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ABSTRACT: Postharvest loss is a significant global challenge that needs to be
urgently addressed to sustain food systems. This study describes a simple
microwave-assisted green synthesis method in developing a nanohybrid material
combining natural ilmenite (FeTiO;) and graphene oxide (GO) as a promising
antimicrobial fruit peel coating to reduce postharvest loss. The natural ilmenite e —
was calcined in an inert environment and was mixed with GO in a microwave nanohybrid
reactor to obtain the nanohybrid. The nanohybrid was then incorporated into
an alginate biopolymer to form the fruit coating. Microscopic images revealed o
successful grafting of FeTiO; nanoparticles onto the GO sheets. Spectroscopic (
measurements of Raman, X-ray photoemission, and infrared provided insights
into the interactions between the two matrices. The optical band gap calculated Q
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from Tauc’s relation using UV—vis data showed a significant reduction in the
band gap of the hybrid compared to that of natural ilmenite. The antimicrobial
activity was assessed using Escherichia coli, which showed a substantial decrease
in colony counts. Bananas coated with the nanohybrid showed a doubling in the shelf life compared with uncoated fruits. Consistent
with this, the electronic nose (E-nose) measurements and freshness indicator tests revealed less deterioration of the physicochemical
properties of the coated bananas. Overall, the results show promising applications for the ilmenite-grafted GO nanohybrid as a food
coating capable of minimizing food spoilage due to microbial activity.
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1. INTRODUCTION

Globally, postharvest loss has become one of the major
problems in agricultural productivity." According to the 2016
Sustainable Development Goals report, goal 2 seeks to achieve
sustainable food production by 2030.” This is expected to be
achieved by introducing sustainable agriculture, proper food
market functioning, and doubling the agricultural productivity.
One of the major issues pertaining to improving agricultural

Nanomaterials have shown progress by improving anti-
microbial properties, moisture and gas barrier properties, and
mechanical strength while providing biocompatibility and
biodegradability for food packaging systems.”'*~"” Functional
bionanocomposite films, incorporating components such as
starch, cellulose, chitosan, montmorillonite (MMT), metals,
and metal oxides, have also found applications in food
packaging.'® Nanomaterials serve as reinforcements to enhance
mechanical and thermal characteristics of composites, leading

productivity is postharvest loss in the developing part of the
world. During postharvest handling and storage, fresh food
undergoes rapid deterioration leading to quality degradation
and thus a substantial decrease in shelf life. Globally,
conventional strategies such as cold storage, hot water
treatment, gamma irradiation, controlled temperature, high
humidity processes, and chemical treatments have already been
used to address this issue.’””

However, low efficiency, nutrient loss, safety risk, unwanted
residues, and the absence of facilities to carry out some of these
treatments on a commercial scale are key disadvantages of
these approaches.”'” Therefore, advanced technologies such as
nanotechnology have been explored as an alternative efficient
solution in food preservation.”'' ™"
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to the development of improved materials. Furthermore,
nanomaterials facilitate the creation of active ingredients
endowed with antibacterial, antioxidant, and other desirable
effects. Apart from well-established options, such as silver
nanoparticles and nanoclay, nanomaterials utilized in pack-
aging comprise metal oxides, polysaccharides, proteins,
halloysite nanotubes, poly(vinyl alcohol) (PVA), polylactic
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acid (PLA), polyhydroxyalkanoates (PHA), and essential
oils."®'” These nanomaterials offer a range of functions,
including antioxidant properties (e.g., essential oils, vitamins,
polyphenols, and carotenoids), antibacterial effects (e.g.,
nanosilver, nanosilica, and nanocarbon tubes), ethylene
scavenging (e.g., nano-KMnO,), and oxygen scavenging (e.g.,
Pd nanoparticles)."*™*° Some of the nanocoatings are edible
(e.g, hydroxypropylmethylcellulose (HPMC) and chitosan)
and offer significant benefits such as robust mechanical
properties, high consumer acceptance, and nontoxicity.
However, the overall performance and cost of edible films
have consistently posed challenges.”'

Recently, metal oxide nanomaterials such as Ag,0O, TiO,,
and ZnO have received increased attention as promising
antibacterial and antifungal agents due to their high
efficacy.'”>*’ In particular, the advantages of photocatalytic
properties of these metal oxides have been exploited in food
preservation.'”'#** Photocatalysis kills harmful microorgan-
isms by releasing reactive oxygen species (ROS) such as
superoxide and hydroxyl groups. These ROS damage the cell
wall and DNA in microbial cells, inhibiting DNA replication
and resulting in cell death. Some of the most studied metal
oxides include ZnO, WO;, CuO, and TiO,. TiO,, synthetic
rutile, and their derivative compounds have been widely
exploited as promising antimicrobial photocatalysts over the
years.25’26

The antimicrobial property imparted by TiO, has been
extensively studied for food packaging purposes as they are
very effective against food spoilage microbes such as
Staphylococcus aureus and Bacillus anthracoides.””*® However,
due to significant thermal energy consumption during
processing, such as sulfuric and chlorination procedures, its
practical applications are limited. It is also a high-cost process
that produces a large amount of waste. As a result, the efficacy
in large-scale operations of the traditional titanium-based
photocatalyst in decomposing organic contaminants remains
inadequate.”” Therefore, facile methods to develop new
materials with visible-light photocatalytic activity have emerged
as a unique research solution.”**

Ilmenite (FeTiO;) is a common natural mineral that is
widely utilized to synthesize TiO, and synthetic rutile. It holds
a lot of promise in terms of nontoxicity, chemical stability,
photostability, and availability.*****” However, it has various
shortcomings, such as poor visible-light absorption capacity, a
wider band gap, and a high electron—hole pair recombination
rate, which will limit its practical applicability and diminish the
photoelectron yield. Therefore, many research has been
dedicated to band gap re-engineering through structural
modifications.”* ™" For this purpose, carbon-based materials
of various origins, such as graphdiyne, graphitic carbon nitride,
and carbon nanotubes (CNTs),'>** have been identified as a
band gap modifier.

