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HIGHLIGHTS GRAPHICAL ABSTRACT

® Small PtNPs assembled over 3D bio-
genic porous silica from 3 different
origins.

® Porous hybrid revealed outstanding
catalytic performance in 4-nitrophenol
reduction.

e High stability without significant
change in catalytic efficiency after 8
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® PtSiOx catalyst may act as in-built
depth filter to trap the suspended

contaminants.
ARTICLE INFO ABSTRACT
Keywords: Pt/biogenic SiO, hybrid structures were fabricated by assembling Pt nanoparticles over biogenic porous silica
Platinum nanoparticles particles from three different sources. Apart from analyzing their morphology, composition and microstructure,
Biogenic silica the catalytic activity of the nanocomposites have been tested for the degradation of 4-nitrophenol, which is one

Hybrid structures
Degradation of 4-nitrophenol
Catalysis

of the most frequent contaminants in waste water emanation from pharmaceutical and textile industries. The Pt/
Si0, hybrid structures derived from Equisetum myriohaetum (EM) porous silica revealed a complete reduction of
4-NP (to 4-AP) within 90 s at room temperature, and within 20 s at 70 °C. The catalytic activity and apparent
kinetic rate constants (k,pp, 111 X 1035~ at 70 °C) of the Pt/SiO, catalyst were found to be much superior to
the corresponding parameters of Ag or Au nanoparticles supported over silica and other common semi-
conducting supports. The high turnover capacity of the porous silica supported catalyst (7.59 min~" at 70 °C)
could be associated to the presence of ample active sites in densely assembled Pt particles over 3D silica surface,
which facilitates the electron transfer process from Pt particles to adsorbed 4-NP molecules. Excellent reusability
(only 3% decrease after 8 cycles) of the hybrid catalyst for the purification of 4-NP polluted water in “filtering
and catalyzing” device has been demonstrated.
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Nomenclature

EM/EMB Equisetum myriohaetum

BB bamboo

RH Rice husk

Siox silica

TOC turnover capacity

4-NP 4-nitrophenol

4-AP 4-aminophenol

PtNPs Platinum nanoparticles

C Carbon

AgNPs  silver nanoparticle

AuNPs  gold nanoparticles

RT room temperature

APTES  (3-Aminopropyl) triethoxysilane

1. Introduction

Over the past few decades, accidental release of oil and organic
solvents during their extraction, transportation, and storage have re-
sulted in a detrimental impact on marine and land ecology. In order to
address this issue, various adsorbent materials such as, crosslinked
polymers and resins [1], polymer gels [2], nanocomposites [3], fibers
[4], organic-inorganic hybrids [5], carbon-based materials [6] and si-
lica [7] have been developed. However, most of them suffer from low
adsorption capacity for organic solvents. Moreover, due to powdered
texture, they are difficult to separate and hence have poor reusability.
Although microporous polymers with large specific surface area are
known for high adsorption capacity, they are relatively expensive, and
their environmental risks are still unclear [8]. On the other hand, noble
metal nanoparticles (NMNPs), especially platinum nanoparticles
(PtNPs) have shown great promise as heterogeneous catalysts for the
degradation/reduction of the organic pollutants [9,10].

While Pt NPs of smaller sizes manifest higher catalytic activity, [11]
due to bigger surface area and high surface energy, they tend to ag-
gregate, which reduces their organic pollutant reduction efficiency
significantly [12]. On the other hand, these NPs of very small size are
difficult to separate from catalytic reaction solutions. To overcome
those limitations, frequently the NMNPs are assembled over the surface
of solid substrates (e.g., organic polymers, metal oxides, clays, zeolites,
and carbons) [13]. Substantial efforts have also been made for de-
signing assembled NMNPs over silica supports for their catalytic use
[14].

In this respect, use of biogenic silica particles has several ad-
vantages. First, biogenic silica particles have high surface area with
micro-, meso- and macro-pores which can facilitate the diffusion and
transport of organic pollutant molecules and ions. Second, their in-
tegrated morphology not only offers effective pollutant reduction with
reusability option, but also helps to minimize potential environmental
risks caused by accidental release (leaching) of support materials,
which frequently lead the production of toxic by-products, causing
environmental pollution [13]. Third, these 3D structures are highly
stable, which can work in a wide temperature range [15] and harsh
acidic conditions [16]. In addition, biogenic silica can act as in-built
depth filter, where the suspended contaminants can be trapped within
the depth of the porous catalytic system.

On the other hand, 4-nitrophenol (4-NP) is one of the most popular
organic compounds used in the production of pesticides, which is car-
cinogenic and genotoxic to humans and animals [17]. Furthermore, 4-
Aminophenol (4-AP) is an important industrial intermediate applied in
the production of analgesic/ antipyretic drugs and for corrosion in-
hibition. The reduction of 4-NP over NMNPs in the presence of NaBH, is
a well-known eco-friendly probe reaction to produce 4-AP [18-20].
However, most of the recently reported catalysts [18,20] demonstrate
low degradation efficiency and turnover capacities in the reduction of
4-NP. In addition, the catalysts remain in water and are harmful to the
organisms in the ecosystem. In order to solve these problems, filtration
and separation process are required to remove the suspending solids
and contaminants from liquid. Use of mesoporous support such as
biogenic silica may facilitate in-depth filtration of the suspended con-
taminants (smaller than the pore volume) [20].

