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Abstract
ZnO and 2%Fe–ZnO nanomaterials were prepared by using a low-cost sol–gel method. The synthesized nanomaterials 
were characterized by X-ray diffraction (XRD), Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spec-
troscopy (EDX). The XRD and SEM studies reveal that the synthesized nanomaterials have a hexagonal wurtzite structure 
with average crystalline size ~ 22 to 23 nm. EDX analysis confirmed the composition and purity of synthesized nanoma-
terial. The photocatalytic activity of synthesized nanomaterials was monitored using the spectrophotometric method. 
Also, the photocatalytic removal of methylene blue (MB) dye from its aqueous solution by using ZnO and 2%Fe–ZnO 
nanopowder under UV light irradiation was studied. The effect of various parameters such as pH of dye solution, dye 
concentration, contact time and catalyst dose were investigated. Results of the current study demonstrated that, the 
maximum degradation using ZnO was 86% and that for 2%Fe–ZnO was 92% (under the optimum condition initial dye 
concentration = 10 mg/L and pH = 2). This study showed that 2%Fe–ZnO is a promising and better photocatalysts than 
ZnO.

Received: 23 July 2019 / Accepted: 12 September 2019 / Published online: 20 September 2019

 * Kalpesh Anil Isai, isai.kalpesh7@gmail.com; Vinod Shankar Shrivastava, profvinodshrivastava@gmail.com | 1Department of Applied 
Sciences and Humanities, R.C. Patel Institute of Technology, Shirpur, MH, India. 2Nanochemistry Research Laboratory, G. T. Patil College, 
Nandurbar, MH, India.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-1279-5&domain=pdf


Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1247 | https://doi.org/10.1007/s42452-019-1279-5

Graphic abstract 

Keywords Photocatalytic degradation · ZnO · 2%Fe–ZnO · Semiconductor nanomaterial · Methylene blue · Sol–gel

1 Introduction

Industries such as textile, paper, printing, leather, food, 
cosmetics, and etc. [1] use synthetic organic compounds 
in the form of dye to finish their products and release 
colored effluents in various water bodies like rivers, lakes, 
and etc. Therefore, it is a crucial task to remove such dyes 
from the industrial effluent before discharging into various 
water bodies [2]. Dyes in wastewater directly retard various 
processes such as photosynthesis and biological activity 
of various aquatic plants and animals underwater. Also, 
dyes have a tendency to form a chelate with metal ions 
and these chelating compounds create toxicity to fishes 
and other organisms. Some of these dyes have carcino-
genic and poisonous behavior; it directly sways its adverse 
effects on human being [3]. Currently, industries use vari-
ous dye removal methods but unfortunately, these meth-
ods are not so much effective to remove dyes completely 
from the environment [4]. Therefore, there is a necessity of 
new methods for the removal of harmful dyes for mankind.

In recent years, one of the attractive research fields 
is the synthesis of various semiconductor nanoma-
terials for the removal of textile contaminants from 

wastewater [5]. Mechanism of advanced oxidation pro-
cesses (AOPs) contain, the formation of a strong oxidiz-
ing agent like  OH− radical, it has a tendency to eradi-
cate the pollutants from wastewater, shown in Fig. 1. 
But, due to lack of efficiency of degradation percent-
age of dyes, as compared to traditional AOPs, the low 
cost and more efficient AOPs are required and hence 

Fig. 1  Mechanism of photocatalysis
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the area of research is semiconducting nanomaterial 
photocatalysis. Semiconductor nanomaterial absorbs 
greater energy than its bandgap energy which leads 
to the excitation of electrons from the valence band 
to the conduction band, subsequently producing elec-
trons and holes. The valence band holes react with the 
water molecules and hydroxide ions to form hydroxyl 
radicals whereas the electron reacts with oxygen mol-
ecules and form superoxide radicals. These free radicals 
are powerful oxidizers of organic dyes which can attack 
organic dyes and degrade them into  CO2 and  H2O [6].

