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Fe3* doped ZnO nanostructures for improved
photocatalytic degradation of malachite green,
crystal violet and antibacterial activity
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ABSTRACT

In this work, a series of highly efficient Fe** doped ZnO nanoparticles (NPs)
were synthesized using Coprecipitation. The structure and morphology of the
NPs were characterized by various methods, including X-ray diffraction, Field
Emission Scanning Electron Microscopy (FESEM), Fourier Transform Infrared
Spectroscopy, BET analysis and UV-Vis Spectroscopy. FESEM reveals a strong
correlation between Fe concentration and the morphology of NPs. Nano flow-
erlike structure of ZnO changed to spherical NPs with Fe doping which is also
evident from the observed enhancement of surface area in BET analysis. Fe®* ions
also caused the lowering of the optical band gap of ZnO NPs. The photocata-
lytic testing of the nanocatalysts is carried out using a high-intensity UV lamp
(450 W) with cationic dyes [namely Malachite Green (MG) and Crystal Violet
(CV)]. Among the prepared samples, 5% Fe-doped ZnO exhibited the highest
photocatalytic degradation efficiency against MG dye (99.05% degradation in
20 min) and CV dye (96.85% degradation in 20 min). The antibacterial test dem-
onstrated similar results with a dramatically improved bactericidal effect of 5%
Fe: ZnO NPs over pristine ZnO NPs.

Received: 28 June 2023
Accepted: 22 November 2023
Published online:

11 December 2023

© The Author(s), under
exclusive licence to Springer
Science+Business Media, LLC,

part of Springer Nature, 2023

Violet (Fig. 1b) (listed in Pub CHEM as CID 23424024)
[4] are widely used in textiles and paper industries and

1 Introduction

In recent decades, the rapid development of industries
has caused a large amount of generation of wastewa-
ter. This has led to severe worries for human life about
water contamination. Dyes, one of the major categories
of water pollutants, are widely employed in the pro-
duction of textiles, ink and dyes for printing. Because
they take a long time to break down biologically and
chemically, dyes can be harmful to human health even
at low concentrations [1, 2]. Malachite green (Fig. 1a)
(listed in Pub CHEM as CID 11295) [3] and Crystal

are highly toxic, carcinogenic, mutagenic etc. [5, 6].
Traditional methods for treating wastewater include
filtering, flocculation, sedimentation etc. [7], and with
increasing amounts of waste, these methods are not
sufficient anymore.

So, recently semiconductor photocatalysis has
been an area of huge interest. This method has shown
promising results in the fields of photocatalysis [8, 9],
optoelectronics [10, 11], gas sensing etc. [12, 13]. Com-
pared to commercial TiO, though, ZnO shows low
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Fig. 1 Chemical structures
of a Malachite Green, b (a)
Crystal Violet
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photoactivity. So, improving the activity and stabil-
ity of ZnO nanoparticles is essential. Many methods
have been reported in the literature for improving the
photocatalytic activity of metal oxide nanocatalysts
such as metal doping [14-16], non-metal doping [17,
18], making composites with other semiconductors
[19, 20], polymer composite formation [21, 22], use of
support systems [23, 24] or some combination of above
methods [25]. In recent times, properties of ZnO nano-
particles doped with transition metals such as Ti [26,
27], Cr [28], Mn [29], Ag [30], Co and Ni [31] etc. have
been studied. Various researchers have also shown
improved photocatalytic activity of the ZnO nano-
particles after Iron doping. Reddy et al. synthesized
Fe doped ZnO using ball milling technique which
required 5 h to degrade 98.7% of the Methyl Orange
dye under solar irradiation [32]. Liu et al. [33] synthe-
sized ZnO nanofibers using electro-spinning method
with dopant concentrations 0.5, 1, 1.5, 2%. Best among
these was 1.5% which needed 5 h for 90% degrada-
tion of Methylene Blue. Along with these, metal oxide
nanoparticles are synthesized via hydrothermal [34],
solvothermal [35], sol-gel [36], gas phase methods [37]
etc. Even if these studies showed improvement in the
photocatalytic activity of ZnO after Fe doping, there
are issues present in the synthesis methods such as
long reaction time, higher temperature and energy
requirements or higher costs. The Coprecipitation
method is also one of the widely used methods that
can be carried out at low temperatures and at low costs
[38]. It also is advantageous over other techniques for
doping as the reagents are mixed at the molecular
level, thus providing better control over stoichiom-
etry, homogeneity and morphology [39]. Mittal et al.
used coprecipitation for doping Cu ions into the ZnO
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crystals for the degradation of Crystal Violet under
UV and visible light sources and found an increase in
the photocatalytic activity to achieve the maximum
degradation of 96.5% in 3.5 h [40]. Anju Chanu et al.
managed to degrade 99% of the Methylene Blue dye
in 120 min [29]. Roguai S. et al. used a simple Copre-
cipitation method for synthesizing Fe doped ZnO and
in fact, observed a decrease in photocatalytic activity
[41] compared to pristine ZnO.

