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Abstract

Mercury is one of the most hazardous environmental pollutants due to its immediate
health implications on humans. With the potential of pollution of water due to industrial
activities, a need for assessment of mercury levels in waters is needed. Metal organic
frameworks (MOFs) have emerged as a new class of crystalline porous materials with
potential deployment for chemical detection thanks to their outstanding features. This
thesis presents the synthesis of a novel MOF namely NH»-Cd-BDC that was
successfully developed and investigated toward mercury detection in a competitive
aqueous medium in presence of other metal ions. NH2-Cd-BDC is composed of
Cadmium ions (Cd?*) as the metal cluster and 2-aminoterephthalic acid (NH2-H2BDC)
as the organic linker. The luminescent property of the MOF provides a cost-effective
and nondestructive method for testing the detection ability of the MOF using fluoro-
spectroscopy. The experiments showed that the developed MOF has a limit of detection
(LOD) of 0.58 uM and demonstrated the superiority of mercury detection in
comparison to other metal ions including Na*, K*, Ca?*, Cr3*, Cd?*, Cu?*, Pb®" and Fe*".
Several characterization tests of the novel developed MOF were executed including
XRD, FTIR, TGA, FE-SEM and SEM to inspect its crystalline structure and thermal
stability. The experimental study revealed that the MOF has a crystalline sea-shell
shape, providing a large pore size for the mercury to be trapped in. To investigate how
the NH>-Cd-BDC synthesized stands against other reported MOFs in the literature,
three other MOFs, namely NH2-MIL53(Al), NH2>-MIL88(Fe) and NH.-UiO-66(Zr),
were prepared using microwave-assisted synthesis procedure and their capability to
absorb mercury was investigated. All three MOFs comprise the same organic linker
(NH2-H2BDC) but different metal clusters, AI**, Zr?* and Fe3*. All the three MOFs are
characterized using XRD, FTIR, FE-SEM and TGA. Similar to the novel MOF, the
performance of the other three MOFs was assessed by experimenting their capability
to detect mercury in presence of aforementioned metals ions. The LOD values were
found equal to 0.51 uM, 1.03 uM and 1.94 uM for NH2-MIL53(Al), NH2-MIL88(Fe)
and NH.-UiO-66(Zr), respectively. This indicates the suitability of the NH.-Cd-BDC
MOF for mercury sensing applications.

Keywords: Mercury, detection, metal organic frameworks (MOFs), luminescence
property, metal ion selectivity.
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Chapter 1. Introduction

1.1.  Overview

Mercury contamination in water bodies across the globe has been rising
concerns due to its toxicity for living creatures, bio-accumulative potential and
persistence to degradation. Mercury ions get attached to aquatic animals’ bodies
through chemical bonds formed with protein content that are extremely difficult to
break. Upon human consumption of aquatic animals, the mercury content is transferred
and magnified to the protein content of the human body. The toxicity of mercury ions

then causes major health issues to humans [1], [2].

Metal Organic Frameworks (MOFs) are a new class of composite materials that
are gaining high interest in the scientific community. The structures of these MOFs are
highly tuneable to suit several engineering applications. MOFs are composed of metal
ions (clusters) and organic linkers (organic skeletal compounds with functional groups)
attached together to form a material with high porosity. This material can be tailored to
have certain chemical and physical characteristics to target specific applications. MOFs
have many appealing properties including high porosity and luminescence ability which

makes them suitable to detection purposes [3], [4].

In this research, we develop, characterize and analyze MOFs for the detection
of mercury in aqueous environments. A novel MOF was synthesized from cadmium
and 2-aminoterephathalic acid with the aim to detect low levels of mercury in water.
The analysis of the novel MOF includes testing the MOEF’s ability to detect mercury in
a competitive environment, at varying concentrations and inspecting its sensing
behavior with other metal ions. Moreover, the performance of the MOF was compared
to other promising MOFs reported in the literature for mercury detection. All the MOFs
were synthesized using microwave synthesis due to its advantages including providing
a fast synthesis route and consuming low energy [5]. Some MOFs weren’t reported to
have microwave synthesis and this research presented a suitable microwave synthesis
route. All MOFs were characterized to gain an insight on their morphology and

distinctive structural features.
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1.2.  Thesis Objectives

Given the serious effects that mercury can cause to humans, this research aims
to synthesize a novel material with the capability to effectively detect low mercury
levels, in the range of micro-molar, in water bodies. This research utilizes the concept
of metal organic frameworks (MOFs) to design a novel derivative of such material that
is capable of detecting mercury at low concentrations and in a competitive ionic

environment. The objectives of this thesis can be summarized as the following:

e Develop, characterize and test a new MOF that is composed of cadmium ions
and 2-aminoterephathalic acid molecules.

e Compare the performance of the novel MOF to previously reported MOFs in
literature. The comparison is to be made by synthesizing three competitor MOFs
in-house. All the MOFs are to be characterized and tested for detection

performance.

1.3. Research Contribution

The contributions of this research work can be summarized as follows:

e Synthesis, characterization and analysis of a novel MOF, namely NH>-Cd-BDC,
made of cadmium metal ions and 2-aminotelephathlic acid molecules using
microwave-assisted heating. The MOF was capable of detecting low
concentrations of mercury and showed excellent performance in presence with
other metal ions in the aqueous environment at higher concentration.

e Synthesis of similar MOFs composing the same organic linker and three
different metal ions, AP*, Zr¥* and Fe®*. All MOFs were prepared using
microwave-assisted synthesis, which provided new synthesis route for some of
these MOFs.

e Comparative performance analysis of the four aforementioned MOFs. The
comparative analysis aimed at understanding the performance level of the novel

MOF compared to previously reported MOFs.

1.4.  Thesis Organization
The rest of the thesis is organized as follows: Chapter 2 provides a detailed
background and literature review about mercury, MOFs and microwave-assisted

synthesis for MOFs. The synthesis procedure, characterization and testing of the novel

13



MOF are discussed in Chapter 3. Chapter 4 presents the comparative analysis of four
different MOFs developed in this research. Finally, Chapter 5 concludes the thesis and

outlines the future work.
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Chapter 2. Literature Review

2.1.  Mercury

Heavy metals contamination in water bodies have been raising concerns across
the scientific community due to their high toxicity. Heavy metals are a group used to
describe some of the transition metals found in the periodic table. Arsenic, lead,
chromium and mercury are some of the heavy metals that have serious impact on
humans and aquaculture animals [6]. These environmental pollutants are usually
released into open water via several sources including coal-burning electric utilities,
chlorine and cement manufacturing plants, battery wastage and spills from electronics
spares [7]-[9]. The entry point of heavy metals to water sources are numerous and
include dissociation of metal salts deposited as waste from industries [10], landfill
leachate that could reach nearby water sources and it might contain heavy metal ions in
it [11]. Also, air pollution that can carry these metal ions in gaseous forms, where they
can dissolve in the water upon direct contact [12]. Hence, it is very difficult to control

water pollution and it sources.

Mercury (Hg) is one of the most hazardous environmental pollutants due to the
bioaccumulation of the ions in the body of recipients. Mercury ions have a special
property that allows them to have a high affinity to the amide group (NH>), which is
found readily in the human body as it present in lipids and proteins. This high affinity
results in the mercury forming a bond with the proteins that makes it extremely hard
for the human system to remove [13]. Hence, the phenomena of bioaccumulation results
in mercury concentration increasing in the human body over the years. This mercury
bonding causes major health problems for humans such as kidney failure, damage of
the neurological systems and can eventually lead to fatality when the concentration
exceeds 0.00003 mg/L [1]. Also, a concept of bio-magnification occurs as the mercury
concentration gets intensified with the fishes and aquatic animals feeding upon each
other [14].

Mercury entry point to the water is usually through the gas known as
methylmercury (MeHg). This gas can be released naturally due to volcanic eruptions
or can be released industrially due to the degasification process during mining [15]. The
released methylmercury is soluble in water and infiltrates it to bind to aquatic animal

and/or plants. The binding happens as the mercury ion breaks apparat from the
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methylmercury ion complex and becomes free to bind. As stated above, the natural
tendency of the mercury ion allows it to easily bind to the plants and/or animals as they
are rich in lipids containing NH2 functional groups [16]. According to the studies
reported in the recent paper by Yang et al. [17], the amount of mercury present in waters
has gone up by 10-12 times ever since the beginning of the industrial revolution. Due
to the growing concern for higher mercury concentrations in aquacultures and the
aforementioned consequences on human health, there is an urgent need to assess the
contamination of coastal sea water on a regular basis to ensure safe and sustainable

fishery products [17].

2.2.  Current Detection Methods of Mercury

Currently some detection methods of mercury exist. First type of detection is
batch sampling, where water samples are withdrawn and sent to laboratories. These
laboratories use either Chromatography or atomic spectroscopy to quantify the mercury
level in the samples [18]. These techniques are highly accurate but they are expensive,
due to the high capital cost of the equipment. Additionally, the batch nature of the
detection method provides a disadvantage and presents an opportunity for the
development of a more independent and real time system. Moreover, another common
method for detection of Mercury is using a cell microbial sensor. This basically utilizes
the DNA of cells that allows to bind to Mercury ions and compound forms of Mercury.
The result of this binding is causing a change to the cell structure due to the capture of
mercury [19]. The disadvantage of this technique is the complexity of quantifying the
detection amount of Mercury and the sophisticated maintenance required to ensure the
cells are not dis-functionalized. Thus, an alternative chemical sensor is needed that

allows for an inexpensive set-up and can operate in a robust environment.

In addition to the specified methods above, scientists and researchers have
continued on developing new materials to detect mercury in aqueous solutions. The
materials synthesized were adopting the new insights gained about chemical
compounds and their properties to produce materials with desired characteristics. In
particular, the characteristics of such materials, need to ensure high selectivity to
mercury in a competitive water environment of different ions, high water stability and
most importantly a low limit of detection that allows for capturing very small

concentrations of mercury as required in several engineering applications [20]. For
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instance, Prakashan et al. [21] developed a copper-silver core shell nanoparticles coated
with SiO2-TiO2-ZrO. ternary matrix to detect mercury. The SE nanoparticles were
tested for mercury detection in aqueous solutions and the material limit of detection
was found equal to 0.01 uM. The material was also tested with other ions and was
proven to have high selectivity for mercury [21]. These materials provide a solid basis
for understanding the mercury detection mechanism. However, the deployment of such
materials requires sophisticated and costly equipment. Wu et al. [22] synthesized a
coumarin probe that has the ability to detect mercury in aqueous solutions. Coumarin
is a metal organic compound that belongs to the class of aromatic organic compounds.
The coumarin is joined with a chemical additive and is capable of detecting mercury at
low concentrations, where the LOD was reported to be 0.12 uM. The coumarin probe
also possess a fluorescence property that enables it to be easily used for detecting
mercury without the need for any expensive equipment. However, the coumarin probe
shows no regeneration capibilities, meaning that the bond formed between the coumarin
and mercury is so strong that it cannot be broken. Hence, the coumarin probe can be
only used one time and then needs to be disposed [22].

