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The exploration of novel media for environmental remediation, in particular wastewater treatment, is
a global imperative. Herein, the in situ green synthesis, characterisation and application of a novel
Starbon™ composite comprising molybdenum oxide nanoparticles are reported. Starbons™ are
carbonaceous mesoporous materials derived from starch with applications ranging from
chromatography to gas capture. The molybdenum (Mo) loading, evidenced by inductively coupled
plasma-mass spectrometry (ICP-MS), was 179.337 mg g%, and the molybdenum oxide nanoparticles
were observed via transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy
(EDX). The Mo-containing composite was an efficient catalyst for the reduction of 4-nitrophenol (4-NP)

to 4-aminophenol (4-AP) in the presence of sodium borohydride, NaBH,4 (k = 11.2 x 1072 min~Y). The
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Accepted 5th July 2020 Mo-composite showed superior 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical quenching activity with
a low inhibitory concentration [ICso = 1.006 mg ml™!] and ferric reducing power compared with other
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Open Access Article. Published on 06 July 2020. Downloaded on 10/20/2025 12:55:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-a

Introduction

With increasing global population, urbanization, industriali-
zation and climate change, securing access to clean water is
a global grand challenge. Water pollution is linked to environ-
mental, social and economic development." Water pollution
induces chronic illnesses such as cholera, typhoid, hepatitis,
dysentery, diarrhea, jaundice and tuberculosis.”> Concerns have
therefore been raised that multifarious chemical-containing
effluents might move up the food chain entering human
consumption without our perceived knowledge.®* Thus, it is
imperative that these diverse chemicals be managed meticu-
lously before discharging into watercourses. A wide range of
technologies have been acknowledged for the removal of
effluent from wastewater.” These include physical (filtration,
osmosis, electrodialysis), chemical (coagulation/flocculation,
precipitation, oxidation) and biological (aerobic and anaerobic
microbial degradation, enzymatic degradation) methods.
However, these approaches are not without their disadvantages
such as high cost, being chemically intensive, difficult to use
and practically challenging.?
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time applications in water treatment such as in catalysis, adsorption and filtration.

Catalytic reduction is a new and promising water manage-
ment technique that has been thoroughly researched both at
the laboratory- and field-scale. The latter trials have produced
impressive results for industrial wastewater and groundwater.
Compared to traditional technologies, it exhibits robust oper-
ation and superior selectivity, and yields non-harmful or
considerably less harmful and more readily biodegradable
compounds.® Hence there is a need to design new materials
which could play an important role in the development of
modern, quick, environmentally safe and cost-effective
methods for the identification, degradation, reduction and
removal of organic and inorganic toxic pollutants.®

In terms of sustainability, significant efforts are being
directed towards creating environmentally benign materials
using renewable resources or biomass.” For example, biomass-
derived hierarchically structured porous carbons have attrac-
ted great interest for environmental remediation.® Poly-
saccharides such as starch, pectin and alginic acid, as a biomass
source, can be used as precursors in materials synthesis to
afford multiple levels of porosity such as micro (<2 nm), meso
(2-50 nm) and macro (>50 nm).° In fact, Starbons™ are a family
of mesoporous carbonaceous materials derived from poly-
saccharides.' Starbons™ possess high surface area, large
accessible space, electrical conductivity, thermal stability, scal-
ability, low density and interconnected hierarchical porosity of
different length scales, which are very favorable for adsorption,
photocatalysis, separation, and energy storage and
conversion.'
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One recent development in this field is directed towards the
incorporation of metal oxide nanoparticles into porous
matrices."”” Compared to their bulk counterparts, nanoparticles
show significant potential for application in electronic, chem-
ical, biological and catalytic fields.” Amongst various semi-
conducting metal oxides, molybdenum oxide (MoO;) is
a promising material due to its range of functionality and, thus,
diverse applications. MoO; shows excellent photochromic,
electrochromic, thermochromic and catalytic properties.’*>'*
Chithambararaj et al.*® reported that hexagonal MoO; nano-
particles resulted in 6-8 times higher photocatalytic activity
than other phase structures. To enhance its catalytic activity,
MoO; has been modified by doping with transition metals, such
as Ni**, cu®", Pb**, and Pd, or fabrication with other metal
oxides, such as TiO,, WO;3, and reduced graphene oxide.'***
Furthermore, MoO; also shows good anti-microbial, anti-
bacterial and anti-oxidant activity,"” and molybdenum is not
listed as an endangered or critical element.*

