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(57) Abstract: There is provided a composite material comprising a porous silica particle, a plurality of metal particles disposed within

the pores of said silica particle and a polymeric coating that at least partially encapsulates said silica particle. There is also provided a
method of preparing a composite material, comprising the step of mixing a solution containing a plurality of activated metal and silica
particles with a polymer solution to thereby form said composite material, wherein said composite material comprises a porous silica
particle, a plurality of metal particles disposed within the pores of said silica particle and a polymeric coating that at least partially
encapsulates said silica particle.
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A Composite Material and a Method of Preparing
The Same

References to Related Applications

This application claims priority to Singapore application number 1020190092185 filed on 31
January 2019, the disclosure of which is hereby incorporated by reference.

Technical Field

The present invention relates to a composite material, a method of preparing the same, use of the
composite material and a method of forming an oxygen scavenging or oxygen barrier film.

Background Art

Oxygen presented in packaging is a key factor that affects the quality of packaged food products.
Perishable foods such as fruits and vegetables are very sensitive to oxygen and deteriorate casily.
Such deterioration may cause loss of vitamin C, oxidative rancidity of fats and oils, growth of
microorganisms and discoloration. One of the main purposes of food packaging is to protect the food
packaged against oxygen, thus maintaining food items quality with prolonged shelf life. Many efforts
have been done to provide a packaging with good barrier property against oxygen. At the same time,
modified atmosphere and vacuum packaging are well-known methods to reduce oxygen content in the
package prior sealing. However, the residue oxygen (oxygen trapped in the food or present in the
headspace) in the packaging cannot be completely removed by these technologies. Moreover, high
cost and complicated operations are some issues related to modified atmosphere and vacuum
packaging. Thus, the development of effective oxygen scavenger is highly desired.

Oxygen scavengers scavenge oxygen through oxidation of active compounds such as iron powder,
ascorbic acid, enzymes, unsaturated hydrocarbon, photosensitive polymers, etc. Organic and
unsaturated hydrocarbon scavengers are relatively unstable and emits unwanted odor after oxidation.
Among these oxygen scavengers, iron based oxygen scavenger is the most well-known and
commercially available product due to its high scavenging efficiency, low cost and safety. Iron
particles with smaller sizes show higher scavenging capacity compared to the larger particles due to
the large amount of reactive surface atoms. Thus, nanosized iron particles have much potential for use
in oxygen scavenging. However, such small iron particles are too active and may explode during
production, and are therefore difficult to be produced or handled during industry production.

Porous particles with nanosized channels or pores are promising candidates to act as a carrier and
protector to hold the nanosized iron particles in the channels or pores to avoid the aggregation of iron
particles and enhance the contact of oxygen and iron nanoparticles, which can lead to improvement in
the oxygen scavenging capacity. However, limited loading of iron particles into the nanosized
channels or pores may result in the limitation of the oxygen scavenging performance. The iron
particles may be oxidized during preparation and reduce the oxygen scavenging capacity. The
iron/silica nanoparticles may aggregate together when forming an oxygen barrier layer, leading to an
increase in the opacity of the oxygen barrier layer.

Therefore, there is a need to provide a composite material, a method of preparing composite
nanoparticle, use of the composite material and a method of forming an oxygen barrier film that
overcome or ameliorate one or more of the disadvantages mentioned above.
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Summary

In one aspect, the present disclosure relates to a composite material comprising a porous silica particle,
a plurality of metal particles disposed within the pores of said silica particle and a polymeric coating
that at least partially encapsulates said silica particle.

Advantageously, the polymeric coating acts as a protective layer that uniformly covers the metal/silica
particles to avoid the oxidation of the metal particles in the porous silica particle during their
preparation, leading to high oxygen scavenging of the metal particles and good dispersion in polymer
matrix. Due to the nanoscale thickness of the polymeric coating, the metal particles can still be
activated by moisture to scavenge oxygen.

Still advantageously, the silica particle may be functionalized with a silane which promotes the
adsorption of the metal nanoparticle, leading to higher metal particle loading in the porous silica
particle and therefore improves the oxygen scavenging capacity.

In another aspect, the present disclosure relates to a method of preparing a composite material,
comprising the step of mixing a solution containing a plurality of activated metal and silica particles
with a polymer solution to thereby form said composite material, wherein said composite material
comprises a porous silica particle, a plurality of metal particles disposed within the pores of said silica
particle and a polymeric coating that at least partially encapsulates said silica particle.

The method may further comprise a step of by annealing or chemical etching to enlarge the pore size
of the silica particle.

Advantageously, through annealing or etching process, the porous silica particle possesses larger
pore/channel for holding more metal particles in the composite material.

In another aspect, the present disclosure relates to use of the composite material as defined herein as
an oxygen scavenger material.

In another aspect, the present disclosure relates to a method of forming an oxygen scavenging or
oxygen barrier film comprising the step of compounding or coating a substrate with a composite
material as defined herein.

