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Abstract

Millions of people around the world are at risk of exposure to polluted water.
According to the United Nations, unsafe water claims more lives each year than
all forms of violence put together. Particularly in developing countries, where the
population has no access to centrally treated tap water, point-of-use water
purification techniques are important to mitigate the risks of consuming ground-
or surface waters. Many such techniques already exist and are in use today, but
they mostly target bacteria and macroscopic contaminations that can be removed
due to size. Dissolved ions are significantly more difficult to remove, especially
because they can be harmful even at extremely low concentrations. Some of the
most dangerous heavy metals polluting drinking water around the world today are
chromium, arsenic, and lead. In this thesis | first highlight the impact of these
pollutants before presenting filter materials | synthesized that can efficiently
remove chromium(VI) oxoanions from drinking water. By attaching functional
molecules such as a dimethylaminomethyl-calixarene and N-butylimidazole to
non-woven cloth via a pulsed plasma polymer linker layer, | created filters that
can capture chromium(VI) at neutral pH, from solutions with low starting
concentrations, in the presence of competitive anions, and even from real
wastewater samples. Moreover, these filters can be easily recycled many times.
In the last results chapter, | present new findings regarding the epitaxial growth
mechanism of the metal-organic framework MOF-508. These materials are
attractive candidates for filtration applications due to their vast internal surface.
The discovery that they can be grown on untreated polymer surfaces, as well as
the presented method for simple MOF film transfer, can aid future developments
in this field.
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Chapter 1: Introduction

CHAPTER 1: INTRODUCTION
1.1 The Threat of Water Pollution

Water pollution is a major threat for human health around the world. Particularly
in developing countries, large amounts of industrial wastes are still emptied into
waters without any treatment, thus polluting the population’s drinking water
sources.! According to the United Nations, every year more people die from

unsafe water than from all forms of violence put together, including war.?

1.2 Recent Examples of Inorganic Water Pollution around the World

In 2018, India was reported to be suffering from its worst ever water crisis which
was predicted to only increase in the following years.® Almost half of the
inhabitants of the world’s second most populous country were facing acute water
shortage leading to nearly 200,000 deaths per year.* In fact, up to 70% of India’s
water was reported to be contaminated, posing a major challenge throughout the
country.® With only one third of its wastewater being treated, countless harmful
substances are carried into surface waters from where they eventually seep into
the groundwater. The difficulty of accessing clean drinking water is further
exacerbated by climate change which is gradually drying out the country.
Monsoon rain amounts have been below the historic average in six out of seven
years between 2012-2018, and by 2019, 21 Indian cities were expected to run
out of groundwater within one year.® Clean drinking water is thus quickly

becoming a luxury that only the wealthy can afford.

13



Chapter 1: Introduction

Figure 1: Wastewater basin at a small factory in rural India; photo taken in February 2020.
The water contains high chromium concentrations and is only treated rudimentarily
before being released into the environment.

The 2019-2020 bushfire season in Australia was reported on by media around
the world due to its severity and extent: the state of New South Wales for example
experienced more than 240 consecutive days of fire activity.®’ Fires not only cost
human and animal lives, but they are also suspected to have a negative long-
term effect on water quality. Plant debris landing in waterways leads to an influx
of nutrients which can cause algae blooms that reduce the oxygen concentration
in the water, killing fish and other fauna.® Ash and soot from wildfires can also
dramatically increase the concentrations of various heavy metals in water,
making it unsafe for human consumption.® As climate change progresses,
wildfires are becoming more frequent and intense in many parts of the world.°
Some of the recent major fires covered extensively in the media include the ones
in the Western United States during Autumn 2020 and in Greece and Russia
during Summer 2021.1%1213 Along with them, water pollution from wildfire debris

may also become a more and more global issue.
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Figure 2: Map of Australia with areas burned in 2019—-2020 shaded in grey. Map taken
from reference 14.

In July 2021 a pollutant reservoir belonging to a diamond mine in Angola was
breached and polluted water entered the Chicapa river flowing into the
Democratic Republic of the Congo (where the river is known as Tshikapa) and
continued from there into the Kasai river, one of the main tributaries of the Congo
river.t>16 The waters turned red, killing wildlife from fish to hippopotamuses and
causing diarrhoea and other health issues in the population along the rivers.®®
While the mining company claimed that the breach was sealed through the
construction of two dykes by August 9, the pollution continued to spread.'’ By
early September, it had killed twelve Congolese while putting nearly one million
people at risk, a number that is likely to rise as the polluted water flows
downstream and approaches the capital city Kinshasa.® 1° The chemical
composition of the pollution was still unknown at this point, though heavy metals

were suspected.®
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Figure 3: Map illustrating the locations of the Tshikapa/Chicapa, Kasai, and Congo rivers

in relation to each other, as well as the location of the diamond mine that caused the
pollution event in 2021. Base map taken from OpenStreetMap.

© OpenStreetMap

These examples together with many more cases reported throughout the past
decades show that drinking water pollution by heavy metals continues to be a
major danger to human health around the world, particularly where water is being
ingested that does not stem from a centralized treatment facility, as is the case in

many developing countries.

To provide the population of developing countries with access to clean drinking
water in a safe and decentralized manner, numerous point-of-use water
purification systems have been developed over the past decades. The
mechanisms by which they work mostly fall under the categories of heat?°, UV
light?:22, chemical treatment?3:24, and filtration through small pores?°:26, as

illustrated in Figure 4.
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Heat UV Light Chemical Treatment  Filtration

Figure 4: Existing point-of-use water purification techniques, mainly used for antibacterial
treatment.

Some point-of-use water purification devices and methods have gained large
media attention in the past. One example is LifeStraw, described in the New York
Times in 2011, a thick straw-like device that can filter out particles down to a size
of 5 um and additionally disinfects the water passing through it by iodination.?527
Another filtration-based device is PAUL (short for Potable Aqua Unit for Living),
which was developed at the University of Kassel in Germany and has been
distributed to 85 countries worldwide between 2010 and 2020.28 It has the
appearance of a large blue dust bin and was constructed to be particularly easy
to use: water is added at the top and can be tapped at the bottom after passing
through a polymer membrane with 100 nm pore sizes.?%28 A very different water
purification system that gained a lot of attention in 2019 is P&G’s “Purifier of
Water” powder: a video by the YouTuber Mark Rober where he demonstrates this
product to Bill Gates has gathered over 56 million views to this day.?® The powder
contains ferric sulfate as cationic coagulant that causes suspended particles to
aggregate, making it easier to remove them from the water by simple filtration
through cloth.3%31 Additional chemicals within the powder release chlorine into

the water for disinfection.30:31

Despite the wide range of existing point-of-use water purification techniques,
most of them (including the three examples listed above) only target bacterial
contamination and are entirely ineffective against contaminants dissolved in
water, such as heavy metal ions.3? Therefore, considerable effort is being put into

developing methods to remove dissolved contaminants from water,33:34.35.36
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Some of the most popular methods for the removal of heavy metal ions from

water are listed in Table 1. While many of them are being used in large scale

water purification facilities, due to their various disadvantages most are not

suitable for point-of-use application. Thus, it remains challenging to develop

robust, low-cost, and effective means of removing toxic pollutants from water,

particularly for developing countries where the population uses water from wells

or rivers that may be contaminated with different heavy metal ions.32:37.38

Table 1: Approaches for the removal of heavy metal ions from water. Descriptions based

on ref. 37 and 38.

Method

Description

Disadvantage

Membrane
Filtration, such as
Ultrafiltration or
Reverse

Osmosis

Use membrane with
different (but always very
small) pore sizes and high

pressure.

Expensive and toxic sludge

is generated

Electrodialysis

Uses semi-permeable ion-
selective membranes and

electrical potential.

Metal hydroxides may form

and clog the membrane.

lon exchange

lons held on exchange
resin by electrostatic forces
are exchanged for metal

ions in solution.

Expensive and not always

very efficient and selective.

Chemical

precipitation

Addition of coagulants
causes metals to

precipitate.

Generates large amount of

sludge.

Phytoremediation

Usage of live plants to

clean soil and water.

Very time-consuming; plant

regeneration is difficult.

Adsorption /
Biosorption

Usage of the affinity of
(biological) materials
towards certain pollutants

to remove them efficiently.

If not immobilized: difficult
to separate from reaction
system; poor mechanical

strength.
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1.3 Structure of this Thesis

Since the Covid-19 pandemic unfortunately interrupted my experimental work,
my thesis includes an extended literature chapter (chapter 2) in addition to the
results chapters (chapters 4, 5, 6).

Chapter 2 sheds light on the impact of heavy metal water pollution with a specific
focus on chromium, arsenic, and lead, the three pollutants | was planning to
prepare targeted filters for. As | was unable to complete my experiments
regarding arsenic and lead, chapter 2 also outlines what my plans were for these
pollutants.

Chapter 3 describes all experimental methods | used. A detailed list of
contributions by other researchers is given at the beginning of this thesis.
Chapter 4 presents a calixarene-functionalized filter material | prepared and its
efficient capture of Cr(VI) oxoanions from water. This chapter has previously been
published under the title “Capture and Release Recyclable
Dimethylaminomethyl-Calixarene Functional Cloths for Point-of-Use Removal of
Highly Toxic Chromium Water Pollutants”.3°

Chapter 5 presents a butylimidazole-functionalized filter material | prepared
which is also efficient in capturing Cr(VI) oxoanions from water. These results are
yet to be published.

Chapter 6 presents the linker-layer free synthesis of a metal organic framework
on various polymer surfaces, as well as its transfer onto different substrates.
Metal organic frameworks have a high potential as filtration material due to their
vast internal surface area and an understanding of their growth mechanism as
well as the possibility to transfer them from one substrate onto another could be

very useful for future application in water purification.
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CHAPTER 2: IMPACT OF HEAVY METAL WATER POLLUTION

2.1 Mercury and other Water Pollutants

When | started working on the removal of toxic heavy metal ions from
drinking water, inorganic mercury (Hg(ll)) was chosen fairly arbitrarily as a
starting point. However, my experiments soon revealed that the mercury nitrate |
was using is very difficult to dissolve in water to begin with. Research into the
literature further unveiled that while the consumption of inorganic mercury salts
can lead to acute poisoning, it is mostly accumulated in the liver and kidney and
from there excreted in bile and urine, respectively, instead of remaining within the
body.*° Inorganic mercury furthermore does not cross the blood brain barrier,
unlike organic mercury compounds such as methylmercury, which by crossing
said barrier can lead to serious neurological ailments. Since organic mercury
bioaccumulates in the marine food chain—unlike inorganic mercury—, one can
inadvertently consume large quantities of it through fish and shellfish.#1:42 The
danger of organic mercury became widely recognized following a great tragedy
that took place in Japan in the 1950s and 1960s.

In the Japanese coastal city of Minamata, a mysterious illness was first
observed in families of fishermen in the 1940s and over the following years
became more and more prevalent in the local population, turning into an epidemic
by 1956.4344 Symptoms in mild cases included headaches and insomnia—in
more severe cases, ataxia, numbness in the extremities, as well as visual and
auditory impairments were observed.*® By 1956, 17 people had died from the
illness; by 1961 the number of deaths had increased to 35, with many more
patients suffering from its symptoms.434%> Autopsy showed disturbances within the
brains of victims and even disintegration of brain cells, but few changes in other
organs apart from the nervous system.*® However, high concentrations of
mercury were found within the bodies of affected humans as well as animals.*?
Elevated mercury concentrations were also found in fish and shellfish from the
local bay, leading researchers from a local university to conclude that the illness,
named “Minamata disease”, was caused by the consumption of large quantities
of polluted marine life.*>*> A local chemical factory was suspected to be the

source of the pollution since they used mercury salts as catalysts in their large
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scale acetaldehyde synthesis.*34%46 The debate continued for years as the
company initially refused to take responsibility, instead taking steps such as
draining their wastewater into the river mouth instead of straight into the bay in
1958 and installing a wastewater treatment facility in 1959.4° While the change in
wastewater dumping location was thought to lead to a better dilution of harmful
chemicals due to stronger currents, it instead led to an increase of the area in
which people became affected by the disease.*®> Meanwhile, the new treatment
facility in fact only removed insoluble material from the water, but not dissolved
chemicals.*® The company furthermore claimed that its waste could not have
caused the disease as the factory had been in operation since the 1930s.4°
However, umbilical cord analyses showed a small peak of mercury
concentrations already occurring in the 1930s and 1940s, before a larger peak
was detected in the 1950s and 1960s, likely caused by an increase in production
from the factory and a process change that took place in 1951 and increased the
amount of organic mercury byproduct created.***> Cases of Minamata disease
only subsided after the factory stopped production in 1967.4

While this case underlines the great dangers of organic mercury compared
to inorganic mercury, it also hints at the difficulty of removing dissolved
contaminants from water. Organic mercury is not taken up by drinking, but rather
through consumption of marine animals, in particularly of fish high up in the food

chain due to bioaccumulation, as illustrated in Figure 5.
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Figure 5: Bioaccumulation of organic mercury in the marine food chain from phyto- and
zooplankton to increasingly large fish. Red dots (organic mercury) are shown to triple
with each step up in the food chain in this illustration; in reality the factor by which organic
mercury concentration increases with every step can be significantly higher.#74

While point-of-use water purification would not have helped in this case, a
more efficient wastewater treatment system would have saved many lives. In
October 2013, the United Nations adopted the Minamata Convention on Mercury.
It requires countries to restrict the use of mercury compounds and control and
reduce mercury emissions as much as possible.*® To this day, over 150 countries
and the European Union have joined this treaty, which gives hope that large scale
mercury poisonings will no longer occur in the future.° But the tale of the
Minamata disaster serves as a stark reminder that even seemingly low
concentrations of toxic pollutants can have a strong effect on human health. And
while organic mercury poisoning is now well known and controlled, there are still

other heavy metals that cause severe health issues to this day.

Which heavy metal pollutants are of particular concern to drinking water?
Both the World Health Organization (WHQO) and the non-for-profit Water Quality
Association (WQA) have in the past published lists of chemicals of major public
health concern. The most notable heavy metal pollutants on these lists which are
primarily consumed through water are arsenic, chromium, copper, lead, and

uranium.51.52
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Arsenic is not only released into water through industrial activities but mainly
from natural deposits.>® While acute poisoning occurs when ingesting as little as
100 mg arsenic, even significantly lower amounts can lead to chronic health
effects and death when ingested over an extended period of time.>3 Naturally high
arsenic concentrations occur in the groundwaters of many Asian and American
countries.>* Bangladesh is most infamous for suffering from high Arsenic levels,
with an estimated annual death toll of over 40,000.%°

Chromium occurs in nature as trivalent ion but hexavalent chromium from
industrial wastewaters is the form that is more dangerous to human health.>®
Since chromium oxide (Cr203) forms an anticorrosive passivation layer,
hexavalent chromium compounds are popular for chrome plating, as additive to
steel, and in cooling water, to name a few examples. During these industrial
processes, Cr(VI) is reduced to Cr(lll). When dissolved in water and ingested,
even low concentrations of hexavalent chromium can lead to serious health
effects and death over time.% Recognizing these dangers, the European Union
only recently halved its legal limit for chromium in drinking water.57:58

Copper is essential to human health and surveys indicate that three quarters
of the US population in fact consume less than the recommended minimum
amount. However, ingesting too much copper can lead to acute copper poisoning
with symptoms ranging from vomiting to kidney failure, depending on the severity.
While elevated copper concentrations in water can be the result of industrial
discharge, in most cases they seem to be caused by plumbing issues since many
water pipes are made of copper.>°

Lead in drinking water mostly originates from corrosion of lead containing
water pipes and fittings.5° As lead has been used by humans since ancient times,
lead poisoning has a long history, starting from inadvertent slow poisonings in
ancient Rome when lead acetate was used as sweetener. % Children are
particularly vulnerable to even low concentrations of lead in drinking water. Since
their bodies absorb a significantly higher fraction of the lead they ingest,
compared to adults, low lead levels that are harmless for adults can still seriously
damage a child’s nervous system and cause irreversible harm such as reduced
intelligence and stunted growth.°

Uranium, like arsenic, mostly occurs in drinking water due to leaching from

natural deposits. Consumption of it can damage the kidneys and if uranium
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decays into other radioactive elements within the body, it can cause cancer over
time.%2 However, elevated uranium concentrations in water do not seem to be as

widely spread as elevated arsenic concentrations.®?

Out of these pollutants, | identified arsenic, chromium, and lead as
particularly concerning and therefore planned to develop filtration materials
targeting each of them. | chose chromium as the first target pollutant because
chromium salts are intensely coloured and their concentration in water can
therefore be easily measured using UV-Vis spectroscopy. Due to the Covid-19
pandemic, | was unfortunately unable to complete the laboratory work | had
planned. While | had already successfully prepared and tested different
chromium filtration materials before, the lockdown began just as | was starting
my arsenic and lead experiments, thus cutting them short before | was able to
gain any results. In the following | am presenting more information on these three
pollutants, as well as noting my plans for arsenic and lead capture, before my
chromium capture experiments and results are presented in the subsequent

chapters.

2.4 Chromium | Cr(VI)

2.4.1 Chromium — History and Importance

Chromium was discovered by the French chemist Louis Nicolas Vauquelin
at the end of the 18™ Century when analysing the constituents of the red mineral
crocoite (PbCr0O4).54%° The element was named after the Ancient Greek word for
“colour” — xpua (chroma) — due to the many colours of its compounds.%6.67
Chromium exists predominantly in the oxidation states 0, 3, and 6, though
compounds with intermediate oxidation states are known.® While metallic
chromium is silvery-grey, its coordination compounds can take on all the colours

of the rainbow. A few examples can be seen in Figure 6.
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Figure 6: Colourful chromium compounds. Top row: trivalent chromium compounds
chromium chloride CrCl; (turns from purple to green when hydrated) and chromium
sulfate Crp(SQa4)s. ¢ 70 Bottom row: hexavalent chromium compounds potassium
chromate K,CrO4 and potassium dichromate K,Cr,07.772

In the 19t Century, chromium compounds became increasingly popular for
industrial applications. They were used as mordants, pigments, for leather
tanning, metallurgy, chromium-plating, and other applications.®””> However, the
toxic properties, particularly of hexavalent chromium compounds, were also soon
discovered. Already in the first third of the 19" Century, dyers who spent a lot of
time with their arms immersed in concentrated potassium dichromate solutions
were reported to have sores on their hands and arms. 47 Animal tests
furthermore showed that the injection of potassium chromate into the veins and
under the skins of dogs led to adverse health effects and often death.” Even
though these dangers were known, hexavalent chromium compounds were still
widely used, and workers not protected very well for many more decades. In the
early 20" Century for example, chromium plating workers, who inhaled chromic
acid fumes during their work, were reported to develop ulcerations and

sometimes perforation of nasal septums.’®
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2.4.2 Chromium — Danger to Human Health

While the adverse health effects of hexavalent chromium were clear to see
on workers, who were in direct contact with the substances, the effect of pollution
from industries using such compounds on the public remained uncertain for a
long time. In 1987, the first study was published that indicated the cancerogenic
effect of hexavalent chromium in drinking water on humans.’” In Jinzhou,
Liaoning Province, China, an iron alloy plant had begun trial smelting of metallic
chromium in 1959 and established mass production in 1965, resulting in large
amounts of wastewater that contained hexavalent chromium compounds. Some
of the wastewater was drained directly into the environment, some stored in
containers from which it slowly leached into the ground. Soon, the groundwater
of the surrounding area was contaminated, to the point where the water from
certain nearby wells turned yellow.”” A study performed by two Chinese scientists,
who documented symptoms reported by inhabitants of the villages in the
contaminated area for ten years following the first reports of discoloured water,
showed an increased number of gastrointestinal disorders, as well as an
increased cancer mortality rate.”’

In the same year as the Chinese study was published, in 1987, the US-
American Pacific Gas and Electric Company (PG&E) notified the California
Regional Water Quality Control Board of increased hexavalent chromium levels
in the groundwater at their gas compressor station near the small town of Hinkley,
San Bernadino County, California, USA.”®7° The company had used hexavalent
chromium compounds as corrosion inhibitors in their cooling water. Chromium-
polluted water had been discharged into unlined pools since 1951, from where it
seeped into the ground. In fact, PG&E had been aware of the environmental
pollution by 1965.788 The ensuing court case between the company and the
Hinkley residents who had been suffering from increased cancer rates and other
health effects due to the pollution of their drinking water is well known through
the 2000 film ‘Erin Brockovich’. But even though PG&E decided to settle the
lawsuit by paying $333 million to the Hinkley residents in 1996, the question of
how dangerous hexavalent chromium in drinking water really is remained

controversial for years.
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In vitro studies showed that hexavalent chromium is without doubt harmful
on a cellular level. Within a cell, hexavalent chromium can be reduced by
ascorbate, cysteine, and glutathione.®? During the reduction towards the stable
trivalent chromium, oxygen radicals and intermediate oxidation states are formed
that can react with and damage different parts of the cell, for example by causing
DNA strand breaks.®3 The resulting trivalent chromium can form complexes with
amino acids and the phosphate group of DNA.8 These complexes are very
stable and difficult to break up and can therefore impair numerous cellular
functions, leading to cancer and other health issues.® Trivalent chromium in the
environment is relatively harmless because it cannot easily permeate cell
membranes. Hexavalent chromium however is structurally similar to phosphates
and sulfates and is therefore easily transported into cells that actively take up
phosphates and sulfates as nutrients.88 |f hexavalent chromium is therefore
delivered to any cell in the body, it can be taken up and damage the cell. Given
these observations, the only factor determining the danger of hexavalent
chromium in drinking water remains the questions of whether it survives the
gastrointestinal tract or whether it is already completely reduced in the acidic

environment of the stomach.8¢

Human cell

Lipid / protein /

Cr(l1l) DNA damage \
cation /
Cr(VI) -/ Impairment
Oxidative of cellular
Cr(Vl) o Intermediates functions
oxoanion Mutation
Sulfate %0 ™~ Cancer
anion
channel

Complexes
with DNA

Figure 7: Schematic processes within a human cell when exposed to trivalent and
hexavalent chromium.

The first and for many decades the only lifetime drinking study of hexavalent

chromium on mice was published by German scientists in 1968,8 just one year
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after the Chinese study that addressed the increased cancer mortality in the
hexavalent chromium polluted region in Jinzhou. The authors suspected a
cancerogenic effect of the compound but were not able to fully prove it, also
because many of their laboratory mice died from an infectious epidemic during
the experiment.8” Towards the end of the 20™ century, more experiments showed
the dangerous health effects of hexavalent chromium in drinking water on rats,
and theories on the toxic mechanism of hexavalent chromium in the human body
were published.858889 And yet, some scientists continued to insist that ingested
hexavalent chromium is completely reduced to its less dangerous trivalent
version in the gastrointestinal tract, thus arguing that it cannot cause adverse
health effects.®-°1 It is interesting to note that the authors of the referenced
publications doubting the harm of chromium in drinking water were all employed
by ChemRisk, Exponent, or Merck at the time: ChemRisk was paid directly by
PG&E, the company that had caused the chromium pollution in Hinkley,
California.”® Exponent was paid by two other companies entangled in chromium
cleanup cases (General Electric Co. and Lockheed Martin Corp.), and Merck was
also involved in a chromium cleanup case.’8:92.93.94

Only in 2009 a second long-term study of the effect of hexavalent chromium
in drinking water on rats and mice was published. In this study, the hexavalent
chromium was clearly found to be carcinogenic. °®% Following this study,
conducted by the U.S. National Toxicology Program, the U.S. Environmental
Protection Agency (EPA) began to consider lowering the legal limit for chromium
in drinking water that is currently set at 100 pg L™ (total chromium content). But
under the pressure of the industry, the decision was once again delayed.’® The

current legal situation is summarized in section 2.4.4.

2.4.3 Chromium — Pollution Occurrence

Pollution of aqueous systems with hexavalent chromium is not an issue that
is restricted to a few places like Jinzhou and Hinkley. It is not even restricted to
the last century, as many reports of Cr(VI) polluted drinking water all over the
world can be found in the literature of the current decade, such as in Greece®’ %,
Czech Republic®, India'®, China'®?, Italy'®?, and Taiwan!%, just to name a few

examples. Table 2 provides an overview of hexavalent chromium pollution found
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all over the world in the past decade. The locations listed in Table 2 are
furthermore marked with red dots in Figure 8. Green dots stand for Jinzhou in
China and Hinkley in the USA, the locations of the cases discussed in the

previous section.

Figure 8: World map showing some locations of hexavalent chromium pollution in the
groundwater. Green dots (from left to right): Hinkley, CA, USA and Jinzhou, China, the
locations mentioned in section 2.4.2. Red dots (from left to right): Aosta Valley (Italy),
Czech Republic/Poland border region, Olnofita Region and Sarigkiol Basin in Greece,
Sukinda (India), Wuhan (China), and Taichung City (Taiwan), the locations from Table
2.

While it may appear from the map in Figure 8 that hexavalent chromium
pollution mainly occurs in Central Europe and East Asia, there are numerous
examples of chromium pollution in Middle America'®*, South America05 106
Africal?”1%8 and Central Asial® to be found in the literature, showing that it is

indeed a global issue.

Table 2: Examples of hexavalent chromium pollution from publications of the current
decade.