Thus, herein the synthesis, characterization and application
as a potential environmental remediation agent of a novel
MoO;-Starbon composite are investigated (see Fig. 1). The
salient features of this composite are as follows: (i) it employs
biomass as a renewable resource; (ii) HF and/or high tempera-
ture carbonization is not required as the materials are pro-
cessed in water and alcohol and carbonized at 350 °C; (iii)
templating agents are not required as the inherent hierarchical
structure of the polysaccharide is used to control porosity; (iv)
the MoO; nanoparticles act as catalytically active sites for
degradation of noxious effluents, and (v) the mesoporous matrix
facilitates the adsorption of chemicals through an array of
intermolecular interactions enabling fast accessibility to
surface active sites and mass transport.

Combining the inherent properties of Starbon™ (meso-
porous and high surface area) with the excellent properties of
MoO; nanoparticles, this novel composite is explored as
a catalyst for the abatement of 4-nitrophenol (4-AP), a common
water pollutant and a known carcinogen, teratogen and
mutagen. Furthermore, the radical quenching activity of the
synthesized composite is assessed via DPPH and FRAP assays.

Hylon VII starch + water + (ammonium heptamolybdate (AHM))

1. MW-assisted gelatinization (140 °C, 10 mins, 900 W
2. Retrogradation (4 °C, 48 h))

3. Solvent exchange (zerz-butanol+ pTSA)

(Bluish gel with molybdenum)

4. Freeze drying
Pure expanded starch (Pure Expst)
Molybdenum containing expanded starch (Mo-Expst)

5. Controlled pyrolysis at 350 °C

PYROLYSIS |[DRYING | EXPANSION |

CMO-350 (with molybdenum)
Starbon-350 (control, without molybdenum)

Fig. 1 Graphical representation of the synthetic procedure for Star-
bon-350 (control, without Mo) and CMO-350 (with Mo).
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The structure—-property relationship, morphology, composition,
and surface functionality with respect to catalytic and radical
quenching activity are also developed.

Results and discussion
Molybdenum incorporation and characterisation

The incorporation of molybdenum into expanded starch was
evidenced initially by the appearance of the bluish colour
characteristic of MoO; nanoparticles. In the presence of starch,
the H" and OH™ ions present in the water molecules bind
strongly to nuclei (MoOs, OH™ and NH,") and help enhance the
surface coverage.* The hydroxyl ions aid the hydrolysis reaction
and enhance the dissolution-crystallization process, providing
ample time for collision and for the diffusion of ions at the
crystal surface.”® This helps in rearrangement and steric
shielding of nucleation, which in turn helps in the growth of
nanoparticles. In the absence of starch, directional growth of
nuclei occurs, which leads to the formation of MoOz; nanorods
(see the ESI (Fig. S11)). Hence, starch serves two purposes: (i) it
acts as a templating agent and impedes the directional growth
of nanoparticles and forms spherical structures and (ii) the
natural pH of aqueous starch solution is 5, and thus it main-
tains the necessary acidic conditions for the formation of
nanoparticles.

The resultant bluish starch was carbonised at 350 °C to
afford the desired molybdenum containing Starbon composite,
CMO-350, with a Mo loading of 179.337 mg g * as determined
by ICP-MS.

Infrared spectroscopy

To confirm the synthetic procedure and changes occurring in
the chemical composition, the fabricated material was analysed
by FT-IR spectroscopy (Fig. 2). Pure Expst and Mo-Expst show
two prominent absorption bands at 3300 and 1000 cm ™~ * which
are due to the O-H and C-O stretching vibrations, respectively,
present in the starch precursor.” The intensity of these bands
diminishes as a result of carbonization. The IR spectra of
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Fig. 2 The comparative analysis of the IR spectra of the pure and
metal loaded composite.
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Fig. 3 XRD patterns of the as-synthesized materials.

