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In 2015, heads of state from many nations around the world met at a UN summit
and identified a series of Sustainable Development Goals (SDGs)! aimed at reducing
inequalities, ending poverty, and tackling climate change. These goals call for direct action
by all countries to promote prosperity while protecting the planet. That is, they
acknowledge the need for building strategies that focus on economic growth, improvement
of job opportunities, social protection, education, and health, but they simultaneously
require that these improvements go hand in hand with effective actions to deal with climate
change and environmental protection. The 17 goals were developed to expand on the
Millennium Development Goals (MDGs)?, which primarily focused on goals for developing
countries. This initiative builds on the Rio (1992) and Johannesburg (2002) Earth Summits,
which highlighted sustainability as occurring at the nexus of social, economic, and
environmental factors. While the new SDGs apply to all countries, the realities of
industrialized and developing countries are very different and different approaches may be
needed in each region of the world.

These important goals encompass issues in which catalysis can obviously help,
including affordable and clean energy, clean water, and climate action, but also less obvious
areas such as sustainable economic growth. Catalysis has played a central role in the
technological and socio-economic development of industrialized countries, enabling most
modern technologies for production of fuels, bulk chemicals, fine chemicals, and
pharmaceuticals. In the same vein, further advances in catalysis will serve as the key to
meet the increasing demands for the greater energy efficiency and higher flexibility that
implementation of the SDGs may require.?

In this context, it is important to recognize that most catalytic processes in
industrialized economies are conducted in centralized, large-scale plants, which optimize
the techno-economic aspects of the process. Decades of catalysis research have provided
fundamental insights into the correlation between electronic and geometric structures of
catalytic materials and their performance (activity, selectivity, and stability). Similarly,
advanced imaging and spectroscopy have allowed us to probe the dynamics of the reactive
species and the catalysts themselves in situ, i.e. under reaction conditions 4. These tools
provide unprecedented capability for designing catalysts at the atomic level to operate
under specific conditions. In general, such conditions are those of centralized large-scale
plants, processing well-controlled reactant streams under high temperatures and pressures.
However, some of the optimized conditions that make this model successful in
industrialized countries may not be met in developing countries, where distributed
production models might represent in some cases a better alternative. For example, the
energy sources may differ from region to region: while traditional energy carriers — e.g.



gasoline, methane etc. — are widely available in industrialized countries, the same may not
be true in rural areas of developing countries. Here, other resources such as biomass may
be more abundant and could become a convenient alternative. New catalytic solutions may
be required in this case to convert the raw materials into useable energy sources onsite.

Challenges and opportunies for catalysis research
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Figure 1. Centralised vs. distributed production. Distinct characteristics of catalytic processes used in
conventional centralized plants and in distributed small plants.

In general, economics is not the only factor to consider when assessing the feasibility
and sustainability of a process. In fact, the situation may change significantly with regional
conditions when the full analysis is made. For instance, as illustrated in Figure 1, large and
centralized plants are usually targeted in order to reduce production costs in an economy of
scale, but when considering some of the other sustainable development goals ,
decentralized plants may have advantages. The SDGs include global efforts to achieve clean
water, affordable and clean energy, economic growth, sustainable cities, and climate action
on all countries. The realization of some of these goals might be helped by the use of
distributed production models. For instance, one could reduce greenhouse gas emissions
thanks to shorter transport distances from process inputs — crops, minerals, etc. — to the
processing plants. Moreover, different approaches may be needed in decentralized plants
than those optimized by centralized plants. For example, while gaseous hydrogen is the
most techno-economically effective reductant in centralized plants, such as an oil refinery,
in some instances, reduction of oxidized compounds via electrocatalysis might be a better
approach that, instead of high-pressure hydrogen, utilizes water and electrons. Likewise,
aqueous phase reforming of biomass could become an attractive source of reductant in
certain geographical regions. Addressing these issues not only constitutes a challenge for
sustainable economic development, but at the same time provides interesting opportunities
for research in catalysis.

While the transfer of knowledge from the industrialized world’s extensive
experience to the developing countries is certainly needed, there will be knowledge gained
in some of the new applications in the developing countries that might benefit technologies
in industrialized regions when considering technical, economic, environmental and social
factors. Implicit in this bi-directional knowledge transfer is ensuring the presence of



adequate local technical expertise, which may require assistance in developing the
educational infrastructure. Onsite experts will better appreciate and understand the
specific challenges arising for the particular circumstances of each country. They will
facilitate communication not only of issues related to technical aspects of projects but also
societal issues relevant to the culture and the government of a given place, which is relevant
to another SGD, quality education.

