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ABSTRACT

Nanotechnology represents a rapid advancement of scientific and industrial innovation
covers of many disciplines. This integration of nanomaterials and nanotechnology has
made a breakthrough in the field of chemical engineering and resulted in providing
nanotechnology enabled processes. This article reviews the most recent developments
in the employ of nanotechnology for more sustainable and efficient chemical processes
focusing on significant progress and current and future directions. However, the
synergy of nanotechnology and chemical engineering has great promise in applying
novel solutions to address key energy, environmental remediation and resource use
hurdles. The power of this technique lies in a process of manipulation of matter on a
very small scale, enabling researchers and engineers to unlock new material properties
and improve process efficiency in ways never previously possible. Nanomaterials are
transforming how we do chemistry—focusing on advanced catalysts, smart sensors and
other tasks involved in chemical reactions, separations, and analysis. In this article,
we explore the opportunities for greener synthesis routes, more selective catalysis,
improved separation techniques and innovative pollution control and environmental
monitoring that nanotechnology will provide. We will also detail emerging applications
of nanomaterials in energy storage, conversion and conservation. We will highlight how
these advancements help to make chemical processes and industries more sustainable,
throughout.
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NANOMATERIAL SYNTHESIS & CHARACTERIZATION

The ability to precisely synthesize and characterize
nanomaterials with tailored properties is a key
foundational impact for nanotechnology on chemical
processes. A big recent advance in synthesis technology
has been the development of increasingly controlled
and scalable synthesis methods, along with much more
advanced characterization techniques, which allow us to
probe structure and behavior of nanomaterials in truly
unprecedented detail.['4

Advanced Synthesis Techniques

Complete control over the synthesis of nanomaterials
for a given composition, size, and morphology has
been achieved by researchers to incredible precision.
The polyol method has also been developed as a
versatile method for preparing bimetallic nanoalloys
with controlled bimetallic compositions and sizes.
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This technique opens the doors for the synthesis of
agents such as AgPt nanoparticles that have potential
applications like in ethanol oxidation in fuel cells.

A second direction of development is the development
of solution based methods for nanoparticle formation
that provide greater control over nanoparticle formation
kinetics. ZnO nanoparticles can be synthesized with
tailored properties through chemical bath deposition
(CBD) technique, stabilized with stabilizing agents
like polyvinylpyrrolidone (PVP). In addition, such
approaches simultaneously improve material quality and
reproducibility and scalability.

Also, synthetically interesting complex oxide materials
have been taken through refinements in hydrothermal
processing. Researchers are now able to produce fine
particles of the perovskite type material SrZrO3SrTiO3
with the control of precise composition and crystal
structure through the optimization of parameters such
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as temperature, precursor chemistry, and reaction time.
The advent of these methods creates new opportunities to
design functional materials for catalysis, thermoelectrics
and other applications.8

Characterization Methods of Cutting edge

Characterization techniques have followed parallel
advances in synthesis enabling deeper insight into
nanomaterials properties and behaviors. Ultra small/
small angle X ray scattering in-situ characterization
methods are used to probe nanoparticle formation and
growth in real time. This allows for a more detailed
appreciation of reaction kinetics and mechanisms for
improved synthetic control. Spatiochemical resolution
boundaries can creep in or out with the forces of
advances in high resolution transmission electron
microscopy (HRTEM) and scanning transmission electron
microscopy (STEM). These tools deliver atomic scale
understanding of nanomaterial structure, composition,
and defects that are vital for development and
appropriate use of these materials across applications.
Sensitivity and spatial resolution of spectroscopic
methods including X-ray photoelectron spectroscopy
(XPS) and Raman spectroscopy have also been improved.
The techniques provide important information regarding
surface chemistry, electronic structure, and local
bonding environments in nanomaterials, many of which
are crucial factors that dictate catalytic and functional
properties in such materials.
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Fig. 1: Characterization Methods of Cutting edge

Computational Modeling & Simulation

Recent nanomaterial research has been widely tuned
to the integration of experimental characterization
combined with computational modeling. However,
the techniques to predict and explain nanomaterial
properties and behaviors are steeped in atom and
molecular scales: density functional theory (DFT),
molecular dynamics (MD), etc. By taking advantage of
this synergy between experiment and theory, the design
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and optimization of nanomaterials for use in specific
applications in chemical processes are accelerated.