Location | Time | Cr(VI) Cr(VI) source | Note Ref.
content

Asopos 2007- | Maximum Industrial Elevated cancer 97

river, 2009 | levels 41- waste mortality observed

Oinofita 156 ug L™t

region,

Greece
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10 sitesin | Nov | 2.6- Electroplating, | Industrial and 99
Czech 2011 | 3600 mg L™ |tanning, and | natural sites
Republic, |- Sep chemical
lin 2013 industry. Low
Poland amounts from
geogenic
sources.
Sukinda Oct 21- Chromite Calculated high 100
Chromite 2013 |[115ug L™t mining cancer risk
Mine, India (and 27-
1350 pug L™
Cr(lly)
Wuhan, 2012- | (Only tested | Industrial Risk of premature | 101
China 2014 | inurine, not | waste rupture of
in drinking membranes in
water) pregnant women
correlates with
urine Cr(VI)
concentrations
Sarigkiol 2014- | Upto Ophiolitic rock | Hexavalent 98
Basin, 2015 (120 pug L™ and leaching | chromium in
Northern from fly ash groundwater
Greece deposits from | partially of natural
lignite burning | origin.
power plant.
Aosta 2007- | Up to 62- Accumulation | Risk assessment: | 102
Valley, 2015 | 262pugL™t |froma water needs to be
Italy previously treated before
active drinking
industrial site.
Wu river 2004- | Average up | Industrial Increased rate of | 103
watershed | 2015 |to5ugL™t | waste from gastric cancer,
near (and electroplating, | increased medical
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2.4.4 Chromium — Legal Situation

Table 3 lists the current legal limits for chromium in drinking water. In most
cases these values refer to total chromium content, only the Californian
Environmental Protection Agency uses a separate value for hexavalent

chromium.

Table 3: Legal limits for chromium in drinking water.

Organization Chromium limit for drinking | Ref.
water

WHO (World Health Organization) | 50 ug L™ 110

European Commission 25ug L™ since January 2021 | 57,
(prior to that 50 pg L™) 58

US EPA (Environmental Protection | 100 ug L™ 111

Agency)

California EPA 50 ug L™%; previously 10 pg L™ for | 112,
Cr(VI1) (no longer active) 113

In the European Union, the legal limit for chromium in drinking water
originally followed WHO recommendations but was recently reduced. While the
European Commission’s initial Drinking Water Directive from 1998 set a limit of
50 ug L™,%7 the revised Directive that entered in force in January 2021 halved it
to 25 pg L™1.58 This recent amendment shows that the dangers of chromium in
drinking water are more and more politically recognized nowadays.

The limit set by the United States Environmental Protection Agency (US
EPA) is the highest on the list. In fact, the US used to have a federal chromium
maximum contaminant level of 50 ug L™ but raised it to 100 pg L™ in 1991.1%3
Since 2010, the US EPA has been in the progress of reassessing the danger of
hexavalent chromium. However, to this date, only some preliminary assessment
materials have been released in 2014 and 2019, covering the first two of seven
steps.114:115

In California, the regulation of hexavalent chromium in drinking water
meanwhile suffered a severe setback less than a year ago. After the National

Toxicology Program’s lifetime study on mice and rats was published in 2009,
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things were looking good for supporters of stricter hexavalent chromium limits in
the state where the Hinkley case took place decades prior. In 2011, the Office of
Environmental Health Hazard Assessment (OEHHA) belonging to the California
Environmental Protection Agency (EPA) recommended a public health goal
(PHG) of 0.2 ug L™ hexavalent chromium in drinking water as a concentration
where the contaminant does not pose a significant risk to human health.'® The
state’s Department of Public Health then proceeded to create a maximum
contaminant level (MCL) for hexavalent chromium that is as close to the PHG as
possible, since US federal legislation only defines a MCL for total chromium in
drinking water. In July 2014, the hexavalent chromium MCL of 10 pg L™ became
effective.''? Only one and a half years later however, the California Manufacturers
and Technology Association and Solano County Taxpayers Association filed a
petition with the Superior Court of California, demanding the MCL to be withdrawn.
In May 2017, the court ruled to make the MCL invalid, supporting the petitioners’
argument that the California Department of Public Health had “failed to properly
consider the economic feasibility of complying with the MCL"'?. The California
Water Board, while disagreeing with the court’s decision, decided not to appeal it

and instead to focus on adopting a new MCL.

2.4.5 Chromium — Removal from Water

A large variety of materials has in the past been employed to capture
chromium oxoanions from water, made from natural or synthetic media with many
utilizing amine functional groups to target the pollutants. However, most of these
materials only work efficiently under low pH conditions which are unfit for human
Consumption.118'119'12("121'122

During the first year of my PhD, | investigated the hexavalent chromium
sorption efficiency of non-woven cloth functionalized with chitosan, derived from
chitin. Chitin is the second-most abundant natural polymer and found in the
exoskeletons of crabs, shrimps, and other arthropods.1?3124 As waste product of
the crab meat canning industry, it is available in large quantities at very low cost.
Chitosan is generated from chitin by partial deacetylation under alkaline
conditions. Chitin is insoluble in all usual solvents. Once the degree of

deacetylation reaches about 50%, the resulting chitosan becomes soluble in
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acidic aqueous solutions. In the acidic environment, the amine groups become
protonated, thus turning the polysaccharide into a polyelectrolyte.'?* The large
number of hydroxyl and primary amine groups make chitosan highly adsorbent
for heavy metals.?® This adsorption is thought to happen via an ion exchange
mechanism. It is hypothesized in the literature that the negatively charged
chromate anions are attracted to the NHs* groups of the chitosan via electrostatic
interactions, though the mechanism has not been proven.12°126

While my results were initially promising, the method for immobilizing
chitosan onto the cloth turned out not to be very reliable and further difficulties
were brought on by variations in the chitosan properties between different
batches, due to it being a natural material. Therefore, | changed my strategy and
functionalized filters with different capture molecules which will be discussed in

more detail in chapters 4 & 5.

2.3 Arsenic | As(lll) & As(V)

2.3.1 Arsenic — History and Importance

The etymology of the word “arsenic” is less clear than that of “chromium”,
tracing back to Latin, Ancient Green, Aramaic, and Persian.'?’ Arsenic has been
used by humans since ancient times, for a multitude of applications from medicine
to murder.1?212° The ancient Romans used arsenic containing eye shadow, it was
a popular pesticide prior to the invention of synthetic organic pesticides, and
traditional Chinese and Indian herbal medicine can contain high arsenic
concentrations.?® In Europe, the 19" century has been called the “age of arsenic”
because of the element’s widespread popularity at the time.3° Green arsenic
containing dyes and pigment were used in wallpapers, clothing, accessories, and
much more (see Figure 9) and only towards the end of the century the
understanding grew that many mysterious illnesses had likely been caused by
exposure to arsenic through all these sources, leading to a turn from arsenophilia

to arsenophobia.3°
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Figure 9: lllustration in the London Times newspaper from 1862. The title "The Arsenic
Waltz" refers to the health danger from the ubiquitous use of arsenic during the 19"
century, including as part of dyes for clothing and accessories, such as the headdress of
the skeleton lady in the illustration.'3!

While awareness for the danger of chronic exposure to arsenic only began
to spread in the past 150 years or so, the effect of acute arsenic poisoning has
been known for centuries. Starting from the Middle Ages, the popularity of arsenic
as poison grew because it was easy to obtain (due to its use as rat poison),
tasteless, and symptoms of acute arsenic poisonings were easy to confuse with
other common illnesses since they typically included nausea, vomiting,
abdominal pain, and diarrhoea.'?® For these reasons it became known as “King
of Poisons” but also as “Poison of Kings” due to rumours about its involvement in
the murders of multiple members of the ruling class, including Napoleon.128129
The element’s popularity as poison only began to decline after the Marsh Test
was developed in 1836 that allowed reliable detection of arsenic.'?® Nevertheless
arsenic compounds such as lead arsenate continued to be widely used, for
example as pesticides, until concerns about health effects of arsenic residues on
food crop finally led to bans, in the US as late as 1988.1%° In medicine arsenic is

used to this day, particularly in cancer chemotherapy. The origins of this
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application go back to the late 18™ century when a 1% potassium arsenite
solution known as Fowler’s solution was used to treat numerous diseases from
asthma to malaria.’?® In the late 19" century, Fowler’s solution was found to be
effective in treating leukaemia patients.'2® While potassium arsenite is no longer
consumed today due to its known toxicity, arsenic trioxide is used to this day for
the treatment of a certain type of acute leukaemia and its effects on other cancers

are under investigation, 129132133

2.3.2 Arsenic — Danger to Human Health

While the consumption of high concentrations of arsenic has been known to
be toxic since ancient times, the effects of chronic exposure to low concentrations
of arsenic have only been studied since the second half of the twentieth century.
Studies focusing on the inhabitants of areas in Taiwan with naturally elevated
arsenic concentrations in the groundwater have been particularly insightful. With

the help of Prof. Lin (#%#f) of the National Taiwan Normal University (7.2
fifi 80 X #4) | was able to obtain the two earliest publications that studied Blackfoot

disease, an iliness endemic to an area in southwest Taiwan. Published in 1961,
they describe in great detail this affliction whose cause was not yet understood
at the time. Blackfoot disease had been occurring among the inhabitants of a
region located on the southwest coast of Taiwan (called Chianan plain in later
publications; see Figure 11 for map) since the 1920s, but since there were initially
only very few cases each yeatr, it was not until the 1950s that the local authorities
took notice of it.13+135 During a study period between 1958 and 1960, 327 cases
of Blackfoot disease were diagnosed, in both adults and children as young as
seven years.'3* The first symptoms of the illness are a numb and cold feeling in
the affected extremity (in most cases one foot), followed by agonizing pain.1®*
Gangrenes develop in the affected area between one week and two years after
the appearance of first symptoms, leading to the black discoloration that gives
the disease its name.3* Afterwards, spontaneous amputation of the affected digit
or extremity occurs within six months in 80% of cases.3* The disease sometimes
affected just the tip of a finger but some patients lost both feet to it and there were
even cases reported in which all four extremities were affected or where the

iliness led to death.3* Due to the horrifying effects of Blackfoot disease, scientists
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in Taiwan conducted thorough studies to find out its causes. While diet, financial
situation, smoking habits, and familial relationship to other patients appeared to
have no effect on the incidence of the illness, drinking water was soon suspected
to play a major part.'*® The inhabitants of the endemic area originally consumed
surface water (from ponds, streams, and rainwater) until artesian wells with
depths of about 100-280 m were introduced in the 1910s and 1920s. 3¢
Researchers soon realized that all patients suffering from Blackfoot disease had
been consuming water from these deep wells, while no cases were found in
villages within the same region where shallower wells were used.34135 While
there was no difference in the bacteria and fungi found in waters from different
well types, it was already suspected in 1961 that a chemical found within the
water from the deeper wells was the likely cause for Blackfoot disease.** Even
though pipes were built beginning in 1956 that supplied the region with fresh
water from the country interior, many remote communities continued relying on
artesian wells and the main peak of Blackfoot disease case numbers only took
place in 1957-1958, indicating a delayed effect.13®

In 1968 a major epidemiologic study investigated for the first time the
connection between arsenic content of drinking water and illnesses such as
Blackfoot disease and skin cancer within the population of the Chianan plain.**¢
While skin cancer caused by UV rays from the sun is usually developed on
exposed skin, in three quarters of cases observed within this region it was found
on unexposed surfaces, indicating a different cause.3® Surveying artesian wells
and over 40,000 inhabitants of the area, a clear correlation was found between
the arsenic concentration (400—600 ppb in most cases, but some as high as
1820 ppb) of well water and prevalence of both Blackfoot disease and skin cancer
among the individuals using the wells, across all age groups and genders. Water
from shallow wells on the other hand was found to contain no more than 17 ppb
arsenic and individuals consuming water from them were not affected by these
illnesses.13¢ Later studies also showed that prevalence rates of other types of
cancer (including bladder, kidney, lung, and liver) were increased within the
Blackfoot disease endemic area compared to the rest of the country.37.138 Even
though arsenic-free tap water was made available to all inhabitants of the
Chianan plain in 1966, long term studies undertaken in the following decades
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continued to show a clear relationship between the cumulative exposure to
arsenic and cancer incidence. 136139

On the opposite side of the island, arsenic was also found in well waters
within a smaller area (Lanyang plain, see Figure 11 for map) and with
concentrations overall lower than found in the Chianan plain, at an average of
27 ppb, with less than 10% above 300 ppb though some as high as 3590 ppb.14°
A long-term study conducted in the area showed that in the twenty years after the
local population stopped using drinking water from these wells, those with a
higher cumulative arsenic exposure (concentration in well multiplied by the
number of years an individual drank from it) had a significantly increased risk of
bladder cancer compared to those subjected to a lower arsenic exposure.4°
These reports show the slow-acting effect of arsenic on the body, meaning that
health issues caused by the substance can appear years after a person is no

longer exposed to arsenic and impact lives for decades.

Over the past 100 and more years, the effects of arsenic on humans and
animals have been closely studied. It is now understood that after ingestion of
inorganic arsenic, it is quickly absorbed into the blood.'#! The metabolism of
arsenic within the human body is schematically depicted in Figure 10. As(V) is
reduced to As(lll) on its way through the blood and liver.14! As(lll) is then easily
taken up by cells through simple diffusion where it is methylated in multiple steps
with the help of the enzyme arsenite methyltransferase.'*! While the precise
mechanism of arsenic toxicity is not yet known, formation of reactive oxygen and
nitrogen species during arsenic reduction and methylation is suspected to play
an important role.*41142 Reactions of these species with cellular components can
lead to numerous adverse effects, such as the inhibition of DNA repair.14? By the
time ingested arsenic leaves the body, only 10-20% is still in its inorganic form,
while the rest has been methylated, mostly to pentavalent dimethylarsenic (DMAY,
see Figure 10).141142 Other organisms such as certain fungi and even rats are
able to further metabolize arsenic to create trimethylarsenic. In contrast to the
metabolism of inorganic arsenic, organic arsenic, upon ingestion, is excreted

mostly unchanged because it is not taken up as easily by body cells.1#
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Figure 10: Metabolism scheme for arsenic within the human body. As(V) and As(lll)
stand for inorganic pentavalent and trivalent arsenic ions, such as arsenate and arsenite.
MMAY means monomethylarsonic acid (contains As(V)), MMA" means
monomethylarsonous acid (contains As(lll)), and DMAY means dimethylarsinic acid
(contains As(V)). Scheme drawn using information from references 141 and 142.

2.3.3 Arsenic — Pollution Occurrence

In the past two decades, naturally occurring elevated arsenic concentrations
within Taiwan have been extensively studied. Besides the Chianan plaint43144.145,
further locations included the Choushui river alluvial fan!44146  the Beitou—
Guandu area'*” and more specifically the Guandu wetland within it*4814° as well
as the Lanyang plain'®®; see Figure 11 for a map. In all these locations, arsenic
ions were found to be naturally contained within iron oxyhydroxides and released
into the water when the latter are dissolved under reducing conditions, but also
adsorbed back onto iron oxide minerals under oxidating conditions.43-159 Slow
groundwater flow due to impermeable clay layers and leachate from landfills can
lead to an increased arsenic concentration in groundwater.143145149.150 Qn the
other hand, the formation of FeS: by sulfate reducing bacteria can help to

immobilize arsenic, as can mangrove roots. 148149
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Figure 11: Map of Taiwan (main island) showing areas where naturally occurring
elevated arsenic concentrations have been studied (red) and cities with populations over
1 million for reference (black squares). Base map taken from 151; arsenic occurrence
areas drawn in based on studies focusing on the Chianan plain#3144145 Choushui river
alluvial fan!4414¢ Beitou—Guandu area!*’, Guandu wetland (dark red spot within Beitou—
Guandu area)'*®14°  and Lanyang plain®®°.

Since elevated arsenic concentrations in groundwater are caused by the
presence of natural mineral deposits, they can occur all over the world. Arsenic
has been found in waters of over 25 countries in Asia, Europe, Africa, North and
South America.12%152.153 \\ith today’s knowledge about the danger of chronic
arsenic ingestion, developed countries like Taiwan can protect their population
by building the necessary infrastructure to provide clean tap water to all homes.
The inhabitants of developing countries are not as lucky: according to some
estimates, approximately 100 million people worldwide are at risk from elevated
arsenic concentrations in their drinking water, with most of them living in
developing countries.?® The country containing the largest share of people at risk
from arsenic containing groundwater is Bangladesh.'>* Between 25-36 million of
the country’s population are at risk of chronic arsenic poisoning, according to
different estimates.15*155.15 Elevated arsenic concentrations (above 10 ppb)
have been found in the groundwaters of over half of Bangladesh’s districts, which
is alarming because most of the population uses wells to draw groundwater for
all their everyday needs due to mismanagement of surface waters.154155.156 |n

many locations the arsenic concentration is even higher than 1000 ppb.1>415
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According to model calculations, nearly 43,000 deaths in Bangladesh can be
attributed to chronic arsenic consumption every year.'>’ Many more people live
with skin lesions caused by arsenic, ranging from discoloration to skin cancer and
amputation.®®

These staggering numbers show that arsenic in drinking water remains a
real threat around the world to this day. While the usage of alternative water
sources is the most commonly suggested measure, it can be difficult to achieve
in developing countries lacking the necessary infrastructure and water
management.154155 Therefore, efficient point-of-use filters that are able to remove

arsenic from drinking water could help to save countless lives.

2.3.4 Arsenic — Legal Situation

Since the danger of chronic exposure to even low concentrations of arsenic is
well understood nowadays, most countries have very strict legal limits for arsenic
in drinking water. Unlike with chromium, the European Union and the USA are in
agreement with the World Health Organization about this pollutant, having set a

limit of 10 ppb decades ago, Table 4.

Table 4: Legal limits for arsenic in drinking water.

Organization Arsenic limit for drinking water | Ref.
WHO (World Health Organization) | 10 ug L™t 54
European Commission 10 ug L™ 57,

58
US EPA (Environmental Protection | 10 pug L™ 158
Agency)

2.3.5 Arsenic — Removal from Water

Numerous techniques for removing As(lll) and As(V) from water have been

studied in the literature. A combination of coagulation and flocculation works well
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for high arsenic concentrations but the need to correctly dose coagulation and
flocculation agents and the production of large amounts of arsenic-rich sludge
make this method unsuitable for point-of-use. %9160 Membrane filtration is
similarly unsuitable for individuals due to its high cost and complex setup; a
combination of coagulation and membrane filtration can however be efficient for
large scale water purification.'>%16° Some of the most widely used techniques for
arsenic removal are based on adsorption and ion exchange.®®1€° Since these
are usually easy to handle, they can be well suited for point-of-use applications.¢°

A general challenge with the removal of arsenic from water are the different
characteristics of arsenite As(lll) and arsenate As(V). While arsenate is
negatively charged across a wide pH range, which is ideal for the electrostatic
interactions many removal techniques are based on, arsenite is uncharged at pH
under 9.2 and thus significantly more difficult to capture through coagulation, ion
exchange, and even reverse osmosis.’®® No method exists that allows the
efficient removal of both As(lIl) and As(V) from water simultaneously.6* A popular
workaround is the oxidation of arsenite in a treatment step prior to the actual
capture.189.162 Since aerial oxidation of As(lll) is slow, this step requires chemical
treatment, which once again makes it difficult for point-of-use applications.160.162

In terms of arsenic adsorption, numerous materials have been reported in
the literature, ranging from biological waste including coconut or rice husk, human
hair, chicken feathers, chitosan, egg shell, and plum seeds to inorganic
substances such as zeolites, titanium dioxide, and iron
oxides/hydroxides.159.160.161.163 Another interesting class of adsorbents are metal
organic frameworks whose large surface area and tuneable pore sizes and
functional groups make them well suited for filtration, although water stability
remains a challenge.®°

Finally, selectivity can be an important factor in choosing the best capture
method. The presence of sulfate and phosphate in particular can affect arsenic
removal efficiencies due to their structural similarity.15°.161.164 Clearly, there are a
lot of factors to consider when developing filters for the capture of As(lll) and
As(V).

As part of my own plan to develop drinking water filters targeting arsenic,

our cooperation partners in Turkey synthesized two calixarenes for my
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experiments: 5,11,15,23-tetrakis-(N-piperidinomethyl)-25,26,27,28-
tetrahydroxycalix[4]arene (short: piperidino-calixarene) and 5,11,15,23-tetrakis-
(N-morpholinomethyl)-25,26,27,28-tetrahydroxycalix[4]arene (short: morpholino-
calixarene). The structures of both are shown in Figure 12.

Figure 12: Structures of calixarenes meant for arsenic capture: a) piperidino-calixarene
and b) morpholino-calixarene.

| chose these molecules because both piperidino- and morpholino-
calixarene have previously been covalently attached to Merrifield resin, which
was subsequently used to remove arsenic from water, by running the polluted
water through a glass column filled with the resin with sintered glass and filter
paper at the bottom to separate the microscopic resin beads from the liquid.1%> At
a starting concentration of 30 ug L= and in a pH 5 to pH 7 range, the piperidino-
calixarene-modified resin was able to capture over 90% of As(V), the morpholino-
calixarene-modified resin over 80% of As(lll) from solution.2®> Therefore, these
calixarenes were promising candidates for the attachment to cloth in order to
create robust and efficient filter materials. However, initial tests using cloth
functionalized with either of the calixarenes and 50 pg Lt As(lll) and As(V)
solutions only lead to uptake efficiencies below 15%. The investigation was cut
short by the pandemic and further experiments will be needed to create effective

arsenic filters.
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2.2 Lead | Pb(ll)

2.2.1 Lead — History and Importance

Lead has been used by humans for more than five thousand years.166:167
Prehistoric cave paintings were created using pigments rich in lead and many
ancient cultures made figurines from lead, be it the ancient Egyptians or
Greeks.1%6:168 Further east, the Assyrians used lead as one of their currencies in
the second millennium BC and lead was also used in building the Hanging
Gardens of Babylon.*¢® During the reign of the Roman empire, lead consumption
soared to new heights.1%6.167 Plumbum, the Latin name for lead, is the origin of
the English word “plumbing” and hints at its use in building pipes and containers
for the transport and storage of water, wine, and other foodstuffs.16” The Romans
mined and processed so much lead, that lead deposits dating back to 500 BC—
AD 300 have been found in polar ice, carried there through wind and snow.6’
Annual lead production during the peak of the Roman empire in the first two
centuries AD corresponded to about two thirds of US lead consumption in the
1980s, illustrating the importance of the element at the time.16° Besides its use in
water pipes and aqueducts, lead in Roman time was very popular as interior
coating for bronze and copper vessels because it prevented the leaching of
copper into the food which would add an unpleasant flavour.166.167 | ead lined
vessels were also used in the preparation of a grape syrup called sapa or
defrutum (depending on the concentration), the most important sweetener at the
time because sugar was not yet known and honey quite expensive.®” Through
the preparation process of boiling grape juice in lead lined vessels, some lead
was dissolved, leading to lead acetate concentrations up to 1000 ppm in such
grape syrups.®’ Sapa and defrutum were used not only to sweeten food and
wine, but also to make them last longer. The syrup was an excellent preservative
because the lead in it inhibited enzyme activity, thus slowing down souring and
fermenting processes.'%® But unbeknownst to the Romans, their extensive use of
lead utensils and consumption of lead acetate meant that they were slowly
poisoning themselves.

While awareness for the danger of inhaling fumes produced during
processing of lead already existed at the time, the Romans never suspected the

toxicity of their grape syrup.6® Analyses have shown that the bones of Roman
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aristocrats contained significantly higher amounts of lead than those of the lower-
class population, which can be explained by the significantly higher wine
(sweetened with lead acetate containing grape syrup) consumption within richer
families.167168 Some researchers have argued that chronic lead poisoning
lowered the birth rates of the Roman upper class and damaged their surviving
children from a young age, leading ultimately to the downfall of the Roman
empire.’® This statement has however been debated highly controversially in the
literature, with some citing other illnesses as causes for decreased fertility, % and
others calculating that the average amounts of lead that Romans were exposed
to was less than half of 215t century Europeans, meaning that lead poisoning
could not have been a major cause of the fall of the Roman empire. 16’
Regardless of its impact, lead acetate, also known as “sugar of lead”,
remained a popular sweetener in the centuries that followed.’? Particularly
during the Middle Ages and Renaissance, its use caused countless outbreaks of
illnesses known under names such as colica Pictonum, saturnine colic, paralytic
colic and many more; all these can simply be summarized as lead poisoning or

lead colic, Figure 13.172

6) BC-AD 300 Ancient Roman aristocrats \

1st century Lead colic epidemics observed by Avicenna

15t—-18%" century  Lead colic epidemics common in Europe

1564 Death of Michelangelo who likely suffered from lead poisoning

1698 Firstidentification of lead acetate as cause of colic epidemic
by German physician Eberhard Gockel

18% century Devonshire colic in England

18t century Lead colic epidemic in Amsterdam

Wﬁ Death of John Franklin’s Northwest Passage expedition )

Figure 13: Examples of lead poisoning by ingestion through the ages.167:168171.172

Between the 15" and 18" century, lead colics frequently occurred
throughout Europe, most commonly in autumns that followed cold summers.

Wines produced in such years were particularly sour due to the short grape
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growing season and therefore sweetened with lead acetate to improve their
taste.'’? Other sources of lead exposure at the time included ammunition
manufacture, household utensils, and paints: numerous artists are suspected of
having suffered from lead poisoning, including Michelangelo who not only used
lead containing paints but also consumed large quantities of wine stored in lead
containers while working on his art.1%8 One of the first to identify lead as the cause
of a colic epidemic was the German physician Eberhard Gockel who in 1698
experienced an outbreak of the illness in a monastery and observed that only the
monks who had consumed wine fell ill.172173 Not all lead poisonings were
connected to wine: Lead was also accidentally consumed through cider prepared
with presses containing lead fittings (18™ century Devonshire colic in England) or
through rain water collected from lead roofs where decay of leaves had caused
acidic conditions (18 century lead colic epidemic in Amsterdam).1”2 In 1845 John
Franklin’s whole expedition perished that had set out to search for the Northwest
Passage. One cause for their failure is thought to be a contamination of their food
from the lead used to seal the storage casks; the ensuing lead poisoning is
theorized to have caused illness and madness among the crew.168

After knowledge about the toxic effects of lead ingestion had been
established, the main sources of lead exposure in the 20" century became house
paint to which lead had been added to inhibit mould formation, as well as
tetraethyllead which was added to petrol from the 1920s to improve engine
performance.’1173.174 Gjven this extensive history of lead poisonings, the effects
of the metal on the body have been thoroughly studied and will be explained in

the following section.