Being uniformly distributed in nature, biomass is a suitable source for decentralized
chemical processes. As it will be discussed later, the efficient utilization of biomass may
have a significant impact in producing energy and commodity chemicals. The field of
biomass utilization opens up great opportunities for catalysis research; coupling this
research with life cycle analysis (LCA) studies can help to effectively assess the
aforementioned tradeoff between technical investment and environmental impacts, as well
as societal benefits alongside purely economic feasibility calculations.>®

In addition, as illustrated in Figure 2, the interconnected impacts of a technology
should be considered on the broad context of the major global cycles. For example, catalytic
processes can have a significant impact on the carbon cycle, both by utilization of CO; and
by upgrading biomass to fuels, thus helping to minimize the overall carbon footprint.
Catalysis and biomass conversion can also play an important role in balancing other
biogeochemical and hydrological cycles, such as the water, nitrogen, and phosphorus cycles.
Below we discuss examples of the role of catalysis in these different cycles as well as
potential opportunities for new sustainable applications involving biomass utilization.
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Figure 2. Interconnected biogeochemical and hydrological cycles. Biomass conversion and catalysis may
help balancing these cycles by enhancing production of clean water, and renewable fuels and chemicals.



Carbon cycle

Africa, the Middle East, and countries in Asia that are not members of the Organization for
Economic Cooperation and Development (OECD) are experiencing higher economic growth
rates than OECD countries as well as some of the highest rates of population growth in the
world.” Along with wind and solar power, lignocellulosic biomass is one of the renewable
energy sources with the greatest potential to help satisfy the increasing energy needs of
these countries. Other renewable energy sources include municipal solid waste, animal
waste, waste from food processing, and aquatic plants and algae. The applicability of the
source may vary depending on the available feedstocks and needs of the local economies.

Biomass has always been widely used in human history as an energy source, but
mostly for direct burning, which is inefficient and even today constitutes a major cause of
pollution in many developing countries. Instead, biomass conversion to fuels could produce
energy in carbon-neutral and even carbon-negative ways since the biomass carbon is
derived from atmospheric CO,. However, biomass conversion is a complex process. For
example, thermal conversion of lignocellulosic biomass (pyrolysis) produces an extremely
diverse mixture of oxygenated compounds, which pose insurmountable challenges to design
catalysts for direct upgrading to fuels.® Therefore, it is likely that successful biomass
conversion to fuels will involve a combination of optimised processes for conversion and
separation. Several approaches have been discussed in the literature and many options are
still conceivable.®

One of the most attractive schemes proposed so far is to preserve the chemical
diversity of the carbon atoms associated with their oxygen-functionality —furanics,
phenolics, ketones, aldehydes, alcohols— to take advantage of their higher reactivity before
deoxygenating®. In this way, for examples, convenient C—C bond forming reactions can be
achieved with minimum hydrogen consumption. Therefore, in addition to being an
abundant source of sustainable energy, biomass can be converted to higher value-added
chemicals, which may improve the overall economy of the production of fuels. Here again,
heterogeneous catalysts and catalytic processes hold the key to a techno-economical
solution with enough flexibility to adapt to distributed catalysis of different scales and under
varying regional conditions.'*'> However, as described above, most current catalysts have
been optimised for centralised large plants. Atom-economic carbon utilization will require
the design of stable and recyclable catalysts as well as precise engineering of the local
conditions under which catalysis occurs.>'>'% Basic research aiming at the knowledge
required for development of catalysts with these new requirements will be needed.

To fully utilize the biomass feedstock, the different components of biomass
(cellulose, hemicellulose and lignin) may be fractionated in the presence of a catalyst for
separate conversion schemes, which target various application markets. For example,
hemicellulose and lignin fractions can be dissolved in a gamma-valerolactone/water/acid
mixture and converted to furfural — a commodity chemical with an established market — and
carbon feedstock for battery anode materials, respectively, while the cellulose product can
be used to produce high-quality pulps suitable for textiles production.’ Likewise, the lignin-
derived compounds can be converted, with high selectivity, to renewable aromatics, as
shown recently using a copper-doped porous metal-oxide (PMO) catalyst in supercritical
methanol.’® The copper-doped PMO not only catalyses the initial depolymerization step but
also converts the process residues to aliphatic small molecules in the following upgrading



step, thereby enabling catalyst recycling. New markets would need to be developed for full
utilization of these specialty aromatic chemicals.