Starbon-350 and CMO-350 exhibit two intense bands at approx.
1606 cm ' and 1714 cm ' corresponding to C=C and C=0
stretching vibrations, respectively.” Importantly, in the FT-IR of
CMO-350 two prominent bands at 951 and 912 cm™ ' are
observed and ascribed to the Mo=O stretching vibration. A
broad and complex band centred at 791 cm™ ' corresponds to
the Mo-O vibration of M0O;.>*

X-ray diffraction (XRD)

The distinguishable small peaks (26 = 15°, 18°, 20° and 22°) in
the XRD patterns of Mo-Expst and Pure Expst (see Fig. 3) are
associated with crystalline starch granules within a backdrop of
highly amorphous character.? The latter is more evident in the
XRD pattern of Starbon-350, which shows the absence of any
marked crystallinity but instead displays a broad diffraction
signal from 15 to 30° (26) centred around 20°.%° Interestingly,
upon carbonization of Mo-Expst to afford CMO-350, this broad
pattern shifts and is centred around 25° (26). This could be
attributed to the presence of MoO; which is known to give
characteristic peaks around 26 = 20-30° (see Fig. 3).***’

N, adsorption porosimetry

The desorption-adsorption isotherms of Pure Expst and Mo-
Expst and their respective counterparts, Starbon-350 and
CMO-350, are shown in the ESI (Fig. S21), and the porosity data
are listed in Table 1. Upon carbonisation, porosity develops as
evidenced by an increase in the BET surface area and total pore
volume. The materials are mesoporous in nature (BJH diameter,
14.64-23.11 nm), with negligible microporosity. However, the

View Article Online
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data reported are computed during desorption and as full
hysteresis (loop closure) was not observed for Starbon-350 and
CMO-350, this may be associated with filled micropores and
negligible microporosity.

After carbonization at 350 °C, much of the mesoporosity is
retained but the presence of micropores also is now evidenced.
Starbon-350 and CMO-350 exhibit BET surface areas of 368.83
m” g " and 196.42 m> g~ ', respectively, with pore volume in the
range of 0.3-0.5 cm® g~ . The decrease in the surface area and
pore diameter can be attributed to the accumulation of nano-
particles on the surface and within the pores (pore-filling and
blocking).

Thermogravimetric analysis (TGA)

The thermal properties of Starbon-350 and CMO-350 were
studied with TGA (see Fig. 4). The first mass loss occurs around
100 °C, which is attributed to the desorption of physically
adsorbed water molecules from the surface and pores of the
material.”> The characteristic decomposition profile of
expanded starch (Pure Expst) is observed with a strong endo-
thermic transition at approx. 195 °C. This transition occurs at
approx. 210 °C in the presence of molybdate (Mo-Expst)
showing the stabilising effect of molybdenum on the decom-
position of starch (see the ESI (Fig. S37)). Furthermore, an
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Fig. 4 TGA profile of the as-synthesized products.

Table 1 Surface area and pore size characteristics of Starbon 350, CMO-350, Pure Expst and Mo-Expst

BET surface Total pore volume

Micropore volume

Mesopore volume BJH adsorption

Sample area (m> g ") (em® g™ (em® g ™) (em® g™ pore diameter (nm)
Pure Expst 74.96 0.3099 0.0002 0.3096 16.53
Mo-Expst 102.77 0.2993 0.0010 0.2983 23.11
Starbon-350 368.83 0.5065 0.0847 0.4218 20.08
CMO-350 196.42 0.3502 0.0215 0.3286 14.64

This journal is © The Royal Society of Chemistry 2020
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endothermic transition at approx. 720 °C is observed in the
molybdenum-containing samples providing evidence for
molybdenum. MoO; decomposes in the presence of carbon to
form MoO, and CO,.?®

X-ray photoelectron spectroscopy (XPS)