Methylene Blue (MB) is a heterocyclic aromatic com-
pound. MB is a cationic dye, widely used for dying cot-
ton, wool and silk. This dye is stable and incompatible 
with the base. The harmful effect of the existence of 
this dye in waste water may be arisen from the burns 
effect of eye, nausea, vomiting and diarrhea, and etc. 
It may be poisonous if it is inhaled and in contact with 
skin. Thus, it is necessary to remove such hazardous 
dye from industrial effluent before it pollute the nearby 
freshwater streams.

ZnO and its doped nanomaterials have been inves-
tigated as a potential photocatalyst. Particularly, for 
dye degradation, nanomaterials were found to be a 
more efficient catalyst than other semiconductors [7, 
8]. Therefore, in this paper instead of traditional mate-
rials, synthesized semiconductor nanomaterials were 
used for the removal of hazardous organic dyes from 
industrial effluents. The nanocrystalline size of Zinc 
oxide (ZnO) and Iron doped Zinc oxide (2%Fe–ZnO) 
has gained much attention because of its physical, 
chemical, and optical properties which make these 
materials suitable for heterogeneous catalytic appli-
cations, photocatalysis, sensors, ultraviolet (UV) pho-
todetectors, and etc. [9–11]. Till date, various nano-
material synthesis processes have been reported such 
as the sol–gel process [12] and hydrothermal process 
[13], SILAR [14], CVD [15], and etc. But as compared 
to all such processes sol–gel method is preferred to 
achieve the higher photocatalytic activity. Likewise, 
this method of synthesis gives a low-cost eco-friendly 
solution to industrial wastewater purification prob-
lem [16]. Here it has been reported that as compared 
to ZnO, the 2%Fe–ZnO nanoparticles revealed better 
photocatalytic activities than ZnO. It was assumed that 
iron cations could act as shallow traps in the lattice of 
photocatalyst, which reduced the recombination rate 
of electron/hole. Best photocatalytic properties could 
be achieved upon doping iron [17].

Synthesis and photocatalytic studies of ZnO and 
2%Fe doped ZnO nanomaterials were reported by 
researchers but obtained lower degradation of MB dye 

Many photocatalytic degradation studies had been 
reported using ZnO and 2%Fe–ZnO nanomaterials; but 
got lower [18] degradation of MB dye as compared to 
the present investigation because, in the present work, 
the optimum condition was achieved at pH 2, which 
gave the highest percentage degradation, 86% and 
92% respectively at λ = 663 nm. Therefore, this study 
concluded that the synthesized 2%Fe–ZnO nanomate-
rial is a novel, promising and better photocatalyst than 
ZnO.

The present work reports a comparative study on pho-
tocatalytic activity of pure and doped ZnO nanomaterials. 
In this investigation, methylene blue (MB) dye has been 
used as a model pollutant.

2  Experimental

2.1  Materials and methods

All the chemicals used in the present work were of analytical 
grade and all the solutions were prepared in distilled water. 
Chemicals used in this synthesis are Zinc Acetate Dihydrate 
(Zn  (CH3COO)2·2H2O), Sodium Hydroxide (NaOH), Iron 
Nitrate Nonahydrate (Fe  (NO3)3·9H2O), Ethanol  (C2H5OH) 
and distilled water. For photocatalytic study {[7-(dimethyl-
amino) phenothiazin-3-ylidene]-dimethylazanium;chloride} 
 (C16H18ClN13S) commonly known as Methylene blue dye was 
used. The chemical structure and properties of the MB dye 
were given in Table 1 [19].

2.2  Synthesis of photocatalyst

ZnO and 2%Fe–ZnO photocatalytic nanomaterials were 
synthesized by using the low-cost sol–gel method. Zinc 
acetate dihydrate (Zn  (CH3COO)2·2H2O) was used as a pre-
cursor and ethanol  (C2H5OH) was used as a reagent. While 
sodium hydroxide (NaOH) was used as a source of oxygen. 
Initially, by dissolving 0.2 M zinc acetate dihydrate in ethanol 
at room temperature and then stirring and mixing this solu-
tion using magnetic stirrer. Clear and transparent sol with no 
precipitate and turbidity was obtained. Then 0.02 M NaOH 
was gently added to the sol and stirred for 60 min. The sol 
was kept undisturbed till white precipitate settled down at 
the bottom of the sol. After precipitation, the precipitate was 
filtered and washed with excess ethanol to remove start-
ing material. Precipitate dried at 50 °C for 15 min on a hot 
plate. Finally, this dry precipitate of ZnO was then annealed 
at 100 °C temperature for 24 h in order to remove impurities 
if present and to attain suitable crystallinity and properties 
[20, 21].
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The reactions during ZnO formation were presumed to 
proceed [22] via,