Following the same objective, an attractive approach is multistage torrefaction.®*> In
this process, a staged thermal gradient is used to fractionate biomass into different product
streams, each featuring distinct functional groups, which facilitates the selective upgrading
of molecules into valuable renewable chemicals and fuels. Deep deoxygenation and cracking
during conventional pyrolysis could result in large amount of light gases and coke, leading to
low liquid yields and catalyst deactivation. While these shortcomings are minimised with the
staged process, catalyst deactivation is always present, so recycling and regeneration of the
used catalysts becomes critical.

Catalysts can also be introduced into the pyrolysis process to tailor the product
distribution. Acid catalysts, such as zeolites and natural aluminosilicates, can assist cracking
of pyrolysis vapours to produce aromatics and other hydrocarbons, via C-C coupling
reactions along with C-O cleavage reactions.

There are not many approaches to support off-the-grid, long-distance transportation
in developing countries. Biomass-derived fuels and H, show great potential as energy
carriers for this transportation purpose.'® Meanwhile, it would be desirable to find local
markets for biomass-derived products since transportation across long distances would
increase cost and CO; emissions. Some of the products from biomass pyrolysis can have
added value in addition to their energetic values. For example, amino acids, which can be
produced through transition-metal-catalysed conversion of biomass-derived a-hydroxyl
acids and glucose 7, also find great use in food, animal feed and plastics.

One of the most abundant oxygenates, derived from hemicellulose at low
decomposition temperatures and lignin at higher temperatures, is acetic acid. On a suitable
catalyst, this acid can be used as an effective reactant for C-C bond formation reactions
(ketonization, acylation, hydroxyalkylation). For instance, zeolites can catalyse C-C coupling
reactions between acetic acid and chemicals derived from other torrefaction streams. The
activity, selectivity and robustness of zeolites are controlled by properties, such as intrinsic
acidity and pore confinement, that can be tailored and designed based on recent
fundamental knowledge.'® In addition, according to Hildebrand’s theory of solvency
behaviour, acetic and formic acids could be used as effective reactive solvents in biomass
conversion since they have solubility parameter values similar to that of lignin'®. However,
their use in biomass pretreatment has been somewhat limited due to their corrosive
nature.?® Acetic acid is widely used to produce vinyl acetate monomers, acetate esters,
acetic anhydride, and as a solvent for production of polyterephthalic acid (PTA). Many of
these acetic-acid-derived chemicals are used in paints and coatings as well as bottle
packages. The utility of these chemicals is sensitive to local economic growth and the
demand of end users, which may vary from region to region. For example, growing demand
from the packaging and textile industries drives the increase of acetic acid needs in India,
where an annual growth rate of 9% is anticipated, according to a recent research report 2!
There is perhaps a common interest for both federal research funding agencies and the
private sector to invest in renewable acetic acid production, rather than the traditional
(large scale) methanol carbonylation approach, to meet the increasing demand of end users.

The porous biochar that is produced as an end-product of the thermal
decomposition of lignocellulose is another biomass-derived product that already has an
established market. As an adsorbent, it is valuable in water treatment and can also be used
in fuel production as a high-surface area, effective trapping substrate of oxygenated



chemicals (such as acetic acid, acetol, and furfural) which are present in small quantities in
the first torrefaction stream, composed mostly of H,0.6 Some other potential applications
of biochar have been proposed, such as in fuel cells, supercapacitors and hydrogen
storage.?? Biochar serves as a unique means to address challenging problems at the nexus of
food, energy and water at a large scale.”

