline 

structure. 
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Table 2. Geometric parameters of ZnO NPs synthesized in different extract concentrations. 

A (1%) 

2ϴ (deg) Lnkl d-spacing FWHM Intensity I/I
1
 D (nm) 

36.2654 100 2.4751 0.4944 100 17.66 

34.4327 002 2.6025 0.3663 69 23.72 

31.7766 101 2.8137 0.4905 59 17.6 

Average crystallite size 19.66 

B (2%)   

2ϴ (deg) Lnkl d-spacing FWHM Intensity I/I
1
 D (nm) 

36.2809 100 2.4740 0.5753 100 15.18 

34.4470 002 2.6014 0.4001 71 21.72 

31.7918 101 2.8124 0.5900 59 14.62 

Average crystallite size 17.17 

C (3%) 

2ϴ (deg) Lnkl d-spacing FWHM Intensity I/I
1
    D (nm) 

36.2661 100 2.4750 0.6685 100    13.07 

34.4235 002 2.6032 0.4716 77    18.43 

31.7746 101 2.8139 0.6896 59     12.52 

Average crystallite size 14.67 

3.3. FT-IR analysis. 

FT-IR analysis was carried out to identify the functional groups present in the aqueous 

root extract of E. kebericho, and functional groups take part in ZnO nanostructure formation. 

The FT-IR data of the extract (Fig 2) showed various vibrational peaks at 3390, 2980, 2100, 

1640, 1460, 1052, 875, and 709 cm-1. The peak at 3390 cm-1  is assignable to hydrogen-bonded 

OH stretching of alcohol or phenol groups [1,28], and the phenolic OH is reportedly potently 

involved in ZnO NPs formation by reducing its crystallite size through capping and stabilizing 

effect. The absorption peak at 2980 cm-1 is due to C-H stretching vibration, and that of 2100 

cm-1 ascribed to stretching vibration of C≡C, maybe due to acetylenes from the plant extract 

[31]. The band at 1052 cm-1  is attributed to the C-C stretching of alcohols, carboxylic acids, 

esters, and ethers. The bands at 1640 cm-1 result from the O-H bending of absorbed water. 

Vibrational signals at 875 and 709 cm-1 were probably due to O-H bending from the plant 

extract.  

 
Figure 2. FT-IR spectrum of aqueous root extract of E. kebericho. 
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The FT-IR spectrum of E. kebericho root extract mediated ZnO NPs synthesized with 

1% (5 ml), 2 % (10 ml), and 3 % (15 ml) root extract were shown in Fig 4A,B,C, respectively. 

A slight shift of absorption bands observed in FT-IR spectrum of aqueous root extract of E. 

kebericho (Fig. 2) was witnessed in FT-IR spectrum of plant-based ZnO NPs (Fig. 3). The 

absorption bands observed at 3393/3386 cm-1 is due to the shifting of OH stretching vibration 

of alcohols/phenols. This change of absorption frequency revealed the involvement of the OH 

functional groups of the metabolites in capping and stabilizing the nanoparticles by 

surrounding ZnO NPs during synthesis. The newly observed FT-IR peak at about                           

530-555 cm-1 was attributed to Zn-O stretching frequency, which indicates the formation of 

ZnO structure.  

 
Figure 3. FT-IR spectrum of ZnO NPs synthesized using 1% (5ml) (A), 2% (10ml) (B), and 3% (15ml) (C) 

extract. 

3.4. Photocatalytic degradation study of MB dye. 

3.4.1. Point of zero charges and effect of pH. 

The point of zero charges (PHpzc) is the pH at which the surface of the photocatalyst 

has an equal distribution of total positive and total negative charges on its surface. It is the 

fundamental description of the material surface. It is more or less the point where the total 

concentration of surface anionic sites is equal to the total concentration of cationic surface sites 

[11,22]. The PHpzc for the synthesized ZnO was found to be 7.25. If the pH is less than 7.25, 

the photocatalytic surface becomes positive. It attracts anions from the solution, and if the pH 

of the solution is greater than 7.25, the surface becomes negative and attracts cations from the 

solution (Fig.4). As shown in the figure, a pH less than pHpzc led to an increase in the number 

of positively charged sites on the ZnO surface. It could not interact with the cationic MB dye 

via electrostatic attraction. As the ZnO surface is negatively charged at a higher solution pH 

relative to PHpzc, a strong electrostatic attraction appears with the cationic MB dye, where 

photocatalytic degradation is possible.     

