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UE to their extensive range of applications, the existence of notable amounts of reactive

dyes in wastewater raises the need for more efficient treatment techniques. The present work
investigates the removal of Reactive Black 5 (RB5) azo dye by homogeneous advanced oxidation
processes (photo-Fenton) and heterogeneous advanced oxidation processes (ZnO nanoparticle /
UV). The Synthesized ZnO nanoparticles (NPs) were characterized using Fourier transforms
infrared (FTIR), transmission electron microscopy (TEM), Scanning electron microscope (SEM),
X-ray diffraction (XRD), UV—Vis spectroscopy, and the photoluminescence (PL). The formation
of ZnO NPs was confirmed by FTIR with a broad band at 420.50 cm—1. TEM analysis shows that
the synthesized ZnO NPs particle size ranged between 19.1 and 33.1 nm. The ZnO NPs hexagonal
phase was observed from XRD analysis. Photo-Fenton (FeSO4.7H20/ UV/H202) showed high
decolorization rate of RB5 reached 98% within the first 5 min. While ZnO NPs showed lower
decolorization rate during the same period. The effects of FeSO4.7H20 initial dosage, RBS initial
concentrations, ZnO initial dosage and contact time were investigated as well.

Keywords: Photo-Fenton, Advanced oxidation, ZnO nanoparticles, Reactive black 5, Dye

degredation

Introduction

The textile industries produce about 60 x 10° tons
of fabrics and consume about (35 x 10°) tons of
water during manufacturing processes every
year. In general, the wastewater from textile
industry contains considerable amounts of few
or non-biodegradable materials such as volatile
organic compounds, dyes, ethylene, etc. [1-5].
Currently, a lot of techniques used for wastewater
treatment  including  chemical  oxidation,
adsorption, biological and biochemical methods
and many other techniques [6-8]. The above
mentioned techniques may be suitable for one
or more pollutants as a part of their advantages
and disadvantages. Therefore, there is a demand

for improvement of method that is greatly
selective, easy to handle and economical for each
dye. Specific reactive dyes make considerable
problems due to their non-biodegradable
compounds.  Advanced oxidation processes
(AOPs), have been used for the degradation of
reactive dyes, [9-12]. AOPs generate hydroxyl
radicals (‘(OH) that react with organic compounds
(dyes) to create innocuous products such as H,O,
CO,, and other intermediate products throughout
the degradation process. The photo-Fenton
process including H,0,, FeSO, and UV radiation
takes short reaction times among the AOPs [13-
15].

The reactions of photo-Fenton are shown in
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Egs. 1-4 [16, 17]:

Fe™ g+ Ha0p —> Fe™ g + OH +OH 5

Fe ™ o+ Hi02 > Fe™ g+ OpH + H' ©
Fe ? a9+ OH —> Fe? ugy+ 02+ H' g 3)
H.0,+hv —>  2°OH @

This process is appropriate due to complete
degradation of reactive dyes, high decolorization
rate, efficiency and decline of lethal chemicals
[18-22], organic materials [23], pesticides [24],
herbicides [25], and pharmaceutical impurities
[26-28].

The objectives of this study can be listed as
the following:

1- Synthesis and characterization of ZnO
NPs using FTIR, SEM, TEM, XRD, UV-vis
spectroscopy and PL.

2- Studying the effect of the initial catalyst
dose of both ZnO NPs and FeSO,.7H,O on the
degradation of RB5 dye

3- Studying the effect of the optimal catalyst
dose on the different initial RB5 dye concentrations
and its proposed degradation mechanism using
both ZnO NPs and photo-Fenton.

Materials and Methods

RB5 was supplied from ISMA dye company
Kafer Eldawar, Egypt ~ 75% of dye content and
used without additional purification. FeSO,.7H,0
(Merck) and H,0, (Merck, 35% w/w) were used
as reagent grade. RB5 chemical structure is shown
in Fig. 1. A stock solution of 1,000 mg/L of RB5
was prepared using double distilled water (DDW).
Other aqueous solutions of RB5 (50, 75, 100, 125
and 200 mg/L) were prepared from the stock
solution by dilution with DDW to the prerequisite
concentrations. UV-vis spectrophotometer (Model
No 45600-02, Cole Parmer Instrument Co., USA)
was employed for absorbance measurements.
The maximum wavelength A for RBS was
determined at 597 nm. The color removal rate of
RB5 was calculated following Eq. 5.