2.2.2 Lead — Danger to Human Health

Lead when ingested is usually in the form of the divalent cation Pb?*, such
as in lead acetate.”2173 Adults absorb only around 8% of ingested lead into their
bloodstream, whereas in children that fraction can be as large as 50%.%" The
blood carries the lead to the liver and kidneys through which most is excreted. ¢’
Some is however carried into other body organs and the central nervous
system.167.173 | ead cations bind strongly to the SH groups of proteins.1’?173 Such

interactions can lead to misfolding and inhibition of enzymes which can slow
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down or impair the function of the affected organ.'®” As lead cations are
structurally similar to calcium cations, it can furthermore affect the signalling of
neurons and inhibit calcium entry into cells.1”3 Eventually, more than 90% of the
lead not excreted from the body is incorporated into the bone tissue.®” There it
is not toxic but accumulates over a person’s lifespan. However, when an age is
reached where bone resorption begins, this accumulated lead can return to the
bloodstream.67:173 Tests have shown that former lead workers’ cognitive abilities
declined faster at an old age compared to a control group, which may be an effect
caused by lead exposure more than a decade prior to the study.'”

Lead poisoning mostly occurs as chronic poisoning; acute poisonings are
rare.'8” Acute lead poisoning is caused by very high doses. Symptoms include
nausea, vomiting, abdominal pain and diarrhoea, but can go as far as kidney
failure and death.'%” Chronic poisoning can follow acute poisoning because the
body needs time to excrete the lead or it can be caused by an exposure to lower
doses over an extended period of time.'8” Symptoms of chronic lead poisoning
can include loss of appetite, constipation, and disturbances of the central nervous
system, for example a loss of control of one’s extremities, deafness, blindness,
paralysis, insanity, and even death.¢”.172 However, chronic lead poisoning can
also occur without any obvious symptoms, particularly in children who are much
more susceptible to low concentrations of lead than adults.'”® Not only do children
absorb a higher percentage of lead ingested, particularly young children also
engage in a lot of hand-to-mouth activity, increasing the risk of accidental lead
ingestion, for example from house paint or from lead contained in traffic fumes
that has settled onto surfaces.'”® Asymptomatic lead effects on children have only
been studied since the 1970s. By measuring the lead concentration in primary
school age children’s deciduous teeth, a direct correlation was found between the
amount of lead and cognitive impairments in terms of 1Q, language processing,
and attention span.’® An 11-year follow-up study on some of the same children
when they were on the cusp of adulthood revealed a persistent direct correlation
between the lead amounts in the teeth they shed at a young age and negative
developmental effects such as an increased risk of dropping out of school,
reading disabilities, poorer hand—eye coordination and slower reaction times.*’”
These studies show the devastating effect of lead poisoning, particularly in

children. While poisonings with other heavy metals usually “only” have physical
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consequences, the effect of lead on the developing central nervous system of
children can impair their brain functions in ways that affect them for the rest of

their lives.173

2.2.3 Lead - Pollution Occurrence

Since the toxicity of lead is very well understood nowadays, strict laws are
in place to prevent exposure. For example, while almost all petrol used around
the world contained lead in the 1970s, bans had been imposed in most high-
income countries by the 1980s and the use of leaded petrol finally ended globally
in July 2021, following a successful campaign by the United Nations Environment
Programme.'”3174 Nowadays, accidental lead ingestion occurs most frequently
due to old plumbing that still contains lead.'’® For example, in the EU an
estimated 25% of domestic dwellings are connected to lead pipes and a recent
survey concluded that between 9.7-12.8 million lead pipes are still in use in the
United States to this day.17°180

In January 2016, the United States President Barack Obama declared a
state of emergency in Flint, Michigan.'®! The city had changed its water source
from pre-treated water from Lake Huron to the Flint River as a cost saving
measure almost two years prior, without realizing the increased corrosiveness of
the river water.182:183.184 Most of the city’s plumbing network was built in the early
20" century and therefore contained numerous lead pipes, solder, and fittings.18°
As the city’s own water treatment facility was underequipped and understaffed,
no corrosion inhibitor (orthophosphate) was added, which would help to create a
passivation layer on lead surfaces, see Figure 14.184186 Duye to the corrosiveness
of the river water itself and additional ferric chloride, iron water pipes started to
corrode and the passivation layer within lead pipes and fittings was dissolved,

causing lead to leach into the water.184.186.187
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Figure 14: Schematic illustration of the effect of corrosion inhibitors in lead pipes:
Addition of corrosion inhibitors (such as orthophosphates) leads to the formation of a
passivation layer since lead phosphate is insoluble in water.*® If this passivation layer is
removed, elemental lead is readily oxidized to Pb?*, for example through oxygen
dissolved in the water.'8 Many Pb(ll) salts are soluble in water, leading to increased lead
ingestion. &8

Maps illustrating the lead concentrations measured in tap water throughout
the city between November 2015 and March 2016 show the wide spread of
elevated lead levels, with concentrations more than ten times above the EPA
federal action level in multiple locations.*® Besides dissolving lead, the corrosive
water also disrupted the biofilm within the pipes and released bacteria into the
water.'®* The elevated amounts of rust in the water from corroding iron pipes
provided an ideal food supply to these bacteria, leading ultimately to two deadly
outbreaks of Legionnaires’ disease in the city during the summers of 2014 and
2015.184 Attempts to eradicate the bacteria caused an overchlorination and the
chlorine reacted with organic matter to form carcinogenic trihalomethanes.* All
complaints by residents were downplayed by officials who insisted that while the
colour, smell, and taste of the water had been compromised, its safety remained
intact. However, in September 2015 a local paediatrician found that the fraction
of young children with elevated blood lead levels had doubled ever since the

water source was switched in April 2014, finally forcing the administration to face
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the severity of the situation.'® In October 2015, the water supply was switched
back to pre-treated Lake Huron water and flushing with orthophosphates returned
lead concentrations to below the critical action level by the end of 2016.18* At the
same time, lead pipes throughout the city were stepwise replaced in the years
following the crisis.18

While the residents of Flint, Michigan, now have access to safe drinking
water, the long-term effects of their consumption of elevated lead levels still
remains to be seen. First studies suggest that fertility rates within the city have
decreased significantly and that all school-age children living in Flint have
suffered from psychosocial effects of the crisis, causing an increase in special
needs status regardless of whether the homes they live in were exposed to lead
or not.1%%1°1 However, the age group of very young children who are typically the
most affected by lead exposure had not yet reached the age of the children
studied so far.19! Therefore, only continued monitoring will reveal the true impact

of the Flint drinking water crisis.

Globally, lead pollution of waters is not as widespread as for example
arsenic because elevated concentrations do not occur naturally, and the health
hazard is well understood nowadays. In drinking water, the most important source
of lead is now lead plumbing in old systems.’® However, some cases of elevated
lead concentrations in surface waters have been reported, for example as a result
of industrial pollution in Iran'®? and from lead ammunition used at outdoor
shooting ranges in Canada!®. Lead from the atmosphere can also be washed
into surface waters, the impact of which has even been measured in a forest
stream in northern Sweden.*%*

Furthermore, in early 2018, our cooperation partners from Selguk University
(now Konya Technical University) in Turkey analysed heavy metal pollutant
concentrations in two Turkish rivers affected by industrial pollution: the Ergene in
the European part of the country and the Orontes near the border to Syria. In both
sampling locations of the Ergene river and seven out of nine samples taken from

three locations along the Orontes river lead levels were above 5 ppb.
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2.2.4 L ead - Legal Situation

Limits for lead in drinking water vary somewhat between the WHO, EU, and US,
Table 5.

Table 5: Legal limits for lead in drinking water.

Organization Lead limit for drinking water Ref.
WHO (World Health Organization) | 10 pg L™ 178
European Commission 5 ug L™ since January 2021 (prior | 57,
to that 10 ug L™) 58
US EPA (Environmental Protection | Goal: 0 pg L™; action taken if over | 195,
Agency) 15 pug L™ 196

While the World Health Organization has recommended 10 ppb as guideline
value for lead concentration in drinking water since 1993, re-evaluations starting
from 2010 have shown that lead can have harmful effects on children even at
such low concentrations. However, because water is just one of many exposure
sources to lead and because concentrations below 10 ppb can be difficult to
achieve, this guideline value has been provisionally maintained. The WHO
nevertheless recommends that lead concentrations should be as low as possible,
even below this value.1’®

Within the EU, a maximum limit of 10 ppb lead in drinking water was set in 1998.57
This limit was reduced to 5 ppb in January 2021 during the revision of the drinking
water directive, as part of which the legal limit for chromium in drinking water was

also halved.>®

The US environmental protection agency has no legal limit for lead in drinking
water and instead a maximum contaminant level goal of zero because there is no
safe level of lead exposure.'®® Instead of setting a legal limit for lead in drinking
water, the agency has established the so-called Lead and Copper Rule which
states that action needs to be taken if more than 10% of tap water samples within
a system contain a lead concentration above 15 ppb.1%
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2.2.5 Lead — Removal from Water

Unlike chromium and arsenic, lead is dissolved in water in the form of
cations. Nevertheless, removal methods employed are in principle very similar,
such as coagulation/flocculation, membrane filtration (such as reverse osmosis),
ion exchange, and adsorption.1°7198.199 For industrial wastewaters, treatment with
chemicals to cause coagulation, flocculation, and precipitation is the most
common technique, but this method has many drawbacks due to the amount of
reagents needed, the precision required to correctly dose them, and the
generated toxic sludge.'®®19° As for other pollutants, adsorption is an intensely
studied capture method for lead due to its ease of use. Promising adsorbents
include biological waste products such as banana peels, onion skins, and
powdered leaves, as well as the typical material classes employed to capture a
variety of pollutants, such as activated carbon and zeolites.1%°2°° Some attention
has been given to functional nanopatrticles consisting of metal oxides, polymers,
or composites whose large surfaces can help to achieve higher capture
efficiencies than bulk adsorbents.?°! The efficiency of metal oxide nanoparticles
has been further enhanced by functionalization with molecules such as
ethylenediamine-tetraacetic acid (EDTA).?°2 EDTA forms stable complexes with
lead cations and has therefore been employed to treat acute cases of lead
poisoning (alongside other chelating agents) and to extract lead from

contaminated soil in the past.203204

For my own preparation of a filter material targeting lead, | had considered
two options in terms of functional molecules: 5,11,17,23-tetra-tert-butyl-25,27-
bis(cyanomethoxy)-26,28-dihydroxycalix[4]arene (short: cyanomethoxy-
calixarene), as well as EDTA, due to its chelating properties, as mentioned above.

Both are depicted in Figure 15.
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Figure 15: Structures of functional molecules meant for the preparation of lead capturing
filters: a) cyanomethoxy-calixarene and b) ethylenediaminetetraacetic acid (EDTA).

Cynanomethoxy-calixarene was considered a promising capture molecule
by me because it has previously shown promising lead sorption abilities when
used by itself in liquid—liquid extraction studies or when attached to a polymer
and suspended within heavy metal solutions.205206

| had already received the calixarene from my cooperation partners in
Turkey and purchased EDTA and lead acetate, when unfortunately the Covid-19
lockdown began, and | was unable to return to the laboratory. Hopefully, my

successor will be able to continue this work.

2.3 Outlook on Heavy Metal Water Pollution

This chapter illustrates the dangers of the consumption of even low amounts
of heavy metals over an extended period of time. It also shows that while
awareness for these dangers has been increasing over the past decades, millions
of people around the world are still at risk from chronic heavy metal pollution to
this day. Due to the costs associated with industrial water purification processes,
simple and efficient filters are urgently needed to save lives, particularly in
developing countries. This thesis serves to contribute one small piece to the
bigger puzzle. In the following chapters | am presenting functional filters that can

efficiently remove Cr(VI) from water under realistic conditions. If my work is

55



Chapter 2: Impact of Heavy Metal Water Pollution

continued and a series of filters targeting different pollutants is created, these
could form an excellent base for the construction of custom filter systems,
depending on the ions that need to be removed at a certain location. Incorporation
of metal-organic frameworks, which are the subject of the final results chapter,

could furthermore increase the uptake capacity of filtration materials.
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CHAPTER 3: EXPERIMENTAL METHODS
3.1 Preparation of Functionalized Cloths

3.1.1 Plasma Polymerisation

Functionalized cloth was prepared using non-woven polypropylene cloth
(taken from the middle layer of disposable surgical masks, 80 pum thickness, 5.0
+ 1.5 um fibre diameter, SD Medical Ltd.). The cloth was rinsed with ethanol and
thoroughly dried in air prior to surface functionalization.

Pulsed plasma deposition using vinylbenzyl chloride precursor (97%
mixture of 3- and 4-isomers, Sigma Aldrich Ltd.) was conducted in a cylindrical
glass chamber (5 cm diameter, 470 cm? volume, base pressure less than 3 x 1073
mbar, and a leak rate better than 2 x 10° mol s™) enclosed in a Faraday
cage.?972%8 The chamber was connected to a 30 L min™ two-stage rotary pump
(E2M2, Edwards Vacuum Ltd.) via a liquid nitrogen cold trap. An
inductor—-capacitor impedance matching network was used to minimize the
standing-wave ratio for power transmission from a 13.56 MHz radio frequency
(RF) power generator to a copper coil (10 turns, spanning 8 cm) externally wound
around the glass chamber. For pulsed plasma deposition, a signal generator
(model TH503, Thurlby Thandar Instruments Ltd.) was used to trigger the RF
power supply, and the corresponding pulse shape was monitored with an
oscilloscope (model V-252, Hitachi Ltd.). The setup is shown in Figure 16.

Press_u;‘eauge 3 ) . dr_fﬂ"' v——

& Readout

Plasma Chambe
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Figure 16: Pulsed plasma deposition setup. Photo taken during air plasma cleaning.
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Prior to each plasma deposition, the reactor was scrubbed with detergent,
rinsed with acetone, and oven dried at 200 °C. Next, a continuous wave air
plasma was run at 0.2 mbar pressure and 50 W for a total of at least 30 min to
remove any remaining contaminants from the chamber walls. Non-woven
polypropylene cloth sheets (12 cm x 15 cm) were rolled against the interior
chamber walls avoiding any overlap. Following evacuation to the system base
pressure, vinylbenzyl chloride monomer (purified using at least five
freeze—-pump-thaw cycles) vapour was admitted into the chamber at 0.15 mbar
pressure for 15 min. Next, the electrical discharge was ignited with a pulse duty
cycle on-period of 100 ps and off-period of 4 ms, in conjunction with 30 W peak
power for a duration of 20 min. Upon extinction of the plasma, the chamber was
purged with monomer vapour for an additional 15 min. Finally, the system was
evacuated to base pressure, and vented to the atmosphere. Following coating of
one side of the non-woven polypropylene cloth, it was removed from the chamber,
flipped over, placed into a clean chamber, and the process repeated for uniform
coating of the other side. Subsequently, the pulsed plasma poly(vinylbenzyl
chloride) functionalized cloth was cut into four pieces each measuring about

6cmx7cm.

3.1.2 Calixarene Functionalization

Each cloth piece was placed into a separate glass vial (28 mL volume)
containing 15.2 mg potassium carbonate (Sigma Aldrich Ltd.). Subsequently,
27.5 mL of a8 mmol L™ sodium iodide acetone solution (Fisher Scientific UK Ltd.)
and either 0.4 mmol L™ of the desired calixarene or 1.6 mmol L™ 2,6-di-tert-
butyl-4-(dimethylaminomethyl)phenol (DMAM-phenol; Tokyo Chemical Industry
UK Ltd.) were added into each vial. The calixarenes used were either 5,11,17,23-
tetrakis[(dimethylamino)methyl]-25,26,27,28-tetrahydroxycalix[4]arene (DMAM-
calixarene; synthesized according to earlier literature?°221%) or 5,11,17,23-tetra-
tert-butyl-25,26,27,28-tetrahydroxycalix[4]arene (tBu-calixarene; 99%, Acros
Organics B.V.B.A). The vials were sealed and rotated at 40 rpm for about 70 h.
Subsequently the functionalized cloth pieces were removed from the vials, rinsed

with acetone, then water, and finally air dried.
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3.1.3 Butylimidazole Functionalization

The butylimidazole functionalization was adapted based on a previously
reported method.?!! Each 6 cm x 7 cm cloth piece was placed into a glass vial
(28 mL or 7 mL volume) together with a mixture of 1-butylimidazole (98%, Sigma
Aldrich Ltd.) and dimethylformamide (DMF; Fisher Scientific UK Ltd.). The vials
were sealed and left to rotate at room temperature with a speed of 40 rpm for five
days. Subsequently the cloth pieces were rinsed with DMF, acetone, and ultra-
high purity water, and finally dried in air.

3.2 Characterisation of Filtration Cloths

3.2.1 pp-VBC Thickness

The thickness of pulsed plasma poly(vinylbenzyl chloride) coatings
deposited onto silicon wafers placed at each end of the cloth was measured using
a spectrophotometer (NKD-6000, Aquila Instruments Ltd.).
Transmittance-reflectance curves (350-1000 nm wavelength) were acquired
using a parallel p-polarised light source at 30° incident angle to the substrate.
These curves were fitted to a Cauchy model for dielectric materials?'? using a
modified Levenberg—Marquardt algorithm (version 2.2 Pro-Optix software, Aquila

Instruments Ltd.).2*3

3.2.2 Infrared Spectroscopy

Infrared spectra of the functionalized cloth were recorded using a FT-IR
spectrometer (model Frontier IR, Perkin Elmer Inc.) equipped with a universal
attenuated total reflectance (ATR) accessory (DiComp™ crystal with diamond
surface (refractive index 2.4) in direct contact with a zinc selenide focusing
element, Perkin Elmer Inc.) providing a penetration depth in the range of a
few um.?4 Samples were pressed against the ATR accessory crystal with a force
of 110 N using the instrument software. Acquired spectra were averaged over 20

scans at 2 cm™ resolution across the 380—4000 cm™t wavenumber range.
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3.2.3 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was carried out using an electron
spectrometer (ESCALAB Il, VG Scientific Ltd.) fitted with an unmonochromatised
Mg Ka X-ray source (1253.6 eV) and a concentric hemispherical analyser.
Photoemitted electrons were collected at a take-off angle of 20° from the
substrate normal with electron detection in the constant analyser energy mode
(CAE mode pass energy = 20 eV). Experimentally determined instrument
sensitivity (multiplication) factors were C(1s):0(1s):N(1s):Cl(2p) equalling
1.00:0.35:0.70 respectively. A linear background was subtracted from core level
spectra and then fitted using Gaussian peak shapes with a constant full-width-
half-maximum (FWHM).?15

3.3 Chromium Concentration Determination

3.3.1 UV-Vis

Cr(Vl) oxoanion solution concentrations and changes thereof were
measured using a UV-Vis—NIR spectrophotometer (Cary 5000, Agilent
Technologies Inc.) and a quartz cell (10 mm light path length, SUPRASIL® high
precision quartz 300, Hellma Analytics GmbH & Co. KG).?!6 The previously
reported isosbestic point for the light absorbance of Cr(VI) oxoanion solutions at
339 nm was verified by acquiring UV-Vis spectra of fixed concentration
potassium dichromate solutions at six different pH values ranging between
pH 2.25-10.11. Subsequently, a calibration curve was created by measuring the
absorbance at 339 nm for ten different potassium dichromate solutions spanning
a hexavalent chromium concentration range of three orders of magnitude from
70 ug L™t (70 ppb) to 70 mg L™ (70 ppm). For each solution, division of the
measured absorbance at 339 nm by the respective Cr(VI) concentration and light
path length (Beer—-Lambert Law?!’) yielded the mean molar extinction coefficient
value (e=(1.47 £0.04) x10® Mt cm™)—which is in agreement with the
literature.?*® Unknown concentrations of Cr(VI) oxoanion solutions collected

following filtration experiments were subsequently calculated by measuring their
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absorbance at 339 nm in conjunction with the aforementioned experimentally

determined molar extinction coefficient ().

3.3.2 ICP-OES

The total chromium content of real-world industrial wastewater samples, as
well as the total chromium and arsenic contents of mixed solutions were
measured using Inductively Coupled Plasma Optical Emission Spectrometry
(ICAP 6500, Thermo Fisher Scientific Inc.). Calibration standards were prepared
by serial dilution of a 1000 mg L™ Cr(lll) (as Cr(NQOz3)3) reference solution (Romil
Ltd.) and a 1000 mg L™* As(lll) (as As203) reference solution (Romil Ltd.). The
optical emission at thirteen characteristic chromium wavelengths and seven

characteristic arsenic wavelengths was measured three times for each sample.

3.4 Cr(VI) Oxoanion Capture Experiments

Cr(VIl) oxoanion solutions were prepared by dissolving potassium dichromate
(>99.0%, Sigma Aldrich Ltd.) in ultra-high purity water (18.2 MQcm, SELECT
Neptune Analytical water polishing unit, Purite Ltd.) and subsequent dilution to

the desired concentrations for water purification testing.

3.4.1 Static Capture

In order to determine the static Cr(VI) uptake capacity of DMAM-calixarene
functionalized cloth, four 30 mm x 35 mm pieces of functionalized cloth (quarters
of the initial 6 cm x 7 cm pieces) from different batches were each immersed into
13 mL of potassium dichromate solution containing 20 mg L™ Cr(VI)
concentration. The sealed vials were rotated at 40 rpm for 4 h. Subsequently, the
Cr(VI) concentration in the initial and the final set of four purified solutions were

measured.
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3.4.2 Dynamic Filtration

Flow-through water filtration testing entailed inserting 30 mm x 35 mm
pieces of functionalized non-woven polypropylene cloth into glass Pasteur
pipettes (Fisherbrand, 15 cm length, inner diameter 5.6 mm, Fisher Scientific UK
Ltd.). Potassium dichromate solutions and real-world water samples were passed
through the cloth loaded Pasteur pipette in the absence of any externally applied
pressure (this filtration typically took about 8—-15 min for 10 mL volumes of liquid).
By measuring the Cr(VI) concentration in each of the filtrates, the amount of
chromium captured in the cloth following each filtration step could be calculated.
All measurements were repeated at least twice, and standard deviation values

are reported. The filtration setup is depicted in Figure 17.

Pasteur pipette L ¥

B Contaminated water

Cloth, functionalized
with capture molecules

Clean water

Figure 17: Setup for dynamic filtration. Left: schematic sketch. Right: photograph of the
setup prior to filtration.

3.4.3 Competitive Anion and Real Water

Model solutions used to test the selectivity of functionalized cloth for
chromium(VI) oxoanion capture in the presence of competitive anions were
prepared using sodium chloride (>99.5%, Sigma Aldrich Ltd.), monosodium
phosphate (Sigma Aldrich Ltd.), sodium sulfate (>99% anhydrous, Fisher
Scientific UK Ltd.), sodium nitrate (99%, Acros Organics B.V.B.A.), and arsenic
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acid (arsenic standard solution, 1000 mg L= As as H3AsOa in 0.5 mol L= HNOs,
Merck Chemicals Ltd.).

Water from a vegetated rainwater pond (Durham University, UK) was used
to simulate real-world water containing a natural mixture of ions. The water was
collected directly from the pond and filtered using a membrane filter (Whatman
Polydisc GW In-Line polyamide filter with 0.45 um pore size, GE Healthcare Inc.)
to remove particulate matter (as stipulated for dissolved chromium analysis by
the United States Environmental Protection Agency?*®). Following removal of
particulate matter, the pond water was spiked with potassium dichromate solution
at known concentrations. All filtration experiments with pond water were
conducted within 3 hours of collection. Untreated pond water samples were
analysed to determine the concentration of anions competing with chromate,
namely chloride, phosphate, sulfate, and nitrate (ALS Environmental Ltd.).

Real-world industrial wastewater samples were collected in polypropylene
bottles (Azlon 30 mL round wide neck bottles, SciLab Ltd.) in 2 different locations
(A and B) from an industrial zone near Jalandhar, India. Filtration experiments
and analyses were performed within days of water sample collection. Particulate
matter was removed using a membrane filter (Whatman Polydisc GW In-Line
polyamide filter with 0.45 pm pore size, GE Healthcare Inc.) as stipulated for
dissolved chromium analysis by the United States Environmental Protection

Agency?,

3.4.4 Regeneration and Recycling

The release of Cr(VI) oxoanions captured by DMAM-calixarene cloths back
into solution through deprotonation of the calixarene amine groups was done by
adding base.?'® Regeneration solutions were prepared using sodium hydroxide
(analytic reagent grade pellets, Fisher Scientific UK Ltd.), sodium bicarbonate
(99+%, extra pure, Acros Organics B.V.B.A.), and sodium chloride (>99.5%,
Sigma Aldrich Ltd.). For regeneration experiments, first 10 mL of a6 mg L™ Cr(VI)
oxoanion solution was filtered through the DMAM-calixarene functionalized cloth,
then 5 mL deionized water was filtered through to rinse out any chromium(VI)
solution trapped by capillary forces, followed by passing 5 mL of one of the

prepared regeneration solutions through the hexavalent chromium oxoanion
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loaded cloth. By measuring the Cr(VI) concentration in each of the filtrates via
UV-Vis spectroscopy, the amount of Cr(VI) retained in the cloth could be
calculated. The amount of chromium(VI) released by each regeneration solution
was divided by the initial filtrate chromium(VI) uptake in the cloth to determine the

release efficiency (percentage).