2.3.  Metal Organic Frameworks (MOFs)

In order to assess the mercury threat in water bodies, the deployment of
chemical sensors with the capability to conduct real-time and in-situ measurements is
needed. The development and analysis of chemical sensors for the detection of different
ions and environmental pollutants have been the topic of several research studies [23]-
[25]. These chemical sensors have advanced to be at the Nano-scale to prevent
disruptions in the water ecology [23]. Nanomaterials are used in many applications such
as in drug delivery applications [24], chemical sensing [25] and separation and filtration
purposes [26]. A special and highly capable class of material that can be prepared at the
Nano-scale is Metal Organic Frameworks (MOFs). MOFs are a new class of crystalline
porous material with potential in several engineering applications. MOFs have gained
significant interest as promising material thanks to their outstanding characteristics that
include ease of modification and functionalization to selectively detect a specific
chemical, tunable pore size and luminescence [27], [28]. These properties have allowed
MOFs to be successfully deployed in a wide range of engineering applications such as;
gas separation [29], heterogeneous catalysis [30], removal of micro pollutants [31],

[32], pharmaceutical manufacturing processes [33] drug delivery carriers [34], [35] and
17



chemical sensing [29]. MOFs are composed of a metal cluster that hold organic linkers
together in a rather stable structure. The metal cluster is a simple metal ion (or can be a
complex ionic structure of different ions) and the organic linker is an organic skeleton
with different active groups attached to it [31]. Surface modifications and
functionalizing of MOFs play a vital role in designing high performance materials for
targeting specific analytes (e.g. Hg?*) for simultaneous sensing and removal. In
addition, porosity is an important property that is studied extensively to analyze the
ability of the MOF in the removal of analytes. All MOFs are known to be porous but
have different voids according to the MOF’s structure and constituents used. The
porosity of the MOF is usually examined using a Brunauer-Emmett-Teller (BET) test.
The BET test gives numerical measurement of the voids and the MOFs adsorption
capacity, which is helpful in the case of removal scenarios [36]. Also MOFs possess a
very important property that allows them to be used for the sensing applications, which
is the regeneration ability. Upon detecting the material through chemical or physical
bonding, a reagent can be used to undo the bonding reaction. This is known as
regeneration and it allows the same MOF to be used several times before it becomes
ineffective. This is considered an exceptional property that allows for industrial use as
it is a cost-saving material [37]-[40]. MOFs have recently started being produced in
large quantities by large chemical manufacturers, such as Sigma Aldrich. However,
many are still only found in literature in journal databases due to the high tune-ability
of the material. For example, Ruiz et al. synthesized a tuned version of the
commercially sold ZIF-8 MOF. The ZIF-8 MOF is commercially sold but the
researchers self-assembly it on to a beam to allow for the detection of CO> gas. The
produced sensor showed high capability of CO> detection and presented a potential
sensor assembly that can be utilized for further sensing applications in the near future
[41].

2.3.1. Microwave-assisted synthesis for MOFs. An important advantage of
MOF is the ease of synthesis, where a solution is usually prepared and then heated to
allow for the formation of the rigid structure. To date, most commonly heating
mechanisms used for the preparation of MOFs are based on conventional-solvothermal
methods, which require long synthesis time and high energy consumption [42]. As a
result, the development of new alternative methods has been attracting a great interest

among researchers and scientists including: microwave irradiation [43], sonochemical
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irradiation [44], mechanochemical [45] and ultrasonic methods [46]. The present
research work focuses on the use of microwave irradiation as a synthesis technique
rather than the conventional solvothermal method due to several advantages. Indeed,
microwave irradiation uses the known microwave frequency wavelengths to create a
heating effect using either dipole rotation or ionic conduction [47]. This heating
mechanism provides more intensive power per unit time when compared to the regular
solvothermal heating, which constitutes the basic mechanism of conventional
laboratory ovens. This greatly shortens the time needed for the reaction to happen from
several days to few minutes. This constitutes one of the major advantages of using
microwave irradiation [47], [48]. Furthermore, microwave irradiation does not affect
the morphology of the material to be produced. For example, the produced material
would preserve its crystalline structure when using microwave irradiation [5]. Another
advantage that make the synthesis of MOFs using microwave more favorable over the
conventional oven is its low energy consumption levels [47]. As such, several research

groups have successfully used microwave irradiation for the synthesis of MOFs [49].

2.3.2. Amino-functionalized MOFs. Recently amino-functionalized MOFs
have attracted a noticeable attention mainly due to their high fluorescence ability [39],
[50] and for their Hg?* detection, given the strong coordination between the amino
group and Hg?" ions [50], [51]. The NH. group present in amino acids provides a strong
linkage point which attracts the mercury ions and allows for the formation of a complex
ion. This attraction to the NH> group is caused due to the NH2 being a nucleophilic
center. Nucleophilic centers are molecules with a tendency of pairing due to their ability
to share electrons. The partial polarization concept offer occurs in these nucleophilic
centers due to the difference in electronegativity. Mercury, being a positively charged
ion, gets attached firmly to the nucleophilic center as the positive charge gets attracted
to the free electrons the nucleophile is giving [52]. This complex ion formation,
resulting from a substitution reaction, ensures bonding of the mercury ion. This
formation leads to a change in the structure of the amino group and then affects the
MOF fluorescence and weight. This feature allows for cost-effective and simple
detection mechanism using fluoro-spectrocopy [50], [51]. Moreover, this allows for a
higher selectivity towards mercury ions as well in a competitive environment [52].

Figure 1 below shows how the mercury attachment happens, which is based on a
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Zirconium MOF published in literature that can detect mercury due to the

functionalized amino group.

COOH

Figure 1: Amino-functionalized MOF synthesis and mercury attachment to amino-
functional group [53].

An example of MOFs synthesized using amino-functionalized MOFs is the
MOF synthesized by Zhang et al. [54] which contained an amino-functionalized
organic linker. The organic linker had the standard carbon-hydrogen backbone but was
modified by adding several functionalization groups. These functionalization groups
aimed at providing mercury with more active sites for binding and allowed for structure
maintenance after mercury adsorption. The metal cluster used for the MOF was copper
and the MOF was synthesized using the regular solvo-thermal method. The MOF was
tested against other metal ions and showed very little or no response to them. The limit
of detection of the MOF was determined to be 5.88 uM. In addition, Xia et al. [55]
synthesized different MOFs using the same metal cluster but different organic linkers.
The purpose of the study to see how the different organic linkers that have different
amount of amino-functionalized groups could affect the mercury detection ability of
the MOF. Amongst the organic linkers, T,TATAB was found out to have the best
detection abilities towards mercury. This is due to the pore size and accessibility of that
the mercury enjoys in the structure of To,TATAB. This allows the MOF to be quite
effective in capturing mercury ions. The limit of detection of the material was
determined to be 4.4 nM, showing the great abilities the MOF can have in detecting
mercury at very low concentrations. Many examples from literature use amino-
functionalized MOFs to prepare sensors that are capable of adsorbing mercury in

aqueous solutions. Some of these MOFs are mentioned below in the proceeding section.

2.3.3. Luminescent MOFs for mercury from literature. MOFs have
numerous advantages for use as detector material including their luminescence ability,
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high surface area, short response time, high removal efficiency and tailor-ability of the
surface functionality. These MOFs have been extensively investigated for mercury
adsorption and have caught interest due to the ease in the detection mechanism.
Luminescent MOFs are materials that possess the property of glowing under certain
wavelength of the electromagnetic spectrum. The wavelength of light emission depends
on the compounds constituting the MOF, where different organic linkers and metal ions
have different wavelengths that excite their electrons. It allows then for the use of
relatively inexpensive detection method such as the fluoro-spectrometer to inspect the
detection capability of the MOF [31], [32]. Wu et al. [33] developed Cd-EDDA
luminescent MOF for mercury detection in aqueous solutions. The produced MOF has
shown an instantaneous response and high selectivity for mercury ions in aqueous
media. The use of cadmium ions in the metal cluster adds to the luminescence property
of the MOF. The limit of detection of the MOF was measured and found equal to at 2
nM [33].

Yang et al. [34] synthesized and tested two cadmium based MOFs that had the
potential of detecting heavy metals inside water. The first cadmium-based MOF was
developed using Cd(OAc)2+2H20 and NH2-H2BDC producing a MOF that has a long
chain of OAc and the NH2-H2BDC attached to cadmium. This MOF was tested for the
detection ability and was found to have a very high selectivity for copper ions with a
LOD of 1.2 uM. The second MOF developed was also containing cadmium as its metal
cluster but had a different organic linker known as Hatbta. This organic linker contains
bromine ions attached to an organic skeleton similar to the one found in the NHo-
H>BDC. This MOF was observed to be selective for mercury ions in aqueous solutions
with a LOD of 0.29 uM [34]. Su et al. [56] synthesized a new MOF that is composed
of cobalt (Co (II)) as the metal cluster and 4,4'-(hexafluoroisopropylidene)diphthalic
acid) (4,4'-bis(imidazol-1-yl)-biphenyl, H4hfpd) as the organic linker. This MOF was
tested for mercury detection and showed great ability to immediately detect mercury in
a competitive environment in presence of several heavy metal ions. The performance
of the MOF was assessed for low concentrations of mercury. It showed a limit of
detection of 4 pM. This value was obtained by examining the fluorescence quenching
when the Co(l1)-based MOF is exposed to mercury ions at different concentrations [56].
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Sun et al. [57] used the commercially produced MOFs for mercury detecting.
Fe-BTC is a commercially sold MOF that can be found at chemical stores retailers. The
researchers modified the MOF structure by treating it with dopamine and a spontaneous
reaction causes the dopamine to polymerize and form polydopamine. Hence, the new
synthesized MOF is known as Fe-BTC/PDA. The new MOF exhibited high detection
properties for mercury ions as well as lead ions. The experiments revealed that the MOF
can uptake up to 394 mg of Pb®* and 1634 mg of Hg?* per gram of the MOF. The MOF
was tested on a 1 ppm solution and showed a removal rate of 99.8% of the ions [57].
Liu et al. [51] prepared a MOF known as Cd-HsTATAB that composes of Cadmium as
the metal cluster and 4,4’,4"-s-triazin- 1,3,5-triyltri-p-aminobenzoic acid (HsTATAB)
as the organic linker. Moreover, the MOF was tested for Mercury detection and proven
the ability to detect Mercury in a competitive environment in a rapidly fashion. The
MOF was tested on a concentration of 1 mM and proven its detection abilities by
observing how the fluorescence quenched when the Cd-HsTATAB captured the
Mercury ions. However, the limit of detection was not reported in this study. The Cd-
H3TATAB has a fluorescence emission at around 360-365 nm at an excitation of 310
nm. Also, the study included the behaviour of the Cd-HsTATAB at different
concentrations of Mercury. However, the synthesis of the Cd-HsTATAB was done
using the traditional laboratory oven and it takes 72 hours (3 days) continuously being
heated in the oven. According to Liu et al., the physical properties of the Cd-H:TATAB
is that it is a solid yellow powder at room temperature [51]. Furthermore, the Cd-

H:TATAB MOF has a tetragonal shape as presented in Figure 2.

Figure 2: 3D image of the structure of the Cd-H3TATAB MOF [59].
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Figure 3: The different MOFs produced by Zhang et al. [58] and the synthesis
routes of each MOF [58].

Xie et al. [58] synthesized a Fe-MOF for mercury detection purposes. The NH2-
MIL88 (Fe) MOF synthesized is composed of Fe** as the metal cluster and the NH2-
H2.BDC as the organic linker. However, the MOF was synthesized with the aim to
reduce the size of the particles for better water deployment. The MOF was synthesized
using the regular solvo-thermal synthesis at 120°C for 20 hours. The Fe-MOF exhibited
performance in mercury detection as anticipated and was capable of detecting mercury
at low concentrations, up to 40 ppb [58]. Zhang et al. [50] developed five MOFs
combining the organic linker NH,-H2BDC with different metal clusters (AIP*,Fe®*, Ti**,
Zr* and Cr®) and investigated their detection capability of mercury. Their
experimental study revealed that the MOFs made of aluminum and iron ions have the
highest detection abilities. The aluminum based MOF showed the most superior
detection performance. The developed MOFs have fluorescence abilities that facilitate
the inspection of their detection capability using the fluoro-spectroscopy meter. The
excitation level of the MOFs were all set at a wavelength of 330 nm and the emission
was detected around 427 nm. The authors performed a detailed analysis of the MOFs
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detection abilities by quantifying the limit of detection (LOD). To do so, they
investigated the detection at various levels of mercury and in a competitive environment
with other metal ions. The reported LOD was 0.15 pM for the aluminum based MOF
which was identified as the best candidate for mercury detection. The study also
featured a pH analysis to show how the MOF detection varied with different pH values.
Furthermore, the AI-MOF’s absorption capabilities was investigated in the study too
and reported promising absorption behavior and capabilities of the MOF. The synthesis

routes are summarized in Figure 3 [50].