Graphene has a single layer of an sp> hexagonal honeycomb
lattice and is used in nanohybrids to engineer surface
functionalization. The advantages of graphene include
improving electron—hole pair separation for high quantum
efficiency, extending visible-light absorption for solar light
harvesting, and dramatically enhancing the reactant absorbing
ability for high reaction probability."’~* Examples of the
graphene-based nanohybrids used in related applications are
graphene-TiO,, graphene-ZnO, graphene-BiFeO;, GO-
FeTiO;, graphene-Fe,0,.°>*™*

This study describes a simple microwave-assisted green
synthesis of FeTiO; derived from beach sand that has been
grafted onto GO nanosheets to obtain a visible-light-active
photocatalyst with a significant antimicrobial activity as a
promising candidate for fruit peel coating applications to
reduce postharvest loss.

2. EXPERIMENTAL SECTION

2.1. Materials and Chemicals. Analytical-grade chemicals
were employed in this study without any additional
purification. All of the trails used deionized water. Natural
ilmenite samples were obtained from the Lanka Mineral Sand
Ltd. processing plant at the Pulmoddai deposit in Sri Lanka.
The chemical composition of the natural ilmenite sample is
given in Table S1. Mainly natural ilmenite consists of 86.80%
ilmenite, 2.90% zircon, 2.71% quartz, 2.19% garnet, and 1.40%
rutile. GO used in all experiments was synthesized using Sri
Lankan vein graphite according to the method reported by
Nissanka et al.*’

2.2. Isolation of FeTiO; from Beach Sand. Beach sand
samples were ground using mechanochemical forces to reduce
the particle sizes. The obtained product was exposed to a
magnetic fleld of 0.5 T strength to separate ilmenite and other
magnetic materials. The magnetically separated ilmenite
sample was washed with distilled water using ultrasound
sonication (GT Sonic-3L, 45 kHz, 30 °C, 100 W ultrasonic
power) for 30 min to remove any impurities present. This
washing procedure was performed four times and dried at 60
°C. Purified magnetically separated ilmenite was ground under
mechanical forces to substantially reduce the particle size and
calcined under an inert environment (N, environment) in a
muffle furnace for 1 h at 350 °C to obtain the magnetically
separated calcined ilmenite (cal-Ilm).

2.3. Synthesis of Calcined Illmenite-Grafted GO
Nanohybrids (Cal-llm/GO Nanohybrids). Cal-Ilm/GO
nanohybrids were synthesized using a microwave-assisted
green approach using cal-Ilm derived from beach sand and
GO derived from Ceylon vein graphite. GO (10 mg) was
dissolved in 5.00 mL of ethanol by sonication for 1 h to
achieve uniform dispersion of GO. Next, cal-Ilm was added to
the GO dispersion in a silicon carbide vessel to make 2% (w/
w) GO in ilmenite, and the mixture was then heated at 140 °C
for 7 min under microwave reaction conditions. Finally, the
resulting cal-Ilm/GO nanohybrid was centrifuged at 7000 rpm
for S min. The final product was washed several times with
ethanol and deionized water and then dried at 60 °C.

2.4. Preparation of Food Coatings of Cal-llm/GO
Nanohybrids. Sodium alginate, 2.5 g (the molecular weight
was 216.12 g mol™!, 2.5% w/v), was mixed in SO mL of
distilled water at 45 °C for 30 min until a homogeneous clear
solution was obtained. Then, 1.0 g of the previously prepared
cal-Ilm/GO nanohybrid was added to the polymeric mixture
and stirred for 30 min to obtain a uniform suspension. Finally,
a dried film of the alginate/cal-Ilm/GO nanohybrid was
obtained. Control samples were prepared with alginate and
alginate/cal-Ilm. The dried films were peeled off from the Petri
dishes and kept in vacuum desiccators until further use.

Approximately the same weight, similarly ripened bananas
belonging to the Musaceae family (Musa spp.) (also known as
Seeni Kesel) of an even maturity and free of damage were
obtained from Matara, Sri Lanka. The bananas were trans-
ported to the laboratory within 24 h of harvest. All the bananas
were washed with distilled water and allowed to dry for 20 min.

https://doi.org/10.1021/acsomega.4c03231
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The fruits were then coated by immersing them for 1 min into
the alginate/cal-Ilm/GO nanohybrid dispersion and letting the
excess coating drip out for 10 min. Control samples were
prepared by coating bananas with alginate, alginate/cal-Ilm,
and water only. The entire surface of bananas was evenly
coated with the prepared solutions. Coated and uncoated
bananas were stored at 30 °C and 40% RH under constant
visible light over the storage period of 1, 6, 9, and 12 days. The
experiment was triplicated.

2.5. Determination of Antimicrobial Activity.
2.5.1. Antimicrobial Activity of Cal-llm/GO Nanohybrids.
An Escherichia coli-type strain (ATCC 25922) was obtained
from the Department of Microbiology, Faculty of Medical
Sciences, University of Sri Jayewardenepura, Sri Lanka, and
was used for testing. Before the microbiological experiment, all
of the glassware and samples were sterilized. On nutritional
agar, stock cultures of bacteria were kept. Test strains were
subcultured on Mueller—Hinton agar and incubated at 37 °C
for 24 h to produce fresh microbiological cultures. A few
colonies from 24 h of fresh microbial cultures were dissolved in
peptone water to provide the standard inoculum for the test
strain. The turbidity of the inoculum was then adjusted by
comparing it to a 0.5 McFarland scale. A bacterial suspension
of peptone water was prepared with the bacteria diluted to
10~* by using peptone water. The concentrations of the cal-Ilm
and cal-Ilm/GO nanohybrid in peptone water were 10.0 g/L.
As a negative control, a different plate with only peptone water
was employed. Four milliliters of the Escherichia coli suspension
(10™* dilution of 0.5 McFarland) was added to each Petri dish
containing cal-Ilm and the cal-Ilm/GO nanohybrid. The
samples were then placed 15 cm from light (warm white
LED with the wavelength range from 400 to 700 nm) to
achieve an illumination intensity of about 10,000—25,000 lux
(TECPEL DLM 531), and as a control, separate samples were
kept in the dark for 2 h. Each Petri dish contained 0.1 mL of
the Escherichia coli suspension, which was used to calculate the
colony forming units per milliliter (CFU/mL) for the coliform
count. Each sample was replicated three times. The number of
colonies obtained by plating 0.1 mL of the suspension was
multiplied by the dilution factor, which was then multiplied by
10 to determine the CFU/mL. As a negative control, a
different plate with only peptone water was used. All
experiments were performed in triplicate. The percentage
reduction was calculated as mentioned under Section 2.5.2.