Or

where X = acetate group
Also, 2%Fe–ZnO nanomaterial was prepared by using 

a low-cost sol–gel method. Initially, by dissolving 0.2 M 
zinc acetate dihydrate and 0.2 M iron nitrate nonahydrate 
(Fe(NO3)3·9H2O) in ethanol at room temperature with 2% 
atomic percentage and then stirring and mixing this solu-
tion using magnetic stirrer. A transparent and clear sol with-
out any turbidity and precipitate was obtained. After clear 
sol formation the rest of the procedure was used as dem-
onstrated above for ZnO synthesis.The detailed scheme of 
synthesis of ZnO and 2%Fe–ZnO is presented in Fig. 2a, b.

2.3  Characterizations

The synthesized nanomaterials were characterized by SEM 
(Hitachi S-4800-Type-II, Hitachi High Technology Corpora-
tion), XRD (Rigaku MiniFlex-600), EDX (EDX-Bruker X Flash 
5030) techniques and photocatalytic activity was performed 
by a photocatalytic reactor and UV–Vis spectrophotometer 
(Systronics 2203 India).

2.4  Photocatalytic degradation experiment

The photocatalytic degradation experiment was performed 
using a photocatalytic reactor (Lelesil Innovative Systems). 
The reactor enclosed with a round and hollow Pyrex glass 
cell with 1.0 L limit, 10 cm breadth, and 15 cm height. For the 

(1)Zn(X )2 + 2NaOH → ZnO + 2NaX + H2O

(2)Zn(X ) + 2NaOH → ZnO + Na
2
X + H2O

light source, 150 W mercury light (400–700 nm) was placed 
in a 5 cm width quartz tube with one end firmly fixed by a 
Teflon plug. The light and the tube were then submerged in 
the photoreactor cell with a light way of 3.0 cm. The whole 
reactor was cooled with water and the temperature was kept 
at 25℃. The photocatalytic reactor used for this study and its 
schematic representation as shown in Fig. 3a, b.

The stock solution for this degradation study was pre-
pared by dissolving MB dye in 100 mL of distilled water. 
To 10 mL of this stock solution, photocatalyst like ZnO 
and 2%Fe–ZnO were added. This aqueous solution was 
magnetically stirred for half an hour and exposed to UV 
light. In the same way, the next desired concentration of 
dye solutions (20, 30, 40 and 50 mg/L) were prepared by 
diluting the stock solution with deionized water. All reac-
tants in the photocatalytic reaction were stirred using a 
magnetic stirrer situated inside the reactor below the light 
source, in order to make a uniform suspension of the cata-
lyst throughout the reaction. The photocatalytic activity of 
the synthesized catalyst was predicted by measuring the 
residual concentration of MB dye in the solution. The spec-
trophotometric analysis of dye was used to measure the 
decolorization efficiency of MB dye. The absorbance of MB 
dye was measured by using UV–Vis spectrophotometer. 
The maximum wavelength of absorbance for MB dye is 
λmax = 663 nm. After the visible light irradiation, the decol-
orization rate of dye was obtained, by decreasing absorb-
ance of dye at the wavelengths of maximum absorbance. 
The degradation efficiency of the dye i.e. % adsorption has 
been calculated using Eq. (3).

(3)%Degradation =
Co − Ct

Co
× 100

Table 1  Chemical structure 
and properties of MB

Properties Description

IUPAC name {[7-(dimethylamino) phenothiazin-3-ylidene]-
dimethylazanium;chloride}

Structure

Molecular formula C16H18ClN13S
Molar mass 319.85 g/mol
Physical state Solid, Powder
Melting point Powder 180 °C
Boiling point Powder decomposes and solution 100 °C
Solubility in water Soluble in water
Dye type Cationic
Azo bond 1
λmax 663 nm
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where Co = initial dye concentration and Ct = dye concen-
tration after time t.