Here we present the fabrication of small (=2.2 nm average size) Pt
nanoparticles, assembled over porous 3D biogenic silica extracted from
rice husk, Equisetum myriohaetum and bamboo. The simple in situ Pt salt
reduction within the functionalized porous biogenic silica resulted in
the formation and assembly of the Pt NPs onto the supports, to form the
hybrid catalysts. Apart from studying the size, morphology, crystal-
linity, and chemical sate of the Pt NPs, the fabricated nanocomposites
have been tested for catalytic degradation of 4-NP in aqueous solution.
Observed high catalytic activity of the biogenic silica-supported Pt NPs
has been explained through the presence of high density active catalytic
sites in them and highly porous nature of the used biogenic silica par-
ticles. Catalytic performances of the fabricated nanostructures in the
reduction of 4-nitrophenol to 4-aminophenol in presence of NaBH,
have been compared with the performance of other NMNP-supported
composite catalysts.

2. Experimental section
2.1. Materials

For the present work, rice husk and Equisetum myriohaetum
(Mexican Giant Horsetail) were obtained from Morelos state, Mexico,
while commercial biogenic porous silica (Concretio silicea bambuseae or
“Bamboo”) was acquired from Bristol Botanicals Ltd, UK.
Hexachloroplatinic acid (H,PtCls, 8 wt% in H,0), 4-nitrophenol (4-NP,
spectrophotometric grade), sodium borohydride (NaBH,, 99.99%),
concentrated hydrochloric acid (37%, HCI), (3-Aminopropyl) triethox-
ysilane (APTES) and ammonium hydroxide (28%) were purchased from
Sigma-Aldrich, and utilized as received.

2.1.1. Synthesis of biogenic porous silica from Equisetum myriohaetum and
rice husk

The synthesis procedure and characteristics of 3D biogenic silica
extracted from Equisetum myriohaetum (Mexican Giant Horsetail) have
been discussed in our earlier published article [21]. In brief, the stems
of the plant (Equisetum myriohaetum) were separated and oven dried at
50 °C prior to acid digestion in concentrated HNO3/H,SO4 (4:1), where
25 g of dry starting material was processed with 1 L of acid. The mix-
ture was stirred and left in a fume hood until a white precipitate was
obtained and the release of nitrogen oxides is ceased (usually around
48 h). The precipitate was then separated and washed with copious
amounts of deionized water until the pH value of supernatant reaches
around 5. The sample was then lyophilized before heat-treatment in air
at 650 °C for 5 h, at the heating rate of 10 °C/min. The same protocol
was followed for extracting silica from rice husk. The porous silica
particles prepared from Equisetum myriohaetum and rice husk were de-
signated as EMSiOx, and RHSiOx, respectively. On the other hand, the
commercial biogenic silica extracted from bamboo plant was desig-
nated as BBSiOx.

2.1.2. Functionalization of 3D silica substrates with APTES

The BBSiOx, RHSiOx and EMSiOx samples were functionalized with
APTES using the method reported by Li et al. [14] with some mod-
ification, to obtain amino group capped silica substrates. Typically,
1 mL of APTES and 0.10 g of silica were added into 10 mL of ethanol.
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The mixture was stirred at room temperature for 8 h. The resultant
APTES-modified 3D silica substrates were separated by centrifugation
at 7500 rpm, washed several times by ethanol, and then re-dispersed in
9 mL of DI water.

2.1.3. Growth of Pt NPs onto biogenic silica substrates

About 50 mL of an ethanolic H,PtClg solution (10 mM) was added to
0.10 g of surface modified BBSiOx, RHSiOx or EMSiOx substrates under
vigorous magnetic stirring. Within 30 s, the color of the reaction mix-
ture turned from white to dark yellow, indicating the impregnation of
the platinum salt into the pores of biogenic silica particles. After 6 h of
magnetic stirring under ambient conditions, the samples were sepa-
rated from the reaction mixture by centrifugation at 7500 rpm to re-
move excess PtCl2~ ions, and then re-dispersed in 1 mL of DI water.
About 50 pL of ethanolic NaBH, (40 mg/mL) solution was added to
each of the above dispersions under vigorous stirring to reduce the
PtCl1Z™ ions and formation of small PtNPs onto the 3D silica substrates.
Finally, the PtNPs-incorporated 3D silica substrates were separated by
centrifugation at 7500 rpm. The as-synthesized PtNPs-incorporated
biogenic EM silica, rice husk silica and bamboo silica substrates were
designated as Pt-EMSiOx, Pt-RHSiOx and Pt-BBSiOx, respectively. The
whole process, from functionalization of silica substrates to the for-
mation of PtNPs has been depicted in Scheme 1.

2.2. Characterization

X-ray diffraction (XRD) analysis of the powder samples was carried
out in a Bruker D8 Advance eco diffractometer, using CuK,
(. = 1.5406 A) radiation. The size, morphology, and composition of
the hybrid catalysts were studied using Hitachi SU5000 Schottky field-
emission scanning electron microscope (FESEM) equipped with energy
dispersive spectroscopy (EDS) system. High-resolution transmission
electron microscopy (HR-TEM) images were acquired using a JEOL JEM
2200Fs + Cs (aberration corrector) with a single tilt sample holder in
scanning TEM (STEM) mode and a bright field detector. The samples for
TEM study were prepared by dispersing the colloidal samples over
Lacey carbon-coated copper grids. The sample loaded copper grids were
subjected to plasma cleaning for 15 s at 3.0 mTorr working pressure, to
eliminate contaminants and solvent residues. UV-vis optical absorption
spectra of the colloidal 3D silica substrates with and without PtNPs
were recorded in a dual beam Perkin-Elmer Lambda 950 spectro-
photometer. The same spectrophotometer was utilized for monitoring
the reduction of 4-NP by the hybrid catalysts. Texture parameters of the
hybrid samples were estimated from their N, adsorption-desorption
isotherms recorded in a Bell Mini-Il sorptometer. Approximately
100 mg of each of the powder samples was degassed at 100 °C overnight

