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Graphical abstract Abstract

Recently, the improvement and advancement in synthesizing nanoparticles via eco-

friendly technique have been intensively explored since the used conventional physical
it motecule and chemical methods always associated to the intensive energy usage and toxic waste
o~ (01, C=H. ete) pollution Therefore, nanoparticles synthesized from green route technique has initiate
. an interest among researchers due to its clean and eco-friendliness approach. In this
study, the Fe doped TiO2 were synthesized using lawsonia inermis aqueous leaf extracts
that act as reducing agent as well as capping and stabilizing agent. The green
synthesized powder was then calcined and characterized using XRD, FESEM, EDX, FTIR
and UV-Vis while photocatalytic activity was evaluated based on photodegradation
efficiency of methylene blue (MB). The new obtained green calcined powder was found

Henna leaves

A

j _1 to have a crystalline phase (anatase structure) with crystallite size, 6.79 nm identified by
LA Light, hv XRD. The FESEM test shows the average particle size of the green synthesized calcined
Reduction Fe doped TiO; is in the range of 54.5 nm with capping agent (phyto-constituents)
:/ oy, Fett authorized by FTIR spectra. From EDX analysis, Fe ions was successfully incorporated

into TiO> compound during synthesis process confirmed by the presence of Fe element.

Cb'&?dﬂ\to Rt re It was observed that the band gap energy for green calcined Fe doped TiO; is
3 approximately 2.66 eV. The green synthesized calcined Fe doped TiO2 sample presented

( " Organic
‘ , & [ pollutants ™)./ - €O, +H,0 the highest photocatalytic activity efficiency under uv light irradiation for 3 hour which is

\Y s —26eV ,,,,,,,,, &,&/* 92.2% with only 7.8% of MB remained, this value is slightly higher than that of
vb W/ ;ico/?:+ / cornmercial P.ZS'powd.er which is 90.7%. In conclusion, t.he green synthesis technique of
using lawsonia inermis as natural resources as reduction agent was able to produce
Fe doped TiO, *OH, Fe! ' nanoparticles Fe doped TiO.. Moreover, the properties of Fe doped TiO2 nanoparticles
Oxidation has strong potential to be used as a photocatalyst since this sustainable green synthesis
technique able to produce better nanoparticles properties as compared to conventional

synthesis.
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1.0 INTRODUCTION

The green synthesis has attained more attraction as it offer
more environmental sustainable eco-friendly when applying
and dealing with more natural materials in producing
nanoparticles [1]-[3]. Besides, it is the most efficient, naturally
functional, and a cost-effective method available and easily
scalable for the large scale synthesis of nanoparticles
production [4]-[7]. The use of non-toxic nature materials like
plant extracts (leave, flower, bark, seed, and peels), fruits and
other natural sources such as bacteria, fungi and enzymes that
able to replace dangerous chemicals substances and reaction
has widen the potential usage of these green synthesis product
to various application. As reported previously, green synthesis
technique able to produce materials with smaller and
homogenous geometry that allow to provide larger specific
surface area and demonstrate higher catalytic reactivity [8]—
[12]. Furthermore, this green method is not only simple, easy
and faster but also , reliable, stable and acceptable to be used
as compared to other conventional methods [13]-[16]. The
biological compounds that act as the capping, stabilizing and
reducing agent from the natural extracts derived from different
plants can make a desirable improved method for nanoparticles
preparation [8]. Moreover, natural antioxidants that comes
from the largest group of plant-based polyphenols are capable
to be use in pharmaceutical (neutraceuticals and drugs) and
food industry (food additives) because they can create a
potential desirable of chemical structure from a broad range of
bioactive secondary metabolites to produce nanoparticles as
they can act as reducing agent in the synthesis process [17]. The
plant extract offer a perfect green alternative for the
nanoparticles biosynthesis because of its non-exposure to
toxicity from hazardous chemicals, as compared to other
natural based materials such as bacteria and algae [18]. Thus,
the potentiality of preparing nanoparticles from the reaction
with aqueous extract of the plant has been intensively explored
and researched. The existence of most of phytobiochemical
components (tannic acid, functional groups-alcohols, carboxylic
acid, flavonoids, phenolics, polyphenols) that may present
depending upon plant’s type and plant’s composition that able
to enhance the reaction as well as provide better reducing,
capping or stabilizing agents [19]-[21].