This work attempts to utilize the Fe>* ions to intro-
duce defects in the ZnO crystals for the degradation
of Malachite Green and Crystal Violet. Quantitative
analysis of the rate kinetics of these dyes under UV
irradiation is carried out. Using the Coprecipitation
method at room temperature, synthesis of Fe-doped
ZnO photocatalysts with varying percentages of Fe
(0%, 1%, 2.5%, 5%, 7.5%) has been carried out. Fur-
ther, investigations have been carried out to study
the influences of Fe doping on the structural param-
eters, morphology and photocatalytic performance.
Remarkable shifts in the photocatalytic degradation
rate constant were seen after doping. Correlations of
these shifts with crystalline size, morphology, specific
surface area and optical properties have been studied.

2 Materials and methods
2.1 Materials

Aqueous Coprecipitation method was used for synthe-
sis of pristine ZnO as well as Fe doped ZnO nanopar-
ticles. Zinc Nitrate Hexahydrate Zn(NO;),-6H,0 (AR
Grade, Purity >99.00%), Ferrous Nitrate Heptahydrate
FeNO;7H,0O (AR Grade, Purity >99.00%), Malachite
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Green (AR Grade), Crystal Violet (AR Grade) and
Sodium Hydroxide NaOH (LR Grade) were pur-
chased as starting materials and used without further
purification.

2.2 Preparation of Fe/ZnO nanoparticles

For the preparation of pristine ZnO nanoparticles,
Zn(NO3),-6H,0 was added into 100 ml of deionized
water to form 0.1 M of solution and stirred for 30 min
to form the precursor solution. 1 M NaOH was pre-
pared separately in 125 ml deionized water and was
added drop wise into the precursor solution at the rate
of 5 ml/min under vigorous stirring to form a white
precipitate. The precipitate was washed several times
with deionized water and ethanol to remove impuri-
ties followed by drying on a hot plate to obtain ZnO
NPs. For improving crystalline ordering, the remain-
ing powder was annealed in a muffle furnace at 400 °C
for 2 h. Annealing ZnO at temperatures in the range of
400-500 °C is often used to improve the crystallinity
of the material and stabilize the wurtzite phase, which
is the most common phase for ZnO. This temperature
range is suitable for reducing defects and promoting
well-defined crystalline structures. If annealing is
performed at higher temperatures (above 700 °C), the
hexagonal grains disappear significantly [42].

For the synthesis of Fe doped ZnO nanocompos-
ites, 0.1 M Zn(NO;),-6H,0 and predetermined amount
(X=0.001 M, 0.0025 M, 0.005 M and 0.0075 M) of
FeSO,-7H,0 were dissolved in 100 ml of deionized
water to form the precursor solution. Remaining pro-
cedure was followed similar to that of synthesis of
pristine ZnO nanoparticles.

2.3 Characterization

The structural parameters of the synthesized nanopar-
ticles were characterized using Bruker’s D2 PHASER
Diffractometer with Cu target plate with X-ray wave-
length 1.5404 A in the scan range 20-70°. Surface
Morphology was further analysed by Field Emis-
sion Scanning Electron Microscopy (FESEM) using
Carl Zeiss Supra 55. Elemental analysis was carried
out using EDS. The Fourier Transform Infrared Spec-
trometer (FTIR) spectrum in the range 400-4000 cm™
was evaluated by Bruker’s Alpha II spectrometer. The
absorbance property was evaluated using UV-Vis
spectrophotometer in the range 196-1100 nm. The
pore size, volume and the specific surface areas of
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the synthesized samples was studied by Nitrogen
Absorption based on Brunauer-Emmett-Teller (BET)
technique.