24. MEMS

The recent advances in micromachining technology has boosted the
development of miniaturized gas and chemical sensors at reduced manufacturing cost
and time with improved performance, high reliability, easy integration with electronic
circuits and low power consumption. In particular, the deployment of electrically-
actuated vibrating micro-beams for gas and chemical sensing has gained significant
interest in the last few years thanks to their outstanding dynamic features in response
to small variations in their effective mass (on the order of femto- to picogram) and when
vibrating in different fluid domains. The microbeams are usually coated with a sorbent
layer (eg. polymer) with an affinity to the gas or chemical of interest to be detected
[59]. Wang et al. [60], has developed a gas sensing device that can detect various
gaseous compounds such as ammonia and ethyl glycol with concentration as low as 1
ppm. The researchers developed the microsystem with a total area of 3 mm? and used
CMOS integrated system for developing the sensor signal reader. The mechanism of
gas sensing is simple, where the cantilever is hinged on a fixed surface from one side
and when the gas comes in contact with it, the material on the cantilever captures the
gaseous compounds (similar to what MOFs do), this capturing causes a change in the
weight of the cantilever and causes it to bend and vibrate more vigorously. As a result
of this, the electrical system captures this vibration and translates it to a concentration
based on the amplitude and frequency of the vibrations. A calibration curve that is
already designed will be used to do the conversion. Many factors such as natural
frequency of vibration, MOF detection abilities and the air dynamics are all factors that
the system to be designed to account for to provide the accurate reading [60]. Prajesh
and Khanna have utilized the micro-cantilever technology to develop a gas sensing to

detect Ammonia. The researchers were able to develop the system to withstand
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temperatures as high as 250 °C and all need 68mW. Again, the advantages of the micro-
beams and MEMs system is the small size it has, as this one was developed to have a
size of 30 micrometer [61]. Moreover, researchers have started investigating the ability
to develop such systems for liquids; however, the liquids MEMs systems are way more
complicated due to the fact that the parameters controlling the motion (in the gas phase,
it was the air dynamics) are now more complicated because of the introduction of the
water motion. In the gas sensing application, the cantilever was hinged to one side and
that reduce the level of noise the system experiences, but in the case of the liquid,
movements of the liquid can cause distortion of the values. Moreover, if it was water
and the case of aquatic farms as in the case of this research, the tidal waves and fishes
interaction can cause large noises in the frequency curves and may cause faulty

readings; thus, all these values needed to be taken into account [60].

2.4.1. Integration of MOF with MEMS technology. Combination of the
concept of MOFs and MEMS technology can be used to produce an effective chemical
sensor that can detect various chemicals. These MEMS chemical sensors able effective,
real-time and highly sensitive detection to a target analyte. These sensors are usually
composed of the silicon micro-beams coated with MOF and some electrical
components to convert a small change in the effective mass resulting from the
deposition of the target analyte on the micro-beam into a resolvable signal [62]. To
secure an effective detection, the MOF needs to be properly adhered to the silicon
micro-beam [63]. Several observations can be made on the adhering material to be
selected for the purpose of depositing the MOF on the silicon-micro-beam. First, the
MOF needs to stick firmly to the micro-beam surface, so the adhering material needs
to have a high water resistance. Second, the adhering material needs to not interfere
with the MOF and its chemical properties [64]. Hence, upon literature investigation,
polyimide Matrimid was found to be one of the suitable adhering materials to cause the
MOF attach firmly on to the micro-beam [65]. The research work by Koper et al. [65]
showed that the polymer caused great adhering abilities and proved successful in gas
sensing applications. Given that the gas environment is vigorous than the water
environment, the polyimide needs to be further tested for its capabilities of withstanding
the water environment. Koper et al. [65] proposed an facile deposition method of the
MOF on to the micro-beam using a micro-dropper. The technique uses a solvent that

dissolves the polyimide Matrimid and the MOF together. The solvent used in this work
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was ethanol due to its high volatility. Then the solution is deposited on the micro-beam
using a micro-dropper. The used solvent is observed to have a high volatility such that

it evaporates immediately upon deposition [65].
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Chapter 3. Synthesis, Characterization and Performance Analysis of NH2-Cd-
BDC MOF

In this chapter?, the novel luminescent MOF synthesized for mercury detection
in aqueous media via facile microwave irradiation method is presented. The synthesized
MOF is composed of the metal cluster of cadmium (Cd?*) and the luminescent organic
linker NH2-H2BDC. A series of experiments is conducted to investigate the ability of
the proposed MOF to detect mercury in water, determine its LOD and demonstrate its
superior performance in a competitive environment in presence of other heavy metal
ions. The experimental study investigates the structure of this newly developed MOF
by performing characterization tests including XRD, FTIR, FE-SEM, SEM and TGA

3.1. Materials and Methods

3.1.1. Materials. All the chemicals used in the present study were purchased
from Sigma Aldrich through its local supplier in the UAE, LabCo. These chemicals are
cadmium (I1) perchlorate hexahydrate: Cd(ClO4). ¢« 6H20, 2-aminoterephthalic acid:
NH2-H2BDC, Dimethylformamide (DMF): CsH7NO, methanol: CH3OH, Hydrochloric
acid: HCI and Mercury (1) nitrate monohydrate: Hg(NOz)2 « H2O. All chemicals had a
reported purity of 99% from the supplier. All materials were used without further
modification except for the hydrochloric acid (HCI) which was diluted to match the

required concentration of 2 M from its original concentration of 10 M.

The synthesis of the MOF was carried out using the laboratory microwave oven
(MDS-6G Digestion, Sineo). The laboratory microwave can take up to 8 reaction
vessels at one time and allows to input heating loads as step wise functions [66]. The
fluorescence measurements were carried out using the QuantaMaster 300
Phosphorescence Spectrometer from PTI, (Horiba LTD, Kyoto Japan) [67]. The
equipment is accompanied with the software FelixGX Version 4.0.1., used to capture,
record and process the readings of the spectrofluorometer [68]. The sample drying was
done using the standard laboratory oven of mode FD-23 from Binder (Binder, New
York USA) [69].

The work presented in this chapter has been published in the journal of Colloids and Surfaces A: !
Physicochemical and Engineering Aspects. DOI: https://doi.org/10.1016/j.colsurfa.2020.125477
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3.1.2. Characterization. The Fourier Transform Infrared (FTIR) spectra were
recorded from a PerkinElmer spectrophotometer, USA in pressed-disc technique using
KBr pellets. The operating range of the FTIR was set from 4000 to 500 cm-1, with 10
scans being signal-averaged having a resolution of 1.0 cm™ [70]. The X-Ray Diffraction
(XRD) pattern were performed using D8 ADVANCE system from Bruker [71]. The
XRD was set at a 20 range from 5.0° to 50.0°. The step size was 0.03°. The surface
morphology measurements were recorded with TESCAN, model VEGA3 Emission
Scanning Electron Microscope (SEM) [72]. The SEM was carried using two
magnifications, 10 um and 5 pum voltages of 10.0 kV for HV and 5.00 kV for MAG.
The Field Emission Scanning Electron Microscope (FE-SEM) was recorded using
Apreo C FE-SEM model from ThermoFisher Scientific, Czech Republic [73]. The FE-
SEM was carried using two magnifications, 1 um and 500 nm voltages of 5.00 kV for
HV. The thermogravimetric analysis (TGA) of dry NH2-Cd-BDC sample was
performed using the thermogravimetric analyzer from Shimadzu, Japan [74]. The TGA
analyses were performed 30°C to 800°C at a heating rate of 10°C/min under air. All
characterization results were plotted using Matlab. The Dynamic Light Scattering
(DLS) for the particle size measurements were recorded using DynaPro NanoStar from

Woyatt technology. The DLS settings were pre-built in for recording measurements.
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Figure 4: Experimental procedure for the synthesis of the MOF. The steps
include addition of the chemicals, formation of the homogenous solution and heating
of the solution to form the MOFs using microwave-oven.

3.1.3. Synthesis of NH2-Cd-BDC. Figure 4 illustrates the main experimental
steps carried out for the synthesis procedure. The proposed MOF was synthesized by
dissolving 0.251 gram of NH>-H.BDC in 20 mL of DMF. Then, 0.580 gram of

cadmium (1) perchlorate Hexahydrate Cd(ClOa)2 « 6H20 was added to the solution with
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2 mL of methanol and 0.4 mL of 2M HCI. The obtained mixture solution was
transferred into a 50 mL Teflon-lined microwave reaction vessel and heated at 120°C
for 75 minutes at 800 W. The obtained brownish powder was collected by
centrifugation for 3 minutes at 4000 rpm and washed three times with DMF. Finally,
the collected MOFs were dried in oven at 80°C for 1 hour and labeled as NH>-Cd-BDC.

3.1.4. Testing NH2-Cd-BDC. The testing procedures for the NH>-Cd-BDC

MOF will be explained in this section.

3.1.4.1 Single metal ion detection. To test the photo-luminescent (PL)
performance of the developed MOF, a stock aqueous solution of 1.3 mg NH>-Cd-BDC
and 250 mL of deionized water (baseline solution) was prepared. The aqueous solution
was sonicated for 10 minutes to obtain the homogeneous suspension. The fluorescence
of the baseline exhibited an intense emission band at 427nm upon excitation at 330 nm
as shown in Figure 11. Separate solutions were prepared for 9 different ions, these ions
are: Hg?*, Na*, K*, Ca%", Cr¥, Cd?", Cu?*, Pb%and Fe*". The metal salts used to
generate these metal ions are mercury (I1) nitrate, sodium chloride, potassium chloride,
calcium chloride, chromium (1) nitrate, cadmium (11) perchlorate, copper (I1) sulfate,
lead (1) nitrate and iron (I11) chloride, respectively. These metal salts were selectively
chosen due to their solubility in water. All prepared solutions had a fixed concentration
of 1000 uM. Next, the luminescent response of the NH>-Cd-BDC suspension was
tested. This was executed by taking 2 mL of the MOF suspension and adding 0.5 mL
of the ions solutions separately. This gave a final solution with a concentration of 200
UM of the different ions. The final solution luminescence was tested and probed at the
same excitation band of 330nm as shown in Figure 13 and Figure 14. The readings for
fluorescence were taken by the QuantaMaster 300 Phosphorescence and fluorescence
spectrometer as discussed in the Materials and Methods section. The excitation was set
at 330 nm and the range for emission is set between 350 nm and 600 nm. Also, the PMT

detector voltage was fixed at 726 V.

The quenching efficiency of the MOF due to ion adsorption, which constitutes
the main performance metric in our analysis, was reported as a percentage. This
percentage is calculated based on the difference between the fluorescence intensity of
the initial MOF with water without the analyte (Ibaseiine) and the fluorescence intensity

of the MOF with the presence of an analyte (limmediate) @S expressed in Equation (1):
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3.1.4.2 Limit of detection (LOD). In addition to the quenching efficiency, the
Stern-Volmer (SV) equation was used to further evaluate the quenching effect [50].
This equation is given by:

Iy
I

=1+ Ky [M] )

where | (a.u) and I, (a.u) represents the fluorescence intensity of the MOFs in the
presence and absence of the analyte, respectively. The Ksy (M) represents the Stern-
Volmer constant and the [M] (M) represents the molar concentration of the target.
Furthermore, the limit of detection (LOD) experiment was conducted similar to that of
the single ion as mentioned above, where 0.5 mL of different concentration of Hg?*
solution (5 uM — 1000 uM) was added to 2 mL of the MOF stock solution so that the
final concentration range is 1 uM — 200 pM. Based on the Stern-VVolmer (SV) equation,
the LOD was determined by testing the mercury quenching at different concentrations
(200 uM to 1 uM). Figure 15 illustrates the quenching of the MOF when exposed to
mercury of different concentrations. The LOD was calculated based on the following
equation [50]:

3*SD
LOD = @)

m

where SD represents the standard deviation of the error (standard error of regression)
and m is the slope of the best fit for the low concentrations curve presented in Figure
16. The values reported in the y-axis were obtained by computing (I/lo — 1), where 1
and lo denote the fluorescence intensity in the presence and absence of the analyte,
respectively. The graph shown in Figure 16 is based on the computation of the Stern-
Volmer equation [50]. To verify the repeatability of the experiments, 6 replicates were
considered to identify the LOD of the developed MOF. The average of the intensity
measurements was computed to calculate the value of (I/lo — 1). The obtained value of

LOD is based on the average of these 6 trials and the error bars are reported in Figure
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16 to confirm the consistency of the experimental measurements, despite the low
mercury concentration considered in the LOD experiments. Similarly, the LOD of the
developed MOF for Iron was computed using 3 experiments replicates and following
the same calculation procedure. The obtained LOD for Iron is reported along with the
Stern-Volmer graphical representation as shown in Figure 18 which also contains the

error bars indicating a slight deviation in the experimental results.

