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Letter from the Editors

It is a great honour to carry the torch of yesteryear’s editors and publish the 2016 edition of the
McGill Green Chemistry Journal. Green chemistry is both a field of research and a philosophy; one that
values sustainability, renewability and efficiency as paramount within the context of a rapidly
industrializing world. Although fewer in number, this year’s collection of articles, fostered from the fresh
minds of the McGill Green Chemistry class, continue to explore the many possible avenues where green
chemistry may improve the world we live in.

Moreover, this year’s articles span an especially wide gamut of current topics that are well worth
developing, perhaps by readers like yourself: energy production, rare resource recovery and retention,
green alternatives for petrochemicals, among others.

As green chemistry continues to grow in prominence, we hope that this journal can serve as a
starting point for interested readers, be they scientists or the general public, to gain an interest and
contribute to a more sustainable future.

We hope that you enjoy the read.

From the editorial team, thank you,

Editor in Chief - Arnold Downey

Associate Editors - Jill Bachelder, Joseph Marrett, and Pierre-Olivier Ferko
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Making green fuels: algae as a feedstock for biodiesel

Karlie Potts*
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ABSTRACT: Given the rapidly decreasing accessibility of fossil fuels, an alternative feedstock for oil must be found. The
replacement must be sustainable, economically viable, and abundant enough to meet the growing demand of fuels. There is a
considerable amount of research encouraging the adoption of algae as a biomass feedstock for fuel. Algae have shown great potential
due to their accessibility, abundance, and affordability. This article will aim to review the issues with first generation biofuels, the
current processes in place for the production of algae biofuel, and the economic viability of its production.

INTRODUCTION

One of the largest impending threats today, is the
scarcity of fossil fuels. Fossil fuels are used to fuel cars and
airplanes, power electricity plants, and heat our homes®. As
well, there are many subtle but critical uses like
pharmaceuticals, cosmetics, plastics, and fabrics®. Today, it is
predicted that fossil fuels will be extinct in 60 years®.
Although this number is controversial, there is strong support
for the development for of alternative technology. The
scientific community has been looking towards natural
sources of sugars and lipids, which may be converted to fuels
by simple chemical reactions. A promising platform for the
replacement of diesel is algae based biodiesel.

The term “algae” covers many different unicellular
and multicellular organisms, which have one uniting feature;
they lack true roots, stems and leaves, and a vascular system
to regulate water and nutrients through their bodies®. Despite
having a simple structure, algae have the ability to produce
complex organic compounds from basic inorganic molecules
using energy from photosynthesis, inorganic chemical
reactions, and heterotrophic fermentation. The majority of
algae live in aquatic habitats, thriving in both freshwater lakes
and saltwater oceans. However, they have also been found on
land in soil, snow, and desert crusts®. Algae were among the
first organisms on Earth, dating back 2.7 billion years,
playing a crucial role in the development of oxygen. Today
algae produce between 75-80% of all oxygen on Earth. For
the past 2.7 billion years algae have honed their ability to
produce and store energy in the form of oil in the most
efficient way.

Biodiesels are a type of biofuel, which can replace
traditional fossil fuel based diesels. Algae are an attractive
option because of their abundance, and the variation of how
and where they can grow. Even under harsh, unfavorable
conditions, algae can produce significant amounts of lipids’.
Algae have been predicted to give a yield of 200 barrels of oil
per hectare of land used to grow algae’™. This is
approximately 200 times the amount oil that corn can produce
(1.08 barrels)®. The theoretical yield for algae is far larger

than any other biodiesel feedstock'®. Algae-based fuels have
many advantages:

1) Algae can grow in all environments, allowing there
to be minimal competition with agricultural land.

2) Algae have the largest potential yield of oil due to
its rapid growth rate.

3) Algae consume carbon dioxide (COy) as they grow,
releasing oxygen. This CO, could be provided by
industrial sources.

Much of the past decade has been spent on determining the
viability of algae biofuel, and acquiring the technology to
scale up to industrial levels.

THE ISSUE WITH CURRENT FIRST-GENERATION
BIOFUELS

First generation biofuels (FGBs) are made from the
sugars and vegetable oils found in arable crops (sugar cane,
corn, etc.). Despite being easily extracted using conventional
technology they have important limitations!!. FGB are unable
to produce enough biodiesel without threatening food supply
and biodiversity2. Also, they are not economically feasible.
Current FGB depend on subsidies and are not cost
competitive with existing fossil fuels'®. These limitations
prompt the development of second-generation biofuels
(SGBs). SGBs focus on preventing agricultural competition
and providing a cost effective method for the production of
fossil fuels. Typically manufactured from various types of
biomass, the extraction process is much more complex than
FGBs.

VARIOUS CULTIVATION METHODS OF ALGAE

Algal biomass is made up of three main
components: carbohydrates, proteins, and lipids. Their lipid
content is between 16 and 75% (Table 1) dry weight, which is
much higher than terrestrial plants, containing about 5% dry
weight of oil*4,
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Table 1: Oil Content of Algae Suitable for Biofuel
Production

Microalga Qil Content (% dry wt)
Botryococcus braunii 25-75
Chlorella sp. 28-32
Crypthecodinium cohnii 20
Cylindrotheca sp. 16-37
Nitzchia sp. 45-47
Phaeodactylum tricornutum 20-30

The bulk of natural oil made by algae is in the triglyceride
form. These oils are long carbon chain molecules, which
serve as a structural component of the algal cell membrane.
There are optimal conditions that will maximize the
production of lipids®®. Algae require light, carbon dioxide,
water, and inorganic salts to grow. Adequate amounts of
nitrogen, phosphorus, and sulfur, as well as silica and iron are
important nutrients for growth®. These nutrients can be
monitored in one of the two main microalgal culture systems
available.

Algae can be cultivated in either open ponds or
photobioreactors. Open ponds are the most common system
for algae cultivation, especially those with high oil content®.
They are shallow ponds or tanks, which are circular and
designed in a racetrack configuration (Fig. 1)*, called parallel
raceway ponds (PRPs)Y. In this system, algae are cultured
under conditions, which are similar to their natural
environment. These systems are operated in a continuous
mode, meaning that the water and nutrients are circulated and
not left stagnant. This kind of system is economical, as it
simple to set up, and does not require excessive maintenance.
However, there are major drawbacks to an open system.
There is often a lack of control, which results in poor light
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Figure 2: Typical Parallel Raceway Pond Design®

utilization by microalgal cells, evaporative losses, and poor
uptake of CO.® % Open ponds often require a significant
amount of land, which leaves it susceptible to environmental
fluctuations®, which can be difficult to control'®. Finally,
microorganism  contamination restricts the size and
productivity of open pond systems?®.

The second kind of microalgal culture system is
photobioreactors (PBRs). This is often the choice of scientific
and commercial algae production, as it is a closed system.
PBRs were designed to overcome the contamination and

Air Flow Gas
as

Medium Inlet [Exhaust!

H‘

Solar receiver
Heat

Exchanger
g0y

Bubble column

( S )| Og@sp .l
Harvest &
Recirculation | | CO2 Flow Culture Direction
Pump ® (02 Bubble

@ 02 Bubble

Figure 1: A Typical Photobioreactor Design?

evaporation problems which are encountered in open pond
systems®®, Environmental factors such as amounts of CO, and
water, temperature, sunlight exposure, and pH, can be
regulated for ideal growth conditions?’. These systems are
typically made of tubular transparent plastic vessels, which
have a high surface area-to-volume ratio (Fig. 2)%. This allows
increased exposure to the sun, encouraging elevated rates of
photosynthesis?’. The media is pumped through these tubes,
ensuring all algae acquire the needed nutrition. PBRs require
more maintenance than open ponds; oxygen and CO; levels
must be monitored. The algal broth is periodically pumped
into a degassing zone, which removes excess oxygen. Then
before returning to the tubular vessels, CO, must be directed
into the system.

Although the initial investment of a PBR is larger than an
open pond, the productivity of a PBR is approximately 13
times larger than the open pond set-up4. Algae is produced in
much larger concentrations in a PBR and is more economical
to harvest’. Upon scale up of algae production, it would be
best to integrate both systems features” 4,

FROM ALGAE TO BIOFUEL: THE PROCESS

Upon maturation of the algal colony, it must be harvested for
further development into biofuel. There are two efficient
methods to separate the algae; centrifugation or filtration?:,
Centrifugation is a process, which applies the centripetal force
for the sedimentation of heterogeneous mixtures. It forms a
pellet of algae biomass at the bottom of the solution. This
method is extremely reliable and works for all kinds of
algae?’. The drawback of this method is its difficulty to scale
up, and the amount of energy input required?..

Filtration is an economical way to separate large algae from
the medium it was grown in. It can be adapted to the larger
forms of algae?, by varying the pore size of the filter.
However, it is difficult to ensure the algal mixture does not
clog the filter.

Once the algae have been separated from its medium, it can
be efficiently turned into oil. The most economical method is
by means of an oil press. The oil press alone can extract up to
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75% of oil from the algae being pressed®. The remaining
algae biomass will be combined with hexane, which will
extract another 20% of oil, in combination with the press
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Figure 3: General Transesterification Scheme

removing 95% of 0il?%. These fractions will be combined and
then filtered and washed. The obtained oil must then be
refined  through  transesterification  (Fig. 3). In
transesterification, the triglyceride is combined with a mixture
of methanol and sodium hydroxide, leading to methyl esters
and glycerol®. The base wused in transesterification
deprotonates the alcohol, making it more nucleophilic. The
carbonyl then undergoes attack by the incoming alkoxide,
giving a tetrahedral intermediate. This can then proceed to the
trans-esterified product, as it is energetically favorable. This
is an efficient method, with high recovery of biofuel*.
Considering transesterification does not require extremely
harsh conditions (i.e. minimal temperature elevation), it is
realistic to assume scale-up is possible. There is also the
potential of catalytic conversion® to convert the triglyceride
to methyl esters. Catalytic conversion can convert the lipids to
a mixture of hydrocarbons very similar to that of gasoline®.
However, this is not as well studied, and would likely cost
more than simple transesterification?.

ECONOMIC FEASIBILITY OF ALGAE BIOFUEL

In order to be a viable fuel option, algae biofuel must be
competitive with the price of petroleum. Out of all renewable
resources, algae shows the greatest potential for the
production of renewable fuels®. Currently, there is no
established plant, which can produce biofuel at an industrial
scale (100 million gal/year). Therefore, the projected cost of
algae based biofuel is speculative. The majority of the cost
(65-70%) lies in the growth of the algae, with the chemical
conversion processes accounting for the rest (35-40%)%. The
cost is also highly dependent on the both the technique used
to cultivate the algae and to separate it from the broth.
Solazyme Inc. is a renewable oil and bio-product company,
based in San Francisco, which transforms a range of low-cost-
plant-based sugars into oils. Solazyme’s lead microalgae
strains producing oil for fuels have achieved key performance
metrics that they believe would allow them to manufacture
oils today at a cost below $3.44 USD per gallon®, if produced
in an industrial setting. This is comparable and competitive to
the cost of fossil fuel based oil at $3.01 USD per gallon.
There is hope that this value will continue to decrease as
technology evolves and becomes more accessible. It is
important to also consider the benefits of employing algae
based fuels; reducing waste-water and consuming CO, from
industrial applications. These two processes cost additional

money and could be eliminated as a byproduct of algae
growth.

CONCLUSION

The impending threat of the extinction of fossil fuels demands
a solution. It is a problem, which cannot be neglected. Green
chemistry aims to improve environmental impact in
sustainable ways. Algae as a feedstock for biofuel have been
shown to be greener than traditional fuel synthesis. They have
demonstrated the ability to be economically viable,
sustainable, and do not compete with agricultural production.
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Powering the future: a look at solid oxide fuel cell technology
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ABSTRACT: The staggering energy demands of the modern world will only intensify as the economies of developing countries
grow. In this review, we introduce solid oxide fuel cell (SOFC) technology as a potential green solution to this looming dilemma,
along with its close counterpart, the solid oxide electrolysis cell (SOEC). We review the recent research investigating the possibility
of combining both cells into a single, reversible, and adaptable power generation unit.

INTRODUCTION

As worldwide energy demand continues to rise at a
rapid pace, forecasts from the World Bank and International
Energy Agency indicate that the current power supply will
need to double by 2050 if recent trends continue.! According-
ly, much attention is being paid to finding green solutions to
this increasingly imminent problem. Within the realm of re-
search, the term “green” easily lends itself to consideration of
biomass-derived options such as biofuels; however, inorganic
and solid-state chemistry present an alternate option in the
form of the solid oxide fuel cell (SOFC). SOFC technology
has powerful proponents: in 2000, John B. Goodenough,
famed inventor of the lithium-ion battery, devoted an article in
Nature to SOFC technology and its vast potential market
share.? Since then, rapid improvements have been made to this
technology, and both large- and small-scale pilot projects have
been demonstrated, ranging from broad utility power genera-
tion to specialized residential, commercial, and military uses.®
Recently, reversal of the function of the SOFC, in order for it
to serve as an electrolysis cell (SOEC) to reconstitute hydro-
gen gas and other fuels from water, have also garnered in-
creased interest from an energy storage perspective; according
to the Scopus© database, the amount of SOEC publications
per year has increased tenfold between 2000 and 2015.% In the
state of the art, reversible SOFC (RSOFC) technology that
allows hybrid consumption and production of fuel on demand
possesses great potential and warrants a closer look from a
green chemistry perspective. This review aims to introduce the
reader to SOFC, SOEC, and RSOFC technology in the context
of future solutions to green power production.

SOLID OXIDE FUEL CELLS: A PRIMER

Whereas a traditional hydrogen fuel cell functions by con-
ducting hydrogen protons from a cathode to an anode through
an often-times liquid-phase electrolyte, an SOFC functions by
conducting oxide ions from an anode to a cathode through a
solid oxide or ceramic electrolyte. Oxide ion conductivity is
achieved via the presence of anion deficiencies in the crystal
structure of the electrolyte, permitting cascading travel of ox-
ide ions. It is crucial that these deficiencies, also known as

‘defects,” are randomly distributed and energetically equiva-
lent along the crystal structure; otherwise, conductivity would
decrease as some anionic sites would be preferentially occu-
pied or vacant and result in an activation energy well for the
oxide ions. A common crystal structure archetype in electro-
Iytes meeting this criterion is that of fluorite, CaF,, shown in
Figure 1.

Figure 1. Crystal structure of a fluorite, CaFz, with defects. Blue
spheres represent Ca?*, red spheres represent F- and the grey
sphere represents a 'defect’ in the crystal structure.

The solid-state nature of the electrolyte confers many attrac-
tive properties to the fuel cell; particularly, high energy effi-
ciencies exceeding 70% are readily achievable as a result.’
Moreover, the durability of the solid-state electrolyte com-
pared to liquid-phase electrolytes is quite remarkable, requir-
ing little to no maintenance due to corrosion and allowing for
many more design options from an engineering perspective.
Mobile oxide ions rather than protons also allow for fuel
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adaptability and tolerance when designing SOFCs; as they are
procured from air and can oxidize natural and synthetic gas,
the strict necessity of hydrogen gas to act as fuel at the anode
no longer applies.®

Nonetheless, significant drawbacks are also accompanied by
the use of the solid-state electrolyte. Yttria, zirconia, scandium
and ceria are commonly used oxides in electrolyte compo-
nents, often times doped with one another in various ratios to
optimize conductivity, operating temperatures, and other tech-
nical properties.* Currently, yttrium-stabilized zirconia (YSZ)
acts as the de-facto standard solid oxide electrolyte,” from a
combined price and performance standpoint. While zirconia is
a relatively common and available compound, yttrium is a rare
earth element, posing a potential problem regarding its scarci-
ty, as well as the extensive solvent extraction steps required to
retrieve yttrium from xenotime, a prominent yttrium ore.®
However, the United States Geological Survey notes that
world yttrium reserves are likely “very large” nonetheless,
albeit offering no guarantees of reasonable availability.® Scan-
dium-stabilized zirconia (ScSZ) also performs very well as an
oxide ion conductor, and in many cases better than YSZ, but
rarity of scandium on earth sets a prohibitively high price
point for applications beyond the laboratory [**1]. Interesting-
ly, Walther H. Nernst is credited for invention of YSZ in the
late 1800s, which he then used to create the so-called Nernst
glower, an early source of infrared radiation.'? YSZ was sub-
sequently used in the original SOFC developed by Baur and
Preis in 1937;%® soon after, the duo proposed plausible, albeit
economically uncompetitive, plans to power the city of Berlin
as a testament to the potential of their invention.

Another drawback is found in the high operating tempera-
tures required for efficient conductivity and functionality of
the SOFC, generally ranging from 400-1000 °C, depending on
the solid electrolyte used.’*S Although these high tempera-
tures prevent applications for some purposes, efforts to use the
heat in tandem with other processes and cogeneration purpos-
es, among which are solid oxide electrolysis cells (SOECs),
have begun to shift the perception from drawback to feature.'

SOLID OXIDE ELECTROLYSIS CELL: THE OTHER
SIDE OF THE COIN

Solid oxide electrolysis cells (SOECs) can be considered as
simply the mirrored counterpart of the SOFC. The general
model of an SOEC has water being fed to the cathode side
(anode side of the SOFC), where it gets reduced to hydrogen
gas and oxide ions; the latter travels across the solid electro-
lyte to the anode (cathode side of the SOFC) to then produce
oxygen gas, affording the net hydrolysis of water in exchange
for energy. Depending on the SOEC in question, atmospheric
carbon dioxide can also be fed to the cell to obtain synthetic
gas.* Given the shared need to conduct oxide ions, many of the
electrolytes used in SOFCs are used in SOECs: YSZ, ScSZ
and the like are popularly used, with YSZ continuing to be the
most common.*® Notably, Uchida et al. determined that ceria-
containing electrolytes are unsuitable for electrolytic purposes
as the high voltage applied between the electrodes invariably
reduces Ce* to Ce*, decreasing the oxide ion conductivity
significantly [*].

McGill Green Chemistry Journal

Hydrolysis of water becomes increasingly endothermic as
temperatures increase.’® Consequently, SOECs can attain ex-
tremely high efficiencies as the heat generated from the cell
can be consumed in the electrolysis reaction and reduce elec-
trical energy demand. Optimal operation of the SOEC at the
thermoneutral potential — at which the generated heat is equal
to the heat consumption of the electrolysis reaction — can reach
a theoretical energy conversion efficiency of 100%.1° As a
result, SOECs are remarkably efficient when compared with
low temperature electrolysers despite being less mature tech-
nologically.'® In 2009, Wang et al. reported an SOEC efficien-
cy of 98% at 650 °C using ScSZ as electrolyte,'® whereas low
temperature electrolysers such as alkaline and polymer elec-
trolyte membrane (PEM) reach 80% and 83.4% respectively.*
However, when the thermal source is taken into consideration
as well, SOEC efficiency generally drops down to the wherea-
bouts of 60%.'° Nonetheless, increases in efficiency due to
high operating temperatures inherent in SOECs effectively
result in approximately two-thirds lower running costs when
compared to low-temperature alternatives.*

e
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Figure 2. A simplified diagram of a Solid Oxide Fuel Cell
(SOFC).

REVERSIBLE OXIDE FUEL CELLS: COMBINED ARMS

Potential combination of both SOFC and SOEC technology
into a single, reversible unit (RSOFC) presents many advanta-
geous properties for future energy production. Specifically, the
ability to use biofuel to generate clean electricity while being
able to also produce synthetic gas for long-term storage as the
situation demands is greatly desirable.* Promisingly, work
performed at the European Institute for Energy Research (EIf-
ER) determined similar cell impedances for both SOFCs and
SOECs, which spurred further probing into reversibility of one
to afford the other.* Currently, however, RSOFC technology is
in its infancy and is restricted mainly to laboratory scale. Ad-
vances in SOEC technology are currently seen as most im-
portant for further development of RSOFCs; challenges relat-
ing to SOECs are more pronounced and less addressed by the
research community, compared to the more popular SOFCs.*
Specifically, long-term degradation of the SOEC is a serious
concern; Hauch et al. reported a 2% degradation of the
Ni/YSZ oxygen electrode after 1300 hours of operation due to
the high voltages required.?’ Additionally, there are roughly
ten times more SOFC publications than SOEC per year be-
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tween 2000 and 2015.* Unique to the RSOFC, however, are
many challenges inherent to the combination at hand; func-
tionality of the oxygen electrode (generally Ni/YSZ) in both
forward and reverse modes and efficient design for the cell
stand chiefly among them as of this writing.