% Removal = ""A;O‘* x 100 5)

Where 4, and A are the initial and the
measured absorbance of the samples at different
time intervals.
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UV based AOPs

Batch  experiments, for  photo-Fenton
oxidation, were implemented in a Horizontal
laminar flow cabinet (Bw-LFH1300) with 254 nm
UV mercury lamp of 30 W power, as shown in Fig.
2. The cylindrical reactor of 500 mL capacity was
made of glass. For every experiment achievement,
the reactor was initially loaded with 200 mL of
RBS5 aqueous solution (100 mg/L) and the mixing
was continued by means of a magnetic stirrer. In
case of utilizing FeSO,.7H,0/UV/H,0,, 1 ml of
H,0, (35% w/w) was added to each sample in the
photoreactor and was irradiated by UV dose of 30
W with continuous stirring at 200 rpm. Firstly,
the H,O, was added to the dye solution and then
the pH was adjusted to the desired value by the
addition of a few drops of either H,SO, or NaOH.
In the case of utilizing ZnO NPs / UV, the same
procedures were followed. The initial pH was set
at 7 with 1 M H,SO, or 1 M NaOH before starting
different AOPs processes. The pH measurements
were carried out using JENCO Electronics, LTD
pH meter.

ZnQ synthesis and characterization
Synthesis of ZnO NPs

To 100 ml of DDW, a 0.4 g portion of zinc
acetate dihydrate (Zn(CH3CO;),2H,0) was
added under vigorous stirring for 10 min. The
pH of the solution was dropwise adjusted by the
addition of 0.1 M NaOH until the pH became 12.
The mixture was stirred for 2-3 h and the obtained
pale white precipitate was separated, washed
many times with DDW and ethanol then left to
dry at 80°C under vacuum overnight. For the
attainment of pure ZnO NPs, the obtained product
was calcinated at 550°C for 4 hours.

Characterization of Structural Properties of
Zn0O NPs

Fourier transforms infrared (FTIR)

The properties of ZnO NPs were investigated
by Fourier transform infrared spectroscopy
(FTIR) analysis. The characterization involved
the analysis of the dried powder of the synthesized
ZnO nanoparticles confirmed by using (IR Affinity-
1SFTIRspectrometer Shimadzu, Japan). The
spectra (128 scans at 2 cm’' resolution) were
collected with the frequency range of 4000-400
cm’!, with a resolution enhancement factor of 1.5
and a bandwidth of 15 cm™.
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Fig.2. Schematic diagram of Photocatalytic test
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Scanning electron microscope (SEM)

The morphology and surface features were
characterized by scanning electron microscope
(SEM- JEOL JSM 6360LA, Japan). SEM analysis
was carried out at room temperature with an
accelerating voltage of 20 kV.

Transmission electron microscopy (TEM)

The average size and the structure of ZnO
NPs were determined by transmission electron
microscopy (TEM), (TEM; Tecnai™ G2 Spirit,
FEI), operated at a high voltage range of 20 —120
kV/LaB6 TEM.

X-ray Diffractometry (XRD)

The crystalline phase of ZnO powders was
analyzed by X-ray diffraction (XRD) using a
(Shimadzu XRD-7000 diffractometer, Japan).
The operation conditions at 40 kV and 30 mA
were used with Cu Ka, Ni-filtered radiation (A =
1.5418 A) and 26 ranging from 5 to 80°.

UV—vis spectroscopy

The sample was measured for its maximum
absorbance using UV—vis spectrophotometry. The
optical properties of the prepared ZnO NPs were
characterized using a (LAMBDA 650 UV/Vis
Spectrophotometer) in the range of 200—600 nm.

The photoluminescence (PL)

The photoluminescence (PL) data were
recorded using a xenon flash lamp at an excitation
wavelength of 330 nm. The reflectance spectra
were collected using a (Cary Eclipse fluorescence
spectrophotometer). All measurements were done
at room temperature.