Advantageously, the polymeric coating avoids oxidation and aggregation of metal/silica particles
during compounding process with polymer resin, resulting in transparent oxygen scavenging
composite films with high oxygen scavenging capability.

Definitions
The following words and terms used herein shall have the meaning indicated:

The term “composite™ as used herein represents material made from two or more constituent materials
with significantly different physical or chemical properties that, when combined, produce the material.
The individual components remain separate and distinct within the finished material.

The term “oxygen scavenging” as used herein refers to an act of gathering or removing oxygen
from an enclosed area or mixture.

Unless specified otherwise, the terms "comprising" and "comprise”, and grammatical variants
thereof, are intended to represent "open" or "inclusive" language such that they include recited
elements but also permit inclusion of additional, unrecited elements.
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As used herein, the term "about”, in the context of concentrations of components of the
formulations, typically means +/- 5% of the stated value, more typically +/- 4% of the stated
value, more typically +/- 3% of the stated value, more typically, +/- 2% of the stated value, even
more typically +/- 1% of the stated value, and even more typically +/- 0.5% of the stated value.

Throughout this disclosure, certain embodiments may be disclosed in a range format. It should be
understood that the description in range format is merely for convenience and brevity and should
not be construed as an inflexible limitation on the scope of the disclosed ranges. Accordingly, the
description of a range should be considered to have specifically disclosed all the possible sub-
ranges as well as individual numerical values within that range. For example, description of a
range such as from 1 to 6 should be considered to have specifically disclosed sub-ranges such as
from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from 3 to 6 etc., as well as
individual numbers within that range, for example, 1, 2, 3, 4, 5, and 6. This applies regardless of
the breadth of the range.

Certain embodiments may also be described broadly and generically herein. Each of the narrower
species and subgeneric groupings falling within the generic disclosure also form part of the
disclosure. This includes the generic description of the embodiments with a proviso or negative
limitation removing any subject matter from the genus, regardless of whether or not the excised
material is specifically recited herein.

Detailed Disclosure of Embodiments

Exemplary, non-limiting embodiments of a composite material will now be disclosed.

The present disclosure relates to a composite material comprising a porous silica particle, a plurality
of metal particles disposed within the pores of said silica particle and a polymeric coating that at least

partially encapsulates said silica particle.

The function of the porous silica particle is mainly for hosting the metal particles to achieve uniform
dispersion and high scavenging capacity.

The silica particle may be modified with a silane compound. The silane compound may be
functionalised with an amino group or a carboxylic group.

The silane compound functionalized with an amino group may be selected from the group consisting
of  aminomethyltrimethoxysilane, aminomethyltriethoxysilane, = aminomethyltripropoxysilane,

aminoethyltrimethoxysilane, aminoethyltriethoxysilane, aminoethyltripropoxysilane,
aminopropyltrimethoxysilane, aminopropyltriethoxysilane, aminopropyltripropoxysilane,
aminopropyltrimethoxyethoxysilane, aminopropylmethyldimethoxysilane, aminopropyl-
methyldiethoxysilane, aminopropylmethyldiethoxysilane, aminopropylmethyldibutoxysilane,
aminopropylmethyldiisopropenoxysilane, aminopropyldimethylethoxysilane,
aminopropyldimethyimethoxysilane, aminopropyldimethylpropoxysilane,
aminopropylmethyldiisopropenoxysilane, aminopropyldiisopropylethoxysilane,

aminopropylbistrimethylsiloxymethylsilane, aminobutyltrimethoxysilane, or mixtures thereof.

The silane compound functionalized with a carboxylic acid group may be disodium carboxyethyl
siliconate. The silane compound functionalized with a carboxylic acid group may be converted from a
silane compound functionalized with an amino group after the modification of the silane compound
functionalized with an amino group. The silane compound may preferably be
aminopropyltriethoxysilane (APTES).
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The metal of the metal particle may be selected from Group 8 of the Periodic Table. The metal of the
metal particle may be iron. The iron particle may be a zero-valent iron particle in the composite
material.

The size of the metal particle may be less than 100 nm, preferably less than 50 nm, and particular
preferably less than 5 nm. The size of the metal particle may be in the range of about 1 nm to 100 nm,
about 1 nm to 80 nm, about 1 nm to 60 nm, about 1 nm to 50 nm, about 1 nm to 30 nm, about 1 nm to
10 nm, about 1 nm to 5 nm, about 5 nm to 100 nm, about 10 nm to 100 nm, about 30 nm to 100 nm,
about 50 nm to 100 nm, about 60 nm to 100 nm, or about 80 nm to 100 nm.

The size of the silica particle may be in the range of about 20 nm to about 1 um, about 20 nm to about
800 nm, about 20 nm to about 600 nm, about 20 nm to about 500 nm, about 20 nm to about 400 nm,
about 20 nm to about 300 nm, about 20 nm to about 100 nm, about 20 nm to about 80 nm, about 20
nm to about 60 nm, about 20 nm to about 50 nm, about 20 nm to about 30 nm, about 30 nm to about 1
um, about 50 nm to about 1 um, about 80 nm to about 1 um, about 100 nm to about 1 um, about 300
nm to about 1 um, about 400 nm to about 1 pm, about 500 nm to about 1 pm, about 600 nm to about 1
um, about 800 nm to about 1 pm, about 50 nm to about 400 nm, or about 100 nm to 300nm.