Bio-renewable and potentially recyclable plastics are valuable for reducing
consumption of petroleum associated with economic growth in developing countries. For
example, it is technically attractive to combine CO, and the biomass-derived compound 2-
furoic acid to form furan-2,5-dicarboxylic acid (FDCA) via carbonate-promoted C-H
activation.?* Alternatively, production of FDCA can also be achieved by oxidizing
hydroxymethylfurfural (HMF), which is obtained through dehydration of fructose. > FDCA
can react with sugar-derived ethylene glycol?® to synthesize fully plant-based polyethylene
furandicarboxylate (PEF), which may potentially replace petroleum-derived polyethylene
terephthalate (PET).?’ It is also very attractive to develop alternative, recyclable, polymers
with comparable mechanical and thermal properties to conventional polymers, as recently
proposed.?82°

In summary, a variety of different products can be derived from biomass, ranging
from commodity chemicals to transportation fuels, from dissolving pulps to soil
amendment, and from electrode materials for batteries to renewable plastics. The desirable
product matrix may vary region by region. For instance, in agriculture-driven regions,
biochar may be one of the most desirable products since it offers benefits for soil
improvement and water management as well as a nutrient source. In contrast, in places
where textile production is concentrated, both dissolving pulps and acetic acid may be the
focus. Lignin-derived commodity chemicals and battery materials will be valuable for
regions emphasizing chemicals exportation. In addition to applications in energy and
chemicals, biomass should be considered in a larger picture along with the local and global
environmental issues. One can think of a broad combination of modular processes,
assembled on the basis of products of varying priority, according to the region’s needs.

Water cycle

The process of thermal conversion of lignocellulosic biomass in stages allows the different
families of chemicals, including water, to be evolved separately. This large amount of water,
obtained as a by-product in the low-temperature torrefaction stage, is contaminated at a
relatively low level by acetic acid and furfural,® but after a simple purification step, it could
have an important value in certain regions of the world where water is scarce. As mentioned
above, biochar, another by-product from biomass pyrolysis, can be used as an effective trap
of these impurities. As a soil amendment, biochar may help to improve water retention and
increase soil surface area, as well as to enhance nutrient efficiency. Recent studies indicate
that microwave-assisted pyrolysis may produce biochar with large surface area. Additives,
such as K3PQgs, used to enhance microwave absorption, contain two essential soil nutrients
(potassium and phosphorus), which serve a dual purpose.3® In addition, after suitable
surface modification (e.g. with iron and aluminium oxides) biochar can be used to trap and
eliminate other water contaminants such as pesticides, heavy metal ions, arsenic, and
fluoride 31.

It must be emphasised that biochar is compatible with decentralised production
plants because its production does not require high pressure or well-characterised



feedstock. It already has an established market and may easily find local applications
without long-distance transportation.

Nitrogen cycle

Biomass and nitrogen-fixing bacteria play a key role in the nitrogen cycle that includes
fixation, ammonification, nitrification, and denitrification. Using biomass for producing
energy and chemicals directly alters the nitrogen cycle because harvesting biomass may
restrict the path of nitrogen back to the soil. However, it should be noted that biomass
products, such as biochar, could help the nitrogen cycle by preventing nitrate losses from
agroecosystems. Otherwise, nitrates may leach into the environment, causing groundwater
contamination. Biochar is useful for soil amendment since it has the capacity to exchange
and store cations (K, Mg, Ca) as well as valuable N and P nutrients from the original biomass,
and large amounts of water. The slow nitrogen release is considered a key advantage of
using biochar for soil amendment.3? Nitrogen could also be enriched in biochar if the
biomass catalytic pyrolysis was conducted in the presence of NH3.33 In the long term, if this
strategy can be realised, particularly if N2 can be activated, it could lead to developments of
fertilizers processes that are less energy intensive than the one based on Haber-derived
ammonia synthesis.

Phosphorus cycle

Biomass also plays an important role in the global cycle of phosphorus, an element essential
for food production. As discussed above, harvesting biomass may also raise the
consumption of phosphorus in developing countries, where phosphorus-related problems
have emerged in recent years in the supply of drinking water. The growth of phosphorus-
containing fertilizers and livestock manure has been pronounced in areas with intensive
farming, limited land area, and costly long-distance transport. This is also a problem in the
US, where economic factors have driven concentration of pig and poultry farming in certain
regions. Here, pyrolysis technology could be implemented to promote the conversion of
animal manure into biochar,3* that can be used for uptake / recycling of phosphates as
fertilizers. Alternatively, technologies could be developed for chemical removal of P from
manure through acidulation and separation to recover calcium phosphate and struvite.
World reserves of phosphorus are predicted to be exhausted in 50-100 years, with peak
production expected in the next 15-20 vyears.3> After this peak, manufacture of
concentrated phosphorus fertilizers will require extraction from increasingly dilute minerals
using greater energy inputs, at higher costs. A relevant application of catalysis is the
conversion of organic phosphorus from waste water into inorganic forms, for effective
recapture.3® This is particularly important for extracting and converting phosphorus locally
in decentralized facilities, since long-distance transportation of water is costly.3’