3  Results and discussion

3.1  XRD analysis

XRD patterns of ZnO and 2%Fe–ZnO nanoparticles 
were shown in Fig. 4. The XRD spectrum showed three 
broad peaks for ZnO and 2%Fe–ZnO at the 2θ = 31.660, 
34.350, 36.155 and 2θ = 31.259, 33.949, 35.755 positions 
respectively. The three diffraction peaks correspond to 
the (100), (002), and (101) crystalline planes of hexago-
nal ZnO. Well-defined sharp peaks confirmed the good 

crystalline quality ofZnO and 2%Fe–ZnO nano photo-
catalysts. All the peaks in the XRD patterns of ZnO and 
2%Fe–ZnO samples could be fitted with the hexago-
nal wurtzite structure with JCPDS card No. (36-1451) 
[23, 24]. The broadening of the XRD lines is attributed 
to the nanocrystalline characteristics of the samples, 
which indicates that the particle size is in the nanom-
eter range.

The average crystalline size of synthesized nanopar-
ticles was calculated by using the Scherer formula as 
shown in Eq. (4) [25].

(4)D = 0.94�∕�Cos�

Fig. 2  Scheme of synthesis of a 
ZnO and b 2%Fe–ZnO
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where D is the average crystalline size, λ is wavelength in 
angstrom, β is the FWHM in radian and θ is the diffraction 
angle in degree.

Based on the Scherrer equation the average crystal 
size of the ZnO and 2%Fe–ZnO nanoparticles was calcu-
lated as 22.01 nm and 23.38 nm respectively.

3.2  SEM and EDX analysis

SEM images of ZnO and 2%Fe–ZnO nanoparticles were 
shown in Fig. 5a, b. The SEM micrograph indicates the mor-
phology of nanomaterials like nanoflakes or nano-flowers 
[26]. In the present investigation, SEM images showed the 
crystalline nature of synthesized semiconductor photocat-
alyst which made that photocatalyst more efficient, as it 
minimizes electron–hole pair loss owing to the trapping 
of either charge carriers at defect states as earlier studies 
were reported [27, 28].

The EDX spectrum revealed the presence of Zn, Fe and 
O elements. No other impurity was detected in the sam-
ple spectrum, which confirms the purity of the synthe-
sized nanomaterial. The compositional analysis in terms 
of atomic percentage of the nanomaterial was done by 
EDX, as shown in Table 2. The presence of Zn, Fe, and O in 
the EDX analysis is due to the precursors used during the 
synthesis of nanomaterials.

3.3  Photocatalytic studies

3.3.1  Effect of pH of the solution

pH plays an important role in the photocatalytic study, 
as, it controls the reactions during the degradation of 
dyes or organic compounds and beside this generation 
of hydroxyl radicals also depends on the pH of the solu-
tion [29, 30]. Initially the effect of pH on the photocatalytic 
degradation of MB dye in the range of pH 1–10 in presence 
of synthesized photocatalyst was studied under conditions 
(contact time = 180 min, dye concentration = 20 mg/L and 
catalyst dose = 1 g/L) as shown in Fig. 6. The pH of a solu-
tion affects the surface charge properties of the catalyst 
and indirectly it affects the adsorption behavior [31]. The 
pHpzc (point of zero charge) of the catalyst was estimated 
at about (ZnO = 8.3 and 2%Fe–ZnO = 8.9) using reported 
method [32]. The surface has net zero charge at pHpzc 
and at pH < pHpzc the surface of the catalyst is positively 
charged while at pH > pHpzc the surface is negatively 
charged. According to the pHpzc values, the pHpzc of 
ZnO is 8.3. This means that at pH values below 8.3, the 
ZnO surface has a net positive charge, while at pH greater 
than 8.3, the surface has a net negative charge. Similarly, 
the pHpzc of 2%Fe–ZnO is 8.9. This means that at pH val-
ues below 8.9, the 2%Fe–ZnO surface has a net positive 

Fig. 3  a Photocatalytic reactor used and b Schematic representa-
tion of reactor used

Fig. 4  XRD pattern of nanoparticles ZnO and 2%Fe–ZnO
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charge, while at pH greater than 8.9, the surface has a net 
negative charge [33].

