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YOUNG REVIEWERS:

In chemistry, we mix ingredients in a large pot to start a chemical
reaction. In many chemical reactions, chemists add a small amount
of catalyst to make the reaction faster. After the reaction, the
products need to be separated. Traditionally, factories often use
separation methods such as distillation (similar to boiling water and
collecting the vapor). However, these methods consume a lot of
energy and may damage sensitive catalyst molecules. Nowadays,
an emerging technology called membrane filtration can be used
for separation. It works like separating spaghetti from water, but
in this case, the ingredients are molecules, so we need much
smaller filters—with tiny holes that are too small to be seen with a
typical microscope. These filters can operate under mild temperature
without heating. This allows materials to be separated and reused
with lower energy consumption, less air pollution, and without
damaging the catalyst.
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REACTANT

A starting substance
needed for doing a
chemical reaction.

PRODUCT

A substance that is
produced from the
initial reactant after the
chemical reaction

is finished.

CATALYST

A special helper
molecule that makes a
chemical reaction go
faster without being
used up.

DISTILLATION

A method used to
separate liquids by
heating them. Liquids
boil at different
temperatures. The one
that boils first turns into
vapor, is cooled back
into liquid,

and collected.

BOILING POINT

The temperature at
which a liquid becomes
a gas. Different
materials have different
boiling points, which
helps scientists
separate them during
processes

like distillation.

Keshavarzi et al.

CHEMICAL REACTIONS AND CATALYSTS

A chemical reaction is a process in which one or more starting
substances, called reactants, are transformed into new substances
called products. During the reaction, the atoms in the reactant
molecules are rearranged to form new molecular structures. In many
reactions, a catalyst is needed to make the reaction happen faster. A
catalyst can also increase the amount of reactant that is transformed
into product. The catalyst itself is not used up in the reaction. In
general, a catalyst helps the reaction proceed more easily. During
the reaction, the reactant molecules stick to the catalyst for a short
time. This lowers the energy needed for the reaction and helps
the molecules react faster. Once the product is formed, it detaches
from the catalyst. Because the catalyst is not used up, it can be
used again.

Catalysts are widely used in the pharmaceutical, oil and gas, and
automotive industries. They are often expensive because they contain
precious metals such as ruthenium, palladium, or platinum, which are
rare in nature. Therefore, it is essential to recover and reuse catalysts
to avoid waste and contribute to greener chemical production. So,
after the reaction finishes, the liquid mixture is separated to collect
the product and reuse the catalyst.

HOW DO FACTORIES SEPARATE CHEMICAL MIXTURES?

One of the most common methods industries use to separate
chemical mixtures is distillation. In distillation, a chemical mixture
is heated inside a tall column with several trays (Figure 1). Different
substances boil at different temperatures, meaning each one has its
own boiling point. When the mixture is heated, the substances that
boil more easily turn into vapor first and rise upward. As the vapor
rises in the column, it slowly cools down, turns back into liquid, and
is collected on the tray that matches its boiling point. In this way,
the materials collect on different trays. That is how the separation
is completed.

Distillation usually works well and can run for a long time. However,
it needs a lot of heat. Making this heat uses a lot of energy, often
by burning fossil fuels that release greenhouse gases into the air.
High temperatures can also damage heat-sensitive materials, such as
certain catalysts [1]. Because of these disadvantages, distillation is not
always the most sustainable option, and industries need to look for
greener and safer methods.
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Figure 1

Step 1: reactants e mix
with a catalyst e to form
products ¢ in a reaction
mixture. Step 2: the
mixture is separated
using either membrane
filtration or distillation.
Membrane filtration
blocks big molecules
and lets small
molecules pass. It
works without heat and
is environmentally
friendly. In contrast,
distillation uses a lot of
heat, which is
generated by burning
fossil fuels. This creates
pollution, costs a lot of
money, and is not
environmentally
friendly.
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Step 2: Separation Process

Step 1: Chemical Reaction PP o
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WHY WE NEED GREENER CHEMISTRY

To protect our planet, we need chemical processes that use safer
materials and less energy. This idea is called green chemistry [2]. Its
goal is to protect people, animals, and the environment while still
producing the useful products we rely on every day. Green chemistry
also encourages scientists to reduce waste and to recover and reuse
materials while minimizing energy use. Since separation can consume
up to 80% of the energy in chemical production, improving these steps
is vital for greener processes. Membrane filtration offers a promising
alternative, achieving separation at mild temperatures with much
lower energy use than distillation (Figure 1).

WHAT IS A MEMBRANE, AND HOW CAN IT HELP THE
PLANET?

A membrane is a thin layer that acts like a smart filter. It lets some
molecules pass through while blocking others. Membranes have
tiny holes called pores that are too small to see and help separate
different molecules.
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Figure 2

Effect of pore size on
separation. Larger
pores allow more
molecules to pass,
while smaller pores
block bigger
molecules. Molecules
can build up on the
surface or inside the
pores and block the
membrane, which is
called membrane
fouling.

Keshavarzi et al.