ECONOMICS AND VIABILITY

In the context of green chemistry, it is important that real
world concerns are considered. Fortunately in this regard, both
SOFC and SOEC technologies have been examined in pilot
projects of varying scales, from broad utility power generation
to residential purposes.® As mentioned earlier, Baur and Preis
quickly considered real world applications after having in-
vented the SOFC in 1937. They proposed a plan for an SOFC
power generation scheme for Berlin’s “power station west”
goal of 234 Marks/kWh:; although they were only able to attain
1000 Marks/kWh, they concluded nonetheless that practical
and space-efficient SOFC power generation was indeed possi-
ble, nearly a century ago.

Recent years have been more promising in comparison. The
University of Malaya in Kuala Lumpur completed a year-long
economic analysis conducted at various regions around the
world that considered an ideal RSOFC, working 2920 hours in
SOEC mode and 2815.2 hours in SOFC mode for a hybrid
photovoltaic system, and reported an electricity cost of 0.068
USD/kWh.?> Competing renewable energy systems using so-
lar-wind-diesel and diesel attained 0.438 and 0.510 USD/kWh
respectively; in this case, the diesel was not noted as “bio-
diesel,” but was used for price-comparison with renewable
methods. The researchers also report that the geographical
locations of these power generators were of large importance
in harnessing solar energy efficiently and stressed the need for
hybrid, adaptable systems.?? In the same light, usage of
SOECs to produce synthetic gasoline from atmospheric carbon
dioxide via the Fischer-Tropsch synthesis can attain a market
value of approximately $2 (USD)/gal.* In fact, it may already
be economical to do so in countries with inexpensive renewa-
ble energy such as Iceland.* However, a large barrier to entry
in current SOFC, SOEC, and RSOFC technology remains in
the initial capital investment, largely due to expensive nature
of the machinery involved in storing and using hydrogen. For
a hybrid solar-SOFC system, a return on investment can be
expected in up to 25 years.! Hybrid wind-diesel and solar-
wind-diesel, on the other hand, require 3-4 and 6-7 years, re-
spectively.??

CONCLUSION AND FINAL THOUGHTS

Summarily, SOFC and SOEC technology have been intro-
duced in this review and discussed in terms of their advanta-
geous and disadvantageous properties. Recent advances and
trends were touched on, and economic viability was compared
with renewable energy competitors in the solar, wind, and
diesel domains. Although RSOFC technology seems quite
promising and idealized models show it close to becoming
profitable (and in some countries already is), it may be more
effective to focus individually on SOFC and SOEC technology
in the interim. RSOFC advancement is currently restricted by
the latter for the time being in any case, and daunting chal-
lenges still exist in both SOFC and SOEC technology. That
being said, there certainly exists intriguing economic potential
for renewable energy production via SOFC technology that

will surely bear fruit given continuation of current publication
trends.
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ABSTRACT: Nuclear energy has been considered as the alternative energy source since the oil crisis took place in 1973'. Coun-
tries that relied heavily on fossil fuels switched their gear and invested more on the development of nuclear energy. As of 2015,
there are 440 operating nuclear reactors generating a net capacity over 390,000 megawatts of electricity'. It may seem to be a fea-
sible alternative energy source to fossil fuels, but considering all the different aspects, nuclear energy is not a green energy source
whatsoever. Aside from the threats it poses to the environment, recent accidents" that contributed to nuclear leaks in the environ-
ment have the general public re-consider the safety of nuclear energy, as seven reactors have been permanently shut down since the
year of 2015Y. Marine energy that has incredible potential to be harnessed from the oceans, which covers up to seventy percent of
the surface on Earth"i, provides a future opportunity of being the optimal candidate of the renewable energy source. Methods to
harness marine energy to apply it widely in terms of its usage will be discussed in this paper.

1. Introduction

Development of nuclear energy took the first step as one of
the most well known physicists, Ernest Rutherford, discovered
that an immense amount of energy could be released when
atoms were split by protons from a proton accelerator”. In
1954, the Obninsk Nuclear Power Plant became the first nu-
clear power plant to generate electricity on a large scale where
around five megawatts of power was produced®. Not long after,
the oil crisis that took place in 1973 had also led countries like
France and Japan to invest more on nuclear energy®.

With the increasing dependence on nuclear energy, the
voice of the opposition has also gone up in numbers, more and
more by each year®, as the public sees it from not being part
of a solution'! to being part of the problem?*2. Despite the pro-
ponents claim that nuclear energy produces less carbon diox-
ide emission and also an efficient energy source in terms of
combating global warming, numbers of catastrophic accidents
have proven it wrong. The 1979 accident at Three Mile Island,
the 1986 Chernobyl disaster, and the most recent Fukushima
accident in 2011 all acted as wake-up calls and indicators of
how power generated by nuclear fission is not as green as it was
originally thought®3, especially after the consequences it had
cost and the concerning effects on human health and the
environment.

The current storage of nuclear waste in Canada has claimed
to be safe for interim storage4. However, leaked radiation and
the harm it poses to the environment are also not considered
green. This also has not taken into consideration of earth-
quakes and tsunamis caused by tectonic plate movement, as

the frequency of occurrences and the harm can be quite unpre-
dictable.

An alternative, renewable, and green energy source known
as the marine energy has been greatly discussed by the general
public®. The energy is stored in oceans partly as thermal ener-
gy and kinetic energy, and therefore harnessing renewable
energy from the massive ocean that takes up to seventy per-
cent of the total area on Earth has shown to be a promising and
feasible technology that deserves more attention and applica-
tions?s.

2.1 Current Situation

Thirty-one countries currently operate nuclear energy as one
of the energy sources. Out of all the countries on the list, four
standouts, France, Hungary, Ukraine, and Slovakia have over
half of their energy depended on nuclear energy®’. This leads
to another controversy, that is, the location and the method of
waste storage. Proper handling of nuclear waste needs careful
consideration and there is no guarantee of success, contrary to
what the general population is told to believe. Despite the fact
that nuclear energy engineers have claimed that more ad-
vanced and safer design of reactors has been implemented, it
is difficult to observe what can possibly happen at larger time
scales due to the long half-life of the radioisotopes, making it
another safety issue of a long-term waste management8.

2.2 Wake Up Call — An Urgent Call for an Alternative
Source
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A nuclear or radiation accident is an event that has led to
significant consequences towards people, the environment or a
facility according to International Atomic Energy Agency?®.
Fatal accidents that cause civilian casualty, damage to the liv-
ing land, and damages to human health are clear evidences of
the negative impact. A scale that takes measurement of the
severity of a nuclear accident, International Nuclear and Radi-
ological Event Scale (INES), have reported two level 7, the
highest level of danger of nuclear accidents. Chernobyl and
Fukushima are the two examples.

Uranium serves as one of the most important energy miner-
als, especially for energy powered by nuclear fission?. Mining
for uranium however has brought up several controversies.
The mining industry indicates an association between uranium
mining and the chance of having lung cancer?'. Not only does
mining for uranium pose health threats to the workers, the
negative and detrimental harm to the environment at the same
time need to be taken into consideration. Contamination to the
ground water can be detected at mining sites.?> Heavy metals
traces residuals in the soil also have a direct negative impact to
the organisms, as soil macro-invertebrates have a three to thir-
ty-seven lower abundance and biodiversity at the contaminat-
ed sites compared with an uncontaminated one?.

Despite the fact that the safety and the operation of nuclear
plants seem to be controllable by humans and the operating
companies claim that nuclear waste is stored in very safe con-
ditions and the radiation leaks have been minimized to not
pose a threat, uncontrollable factors such as earthquakes and
natural disasters that are caused by the tectonic plate move-
ments can drastically initiate an uncontrollable disaster. Stud-
ies have been done on the concerns of the melting of the nu-
clear power plant core due to earthquakes in the late 1980s?*.

3.1 Marine Energy Now

Unlike nuclear energy where an immense amount of water
required to cool of the nuclear reactors and where billions of
microorganisms are being killed, generating electricity from
the greatest body of water and not wasting the treasurable wa-
ter resources is a possible method of energy generation pro-
vided by marine energy. Marine energy offers an applicable and
feasible substitution to nuclear energy. The carbon dioxide
emission is significantly reduced, as mining for energy miner-
als and extracting material is not required. The safety would
increase exponentially due to the fact that there would not be
nuclear waste in need to be stored and controlled. Marine en-
ergy has shown to be an alternative to nuclear power in both a
socio-economical and environmental perspective.

The current energy demand worldwide is 17,500 Terawatts
and the potential energy that can be harnessed from marine
energy is 20,000 to 80,000 Terawatts by changes in ocean
temperatures, salt content, movements of tides, currents,
waves and swells®. With a non-negligible amount of energy,
research to fully operate it to its full potential and allow it to
be more feasible has been widely conducted.

3.2 Forms of Marine Energy

There are a great number of possible forms of marine ener-
gy. In this paper what will be focused on is the currently oper-
ating tidal power, and the potential large scale operating forms
including ocean thermal power and wave power.

3.3.1 Tidal Power

Tides occur naturally in the oceans. As previously men-
tioned, seventy percent of Earth surface contributed by the
oceans create massive number of possibilities and potential.
Despite still being at the early stage of developing, there are
currently seven operating tidal power stations in the world.
Life cycle Impact Analysis has shown that tidal power has on
average 115 times lower impact on climate change than elec-
tricity generated from coal power?. Two notable currently
operating tidal power stations generate over two hundred
Megawatts of electricity, one being Rance Tidal Power Station
in France and the other one being Sihwa Lake Tidal Power
Station in South Korea?’. Upcoming constructions that would
begin operating within the next five years are mainly located
in Russia, the United Kingdom, and South Korea?. Penzhin-
skaya Tidal Power Plant even sets up a goal to generate over
87,000 Megawatts of power, making it the largest tidal power
station once the operation begins®°.

3.3.2 Forms of Tidal Power

Methods of generation of tidal power are divided up to four
different categories. There are Tidal stream generator, Tidal
barrage, Dynamic tidal power, and Tidal Lagoon.

3.3.3 Tidal Stream Generator

Similar to the wind turbine that is responsible for wind
power, tidal stream generator works in a way where the mov-
ing water to power turbines generate kinetic energy that can be
harnessed°. A tidal stream generation needs a ring-cam diam-
eter the same as the root, variable-displacement and the ability
to take bearing loads®.

Selecting optimal operating sites greatly increases the effi-
ciency and the energy harnessed from the tides. Tidal stream
systems work best at areas where fast currents and natural flows
are concentrated®.

3.3.4 Tidal Barrage

Generating electricity from the difference in water depth is
the method used in tidal barrage. Between high and low tides,
potential energy can be used to generate power. When the tide
comes in, an increase in tidal power is held within a large ba-
sin behind the dam, and with receding tide the energy is con-
verted into mechanical energy as the water is being released
through the large turbines®.

Tidal Barrage has shown promising results, as both of the
largest operating tidal power stations, Sihwa Lake Tidal Power
Station and Rance Tidal Power Station generate electricity of
over two hundred Megawatts with this method.

3.3.5 Dynamic Tidal Power
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Dynamic Tidal Power (DTP) generates power by the tidal
difference between both sides of a hydraulic structure built
perpendicular to a coastline®. Tidal phase differences are in-
troduced across long dams, ranging from thirty to fifty kilome-
ters in length, without an enclosed area. Power stations that
follow this idea are proposed to be built at coasts where strong
coast-parallel oscillating tidal currents can be found giving the
most optimal outcome®,

Benefit of Dynamic Tidal Power is that a single dam can
accommodate over eight thousand Gigawatts of installed ca-
pacity, which equals to the electricity supply needed by 3.4
million Europeans per year3. This method does not require a
very high natural tidal range, meaning that it is not a very lim-
ited method and the total availability would be high for coun-
tries with suitable conditions, like Korea, China, and the Unit-
ed Kingdom would have a potential to generate between
eighty to one hundred and fifty Gigawatts®’.

3.3.6 Tidal Lagoon

In terms of generating power, tidal lagoon follows a similar
concept as tidal barrage. By creating a head difference, water
is allowed to pass through turbines when gates are open®. The
difference from tidal barrage is the structure. Tidal lagoon
harnesses its power from an artificial ecosystem, meaning
without the preexisting naturally occurring conditions®.

The first proposed to-be-built project using the Tidal La-
goon method is in Swansea Bay, Wales. Once the operation
starts it would be the very first Tidal Lagoon Power Plant and
it is expected to have a capacity of three hundred and twenty
Megawatts*,

3.4 Ocean Thermal Energy

Ocean thermal energy conversion utilizes the temperature
difference between the surface water and the deep ocean, with
a temperature difference of around twenty-degree Celsius and
a height difference of a thousand meters.** A heat engine
would work better with a greater temperature difference, and
therefore the proposed ocean thermal energy conversion
(OTEC) plant would yield better results at a tropic ocean?.

OTEC is classified by three different cycles. A closed-cycle
uses fluid with a relatively low boiling point to power a tur-
bine to generate electricity. Warm surface seawater is pumped
through a heat exchange to vaporize the fluid*®. An open-cycle
OTEC uses warm surface water to generate electricity directly.
The warm water is first pumped into a low-pressure container
that causes boiling, and then the vapour drives a low-pressure
turbine attached to the electrical generator*. A hybrid cycle
combines the two, where warm seawater enters a chamber and
is instantly evaporated, and the steam then vaporizes the fluid
with a low boiling point to generate electricity*.

In 2015, a small but operational closed-cycle ocean thermal
energy plant was inaugurated. At the early stage of develop-
ment, the power plant yields an impressive result where one
hundred and five kilowatts of power is produced, which sup-
plies over one hundred homes in Hawaii.*sThe thermal effi-

ciency of OTEC shows that it is at the early stage of develop-
ment, however this shows a promising result and creates pos-
sibilities for the future.

3.5 Wave Power

The wind causes waves on the ocean surface*’. The fluid
dynamics it causes can be harnessed to generate electricity*e.
This is how the concept of wave power works. The idea of
converting the energy of ocean surface waves into useful en-
ergy to humans is not a brand new concept. In fact it can be
dated back to 1799 where the first patent can be found*. By
1980 there were more than a thousand registered patents re-
garding the various techniques of ocean wave energy genera-
tion%°. The research and development has gained the support of
the European Commission in 1986 where the evolution of
wave energy field was observed®!. Later on in 1999 the Euro-
pean Commission had even decided to include wave energy in
their renewable energy program®2,

Hydrodynamics explain the physical concept behind wave
energy conversion. The idea is to extract energy from a float-
ing oscillating body from a regular sinusoidal wave®. With
this fundamental idea, various methods were developed. Oscil-
lating water column where an air turbine is installed, oscillat-
ing bodies where a hydraulic motor and a turbine generates
electricity, and overtopping method where a low-head hydrau-
lic turbine is used®. To ensure maximum power absorption, a
wave power converter (WEC) should respond in resonance
with the waves such that the exciting force and the response
velocity are in phase.

There are currently four operating wave farms that harness
energy from wave power, countries include United Kingdom,
Spain, the United States, and Israel. Proposed projects of con-
structing wave farms can be seen in Denmark, Belgium, The
Netherlands, Australia, Ireland, Finland, and Germany®.

3.6 Challenges of Marine Power

Marine power shows a great number of advantages. In this
paper, promising results from the current operating marine
power plants and the beneficial effects the marine power in-
troduces to the environment once again emphasizes the im-
portance and the feasibility of replacing nuclear power.

However, a few drawbacks of marine power requires further
discussion and more research on the solutions would need to
be discovered. The possible contamination during the con-
struction process of marine power plants requires further as-
sessment to ensure no harm is done to the marine animals®’.
Furthermore, the current state of knowledge regarding the
potential harms that the sound emission and the electromag-
netic field generated by the power plants can do to the marine
animals is still very limited. In order to convince and im-
plement this method to its full potential, more research has to
be conducted.

4. Conclusion
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Society needs a new energy source, one that is green, re-
newable, and generated from safe sources. Nuclear power
indeed proves to not be a sustainable energy source due to all
the threats it brings to humans and the environment. Lessons
need to be learned, as catastrophic accidents were clearly illus-
trated in history, the urgency of replacing nuclear energy
source with a more feasible and friendly technology needs to
be implemented.

Marine energy, on the other hand, does offer a safer way of
generating cleaner energy, without causing harms to humans
and the environment. Using ocean to generate power guaran-
tees a source that would not run out. Numerical data provided
in this paper shows a steady growth and a promising pace of
development, as more projects and investments are put into
implementing the ideas and replacing the nonrenewable ener-
gy with new technologies simultaneously.
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ABSTRACT: Rare earth elements (REES), especially neodymium and dysprosium in NdFeB permanent magnets, currently play an
invaluable role in industries ranging from fluorescent lamps to electric vehicles, with demand set to increase in the future. Current
extraction and separation of REEs from NdFeB permanent magnets by hydrometallurgical processes require the use of hazardous
and toxic mineral acids, as well as organic solvents, and generate large amounts of wastewater. Increased mining is neither envi-
ronmentally friendly nor economically viable in the short-term. Therefore, greener methods to recycle, extract, and separate these
REEs from each other and other transition metal elements in NdFeB magnets that improve upon conventional hydrometallurgical
methods must be found. In this review, the uses of ionic liquids and molecular recognition technology are explored, as are other

methods using pyrometallurgy and hydrothermal approaches.

INTRODUCTION

Known as ‘rare’ due to the difficulty in separation
and extraction of the pure metals, the rare earth elements
(REEs) are widely regarded to consist of the lanthanide series
of elements, plus yttrium and scandium. REEs are considered
highly valuable due to their unique physiochemical properties
giving them uses in a wide range of significant applications
including petroleum catalysis, hybrid engines, and permanent
magnets. In particular, NdFeB permanent magnets are invalu-
able to renewable, sustainable energy technologies, being used
in electric vehicles, wind turbines and generators, with neo-
dymium and dysprosium being the main two REEs used in
these magnets.! Dysprosium is often alloyed with NdFeB
magnets to raise the magnets’ Curie temperature, increasing
the magnets coercivity at higher temperatures. Neodymium
and dysprosium have both been outlined as critical in terms of
“importance to clean energy” by the U.S. Department of Ener-
gy in 2011.2 Though research has been done in looking for
substitutes for neodymium in NdFeB magnets such as cerium,®
the strength of CeFeB magnets has been shown to be inferior.

Both neodymium and dysprosium have been concluded to be
irreplaceable in most applications, especially those requiring
particularly strong permanent magnets.? 3

China is currently the dominant leader in world REE produc-
tion with various studies quoting their global market share to
be between 80-95%.>* Though it has been predicted that in the
foreseeable future that world production of REEs would be
able to keep up with demand, it is likely that current demand
will soon exceed production,* with a study by Hoenderdaal et
al. proposing dysprosium demand may well exceed global
short-term supply by as early as 2020.° As also the world’s
largest consumer of REEs, the Chinese government now con-
tinuously seeks to limit the export of REEs resulting in large
market price fluctuations.® Consequences of market price
spikes may especially be felt in research, where many promis-
ing renewable-energy technologies, like underwater wave
power and geothermal drilling,! rely heavily on NdFeB mag-
nets to function. The obvious risks can be seen in relying on
one primary exporter of REEs and so it is of upmost im-
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portance that much of the rest of the world, especially REE
import-only areas such as Europe and Japan,! find alternative
sources.

The supply risk, therefore, is not a consequence of low ele-
mental abundance in the earth’s crust, but rather due to the fact
that only China has a fully developed supply chain: from the
mining of REE ores all the way to the manufacturing of con-
sumer goods. Though it could be argued that simply an in-
crease in the mining of REEs around the world would be
enough to solve this imbalance, the development of new min-
ing infrastructure is expensive and long. Not including supply
chain development, it is estimated to take 12-13 years for a
mine to actually start production.” As well as this, the mining
of REEs has been shown to not only pose health risks to work-
ers, but to also have significant negative impacts on the envi-
ronment via generation of large amounts of wastewater and
radioactive waste from processing and refinement streams.®
Previous reviews and life-cycle assessment of the current situ-
ation in the mining, supply, and demand of REEs are in
agreement that advancement in recycling methods of REEs is
crucial 14910

Due to the high current and future predicted demand of the
elements neodymium and dysprosium for use in NdFeB mag-
nets in particular, this review focuses on several recent devel-
opments in methods to recycle these metals back from NdFeB
permanent magnets in two key areas that are: the extraction of
the metals from their permanent magnets, and the separation
of these rare metals from transition metals, i.e. iron and cobalt,
as well as each other. The various methods are compared and
evaluated in terms of relevant qualitative criteria for greenness
such as their relative energy and chemical consumptions.