Results and Discussion

ZnO characterization
FTIR

From Fig. 3, there is a broad band at 420.50
cm ! which is corresponding to the E2 mode of
the hexagonal ZnO (Raman active), [29-31].
The band around 889.21 cm™' agrees with [32]
who observed ZnO absorption stretching band
around 887 cm. A series of bands from 1000
to 4000 cm'can be found, which correspond
to the carboxylate and hydroxyl impurities in
the materials. More in detail, the broad band at
3458.48 cm 'was assigned to the O-H stretching
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mode of the OH group [30].
SEM

The major features of the physical surface
structure of ZnO NPs were shown in Fig. 4. It
can be observed that the surface is compacted
and rough with an irregular lumpy shape which
may increase the area of contact. In addition, the
surface contains many pores that can provide a
large surface for RBS degradation.

TEM

The nanoparticles distribution and morphology
were further characterized using TEM analysis as
shown in Fig. 5. The synthesized ZnO NPs particle
size ranged between 19.1 nm and 33.1 nm. The
TEM images demonstrate the internal structure
of the nanoparticles and provide more accuracy
on their size. All the TEM characterization was
carried out one day after the preparation process.

XRD

All the obtained peaks in the XRD pattern
of as-grown nanoparticles are similar to known
wurtzite-structured  hexagonal phase single
crystalline bulk ZnO (JCPDS Card No. 89—
1397) confirming the synthesis of pure ZnO
NPs. The peaks are shown in Fig. 6, with 26
values of 31.67°, 34.31°, 36.15°, 47.46°, 56.54°,
62.79°,66.34°, 67.89°, 69.02°, and 76.89°
correspond to the crystal planes of (100), (002),
(101), (102), (110), (103), (200), (112), (201) and
(202), respectively.

The crystallite sizes of the ZnO NPs (Table 1)
were estimated from full-width at half-maximum
of the 101 anatase peak by the Debye-Sherrer
Eq.(6) [33,43]

Cs =0.8914/Fcos0 (6)

Where Cs, A, 6, and B indicate the crystallite
size, the X-ray wavelength (1.5406A°), Bragg
diffraction angle corresponding to the (101) plane,
and full width at half maximum (FWHM) of the
(101) plane, respectively.

The Scherrer formula was used to calculate
the crystallite sizes and was found to be in the
range of 2.5-3.6 nm. XRD study confirmed the
presence of even smaller particles than the TEM
examination. The larger nanoparticles of ZnO
(about 33.1 nm) in the sample result from the
agglomeration of smaller nanoparticles, whose
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Fig. 4. SEM image of chemically synthesized ZnO NPs
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Fig. 5. TEM image of chemically synthesized ZnO NPs
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Fig.6. XRD spectra of chemically synthesized ZnO NPs
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presence is confirmed by XRD [35]. The XRD
method allowed for the identification of smaller
sizes of nanoparticles [35].

UV-vis

Figure 7 shows the UV-vis absorbance
spectrum of ZnO nanostructures suspended in
ethanol. A strong and sharp peak presents at
380.49 nm which corresponds to the band gap of
3.25 eV and is in good agreement with reported
literature confirming the synthesis of ZnO [36,
37]. The band gap (E, eV) of the samples was
calculated by using Eq. (7) [38] as follows:

E =1240/Amax )

where A max is the wavelength at the maximum
absorption.

Photoluminescence

The photoluminescence (PL) spectra of the
ZnO NPs have been measured at an excitation
wavelength of 330 nm as shown in Fig. 8.
Chemical synthesized ZnO NPs showed two
broad and asymmetric band in the visible region
located at 385.8 and 661.8 nm which is ascribed
to the band to band and defect transitions in ZnO,
respectively [39-41]. The emission band at 661.8
nm may be due to doubly ionized oxygen (Vo)
vacancies, [41].

Optimization of ZnO NPs for the RB5 degradation

The effect of ZnO NPs dose on the RBS
degradation was tested using 0.1, 0.2, 0.4, 0.8 and
1 g ZnO NPs /200 mL of RB5 dye solution of 100
mg/L for 1 h. The experiments were performed
in the presence of H,0, 35% by adding 1 mL of
it to the solution, then the RB5 dye solution was
separated by centrifuge to determine the rest RB5
dye concentrations.