Step 1: Functionalization of 3D silica
substrates using APTES
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prior to their analysis. Specific surface area of the hybrid catalysts was
determined by the Brunauer—-Emmett-Teller (BET) method using a five-
point adsorption isotherm in the relative pressure range of P/
Py = 0.05/0.3 at 77.35 K. Sample porosity (pore size distribution) was
obtained by the Barrett-Joyner-Halenda (BJH) method from the deso-
rption branch of the isotherm.

2.3. Catalytic reduction of 4-nitrophenol (4-NP)

Separate sets of experiments were carried out with 0.24 mg of each
catalyst i.e., Pt-BBSiOx, Pt-RHSiOx and Pt-EMSiOx. The measured
amount of hybrid catalyst (0.24 mg) was dispersed in 30 mL DI water
and mixed with 30 mL of aqueous 4-NP (1.0 mM) to form a mixture
solution. Subsequently, 3 mL of a freshly prepared NaBH, solution
(0.1 M) was added to the earlier mixture. The 4-NP degradation process
was followed by monitoring the change in the optical absorption
spectra of the solution in 314 to 400 nm spectral range. A quartz cuvette
of 1 cm X 1 cm X 5 cm dimension was utilized for recording the ab-
sorption spectra of the test solutions.

To investigate the reusability of the fabricated hybrid catalysts, the
procedure stated above was repeated with the catalysts re-collected
after use in the 4-NP reduction. The re-collected catalysts were washed
repeatedly by centrifugation using DI water. The amount of catalyst,
concentration and volume of 4-NP and NaBH, solutions used for the
recyclability tests were also maintained same. All the catalytic tests
were performed at room temperature, without stirring the reaction
mixture.

As reference, the reduction of 4-NP was also carried out using
pristine 3D biogenic silica substrates without adding NaBH,4 solution
and over PtNPs-incorporated biogenic silica catalysts without adding
NaBH, solution. It was observed that a complete degradation of 4-NP
was not possible in absence either of NaHB, or of hybrid catalyst. To
evaluate the proficiency of 4-NP reduction by NaBH, catalyzed by these
hybrid structures, thermodynamic parameters such as entropy, en-
thalpy, and Gibbs free energy of the catalytic reaction were estimated
from the reaction kinetics of the PtNPs-assembled 3D silica supports at
different temperatures.

3. Results and discussion
3.1. Catalyst preparation and characterization

Typical TEM images of the samples presented in Fig. 1 clearly re-
vealed the formation of PtNPs, assembled over 3D silica substrates for
all the hybrid samples. As can be noticed, PtNPs of 2.0-2.5 nm size
range are assembled over the porous silica substrates. The sizes of the Pt

Step 2: Infiltration of H,PtCls onto Step 3: Reduction of H,PtClg onto ~ Step 4: Reduction of 4-NP to 4-AP
using 3D silica supported PtNPs

functionalized 3D silica substrates
using NaBH,

$

NaBH,

reduction

]

Scheme 1. Schematic representation of the process involved in the preparation of small PtNPs over mesoporous 3D biogenic silica substrates used for the reduction of

4-nitrophenol.
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Fig. 1. Typical TEM images of the (a) Pt-BBSiOx, (b) Pt-EMSiOx, and (c) Pt-RHSiOx catalysts, demonstrating the formation of small PtNPs onto 3D biogenic silica
substrates. Insets show typical HRTEM images of PtNPs formed over corresponding silica substrates.

NPs are also in good agreement with their grain size values estimated
from their XRD patterns. While the reduction of PtCl2~ ions and the
formation of PtNPs over the porous biogenic silica substrates at room
temperature are very clear in the TEM micrographs (Fig. 1), highly
crystalline nature of the formed PtNPs can be appreciated from the well
resolved lattice patterns revealed in their high resolution micrographs
presented as insets in Fig. 1. Although the dimensions of the Pt nano-
particles formed over three kinds of porous silica were very similar, the
density of PtNPs formed over EM silica (Fig. 1b) is higher than in other
two substrates. Typical FESEM and EDS elemental mapping images of
the hybrid catalysts presented in Fig. S1 (Supplementary information,
SI) clearly revealed the formation of nanometric Pt particles over the
sub-micrometric silica particles. Elemental mapping images (Fig. S1, SI)
revealed the presence of only silicon (Si) and platinum (Pt) in the hy-
brid structures.

XRD patterns of the hybrid catalysts were recorded to study the
crystallinity of the small PtNPs supported over biogenic silica (Fig. 2 (a-
¢)). As can be noticed, all the samples revealed a broad diffraction band
around 22° corresponding to amorphous silica substrates, apart from
several sharp diffraction peaks, characteristic of crystalline platinum
particles in face centered cubic (fcc) phase. The diffraction peaks ap-
peared around 40.0, 46.6, 63.14 and 80.34° correspond to the (1 1 1),
(200), (220)and (31 1) lattice planes of metallic platinum in fcc
phase (JCPDS # 87-0647) [22]. While the intensity of the diffraction
peaks associated to crystalline PtNPs was comparable for the Pt-RHSiOx
and Pt-EMSiOx samples, the intensity of the peaks revealed for the Pt-
BBSiOx sample was relatively low, probably due to lower Pt content in
the sample, compared to other two samples. The average grain sizes of
polycrystalline metal particles calculated applying Scherrer formula on
the most intense (1 1 1) diffraction peak were about 2.3, 2.5, and
2.4 nm for the Pt-RHSiOx, Pt-BBSiOx and Pt-EMSiOx samples, respec-
tively.