1. THE PROBLEM WITH HYDROMETALLURGY

Currently the most widely cited methods of recycling REEs
from magnets and magnetic scrap are hydrometallurgical pro-
cesses!! that often involve a number of the following steps
shown in figure 1, below.12 1314

D Energy Input

Chemical Input

Crushing and Grindi

Roasting

Leaching

HLeachimg Waste Stream

Solvent Extraction

HSOIVBM Waste Stream

Oxalate Precipitation

Filtration

Figure 1. Steps often involved in hydrometallurgical methods
of REE extraction and separation from NdFeB permanent
magnets. Red boxes indicate large energy input while orange
boxes indicate large chemical input.

Crushing and grinding mechanically pulverizes magnets and
production scrap into powder, increasing the surface area for
successive steps. Roasting demagnetizes the permanent mag-
net at high temperature and converts the metals to their respec-
tive oxides. Leaching involves the use of mineral acids i.e.
hydrochloric acid, sulfuric acid, nitric acid, to selectively cap-
ture REE ions in the aqueous phase leaving iron behind as a
precipitate. Solvent extraction separates REEs from each other
(and other transition metal impurities like Co, Fe) by employ-
ing organic solvents i.e. kerosene, toluene, diethyl ether, to
complex REE ions based on their affinity for the organic phase
and solubility in the aqueous phase. Addition of oxalic acid
precipitates REEs as their respective oxalates and after filtra-
tion the oxalates are finally calcined to obtain the useful rare
earth oxides (REOs). Chemical waste streams are a result of
the leaching and solvent extraction steps.

It can be easily seen that due to the complexity of the multi-
step process combined with reliance on hazardous and toxic
organic solvents and harsh mineral acids that standard hydro-
metallurgical methods are far from ideal green chemical pro-
cesses. As a result, much research has been carried out to try
and improve the greenness of hydrometallurgical processes.

2. IONIC LIQUIDS

The most extensively studied area in greener hydrometallurgi-
cal extraction and separation of REEs is in the application of
ionic liquids (ILs). The origins of their implementation history
in this field have already been covered comprehensively in a
previous review paper,’ Therefore this review will aim to
evaluate only the most recent developments in this field.
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ILs are most widely accepted to be defined as molten salts
with melting temperatures generally under 100 °C. ILs are
especially useful due to their synthetic nature, that is, due to
their flexible definition, can easily be designed and created for
specific applications. Often regarded as ‘green solvents,’*6 17
in the recycling of NdFeB magnets, they have been studied
mostly commonly as a replacement for the volatile organic
compounds (VOCs) used in the solvent extraction stage in
order to separate REEs from solvated transition metal impuri-
ties and each other. Here, ILs replace the organic phase. De-
pending on various metal in solutions affinity for different ILs,
transition metal impurities are extracted into the IL phase,
while REE ions remain in the aqueous phase. Following sepa-
ration, the procedure followed can be the same as in figure 1,
shown previously: addition of oxalic acid to yield REE oxa-
lates, and so on.

Since ILs allow for creative versatility in their designs, various
ILs have been created and shown to be able to separate REEs
from transition metals and each other in different conditions
such as pH*® and temperature.’® Riafio et al. have demonstrat-
ed the ability for the IL trihexyl(tetradecyl)phosphonium ni-
trate (TTPN) to successfully separate cobalt ion impurities
from REE ions in solution,® while Hoogerstraete et al.
showed similar results with trihexyl(tetradecyl)phosphonium
chloride (TTPC) which was additionally tested and showed
selectivity in separation with other elements such as zinc, and
iron- the main component element in NdFeB magnets.’* In
Hoogerstraete’s experiments, iron separation was achieved at
99.98% or above with separation factors of around 5.0 x 108,
The experiments were all carried out in made-up leaching
solution as to show how these ILs could easily be implement-
ed in current industrial processes in the replacing of VOCs.

The previously mentioned research by Riafio and Hooger-
straete, whilst important in solving immediate issues with hy-
drometallurgical processes, their significance in improving the
overall greenness of the existing hydrometallurgical process is
limited. While the use of VOCs can be shown to be replacea-
ble with ILs in solvent extraction, the use of hazardous miner-
al acids for the leaching process remains. Though in the re-
search paper, Hoogerstraete argued that in the case of TTPC,
strongly acidic conditions were necessary for efficient hydro-
metallurgy, the use of alternative, fluorinated ionic liquids
could present alternative solutions. Even more recent, novel
applications for using ILs in hydrometallurgy come from bi-
functional ionic liquids, especially acid-base coupling bi-
functional ionic liquids (ABC-BILs) that are often comprised
of an ammonium cation and carboxylic anion.?! Dupont and
Binnemans have used an IL previously having shown success
in recycling fluorescent lamp phosphor waste?? to both extract
and separate REEs present in NdFeB magnets in a single step:
a combined leaching/extraction system using the IL betanium
bis(trifluoro)methylsulfonyl imide (BFMSI). BFMSI is inter-
esting in this method for two reasons. Firstly, BMFSI readily
dissolves metal oxides. Secondly, BFMSI shows interesting
thermomorphic properties in water: over 55 °C, the mixture
will become one homogenous phase while at lower tempera-
tures, the mixture will separate out into two phases. In this
way, BFMSI is used both as the aqueous and organic phase in

solvent extraction. Therefore by simply changing the tempera-
ture of the IL, both mineral acid use and VOCs are replaced in
a single step.

As a result of the ion exchange process during the IL’s metal
extraction, some ionic liquid will dissolve into the aqueous
phase in order to form new ILs with metal anions causing loss
of ionic liquid.* Dupont solves this problem by using fluori-
nated ILs to increase the IL’s hydrophobicity. However, fluor-
inated ILs present their own problems. Prices of fluorinated
compounds are high and also, fluorinated ILs must be careful-
ly controlled so that they do not mix with the aqueous phase,
which would produce hazardous HF as a result of hydrolysis.?
Hoogerstraete has successfully demonstrated using longer
alkyl chain lengths as an alternative way to increase hydro-
phobicity of ILs!* but so far research has not yet been com-
bined to find a both non-fluorinated bi-functional IL capable
of dissolving metal oxides like BFMSI.

Ignoring energy consumption, since all hydrometallurgical
methods require heat for magnet oxidation and disintegration
before leaching steps, the difference in these IL methods lies
in either using a potentially hazardous fluorinated IL and elim-
inate the use of both mineral acids and VOCs, or use less haz-
ardous non-fluorinated ionic liquids but still require a separate
leaching step. Until non-fluorinated bi-functional ILs with
REE separation abilities are discovered, in terms of health
risks at the industrial scale, using TTPN or TTPC is likely
better than using fluorinated BFMSI. This is because they
present no constant risk of producing HF. However even so,
though ILs have been around for a long time, there is still un-
certainty regarding the toxicity of ionic liquids and their long
term impacts on human health and the environment.?* % In
addition, the use of ILs in REE extraction has not yet been
implemented in industry. Though research shows promise,
further investigation must be done in scale-up. Finally, diffi-
cultly has also been found in stripping transition metals like
iron from the ILs after use, so good recyclability of ILs must
still be looked into.

3. MOLECULAR RECOGNITION TECHNOLOGY

Another approach to improve the greenness of existing hy-
drometallurgical processes that can be applied to the REE
recycling of NdFeB magnets is known as molecular recogni-
tion technology (MRT). MRT works in the separation of met-
als from solution by using pre-designed ligands such as crown
ethers, bonded to a support material such as a silica-gel or
polymer surface. Requiring no organic solvents or other addi-
tional chemicals, feed solutions (like leaching waste streams)
containing desired metals are run though a column containing
the ligands. The sizes and affinities of different metal ions to
different ligands traps out ions from solution and successfully
separates different metal ions from each other. These ligand-
support products are known as SuperLig®.

In experiments carried out by lzatt et al. using prepared leach
solution containing 16 different REEs, MRT was shown to
successfully separate REEs from non-REE elements at over
99% separation and to further separate the individual REE
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elements (including neodymium and dysprosium) at over 99%
separation.?® Their drawn conclusion, that a novel process for
recycling REEs with green design principles is certainly
sound. Presenting economical, operational and environmental
benefits over solvent extraction methods, MRT will likely be a
critical technology in near-future applications in REE, and
therefore also in NdFeB magnet recycling industries.

The usefulness and significance of research in improving and
building upon hydrometallurgical processes is that it is rele-
vant to industries of today. These methods often show feasibil-
ity in terms of scale-up. They build upon existing infrastruc-
ture, making these developments undoubtedly important for
immediate and near-future applications. That being said, from
the directions that research appears to be going in, these meth-
ods are ultimately unsuitable for creating a future green econ-
omy. While the synthesis of new ionic liquids may be novel in
their own right, their application to improving hydrometallur-
gy is not. Future research in green chemistry would be signifi-
cant by seeking alternative options to hydrometallurgy rather
than trying to remedy its existing problems.

4. PYROMETALLURGICAL PROCESSES

Pyrometallurgical recycling methods of REEs from NdFeB
involve using thermal techniques to achieve separation and
extraction of the useful products. Pyrometallurgical processes
are in some ways considered more environmentally friendly
and ‘greener’ than hydrometallurgical processes as they avoid
the chemical intensive steps, namely leaching and solvent
extraction steps that generate the primary waste streams in
hydrometallurgical extraction. Pyrometallurgical techniques
involve primarily heating at high temperatures.

Bian et al. have conducted pyrometallurgical experiments
using a new, novel method they have called the vacuum induc-
tion melting followed by hydrolysis and magnetic separation
strategy (VIM-HMS) for recovery of REEs from NdFeB mag-
net scrap. VIM-HMS obtains REEs as their respective rare
earth hydroxides (REOH).?” After heating in a graphite cruci-
ble to be converted into carbides, REOHSs are obtained simply
by soaking in water, with no additional chemicals necessary,
and finally isolated from iron by magnetic separation (over
99.7% separation was achieved). The 3 main reactions in the
VIM-HMS method are shown in equations (1), (2), and (3),
below. These show VIM, hydrolysis of carbides and magnetic
separation, respectively.

NdFeB Alloy + C — NdFeBCg,. Alloy Q)
NdC, + H,0 - Nd(OH); + gas 2
Nd(OH);Fe (mixture) - Nd(OH); + Fe (3)

While the process is simple and efficient, and chemically
green, the obvious drawbacks lie in the large energy input,
with initial heating at 1400 °C, as well as the waste gas stream.
According to Bian, there are 3 main components of the waste
generated from the vacuum induction melting: hydrogen,
ethane and ethyne. While fairly innocuous, future research
could be conducted in retrieval and separation of these gases,

since hydrogen is useful in renewable energy solutions?® and
ethene and ethyne both are valuable synthetic materials.

Another pyrometallurgical method of REE extraction from
NdFeB magnets is molten salt extraction,?® where REEs in the
magnetic scrap react with molten salts such as NH4CI to ex-
tract their respective rare earth oxides (REOs) with the disad-
vantage of consuming much energy in obtaining the REOs. A
method explored by Hua et al. uses molten MgCl,-KCI as an
extractant for formation of rare-earth chlorides, specifically,
neodymium chloride, NdCls, with successful transition metal
separation leaving behind Fe-B alloy.*® In a second step, the
molten neodymium chloride undergoes electrolysis to yield
Nd-Mg alloys. This is also the shortfall of this method since
currently, rare-earth chlorides have limited applications.®
Whilst rare-earth alloys like Nd-Mg are being investigated,
REOs are much more valuable as they are used to create new
NdFeB permanent magnets.®® While Hua also states that pure
metal can be obtained by evaporating off magnesium, this
would surely defeat the purpose of this method seeking to find
a greener, less energy consuming method of REE extraction in
the first place.

5. AHYDROTHERMAL APPROACH

Currently at the forefront of NdFeB magnet recycling re-
search, Maat et al. have developed a hydrothermal approach to
recycling NdFeB magnets with easy scale-up potential.>* This
method employs green chemistry design principles and is both
low in energy consumption and environmentally friendly from
the use of limited amounts of innocuous solvent and chemi-
cals: essentially only involving heating in water and sodium
chloride at very low concentrations. NaCl was used as catalyst
to improve water’s oxidative power, and was shown to be
replaceable with other oxidative salts such as Na,S,O¢ or
Na;S;04. Complete pulverization of a magnet sample was
observed in the reaction vessel after 18 h at 250 °. The Nd-Fe-
B matrix was shown to be broken with neodymium and iron in
distinct environments at room temperature, based on their
different crystals formed: hexagonal Nd(OH); (needle-like
crystals) and cubic FesO, (octahedral crystals). These geome-
tries were determined after correlation with scanning electron
microscope (SEM) images and REOHs were confirmed with
X-ray diffraction (XRD). Finally, REOHs were magnetically
separated from iron oxide on the basis of their different mag-
netization values.

In this particular experiment, magnetic separation was quite
imperfect (using only a vial and magnet) with 5% iron impuri-
ty.* However, Bian et al have previously demonstrated sepa-
ration with more thorough methods to obtain REOHs at
99.7%, showing better separations can be achieved.?” Another
current disadvantage, as with previous pyrometallurgical
methods, is the lack of selectivity between the different rare
earth elements themselves. While this hydrothermal approach
has shown to be simple and efficient: far less energy and
chemical consuming than previous methods, the research is
still in its infancy. Though showing much promise, its separa-
tion and selectivity must still be further developed.
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CONCLUSIONS

In summary this review has highlighted some recent trends
and developments in the field of rare earth recycling from
NdFeB permanent magnets and evaluated and compared their
qualitative ‘greenness’ in terms of chemistry and energy con-
sumption. Standard, common hydrometallurgical procedures
may be improved by the use of ionic liquids in solvent extrac-
tion and leaching steps. This was concluded to be significant
in terms of current industrial application today. Evaluation of
MRT also showed its own significance and contribution to
near future application. Neither solution was determined as
suitable to replace the need for mineral acid leaching in cur-
rent hydrometallurgical process. Since there has already been
much contribution in the study of ionic liquids as a replace-
ment to solvent extraction, now effort should be made in the
search for a replacement to hydrometallurgical processes for
rare earth extraction altogether. While pyrometallurgical and
hydrothermal techniques look promising, it is still too soon to
employ them industrially. Especially the hydrothermal ap-
proach, where research is still in its infancy. The future of
greener rare earth recycling industry lies in the development of
greener technologies designed from the ground up, with green
chemistry principles in mind. Not in improvement of existing
hydrometallurgical processes. This is a crucial challenge to
overcome in the development of a greener economy.
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ABSTRACT: Global Phosphorus supplies are dwindling and posing a threat towards food supply, due to Phosphorus’ crucial role in
the fertilization of crops. Meanwhile, Phosphorus is thrown away in landfills and waterways, causing further issues of eutrophication
and groundwater contamination. Promising methods to recycle Phosphorus are investigated; namely production of biosolids and

precipitation of struvite from wastewater for use as fertilizer.

PHOSPHORUS SUPPLY AND DAMAGE

Did you eat this week? If you did, you should probably tip
your hat to the element just below Nitrogen on the periodic ta-
ble, Phosphorus. Phosphorus makes up one thousandth of
earth’s crust! and it plays a huge role in global food produc-
tion, due to its essential role in the fertilization of crops. Phos-
phorus is so far suspected to be irreplaceable in this role.?
Phosphorus that is taken up by plants is partly responsible for
cell division, and thus the growth and maturity of the plant.
Phosphate rock was initially used to accommodate the ele-
vated need of food to feed an increasing world population, be-
cause it was a cheap and plentiful means of procuring syn-
thetic fertilizer. It is clear now, however, that there are issues
with this approach. The size of global Phosphorus reserves and
how long they will last has been a topic of debate among re-
searchers. In 2012, the United States Geological Survey
(USGS) estimated that worldwide Phosphorus supplies
amount to 71 billion tons, while mining production in 2011
was 0.19 billion tons.® While this would follow to suggest that
reserves could last for another 370 years or longer, other esti-
mates are not so optimistic. Some researchers estimate that re-
serves could be depleted in 50-100 years and that peak Phos-
phorus could occur by 2030.* With such a large variation in
estimates, it is difficult to assert that there is or is not a short-
age; however, given the vitality of this unique element, it

would not be wise to gamble. Regardless of how much we
may have left, one factor to consider is the decrease in the
quality of mined Phosphate rock. The richness of mined phos-
phate rock has apparently decrease over decades, from just
above 15% in the 1970s to below 13% in 1996.° To make mat-
ters worse, the bulk of this potentially dwindling supply is
possessed by just a few of countries. Morocco and China con-
trol respectively 5750 and 3750 Mt of the world’s remaining
phosphate reserves, amounting to almost 60% of total re-
serves®. This could be a recipe for international political disas-
ter, as it would for any resource as essential as Phosphorus.

Another important reason to move away from phos-
phate mining would be the toxic and deathly effects it has on
ecosystems and human health. In order for phosphate rock to
be useful in fertilizers, it must be treated with sulfuric and ni-
tric acid to produce diammonium phosphate, fertilizer.” This
process produces a waste product, phosphogypsum. Phos-
phogypsum contains a number of serious contaminants; in-
cluding, fluoride, sulfates, and radionuclides from the U-238
decay series, all of which may contaminate groundwater.® The
radionuclides are perhaps of the most concern. Ingested radio-
nuclides from groundwater are known to accumulate in body
tissues and have been linked to increased rates of leukemia, as
well as various types of cancer.® Higher rates of lung cancer
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have also been reported in those that have worked in phos-
phate mines.°

Our current mismanagement of Phosphorus does not
only spell danger for human health, but also has deathly ef-
fects on ecosystems; especially aquatic ecosystems. When hu-
mans and livestock eat food, they also eat the phosphorus con-
tained in said food. Most of this Phosphorus leaves the body in
the form of excreta and flows back to water bodies by way of
streams and sewers. When too much nutrient collects in a wa-
ter body, eutrophication occurs, which results in accelerated
algae growth.!! These algae plumes lay wreckage to aquatic
habitat. Sunlight is attenuated and may no longer reach the
flora and fauna that depend on it. Similarly, Oxygen concen-
trations are severely reduced, effectively suffocating wildlife.*?
These issues should be addressed as the threats they are. A
more sustainable approach in which we recycle the plentitude
of Phosphorus we currently have would address these con-
cerns.

MAJOR LEAKS IN THE PHOSPHORUS CYCLE

In order to supply food for an increasing world population
without polluting the environment, or possibly starting a Mo-
rocco-China take-all world war, a sustainable source of Phos-
phorus is needed. Meanwhile, we throw the stuff away by the
tons in sewage systems, landfills and farm runoff.
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Figure 1. A conceptualization of the human phosphorus (P)
cycle. (a Solid arrows represent key P flows and dashed ar-
rows represent flows that close the human P cycle through
sustainable solutions: (1) P mining and refining, (2) agricul-
tural P use and efficiency, (3) nonagricultural P uses, (4) P
in food, (5a) P recycled to agricultural production at the
farm, (5b) P lost from farm fields, (5c¢) P lost in food pro-
cessing and transportation inefficiencies, (6a) P in com-
posted food waste, (6b) P in human excreta, (7) P in food
waste lost to landfills, (8a) P from sewage treatment that is
recycled to agricultural production, and (8b) P discharged
from ineffectively treated sewage. DL Childers, Sustainability
Challenges of Phosphorus and Food: Solutions from Closing
the Human Phosphorus Cycle, with permission

About 2 Gt of dry matter animal waste is produced worldwide,
with Phosphorus making up 16-20 Mt of this. Indeed, animal

manures contain nearly a quarter of the Phosphorus available
in the United States. However, manures are bulky, unevenly
distributed and transport beyond a limited distance is not eco-
nomical."! As a result, only 6-8 Mt of this are reapplied to
fields.™® This represents a large leak in the Phosphorus cycle,
illustrated by arrows 5b and 5c¢ in figure 1. Much of this ex-
cess intrudes waterways as rain dissolves and carries the ex-
cess Phosphorus and as mentioned above, causes eutrophica-
tion.4

Regarding humans, estimates report that 3 Mt of
Phosphorus are released in human waste annually." Much of
this does not return to fields where it would be agriculturally
useful, for it is estimated that nearly half of the Phosphorus re-
leased by humans ends up in waterways via urban wastewater,
or as sludge in landfills."" The direct application of this waste
to fields is not good practice, as many would expect. Aside
from the perceived foulness many have towards such a prac-
tice, high heavy metal content in the waste, as well as a ten-
dency to spread disease, make this approach a nonstarter.'s
Nonetheless, removal of Phosphorus from waste water is com-
monly not done in completeness, if at all.'® This represents an-
other large leak in the Phosphorus cycle, arrow 6a, figure 1.
However, these leaks also represent promising opportunities to
recycle wasted Phosphorus. Human waste that enters a sewer
system gets centralized in urban treatment systems, putting a
bulk of the Phosphorus we lack in concentrated, accessible lo-
cations. It is estimated that if all of the Phosphorus from hu-
man waste were recycled, it would account for 22% of the
world’s current demand.” Tapping into this potential could be
key in ensuring a stable food supply for decades to come.