3.1.4.3 Competition and selectivity. Given the complexity of the detection
mechanism in real water matrix, the detection selectivity of NH>-Cd-BDC constitutes
an important factor that should be investigated to ensure the operability of the MOF for
real scenarios. To assess the capability of NH.-Cd-BDC to act as a highly selective
probe for Hg?" in the presence of other competing metal ions, suspensions of MOFs
containing Hg?* were spiked with various metal ions including: Na*, K*, Ca?*, Cr¥*,
Cd?*, Cu?*, Pb* and Fe**, while doubling their concentration with respect to that of
mercury. Then, the fluorescence change in the photoluminescence of the mixture was

measured. Figure 19 shows the results of the conducted competition test.

We note that all experimental results were processed and plotted using the

software tool Matlab.

3.2.  Results and Discussion

3.2.1. Characterization. In order to develop a good understanding of the
structure of the newly developed MOF (NH.-Cd-BDC) and its detection mechanism,
several characterization tests were conducted including: XRD, FTIR, FE-SEM, TGA
and SEM. The XRD test was performed on three samples: a fresh sample, a sample kept
overnight in water and a sample after Hg?* ions detection/adsorption. The results are
displayed in Figure 5. The fresh sample result provides an insight on the crystal
structure of the developed MOF (Figure 5(a)). We observe the occurrence of peaks
approximately at 13°, 19° and 27°, which are unique for the newly-produced MOF.
These sharp peaks indicates that the MOF has a solid crystalline structure, rather than
being an amorphous structured MOF. Water stability of the MOF was also studied by
taking into consideration the fact that the MOF will be deployed in water to detect Hg?*
ions. A sample of MOF was soaked in water overnight and then the XRD test was
conducted to inspect any possible change in the structure due to the exposure to water.

The corresponding XRD results are shown in Figure 5(b). An overall overlap was
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clearly observed between the two patterns. This indicates that the MOF NH>-Cd-BDC
maintained its crystalline structure and did not experience any potential collapse after
being soaked in water for a period of time. The intensity of some peaks have been
reduced in comparison to their counterparts in Figure 5(a). Yet, they still maintained
their sharpness and did not convert to wider peaks. This confirms that the structure
remained crystalline. Moreover, Figure 5(c) presents the XRD of the NH2-Cd-BDC
after detection of mercury ions. Upon comparison with the XRD of the fresh sample,
we observed some difference in the intensity of some peaks of Figure 5(a) and Figure
5(c). For example, the intensity of the peaks at 10° and 20° is much higher in Figure
5(c) compared to Figure 5(a). Moreover, a few peaks appear in the XRD pattern besides
the pattern of NH>-Cd-BDC. For example, the new peak observed at around 7° and 22°
in Figure 5(c). The third observation is the noticeable decrease in the degree of
crystallinity of the MOF. This can be observed through an overall pattern of the peaks
seen in Figure 5(c). These observations indicate a possible formation of a new kind of
structure resulting from the attachment of mercury to the MOF. This finding is

consistent with the experimental results reported by Wu et al. [75].
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Figure 5: XRD test results for NH2-Cd-BDC indicating a solid crystalline structure.
(a) XRD for a fresh MOF sample. (b) XRD for overnight sample of MOF soaked in
water. (c) XRD for a NH,-Cd-BDC MOF sample after detection of Hg?* ions.

Figure 6 represents the FTIR pattern of the NH>-Cd-BDC sample. The first peak

is obtained at around 3400 cm™. This peak is indicative of the presence of the hydroxyl
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(OH) bond in the tested sample. According to the literature, this peak is attributed to
the OH bond stretching, indicating the presence of water (or possibly moisture) in the
tested sample [76], [77]. The second peak is observed in the range of 1600-1675 cm™.
This range is attributed to the amide (NH bond) bend majorly along with CO bond bend,
C-C bond stretch and N-C bond stretch as reported in the literature [78], [79]. The FTIR
results confirm the presence of the amide group, which is important for the purpose of
mercury detection, given the high chemical affinity of mercury to the amide, as will be
explained further in the coming section. The major peak that is present in Figure 6, is
the peak obtained around 1400 cm™. This peak is attributed to the stretching of the
phenol group as reported in literature. Phenol group is found in the structure of the
organic linker and possible formation of a standalone phenol in the structure of the
MOF [76], [77], [80]. Furthermore, a group of peaks can be observed in the range
between 800 cm™ and 400 cm™. These peaks indicate the stretching of the bonds that
exist between the metal ion and the organic linker. For the case of the NH,-Cd-BDC
MOF, these bonds connect the cadmium ion and the oxygen ions. Similar observation
was previously reported by Wu et al. [81] and Carlos et al [82]. Where in the work of
Wu et al. [81] a similar peak at 500 cm™ was found when the cadmium (1) perchlorate
hexahydrate was used to produce the metal cluster for the MOF, which is the same
metal salt that was used in this work as well. This indicates that when this metal salt is
used a certain bond stretching occurs at 500 cm-1 and is indicative of the cadmium and

oxygen bond stretching [81].
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Figure 6: FTIR test results of NH>-Cd-BDC.
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To gain further insight on the structure of the developed MOF, the SEM test
was conducted. The obtained SEM images are displayed in Figure 7. Figure 7(a) shows
the results obtained at a magnification of 10 um and Figure 7(b) presents the results
obtained at a magnification of 5 um. The results of this test confirms again the
crystalline structure of the developed MOF as proven by the XRD tests. Furthermore,
the SEM pictures reveal that the structure of the MOF is of a sea-shell shape. This
founding is rather distinctive because only few MOFs have this unique shape. To the
best of the authors’ knowledge only the work by Liang et al. [83] reported a similar
shape to the current synthesized MOF [83]. This unique shape of the NH>-Cd-BDC is
advantageous in the detection of Hg?" as it provides a large area of pores for the ions to
be trapped in [83]. Furthermore, it allows for the direct contact between the amino bond
and the Hg?* ions, which further enhances the detection mechanism and allows for the
immediate change in the luminescence of the MOF. To further investigate the surface
morphology of the developed MOF, at higher magnification and resolution levels, the
FE-SEM test was conducted. The images of the FE-SEM test are displayed in Figure 8.
Figure 8(a) and Figure 8(b) show the results obtained at a magnification of 1 pm and
500 nm, respectively. The FE-SEM test results reveal the smooth surface of the flake

like structure of the main sea-shell particles.
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Figure 7: SEM test results for NH,-Cd-BDC. (a) Test results at magnification of 10
pm and (b) Test results at a magnification of 5 um.
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Figure 8: FE-SEM test results for NH>-Cd-BDC. (a) Test results at magnification of 1
pum and (b) Test results at a magnification of 500 nm.
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Figure 9: TGA test results for NH2>-Cd-BDC showing the mass percentage as a
function of temperature.

The thermogravimetric analysis (TGA) was performed on the sample as well to
further inspect the thermal stability of the NH2-Cd-BDC MOF. Figure 9 shows the
corresponding TGA results, presented as the variations of the mass percentage of the
original sample with temperature. The obtained trend indicates that the developed MOF

has high temperature stability. The minor drop in the weight observed around 100°C is
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associated to the evaporation of water (possibly moisture) and remaining solvent or
unreacted chemicals [84]. The first major drops in the mass occur at a temperature of
198°C and then around 350°C, indicating the resemblance and alteration of the polymer
bonds in the NH»-H>BDC linker [85], [86]. The second major drop in the mass observed
at the temperature of 370°C can be explained by the breakage of the backbone of the
polymer of the NH2-H2BDC organic linker and this is indicative of the loss of thermal
stability of the MOF [86]. The drop at around 420°C is mostly attributed to further
breakage of side chains and bonds in the 2-aminoterephthalic acid [87]. At 580°C, the
curve starts to flatten out indicating that the MOFs structure has lost all its crystallinity
[86].

DLS measurements for particle size distributions were also obtained the NH-
Cd-BDC MOF. The DLS provides the hydrodynamic diameter of the particles
suspended in a fluid through the measurement of the speed of these particles. Based on
the Brownian motion theory, the smaller particles move at a higher speed than larger
particles and with aide of the light scattering technique, the diameter of the particles is
determined [88]. The diameter of the MOF particles indicate the adequacy of the MOF
for detection purposes. The smaller the particle size of the MOF is, the better is its
detectability of ions [89]. The DLS our MOF was recorded and the diameter was found
to be 397 nm for NH.-Cd-BDC. The small diameter of the MOF demonstrate its
promising detection ability as the small diameter allows for a higher surface area as

mentioned above.

3.2.2. Prospective structure of NH2-Cd-BDC. We use the results obtained
from the characterization tests along with the main features of the structure of the
organic linker reported in literature to come up with a possible configuration for the
NH2-Cd-BDC MOF structure shown in Figure 10. According to the literature, the NH,-
H2-BDC, which is commercially known as 2-aminoterephthalic acid, consists of a
benzene ring that has an amino group (NH2) attached to it [85], [86]. To this benzene
ring, 2 carboxylic acids attachments are present on both sides of the ring [85], [86].
However, deducing the structure for the developed MOF requires deeper analysis of
how the metal, which is in our case cadmium, will attach. Based on previously tested
and reported MOFs, the metal ion usually binds to the organic linker through forming
complex bonds with the oxygen from the carboxylic acid. This was confirmed by the

FTIR spectra where a peak was observed at 500 cm™ indicates a direct connection
36



between the metal ion and the organic linker [81]. Furthermore, MOFs that are
aluminum and iron based, as reported in literature, showed that the metal ion usually
bonds to the oxygen from the carboxylic acid as stated above [90]. Thus, given the high
similarity in the chemical properties of cadmium when compared to aluminum and iron,
it is anticipated that the cadmium ion will form a similar bond with the carboxylic acid.
Moreover, aluminum, iron and cadmium are all found in the block of transition metals
in the periodic table and share similar chemical behavior when it comes to bonding.
These metal ions are known to have an electron-rich centers. This center favors an
oxidative addition reaction, which in aims at increasing the electron density of the metal
[90]. Hence, the cadmium becoming able to bond with more oxygen ions and form the

structure found in Figure 10.
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Figure 10: Possible structure of the NH2-Cd-BDC MOF.

3.2.3. Detection experiments. In this section, the detection experiments for
the NH>-Cd-BDC MOF will be presented.

3.2.3.1 Detection of mercury. To carry out the mercury detection study, the
potential behavior of the NH>-Cd-BDC MOF was investigated in ageous solutions
toward mercury ions follwing the procedure described in the previous section. As
displayed in Figure 11, the NH,-Cd-BDC shows a drastic fluoroscence quenching upon
the addition of Hg®" into the NH,-Cd-BDC solution. The fluoroscence intensity
dropped significantly and immediately from the baseline (denoted by the blue curve in
Figure 11) that has a peak with an intensity of 9.75 to 0.75 after the addition of mercury,
as indicated by the orange curve in Figure 11. This gives a quenching percentage of
92.3%. Furthermore, it was clearly observed by visual fluoroscence color change of the
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solution under UV light irrandation (365 nm) as shown in the insert in Figure 11. This
fast and strong quenching demonstrates the great property of the MOF in the effective
detection of mercury ions. Furthermore, the large drop in the peak, means that the MOF
luminscene property is greatly affected by the mercury adsorption phenomenon and the
adsorption of the mercury ion causes a major change in the structure of the MOF.
Additionally, the large drop in the peak can be associated to the high rate of capturing
of mercury ions. It is important to note here that the quenching of the MOF due to
mercury absorption happens immediately with no delay at all. This can open the door

for the possibile use of the MOF as a promising adsorbent.
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Figure 11: Mercury detection results obtained from the fluoro-spectrometer. The blue
curve indicates the baseline reading, which is the MOF original luminescent when
added to water. The orange curve indicates the immediate reading after addition of

mercury ions to the MOF solution. The concentration of mercury is 200 uM after
dilution with the NH»-Cd-BDC solution. The excitation wavelength was set at 330
nm.