2.4 Photocatalytic studies

Photocatalytic activities of ZnO nanoparticles were
evaluated by monitoring the degradation rate of the
Malachite Green (MG) and crystal violet (CV) dye. The
experiments were conducted in a 3-jacketed photore-
actor vessel [35]. The innermost jacket of the reactor
contained the UV radiation source (450 W, 365 nm).
The middle jacket surrounding the lamp was used for
circulating water in order to control the temperature
of the lamp. 100 ml aqueous solutions containing the
dyes MG or CV (concentration 10 PPM) and the Fe
doped ZnO catalysts (concentration 200 mg/l) were
placed in the outermost jacket, which was placed on a
magnetic stirrer. The solutions were stirred in the dark
for 30 min before turning the UV source on, to achieve
adsorption—desorption equilibrium. After regular
intervals (5 min), the slurry containing the dye and
the nanoparticles was extracted and was centrifuged
at 5000 RPM. The supernatants were analysed using
UV-Vis spectrometer at the characteristic wavelengths
of the MG (A,,,,=617 nm) and CV (A,,,, =589 nm)
dyes.

2.5 Antibacterial studies

Antibacterial activity of pristine and doped ZnO nano-
particles were tested against gram positive bacterial
strain Staphylococcus Aureus (NCIM 2071) and gram-
negative bacterial strain Escherichia Coli (MTCC 1687).
Disk diffusion method [43] was used for investigation
of antibacterial activity. Filter discs (6 mm) loaded
with 1 mg/ml concentration sample were loaded on
the nutrient agar media containing petri plates and
incubated at 37 °C for 24 h. Zones of inhibitions were
recorded in millimetres on a Vernier Calliper after
24 h.

3 Results and discussion

3.1 Structural studies

The X-ray diffraction spectra of the samples are
given in Fig. 2. Diffraction peaks corresponding to

the (100), (002), (101), (102), (110), (103), (112), (201)
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Fig. 2 XRD spectra of a 0%, b 1%, ¢ 2.5%, d 5%, e 7.5% Fe
doped ZnO

planes were obtained confirming the presence of
hexagonal Wurtzite structure of the ZnO crystal lat-
tice[44] (Fig. 2). The data was found to be consist-
ent with the standard ZnO lattice with space group
P6;mc (JCPDS Card No. 36-1451).

Crystalline sizes of the samples were calculated
using Scherrer’s formula for the sharpest peak (101).
Scherrer’s formula [45] for crystalline size is men-
tioned below:

0.92
BcosO o)

CrystallineSizeD =

where A is the wavelength of the incident radiation
(k, radiation of Cu source peaking at 1.54 A), § is the
Full Width at Half Maximum (FWHM) corresponding
to the peak (here FWHM for the sharpest (101) peak
has been used) and 6 is the diffraction angle (20 is the
angle between incident and diffracted x-rays). Lat-
tice parameters and the cell volume of the crystalline
samples were calculated using the following formulae
[46, 47] as the crystal lattice is Hexagonal Wurtzite in
nature.

1 h2+hk+12] 12
=l = |T=2 (2)

2 2 2
dhkl a ¢

V3
- 2 )

V= a-c

where a, b, c are the lattice parameters (a=b for hex-
agonal Wurtzite structures), V is the unit cell volume,

h, k, I are the Miller indices of the present peaks.
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Fig. 3 Variation of a Crystalline Size by Scherrer’s Formula, b
lattice parameters of the ZnO samples with the dopant concentra-
tion

Presence of sharp and intense peaks confirmed
presence of good crystalline nature of the nanoparti-
cles. With increase in dopant concentration, Full Width
at Half Maximum (FWHM) of the peaks increased
and so, according to the Scherrer formula (Eq. 1), the
crystalline size decreased (Fig. 3a). Lattice parameter
a (Fig. 3b) for the pristine sample was calculated to
be 3.2482 nm which decreased with the doping of
the Iron and was the least for 5% doping (3.2454 nm).
The lattice parameter c (Fig. 3b) also followed
similar trend and was maximum for pristine ZnO
(c=5.2026 nm) and was minimum for 5% Fe doped
ZnO (c=>5.1985 nm). The decrease in lattice parameters
indicated the incorporation of the Fe*" ions in the hex-
agonal ZnO lattice. Volume of the unit cell on the other
hand decreased uniformly with the increase in dopant
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Table 1 Variation of lattice parameters and unit cell volume
with dopant concentration

Dopant a(nm) c(nm) c/a Volume of
concentra- unit cell
tion % (nm?)