BIOSOLIDS

The issue is clear. We have a depleting resource that is crucial
for food production. We also have copious amounts of this re-
source being thrown away and simultaneously causing damage
to the environment. One way that communities have already
begun closing the broken Phosphorus cycle is the production
of biosolids. Biosolids are nutrient-rich materials produced by
special treatment of sewage. Sewage undergoes a number of
different treatments so as to be suitable for application to land
as fertilizer. Primary treatment involves sedimentation of
wastewater to remove settled solids. The residing material is
treated so as to control pathogen and contaminant levels, as
well as water content. To achieve this, microorganisms are
added to anaerobically digest the material rendering it usable
for crop growth. Chemical treatments are necessary to remove
pathogens. The most common chemical stabilization proce-
dure is to elevate the pH of the solids using lime or other alka-
line materials. The solids are then dried and stabilized and are
then ready for field application.® The use of this method is
ideal when the waste water is that of municipalities only, or
when industrial waste is pretreated before release into the
sewer system. If industries do not properly dispose of their
waste however, the biosolids produced are not suitable for
field application and are incinerated instead.

Biosolids have shown to perform very well as ferti-
lizer and possess some advantages over conventional fertiliz-
ers. Application of biosolids increased total extractable Phos-
phorus content in soils, as well as increased Nitrogen concen-
tration.'® Further, biosolids contain a number of micronutrients
which most conventional fertilizers do not, including Boron,
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Copper, and Iron among others.?° This allows biosolids to re-
mediate soil that may be lacking in these low-concentration
components. Studies have shown that application of biosolids
resulted in similar or greater yields than inorganic fertilizers.?
Despite the apparent benefits in producing and using biosolids
for fertilizer, US EPA estimates that biosolids are applied to
approximately 0.1% of available agricultural land on annual
basis.?2 An increased use of biosolids would help address is-
sues of Phosphorus depletion and eutrophication by municipal
waste water.

STRUVITE PRECIPITATION AS A METHOD TO
PRODUCE HIGH-QUALITY FERTILIZER

Another technology that appears promising in closing the
Phosphorus cycle is the precipitation of Struvite.

Mg** + NH} + PO}~ + 6H, > MgNH,PO, - 6H,0

Struvite, or magnesium ammonium phosphate (MgNH4PO,)
occurs naturally upon breakdown of urea into urine by bacte-
ria. It is perhaps better-known in its villainous role as kidney
stones. Struvite is quite insoluble, with an approximate Ksp of
142 which is a reason for it residing in urinary tracks for so
long. This low solubility also plays a devilish role in pipe
blockage in wastewater treatment plants, which greatly in-
creases pumping and maintenance costs.?* This low solubility,
however, also allows struvite to act as a rich, slow-release fer-
tilizer. It even tends to outperform Diammonium Phosphate,?
which is the most widely used fertilizer today. Technologies
have been developed to make good use of this reaction. One
example is the Pearl® process developed by Ostara Nutrient
Recovery Technologies Inc. Ostara implements controlled pre-
cipitation of struvite in a cone-shaped reaction chamber, figure
2. Nutrient-rich waste water is introduced and mixed with
Magnesium Chloride and Sodium Hydroxide to control the
pH. Struvite crystals undergo significant growth until they are
removed when they reach the desired size.?

TREATED
EFFLUENT

MAGNESIUM

NUTRIENT-RICH
INFLUENT

Figure 2. Schematic of Ostra’s Pearl® Process for
Precipitating Struvite from Waste

Not only does this technique produce high-quality fertilizer, it
also helps remedy the issues of eutrophication and pipe block-
age, as the problem components are removed in the precipita-
tion. Up to 85% of Phosphorus can be removed in this process
from municipal waste water, and the product is then sold as
fertilizer. Ostara estimates that 200 wastewater plants in North
America are candidates for this technology, as well as hun-
dreds of others worldwide. This technology may also be used
on farms where manure flows through a waste stream. Manure
may run from a storage pit through a solid-liquid separator, af-
ter which it is sent to the struvite recovery system.?

The feasibility to implement this sort of technology
is fair. It would involve the redirection of current waste
streams to pass through a system like the one described. In-
vesting in this technology would produce an additional reve-
nue stream from materials that are otherwise considered waste.
This technology has already been implemented, with one nota-
ble example being the Metropolitan Water Reclamation Dis-
trict of Greater Chicago’s Stickney Water Reclamation Plant.

CONCLUSION

Despite the enormous issue being presented to humans regard-
ing our current addiction to Phosphate mining, opportunities
exist to allow for the closing of the currently open Phosphorus
cycle. Major leaks exist in this cycle, including farm runoff
and waste disposal, but these leaks can be redirected to termi-
nals where they are agriculturally useful. Increased production
and use of biosolids, as well as struvite precipitation from
wastewater show to be promising technologies currently being
implemented which may achieve this. To secure a sufficient
supply of food for the future, sustainable approaches such as
these should be taken for the betterment of humans and the en-
vironment.
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ABSTRACT: Platform molecules derived from biomass sources are attractive options as industrial ‘nodes’ for the replacement of
fossil products. Fine chemicals, polymers, and fuels can be made through simple chemical transformations of these species. The
platform molecule 5-hydroxymethyfurfural (HMF), a precursor to various fine chemicals and liquid fuels, can be produced in one-
pot syntheses from cellulose in ionic liquids, often catalyzed by transition metal salts. Continuing work on these types of processes
has produced promising results, but research into the logistics of scale-up and studies of the environmental impacts of the involved
species are lacking. Additional research into the consequences of large scale production is required before industrialization would
be prudent and reasonable. This review aims to introduce the chemical principles behind HMF production via ionic liquids, and to
critically asses the feasibility of industrial application by considering logistical, economic, environmental, and toxicological issues

associated with the process.

INTRODUCTION

Fossil and petroleum resources are currently the core feedstocks
that supply energy and materials to consumers and industry.
86% of consumed energy and 96% of organic compounds are
of fossil origin, but a dwindling supply of oil is pushing produc-
tion prices skyward and prompting the search for renewable al-
ternatives.! Already, the use of biomass has proven to be a
promising tactic, and a wide range of relevant chemical precur-
sors and high-quality transportation fuels have been derived
from renewable sources by the utilization of certain platform
molecules.?

One such platform molecule is 5-hydroxymethylfurfural
(HMF), a product of the three-fold dehydration of hexose mon-
osaccharides - usually fructose and glucose.> HMF is posed as
promising platform molecule, in part, because of the diversity
and significance of its derivatives.* Through facile chemical
transformations, an array of simple organic compounds can be
produced for fine chemical, pharmaceutical, and fuel pur-
poses.>® Notably, HMF can be easily derivatized to 2,5-dime-
thylfuran (DMF), a liquid biofuel with energy density similar to
that of gasoline and 40% larger than that of ethanol.”?

Since the discovery of HMF in 1895 by Dull and his colleagues,
the bulk of synthetic methodologies have made use of pure
monosaccharides.®® Currently, HMF formation by the dehydra-
tion of pure fructose is the most thoroughly studied process. In-
creasingly, the formation of HMF from pure glucose by its nat-
ural isomerization to fructose is being studied.3*°

To date, countless novel methods have been explored for these
processes. Inspired by Van Bekkum’s original studies of the
acid-catalyzed dehydration of fructose to HMF, processes in-
volving aqueous, organic, and ionic liquid solvents in single and
multi-phasic arrangements have been performed.31° In these ex-
periments, according to Cottier, homogenous and heterogene-
ous catalysis has been achieved using organic, inorganic, and
Lewis acids.™ Afonso et al., in their exhaustive review of HMF
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formation by carbohydrate dehydration, pose chromium and
other metal-based catalysts pioneered by Raines and Binder as
promising agents for HMF formation from glucose and fruc-
tose.34
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Figure 1: HMF Synthetic Route and Applications. Using infor-
mation from Afonso 2011° and Chan 2009
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Unfortunately, this chemistry alone fails to address all of the
problems associated with HMF production by only considering
transformations that occur on purified monosaccharides, gener-
ally of an unspecified source. Any effort to develop HMF as a
greener alternative to petrochemicals must consider not only the
conversion of monosaccharides to HMF, but also the source of
these sugar precursors. Recent and ongoing work has done this
by demonstrating the possibility of integrated, cradle to gate
production of HMF from biomass polymers dissolved in ionic
liquids.®*2 The general form of this conversion can be seen in
Figure 1.

These technologies promise to offer considerable benefits to tra-
ditional methods. The advantage of cellulose use is two-fold.
Cellulose, and thus the glucose it affords, are significantly less
expensive than fructose. Cellulose is the most abundant polymer
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on earth, so this is not surprising.*? Additionally, the production
of cellulose is often natural and/or incidental, growing in the
form of trees or agricultural byproduct, and consequently does
not compete for resources with food production. Zhao et al.
demonstrated the hydrolysis of cellulose to carbohydrates from
corn stover, proving that value-added products can be derived
from biomass that, by definition, does not compete with food.™®

It is important to note that it is unlikely that these processes for
HMF production, despite their use of inexpensive biomass, can-
not yet compete in price with their petrochemical competitors.
As the primary hurdle for any renewable source seeking to sup-
plant oil, lowering the price of these methods is crucial to ena-
bling a meaningful shift away from oil. Reducing the complex-
ity of processing by streamlining to one-pot or integrated ap-
proaches may reduce processing time and cost.

HMF FROM BIOMASS: THE CHEMICAL PRINCIPLES

The complete conversion of cellulosic biomass to HMF requires
three distinct steps: the dissolution of cellulose, the hydrolysis
of the 1 = 4 glycosidic linkages of the biopolymer to form glu-
cose, and the previously mentioned three-fold dehydration of
isomerized fructose to HMF.>'2 Each step presents its own chal-
lenges and is often performed separately. Each step is discussed
below, and fully integrated approaches are discussed last.

/\/\N/\Nir__ /\N \N+C_I_,
.y \—/

[BMIM][CI] [EMIM][CI]

)

Figure 2: General form of [BMIM] and [EMIM] chlorides

Dissolution of Cellulose. The dissolution of cellulosic biomass
in traditional solvents is not straightforward because of the na-
ture of the robust hydrogen-bonded structure of cellulose.' Pro-
cedures using traditional solvents exist®, but are generally con-
sidered impractical and often require harsh chemical and ther-
mal conditions.'? First reported in detail by Rogers' et al. in
2002, cellulose can be dissolved readily by 1-butyl-3-methylim-
idazolium chloride ([BMIM][CI]) in its liquid form, with a sol-
ubility of 10 w/w% under gentle heating, and 25w/w% under
microwave irradiation. This unique effect is likely due to the
hydrogen bond accepting effect of the chloride ion; non-hydro-
gen bonding anions prevented cellulose dissolution.'* The ionic
liquid 1-ethyl-3-methylimidazolium chloride ([EMIM][CI]) has
also found use in dissolving cellulose and is central to Raines’*
integrated approach to HMF production directly from cellulose,
which is discussed later. It should be noted that the choice of
chain length in the [RMIM][CI] systems is considered a balanc-
ing act. Shorter chains yield higher effective chloride concen-
trations, thus improving cellulose dissolution. Longer chains

feature reduced melting points and viscosities, making their ap-
plication easier and less energy-consuming.** [BMIM][CI] and
[EMIM][CI] are shown in their general form in Figure 2.

Hydrolysis of Cellulose to form Glucose. Traditional cellulose
hydrolysis typically requires high temperatures and pressures in
the presence of a Brgnsted acid, and often results in monosac-
charide yields which are well below 50%.® Many new methods
rely on imidazolium ionic liquids, including the 1-allyl, ethyl
and butyl methylimidazolium halides, in the presence of ho-
mogenous or solid acid catalysts.’? Zhao and Li demonstrated
the hydrolysis of cellulose to glucose in imidazolium halide
ionic liquids using dissolved inorganic mineral acid catalysts.*®
Shuth and Zhang used Amberlyst and Zeolites, respectively, in
ionic liquids as solid acid catalysts for cellulose hydrolysis.!"8
While the bulk of cellulose dehydration methods focus on acid
catalysis in imidazolium ionic liquids, Sheldrake® et el. have
reported the generation of a mixture of sugars by pyrolysis of
cellulose in dicationic imdazolium salts without the presence of
acid. It is important to note that the only stoichiometric product
of cellulose dehydration is water.

Dehydration of Glucose to form HMF. The historical ap-
proaches of monosaccharide dehydration to HMF rely on strong
acid catalysis and generally only utilize pure fructose as feed-
stock.>*2 These methods tend to be problematic due to the una-
voidable formation of side-products by the rehydration of HMF
during the reaction. lonic liquids have presented themselves as
useful alternatives to traditional methods due to high HMF se-
lectivity and the ability to efficiently dehydrate glucose.? In
2007, H. Zhao® et al. showed that dehydration of glucose to
form HMF was possible in ionic liquids, with favorable yields.
Moreau® reported a 92% yield of HMF from monosaccharides
with 1-H-3-methylimidazolium chloride, and HMF was proven
to be stable in this system. The ionic liquid was determined to
be recoverable and recyclable.?

Crucially, high conversions of glucose to HMF in imadolium
ionic liquids has been achieved using chromium(lil) chloride
through a proposed mechanism involving catalytic isomeriza-
tion of glucose to fructose prior to dehydration.?? This is seen in
Figure 3. Various other chromium(l11) salts have proven highly
successful in this endeavor by allowing the gradual reduction in
severity of conditions and energy intensity involved in glucose
dehydration to HMF.®
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Figure 3: Chromium Catalyzed Isomerization of Glucose to
Fructose: Reproduced from reference 12 with permission from
the Royal Society of Chemistry

Integrated, One-Pot Approaches. The three methods explained
above, by and large, have been studied as individual entities
without consideration of the other steps involved in a complete
conversion of cellulose to HMF. However, a number of prom-
ising tactics exist for this conversion in one-pot form. It should
be noted that, at the current time, 50% vyield of glucose from
cellulose is the standard for these integrated methods; any more
is considered exceptional while significantly less is considered
sub-optimal.*2

In 2009, Raines and Binder* achieved a total yield of 54% HMF
from pure cellulose using mixture of lithium chloride dissolved
in dimethylacetamide (DMA-LICl) and [EMIM][CI] with the
addition of sub-stoichiometric quantities of chromium(ll) and
chromium(l11) chlorides. Temperatures of 140C° were required,
and the addition of the traditional cellulose solvent DMA-LiCl
was rationalized as a way to reduce the usage of expensive ionic
liquids. Using untreated corn stover and pine dust, they were
able to achieve similar yields from raw biomass.* In the same
year, Su and Zhang??, et al. used pure [EMIM][CI] and a mix-
ture of copper(ll) chloride and chromium(ll) chloride catalysts
to dissolve and convert cellulose to HMF in yields up to 65% at
temperatures of 80 -120C° in 1 hour and 30 minutes. Interest-
ingly, they found maximum yields of 10% when only one metal
chloride was used, and unexpectedly noted that the strength of
the catalyst as a Lewis acid was uncorrelated to yield.?

In 2012, Wu, Zhou, et al. used [BMIM][CI] and an acid-func-
tionalized ionic liquid catalyst, Cr([PSMIM]HSO., at 120C° to
achieve HMF yields of up to 53% after 5 hours. Notably, the
presence of the Brgnsted acid did not serve to push yields higher
than in acid-free methods.?® Also in 2013, Zhao and Liu?* used
catalytic zirconium(IV) chloride in [BMIM][CI] to convert cel-
lulose to HMF in yields up to 51.4% in 3.5 minutes under 400W
of microwave irradiation.

Quite notably, Peng, Wu, et al. achieved an exceptionally high
yield of 80% HMF directly from cellulose in [EMIM][CI] using
mesoporous silica nanoparticles functionalized with both basic

amines and acidic sulfonates.?® This work represents a critical
advance in HMF production in ionic liquids by exceeding the
typical 50% yield. This provides a pathway for industrial appli-
cation by reducing the costs associated with low yields in man-
ufacturing. The use of solid acid/base catalysts also provides the
opportunity for easy catalyst extraction and reuse.

HMF FROM CELLULOSIC BIOMASS: IN PRACTICE

Sourcing of Biomass and Economic Viability. The ability to use
cellulosic biomass is perhaps the greatest and most obvious vir-
tue of HMF as a direct product of cellulose. Lignocelluloses, the
material which makes up the bulk of trees, often has cellulose
compositions of up to 50% -- cellulose, by all estimations, is the
most abundant biopolymer on earth.'? According to Klein-
Marcuschamer?’, there are 600-800 million tons of cellulosic bi-
omass available for use in the United States at any given time.
Besides trees, cellulose can be found in agricultural byproducts
like corn stalks, leaves, and hay.'® Naturally, byproducts like
sawdust and woodchips from manufacture can also be used, of-
fering low prices and avoiding competition for resources with
food. In short, the sourcing of cellulose is not limited to pur-
pose-cut trees. In fact, a huge variety of plant matter, by-product
or purpose-grown, is suitable for cellulose production. By virtue
of abundance and the ability to use waste products of manufac-
ture, sourcing cellulose for HMF should not pose any significant
hurdles in terms of price, availability, or logistics.

lonic liquids feature negligible vapor pressures, preventing
evaporation and conferring a certain greenness, and their
demonstrated ability to be recycled by means like ionic ex-
change and salting out enable potential recycling of the solvent,
stifling the need for continual production.?? In many cases, es-
pecially for imidazolium ionic liquids, water reverses the ability
of the solvents to dissolve cellulose.’* This fact has been ex-
ploited to selectively extract and precipitate cellulose from lig-
nocellulosic biomass, leaving lignin dissolved in the ionic lig-
uid.%°

The procurement and use of ionic liquids on an industrial scale,
however, is not extensively documented. To date, no studies
have been published that explicitly asses the viability of indus-
trial scale conversion of cellulose to HMF using ionic liquids.
However, Klein-Marcushamer?’ et al. assessed the financial vi-
ability of an ethanol bio refinery based on cellulosic biomass
and ionic liquids. In their estimation, the production and use of
ionic liquids would account for 30-60% of all costs involved in
the endeavor. The most critical factor for lowering costs was
determined to be the price of new ionic liquids; discussions with
ionic liquid manufacturers yielded a range of prices from $2.5
USD / kg to $50 USD / kg, and profitability was shown to be
highly dependent on this cost.?’

George® et al. have demonstrated the feasibility for design of
lower-cost ionic liquids which retain their ability to dissolve lig-
nocellulosic materials. The existing ionic liquid [EMIM][OAC]
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was determined to fit favorable criteria already, and a number
of new ionic liquids featuring protic cations were shown to be
inexpensive, effective, and easy to produce.®! It would be essen-
tial for potential manufacturers of HMF from cellulose to find
and utilize low-cost ionic liquids that dissolve cellulose effi-
ciently. Fortunately, research to lower the costs of ionic liquids
is ongoing. It should also be noted that the use of ionic liquids
which dissolve large weight percentages of cellulose is crucial
for viability, reducing costs by lowering the physical scale re-
quired to produce a given quantity of HMF. Ease of recycling is
also essential, as quantity of newly synthesized ionic liquids
needed initially and over time is completely dependent of the
speed and completeness of recycling processes.?’

