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AEGLE MARMELOS LEAF EXTRACT BASED SYNTHESIS OF
NANOIRON AND NANOIRON+Au PARTICLES
FOR DEGRADATION OF METHYLENE BLUE

Abstract: In this study, nanoiron and nanoiron+Au particlesre synthesised using aquediegle marmelos
extract using a facile and one-pot approach. Lasi&r non-magnetic nanoiron (~34 nm) and nanoir@4 (xm)
+Au particles (1 to 1.5 um) were produced from Hzme medium individually. Nanoparticles suspension
behaviour and structural characterisations wergethout by UV-Vis spectroscopy, electron microscapd by
X-ray diffraction techniques. Primarily, for synfi& a simple bioreduction approach generated dmagp
nanoiron particles, which on annealing produced matig maghemitey-FeO; type nanoparticles with sizes
100 to 1000 nm. Posteriorly, the bioreduction psscalso produces nanoiron+Au particles and cansbkd for
multifunctional applications. As a model applicatiocatalytic application of the as-prepared nanmiemd
nanoiron+Au particles towards methylene blue, azinie dye degradation is investigated and fourizkteffective
within 20 min. Langmuir-Hinshelwood kinetic modehsvexploited to know the degradation behaviour, thed
model was found to be fit based BAvalues with the observed experimental data. Weestgthat the formed
highly stable nanoiron particles with situ stabilisation offer benefits like consistency, irkonmental friendliness
and suits well for large-scale applicability.
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I ntroduction

In the current scenario, nanoparticles through rgregnthesis approaches had been
considered a more environmentally beneficial, sadad cost-effective alternative to
existing physical and chemical methods [1-4]. Plaamolecules are promising sources for
green production of a variety of nanomaterials #trebe approaches possess advantages
like freely available, non-toxic, inexpensive, affémplicity of use and scalability [2, 5-7].
Extracts from plant sources contain key moleculd® lantioxidants, polyphenols,
nitrogenous bases, reducing sugars, amino acidsegack chemicals which are capable to
reduce metal ions and metal salt solution [1, 8,P3ticle formation from plant extracts
involves the formation of nucleation centres, satpring with additional metal ions and
eventually leads to the formation of nanoparti¢les8-10]. Organic molecules from plant
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sources serve to improve particle stability throughsitu capping, and many reported
methods demonstrate no toxicity compared with cotiwaal chemical methods [10-12].

Although there are many reported studies, showlegproduction of silver and gold
particles using various routine to specific plaxtracts fromAloe vera [9], hibiscus [6, 8],
black tea [13], coffee [14], sorghum [5] fruit extts [15] and tree gums [16], efficient
synthesis of iron nanoparticles through methode@®gis not merely simple and is
subsequently occasionally reported. This is beceatheced iron is more prone to oxidation
in solution than compared to gold and silver psrtideading to greater particle instability
[17]. Although nanoiron particles are more reactiparticle agglomeration, broad size
distributions and stringent reaction conditions @emon difficulties associated with their
production techniques [17-19]. However, some studeported amorphous or zerovalent
Fe nanoparticles that can be synthesised usingatgtand molecules such as tea [20],
coffee, sorghum, tannins [21] and others [17, 22]these studies, nanoiron particles of
various sizes and shapes can be produced instantpen agueous media, and reports
demonstrated their use in the degradation of ocgacdntaminants effectively.
Nanoparticles synthesis from biochemicals like msrhave particular advantages like
natural, non-toxic, abundantly available in plardtemials (like leaves, fruits, wood, bark)
contains biodegradable polyphenolic compounds asdyeextractable from plant sources
[20, 21, 23, 24]. These have the ability to fornade complexes with iron and other
metallic cations [20, 23, 24].