3.2.3.2 Possible mechanism of mercury detection. To explain the quenching
phenomena observed in Figure 11, a possible detection mechanism is alluded to. Upon
further analyzing how the NH>-Cd-BDC captures the mercury ions in water, we show
in Figure 12 the possible binding mechanism of the mercury ions. According to
literature, the NH2-H>BDC organic linker is a self-luminescent material that has the

amine group in its structure. This amine group presence is of a high importance due to
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its nucleophilic nature [50], [85]. Given these properties, potential configuration and
possible interaction of Hg?* with NH,-Cd-BDC is illustrated in Figure 12. Based on
previously reported studies on detection and trapping mechanisms, the high selectivity
of MOF for mercury ions is probably attributed to the three factors. The first factor is
the large radius and coordination diversity of Hg?*; in this theory the Hg?* ions attach
to the MOF because of the physical properties of the ion possess [91]. The second factor
is attributed to the presence of the amino group (NH2) in the organic linker; these amino
groups have nitrogen centers that are classified as soft donor atoms and they increase
the affinity towards mercury ions, which are considered to be a soft acid. This is the
reason many MOFs that have organic linker consisting of amino groups have high
selectivity for mercury ions. The mercury ions have a high affinity towards attacking
the amine group with their high nucleophilic property, creating a possible bonding
mechanism. This causes the MOF’s luminescence to decrease due to the binding and
possible disruptions in the electronic configurations as a result of the substitution
reaction. This happens when the mercury ions react with the nucleophilic center of the
amine group, i.e. nitrogen [50], [51], [91]. As shown in Figure 12, we find that this is
mostly a dominant factor due to the presence of the amine group and the favorable
attacking phenomena of the mercury ions, which causes the binding and “turn off” of
the MOF. The results of the XRD test reported in Figure 5(c) further confirm the second
factor analysis. This is due to the appearance of new peaks in the XRD of the MOF
after mercury attachment, along with changes in the intensity of the new peak and an
overall blunt shape of the peaks. All these changes in the XRD of the MOF after
attachment indicate that major structure changes have occurred due to the attachment,
which further leads to the conclusion that a new struture is formed. The formation of a
new structure is consistent with the mechanism of mercury attachment as explained
above and the occurrence of the substitution reaction phenomena. The third factor is
the presence of a suflone group, which consists of a sulfur center organic linker [50],
[92]. In this research work, we propose that the mercury ions bind to the amino group
because of the high chemical affinity present due to the presence of the amino group
(nitrogen center theory) along with the fact that mercury ions have their large radius
and coordination diversity contributing to the high selectivity. Additionally, we propose
the unfavorability of the theory of sulfone presence (sulfur center theory). This binding
results in an alteration of the physical and chemical property of the organic linker. This
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alteration will further result in the change of the luminescence property of the MOF due
to the physical change in the organic linker [50], [51]. Thus, upon the capture of
mercury ions quenching of the MOF can be immediately observed and change in
fluorescence can be detected. In addition, we note that the bridgings between metal
nodes are mostly attributed to the oxygen atom from the (ClO4)", which is in good
agreement with previously published MOFs composed of Cd(ClO.)2, metal clusters
[81], [93]. Figure 12 below shows the possible coordination of the multi-layer MOF
with mercury attachment, where the bridging oxygen is indicated. This shows a possible
coordination of the MOF with the use of the Cd(ClO4)2 metal salt for obtaining the Cd-
based MOF.
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Figure 12: Possible attachment configuration of the mercury ions bonding to the
amine group, causing the quenching of the NH>-Cd-BDC.

3.2.3.3 Single ion comparison. Next, to examine the selectivity of the NH>-Cd-
BDC for mercury over other ions, a single ion test was conducted for a wide range of
ions that could be potientally present in water environment. For instance, calcium,
sodium and potassium are readily avaliable in almost every water source, as they are
prime minerals needed by living organsims [94]. Hence, their presence in water is
inevitable and it is important that the proposed MOF is insensitive to them so that the

adsorption will be exclusively performed on mercury. Moreover, chromium, lead and
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cadmium ions are considered as toxic heavy metals and their production from industries
is intense [95], [96]. As such, these ions were tested as well to ensure that the MOF
remains selective to mercury when it is placed in an environment that contains these
ions. Furthermore, we extended our experimental study to include iron ions given the
findings previously reported by Liu et al. [51] revealing that certain MOFs that were
originally designed for mercury detection have a capability to detect iron ions as well
[51]. Similar analogy was considered to include the copper ions in the present
experimental study. As reported by Razavi et al. [97], copper ions have a tendency to
be problematic when the MOF devised for mercury sensing is deployed in a water
containing copper ions [97]. The quenching percentages obtained from single ion tests
for NH»-Cd-BDC to investigate its selectivity in prescence of different metal ions are
shown in Figure 13 and Figure 14. The exeprimental results indicate the superiority of
the NH2-Cd-BDC in detecting mercury as shown from the noticeable decrease in the
luminescence leaving only 7% intensity compared to the baseline. On the other hand,
the single ion tests revealed that the other toxic heavy metals, chromium and lead have
less effect on the luminscene of the MOF. Indeed lead and chromium left 84% and 55%
of the MOF luminscene, resepctively. Also, cadmium, which is another toxic heavy
metal, showed no effect on the quenching of the intensity of the MOF. The MOF
remained luminscent indicating total insensitivity towards it. Additionally, for sodium,
calcium and potassium the MOF showed no adsorption capability as indicated by the
obtained 100% luminscene percentage. This indicates that the MOF has poor selectivity
to these ions that are readily avaliable in water. The experimental observations related
to the analysis of iron and copper ions are consistent with those reported in the literature
[51], [97]. They found that these ions can cause quenching in the intensity of the MOF.
However, the results of quenching are not as high as the one induced by the exposure
to mercury. This indicates better selectivity of the MOF to the mercury ions in an
environment where all the after mentioned ions may co-exist. These results demonstrate
the suitability of the developed MOF for mercury detection in agueous media, even in
the prescence of other ions. We note that the experiments were conducted in duplicate
and repeated three times to confirm reproducibility. The maximum relative standard

deviations (RSD) was found equal to 8%.
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Figure 13: Single ion test for NH2-Cd-BDC to investigate selectivity. All ions were
tested at a concentration of 200puM.
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Figure 14: 3D representation of the intensity of the MOF when exposed to different
ions (single ion detection tests) done for different metal ions. All ions were tested at a
concentration of 200uM.

3.2.3.4 Determination of limit of detection (LOD). The limit of detection
(LOD) of the MOF, indicating the lowest mercury concentration that can be detected,

constitues an important performance metric that needs to be assessed. To do so,
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different concentrations of mercury solutions were tested with the NH.-Cd-BDC
ranging from 5 uM to 1000 uM. We note that these concentrations are those of the
prepared solutions and not of the tested solutions, as the solutions get diluted upon
performing the test. The adjusted concentrations after dilution are calculated to be from
1 uM to 200 pM (denoted by Crg thereafter). This allows for a better mimic of real life
situations and enables to analyze lower concentrations of the sensing elements as
needed to properly identify the LOD of the MOF. We plot in Figure 15 the variations
of the intensity with the wavelength of the tested concentrations as obtained from the
fluorescence spectroscopy. Again, the baseline presents the solution including only the
MOF. As expected, a decrease in the major peak is obtained when increasing the
mercury concentrations. Of interest, the results show that the MOF was sensitive to
mercury until a concentration of mercury of 1 uM, where the obtained curve
approaching the baseline curve. Other concentrations fall in a descending order upto
the 200 uM concentration. These results gave an indication of the limit of detection of
the MOF, which is evaluated by producing the Stern-Volmer graph.
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Figure 15: Mercury detection results of NH.-Cd-BDC for different concentrations of
mercury ranging from 1 uM to 200 pM.
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Next, we use the variations of the peak intensity shown in Figure 15, for low
mercury concentrations to produce the Stern-VVolmer graph displayed in Figure 16. Four
mercury concentrations were studied (1 puM, 2 uM, 8 uM and 20 uM). The equation
obtained from the best linear fit line relating the relative change in the intensity to the
mercury concentration is y=0.028x + 0.033 and the R? value was found equal to 0.99
indicating a linear trend. The slope of the best linear fit curve gives the Ky value, which
was found to be 28.0x10® M? (the Stern-Volmer constant) [50]. We note that the
obtained value of the Ksy is comparable those reported in literature, such as the one
found by Wu et al. (Ksy = 4.3x10% M) [81]. Using this constant and as discussed in the
testing section, the LOD was calculated and found equal to 0.58 uM. This value of LOD
represents the actual limit of the NH2-Cd-BDC to detect mercury. This value of LOD
obtained shows the high potential use for the NH>-Cd-BDC MOF as a mercury detector.
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Figure 16: LOD determination using the Stern-Volmer fitting curves method for
mercury. Error bars represent the standard deviation of 6 trials while the points
represent the average of these trials.

The LOD of the MOF to iron is also determined following the procedure applied

for merucry. Again, solutions with concentrations varrying from 20 uM to 1000 uM
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were prepared for this test and upon adding to the MOF solution, the concentrations
were adjusted in the calculations to represent the real concentrations, which are from 4
MM to 400 pM. Figure 17 shows the results of the MOF quenching due to the different
concentrations of the iron used. We stopped at 4 puM upon noticing from the
experiments that the MOF is not responsive to concentrations below than 4 uM. On the
other hand, the experiments revealed that our MOF responds to mercury at lower
concentrations (1 pM). This finding demonstrates further the suitability of the
developed MOF for mercury detection, even in presence of other heavy metals. The
LOD was also determined using the Stern-Volmer method as performed for the
mercury. Figure 18 shows the results for the Stern-Volmer fitting curve used for the
iron LOD determination. The iron LOD was found equal to 1.59 uM. This value is
higher than the LOD obtained for mercury. This indicates the superior NH»-Cd-BDC

selectivity of mercury ions.
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Figure 17: Iron detection results of NH»>-Cd-BDC for different concentrations of iron
ranging from 4 uM to 400 pM.
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Figure 18: LOD determination using the Stern-VVolmer fitting curves method for iron.
Error bars represent the standard deviation of 3 trials while the points represent the
average of these trials.

Table 1 compares limit of detection of different sensors for Hg?* ions along with
their synthesis mechansim as reported in literature. The comparison includes several
other factors besides limit of detection. When comparing the obtained LOD to those
reported in the literature, the present Cd-based MOF presents a comparable value that
is even lower than other reported MOFs. For instance, the LOD of the Zn-based MOF
proposed by Razavi et al. [97] was found equal to 1.8 uM. The Co(ll)-based MOF
developed by Su et al. [56] had a LOD of 4 uM. Furthermore, our proposed MOF was
observed to be competitive with other material detectors such as Coumarin based
probes (0.12 uM) [22] and Gold nanorods embedded in a functionalized silicate sol-gel
matrix (0.317 pM) [98]. This indicates that the proposed MOF can be used as a
promising sensor candidate for mercury detection given the luminescence property that
provides a distintive feature that allows for the Cd-based MOF to carry out the detection
in a cost effective manner. Furthermore, the facile microwave synthesis posses an extra

advantage as an eco-friendly sythensis route for large scale industrial application.
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Table 1: Capabilities and features of materials proposed for mercury detection:
comparison with the proposed MOF.

embedded in a
functionalized
silicate sol-gel
matrix [98]