0 3.24820 5.20266 1.601703039 47.52479
1 3.24808 5.20118 1.601311441 47.51112
2.5 3.24714 5.20009 1.601433741 47.48388
5 3.24538 5.19849 1.60180968  47.41784
7.5 3.24755 5.19954 1.601062291 47.49076

concentration (Table 1). Table 2 shows the peak posi-
tions for different planes along with relative intensity
and d-spacing. It can be observed that the centres of
sharpest diffraction peaks are slightly shifted toward
the higher angles.

Previous studies have shown that replacement of
Zn?* (0.74 A) ions by larger Fe?* (0.77 A) ions produces
significant enlargement of atomic spacing resulting in
higher lattice parameters and shifting of X-ray diffrac-
tion peaks to lower angles [41, 48-50]. Contrary to this,
replacement of Zn?* by Fe>* (0.67 A) causes shrinking
of lattice parameters and shifting of peak positions to
larger angles [51-54]. Therefore, Fe: ZnO synthesized
in current study shows strong presence of Fe*" ions
in the ZnO crystal lattice while presence of Fe* ions
is weak. Also, lattice parameters and peak positions
showed reversed trend while increasing dopant con-
centration from 5 to 7.5% indicating inefficient doping
or increment in presence of Fe** ions in ZnO crystals.

3.2 FTIR studies

FTIR technique can be used to study the bond stretch-
ing and the functional groups present in the sample.
Figure 4 shows the FTIR spectra of the Fe doped sam-
ples with varying fractions of Fe present. A sharp peak
obtained between the 400-550 cm™ (at ~406 cm™)
wavenumber range is attributed to Zn—O stretching
[55]. Also, blue shift observed with increased Fe pro-
portion can be caused by the replacement of certain
Zn** sites with Fe®" ions. Most blue shift was observed
for 5% Fe doped ZnQO indicating the maximum forma-
tion of Zn—-O-Fe bond. All the characteristic peaks for
oxides of iron [36, 56] were absent from the spectra.
The cause of disappearance of peaks of dopant oxide
could be explained by the presence of strong inter-
molecular interaction between dopant and ZnO [55].

Table 2 Variation of peak positions, peak intensities and d-spacing between the present planes

2.5% Fe doped ZnO 5% Fe doped ZnO 7.5% Fe doped ZnO

1% Fe doped ZnO

ZnO

Plane
(hkl)

d spacing Intensity

(A)

d spacing Intensity Position

(A)

d spacing Intensity Position

(A)

d spacing Intensity Position

(A)

d spacing Intensity Position

(A)

Position
(20)

(%)

(20)

(%)

(26)

(%)

(26)

(%)

(20)

(%)

62.32

31.79063 0.7374

31.81243 2.812435 78.74

34.47669 2.60123

31.79473 2.812435 65.53
34.46576 2.602724 65.10

62.20
65.66

31.78537 2.81292

100 31.78411 2.812435 64.65

002

1

75.30
100.00

34.46954 0.54485

57.66

65.89 34.44822 2.601331

34.45828 2.60123

36.2741

36.25522 0.7676

36.28434 2.476105 100.00

47.59571 1.908019

36.27954 2.474753 100.00
47.58687 1.908019 22.45

36.26531 2.475049 100.00

2.473408 100.00
47.57391 1.909768

01

21.03
30.55

47.5905 0.75598
56.63824 0.74197

19.47

19.21

20.47

47.57857 1.908793

56.6347

102
110
103
112
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56.64505 1.622657 31.64

30.75

62.92544 1.475525 2292

56.64109 1.624808

28.20

56.63076 1.623951

1.623732  24.51

23.88

62.90919 0.74186

62.90824 1.475525 23.00

19.82  62.90704 1.476179 2298

14.50

62.92728 1.476818

18.18  68.26556 1.376944 17.44  68.0692 0.93994  19.35

17.30  68.22198 1.378402

68.02175 1.377098

68.01907 1.378036
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Fig. 4 FTIR spectra of the ZnO Nanopowders with varying per-
centages of Fe

The peak at around 1365 cm™ could be ascribed to the
formation of Zn—-O-Fe bond as the peak is not found
in pristine ZnO sample or any iron oxide sample.
Absence of any other notable peak (including that of
the —-OH stretching of the absorbed moisture) suggests
high purity of the synthesized crystalline Fe doped
ZnO samples.