The effect of solution pH on degradation efficiency of 30 mL of 10 mg/L MB using 

ZnO NPs (0.025 g) was evaluated at pH 2, 4, 6, 8, 10 in the presence of direct sunlight (Fig. 

5). Higher removal of MB was attained at pH=10, where the available negatively charged 

catalyst surface (ZnO NPs) favors the degradation of the cationic MB via electrostatic 

attraction. 
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Figure 4. The pH of point of zero charges of the synthesized ZnO NPs. 

 
Figure 5. Effects of pH on removal of MB (10 mg/L) using ZnO (30 mg/L) at 4 h. 

3.4.2. Effect of contact time. 

It has been proven that enough contact time allows electrostatic interaction between the 

catalyst and the dye. The effect of time on dye (10 mg/L) removal by ZnO NPs (80 mg) at 

pH=10 was investigated at different contact times (0, 30, 60, 90, 120, and 150 min), and the 

result is presented in Fig.6. The figure shows that dye removal efficiency increases with 

increasing contact time from 0 to 120 min, and the highest degradation efficiency of ZnO NPs 

was recorded at 120 min. According to the results, degradation of MB dye is fast in the initial 

stages as many vacant sites are available and then becomes slow, and ultimately depending on 

the catalyst dose, achieves equilibrium at a time where vacant sites are occupied and 

decreasing. 
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Figure 6. Effect of contact time on degradation of MB (at pH 10, 10 mg/L MB, 80 mg ZnO NPs). 

3.4.3. Effect of ZnO NPs dose. 

To assess the effect of the amount of catalyst used on dye degradation efficiency, six 

doses of ZnO NPs (20, 40, 60, 80, 100, and 120 mg) were tested, while other parameters were 

kept constant. Dye degradation efficiency of 20, 40, 60, 80, 100 and 120 mg of ZnO was found 

to be 60.15, 74.25, 84.59, 92.2, 92.2, 92.2%, respectively (Fig. 7). According to this study, 80 

mg (92.2%) of ZnO showed high photocatalytic degradation efficiency for 10 mg/L dye at 

pH=10 and 2 h contact time.  

 
Figure 7. Effect of concentration of ZnO on the degradation of MB. 

3.4.4. Effect of Concentration of MB on the Degradation efficiency of ZnO NPs. 

The role of the initial concentration of the dye was also studied by varying its 

concentrations (5, 10, 15, 20 mg/L) at experimentally determined catalyst load (80 mg), contact 

time (120 min), and pH (10). High degradation efficiency (92.2%) of the ZnO NPs was 

observed at 10 mg/L MB initial concentration (Fig. 8). In the course, the percent of degradation 

of MB went down as its initial concentration increased from 5 to 20 mg/L because of the 

availability of a limited number of active sites in the synthesized ZnO NPs to react with excess 
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MB dye. Excess MB dye molecules screen the solar light not reaching the catalyst surface and, 

hence, confine the production of hydroxyl radicals, decreasing the degradation efficiency of 

ZnO NPs.  

3.4.5. Effect of solar radiation. 

Preliminary analysis of the possible photocatalytic degradation efficiency of 30 mL of 

10 mg/L MB in the presence of ZnO NPs and direct sunlight showed removal of most of the 

dye (92.2%) when compared with that occurred in the dark (20%) at the end of 120 min reaction 

time (Fig.9). 

 
Figure 8. The effect of concentration MB on the degradation efficiency of ZnO NPs. 

 
Figure 9. Effect of solar radiation on the degradation of MB dye at pH=10 and 150 min. 