The pore size of the porous silica particle may in the range of about 5 nm to about 100 nm, about 5
nm to about 90 nm, about 5 nm to about 80 nm, about 5 nm to about 70 nm, about 5 nm to about 60
nm, about 5 nm to about 50 nm, about 5 nm to about 40 nm, about 5 nm to about 30 nm, about 5 nm
to about 20 nm, about 5 nm to about 10 nm, about 10 nm to about 100 nm, about 20 nm to about 100
nm, about 30 nm to about 100 nm, about 40 nm to about 100 nm, about 50 nm to about 100 nm, about
60 nm to about 100 nm, about 70 nm to about 100 nm, about 80 nm to about 100 nm, or about 90 nm
to about 100 nm. The pore size of the porous silica material may be preferably in the range of about
10 nm to about 30 nm.

The weight of the metal particles in the composite metal/silica particles may be in the range of about 1
wt% to about 80 wt%, about 1 wt% to about 70 wt%, about 1 wt% to about 60 wt%, about 1 wt% to
about 50 wt%, about 1 wt% to about 40 wt%, about 1 wt% to about 30 wt%, about 1 wt% to about 20
wt%, about 1 wt% to about 10 wt%, about 1 wt% to about 5 wt%, about 5 wt% to about 80 wt%,
about 10 wt% to about 80 wt%, about 20 wt% to about 80 wt%, about 30 wt% to about 80 wt%, about
40 wt% to about 80 wt%, about 50 wt% to about 80 wt%, about 60 wt% to about 80 wt%, about 70 wt%
to about 80 wt%, about 10 wt% to about 70 wt%, about 10 wt% to about 50 wt%, about 30 wt% to
about 60 wt%, or about 20 wt% to about 40 wt% based on the dry weight of the silica particles. The
weight of the metal particles in the composite metal/silica particles may be preferably in the range of
about 20 wt% to about 60 wt% based on the dry weight of the silica particles.

The composite material may further comprise an activator. The activator may be a salt. The salt may
be a halide salt. The cation of the halide salt may be a metal selected from Group 1, Group 2 or Group
13 of the Periodic Table of Elements. The anion of the halide salt may be a chloride, a bromide or a
fluoride. The activator may be sodium chloride (NaCl), calcium chloride (CaCl,), aluminium chloride
(AICly), sodium fluoride (NaF), calcium fluoride (CaF,), aluminium fluoride (AlF3), sodium bromide
(NaBr), calcium bromide (CaBr;), aluminium bromide (AlBr3), sodium iodide (Nal), calcium iodide
(Cal,), or aluminium iodide (All;). The activator may be sodium chloride.

The activator may be trapped inside the pores of the silica particle and be in contact with the metal
particles to activate oxygen scavenging. The weight percentage of the activator based on the dry
weight of the silica particles after the composite material is dried is about 0.1 wt% to about 10 wt%,
about 0.3 wt% to about 10 wt%, about 0.5 wt% to about 10 wt%, about 0.8 wt% to about 10 wt%,
about 1 wt% to about 10 wt%, about 3 wt% to about 10 wt%, about 5 wt% to about 10 wt%, about 8
wt% to about 10 wt%, about 0.1 wt% to about 8 wt%, about 0.1 wt% to about 5 wt%, about 0.1 wt%
to about 3 wt%, about 0.1 wt% to about 1 wt%, about 0.1 wt% to about 0.8 wt%, about 0.1 wt% to
about 0.5 wt% or about 0.1 wt% to about 0.3 wt%.
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The polymeric coating may comprise a polymer having a monomer selected from the group consisting
of urethane, acrylate, methacrylate, epoxy, ethylene, vinyl alcohol and mixtures thereof. The
molecular weight of the polymer may be in the range of about 10,000 to about 500,000, about 20,000
to about 500,000, about 50,000 to about 500,000, about 100,000 to about 500,000, about 200,000 to
about 500,000, about 300,000 to about 500,000, about 10,000 to about 300,000, about 10,000 to about
100,000, about 20,000 to about 200,000, about 50,000 to about 200,000, about 100,000 to about
200,000, about 120,000 to about 200,000, about 150,000 to about 200,000.

The thickness of the polymeric coating may be in the range of about 0.5 nm to about 15 nm, about 1
nm to about 15 nm, about 2 nm to about 15 nm, about 3 nm to about 15 nm, about 5 nm to about 15
nm, about 8 nm to about 15 nm, about 10 nm to about 15 nm, about 13 nm to about 15 nm, about 0.5
nm to about 13 nm, about 0.5 nm to about 10 nm, about 0.5 nm to about 8 nm, about 0.5 nm to about
5 nm, about 0.5 nm to about 3 nm, about 0.5 nm to about 2 nm, about0.5 nm to about 1 nm, about 1
nm to about 5 nm, about 1 nm to about 10 nm, about 5 nm to about 10 nm, or about 2 nm to about 8
nm.