Detector Material | Synthesis LOD | Luminescent | Selectivity
technique (UM)
(Time in
hours)
NH2>-Cd-BDC (this | Microwave 0.58 | Yes # of ions tested
research) (1.25 hours) with: 9
Possible
competition: Fe3*
and Cu?*
{[Coz(L)(hfpd)(H2 | Hydrothermal | 4 Yes # of ions tested
0)]-1.75H,0}n [56] | (72 hours) with: 18
Possible
competition: Fe®*
and Ag*
Coumarin based Heating under | 0.12 | Yes NA
probes [22] N2
(24 hours)
NH2>-MIL53(Al) Solvothermal | 0.15 | Yes # of ions tested
[50] (6 hours) with: 11
Possible
competition: Pb*
Zn-based MOF [97] | Sonication 1.8 Yes # of ions tested
(1 hour) with: 16
Possible
competition: Cu?*
Gold nanorods NA 0.317 | No # of ions tested

with: 11
Possible

competition: Mg?*
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3.2.3.5 Competitive environment detection. To further prove the selectivity of
the developed MOF and confirm the results obtained from the single ion tests, a
competitive environment detection test was carried out. The same ions used in the
single ion test were considered in the competitive environment tests, while doubling
their concentration to 400 uM and keeping the concentration of mercury equal to 200
M. Details on the solution preparation and testing procedure are provided in the testing
section. The results of the competitve environment tests are shown in Figure 19. The
experimental results clearly demonstrate the superiority of mercury detection in
comparison to other ions such as the sodium, potassium, cadmium and calcium. These
four ions showed no adsorbance to the MOF even when doubling their concentration.
Also, when the mercury was added, the quenching occurred with the lumincescene
remaining for all at the same level and equal to 49%, except in the case of cadmium,
where it dropped to 17%. The larger drop, observed for the case of the cadmium, can
be attributed to the fact that cadmium ions are bigger than the pores of the MOF
resulting in the pores being unoccupied and allowing for mercury ions to better infiltrate
the MOEF’s structure. The size of the sodium, potassium and cadmium ions allow them
to block some of the pores of the MOF and that results in a higher quenching level
(49%) [50]. For the chromium, the luminscene left after adding the MOF was 37% but
when the mercury was added, the luminescence dropped to 9%. Similarly for lead, the
luminescence dropped to 52% but when after the addition of mercury it was reduced to
14%. These results indicated that the MOF captured some of the chromium and lead
ions initially. However, when the mercury ions were added, the MOF still captured the
mercury ions and showed further quenching. This demonstrates that although the MOF
had some affinity towards the chromium and lead, its high selectivity still stood when
the mercury ions were added. The only ions that showed unfavorable results were the
iron and copper ions. In the case of iron ions, the double concentration caused the
luminescence remaining to drop to 17% and when the mercury was added, the
luminescence remaining percentage further dropped only to 15%. This result means
that the iron can affect the NH>-Cd-BDC selectivity. However, the MOF still showed
selectivity to the mercury ions when they were added through two indications: (i) the
slight drop in the percentage; (ii) the shifting of the curve after the mercury ions were
added. These observations are in agreement with other observations found in literature

on the same tests [51]. Similar to the iron ions, copper ions caused high quenching in
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the MOF at double concentration, dropping the quenching percentage to 16%.
However, when the mercury was added further quenching occurred and dropped the
percentage to 12%. These results are consistent with the findings of Razavi et al. [97],
who reported that copper ions tend to be detected by MOFs designed for mercury
detection. Nevertheless and similar to the iron ions, the selectivity towards mercury is
proved by noticing a shift in the curve and the additional slight drop in the quenching
percentage. These two results indicate that even when the MOF was detecting iron and
copper ions, the mercury ions selectivity is still maintained because of the nitrogen
center theory stated above. Additionally, for further confirmation that the effect of iron
ions shall not disturb the MOFs potential in working in the open water sources, it was

investigated and found out the natural minerals of water do not include iron [99].
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Figure 19: Quenching percentages obtained from competitive environment tests for

NH2-Cd-BDC to investigate its selectivity in presence of different metal ions. The

concentration of mercury is set equal to 200 uM and the concentration of all other
metals ions is set to 400 uM.

3.3.  Conclusion

In this chapter, we presented the development a novel MOF, namely NH>-Cd-
BDC to selectively detect mercury in aqueous environments. This MOF comprises
cadmium ions as metal cluster and 2-aminoterephthalic acid as organic linker. It was
successfully synthesized using microwave oven, enabling fast and cost-effective
synthesis procedure. To inspect its crystalline structure and thermal stability, several
characterization tests were conducted, including XRD, FTIR, FE-SEM, TGA and SEM.
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These tests revealed that the developed MOF has a crystalline sea-shell shape with high
thermal and water stabilities. Also, the performed characterization tests revealed that
the cadmium ion undergoes an oxidative addition reaction. This allows it to increase its
oxidation state and form a linkage with the organic linker at the oxygen in the
carboxylic acid group. Forming a similar structure to what is seen in aluminium and
iron based MOFs. Furthermore, the capability of the MOF to detect mercury in aqueous
media was qualitatively and quantitatively assessed. Indeed, the MOF showed excellent
detection of Hg?* ions with 92.3% quenching of fluorescence intensity with respect to
the baseline solution (MOF soaked in water without mercury). Of interest, the MOF
showed no detection or significantly low detection for other metal ions such as
chromium, cadmium, lead and iron when it was tested singularly and competitively
with the mercury ions. The NH>-Cd-BDC detection limit was also quantified and found
equal to 0.58 uM for mercury ions. The consistency of the experimental results was
verified by conducting six replicates. Based on the competition results, the MOF was
found to be slightly sensitive to iron. As such, the experimental investigation was
extended to analyse the iron detection of the developed MOF. The LOD of iron for the
NH2-Cd-BDC MOF was computed and found equal to 1.59 pM. This value is almost
three times that obtained for the mercury. This further confirms the high selectivity of
mercury in the case of co-existence of both ions in a water body. The experimental
results demonstrate the potential use of the developed MOF as coating material of

MEMS devices for chemical sensing applications.
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Chapter 4. Comparative Study between NH2-Cd-BDC MOF and Other Amino-
functionalized MOFs

In this chapter, a comparative analysis is conducted between the NH>-Cd-BDC
novel MOF presented in chapter 3 and other amino-functionalized MOFs that were
reported in the literature. Using the same organic linker of NH>-H2BDC, three metal
clusters were used which are, AP*, Zr?* and Fe®*". The obtained MOFs are NH;-
MIL53(Al), NH2-UiO-66 (Zr) and NH>-MIL88(Fe), respectively. The MOFs were
prepared following the synthesis techniques reported in the literature with some
modifications. Given its fast heating process, all the MOFs were synthesized using the
microwave-assisted synthesis technique. The present analysis includes mainly a
comparison between the performance of the four MOFs in terms of their crystalline
structure, thermal stability and capability to detect metal ions in both single and

competitive heavy metal ion in an aqueous environment.

4.1. Materials and Methods

The synthesis procedure of the NH2-Cd-BDC MOF, the testing procedure and
calculation steps, the equipment used and the characterisation test procedures are
described in Chapter 3 above. In addition, details about the NH2-Cd-BDC MOF also
given in Chapter 3.

4.1.1. Materials. The chemicals used in the comparative study were purchased
from Sigma Aldrich through its local supplier in the UAE, LabCo. These chemicals are
cadmium (1V) perchlorate hexahydrate: Cd(ClO4)2 « 6H20, Iron (IlI) chloride
hexahydrate: FeClz*6H.0O, aluminum chloride: AICI3+6H.0, zirconium (11) phosphate:
Zr(HPQO4)222H20, terephthalic acid: NH2-H:BDC, dimethylformamide (DMF):
C3H7NO, methanol: CH3OH, hydrochloric acid: HCI, sodium hydroxide pellets: NaOH
and mercury (1) nitrate monohydrate: Hg(NOs)2 « H20. All materials were used
without further modification with the only exception being for the hydrochloric acid
(HCI) which was diluted to match the required concentration of 2 M from its original

concentration of 10 M.

4.1.2. Synthesis of MOFs. The synthesis of the NH>-Cd-BDC MOF can be
referred to from Chapter 3. For the preparation of the NH>-MIL88(Fe) MOF, the same
synthesis procedure was followed as reported by Zhang et al. [50] except for the
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following modifications. First, 0.374 gram of FeClz*6H>O was dissolved in 30 ml of
DMF along with 0.251 gram of NH2-H2BDC. Then the solution was stirred for 2 hours
to ensure complete homogeneity. We note that unlike the work of Zhang et al. [50] who
used the conventional solvo-thermal method, the synthesis of the aforementioned MOF
was carried out using microwave irradiation as a facile ecofriendly synthesis technigue.
The solvo-thermal heating technique, which required heating at 120°C for 20 hours,
was replaced with the use of microwave irradiation for 60 minutes at 135°C and 800
W. Similarly, the NH2>-MIL53(Al) was synthesized using the procedure reported by
Zhang et al. [50] with some modifications. 0.543 gram of NH2-H>BDC was added to
30 ml of deionized water and 0.4 grams of NaOH palettes were added. The pellets were
added for dissolving the NH2-H2BDC in the DMF [100]. The mixture was sonicated for
30 minutes after which 0.724 grams of AICI3+6H.0 were added to the mixture. Another
sonication step was performed for 30 minutes and then the solution was transferred into
the microwave at 120°C for 45 minutes at 700 W. In the work of Zhang et al. [50], the
synthesis was carried out using solvo-thermal technique which required heating at
150°C for 6 hours. For the synthesis of the NH>-UiO-66(Zr) MOF, we followed the
procedure reported by Wang et al. [101]. Where 0.182 gram of NH2-H.BDC was
dissolved in 25 ml of DMF. After complete dissolving of the organic linker, 0.654 of
Zr(HPO4)222H20 was added. The mixture was stirred for 5 minutes to ensure complete
dissolving. Similar to the work of Wang et al. [101], the MOF synthesis was conducted
using microwave-assisted heating process while changing the microwave settings. The
change in the settings was due to the large difference between their microwave used
and the one used in this research. In this study, the microwave was set at 125°C for 30
minutes at 700 W.

4.1.3. Characterization. The details about the characterization tests equipment
and settings are given in Chapter 3. In this chapter, the characterization tests were
conducted for as-synthesized MOFs samples as well as samples of the MOF after
mercury adsorption. The preparation of the MOFs after mercury adsorption was
performed as follows: 30 mg of the MOF was added to a 25 ml of mercury solution that
has a concentration 1000 pM. The mercury solution with MOF was left to be stirred for
3 hours and then left to dry in the oven at a temperature of 100 °C for 1.5 hours. The
characterization tests were conducted as presented in Chapter 3 and some FE-SEM

images were generated with further magnifications.
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4.2.  Results and Discussion

4.2.1. Characterization. In this section, the characterization of the MOFs will
be presented.

4.2.1.1 XRD. The XRD test was performed on the MOFs before and after their
exposure to mercury and as shown in Figures 20. Blue curves denote the results
obtained for the fresh sample while red ones correspond to the XRD results of the MOFs
after mercury attachment. Clearly, NH>-Cd-BDC, NH>-MIL53(Al) and NH2>-UiO-
66(Zr) are all crystalline with well-defined and sharp peaks as shown in Figure 20 (a),
(b) and (c), respectively. On the other hand, Figure 20 (d) reveals that the Zr-MOF is
amorphous. In general, fresh sample exhibit larger relative intensity compared to that
obtained after mercury attachment, and there is a noticeable right shift (towards higher
angles) in the peaks with mercury adsorption. The uptake of the Hg?" ions into the
structure causes the original MOF structure to undergo these physical changes as Hg?*

intercalates between original grains [50], [51].
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Figure 20: XRD results for the MOFs (a) for NH2-Cd-BDC MOF, (b) for NH2-
MIL53(Al), (c) for NH2-MIL88(Fe) and (d) for NH2-UiO-66(Zr).
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The fresh samples of the NH>-Cd-BDC MOF have XRD graphs (blue curve of
Figure 20 (a)) showing crystalline structure with sharp peaks at 26 = 13°, 19° and 27°.
The crystalline structure of this MOF undergoes noticeable changes after mercury
exposure to mercury ions as can be seen in Figure 20 (a). Moreover, the intensity of the
peaks has significantly decreased compared to those of the fresh sample. Interestingly,
some of the original peaks have disappeared (e.g. peaks at 26 = 27°, 37° and 39°). This
indicates the damage to certain areas of the MOF and the MOF’s surface was covered
partially with adsorbed mercury [102]. As a general observation, it is evident that the
MOF structure undergoes major changes in its structure when mercury is adsorbed.
This is mostly attributed to the reaction taking place between mercury and the MOF,
specifically the amine group in the MOF. As mentioned above in Chapter 3, the
nucleophilic nature of the amine group causes a major attraction point for mercury.
Upon this attraction, the reaction happens where the mercury binds to the MOF through
attaching to the amine group. Therefore, this causes major structural changes which
results in major properties changing and altering [50], [103].

As for the NH2-MIL53(Al) MOF, the XRD results in Figure 20 (b) (blue curve)
in good agreement to those reported in the literature [50]. The crystalline structure of
NH2-MIL53(Al) is characterized by having several peaks due to the coordination and
bonding order of the aluminum ions with the organic linker [103]. This structure
remains maintains its crystallinity with mercury uptake, shown as the red curve of
Figure 20 (b). However, it is clear that the adsorbed mercury has adversely affected the
peak intensity and also caused a right shift of these peaks. Furthermore, some peaks

from the fresh sample have disappeared (e.g. peaks at 26 = 30°, 40°, 42° and 45°).