Green Chemistry Nanocatalysts

Development of highly efficient and selective
nanocatalyst is one of the most impactful applications
of nanotechnology in sustainable chemical processes. In
these applications, the unique properties of nanoscale
structures are exploited to improve reaction rates,
increase selectivity, and decrease energy requirements
in a diverse and rapidly expanding portfolio of chemical
transformations.

Noble Metal Nanocatalysts

While these days noble metal nanoparticles based on
platinum, palladium, or gold remain at the core of
catalysis research, we should not forget that many new
catalysts and novel polycompounds for immobilization of
bulky substrates are still being developed. Other recent
work has focused on the development of bimetallic and
multimetallic nanoalloys consisting of different metals
with synergistic effects of their catalytic properties.
For instance, nanoparticles performing in the ethanol
oxidation reactions exhibit excellent performance of
AgPt nanoalloys and promise improvements of fuel cell
efficiency and durability.

Researchers are additionally developing innovative
synthesis methods to obtain thus noble metal
nanostructures with large surface areas and custom
geometries. Oxygen evolution reactions (OER) in water
splitting applications have been shown for dendritic
structures, such as iridium nanodendrites supported on
antimony tin oxide (Ir NDs/ATO). In order to increase
the active site density and improve the mass transport
properties of these materials, higher metal particle
concentrations and smaller particle sizes are utilized.

Carbon-based Nanocatalysts

For their own right, graphene, and its derivatives,
have emerged as promising supports and catalysts from
carbon nanomaterials. For example, nitrogen doped
graphene oxide has been demonstrated to exhibit
excellent electrocatalytic performance as a metal free
electrocatalyst for oxygen reduction reactions (ORR) in
fuel cells. Graphene can be doped to tune its electronic
properties and functionalized to achieve the tunability
for designing catalysts with tunable activities.

Another exciting frontier in nanocatalysis is hybrid
materials consisting of carbon nanostructures combined
with metal nanoparticles. Different methods for synthesis
of graphene/noble metal nanocomposites have been
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demonstrated to have superior catalytic performance
in different reactions. Graphene’s high surface area and
conductivity combined with the catalytic activity of
suitable metal nanoparticles render these materials so
advantageous.'"!

NANOCATALYSTS BASED ON TRANSITION METAL
OXIDES

Although noble metal catalysts are the de facto choice
for many applications, transition metal oxides, in
particular, based on manganese, cerium or iron, can be
a more abundant and cheap option. However, recent
work has been devoted in the development of mixed
metal oxides nanostructures with improved catalytic
properties. Thus insulating mixed oxide supports for
silver nanoparticles have been shown to be promising in
the selective catalytic reduction of NO by propylene for
example.

The other area of active research is the development
of hierarchical nanostructures, which combine different
metal oxides at different length scales. For these
materials these can provide unique combinations of high
surface area, enhanced mass transport, and synergistic
catalytic effects. They include layered oxide composites
and core shell structures designed for a specific catalytic
application.

Environmental Remediation with Nanomaterials

There is a class of nanoparticles, namely nanomaterials,
which exhibit unique properties that are especially suited
to overcome challenges of the environment, such as
water purification, air pollution control and remediation
of soil. With this, the recent focus on nanomaterial
based environmental remediation technologies has
addressed issues of efficiency improvement, selectivity,
and sustainability.

Advanced adsorbents for water treatment

In particular, nanostructured materials possess very high
surface areas and widely tunable surface chemistries,
which are excellent adsorbents for contaminant removal
from water. In recent work, multifunctional adsorbents
that are capable of removing multiple pollutants at the
same time were explored. Also, amine and ferrihydrite
functionalized graphene oxide has shown good potential for
the highly efficient removal of fluoride from water with the
high surface area of graphene complemented by specific
binding properties of amine and iron oxide groups.

Another novel approach to water treatment lies with
organic inorganic hybrid materials. New composites,
for example, peptide templated manganese dioxide
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nanostructures (IIGK@Mn0O2), have high efficiency of
strontium ion removal from aqueous solutions. These
materials utilize the self assembly properties of organic
molecules in synthesizing nanostructures that display
optimized adsorption characteristics.