Based on our reported studies, tannins fraegle marmelos leaf extract (LE) can
produce nanoparticles like silver and gold [2, 23]. Here, hydrolysable tannins like
protocatechuic acid type molecules were identifisdkey agents responsible fior situ
synthesis and stabilisation effect. In order taielate the role of LE tannins in synthesising
iron nanoparticles, we decided to work with LE tasnwith mild modification of the
process parameters. Though the production of namgiarticles employing various plant
extracts has been reported [17, 22]; technologyagpdoach to producing stable particles
with controlled size and morphology are still of imainterest. Readymade iron
nanoparticles applied with limited purification gte towards favourable large-scale
environmental remediation and hazardous wastentez#t applications are of particular
interest [17, 20, 21, 25]. In this work, we chaeaisted the formation of iron nanoparticles
using aqueous LE extract and demonstrated the tdtef the same extract to produce
plate type Au nanoparticles with amorphous nanoparticles combined. Furthermore, the
annealing approach to produce magnetic iron natiofegr was investigated, and the ability
of the as-synthesised nanoiron and nanoiron+Augtesttowards methylene blue (MB)
degradation was evaluated. Here, MB dye was selextea model dye as it is widely used
in textile dyeing and is very much toxic and caogjanic upon release into the nearby
aquatic environment [10, 17, 26].

Materials and methods

The use ofAegle marmelos extract (LE) for nanoiron particle synthesis is ffirimary
step in this study. Aqueous LE was prepared in @owdrm primarily according to the
procedure detailed in our earlier study [23]. TorhQ of 5 % LE solution, 10 mL of
phosphate buffer solution and 2 mL of 0.1 M NaOK*uson was added and sonicated for
15 min. After 10 min, the resultant LE was cengiéd at 5000 rpm for 20 min; the
supernatant was collected and stored. To 1 mLisftteated LE solution, which is having
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a pH of ~10.4; 100 uL of Fe(Nf3-9H,O (from 150 mM) was added and subjected to
probe sonication for 2 min (pulse on - 10 s andseuff - 5 s) at room temperature,
i.e. 27 +1 °C. The colour change of the solutioarged to peanut brown colour indicating
the formation of nanoiron particles. In order tokedhe formed particles magnetic, the
resulted particle suspension was exposed to 60fdr@ h in a furnace using a ceramic
holder with a temperature increment of 18 °C/minnfaled and as-prepared nanoparticles
were subjected to further investigations.

LE’s ability to produce simultaneous nanoiron arahairon+Au particles was also
investigated and observed. Here, to 1 mL of tredtBdsolution, Fe(NG);-9H,0O and
HAuCI, were simultaneous added, mixed and subjected tmeonication as stated above.
The colour of the solution turned brown with visibécintillations from particles in the
suspension. Here, the concentration of metal ssdtsd was 13.27 mM each for the
synthesis process.

MB degradation activity was studied using nanoirand nanoiron+Au particle
suspensions individually at 25 °C and with 150 rfiypically, 20 uM of dye was exposed
to 0.53 mg/mL nanoparticle catalysts of each type aith 15 pM borohydride solution.
The working volume used for the investigation w&smL and nanoparticle suspensions
were allowed to equilibrate for 3 min before addolgp. Here, pH of the solution was
adjusted to 4 prior experimentation, and with rgngicant depletion of UV-Vis spectrum
of MB, the borohydride solution was then added. €becentration of MB was measured
using UV-Vis spectroscopy, and the residual amasttmated through the absorption
maximum of the dye at 660 nm.

UV-Vis spectra of the samples were observed usiype@ab UV100, UV-Vis
spectrophotometer. The scanning electron micros¢8fyv) observations were performed
on JEOL-2100F, India machine. Field emission saagmlectron microscope (FESEM)
measurements along with energy-dispersive X-ragtspgcopy (EDX) were done using
Carl Zeiss, Neon 40, India instrument. X-ray diffian (XRD) measurements were done
by Philips X-ray diffractometer (PW1830 HT, Indiajth an accelerating voltage of 35 kV,
with a current of 30 mA. The muffle furnace used fbe study was from Everflow
Scientific Instruments, India. Centrifugation ofno@article suspensions was performed
using Remi PR24, Remi Lab, India. Unless othensisg¢ed, all the chemicals used in this
study are purchased from Sisco Research Laborstdnidia and Ultrapure water with
18.2 m2-cm resistivity was used throughout the study. Harrtall the investigations were
done in triplicate and average values are reported.