3.5 MOF-508 Preparation

3.5.1 Epitaxial Synthesis

Epitaxial synthesis of MOF-508 was performed on the following substrates:
high density polyethylene sheet (HDPE; about 1 mm thick), polypropylene film
(PP), polypropylene cloth (middle layer of disposable surgical masks, 80 um
thickness, SD Medical Ltd.), polyethylene terephthalate film (PET),
polyethersulfone film (PES; Westlake Plastics Company Inc.), paper (80 g m=,
Office Depot Inc.), cotton cloth, glass (Academy microscope slides), and
polytetrafluoroethylene tape (PTFE; 0.075 mm thickness, Everbuild Building
Products Ltd.). Selected substrates were coated with a poly(1-allylimidazole)
linker layer created from l-allylimidazole (97%, Acros Organics B.V.B.A.) via
pulsed plasma deposition as described previously.?2°

MOF-508 synthesis was conducted using a 1.0 mM solution of zinc acetate
(99.99%, Sigma Aldrich Co.) and a second solution consisting of 0.2 mM
terephthalic acid (98%, Sigma Aldrich Co.) and 0.2 mM 4,4’-bipyridine (98%,
Sigma Aldrich Co.), all in tetrahydrofuran (299.5%, Fisher Scientific UK Ltd.). A
volume of 50mL of each of the solutions and slightly above 50 mL
tetrahydrofuran (as wash solution) were filled into three 120 mL glass jars
positioned on a dipping robot. In selected cases (for PET and PES substrates
and wherever specified), ethanol (299.8%, Fisher Scientific UK Ltd.) was used as
solvent instead of tetrahydrofuran. Up to four approximately square substrates
(lengths 10-15 mm) were attached to the robot with small metal clips. Each
dipping cycle consisted of a 5 min immersion in the zinc acetate solution, a 5 s
rinse in THF, a 30 s air drying period, a 5 min immersion in the linker solution,

another 5 s rinse in THF, and a final 30 s air drying period. Dipping cycles were
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repeated automatically until a desired number of layers was reached, and all
solutions were changed after every ten cycles. The process is illustrated in Figure
18.

Substrate _>
(clipped)

Metal Linker
Solution Solvent Solution

Figure 18: Schematic illustration of the epitaxial synthesis of MOF-508. The substrate is
repeatedly dipped into metal and linker solutions with intermittent wash steps, resulting
in a gradual growth of the MOF film.

3.5.2 Tape Transfer

To test the possibility of MOF-508 lift-off from HDPE following epitaxial
synthesis, the MOF was transferred onto commercial adhesive tape (Scotch
Magic™ tape, 3M Co.). For this purpose, the tape was placed on the SURMOF
while applying gentle pressure for a few seconds before removal.

In order to transfer a MOF-508 thin film from HDPE onto glass (two transfer
steps), a thermal release sheet (90 °C REVALPHA, Nitto Denko Co.) was used
instead of regular tape. As before, the sheet was placed on the SURMOF while
applying gentle pressure and then removed. Subsequently, the sheet carrying the
MOF was placed on a clean glass slide and pressure was applied again. Finally,
the glass (with the sheet attached to it) was placed on a 90 °C hot plate where
the sheet lost its adhesion and curled up, making it easy to remove. Any residual
tape adhesive was dissolved by dropping a small amount of acetone onto the

glass.
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a) d)

™
HDPE

b) MOF-508 e)

\\

c) Thermal Release Sheet )

Figure 19: Transfer of thin MOF-508 films from HDPE to glass using thermal release
sheet; schematic steps. HDPE (a) is coated with MOF-508 via layer-by-layer synthesis
(b). Thermal release sheet is pressed onto MOF (c) and used to lift off the MOF from the

HDPE substrate (d). Sheet and MOF are then pressed onto a clean glass substrate (e).
Through heat, the sheet is released, leaving the thin MOF film behind (f).

Glass

3.6 MOF-508 Characterisation

3.6.1 Infrared (IR) Spectroscopy

Infrared (IR) spectra were recorded using an FT-IR spectrometer (Frontier
IR, PerkinElmer Inc.) equipped with a universal attenuated total reflectance (ATR)
accessory (DiComp crystal with the diamond surface (refractive index 2.4) in
direct contact with a zinc selenide focusing element, PerkinElmer Inc.), providing
a penetration depth in the range of a few micrometers.?'* Samples were pressed
against the ATR accessory crystal with a force of 110 N using the instrument
software. Acquired spectra were averaged over 20 scans at 0.5 cm™ step width

across the 380-4000 cm~! wavenumber range.

75



Chapter 3: Experimental Methods

3.6.2 X-Ray Diffraction (XRD)

X-ray diffractograms (XRD) were acquired with a powder diffractometer (d8,
Bruker Corp.) across the 5-60° 20 range using a 0.02° step size. The copper
anode X-ray source (Cu Ka 1.5418 A wavelength radiation) was operated at
40 kV and 40 mA.

3.6.3 Scanning Electron Microscopy (SEM)

For scanning electron microscopy (SEM), the samples were mounted onto
carbon disks supported on aluminium stubs and then coated with a thin gold layer
(5-10 nm, Polaron SEM Coating Unit, Quorum Technologies Ltd.) Surface
topography images were acquired using a scanning electron microscope (VEGAS3
LMU, Tescan Orsay Holdings a.s.) operating in secondary electron detection
mode, in conjunction with an accelerating voltage of 8-20 kV and a working

distance of 7-16 nm.

3.6.4 Photography

Photographs of samples were taken using a Fuijifilm X-M1 mirrorless digital

camera with an aperture of F/5.6 and exposure times of 0.08—-0.10 seconds.

3.6.5 X-Ray Pholoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was carried out using an electron
spectrometer (ESCALAB I, VG Scientific Ltd.) fitted with an unmonochromatized
Mg Ka X-ray source (1253.6 eV) and a concentric hemispherical analyzer.
Photoemitted electrons were collected at a take-off angle of 20° from the
substrate normal with electron detection in the constant analyzer energy mode
(CAE mode pass energy = 20eV). Experimentally determined instrument
sensitivity (multiplication) factors were C(1s) : F(1s) : N(1s) : O(1s) : Zn(2p) =1:
0.25: 0.7 : 0.35 : 0.056, respectively. A linear background was subtracted from
core-level spectra and then fitted using Gaussian peak shapes with a constant

full width at half-maximum.221
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Chapter 4: DMAM-Calixarene Functional Cloths

CHAPTER 4: DIMETHYLAMINOMETHYL-CALIXARENE
FUNCTIONAL CLOTHS FOR SELECTIVE CAPTURE OF TOXIC
CHROMIUM WATER POLLUTANTS

\uf

Figure 20: Graphic chapter summary: Filter functionalized with dimethylaminomethyl-
calixarene purifies Cr(VI)-polluted water, making it safe to drink.

4.1 Introduction

Water pollution is a major threat to human health around the world and is
considered to be a major global sustainable development challenge. Particularly
in some developing countries, large amounts of industrial wastes are sometimes
emptied into rivers without adequate remediation, leading to contaminated
human drinking supplies.??? According to the United Nations, each year more
people die from unsafe water than from all forms of violence put together
(including war). 22 In contrast, for example in the European Union, strict
regulations are enforced.?24:225.226

Conventional large-scale removal of toxic heavy metal ion pollutants from
drinking water relies on methods such as reverse osmosis, electrodialysis, or
ultrafiltration; these techniques can be expensive or require a constant energy
supply and are therefore not readily accessible in many low-income countries.??’

Point-of-use water purification systems offer a safer alternative for poorly
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regulated scenarios. Despite there being a wide range of techniques available
employing mechanisms such as heat??8, UV light??®230, antibacterial agents?31.232,
and filtration through small pores?33-23% most of them only target bacterial
contamination and are entirely ineffective against dissolved contaminants (such
as heavy metal ions). 22> Hence there exists a need for the development of point-
of-use methods targeting the removal of dissolved contaminants from water
supplies. 236:237.238,239

A common class of toxic heavy metal water pollutants are aqueous
hexavalent chromium compounds based on Cr(VI) oxoanions (chromate (CrO4%°),
hydrogen chromate (HCrO47), and dichromate (Cr207%)). These chemicals have
been widely utilized by industry since the 19" Century for pigments, leather
tanning, metallurgy, chrome-plating, corrosion inhibitors, and numerous other
applications. 240.241.242 However, there are significant dangers associated with
their usage towards human health—skin contact leads to sores,?*3 inhalation
causes perforation of the nasal septum,?** whilst animal testing has shown that
injection and ingestion give rise to cancer.?>246247 Sych high levels of toxicity
associated with Cr(VI) oxoanions (such as chromate) are attributed to structural
similarities with phosphate and sulphate anions—which are known to be easily
transported into biological cells acting as nutrients (whereas chromate leads to
cell damage). 2#8-8 In vitro studies have shown that within a biological cell,
hexavalent chromium can be reduced to stable trivalent chromium compounds
by ascorbate and different thiol-containing molecules (such as glutathione and
the amino acid cysteine).?*° During this reduction of Cr(VI) oxoanions, oxygen
radicals and intermediate chromium oxidation states are formed which are able
to react with and damage different parts of the biological cell—for example
cleavage of DNA strands.?®® The resultant trivalent chromium ions are able to
form complexes with amino acids and the phosphate group of DNA present within
the cell.?>! These stable Cr(lll) complexes are difficult to break up and therefore
impair the functions of the cell, leading to cancer and other health issues.?%? In
contrast, trivalent chromium species found in the environment are relatively
harmless because they are unable to easily permeate biological cell walls.8
Given the aforementioned toxicity of hexavalent chromium (even when ingested

at very low concentrations over an extended period of time), strict legal limits
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have been set by government regulatory bodies for the maximum permitted
chromium concentration in drinking water (for the European Union, the current
legal limit of 50 ug L%, will shortly be lowered to 25 ug L™ (accepted by the
European Commission in December 2019).224225226 However, elevated
concentrations of Cr(VI) oxoanions are often detected in ground and drinking
water supplies across many parts of the world.?53:254.255

Point-of-use water purification systems for chromium oxoanion containing
effluents potentially offer a cheaper and more targeted approach compared to
larger scale upstream installations which are susceptible to mismanagement due
to lack of legal enforcement of safe pollutant drinking levels within some
developing countries. In this chapter, pieces of high surface area cloth are
functionalized with tertiary amine terminated calixarene (5,11,17,23-
tetrakis[(dimethylamino)methyl]-25,26,27,28-tetrahydroxycalix[4]arene, DMAM-
calixarene) and then used to capture Cr(VI) oxoanions from polluted industrial
wastewater, Scheme 1. This encompasses pulsed plasma deposition of
poly(vinylbenzyl chloride) onto the cloth substrate to provide benzylchloride
groups for reaction with the calixarene lower rim hydroxyl groups via a
nucleophilic substitution mechanism.2%6:25” Non-woven polypropylene cloth is
employed because it is less prone to fungal growth compared to natural materials
such as cotton, 258 whilst being flexible enough to be easily inserted into
cartridges of any size and geometry without leaving any gaps through which the
water flow could circumvent the filtration media. Cr(VI) oxoanions are removed
from water by simply filtering the pollutant solution through the functionalized
cloth. It is shown that DMAM-calixarene functionalized cloth completely removes
hexavalent chromium oxoanions from water at pollutant levels comparable to
real-world scenarios (up to 100-260 pg L™t 254271.272) - Furthermore, high
selectivity towards Cr(VI) oxoanion capture is measured for real-world polluted

wastewater, and multiple-use recyclability is demonstrated.
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Scheme 1: Pulsed plasma poly(vinylbenzyl chloride) deposition onto a cloth substrate,
followed by tethering of calixarenes containing either tertiary amine groups (5,11,17,23-
tetrakis[(dimethylamino)methyl]-25,26,27,28-tetrahydroxycalix[4]arene, DMAM-
calixarene) or tert-butyl groups (5,11,17,23-tetra-tert-butyl-25,26,27,28-
tetrahydroxycalix[4]arene, t-Bu-calixarene) on the upper rim, or alternatively with a
phenol derivative containing a tertiary amine group (2,6-di-tert-butyl-4-
(dimethylaminomethyl)phenol, DMAM-phenol).

4.2 Results

4.2.1 DMAM-Calixarene-Functionalized Cloths

The deposition rate for pulsed plasma poly(vinylbenzyl chloride) films
coated onto silicon wafers was measured to be 43.6 = 3.6 nm min~1. All of the
non-woven cloth filters were uniformly coated.?>°

Functionalized cloths were characterized using ATR-infrared spectroscopy.

Given the thin nature of the plasma deposited coatings, features from the
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underlying non-woven polypropylene cloth were also visible with the ATR-FTIR

sampling depth (few um)?%°, Figure 21.

TRANSMITTANCE / %
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Figure 21: ATR-infrared spectra of. (a) untreated non-woven polypropylene cloth, (b)
pulsed plasma poly(vinylbenzyl chloride) coated cloth, and (c) following functionalization
of (b) with DMAM-calixarene. Dashed lines indicate characteristic vibrations: (1) O-H
stretch, (II) C—H wag of the —CHCI group, and (lll) C-CI stretch.

The infrared spectrum of the untreated non-woven polypropylene cloth
shows features characteristic for polypropylene, such as broad and intense C-H
stretch vibration absorbances in the 2830-2970 cm™ region and two intense
bands at 1454 cm™ and 1377 cm™ corresponding to the methylene CH2 and
methyl CHz bending vibrations respectively.?61.262 Fingerprint peaks of the pulsed
plasma poly(vinylbenzyl chloride) layer on the cloth include a characteristic C-Cl
stretch absorbance at 708 cm™ (lll) and a —CH2Cl group C-H wag absorbance
at 1263 cm™ (I1).257:2%9. 262,263 These features became attenuated following
reaction with DMAM-calixarene. The absorbance peak associated with the
calixarene tertiary amine group C-N stretch (1020-1250 cm™) is difficult to
assign unambiguously due to overlap with the underlying polypropylene cloth

spectral features.?'4262 However, a broad O-H stretch band at 3406 cm™ (l)
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associated with the unreacted hydroxyl groups on the lower rim of the calixarene

molecules is clearly visible.??

XPS analysis gave surface elemental compositions in good agreement with
expected theoretical values for pulsed plasma poly(vinyloenzyl chloride)
functionalized cloth, Table 6.259263264.265 A small amount of aerial oxidation was
evident due to the reaction of trapped free radicals within the deposited plasma

polymer film,266:267.268

Table 6: XPS compositions for: vinylbenzyl chloride (VBC, theoretical); pulsed plasma
deposited poly(vinylbenzyl chloride) (pp-VBC); one unit of vinylbenzyl chloride reacted
with one DMAM-calixarene molecule (theoretical see Scheme 1); and pulsed plasma
deposited poly(vinylbenzyl chloride) subsequently functionalized with DMAM-calixarene.

Composition / atom %
C @) N Cl
VBC (Theory) 90.0 0.0 0.0 10.0
pp-VBC 89.4+16 | 1.0+1.1| 00+0.0| 95+0.4
VBC + DMAM-Calix (Theory) 86.0 7.0 7.0 0.0
pp-VBC + DMAM-Calix 85.7+10 | 83+1.0| 3504 | 24+0.3

The XPS surface elemental composition following DMAM-Calixarene
functionalisation is consistent with predicted theoretical values. The detection of
2.4 at.% chloride following DMAM-calixarene reaction is either due to not all
surface chloride groups of the pulsed plasma poly(vinylbenzyl chloride)
undergoing reaction or the presence of unreacted sub-surface chloride groups
within the XPS technique sampling depth (0.2-5 nm)?6%270, This also explains
why the measured nitrogen content of the DMAM-calixarene functionalized cloth
is lower than theoretically expected for the model reaction mechanism where
each vinylbenzyl chloride repeat unit reacts with one DMAM-calixarene molecule,
Scheme 1.

SEM images showed that the pores within the non-woven polypropylene

cloth remained free after coating with poly(vinylbenzyl chloride). Additionally,
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there was no significant swelling of the pulsed plasma poly(vinylbenzyl chloride)

films following DMAM-calixarene functionalization, Figure 22.

Figure 22: SEM micrographs of uncoated non-woven polypropylene cloth (a, d); pulsed
plasma poly(vinylbenzyl chloride) functionalized non-woven polypropylene cloth (b, e);
and following subsequent reaction with DMAM-calixarene (c, f). Scale bar represents
50 um in all images.

4.2.2 Cr(VI) Oxoanion Static Capture

Static immersion of 30 mm x 35 mm DMAM-calixarene functionalized cloth
pieces into 13 mL of 2 mg L™t Cr(VI) solution (approximately ten times greater
concentration compared to typical real-world pollution levels?54271.272) for 4 h
removed at least 99% of chromium(VI) oxoanions from solution (concentration
dropped to below the UV-Vis instrument detection limit of 20 ug L™)—the
residual pollutant level met the forthcoming lower European Union drinking water
standards (<25 pugL™).?* For an even higher starting chromium(VI)
concentration of 20mgL™, 70 * 4% of the chromium(VI) oxoanions
(6.6 = 0.4 mgcrviy geioth™?) could be captured by the DMAM-calixarene cloth
following an immersion time of 4 h, thereby demonstrating the high overall
pollutant capture capacity.
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As each 30 mm x 35 mm piece of DMAM-calixarene functionalized cloth
weighing an average of 285+25mg captured an average of
6.6 £ 0.4 mgcr(vi) geioth™* or 188 + 11 ug Cr(VI) per cloth piece, this means that
every piece captured about 3.6 pmol Cr(VI).

When preparing the cloth, 31.3 mg or 47.9 umol of DMAM-calixarene
(M = 652.9 g mol™) was dissolved in 120 ml of acetone. In total, 110 ml of this
solution was used to functionalize the cloth, split up into four vials containing
27.5 ml solution and one quarter (60 mm x 70 mm) of the full cloth each.
Therefore, the maximum amount of calixarene that could have been attached to
the cloth is:

Necatix in 110 mi = 47.9 pmol x 110/120 = 43.9 uymol

Each full cloth (120 mm x 140 mm) was cut into 16 pieces (30 mm x 35 mm
each) with which the uptake and filtration experiments were performed. Assuming
that all calixarene became attached to the cloth during functionalization in an
evenly distributed manner, each of the sixteen cloth pieces contains:

Nealix on cloth = 43.9 umol/16 = 2.7 ymol

As it was experimentally determined that each 30 mm x 35 mm piece of
cloth captured an average of 3.6 umol Cr(VI), this leads to an average capture of
1.3 Cr(VI) atoms per calixarene molecule:

3.6 ymol Cr(VI)/2.7 ymol Calix = 1.3 Cr(VI)/Calix

This ratio can be viewed as a minimum because it would be even higher if
the calixarene molecules in solution are not completely attached to the cloths.
While it may at first seem surprising that each calixarene can capture more than
one chromium atom, one needs to bear in mind that the chromium exists in an
equilibrium of chromate and dichromate in solution and that the calixarene has
four positive charges (four amine groups) at neutral pH. Both of these factors

contribute to the chromium to calixarene ratio being larger than one.
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4.2.3 Cr(VI) Oxoanion Dynamic Capture

Dynamic flow-through filtration testing of DMAM-calixarene functionalized
cloths utilised a range of different concentrations of aqueous potassium
dichromate solutions, Figure 23. Virtually all chromium(VI) oxoanion content was
removed for starting Cr(VI) concentrations below 1 mg L™ (i.e. applicable real-
world scenario pollution concentrations which are reported to be up to
100-260 ug L™t 254271.272)  Even for significantly higher Cr(VI) concentrations
(20 mg L™), 78 + 9% of the aqueous chromium(VI) oxoanion species could be

captured in a single pass (corresponds to 2.7 + 0.4 mgcrvi) gcioth™1).
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Figure 23: Flow-through Cr(VI) oxoanion capture using DMAM-calixarene functionalized
non-woven polypropylene cloth as a function of starting pollutant concentration. Volumes
of 5 mL of potassium dichromate solution were used for each filtration and repeated 5
times using fresh pieces of cloth. Three different batches of DMAM-calixarene
functionalized cloths were tested. Typical real-world pollution levels correspond to about
02 mg L_l.254'27l’272

Control Cr(VI) oxoanion filtration experiments were conducted using pulsed
plasma poly(vinylbenzyl chloride) coated non-woven polypropylene cloth, as well
as following functionalisation with either a calixarene containing tert-butyl groups
instead of dimethylaminomethyl groups (tBu-calixarene) or 2,6-di-tert-butyl-4-
(dimethylaminomethyl)phenol (DMAM-phenol—equivalent to the repeat building
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block for DMAM-calixarene), Scheme 1 and Figure 24. Virtually no chromium(V1)
oxoanion capture was measured for t-Bu-calixarene cloth, whereas DMAM-
phenol cloth showed similar levels of removal efficiency as found for DMAM-
calixarene cloth—thereby confirming the role of dimethylaminomethyl groups for
Cr(VI) oxoanion capture. Notable advantages of DMAM-calixarene compared to
DMAM-phenol functionalized cloths were found with respect to better Cr(VI)
oxoanion capture selectivity in the presence of other pollutants (as described later
in Section 4.2.4).
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Figure 24: Flow-through Cr(VI) oxoanion capture efficiencies for pulsed plasma
poly(vinylbenzyl chloride) functionalized non-woven polypropylene cloth pieces (pp-VBC)
and following subsequent reaction with dimethylaminomethyl (DMAM) calixarene,
DMAM-phenol, or tert-butyl (t-Bu) calixarene, Scheme 1. 5 mL potassium dichromate
solutions were used with starting Cr(VI) concentrations of 2 mg L™ and 6 mg L™.

4.2.4 Cr(VI) Oxoanion Filtration Selectivity

Flow-through filtration tests were conducted with solutions containing
commonly occurring competitive anions in order to compare the selectivities
between the DMAM-calixarene versus DMAM-phenol functionalized cloths for
chromium(VI1) oxoanion removal, Scheme 1. The real-world competitive anions

chosen were chloride (due to its ubiquitous presence in water), phosphate, sulfate,
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and nitrate (the last three because of their structural similarity to chromate CrO42").
In order to allow a direct comparison to be made against earlier reported
studies?®®, solutions were prepared with similar molar chromium(VI) oxoanion to
competitive anion ratios as those employed previously (1:10 and 1:100), Figure
25. The presence of chloride, phosphate, or sulfate ions did not have any
significant impact on the chromium(VI) oxoanion removal efficiency for the
DMAM-calixarene and DMAM-phenol functionalized cloths. However, the
chromium(V1) pollutant removal efficiency in the presence of nitrate anions was
reduced significantly more for the case of DMAM-phenol compared to DMAM-
calixarene functionalised cloths. The Cr(VI) oxoanion pollutant capture efficiency
of DMAM-calixarene cloth remains high (88% = 5%) at Cr(VI):Nitrate ratio of 1:10
(containing about 24 mg L™! nitrate—which is similar to 18-20 mg L™ nitrate
concentration commonly found in real world scenarios 2°). Hence, the
multidentate calixarene macrocycle is key for Cr(VI) oxoanion capture in the

presence of other water-borne anions.
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Figure 25: Flow-through Cr(VIl) oxoanion capture efficiencies for pulsed plasma
poly(vinylbenzyl chloride) coated non-woven polypropylene cloth functionalized with
DMAM-calixarene or DMAM-phenol. 10 mL solutions were used, each containing
2 mg L™ Cr(VI) and either a 1:10 or 1:100 molar ratio of competitive anions, as indicated
(compounds used are sodium chloride, monosodium phosphate, sodium sulfate, and
sodium nitrate).
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4.2.5 Model Real-World Contaminated Wastewater

To further model chromium(VI) oxoanion removal for real-world applications,
a water sample was collected from a vegetated rainwater pond. The slightly
opaqgue and greenish pond water was filtered through a 0.45 pm membrane filter
to remove particulate matter. Chemical analysis conducted by ALS

Environmental Ltd. gave the anion concentrations listed in Table 7.

Table 7: Anion concentrations in pond water samples analysed by ALS Environmental
Ltd. The company is UKAS / 1SO17025 accredited for all listed analyses.

Analyte Concentration / mg L™t Technique
Chloride as CI 40+0.1 Spectrophotometry
Phosphate as P <0.120 ICP-OES
Sulfate as SO~ <4.4 Spectrophotometry
Nitrate as N <0.7 Spectrophotometry

The pond water was subsequently spiked with potassium dichromate to give
a Cr(VI) concentration of 2 mg L™, Figure 26. Compared to the earlier filtration
experiments performed with ultra-high purity (UHP) water, both DMAM-
calixarene and DMAM-phenol functionalized cloths captured slightly less Cr(VI)
oxoanions from the spiked pond water. However, both functionalised cloth types
still managed to remove more than 80% of the chromium(VI) oxoanions from
pond water—highlighting the selectivity of the tertiary amine groups in real-world
scenarios. The much lower measured real-world nitrate concentration
(< 0.7 mg L™* N) compared to the earlier modelling studies (Section 4.2.4) means
that the DMAM-phenol functionalised cloths also display good Cr(VI) oxoanion

capture efficiency, Figure 25 and Figure 26.
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Figure 26: DMAM-calixarene and DMAM-phenol functionalized cloths flow-through
filtration of 2 mg L™ Cr(VI) solution. Cr(VI) oxoanion solutions were prepared using either
ultra-high purity (UHP) water or filtered pond water: (a) filtration efficiency; (b) untreated
pond water appearing slightly coloured and opaque; and (c) after filtration of particulate
matter through 0.45 um membrane filter showing clarity (prior to spiking with Cr(VI)
oxoanion solution).