The effect of ZnO NPs dose on RBS
degradation process was represented in Fig.
9a which shows that the removal efficiency of
RBS5 dye was decreased from 87.92 to 23.47%
by increasing the ZnO NPs dose from 0.1 to 1g.
These results agree with Shahab-ud-Din et al. [42]
who degraded (photo-catalytically) CR-F3BS dye
under UV light as function of catalyst dosage
and it was revealed the maximum CR-F3BS
degradation of 94.3% was achieved at 0.275 g/L
catalyst dose and the percentage of dye removal
was declined to 79% by increasing the catalyst
(a-MoO3 micro-belts) dose to 2 g/L. The same

trend of low catalyst dose is also mentioned by
some other literature [43-45].

Time is another effective parameter for RB5
degradation processes. Increasing time increases
the RB5 dye degradation to reach 90 % after
the first 1h of photocatalytic process. The color
removal efficiency reached 24% during the first 5
minutes for 0.1 g of ZnO NPs as seen in Fig. 9b.
From the abovementioned results, the optimum
ZnO NPs dose is 0.1 g. The results revealed that
the degradation rate depends on the ZnO dose
which follows comparable results reported by
[43].

Optimization of FeSO4.7H20 for the RBS5
degradation

The effect of FeSO,.7H,0 dose on the RB5
degradation was tested using 0.1, 0.2, 0.4, 0.8 and
1 g FeSO,.7H,0 /200 mL of RB5 dye solution
of 100 mg/L for 30 min. The experiments were
performed same as in ZnO NPs.

The effect of FeSO,.7H,0 dose on the RB5
degradation process was represented in Fig. 10a
which shows that the removal efficiency of RBS
dye was decreased from 99.84 to 93.92 % by
increasing the FeSO,.7H,O dose from 0.1 to 1
g. The color removal efficiency reached 98.43%
during the first 5 minutes for 0.1 g of FeSO,.7H,0
as seen in Fig. 10b. From the abovementioned
results, the optimum FeSO,.7H,0 dose is 0.1 g
same as in case of using ZnO NPs. The results
revealed that the degradation rate depends on
the FeSO,.7H,0 amount as reported by [44, 46].
It is also noticeable that the RBS decolorization
rate using photo-Fenton treatment is higher
than using ZnO NPs treatment during the same
photocatalytic time.

Effect of initial RB5 dye concentrations

The effect of initial RB5 dye concentrations
on the photocatalytic efficiency using photo-
Fenton was investigated as shown in Fig. 11.
The degradation of RB5 dye was 99.76, 99.84,
99.84, 99.81, and 99.84 for the initial dye
concentration of 50, 75, 100, 125 and 200 mg/L
using FeSO,.7H,0, /UV. These results prove the
photo-Fenton high efficiency with different RB5
initial concentrations. The high decolorization
at the first 5 minutes for all dye concentrations
may be attributed to the same dose of H,0, (1
ml) which may accelerate the production of -OH.
Trovo et al., [47], mentioned that the insufficient

Egypt. J. Chem. Vol. 63, No. 4 (2020)
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Fig. 8. photoluminescence spectrum of chemically synthesized ZnO NPs.
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Fig. 9a. Effect of different ZnO catalyst dose on photocatalytic degradation of RBS during the first 1h photocatalytic
process at pH=7 and 1 ml of H,0, (35%).
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Fig. 9b. Effect of different ZnO catalyst dose on photocatalytic degradation of RBS at pH=7 and 1 ml of H,0,
(35%) after the first S minutes.
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Fig. 10a. Effect of different FeSO,.7H,O catalyst dose on photocatalytic degradation of RBS at pH=7 and 1 ml of
H,0, (35%).
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TABLE 1. The calculated crystal size of chemically synthesized ZnO NPs

Chemical ZnO NPs

Position, ° Crystal Size [nm]
31.67 34
34.31 3.6
36.15 33
47.46 3.1
56.54 3.0
62.79 2.6
66.34 3.2
67.89 2.5
69.02 2.6
76.89 33

TABLE 2. The correlation coefficients (R?) for different initial concentrations of RB5 dye (by using 0.1 g of
FeSO,.7H,0) at pH=7 and 1 ml of H,0, (35%) under UV irradiation.