3.3 Morphological and elemental composition

Morphological studies of the prepared catalysts were
carried out by analysing FESEM images as shown
in Figs. 5 and 6. Using these images, average grain
size was estimated by plotting histograms using the
IMAGE] software. The FESEM image of pristine ZnO
reveals a 3D flower-like morphology with the average
dimensions of 1.426 um (Fig. 5), which is assembled
from various thin 2D nanosheets. The morphology
after 1% doping was a highly irregular blend of quasi-
spherical and flake-like particles. However, for 2.5 and
5% Fe doped ZnO NPs, spherical shaped nanoparticles
were found having average size of 20.70 and 19.65 nm
respectively. Further doping to 7.5% concentration,
again lead to flake like morphology with significant
agglomeration with highly irregular sizes. The results
all together indicate the strong influence of dopant
concentration on morphology of pristine ZnO, which
are in good agreement with previous reports [57-59].

Figure 7a—e represents the EDS spectra of the Fe
doped ZnO nanopowders. Peaks corresponding to Fe,

@ Springer
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Zn and O in the EDS spectra confirm the ZnO phase
formation. Table 3 shows the atomic content of differ-
ent elements in the nanocatalysts. Also, the stoichio-
metric proportions of Fe in the Fe,Zn;_ O nanostruc-
tures are represented using ratio of quantities of Fe
detected to the quantities of Zn detected (Fe/Zn).

3.4 Optical properties

Figure 8a shows the UV-Vis optical absorbance spec-
tra of Fe*" doped ZnO nanoparticles. It can be seen
from the absorbance spectra that the absorption in
UV range increased dramatically on Fe** doping pro-
viding the foundation for higher optical activity in
presence of UV region. The optical band gaps of the
Fe doped ZnO nanocatalysts were further calculated
using the Diffuse Reflectance UV absorbance spectra.
The Tauc plot equation [60] given below was used to
determine the band gap of the 0%, 1%, 2.5%, 5% and
7.5% Fe doped ZnO samples.

(ahv)* = A(hv - E) 4)

here, a is the absorption constant, / is the Plank’s con-
stant, v is the frequency, E, is the energy band gap
and A is a characteristic constant of the material also
known as the optical band gap. The band gaps are
calculated by plotting graphs between (ahv)? and (hv)
for all the samples. The optical band gap for undoped
ZnO was found to be 3.44 eV which decreased with
1% Fe doping to 3.09 eV, 2.5% doping to 3.00 eV, 5%
doping to 2.94 eV and with 7.5% doping to 2.73 eV
(Fig. 8b—f). So, with increasing Fe%, a red-shift was
found in the forbidden band energy of the ZnO sam-
ples. Earlier works also found the red-shift in the
optical band gaps [58, 59]. This shift can mainly be
attributed to exchange interactions between localized
d electrons of the Fe?" ions and the band electrons [58].
A negative and positive correction to conduction and
valence band edges respectively could be produced
due to s-d and p-d exchange interactions. This ulti-
mately leads to the narrowing of the band gap. Also,
visible light responsiveness of the ZnO catalysts
improved with doping due to lowering of the band

gaps.
3.5 BET studies

The surface area of the samples was calculated using
the Brunauer—-Emmett-Teller (BET) technique, while
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Average Particle size: 1.42 um
Std. Deviation: 0.38
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Fig. 5 a Flower-like structure of Zinc Oxide nanostructure along with the particle size distribution (FESEM), b Enlarged FESEM image

of Pristine Zinc Oxide nanostructures

the pore size and the pore volume were analysed
using the Barrett-Joyner-Halenda (BJH) method. Fig-
ure 9a demonstrates that the 1%, 2.5%, 5% and 7.5%
Fe doped ZnO as well as the pristine ZnO all exhibit
a typical type IV N, adsorption—-desorption isotherm.
Presence of the developed mesopores was indicated
by the significant openings found in all the hysteresis
loops. 2.5% and 5% Fe doped ZnO catalysts showed
sharp increase in the adsorption amount in the P/P,
range of 0.8-1.0 showing presence of well-developed
mesopores indicating strong multiplayer adsorption.