4.2.6 Real-World Polluted Industrial Wastewater

Chromium pollutant containing drainage wastewater from an industrial zone
in India was collected. After removal of sludge by filtration through 0.45 pm
membrane filters, the water was passed through DMAM-calixarene functionalized
cloth and analysed for total chromium content via inductively coupled plasma
optical emission spectroscopy. Compared to Cr(VI) solutions prepared in the
laboratory, the real-world wastewater samples had a fairly low chromium
concentration, Figure 27. The chromium concentration for location A was,
however, well above the WHO recommended limit of 50 ug L™ and the
concentration for location B was higher than the forthcoming EU limit of 25 ug L™
(provisionally approved by the European Commission?2®). This indicates that
water from both sources can be harmful for the population living nearby if they

are exposed to it for a long time. Following passage through the DMAM-
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calixarene cloth, the chromium concentration in both elutes was lower than
20 ug L%, confirming that sufficient chromium was successfully removed to make

the water safe for human consumption (in compliance with EU regulations).
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Figure 27: Chromium concentration of real water samples from industrial zone locations
A and B in India before and after filtration through DMAM-calixarene cloth. 10 mL of
wastewater was used for each filtration.

4.2.7 Cloth Recycling

Cloth regeneration using different permutations of aqueous solutions
(NaClag), a weak base (NaHCOzsag)), and a strong base (NaOHag))) showed that
combined salt and base mixtures are the most efficient, Figure 28. Almost 80%
Cr(VI) oxoanion release from DMAM-calixarene cloths could be achieved for an
agueous regeneration solution comprising a mixture of 2 M NaCl and 0.5 M
NaOH.
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Figure 28: Cr(VI) release into solution (filtrate) from Cr(VI) oxoanion-loaded DMAM-
calixarene cloth using different aqueous regeneration solutions. The cloths were pre-
loaded using 10 mL of a 6 mg L™ Cr(VI) solution followed by rinsing with 5 mL of ultra-
high purity water (to give an average cloth loading of 1.8 mgcrvi) 9cioth™).

To demonstrate the scope for repeat usage (recycling) of DMAM-calixarene
cloth, the 2 M NaCl and 0.5 M NaOH mixture regeneration solution was used
following consecutive Cr(VI) oxoanion capture cycles, Figure 29. Multiple
recycling of the functionalized cloth did not lead to any deterioration in Cr(VI)
oxoanion capture capacity. In fact, the recycled cloth showed a slightly improved
hexavalent chromium oxoanion uptake during the second and third cycles

compared to the first cycle.
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Figure 29: Recycling of DMAM-calixarene functionalized cloth for Cr(VI) oxoanion
capture by alternate passage of 10 mL of 6 mg L™ Cr(VI) solution and 5 mL of 0.5 M
NaOH + 2 M NaCl regeneration solution through the cloth, interjected with 5 mL water
rinsing steps.

4.3 Discussion

In real world scenarios, point-of-use filtration is a straightforward water
purification technique. Cloths functionalized with DMAM-calixarene have been
shown to effectively capture chromium(VI) oxoanion species from polluted water.
Previously reported chromium pollutant capture studies using amine
functionalized materials were predominantly performed at extremely low pH
values—conditions that are unrealistic in terms of real-world water purification
applications as well as being unfit for human consumption.247:256 Effectively, such
low pH values promote the capture of Cr(VI) oxoanions through protonated
(positively charged) amine groups.?274:275.276 | jterature pKa values for tertiary
amine groups indicate that they remain charged even at neutral pH (conditions
employed in the present investigation) because the amine group acts as a Lewis
base and its nitrogen atom electron lone pair is protonated leading to a net

positive charge.?’”27® The efficient capture of chromium(VI) oxoanions by both
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DMAM-calixarene and DMAM-phenol functionalized cloths indicates that there is
sufficient positive charge on the amine groups to facilitate the removal of pollutant
Cr(VI) oxoanions by filtration without requiring any alteration to the water pH
(through usage of chemical additives), Figure 23. In the literature, chromate and
dichromate anions are thought to bind to positively charged amine groups of
calixarenes through electrostatic interactions. The functional groups on the upper
rim of the cup-shaped molecules are typically drawn to coordinate to the ions in

the fashion of a multidentate ligand, holding them slightly above the cup
itself.279,280.281

At the employed neutral pH, a very high capture efficiency is attained with
up to 100% chromium removal. For a Cr(VI) concentration of 200 pug L™ (a value
comparable to real-world chromium pollution levels?>4271.272) the DMAM-
calixarene cloth removes all of the chromium from solution (UV-Vis instrument
detection limit for quantification is about 20 ug L), thus rendering the water safe
to drink (European Union limit for chromium in drinking water is 50 ug L™, to be
lowered to 25 pg L™t soon?24:225.226)

To determine overall capture capacities of the DMAM-calixarene
functionalized cloth, static immersion of DMAM-calixarene functionalized pieces
of cloth into 13 mL of much higher concentration Cr(VI) solutions (20 mg L™) for
4h gave rise to 70% * 4% removal of chromium(VI) oxoanion species
(6.6 £ 0.4 mgcrvi) geioth™t). For most conservative estimation purposes, if one
assumes that all of the DMAM-calixarene molecules present in solution during
cloth functionalisation become tethered to the pulsed plasma poly(vinylbenzyl
chloride) coating, then the experimentally measured maximum Cr(VI) uptake
value correlates to each calixarene molecule capturing 1.3 £ 0.1 chromium atoms
belonging to Cr(VI) oxoanions (see calculation in 4.2.2). Given that there exists a
concentration- and pH-dependent equilibrium between Cr207%~, HCrO4~, and
Cr0O4?~ oxoanion species in solution, it is feasible to envisage the surface tethered
calixarene macrocycles capturing a combination of chromate and dichromate
anions—thus accounting for the estimated chromium to calixarene ratio
exceeding 1:1. On this premise, the use of higher surface area support cloths and
larger densities of tethered calixarene could provide even greater Cr(VI) oxoanion

removal capacities.
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Whilst a variety of molecules containing amine groups are capable of
capturing Cr(VI) oxoanions, the comparison between DMAM-calixarene and
DMAM-phenol functionalized cloths illustrates that the macrocycle cavity shape
of calixarenes underpins the higher chromium(VI) oxoanion capture selectivity in
the presence of other water pollutants (particularly high concentrations of nitrate),
Figure 25. In the European Union, the legal limit for nitrate in drinking water is
50 mg L1224 Groundwaters in the European Union contained an average of
about 18-20 mg L™ of nitrate in the years 1992-2012.273 The Cr(VI) : Nitrate 1:10
solution used in the present study corresponds to a nitrate concentration of about
24 mg L™1. At these nitrate concentrations, DMAM-calixarene functionalized cloth
readily captures 88% of Cr(VI) from solution in a single filtration pass (whereas
the chromium capture efficiency for DMAM-phenol cloth is much lower at about
57%). This greater capture efficiency of DMAM-calixarene compared to DMAM-
phenol can be explained by the concerted orientation of coordinating tertiary
amine groups associated with each calixarene cup. The calixarene cavity shape
enhances the chelating effect between the tertiary amine groups and the Cr(VI)
oxoanions. 282 Experiments with spiked pond water and polluted industrial
wastewater samples from India have shown that DMAM-calixarene cloth is
capable of reducing the chromium concentration in real-world water matrices to
levels safe for human consumption (meeting the forthcoming lower European

Union drinking water standards < 25 ug L™).2%4

Recyclability for multiple usage is a crucial factor for real-world applications.
DMAM-calixarene cloths can be used multiple times by rinsing with an aqueous
solution containing salt (NaCl) and base (NaOH), Figure 29. In earlier studies,
the regeneration of amine groups employed for the capture of Cr(VI) oxoanions
was often performed using pure base solutions (following the logic that higher pH
values eliminate the protonation of the amine groups).?®3:2%4 In the present
investigation, the regeneration efficiency has been further improved by sodium
chloride addition to the base solution. As well as the base-assisted deprotonation
of the surface tethered DMAM-calixarene amine groups, the chloride anions
displace Cr(VI) oxoanions being held by the positively charged amine

coordination sites in the agueous phase.?® Such a displacement is realistic given
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the significantly higher concentration of chloride anions present in solution

compared to chromium(VI) oxoanions.

4.4 Conclusion

5,11,17,23-Tetrakis[(dimethylamino)methyl]-25,26,27,28-tetrahydroxy-
calix[4]arene (DMAM-calixarene) macrocycles can be tethered to pulsed plasma
poly(vinylbenzyl chloride) functionalized non-woven polypropylene cloths. These
cloths are able to remove pollutant chromium(VI) oxoanions from water with high
efficiencies (up to 100% at typical real-world pollutant levels). Unlike most other
Cr(VI) oxoanion filtration materials, there is complete Cr(VI) oxoanion removal
from water (even at low pollutant concentrations) without the need to decrease
the pH. Selectivity remains high in the presence of other commonly present
anions in water, including chloride, and those that are structurally similar to
chromates (phosphate, sulfate, and nitrate). Furthermore, the captured
chromium(VI) oxoanion species can be easily released by rinsing the cloth with
a small amount of a NaCl and NaOH mixture solution—thereby providing multiple
time re-use of the DMAM-calixarene functionalized cloths. Removal of toxic
chromium pollutant species from real-world industrial wastewaters to meet safe

drinking water standards has been demonstrated.
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CHAPTER 5: RECYCLABLE |ONIC LIQUID FUNCTIONALIZED
CLOTHS FOR SELECTIVE EXTRACTION OF TOXIC CHROMIUM
WATER POLLUTANTS

1
i Cr(VI) oxoanion
Other aqueous anion, e.g. chloride, sulfate, phosphate...

Figure 30: Graphic chapter summary: Filter functionalized with N-butylimidazole purifies
polluted water by selectively capturing Cr(VI) oxoanions (orange) through ion exchange.

5.1 Introduction

While ionic liquids were invented in the early 20™" century, they only became
an intensely studied field of research around thirty years ago.?®® One popular
class of ionic liquids are salts based on dialkylimidazolium, organic cations with
particularly low reduction potentials.?8” Many applications for ionic liquids have
been developed over the years, for example as solvents?8, in catalysis?®®, and
for extraction of various substances from solution. lonic liquid-modified solids
have become a popular tool for solid phase extraction of organic molecules and
metal ions alike. These modified materials are most frequently silica or polymers,
with the latter typically being lower in price and possessing a higher coverage of
functional groups and better pH stability.??°

In this work we used butylimidazole to functionalize cloth via an intermittent
poly(vinylbenzyl chloride) attachment layer based on a method reported in the
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literature®®!, to create a capture material for Cr(VI) oxoanions. Butylimidazolium-
based ionic liquids are widely reported in the literature, be it as solvent for
cellulose?22%3, for CO2 capture?®*, as antibacterial agents?®, in catalysis?%, or
for liquid phase extraction of various substances including organic molecules?®,
sulfur?®’, and heavy metal ions?®. In fact, the reaction of an alkylimidazole with
poly(vinylbenzyl chloride) to form a surface tethered ionic liquid goes back to the
very first supported ionic liquid.?®®

Hexavalent chromium oxoanions (chromate (CrO4?7), hydrogenchromate
(HCrO47), and dichromate (Cr207%7)) are a class of water pollutants whose
ingestion can lead to cancer and death even at low concentration when ingested
over an extended period of time.300.301.302 The maximum concentration of
chromium in water is therefore strictly regulated (e.g. European Union legal limit
was recently reduced from 50 yg L™ to 25 ug L™1).303,304,305,306 However,
industrial pollution can result in waters containing increased Cr(VI)
concentrations, up to 100-260 pg L~1.307:308:309 v/arious imidazolium based ionic
liquids have been used to capture hexavalent chromium over the years. Table 8
presents an overview of their employed experimental conditions. Notably, the
used Cr(VI) concentrations are mostly either extremely low (in studies aimed at
concentrating trace amounts of Cr(VI) for analysis) or extremely high and far
beyond real Cr(VI) pollution levels reported in the literature. Furthermore, while
the selectivity of the capture material in the presence of competing anions was

studied in some cases, none used real polluted water.

Table 8: Supported ionic liquids used to capture Cr(VI) found in the literature.

lonic Liquid Support Cr(VI) Conc. Cr(VI) Refer-
Range Uptake ence

Methyl- PVC particles 0.5-5ug L™ 23.2mggt |30

imidazolium (capture (maximum

chloride experiments); retention

10-300 mg L™ | capacity)

(capacity

determination)
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3-Ethyl-1-vinyl- | Polymerized 30mgL™? 179mgg?t |31
imidazolium with | vinyl groups (capture (maximum
bis(trifluoro- experiment); adsorption
methane- 5-30 mg L™ capacity)
sulfonyl) imide (capacity
counterion determination)
Imidazolium Silica 100 mg L™ 41.8mgg?t |32
chloride (capture (adsorption
experiments) capacity)
1-Allyl-3-methyl- | Hydrogel formed | 100 mg L™ 745mggt |38
imidazolium by (capture (maximum
chloride copolymerisation | experiments); adsorption
of allyl group 20-120 mg L™* | capacity at
with three other | (capacity 50°C)
monomers determination)
1-butyl-3- Metal organic 100 mg L™ 285.7mggt | 3
methyl- framework (capture (maximum
imidazolium impregnated with | experiments); sorption
tetracloro- the ionic liquid 20-200 mg L™ | capacity)
aluminate (capacity
determination)
1,3-substituted | Hypercrosslinked | 50-500 mg L™t | 236.8 mg g™ | 3%°
imidazolium poly ionic liquid (capture (maximum
bromide made from experiments & | sorption
imidazolium capacity capacity)
containing determination)
monomers
N,N’-methylene- | Polymerized 50mg L™ 328.2mggt | 316
bis(1-(3-vinyl- dicationic (capture (maximum
imidazolium)) monomer experiments); sorption
chloride 50-450 mg L™ | capacity)
(capacity

determination)
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Another similarity among the Cr(VI) capture materials listed in Table 8 is
that they are all powders. While powders have a large surface area, they can be
challenging to handle, particularly for a layperson. When a batch adsorption
method is employed by stirring a suspension of the capture material in a
chromium(VI) oxoanion solution, a subsequent centrifugation3!1:313314 or
filtration315316 step is typically required to separate the powder from the purified
water. Alternatively, when used in a flow-through setup, another layer (e.g. glass
wool?0 or silica sand®'%) needs to be placed underneath the capture material to
hold it back.

In this work, non-woven polypropylene cloth was functionalized with
poly(vinylbenzyl chloride) as attachment layer via pulsed plasma deposition and
subsequently with butylimidazole to create a supported ionic liquid with
butylimidazolium chloride functional groups, Scheme 2.2°* The material was used
to remove Cr(VI) from solutions prepared in the laboratory and from real polluted
water. The advantage of non-woven cloth over capture material in powder form
is its ease of use. As the functional groups that capture Cr(VI) are covalently
bound to the cloth, no centrifugation or additional filtration is required to remove
the Cr(VI) loaded capture material from the purified water. At the same time, the
used non-woven polypropylene cloth is flexible enough to be easily inserted into
cartridges of any size and geometry without leaving any gaps through which the
water flow could circumvent the filtration media. It is shown that the
butylimidazolium functionalized cloth efficiently removes hexavalent chromium
oxoanions from water while demonstrating high selectivity in the presence of
competitive anions and even in real industrial wastewater. Finally, successful
regeneration of the cloth is demonstrated, allowing it to be recycled for multiple

use.
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AN AN,

Substrate Substrate Substrate

Scheme 2: Pulsed plasma poly(vinylbenzyl chloride) deposition onto a cloth substrate
and subsequent functionalisation with butylimidazole, leading to the formation of
butylimidazolium chloride tethered to the polymer. This method to tether butylimidazole
to a surface was first reported in reference 291.

5.2 Results

5.2.1 Butylimidazolium-Functionalized Cloths

Cloth Preparation

The measured deposition rate for pulsed plasma poly(vinylbenzyl chloride)
films coated onto silicon wafers was 48.5 £ 4.9 nm min~%. All non-woven cloth
filters were uniformly coated.3’

Functionalized and unfunctionalized cloths were characterized via ATR-
infrared spectroscopy. As the plasma deposited coatings are very thin, features
from the underlying non-woven polypropylene cloth were also visible with the
ATR-FTIR sampling depth (few pm), Figure 31. The infrared spectrum of the
untreated non-woven polypropylene cloth shows features characteristic for
polypropylene, such as broad and intense C-H stretches in the 2830-2970 cm™
region and two intense bands at 1454 cm™ and 1377 cm™ corresponding to the
methylene CH2 and methyl CHs bending vibrations respectively.318:319 Fingerprint
peaks of the pulsed plasma poly(vinylbenzyl chloride) layer on the cloth include
a characteristic C-Cl stretch absorbance at 709 cm™ (lll) and a ~CH2ClI group
C-H wag absorbance at 1266 cm™ (l1).317:319,320,321 Both features became
attenuated following the subsequent functionalization with butylimidazole.
However, an increased absorbance in the 1110-1170 cm™ region is found, which

can be attributed to spectral features of the underlying polypropylene cloth being
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superimposed with an absorbance from the C-N stretch.3® Furthermore, a broad
absorbance at 3369 cm™ () is clearly visible in the spectrum of the
butylimidazolium functionalized cloth, owing to hydrogen bond interactions
between small amounts of adsorbed water and the charged quaternized
imidazolium groups and their CI~ counterions.3?? No spectral features from the
charged imidazolium ring itself (absorbances expected at 1350 cm™ and
1180 cm™) were detected, indicating the formation of a very thin imidazolium
surface layer whose contribution is small compared to the underlying polymer,

within the infrared sampling depth.291:323
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Figure 31: Infrared spectra of: (a) untreated non-woven polypropylene cloth, (b) pulsed
plasma poly(vinylbenzyl chloride) coated cloth, and (c) following functionalization of (b)
with butylimidazole. Dashed lines indicate characteristic vibrations: (I) hydrogen bond
interactions, (II) C-H wag of the —~CHCI group, and (lll) C-CI stretch.

Cloth Functionalization Optimization

To determine the ideal functionalization conditions to maximize the Cr(VI)
oxoanion capture of butylimidazolium cloth, pulsed plasma poly(vinylbenzyl
chloride) coated cloth was treated with butylimidazole solutions of varying
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concentrations in varying container volumes. As initial proof of concept for the
functionalization (including the infrared spectra shown in Figure 31), the
procedure was derived from those previously reported in the literature: the
butylimidazole to dimethyl formamide (DMF) solvent ratio (1 : 6 by volume),
temperature (room temperature), and duration of the treatment (5 days) were
taken from a publication detailing the attachment of butylimidazole to a pp-VBC-
coated PTFE membrane.?®* As the solution volume was not specified in said
publication, each 60 x 70 mmz2 pp-VBC-coated non-woven PP cloth was inserted
into a 28 mL vial together with 27.5 mL of the functionalization solution and the
vials were rotated during the treatment period, same as executed for the
attachment of calixarenes to pp-VBC-coated non-woven PP cloth, see chapter
3.1.3 and Ref. 324, While the treatment was successful, as shown from IR spectra
(Figure 31) and successful Cr(VI) capture from solution, the employed conditions
meant that a large butylimidazole volume was used for each cloth. To optimize
the procedure, multiple 60 x 70 mm? cloth samples were prepared using a series
of different conditions involving treatment volumes between 3.5-28 mL per cloth
quarter and butylimidazole to DMF ratios ranging from 1 : 1000 up to 1: 2 by
volume. The Cr(VI) capture efficiencies of 30 x 35 mm? pieces of these cloths are
shown in Figure 32, plotted against the volume of butylimidazole used for the
preparation of each cloth quarter. Note that the coverage and surface area were
not determined, though it can be assumed that a plateau in coverage is reached
at high butylimidazole volumes because a plateau in Cr(VI) capture efficiency is
observed.
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Figure 32: Optimization of butylimidazole functionalization conditions. 5 mL of 20 mg L™
Cr(VI) solutions were filtered through each 30 mm x 35 mm cloth piece. The Cr(VI)
capture efficiency is plotted against the volume of butylimidazole used to treat one ‘cloth
quarter’, meaning a 60 mm x 70 mm piece.

The results show that in general at least 1 ml of butylimidazole per cloth
quarter (60 mm x 70 mm) is required to yield a Cr(VI) capture efficiency above
90%. It is also apparent that the usage of 7 mL vials is beneficial for the
functionalization process compared to 28 mL vials. However, placing two pieces
of cloth in one vial (diamond shaped turquoise markers) added no benefit when
similar volumes of butylimidazole per cloth quarter were used, while also leading
to a larger deviation in cloth performance, possibly due to the mixing being less
effective. From the results of this comparison, it was decided to continue
functionalizing each 60 mm x 70 mm cloth quarter in a separate 7 ml vial
containing 2 mL butylimidazole and 4 mL DMF. All filters used to produce the

subsequently presented results were prepared under these conditions.

107



Chapter 5: lonic Liquid Functionalized Cloths for Cr(VI) Extraction

Film Thickness Dependency

Pulsed plasma treatment duration times ranging from 10 minutes to
30 minutes were furthermore assessed to explore whether the thickness of the
deposited poly(vinylbenzyl chloride) layer influences the Cr(VI) capture efficiency
after subsequent butylimidazole functionalization, Figure 33. No discernible trend
was found within the samples used whose plasma polymer layers ranged in
thickness from a few hundred nm to almost 2 um. One can therefore deduce that
while the butylimidazole functionalization conditions have an influence on the
cloth performance, the thickness of the underlying poly(vinylbenzyl chloride) layer
does not, provided that a uniform layer is present.

[0 Thin pp-vBC L Medium pp-VBC __ I Thick pp-VBC

100
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Figure 33: Cr(VI) oxoanion capture efficiency of butylimidazole-functionalized cloths with
varying pulsed plasma poly-(vinylbenzyl chloride) layer thicknesses while using filtration
solutions of different Cr(VI) concentrations. No correlation between polymer layer
thickness and capture efficiency could be found and a high amount of Cr(VI) was
captured for each concentration.
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5.2.2 Cr(VI) Oxoanion Static Capture

Static immersion of butylimidazolium functionalized cloth pieces in 13 mL of
20mg L™t Cr(VI) solution (approximately 100 times greater concentration
compared to typical real-world pollution levels307:308:309) for two hours led to a
capture of 6.2 0.6 mgcrviy geioth™!. Based on this capacity, one gram of
functionalized cloth would be able to clean about 31 litres of water containing the

typical concentration of real-world Cr(VI) pollution (200 pg L™).

5.2.3 Cr(VI) Oxoanion Filtration Selectivity

Flow-through filtration tests were conducted with solutions containing
competitive anions to study the selectivity of butylimidazolium functionalized
cloths for chromium(VI) oxoanion removal. The chosen competitive anions were
the ubiquitously occurring chloride and several oxoanions that are structurally
similar to chromate anions, namely nitrate, sulfate, phosphate, and arsenate.
While the first three oxoanions were chosen due to their prevalence in natural
water sources, arsenate was included since arsenic is one of the most notable
water pollutants among the World Health Organization’s list of ten chemicals of
major public health concern; a capture affinity of the functional cloth towards
arsenic compounds (in addition to hexavalent chromium) could therefore be
advantageous.3?® For the filtration experiments solutions containing 2 mg L™
Cr(VI) were prepared. Chloride, nitrate, sulfate, and phosphate were added in a
molar ratio of 1:100 to simulate a large excess whereas arsenate was added in a
molar ratio of 1:1 and 1:10 as it is highly carcinogenic and regulated even more
strictly than chromium, Figure 34. When comparing to a 2 mg L™* Cr(VI) solution
with no added anions, the presence of chloride and phosphate ions did not have
any significant impact on the chromium(VI) oxoanion capture efficiency of the
butylimidazolium cloth. On the other hand, the presence of high concentrations
of nitrate and sulfate anions reduced the chromium(VI) oxoanion uptake of the
butylimidazolium cloth significantly. Given that the uptake capacity of the cloth
was determined as 6.2 £ 0.6 mgcrvi) gcioth ™, No chromium would be captured
under these conditions if the butylimidazolium cloth had a higher affinity to the

100 times higher concentrated nitrate and sulfate. Therefore, while the presence
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of these anions impacts the chromium(VI) oxoanion capture of butylimidazolium

cloth, it does not make the capture impossible.
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Figure 34: Flow-through Cr(VI) oxoanion capture efficiencies for pulsed plasma
poly(vinylbenzyl chloride) coated non-woven polypropylene cloth functionalized with
butylimidazolium. 10 mL solutions were used, each containing 2 mg L™ Cr(VI) and
different molar ratios of competitive anions, as indicated (compounds used are sodium
chloride, sodium nitrate, sodium sulfate, monosodium phosphate, and arsenic acid).
Furthermore, a filtered pond water sample was spiked with potassium dichromate to also
reach a concentration of 2 mg L™ Cr(VI).

The addition of arsenate in an equimolar ratio to the chromate solution
showed no impact on the Cr(VI) capture of the butylimidazolium cloth, however
the capture was slightly reduced when the arsenate concentration was increased

by a factor of ten.

In addition to the solutions with known ion concentrations, a water sample
from a vegetated rainwater pond was spiked with 2 mg L™t Cr(VI) following
removal of particulate matter. Filtration of this model real-world contaminated
wastewater sample through butylimidazolium cloth showed that the unknown ion
composition of the water did not affect the Cr(VI) capture efficiency. Chemical
analysis of the pond water for anions used in the above selectivity tests gave the
following concentrations: chloride = 4.0 mg L™, N (nitrate) < 0.7 mg L™, sulfate
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<4.4mgL™, P (phosphate) <0.120 mg L™ (see Table 7, Chapter 4.2.5). In
terms of molar ratios, the chloride concentration in the Cr(VI) spiked pond water
was therefore three times higher than the chromate concentration, the nitrate and
sulfate concentrations less than 1.3 times the chromate concentration, and the
phosphate concentration less than a tenth of the chromate concentration. These
results show that while a large surplus of nitrate and sulfate anions will negatively
impact the chromium(VI) oxoanion capture efficiency of butylimidazolium cloth,

low concentrations of these ions have no effect.