XPS characterization technique was used to obtain information
about the oxidation state, relative intensity (counts/s) and atomic % of
each of the elements present in the hybrid catalysts. Survey spectra of
all the hybrid catalysts (Fig. S2, SI) revealed typical emission bands of
O, Si, Pt and C. XPS estimated Pt contents in the Pt-EMSiOx, Pt-RHSiOx,
and Pt-BBSiOx hybrid catalysts were 0.82, 0.65, and 0.48 wt%, while
the Pt contents estimated through their EDS analysis were 1.65, 1.18,
and 1.06 wt%, respectively. The core-level Cls emission bands ema-
nating from Pt-RHSiOx, Pt-EMSiOx and Pt-BBSiOx samples (Fig. 3a)
could be de-convoluted into four components peaked around 284.5,
286.0, 287.1 and 288.6 eV, attributed to sp> C-C, C-0, C=0 and O-C=
O bonds, respectively [23].

The O1s emission from SiO, is reported to have a binding energy of
533.05 eV [24]. While the binding energy of O1s emission associated to
C=0 is reported to lie in-between 531.5 and 532.1 eV, its position in
the C-OH and/or C-O-C bonds is located in-between 533.6 and 534.1 eV
[25]. As can be seen (Fig. 3c), the broad core level O 1s emission of all

the samples have four components located around 530.7, 531.6, 532.5,
and 533.4 eV. While the component revealed at 530.7 eV can be as-
sociated to surface adsorbed hydroxy (OH) groups, the broad compo-
nent peaked around 532.5 eV fits well with the binding energy of
oxygen in SiOx [26]. The position of this component is shifted to lower
energy (Fig. 3c) for the Pt-BBSiOx sample. While all the samples re-
vealed a component band around 533.4 eV, associated to C-OH bond,
the relative intensity of this band is substantially low for Pt-BBSiOx
sample. Lower intensity of this emission for Pt-BBSiOx catalyst might be
associated to a lower concentration of PtNPs at BBSiOx surface, an-
chored with the amino groups of APTES molecules. Finally, the com-
ponent appeared at binding energy close to 531.6 eV was assigned to
the C=0 bond formed between the O atoms of SiOx and the organic
binder APTES. A higher relative intensity of this component in the Pt-
EMSiOx sample is fully commensurated with the higher PtNPs con-
centration revealed in the corresponding TEM images (Fig. 1b).

The Si 2p3,, core-level emissions of the composites could be de-
convoluted to 5 components. For the Pt-RHSiOx and Pt-BBSiOx sam-
ples, the component bands appeared around binding energies 99.5,
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Fig. 2. XRD patterns of PtNPs-incorporated biogenic (a) BB, (b) EM, and (c¢) RH
silica. For reference, XRD pattern of the pristine mesoporous EM silica (control)
has been provided in (d).
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Fig. 3. High-resolution (a) C 1s, (b) O 1s, (¢) Si 2p and (d) Pt 4f core-level XPS emissions for the Pt-RHSiOx, Pt-EMSiOx, and Pt-BBSiOx hybrid catalysts.

100.6, 101.5, 102.4 and 103.5 eV. However, for the Pt-EMSiOx sample,
the components appeared at about 1.0 eV lower binding energies. The
five component emissions could be associated to elemental Si (5i9), Si0,
(Si*", Si;0 (Si' ™), Si0 (Si*™), and Si,Os (Si**). [25,26]. As can be
noticed, the Si 2p band gets shifted towards lower binding energy with
the increase of Pt content (%) in the hybrid catalysts. While the Pt
content in the hybrid catalysts varied in the order: Pt-EMSiOx ~ Pt-
RHSiOx™ Pt-BBSiOx, the maximum of the Si 2p emission in then varied
in the order: 101.2 eV ~ 102.8 eV ~ 103.0 eV, respectively. Apart from
broadness, such a shift in the position of emission maximum clearly
indicates the band consist of different sub-bands with different relative
intensities for different samples.

Finally, the core-level Pt 4f emissions of all the samples revealed
their Gaussian shaped spin—orbit doublets Pt 4f5,, and Pt 4f; 5 (Fig. 3d)
separated by about 3.35 eV, as expected. The binding energy positions
of the Pt 4f5,, and Pt 4f,,5 components in the hybrid catalysts vary in-
between 67.75 and 67.99 and 71.02-71.21 eV, respectively, which
correspond to the metallic Pt(0) [27]. Absence of higher energy
(72-76 €eV) components, corresponding to Pt(I)/Pt(IV) confirms the
complete reduction of Pt salt to Pt (0).

The BET surface area estimation plots, pore size distribution, and
texture parameters estimated from the N, adsorption-desorption iso-
therms of the catalysts are presented in Fig. 4. As can be seen, the
RHSiOx has slightly higher surface area than EMSiOx catalyst substrate.
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Fig. 4. The texture properties of the biogenic porous SiOx substrates (a) BET surface area analysis, (b) pore size distribution, and (c) texture parameters of all three
biogenic SiOx substrates before and after platinum nanoparticle formation onto their surface.