2.5.2. Antimicrobial Activity of Alginate/Cal-llm/GO
Nanohybrids. In order to find the antimicrobial activity of
the films, sterile Petri dishes were coated with (A) alginate, (B)
alginate/cal-Ilm, and (C) the alginate/cal-Ilm/GO nanohybrid.
In a coating process, Petri dishes were coated by adding 5.00
mL of the alginate solution with 50 mg of cal-Ilm and the cal-
IIm/GO nanohybrid to the B and C Petri dishes, respectively.
The contents of the Petri dishes were then dried by
evaporation. Four milliliters of the Escherichia coli suspension
was serially diluted to 10™* and aseptically pipetted into each
Petri dish. The inoculated Petri dishes were exposed to visible
light for 2 h (50 W warm white LED with the wavelength
range from 400 to 700 nm) to achieve an illumination intensity
of about 10,000-25,000 lux (TECPEL DLM 531)). As a
control, these samples were placed in dark conditions for 2 h.
In order to obtain the Escherichia coli count, the Escherichia coli
suspension was spread plated over Mueller—Hinton agar and
then incubated for 24 h at 37 °C.

The percentage reduction was calculated as follows.

26570

average reduction %
CFU
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2.5.3. Scanning Electron Microscopy Studies. Morpho-
logical changes of the Escherichia coli cell in the presence of cal-
Ilm and cal-Ilm/GO nanohybrids left under visible light were
evaluated using SEM imaging. Sterile coverslips with a 10 mm
diameter (which were pretreated with concentrated sulfuric
acid and 95% ethanol before the experiments) were placed at
the bottom of the 12-well cell culture cluster, separately.
Coverslips were then immersed in 1 mL of the prepared
standardized microbial cell suspensions (0.5 McFarland) and
incubated for 24 h at 37 °C. Then, the remaining cell
suspensions were removed by aspiration. The coverslips were
washed twice with sterilized distilled water without disturbing
the surface. Then, the powder (10.0 mg/mL) in S mL of sterile
brain heart infusion (BHI) was added dropwise onto the
coverslips and kept for 2 h under visible light. After the
exposure to irradiation, the coverslips were subsequently
washed twice with sterile distilled water. Treated coverslips
were immersed in 2.0% glutaraldehyde, and after fixing with
glutaraldehyde for 24 h, samples were dehydrated in a series of
ethanol solutions. Finally, the samples were air-dried overnight
in an incubator followed by sputter coating with gold for 60 s.
Samples were visualized under a 10k magnification using a
scanning microscope (SEM; Hitachi SU 6600, Tokyo, Japan)
in the secondary electron mode.

2.6. Physicochemical Properties of Nanohybrid-
Coated and Uncoated Bananas. Physicochemical proper-
ties of the alginate/cal-lm/GO nanohybrid-, alginate/cal-Ilm-,
and alginate-coated and uncoated fruits as described in Section
2.4 were determined by storing bananas at constant light over
the period of 1, 6, 9, and 12 days.

2.6.1. Electronic Nose Measurements. A commercial
electronic nose PEN 3 (Airsense Analytics GmbH, Schwerin,
Germany) was used to collect the characteristic odor of the
uncoated and coated bananas. Exactly 5.0 g of banana flesh was
taken and introduced to the bottles. The specifications of 10
sensors are shown in Table 1. After the initialization, sensory
measurements were obtained.

2.6.2. Weight Loss Measurements. The weight loss of
bananas was measured by using an analytical balance. The
weight loss of bananas was calculated as a percentage of the

Table 1. Specifications of the Sensors Used in PEN3°°

sensor

number name general description

R1 WiIC aromatic compounds

R2 WSS broad-range sensitivity, very sensitive to nitrogen
oxide

R3 Ww3C ammonia, aromatic compounds

R4 Wé6S sensitive to hydrogen

RS WsC alkanes, aromatic compounds

R6 W18 sensitive to methane, broad range

R7 WIW sensitive to sulfur compounds, H,S

R8 w2Ss alcohol broad range

R9 W2w sensitive to aromatic compounds and organic sulfur
compounds

R10 W3S reacts on high concentrations, very selective

(methane)
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ACS Omega 2024, 9, 26568—26581


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Scheme 1. Graphical Ilustration of the Synthesis of the cal-Ilm/GO Nanohybrid and Its Application as an Antimicrobial Agent

and Food Preservative Material
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weight loss after storage compared to the initial weight by
weighing the initial banana samples before and after storage.
The following equation was used to calculate the weight loss
percentage, when w is the initial weight while w, is the weight
in the storage time period.

Wo - W
———— X 100%

0

weight loss % =

2.6.3. Firmness Analysis. The firmness of the bananas was
measured with a penetrometer mounted on a tested stand
using a 7 mm-diameter cylindrical probe.”’ Firmness was
defined as the maximum punch force (N) required until tissue
failure occured, and measurements were taken at the middle
part from the stem end and distal end of the banana. The
firmness measurements were replicated five times for each
treatment.

2.7. Statistical Analysis. Data were analyzed using Origin
Pro 9.0 64 commercial software. The significant difference
between the variables was tested by using a one-way ANOVA
with a 95% level of significance (P, 0.05).