However, separation does not depend only on pore size. The material
of a membrane and the type of mixture also affect how easily
molecules can pass through. Together, these factors decide which
molecules move across the membrane and which are stopped. To
picture this, imagine a mixture of molecules like a chemical soup.
When the mixture is pushed against a membrane, small molecules
and those that interact well with the membrane pass through. Larger
molecules and those the membrane does not like are blocked. In
this way, the membrane works like a gatekeeper, allowing only the
right guests to enter. Figure 2 shows how pore size determines which
molecules can pass through a membrane.

Figure 2

One major advantage of membranes is that they can work at
mild temperatures. Unlike traditional methods that need lots of
energy, membranes often separate materials without heating. This
saves energy, reduces greenhouse gas emissions, and protects
heat-sensitive substances like medicines, fragrances, and catalysts.

Most membranes used today are produced from fossil-based
chemical materials called polymers. Polymers can withstand different
chemicals and can form the tiny pores needed for selective separation
[3]. At the same time, scientists are developing more sustainable
membranes. Researchers have discovered that natural materials such
as date seeds, shrimp shells, and rice husk ash can be turned into
membranes [4]. Because these materials come from nature and can
break down over time, they make membrane technology even greener
and more environmentally friendly. For all these reasons, membranes
have great potential to help protect our planet.

MEMBRANE USES IN LIFE AND TECHNOLOGY

Membranes play an important role in many aspects of our lives
and modern technology. A tea bag is a simple membrane: it lets
flavor pass through while keeping the leaves inside. Inside your body,
every cell is surrounded by a thin membrane that controls what
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Figure 3

Categories of
membranes based on
pore size (from largest
to smallest). (A)
Microfiltration blocks
very large particles,
such as bacteria. (B)
Ultrafiltration blocks
large molecules such
as proteins. (C)
Nanofiltration blocks
small molecules, such
as catalysts. (D) Reverse
osmosis blocks very
tiny molecules; only
water can pass.
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enters and leaves. Your kidneys act as natural membranes, cleaning
your blood by removing waste and extra fluids. Inspired by this
process, scientists developed artificial kidneys called dialysis machines,
which use membranes to help patients whose kidneys no longer
work properly.

Membranes are also important in cleaning water. In wastewater
treatment plants, they remove pollutants before the water is
released back into rivers and lakes, helping keep ecosystems safe.
At home, water filters use special membranes, called reverse
osmosis membranes, to remove impurities, making the water safe
to drink. Overall, membranes are used in many fields, and their
growing applications show how important this technology will be in
the future.

HOW SCIENTISTS CLASSIFY MEMBRANES

Scientists classify membranes by the size of their pores. Each category
is used for different tasks. Here are the main types of membranes, listed
from the largest pores to the smallest (Figure 3):
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Microfiltration: used for clarification, for instance in juice or beer.
Ultrafiltration: used for milk concentration [5].

Nanofiltration: used in pharmaceuticals, for catalyst recovery
from reaction mixtures, and for dye recovery in the textile industry.
Reverse osmosis: used for purifying drinking water.

Understanding these categories helps scientists choose the right
membrane for each job and narrows down the options when planning
new filtration processes.
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MEMBRANE
FOULING

When molecules build
up on a membrane or
inside its pores,
blocking the flow and
reducing how well the
membrane works.
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CHALLENGES AND FUTURE IMPROVEMENTS

Although membranes have many advantages, they also face some
challenges. One main problem is membrane fouling. Over time,
tiny pores can become blocked as molecules build up on the
membrane surface or inside the pores, like a sieve that catches
too many seeds. You can see this in Figure 2, where material
collects above the membrane. Fouling is common, but it should
be easy to remove so the membrane can keep working well and
not become permanently blocked. Another challenge is how long
a membrane can last in different liquids, since membranes can
weaken or get damaged over time. A third challenge is making a
membrane with the desired selectivity, in other words, how well it
can choose exactly which molecules to pass through and which ones
to stop. These challenges also create opportunities. By improving
materials and designs, scientists can make membranes stronger,
easier to clean, and better at choosing the right molecules. Each
improvement brings us closer to making more reliable membranes
that can operate efficiently.

OUR RESEARCH GROUP

At KU Leuven and the University of Rennes, our group studies
different kinds of membranes and how to improve them. We test
many materials to find strong, useful membranes and explore greener
options, like using natural waste. We also design processes that
combine membranes with other separation methods to make them
more efficient, helping save energy and reduce waste. Our goal is to
make the chemical industry cleaner and more sustainable.

WHAT DID WE DISCOVER?

In this article, we explored how catalysts speed up chemical reactions
and why it is important to recover them. Making useful products
involves not only the reaction itself but also the separation step
that comes after it. Membrane separation is a cleaner and more
energy-saving alternative to distillation. Membranes are tiny filters that
can separate molecules based on their size and chemical properties,
and they can protect heat-sensitive materials such as catalysts
and medicines.

Membranes can be made from biodegradable resources, a promising
idea that still needs more research to show how well it works
in real-world use. However, some challenges remain. Scientists
are still working to improve membrane durability, reduce clogging
or fouling, and increase selectivity. Looking ahead, membrane
technology is expected to grow quickly across many fields, from
chemical manufacturing and pharmaceuticals to clean energy and
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hydrogen production. By finding better materials and smarter
designs, membranes can help make chemical processes cleaner and
more efficient.
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