The composite material may have an oxygen scavenging performance in the range of about 210 to
about 230 cm’/g, about 210 to about 215 cm’/g, about 210 to about 220 cm’/g, about 210 to about 225
cm’/g, about 215 to about 230 cm’/g, about 220 to about 230 cm’/g, about 225 to about 230 cm’/g,
about 215 to about 220 cm’/g, about 220 to about 225 cm’/g or about 225 to about 230 cm’/g.

Exemplary, non-limiting embodiments of a method of preparing the composite material as described
herein will now be disclosed.

The present disclosure relates to a method of preparing a composite material, comprising the step of
mixing a solution containing a plurality of activated metal and silica particles with a polymer solution
to thereby form said composite material, wherein said composite material comprises a porous silica
particle, a plurality of metal particles disposed within the pores of said silica particle and a polymeric
coating that at least partially encapsulates said silica particle.

The method may further comprise a step of annealing or chemical etching to enlarge the pore size or
channel size of the silica particle.

The annealing may be at a temperature range of about 100 °C to about 700 °C, about 100 °C to about
600 °C, about 100 °C to about 500 °C, about 100 °C to about 400 °C, about 100 °C to about 300 °C,
about 100 °C to about 250 °C, about 100 °C to about 200 °C, about 100 °C to about 150 °C, about
150 °C to about 700 °C, about 200 °C to about 700 °C, about 250 °C to about 700 °C, about 300 °C to
about 700 °C, about 400 °C to about 700 °C, about 500 °C to about 700 °C, about 600 °C to about
700 °C, or about 250 °C to about 500 °C. The annealing step may be preferably at a temperature range
of about 250 °C to about 500 °C

The chemical etching may be using an alkali salt solution. The alkali salt may be soluble hydroxides
of alkali metals or alkaline earth metals. The alkali salt may be selected from the group consisting of
sodium hydroxide, potassium hydroxide, calcium hydroxide and magnesium hydroxide. The alkali
salt may preferably be sodium hydroxide.

The amount of alkali salt may be in the range of about 0.01 wt% to about 5 wt%, about 0.01 wt% to
about 3 wt%, about 0.01 wt% to about 1 wt%, about 0.01 wt% to about 0.5 wt%, about 0.01 wt% to
about 0.3 wt%, about 0.01 wt% to about 0.1 wt%, about 0.01 wt% to about 0.05 wt%, about 0.01 wt%
to about 0.03 wt%, about 0.03 wt% to about 5 wt%, about 0.05 wt% to about 5 wt%, about 0.1 wt% to
about 5 wt%, about 0.3 wt% to about 5 wt%, about 0.5 wt% to about 5 wt%, about 1 wt% to about 5
wt%, about 3 wt% to about 5 wt% of the silica particle.
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The method may further comprise the step of modifying the silica particles with a silane compound.
The silane compound may be functionalised with an amino group or a carboxylic group. The amount
of silane compound used to react with the silica material may be in the range of about 5 wt% to about
30 wt%, about 5 wt% to about 25 wt%, about 5 wt% to about 20 wt%, about 5 wt% to about 15 wt%,
about 5 wt% to about 10 wt%, about 10 wt% to about 30 wt%, about 15 wt% to about 30 wt%, about
20 wt% to about 30 wt%, or about 25 wt% to about 30 wt%, based on the weight of the silica particle.

The weight of the metal particles in the metal/silica composite nanoparticle is dependent on the ratio
of silica particles and metal salt during the incipient wetness impregnation step for which the metal
salt is loaded into the pores of the silica particles and is subsequently reduced to zero valent iron.

The polymer of the polymer solution may be dissolved in a mixture of alcohol and water. The alcohol
may be selected from the group consisting of methanol, ethanol, 1-propanol, 2-propanol, 1,3-
propanediol, 1-butanol, 2-butanol, 1,4-butanediol and1,2,4-butanetriol.

The volume ratio of water content in the mixture of alcohol and water may be in the range of about
10 % to 80 %, about 10 % to 70%, about 10 % to 60%, about 10 % to 50%, about 10 % to 40%, about
10 % to 30%, about 10 % to 20%, about 20 % to 80%, about 30 % to 80%, about 40 % to 80%, about
50 % to 80%, about 60 % to 80%, or about 70 % to 80%. The volume ratio of water content in the
mixture of alcohol and water may be preferably in the range of about 20 % to 30 %.

The polymer solution may be prepared at a temperature range of about 30 °C to about 100 °C, about
30 °C to 90 °C, about 30 °C to 80 °C, about 30 °C to 70 °C, about 30 °C to 60 °C, about 30 °C to
50 °C, about 30 °C to 40 °C, about 40 °C to 100 °C, about 50 °C to 100 °C, about 60 °C to 100 °C,
about 70 °C to 100 °C, about 80 °C to 100 °C, or about 90 °C to 100 °C. The polymer solution may be
prepared preferably at a temperature range of about 60 °C to about 75 °C.