Results and discussion

Aegle marmelos leaf extract (LE) rich in polyphenols, especialanhins (capable of
reducing metal salts such as Ag and Au) was s@lebtsed on our previous reports
[2, 23, 24]. We hypothesise that they are able yiath&sise iron nanoparticles usually
magnetite/maghemite [27]. Considering that nanosgnthesis was reported by various
research groups at alkaline conditions; LE is naairetd at pH value of ~10 and at ambient
room temperature (~27 °C) for the bioreduction pesc Figure la shows the UV-Vis
absorption spectrum from nanoiron suspension (withb min of addition of iron
precursor). The maximum spectral absorption of shispension was found to be at 470 nm
and this optical signal is due to the surface ptasmesonance absorbance of the tannin
capped nanoiron particles in the medium. A rel&iverrow absorption spectrum between
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the wavelength range of 400 to 650 nm indicates tte formed nanoparticles are more
symmetric [28]. Supporting the spectral behaviofirnanoiron sols, Figure 1b shows
FESEM images of the as-prepared particles usingalnd, their average particle size was
found to be 34 +7 nm. The powder sample (obtaine@dntrifugation at 18000 rpm for
20 min, followed by washing and drying steps) walgjacted to XRD analysis to know the
crystalline structure and its diffraction patteenshown in Figure 1c. With no significant
XRD peaks, our sample has an intensity similah®amorphous type nanoiron particles.
This indicates ferroferric oxide or ferric oxidegpgyamorphous nanopatrticles as reported by
some research groups [18, 29]. As our synthesisggminvolves the ultrasonication step,
there is a consistent possibility of atomic-leveximg, facilitating the favourable formation
of the amorphous phase as shown in reported st{@i8<29] and is consistent with our
result (Fig. 1c).

Additionally, the formed nanoiron particles expodeda high-temperature annealing
process at 600 °C and transformed into magnetiopeaticles, as shown in Figure 2.
Reports state that high temperatures will influetieesize of the particlesa the sintering
effect and larger size nanoiron structures areemtion SEM analysis of the annealed
particulate suspension (Fig. 2a,b). Further anslygiTEM displayed the nanoiron particles
at this stage are from 100 to 500 nm with varyilzgs and shapes (Fig. 2c). XRD analysis
of annealed nanoiron particles is shown in Figura/tfich reveals that the diffraction
pattern formed is close to maghemitd;e,0; phase (JCPS:04-0755) and infers the formed
particles are crystalline in nature.
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Fig. 1. a) UV-Vis spectra of nanoiron particlesprssion and LE, b) corresponds to FESEM images and
¢) is XRD spectrum of the as-prepared nanoirongest
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Fig. 2. Nanoiron particle suspension before anngalpicture insert) produced nanoiron particleg tha
exhibit magnetic property when kept near to a bagmet; a),b) the XRD pattern was given along

with SEM and c) TEM images. The magnetic partidiesn (a-c) display larger sizes with
assorted shapes and sizes
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Fig. 3. Particle suspension of nanoiron + Au phasi¢picture insert of a)), FESEM images (a-b)hef t
suspension from low to high magnifications and E&nglysis from the selected area of a) and
XRD pattern from the powdered particle suspenssmale bar of SEM images in b) are 1 um