Table 3 shows the surface area, pore volume and
pore size of the samples. It is apparent that with
integration of Fe ions in the ZnO crystals signifi-
cantly enhanced the surface area. Again, 2.5 and 5%
Fe doped ZnO catalysts showed the most specific

surface area indicating high adsorption capac-
ity (Fig. 9b). The same specimens exhibited high
pore size indicating higher surface area per unit
volume compared to the other samples (Table 3).
This indicates the low surface energy of the 2.5
and 5% Fe doped samples predicting their higher
photostability.

3.6 Photocatalytic studies

Assuming first order kinetics, degradation efficiency
of the synthesized nanocatalysts can be obtained
using Beer-Lambert’s law, which states that the
absorbance of radiation by a solute is directly pro-
portional to its concentration.

@ Springer



(2023) 34:2271

o
o
—~
-—
|9
[}
—
83
—
(9}
-—
Ma
S
O
9p]
=~
<]
-—
Mﬂ
—_

2271 Page 8 of 16

size: 20.70 nm

ge Particle
Std. Deviation: 4.91

Avera

N
(]
e

size: 19.65 nm‘

Average Particle
Std. Deviation: 3.99

tures

truc

Fig. 6 FESEM images for Fe Doped ZnO nanos

pringer

NS



] Mater Sci: Mater Electron (2023) 34:2271

Weight%  Atomic% Element | Weight%  Atomic%

|
34.35 68.13 OK 2325 55.26 ||
65.65 31.87 FeK 1.01 0.69 |

Page9of16 2271

Zn K

15 20
kev|
Element | Weight% Element | Weight%  Atomic%
OK 19.87 50.20 OK 23.98 56.10
FeK 224 1.62 FeK 3.82 2.56
ZnK 77.89 48.17 InK 72.20 41.34

Element

Weight%

Atomic%

75.73

44.05

keVJFull Scale 1355 cts Cursor: 0.000

0K

21.60

52.62

FeK

6.21

4.33

Zn K

ull Scale 1355 cts Cursor: 0.000

72.19

43.05

keY|

Fig. 7 Elemental composition of a ZnO, b 1%, ¢ 2.5%, d 5%, e 7.5% Fe Doped ZnO

Table 3 The optical band gap obtained from the Tauc Plots, BET specific surface area, pore volume and the pore size of the samples
along with elemental composition obtained from EDS

Photocatalyst Band Gap (eV) BET Surface Pore Volume Pore Size (A) Elemental Composition (EDS)
2 3
Area (m°/g) (em/g) Fe% 7n% 0% Fe/Zn

Zn0O 3.44 22.198 0.07707 69.44 0 65.65 34.35 0

1% Fe:ZnO 3.09 33.472 0.07996 47.78 1.01 75.73 23.25 0.013337
2.5% Fe:ZnO 3.00 52.847 0.1869 70.75 2.24 77.89 19.87 0.028759
5% Fe:ZnO 2.94 53.599 0.1866 69.64 3.82 72.2 23.98 0.052909
7.5% Fe:ZnO 2.73 48.187 0.127 52.73 6.21 72.19 21.6 0.086023
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Fig. 8 a UV-VIS absorbance spectra of Fe doped ZnO samples separated by an offset b Tauc plots for Fe: ZnO samples (0%, 1%, 2.5%,

5%, 1.5%)

100 = 2= L 100
ES = — ¥k
; A, )

qp < S0 =G

where, D is the degradation percentage of the dye, C,
is the concentration before irradiation, C, is the con-
centration of the dye in the aqueous medium after ¢
time, A, is the absorbance before irradiation and A, is
the absorbance after irradiation.