2.8. Characterization. An X-ray diffractometer (Rigaku
Ultima IV, Japan) with a scintillation counter detector was
used to obtain powder X-ray diffraction (PXRD) data. The
diffractometer was operated with a Cu Ka X-ray source (A =
1.141 A) at a current of 30 mA and a voltage of 40 kV. PXRD
patterns were collected at the 26 range of 5—80° with a scan
speed of 2 deg min™' and a 0.02° step size. The obtained
patterns were analyzed by using PDXL2 software. In order to
identify the functional groups, Fourier transform infrared
spectra (FTIR) were obtained using a Bruker Vertex 80, at the
ATR mode with a ZnSe crystal and 128 scans at a 4 cm™'
spectral resolution. All spectra were recorded over the range
from 4000 to 500 cm™". A Thermo Scientific ESCALAB Xi+
instrument was used to collect X-ray photoelectron spectros-
copy (XPS) measurements of beach sand and cal-Tim and the
cal-Ilm/GO nanohybrid. Samples for XPS analysis were
prepared by affixing hard pellets to the surface of conducting
Cu (3M) tape. The X-ray source was a monochromatic Al Ka
source. The intensity of the spectra was standardized to the
number of scans, and the binding energy scale was aligned to
adventitious carbon at 284.5 eV. Raman spectra were collected
using a Thermo Scientific DXR 2 Raman spectrometer. Diffuse

reflectance spectroscopy (DRS) data were obtained by using a
LAMBDA 365 spectrophotometer to calculate the band gap
energy. The surface morphology of the nanohybrid was
determined using scanning electron microscopy (SEM) (Carl
Zeiss EVO 18 Research), and elemental mapping was collected
using an EDAX analyzer at a 20 kV accelerating voltage.
Transmission electron microscopy (TEM) analysis was
performed at 200 kV using a JEOL JEM 2100 microscope.
The sample was ultrasonically dissolved in methanol for 5 min
before being loaded onto lacey carbon-coated copper grids
(300 mesh). The sample-containing grids were dried for 24 h
prior to observation.

3. RESULTS AND DISCUSSION

This investigation underscores the application of hybrid
photocatalysts comprising natural ilmenite and GO for the
mitigation of postharvest losses. Here, the nanohybrid is
synthesized using microwave-assisted methods based on green
principles, where we utilized the available natural doping of
TiO,. The modification process is explained in Scheme 1. The
structure—property relationship is investigated using spectro-
scopic and microscopic techniques, while microbial and food
quality was investigated using model food pathogens and
electronic nose measurements. The structural and chemical
characterizations of natural ilmenite, cal-Ilm, and ca-Ilm/GO
were carried out using PXRD, Raman, FTIR, and XPS
techniques.

3.1. Characterization of Natural limenite, Cal-lilm, and
the Cal-llm/GO Nanohybrid. Magnetic separation is widely
used in the mineral sand industry to recover titanium-bearing
minerals like ilmenite from heavy mineral concentrates.”” In
this research, titanium-bearing ilmenite mineral was recovered
from beach sand using a magnetic separator followed by special
processing techniques to reduce the particle size and to obtain
FeTiO;. To prepare a cal-Ilm/GO nanohybrid, a suspension of
GO was prepared. The strong hydrophilic nature of oxygen
functionalities in GO sheets makes it readily soluble in an
aqueous medium. The homogeneous colloidal suspension of
exfoliated GO in an aqueous medium is dark brown color. Cal-
Ilm nanoparticles were incorporated with an exfoliated GO to
get the cal-Ilm/GO nanohybrid in a microwave reactor. The

https://doi.org/10.1021/acsomega.4c03231
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Figure 1. (i) PXRD patterns of (A) natural ilmenite, (B) cal-Iim, and (C) the cal-Ilm/GO nanohybrid. (ii) Enlarged 32—34° region of the same
PXRD patterns in the same order. (iii) Raman spectra of (A) cal-Ilm, (B) GO, and (C) the cal-Ilm/GO nanohybrid

structural features of the nanohybrid were evaluated to
understand its properties toward antimicrobial behavior.
Figure 1(i) summarizes the PXRD results, which enabled us
to identify the phases in the natural ilmenite, cal-Ilm, and cal-
IIm/GO nanohybrid. The PXRD pattern of natural ilmenite
exhibits high-intensity peaks that correspond to the character-
istic patterns of ilmenite (iron titanate (FeTiO;)) (JCPDS
PDF no. 01-070-6246), quartz (SiO,) (JCPDS PDF no. 01-
070-3755), and zircon (ZrSiO,) (JCPDS PDF no. 01-081-
0591).The PXRD peak positions for the cal-Ilm are located at
~23.9 (012), 32.7 (104), 35.4 (110), 48.2 (024), 54.0 (116),

26572

61.6 (124), and 63.4° (300), corresponding to the character-
istic pattern of the iron titanate (FeTiO;) (JCPDS PDF no.
01-070-6246) phase, where the 32.7° (104) peak was the most
intense XRD peak in cal-Ilm. According to the crystallographic
data, FeTiO; in natural ilmenite has a rhombohedral crystalline
form.>® However, there are no detectable peaks for SiO, and
ZrSiO, in cal-Ilm, which demonstrates the presence of FeTiO,
as the major crystalline phase. The PXRD pattern of the cal-
IIm/GO nanohybrid also shows the main diffraction peak for
FeTiO;, suggesting the presence of the FeTiO; phase as the
major phase. It could be observed that GO, having a single
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PXRD peak at 9.5° disappeared in the prepared cal-Ilm/GO
nanohybrid, which might be due to the small percentage of GO
(2 wt %) in the final nanohybrid. The (104) peak at 32.69° for
the cal-Ilm/GO nanohybrid is much broader than that of
natural ilmenite and cal-Iim as shown in Figure 1(ii). The peak
broadening indicates that the lattice structure of cal-Ilm is
slightly distorted by the interaction with the GO under
microwave reaction conditions.”* Furthermore, the broad
nature of the ilmenite peak implies that the particles in the
cal-Ilm/GO nanohybrid are relatively small in size compared
with the particles in the natural ilmenite and cal-Ilm. The
average crystallite sizes of the ilmenite nanoparticles in the cal-
IIm/GO nanohybrid are in the range of 40—60 nm, which is
smaller than natural ilmenite (20—100 nm) and calculated
using the Scherrer equation based on the PXRD peak
broadening of the (104) peak.