Meanwhile, the quality of the synthesized particles depends
much on the chemical structure and composition such as
nanoparticles of TiO,, the crystallite size with certain limit of
band gap effectively enhances the photocatalytic activity. In
particular, for high photocatalytic activity can be achieved with
smaller crystallite size, high anatase composition and broad
specific surface area [22]. The approach of integration the Fe3*
dopants within the structure of TiO, photocatalyst formation
able to improve and enhance photocatalytic of TiO;
performance. As reported the integration of Fe3* dopants can
effectively reduce its light sensitivity and improve the TiO;
electronic structure by reducing electron-hole recombination
rate of the photogenerated charge carriers of the smaller
crystals as illustrated in modified Figure 1 according to Mahy et
al. [23] and Gharagozlou and Bayati [24]. By referring to Figure

1, it shows that the charge transfer process involved during
photocatalysis of Fe doped TiO, by trapping electrons (Fe3*
changes to Fe?*) and the holes (change to Fe**) of transition
metals introduced in the bandgap. These electrons capture the
excited electrons from the titania valence band, thereby
suppressing/prohibiting the recombination of charge carriers.
Both Fe?* and Fe** species are unstable and react with adsorbed
0O, and hydroxyl to generate reactive oxygen species. Thus,
result a red shift in the absorption edge and increase
photocatalytic efficiency. It is also said that its semi full
electronic configuration and ion radius close to Ti** increase
photocatalytic efficiency [25]-[26]. A study by Teng et al. [25],
has shown that the Fe incorporate in TiO, can broaden its
effective range into the visible light range from ultraviolet
range. By inserting dopants into the octahedral lattice structure
of doped TiO,, enhancing its physicochemical characteristics,
thus crystallite size of TiO; is suppressed by inserting dopants
[26]. This occurs during the dehydration process, the phase
transformation of anatase to rutile can be discarded when the
nucleation barrier is suppressed by thermal energy. Previous
reported paper has shown that Fe is suitable for industrial
applications as it is easy to prepare, low cost and consider to be
one of the most suitable dopant for photocatalytic activity [27].
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Figure 1 The process of charge transfer between excited electrons from
the valence band (vb) to conduction band (cb) of TiO, with Fe3* ions of
Fe doped TiO:

In this paper, Fe doped TiO, powders are synthesized using
lawsonia inermis (henna) aqueous plant extract via green
synthesis method. Lawsonia inermis leaves contain a variety of
bioactive molecules such as lawsone. Hydroxyl and carbonyl
groups may also be present in carbohydrates, flavonoids and
phenolic compounds. Both hydroxyl and carbonyl groups are
strong reducing agents that are responsible for the bio
reduction of Fe3* ions which is necessary for the synthesis
process. Lawsone as shown in Figure 2 or hennotannic acid (a
red-orange pigment) is the major bioactive constituent of
Lawsonia inermis that carry hydroxyl on the quinone ring and
known as the simplest naphthoquinones that occur naturally
[28]. The phytochemical constituent of lawsone originated from
the leaf extract known as 2-hydroxy-1, 4-napthoquionone
shows significance role in the Fe doped TiO; nanoparticles in
term of reduction and formation [29]. Lawsone has also
impressive benefits such as non-hazardous, it reacts without
any adverse effect to environment [30].
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Figure 1 Lawsonia inermis with its major bioactive constituent, lawsone

Improvement of the green synthesize technique require more
research investigation in terms of its production and application
[31]. Thus, the present work aims to synthesize Fe doped TiO;
nanoparticles using lawsonia inermis aqueous leaf extracts as
reducing agent, explore the chemical interaction bonding
between the organic and the metal oxide itself and to
characterize the powder obtained. Advantages through
understanding the interaction such as chemical bonding and
functional group between plant extract with metal oxide and
characteristics of the Fe doped TiO, nanoparticles synthesized
via green synthesis methods can provide researchers with
different  perceptions  towards characterization and
photocatalysis results obtained when the Fe doped TiO;
nanoparticles are integrated into green synthesis method.
Finally, the performance of photocatalytic activities of the
nanoparticles were tested and measured. The synthesis method
chosen was very practical and cost-effective because only
precursor used without chemicals added in comparison to
chemical method thus making it as environmentally friendly
and a suitable approach for gaining a sustainable synthesis of Fe
doped TiO; nanoparticles using lawsonia inermis aqueous
extract as reducing agent and also can be an alternative to
chemical methods.