5.2.4 Real-World Polluted Industrial Wastewater

Chromium pollutant containing drainage wastewater was collected from an
industrial zone in India. After removal of sludge by filtration through 0.45 ym
membrane filters, the water was passed through butylimidazolium functionalized
cloth and analysed for total chromium content via inductively coupled plasma
optical emission spectroscopy. Compared to Cr(VI) solutions prepared in the
laboratory, the real-world wastewater samples had a very low chromium
concentration, Figure 35. The chromium concentration at both locations was
however higher than the EU limit of 25 pg L™ and the concentration at location A
was even above the WHO recommended limit of 50 ug L™ that has been in place
for decades.3%6:326 As such, water from both sources can be harmful to the
communities living nearby when consuming it over an extended period of time.
Following passage through the butylimidazolium cloth, the chromium
concentration in both elutes was lower than 20 ug L™ (easily meeting the safe
water regulations). The remaining chromium in the filtered sample B is likely to
be in the form of much less toxic cationic Cr(lIl) species which can also be present

in industrial wastewaters.
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Figure 35: Chromium concentration of real water samples from industrial zone locations
A and B in India before and after filtration through butylimidazolium cloth. 10 mL of
wastewater was used for each filtration. Dashed line indicates the EU limit of 25 ug L™2.3%

5.2.5 Cloth Recycling

Previously it has been reported that hexavalent chromium oxoanions
adsorbed to imidazolium compounds can be desorbed by rinsing with 1-2 mol L™
NaCl solutions.3? On the other hand, NaOH solutions (in conjunction with NaCl)
are frequently used to regenerate chromium sorption materials.327:328:329 For the
present butylimidazolium functionalized cloth the desorption efficiency was
therefore tested for a 2 M NacCl solution, a 0.5 M NaOH solution, and a solution
that contains both 2 M NaCl and 0.5 M NaOH. While flushing with a 2 M NaCl
solution resulted in a desorption of about 80% of the adsorbed Cr(VI), the
functionalized cloth could be regenerated to an even higher degree when using
NaOH. A full desorption of the adsorbed Cr(VI) was achieved with a 2 M NaCl
and 0.5 M NaOH solution.
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Figure 36: Cr(VI) adsorption to butylimidazolium cloth through filtration of 10 mL 6 mg L™
Cr(VIl) solutions and subsequent desorption using 5 mL of different aqueous
regeneration solutions. Cloths were rinsed with 5 mL of ultra-high purity water after
loading with Cr(VI) and before desorption.

To demonstrate the scope for repeated usage of butylimidazolium cloth,
Cr(VI) adsorption and desorption was performed five times on the same piece of
cloth, Figure 37. Each cycle consisted of passing five 10 mL portions of 2 mg L™
Cr(VI) solution through the filter, followed by rinsing with 5 mL UHP water,
desorption using 5 mL regeneration solution consisting of 2 M NaCl and
0.5 NaOH, and another 5 mL UHP water rinsing. The Cr(VI) oxoanion uptake was
3.6 mg gtinthe first cycle, 3.1 mg gt in the second cycle, 3.2 mg g™ in the third
cycle, 3.1 mg g* in the fourth cycle, and 3.0 mg g™ in the fifth cycle. While a 13%
decrease in uptake capacity was registered after the first regeneration, it only
changed slightly in the following cycles, showing a high potential for repeated

Cr(VI) capture and release.
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Figure 37: (a) Recycling of butylimidazolium functionalized cloth for Cr(VI) oxoanion
capture by passage through the cloth of five times 10 mL of 2 mg L™ Cr(VI) solution
and then 5 mL of 0.5 M NaOH + 2 M NaCl regeneration solution, interjected with 5 mL
water rinsing steps. (b) Cr(VI) oxoanion capture efficiencies of the butylimidazolium
cloth used for recycling shown for each filtration step of 10 mL 2 mg L™ Cr(VI) solution.
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When examining the Cr(VI) capture for each of the 10 mL filtration steps,
one can see that the capture efficiency gradually decreases throughout each
cycle as the chromium(VI) oxoanions are accumulated in the functionalized cloth,
Figure 37. After each regeneration, the capture efficiency returns to a high level,

indicating a successful regeneration of the cloth.

5.3. Discussion

Cloths functionalized with butylimidazolium chloride have been shown to
effectively capture chromium(VI) oxoanions from polluted water. The capture
most likely occurs through an anion exchange mechanism whereby chloride ions
that are electrostatically bound to positively charged butylimidazolium are
exchanged for chromium(VI) oxoanions. The Cr(VI) uptake from a 20 mg L™
solution was found to be 6.2 + 0.6 mgcr(vi) gcioth * with 61% * 1% of the Cr(VI) in
solution captured by the cloth. This uptake appears low, compared to values
reported for solid phase extraction of Cr(VI) from agueous solution by imidazolium
functionalized materials which vary between 17.9-328.2 mg g~.319-316 However,
given that the used non-woven polypropylene cloth possesses an average fibre
diameter of 5.0 £ 1.5 ym and the thickness of the poly(vinylbenzyl) layer is
985 + 99 nm, the underlying cloth contributes significantly to the overall mass of
the butylimidazolium functionalized material. The uptake relative to the mass of
the capture material is therefore not a suitable parameter to compare a
functionalized cloth to powders.

The Cr(VI) filtration selectivity of butylimidazolium cloth was initially tested
by adding five different anions to 2 mg L™ Cr(VI) solutions: chloride, nitrate,
sulfate, phosphate, and arsenate. The first four were used in a 1:100 molar ratio
to Cr(VI). While the Cr(VI) capture efficiency decreased by less than 5% in the
presence of chloride and phosphate, the presence of sulfate led to a 41%
decrease in Cr(VI) capture efficiency, the presence of nitrate even to a 56%
decrease. In the literature, the concentrations chosen for selectivity experiments
vary greatly. In reference 312 the capture of 100 mg L Cr(VI) decreased by
almost 20% in the presence of a 100 times surplus of chloride. Nitrate and
phosphate concentrations 42 and 27 times higher than the Cr(VI) concentration
did not affect the Cr(VI) uptake efficiency, while a 27 times sulfate concentration
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decreased the Cr(VI) uptake by 18.4%. Butylimidazolium cloth showed a higher
selectivity in the presence of chloride compared to the imidazolium functionalized
silica used in 312. The other three anions were significantly more concentrated
in the present work, so a larger decrease in Cr(VI) uptake can be expected. In
reference 315 the same four anions were used in concentrations up to 12 times
of the Cr(VI) molar concentration in a 50 mg L™ Cr(VI) solution. Their presence
was found to affect the Cr(VI) uptake efficiency in the order CI~ < NO3~ < H2PO4~
< S04%, with the presence of a 12-fold concentration of sulfate decreasing the
Cr(VI) capture efficiency by 18.9%. In conclusion, the interference of sulfate with
the Cr(VI) capture of butylimidazolium cloth is expected from reports in the
literature while the strong interference of nitrate is somewhat surprising.
Nevertheless, in all cases the functional cloth was still able to capture more than
40% of Cr(VI) from the 2 mg L™ solution, even in the presence of a 100 times
excess of competitive anions. Even a 10 times excess concentration of arsenate,
a pollutant whose capture is often attempted together with chromate,330331.332
only decreased the Cr(VI) capture efficiency by 17%. When considering real
world applications, the concentrations of these competitive anions in fresh water
vary significantly around the world. For the application of butylimidazolium cloth
for point-of-use drinking water purification, it would therefore be important to test
the Cr(VI) capture efficiency using real water instead of solutions prepared in the
laboratory. As a model, water from a rainwater pond was spiked with 2 mg L Cr(VI)
and filtration through butylimidazolium cloth showed that the capture efficiency
was only 2% lower than from a pure Cr(VI) solution in UHP water. Analysis of the
pond water showed that nitrate and sulfate were at most 1.5 times higher
concentrated than Cr(VI), proving the high selectivity of butylimidazolium cloth at
moderate concentrations of competitive anions. When examining the
thermochemical and solution radii of the used anions, chromate anions appear to
have a larger radius than chloride, nitrate, sulfate, dihydrogenphosphate, and
dihydrogenarsenate anions according to most sources. 333.334,335,336,337 Thjg
makes chromate a slightly softer anion than the other anions used.33® While the
double negative charge of chromate adds to its chemical hardness, a lot of it
exists in the form of hydrogen chromate at neutral pH and low

concentrations339:340:341 "\which in turn reduces its hardness again. As imidazoles
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are fairly soft cations,3*? the size and softness of Cr(VI) oxoanions may explain
their favourable adsorption to butylimidazolium cloth.

Filtration of industrial water samples from India through butylimidazolium
cloth showed that the material is capable of successfully reducing the chromium
concentration of real polluted water to concentrations that are harmless to human
health. The initial chromium concentration in these samples was lower than in
solutions prepared in the laboratory and they were analysed using ICP-OES
instead of UV-Vis spectroscopy for higher accuracy. These successful filtrations
show that butylimidazolium cloth is capable of capturing Cr(VI) from solution even
when its concentration is already below the 50 pug L™ limit recommended by the
World Health Organization to make water even safer to drink.

Besides its high selectivity for Cr(VI) oxoanions, butylimidazolium cloth was
also successfully regenerated, meaning that it can be used multiple times. When
recycling for five times, only 5 mL of 2 M NaCl + 0.5 M NaOH regeneration
solution was used each time to successfully desorb most of the chromium
adsorbed to the cloth from filtration of 50 mL 2 mg L™ Cr(VI) solution, meaning
that significantly less water is required to regenerate the filtration material than
can be purified by it. However, the Cr(VI) uptake percentage slowly decreased
with each passage within a filtration cycle even though the total Cr(VI) uptake at
the end of the cycle remained below 65% of the Cr(VI) uptake reached when
using a 20 mg L™ Cr(VI) solution. This decrease in uptake is likely caused by the
decreasing number of available chromium capture sites as the material is
increasingly loaded with chromium(VI) oxoanions following each solution
passage. The fact that the absolute Cr(VI) uptake when filtering 2 mg L™ Cr(VI)
solutions does not reach the same level as when using a 20 mg L™ Cr(VI)
solution shows that the uptake capacity of a capture material measured at high
pollutant concentrations only has very little significance when the pollutant is
captured from a solution with a lower concentration. When purifying real water
which typically has even lower Cr(VI) concentrations than the one used in this
recycling experiment307.308.309 it would therefore be important to determine
experimentally in each case the volume of polluted water that can be purified
instead of relying on the uptake capacity of a material.

Compared to other immobilized ionic liquid based materials for capture of

Cr(VI) found in the literature, the main difference of this material is that it is a
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continuous cloth and not in the form of powder or microbeads.31312,314,315.316
While functionalized powder may be convenient for industrial processes,
functional cloth is more suitable for point-of-use application: it is easier to use for
untrained laypersons as no additional filtration or centrifugation is required to
separate the filtration material from the cleaned water and safer to use in simple
setups and around children as the filtration material cannot be accidentally
ingested as easily as a powder.

While in the literature, the successful capture of Cr(VI) from solution
prepared in the laboratory (with and without competitive anions) using
immobilized ionic liquid based materials has been shown on multiple occasions,
this work is the first using real polluted water from small scale industrial sites in
India to show the effective Cr(VI) capture by imidazolium functionalized cloth
under real world conditions. The ability of the cloth to decrease the chromium
concentration in the polluted water from one that is already low (compared to
other concentrations used in the literature) but still dangerous to human health to
a concentration that is considered safe even under the recently lowered legal
chromium levels in the EU is very promising for future applications as point-of-

use filtration material.

5.4 Conclusion

N-butylimidazole was reacted at room temperature with pulsed plasma
poly(vinylbenzyl chloride) functionalized non-woven polypropylene cloths,
forming supported butylimidazolium chloride functional groups. This surface
tethered ionic liquid was shown to efficiently remove chromium(VI) oxoanions
from water at starting concentrations ranging from 30 pg L™ to 20 mg L™* and
using solutions prepared in the laboratory, spiked pond water, and real industrial
polluted water. Selectivity remains high even when the solutions contain a large
surplus of competitive structurally similar anions, likely due to chemical softness.
Finally, the Cr(VI) oxoanions captured by the butylimidazolium cloth could be
easily desorbed by rinsing with a small volume of NaCl and NaOH solution,

thereby providing multiple time re-use of the filtration material.
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CHAPTER 6: STRANSKI-KRASTANOV GROWTH OF MOF-508
ON UNCOATED POLYMERS AND SURMOF DoOUBLE
TRANSFER

MOF-508
\

N J

Figure 38: Graphic chapter summary: While in the literature it has been reported that a
linker layer is required to grow MOF-508 on a surface, here it was epitaxially grown on
different uncoated substrates.

6.1 Introduction

Metal-organic frameworks or MOFs are coordination networks consisting of
metal centres that are connected by organic linkers, forming a porous
structure.®*3344 They contain up to 90 % free volume and vast internal surface
areas that exceed other porous materials such as zeolites, mesoporous silica, or
activated carbon.34434% The term “metal—organic framework” was first coined by
Omar Yaghi in 1995.346 Potential applications for these materials soon became
apparent when MOFs capable of ion exchange and gas sorption were described
in 1996 and 1997.347:348 |nterest in the field rapidly accelerated once permanent
porosity upon removal of solvent molecules was reported in two MOFs in
1999.349.3% Ever since, there has been almost unparalleled growth of interest in
this topic, evidenced by thousands of MOF-related publications and the

continuously expanding scope of research they cover.34°
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Due to their porosity which allows the reversible adsorption and desorption
of guest molecules, MOFs have been considered for many applications.3** These
include catalysis®®t, chemical sensing3>?, separation of hydrocarbons3%2, gas
storage®**, and removal of organic and inorganic pollutants from water3%%:3%, As
of 2020, over 90,000 different MOFs had been synthesized and over 500,000
predicted. >’ These MOFs can be characterized mainly by four traits: metal
chemistry, linker chemistry, functional groups, and pore geometry.35” Metal
chemistry describes the nature of the metal centres, as well as the way linkers
are coordinated to them. Linker chemistry describes the nature and size of the
linker molecules. Functional groups can be incorporated that branch off linkers,
for example to instigate the adsorption of selected molecules. Pore geometry
describes the size and shape of pores formed by the 3D structure.

MOFs could be an interesting platform for the synthesis of filters for the
capture of heavy metal pollutants, analogous to the ones described in the
previous chapters. Their porous structure could lead to far higher capture
efficiencies than functional molecules directly attached to polymer surfaces, due
to the greatly increased surface area of the material. The work in this chapter is
aimed at illuminating the growth mechanism of a well-documented MOF (MOF-
508), which can form a basis for the preparation of inorganic pollutant capturing
MOFs in the future.

The metal organic framework synthesized in this work is known as MOF-
508, with the structure [Zn(benzene-1,4-dicarboxylate) -(4,4’-bipyridine)o.s], which
can be shortened to [Zn(bdc)(4,4’-bipy)o.s]. It possesses a layered-pillar structure,
meaning that the metal clusters are bridged by terephthalic acid ligands to form
a distorted 2D square grid, with 4,4’-bipyridine molecules acting as pillars linking

the 2D grids to give a 3D elongated primitive cubic lattice, Figure 39.3%8
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Figure 39: Schematic structure of MOF-508, consisting of Zn metal clusters (blue dots)
bridged by “layer” linkers, terephthalic acid (black bars), and “pillar’ linkers, 4,4'-
bipyridine (red bars).

MOF-508 displays high capabilities for CO2 capture and separation of linear
alkanes. First synthesised in 2006, it was the first MOF to be selective in the gas
chromatographic separation of alkanes.®*® The bulk form can be synthesized
solvothermally by heating a DMF/ethanol solution of the reagents at 90°C for 24 h
and forms colourless block-shaped crystals.3%83%8 Solvothermal synthesis
produces MOF-508a, which is guest-filled with the formula [Zn(BDC)(4,4'-
Bipy)o.5-(DMF)(H20)0.5].2%8 Heating the compound leads to a release of the solvent
molecules from the pores, resulting in the guest-free phase MOF-508b,
[Zn(BDC)(4,4'-Bipy)o.5], which is thermally stable up to 360°C.3%8

When synthesized in solution, both forms, while drawn as simple lattices, in
fact consist of two identical interpenetrated networks, Figure 40.3%8:3% Thus, the
resulting pores consist of 1D channels with a cross section of about 4.0 x 4.0 A,
significantly smaller than the unit cell of the simple lattice.358
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Figure 40: When synthesized solvothermally, MOF-508 consists of two identical
interpenetrated networks which are depicted here as a blue and an orange grid, leading
to pore sizes that are significantly smaller than the unit cell of a simple lattice. Drawing
inspired by reference 359.

For many applications, such as membranes and sensors, it is beneficial or
even necessary for MOFs to be processed as homogenous films of defined
thickness.3** 360 MOF thin films typically fall into one of two categories:
Polycrystalline MOF films can be prepared in a variety of ways (including insertion
of a substrate into a MOF growth solution, electrochemical methods, and
assembly of pre-synthesized MOF nanocrystals) and consist of unoriented
crystallites, leading to a rough surface.®** SURMOFs (surface-mounted metal—
organic frameworks) on the other hand are smooth MOF multilayers oriented in
the direction of growth whose thickness can usually be precisely controlled.344.360

There are typically two ways to synthesize SURMOFs.3# The first is through
the Langmuir-Blodgett method and can only be used for 2D structured MOFs.36°
These 2D arrays are prepared on the surface of an aqueous solution within a
Langmuir trough and subsequently placed onto a substrate by dip coating.36!
Additional layers can be created by repeated dipping, however no covalent bonds
exist between the layers, only weak 1-1T interactions.360-361 The second, and more
common strategy to synthesize SURMOFs is via liquid-phase epitaxy. Here, a
substrate is immersed in an alternating fashion in a metal precursor solution and
a ligand solution with rinsing steps in between.362 In most cases the substrate
used is functionalized with a self-assembled monolayer carrying functional
groups that coordinate to the metal centres, thus binding them to the surface and

allowing a stepwise growth of the MOF.3%° |deally, each cycle of metal and linker

126



Chapter 6: Growth of MOF-508 on Uncoated Polymers; SURMOF Transfer

solution dipping adds one unit cell layer to the SURMOF thin film, thus allowing

for very precise thickness control.36°

The first SURMOF preparation of MOF-508 via liquid-phase epitaxy was
conducted using substrates coated with a pyridine-terminated self-assembled
monolayer mimicking the functional end groups of 4,4’-bipyridine which forms the
“pillars” of the MOF structure.3*° This structured substrate facilitated the synthesis
of the first non-interpenetrated version of MOF-508.3%° However, interpenetrated
MOF-508 has also been synthesized as SURMOF via liquid-phase epitaxy,
namely on substrates coated with pulsed plasma poly(1-allylimidazole).33 This
shows that while it is possible to suppress interpenetration with the use of a very
flat and well-structured surface, it can still occur in surface-grown MOF-508 when
it is synthesized on a more “forgiving” (e.g. less well-defined) substrate. In fact,
the interpenetrated version is superior for applications such as CO:2 capture
because the increased interaction between guest molecules and MOF channel

walls leads to an improved adsorption.363

Usually, substrates used for layer-by-layer MOF synthesis are coated with
functional groups that provide anchor points for the reagents.3*4360 Very little
research has been conducted into the growth of MOFs via liquid-phase epitaxy
onto unfunctionalized surfaces. While gold substrates are usually coated with
self-assembled monolayers,3443%0 various coatings have been reported for
polymer substrates, such as poly(1-allylimidazole), Al2Os, single-layer graphene,
and a gold coating treated with piranha solution to carry —OH groups.363.364,365,366
There is one publication that reported MOF growth on —CHs terminated self-
assembled monolayers %7 | a case described as “unusual because —CHz
terminated [self-assembled monolayers] typically are chemically inactive” in a
review article3%8. However, in this setup the MOF was grown from a crystallization
solution in which the MOF components had already been heated for 8 days, thus
the deposition of MOF on the —CHs terminated surface was explained with the
formation of crystallites in solution whose organic crystal faces then adhered to
the surface via dispersive forces, leading to an unoriented MOF layer.367:368

When it comes to transferring a thin MOF film from the substrate it was

synthesized on to another, a few strategies have been described in the literature.
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2D MOFs synthesized via the Langmuir—Blodgett method can be transferred from
the liquid—air interface where they are grown onto any solid substrate.36136° MOF
thin films grown on the interface of two immiscible liquids (one containing the
linkers, the other a metal precursor) can be transferred in a similar fashion.370371
Such free-standing MOF thin films can also be synthesized by first preparing
MOF particles in solution followed by dispersion on a water surface and dip-
coating of a substrate.3”? A very different approach is the usage of a solid metal
oxide/hydroxide precursor as substrate that is completely corroded during MOF
growth, leaving only a MOF film behind.373:374

If, however, the goal is to synthesize a well oriented, homogenous 3D MOF
film and transfer it from one substrate to another, none of the methods mentioned
above are applicable. For this case two methods involving the use of poly(methyl
methacrylate) (PMMA) have been reported. The first method starts with regular
liquid phase epitaxy of MOF onto a substrate coated with a functional self-
assembled monolayer.3”> PMMA resin is then coated on top of the SURMOF and
both are physically shaved off from the substrate together.2’® Subsequent
dissolution of the PMMA in acetone leaves free-standing MOF that can be
transferred onto other substrates.3”®> The second method is similar but simpler:
MOF is synthesized via liquid-phase epitaxy straight onto a substrate coated with
PMMA that was previously acidified to carry carboxylic acid groups. 3¢ By
dissolving the PMMA layer, the MOF could then be removed from the

substrate.376

In this work we examined the growth of MOF-508 on different
unfunctionalized surfaces, finding that a SURMOF can be synthesised through
liquid-phase epitaxy on untreated polymer surfaces including polypropylene non-
woven (PP) and high-density poly ethylene (HDPE). The surface-attached MOF-
508 was successfully delaminated using tape and transferred onto glass slides
using a thermal release sheet, thus providing a simple method to move an ultra-
thin and well-oriented MOF layer from the substrate it was synthesized on to

another.
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6.2 Results

6.2.1 Characterization of MOF-508 grown on Linker Layer Free Surfaces

Infrared Spectra

ATR-FTIR spectra were captured of high-density polyethylene (HDPE)
sheets after 0, 10, 20 and 200 MOF-508 deposition cycles via liquid phase epitaxy,
Figure 41.
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Figure 41: ATR-infrared spectra of HDPE after 0 (grey), 10 (light blue), 20 (blue) and
200 (purple) deposition cycles. Data was captured by PKE and plotted / evaluated by
VSB.

The epitaxial deposition of MOF-508 on HDPE led to the appearance of new
infrared absorbance peaks in addition to the HDPE absorbances at 2916 cm™
(CHz antisymmetric stretch), 2848 cm~! (CH2 symmetric stretch), 1473-1463 cm
(CH2 scissoring), and 730-719 cm™ (—(CH2)n— in-phase rock for long-chain CH2
in crystalline solid state), Figure 41. The intensities of the additional absorbance
peaks gradually increased with an increasing number of depositions, indicating a
gradual growth on the surface. In order to verify that these peaks are caused by

MOF-508, the spectra were compared to ones of the MOF building blocks zinc
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acetate, terephthalic acid, and 4,4’-bipyridine, Figure 42. The most notable

absorbance peaks of the spectra are assigned in Table 9.
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Figure 42: ATR—infrared spectra of zinc acetate, terephthalic acid, and 4,4-bipyridine (the
three components of MOF-508), as well as HDPE with an increasing number of MOF-
508 layers. Notable absorbance peaks are labelled a—m and assigned in Table 9. Data

was captured by PKE and plotted / evaluated by VSB.

Table 9: Assignment of notable peaks in the FTIR spectra of zinc acetate, terephthalic
acid, 4,4’-bipyridine, and 200-layer MOF-508 grown on HDPE, as depicted in Figure 42.

Data was captured by PKE and evaluated by VSB.

Absorbance/cm™!
: Tereph- ) 200-
Peak | Assignment | Literature®’’ Af(l-:-rt];te thalic Bi 4,:d-ine layer
Acid Py MOF-508
a COO- 1650-1540 1536 — - -
antisym.
stretch
b COO™ sym. 1450-1360 1449— - - -
stretch 1405
c C=0 stretch 1710-1660 - 1673 - -
of aromatic
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carboxylic
acid

d Para 1525-1480 - 1510 1489 1500
substituted
benzene / 4-
substituted
pyridine ring
semicircle
stretch 1

e COH in-plane | 1440-1395 - 1424 - -
bending

f Para 1420-1400 - 1407 1407 1367*
substituted
benzene / 4-
substituted
pyridine ring
semicircle
stretch 2

g C—-O stretch 1315-1200 - 1281 — —
band cluster
for COOH in
condensed
state

h In-phase, 960-875 - 926.5 - -
out-of-plane
OH...O wag
of COOH
dimers

] Aryl C-H 880-795 - 781 804 813
wag for rings
with two
adjacent H

k Sextant out- 735665 - 726 733 747
of-plane
bend

4-substituted | 1605-1565 - — 1587 1574*
pyridine ring
guadrant
stretch

m CcOoC 1150-1060 - — - 1070
antisym.
stretch

The zinc acetate infrared spectrum displays two characteristic peaks
caused by the antisymmetric and symmetric stretch of the COO~ group (a, b).
These cannot be found in MOF-508 as the acetate remains in solution while the
Zinc is incorporated in the framework.