The structural modifications after GO incorporation are
interpreted using Raman data. The positions and widths of
Raman bands in materials are well-known to be related to their
vibrational and structural properties. Figure 1(iii) shows the
Raman spectra of the cal-Ilm, GO, and cal-Ilm/GO nano-
hybrid. The Raman-active modes are predicted and assigned
based on ionic vibrations. A, (1) and E, (1) vibrational modes
are assigned to Ti—O stretching motions, while the A, (2), A,
(3), Eg (2), and E, (3) vibrational modes are assigned to the
O-Ti—O bending motions. A, (1) and E, (1) vibrational
modes are assigned to Ti—O stretching motions, while A, (2),
A, (3), E, (2), and E, (3) vibrational modes are assigned to
O—Ti—O bending motions. The TiO4 octahedral translations
against Fe®" cations are represented by Ay (4) and E, 4)
modes, and the Fe" cation translations against the oxygen
framework are represented by E, (5).>> Distribution modes
centered around 152, 275, 342, 392, 470, 592, and 695 cm™
correspond to E, (5), A, (4), B, (3), A, (3), E, (2), E; (1), and
A, (1) modes, respectively, in the cal-Ilm (Figure 1(iii) A),
confirming the presence of the ilmenite phase. The major peak
at around 698 cm™! is attributed to the Ti—O stretching mode.
In the cal-Ilm/GO nanohybrid, a Raman band centered at 698
cm™" was shifted to 672 cm™". This may be due to the change
of the Ti—O stretching mode with the incorporation of GO
under microwave conditions.

Raman spectroscopy further provides evidence of the
successful incorporation of GO into the lattice of cal-Ilm.
Raman band intensity shifts and changes in positions give
insight into the nature of carbon—carbon bonds and defects.
According to Figure 1(jii) B, the characteristic D band and G
band were observed in both GO and the cal-Ilm/GO
nanohybrid (see Table 2). The G band provides information

Table 2. D and G Band Positions in the Prepared Samples

material D band (cm™) G band (cm™)
Cal-Ilm/GO nanohybrid 1337 1599
GO 1326 1605

on in-plane vibrations of sp2 bonded carbons, while the D band
is a common feature for sp> defects in carbon.”****” The D
band and G band in the cal-Ilm/GO nanohybrid were found to
be shifted from their emblematic positions compared to the
band positions in GO as shown in Table 2. Such shifts happen
due to the incorporation/immobilization of ilmenite particles
onto the GO. It shows obvious differences in D bands, which
are at 1326 and 1337 cm™! in GO and the cal-Tlm/GO

nanohybrid, respectively. The D band shows a higher
wavenumber shift, suggesting a change in sp® bonds. The
hump of the D band shows a blueshift due to the stress
induced by ilmenite particles anchored on the surface of GO,
thus increasing the sp* electron density. However, the intensity
ratio of D:G bands of GO increases from 0.88 to 1.94 in the
cal-lm/GO nanohybrid, suggesting a decrease in the size of
the in-plane sp”> domains and a partial ordering in the crystal
structure of the ilmenite.

Figure 2 shows the typical microscopic (SEM and TEM)
images of the natural ilmenite, cal-Ilm, and the cal-Ilm/GO
nanohybrid. SEM images of natural ilmenite (Figure 2(i))
clearly show the disorganized macro nature of the natural
ilmenite particles, which are in the nonuniform size. The
particle size of natural ilmenite varies from ~60 up to ~260
um. That of the cal-Ilm nanoparticles (see Figure 2(ii)) is in
the range of 70—850 nm, and most of them are irregular in
shape. Compared to Figure 2(ii), SEM analysis of the cal-Ilm/
GO nanohybrid shows that the ilmenite particles are grafted
onto the GO sheet during the microwave reaction process.
Figure 2(iii) clearly exhibits that the sheet morphology of the
GO sheet is retained even after the microwave treatment, and
ilmenite particles are distributed on the GO sheet. The
elemental analysis of the natural ilmenite, cal-Ilm, and cal-Ilm/
GO nanohybrid was carried out using energy-dispersive (EDX)
spectra of the samples (Figures S1, S2, and S3 in the
Supporting Information). All three EDX spectra of SEM show
peaks corresponding to iron (Fe) and titanium (Ti), while the
EDX results for the cal-Ilm/GO nanohybrid indicate the
presence of carbon (C), oxygen (O), titanium (Ti), and iron
(Fe). Therefore, the high-intensity C peak in the cal-Ilm/GO
nanohybrid should be attributed to the existence of GO in the
prepared nanohybrid, and SEM analysis further confirms the
formation of the cal-Ilm/GO nanohybrid during the micro-
wave reaction process.

The external morphology and microstructure of the
nanohybrid were studied by TEM. The semitranslucent GO
nanostructure can be observed owing to its ultrathin sheetlike
nature (see Figure 2(iv)). As for the cal-Ilm/GO nanohybrid,
the ilmenite nanoparticles are on the GO sheet as shown in
Figure 2(v). In addition, the edges of the GO can also be
observed. This suggests that the GO acts as a matrix for the
cal-Ilm nanoparticles. The high-resolution TEM (HRTEM)
image (see Figure 2(vii)) of the cal-llm/GO nanohybrid
showed clear lattice fringes, which allowed for the
identification of the crystallographic spacing and showed a
proper interface between cal-Ilm particles and GO. In addition,
it reveals that the cal-Ilm nanoparticles are grafted onto the
dense layer of GO (104), while the cal-Iim particles are well-
crystallized with the interlayer distances of 0.2755 and 0.2545
nm and can be assigned to the (104) and (110) plane
directions, respectively. These outcomes are relatively
consistent with the interlayer distances estimated from the
positions of the PXRD peaks. The corresponding SAED
pattern (see Figure S4) of the cal-Ilm/GO nanohybrid presents
a ring diffraction pattern and discloses its polycrystalline
feature, which is also consistent with the PXRD results.