Similarly, the EMSiOx has bigger pores and wider size distribution than
the other two substrates. The results indicate the EMSiOx substrate has
higher possibility for in-depth filtration, which is an important char-
acteristic of the hybrid substrate for its catalytic applications.

In addition, the room temperature UV-vis absorption spectra of the
colloidal biogenic silica particles and the hybrid catalysts are shown in
Fig. S3 (SI). The characteristic surface plasmon resonance (SPR) ab-
sorption peaks of the silica substrates and PtNPs appeared around 220
and 270 nm, respectively [22].

3.2. Catalytic performance of the hybrid catalysts

The reduction of 4-NP to 4-AP was selected as a probe reaction for
testing the catalytic performance of PtNPs assembled over biogenic si-
lica substrates, and the reaction was monitored by UV-vis absorbance
spectroscopy. Although the reduction of 4-NP by NaBH, is feasible
thermodynamically due to the positive difference of their standard
electrode potentials (AE, = Ey(4-NP/4-AP) — Eo(H3BO3/
BH,;) = —0.76 — (—1.33) = 0.67 V), it could be kinetically restricted
in the absence of an efficient catalyst [28]. A visual color change from
light yellow to bright yellow of the 4-NP solution was observed after the
addition of NaBH, along with a red shift of the absorption peak from
317 to 400 nm (Fig. 5). The ionization of NaBH, in the aqueous medium
followed by the adsorption onto the hybrid catalyst along with the si-
multaneous adsorption of 4-NP, resulted in the formation of 4-ni-
trophenolate ions [18-20]. On the other hand, on adding the pristine
3D silica substrates into the reaction solution in absence of NaBH, so-
lution, no noticeable change in the absorbance of 4-NP ions was ob-
served; which indicates that pure silica substrates do not take part in
the 4-NP reduction process (Fig. 5). Fig. 5(c—e) shows the UV-vis ab-
sorption spectra during the catalytic reduction of 4-NP in presence of
the Pt-BBSiOx catalyst. The strong absorption peak appeared around
400 nm corresponds to 4- nitrophenolate ions, which disappears within
90 s after the addition of the catalyst, generating a new peak at around
300 nm, attributed to 4-AP [20]. Fig. 5 (f-h) further indicates the ex-
cellent catalytic property of the PtNPs attached over biogenic silica
substrates with a complete reduction of 4-NP within 90 s (Table 1).

Fig. 6 reveals the catalytic reduction of 4-nitrophenol (ratio of 4-NP
concentration (evaluated through corresponding absorbance) at time
“t” to the initial concentration of 4-NP before adding Pt-BBSiOx hybrid
structure as a catalyst vs reduction time (sec)) to 4-aminophenol using
Pt-BBSiOx hybrid structure catalyst at 5 different temperatures from
30 °C to 70 °C. From the catalytic reduction analysis of 4-NP, an ex-
ponential decay with increasing reduction time (sec) is observed.
Pseudo first order (In (C/Cy) = —k.t) equation was applied as rela-
tively higher concentration of NaBH, was used. Rate constants at each
reaction temperature obtained from linear fit of In (C,/Co) vs time (sec),
are found to gradually increase from 12 * 1073 s~ ! to 25 * 1073 s™*
corresponding to reaction temperatures from 30 °C to 70 °C. These rate
constants were used to proceed further to calculate the thermodynamic
parameter.

Fig. 7 reveals the catalytic reduction of 4-nitrophenol to 4-amino-
phenol using Pt-RHSiOx hybrid catalyst as a function of temperature
from 30 °C to 70 °C. From the analysis of 4-NP catalytic reduction
(following the same procedure used for Pt-BBSiOx hybrid structures), it
is clear that there is a gradual increase in the rate constants (Kpp) from
29 *10 357! to 84 * 107 5! due to the increase of reaction tem-
peratures from 30 °C to 70 °C. The higher k,p, values for the Pt-RHSiOx
hybrid structure as compared to Pt-BBSiOx hybrid structure indicate
that the catalytic reduction efficiency of Pt-RHSiOx hybrid structures is
superior to the catalytic efficiency of Pt-BBSiOx hybrid structures.
Thermodynamic parameters were calculated from these rate constants.

Fig. 8 presents the kinetics of catalytic reduction of 4-nitrophenol to
4-aminophenol by Pt-EMSiOx hybrid catalyst at different temperatures;
from 30 °C to 70 °C. From the analysis of 4-NP catalytic reduction
(following the same procedure used for Pt-BBSiOx hybrid structures),
similar to the above mentioned results from two other Pt based hybrid
structures, there is a gradual increase in the rate constants (k,pp) from
24 * 107357 to 111 * 1073 s~ ! with the increase of reaction tem-
peratures from 30 °C to 70 °C. In the present case, greater k., values as
compared with Pt-BBSiOx and Pt-RHSiOx hybrid structures is indicative
of the higher catalytic reduction efficiency of Pt-EMSiOx hybrid struc-
tures with respect to the other hybrid structures (Fig. 9) [19,29-34].
Rate constants were further used to calculate the thermodynamic
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Fig. 5. Absorbance spectra of (a) 4-nitrophenol (4-NP) and 4-nitrophenolate ion before (black) and after (red) the addition of NaBH, in the solution; (b) 4-NP solution
containing NaBH,4 (without catalyst) at different time intervals, showing only the absorption band of 4-nitrophenolate ions; NaBH,4 containing 4-NP solution after the
addition of (c) RH (d) Bamboo, and (e) EM silica. Evolution of absorption spectra after the addition of (f) Pt-EMSiOx, (g) Pt-RHSiOx and (h) Pt-BBSiOx catalysts
showing the reduction of 4-NP ion to 4-AP. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

parameters.