2.0 METHODOLOGY

Raw green leaf of lawsonia inermis were collected from local
garden in Parit Raja, Batu Pahat district (Malaysia) to be used in
this work. Iron (ll1) nitrate nonahydrate [Fe(NOs)3.9H,0] used as
Fe precursor, tetrabutyl titanate (Ti(BuO)s) used as TiO;
precursor and the methylene blue used as the target pollutants
were purchased from Merck (Malaysia), Sigma-Aldrich
(Germany), and Merck, India respectively. The P25 powder
from Degussa (Germany) were used and regarded as

commercial TiO,. All of the received chemicals were used
without any further purification. Double distilled water was
used to prepare solutions throughout the experiments.

2.1 Preparation of Lawsonia inermis Ageous Leaf
Extracts

Firstly, the raw green leaf of lawsonia inermis were separated
from the stems. In order to remove any adherent particles, 50g
of fresh leaves were thoroughly washed and undergo drying
process at ambient temperature. The leaves were mix with 500
ml distilled water, boiled at 80°C for 4-5 hours and filtered
using whatman filter paper. Then, the aqueous leaf extracts
were stored at 4°C in refrigerator for further use. The
schematic illustration of the ageous leaf extracts preparation of
lawsonia inermis is illustrated as in Figure 3.

Fresh leaves of Washed Filtered leaves
Lawsonia thoroughly agueous
inermis extract

Figure 3 Schematic illustration of the ageous leaf extracts preparation
of lawsonia inermis.

2.2 Green Synthesis of Fe doped TiO, Nanoparticles

At 50 °C, 10 ml of Ti(OBu)s was added into a beaker containing
50 ml of lawsonia inermis aqueous leaf extract that has been
filtered. They were stirred continuously using motor rotator for
60 min. Then, 1.0 g of Fe (NO3)3.9H,0 was added under
constant stirring. The mixture was dissolved completely
without any additional heat treatment. The color conversion
was detected after 1 h and the presence of precipitate implying
the formation of Fe doped TiO, complex in suspension. In order
to avoid any photo-induced phenomenon, the mixture was
covered with aluminium foil and kept at room temperature
after stirring. The mixture suspension undergoes drying process
at 120 °C in an oven. In order to remove any residue of the
extract, the obtained dried powder was washed thoroughly
with distilled water and exposed to further heat treatment for
2 h at 90 °C. At 500 °C, the powder was calcined in a box
furnace for 3 h. The schematic illustration of the green
synthesis of Fe doped TiO, nanoparticles using aqueous leaf
extract of lawsonia inermis is shown in Figure 4.
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Figure 4 Schematic illustration of the green synthesis of Fe3* doped TiO, nanoparticles using aqueous leaf extract of lawsonia inermis

2.3 Characterization Techniques

The obtained green synthesized Fe doped TiO, (FT) samples
were characterized by x-ray diffraction (XRD), field emission
scanning electron microscope (FESEM), energy dispersive x-ray
spectroscopy (EDX), fourier transform infrared spectroscopy
(FTIR) and uv-visible spectroscopy (UV-VIS). The composition of
crystal phase was characterized by XRD with Cu ka radiation in
the 20° — 90° range using a D8 Advanced Bruker System (26 as
the x-ray source). The morphological structure was examined
by FESEM, JSM-7600F with high resolution and EDX to verify
the existence of element of the nanoparticles. Further, the
capability of interaction and functional group of the plant
extract and nanoparticles compressed into a thin KBr disc were
identified on a FTIR, Perkin Elmer Spectrum with measurement
in the ranges of 1000 to 4000 cmin transmittance mode. The
optical properties were performed by UV-VIS, UV-3600 Plus
Shidmadzu, Japan with wavelength in the range of 200 to 800
nm. The estimated band gap energy values of the obtained
nanoparticles were measured using the Kubelka-Munk
function/Tauc plots.

The crystallite size of the samples was calculated using
Debye-Scherrer equation (Eq. 1) with corrected by instrument
line broadening to remove all the noise. In this equation, D is
the crystallite size of nanoparticles, A is the wavelength used
(Cu Ka radiation = 1.54), d is the full width of the diffraction
peak at half-maximum that expressed in radians which known
as FWHM and @ is the Bragg angle in radians. To evaluate the
change of Fe doped TiO; crystallinity during synthesis method,
the crystallinity index of the prepared samples was calculated
by using Eq. 2.

= Eq.1
dcosg (Ea.1)

4 E 'iri'!Elf'
Crystallinity (%) = -
(E froml - E 'Fr:o:lzsr. bﬁckgound)

x100 (Eq. 2)

The percentage of crystallinity (%) can be defined by the
intensity ratio of the diffraction peaks and of the sum of all
measured intensity where the constant background intensity is
substracted from the total intensity. The crystallinity of the
prepared samples is calculated automatically by X'Pert
HighScore Plus software with constant background of 83. The

accuracy of this method depends much on the constant
background value for samples with a high and low amorphous
content. Commercial TiO, was used as a calibration standard
with a crystallinity of 99%.