X-ray photoelectron spectroscopy (XPS) was used to further
examine the chemical state of the cal-Ilm/GO nanohybrid. The
survey spectra confirm the presence of Fe 2p, Ti 2p, O 1s, and
C Is in the cal-Ilm/GO ilmenite nanohybrid (Figure SS). The
high-resolution spectrum of Fe 2p is shown in Figure 3(i). The
peaks at 712.38, 712.20, and 712.31 eV correspond to the Fe
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Figure 2. SEM images of (i) natural ilmenite, (ii) cal-Ilm, and (iii) the cal-Ilm/GO nanohybrid (the inset shows the GO sheet present in the cal-
Ilm/GO nanohybrid); TEM image of (iv) GO; (v) high-resolution TEM image of the cal-Ilm/GO nanohybrid; (vi) Miller indices, 2 theta values,
and d-spacing of the cal-Ilm/GO nanohybrid; (vii) high-resolution TEM image of the cal-Ilm/GO nanohybrid showing the interlayer distances.

(

—
ot

——
—
—

—

Fe 2p C1s
—=— cal-llm m
- (12209 pezpan N —— Natural | i
= . g ilmenite cal-lim
5 —— cal-Ilm/GO nanohybrid > (284.76 eV) (284.76 eV
> (712.31 eV) £
g g —— cal-Ilm/ ——GO
) i 284.10 ¢
E —e— natural ilmenite i GO nanohybrid ¢ )
= (712.38 eV) > (284.65 eV)
2> Fe2p 1/2 5
‘@ c
c o
2 €
E £
T T T T T 1 T T T T T T
735 730 725 720 715 710 705 294 292 290 288 286 284 282 280
Binding energy (eV) Binding energy (eV)
(ii1)| 129 (iv)
}" O1s 5 ——GO
——cal-lm/GO - KROR SN

0 id (458.51 eV X = | S

;oé nanohybrid (458.51 eV) g (530.02 eV) —— cal-1lm/

3 natural > GO nanchybrid
E ilmenite © | ——Natural (531.65 eV)

[ - - .

- 5 | ilmenite

= (458.67 eV) 8

E +— cal-1lm(458.58 eV) i (532.20 eV)

g 5

2 €

E £

T T T 1 T T T T T
475 470 465 460 455 450 527.4 529.2 531.0 532.8 534.6

Binding energy (eV)

Figure 3. High-resolution XPS spectra of (i) Fe 2p, (ii) C Is, (iii) Ti 2p, and (iv) O Is.

26574

Binding energy (eV)

https://doi.org/10.1021/acsomega.4c03231
ACS Omega 2024, 9, 26568—26581


https://pubs.acs.org/doi/10.1021/acsomega.4c03231?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03231?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03231?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03231?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03231?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03231?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03231?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03231?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

2p3, of natural ilmenite, cal-Ilm, and cal-Ilm/GO, respectively.
The positive shift (0.11 eV) in the binding energy of the cal-
IIm/GO nanohybrid, compared to that of cal-Ilm, may have
happened due to the change of the chemical environment in
which Fe exists. The incorporation of GO with cal-Ilm under
microwave reaction conditions might be the reason for such a
chemical environment change. The binding energies for C 1s
(see Figure 3(ii)) in natural ilmenite and cal-ilm have a similar
binding energy value of 284.76 eV, and GO shows two
significant peaks for C 1s at 284.10 and 286.37 eV. The
incorporation of GO into Ca-Ilm is evident from the change in
the peak shape observed in cal-Ilm/GO. Furthermore, this also
indicates the significant interaction between the two
components in the nanohybrid.

In addition, the data in Figure 3(iii) show two significant
peaks corresponding to Ti 2p;, and Ti 2p,,,. The peak
positions at 458.67, 458.58, and 458.51 eV correspond to the
Ti 2p;3/, of natural ilmenite, cal-Ilm, and the cal-Ilm/GO
nanonybrid, respectively. A slight shift can be observed in Ti
compared to the shift of Fe 2p and C 1s. In addition, the
binding energy shift and the change in the peak shape of O 1s
(see Figure 3(iv)) in the cal-Ilm/GO nanohybrid also confirm
the change of the chemical environment around cal-Ilm after
the incorporation with GO. All these findings imply the
significant interaction between the cal-Ilm/GO nanohybrid
where the electron transformation takes place. It is feasible to
draw the conclusion from the explanation above that the
synthesis of the cal-lm/GO nanohybrid by the microwave-
aided technique connects cal-Ilm and GO more intimately
while keeping ilmenite particles on the GO sheet.

The diffuse reflectance spectra were used to calculate the
band gaps of the materials. The [F(R)ht* plot for direct
transition was obtained according to the Kubelka—Munk
function, F(R), which is equivalent to the absorbance of the
material in the UV—vis spectrum; hv = (1239/%) eV, where %
is the wavelength in nm. The value of hv is extrapolated to
F(R)hv = 0, which gives the absorption energy corresponding
to the band gap E,.>” The band gap energy values obtained for
natural ilmenite, cal-Ilm, and the cal-Ilm/GO nanohybrid were
3.37, 2.90, and 2.63 eV, respectively. This means that the
photocatalytic activity may exist in the visible-light region.
Also, it is to be noted that the band gap value in FeTiO; is
lower than the one corresponding to pure titanium dioxide due
to the presence of iron, which introduces additional electronic
states and decreases the band gap.’” Ilmenite embedded on the
GO layer plays a critical role in harvesting visible-light energy,
which is expected to enhance its full-light-driven photocatalytic
activity.