Furthermore, LE was reported to produce nanoAurapdrted in our previous study.
For further insights regarding the multimetal retut ability of LE, Au salt was added to
the reaction medium, and the morphology of the paricles was observed. Figure 3
shows the formation of nanoiron+Au particles whemimolar concentrations of iron and
gold precursors exposed to LE. Particle suspenbene produces scintillations in the
medium (Fig. 3a, picture insert). As nanoiron hassnintillation effect (Fig. 1a, picture
insert), we believe that the observed behaviodiuis to Au nanoparticles. FESEM images
of the produced articles display nanoiron partidesthat of Figure 1b and plate type Au
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structures with varied morphologies (hexagonsngi@s semi-hexagonal, agglomerated
semi-spherical structures) of sizes range fromo(1l.6 pm) as shown in Figure 3a,b.
The presence of Au and Fe are confirmed through BB&dysis from an area selected from
Figure 3a, and XRD pattern from these particlesficoed the crystallinity of Au with
face-centered-cubic(fcc) structure matching withPDS file no: 04-0784. Here, nanoiron
particles in nanoiron+Au particles suspension didl display any diffraction pattern and
stood as amorphous as that of sample similar frggzgared nanoiron particles alone (Fig.
1c). These Au plate type structures in nanoiron+pauticles suspension can be easily
separated using 0.4 um filter (not shown here) aad be used for other special
applications.

Detailing MB degradation study, MB removal activlly nanoiron and nanoiron+Au
suspensions are evaluated by measuring depletinyig'¢pectrum of the dye as shown in
Figure a,b. It was found that MB concentration dased significantly with the increase of
exposure time with nanoparticles. The results ssigthet more than 76 % degradation of
MB was achieved in 18 min with both nanoiron anchaion+Au particles studied.
Nanoiron+Au suspension exhibited no significantarmdement in MB degradation ability
when compared to nanoiron particles. This behavinay attribute to larger sizes of Au
particles in nanoiron+Au suspension, and nanopestiwith bigger sizes are catalytically
weak in their activity. In addition, the observedBMlata (Fig. 4) was enumerated with
Langmuir-Hinshelwood equation [30] which is expegbas follows:

l 4_ kt 1

o= (1)
whereA, Ay are final and initial absorbance values of MB ab 66n, k is the first-order
degradation rate constant anid the exposure time. The above equation is adider rate
equation for the degradation process, and meastwakets displayed a good correlation
with R?values of > ~0.98 for the studied nanoparticle sasjpns (Fig. 4c).
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Fig. 4. UV-Vis spectra of MB degradation upon exgesto a) nanoiron and b) nanoiron+Au particle
suspensions. Rate constant deduction for a) aadeb§hown in ¢) using Langmuir-Hinshelwood
model equation

The degradation activity of the nanoparticle suspmrs at ambient light with a decent
MB to nanopatrticle dose ratio has considerable s¢oplarge-scale applicability. Further,
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the net activity can be accelerated upon UV ligiadiation as reported in various studies
[10, 17]. Smaller nanoiron particles, due to tHaige surface-to-volume ratio, display
superior catalytic activity in acidic environmets evidenced by reported studies (such as
degradation of dyes bromothymol blue, methylene ngea methylene blue and
monochlorobenzene) [10, 17, 22]. In addition, nesroiparticles easily donate electrons to
more electronegative atoms such as chlorine andedreneficial in treating most organic
pollutants [25]. Facile synthesis of stable nanwoiparticles in this study has wide spread
applicability in ground water treatment, food paxkiand biomedical fields which are
subjects of our future research activities.

Conclusion

In conclusion, this study investigated the abitify E to synthesise smaller size stable
nanoiron particles from iron salt and we have destrated that the as-prepared nanoiron
structures can be annealed to attain larger sizgnet& particles. Furthermore, the
reducing capability of LE was presented with thmwtaneous synthesis of nanorion+Au
particles in the same aqueous reaction medium dftiesatnconditions. Thus, this study
offers a rapid, one-pot and facile synthesis apgrpowhich is a safe and attractive option
for large scale environmental uses. As a modeliegmn, MB degradation was performed
using the synthesised nanoiron particles as casalgsd found to be effective within
20 min of exposure times.
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