The spectrum of terephthalic acid contains absorbance peaks caused by
the carboxylic acid groups and the para-substituted benzene ring. The carboxylic
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acid peaks at 1673 cm~ (C=0 stretch of aromatic carboxylic acid, c), 1424 cm™
(COH in-plane bending, e), 1281 cm™ (C-O stretch band cluster for COOH in
condensed state, g), and 926.5 cm™ (in-phase, out-of-plane OH...O wag of
COOH dimers, h) do not translate directly into the MOF-508 spectrum since the
terephthalic acid is deprotonated during incorporation into the framework. Instead,
the resulting COO~ groups contribute antisymmetric and symmetric stretch
absorbances similar to those found in the zinc acetate spectrum, albeit shifted
due to metal coordination. The MOF-508 absorbance peaks that these COO~
groups contribute to are marked with * and ** in Figure 42 and Table 9.

The peaks in the terephthalic acid spectrum that are associated with the
benzene ring can also be found in the 4,4’-bipyridine spectrum due to the similar
vibrations of para-substituted benzene and 4-substituted pyridine. These include
two semicircle stretch absorbances (d, f), and a sextant out-of-plane bend (k) of
the rings, as well as an absorbance peak caused by the aryl C—H wags of two
adjacent H on the aromatic rings (j). However, the 4,4’-bipyridine spectrum also
contains a peak at 1587 cm~! that can be attributed to a quadrant stretch of the
4-substituted pyridine ring (1), a vibration that is not IR-active in terephthalic acid
due to the symmetry of the substituents.

The appearance of all expected component peaks on the coated HDPE
spectrum as well as its similarity to MOF-508 spectra reported in the literature
and spectra of MOF-508 grown on poly(1-allylimidazole) linker coated substrates
(Figure 43) support the assumption that MOF-508 was successfully synthesized
on the unfunctionalized polymer. More precisely, the absorbance peak at
1070 cm™ (m) in the MOF-508 spectrum indicates the incorporation of
tetrahydrofuran solvent, showing that the solvent-inclusive MOF-508a polymorph

was synthesized.
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Figure 43: Infrared spectra comparison between HDPE and PP cloth with and without
poly(1-allylimidazole) (AA) linker and with and without 170 layers MOF-508. For both
substrates the MOF-508 spectra with and without underlying linker layers look nearly
identical, showing successful SURMOF growth on unfunctionalized HDPE and PP
cloth.

X-Ray Diffractograms
Powder X-ray diffractograms of 180-layer MOF-508 grown on HDPE sheets

and PP cloth with and without a pulsed plasma poly(1-allylimidazole) linker layer
show three prominent peaks at low detector angles that do not appear on
diffractograms of the underlying HDPE and PP, indicating the presence of an
oriented large lattice constant material, Figure 44. From the crystal data for MOF-
508 found in the literature one can calculate the theoretical (100), (010), and (001)
peaks for the solvent-inclusive MOF-508a to appear at 20 detector angles of
8.12°, 8.09°, and 6.38°, respectively.358378 The peaks around 6.2—6.5° found in
all four spectra can therefore be identified as (001) peaks of MOF-508a, while the
(100) and (010) peaks are missing, showing a high degree of orientation of the
MOF where the (001) planes run parallel to the substrate surface. A weaker (002)
peak was observed in most spectra near the expected angle of 12.77°, showing

that an interpenetrated network of MOF-508a was synthesized.®*® The peaks
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between them in the region of 8.9-9.1° as well as the appearance of the (002)
MOF-508a peak at slightly lower angles than expected can be attributed to small
amounts of nonoriented solvent-free MOF-508b whose theoretical (100), (010),
and (001) peaks are expected to appear at 12.49°, 9.52°, and 8.49°,

respectively.358378
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Figure 44: Powder XRD spectra of 180-layer MOF-508 grown on PP cloth and HDPE
sheets with and without a pulsed plasma poly(1-allylimidazole) linker layer, as well as
spectra of pure PP cloth and HDPE sheet. Spectra are displayed grouped on a
logarithmic axis for better comparison. The theoretical peak positions of solvent-inclusive
MOF-508a ((001), (010), (100), (002)) and solvent-free MOF-508b ((100), (010), (001))
are included for reference. Based on them, the three main peaks of the synthesized
MOF-508 can be assigned to highly oriented MOF-508a ((001), (002)) and a small
amount of nonoriented MOF-508b. Data was captured by HJC and plotted / evaluated
by VSB.

Very little difference between MOF-508 grown on pure HDPE/PP and linker
functionalized substrates can be seen, showing that the poly(1-allylimidazole)
linker layer is not necessary for synthesis of MOF-508 on these polymer surfaces.
The only slight difference are minimally higher peaks (indicating more MOF

growth) and slightly higher intensities of the peaks near 9° assigned to
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nonoriented MOF-508b, however the absence of MOF-508a (100) and (010)

peaks still indicates a high orientation.

Scanning Electron Micrographs

Scanning electron micrographs of 180 layers MOF-508 grown on HDPE
sheets reveal the formation of a continuous SURMOF layer both on pure HDPE
and HDPE functionalized with a linker layer, as can be seen from cracks within
the crystalline framework, Figure 45 c, d. These cracks were likely formed when
cutting the substrates for SEM imaging. The images further reveal that the HDPE
surface is not perfectly smooth but instead has many scratches and grooves,
Figure 45 a. These disappear when coated with the linker layer which instead
introduces small bumps, Figure 45 b. When comparing the MOF-508 grown on
these surfaces, both lead to a complete coverage with small crystallites atop the
continuous layer, although the surface of the SURMOF on the linker layer coated
HDPE appears smoother (Figure 45 d) while the MOF-508 grown on pure HDPE

contains more disordered crystallites (Figure 45 c).

Figure 45: SEM images of HDPE and PP cloth substrates with and without 180 layers
MOF-508; a: plain HDPE, b: HDPE + linker, c: HDPE + MOF-508, d: HDPE + linker +
MOF-508, e: plain PP cloth, f: PP + linker, g: PP + MOF-508, h: PP + linker + MOF-508.
Scale bars represent 10 um in all images. Images were captured jointly by PKE & VSB
and cropped / evaluated by VSB.

On non-woven PP cloth, a similarly complete MOF-508 coverage could be
seen in the SEM micrographs, Figure 45 g, h. No major difference between the
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fibre surfaces of uncoated and 1-allyl functionalized PP cloth is visible (Figure 45
e, f). However, like SURMOFs on HDPE, the MOF-508 grown on PP with linker
layer appears smoother (Figure 45 h) while the topography of MOF-508 grown
on plain PP cloth is somewhat bumpy (Figure 45 g). In both cases the pore
structure of the cloth is mostly maintained even though some neighbouring fibres

became bridged by the MOF coating.

Thickness determination

The thickness of MOF-508 coating on HDPE was approximately determined
by cutting through a HDPE sheet coated with 200 layers MOF-508 with scissors
and examining the cross-section by scanning electron microscopy. Through the
mechanical stress from cutting, the SURMOF near the cross-section lifted from

the surface in flakes, as shown in Figure 46.

Figure 46: SEM micrographs of MOF-508 flakes on HDPE near the cutting edge. At low
magnification (left) flakes of different orientations can be seen, while at high
magnification (right) it is possible to measure the thickness of flakes. Images were
captured jointly by PKE & VSB and cropped / evaluated by VSB.

By measuring the cross-sectional thickness of these MOF flakes in fifty
places within seven SEM micrographs at a magnification of 10,000x, an average
thickness of 544 + 41 nm was determined. The histogram in Figure 47 shows the
distribution of measured thicknesses.
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Figure 47: Histogram of MOF-508 thicknesses measured from seven SEM images at
10,000x magnification. Thicknesses were measured in fifty places on the edges of MOF
flakes lifting up from the surface, as shown in Figure 46. Data measured & plotted by
VSB based on SEM images captured jointly by PKE & VSB.

6.2.2 Investigating the MOF Growth Mechanism

Substrate Variation

Layer-by-layer growth of MOF-508 was tested on nine unfunctionalized
substrates of different chemistry and morphology: high density polyethylene
(HDPE), polypropylene (PP) film, non-woven polypropylene (PP) cloth,
polyethylene terephthalate (PET), polyether sulfone (PES), paper, cotton cloth
(woven), glass, and polytetrafluorethylene (PTFE). When comparing the infrared
spectra of the substrates after MOF-508 growth to the spectra of pure substrates,
the appearance of peaks around 1580 cm~ and 1372 cm™ indicated successful
MOF growth on the surfaces, since these were the two most prominent MOF-508
absorbance peaks found previously (see Figure 42). The IR spectra of substrates
where these peaks already appeared after 10 MOF growth cycles are displayed

in Figure 48.
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Figure 48 (previous page): Infrared spectra of MOF-508 grown on seven different
untreated substrates: HDPE, PP film, non-woven PP cloth, PET, PES, paper, and cotton
cloth. Each set of IR spectra includes one of the pure substrate (grey) and at least two
spectra taken after growing different numbers of MOF-508 layers atop the substrates, as
shown in the legend. Dashed lines at 1580 cm™ (I) and 1372 cm™ (ll) indicate the
characteristic MOF-508 peaks appearing on all substrates, showing successful MOF
growth. Data was captured by PKE and plotted / evaluated by VSB.
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Figure 49: Infrared spectra of MOF-508 grown on three different untreated substrates:
high density polyethylene sheet (same spectra as in Figure 48, included for comparison),
glass, and PTFE. Each set of IR spectra includes one of the pure substrate (grey) and
two spectra taken after growing 10 and 20 MOF-508 layers atop the substrates, as shown
in the legend. Dashed lines at 1580 cm™ (1) and 1372 cm (lI) indicate the characteristic
MOF-508 peaks appearing on substrates with successful MOF growth. Data was
captured by PKE and plotted / evaluated by VSB.
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On all substrates apart from glass and PTFE, characteristic MOF peaks
were already visible after 10 deposition cycles and their intensity increased with
additional deposition. The peaks are easier to spot on some substrates than on
others (for example, uncoated PES already possesses an absorbance peak at a
similar wavelength range as MOF-508 peak I, Figure 48), but at least one of the
two main MOF peaks is visible for all substrates in Figure 48 without interference
from the spectrum of the underlying material.

For glass and PTFE, the MOF-508 absorbance peaks are not clearly visible
after ten deposition cycles, yet after twenty cycles they begin to form, on PTFE
more clearly than on glass. The smaller intensity of these peaks on these two
substrates compared to all other used substrates indicates that MOF-508 grows

more easily on some unfunctionalized surfaces than on others.

In addition to infrared spectroscopy, MOF-508 grown on a variety of
substrates was also examined via scanning electron microscopy. Images of 20-
layer SURMOF on eight different linker layer free substrates are compiled in
Figure 50. Two different magnifications are displayed for each substrate, with one
image giving an overview and the other showing a more detailed view of the MOF
topography.

As discussed previously, flat HDPE and non-woven PP fibres are evenly
coated with a MOF-508 layer. The SURMOF on HDPE is less clear to see than
in Figure 45 and Figure 46 since the layer grown here is thinner and therefore
less prone to cracking. However, compared to the scanning electron micrograph
of plain HDPE (Figure 45) it is nevertheless clear that twenty deposition cycles
led to a complete SURMOF coverage.

The MOF-508 grown on PET and PES sheets carries more separate
crystallites on the surface than on HDPE. They appear similar to the crystallites
atop 180-layer MOF-508 (Figure 45) but are more evenly spread.

Paper mainly consists of cellulose fibres but commercial office paper like
the printing paper used here additionally contains calcium carbonate as filler for
improved whiteness.37?:38 These agglomerates are clearly visible in SEM, even
at low magnifications, Figure 50. At higher magnifications, the smaller MOF-508

crystallites become visible that coat both the fibres and the agglomerates.
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On woven cotton cloth the SURMOF coating is easy to see due to small
cracks caused by mechanical bending of the underlying material. The fibres are

evenly coated with MOF-508 and the SURMOF appears topographically more

similar to the one grown on 1-allylamine functionalized PP than on bare PP.

Figure 50: Scanning electron micrographs of 20 layers MOF-508 grown (or attempted to
be grown) on different substrates: HDPE, PP cloth, PET, PES, Paper, Cotton, Glass, and
PTFE. For each substrate two images at different magnifications are shown, with all
scale bars representing 10 um. Images were captured jointly by PKE & VSB and cropped
/ evaluated by VSB.

As seen from the infrared spectra (Figure 49), MOF-508 grows significantly
more slowly on glass and PTFE than on the other used substrates. On the
scanning electron micrographs taken after 20 deposition cycles one can see
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sporadic small crystallites on glass that do not seem to form a continuous film.
PTFE appears altogether bare of any SURMOF (in contrast to the clip area where
MOF-508 did grow, see Figure 64).

On a transparent substrate like PES, the MOF-508 growth can even be seen
macroscopically. After 40 deposition cycles, the previously clear polymer sheet

appears opaque and white, Figure 51.

Figure 51: Plain PES (left) and 40-layer MOF-508 on PES (right). Each piece is about 1—
1.5 cm wide. The originally clear substrate becomes opague and white after SURMOF
deposition. Near the top of the coated sample, an empty rectangle indicates the clip
location. Photo was taken by VSB.

The successful growth of MOF-508 on such a variety of unfunctionalized
surfaces raises questions about its nucleation mechanism. In the following
sections, three mechanisms are investigated:

1) Substrate swelling due to solvent
2) Adsorption of 4,4’-bipyridine to substrate

3) Adsorption of metal to substrate
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Solvent Variation

Tetrahydrofuran is known to cause swelling of polyethylene and
polypropylene since it is used to extract additives from these polymers.3 To
investigate whether swelling and subsequent entrapment of reagents nucleates
MOF-508 growth, ethanol was used as alternative solvent which is unreactive
towards both polyethylene and polypropylene. Ethanol has previously also been
used for the epitaxial synthesis of MOF-508, therefore it is known to be a suitable
solvent for the reagents but non-solvating towards the MOF crystals.3%°

Comparing the infrared spectra of 20-layer MOF-508 synthesized on
polyethylene from THF and ethanol, no major differences were spotted in peak

position or intensity of the characteristic absorbance bands, Figure 52.
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Figure 52: ATR—FTIR spectra of plain high-density polyethylene and 20-layer MOF-508
grown on it from different solvents. The two most intense characteristic MOF508
absorbance peaks are marked with dashed lines. Data was captured by PKE and plotted
/ evaluated by VSB.
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From these infrared spectra, one can conclude that MOF-508 grows just as
well from EtOH as from THF and that potential swelling of the substrate has no

effect on the nucleation.

MOF-508 vs MOF-5

To test whether MOF-508 growth is nucleated by the adsorption of 4,4’-
bipyridine to the substrate, a bipyridine-free MOF was deposited instead. MOF-5
was chosen as it consists of zinc metal centres and terephthalic acid linkers and
is therefore nearly identical to MOF-508 save for the replacement of 4,4'-

bipyridine pillars with further terephthalic acid, see Figure 53.
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Figure 53: Schematic structures of (from left to right; lengths and angles not to scale) the
unit cells of MOF-508 and MOF-5, and the respective organic linkers terephthalic acid
(represented by black bars) and 4,4’-bipyridine (represented by red bars). Zinc metal
centres of the MOFs are represented with blue spheres. Both MOFs consist of layers
formed from zinc and terephthalic acid that are bridged by 4,4’-bipyridine pillars in the
case of MOF-508 and by further terephthalic acid in the case of MOF-5.

After deposition of MOF-5 on high-density polyethylene for ten or twenty
cycles, the infrared spectra of the substrates appeared very similar to those of
MOF-508, Figure 54 a. However, small differences can be found when examining
the low wavenumber range in comparison with the linker spectra, Figure 54 b.
Near the quadrant stretch absorbance of 4,4’-bipyridine at 1587 cm™ (peak | in
Figure 42, marked by dashed line in Figure 54 b), a characteristic peak it does
not share with terephthalic acid, one of the main characteristic MOF-508
absorbance peaks is located which contains contributions from the

aforementioned quadrant stretch absorbance as well as from asymmetric
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stretching of the COO~ groups of deprotonated terephthalic acid. While this peak

also appears in the MOF-5 infrared spectrum, it is noticeably narrower, both after

ten and twenty deposition cycles. This difference can be explained by the

absence of the 1587 cm™! quadrant stretch contribution since MOF-5 does not

contain 4,4’-bipyridine.
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Figure 54: Infrared spectra of 10- and 20-layer MOF-508 and MOF-5 grown on HDPE,
as well as infrared spectra of the linkers terephthalic acid (TPA) and 4,4’-bipyridine (BP).
Overview a: The spectra of both SURMOFs look very similar with differences caused by
the lack of 4,4’-bipyridine in MOF-5 only becoming more evident under closer inspection.
Low wavenumber region b: Because MOF-5 does not contain 4,4’-bipyridine linker, the
contribution of the quadrant stretch absorbance peak at 1587 cm™ (dashed line) is
missing from the MOF-5 infrared spectra, resulting in a narrower peak in the 1565—
1600 cm™ region compared to the spectra of MOF-508. Data was captured by PKE and
plotted / evaluated by VSB.

Overall, the obtained infrared spectra of MOF-5 appear very similar to those

found in the literature3®?, indicating its successful growth, which means that 4,4’-

bipyridine adsorption to the substrate cannot be the main cause of nucleation.

146



Chapter 6: Growth of MOF-508 on Uncoated Polymers; SURMOF Transfer

Component Adsorption

To investigate the MOF-508 nucleation on HDPE in comparison with PTFE,

the adsorption of the linkers and of zinc acetate on the substrates after dipping

into the respective solutions and subsequent rinsing was analysed via XPS. The

theoretical compositions of all involved compounds are listed in Table 10, with

the experimentally determined compositions collated in Table 11.

Table 10: Theoretical XPS compositions for HDPE, PTFE, zinc acetate, the MOF linkers

4,4 -bipyridine and terephthalic acid, and the solvent THF.

Composition / atom %

Compound C F N O Zn
HDPE 100 - - - —
PTFE 33 67 - - —
Bipyridine 83 - 17 - -
Terephthalic acid 67 - - 33 -
Zinc acetate 44 - - 44 11
THF 80 - - 20 -

Table 11: Experimentally determined XPS compositions for HDPE and PTFE substrates

after dipping into linker or zinc acetate solutions and subsequent THF rinsing and drying.
Data was captured by HJC and evaluated by VSB.

Composition / atom %

Substrate C F N @) Zn
HDPE +linker | o, 905 0.0 41+19 |13.0+14| 0.0
solution

—
PTFE +linker | oc 1106 |637+29| 00 0.9 +0.4 0.0
solution

+
HDPE+2ZnAc | gi5+65| 0.0 18+25 |125+35| 1.2+05
solution
PTFE+ZnAC | 315405655425 00 0.0 0.0
solution

XPS analysis of HDPE dipped in linker solution shows the presence of

nitrogen and oxygen on the surface, indicating the adsorption of both bipyridine

and terephthalic acid to the substrate. In fact, one can calculate from the
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composition that the investigated surface consists of about 37% HDPE, 24% 4,4’-
bipyridine, and 39% terephthalic acid.

On the other hand, PTFE dipped in linker solution did not carry any nitrogen
and only very little oxygen on the surface. Calculations showed that the best
approximation is that the surface consists of 95% PTFE and 5% THF solvent.
There are reports in the literature that THF can lead to some swelling in PTFE
depending on the crystallinity383, therefore it is possible that in this case a small
amount of solvent was absorbed by the polymer and led to the presence of
oxygen within the investigated surface.

After dipping in zinc acetate solution, XPS analysis of HDPE showed the
presence of both zinc and oxygen on the surface, indicating successful zinc
acetate adsorption. Since the oxygen content of the surface is larger than
expected from the zinc acetate contribution (based on the zinc content), it is
possible that some THF solvent was additionally absorbed into the HDPE, leading
to swelling. The small amount of nitrogen that was merely detected in one sample
was likely only caused by contamination.

Finally, XPS analysis of PTFE dipped in zinc acetate solution detected no
zinc or oxygen on the surface and the elemental composition found was nearly

identical to the theoretical composition of pure PTFE, within error margins.

From these analysis results we can conclude that both zinc acetate and the
linkers can adsorb to HDPE. Since substrates are first dipped into zinc acetate
solution during MOF-508 deposition, it is likely that this step provides the initial
nucleation for further SURMOF growth. It has previously been shown that zinc
adsorbs equally well to various polymers such as HDPE, PP, and PET,%8* which
explains successful MOF synthesis on a wide range of substrates. On the other
hand, none of the components adsorbed to PTFE, which matches the IR and
SEM observations that indicate very slow and sporadic MOF-508 growth on

unfavourable surfaces.
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6.2.3 Transfer of MOF Thin Films

Tape transfer

Taking inspiration from the synthesis of atomically thin graphene3, a thin
film of MOF-508 was lifted from the HDPE substrate it was synthesized on by
placing adhesive tape onto the MOF-covered HDPE sheet and applying pressure
before gently peeling the tape away. Scanning electron micrographs of the

original 200-layer SURMOF before and after removal from HDPE are shown in

Figure 55.

Figure 55: Scanning electron micrographs of 200 layers MOF-508 grown on HDPE and
transferred onto tape; a, d: SURMOF on HDPE; b: border region on HDPE with SURMOF
on the left and area after SURMOF lift-off via tape on the right; e: HDPE after SURMOF
lift-off; c, f: tape carrying MOF-508 removed from HDPE surface. All scale bars represent
50 um. Images were captured jointly by PKE & VSB and cropped / evaluated by VSB.

When grown on HDPE, MOF-508 formed a continuous layer as found
previously, with scattered crystallites atop, Figure 55 a, d. Cracks in the layer are
caused by bending of the underlying substrate and help to visually confirm the

presence of the SURMOF. At the border of the area where the MOF was removed
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from the HDPE substrate via tape (Figure 55 b), the difference between both
regions is clear to see with a cracked MOF layer covering the area on the left
while the area on the right takes on a patchy appearance. Under closer inspection
(Figure 55 e), it becomes apparent that while the SURMOF was completely
removed from HDPE in many places, a pattern of islands remains, indicating that
the MOF layer was not entirely lifted off. On the tape, the transferred MOF-508
appears even more cracked that on HDPE, which is no surprise given how much
easier the tape bends. When looking at the higher magnification image of MOF
on tape, Figure 55 f, it is unclear whether a continuous SURMOF layer was lifted
from HDPE or whether the floe-like MOF pieces are separated from each other.
However, one can clearly see that most of the tape surface is covered with MOF,
which shows the success of this lift-off technique.

The infrared spectrum of MOF-508 on tape is compared to the SURMOF
spectrum in Figure 56.
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Figure 56: ATR-FTIR spectra of plain HDPE, 200 layers MOF-508 grown on HDPE,
Scotch tape, and the same tape after using it to peel the 200 layers MOF-508 off the
HDPE. Three of the most characteristic MOF-508 absorbance peaks are marked with
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dashed lines, indicating that the MOF was successfully picked up by the tape. Data was
captured by PKE and plotted / evaluated by VSB.

Characteristic MOF-508 absorbances as seen in the spectrum of MOF-508
on HDPE appeared at the same positions and with the same intensities relative
to each other in the spectrum of MOF-508 on tape, indicating successful transfer.
The lower overall intensity of the characteristic MOF-508 absorbance peaks on
tape may indicate that the SURMOF was not completely lifted off, although these

intensities can depend on the underlying substrate.

Powder-XRD diffractograms of the tape further confirmed the presence of
MOF-508 in the same conformation as grown on HDPE, namely mostly well-
oriented MOF-508a with some unoriented MOF-508b contributions, Figure 57. As
with infrared spectra, the peaks for MOF-508 on tape were less intense than on
HDPE.
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Figure 57: Powder-XRD spectra of 200 layers MOF-508 grown on HDPE, Scotch tape,
and the same tape used to peel the MOF off the HDPE. The presence of characteristic
MOF (001), non-oriented, and (002) peaks shows the successful transfer of MOF-508
onto the tape. Data was captured by HJC and plotted / evaluated by VSB.
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Thermal Release Sheet Transfer

After showing that MOF thin films could be removed from their growth
substrate using adhesive tape, the next logical step was to remove the tape from
the MOF. This would facilitate the transfer of thin MOF films onto any substrate
regardless of whether MOF films can grow on that substrate. Thermal release
sheet was used to transfer thin films of MOF-508 from growth substrates such as
HDPE onto glass microscopy slides. As with MOF growth on transparent
polymers (Figure 51), successful transfer could be verified instantaneously by the

appearance of a white coating on the transparent glass, Figure 58.

Figure 58: Photograph of 40-layer MOF-508 transferred from HDPE onto a glass
microscopy slide via thermal release tape. The appearance of a white coating on the
transparent glass indicates successful MOF transfer. Photo was taken by VSB.

The presence of MOF-508 on the glass slide was furthermore confirmed via
XRD spectroscopy and scanning electron microscopy. Compared to plain glass,
the XRD spectrum of the transferred MOF clearly shows a MOF-508a (001) peak
at the same detector angle as observed previously (Figure 44), as well as a small
peak for unoriented MOF-508b and a (002) peak of MOF-508a, Figure 59.
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Figure 59: XRD spectra of 40 layers MOF-508 transferred onto plain glass via thermal
tape compared to plain glass. Data was captured by HJC and plotted / evaluated by
VSB.

Figure 60: Scanning electron micrographs of 40-layer MOF-508 transferred from HDPE
onto a glass microscope slide via thermal release tape. Images were captured jointly by
PKE & VSB and cropped / evaluated by VSB.

From the scanning electron micrographs of transferred MOF-508 one can
see that while most of the surface is covered in MOF, the layer is interrupted by
numerous scratches, Figure 60. These scratches were likely caused by the
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tweezers used to apply pressure to the thermal release tape during transfer and
could be prevented if a more uniform method of applying pressure was used. The
transferred MOF-508 on glass appears less cracked than on regular tape since
the thermal release tape is more rigid, which is very promising for achieving

complete MOF transfer.