2.4 Photocatalytic Experiments

The photocatalytic activity of the green synthesized FT was
performed under UV light source to observe the degradation of
10 mg/L aqueous solution methylene blue (MB) using a 30 W
lamp (wavelength 312 nm). Before that, we must take into
account the adsorption capability of the photocatalyst. The
organic pollutant load adsorbed on the surface of nanoparticles
evaluated by methylene blue degradation can influence their
photocatalytic activity. In order to evaluate the photocatalytic
activity efficiency, the powder loading of 0.4 g/L was
magnetically stirred in the dark for 120 minutes to achieve the
adsorption/desorption equilibrium before irradiated with uv
light. At fixed time intervals, some amounts of the reacted
solution were collected out and filtered using a syringe filter
with the pore size of 0.45 um. The absorbance of the collected
filtrates was then measured at a wavelength of 660 nm to
examine its maximum absorbance using a uv-vis spectroscopy
at different time intervals. All the experiments were controlled
at room temperature.

3.0 RESULTS AND DISCUSSION

3.1 Phase Determination

The crystal structure of the samples was determined by XRD at
20. The XRD spectra of the samples showed the confirmation
peak of the predominantly anatase phase of TiO, (26 = 25.3°%;
37.8°; 48.1°; 54.4°) correspond to (011), (004), (020), (015),
(121), (024), (116), (220) and (125) lattice planes are shown in
Figure 5. The XRD profiles of the synthesized metal oxide
nanoparticles obtained were compared with commercial
synthetic TiO,. The major detected peaks were matched with
the database of ICSD file No. 98-004-5316 and observed to be
the same. The noise and peak broadening in XRD patterns
indicate the interference of the amorphous phase that might be
due to macromolecules present in the plant extract that act as
reducing agent for Fe and Ti ions [32]. Obviously, calcination
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process of Fe doped TiO, enhanced the crystallinity of anatase
phase formation with no peak of secondary phase supported by
research work done by Cris et al [33] where the increased of
temperature promotes crystallization , reflected in the sharper
and well-defined diffraction peaks. Apart from anatase,
increased temperature might formed a sharp rutile observed by
Mahsyid et al [34].
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Figure 5 XRD patterns of (A) commercial TiO2 (B) green synthesized Fe
doped TiO2.

Further observation was conducted in order to calculate the
crystallite size of the samples using FWHM by referring to the
highest intensity signal (26 = 25.3°) which corresponding to the
crystallographic plane (011). Based on the formulation in (Eq 1),
the crystallite size was calculated to be in the range of 73.57
nm and 6.79 nm for commercial TiO, and calcined Fe doped
TiO, respectively. It was observed that the crystallite size was
increased by calcinating the nanoparticles at 500°C. At the
same time, the width of the peaks decreases probably due to
the rearrangement and growth of crystallite (crystallite grow
faster resulting in larger size) and generation of larger clusters
[22][35]. During the process, it may be suggested that smaller
crystallites come closer and grow to become larger due to
kinetics. So, calcination also improves the crystallinity of the
nanoparticles.

A comparison of the crystal size at plane (011) with average
crystallite size and the degree of crystallinity (DOC) value are
listed in Table 1. Consequently, the crystallinity degree of green
calcined powder would result only 59.91%. It is worth
observing that the crystallinity percentage of Fe doped TiO;
obtained is in sync with the small broad peaks of the XRD
pattern depicted in Figure 5. In this study, all the deconvolution
of the X-ray diffraction patterns was performed with Origin Pro
9 software considering the Gaussian function as the shape of
the resolved peaks with FWHM value of 0.182 and 1.282 for
synthesized samples and commercial respectively.