The production of valuable coproducts has proven, in many
cases, to be crucial to ensuring economic viability of various bio
refinery processes. Klein-Marcushamer?” identified the produc-
tion of value-added lignin as a crucial factor for the offset of
high ionic liquid prices in a cellulose based bio refinery. Cur-
rently, separation of lignin and cellulose in ionic liquids is pos-
sible, and may offer a promising way to boost profitability by
utilizing waste streams from HMF production. Despite lignin’s
notorious stubbornness as a material imparted by its irregular
and branched structure, a number of resins and plastics have
been developed based on the polymer, setting it up as a potential
value-added byproduct of the production of HMF from raw lig-
nocellulose.?” Unfortunately, no numerical analysis has been
performed to determine exactly how advantageous this tactic
could be.

Toxicity and Production Waste Streams. In theory, the only by-
product of conversion of cellulose to HMF is water — a result of
the multiple dehydration steps involved in the conversion of
glucose to HMF. The dissolution of cellulose involves no chem-
ical transformations, and thus has no stoichiometric byproduct.
Hydrolysis of cellulose to glucose requires the addition of one
equivalent of water per glucose, and the conversion of glucose
to HMF produces three equivalent of water. Not only does this
mean that the processes is of high atom-economy, but that the
byproduct is, ideally, benign. Unfortunately, water is likely not
to be the only byproduct of HMF manufacture from cellulose.
The fate and environmental effect of the ionic liquids and cata-
lysts used must be considered, as release of any chemical used
in an industrial processes is, if not inevitable, highly likely.

It is clear that ionic liquids should be recycled if used in a refin-
ery process. The cost of continued production and replacement
is immense, and disposal of ionic liquids is certainly not a trivial
problem. However, ionic liquids will inevitably have an end-of-
life and require replacement during the continued operation of
a plant.?” For this reason, an assessment of the environmental
and human toxicity is required to assess the viability of disposal
and associated costs. Of course, the relevant metal catalysts and
possibly HMF would be present in any wastes, so the effects of
these must also be considered.

The toxicity of HMF itself has been shown to be quite low, and
the molecule has been determined to be practically non-muta-
genic in human by the Ames test, which involves exposure of
bacteria to a test compound and subsequent determination of the
degree of resultant DNA mutation. Additionally, human HepG2
liver cells showed little to no change when exposed to the com-
pound.®2 In Pham’s® comprehensive review on the toxicity and
environmental impact of ionic liquids, it was found that many
ionic liquids are toxic and pose extra risk to aquatic species due
to their frequent water-miscibility. Also problematic was the
tendency of ionic liquids, and [BMIM][CI] specifically, to par-
take in soil sorption.®* Most ionic liquids were also found to be
non-biodegradable and only significantly chemically degrada-
ble under UV irradiation in the presence of chemical oxidants.
Generally, it was concluded that the toxicity of ionic liquids was
fairly unpredictable and under-studied.*

Latal et al.® have shown the particular vulnerability of freshwa-
ter algae to imidazolium ionic liquids by exhibiting the protec-
tive effects of salt-water. High chloride concentrations were
postulated to prevent absorption by algal cell of imidazolium
cations, preventing toxicity.*® Freshwater plants receive no such
benefits. Additionally, various carboxylate ionic liquids have
been shown to react with the aldehyde moiety on open chain
glucose, to produce adducts of unknown toxicity alongside for-
maldehyde.®® While [EMIM][CI] and [BMIM][CI] have not
been shown to do this, it is essential that side reactions and rel-
evant products be considered. In most processes for HMF pro-
duction from cellulose in [BMIM][CI] and [EMIM][CI], con-
version is significantly higher than HMF vyield. This mean that
a number of yet unstudied byproducts are being produced. Iden-
tification of these and an analysis of associated risks is essential
to an eventual scale up of HMF production.

Finally, the metal catalysts must be considered. Chromium(Il)
and chromium(lil) chlorides have been the most utilized, and
show the most promise for future application of this work. Chro-
mium(I11) chloride has been shown to be relatively nontoxic in
rats, as high oral doses yielded no adverse effects after 24 weeks
of study.” Dayan et al.*® assert, however, that chromium(lll) is
indeed toxic on the cellular level due to its redox reactivity. In
general, very little to no data exists on the toxicity of chro-
mium(ll), as its use is generally limited to the laboratory.
Clearly, toxicity studies on ionic liquids and these chromium
compounds have a long way to go before their industrial appli-
cation is realized. Logistics for the recycling of the ionic liquids
alongside the chromium catalysts may also prove difficult.

CONCLUSION

While the prospect of producing HMF as a value-added target
molecule directly from cellulose is an attractive one, the time is
clearly not ripe for the large-scale industrial application of the
process. A number of promising methods have been explored,
but yields for most processes still hover around 50%, and side
products are generally not known. These methods have hardly
been scaled up, and toxicities and environmental dynamics of
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the reagents and products are only partially understood. Certain
logistical dynamics are not well studied, including how to effec-
tively separate value-added byproducts like lignin from cellu-
lose while preserving the activity and recyclability of the ionic
liquids. Before industrialization, definite and explicit studies
must be performed to elucidate a method for large scale produc-
tion which includes effective solvent and catalyst recycling, and
full analyses must be performed to determine the effects of the
ionic liquids and relevant transition metal catalysts on the envi-
ronment.
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ABSTRACT: Visible light photoredox catalysis is a synthetic chemical method that has recently garnered much attention. This
novel type of homogeneous catalysis uses light as a source of activation energy for chemical transformations. It has the potential to
directly use energy from the sun in the form of ambient sunlight, thus potentially eliminating the need for energy derived from fos-
sil fuel. While exciting and promising, this method of synthesis is not without flaws. The photocatalysts used are derived from pre-
cious metals and petrochemicals, and with regard to the chemistry, activated reagents are still needed. However, as visible light
photoredox catalysis holds promise to increase independence from fossil fuels and is able to directly convert visible light energy

into chemical energy, these intriguing reactions have a bright future.

THE PROBLEM

It is now evident and without doubt that human industry has
had a definite and damaging impact on the environment.* Cli-
mate change and pollution are now two of the major problems
that society faces. The root cause of many of these problems is
how natural resources are used, which is largely determined by
chemists. The role of a synthetic chemist is to discover ways to
manipulate natural resources, including petroleum, minerals,
and plant and animal materials into useful entities. These enti-
ties include pharmaceuticals, pesticides, paints, plastics, fuels,
and so on. Currently, the chemical industry heavily relies on
the petroleum industry, as the vast majority of chemical build-
ing blocks are petrochemicals.® It is well known that synthetic
chemical products — for example, pesticides — can be harmful
to the environment.® Less obvious is that the actual processes
of making them can have equally harmful effects. At the end
of a chemical process the desired product is obtained, but at
the expense of waste in the form of side products, byproducts,
unreacted reagents, additives, or solvent. These wastes need to
be disposed of, which poses a problem if they are environmen-
tally hazardous.”

ENERGY

Another aspect of chemical reactions is that energy is a nec-
essary input for chemical transformations. Not only are many
chemical building blocks sourced from the petroleum industry,
as much of the energy used to perform reactions also comes
from fossil fuels. Burning fossil fuels is a process that emits
copious amounts of greenhouse gases, which in turn contribute
to climate change. Furthermore, petroleum is a nonrenewable
resource because it is being consumed faster than it is pro-
duced. In the U.S., 27% of the energy used by industry was
consumed by chemical production; moreover, 81% of the total
industrial energy consumption in the U.S. comes from the
burning of fossil fuels (Figure 1).%-3

Clearly, the strong dependence on petroleum is not a sus-

tainable way to interact with the environment. Due to chem-
ists” strong influence on how the compounds and materials we

U.S. energy consumption by energy source, 2015

Total = 97.7 quadrillion Btu

Total = 9.7 quadrillion Btu
geothermal 2%

— solar 6%

— wind 19%

biomass waste 5%
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hydroelectric 25%

Energy use by type of industry,
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Figure 1. Breakdown of U.S.
industrial energy consump-
tion by sector and source.
(Top) Data from the April
2016 “Monthly Energy Re-
view;” due to independent
rounding, components may
not sum to 100%.! Source:
U.S. Energy Information
Administration, June 2016.
(Right) Data from Table 1.2 of “Manufacturing Energy Con-
sumption Survey 2010;” any consumption of energy and fuels is
included, but the data excludes onsite produced energy ship-
ments.® Source: U.S. Energy Information Administration, Dec
2014.

use and consume daily are made, they have a striking oppor-
tunity to help our society and planet. Efforts have been made
to address waste problems.®! Alternatively, chemists may
address environmental issues by altering the quantity, source,
and way in which energy is used for chemical reactions. One
way this can be achieved is by inventing novel and environ-
mentally friendly chemical processes. Much effort has been
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geared toward catalysis, which, by definition, lowers the acti-
vation energy of a reaction. However, fossil fuels are still re-
quired as a source of energy, albeit in lower quantities. A more
impactful approach would be to find a new source of energy
entirely.

PHOTOCHEMISTRY

As defined by the International Union of Pure and Applied
Chemistry, photochemical reactions are chemical reactions
that are caused by the absorption of light energy. Light can
play a dual role as both a catalyst and a source of activation
energy. Photochemical reactions are interesting because light
is an efficient source of energy, as it only targets chemical
bonds; very little energy is wasted heating the surroundings.
Also, novel reactivities can be achieved via chemical excita-
tion with light. For example, [2+2] cycloadditions are thermal-
ly forbidden, but will proceed via irradiation with light. Typi-
cal photochemical reactions are not a solution to the environ-
mental problem, however, because they rely on ultraviolet
(UV) light, and many organic molecules absorb in this range.
And because the range of UV light is not abundant in the solar
spectrum, UV light for these reactions needs to come from
eclectically powered lamps, whose energy is usually sourced
form fossil fuels.'?

VISIBLE LIGHT

Ideally, chemical reactions could be carried out with no de-
pendence on energy derived from the combustion of fossil
fuels. It would also be advantageous to skip multiple steps of
energy conversion, such as the formation of electricity.*® This
is possible and can be done by directly harvesting the energy
of the sun for chemical transformations. Sunlight is a renewa-
ble and practically unlimited source of energy in the form of
visible light, and is the ideal reagent because it is environmen-
tally friendly and nontoxic. The notion of harvesting sunlight
to carry out chemical reactions is not a novel one; plants have
already mastered this technique in the form of photosynthesis.

Visible light photoredox catalysis mimics photosynthesis in
the sense that light energy is collected to enable single electron
transfer events. In considering energy demands for chemical
reactions, the ultimate goal would be to efficiently harvest and
convert solar energy into chemical energy and functionality.*
15 Visible light photoredox catalysis represents a mode of syn-
thesis that can potentially eliminate the need for fossil fuel-
derived energy to carry out chemical reactions. Instead, it can
use ambient sunlight as the sole source of energy for a chemi-
cal reaction.®

An example of a visible light photoredox catalytic reaction
is presented in Scheme 1. First, the absorption of a visible light
photon causes the photocatalyst, Ru(bipy)s?* in this case, to
enter an excited state. To reach this state, a single electron is
promoted from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO).
The photocatalyst is now a potent reductant due to the high-
energy electron that now occupies the LUMO, as well as a
powerful oxidant due to the now empty low-lying HOMO
(Scheme 2).

In this particular situation, the photocatalyst first acts as an
oxidant and accepts an electron from a tertiary amine. The
photocatalyst now becomes a potent reductant, and donates an
electron to a carbon-bromine bond, causing the loss of bro-
mide and formation of a radical. This transiently formed radi-
cal is able to abstract a proton from the oxidized amine, thus
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Scheme 1. Example of Visible Light Photoredox Catalytic
Reaction: Reductive Dehalogenation of Phenacyl Bromides
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MacMillan, D. W. C., Visible Light Photoredox Catalysis with
Transition Metal Complexes: Applications in Organic
Synthesis. Chemical Reviews 2013, 113 (7), 5322-5363. Copy-
right 2013 American Chemical Society.

Scheme 2. Simplified Molecular Orbital Depiction of
Ru(bipy)s?* Photochemistry?
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forming the final dehalogenated product. A common charac-
teristic of these types of reactions is the ability of the photo-
catalyst to act as both an electron donor and acceptor, as well
as the formation of highly reactive, but short lived, radicals.
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Table 1. Adherence of Visible Light Photoredox Catalysis
to the principles of green chemistry.

Visible Light Photoredox

. Lo
Green Chemistry Principles Catalysis

Employ renewable energy
sources (6)

Examples of reactions solely
powered by sunlight

Visible light is selectively
absorbed, energy is directed
to bonds

Increase energy efficiency

(6)

Ability to access previously
difficult reactivities may
reduce number of synthetic
steps

Reduce use of auxiliaries (5)

Reaction mixture and rea-
gents are unreactive until
exposure to light

Use benign reagents (3)

Examples of coupling reac-

Produce minimal and benign | -
tions, unreactive reagents

waste (1, 3) and waste
Maximize atom economy (2) Egﬁrsnples of coupling reac-
Reduce derivitization (8) :EZ);?;:EIES of C-H functional-

Many benchtop reactions,
performed at room tempera-
ture and pressure

Employ mild reaction condi-
tions (6)

Visible light is used instead
of heating, high pressure,
etc.

Minimize accident potential
(12)

Use of a photocatalyst, ex-
amples of cooperative catal-
ysis

Utilize catalytic processes (9)

PROS OF VISIBLE LIGHT PHOTOREDOX CATALYSIS

Many aspects of visible light photoredox catalysis adhere to
the principles of green chemistry, as summarized by Table 1.

The ability of visible light photoredox catalysis to bypass
the use of fossil fuel-derived electricity is astounding. These
types of processes are characteristically more energy efficient
than traditional solvothermal methods because the heating of
solvent and surroundings is eliminated. The use of relatively
low-energy visible light imparts yet another advantage. Most
organic molecules found in reaction mixtures only absorb in
the UV range. The use of visible light thus limits adverse side
reactions. This also increases the applicability to late-stage
functionalization, particularly of delicate and high value com-
pounds, such as natural products.*®

Another benefit is that new or previously difficult reactivi-
ties can be accessed, for example a-alkylation of aldehydes.*®
The ability to easily synthesize previously difficult products
has a direct link to greener chemical synthesis. Decreasing the
number of synthetic steps also decreases the total amount of
reagents, solvents, and energy required for a certain transfor-
mation. Many C-C bond forming reactions are available, pre-
viously performed with poor atom economy and harsh, highly
controlled conditions that required additives.?’ The facile for-
mation of C-C bonds has the potential to further streamline
chemical synthesis.

Compared to traditional synthetic methods, the reagents
used in these types of reactions are relatively unreactive and
benign. Instead of mixing a reactive species into a reaction, the
reactive species are generated transiently, simply by irradiation
with visible light. Interestingly, the catalyst is only a potent
redox active species when light is shined upon it. The reactive
intermediates generated from light exposure are usually radi-
cals, which are highly reactive, and short-lived because they
are quickly consumed to form products. This illustrates a way
in which reactive species can be generated in a green manner.
The short lifetimes of the reactive species means that the waste
is generally not hazardous, as all of the reactive species are no
longer present.

There are many examples of coupling reactions and C-H
functinalizations.?2 C-H and C-X bonds can be transformed
into C-C and H-X bonds, producing only mineral acid as
waste, in an atomically economical form of synthesis. The use
of visible light photoredox catalyzed reactions can replace
current methods that rely on toxic reagents and harsh condi-
tions, or that only get low yields and poor chemo- and regiose-
lectivities.?

These reactions are operationally simple and mild. They can
be performed at room temperature and atmospheric pressure.
Furthermore, they do not require any specialized equipment,
such as the photoreactors required when using UV light. They
also offer high yields and selectivities of important synthetic
intermediates.?®

Although in its infancy, this area of research already covers
a broad range of reactions using simple starting materials.?® As
Shaw et al. noted, “Recent advances in photoredox catalysis
have demonstrated that a broad array of radical intermediates
can be accessed from readily available chemicals such as car-
boxylic acids, halides and, in some cases, direct homolysis of
C-H bonds, thereby expanding the range of methodologies for
native functionalization.”?’

CONS OF VISIBLE LIGHT PHOTOREDOX CATALYSIS

Despite their extraordinary ability to use visible light as a
source of energy for a chemical reaction, visible light photore-
dox reactions still have their environmental faults, particularly
in the catalysts themselves. The photocatalysts used for these
types of reactions are usually precious metal-based organome-
tallic complexes, typically Ru or Ir polypyridal complexes
(Figure 2). Ru and Ir are precious metals that need to be
mined, and in its current state, the mining industry is by no
means an environmentally friendly one.?® As the name implies,
precious metals are both rare and expensive. This is mostly
due to their low concentrations in nature: as Ru is present in
100 ppt and Ir in 1000 ppt, they two of the nine least abundant
elements in Earth’s crust.?® Furthermore, these are hardly re-
newable resources; 12 tonnes of Ru is mined each year with
only 5000 tonnes in world reserves, and the processes required
to purify the mined materials are highly energy intensive and
require harsh chemicals.®*%! Precious metal catalysts continue
to be used due to their desirable characteristics, namely long
excited state lifetimes, high quantum efficiency of photoexcit-
ed state formation, chemical stability of the ground state, fa-
vorable redox potentials, and ability to tune ligands for reac-
tion optimization.?

Organic dyes have also been shown to work and have been
increasingly utilized due to their environmental advantages
over precious metal based catalysts.>*® According to Hari et
al., “for several applications Eosin Y serves as an attractive
alternative to redox active metal complexes and even outper-
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forms them in some cases.”® Organic dyes are commercially
available and readily accessible. The precious metal based
catalysts are also commercially available, but less accessible
due to their high price: Eosin Y costs $0.54/mmol while Ir
catalysts cost more than $1200/mmol.*® Organic dyes may be
favored because they are cheaper, easy to modify, and less
toxic than the metal catalysts.

A majority of the reactions are limited to activated sub-
strates, such as C-H bonds adjacent to tertiary amines and at
benzylic positions. Also, there are few examples of intramo-
lecular reactions, which are important for the synthesis of cy-
clic compounds.® This demonstrates that more reactions are
needed with a larger substrate scope.®’

tris(2,2™-bipyridyl)ruthenium(ll) fac-(tris-(2,2’-phenylpyridine))iridium(l1l)

$118.50 per 1 g (dichloride salt) $170.50 per 100 mg (PFg salt)

O ONa
NG \ N
NaO (e} (6]

Br Br
Eosin Y
Figure 2. Structures ofsselected gshptocatalysts. Prices are listed in
CAD for Sigma-Aldrich products (accessed November 2016). The

price of Eosin Y is based on the Eosin Y disodium salt, Dye con-
tent >85 %.

Organic dyes may not be very environmentally friendly
though, as they are synthesized from petrochemical feedstock,
which, like precious metals, are another nonrenewable re-
source. According to the U.S. Energy Information Administra-
tion, the main reasons why the petroleum industry is detri-
mental are because it is based on a nonrenewable resource and
because most of its products are burned as fuels, which emit
greenhouse gases. Thus, it would not be so environmentally
harmful if petroleum were to be used as a chemical feedstock
only, and not as a fuel. In this sense, petroleum-based organic
dyes are greener compared to rare earth metal based complex-
es, even without considering that the metal complexes rely on
supporting ligands derived from petrochemicals. Organic dyes
simply eliminate the reliance on metals, and therefore the min-
ing industry. However, metals may not be that bad after all.
Plants and animals use metals, such as iron used by cyto-
chrome enzymes in redox reactions, and magnesium in light
harvesting chlorophyll pigments. The key is to switch to earth
abundant metals, of which examples in visible light photore-
dox catalysis already exist.*

It should also be noted that in the literature most reactions
are performed under irradiation by light-emitting diodes
(LEDs). No matter how efficient LEDs can be, they still rely
on electricity. Fortunately, reactions can proceed under ambi-
ent sunlight; for example, DiRocco et al. noted it is possible to
maintain both yield and diastereoselectivity in a photocatalytic
cycloaddition performed on the gram scale, using solely ambi-

ent sunlight as a light source.*® The use of these reactions with
sunlight will inherently be limited to its availability. Solar
intensity varies with altitude, latitude, and weather, and a
cloudy day can dramatically affect yield. Furthermore, these
reactions would not be possible during the night.?