To further validate the FT-IR, TGA and XRD results of the
synthesized MoO; nanoparticles, XPS analysis was undertaken
(see the ESI (Fig. S471)). CMO-350 shows binding energy peaks at
232.36 and 235.5 eV corresponding to Mo 3d (6+) present in
Mo0O;.” The O 1s spectra show four binding energy peaks out of
which three are at 531.78, 533.39 and 530.75 eV assigned to C=
O, C-O and O-H bonds, respectively.”> The deconvoluted
spectra of C 1s show binding energy peaks at 287.94, 286.21,
and 288.92 eV corresponding to C=0, C-O and O-C=O0,
respectively. C (sp?) and C (sp®) have binding energies of
284.27 eV and 284.8 eV, and w-m* has binding energies at
290.78 and 293.02 eV.”® The C:O atomic concentration as
determined by XPS is 2.75:1, which is lower than that of
Starbon-350 (5.10 : 1). The presence of oxygen in the nano-
particles decreases the atomic ratio in CMO-350, accordingly.

Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM)

The TEM and SEM images of Pure Expst, Starbon-350, Mo-Expst
and CMO-350 are shown in Fig. 5 and 6, respectively. The TEM
image of Pure Expst (Fig. 5, image A) shows an almost homo-
geneous structure around the pores, whilst the image for
Starbon-350 (Fig. 5, image B) shows a platelet-like mosaic
texture with wormhole-like connections. Importantly, the TEM
images of Mo-Expst (image C) and CMO-350 (image D) are
significantly different compared to their molybdenum-free
counterparts. The MoO; nanoparticles are homogeneously
dispersed in the expanded starch matrix (image C) with an

Fig. 5 TEM images of (A) Pure Expst, (B) Starbon-350, (C) Mo-Expst
and (D) CMO-350.
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Fig. 6 SEM images of (A) Pure Expst, (B) Starbon-350, (C) Mo-Expst
and (D) CMO-350.

average size of approximately 2 nm, whilst the TEM of CMO-350
clearly shows that the surface and pores are decorated with the
small-sized nanoparticles.

The SEM images further confirm the trends observed in the
porosity of the material due to the incorporation of nano-
particles (Fig. 6). Significant differences are seen in the SEM
images of molybdenum samples compared to their
molybdenum-free counterparts. The latter reveal a highly
porous, interconnected network (Fig. 6A and B), whilst the
former show dendritic, fern-like growth emanating from
a single point (Fig. 6C) followed by entanglement of these
motifs into thick rope-like structures (Fig. 6D). Small nano-
particles can be seen in a clustered form decorated on the
surface and pores of CMO-350.

Furthermore, the EDX surface analysis (Fig. 7D) provides
clear evidence that nanoparticles are not aggregated in the form
of clusters but are homogeneously dispersed on the inter-
connected framework of the composite.

Catalytic study

The borohydride reduction of 4-NP to 4-AP, in the presence of
CMO-350, as monitored by UV-vis spectroscopy is shown in

Fig.7 The elemental distribution: (A) the grey image of the area under
focus, (B) carbon, (C) oxygen and (D) molybdenum.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (A) UV-Vis spectra for the time study of reduction of 4-NP by

NaBH4 on CMO-350 and (B) Starbon-350.

Fig. 8A. The spectrum of the neutral aqueous solution of 4-NP
exhibits a strong absorption peak with the wavelength maxima
at 317 nm. Upon addition of an excess amount of NaBH,, the
alkalinity of the solution increases to pH 9-10 and 4-NP trans-
forms into 4-nitrophenolate ions evidenced by a bathochromic
shift to 400 nm and a yellow-coloured solution.*

In the presence of the catalyst, the intensity of the absorption
band corresponding to 4-nitrophenolate anions decreases with
the simultaneous appearance and growth of a weak absorption
band at 290 nm corresponding to the formation of 4-AP.** Over
time, the yellow colour gradually faded and diminished along
with the concomitant enhancement of the signal at ~290nm.*
A control experiment with Starbon-350 was conducted which
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Fig. 9 Comparison of the plots of absorbance ratio A/Ag vs. t (blue
spheres) and (n(A/Ao) vs. t (orange spheres).
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demonstrated no reduction activity, although a small decrease
in the signal intensity due to surface adsorption could be
observed (see Fig. 8B). The molybdenum nanoparticles were
exerting a catalytic effect and not the mesoporous scaffold.

