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A polymer membrane having asymmetric physical structure, dense at
surfaces and fibrous interior, is developed to host the Ag, Au, Pd, Rh and
Ru nanocatalysts that are formed by in situ reductions of the precursor
ions with functional groups covalently attached with the membrane
matrix. This membrane mimics an eggshell membrane in terms of
reduction and stabilization of the nanocatalysts without involving external
reagents. The nanocatalysts in this membrane exhibit high catalytic
activity in both the inorganic and organic reductions.

A significant advancement in the redox reactions having
technological and commercial importance can be achieved by
employing the noble metal nanocatalysts (NCs) due to their
larger surface area, higher dispersion, desired shapes for
exposing reactive facets, under-coordinated surface sites, and
quantum confinement effects.” However, the key issues
involved in the utilization of nanoparticles (NPs) as the
heterogeneous catalyst are their tendency to agglomerate
(physical stability), chemical corrosion leading to deactivation
of their surfaces (chemical stability), and difficulty in
withdrawing them from the systems (recyclability and product
contamination). There is a possibility to address these
problems by immobilizing NCs on a solid support like carbon
nanomaterials,2 inorganic particles,3 superparamagnetic Fe;0O,
particles,4 biopolymer matrices,5 synthetic  polymer
membranes,® porous inorganic support,” and resins/polymers.®
Among these, the NCs immobilized on the magnetic particles
and films/membranes are easily retrievable from the
processes.

The bio-materials are non-toxic, low cost, and may provide a
control over shape and size distributions. Various biomaterials
like vitamins, sugars, agriculture extracts and residues etc. can
be used for the reduction as well as capping of the NPs.’ It has
been shown that phenolic derivatives in the most of
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biomaterials are responsible for the precursor ions reduction
and sugars provides capping on the NPs.™ The polysaccharide
biopolymers like chitosan are extensively used as a solid
support for the NPs due their capability to reduce and stabilize
the noble metal NPs.™

The bacterial cells can also be utilized for the intracellular
synthesis of the NPs, which release due to rapture of the cell
wall.?? Eggshell membrane has the glycoprotiens consisting of
amino and carboxylic groups that reduce and stabilize the
noble metal NPs.”® The NPs in the eggshell membranes exhibit
good catalytic activity due to the fibrous structure of eggshell
membrane that provide a high accessibility to the NPs.

In the present work, a synthetic polymer membrane has been
prepared by grafting glycidyl methacrylate (GMA) along with a
cross-linker in  pores of a commercially available
poly(propylene) membrane by the UV-initiator induced in situ
graft-polymerization (see ESIt for details). The physical
structure of the grafted membrane is asymmetric as shown in
Fig.1. The final membrane has highly porous interior and dense
surfaces that are quite different from the homogenous micro-
porous membrane used for the grafting, see Fig.1.

Fig.1. FE-SEM images showing surface (a) and cross-section (b) of host poly(propylene)
membrane, and surface (c) and cross-section (d) of the same membrane after the
grafting of GMA and subsequent treatment to attach N-methyl-D-glucamine (NMDG).
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Scheme 1. The chemical reaction involved in the anchoring of NMDG in a membrane that reduces noble metal precursor ions and stabilizes thus formed NPs.

The poly(propylene) host membrane provides a mechanical
framework to soft microgel anchored in its pores. This
membrane is similar to the hydrogel-filled membrane used for
the applications like mass separations, sensing and analytical
applications, catalysis, biomedical technologies etc.’ The
interlinked microgels in pores of the membrane have
connectivity that, in turn, provide a high accessibility to the
functional groups. The physical structure of the pore-filled
membrane synthesized in the present work is quite different
from that of the homogenous pore-filled membranes reported
in the literature.™® This is due to a reorganization of the 100
wt.% GMA-grafted membrane during drying that would shrink
the polymer chains to form the dense surfaces and fibrous
interior.

To anchor reducing functional groups in the membrane, the
GMA grafted membranes have been reacted with N-methyl-D-
glucamine (NMDG) using a procedure similar to that described
for synthesis of the As(V)-selective membrane.” The reducing
properties of NMDG is not known. The overall process
involved in the covalent attachment of NMDG groups in the
membrane and its role in the reduction and stabilization of
noble metal NPs are shown in Scheme 1.