Table 1: Nanotechnology Applications in
Sustainable Chemical Processes

Application Functionality

Catalysis Nanotechnology enhances catalytic
Enhancement processes by increasing surface area
and improving efficiency, reducing
energy consumption and boosting
reaction rates in chemical processes.
Wastewater In wastewater treatment, nanoma-
Treatment terials are used for removing con-
taminants, such as heavy metals and
organic pollutants, by improving fil-
tration and absorption capacities.
Energy Storage Nanotechnology is applied in energy

storage systems, such as batteries and
supercapacitors, to improve their ef-
ficiency, lifespan, and energy density
for sustainable energy use.

Carbon Capture Carbon capture utilizes nanomaterials
to effectively adsorb and store carbon
dioxide, offering a solution to reduce
industrial emissions and mitigate cli-

mate change.

Pollution Control Nanomaterials are employed in pollu-
tion control to absorb toxic pollutants
and neutralize hazardous chemicals,
contributing to cleaner air and water

in industrial processes.

Renewable Energy
Production

Renewable energy production bene-
fits from nanotechnology by enhanc-
ing the efficiency of solar cells and
wind turbines, promoting sustainable
energy generation.

Air Pollution Control nanocatalysts

Catalytic converters and other air pollution control
technologies are increasingly relying on nanomaterials.
Some recent advances have been the development of
better, more efficient, and more durable catalysts for
reduction of nitrogen oxides (NOx) in vehicle emissions.
Composite catalysts, including noble metal/BiVOx,
noble metal/MnOx, noble metal/CeMnOx, and other
combinations of noble metals with transition metal
oxides, have demonstrated performance superior to that
of single components in the selective catalytic reduction
of NOx using hydrocarbon reducing agent.

The degradation of volatile organic compounds (VOCs)
and other air pollutants can be approached utilizing

N 37
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photocatalytic nanomaterials, which promise to be
a promising method. Therefore, researchers are
investigating how traditional photocatalyst, such as TiO2,
can be modified through doping, surface modification and
formation of heterojunction with other semiconducting
materials so as to improve its visible light activity and
stability.

Soil Remediation Nanomaterials

Nanomaterials application for soil remediation has been apro-
duced significant attention due to these contaminants, with
heavy metals and persistent organic pollutants (POP). Presently,
zero valent iron nanoparticles (nZVI) and their modified forms
have been widely studied as a means to reduce and immobilize
many contaminants soil and groundwater.

More stable and targeted nanoparticle formulations for soil
remediation has been an area of recent work. As an example,
polymer coated nZVI particles have been reviewed that provide
increased mobility in soil matrices as well as greater reactivity
with certain contaminants. Also, enhancements in integration
of nZVI with other functional materials, such as biochar or clay
minerals, resulted in the development of multifunctional reme-
diation agents.

Nanomaterial for Energy Applications

The conversion, storage, conservation of energy systems
is an important challenge of our time, and we are using
nanomaterials to develop energy conversion, storage,
and conservation technologies. Nanotechnology has
enabled high impact breakthroughs in the energy sector-
from improving the efficiency of solar cells to heightening
the performance of batteries and fuel cells.
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Fig. 2: Nanomaterial for Energy Applications
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Solar Energy Conversion
Materials

using Nanostructured

The unique opportunities nanomaterials provide to
enhance efficiency and reduce cost for photovoltaic
devices are explored. Recently, perovskite solar cells
empowered by nanocrystalline light absorbing materials
have achieved tremendous efficiency enhancements.
Nanostructuring and interface engineering is just one
of the methods being examined to improve the stability
and scalability of these promising materials, according
to the researchers.

Another exciting frontier in nanoscale photovoltaics
are quantum dot solar cells. However, by finding a
balance between size and composition of semiconductor
nanocrystals, researchers can maximize light absorption
across a wide range of wavelengths. In recent work,
charge extraction has been improved through novel
device architectures and lead free quantum dots have
been developed.

Nanomaterials for Energy Storage

However, the wide spread adoption of renewable energy
and electric vehicles relies on the development of high
performance energy storage devices. The capacity, rate
charge/discharge, and cycle life of lithium-ion batteries
and beyond lithium technologies are being improved
with nanostructured materials.

Lithium ion batteries are the focus of investigation
of high capacity anode material based on Silicon
nanostructure, i.e. nanowire and porous nanoparticle.
While these materials have impressive theoretical
capacities compared with traditional graphite anodes,
they suffer from a severe problem of volume expansion
during cycling. These issues are being addressed and
long term stability improved by researchers working on
innovative nanocomposite structures and coatings.