The percentage of dye removal showed an increase 
with decrease in pH value and reached their maximum 
value in the acidic pH. At low pH value, the surfaces of the 
catalysts were highly protonated and becomes positively 
charged so that the dye cations were electrostatically 
attracted more towards the catalyst surface as more oxidiz-
ing holes increases and thus decoloration of MB dye was 
enhanced. At acidic pH, the positive holes are considered 

as the major oxidation species, whereas hydroxyl radicals 
are considered as the predominant species at neutral or 
alkaline pH [34]. Maximum degradation of MB dye at pH 
2 using ZnO and 2%Fe–ZnO photocatalysts was demon-
strated 86% and 92% respectively.

3.3.2  Effect of initial dye concentration

The effect of initial dye concentration on the degradation 
efficiency was studied at optimized pH = 2 by varying ini-
tial dye concentration. Different initial concentrations of 
MB with a range of 10–50 mg/L were used to assess the 
photocatalytic activity. Maximum degradation at the initial 
dye concentration of 10 mg/L as shown in Fig. 7a, b.

The degradation efficiency of dye was decreased when 
the initial concentration of dye increased. This is because; 
as the initial dye concentration was increased indirectly, 
the excess of dye molecules will be adsorbed on the 
catalyst surface, so the active sites of the catalysts will be 
reduced. As the dye concentration increases, a number of 
hydroxyl radicals are required for the degradation of dye 
molecules and while, the formation of hydroxyl radicals 
on the catalyst surface remains constant for given light 
intensity, catalyst dose and irradiation time [35]. Therefore 
the hydroxyl radicals produced are insufficient for the deg-
radation of dye at high concentration. Hence, photodeg-
radation efficiency reduces as the concentration of dye 
increases.

3.3.3  Effect of contact time

The effect of contact time on photocatalytic degradation 
of MB dye was examined at an optimum condition (pH = 2) 
and dye concentration of 10 mg/L. The fixed amount of 
ZnO and 2%Fe–ZnO catalyst was 1 g/L used. The relation-
ships between photocatalytic degradation of MB dye and 

Fig. 5  SEM images of a ZnO and b 2%Fe–ZnO nanomaterials

Table 2  EDX analysis of nanomaterials

Type of nanoparticles Elements at%

ZnO Zn K 44.99
O K 54.01

2%Fe–ZnO Zn K 39.27
O K 56.72
Fe K 1.69

Fig. 6  Effect of pH on photocatalytic degradation of MB dye under 
conditions: pH = 1–10, dye concentration 20  mg/L and catalyst 
(ZnO and 2%Fe–ZnO) dose 1 g/L for the irradiation time 180 min
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the contact time of catalyst was investigated. The results 
are shown in Fig. 8. It has been observed that as the irra-
diation time of catalyst increases, the degradation of MB 
increases [36].

The graph depicts, initially from zero minutes to 
140 min due to the availability of a large number of active 

sites, the degradation rate is faster for the first 140 min, 
and then it attains equilibrium. It means that after these 
140 min there will be repulsion between dye particles and 
catalyst surface which lowers the degradation rate.

3.3.4  Effect of catalyst dose

The effect of photocatalyst dose was studied on dye 
degradation when other experimental conditions 
(pH = 2, dye concentration 10 mg/L and contact time 
140 min) were constant. The degradation percentage of 
MB by different catalyst doses, 0.2–2 g/L for 10 mg/L of 
dye concentration, was examined. It is observed from 
the graph; the rate of degradation initially increases 
rapidly with the increase in catalyst concentration and 
thereafter decreases as shown in Fig. 9. As the catalyst 
concentration increases, the agglomeration simply the 
particle–particle interaction also increases, this is the 
major factor to reduce light absorption by the photo-
catalyst. Also, the agglomerations prevent photons 
from reaching inner layers of the catalyst [37]. Hence, 
the least amount of catalyst particles gets excited and 
ultimately less electron/holes and hydroxyl radical 
were produced. Therefore, the degradation rate tends 
to decrease as the catalyst dose increases [38].