In this study, photocatalytic degradation of MB was also experimentally monitored 

using UV-Vis analysis (Fig. 10), and the data shows a decline in absorbance as a function of 
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contact time. The decrease in absorbance during the photocatalytic degradation process showed 

the possibility of removing MB dye completely within the experimental time.        

 
Figure 10. The absorbance of MB during photocatalytic degradation as a function of time. 

The effect of repeated use of ZnO NPs was evaluated by measuring the absorbance of 

three test solutions after photocatalytic degradation of MB dye (10 mg/L) using 80 mg of the 

catalyst with similar test conditions. The photocatalytic degradation efficiency calculated from 

the absorbance of MB solution after using the same ZnO NPs in three cycle photocatalytic 

degradation experiments was 92.2, 91.5, and 90.6%. The average degradation efficiency of the 

catalyst (91.4%) showed that the photocatalytic performance of the synthesized ZnO NPs was 

stable after the nanoparticles were reused three times for the oxidation of methylene blue dye.  

 
Figure 11. FTIR spectra of ZnO NPs before (A) and after (D) degradation of MB. 

The FT-IR spectrum of ZnO NPs after dye degradation revealed shifting and 

broadening of the OH absorption signals at 3380 and 875/709 cm-1 than before degradation, 
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indicating strong interaction of OH with dye molecules (Fig. 11). The similarity of Zn-O 

absorption frequencies (532/ 528 cm-1) (Fig 11) in the FT-IR spectrum of the synthesized ZnO 

NPs before (A) and after (D) photocatalytic degradation of the dye showed stability of the 

catalyst and its reusability.  

 

3.5. Kinetic study of degradation of MB using ZnO NPs as photocatalyst. 

In this study, ZnO NPs were used as a catalyst to degrade MB dye under solar radiation. 

According to the diagram (Fig 12) [1], photocatalytic degradation of the dye over the surface 

of ZnO NPs is facilitated by the generated hole (h+)-excited electron (e-) pairs between valence 

(VB) and conduction bands (CB). ZnO NPs provided many photocatalytic active sites with a 

large surface area to volume ratio when exposed to solar radiation equal to or greater than the 

bandgap (Eg), where e- moves to the CB, leaving behind h+ in the VB [1,30]. The h+ in the VB 

reacts with water. The e- in the CB combines with oxygen on the surface of ZnO NPs to form 

OH•/O2
• - which in turn enables degradation of the organic dye (RH, MB) completely into H2O 

and CO2 via highly reactive organic radicals (R•) formed by abstraction of the proton as 

established elsewhere [1,32].  

RH (MB) + •OH /O2
• -  → R. + H2O 

In general,  

MB
h

ZnO
MB/ OH /O2 H2O   +  CO2

 

 
Figure 12. Schematic illustration of hydroxyl radical’s generation for the degradation of MB. 

The photocatalytic degradation rate of organic pollutants into CO2 and H2O is predicted 

to follow the pseudo-first-order kinetic model. For this purpose, the maximum absorbance of 

MB at 664 nm was recorded during the degradation process using ZnO NPs (80 mg/L) and 30 

mL of 10 mg/L MB at pH=10 and different contact times. 

It is assumed that the variation of [MB] affects the rate of photodegradation reaction. 

In contrast, the amount of water (source of free radicals) does not affect the rate due to its high 

concentration. Thus, the rate equation expressed as Eq. 3 is rewritten as Eq. 4 because the 

degradation rate is assumed to be independent of [OH•] [33-35]. 

  .OHMBkr =   ---------Eq.3 
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 MBkr =  ---------------Eq.4 

Hence, the first-order kinetics model of this photodegradation reaction behaves as a 

pseudo-first-order reaction where the rate of disappearance of MB can be expressed using Eqs 

5-6: 

 
 MBk

t

MB
rMB

=


−
=

  ----- Eq 5 

 
 MBk

dt

MBd
=

−

 -------------  Eq.6 

   oMBkttMB lnln +−=  ------Eq. 7 

Where: [MB] is the concentration of MB, k is a rate constant of first-order degradation (min-

1), and t is the contact time (min).  