The Ag, Au, Pd, Rh, and Ru NPs have been formed by just
dipping the membrane samples in the 0.1 mol L™ solutions of
AgNO3, HAuCl,, PdCl,, RhCl3 and RuCls, respectively, for 12 h at
room temperature (see ESIT). It should be noted that loading
of noble metals in the membrane occurs only by the reduction
and deposition in the form of NPs. Thus, this process is similar
to the electro-less deposition of metal. The image obtained by
field emission scanning electron microscopy (FE-SEM) and
elemental mappings by energy-dispersive spectroscopy (EDS)
shown in Fig. 2 suggest that the nitrogen
(representing NMDG groups) and Rh NPs are uniformly
distributed on the surface of membrane. It is seen from the FE-
SEM images given in Fig. S1 (ESIT) that the noble metal NPs
having different shapes and sizes are formed at the surfaces of

seem to

the membrane depending upon the precursor ions. Thus, the
self-reducing membrane developed in the present work is
capable of reducing metal ions having redox potential E°>0.68
V. It has been observed that Pt NPs are not formed using
PtCIsz' precursor ions at room temperature. It is known that
the formation of Pt NPs from PtCIGZ' precursor ions using
ethylene glycol or BH, requires high temperature and
pressure.'®

2 | Green Chemistry, 2015, 00, 1-4

The big sized Rh/Au/Ag NPs (> 50 nm) and small sized Pd/Ru
NPs (10-15 nm) are formed at the surfaces of membrane
equilibrated for the saturation loading. The Au cubes and
prisms are formed at smooth surface and spherical Au NPs are
formed at porous surface, see Fig. Sla (ESIT). The presence of
Ru NPs has also been confirmed by energy dispersive X-ray
fluorescence (EDXRF) analyses due to lower metal contents
and small sized NPs loaded in the membrane samples, see Fig.
S2 (ESIT). It is interesting to observe from the FE-SEM images
of cross-sections of the membrane given in Fig. S3 (ESIt) that a
negligible number of NPs are formed at the fibrous interior
matrix. However, the FE-SEM image and elemental mapping
clearly indicate Ag0 coating on the fibres at interior matrix of
the membrane, see Figs. 3 & S3 (ESIT). The nitrogen mapping
across the thickness of membrane indicates that NMDG is
uniformly distributed at interior matrix of the membrane also.

Moy s 4

(a) BB WA B WV SRY WD e

Fig.2. The representative FE-SEM image of the surface of Rh NPs loaded membrane (a),
and corresponding elemental mappings of nitrogen (b) and Rh (c) by EDS.
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Fig.3. FE-SEM image of the cross-section of Ag’ loaded membrane sample (a), and
corresponding elemental mapping of Ag (green) and nitrogen (red) (b) by EDS.

To explore a possibility of controlled loading of noble metal
NPs, the membrane samples have been equilibrated with the
well stirred 0.05 mol L* AgNO; and PdCl, solutions as a
function of time. The loading of AgO/Pd0 in the membrane
sample as a function of equilibration time is shown in Fig. 4.
The amount of Ago/Pdo loaded in the membrane has been
determined by leaching all the Ago/Pd0 contents from the
membrane samples in 10 mL of 3 mol Lt HNQO3, and subjecting
these leach solutions to ICP-AES analyses. As can be seen from
Fig. 4, the Ag loading attains 70 mg g'1 within 10 min, and
slowly reaches to a saturation loading capacity 80 mg g'1
thereafter. It is evident from Fig. 4 that the rate of Pd°
deposition is comparable to Ag0 deposition in the membrane
though the reduction of Pd” ions involves two electrons
transfer. Also, the saturation loading of Pd®in the membrane is
120 mg g'1 that is higher than the AgO saturation loading 80 mg
g'1 in a same membrane. Thus, the reduction efficiency of
NMDG-membrane
potential of the precursor ions.

increases with an increase in a redox
These preliminary results seem to suggest that the M° content
and particles size can be controlled by equilibrating a
membrane sample in the precursor ions solution for a
predetermined time. The FE-SEM images given in Fig. 5 show
that the Ag NPs sizes decrease from = 75 nm at the saturation
loading to =15 nm in the membrane equilibrated for 1 min in
AgNO; solution. At some places, the clusters of Ag NPs have
also been formed after 1 min equilibration, see Fig. 5a. The
loading of metal content can also be reduced by controlling
the grafting yield of reducing moiety NMDG in the membrane.
This is based on a fact that the grafting yield is dependent
upon the concentration of monomer in the solution used for
grafting it in the membrane.’”
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Fig.5. FE-SEM images showing Ag NPs formed on surfaces of the membrane after 1 min
(a) and 60 min (b) equilibrations in 0.05 mol L™ AgNO; solution.