Pseudo first order rate kinetics for the dye deg-
radation was considered, where rate constant was
calculated using the following equation:

Ln &

k==In[

poie! ©)

The degradation of Malachite Green and Crys-
tal Violet can be seen in Fig. 10a—d. In presence of
synthesized ZnO catalysts, the concentration of
the dyes can be seen degrading significantly. After
20 min, 81.55% of the Malachite Green and 58.41%
of the Crystal Violet were degraded. On doping of
ZnO matrix with the Fe®" ions, this rate of degrada-
tion also changed dramatically [Table 4]. Percent-
age degradation of the Malachite Green in 20 min
improved to 93.88% on 1% doping, 97.29% on 2.5%
doping, 99.05% on 5% doping, and 97.69% on 7.5%
doping. Similar trend was found in case of Crystal
Violet degradation verifying the superiority of 5%
Fe doped ZnO catalyst over the others. It degraded
96.85% of Crystal Violet in 20 min.
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These results can be correlated with the adsorp-
tion capacity and the pore volume of the synthesized
catalysts. 5% Fe doped showed the highest capacity
of adsorption in BET studies and also showed highest
Specific Surface Area (SSA) among others. Morpho-
logical studies using FESEM also showed the isotropic
nature of synthesized 5% Fe doped ZnO suggesting
higher availability of adsorption sites. Table 5 com-
pares the results of this study with the results from
the recent studies on transition metal doped ZnO
nanoparticles.

Also, the photocatalytic efficiency of 5% Fe doped
ZnO NPs was tested in 3 cycles to investigate their
recyclability and stability. The degradation percent-
ages of MG in 20 min after each cycle are shown in
Fig. 11, which shows the degradation % to be 99.05%,
98.36% and 97.12%. Moreover, the degradation per-
centages of CV in the same time interval were 96.85%,
93.05% and 89.6% after first three cycles. These results
show good recyclability and stability of the 5% Fe
doped ZnO NPs. The decrease in the degradation after
recycling might be the reduction in surface active sites
and some loss of catalysts during the recycling test
[35].

3.7 Photocatalytic mechanism
The proposed mechanism of photocatalytic dye deg-

radation using Fe®* doped Zinc oxide nanoparticles
is given in Fig. 12. Typically, when semiconductor
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metal oxide photocatalysts are irradiated by light with
energy higher than the band gap, electrons (e”) from
the valence band are excited to the conduction band
leaving holes (h") in the valence band. The generated
electron-hole pair takes part in redox reactions with
O, from the atmosphere and H,O from the solution
to form active radicals -‘O,” and ‘OH. These in turn
react with the dyes/organic pollutants to convert them
into harmless products such as H,O, CO, [61-63] etc.
This process is called as Photocatalysis or Photo-
sensitization. Most of the electrons recombine with
the respective holes after very short intervals. This
recombination process though can be slowed down
by metal doping [64, 65]. In Fe>" doped ZnO NPs, Fe**
ions act as electron reservoir and participate in charge
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transfer with the ZnO NPs. This process slows down
the recombination rate of electron hole pairs leading to
increased photocatalytic activity of ZnO NPs.

3.8 Antibacterial studies

Antibacterial activity is evaluated by using the disk
diffusion method against two bacterial strains. It is
observed that pristine ZnO nanoflower as well as
various concentrations Fe doped ZnO nanoflower
show significant antibacterial activity against tested
bacterial strains. Images of Petri plates showing inhibi-
tion zone after a 24 h incubation period are shown in
Fig. 13a for Staphylococcus Aureus and b for Escherichia
coli. Obtained result measurements are represented
in Table 4 and demonstrate that pristine ZnO as well
as Fe-doped ZnO show better antibacterial activity
against Staphylococcus Aureus (Gram positive bacteria)
as compared to Escherichia Coli (Gram negative bac-
teria) (Fig. 14), which is in agreement with previous
reports [66]. This is due to the extra outer membrane
on the cell walls of gram negative bacteria consisting
of lipopolysaccharide and peptidoglycan, which helps
them reduce the resistance by ZnO nanoparticles [67].

Also, Fe-doped ZnO nanostructure exhibited better
antibacterial activity compared to pristine ZnO against
both bacterial strains. It can be seen clearly that 5%
Fe-doped ZnO (5ZF) displayed significantly improved
antibacterial activity among all tested samples. The
observed antibacterial activity is attributed to mor-
phology with a higher surface area to volume ratio
along with the optical properties of Fe-doped ZnO
nanoparticles. Theoretically, ZnO produces reactive
species (Zn*" ions, superoxide radicals, hydroxyl radi-
cals etc.) in solvents that actively oppose the growth of
bacterial cells. These species interrupt the permeability
of bacterial cell walls, hampering the protein synthesis
and DNA replication process [68].