The linear fitting equation (Eq.7) derived from Eq.6 was integrated for boundary 

conditions (t = 0, [MB] = Co and t = t, [MB] = Ct) and the plot of lnC0/Ct vs t (Fig. 13) results 

in a straight line whose slope (k= 0.015, R² = 0.9761) is characteristic to pseudo-first order 

kinetic model.      

 
Figure 13. Pseudo-first-order kinetic model. 

This study demonstrates a first-order kinetic model for photodegradation of MB dye 

contaminated water using nontoxic ZnO NPs under solar radiation. Promising degradation 

efficiency (92.2% of 10 mg/L of MB) was recorded for ZnO nanostructures as a photocatalyst 

at a dose of 80 mg, pH=10, and 120 min of contact time. It was observed that increasing the 

concentration of E. kebericho extract lowers the crystallite size of ZnO NPs. Usually, as the 

crystallite size of the ZnO NPs decreases, the available surface area of the nanostructure 

increases; consecutively, its catalytic activity increases. The performance (% degradation, k 

(min-1)) of as-synthesized ZnO NPs were found to be comparable with previous reports [36-

39] (Table S1). 

4. Conclusions 

Green synthesis of highly crystalline ZnO NPs with hexagonal wurtzite structure having 

an average crystal size of 14.67 nm was accomplished using E. kebericho aqueous root extract 
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and zinc acetate dihydrate as a precursor. The nanoparticle was found 92.2% efficient in 

degrading 10 mg/L of MB dye by 80 mg of ZnO NPs at pH=10 and 120 min contact time in 

pseudo-first-order kinetic model (k= 0.015, R² = 0.9761). The possible mechanism of the 

photocatalytic degradation reaction of MB was its oxidation by •OH /O2
• - generated in situ of 

the reaction. Hence, this study confirms removing the substantial amount of MB from 

wastewater through photocatalytic degradation using ZnO NPs synthesized with aqueous root 

extract of E. kebericho. 

Funding 

This research received no external funding. 

Acknowledgments 

We are grateful to Adama Science and Technology University (ASTU), Department of 

Materials Science and Engineering, for XRD analysis, and Addis Ababa University, 

Department of Chemistry for FT-IR analysis. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Kahsay, M.H.; Tadesse, A.; RamaDevi, D.; Belachew, N.; Basavaiah, K. Green synthesis of zinc oxide 

nanostructures and investigation of their photocatalytic and bactericidal applications. RSC Advances 2019, 9, 

36967-36981, https://doi.org/10.1039/C9RA07630A.  

2. Adane, T.; Tiruneh, A.; Alemayehu, E. Textile Industry Effluent Treatment Techniques. Journal of Chemistry 

2021, 2021, 1-14, https://doi.org/10.1155/2021/5314404. 

3. Berradi, M.; Hsissou, R.; Khudhair, M.; Assouag, M.; Cherkaoui, O.; El Bachiri, A.; El Harfi, A. Textile 

finishing dyes and their impact on aquatic environs. Heliyon 2019, 5, 1-11, 

https://doi.org/10.1016/j.heliyon.2019.e02711.  

4. Al-Tohamya,R ; Aliab, S.S.; Li, F.; Okasha, K.M.; G. Mahmoud,Y.A.; Elsamahy,T.; Jiao, H.; Fua,Y.; Sun, 

J. A Critical review on the treatment of dye-containing wastewater: Ecotoxicological and health concerns of 

textile dyes and possible remediation approaches for environmental safety. Ecotoxicology and Environmental 

Safety 2022, 231, https://doi.org/10.1016/j.ecoenv.2021.113160. 

5. Valadez-Renteria, E.; Oliva, J.; Rodriguez-Gonzalez, V. Photocatalytic materials immobilized on recycled 

supports and their role in the degradation of water contaminants: A timely review. Science of The Total 

Environment 2022, 807, https://doi.org/10.1016/j.scitotenv.2021.150820. 