3.4  Kinetics study

The photocatalytic degradation of MB was found to be 
Pseudo-first order. The ratio ln(C0/Ct) is directly propor-
tional to contact time. This ratio also indicate that, the 
photocatalytic degradation of MB solution is directly 
proportional to the concentration of the MB dye solu-
tion. From this we can conclude that the photocata-
lytic degradation is the pseudofirst-order reaction. The 

Fig. 7  Effect of initial dye concentration on the photocatalytic deg-
radation a MB conditions: pH = 2, dye concentration 10, 20, 30, 40, 
50 mg/L and (ZnO) catalyst dose 1 g/L for irradiation time 180 min. 
b MB conditions: pH = 2 dye concentration 10, 20, 30, 40, 50 mg/L 
and (2%Fe–ZnO) catalyst dose 1 g/L for irradiation time 180 min

Fig. 8  Effect of contact time on photocatalytic degradation of MB 
dye under conditions: pH = 2, dye concentration 10 mg/L and cata-
lyst (ZnO and 2%Fe–ZnO) dose 1 g/L irradiation time 180 min

Fig. 9  Effect of catalyst dose on the photocatalytic degradation 
of MB dye under conditions: pH = 2, dye concentration 10  mg/L 
and catalyst (ZnO and 2%Fe–ZnO) dose 0.2–2 g/L irradiation time 
140 min
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first-order kinetic equation of ln  (C0/Ct) = kt [39, 40] was 
used to fit experimental data. Where k is the appar-
ent rate constant,  C0 is the initial solution concentra-
tion of MB, and  Ct is the concentration of MB at time t. 
The linear transform in ln  (C0/Ct) as a function of con-
tact time is given in Fig. 10a, b. This confirms that the 

kinetic curves were of pseudo-first-order. The slope of 
the ln(C0/Ct) versus time plot gives the value of the rate 
constant k in  min−1.

The photocatalytic activity can be compared to k value 
and linear regression coefficient  (R2) for MB solution with 
different initial concentrations, this data is summarized in 

Fig. 10  Pseudo-first-order 
kinetics for photocatalytic deg-
radation of a MB, conditions 
pH = 2, dye concentration. 10, 
20, 30 mg/L and catalyst dose 
1 g/L irradiation time 140 min. 
b MB, conditions: pH = 2 dye 
concentration. 10, 20, 30 mg/L 
and catalyst dose 1 g/L irradia-
tion time 140 min

Table 3  Pseudo-first-order rate 
constant of MB photocatalytic 
degradation

Catalyst Amount of cata-
lyst in g/L

Conc. of dye 
in g/L

Rate const. (k)  min−1 Linear regression 
coefficient  (R2)

ZnO 1 g/L 10 0.01076 0.9824
1 g/L 20 0.008523 0.9763
1 g/L 30 0.007135 0.9871

2%Fe–ZnO 1 g/L 10 0.0106 0.9539
1 g/L 20 0.008421 0.988
1 g/L 30 0.007505 0.9908
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Table 3. The k values, which are obtained by linear fitting 
from the graph. The rate constant obtained using ZnO 
nanomaterial are 0.01076, 0.008523, 0.007135 min−1 while 
using 2%Fe–ZnO are 0.0106, 0.008421, 0.007505 min−1.

4  Conclusions

ZnO and 2%Fe–ZnO photocatalysts were synthesized 
using the sol–gel method. This method is simple and 
low cost. The XRD patterns revealed that the ZnO and 
2%Fe–ZnO samples have hexagonal wurtzite struc-
ture. The average crystalline size of samples was calcu-
lated ~ 22.01 and 23.38 nm respectively. Results of the pre-
sent study showed, doping of ZnO nanoparticles with iron, 
improve the photocatalytic properties of ZnO. The degra-
dation efficiency of the photocatalyst directed that the low 
initial dye concentration and high catalyst dose are more 
favorable for the degradation of MB dye. Also, follows the 
pseudo-first-order kinetics with good correlation with 
linear regression coefficient. This study investigated that, 
the maximum degradation of MB dye was 86% (ZnO) and 
that of 92% (2%Fe–ZnO). Moreover, this study concluded 
comparatively from previous reports that 2%Fe–ZnO is a 
promising and better photocatalysts than ZnO.
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