Figure 20 (c) shows the XRD results obtained for the fresh sample of the NH2-
MIL88(Fe) MOF. Again, the high crystallinity observed in the blue curve of Figure 20
(c) is in good agreement with the results reported in the literature [50]. Unlike the NH,-
Cd-BDC and the NH2-MIL53(Al), NH2>-MIL88(Fe) is distinguished by a sharp peak at
small angles at 26 = ~9°. One the other hand and contrary to its counterparts discussed
earlier, mercury adsorption causes an amplification of the peak intensity (as revealed
by the red curve of Figure 20 (c)). We can also observe the pertinent right shift in the
peak location similar to Cd-MOF and AI-MOF. There are also few peaks appearing at
higher angles that are attributed to the mercury attachment impact on the MOF.
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Finally, for the NH»-UiO-66(Zr) MOF, a good agreement with the results
reported by Fu et al. [104] is confirmed. This MOF is known to be amorphous especially
due to the high temperature synthesis route. The microwave-assisted synthesis requires
the exposure to high temperatures that alter the microstructure of the MOF. This is in
agreement with findings reported in literature, where when the synthesis of the MOF
happens at a high temperature, the structure changes its crystallinity degree and
becomes completely amorphous [104]. For the XRD results shown in Figure 20 (d), the
major peak is observed at around 26 = 25°-30°. This is the only major peak that can be
observed from the figure. Similar to the rest of the MOFs, the peak intensity undergoes
a decrease due to mercury attachment similar to the rest of the XRD pattern. This is
because the addition of mercury causes the MOF to change its structure and alters its

bonds.

4.2.1.2 FTIR. The FTIR test is conducted to further investigate the structure of
the MOF and get a better insight on the mercury interaction with surface of the MOF.
These peaks are often evidence for the existence of certain bonds. The FTIR results are
displayed in Figure 21. The blue curves denote the FTIR of the pristine samples of
MOFs while the red curves represent results after mercury adsorption. All FTIR results
obtained for the four MOFs under investigation contain a peak at around 1750 cm™
which is indicative of the presence of the expected N-H bond being the organic linker
used in all four MOFs with the NH: functional group [76]. Additionally, some of the
FTIR results for the fresh samples of the MOFs show a peak at around 3600 cm™. This
peak exists due to the water bond indicating a moisture content. This can be observed
in the NH2-MIL53(Al) and NH»-Cd-BDC MOF. Similarly, the FTIR results for the
MOFs after mercury adsorption do not exhibit the 3600 cm™ peak given that the

samples have been dried properly after soaking in mercury solution.

Inspecting the FTIR results of the NH>-MIL53(Al) MOF, found in Figure 21
(b), the pristine sample FTIR is comparable to the one found in literature [103]. The
FTIR has two main observable peaks at 1750 cm™ and 1400 cm™, which represent the
presence of the N-H bond and the CHs bond, respectively. After mercury adsorption,
the N-H bond peak undergoes a decrease in intensity. This indicates that the mercury
has attacked most of the nucleophilic N-H bonds. The increase in the intensity of some

peaks and the evolution of new peaks reveal the successful mercury adsorption, which
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alters the MOFs structure. This is consistent with the XRD results presented in Figure
20 (b). As for the NH2-Cd-BDC MOF, Figure 21 (a), the FTIR results exhibit major
peaks of N-H bond and the CHs; bond observed at 1750 cm™ and 1400 cm?,
respectively. After mercury adsorption, the N-H bond and the CHz bonds peaks undergo
a significant decrease in intensity. This is mostly associated with the alteration that the

MOF undergoes when the mercury is attached to it.

The FTIR results of the Fe-MOF before mercury adsorption are comparable to
those found in the literature [50]. The main feature of the FTIR result is the presence of
the N-H bond and the CH3 bond at 1750 cm™ and 1400 cm™, respectively. Figure 21
(c) shows the FTIR result of the Fe-MOF. However, after mercury adsorption, the FTIR
curve shows distinctive difference when compared to its counterpart before exposure
to mercury. These results further confirms what was concluded from the XRD analysis
of this MOF, indicating major changes to the structure of the Fe-MOF after mercury
attachment. Also, similar to the XRD results, the peaks show an increase in the
intensity, differently from what was observed for the other MOFs. The peaks at 1750
cm® and 1400 cm™ remain but their intensity increases. As for the Zr-MOF, found in
Figure 21 (d), the N-H peak at 1750 cm™ is obtained as well with the appearance of a
new peak at 1050 cm™. This new peak is attributed to the CO-O-CO bond [104]. This
is the only MOF observed with such peak and this is mostly due to the coordination and
orientation of the MOF. Again, we notice the disappearance of the N-H bond peak after
mercury adsorption while the other peaks remain almost unchanged. This indicates that

the mercury attachment does not result in major structural changes in this MOF.
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Figure 21: FTIR results for the MOFs (a) for NH2-Cd-BDC MOF, (b) for NH.-
MIL53(Al), (c) for NH2-MIL88(Fe) and (d) for NH2-UiO-66(Zr).
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4.2.1.3 FE-SEM. The examination of the FE-SEM images of NH,-Cd-BDC
MOF after mercury uptake shows a general maintenance of the crystal structure as the
MOF retains its distinctive morphology of sea-shell structure with some minor
deformities as shown in Figures 22. Figures 22 (a) and (b) show a fresh sample of the
MOF, while Figures 22 (c) and (d) show the MOF sample after mercury adsorption.
Liang et al. [83] reported similar sea-shell structure for Cd-MOF the organic linker is
different [83]. The deformities seen in Figure 22 (c) and Figure 22 (d) explain the peak
widening that occurred in the XRD results of Figure 20 (a). This is in accordance to
Scherrer equation and the morphological changes that the structure has undergone as

explained through the FTIR analysis.

© )

Figure 22: FE-SEM for NH2-Cd-BDC MOF. (a) at 1 um for fresh sample, (b) at 500
nm for fresh sample, (c) at 1 um for mercury adsorbed sample and (d) at 500 nm for
mercury adsorbed sample.
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The FE-SEM images of NH>-MIL88(Fe) MOF, shown in Figure 23 exhibits a
monolithic columnar structure that is fully crystalline confirming further the XRD
results displayed in Figure 20 (c). The observed structural features are similar to those
reported by Ma et al. [105]. Figures 23 (a) and (b) show a fresh sample of the MOF,
while Figures 23 (c) and (d) show the MOF sample after mercury adsorption. The
mercury uptake has caused noticeable deformation at the center of these column, which
explains the missing peaks in the XRD graphs. These deformations seem to have moved
the crystallographic planes in unison and thus have resulted in the increase in XRD
peak intensity as shown in Figure 20 (c) compared to the lower peaks of pristine

samples.

(@) ()

(c) (d)

Figure 23: FE-SEM for NH2-MIL88(Fe) MOF. (a) at 1 um for fresh sample, (b) at
500 nm for fresh sample, (c) at 1 um for mercury adsorbed sample and (d) at 500 nm
for mercury adsorbed sample.

The FE-SEM images of NH>-MIL53(Al) MOF, displayed in Figure 24, exhibit
a clustered nodular structure with single globular grains [50]. Figures 24 (a), (b) and (c)
show a fresh sample of the MOF, while Figures 24 (d), (e) and (f) show the MOF sample
after mercury adsorption. The grain feature is comparable to that observed by Zhang et
al. [50], where the MOF evidently retains its structure and morphological characteristics

after mercury uptake.
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(d) (e) (f)

Figure 24: FE-SEM for NH2-MIL53(Al) MOF. (a) at 100 nm fresh sample, (b) at 500
nm for fresh sample, (c) 1 um for fresh sample (d) at 1200 nm for mercury adsorbed
sample, (e) at 500 nm for mercury adsorbed sample and (f) at 1 um for mercury
adsorbed sample.

o ©

Figure 25: FE-SEM for NH2-UiO-66(Zr) MOF. (a) at 100 nm fresh sample, (b) at 500
nm for fresh sample, (c) 1 pum for fresh sample (d) at 100 nm for mercury adsorbed
sample, (e) at 500 nm for mercury adsorbed sample and (f) at 1 um for mercury
adsorbed sample.
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The FE-SEM images of NH-UiO-66(Zr) are shown in Figure 25. They show
an hexagon and amorphous structure, which confirm the findings from XRD and the
FTIR results as well as being supported by previous works in the literature [104].
Figures 25 (a), (b) and (c) show a fresh sample of the MOF, while Figures 25 (d), (e)
and (f). Mercury uptake seems to have damaged the structure more severely than its Al-
MOF counterpart, possibly due to the randomness of the structure with numerous

dangling bonds that allow the intercalation of Hg material.

4.2.1.4 TGA. The results of TGA analysis conducted on all MOFs under
investigation are shown in Figure 26. A good agreement with the results reported in
previous works cited in the literature [50], [104]-[106] is obtained. For example, the
current TGA results of NH>-MIL88(Fe) were found consistent with the results reported
by Kim et al. [106] and the TGA results for NH2-MIL53(Al) and NH2-UiO-66(Zr) MOF
are consistent with those obtained by Zhang et al. [50] and Fu et al. [104], respectively.
It should be noted that the NH>-MIL88(Fe) MOF has the lowest thermal stability and
its structure losses its rigidity faster than the other MOFs. A general trend is observed
for all MOFs, showing a steady weight drop at ~100°C due to moisture and unreacted
chemicals escaping the structure [84]. The immediate weight loss of NH>-MIL88(Fe)
MOF is due to the high moisture content which has diverse effect on its structural
stability, as reported in Ma et al. [105]. Compared to the other MOFs, the Cd-MOF
exhibited the highest capability of retaining its moisture after the initial drop which
occur around 200 °C rather than 100 °C.

The TGA results show that the amorphous Zr-MOF remains insensitive to
temperature rise compared to the other MOFs. This is mainly due to its high temperature
treatment during the synthesis procedure as confirmed by Fu et al. [104]. The MOF’s
lack of crystallinity affects the response to the heating temperature sweep due to the
highly defective and random structure [104]. For the other three MOFs, the TGA
analysis shows all tested MOFs experience two major drops, indicating a complete loss
of rigidity. The first peak obtained around 200°C is due to the loss of the NH>-Cd-BDC
linker undergoing an alteration and resemblance in its polymer bonds [85], [86]. This
is more evident for the NH2-Cd-BDC MOF more than NH2-MIL88(Fe) MOF due to
the higher structure stability of the latter. However, compared to the NH>-MIL53(Al)

MOF, this drop is much smaller, indicating that the alteration in polymer bonds of the
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MOF takes place at a later stage. This is renders that the MOF is more resistant to heat
at this specific temperature. Moreover, the NH>-MIL88(Fe) MOF experiences the first
major drop when exposed to a temperature of 250°C and then the weight decreases
steadily until reaching ~450°C at which the MOF structure collapses [106]. As for the
NH,-Cd-BDC MOF, the first noticeable drop occurs at 200°C. The curve flattens and
then undergoes a second abrupt drop to low values when reaching the temperature
400°C. The curve flattens again indicating the structure collapse of the organic linker
as the polymer bonds are affected by the heating mechanism [86]. We note that for the
NH,-Cd-BDC MOF, the curve reaches saturation at 580°C demonstrating the complete
collapse of the crystalline structure [86]. Similar to the Cd-MOF, the NH2>-MIL53(Al)
has a high overall thermal stability as the MOFs curves experience a slightly similar
weight loss pattern. However, the Al-MOF experiences it first major drop at 500°C and
this shows that the AI-MOF holds its structure more firmly than the Cd-MOF at higher
temperatures. Similar to the Fe-MOF, the AI-MOF weight loss percentage drops very
low and experiences complete collapse at a temperature of around 550°C. The TGA
results revealed that NH,-Cd-BDC and NH2-MIL53(Al) MOFs have a higher thermal
stability in comparison to the NH>-MIL88(Fe) MOF. However, given to its defects in
the structure, the NH2-UiO-66(Zr) MOF has a very high thermal stability, as indicated

by the level of the weight loss and the variations in the slope with temperature [104].
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Figure 26: TGA results for the 4 MOFs. Green curve is for NH>-MIL88(Fe), blue
curve for NH2-Cd-BDC, black curve for NH>-MIL(53) and red curve for NH»-UiO-
66(Zr).
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4.2.2. Mercury detection: A comparative analysis. The results of the
comparative study will be presented in this section.