4 Conclusions

In this paper, Wurtzite Fe-doped ZnO nano cata-
lysts were synthesized with varying dopant con-
centrations. With increasing dopant concentration
up to 5%, crystalline size decreased, the adsorp-
tion capacity of the nanoparticles increased,
optical band gap decreased. Also, significant
changes in the morphology of the samples were
observed after doping. Instead of the nanoflowered

@ Springer
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Table 4 Rate constant and % degradation of the dyes after 120 min of irradiation, zone of inhibition obtained in antibacterial testing by

a disk diffusion assay

Dopant %  Malachite green

Crystal violet

Inhibition zone (mm)

k(min™") % Half life (min) ~ R? k(min™") % Half life (min) R S. aureus  E. Coli
0 0.08365 81.59  8.29 0.99  0.03914 5842  17.71 0.98 9.92 7.01
1 0.11569 93.88  5.99 0.95  0.04309 60.09  16.09 0.99 9.89 8.21
25 0.17738 9729 391 0.99  0.16377 94.78 423 098  10.02 7.48
5 0.22125 99.05 3.13 0.98  0.18649 96.85 3.72 0.99 1056 10.06
7.5 0.148 97.69  4.68 0.92  0.07002 83.50 9.90 0.91 9.96 8.38

pristine ZnO nanoparticles, uniformly spherical
nanoparticles with larger surface area and smaller
size were obtained after 5% doping. These measured

@ Springer

parameters correlate perfectly with the observed
photocatalytic ability of the samples towards Mal-
achite Green and Crystal Violet dyes. On 5% Fe
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Table 5 Comparison of photocatalytic activities in current and reported studies of various studies of ZnO based catalysts

Catalyst Synthesis Dye Light source Dye con- Catalyst Time dura-  Efficiency % References
method centration concentration tion
(PPM) (gm/L)
Ce/ZnO Sonochemical Crystal violet Sunlight 50 0.2 100 99 [69]
Sn/ZnO Coprecipita- Methylene Sunlight 20 1 180 95 [70]
tion blue
Sn/ZnO Precipitation  Methyl Sunlight 10 0.3 120 99 [71]
orange
Ag/ZnO Hydrothermal Methylene Sunlight 10 0.5 210 92 [72]
blue
Ir/ZnO with ~ Chemical Malachite Sunlight 0.1 0.2 120 90 [73]
K,S,04 method green
Ce/ZnO/Chi- Microwave Malachite Sunlight 5 0.03 60 100 [74]
tosan synthesis green
Ce/ZnO Sol-gel Methylene Sunlight 80 5 120 92 [75]
blue
Cu/ZnO Wet chemical Methyl Sunlight 10 0.3 120 99 [76]
method orange
Fe/ZnO Co precipita- Methyl Sunlight 32 0.45 70 71 [77]
tion orange
Fe/ZnO Co precipita- Malachite UV lamp 10 0.2 20 99.05 Present Work
tion green (450W)
Crystal violet 10 0.2 20 96.85
120 (a) ” [Degradation of MG (%) 100 06.85 (b) !ﬁl Degradation of CV (%)
100 - 99.05 98.36 97.12 ' 89.6
e 9\3 80 -
80 >
2 S
= : 60
£% =
b=} =
-§ w0 ?j 40 -
& g
a 2
20 - 20
O T T T 0 T T T
1 Cycle 11 Cycle 111 Cycle I Cycle II Cycle IIT Cycle
Number of Cycles Number of Cycles

Fig. 11 Plot of % of degradation after 20 min of a Malachite Green b Crystal Violet (in presence of 5% Fe doped ZnO) versus the num-

ber of cycles (Color figure online)

doping, photocatalytic degradation of the dyes (after
120 min) improved from 73.35 to 98.07% in the case
of Malachite Green and from 56.06 to 94.79% in the
case of Crystal Violet. Antibacterial activity of the

ZnO nanoparticles towards S. Aureus and E. Coli
also improved significantly on Fe doping and 5% Fe
doped ZnO proved to be the most effective antibac-
terial agent.

@ Springer
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Fig. 12 Proposed photo-
catalytic mechanism of Fe**
doped ZnO NPs
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