Table 1 Crystallite size and degree of crystallinity

Samples Crystal size, 011 Degree of
plane (nm) Crystallinity (%)
Green calcined Fe 6.79 59.91 (low)
doped TiO2
Commercial TiO: 73.57 99.35 (high)

We have noticed that no signal and phase formation of iron
oxide was observed eventhough iron was observed and
determined by EDX. The possible reason is because of the low
iron loaded (1.0 g) or isomorphic substitution of Fe3* ions has
been effectively taken place in the anatase structure. A same
pattern was obtained by a previous study mentioned that there
is a very low amount of dopant in their samples and might
resulted from the metal ions scattered on TiO; or Ti (IV) ions
replaced by Fe3* ions into TiO, matrix [36]. Moradi et al [37]
suggest two possibilities of the reason why the phase was
incompetent to be characterized by XRD whether the iron oxide
is composed as a very thin layer on the surface of nanoparticle
or organised as an amorphous phase. However, it is possible to
find the amorphous iron oxide obtained from the powder
synthesis and obviously cannot be discard even at small
concentration. Finding from other researchers has reported
that the broadening and the intensity decrease of XRD peaks
are related with iron (Fe3*) incorporation in the anatase (TiO,)
structure [37][25]. Consequently, a crystallization of solids may
face difficulties when this incorporation occur because it may
lead to variation of lattice energy of the equivalent anatase
[38]. Schematic diagram illustrated in Figure 6 shows a possible
overview interaction of synthesized Fe doped TiO;
nanoparticles obtained using the green synthesis method. The
plant extracts act as reductants, facilitating the formation of Fe-
TiO, complexes, which are subsequently converted into Fe
doped TiO; nanoparticles and favouring anatase formation.

heat calcination
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Figure 6 Schematic green synthesis diagram of Fe doped TiO:
nanoparticles

3.2 Morphology and Element Composition

The FESEM and EDX spectroscopy were taken for the
characterization of the morphology and elemental composition
of the synthesized Fe doped TiO; powders and commercial TiO;
respectively. FESEM images were taken at x50,000
magnifications to provide information on the physical
morphology and particle size of Fe doped TiO, nanoparticles. As
can be seen from the FESEM morphological images in Figure
7(A)(i) and (ii), the observed nanoparticles are nearly spherical
structure with agglomerated to some extent. The
agglomeration of smaller nanoparticles easily occurs due to the
fact that the mixing composition involved in this study are
originated from biological plant extract [5]. The strong
hydrophobic property that exhibit by most of plant component
that involve in reduction process coated onto Fe doped TiO,
nanoparticles will has strong tendency to attach each other due
to strong hydrophobic property [39]. The green synthesized
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TiO, nanoparticles depicted in Figure 7(A)(ii) are quite
polydisperse, poorly dispersed and they were agglomerated
with a particle size ranging from 36-103 nm. The average
particle size of the synthesized Fe doped TiO; nanoparticles was
estimated to be 57 nm. The compounds such as phenolic,
aromatic and carboxylic acid that present in the lawsonia
inermis plant extract mainly effect on reduction and formation
of the nanoparticles size as they act as a reducing agent as well
as capping agent and stabilizing agent in the synthesis process
[40]-[43]

The calculated crystallite size of Fe doped TiO, obtained in
XRD in Table 1 is smaller than the average particles size shown
by FESEM observation in Figure 7(A)(ii). This could be attributed
by the fact that each particle consists of large, agglomerated
particles that cannot be easily differentiate from single
particles under microscopic observation. It also shows that the
nanoparticles have a small size of crystallite by referring to the
broaden diffraction peaks as reported in [44]. The same result
obtained by referring to the previous related works done by
[45] where all the powders obtained are more finer and consist
of agglomerated particles with spherical in shape. Moreover,
the powders micrographs show that the degree of
agglomeration increased with further increased of Fe doping
into TiO,. Generally, particle size may be present as a single
crystal, or an agglomeration of several crystals determined by
FESEM/SEM. Hence, the particle size could equivalent to the
sum of crystallite size of Fe doped TiO, [46]-[47]. In addition,
the particle size of synthetic TiO, determined by FESEM in this
work was found to be similar to the value reported in the
previous work done by [47]. A reduced particle sizes may have

an advantage in the chemical reactivity of powder as reported
by Torres-Luna et al. [38].

The energy dispersive X-ray analysis (EDX) present with
multiple peaks in the range of 0.5 keV to 5.5 keV shows that the
pattern is directly related to Fe doped TiO, nanoparticles by
referring to the vigorous peak of Fe and Ti observed in the
range of 2.8-3.4 keV respectively as shown in Figure 7(B)(i) and
(ii). From EDX testing, the atom’s percentage and chemical
composition present in the sample was analysed. Table 2
presents the percentage of O, Ti and Fe elements confirming
the formation of Fe doped TiO; via green synthesis route. Fe
ion was successfully incorporated into TiO, compound during
synthesis process confirmed by the presence of Fe element in
the analysed samples. The same results was obtained by [48]
where it shows evident that the dopant metals are scattered on
the TiO; surface.