The concentration of the polymer in the polymer solution may be in the range of about 0.01 wt% to
about 30 wt%, about 0.01 wt% to about 25 wt%, about 0.01 wt% to about 20 wt%, about 0.01 wt% to
about 15 wt%, about 0.01 wt% to about 10 wt%, about 0.01 wt% to about 5 wt%, about 0.01 wt% to
about 1 wt%, about 0.01 wt% to about 0.5 wt%, about 0.01 wt% to about 0.25 wt%, about 0.01 wt%
to about 0.1 wt%, about 0.1 wt% to about 30 wt%, about 0.15 wt% to about 30 wt%, about 0.25 wt%
to about 30 wt%, about 0.5 wt% to about 30 wt%, about 1 wt% to about 30 wt%, about 5 wt% to
about 30 wt%, about 10 wt% to about 30 wt%, about 15 wt% to about 30 wt%, about 20 wt% to about
30 wt%, or about 25 wt% to about 30 wt% or about 0.15 wt% to about 0.25 wt%,. The concentration
of the polymer in the polymer solution may be preferably in the range of about 0.15 wt% to about
0.25 wt%.

The polymer solution may be bubbled with nitrogen gas to remove the residue oxygen in the solution
before mixing with a plurality of activated metal/silica particles.

The metal/silica particles may be mixed with a mixture of ethanol and water before activation. The
mass content of the metal/silica particles in the ethanol and water mixture may be in the range of
about 5 wt% to about 80 wt%, about 5 wt% to about 70 wt%, about 5 wt% to about 60 wt%, about 5
wt% to about 50 wt%, about 5 wt% to about 40 wt%, about 5 wt% to about 30 wt%, about 5 wt% to
about 20 wt%, about 5 wt% to about 10 wt%, about 10 wt% to about 80 wt%, about 20 wt% to about
80 wt%, about 30 wt% to about 80 wt%, about 40 wt% to about 80 wt%, about 50 wt% to about 80
wt%, about 60 wt% to about 80 wt%, or about 70 wt% to about 80 wt%. The mass content of the
metal/silica particles in the ethanol and water mixture may be preferably in the range of about 7 to
about 10 wt%.

The method may further comprise the step of activating a metal particle with a salt to form said
activated metal. The activator may be sodium chloride. The concentration range of the sodium
chloride water solution is about 5 wt% to about 30 wt%, about 8 wt% to about 30 wt%, about 10 wt%
to about 30 wt%, about 15 wt% to about 30 wt%, about 20 wt% to about 30 wt%, about 25 wt% to
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about 30 wt%, about 5 wt% to about 25 wt%, about 5 wt% to about 20 wt%, about 5 wt% to about 15
wt%, about 5 wt% to about 10 wt% or about 5 wt% to about 8 wt%.

The freshly-prepared plurality of activated metal/silica particles may be added into the polymer
solution in a dropwise manner under stirring. The stirring speed may be from about 100 rpm to about
2000 rpm, from about 100 rpm to about 1500 rpm, from about 100 rpm to about 1000 rpm, from
about 100 rpm to about 800 rpm, from about 100 rpm to about 500 rpm, from about 100 rpm to about
200 rpm, from about 200 rpm to about 2000 rpm, from about 500 rpm to about 2000 rpm, from about
800 rpm to about 2000 rpm, from about 1000 rpm to about 2000 rpm, or from about 1500 rpm to
about 2000 rpm.

The present disclosure also relates to use of the composite material as defined herein as oxygen
scavenger material.

The present disclosure also relates to a method of forming an oxygen scavenging or oxygen barrier
film comprising the step of compounding or coating a substrate with a composite material as defined
herein.

The composite material may be used as oxygen scavenger in the form of sachet directly. The
composite material may also be incorporated into polymer films via coating, co-extrusion or blown
technology. By modifying the compounding condition, transparent oxygen scavenging polymer films
could be fabricated.

Brief Description of Drawings

The accompanying drawings illustrate a disclosed embodiment and serves to explain the
principles of the disclosed embodiment. It is to be understood, however, that the drawings are
designed for purposes of illustration only, and not as a definition of the limits of the invention.

Figure 1
[Figure 1] is a schematic diagram showing the process 2 of forming a composite material as defined
herein.

Figure 2

[Figure 2] shows a number of transmission electron microscopy (TEM) images of iron/silica
nanoparticles with and without polymeric coating. Figure 2(a) is a TEM image of iron/silica
nanoparticles without polymeric coating. Figure 2(b) is a TEM image of ethylene vinyl alcohol
copolymer (EVOH) coated iron/silica nanoparticles prepared by using 0.1 wt% EVOH solution.
Figure 2(c) is a TEM image of EVOH coated iron/silica nanoparticles prepared by using 0.15 wt%
EVOH solution. Figure 2(d) is a TEM image of EVOH coated iron/silica nanoparticles prepared by
using 0.3 wt% EVOH solution.