6. Khan, I.; Saeed, K.; Zekker, I.; Zhang, B.; Hendi, A.H.; Ahmad, A.; Ahmad, S.; Zada, N.; Ahmad, H.; Shah, 

L.A.; Shah, T. Review on Methylene Blue: Its Properties, Uses, Toxicity and Photodegradation. Water 2022, 

14, https://doi.org/10.3390/w14020242.  

7. Patel, R.K.; Prasad, R.; Shankar, R.; Khare, P.; Yadav, M. Adsorptive Removal of Methylene Blue Dye from 

Soapnut Shell & Pineapple Waste Derived Activated Carbon. International Journal of Engineering, Science 

and Technology 2021, 13, 81–87, https://doi.org/10.4314/ijest.v13i1.12s. 

8. Belachew, N.; Hinsene, H. Preparation of Zeolite 4A for Adsorptive removal of Methylene Blue: 

optimization, Kinetics, Isotherm and mechanism Study. Silicon 2022, 14, 1629-1641, 

https://doi.org/10.1007/s12633-020-00938-9. 

9. Kavitha, G.; Kumar, J.V.; Devanesan, S.; Asemi, N.N.; Manikandan, V.; Arulmozhi, R.; Abirami, N. Ceria 

nanoparticles anchored on graphitic oxide sheets (CeO2-GOS) as an efficient catalyst for degradation of dyes 

and textile effluents. Environmental Research 2022, 209, https://doi.org/10.1016/j.envres.2022.112750. 

10. Licayan, K.D.O.; Manigo, J.P.; Oracion, J.P.L.; De La Rosa, L.B.; Alguno, A.C.; Deocaris, C.C.; 

Capangpangan, R.Y. Synthesis and characterization of Fe3O4/BiOCl/Cu2O composite as photocatalyst for 

the degradation of organic dyes. Materials Today: Proceedings 2021, 46, 1663-1667, 

https://doi.org/10.1016/j.matpr.2020.07.262.  

11. Belachew, N.; Fekadu, R.; Abebe, A.A. RSM-BBD Optimization of Fenton-Like Degradation of 4-

Nitrophenol Using Magnetite Impregnated Kaolin. Air, Soil and Water Research 2020, 13, 1-10, 

https://doi.org/10.1177/1178622120932124. 

https://doi.org/10.33263/LIANBS123.072
https://nanobioletters.com/
https://doi.org/10.1039/C9RA07630A
https://doi.org/10.1155/2021/5314404
https://doi.org/10.1016/j.heliyon.2019.e02711
https://doi.org/10.1016/j.ecoenv.2021.113160
https://doi.org/10.1016/j.scitotenv.2021.150820
https://doi.org/10.3390/w14020242
https://doi.org/10.4314/ijest.v13i1.12s
https://doi.org/10.1007/s12633-020-00938-9
https://doi.org/10.1016/j.envres.2022.112750
https://doi.org/10.1016/j.matpr.2020.07.262
https://doi.org/10.1177/1178622120932124


https://doi.org/10.33263/LIANBS123.072  

 https://nanobioletters.com/ 15 of 17 

 

12. Belachew, N.; Hagos, M.; Tadesse, A.; Basavaiah, K. Green synthesis of reduced graphene oxide grafted 

Ag/ZnO for photocatalytic abatement of methylene blue and antibacterial activities. Journal of Environmental 

Chemical Engineering 2020, 8, https://doi.org/10.1016/j.jece.2020.104106. 

13. Kiwaan, H.A.; Atwee, T.M.; Azab, E.A.; El-Bindary, A.A. Photocatalytic degradation of organic dyes in the 

presence of nanostructured titanium dioxide. Journal of Molecular Structure 2020, 1200, 

https://doi.org/10.1016/j.molstruc.2019.127115. 