The unchanged physical appearance, catalytic activity and XRD
pattern of Ag NPs loaded membrane sample stored under
ambient conditions for a time period of three months seems to
suggest that the Ag NPs have a long shelf life in the membrane,
see Fig. S4 (ESIT).

The catalytic properties of a Pd NPs loaded membrane have
been studied in the reductions of U(VI) and Cr(VI) by formic
acid at 45-50 °C. The U(VI) reduction has several applications
in the nuclear industries,”” and the Cr(VI) reduction is
important for its remediation in a less toxic Cr(lll) form."® The
choice of formic acid has been based on the good catalytic
activity of Pd NPs in the oxidation of formic acid,*® and also
U(IV) can be stabilized in formic acid. The formic acid has been
used for reducing Cr(VI) to Cr(III).20 In both cases, the
reductions have been monitored by UV-Vis spectrophotometry
as described in the experimental section. As can be seen from
Fig. 6 & S5 (ESIT), both the reduction processes have
proceeded efficiently in the presence of a Pd NPs embedded
membrane (see ESIT for experimental details).The experiments
under similar conditions using the blank NMDG-membrane
show that the reduction of U(IV) or Cr(VI) does not occur in the
absence of Pd NPs, see Fig. S6 (ESIT).

The conversion of U(VI) to U(IV) has been achieved within 20
min though there is a initial time lag in onset of the reduction
process, see Fig. 6. U(IV) is stabilized in formic acid as its
absorbance does not change even after two days. Thus, highly
stable U(VI) could be reduced and stabilized to U(IV) just by
formic acid at elevated temperature without need of addition
of any reagents. The Pd NPs loaded membrane can be
recycled.
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Fig.4. Variations of Ag’ and Pd’ loadings in the membrane as a function of equilibration
time in well stirred 0.05 mol L™ AgNO; and PdCl, solutions, respectively, at room temp.
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Fig. 6. Successive UV-Vis spectra showing reduction of U(VI) to U(IV) using formic acid
at 50 °C as a function of time in the presence of a Pd NPs loaded membrane.
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The coinage metal NPs are evaluated for their catalytic
efficiencies in the model organic redox reactions involving
reductions of p-nitrophenol (PNP) and methylene blue (mb)
with BH, ions.*®*! These organic redox reactions follow a
pseudo-first-order kinetics in the presence of excess of NaBH,.
In the present work, the BH, reductions of PNP and MB have
been studied using a Ag NPs loaded membrane as catalyst. The
membrane developed in the present work is a neutral and,
hence, both anionic (p-nitrophenolate) and cationic (MB)
species would invade the membrane matrix easily.

It is seen from the growth of a product peak at 300 nm (p-
aminophenol) in the UV-Vis spectrum of solution given in Fig.
S7 (ESIT) that the membrane does not hold the reduced
product p-aminophenol. As expected, both the reductions
follow pseudo-first-order kinetics as shown in Figs. S7 & S8
(ESIT). It is interesting to observe that both the reductions are
completed instantaneous (within a minute), and apparent
reduction rate constants (kpnp = 0.1 st kmp = 1.5 s"l) thus
obtained are significantly higher as compared to that reported
in the literature.”’ There are several reasons that may be
responsible for a higher redox catalytic activity of NPs in the
membrane. These are: (i) high accessibility of NPs to the
reactants, (ii) absence of capping that retard the catalytic
activity,22 and (iii) nanoconfinement effects.” It has been
shown that silver citrate complexes readily undergo redox
decomposition in the nanoscale confinement to form the Ag
NPs.Z It has also been reported that the catalytic behaviour of
mesoporous materials is strongly influenced by the
confinement effects.”® These are related to geometrical
constraints, reduced mixing of reactants and products,
sorption reacting species on the pore-wall etc that may
accelerate the redox kinetics.

In conclusions, the synthetic polymer membrane developed in
the present work not only provides a green route for the
syntheses of NPs in a solid matrix by simply dipping it in the
precursor ions solution for a fixed period of time, but also
enhances the redox catalytic activity of thus formed NPs in the
inorganic and organic reactions. The membrane acts as a
robust container of almost bare NPs without affecting their
accessibility, and also NPs have a long shelf life. The same
synthetic route can also be applied for synthesizing the self-
reducing silica and Fe;0, particles.
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Graphical Abstract

Highly stable metal nanocatalysts formed in self-reducing asymmetric polymer membrane exhibit good
catalytic activity in inorganic and organic redox reactions.
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