Fingerprint regions of the FTIR spectra of natural ilmenite,
cal-Ilm, and cal-Ilm/GO nanohybrids are shown in Figure 4.
The peaks located at 400—800 cm™" belong to Ti—O—Ti and
Fe—O bonds. The bands at ~450 cm™ are related to Fe—O
vibrations. Interestingly, when ilmenite combined with GO, a
shift in the Ti—O—Ti/Fe—O region vibration was observed,
indicating a favorable interaction between the cal-Ilm and the
GO matrix. Furthermore, a blueshift in the FTIR spectra of the
Fe—O region, of the cal-Ilm/GO nanohybrid compared to the
cal-Tlm, suggests that the interaction of the GO with cal-Ilm
leads to changes in the electron density around the Fe—O
functional group. Interestingly, when cal-Ilm combined with
GO, a shift in the corresponding values of 420 (natural
ilmenite) to 438 cm™' (cal-Ilm/GO nanohybrid) was

Transmittance%

Ti-O-Ti/ Fe-O region

T T T T T T T
800 750 700 650 600 550 500 450 400

Wavenumber (cm™)

Figure 4. Fingerprint regions of the FTIR spectra of (A) natural
ilmenite, (B) cal-Ilm, and (C) the cal-Ilm/GO nanohybrid.

observed, indicating a better interaction between ilmenite
particles and GO.

To produce a food coating, the nanohybrid was further
mixed with a biomaterial, alginate. The photographs of pure
alginate, alginate/cal-Ilm, and alginate/cal-Ilm/GO nanohybrid
films are presented in Figure 5. The antimicrobial activity and
the food preservation ability of the cal-Ilm/GO nanohybrid
were tested, and their results are discussed in the next section.

3.2. Antimicrobial Activity of the Cal-lm/GO Nano-
hybrids. Scanning electron microscopy was used to observe
the cell structure of Escherichia coli before and after treatment
with the nanohybrids. The morphological changes of
Escherichia coli cells treated with the cal-Ilm and cal-Ilm/GO
nanohybrid compared to the control are shown in Figure 6.
SEM images of Escherichia coli (Figure 6(i)) before treatment
with the nanohybrid showed that the untreated bacteria were
rod-shaped, with smooth and intact cell walls. These data
confirm that Escherichia coli cell membranes were intact before
treatment with the nanohybrids, in agreement with the above
results. After 2 h of light treatment of Escherichia coli with cal-
IIm and the cal-Ilm/GO nanohybrid, the cell walls of
Escherichia coli became significantly damaged and slowed,
and the cell size and shape were changed with cell wall
abnormalities and leakages of intracellular components. Most
importantly, it was noticed that the Escherichia coli population
reduced with the nanohybrid. In the low-resolution images of
Escherichia coli (20 um), a large number of Escherichia coli
population can be observed, and it has reduced for some extent
compared to the cal-Ilm, while there is a significant reduction
with the cal-Ilm/GO nanohybrid (note: in Figure 6(iii), the
small particles are cal-Ilm particles and not the Escherichia coli).
The strong adhesion of the cal-Ilm/GO nanohybrid to the
bacteria may result in the destruction of the cell membranes
change in cells.

Since SEM imaging is a qualitative method, to compare the
antibacterial activities accurately, the colony forming count
method was used to evaluate the antibacterial activity of the
cal-Ilm and cal-Ilm/GO nanohybrid. As shown in Figure 7, the
CFU of Escherichia coli reduced after 2 h in the presence of
both cal-Ilm and the cal-Ilm/GO nanohybrid following visible-
light exposure compared to the control having only Escherichia
coli with peptone water exposed to visible light. There was no
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Figure S. Photographs of the (i) alginate film, (ii) alginate/cal-Ilm film, and (ii) alginate/cal-lm/GO nanohybrid.

Figure 6. SEM images showing the effect of the Escherichia coli sample
after 2 h of irradiation with (i) the control having only Escherichia coli
with peptone water, (ii) a sample having Escherichia coli with peptone
water and cal-llm, and (iii)) a sample having Escherichia coli with
peptone water and the cal-Ilm/GO nanohybrid.

significant reduction in CFU with these samples under dark
conditions. Therefore, the CFU of bacteria showed that cal-Ilm
and the cal-Ilm/GO nanohybrid have antibacterial effects. The
average percentage reduction of Escherichia coli was seen to be
approximately 45 and 60% by treatment with cal-Ilm and the

cal-Ilm/GO nanohybrid, respectively. The antimicrobial
activity of the cal-Ilm/GO nanohybrid showed a significant
reduction in colony forming units. Figure 7(ii) shows the
antibacterial activity of the alginate/cal-Ilm and alginate/cal-
IIm/GO nanohybrid films. These results are also consistent
with those obtained with the powder forms of the samples.
Therefore, both powder and film forms of samples display
antimicrobial activity against Escherichia coli under visible-light
illumination. However, the antimicrobial activity of the powder
form is higher compared to the films prepared by incorporating
the materials. This may be due to the better interaction of
ilmenite particles with microorganisms compared to that of the
film form.

There are several potential mechanisms in ilmenite material
to show its antimicrobial effect. Nurdin et al. have reported the
antimicrobial activity of synthetic ilmenite under visible-light
conditions.”” Generally, the surface of microorganisms carries a
negative charge, and it reacts with particles with positive
charges, resulting in an electromagnetic attraction between
microorganisms and the particles, which leads to an oxidation
reaction. Sun and Wu have reported the antibacterial
mechanism of Fe®* against bacteria. According to the study,
the bacteria could adsorb Fe** and reduce this metal." Iron is
a nutritionally essential trace element that has a function in
metabolism. However, it has significant bacteriostatic effects.
Iron is a devastating metal and reacts with hydrogen peroxide
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Figure 7. Survival percentage of Escherichia coli in dark and light conditions. (i) (a) Control having only Escherichia coli with peptone water and (b)
control having Escherichia coli with peptone water and cal-Ilm and (c) with cal-llm/GO nanohybrid; (ii) (1) control having Escherichia coli with
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under visible light to form a hydroxyl radical (HO), which is
known to be a highly reactive, oxidizing agent, which can
damage bacterial cell walls, proteins, and nucleic acids.
Ilmenite is also composed of Fe and produces the above-
mentioned radicals under visible light. These hydroxyls and
peroxy radical compounds react with the microorganism and
can damage the cell wall, so that cells will leak (see Figure 6).
The cytoplasm of cells will experience dryness, resulting in the
death of microorganisms. The magnitude of the light-induced
cellular destruction and extent of cell density reduction are
higher in the cal-Ilm/GO nanohybrid. GO is a material with a
high surface area, and it enhances the photocatalytic activity of
ilmenite. This may be the reason for the increased
antimicrobial activity of the cal-Ilm/GO nanohybrid compared
to the cal-Ilm. According to these quantitative results, the
prepared cal-Ilm/GO nanohybrid will provide a potential and
beneficial way for the destruction of Escherichia coli.