14. Priyadharshini, S.S.; Shubha, J.P.; Shivalingappa, J.; Adil, S.F.; Kuniyil, M.; Hatshan, M.R.; Shaik, B.; 

Kavalli, K. Photocatalytic Degradation of Methylene Blue and Metanil Yellow Dyes Using Green 

Synthesized Zinc Oxide (ZnO) Nanocrystals. Crystals 2022, 12, https://doi.org/10.3390/cryst12010022.   

15. Arumugasamy, S. K.; Ramakrishnan, S.; Yoo, J. D.; Govindaraju, S.; Yun, K. Tuning the interfacial 

electronic transitions of bi-dimensional nanocomposites (pGO/ZnO) towards photocatalytic degradation and 

energy application. Environmental Research 2022, 204, https://doi.org/10.1016/j.envres.2021.112050.  

16. Vikraman, D.; Patil, S.S; Hussain, S.; Hussain, M.; Karuppasamy, K.; Santhoshkumar, P.;Lee, J.H.; Lee, K.; 

Jung, J.; Kim, H.S. Decoration of X2C nanoparticles on CdS nanostructures for highly efficient photocatalytic 

wastewater treatment under visible light. Applied Surface Science 2022, 583, 

https://doi.org/10.1016/j.apsusc.2022.152533. 

17. Jiang, D.; Otitoju, T.A.; Ouyang, Y.; Shoparwe, N.F.; Wang, S.; Zhang, A.; Li, S. A Review on Metal Ions 

Modified TiO2 for Photocatalytic Degradation of Organic Pollutants. Catalysts 2021, 11, 

https://doi.org/10.3390/catal11091039. 

18. Nazim, M.; Aslam, A.; Khan, P.; Asiri, A.M.; Kim, J.H. Exploring Rapid Photocatalytic Degradation of 

Organic Pollutants with Porous CuO Nanosheets: Synthesis, Dye Removal, and Kinetic Studies at Room 

Temperature. ACS Omega 2021, 6, 2601–2612, https://doi.org/10.1021/acsomega.0c04747.  

19. Tadesse, A.; Hagos, M.; Belachew, N.; Ananda Murthy, H.C.; Basavaiah, K. Enhanced photocatalytic 

degradation of Rhodamine B, antibacterial and antioxidant activities of green synthesised ZnO/N doped 

carbon quantum dot nanocomposites. New Journal of Chemisytry 2021, 45, 21852-21862, 

https://doi.org/10.1039/D1NJ04036G. 

20. El Shafey, A.M. Green synthesis of metal and metal oxide nanoparticles from plant leaf extracts and their 

applications: A review" Green Processing and Synthesis 2020, 9, 304-339, https://doi.org/10.1515/gps-2020-

0031. 

21. Isai, K.A.; Shrivastava, V.S. Photocatalytic degradation of methylene blue using ZnO and 2%Fe–ZnO 

semiconductor nanomaterials synthesized by sol–gel method: a comparative study. SN Applied Science 2019, 

1, https://doi.org/10.1007/s42452-019-1279-5.  

22. Shaba, E. Y.; Jacob, J. O.; Tijani, J. O.; Suleiman, M. A. T. A Critical Review of Synthesis Parameters 

Affecting the Properties of Zinc Oxide Nanoparticle and Its Application in Wastewater Treatment. Applied 

Water Science 2021, 11, 1-48, https://doi.org/10.1007/s13201-021-01370-z. 

23. Bitew, H.; Hymete, A. The Genus Echinops: Phytochemistry and Biological Activities: A Review. Frontiers 

of Pharmacology 2019, 10, https://doi.org/10.3389/fphar.2019.01234. 

24. Ameya, G.; Gure, A.; Dessalegn, E. Antimicrobial activity of Echinops Kebericho against human pathogenic 

bacteria and fungi. African Journal of Traditional, Complementary and Alternative medicines 2016, 199–

203, https://doi.org/10.21010/ajtcam.v13i6.29. 