Conclusions

There is always a learning curve and vast challenges for new technologies,
particularly when transferring from one era to another, such as from coal to petroleum and
from petroleum to natural gas and renewables. The advantage in developing countries to
apply these new technologies is that, in many cases, they do not have to compete politically
or economically with established platforms, which may oppose the implementation of



competing technologies. Rather, there is a net driving force for testing and investing in new
developments. Moreover, it is widely recognised that developing countries, which start later
in the development process, may experience faster development since they may skip
(leapfrog) less efficient technologies and move directly to more sustainable ones. An
archetypal example of leapfrog technology is the mobile phone, which was quickly adopted,
especially in regions of the world where the fixed land-line technology had never been
implemented. Analogously, it is plausible that some renewable energy technologies (wind,
solar, biomass) and distributed energy approaches might be implemented in developing
countries without requiring the environmentally costly development stages taken by
industrialized countries, since they have not invested capital in large centralized plants.

In some cases, processes or products that are mature in developed countries may
not be affordable in developing countries due to infrastructure and resources limitations.
However, radically new processes might best meet these countries’ needs with
decentralized designs at a smaller scale. For example, electrocatalysis could be more
suitable for distributed lower-temperature and ambient-pressure processes than
conventional catalytic processes. Other novel technologies may impact energy/chemical
production, biochar-mediated water/soil management, flammable gas for cooking, catalytic
conversion of plastics to valuable chemicals/fuels, etc. Furthermore, distributed biomass
conversion may need distributed energy input, such as H,, electrical, and solar energies, to
drive the biomass-centered cycles. At the same time, advancing processes like these could
have an impact in implementing renewable energy processes in developed countries,
particularly in the agriculture-driven rural areas.

It is said that necessity is the mother of invention. This concept applies to developing
countries as their population and economy expand. Researchers and technologists are
compelled to find ways to address the energy conundrum and other environmental
challenges. As mentioned in the book “The Business Solution to Poverty,” a desirable
approach is to support technological efforts by refocusing the mainstream capital markets
onto addressing people’s basic needs.?® In this case, with catalysis as the enabling
technology, biomass can play a central role at the nexus of three crucial necessities: clean
and affordable energy, water, and food.

There are many other aspects in which catalysis can play a significant role in support
of the UN sustainable development goals. For example, conversion of biomass to provide
flammable gas might be an interesting way to provide clean cooking and heating in
developing countries. About 3 billion people in the world still use old open cook stoves,
which cause indoor air pollution leading to serious health problems3°. Gasification requires
very high temperatures. Catalysis could help to convert biomass to chemicals through
fermentation/solid catalyst hybrid processes to obtain C3—Cs compounds, which are the
main components of liquefied petroleum gas (LPG). These light hydrocarbons, in addition to
being used as flammable gases, could be converted into high-purity H, by the molten-metal
catalyst processes.?® These processes are accompanied by extensive production of a pure
carbon product, which could be further used for a variety of applications, including soil
management and solid electrode materials, which combined can reach a scale comparable
to that of the industrial uses of H,. Technological breakthroughs in the development of
stable and efficient catalysts and processes, along with governmental incentives, are needed
to support their successful development and implementation.

In the end, we should not forget the need for continuing educational efforts in these
areas around the world. Increasing numbers of local engineers and researchers reaching a



critical mass will be imperative for achieving success. Several fundamental challenges are
still open for the global catalysis community, which represent an important justification for
the training of new generations of researchers in areas related to the design and utilization
of catalysts for biomass conversion in decentralized plants. These areas may include: using
earth-abundant elements to reduce catalyst cost with balanced robustness and
activity/yield, processing crude feedstocks — with high impurity levels— at extreme
conditions such as with hot liquid solvents, processing at low temperatures and pressures
with adequate activity and selectivity, using alternative reductants other than H,, and
implementing simpler reactive-separation methods, (e.g. via solubility in biphasic systems
(water/oil) or catalytic membranes). With a new generation of local engineers and
researchers addressing these pressing needs, we believe that catalysis can play a lead role in
achieving the sustainable development goals and benefitting society.
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