Nanomaterials are critically important in addressing the
key challenges of next generation battery technologies
such as solid state batteries, lithium sulfur batteries.
Solid electrolytes with nanostructure achieve higher
ionic conductivity and are mechanically better than
their bulk counterparts, and nanostructure in sulfur
cathodes as well as conductive matrices reduce the
“shuttle effect” in lithium sulfur systems.!'?

Fuel cell and Electrolyzer Nanocatalysts

From clean transportation to a hydrogen based energy
economy, fuel cells and electrolyzers are important
technologies, and nanocatalysts are critical to enhance
their efficiency and durability. Catalysts have recently
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been developed that are non-precious metal, and have
also sought to decrease the loading of platinum in
polymer electrolyte membrane fuel cells (PEMFCs) and
electrolyzers.

As a metal free catalyst of the oxygen reduction reaction
(ORR) in fuel cells, nitrogen doped carbon nanostructures
such as graphene based materials have been reported.
Good activity and stability of these materials are
achieved that have cost advantages over platinum based
catalysts.

Researchers have been developing earth abundant
materials based nanostructured catalysts for hydrogen
evolution reaction (HER) and oxygen evolution
reaction (OER) to support water electrolysis. Recent
development of transition metal phosphides, nitrides,
and sulfides has made them promising candidates for
these applications with elevated activity and stability in
alkaline environments.

On nanomaterials for sensing and monitoring

Highly sensitive and selective sensors in order to monitor
or control chemical processes and environmental and
health applications are very important. However,
nanomaterials, with their high surface to volume ratios
and tunable optical and electronic properties, also
enable unique advantage in sensing applications.

Electrochemical Nanostructured Sensors

Improvements in sensitivity and selectivity of electro-
chemical sensors have been achieved via the use of
nanostructured electrodes and sensing materials. More
recent work has aimed at developing three dimension-
al nanostructured electrodes, for example vertically
aligned nanowire arrays and nanofoams, for enhanced
surface areas and improved mass transport properties.

Because graphene based materials have a very large
surface area and high electrical conductivity, they have
continued to be widely explored for electrochemical
sensing applications. And functionalized graphene oxide
and reduced graphene oxide have also been successfully
used as a sensing platform for sensing a wide variety of
analytes, from heavy metals to biomolecules.

Plasmonic Nanosensors

Localised surface plasmon resonance (LSPR) effects
emerging from noble metal nanoparticles, such as gold
and silver, are very sensitive to the presence of analytes
for highly sensitive optical sensing. In addition to the
development of nanostructures with tailored plasmonic
properties for particular sensing applications, the past
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few years have seen the design of core shell nanoparticles
and nanorod arrays.

Work is also ongoing to integrate plasmonic
nanostructures with other functional materials in
order to develop multifunctional sensing platforms. As
a result, the combination of plasmonic nanoparticles
with molecularly imprinted polymers has demonstrated
the potential for highly selective detection of specific
molecules in complex matrices.

Nanomaterial-based Biosensors

Unique opportunities are provided for improving
biosensor sensitivity and specificity by nanomaterials.
Recently, an effort to develop nanoscale transducers
and signal amplification approaches has been made to
facilitate the detection of low abundance biomarkers.

Being high penetrated and fluorescent, quantum dots
and upconversion nanoparticles have become favoured
fluorescent labels for use in biosensing applications.
These nanoparticles are being researched to make them
functional with biomolecules and incorporated into
numerous sensing platforms.

Carbon nanotubes and graphene based materials have
long been under investigation as biosensors, and are being
exploited into field effect transistor (FET) biosensors.
The high quality of these materials as an electrical
conductivity and the ability to functionalize them with
a diversity of biomolecules for highly specific target
detection make them attractive for applications.['3-"

SEPARATION PROCESSES USING NANOMATERIALS

Many chemical and industrial operations involve
separation processes and conversion of nanomaterials
presents unique opportunities forimproving the efficiency
and selectivity of these processes. Nanotechnology
is enabling the development of more sustainable and
energy efficient separation technologies from membrane
based separations to adsorption and chromatography.

Nanostructured Membranes

New generation of high performance membranes for gas
and liquid separations were developed due to advances of
the nanomaterials synthesis and fabrication techniques.
For instance, when graphene oxide (GO) membranes
are used for low pressure molecular sieving and water
purification applications, their exceptional performance
is enabled by the layered structure of the membrane as
well as by tunable interlayer spacing.