6.3 Discussion

6.3.1 MOF-508 on Linker Layer Free Surfaces

The results evaluated above show that MOF-508 was successfully
synthesized on a variety of polymer substrates with no additional linker layer
required. The SURMOF was characterized via infrared spectroscopy, X-ray
photoelectron spectroscopy, and scanning electron microscopy, and
comparisons with MOF-508 grown on poly(1-allylimidazole) coated substrates
(both in the literature and in this work) showed that such a linker coating is in fact
not necessary for the MOF to grow on polymer substrates like HDPE and PP.

While IR spectroscopy revealed that the two linker components were
successfully incorporated in the MOF, XRD spectroscopy further confirmed its
crystal structure. Compared to the theoretical peak positions of solvent-inclusive
MOF-508a and solvent-free MOF-508b it was clear that the synthesized
SURMOF is mostly highly oriented MOF-508a with the layers formed from
terephthalate linkers running parallel to the surface, since no (100) or (010) peaks
were detected. Furthermore, the height ratio between the intense (001) and weak
(002) peaks indicated the formation of an interpenetrated MOF-508a network as
in the non-interpenetrated version destructive interference leads to a reversal of
the intensity ratio.35%363 Thus, the MOF-508 grown on linker layer free HDPE was
more structurally similar to MOF-508 grown on poly(1-allylimidazole) than MOF-
508 grown on 4-pyridyl-terminated self-assembled monolayers.359:363

Unlike the cases of surface-mounted MOF-508 described in the literature,
here the MOF was for the first time successfully synthesized on a variety of
substrates carrying no specific functional groups. The surprising fact that highly

oriented MOF-508 can be synthesized on linker layer free surfaces raises many
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guestions about the nucleation and growth mechanism which will be discussed

in the following sections.

6.3.2 MOF-508 Nucleation

In past examples of epitaxial MOF-508 synthesis the supporting substrates
were first coated with functional groups that mimicked the functional groups of
the bipyridine linker to provide adsorption sites for the zinc and facilitate MOF
growth.359:363 As MOF-508 was now shown to grow on unfunctionalized surfaces,
the nucleation mechanism was investigated through a series of experiments, as

summarized in Table 12.

Table 12: Summary of experiments conducted to determine the nucleation mechanism
of MOF-508 on linker layer free HDPE.

Suspected
nucleation Experiment Result

mechanism

Substrate swelling | Ethanol solvent instead of | x: Synthesis successful

by THF THF from both solvents
4.4’-bipyridine Comparison between x: Successful MOF-5
adsorption MOF-508 and MOF-5 synthesis on HDPE
General .
XPS analysis of substrates | v': Components found on

component _ _ _

_ dipped once into solutions HDPE, but not on PTFE
adsorption

Initial SURMOF epitaxial synthesis was performed using THF as solvent, as
reported for MOF-508 synthesis on poly(1-allylimidazole).2%3 In order to test
whether swelling of the polymer substrates by THF and subsequent component
entrapment lead to MOF nucleation, the synthesis was instead performed using
ethanol as solvent, which has also been reported in epitaxial MOF-508 synthesis.
The results (Figure 52) showed no difference between MOF-508 on HDPE grown
from THF or ethanol, thus indicating that potential substrate swelling has no

influence on MOF nucleation.
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Since the synthesized MOF-508 is highly oriented with the layers formed by
terephthalic acid running parallel to the substrate, another theory for a possible
nucleation mechanism was the adsorption of 4,4’-bipyridine molecules via one of
their functional groups, which would lead to their perpendicular orientation to the
substrate, like their orientation within the resulting SURMOF. To test MOF growth
on linker layer free HDPE in the absence of 4,4’-bipyridine, MOF-5 (a MOF with
zinc metal centres that are only connected by terephthalic acid linkers, see Figure
53) was epitaxially synthesized in the same way as MOF-508. However, FTIR
spectra indicated that MOF-5 grew just as well on linker layer free HDPE as MOF-
508 (see Figure 54), meaning that 4,4’-bipyridine adsorption alone cannot explain
MOF nucleation.

Finally, the adsorption of all MOF-508 components to a substrate after one
dip into either the metal or linker solution was investigated using XPS. Here, linker
layer free HDPE and PTFE were used as substrates since MOF-508 was found
to grow well on HDPE but not on PTFE. From the resulting surface compositions,
it was found that zinc (acetate) and both linkers adsorb to HDPE but not to PTFE
(see section 0, Table 11). Since during fabrication the substrates are first dipped
into zinc acetate solution, it is likely that MOF-508 nucleation begins with random
adsorption of zinc cations to the substrate through unspecific van der Waals
interactions which provides seeding sites for further MOF-508 growth. Zinc
adsorption to a variety of polymers including HDPE, PP, and PET has been
reported in the literature®*, which helps to explain why MOF-508 was
successfully synthesized on many different substrates. Despite the random
nucleation, highly ordered MOF-508 can grow on linker layer free substrates,
showing that the epitaxial synthesis method is sufficient to lead to oriented growth;

a specifically functionalized substrate is not necessary.

6.3.3 Growth Mechanism on the Molecular Scale

When measuring the thickness of MOF-508 grown for 200 cycles through
the cross-section of SURMOF flakes via scanning electron microscopy (see 0),
an average value of 544 + 41 nm was found. Based on the MOF-508a cell
parameters found in the literature with ¢ =14.12 A and y = 78.38°,3%8378 the

theoretical thickness of one MOF-508a layer would be 13.83 A, meaning that a
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thickness of 276.6 nm would be expected for 200 layers. The experimentally
determined thickness is however almost exactly twice as large.

Various factors could have led to this result. On one hand, the thickness
may have appeared inflated due to measuring errors. It is unclear whether the
cross-sectional surface of the flakes, whose height was measured, was in fact
perpendicular to the MOF surface—any other angle would lead to the thickness
appearing larger than it truly is. However, measuring errors alone cannot account
for the large experimentally determined thickness, since even the smallest
measured thickness was still 66% larger than expected.

Cases of epitaxially grown SURMOF resulting in larger thicknesses than
expected have been reported in the literature though the mechanism is not yet
fully understood.386387 |n the present case, one jar of solvent was used to rinse
the substrates after both the metal and linker dipping steps. While the solvent
was replaced after every ten growth cycles, it is still possible that a few zinc
(acetate) or linker molecules were unintentionally attached to the substrates
during rinsing. Such contamination could be avoided by using two separate
rinsing solutions. SURMOF growth of more than one layer per cycle could also
occur if additional component molecules become trapped within the MOF pores
and are thus transported into the other dipping solution.®®® Such a mechanism is
however unlikely for intercalated MOF-508 where the pore diameter is barely
larger than a methane molecule.3® Finally, it can also be possible for more linkers
than required to adsorb to the surface during the linker solution dipping step.38°
Particularly molecules with carboxylic acid and pyridine functional groups (such
as the linkers used for MOF-508) can form adducts held by strong hydrogen
bonds in solution.390:391.392 Figure 61 illustrated schematically how the free ends
of 4,4’-bipyridine pillars could form dimers with terephthalic acid molecules, thus
holding those additional linker molecules on the substrate. In the following metal
solution dipping step, these linker molecules can then be rearranged to lead to
the formation of more than one MOF layer, Figure 61 d—.
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Figure 61: Schematic mechanism through which the growth of more than one unit cell
layer per MOF growth cycle is possible; blue dots represent zinc clusters / zinc acetate
in solution, black bars terephthalate / terephthalic acid in solution, and red bars 4,4’-
bipyridine. Dimensions and angles are not to scale; MOF-508 possesses a triclinic crystal
structure with two interpenetrated networks whereas only one is shown here for simplicity.
Steps: a) surface-attached MOF-508 after Zn dipping and rinsing steps of previous
growth cycle; b) SURMOF dipped into linker solution where linkers can exist as single
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molecules or dimers through hydrogen bonding; c) adsorption of 4,4’-bipyridine to zinc
centres to form next layer of pillars while further terephthalic acid and 4,4’-bipyridine
molecules can be attracted to each other’'s end groups through hydrogen bonding; d)
dipping of SURMOF with additional linker molecules into zinc acetate solution exposes
them to each other; e) zinc centres are incorporated into the new SURMOF layer while
additional linker molecules can coordinate on top of the newly incorporated zinc centres
and offer up even more coordination options; f) completed formation of two MOF-508
unit cell layers within one growth cycle.

6.3.4 Growth Mechanism on the Crystal Scale

On the crystal scale, three main mechanisms of crystal growth have been
identified in the literature. Which mechanism the growth of a crystal follows
depends on the specific surface energies of the underlying substrate (ou) and the
crystal (oc), as well as their interface energy (oi), which together influence the
change of surface energy (Ao = oc + 0i — ou) that occurs during the formation of
a crystal layer.393:3%4

When Ao > 0, crystallite islands form independently from each other on the
substrate and each grow three-dimensionally.393:394.395 This mechanism is known
as Volmer—Weber growth and has been observed for different surface-attached
metal organic frameworks, including MOF-508.3633% |t |eads to the formation of
a very rough surface with incomplete crystal coverage, though as the crystallite
islands grow, they can also fuse together.

In theory, epitaxially synthesized SURMOFs are usually thought to grow in
thin 2D layers whose thickness increases with each deposition cycle; such a
morphology has also been observed in numerous cases, once again including
MOF-508.359.362,:397.398 Thjs mechanism is known as Frank—van der Merwe growth
which usually occurs when Ao < 0 and when the lattice mismatch between crystal
and substrate is small.393:394,399.400 While this layered crystal growth is easy to
picture, in reality a perfect Frank—van der Merwe growth is very difficult to
accomplish, since Ao < 0 needs to be fulfilled for every layer while the parameters
ou and oi are replaced by the specific surface energy of the previous crystal layer
and the interface energy between the previous and the new crystal layers,
respectively. Through the influence of the underlying substrate, the specific
surface energy of attached crystal layers will initially be similar to that of the
substrate but with each layer gradually become more similar to that of the bulk
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crystal.3® It is therefore extremely unlikely for Frank—van der Merwe growth to
occur up to extreme thicknesses if a crystal and the substrate it is grown on are
not made from the same material.

The intermediate case of crystals that initially form Frank—van der Merwe
type layers but switch to a Volmer—Weber type island growth after reaching a
critical thickness is called Stranski—Krastanov growth. It occurs when Ao < 0 and
the lattice mismatch between crystal and substrate is large.393:3%4401 While not
explicitly named as such, there are SURMOFs in the literature that appear to have
grown following a Stranski—Krastanov mechanism.40%493 All three mechanisms

are schematically illustrated in Figure 62.

Volmer—Weber

“
Stranski—Krastanov -

Frank—van der Merwe

Figure 62: Schematic illustrations of the three main mechanisms of crystal growth.
Volmer—Weber: nucleation of crystallite islands that each grow over time. Stranski—
Krastanov: initial film growth that switches to island growth at a critical thickness. Frank—
van der Merwe: pure film growth. The critical thickness where a Stranski—Krastanov
growth switches from being similar to a Frank—van der Merwe growth to becoming like a
Volmer—Weber growth depends on the crystal material and surface, meaning that the
Stranski—Krastanov mechanism covers all intermediate cases that lie between the
Frank—van der Merwe and Volmer—Weber extremes.

The present cases of MOF-508 synthesized on various substrates clearly
follow a Stranski—Krastanov growth mechanism as well. On unfunctionalized
HDPE, the SURMOF forms a relatively smooth layer after 20 deposition cycles
(Figure 50) while after 180 cycles some crystallite islands of different sizes have
grown atop the continuous film (Figure 45 c), indicating a passing of the critical
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film thickness. These crystallites are even more clearly visible on 200-cycle MOF-
508, Figure 55 d.

In comparison, the SURMOF on poly(1-allylimidazole) coated HDPE
appears similar as on the uncoated substrate, albeit smoother, which may
indicate a slightly larger critical film thickness. Since a poly(1-allylimidazole)
coating on HDPE has been shown to greatly reduce the water contact angle of
the substrate, the coating has a higher free surface energy than untreated
HDPE.*%* An increase in ou leads to a decrease in Ao, meaning that if MOF-508
followed a Stranski—Krastanov growth on HDPE, it needs to follow a Stranski—
Krastanov or Frank—van der Merwe growth on poly(1-allylimidazole) as well,
which is in line with the experimental results. However, in the literature MOF-508
synthesized on poly(1-allylimidazole) (on Si wafers) has been described to follow
a Volmer—Weber island growth.363 Our considerations of surface energies
suggest that it is more likely that the MOF-508 crystals described in the literature
in fact also followed a Stranski—Krastanov growth, albeit with a significantly
smaller critical film thickness, meaning that they soon switched to an island
growth, making it difficult to verify whether a continuous SURMOF film exists
underneath. The great difference in MOF morphology on poly(1-allylimidazole)
on HDPE and on the same coating on Si wafers shows that substrate chemistry
alone does not dictate the morphology of a MOF grown on it. In fact, lattice misfit
is an important parameter influencing the critical film thickness at which a crystal
following the Stranski—Krastanov mechanism switches from film to island growth.
Two cases need to be distinguished here: positive misfit, resulting in a
compressed crystal, promotes an island growth with misfits as low as 5%, while
negative misfit, resulting in a tensile crystal, leads to a much smaller tendency to
switch from film to island growth, even at significantly larger misfits.3%4.405 Since
poly(1-allylimidazole) carries numerous seeding sites for MOF-508 growth,%63 it
is likely that a positive misfit exists between the coated Si wafer and the
SURMOF, leading to a low critical film thickness and a quick switch from film
growth to island growth. For poly(1-allylimidazole) on HDPE it is possible that the
increased roughness of the surface compared to a Si wafer led to a decrease in
MOF-508 seeding sites, which would lead to a smaller lattice misfit and a larger

critical film thickness.
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In addition to the comparison between HDPE and poly(1-allylimidazole), the
results of MOF-508 synthesis on different flat substrates further illustrate the
influence of surface chemistry on SURMOF morphology. Scanning electron
micrographs of MOF-508 grown on PET and PES show numerous crystallite
islands appearing after only 20 deposition cycles, unlike the flat SURMOF film on
HDPE, Figure 50. Since the surface free energies of PET and PES are
significantly higher than of HDPE,4%:407 Ag for both of these substrates is
expected to be smaller, meaning that if a Stranski—Krastanov growth occurred on
HDPE it should also occur on PET and PES. Indeed, scanning electron
micrographs taken where the SURMOF was scratched indicate that a thin
continuous MOF layer lies beneath the crystallite islands, Figure 63. The MOF-
508 morphology on PET and PES therefore appears similar to the theorized
growth mechanism on poly(1-allylimidazole) coated Si wafers, as discussed in
the previous paragraph. This small critical film thickness further indicates that the
lattice mismatch between PET/PES and MOF-508 is larger than between HDPE
and the SURMOF, although it is unclear whether it is a positive or negative

mismatch.

Figure 63: PET and PES substrates functionalized with 20-layer MOF-508 and
subsequently scratched to reveal the contrast between uncoated and coated areas.
Scale bars represent 10 um in both images. Flakes that were removed from the
scratched areas and settled onto the substrate indicate a complete coverage with a thin
SURMOF film carrying small crystallite islands. Images were captured jointly by PKE &
VSB and cropped / evaluated by VSB.
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PTFE possesses the lowest free surface energy among all flat polymer
substrates used in this work. 4%® While generally no SURMOF growth was
observed on the surface due to the low affinity of zinc and the linkers to adsorb
to PTFE (Figure 50), a few crystals could be found near the clip where small
amounts of the synthesis solutions may have been trapped, allowing for a longer
contact time between the components and the surface, Figure 64. Here, small
crystallites were found to be growing independently from each other, indicating a
Volmer—Weber growth which is in line with the low free surface energy of PTFE

and comparatively large Ao derived from it.

Figure 64: Scanning electron micrographs of a PTFE substrate within the region where
it was held by a clip during the attempted synthesis of 20-layer MOF-508 on the
surface. While no SURMOF was visible on most of the substrate (Figure 50), some
disordered crystals grew in the clipped area, likely because the solutions were trapped
by the clip which led to increased contact times. These crystals followed a Volmer—
Weber growth, with uncoated substrate visible between them.

Overall, the finding that MOF-508 growth follows a Stranski—Krastanov
mechanism on most surfaces is positive for potential applications. Rough
Volmer—Weber style growth has been described as “problematic”, likely because
such a non-uniform film can contain pin holes, thus reducing its efficiency for

applications such as filtration. 40°
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6.3.5 MOF transfer

After showing successful epitaxial MOF-508 growth on unfunctionalized
substrates, we were interested in testing whether it would be possible to remove
the SURMOF from the surface it was grown on and transfer it to another, since it
would not be as tightly attached as MOFs grown on surfaces with functional
groups that coordinate specifically to the MOF components. In the literature, the
removal of epitaxially grown SURMOF from a functional gold substrate has been
reported by coating the MOF with PMMA resin and subsequent shaving off the
MOF-PMMA composite from the base substrate using a knife.3’> We expected
that such strong physical force would not be necessary to remove MOF-508 from
unfunctionalized HDPE. Therefore, we took inspiration from the preparation of
atomically thin graphene3®® and attempted to remove the SURMOF from the
substrate by using tape.

While most of the MOF was successfully transferred onto the tape, as
evidenced by FTIR and XRD spectra (Figure 56, Figure 57), SEM micrographs
showed that the SURMOF became very cracked in the process, appearing as
separate floes on the tape, Figure 55. This damage is not surprising because thin
MOF films when independent from a solid substrate are very fragile and difficult
to handle.®%° However, it is promising that the adhesiveness of tape is strong
enough to lift a MOF-508 thin film from unfunctionalized HDPE.

In the following step we therefore exchanged the tape for thermal release
sheet. This sheet consists of a polymer support with a coating that loses its
adhesive properties upon heating to 90°C. According to the manufacturer, this
sheet is useful in the manufacture of electric components.*1° Similar sheets have
been used in the literature to transfer monolayer graphene films from the copper
substrate on which they were synthesized to another target substrate, a crucial
step for the development of flexible electronics. 4! We used it to transfer
epitaxially grown MOF-508 from HDPE to glass, a substrate on whose
unfunctionalized surface this MOF does not grow well, as shown in section 6.2.2.
Initial results were promising as the transferred MOF could be seen with the
naked eye on the transparent glass (Figure 58) and its presence was verified by
XRD spectroscopy (Figure 59). However, the process still requires further

optimization because the MOF was very scratched due to the application of force
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using tweezers during the transfer process, Figure 60. Initial attempts to apply
this force by rolling a metal cylinder over the sheet were unsuccessful, because
it was difficult to apply pressure and heat simultaneously. It can be expected that
a setup where the target substrate and thermal release sheet are passed through
heated rolls would probably work better, analogous to roll-to-roll transfer of

graphene.*!1

6.4 Conclusions

Expanding on previous studies regarding epitaxial growth of MOF-508, it
was discovered that the framework can be synthesized on a variety of polymer
substrates without requiring the presence of a linker layer. Simple adsorption of
the components is sufficient to seed dense MOF growth, resulting in layers that
were even thicker than predicted based on the unit cell dimensions, likely due to
the adsorption of a surplus of organic linker molecules.

The observed epitaxial MOF-508 growth followed the Stranski—Krastanov
model, where initially a continuous 2D layer was formed atop which 3D crystals
developed after a certain critical film thickness was reached. These critical film
thicknesses vary depending on the underlying substrates and could be explained
well based on the substrate surface energies.

Finally, the epitaxially synthesized MOF-508 was successfully transferred
from the polyethylene substrate it was grown on onto tape and transferred twice
onto glass. Once this technique is optimized it can open pathways to place MOF
layers on any flat surface after being synthesized on a different substrate, which

could facilitate the large-scale application of MOFs.
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CHAPTER 7: CONCLUSIONS

7.1 Cr(VI) Capture

Non-woven polypropylene cloth coated with pulsed plasma poly(vinylbenzyl
chloride) and functionalized with either a calixarene carrying tertiary amine
groups (DMAM-calixarene) or with N-butylimidazole was shown to efficiently
capture chromium(VI) oxoanions from water. This filtration was successful at
neutral pH and even at low starting concentrations, setting the filter materials
apart from most reported in the literature. Furthermore, they successfully
removed chromium from real wastewater samples down to safe levels and could
be recycled multiple times. The uptake capacities of both functional cloth types
were very similar when exposed to 20mgL™ Cr(VI) solutions:
6.6 + 0.4 mgcrvi) geioth™* for DMAM-calixarene and 6.2 + 0.6 mgcr(vi) gcioth™* for
butylimidazole. Based on these capacities, one gram of functionalized cloth
(about twice the size of the polypropylene cloth used in disposable face masks)
would be able to purify 31-33 L of water with a Cr(VI) starting concentration of
200 pg L2, similar to real-world pollution levels. All these attributes make both
cloth types highly promising materials for point-of-use drinking water purification.

The benefit of using DMAM-calixarene lies in its selectivity in the presence
of high concentrations of competitive anions. As seen in Chapter 4 Figure 6 and
Chapter 5 Figure 4, sulfate and nitrate can particularly impact the capture
efficiency of functional cloths for Cr(VI). The capture efficiencies depicted in these
figures for filtration solutions containing a 1:100 molar ratio of sulfate or nitrate
(relative to Cr(VI)) are listed in Table 13.
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Table 13: Comparison of Cr(VI) capture in % between cloths functionalized with DMAM-
calixarene, DMAM-phenol, or butylimidazole when using 10 mL filtration solutions
containing 2 mg L™ Cr(VI) and sulfate or nitrate anions in a 1:100 molar ratio.

Cr(VI) capture in %; cloths functionalized with:
Filtration Solution

DMAM-Calix. DMAM-Phenol Butylimidazole

Cr(VI) : Sulfate

+ + +
1-100 86.7+2.1 71.7+14.1 57.0+8.8
Cr(VI) : Nitrate

+ + +
1-100 65.1+3.4 29.0+5.1 42.4+0.3

In the presence of large amounts of sulfate, the Cr(VI) capture for DMAM-
phenol (the repetition unit of DMAM-calixarene) and butylimidazole functionalized
cloths was not as high as for DMAM-calixarene cloth. Notably, a large variation
in capture efficiency was found between experiments, further indicating a certain
unreliability of the non-calixarene functional cloths. In the presence of large
amounts of nitrate, the Cr(VI) capture of both DMAM-phenol and butylimidazole
functionalized cloths is even lower. The fact that butylimidazole cloth performed
slightly better than DMAM-phenol cloth in this case could be explained by its
suitable chemical softness, as discussed in Chapter 5. Once again, however,
DMAM-calixarene cloth performed better than the other two cloths, underlining
the impact of the calixarene shape on selective pollutant capture.

Nevertheless, butylimidazole functionalized cloth performed just as well as
DMAM-calixarene functionalized cloth when it came to purifying real wastewater
samples from India. Since N-butylimidazole is a significantly simpler molecule
and therefore cheaper in production, it could therefore be suitable for the
preparation of filtration materials for many situations, in which the concentration
of sulfate or nitrate in the water is not particularly high.
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7.2 Point-of-Use Water Purification

As discussed in Chapter 2, there are various toxic heavy metal water
pollutants present in different parts of the world, under a variety of circumstances,
be it due to natural occurrence (arsenic), plumbing (lead), or industrial pollution
(many including chromium and lead). While developed countries are usually able
to provide their population with safe tap water, many people in developing
countries rely on groundwater and surface water. As stated in the introduction,
each year more individuals die from unsafe water than from all forms of violence
put together. Many of these deaths can be attributed to illnesses caused by
bacteria and viruses, but numerous ways already exist to remove these pollutants
at point-of-use, from boiling to filtration through small pores. Removing dissolved
contaminants from water is significantly more difficult for the end user.
Nevertheless, point-of-use water purification methods that target heavy metal
ions are urgently needed, due to the many negative health effects they cause,

even at low concentrations, when consumed over an extended period of time.

This thesis contributes to the development of efficient filter materials that
selectively capture toxic heavy metal ions from water. While the pandemic
prevented me from completing my experiments regarding arsenic and lead
filtration, it is my hope that the concepts | developed for chromium capture and
my outlined plans for the other two contaminants will inspire others to continue
the research in this field. | showed that non-woven polypropylene cloth coated
with pulsed plasma poly(vinylbenzyl chloride) is a versatile base to which
functional molecules that target specific pollutants can be attached. With this
method, | prepared a total of three different filters that efficiently remove Cr(VI)
oxoanions from water, even at neutral pH and very low starting concentrations.
By changing the functional groups of capture molecules, for example by using
slightly different calixarenes, these filters can be expected to be easily adapted

to target other ions.
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7.3 Outlook

| envision that by continuing this research, a library of functional filters for
specific pollutants could be available one day. Depending on the specific needs
of a location, the appropriate filters could then be stacked to make water safe to
consume. While it is difficult to create filters that selectively target multiple harmful
substances—as explained in Chapter 2 there is not even a filter material that can
reliably capture both As(lIl) and As(V)—, functional cloths could be stacked easily,
thus creating combined filters. Since they are a continuous material, they would
furthermore be safer to handle than powder-like resins, especially when applied

by laypeople at point-of-use.

Our experiments with MOF-508 add other potential routes towards the
preparation of functional water filters. When a filter is functionalized directly with
capture molecules, its maximum uptake is limited by the overall surface area of
its fibres. MOFs however have a vast internal surface area and are therefore very
attractive for adsorption applications. Our research has shown that MOF-508 can
be synthesized on unfunctionalized polymer surfaces and it is likely that this could
also work with other MOFs that contain similar metal centres or ligands since in
the case of MOF-508 all three (Zn ions and both ligands) adsorbed to the polymer
surfaces. One of the substrates used was non-woven polypropylene cloth,
indicating that this could offer a straightforward strategy to prepare MOF-based
water filters. Another option could be to move a MOF film from a flat substrate it
was synthesized on to a porous membrane acting as filter base. Since we showed
that MOF-508 grown on unfunctionalized flat HDPE could be transferred onto
glass by using a thermal transfer tape, this process could be easily scaled up to

industrial production.

173