Initial RB5 concentration pseudo-first-order pseudo-second-
order
(mg/L) R’
RZ
50 0.79 0.79
75 0.72 0.86
100 0.65 0.95
125 0.53 0.90
150 0.48 0.81
100 -ﬂ Al
X 90 7 == 50mg/L
= 188 1
:O’ 70 I =75 mg/L
E 60
@ J w100 mg/L_
¢ 50 I
o 40 ] —=125mg/L
8 30 I
20 I =200 mg/L
10
0 ‘ T T T T T 1
0 5 10 15 20 25 30
Time (min)

Fig. 11. Effect of initial concentrations of RBS on the photocatalytic degradation (by using 0.1 g of FeSO,.7H,0) at
pH=7 and 1 ml of H,0, (35%) under UV irradiation.
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Fig. 12. Photo-induced formation mechanism of electron-hole pair in semiconductor ZnO particles with the
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Fig. 13. Photo-Fenton oxidation mechanism for RBS dye
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amount of H O, could not provide a sufficient
amount of hydroxyl radicals for the maximal
oxidative power.

Kinetic study of photocatalytic degradation.

The kinetics describes the photocatalytic
degradation rate and provides valuable information
about the reaction pathway and mechanism. The
kinetic of RBS5 photocatalytic degradation is
analyzed using simulation of pseudo-first-order
and pseudo-second-order (at different RBS initial
concentrations using 0.1 g of FeSO,.7H,O at pH=7
and 1 ml of H,O, (35%) under UV irradiation).
The identification between the models’ calculated
values and the experimental data is expressed
by R?; the correlation coefficients as shown in
Table 2. The high R? values indicate that the RB5
photocatalytic degradation successfully follows
the pseudo-second-order.

Proposed mechanism of the RB5 degradation
using ZnO NPs and photo-Fenton

Zn0O NPs

As shown in Fig. 12, the activation energy of
the ZnO, which is the semiconductor particulate
material, plays the key role of the heterogeneous
photocatalysis process. By the action of energy
with a suitable wavelength, this activation is
reached with the absorption of photons by the
semiconductor particle possessing sufficient
energy to encourage the conduction of an electron
(¢) from its valence band (VB) to the conduction
band (CB), creating holes in the valence band (h*)
that operate as oxidizing sites [48-51].

Photo-Fenton

In this process, Fe (II) is oxidized by H,O,
to Fe (II), forming -OH and OH". Fe (III) is then
reduced back to Fe (II) by another molecule of
H,0O,, forming a hydroperoxyl radical and H". The
net effect is a disproportionation of H, O, to create
two different oxygen-radical species, with water
(H"+OH") as a byproduct. ‘OH has a higher
oxidizing potential and also, are non-selective for
attacking the RB5 dye, leading to decolorization
of RB5. The RBS5 oxidation by ‘OH produce
some little fragments of intermediates organic
compounds such as ketones, epoxides, aldehydes
as reported by [14, 15] which may finally degraded
to CO, and H,O.

The enhanced RBS5 degradation using photo-
Fenton treatment than ZnO NPs treatment may be

due to generating of more hydroxyl radicals under
UV irradiation, according to Egs. 1 - 4 [52-54].

Conclusion

In this study, the ZnO NPs synthesis was
confirmed by FTIR, XRD and UV-vis analyses.
According to TEM analysis, the chemically
synthesized ZnO NPs have a particle size ranges
from 19.1 nmand 33.1 nm. The UV-vis absorbance
spectrum shows the presence of a strong and
sharp peak at 380.49 nm that corresponds to the
band gap of 3.25 which confirmed the synthesis
of ZnO NPs. In this work, applied UV-based
AOPs such as UV/ZnO and photo-Fenton for
degradation of RB5 were compared on the basis
of decolorization. Complete decolorization of
RB5 solution (99.84%) was achieved only by
photo-Fenton process throughout the complete
range of all investigated parameters.
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