Table 2 EDX elemental analysis of synthesized Fe doped TiO. and
commercial TiO2

Samples Element Weight Atomic
(%) (%)

Green calcined Fe 0] 50.74 75.90
doped TiO2

Ti 42.11 21.04

Fe 7.16 3.07

Total 100.00 100.00

Commercial TiO2 o 51.72 76.23

Ti 48.28 23.77

Total 100.00 100.00

ull Scale 13511 ot Cursor: 0.000

Figure 7 (A) FESEM image sample of i) commercial TiOii) calcined Fe doped TiO.. (B) EDX image sample analysis of i) commercial TiO: ii) calcined Fe doped

TiO2

3.3 Functional Group

Fourier transform infrared (FTIR) spectra analysis was
performed to determine the functional groups of the
phytobiochemical present in the synthesized sample which give

significant role as reduction and stabilizing agent in the
synthesis process. This IR spectrum reading includes the
stretching or vibration bands of the phytobiochemical
compounds [49].The spectra of lawsonia inermis aqueous leaf
extract, lawsenia inermis dry powder, commercial TiO, and
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infrared (IR) spectrum of synthesized Fe doped TiO;
nanoparticles were shown in Figure 8(A) and (B). Results in
Figure 8(A) indicated that the dry leaf powder presented higher
phytobiochemical compound contents than the aqueous leaf
extract. Both spectrum reveals two major absorption band
namely hydroxyl (O-H) and carbonyl (C=0) functional group
present in the plant extract which acts as stabilizing and
capping agent. The absorption band at 3370 cmand 2960 cm™!
indicate the free hydroxyl groups correspond to the O-H bond
stretching and denotes the aqueous phase which participated
in the synthesis reaction. The stretching of carbonyl groups
(C=0) in lawsone was observed by peak at 1625 cm for both
aqueous extract and dry leaf powder. The FTIR spectrum of dry
powder of lawsonia inermis showed characteristic bands at
1124 cm? and 1430 cm? suggesting the existence of C-O
stretching carboxylic acids that could not be detected in
aqueous leaf extract [5]. The bands appeared in Fe doped TiO;
nanoparticles spectrum but the position shifted to 1120 cm™!
and 1460 cm=! which gives the evidence for conjugation and
presence of flavonoids on the surface of nanoparticles [50].

In green synthesized Fe doped TiO,, the band shifts from
3300 cm! to a large broad peak at around 3100-3400 cm,
which appear due to the phytobiochemical compounds of O-H
stretching associated with lawsone and tannin since Lawsonia
inermis contain a variety of constituents such as lawsone,
flavonoids, gallic acid and tannin thus having different
functional groups [43], [50] and [51]. The broad absorption
peaks can also be appointed to absorption of surface O-H
bonds (stretching modes) and might be associated with O—H
vibration of the adsorbed water (H,O molecules) [45],
demonstrating that much more H,0 adsorbed on the surface of
nanoparticles, which capable to produce much more -OH
radicals after light irradiation. This bending vibration of
adsorbed water also might be due to initiation of Fe (lll) ions
into the nanoparticles matrix that increased the absorption of
more loading of OH groups. This hydrophilic property will
contribute to intramolecular hydrogen bonding between the
OH group and adjacent oxygen group. Thus, this will create Ti-
OH stretching vibration bond presence in the spectrum that
could not be eliminate simply without heating at relatively high
temperature at 500°C. If we go through the FTIR spectrum of
aqueous leaf extract, we find that the absorption bands are
shifted from 1625 cm™! to around 1650 cm~tin the synthesized
spectrum. This shifting of peak position proves the interaction
of phytobiochemicals in plant extract with nanoparticles or
specifically means that the C=0 group contribute a significant
role in this formation [52]. The extract may adhere to the
nanoparticles surface by various forces such as hydrophobic
interaction, chemisorption and/or electrostatic attraction
therefore forming a stable nanoparticle.

Remarkably, the surface-adsorbed water and phenolic
hydroxyl groups slightly decreased with temperature increased.
From previous study, the enhancement of the photocatalytic
activity was obtained when the hydroxyl groups on the surface
of samples interact with photogenerated holes which can
contribute to good charge transfer and inhibits the electron-
hole pairs recombination [53]. These positive charge transfers
from hydroxyl groups can accelerate the adsorption and
degradation of organic pollutants. The intensity of Fe doped
TiO, nanoparticles peaks synthesized by leaf extract decreased
might be due to the physio-absorption process interaction
between nanoparticles and plant extract and this proved that

the reduction/capping process was occurred during the
synthesis. The active compound in the extract itself, for
example lawsone might be the one that acts as reducing agent
of Fe doped TiO,. The correlation between FTIR spectra with
qualitative phytobiochemical screening of lawsonia inermis
plant extract offers an insight and could enhance
understanding in terms of nanoparticles surface interaction.
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Figure 8 FTIR spectra of (A) lawsonia inermis ageous leaf extract and
dry powder (B) synthesized Fe doped TiO2 and commercial TiO:

All the synthesized nanoparticles have strong intensity of
metal oxide bond. The bond is well depicted in Figure 8 by the
wavelength in the range of 400-1000 cm-! that associated to
stretching vibration of Ti-O and Ti-O-Ti bonding as well as O-Ti-
O vibration and the symmetric Fe-O-Fe stretching vibration.
[54] and [55]. The FTIR analysis affirmed that Fe doped TiO;
nanoparticles synthesized by green method via lawsonia
inermis ageuos leaf extract are functionalized with phenolic,
aromatic and carboxylic acid. These compounds could prompt
the reduction process and provide stability to the
nanoparticles. This qualitative phytochemical screening of the
aqueous leaves extracts and dry leaves of lawsonia inermis
when correlated with FTIR spectra offers an insight and could
result in better understanding of its interaction with
nanoparticles surface.

3.4 Optical Measurement

The UV-visible diffusion absorption spectra and (K.M.E)?2 versus
photo energy (hv) has been plotted in wavelength range of 200
- 800 nm to present the variation of the optical absorbance
between nanoparticles with commercial TiO, for comparison in
Figure 9(A) and (B). Noted that the maximum absorbance
observed in the graph plot is the feature peak of surface
plasmon resonance (SPR) formed by the resonant conduction
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electrons in metallic nanoparticles stimulated by incident light
as reported by Rasheed et al. [56] and Liao et al. [57].
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Figure 9 Tauc plot of (A) commercial TiO2 and (B) green synthesized Fe
doped TiO;

Notably, the absorption edge for nanoparticles clearly show the
shift of the wavelength towards visible region (near 650 nm)
[58]. It was observed that the band gap energy for commercial
TiO, and green calcined Fe doped TiO; are approximately 3.37
and 2.66 eV respectively. These optical band gap transition
energies were estimated from the intercepts of linear portion
of the Kubelka-Munk function (K.M.E)? versus photon energy
(hv) where a good approximation will be obtained from the
tangent line interception to the plot. It is found that the green
synthesis nanoparticles have a lower band gap than the
commercial nanoparticles.

3.5 Photocatalytic Activity

The impact of Fe3* ions on titania’s catalytic activity has always
been an interesting study. Therefore, a number of degradation
tests of methylene blue (MB) under UV light irradiation by using
green synthesized Fe doped TiO, photocatalyst were carried
out. The adsorption of methylene blue (MB) dye on the Fe
doped TiO, nanoparticles was monitored by measuring the
absorbance values at different time intervals as illustrated in
the Figure 10(B). This adsorption difference might be associated
to the electrostatic forces by both MB dye and the
nanoparticles surface [59].

Meanwhile, MB dye was irradiated with UV light in the
absence of the nanoparticles as a control experiment. The
absorption peak feature of methylene blue at 660 nm was used
to monitor the photocatalytic degradation process with uv light
exposure at different time intervals. There was no major
change in the MB dye concentration observed in the findings. A
slight decrease in absorbance was detected where the pollution
concentration reduces to about 1.9% due to photodegradation
process as illustrated in Figure 10(C). This finding also showed
that the direct photolysis of MB dye was insignificant indicated
by the absence of the nanoparticles. The percent of
degradation the nanoparticles in the aqueous solution was
calculated in Eq. 4 as below:

CD_CI?

Degradation (%4) = x 100 (Eg.4)

o

where Co is the initial concentration at time t = 0, and C; is the
concentration time interval. It can be seen that green calcined
Fe doped TiO, sample presented the highest photocatalytic
activity efficiency under uv light irradiation for about 3 hour
with only 7.8% of MB remained, this value is slightly higher
than that of P25 which is 90.7%. In Figure 10(A), the standard
curve of MB indicate that the concentration of MB and
absorbance form a good linear relationship with correlation
coefficient R = 0.99505 and the fitting standard curve equation
is: A=0.00758 + 0.02843x.
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Figure 10 (A) Standard calibration curve of methylene blue. (B) The photocatalytic activity of synthesized green Fe doped TiO, and commercial TiO, under
uv light irradiation and without light. (C) Photodegradation efficiency of synthesized green Fe doped TiO; and commercial TiO2.