Figure 3

[Figure 3] shows a number of optical images of compressed EVOH pellets. Figure 3(a) is an optical
image of compressed EVOH pellets which were made from of 5 wt% iron/silica nanoparticles. The
inset here is a photograph of the corresponding compressed EVOH pellets. Figure 3(b) is an optical
image of compressed EVOH pellets which were made from of 5 wt% EVOH coated Iron/silica
nanoparticles. The inset here is a photograph of the corresponding compressed EVOH pellets.
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Detailed Description of Figures

As shown in Figure 1, there is provided a process 2 of forming a composite material 500
comprising a porous silica particle 200, a plurality of metal particles 300 disposed within the
pores 100 of the silica particle 200 and a polymeric coating 400 that at least partially
encapsulates the silica particle 200. Initially, a silica particle 200 having pores 100 is provided,
which is then subjected to a pore enlargement step 4 to increase the size of the pores 100 in order
to allow the metal particles 300 to be disposed within the pores 100. As the size of the pores 100
increased, more metal particles 300 can be present within the silica particle 200. This is then
subjected to a polymeric coating step 6 whereby the metal/silica particle is added to a polymer
solution which forms a polymeric coating 400 on the metal/silica particle to form the resultant
composite material 500.

Examples

Non-limiting examples of the invention will be further described in greater detail by reference to
specific Examples, which should not be construed as in any way limiting the scope of the
invention.

Materials and Methods

Cetyl trimethylammonium bromide (CTAB), ferric chloride (FeCls), sodium chloride (NaCl),
ethylene vinyl alcohol copolymer (EVOH), aminopropyltriethoxysilane (APTES), tetraethyl
orthosilicate (TEOS), ethanol, ethyl ester and sodium borohydride were purchased from Sigma
Aldrich Singapore. Ammonia (30%) was purchased from Honey well Singapore. Sodium hydroxide
(NaOH) was purchased from Merck Singapore.

Example 1: Preparation of porous Iron/Silica from mesoporous silica nanoparticles

0.6 g of CTAB was dissolved in 70 mL of water and mixed with 0.6 mL of ammonia solution (30%)
and 20 mL ethyl ester. The resulting solution was stirred at 500 rpm at 30 °C for 30 minutes. With
vigorous stirring, 3.5 mL TEOS was added into the solution dropwisely in 10 minutes. After the
addition of TEOS, the mixture was stirred for 12 hours at 30 °C. The resulting mesoporous silica
nanoparticles were purified through centrifugation at 9000 rpm for 10 minutes and washed with
cthanol twice. The silica nanoparticles were re-dispersed in ethanol solution with 1M hydrochloric
acid. The suspension was stirred at 500 rpm at 60 °C for 5 hours and then purified by centrifugation at
9000 rpm for 10 minutes to remove excess CTAB molecules in the silica particles. The step for the
removal of CTAB was repeated to ensure most of the CTAB was eliminated from the silica
nanoparticles. The particles were air dried and then vacuum dried at room temperature.

For the preparation of iron/silica nanoparticles, 1 g of mesoporous silica nanoparticles were dispersed
in 25 mL of water. Then, another solution of ferric chloride (0.25 g) was added into the suspension in
a dropwise manner. The suspension was stirred for 12 hours to ensure the adsorption of Fe ions in the
channels of mesoporous silica. With vigorous stirring, 2 mL solution of sodium borohydride (0.2 g)
was added into the silica suspension in a dropwise manner. The final product was purified via
centrifugation and re-dispersed in mixture of ethanol and water with volume ratio of 7:3.

Example 2: Preparation and oxygen scavenging test of porous Iron/Silica composite
nanoparticles with enlarged pore size

To prepare mesoporous silica etched by 0.1 wt% NaOH and treated with 10 wt% APTES, porous
silica nanoparticles were prepared according to the steps in Example 1. 1 g of porous silica
nanoparticles were dispersed in 500 mL ethanol. 10 mL sodium hydroxide (NaOH) solution (0.1 wt%)
was added into the suspension and stirred for 3 hours at room temperature. After purified by
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centrifugation, porous silica nanoparticles were re-dispersed in ethanol solution with 0.1 g APTES.
The mixture was kept stirring for 1 hour at room temperature and then the nanoparticles were
collected through centrifugation.

To prepare mesoporous silica annealed at 300 °C and treated with 10 wt% APTES, porous silica
nanoparticles were prepared according to the steps in Example 1. 1 g of porous silica nanoparticles
were annealed in oven 300 °C for 1 hr. Then, porous silica nanoparticles were re-dispersed in ethanol
solution with 0.1 g APTES. The mixture was kept stirring for 1 hour at room temperature and then the
nanoparticles were collected through centrifugation.