The catalytic reduction of 4-NP involves two steps: (i) initial
diffusion and adsorption of 4-NP on the catalyst surface and (ii)
catalyst-mediated electron transfer from NaBH, to 4-NP.**** The
large exposed surface area of the composite leads to instanta-
neous adsorption of 4-NP and promotes faster electron trans-
fer.*>*® This leads to high initial catalytic reduction rate which is
overall presented in Fig. 9. The apparent rate constant, k,pp, for
the conversion of 4-NP to 4-AP in the presence of CMO-350 was
estimated to be 11.2 x 10~> min~".

In order to better contextualize k,pp, the activity factor (x),
Le., the ratio of the rate constant k,pp, to the total weight of the
catalyst, was compared with that of literature reported catalysts
for the borohydride reduction of 4-NP to 4-AP (see Table 2).
Compared to other molybdenum catalysts (entries 2 and 3,
Table 2), CMO-350 has a significantly better activity factor. For
example, CMO-350 is almost 5-fold better than Ru/MoO; (entry
2,0.25 x 107> min~" mg™") and almost 3-fold better than CdS-
3% Mo0S,/0.01rGO (entry 3, 0.42 x 10> min~ ' mg ™).

DPPH radical quenching activity

Electron paramagnetic resonance (EPR) spectroscopy was con-
ducted to determine the radical quenching activity of different
concentrations of CMO-350 and Starbon-350 (Fig. 10). The
results were further validated by complementary UV-Vis spec-
troscopy studies. The DPPH radical scavenging activity was
estimated as a ratio of individual DPPH signal peak height to
that of the control.

As CMO-350 concentration increases, the relative peak
height of DPPH radicals decreases. Complete radical quenching
is observed at a concentration of 2.5 mg ml~". However, pure
Starbon-350 (no molybdenum, acting as a control) exhibits no
significant changes in the peak intensity of DPPH radicals even
at a high concentration (5 mg ml™*). The very small decrease in
peak intensity can be attributed to the adsorption of DPPH
molecules on the Starbon matrix. Thus, the molybdenum
nanoparticles are responsible for DPPH quenching and not the
Starbon matrix. For all the spectroscopic methods used, the ICs,
values (the concentration which causes 50% quenching of free

Table 2 Comparison of the activity of our optimum catalyst CMO-350 with that of a number of reported metal-based catalysts in terms of the

rate constant kg, value and activity factor (k)

Quantity Activity factor,

S. no. Catalyst Kapp (x107> min™") (mg) k (x107> min~" mg™") Reference

1 CMO-350 11.2 10 1.12 Present work
2 Ru/MoO; 6.3 25 0.25 33

3 CdS-3% MoS,/0.01rGO 8.44 20 0.422 34

4 Ni/TiO,-C-2 9.0 3.4 2.65 35

5 Ag/CB-CS 10.4 15 0.69 36

6 GNP(PEI/MWNTS) 8.7 NA 2.88 37

7 Pd NP/CNT-220 63.2 50 1.26 38

8 Au@C 2.88 2 1.44 39

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Concentration dependent EPR graph of DPPH radicals for (A)
CMO-350 and (B) Starbon-350; UV graph for (C) CMO-350 and (D)
Starbon-350.

radicals) were in close agreement (Fig. 11: EPR, 1.006 mg ml;
UV-vis, 1.066 mg ml ).

The radical quenching activity of CMO-350 was compared
with that of other reported catalysts in the literature (see Table
3). For example, the ICs, value of CMO-350 was less than that for
biologically-reduced graphene oxide (entries 4 and 5) and
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Fig. 11 (A) EPR signal inhibition graph and (B) UV signal inhibition

graph when using CMO-350. The inset shows the corresponding
values of I1Csxq.
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Fig. 12 FRAP activity of CMO-350 and Starbon-350 measured at
700 nm.

almost 8 times less than that of bio-Ag nanoparticles (entry 7).
CMO-350 also shows good radical scavenging activity in
comparison to the widely used magnetic iron NPs and CeO, NPs
(see entries 2 and 6).