As we are well informed that there are various types of
photocatalyst available in the market due to tremendous
advancement in the field of photocatalysis thus the efficiency
of such photocatalysts is become important and need to
further research. In this study, we compared the
photodegradation result between the green synthesized
powders with commercial photocatalyst. It shows that the
green synthesized Fe doped TiO; calcined at 500°C sample
exhibited a higher efficiency compared to the commercial
sample in degrading the MB pollutant in uv light with a
difference of 1.5% points.

The proposed schematic mechanism diagram of
photocatalytic reaction occurs on the Fe doped TiO; surface has
been represented in Figure 11 based on previous reported by
Sood et al. [36] Azeez et al. [59] . In the reported work,
photogenerated electrons and holes are generated when uv
light exposed to the surface of nanoparticles (Eq. 6). The Fe3*
ions that are present in the surface of TiO, can act as electron
and hole trap (Eq. 7-8) thus generate the less stable FeZ* and
Fe** ions (due to half-filled stable d5 configuration) compared
to Fe3*. As a result, the trapped charges can be easily released
to create stable Fe3* ions and lead to generation of OH* radical
and &5 anion (Eq. 9-11). However, they may act as
recombination centers for the charge carriers if Fe
concentration is high, thereby reducing the photocatalytic
activity (Eq. 12-13). There is a possibility to generate a number
of high redox potentials of charged species and radicals through
a redox reaction’s series (Eq. 14-17). Thus, the intermediates (S)
formed when the organic pollutant molecules (P) are oxidized
by these highly oxidizing species thus obtaining a complete
mineralization (Eq. 18). The general photocatalysis degradation
of the organic pollutant mechanism has been schematically
shown from (Eq. 6-18).

A
NN
Q-
AA Light by

) H,O

excitation

Fe doped TiO2 photocatalyst

CO,+ H,0 + other
simple molecules

Figure 11 The proposed schematic mechanism diagram of

photocatalytic reaction occurs on the Fe. doped TiO; surface

1. Absorption of efficient photons:

Fe**doped Ti0, + hv = ez + hiz (6)

2. Generation of potential charged species and radicals
through a series of redox reactions:

Fe¥™ + g~ = Fe™*(7T)
Fe¥* + ht = Fe't (@)

Fe % + 0, = Fe** +05(9)
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Fe™ + Ti* = Fe¥™ +Ti**(10)
Fe** + OH™ = Fe®* + OH'(11)
Fe®* + ¢~ = Fe'*(12)
Fe™ + h* = Fe¥(13)
Ti** + 0, = Ti* +07(14)
0; + h* = 07(15)
0~ + kh* = 0'(16)
0™+ H,0— OH"+0H™(17)

3. Complete mineralization

Pollutant + OH" — intermediates + OH'/OH™ /05
-+ C0, + H,0 fother simpler molecules (18)

4.0 CONCLUSION

In conclusion, the synthesis of Fe doped TiO, nanoparticles
using a green approach has proven to be successful. The
presence of the active phytochemical and biocompounds in the
lawsonia inermis aqueous leaf extract during the synthesis
process plays a crucial role as reducing agent. The
characterization of the synthesized sample through XRD, UV-vis
and FESEM analysis has shown that the synthesized sample has
anatase phase structure, with band gap 2.66 eV and average
particle size in the average range of 54.5 nm, respectively.
Moreover, the presence of Fe element in the synthesized
sample shown by EDX analysis provides proof that Fe ions were
successfully incorporated into the TiO, compound throughout
the synthesis process. With the obtained data, this method has
advantage for Fe doped TiO; nanoparticles production as it is
environmental friendly, and can operate at minimal
temperature, resulting in a faster reaction. This contrasts with
the conventional TiO, synthesis method, which frequently uses
hazardous chemical and high temperature, as demonstrated in
numerous examples from the literature. Furthermore, this
finding highlights the potential of these nanoparticles for
applications that require efficient photocatalysis. The green
synthesized Fe doped TiO, nanoparticles exhibit a significant
improvement in photocatalytic activity for the degradation of
methylene blue as it exhibited the highest photocatalytic
activity efficiency with 92.2% of the MB dye degraded
compared to commercial TiO;, In summary, the synthesis of Fe
doped TiO; nanoparticles using lawsonia inermis leaf extracts
represents a promising and environmentally friendly approach.
The nanoparticles exhibit enhanced photocatalytic activity and
can be utilized in various fields where efficient degradation of
organic pollutants is desired.
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