3.3. Determination of catalytic reduction Data

After adsorption experiments, catalytic reduction experiments were
carried out in batches at different temperatures with a fixed

concentration (as mentioned in the experimental section) of aqueous 4-
nitrophenol (4-NP), Pt-SiO, catalyst and NaBH, solutions inside a
3.5 mL quartz cuvette. The suspensions were stirred at selected tem-
peratures of 30, 40, 50, 60, and 70 °C, respectively. At fixed time in-
tervals, samples were withdrawn from the reaction mixture and ana-
lyzed in a UV/vis/NIR spectrophotometer.
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Table 1
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Thermodynamic parameter values for the catalytic reduction of 4-NP using Pt-RHSiOx, Pt-BBSiOx and Pt-EMSiOx hybrid catalysts calculated using Gibbs free energy
and Arrhenius equation calculation models.

Catalyst T (°0) Time (s) TOC Kapp 571 AG Ea (kJ mol 1) AH (kJ mol™ 1) AS (Jmol ' K™
Pt-RHSiOx 30 105 1.81 0.029 83.4 26.73 22.630 —206.7
40 90 2.10 0.031 85.5
50 70 2.70 0.042 87.5
60 50 3.79 0.057 89.6
70 30 6.3 0.084 91.7
Pt-BBSiOx 30 180 1.42 0.012 87.9 15.74 12.836 -239.1
40 150 1.7 0.016 90.4
50 120 2.13 0.018 92.8
60 100 2.57 0.023 95.2
70 80 3.21 0.025 97.5
Pt-EMSiOx 30 80 1.88 0.024 94.4 31.82 29.248 —-215.3
40 60 2.5 0.037 96.5
50 50 3.00 0.047 98.7
60 30 5.00 0.072 100.8
70 20 7.59 0.111 102.9
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Fig. 6. Kinetics of Pt-BBSiOx catalytic reaction at (a) 30 °C, (b) 40 °C, (c) 50 °C, (d) 60 °C and (e) 70 °C. Corresponding rate constants (k,pp) are 0.012, 0.016, 0.018,

0.023 and 0.025 s~ ! respectively.

3.3.1. Calculation of thermodynamic parameters

The thermodynamic parameters, i.e., Gibbs free energy (AG), acti-

The activation energy of the adsorption process was calculated

vation energy (E,), enthalpy (AH) and entropy (AS) can be obtained
from the following mathematical equations:
Gibbs free energy calculation:

AG = AH — TAS

In(k) = In(A) — %

(€8]

using Arrhenius equation as follows:

(2)
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Fig. 7. Kinetics of Pt-RHSiOx catalytic reaction at (a) 30 °C (b) 40 °C (c) 50 °C (d) 60 °C and (e) 70 °C. Corresponding rate constants (k,p;,) estimated as 0.029, 0.031,
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Eq
In(k) = “RT + In(A)

3)
E,\1
In(k) = (_E)¥ + In(A) @
1
ln(k)vs;
_Ea_ slope
R p

R = gas constant (8.314 JK™! mol™1)
Calculation of activation enthalpy (AH) and Entropy (AS) using
Eyring equation:

(k) (KB) AS AH
In|=|=n|—=|+ — - —
T h R RT ()

KY_(LAH\L ) (Ky)  AS
ln(¥)_( R)T+ln(h)+R )

from the slope of the graph one can calculate the change in enthalpy

i.e (—E)—sloe
R p

and entropy from the constant (c)

ln(&) + A8 = constant(c); from the ln(E)vslgraph
h R T T

o where, A = Arrhenius constant,

e R = 8.314 Jk '.mol™;

e Kp = 1.381*10 2 J K™%

eh = 6.626%10 3 Jk 1.mol ™ ;

e T = absolute temperature in kelvin;

® k = k,pp = pseudo-first-order rate constant

3.3.2. Thermodynamic properties

Thermodynamic analysis of the present catalytic reduction process
was carried out by varying the reaction temperature from 30 to 70 °C
with a step size of 10 °C. As can be noticed form Figs. 6-8, a total
reduction of 4-nitrophenol strongly depends on the reaction tempera-
ture for all the hybrid catalysts. At higher temperatures, the reduction
process (of 4-NP) is very fast (Fig. 10a) with increasing rate constants
(kapp), compared to the reactions performed at room temperature
(Fig. 10b). To obtain thermodynamic information, Gibbs free energy
and activation energy of the catalytic reduction process were calculated
using Arrhenius equation from the kinetics of the conversion reaction of
4-NP. For all the composite catalysts, we examined the correlation
between In(C,/Co) vs reaction time at all the reaction temperatures
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Fig. 8. Kinetics of Pt-EMSiOx catalytic reaction at different temperatures at (a) 30 °C, (b) 40 °C, (¢) 50 °C, (d) 60 °C and (e) 70 °C and the corresponding rate constants
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Fig. 9. Comparison of the catalytic performances of various supported Ag/Au/
Pt catalysts [19,29-34].