25. Deyno, S.; Mtewa, A.G.; Hope, D.; Bazira, J.; Makonnen, E.; Alele, P.E. Antibacterial Activities of Mesfin 

Tuber Extracts and Isolation of the Most Active Compound, Dehydrocostus Lactone. Frontiers of 

Pharmacology 2021, 11, 1-13, https://doi.org/10.3389/fphar.2020.608672. 

26. Faisal, S.; Jan, H.; Shah, S. A.; Shah, S.; Khan, A.; Taj Akbar M.; Rizwan, M.; Jan, F.; Akhtar, N.; Khattak, 

A.; Syed, S. Green Synthesis of Zinc Oxide (ZnO) Nanoparticles Using Aqueous Fruit Extracts of Myristica 

fragrans: Their Characterizations and Biological and Environmental Applications ACS Omega 2021, 6, 

9709–9722, https://doi.org/10.1021/acsomega.1c00310. 

27. Asker, M.; El-gengaihi, S.E.; Hassan, E.M.; Mohammed, M.A.; Abdelhamid, S.A. Phytochemical 

Constituents and Antibacterial Activity of Citrus Lemon Leaves. Bulletin of the National Research Centre 

2020, 44, 1–7, https://doi.org/10.1186/s42269-020-00446-1. 

28. Mourdikoudis, S.; Pallares, R.M.; Thanh, N.T.K. Characterization Techniques for Nanoparticles: 

Comparison and Complementarity upon Studying Nanoparticle Properties. Nanoscale 2018, 10, 12871–

12934, https://doi.org/10.1039/c8nr02278j. 

29. Jenkins, R.; Snyder, R. Introduction to X-Ray Powder Diffractometry. John Wiley & Sons 2012; pp. 1-432, 

https://doi.org/10.1002/9781118520994.  

30. Sawada, H.; Wang, R.; Sleight, A.W. An electron density residual study of zinc oxide. Journal of Solid State 

Chemistry 1996, 122, 148-150, https://doi.org/10.1006/jssc.1996.0095.  

31. Hymete, A.; Rohloff, J.; Kjøsen, H.; Iversen, T.-H. Acetylenic thiophenes from the roots of Echinops 

ellenbeckii from Ethiopia. Natural Product Research 2005, 19, 755-761,  

http://dx.doi.org/10.1080/1478641042000301711.  

32. Hung, N.V.; Nguyet, B.T.M.; Huu Nghi, N.; Khieu, D.Q. Photocatalytic Degradation of Methylene Blue by 

using ZnO/ Longan Seed Activated Carbon under Visible-Light Region. Journal of Inorganic and 

Organometallic Polymers and Materials 2020, 31, 446-459, https://doi.org/10.1007/s10904-020-01734-z.  

https://doi.org/10.33263/LIANBS123.072
https://nanobioletters.com/
https://doi.org/10.1016/j.jece.2020.104106
https://doi.org/10.1016/j.molstruc.2019.127115
https://doi.org/10.3390/cryst12010022
https://doi.org/10.1016/j.envres.2021.112050
https://doi.org/10.1016/j.apsusc.2022.152533
https://doi.org/10.3390/catal11091039
https://doi.org/10.1021/acsomega.0c04747
https://doi.org/10.1039/D1NJ04036G
https://doi.org/10.1515/gps-2020-0031
https://doi.org/10.1515/gps-2020-0031
https://doi.org/10.1007/s42452-019-1279-5
https://doi.org/10.1007/s13201-021-01370-z
https://doi.org/10.3389/fphar.2019.01234
https://doi.org/10.21010/ajtcam.v13i6.29
https://doi.org/10.3389/fphar.2020.608672
https://doi.org/10.1021/acsomega.1c00310
https://doi.org/10.1186/s42269-020-00446-1
https://doi.org/10.1039/c8nr02278j
https://doi.org/10.1002/9781118520994
https://doi.org/10.1006/jssc.1996.0095
http://dx.doi.org/10.1080/1478641042000301711
https://doi.org/10.1007/s10904-020-01734-z


https://doi.org/10.33263/LIANBS123.072  

 https://nanobioletters.com/ 16 of 17 

 

33. Singh, J.; Chang, Y.-Y.; Koduru, J.R.; Yang, J.-K. Potential Degradation of Methylene Blue (MB) by Nano-

Metallic Particles: A Kinetic Study and Possible Mechanism of MB Degradation. Environmental Engineering 

Research 2018, 23, 1–9, https://doi.org/10.4491/eer.2016.158. 