They are also studying how to integrate functional
nanoparticles into polymer membranes to produce

———
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mixed-matrix membranes with improved separation
properties. Incorporation of metal organic frameworks
(MOFs) into polymer matrices has been shown to
potentially improve gas separation performance for CO2
capture applications.

Chromatography and Extraction Nanoadsorbents

High surface areas and tunable surface chemistries
of nanostructured materials make them attractive
stationary phases for chromatography and solid phase
extraction. Various strategies have more recently been
developed to synthesize novel nanoadsorbents with
enhanced selectivity and target mass accommodative
capacity.

Here we focus on the attention that molecularly
imprinted polymers (MIPs) synthesized at the nanoscale
have received due to their potential to fabricate highly
selective binding sites for target molecules. Based on
the researchers’ obvious interest in applying these
materials to a variety of separation platforms, such as
chromatography columns and solid phase extraction
cartridges, we see this as an exciting opportunity.

Separation using Magnetic Nanoparticles

Features of magnetic nanoparticles make them attractive
for separation processes: their easy manipulation by an
external magnetic field. More recent work in this area
includes the synthesis of multifunctional magnetic
nanoparticles with magnetic properties and specific
surface functionalities for targeted separations.

Magnetic nanoparticles are being extensively investigated
for a multitude of applications including heavy metal and
organic pollutant removal from water, and isolation of
specific biomolecules from complex biological samples.
To use this advantage, these nanoparticles should be
easily separable and recoverable.

Smart and Responsive Systems Nanomaterials

It is an exciting frontier in nanotechnology to develop
smart and responsive materials able to adapt their
properties to their environment or the application of
external stimuli. Potential applications with which these
materials are in service include controlled release, self
healing or adaptive catalysis.

Nanomaterials responsive to stimuli

These past years focus on the chemical synthesis of
nanomaterials with the ability to react with different
stimuli such as temperature, pH, light and magnetic field.
As a result, researchers have developed temperature
responsive polymer nanocomposites containing catalytic
nanoparticles, which can be used to control catalytic
activity. The temperature switching between active and
inactive states of these materials makes them attractive
for potential use in smart catalytic systems.

The second area of focus is the design of light
responsive nanomaterials for use in photocatalysis
and controlled release. A number of researchers are
looking into combining photoswitchable molecules with
nanostructured materials to create systems that can be
turned on and off in response to light.

Self-healing Nanomaterials

Selfhealing systems incorporating nanomaterials
have recently attracted attention for their potential
applications to protective coatings, electronics and
structural materials. By developing nanocomposites
that can autonomously repair damage and restore
functionality, work has recently focused in this area.

As one example, researchers have studied the
possibility of creating self healing polymer composites
with micro capsules containing healing agents and
catalytic nanoparticles. The injection of the catalytic

Table 2: Developments in Nanotechnology for Sustainable Chemical Processes

Development

Contribution

Nano-Catalysts

Nano-catalysts improve reaction speeds and selectivity in chemical processes, enabling more efficient,
sustainable, and cost-effective industrial applications.

Nano-Structured Mate-

Nano-structured materials are used in a variety of chemical processes, including energy storage, sensors,
rials and filtration, to enhance performance and efficiency.

Nanofiltration = Mem-

Nanofiltration membranes provide an advanced filtration mechanism, offering a more effective and en-

branes ergy-efficient way to purify water and separate chemical compounds.
Nanoparticle Function- | Nanoparticle functionalization allows for the targeted delivery of chemicals or drugs, enhancing reaction
alization rates and selectivity in industrial chemical processes.

Self-Cleaning Surfaces | Self-cleaning surfaces, created using nanomaterials, minimize fouling and contamination in chemical
reactors and energy production systems, increasing their efficiency and lifespan.

Green Nanomaterials

Green nanomaterials are designed for environmental sustainability, offering non-toxic, biodegradable
alternatives for chemical applications without harmful byproducts.

40 |
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nanoparticles, and the subsequent release of healing
agents when damage happens, results in the catalytic
nanoparticles polymerizing the healing agents to repair
the damage.