Table 1 shows the pore size, iron loading and oxygen scavenging performance of the iron/silica
composite without treatment, with chemical etching and silane treatment, and with annealing and
silane treatment.

Mesoporous silica 8.2 51.1 73.5 143.8
without treatment

Mesoporous silica 25.0 55.2 91.7 166.1

etched by 0.1 wt%

NaOH and treated
with 10 wt% APTES

Mesoporous silica 15.1 48.2 80.5 167.1
annealed at 300 °C
and treated with 10

wt% APTES

Example 3: Preparation of polymer coated Iron/silica nanoparticles

EVOH pellets were dissolved in a mixture of isopropanol and water with volume ratio of 7 to 3 at
65 °C. 100 mL of the EVOH solution was placed in a reagent bottle and stirred at 65 °C, bubbled with
nitrogen gas for 20 minutes to fully remove the residue oxygen in the solution. Sodium chloride water
solution was added into the iron/silica ethanol/water mixture with mass content of 10 wt% of the
iron/silica nanoparticles. Then, 50 mL ethanol/water solution with 0.5 g iron/silica nanoparticles was
added dropwisely into the EVOH solution. The suspension was cooled to room temperature, bubbled
with nitrogen. 20 mL of water that had been bubbled with nitrogen for 10 minutes was added into the
suspension in a dropwise manner. The EVOH coated iron/silica nanoparticles was purified by
centrifugation and dried at 50 °C in vacuum oven. The TEM images of (a) iron/silica nanoparticles,
and ethylene vinyl alcohol copolymer (EVOH) coated iron/silica nanoparticles prepared by using
EVOH solution with (b) 0.1 wt%, (c) 0.15 wt% and (d) 0.3 wt% EVOH are shown in Figure 2. As
shown in Figure 2(b), ethylene vinyl alcohol copolymer (EVOH) coating was not observed. As shown
in Figure 2(c), the EVOH polymeric layer had a thickness of 5 nm. As shown in Figure 2(d), the
EVOH polymeric layer had a thickness of 10 nm.

Example 4: Oxygen scavenging test of EVOH coated iron/silica nanoparticles

To evaluate the oxygen scavenging performance of EVOH coated iron/silica nanoparticles, 0.1 g of
each sample obtained from Example 3 was placed into a 25 ml glass conical flask. A vial containing 1
ml of water was placed inside the flask to adjust the room humidity (RH) to 100%. Then, the flask
was scaled by a gas-tight rubber septum stopper and placed at room temperature for the duration of
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the oxygen scavenging experiment. The oxygen scavenging performance of the EVOH coated
iron/silica nanoparticles are listed in Table 2. The polymer coating thickness of the iron/silica sample
with 0.1 wt% EVOH was about 1 nm. The polymer coating thickness of the sample with 0.15 %
EVOH was about 5 nm and the polymer coating thickness of the sample with 0.3% EVOH was about
10 nm. For reference, the (non-polymeric coated) iron/silica nanoparticles showed scavenging
capacity of 193.1 cc/g Fe. The EVOH coated iron/silica nanoparticles prepared by EVOH solution
with 0.15 wt% EVOH gave higher oxygen scavenging capacity (211 cc/g Fe).

Table 2 shows the oxygen scavenging performance of iron/silica and EVOH coated iron/silica
nanoparticles prepared using different EVOH solution.

Iron/Silica 193.1
(ICP of Fe: 34.7 wt%)
EVOH EVOH solution with 0.1 116.7
coated wt% EVOH
Iron/silica (ICP of Fe: 30.1 wt%)

EVOH solution with 211

0.15 wt% EVOH
(ICP of Fe: 29.7 wt%)
EVOH solution with 0.3 164
wt% EVOH

(ICP of Fe: 20.1 wt%)

Oxygen scavenger with thicker EVOH coating took longer time to achieve saturated oxygen
scavenging capacity. The saturated scavenging capacity of the sample with 0.3 wt% EVOH could be
higher than 164. The sample with 0.15 wt% EVOH had better performance as compared to the sample
with 0.3 wt% EVOH, mainly because of the barrier property of EVOH against oxygen to reduce
oxygen diffused into silica to be consumed. Little amount of EVOH cannot block oxygen effectively,
while too high amount of EVOH hinder the diffusion of oxygen significantly. The optimized range of
EVOH concentration should be 0.15 to 0.25 wt%.