34. Fosso-Kankeu, E; Pandey, S.; Ray, S.S. Photocatalysts in Advanced Oxidation Processes for Wastewater 

Treatment. John Wiley & Sons 2020; pp. 1-320, https://doi.org/10.1002/9781119631422.  

35. Aldalbahi, A.; Alterary, S.; Ali Abdullrahman Almoghim, R.; Awad, M. A.; Aldosari, N. S.; Fahad 

Alghannam, S.; Nasser Alabdan, A.; Alharbi, S.; Ali Mohammed Alateeq, B.; Abdulrahman Al Mohsen, A.; 

Alkathiri, M.A.; Abdulrahman Alrashed, R. Greener Synthesis of Zinc Oxide Nanoparticles: Characterization 

and Multifaceted Applications. Molecules 2020, 25, https://doi.org/10.3390/molecules25184198. 

36. Li, S.; Lin, Q.; Liu, X.; Yang, L.;  Ding, J.; Dong, F.; Li, Y.; Irfana, M.; Zhang, P. Fast photocatalytic 

degradation of dyes using lowpower laser-fabricated Cu2O–Cu nanocomposites. RSC Advance 2018, 8, 

20277-20286, https://doi.org/10.1039/C8RA03117G 

37. Yang, Y.; Wu, Z.; Yang, R.; Li, Y.;Yu, B. Insights into the mechanism of enhanced photocatalytic dye 

degradation and antibacterial activity over ternary ZnO/ ZnSe/ MoSe2 photocatalysts under visible light 

irradiation. Applied Surface Science 539, 2021,15, 148220. https://doi.org/10.1016/j.apsusc.2020.148220 

38. Alkaykh, S.; Mbarek, A.;  Ali-Shattle, E. E. Photocatalytic degradation of methylene blue dye in aqueous 

solution by MnTiO 3 nanoparticles under sunlight irradiation. Heliyon 2020, 17, 6(4), e03663     

https://doi.org/10.1016/j.heliyon.2020.e03663. 

39. Abu-Dalo, M.A.;  Al-Rosan, S. A.; Albiss, B. A. Photocatalytic Degradation of Methylene Blue Using 

Polymeric Membranes Based on Cellulose Acetate Impregnated with ZnO Nanostructures. 

Polymers 2021, 13(19), 3451, https://doi.org/10.3390/polym13193451. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.33263/LIANBS123.072
https://nanobioletters.com/
https://doi.org/10.4491/eer.2016.158
https://doi.org/10.1002/9781119631422
https://doi.org/10.3390/molecules25184198
https://doi.org/10.1039/C8RA03117G
https://www.sciencedirect.com/science/article/pii/S0169433220329779
https://www.sciencedirect.com/science/article/pii/S0169433220329779
https://www.sciencedirect.com/science/article/pii/S0169433220329779
https://doi.org/10.1016/j.heliyon.2020.e03663


https://doi.org/10.33263/LIANBS123.072  

 https://nanobioletters.com/ 17 of 17 

 

Supplementary Data 

Table S1. Performance of different photocatalytic systems for removal of MB from aqueous solutions. 

S.N Photocatalytic system Kobs, min-1 Removal efficiency, % Ref 

1 ZnO NPs with E.kebericho, 120 

min 

0.015 92.2 This study 

2 Cu2O–Cu nanocomposites/ CO2 

laser, 50 min 

5.095 90 [36] 

3 ZnO/ZnSe/MoSe2, 180 min  0.000194 91.5 [37] 

4 MnTiO3, 240 min 0.00525 70 [38] 

5 Cellulose acetate/ZnO/120 min 0.0114 75 [39] 
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