Adaptive Nanocatalysts

Intense interest exists to develop catalytic systems that
can respond to changing reaction conditions or reactant
molecules. Other researchers are thinking up ways
to develop nanoscale catalysts that can be switched
dynamically to varying structure or composition in the
reaction environment.

The shape memory alloy nanoparticles can act as
catalysts by changing their structure with respect to
temperature or other stimuli and then to do work to
produce the fuel robustly in both round and free space
systems. The tunable catalytic activity and selectivity
inherent in these materials is also evident.['>"]

SUSTAINABLE PACKAGING AND FOOD SAFETY WITH
NANOMATERIALS

Food packaging materials and food safety can be improved
with the help of nano technology. Nanomaterials are
opening the door to sustainable and functionalized
packaging solutions from barrier properties, to active
packaging, to intelligent sensors.

Nanocom copackaging materials.

Development of nanocomposite packaging materials with
improved barrier, mechanical strength, and antimicrobial
activity has been achieved by incorporation of
nanomaterials into polymer matrices. Nanoclays can be
added to polymer films, for example, to greatly enhance
their barrier properties to gases and moisture, extending
the shelf life of packaged foods. As researchers imagine
using cellulose nanofibers or nanocrystals as reinforcing
agents in biodegradable packaging materials, they
consider whether our love for microplastics civilization
has actually made cellulose a commodity. The renewable
nanomaterials, they say, could provide a source of
improved mechanical properties while retaining the
biodegradability of the packaging.

Active and intelligent Packaging

Active packaging systems are developing based on
nanomaterials that allow them to interact with
packaged food or the environment to extended shelf
life and quality. As an example, researchers have
developed nanoparticle based oxygen scavengers for use
in packaging materials to remove remaining oxygen and
protect against oxidation of sensitive foods. Another area
of active research is in intelligent packaging systems that
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can monitor and communicate information (quality and
safety) about food. Integrated with packaging materials,
nanosensors can detect and signal the presence of
spoilage microorganisms from harmful contaminants,
thus revealing the presence of food safety and quality
immediately.

Nanomaterials for Food Safety

In addition to their use in packaging applications,
nanomaterials are being investigated for detection and
treatment of food pathogens. High surface area and
unusual optical properties of nanostructured materials
can be used for rapid and sensitive detection of foodborne
pathogens. Nanoparticles are also investigated as
antimicrobial agents for food preservation by researchers.
For example, silver nanoparticles have been shown to be
promising broad spectrum antimicrobial agents that can
be incorporated into food contact surfaces or packaging
materials for inhibiting growth of harmful bacterias.

CONCLUSION

New technology in nanotechnology is pushing steady
progression in sustainable chemical processes across
many of its applications. Nanomaterials have successfully
enabled significant improvements in process efficiency,
resource utilization and environmental performance
(from more robust, efficient, and selective catalysts
to advanced materials for energy conversion and
storage). Scalability and cost-effectiveness: A major
challenge in translating laboratory scale discoveries into
commercially viable technologies continues to exist. It
is becoming clear that continued efforts are required
to realize scalable, cost effective methods of synthesis
for nanomaterials which can ultimately be incorporated
into practical applications. Safety and environmental
impacts: Given the increasing use of nanomaterials, it
is necessary to fully consider environmental and health
impact of nanomaterials throughout their lifecycle. It
encompasses developing standardized testing protocol
and guidelines for handling and disposal of nanomaterials
safely. Multifunctionality and system integration: A lot of
attention is now being drawn to fabricate multifunctional
nanomaterials that can do several things or respond to
a multitude of stimuli. Challenges and opportunities for
innovation incorporating these materials into complex
systems and devices exist. Computational design and
machine learning: Computational modeling and machine
learning techniques are now acquiring greater power to
accelerate discovery and optimization of nanomaterials
for desired applications. Development of these tools
will need to be continued and they will need to be
integrated with more experimental approaches in order
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to move the field forward. Sustainability and circular
economy: With nanotechnology maturing, and given
that the success of nanotechnology depends on the
circularity of both products and processes, the focus
is increasingly moving toward developing sustainable
nanomaterials and processes. This includes searching for
bio based and renewable precursor materials, designing
for recyclability and minimizing waste generation in the
material lifecycle. If these challenges are addressed and
emerging opportunities are leveraged, nanotechnology
can continue to propel important advances in sustainable
chemical processes to a more efficient, environmentally
conscious and resource rich future.
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