Example 5: Preparation of polymer composites with EVOH coated Iron/Silica nanoparticles

Iron/silica nanoparticles and EVOH coated Iron/silica nanoparticles (prepared by using 0.15 wt%
EVOH solution) were mixed with EVOH pellets and compounded through twin screw extruder,
flushed with nitrogen gas. The mass content of Iron/silica and EVOH coated Iron/silica nanoparticles
were kept at 5 wt%. The resulting polymer pellets were compressed to form thin films via hot press.
As shown in Figure 2, much less aggregation of nanoparticles were observed in the sample with
EVOH coated iron/silica, resulting in more transparent films. Furthermore, the EVOH pellets with
EVOH coated iron/silica possessed higher oxygen scavenging capacity (1.14 cc/g of pellet) than the
sample compounded with iron/silica (0.52 cc/g of pellet). The optical images of the compressed
EVOH pellets with (a) 5 wt% iron/silica nanoparticles and (b) 5 wt% EVOH coated Iron/silica
nanoparticles and the photographs of the corresponding compressed EVOH pellets are shown in
Figure 3. Much less aggregation of iron/silica nanoparticles were observed in the sample with EVOH
coated iron/silica nanoparticles as shown in the optical images, resulting in more transparent films as
shown in the inlets. The film shown in inlet of Figure 3a had a thickness of 140 um. The film shown
in inlet of Figure 3a had a thickness of 70 pm

Table 3 shows the oxygen scavenging performance of EVOH pellets compounded with iron/silica and
EVOH coated iron/silica nanoparticles
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5 wt% Iron/silica compounded with EVOH

0.52

5 wt% polymer protected Iron/Silica (0.15wt%
EVOH) compounded with EVOH

1.14

Industrial Applicability

In the present disclosure, the composite material may be used as oxygen scavenger to be placed in
containers such as laminated sheets, sachets, and permeable bags. The composite material may also be
used as oxygen scavenger to be integrated into polymer matrix via compounding or coating to form an

oxygen scavenging or oxygen barrier plastic film.

It will be apparent that various other modifications and adaptations of the invention will be apparent
to the person skilled in the art after reading the foregoing disclosure without departing from the spirit
and scope of the invention and it is intended that all such modifications and adaptations come within

the scope of the appended claims.
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Claims

1. A composite material comprising a porous silica particle, a plurality of metal particles
disposed within the pores of said silica particle and a polymeric coating that at least partially
encapsulates said silica particle.

2. The composite material according to claim 1, wherein the silica particle is modified with a
silane compound.

3. The composite material according to claim 2, wherein the silane compound is functionalised
with an amino group or a carboxylic group.

4. The composite material according to any one of the preceding claims, wherein the metal of
the metal particle is selected from Group 8 of the Periodic Table.

5. The composite material according to any one of the preceding claims, wherein the metal of
the metal particle is iron.

6. The composite material according to any one of the preceding claims, wherein the size of the
metal particle is less than 100 nm.

7. The composite material according to any one of the preceding claims, wherein the size of the
porous silica particle is in the range of 20 nm to 1 pm.

8. The composite material according to any one of the preceding claims, wherein the pore size
of the porous silica particle is in the range of 5 to 50 nm.

9. The composite material according to any one of the preceding claims, wherein the weight of
the metal particles in the composite material is in the range of 1 to 80 wt% based on the dry weight of
the porous silica particle.

10. The composite material according to any one of the preceding claims, further comprising an
activator.

11. The composite material according to claim 10, wherein the activator is a halide salt.

12. The composite material according to any one of the preceding claims, wherein the polymeric

coating comprises a polymer having a monomer selected from the group consisting of urethane,
acrylate, methacrylate, epoxy, ethylene, vinyl alcohol and mixtures thereof.

13. The composite material according to any one of the preceding claims, wherein the thickness
of the polymer coating is in the range of 0.5 to 15 nm.

14. The composite material according to any one of the preceding claims, wherein the composite
material has an oxygen scavenging performance in the range of 210 to 230 cm’/g.

15. A method of preparing a composite material, comprising the step of mixing a solution
containing a plurality of activated metal and silica particles with a polymer solution to thereby form
said composite material, wherein said composite material comprises a porous silica particle, a
plurality of metal particles disposed within the pores of said silica particle and a polymeric coating
that at least partially encapsulates said silica particle.

16. The method according to claim 15, further comprising a step of annealing or chemical etching
to enlarge the pore size of the silica particle.
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17. The method according to claim 16, wherein the annealing step is undertaken at a temperature
range of 100 to 700°C.

18. The method according to claim 16, wherein the chemical etching step comprises the use of an
alkali salt solution.

19. The method according to claim 18, wherein the amount of alkali salt in said solution is in the
range of 0.01% to 5 wt% of the silica particle.

20. The method according to any one of claims 15 to 19, further comprising the step of modifying
the silica particles with a silane compound.

21. The method according to claim 20, wherein the silane compound is functionalised with an
amino group or a carboxylic group

22. The method according to any one of claims 15 to 21, wherein the polymer of the polymer
solution is dissolved in a mixture of alcohol and water.

23. The method according to any one of claims 15 to 22, wherein the concentration of the
polymer in the polymer solution is in the range of 0.01 to 10 wt%.

24. The method according to any one of claims 15 to 23, further comprising the step of activating
a metal particle with a salt to form said activated metal.

25. Use of the composite material of any one of claims 1 to 14 as an oxygen scavenger material.

26. A method of forming an oxygen scavenging or oxygen barrier film comprising the step of
compounding or coating a substrate with a composite material as defined in any one of claims 1 to 14.
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