(Figs. 6-8). The reactions were seen to follow the pseudo-first-order
approximation, and the apparent rate constants k,,, were obtained
from the slope of In(C,/Cp) vs reaction time (Table 1 and Fig. 8). Al-
though, an increase in rate constant was observed for all the catalysts
on increasing the reaction temperature, the value of “k,p,” was highest
(1.11 x 1072 s71) for the catalyst Pt-EMSiOx and 70 °C reaction
temperature. Estimated “kap,” values for the Pt-RHSiOx and Pt-BBSiOx
catalysts at the same reaction temperature were 8.4 x 1072 s~ ', and
2.5 x 107257, respectively.

The thermodynamic parameters of the system, i.e., Gibbs free en-
ergy (AG), activation energy (E,), enthalpy (AH) and entropy (AS) es-
timated using Fig. 10(c—e)) are presented in Table 1. The AG values for
all the hybrid catalysts were positive, revealing an endergonic process
with higher AG (102.9 k.J.mol™Y) in case of EMSiOx (at 70 °C) as
compared with RHSiOx and BBSiOx silica substrates with AG values of
91.7 and 97.5 kJ mol %, respectively. The activation energy (E,) esti-
mated for the BB, RHs and EM SiOx supported Pt catalysts were 15.74,
26.73 and 31.82 kJ mol ™!, respectively.

The relation between the enthalpy and the catalytic reduction ca-
pacity of the hybrid catalysts can be considered as the interaction en-
ergy of molecules adsorbed at the adsorbent-adsorbate interface
[34-36]. Estimated enthalpy (AH) values are positive for all the cata-
lysts, showing the endothermic nature of the catalytic reduction pro-
cess, with maximum catalytic reduction of 4-NP for the Pt-EMSiOx
catalyst (EM silica substrate) (AH = 29.248 kJ mol™1), and minimum
(AH = 12.836 kJ mol ™ ") for BBSiOx.
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Fig. 10. Kinetics of (a) temperature dependent reduction of 4-NP, and (b) rate constants vs temperature (calculated from the plots In (C,/Co) corresponding to the
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The change in entropy (AS) of our systems has also been estimated
due to their direct relation with the association of the adsorbate at the
solid-solution interface. A negative value of AS suggests that the dis-
order of the system decreases with the reduction in the number of re-
actant molecules. As the changes in AS values are linked to the move-
ment of molecules adsorbed by the adsorbate, the value
(—206.7 J mol~* K™ ') corresponding to PtNPs/RHs silica substrate
was found to be low. Therefore, it can be inferred that more water
molecules are displaced by phenol derivatives with higher substitution
degrees on the surface of these silica substrates.

3.3.3. Turnover capacity (TOC)

The turnover capacity (TOC) is one important parameter to evaluate
the catalytic performance of PtNPs, which can be calculated by dividing
the molar mass of the 4-NP with the molar mass of the PtNPs and re-
action time (Table 1). As the size and shape of the NPs contribute sig-
nificantly on the catalytic performance [37,38] of the nanomaterials
due to change in surface-to-volume ratio and size-dependent redox
potential, which, in turn, can promote the interfacial electron transfer
from the surface of the PtNPs to 4-NP in the presence of high con-
centration of electron injecting BH,~ ions. Hence, much higher TOC
value of the PtNPs supported over EMSiOx substrate at 70 °C
(7.59 min ') with respect to the other two composite catalysts RHSiOx
and BBSiOx (6.3 and 3.21 min~!) is attributed to the presence of re-
latively higher number of PtNPs over it (Fig. 10f), which causes a faster
interfacial electron transfer from PtNPs surface to 4-NP. Additionally, in
conformity with the EDS, TEM and XPS results, the EMSiOx supported
catalyst contains higher Pt wt.% compared to other substrates, resulting
in its higher catalytic performance.

Considering the average particle size of =2.2 nm of the PtNPs (from
HR-TEM analysis) and contents (from XPS analysis) of Pt in the Pt-
EMSiOx, Pt-RHSiOx, and Pt-BBSiOx hybrid catalysts (0.82, 0.65 and
0.48 wt%, respectively), the excellent catalytic activity of the Pt-
EMSiOx catalyst can be attributed to the high density of small, well-
dispersed PtNPs at its surface, which offers higher number of active
sites for effective contact with the reactant molecules and fast inter-
facial electron transfer from PtNPs to 4-NP. Moreover, as can be seen in
Fig. 11, the proposed hybrid catalysts offer high reusability for the re-
duction of 4-NP with NaBH, as compared the already reported catalysts
[19,22,39-41]. Even after 8 cycles, the catalytic activity of the catalysts
remains almost unchanged (only about 3% decrease), which confirms
the high stability of 3D silica substrates for catalytic applications. The
decrease in 4-NP to 4-AP conversion efficiency with each reaction cycle
can be attributed to the loss of Pt NPs from the catalyst support during
recycling. XRD studies were carried out over the used catalysts to
identify the change (if any) in crystallinity or structural phase after
their repeated use (Fig. 12). As can be noticed in Fig. 12, the diffraction
bands in the spectra of the used (in 4-NP reduction) catalyst are less
intense and broader than corresponding diffraction bands of unused or
fresh catalysts (Fig. 2), indicating a loss of crystallinity or decrease in
amount of PtNPs on the catalyst supports. While a decrease of PtNPs
from the hybrid catalysts is expected to reduce their catalytic perfor-
mance in 4-NP reduction, the recycling tests performed over them re-
vealed only a marginal reduction in their performance.