ADDRESSING THE CONS

Some visible light photoredox reactions require stoichio-
metric reagents, such as terminal oxidants, thus decreasing the
appeal of these catalytic reactions. However, there are reports
of using molecular oxygen as the terminal oxidant, as well as
completely oxidant free reactions.® Instead of being used as
sacrificial electron donors or substrates, amines can be used as
both.% These reactions also offer an alternative to accessing
carbon-centered radicals from toxic tin reagents.

On another note, there are examples of using photoexcited
aliphatic ketones as low cost radical initiators.*> These can be
molecules such as acetone, which is widely used, safe, and
incredibly cheap, that would replace dangerous peroxides.
Thiyl radical catalyzed reactions have also been reported.*
These reactions use visible light and require neither a photo-
catalyst nor a photosensitizer.

Limitations of visible light photoredox catalysis can be ad-
dressed by employing cooperative techniques.*>** Coupling
with earth abundant metal catalysis, organocatalysis, and oth-
ers have delivered considerable and promising results.*+4

CONCLUSIONS

Society faces a serious environmental problem, which the
chemical industry is partially responsible for. To address this
problem the chemical industry can decrease its energy depend-
ence on burning fossil fuels. Ideally, all energy required for a
chemical reaction would be directly derived from the sun — a
free, unlimited, and completely clean source of energy. This
vision may be possible with visible light photoredox catalysis.
Along with these catalysts’ ability to directly derive all activa-
tion energy from sunlight, the reactions involved offer novel
reactivates and routes of synthesis, and adhere to many of the
12 Principles of Green Chemistry. Modes of production are
more likely to be industrially employed if they are smarter,
more efficient, and resultantly greener. By reducing reliance
on hazardous and reactive starting materials and longer syn-
theses, the chemical industry will potentially increase profits,
making these types of reactions more probable to be embraced.
Further savings are predicted because sunlight is free, and
industry will have fewer safety concerns, such as worker expo-
sure to hazardous materials, cleanup of hazardous waste spills,
and high temperature or high-pressure reactors. The methods
discussed herein are by no means perfect, due to their reliance
on the petroleum and mining industries and currently limited
applicability. Nonetheless, visible light photoredox catalysis
offers itself is a step forward for greener synthetic chemical
production because sunlight can be the only form of energy
input.

FUTURE PERSPECTIVES

It should be noted that visible light photoredox catalysis is
still an immature area of research and does not entirely elimi-
nate the use of fossil fuels as energy input. In some ways this
is exciting because there is still so much to learn form this
promising and quickly growing field.* Recently, the Journal
of Organic Chemistry released a special issue dedicated to
photochemistry (August 2016 vol. 81 issue 16 pg. 6895-7341).
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In other ways it is disappointing because it is not quite ready
for industrial scale up. Milligram to kilogram scale syntheses
of key industrial intermediates have been accomplished using
cheap and commercially available starting materials.*” Howev-
er, specialized equipment to concentrate direct sunlight was
used. Current research is focused on utilizing flow reactors,
with promising results being reported (Figure 3).*8 According
to Shaw, “the pharmaceutical industry has chosen to adopt
these technologies at an unprecedented rate. Early work on
their part has demonstrated that these catalytic platforms can
be readily scaled up using flow technology.”? Visible light
photoredox catalysis is particularly well-suited for flow chem-
istry, as this would alleviate the problem of light penetration
into the reaction mixture. Despite its downsides, visible light
photoredox catalysis will most certainly be a fascinating tech-
nique in a fossil fuel-free era.

¥

Figure 3. Process-scale photoredox flow reactor at Merck.

Photo courtesy of Merck and Co. Inc. Copyright 2016 Ameri-
can Chemical Society.?"4°
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Introduction of green terminologies in organic synthesis and palladi-
um-catalyzed cascade reactions for total synthesis of natural prod-
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ABSTRACT: Seeking for efficient and green synthetic methods has largely attracted scientists’ attention because of the high de-
manding of cost saving and the increasing environmental issues. There are many terminologies defined to meet these green goals in
synthesis, such as cascade reaction, domino reaction, and tandem reaction. There are also many concepts in terms of describing
efficiency, such as atom economy, step economy and redox economy. This article first focuses on the explanations of these terms.
Furthermore, it discusses several palladium-catalyzed cascade reactions for the total synthesis of natural products as case studies.

INTRODUCTION

Synthetic chemists are excited about transforming easily ob-
taining materials to molecular targets with large complexity.
The design of organic reactions was mainly focused on the
chemo-, region- and enantio-selectivity for a long time. A
milestone work, which indicating the strength and arts of syn-
thetic chemistry is the preparation of palytoxin amide that has
64 chiral carbon centers.! Scientists realized that, ideally, there
shall not be any limitations of reaching complex molecules,
but it come to the decision making point: is it worth the time,
effort and cost we putting in? How can this process affect our
environment? Can we reach the targeting molecule in an effi-
cient and green way?

GREEN TERMINOLOGIES IN ORGANIC SYNTHESIS

1. Cascade reaction, domino reaction, and tandem reaction

Cascade reaction, where a sequence of reactions happens
and the product of the former reaction is the starting material
of the following reaction, was first applied by Robinson in
1917 for the synthesis of tropinone.?2 Cascade reaction can
reduce the cost of synthesis by reducing the usage of reagents,
solvents, and catalysts, etc. It can also save time and labor by
avoiding unnecessary isolation and purification steps. More
importantly, it enables reactions that occur through intermedi-
ates that are impractical for isolation. Unstable key intermedi-
ates can be trapped rapidly by the next step and transformed to
the final stable product. The design of cascade reactions is
crucial to reach the complexity of synthesis and it is also con-
sidered as the art of synthesis.

Domino reaction was first proposed by Tietze in 1996,
which is a type of transformation where multiple bonds form
without any modification of the reaction systems, such as reac-
tion reagents and conditions, etc.®

Tandem reaction, where reactions happen one by one, was
proposed by Denmark in 1996.* He further defined three types
of tandem reactions when describe tandem cycloaddition, i.e.
tandem cascade, tandem consecutive and tandem sequential
reaction. Tandem cascade cycloaddition reactions occur under
the same conditions and the reaction intermediates cannot be
isolated. Tandem consecutive cycloaddtion: even though the
second reaction does not require addition of reagents, it does
not occur spontaneously because it needs an outer force to
help overcome activation barrier, such as heating or light. The
product of the first reaction in a tandem consecutive system is
stable and can be isolated. Tandem sequential cycloaddition:
the second process requires an addition of other reagents that
will react with the product of the first step. The product of the
first step may or may not be isolated.

Multi-component reaction is a type of reaction in which
three or more starting materials are converged to form one
product. The first example of multi-component reaction was
reported by Laurent in 1838 for the synthesis of cyanohydrin-
imines.> Multi-component reaction can efficiently achieve
high complexity in the construction of molecules and it can
provide large diversity by simply change the functionality of
each component.5” Multi-component reactions are essential
for drug discoveries because they allow the access to a library
of molecules for the screening. There are many reviews or
books available for this type of reaction.®!

2. Atom economy, step economy, and redox economy

Atom economy was first brought up by Trost in 1991.'2 He
opened a view of looking the efficiency of organic synthesis
by counting the number of atoms that from the starting materi-
als and end up in the desired product. An ideal atom economic
reaction would be that all the mass of the reactants is incorpo-
rated to the targeting product.

Step economy, another goal in synthetic chemistry, is to
minimize the number of reaction steps for the transformation
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of molecules.’** The essential rationale to achieve step econ-
omy is to maximize the desired functionalities in each step by
a careful selection of reaction type and reagents.

Redox economy is suggested by Baran and Hoffmann in
2009 to address specifically the importance of minimizing the
use of redox steps in organic synthesis, not only in the per-
spective of step economy but also in the perspective of envi-
ronmental benigh.'**> Redox reactions usually come along
with toxic byproducts generation, which causes environmental
issues and requires efforts for waste treatment.

PALLADIUM-CATALYZED CASCADE REACTIONS FOR
THE TOTAL SYNTHESIS OF NATURAL PRODUCTS

Transition-metal catalysis is ubiquitous in organic synthe-
sis. Palladium-based catalysts are famous for their high cata-
lytic reactivity and selectivity in the synthesis of organic mol-
ecules, which minimizes their drawback that they are relative-
ly expensive. ¢ Because of the large diversity of the catalytic
reactions they provide, palladium-catalysts can be easily ap-
plied in cascade reactions, which acts as an important role in
the total synthesis of natural products, for example cross-
coupling reactions'®?!, Tsuji-Trost reaction?2%, etc. The fol-
lowings are two detailed cases of palladium-catalyzed cascade
reactions in total synthesis.

Pd(OAc),, PPhg
toluene
80 °C, 2h
then 160 °C, 6h

Intramolecular
D-A reaction

TBSO
H

~ ‘.
\ﬁ

CO,R

R =H Echinopine A
R = Me Echinopine B

CO,Me

5

Scheme 1 Palladium-catalyzed cycloisomerization and in-
tramolecular Diels-Alder cascade.?
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Scheme 2 The total synthesis of (+)-echinopine A and B.?*
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indole

Chen and coworkers synthesized (+)-echinopine A and B
using a palladium-catalyzed cycloisomerization and intramo-
lecular Diels-Alder cascade (Scheme 1).2* The synthesis starts
with the preparations of an alkenyl aldehyde 1 and an allyl
silane 2 (Scheme 2). Reaction of 1 and 2 activated by TiCls
through a Hosomi-Sakurai reaction affords alcohol 3, followed
by a sequential change of the protecting groups and then oxi-
dation to generate he key precursor 4. Compound 4 is trans-
ferred to a [5,6,7] tricycle 5 in the presence of Pd(OAC)./PPh;
at 80 °C and then at 160 °C for elongated time, where the
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Scheme 5 The total synthesis of (+)-minfiensine.?
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cycloisomerization and intramolecular Diels-Alder cascade
occur. Compound 5 undergoes reduction to give the alcohol,
iodination/ elimination to give alkene, and oxidation to gener-
ate ketone 6. Compound 6 further undergoes o-
selenation/elimination to give a,B-unsaturated ketone and then
followed by epoxidation and ring-opening to generate the ke-
toaldehyde 7. Deformylation and dehydration of 7 deliver the
tricyclic product 8, which can be transformed to (+)-
echinopine A and B using the method reported early by
them.?

Minfiensine is a representative framework in monoterpene

CO,Et
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step
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indole alkaloids, which construct many natural products, such

as akuammiline alkaloids. Akuammiline alkaloids have at-
tracted large attention among scientific and pharmacological
interests for over a century, since they have anticancer and
analgesic effects.® Jiao and coworkers synthesized (+)-
minfiensine using a palladium-catalyzed asymmetric indole
dearomatization/iminium cyclization cascade and a Heck-type
cascade.® As shown in Scheme 3, indole substrate generates
an intermediate via intramolecular asymmetric allylic substitu-
tion, followed by the reaction with iminium ion to form the
tetracyclic product. As shown in Scheme 4, the intermediate 9
was generated via oxidative addition of Pd to the C-I bond and
the B-hydride elimination does not follow because of the lack
of proper hydrogen, instead, a 1,2-insertion of the alkene occur
to generate the tetracycle 10, which then undergoes B-hydride
elimination to give 8.%

The total synthesis of (+)-minfiensine is shown in Scheme
5, which started with the commercially available 2-
methyltryptamine to generate a Boc protected 2-
methyltryptamine derivative 2, followed by bromination to
generate a bromomethylindole, and then coupling with a bro-
mide using indium metal as catalyst to give 3. Compound 3
undergoes reduction of the ester group, esterification, depro-
tection and reprotection of the amine group to generate the
cyclic precursor 4. Through the key palladium-catalyzed cas-
cade, 4 is converted to the tetracycle 5, which then is trans-
formed to the hydroxymethyl moiety 6 by protection of the
aniline NH, oxidation of the exocyclic C=C bond to an epox-
ide, regioselective ring-opening using bulky TMP-AlMe,
(TMP: 2,2,6,6-tetramethylpiperdine). The deprotection of the
amine group/converting of the hydroxyl group to —OTMS
(TMS: trimethylsilyl), and then an N-alkylation step afford
compound 7, which undergoes Heck-type cascade reaction to
afford 8. (+)-Minfiensine was obtained by treatment of 8 with
NaOH.

CONCLUSION

Green synthetic methods have being come up along with the
rapid development of organic synthesis. The discovery of new
reagents to selectively reach a targeting molecule is barely
enough to satisfy the social and environmental demands,
which promotes synthetic chemists to climb higher and gain
new perspective through looking at the overall efficiency of
the reactions and processes. There are many green terminolo-
gies that baring different focuses, but the overall goal is col-
ored by “green”, i.e. to improve the efficiency of organic syn-
thesis and make it environmental sustainable. Total synthesis
of organic molecules opens a wide door, in terms of the
amount and the diversity, for human beings for access to natu-
ral products. The discovery/design of cascade reactions is the
real beauty of this molecular choreography.
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ABSTRACT: The global fiber market is growing and as it continues to do so, implementing greener alternatives to existing fabrics
is essential. Lyocell, a fiber derived from cellulose has the potential to replace cotton, rayon and other synthetics as the textile indus-
try’s mainstay. It is produced on a closed loop system that recovers over 99% of its solvent, rendering it minimally wasteful. Advan-
tageous properties such as its durability, high tensile strength and absorbency make lyocell a simultaneously green and competitive
fiber. This review will introduce the reader to lyocell, from the perspective of green chemistry and textile economics, as an alternative

to petroleum synthetics and traditional fabrics such as cotton and rayon.

INTRODUCTION

Fiber and apparel industries are growing, with cotton, petro-
leum synthetics (nylon and polyester) and rayon forming the
majority of the global fiber production [1]. Each of these fibers
has its own unique disadvantages. Traditional fibers like cotton
which account for 50% of the fibers used to make clothing and
textiles require massive amounts of water, land and pesticides.
Oil-based synthetic fibers, which hold 62.1% of global fiber
shares, are energy intensive and non-biodegradable [2]. Rayon
is primarily produced via the viscose process and its usage is
declining as its manufacturing process is harmful to the envi-
ronment [4].

Lyocell, also known by its trade name, Tencel, is an iteration of
rayon that has more favorable implications for the environment
along with competitive fabric properties. The key features of
lyocell are due to a green overhaul of the manufacturing process
typically involved for rayon; one that incorporates a closed-loop
system that recuperates nearly all of its solvent as opposed to its
predecessor [5]. Although still nascent in the global rayon mar-
ket, lyocell is projected to grow in the coming years and poten-
tially lessen dependence on petrochemical-based synthetics.

BACKGROUND

It was in the late 19th century when the first partially synthetic
fibers came to be. Originally referred to as “regenerated cellu-
lose fibers” because of the materials’ origin in wood by-prod-
ucts, they are more commonly known today as “rayon” after
having been renamed by the US Department of Commerce.
Rayon went on to be widely adopted by the garments industry
due to economies of scale afforded by cheaply-procurable raw
materials and minimal processing requirements, particularly
when compared to traditional fibers like cotton [5]. While still
popular, rayon has largely been superseded by contemporary
petrochemical synthetics such as polyester and nylon, maintain-
ing less than 5% of artificial fiber market share in the recent
years [1]. Aside from economic considerations, rayon produc-
tion has historically been devastating for the environment; three
of the U.S’s largest Superfund cleanup sites are the location of
former rayon production facilities [6].

While Lyocell only started to see commercial success in the late
90s at the hands of Lenzing AG, it owes its existence to various
additional firms whose work dates all the way to mid 20" cen-
tury, such as Eastman Kodak, American Enka, Courtaulds Fi-
bers and Azko Nobel (which acquired Courtalds and American
Enka). The primary drive to develop lyocell was brought about
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by the British firm Courtaulds in the 1950s. At the time, viscose
rayon accounted for 80-90% of Courtaulds’ revenue and they
were experiencing stagnating profits due to the introduction of
newer synthetic fibers [7].

It is only towards the 1980°’s that Courtaulds decided to double
down on lyocell development, hoping to revitalize the dying
rayon market after a drop in oil prices due to geopolitical issues
involving OPEC [8]. Development was further made possible
by the research of Kodak and American Enka. While employed
at Kodak, Dee Lynn Johnson performed crucial research on the
use of cyclic mono compounds, such as NMMO, triggering
large slides in lyocell development. He discovered ways of dis-
solving difficult natural and synthetic compounds, namely cel-
lulose through these saturated, cyclic, amine oxides (N-methyl-
morpholine-N-oxide, NMMO) (Figure 1). He then posited that
this could be used to alter the properties of cellulose solutions
to favor their use in various medical, culinary, industrial and
textile applications [9].

)
N
"0 CHs

Figure 2. Chemical structure of NMMO (10)

American Enka built on this research by devising ways of con-
centrating the cellulose solutions produced with NNMO sol-
vents. In the mid 70s, Enka researchers, Julianna Varga and
Neal Franks, determined that maintaining the water content of
the system at a certain level would keep the solution free of both
solvent crystals and undissolved cellulose strands [5].

Despite pioneering these advancements, Enka didn’t seriously
invest in this new research; rather, it was Courtaulds that capi-
talized the opportunity. From 1979 to 1987, Courtaulds worked
on the “Genesis” project to bring about what is now known as
lyocell. While other researchers had demonstrated the theory
behind the process of dissolving cellulose in amine oxides, it
was Courtaulds’ research team that developed the manufactur-
ing process that avoided previously common explosive reac-
tions, while remaining economically viable [11].

They soon launched their new lyocell following a heavy mar-
keting campaign, but production did not last very long as other
synthetic fibers were still more economical. Despite the pro-
jected long-term profitability, lyocell fashion never material-
ized in anywhere but Japan and Courtaulds had no choice but to
sell itself to Azko Nobel, a casualty of early green chemistry
endeavors [5]. Concurrently, Lenzing AG had also started de-
veloping their own version of Iyocell and through a series of
acquisitions and acrimonious patent disputes, by the turn of the
century, eventually became the leading manufacturer of lyocell
globally in the 90s, as it continues to be today [12].

CELLULOSE DISSOLUTION IN NMMO SOLVENT

Lyocell, as a subcategory of rayon fibers, is a macromolecular
arrangement of cellulose (Figure 1) and is produced by a solvent
spinning process that involves the dissolution of cellulose in the
cyclic amine oxide solvent, NMMO.
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Figure 1. Cellulose, main component of lyocell (13)

NMMO is made by the oxidation of the ternary amine N-
methylmorpholine with hydrogen peroxide, and it is cyclic and
aliphatic. NMMO monohydrate, produced by hydrating
NMMO with one water molecule, is often used as a solvent as
it has a lower melting temperature and a higher solvation
strength [4].

Although the dissolution of cellulose in NMMO has been in-
vestigated, the interaction process is still not fully understood.
However, it is known that NMMO’s highly polar N-O dipole
allows it to dissolve cellulose very well in aqueous solution
[14], without any derivatization (as normally occurs with rayon
fibres [4]). NMMO has the ability to disrupt the hydrogen bonds
of the cellulose structure and form new complexes with the
macromolecules through interactions between its N-O dipole
and hydroxyl groups on the cellulose [14].

Cellulose desolvation can also occur under the same hydrogen-
bonding mechanisms when NMMO s in aqueous solution, as
water is a polar liquid and is miscible with NMMO. Water in-
terferes with the interaction between cellulose and NMMO and
allows for the cellulose molecules to reform their hydrogen
bonds. As such, the water content of the NMMO-water solution
is limited, as high water content would precipitate, rather than
dissolve the cellulose [4].

PROPERTIES AND APPLICATIONS

As a subcategory of rayon, lyocell encompasses many of the
traits typically associated with other cellulosic fibers such as
rayon. Accordingly, lyocell is known to possess high tensile
strength, whether dry or wet. When dry, it is comparable to
other forms of rayon and near that of polyester. When wet, it
has a wet tensile strength exceeding that of cotton, unlike other
forms of rayon [15].