FRAP assay

A FRAP assay was conducted to correlate the inferences ob-
tained from DPPH quenching. Similarly, as the concentration of
CMO-350 increased, the yellow colour of the solution changed
from light to dark green (Fig. 12). Mechanistically, the reduction
of the Fe*'/ferricyanide complex to the ferrous form in the
presence of reducers (i.e. antioxidants) leads to the formation of
Prussian blue, which can be used to monitor the concentration
of Fe*" at 700 nm. The onset of a plateau is noted at concen-
trations above 100 pl mg '. The greater the intensity of the
colour formed, the greater will be the absorption, consequently
the greater will be the antioxidant activity.”® Again, no FRAP
activity was detected for the control sample, Starbon-350.

Conclusions

In summary, a novel composite containing molybdenum oxide
nanoparticles embedded on a Starbon framework has been
synthesized, characterized and evaluated for its potential as
a novel material for wastewater remediation. The material is
easy to fabricate, robust and derived from a renewable resource.
The process follows an in situ green process without the use of
any harsh chemicals. The structure has high mesoporosity with
an interconnected pore network, which aids adsorption and
transport to the active sites. The catalytic activity of CMO-350

Table 3 Comparison of the radical scavenging activity (ICsq) of CMO-350 with that of literature-reported materials

S. no. Catalyst ICs (mg ml™ ") Reference

1 CMO-350 1.006 Present work
2 IONP@Q1 quercetin/magnetic NPs 3.00 44

3 Ag NPs 5.00 45

4 Spinach reduced GO 1.590 46

5 Clove extract reduced GO 1.337 47

6 CeO, NPs 4.38 48

7 Bio Ag NPs 9.00 49
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was evaluated through the reduction of 4-NP in NaBH, solution.
The results demonstrated that the as-prepared composite
shows a good apparent rate constant, k,pp, of 11.2 X
10"% min~", in comparison to the literature reported catalysts.
Furthermore, the composite shows very good antioxidant
behaviour against DPPH free radicals as evidenced by EPR (ICs,
= 1.006 mg ml~ ") and UV-vis measurements (IC5, = 1.066 mg
ml™"). This study was corroborated by the FRAP assay and
showed that CMO-350 has high reducing capacity in compar-
ison to Starbon-350.

Thus, the study presented is expected to pave the way for
large-scale production of a highly active and durable material
for real world catalytic water treatment and abatement of 4-
nitrophenol.

Experimental
Materials and chemicals

All chemicals used were of reagent grade and used without any
further purification. Hylon®VII corn starch was purchased from
National Starch and Chemical Limited with an amylose content
of approx. 75%. Ammonium heptamolybdate tetrahydrate
(AHM, Sigma Aldrich, 81-83% MoO; basis), para-toluene-
sulfonic acid monohydrate (=98.5%, Aldrich), tert-butanol
(TBA, =99.0%, Aldrich), para-nitrophenol (4-NP, =99.0%,
Sigma Aldrich), 2,2-diphenyl-1-picrylhydrazyl (DPPH, Aldrich),
sodium hydroxide (NaOH, Fischer), hydrochloric acid (HC,
Fischer), ethanol and acetone were obtained from VWR
Chemicals®. Deionised water was obtained in the laboratory
using an ELGA Centra® system. All catalytic and radical
quenching experiments were repeated thrice to maintain good
reproducibility of the results.

As control samples, expanded starch (Pure Expst) and
Starbon-350 (undoped) were prepared according to a standard
literature methodology.”** Full details of instruments used are
given in the ESL¥

Synthesis of the MoO; nanoparticles@mesoporous carbon
composite (CMO)

AHM (1 wt%) was added to a mixture of Hylon® VII corn starch
and deionised water (1:10 wt/wt) and stirred (800 rpm) for
5 min at room temperature. The mixture was transferred into
a Teflon vessel and subjected to microwave irradiation (CEM
Mars 6 instrument) at 140 °C for 10 min, 800 psi and 900 W.
Thereafter, the mixture was placed at 4 °C for 48 h, and the final
product was labelled Pure Expst. It was further macerated and p-
toluenesulfonic acid (30 wt%) and tert-butanol (5 wt%) were
added for solvent exchange. The above mixture was stirred at
room temperature overnight and freeze dried to afford molyb-
denum doped expanded starch (Mo-Expst), as a light blue
powder. The latter was subjected to controlled carbonization
under vacuum at 350 °C to afford the desired molybdenum-
Starbon-350 composite (CMO-350), as a black powder. A control
experiment was also conducted in the absence of starch at pH <
5 under similar experimental conditions for the synthesis of
nanocrystalline MoO; (see ESI Fig. S17).