In order to mimic the purification of real polluted water (con-
taminated by 4-NP), an additional experimental device for “filtering
and catalyzing” (under partial vacuum) was set up using the procedure
reported in the literature [30] (Fig. S4; SI). The concentration and
amount of 4-NP, catalyst, and NaBH, for this experiment were similar
to that considered for the first reduction cycle for each of the catalysts.
As a result, within 10 s (details given in Fig. S4 (b)) the visual change in
the appearance of the filtered water from bright yellow (visual) to light
yellow (Fig. S4b, SI) confirmed the (almost) instantaneous formation of
4-nitrophenolate ion. Furthermore, after another 20 s (Fig. S4c, SI), the
colorless water, the disappearance of UV-vis absorption band asso-
ciated to 4-NP at around 400 nm and the appearance of new peak
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around 300 nm (due to the formation of 4-AP) confirmed the complete
reduction of 4-NP (Fig. S4d, SI). The result clearly indicates that the
fabricated hybrid catalyst (especially the Pt-EMSiOx catalyst), can be
utilized for fast and efficient reduction purification of 4-NP-con-
taminated waste water.

In order to make the process economically more viable and scalable,
reusability of the Pt salt was also tested for 3 successive cycles.
Corresponding XRD is given in Fig. S5 supported by Table S1.

3.3.4. Proposed mechanism for the conversion of 4-NP to 4-AP using Pt-
SiOx as catalyst

The reactions involved in the catalytic reduction of 4-nitrophenol to
4-aminophenol by Pt decorated biogenic porous silica are shown in
schematic 2. In the initial phase, the excessive amount of borohydride
BH, ! ions (from NaBH,) get adsorbed on the surface of Pt nano-
particles, promote the formation of Pt-hydride bonds. Consequently,
adsorption of 4-nitrophenolate ion onto the Pt nanoparticles is followed
by the interaction of nitro group (from 4-nitrophenolate ion) with the
hydride ions to form Pt-hydride complex. Eventually, 4-aminophenol is
formed as the final product through different steps of hydro-deox-
ygenation reactions. The Pt NPs present on the porous walls of biogenic
silica substrates enhance the rate of reaction by increasing the flow of
electrons from BH, ! to 4-NP [42]. The outstanding catalytic activity
of Pt-SiOx for the conversion of 4-NP to 4-AP is probably due to strong
synergetic effect (i.e. geometric and electron effect) between SiOx and
Pt. The biogenic porous silica particles can assist the electron relay and
hence improve the catalytic activity of the Pt in Pt-SiOx catalyst for the
reduction 4-NP. The difference in the catalytic performance of the three
types of hybrid catalysts tested in the present work is attributed not
only to the different weight percent of Pt incorporated onto the porous
substrates but also to the formation of uniformly distributed Pt nano-
particles (which is the case of Pt-EM SiOx). In other words, relatively
higher porosity of the Pt-EMSiOx hybrid catalyst leads to the generation
of higher number of catalytically active sites (small sized Pt nano-
particles) for the catalytic reduction of 4-NP. Therefore, the presence of
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Fig. 12. XRD patterns of the hybrid catalysts (Pt-incorporated biogenic BB, EM,
and RH silica substrates) after their use in 8 catalysis cycles. As compared to Pt
peaks from unused catalysts (Fig. 2), the relative change in the Si/Pt peak in-
tensities reveals the decrease in the Pt content.
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Scheme 2. Schematic representation of the mechanistic aspects of catalytic reduction reaction process for the conversion of 4-nitrophenol to 4-aminophenol in
presence of NaBH, and PtNPs over mesoporous 3D biogenic silica substrates. (H in red represents the participation in the next step in the reaction).

biogenic porous silica substrates in Pt-SiOx plays a vital role in en-
hancing the catalytic reduction process. Additionally, the highly porous
biogenic silica (ref to Fig. 4c) can also act as in-built depth filter to trap
part of the suspended contaminants (smaller than the pore volume)
within the depth of the porous catalytic system.

4. Conclusions

In our pursuit for obtaining reusable efficient environment friendly
catalyst, small Pt nanoparticles of 2 to 3 nm (mean size = 2.2 nm) sizes
could be successfully fabricated and assembled over the surface of 3D
porous biogenic silica substrates of different biological origins through
a simple two-step chemical process. The size and density of Pt nano-
particles over different biogenic silica supports is found to depend on
substrate porosity and surface coverage by amino groups (from APTES)
at their surface. All the fabricated hybrid structures show high catalytic
activity for 4-NP reduction by NaBH,, with a complete reduction as fast
as in 90 s at room temperature and within 20 s at 70 °C. The best
catalytic performance manifested by the Pt-EMSiOx catalyst could be
associated to the higher surface area (high porosity) of EM silica and
good dispersion of Pt nanoparticles over it. While a good dispersion and
high density of Pt particles generate a high density of active catalytic
sites at the surface of the catalyst, high porosity of the support not only
facilitates a good adsorption of analyte molecules at surface, but also
enhances the electron transfer process from Pt nanoparticles to the
analyte (4-NP) molecules. The hybrid catalysts fabricated in this work
are highly stable (chemical and thermal), have good reusability (up to 8
cycles with less than 3% reduction) performance, and can be efficiently
utilized for fast purification of 4-NP contaminated waste water. The
hybrid PtNPs supported biogenic silica catalysts have great potential for
commercialization after optimization of PtNP loading over the porous
substrates.
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