Lyocell excels in functionality which is an important consider-
ation of clothing design. Due to its ability to absorb moisture,
lyocell can serve many applications that require contact with the
skin. In addition to all varieties of clothing, this includes covers
for beds, medical disposables such as bandages and swabs and
other household items such as towels and diapers. Because
lyocell allows for air circulation, less moisture collects and con-
sequently, bacteria thrive less on the material. This makes
Iyocell clothing less conducive to the development of odors,
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ideal for applications in athletic clothing and footwear [16].
Conversely, petrochemical synthetics barely absorb moisture at
all [17]. This and its non-use of abrasive chemicals normally
found within petrochemical synthetics makes it an exception-
ally hypoallergenic material. Lyocell is also softer than regular
rayon and this makes it a better silk substitute. It has high di-
mensional stability; this is paramount in producing shrinkage
averse clothing [16].

Many of lyocell’s favorable properties are bestowed upon it by
nanofibrils, fibers which have diameters of less than 0.5 mi-
crons that are longitudinally split. These fibers are hydrophilic
and thus allow the material to absorb moisture. The nanofibrils
are also the cause of lyocell’s softness. They are finer and thus
less abrasive against the skin [18].

Lyocell exhibits various desirable properties for the consumer,
but it is also pleasant for garment producers to work with as
well. It has excellent dye uptake capabilities, due to its cellulo-
sic nature. Its fibrils can also be intentionally manipulated to
create a variety of textures, such as suede, “peach skin”, silk or
denim. When properties of other fibers are desired, it will easily
blend to produce hybrid fabrics. Because of its fibrillation prop-
erties, lyocell is also more vulnerable to enzymatic attack. The
smaller fibril diameters provide a larger surface area for enzyme
treatment. This makes the enzyme treatment a more efficient
process for manufacturers to alter the aesthetic and functional
properties of the fabric [19].

MANUFACTURING PROCESS

As mentioned earlier, the key distinguishing feature of lyocell
among its alternatives is the waste efficiency of its manufactur-
ing process. One of the most commonly used techniques in
manufacturing synthetic and cellulosic fibers is the solvent
spinning process. This method involves pumping a viscous so-
lution through the tiny pores of a device called a spinneret to
form strands of polymer. What separates the production of
lyocell from the other fibers is that it involves the dissolution of
cellulose in NMMO solutions. When Courtaulds’ research team
was investigating possible solvents to directly dissolve cellu-
lose, NMMO was determined as the most viable candidate: it
dissolves cellulose completely without degrading it, it is non-
toxic [20], it is not harmful to the environment when spilled,
and it is almost entirely recyclable [21].

As detailed in White et al, the lyocell process itself is well-
known for its closed loop system, which allows for nearly
99.8% recovery of the solvent. In the first step of the process,
wood pulp is dissolved in a solution of hot NMMO in water.
The solution is then heated under vacuum, using a thin film
evaporator, to remove traces of water. As the solution flows
down the center of the evaporator vessel, it gets heated from the
surroundings of the inner shell. It is performed in a vacuum to
maintain a controlled temperature as higher temperatures could
degrade the NMMO solvent. The solution gets transported to
undergo two filtrations in order to get rid of the remaining inor-
ganic compounds and undissolved pulp fibers. Once filtered,
the solution is ready for the spinning process; it is pumped
through the thousands of microscopic holes of the spinneret. As
the solution seeps out as filaments, cool air is circulated to en-
sure that the fibers maintain their aligned structure and strength.
The fibers are then soaked into a dilute NMMO bath where they
precipitate, followed by several washes with demineralized wa-
ter [18]. During the bath and wash, the solvent is circulated for
recovery and regenerated for reuse [21]. At this time, different

treatments, such as bleaching and other enzymatic treatments
can be applied to give the fiber its desired properties. The fiber
is then dried, crimped, cut and baled to be sold as lyocell [18].

NMMOQ and water recycling

Pulp > Dussu\ve> Filter > spin > Wash > Finish > Dry > _ym'el\>

Figure 3. The lyocell process in general.

While the lyocell production process would ideally be solely
physical, chemical side reactions that complicate the process
can also occur. For example, NMMO and cellulose can degrade
and the fibers can become discolored. NMMO is thermally un-
stable and a strong oxidant [22], and explosions, otherwise re-
ferred to as, ‘runway thermal reactions’ have occurred in the
past in pilot-scale plants. All of these can negatively influence
the percentage of recovery of NMMO, the quality of the fiber
and can be hazardous to workers. Significant research is contin-
ually being conducted to counteract these reactions and to make
these processes safe. Sufficient progress has been made and this
is demonstrated by the large scale industrial production facili-
ties of lyocell fibres [4]. Currently, the degradation of cellulose
is being minimized by including degradation inhibitors in the
solution. Before reaching filtration, the solution is transported
under highly pressurized and cool pumps as NMMO has the po-
tential to degrade exothermically. As the temperature increases,
the pressure does as well. In order to avoid this, bursting discs
are planted to diffuse the gas into the atmosphere and prevent
explosions [18]. Additives are put into place, such as long-chain
surfactants, which help increase the interaction between
NMMO and cellulose. Stabilizers, such as antioxidants (e.g.
gallic acid propylester) [8] are also added to reduce degradation
of NNMO and cellulose, and to reduce the chances of thermal
runaway reactions from occurring [4].

ENVIRONMENTAL IMPACT

When considering lyocell’s life from cradle to grave, its envi-
ronmental impact is minimal. Lyocell is made of nearly 100%
cellulose, the most abundant renewable biopolymer in the
world, and is thus fully biodegradable [18]. A wide variety of
trees can be used to make lyocell, however, eucalyptus trees are
the most commonly used. Eucalyptus trees grow quickly with-
out the application of fertilizers, pesticides or genetic modifica-
tions, and they do not need to compete with food production as
they can grow on non-arable land. The trees are grown in forests
that are sustainably managed and constantly replanted [18]. In
addition, the remaining polymers from wood can be extracted
for other purposes. For example, lignin can be used to make
biofuels, which can be used to generate energy for the facilities
to operate [23]. The extracts from the leaves and barks of the
trees can be made into natural coloring and used as a dye for the
lyocell fabric as well [24].

The manufacturing process is remarkably waste efficient, as
over 99% of the amine-oxide solvent is recycled. NMMO is not
acidic nor toxic as such it is safe for the environment in cases
of spillage [18]. In terms of quantity, only a few kilograms of
solvent are required to develop one ton of fiber [21].
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The manufacturing process of most fibers is energy- and water-
intensive. The Stockholm Environment Institute reported that
energy consumption for the production of polyester is 10 times
higher than cotton, when comparing plants around the world. In
contrast to it’s energy consumption, polyester production re-
quires little to almost no water. This is almost close to none
when compared to cotton (one kg of cotton requires 8000 L of
water) and other fibers [25]. Another study compared the “water
footprint,” or the total amount of freshwater used for the pro-
duction and consumption of a material by humans, of a pair of
jeans made out of either lyocell or cotton, by looking at the total
amount of freshwater used for the production and consumption
of a material. They found that lyocell compares favorably to
cotton in this metric [26].

The lyocell process itself can be used with source materials
other than lyocell, and Lenzing AG has been incorporating re-
cycled materials as a first showing of this potential [27]. Studies
have shown that using cotton waste as feedstock generates fi-
bers that have similar qualities to cotton and lyocell, and me-
chanical properties that resemble those of lyocell [18]. In a very
green manner, the process can be reinvented to work with ma-
terials that would otherwise go to waste.

At the consumer level, lyocell’s energy expenditure is low.
Lyocell has moisture absorptive properties that keep clothes
odor- and bacteria-free for longer periods, allowing consumers
fewer washings between wear. This reduces energy and water
use consumption while conserving the product [16].

When lyocell reaches the end of its life, it can be used as feed-
stock and recycled to produce lyocell again. However, a con-
cern regarding the recycling of lyocell is that the low fibrillation
fibers don’t degrade easily, making it less suitable for reuse.
Over time, the quality of the fiber decreases as well. Nonethe-
less, its biodegradability makes it suitable for composting, in-
cinerating, or landfill disposal [28].

ECONOMIC AND LONG-TERM OUTLOOK

Lyocell has gained traction in the market because of its versa-
tility, biodegradability, and some attractive qualities in applica-
tions, such as home textiles and apparel. However, its environ-
mentally responsible and efficient manufacturing process is
what sets lyocell apart from natural fibers as a greener fiber.
Cotton requires massive amounts of water, land, and pesticide
use [3]. Synthetic materials also come with a plethora of prob-
lems, which include being energy intensive, non-biodegradable,
and production from petroleum.

In recent years, there has been an increased awareness of the
detrimental environmental impact fibers have had in the west-
ern world. As a result, industry and academia have been paying
more attention to sustainable material replacements. This has
translated into prime conditions for a fiber with properties sim-
ilar to those of lyocell to thrive. The global lyocell fibers market
is projected to be at 1.1 billion dollars in 2020, an increase from
700 million dollars in 2013, with apparel making up 50% of the
lyocell fiber market [29]. Moreover, while lyocell is more ex-
pensive to produce than other fibers due to the price of the
amine-oxide solvent, this has not necessarily transferred to
shoppers. Major retailers like H&M, Gap and Patagonia have
started incorporating lyocell into their clothing offerings, at
price points that are on par with other items in the store, capi-
talizing on consumer desire for greener products. The introduc-
tion of lyocell to the general public, in addition to its properties,

and environmentally responsible approach will only serve to in-
crease demand.

NEW [PERHAPS EVEN GREENER] DIRECTIONS

One of the drawbacks to the lyocell process is that the amine-
oxide solvent is relatively expensive [8]. However, the recy-
cling rates of solvent in the lyocell process are near 100%, peak-
ing at 99.8% industrially [18]. Despite the exceedingly high sol-
vent recovery rate, research is being done to see how the lyocell
process can be altered to make it even more efficient. It is
known that ionic liquids (ILs), essentially liquid salts, directly
dissolve cellulose [30], implying potential as replacement to
NMMO. ILs are salts that are liquid at low temperatures [22].
They are chemically stable, have tunable properties [23], and
low vapor pressure [31]. Using IL as the solvent, loncell was
developed under the same processes of lyocell. loncell has
stronger mechanical properties, and better quality than lyocell.
With ILs, the operating temperatures can be reduced, thus, low-
ering the energy, expenses and the chance of cellulose degrad-
ing [32]. ILs also seem to be a promising avenue that could be
incorporated with the lyocell process.

CONCLUSIONS

When materials are being decided upon for a specific applica-
tion, they often fall short of one or more criteria. This can in-
clude, durability, texture, toxicity, environmental impact, and
ease of working with the material. Lyocell has shown to exceed
acceptable levels of performance and tolerance for all these
properties and many more. Its primary downside to date is still
its cost of manufacture. While it already sees extensive use in
the consumer and medical industries, its continual development
is being hampered by readily available cheaper substitutes. Still,
with further advances in green chemistry and a reduction in de-
pendence on petrochemical synthetics, lyocell has a bright fu-
ture in ushering a future era where the environmental impact of
textiles is minimal.
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Greener Methods of Cadmium Removal from Industrial Effluent: A
review
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ABSTRACT: Cadmium removal from industrial effluent is vital in order to prevent contamination of local waters and eventual
harm to the environment and human health. Industrial effluent can be highly contaminated with toxic levels of cadmium; however,
standard removal processes are often costly in terms of money and energy, and may be metals to a level below the EPA accepted
cadmium concentration limit of 5 ppb. Green chemistry can be used to devise methods of removing cadmium from industrial efflu-
ent that are more efficient in terms of energy, cost, and waste generation, with the added potential to improve the current cadmium
removal rates. In this review, three overarching areas of research are highlighted — biomass adsorption, non-biomass waste, and
nanomaterials — aimed at devising more sustainable strategies for removing cadmium from industrial effluent. It is concluded that
while all areas do hold merit, the use of either chitin or nanoparticles has the most potential to provide a green replacement to cur-

rent methods of cadmium

removal from industrial waste.

INTRODUCTION. Cadmium contaminates industrial effluent
due to its use in nuclear reactors, nickel-cadmium batteries, plat-
ing iron and steel to prevent rust, among other applications.! Fur-
thermore, cadmium is highly toxic to both human health and the
environment.? For these reasons, purification of industrial effluent
is extremely important to mitigating the effects of cadmium pollu-
tion.

Methods currently employed to remove cadmium from
wastewater include precipitation via increase of pH, adsorption
onto activated carbon, reverse osmosis, ion exchange, and mem-
brane filtration. These methods are often quite expensive, produce
toxic byproducts in need of further treatment, and sometimes are
even ineffective at low or high cadmium concentrations.® Many of
these processes are particularly inaccessible to those in non-
western countries.* Precipitation of the metals via increasing pH is
one of the most widely used and cost-effective techniques availa-
ble. However, this technique produces a toxic sludge that must be
further treated, usually by removing the water and then dumping
into landfills.5 This is a barrier to implementation, as the process
is costly and requires a large amount of land resources to allow
great volumes of sludge to settle to then have water removed.5 lon
exchange, in which a resin exchanges its own nontoxic ions with
the metal ions contaminating the solution, is highly sensitive to
pH and is easily fouled by solutions with high concentrations of
metals. It is also very non-selective regarding the particular metal
removed.5 Furthermore, adsorption by activated carbon, an estab-
lished technique for removal of heavy metals, is quite expensive,
coal-based, and the activated carbon is energy intensive to pro-
duce.” While membrane filtration techniques have shown to be
highly effective in heavy metal removal, these techniques can be
energy-intensive due to high pressure pumping and membrane
upkeep, and often require costly infrastructure.”® Other tech-
niques such as electrolytic recovery and solvent extraction are
wasteful and unsustainable. In electrolytic recovery, the metal
electrodes easily corrode and must be replaced frequently. In sol-
vent extraction processes, much solvent must be added to the
wastewater.® ®

Currently, greener alternatives to these techniques focus on ad-
sorption to a range of sorbents. Adsorption using biomass has
been heavily studied for its potential use in cadmium removal,
while processing of non-biomass waste has also been a focus of
some investigation. Use of nanotechnology has emerged within
the last decade as a viable candidate for cadmium removal as
well. These techniques show promise over the currently used
methods for a number of reasons. Firstly, it is arguable that a
technique that is cheaper to perform is also greener, as this lowers
the barrier that companies face in implementing these solutions,
increasing the probability firms will remove the cadmium from
their wastewater, and ultimately leading to a decreased emission
of cadmium to the environment. Thus, removal techniques relying
on cheap materials, such as waste products, or on materials that
can be recycled, are green in that they are may be more cost effec-
tive that other products that are not reusable, require expensive
infrastructure, or rely on materials manufactured and bought for
the sole purpose of water remediation. A technique can also be
considered greener if it is less energy intensive than currently
used methods, as this decreases the amount of fossil fuel energy
needed to sustain this removal. Finally, if the materials used are
renewable, such as in the case of biomass, they may be more sus-
tainable than materials that are non-renewable, as renewable ma-
terials may be less likely to be depleted. It is due to their rele-
vance to these criteria, of material renewability, repurposing of
waste products, and ability to be regenerated, that the green
sorbents to be discussed are included in this review.

Furthermore, the kinetics behind sorption via the materials re-
viewed are not discussed in great depth — focus is placed on the
factors affecting the implementation of these techniques in indus-
try. One influential factor is pH. There are two driving forces
behind the pH dependence of cadmium adsorption; the effects of
pH on cadmium solubility, and its effect on the binding sites on
the surface of the sorbent. Cadmium becomes more soluble in
water as the pH of the water decreases, as is the case with most
metal ions; with more ions in solution comes a greater chance that
the sorbent will come into contact with these ions, theoretically
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increasing its sorption capacity.’® However, sorbents are effective
due to the existence of several functional groups on the surfaces
that can form strong bonds with the solvated Cd?* ion, either
through complexation or ion exchange.'"*3 For example, in bio-
mass these carbonyl sites might be present due to proteins, such as
in cell walls, or carbonate groups as part of shells.1>® When the
pH of the solution increases, the Cd?* binding step finds itself
competing with protonation, decreasing the adsorption capacity of
the sorbent. It is the interplay between these two processes, the
increased solubility of cadmium and increased competition with
H* with increasing pH, that determine the optimal pH for sorption
of cadmium in contaminated waters. The particle size of the
sorbent is another factor that can influence its uptake properties.®

For the adsorption capacity, the unit mg/g will be used. This
signifies the mass of cadmium adsorbed per each gram of sorbent.
Furthermore, it is taken that, when discussing metal ions in water,
the concentration of 1 mg/L is equivalent to the mixing ratio of 1
ppm; likewise, 1 pg/L will be taken as equivalent to 1 ppb. To
note, the recovery rate is the mass of cadmium recovered over the
initial mass in solution. The adsorption capacity and the recovery
rate may be at odds with one another; sorbents may have an ex-
ceptionally high adsorption capacity while maintaining a low
recovery rate, and vice versa, depending on the initial concentra-
tion of the cadmium in solution and the physical and chemical
properties of the sorbent.

Here, we present and evaluate potentially greener methods for
cadmium removal from industrial effluent. While the methods
discussed may also be applicable to removal of solvated cadmium
from other sources as well, they have been selected and will be
evaluated only for their potential for use in treating industrial
effluent in mind.

BIOMASS ADSORPTION. To start, it is important to note not
all proposed biomass adsorption methods are feasible for use in
water remediation — for example, one study explored the use of
human hair as a potential agent for cadmium removal.!* Though
not inherently practical or “green,” biomass adsorption has been
studied for decades and has serious potential advantages over
conventional methods for use in cadmium removal from
wastewater. These include high adsorption capacities and ability
to remove cadmium, as well as other heavy metals at low concen-
trations where conventional methods are often ineffective.®

Chitin provides a promising source of sorbent. Chitin flakes ex-
tracted from crab shells were shown to have an absorbance capac-
ity of 16 mg/g when confronted with a 200 mg/L Cd?* solution.?
Jha et al. noted the sorption of chitosan significantly decreased
with increasing particle size, that using acid the cadmium could be
desorbed and the chitosan reused, and that the sorption rates of
cadmium onto chitosan was intensely pH dependent.®

Peat has been tested in a variety of studies for its use in cadmi-
um removal, generally with promising results. Chaney et al. found
columns filled with 200 g of dried peat were able to remove the
majority of cadmium in a 100 mg/L Cd?* solution, leaving usually
just 1 pL/L (1 ppb) of Cd?* in solution.'® However, peat is likely
not a viable candidate for use in cadmium removal, as it is used in
a variety of other purposes — mainly horticultural — and is at risk
of becoming depleated.” Thus, while impossible to ignore due to
the vast number of studies on the use of peat for removal of toxic
metals, it is not recommended that peat be seen as a viable option
for biomass adsorption of cadmium.

Table 1. Various biomass sorbents and their adsorption ca-
pacities in mg cadmium adsorbed per gram of sorbent. Values
were obtained with initial cadmium concentrations of 200
mg/L, pH of 5-6, and 25 °C.

Sorbent Adsorption Capacity (mg/g)
Fungi 60 (alive), 80 (dead)

Chitin 14

Algae 53

Bacteria 24.61

In addition, algae have been explored for their use in cadmium
removal. Marine brown algae, pre-treated with 0.2 M calcium
chloride for 24 hours with slow stirring, was found to reach a
recover rate of 90% after just 30 minutes of exposure, no matter
the initial concentration of cadmium in solution. The calcium
chloride pretreatment step is important, as the addition of calcium
ions creates larger sites where cadmium can bind; the calcium
coordinates with the amino acids in a way that orders the protein
chains in the alginate — a component of the cell wall unique to
brown algae — creating these larger cavities.*?> The algae L. tay-
lorii were investigated for their use in adsorption of metal ions in
a mixture of cadmium, zinc, nickel, and lead; the sorption rates
for these metals were relatively consistent, with a slightly higher
lead adsorption rate. (Figure 1).18

Fungi, bacteria, and several other biomass sources have been
investigated for their potential use as sorbetbs.'>? This is just a
small taste of the vast research that has been completed into bio-
mass adsorption as a means of performing cadmium removal from
wastewater.