This journal is © The Royal Society of Chemistry 2020
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4-NP adsorption study

Adsorption studies were investigated by UV-Vis spectroscopy
(JASCO V-550). CMO-350 (2 mg) was added to an aqueous
solution of 4-NP (5 ml, 0.1 mM) (see the ESI (Fig. S57)).

Catalytic reduction of 4-NP

The catalytic activity of CMO-350 was evaluated through the
reduction of 4-NP to para-aminophenol (4-AP).** NaBH,
(14.5 mg, 3.8 x 10> mol) was dissolved in an aqueous solution
of 4-NP (5 ml, 0.1 mM) and stored in the dark for 1 h. CMO-350
(2.5 mg) was then added at room temperature and the mixture
was subjected to UV-Vis spectroscopy. The absorbance of the
solution was measured at different intervals from time ¢ =
0 (with no catalyst addition) to 25 minutes (with addition of the
catalyst) in the range of 250 to 500 nm. The kinetics of the 4-NP
reduction was studied by monitoring the change in absorbance
at 400 nm.

DPPH radical quenching activity: ESR and UV study

Electron paramagnetic resonance (EPR) measurements were
performed to determine the DPPH radical scavenging activity of
CMO-350 and Starbon-350.°* A stock solution was prepared by
dissolving DPPH (4 mg) in ethanol (100 ml) and stored in the
dark at 25 °C until required. A range of ethanolic composite
mixtures (10-100 pg ml~") were prepared by mixing an appro-
priate amount of CMO-350 with a given volume of ethanol. An
aliquot (1 ml) of the appropriate ethanolic composite mixture
was mixed with the DPPH solution (1 ml). The resultant mixture
was shaken well and incubated in the dark for 30 min at room
temperature. The mixture was transferred to ESR tubes which
were, in turn, placed in the cavity of an ESR spectrometer. The
ethanolic DPPH solution was used as a control, i.e. without
CMO-350. The DPPH radical scavenging activity was estimated
as a ratio of individual DPPH signal peak height to that of the
control (eqn (1)).

% scavenging free radical activity = # (1)

C

where, Ac is the relative peak height of the control and Ag is the
relative peak height of the sample.

Complementary information was also collected by UV-Vis
study. The absorbance was measured at 517 nm where lower
absorbance indicated higher radical scavenging activity (see ESI
Fig. S61). The scavenging activity against DPPH was calculated
according to eqn (2) whilst % inhibition was determined using
eqn (3):

% inhibition — ¢ —4s )
Ac
where, Ac is the absorbance of control, i.e. DPPH solution
without the sample, and As is the absorbance of DPPH solution
in the presence of the sample.
Ac — As

% scavenging free radical activity = — (3)
c
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where, Ac = initial absorbance for pure DPPH and Ag = final
absorbance at different volumes.

FRAP assay

FRAP assay was performed by following the procedure of Oyaizu
et al.,”® with some modifications. A mixture of 1% aqueous
potassium ferricyanide (1 ml), aqueous sodium phosphate
buffer (0.2 M, pH 6.6, 1 ml) and an appropriate ethanolic CMO-
350 solution (1 ml) were mixed and incubated at 50 °C (water
bath) for 20 min. After incubation, 10% aqueous trichloroacetic
acid (2.5 ml) was added to each reaction mixture, centrifuged
(3000 rpm, 10 min) and an aliquot (1.5 ml) of the supernatant
was mixed with water (1.5 ml) and FeCl; solution (0.1%, 0.1 ml).
The resultant mixture was incubated for 10 min at room
temperature and then transferred to a quartz cuvette. The
absorbance of the mixture was measured at 700 nm with respect
to the blank, which contained all the reagents except 1%
potassium ferricyanide solution.
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