3.3. Shelf Life Studies of Alginate/Cal-llm/GO Nano-
hybrid-Coated Bananas with Physicochemical Parame-
ters. The activity of the alginate/cal-Ilm/GO nanohybrid films
was further confirmed via a banana fruit ripening test. The
novel alginate/cal-Ilm/GO nanohybrid and three control
coating solutions were tested on bananas. The bananas were
exposed to constant light over the entire period of storage.
Weight loss and firmness changes were observed regularly on
each tested date regularly. Bananas are typically harvested
when they are still unripe (green) and remain this way until
they mature, maintaining their green color and firmness.
During the maturation period, flavor developed, and the fruit
appeared softened. Banana is prone to chemical and physical
deterioration easily during storage, and due to the quick
ripening process, the surface becomes dark. Reportedly, the
formation of a brown pigment was because of polyphenol
oxidase, which changes phenol to quinone, and polymerization,
resulting in the increase in macromolecules. Initially, ripeness
is assessed visually by comparing the appearance of the banana
with and without coating up to 12 days (see Figure 8). All
bananas initially exhibited a green-yellow color and an
unblemished surface. However, they are prone to decay with

3

Figure 8. Images of the bananas (1) water-dipped, (2) alginate-
coated, (3) alginate/cal-Ilm-coated, and (4) alginate/cal-Ilm/GO
nanohybrid-coated.

increasing storage periods, as evidenced by the formation of
black spots and brown pigments on the surface. The natural
green color of the bananas faded considerably into yellow in
uncoated bananas. During postharvest storage, control banana
samples (water-dipped and alginate solution-coated bananas)
developed a yellow color in the peel on the sixth day, and the
color changes increased fast. According to the one-way
ANOVA, the uncoated sample and the alginate cal-lm/GO-
coated banana on the sixth day showed a significant difference
in both broad methane and sulfur alcohol. On the 12th day,
control banana samples developed brown spots and lost their
commercial value: thus, the experiment was stopped. However,
the alginate/cal-Ilm/GO-coated bananas were fresh compared
with the control samples. It was visible that the alginate/cal-
IIm/GO nanohybrid coating provides better preservation for
the bananas.

Typical changes in the physicochemical properties in
bananas were reported by using the weight loss, firmness,
and electronic nose measurements. The weight of a banana
tends to decrease with storage because it is a perishable fruit
regardless of the care that was taken to preserve it. Weight loss
is used as an indicator of the freshness of agricultural products.
The two most important reasons for reducing the weight loss
of fruits and vegetables are transpiration water loss and
reserved carbon loss. It was observed that the weight loss of the
alginate/cal-Ilm/GO nanohybrid was less than 0.10% after 12
days of storage. However, all of the other control banana
samples showed weight loss percentages higher than 0.10%.
Therefore, the weight loss of bananas is lower in alginate/
ilmenite/GO-coated bananas compared to others. The soften-
ing of the banana fruit is associated with a degradation of cell
wall compounds, a reduction of starch, and an increase in the
sugar content. A decrease in firmness is considered one of the
most direct characteristics that change during fruit ripening,
and it has a relation with food development and ripening. The
firmness of the control bananas (water-dipped and alginate
solution-coated bananas) also declined sharply, but the
firmness in bananas covered with the alginate/cal-Ilm/GO
nanohybrid was much higher. This rapid softening corresponds
to the alteration of the pectic substances. These results
demonstrated that the alginate/cal-Ilm/GO nanohybrid coat-
ing delayed the fruit ripening by enhancing the fruit
preservation. Electronic nose testing was also carried out to
confirm the efficiency of the prepared alginate/cal-Ilm/GO
nanohybrid in fruit preservation. Fruits produce several volatile
organic molecules at varying concentrations as they mature.
Oft flavor developed within a short period of time due to the
higher ethanol and ethyl acetate in the fruit. There are higher
aldehydes, ketones, and alcohols at the 12th day in control
banana samples, which leads to off flavor following the
reduction of the quality of bananas. Therefore, it can be
mentioned that the shelf life of bananas developed up to 12
days by alginate/cal-Ilm/GO nanohybrid-coated bananas as
shown in Figure 9. There are similar results reported about the
extension of the shelf life of bananas with the TiO,-based
coating and packaging films,*>*® such as those of Ezati et al.
who conducted research on CuO-doped titanium dioxide
nanotubes for active food packaging applications.' ">

4. CONCLUSIONS

The utilization of photocatalytic activity of an ilmenite-based
photocatalyst to reduce the postharvest losses is studied. A
highly effective ilmenite nanohybrid incorporating GO was
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Figure 9. Effect of the fruit coatings on the (i) weight loss, (ii) firmness changes, (iii) broad methane, and (iv) alcohol changes of (1) uncoated, (2)
alginate-coated, (3) alginate/cal-Ilm, and (4) alginate/cal-Ilm/GO nanohybrid. Each column represents means + SD over three repeated

experimental measurements.

successfully synthesized using a facile microwave-assisted
method at a relatively low temperature of 140 °C and a brief
duration of 7 min. While ilmenite alone exhibited modest
Escherichia coli inactivation efficiency, the introduction of GO
in the cal-Ilm/GO nanohybrid significantly enhanced the
bactericidal efficacy. Moreover, the alginate/cal-Ilm/GO nano-
hybrid-coated bananas exhibited a prolonged shelf life.
Additionally, assessment of the physicochemical properties
using weight loss, firmness, and electronic nose measurements
indicated less deterioration in the nanohybrid-coated bananas.
While the cytocompatibility of the coating remains to be
studied, this innovative approach is expected to expand the
range of applications for natural ilmenite in photocatalysis,
offering a novel ilmenite-mediated photocatalytic strategy for
microbial control.
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