Several of these processes required use of additional chemicals,
solvent, and energy in the form of either heating or stirring, thus
decreasing how green they are. The studies mentioned above were
not unique in this; metal-resistant bacteria were pelleted at 10,000
rpm, and fungi samples were also agitated at 150 rpm at 30 °C for
five days before sorption studies were completed.'®?° Drying
steps played a major role in this. While no sample activation was
performed, Gupta et al. sun dried their algae samples for four
days, dried them at 70 °C for 24 h, and finally ground their sam-
ples using a mortar and pestle.?* Benguella et al. evacuated the
crab shells they used for 12 hours at 200 °C to remove impuri-
ties.

A major drawback of biomass adsorption is recovery of
sorbents once used.” It is possible to use ionic liquids to dissolve
chitin and, from the extract, create films and fibers that could be
used as sorbents in the place of chitin powder.?? Use of methods
such as these may make removal of sorbents easier.
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Figure 1. Sorption isotherms for adsorption by L. taylorii al-
gae.18

NON-BIOMASS WASTE. The idea to use industry waste
products has surfaced several times in the literature, with studies
seeking sorbents in discarded electronic waste, byproducts of oil
extraction, and more. This is an attractive option due to the large
quantities of waste material generated, and added benefit of using
materials which would otherwise be waste, non-biomass waste
must be processed — at times, extensively — in order to be used,
thus decreasing the ease and efficiency of its use as a sorbent for
solvated cadmium.

Fly ash, a byproduct of oil shale processing, was converted into
zeolite, a mineral with known sorption capacity for heavy
metals.?® This conversion was done by burning off the existing
hydrocarbons in the collected sample at 950 °C for 8 hours, with
subsequent activation with 8M NaOH for varied lengths and at
varied temperatures. A maximum adsorption capacity of 95.6
mg/g was found when the activation was performed at 160 °C for
24 hours.?* The processing of the fly ash is unsustainable as it was
performed in this method. Further investigation into less energy-
intensive methods of hydrocarbon removal and activation would
be necessary to make this method a viable option for cadmium
removal from wastewater. In addition, more information on the
nature of resulting cadmium/zeolite sludge, such as toxicity and
possibility for regeneration of zeolite, must be provided in order
to make this method a more viable candidate for cadmium remov-
al from industrial effluent.

Iron and chromium hydroxide from waste produced by the fer-
tilizer industry was found to have an absorbance capacity of over
90% at a pH of 8. The waste was ground, washed, and heated at
60 °C overnight.* Non-metallic powder derived from printed cir-
cuit board waste has been used successfully to remove cadmium
from wastewater; this also underwent significant processing, in-
cluding 3 hours of stirring at room temperature, three hours of
heating, and several washes with water. Once processed, the ad-
sorption capacity was demonstrated to be 234 mg/g (or 2.1
mmol/g) when the initial pH was set to 4.%5 Both of these process-
es still result in sludge that requires similar treatment to that pro-
duced by precipitation.

NANOMATERIALS. The use of nanomaterials in water reme-
diation is an attractive solution due to their high rate of metal ion
recovery and potential for regeneration and subsequent reuse. In
addition, the high surface area-to-volume ratio of nanomaterials
and the ability to vary their shape results in a large number of
sorption sites.?8 In the last decade, there has been a surge of new
studies into using various nanoparticles and other nanotechnology
— such as microbots — for removing metal ions from wastewater.

2729 While this technique does hold promise, it also possesses
certain pitfalls that must be addressed.

Various studies have focused on using nanoparticles to retrieve
cadmium from solution. Orange peel powder was attached to the
surfaces of iron oxide nanoparticles (MNP-OPP) and demonstrat-
ed a cadmium removal rate of 82%, with a 98% cadmium desorp-
tion rate after use and a decrease in adsorption capacity from 76
mg/g to 72 mgl/g after five cycles of use.’® These particles are
especially notable for the speed at which they reached their max-
imum adsorption capacities, with the MNP-OPP plateauing in less
than 40 min. These studies were carried out in 50 mL batches;
desorption was performed in a rotary shaker in 0.1 M HNOs (200
rpm, 30 min).3°

Particles synthesized with a silicon core and aluminum shell
(Si-Al) using the sol-gel method were shown to have a recovery
rate of over 99.99%, reducing the concentration of cadmium in
solution from 140 ppm to less than 5 pph.'! Many other studies
have evaluated use of nanoparticles in removal of heavy metals,
but neglected to include cadmium in their tests,?6-27. 29

Hydroxyapatite (Caio(PO4)sOH2), a molecule known for its bi-
ocompatibility,3! was also tested for its effectiveness in cadmium
removal. Hydroxyapatite nanorods (nHAp) and nano-
hydroxyapatite-chitosan composites (nHApC) were synthesized
using the sol-gel method from calcium nitrate, phosphoric acid,
and, for nHApC, chitosan (a derivative of chitin). These nano-
materials were able to remove cadmium with adsorption capaci-
ties of 92 and 122 mg/g respectively, both demonstrating recover
rates of 92% over the course of 90 minutes. However, upon re-
generation, the efficiency of nHAp was quite low, at close to
60%. This indicates these particles may not be suitable for reuse.
Nevertheless, the synthesis of these materials was performed with
no heating was required — particles were stirred at 25 °C for 16
hours and allowed to age for 24 hours — demonstrating relatively
low energy cost.%?

DISCUSSION. The studies presented here are indicative of the
current state of research into greener methods of cadmium remov-
al from wastewater. Use of biomass, non-biomass waste, and
nanomaterials as sorbents have all showed promise in the labora-
tory, having all successfully removed over 90% of cadmium from
low-concentration solutions.

Biomass adsorption and the use of non-biomass waste
are attractive solutions, as they have high sorption capacities and
do not hold the potential to further pollute the waters treated, as is
the case with nanomaterials. However, certain feasibility issues
exist when considering biomass or non-biomass waste for use
treating industrial effluent for cadmium. First of all, both sorbents
do require heating and other processing in order to be used. Jha et
al. heated the chitin they used for five hours at 80 °C during pre-
treatment and then applied further heating at 80 °C in order to dry
the samples. Benguella et al. did not pre-treat the crab shells they
used, but did evacuate the shells for 12 hours at 200 °C to remove
impurities. 15 Likewise, the processing used to prepare oil shale
ash was incredibly energy intensive due to heating. The environ-
mental and monetary costs of using these materials to remove
cadmium from wastewater may be high due to the level of pro-
cessing and heating they must undergo. Ultimately, this makes
their use on the large scale less favorable.

The use of iron/chromium hydroxide from fertilizer waste
comprises a toxic sludge; non-metallic printed circuit board waste
required activation by concentrated KOH, which would be haz-
ardous to workers, corrosive, and an additional solvent wasted by
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the process; and, as mentioned previously, the intense energy
input required to pretreat oil shale ash renders this method com-
pletely unsustainable.* 2% Thus, these methods are not recom-
mended green sorbents for cadmium removal. Moreover, if algae,
bacteria, or fungi were used as sorbents, they would have to be
grown specifically for this purpose. On the other hand, chitin can
be obtained from crab and shrimp shell waste, which is sold in
bulk online. It does not require activation before use, cutting
down on solvent usage compared to other biomass sorbents. Thus,
of the sorbents derived from biomass and non-biomass waste,
chitin is the most reasonable and sustainable option for greener
cadmium removal.

The nanoparticles evaluated so far for use in cadmium removal
from wastewater are commercially available (or their starting
materials are), inexpensive to purchase, and do not require hours
of heating during their preparation for use. The majority of studies
performed using nanomaterials to remove cadmium had highly
favorable adsorption capacities and recovery rates, often achieved
within an hour. Furthermore, the metals used to make the nano-
particles presented here are quite common and cheap — including
iron oxide, silicon, and aluminum — meaning companies would
not grapple with the issue of scarcity. Preparation of these nano-
particles often requires energy input only in the form of agitation.
In addition, the nanoparticles can be regenerated and reused,
which cuts down on the costs and waste generated by this tech-
nique. This process does require dilute acid and energy in the
form of aggitation, which is a cost in terms of sustainability. Nev-
ertheless, use of nanoparticles to remove cadmium from
wastewater seems to be the most promising technique presented
here, with real potential to be used on the large scale, particularly
in countries where current methods of removal are not feasible.

However, more investigation into the use of nanoparticles for
cadmium removal is necessary; while these particles may have
demonstrated high rates of removal at low concentrations, their
adsorption capacity at higher concentrations (i.e., 200 — 2000
mg/L) should also be observed to further evaluate their potential
for use in cadmium removal from industrial effluent. This applies
to chitin as well. In addition, the studies reviewed here were per-
formed on a laboratory scale; more information is needed on the
feasibility of using nanomaterials as sorbents on a larger, industry
scale, as well as the feasibility of large-scale recovery, desorption,
and subsequent regeneration.

As a side note, we must highlight the fact that use of nano-
materials, are highly pH dependent, as with most sorption meth-
ods. This means sorption rates differ for various toxic metals, as
the optimal pH for sorption varies greatly between metal ions. Hu
et al found that at a pH of 6.5, the rate of copper recovery was
96.2%, while only 5.1% of nickel was recovered.?” This may ei-
ther be a blessing or a curse; if one-pot remediation is desired,
then this is not ideal, though if a sorbent is selective to one metal
ion, this might make metal recycling a possibility.

For the studies reviewed, the pH was either demonstrated to
have a large effect on the adsorption capacity, or it was ignored by
the studies examined here. Thus, one area that should be explored
in the quest to make nanoparticles an even more efficient — and by
extension a slightly greener — agent for heavy metal removal
would be to determine how to overcome the pH dependence of
adsorption, in order to be able to remove multiple heavy metal
contaminants simultaneously and decrease the time and number of
steps needed for this process. This would increase the sustainabil-
ity of processes to removal of heavy metals from industrial efflu-
ent as a whole, instead of solely those used for cadmium removal.

Addition of metal nanoparticles to wastewater may also be
problematic, as it is inevitable that at least some fraction of the
particles will remain in the water after treatment. If nanoparticles
did contaminate the water, this could have detrimental effects on
human health. For example, one study found increased exposure
to particulate matter — including magnetite, an iron oxide nanopar-
ticle common in pollution — increased risk of Alzheimer’s dis-
ease.® More research is required into the levels of contamination
of nanoparticles in water after cadmium removal, especially on a
large scale, and the effect these levels might have on human
health and the environment.

CONCLUSIONS. Techniques for cadmium removal for
wastewater have been presented and evaluated for their potential
for use in the sustainable treatment of industrial effluent. At pre-
sent, while not without faults, it is concluded that the use of either
chitin or nanoparticles hold the most potential for “greener” cad-
mium removal.

In the end, there are no universal solutions, and techniques ex-
plored for cadmium removal from industrial effluent must be
tailored to fit the unique situations, such as material availability,
level of contamination, and monetary resources, of each location
where the removal is to be performed. As Paul Anastas once not-
ed, it is important to “meet the need” and “minimize waste.”3* If
in one location crab shell waste is abundant and readily available,
that may be a viable option for use in cadmium adsorption,
whereas the transportation and costs may mean it’s not a viable
option somewhere else. Similarly, as techniques have a variety of
adsorption capacities depending on the initial concentration of
cadmium, the sorbent should ideally be optimized for the level of
contamination of the water, in order to minimize waste.

AUTHOR INFORMATION

Corresponding Author
* Jill Bachelder: jill.bachelder@gmail.com

Funding Sources
No funding was received in producing this review.

ACKNOWLEDGMENT

Many thanks to Dr. Audrey Moores and Dr. Robin Rogers for
their guidance and support throughout the process of putting
this journal together. In addition, thank you to the members of
CHEM 462, McGill’s Green Chemistry class, as well as the
editors of the McGill Green Chemistry Journal.

ABBREVIATIONS
Mg/g, milligrams cadmium adsorbed per gram of sorbent.

REFERENCES

(1) Organization, W. H., Cadmium in drinking-water: background
document for development of WHO guidelines for drinking-water
quality. 2004.

(2) Bhattacharya, A. K.; Venkobachar, C., Removal of cadmium (I1)
by low cost adsorbents. Journal of Environmental Engineering 1984,
110 (1), 110-122.

(3) Benguella, B.; Benaissa, H., Cadmium removal from aqueous
solutions by chitin: kinetic and equilibrium studies. Water Research
2002, 36 (10), 2463-2474.

McGill Green Chemistry Journal - Vol. 2, 2017 52



(4) Namasivayam, C.; Ranganathan, K., Removal of Cd(Il) from
wastewater by adsorption on “waste” Fe(III)Cr(III) hydroxide. Water
Research 1995, 29 (7), 1737-1744.

(5) Sludge treatment, reuse and disposal.
http://www.unep.or.jp/ietc/publications/freshwater/sb_summary/11.as
p (accessed Dec 1).

(6) Barakat, M. A., New trends in removing heavy metals from
industrial wastewater. Arabian Journal of Chemistry 2011, 4 (4), 361-
377.

(7) Fu, F.; Wang, Q., Removal of heavy metal ions from
wastewaters: a review. Journal of environmental management 2011,
92 (3), 407-418.

(8) Malik, A. H.; Khan, Z. M.; Mahmood, Q.; Nasreen, S.; Bhatti, Z.
A., Perspectives of low cost arsenic remediation of drinking water in
Pakistan and other countries. Journal of hazardous materials 2009,
168 (1), 1-12.

(9)Jha, M. K.; Kumar, V.; Jeong, J.; Lee, J.-c., Review on solvent
extraction of cadmium from various solutions. Hydrometallurgy 2012,
111, 1-9.

(10) Hahne, H.; Kroontje, W., Significance of pH and chloride
concentration on behavior of heavy metal pollutants: mercury (l1),
cadmium (I1), zinc (1), and lead (I1). Journal of Environmental
Quality 1973, 2 (4), 444-450.

(11) Pacheco, S.; Tapia, J.; Medina, M.; Rodriguez, R., Cadmium
ions adsorption in simulated wastewater using structured alumina—
silica nanoparticles. Journal of Non-Crystalline Solids 2006, 352 (52—
54), 5475-5481.

(12) Matheickal, J. T.; Yu, Q.; Woodburn, G. M., Biosorption of
cadmium (II) from aqueous solutions by pre-treated biomass of
marine alga Durvillaea potatorum. Water Research 1999, 33 (2), 335-
342.

(13) Aris, A. Z.; Ismail, F.; Ng, H. Y.; Praveena, S. M., An
experimental and modelling study of selected heavy metals removal
from aqueous solution using Scylla serrata as biosorbent. Pertanika
Journal of Science & Technology 2014, 22 (2), 553-566.

(14) Krishnan, S.; Cancilla, A.; Jervis, R., Industrial wastewater
treatment for toxic heavy metals using natural materials as adsorbants.
Journal of Radioanalytical and Nuclear Chemistry 1987, 110 (2),
373-378.

(15) Jha, I. N.; lyengar, L.; Rao, A. V. S. P., Removal of Cadmium
Using Chitosan. Journal of Environmental Engineering 1988, 114 (4),
962-974.

(16) Chaney, R. L.; Hundemann, P. T., Use of peat moss columns to
remove cadmium from wastewaters. Journal (Water Pollution
Control Federation) 1979, 17-21.

(17) Priesnitz, W. Ask Natural Life: Does Peat Moss Have a Place In
the Ecological Garden?
http://www.life.ca/naturallife/0712/asknlpeat.html (accessed Nov 7,
2016).

(18) Klimmek, S.; Stan, H. J.; Wilke, A.; Bunke, G.; Buchholz, R.,
Comparative Analysis of the Biosorption of Cadmium, Lead, Nickel,
and Zinc by Algae. Environmental Science & Technology 2001, 35
(21), 4283-4288.

(19) Arica, M. Y.; Kagar, Y.; Geng, O., Entrapment of white-rot
fungus Trametes versicolor in Ca-alginate beads: preparation and
biosorption kinetic analysis for cadmium removal from an aqueous
solution. Bioresource Technology 2001, 80 (2), 121-129.

(20) Ansari, M. I.; Malik, A., Biosorption of nickel and cadmium by
metal resistant bacterial isolates from agricultural soil irrigated with
industrial wastewater. Bioresource Technology 2007, 98 (16), 3149-
3153.

(21) Gupta, V. K.; Rastogi, A., Equilibrium and kinetic modelling of
cadmium(I1) biosorption by nonliving algal biomass Oedogonium sp.
from aqueous phase. Journal of Hazardous Materials 2008, 153 (1-
2), 759-766.

(22) Brandt, A.; Grasvik, J.; Hallett, J. P.; Welton, T.,
Deconstruction of lignocellulosic biomass with ionic liquids. Green
Chemistry 2013, 15 (3), 550-583.

(23) Kesraoui-Ouki, S.; Cheeseman, C. R.; Perry, R., Natural zeolite
utilisation in pollution control: A review of applications to metals'
effluents. Journal of Chemical Technology & Biotechnology 1994, 59
(2), 121-126.

(24) Shawabkeh, R.; Al-Harahsheh, A.; Hami, M.; Khlaifat, A.,
Conversion of oil shale ash into zeolite for cadmium and lead removal
from wastewater. Fuel 2004, 83 (7), 981-985.

(25) Xu, M.; Hadi, P.; Chen, G.; McKay, G., Removal of cadmium
ions from wastewater using innovative electronic waste-derived
material. Journal of Hazardous Materials 2014, 273, 118-123.

(26) Hua, M.; Zhang, S.; Pan, B.; Zhang, W.; Lv, L.; Zhang, Q.,
Heavy metal removal from water/wastewater by nanosized metal
oxides: a review. Journal of Hazardous Materials 2012, 211, 317-
331.

(27) Hu, J.; Chen, G.; Lo, I. M. C,, Selective Removal of Heavy
Metals from Industrial Wastewater Using Maghemite Nanoparticle:
Performance and Mechanisms. Journal of Environmental Engineering
2006, 132 (7), 709-715.

(28) Shen, Y. F.; Tang, J.; Nie, Z. H.; Wang, Y. D.; Ren, Y.; Zuo, L.,
Preparation and application of magnetic Fe304 nanoparticles for
wastewater purification. Separation and Purification Technology
2009, 68 (3), 312-319.

(29) Hristovski, K.; Baumgardner, A.; Westerhoff, P., Selecting
metal oxide nanomaterials for arsenic removal in fixed bed columns:
From nanopowders to aggregated nanoparticle media. Journal of
Hazardous Materials 2007, 147 (1-2), 265-274.

(30) Gupta, V. K.; Nayak, A., Cadmium removal and recovery from
aqueous solutions by novel adsorbents prepared from orange peel and
Fe203 nanoparticles. Chemical Engineering Journal 2012, 180, 81-
90.

(31) Huang, F.; Shen, Y.; Xie, A.; Zhu, J.; Zhang, C.; Li, S.; Zhu, J.,
Study on synthesis and properties of hydroxyapatite nanorods and its
complex containing biopolymer. Journal of Materials Science 2007,
42 (20), 8599-8605.

(32) Salah, T. A.; Mohammad, A. M.; Hassan, M. A.; El-Anadouli,
B. E., Development of nano-hydroxyapatite/chitosan composite for
cadmium ions removal in wastewater treatment. Journal of the
Taiwan Institute of Chemical Engineers 2014, 45 (4), 1571-1577.

(33) Jung, C.-R.; Lin, Y.-T.; Hwang, B.-F., Ozone, particulate
matter, and newly diagnosed Alzheimer's disease: A population-based
cohort study in Taiwan. Journal of Alzheimer's Disease 2015, 44 (2),
573-584.

(34) Anastas, P. T.; Zimmerman, J. B., Peer reviewed: design
through the 12 principles of green engineering. Environmental science
& technology 2003, 37 (5), 94A-101A.

McGill Green Chemistry Journal - Vol. 2, 2017 53


http://www.unep.or.jp/ietc/publications/freshwater/sb_summary/11.asp
http://www.unep.or.jp/ietc/publications/freshwater/sb_summary/11.asp
http://www.life.ca/naturallife/0712/asknlpeat.html

	Cover
	Table of Contents
	Letter from the Editors
	FINAL Karlie Chem 462 Paper- Karlie Potts
	final_chem462_SOFC_ferko_260511258
	Alan-Green-Chem-Paper
	FINAL Jerry REE_Green_FINAL
	Everybody P's (final submission)
	joe_POedit (1)
	Oliver PhotoCat
	Yi-Green Chemsitry Paper-2017
	CHEM462QudsiaFinalArticle_POgrammar
	FINAL Jill CdRemoval_Final_Follows JACS template