4.2.2.1 Mercury ions detection. The four MOFs have been tested for immediate
mercury ions detection. The results are shown in Figure 27. Figure 27 (a) is for the
NH.-Cd-BDC MOF, Figure 27 (b) is for the NH2-MIL53(Al) MOF, Figure 27 (c) is for
the NH2-MIL88(Fe) MOF and Figure 27 (d) is for the NH2-UiO-66(Zr) MOF. The blue
curve in all the figures indicate the baseline curve that shows the MOF intensity.
Keeping the fluorometer settings same for all MOFs and using the same testing
procedure, it can be noted that the NH>-Cd-BDC MOF has the highest intensity. This
can be attributed to the fact that Cd-MOFs have higher intensity due to the cadmium
itself possessing some fluorescence ability [93]. The NH>-MIL53(Al) MOF and the
NH2-UiO-66(Zr) MOF have shown almost similar baseline intensity. The NHo-
MIL88(Fe) showed the least baseline intensity.
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Figure 27: Mercury detection results at a concentration of 200 yuM. (a) for NH-
Cd-BDC, (b) for NH2-MIL53(Al), (c) for NH2-MIL88(Fe) and (d) for NH2-UiO-
66(Zr).
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The orange curve in the figures represents the MOFs intensity after mercury
detection. All the MOFs were exposed to a mercury concentration of 200 uM. All
MOFs showed an immediate and fast response to mercury ions. Based upon the
calculation method used in Chapter 3, the NH>-Cd-BDC MOF experienced the highest
quenching percentage of 93 % followed by NH>-MIL53(Al) with 92.7 %. The NH»-
MIL88(Fe) experienced a quenching percentage of 89% and the NH2-UiO-66(Zr)
experienced a quenching percentage of 79%. These results are consistent with what was
reported by Zhang et al. [50] for the Al, Fe and Zr MOFs. This shows that the Cd-MOF
has the superiority in detection. Also, all the MOFs were anticipated to be able to detect
mercury ions efficiently due to the presence of the NH functionalized group. As
discussed in Chapter 3, the amino-functionalized group is a nucleophilic center that
causes an attractive point for mercury ions to bind in. The binding causes a change in
the structure; thus, the quenching happens as the fluorescence of the MOF gets affected
[50], [51], [107]. However, the percentage difference in the quenching is mostly
attributed to the orientation of the MOF and the accessibility of the NH2 molecule [50].

4.2.2.2 Single ion competition. To investigate the mercury selectivity of all four
MOFs, several experiments were conducted on different metal ions that may co-exist
with mercury in an aqueous environment. Aqueous solutions of a concentration of 1000
UM were prepared for 6 different metal ions, namely: Pb®", Cr¥*, Fe3*, K*, Na* and
Ca?*, Cd?*, Cu?* and Hg?* ions. The MOFs were suspended in each aqueous solution
and instantaneous measurements of the quenching were taken. We note that the final
concentration that the MOF was detecting due to dilution effect is 200 puM. The
quenching percentage calculations were performed as described in Chapter 3. Figure
28 and Figure 29 show the results of the single ion test for the four MOFs under
investigation. Figure 28 represent a histogram showing the detection percentage of each
MOF for each ion at the concentration of 200 uM. We display in Figure 29 the 3D plots
of the intensity of the four MOFs when exposed to different ions to enable better
visualization of the single ion detection results. All four MOFs show high selectivity
towards mercury compared to the other metal ions. Furthermore, all four MOFs are
observed to be insensitive to the sodium, potassium and calcium ions [54]. For the
cadmium ions, only the NH2-MIL88(Fe) MOF show a slight response. Investigating
the MOFs behavior towards the chromium ions, we can observe that all the MOFs show

similar behavior. A detecting percentage of about 60% is obtained for the NH-
63



MIL88(Fe) and NH>-Cd-BDC. On the other hand, about 50% is obtained for the NH,-
MIL53(Al) and NH2-UiO-66(Zr) MOF. As for the lead ions, the NH2-MIL53(Al) and
NH2-UiO-66(Zr) MOFs show a detecting percentage of about 70%, while the NHo-
MIL88(Fe) had a detectingg percentage close to 75%. However, the NH>-Cd-BDC
presented the most detecting capability due to lead ions with a detecting percentage

close to 85%. Again, this is comparable to what was reported in literature [50], [54].
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Figure 28: Single ion detection results at a concentration of 200 puM. (a) for NH2-
Cd-BDC, (b) for NH2-MIL53(Al), (c) for NH2-MIL88(Fe) and (d) for NH2-UiO-
66(Zr).

The most competitive ions to mercury in terms of selectivity are iron and copper
ions. For the iron ions, the NH>-Cd-BDC MOF show a detecting percentage of around
43%, which is the highest amongst all the other MOFs. The other MOFs all experienced
a detecting percentage around 30%. This shows a slight superiority of the Cd-MOF
compared to the other MOFs. Inspecting the behavior of the MOFs when exposed to
the copper ions, we observe that all MOFs exhibit a noticeable detecting percentage
that can be approximated around 20%. This is in agreement with some findings reported
in the literature on copper ions interaction [54], [97], [101]. This is due to the fact that
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the copper ions have similar properties to those of the mercury ions as they both belong

to the same group of transition metals in the periodic table.

All the single ion experiments were repeated three time to ensure that the results
obtained are repeatable and reproducible. The standard deviation values are shown by
the error bars on the histograms of Figure 28. The maximum standard deviation was
found equal to 10%. This indicates the repeatability of the experiments.
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Figure 29: Single ion 3D detection results at a concentration of 200 uM. (a) for
NH2-Cd-BDC, (b) for NH2-MIL53(Al), (c) for NH2-MIL88(Fe) and (d) for
NH2-UiO-66(Zr).

4.2.2.3 Limit of detection. An important performance metric to investigate the
capability of the MOF to detect mercury is the limit of detection (LOD). As such, the
LOD of the four MOFs were identified using a similar testing technique as performed
for the single ion test. To do so, the concentration of the mercury was incrementally
reduced from 200 uM to a level where no further quenching is observed. Figure 30
shows the variations of the fluorescence intensity with the wavelength for the different
mercury concentrations. The results are shown for all MOFs. The graphs show that the

Cd, Al and Zr MOFs have all reached to a concentration of 2 uM, while the Fe-MOF
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stopped detecting mercury at a concentration of 4 uM. However, further analysis of the
limit of detection is carried out following the Stern Volmer calculation procedure,
which is described in details in Chapter 3. Figure 31 show the graphical results found
from applying the Stern Volmer procedure. In this calculation, the lowest
concentrations with the highest linear best fit are chosen to predict the limit of detection
value. Upon performing that, the slope and intercept from the Stern VVolmer graphs are
used to calculate the LOD. The calculated LOD values were 0.58 uM for NH>-Cd-BDC
MOF, 0.51 uM for NH>-MIL53 (Al) MOF, 1.03 uM for NH2-MIL88(Fe) MOF and
1.94 uM for NH2-UiO-66(Zr) MOF.
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Figure 30: Different concentration detection results. (a) for NH2-Cd-BDC, (b) for
NH2-MIL53(Al), (c) for NH2>-MIL88(Fe) and (d) for NH2-UiO-66(Zr).
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Figure 31: Limit of detection results using Stern-Volmer method. (a) for NH2-Cd-
BDC, (b) for NH2-MIL53(Al), (c) for NH2-MIL88(Fe) and (d) for NH2-UiO-66(Zr).

Comparing the values of the LOD obtained above, a slight superiority in the
LOD can be seen for the NH2-MIL53(Al) MOF. This is consistent with what is reported
in the literature on Al-MOFs being superior detectors of mercury ions as they have the
best coordination that allows for easier access of the mercury ions and allows for
efficient detection [50], [87]. We note that the value of the LOD for the NH>-MIL53(Al)
is different from the one reported by Zhang et al. [50]. This could be attributed to the
difference in the synthesis procedure. The present microwave-assisted synthesis may
have resulted in some slight structural changes that led to higher LOD values.
Moreover, the equipment limitation can be one of the possible reasons for the difference
in the LOD values. As for the NH>-MIL88(Fe) and NH2-UiO-66(Zr) MOFs, there lower
limit of detection is consistent with the conclusions made by Zhang et al. [50]. The
NH2-Cd-BDC MOF showed a good LOD and very comparable to the AI-MOF, which
indicates the high potential of the MOF as a mercury detector.
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All the LOD experiments were repeated three time to ensure that the results
obtained are repeatable and reproducible. The standard deviation values are shown by
the error bars on the histograms of Figure 31. The maximum standard deviation was
found equal to 14%. This indicates the repeatability of the experiments.

4.2.2.4 Competitive environment detection. Competition between ions in
aqueous solution is of great importance when investigating the MOFs detection
capability. To verify the MOFs selectivity, a solution of the ions Pb3*, Cr¥*, Fe**, K*,
Na*, Ca?*, Cd?" and Cu?" was prepared with a concentration of 2000 uM while adding
a solution containing Hg?* ions with a concentration of 1000 uM. The actual
concentrations upon dilution with the MOF solution during the test is 400 uM for the
metal ions and 200 uM for the mercury. The reading of the photoluminescence
quenching was taken before and after the addition of mercury ions. The
photoluminescence detection readings are shown in Figure 32. The experimental results
of the competition test reveal that the NH>-Cd-BDC has a higher selectivity for mercury
ions when compared to the other MOFs. Interestingly, the NH>-UiO-66(Zr) MOF has
the second highest selectivity for mercury ions in the competitive environment. This
could be attributed to the fact that the Zr-MOF has less affinity to the other chemical
ions when they are at high concentrations [50]. The NH2-MIL53(Al) MOF and the NHo-
MIL88(Fe) MOF showed lower performance in the double concentration test.
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Figure 32: Competitive environment results. (a) for NH>-Cd-BDC, (b) for NHa-
MIL53(AI), (c) for NH2-MIL88(Fe) and (d) for NH2-UiO-66(Zr).
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Inspecting the performance of the MOFs when it comes to individual ions. All
MOFs showed no response to K*, Na* and Ca®" ions even when doubling their
concentration. For the Cd?*, the NH2-Cd-BDC MOF did not show any detection but the
other MOFs showed some slight detection. This is consistent with what is stated in
literature about MOFs being unresponsive to detecting metal ions that they are
composed of [51]. For Pb®* ions, all the MOFs showed detection of the ion with slight
variations in the detection percentage. However, when the mercury ions was added, all
the MOFs showed further quenching indicating the ability to detect mercury still. NH»-
UiO-66(Zr) MOF showed the least detection of mercury. For Cr3* ions, the NH2-Cd-
BDC showed more sensitivity when the concentration is doubled compared to all the
other MOFs. Similar to the Pb** ions behavior, all the MOFs further quenched after
mercury addition and the NH>-UiO-66(Zr) MOF showed the least detection of mercury.

For the Fe3* ions, all the MOFs showed high detection abilities for the 2000 uM
concentration. NH>-MIL88(Fe) and NH2-Cd-BDC MOFs showed the highest detection.
However, all the MOFs showed further detection when the mercury was added to the
solution. Even though the percentage change is small, the detection of mercury can be
observed by noticing a shift in the peak. This shift in the peak is an indication of the
mercury altering the structure of the MOF. This is consistent with what was reported in
literature by Liu et al. [51]. For the Cu?* ions, the scenario is a bit different. All MOFs
detected copper ions at the high concentration. NH2-UiO-66(Zr) was the least
responsive to the copper ions while the other MOFs had similar detection response.
However, the NH>-Cd-BDC MOF showed the highest difference between before and
after mercury addition. This indicates its superior selectivity. Moreover, the NH»-
MIL88(Fe) and NH2-MIL53(Al) also have a superior selectivity due to the increase in
the percentage of detection after mercury addition. This happens due to the fact that
when the mercury is added, it substitutes some of the already attached copper on the
MOF structure. This causes the copper ions to get released again to the solution. This
phenomena causes the fluorescence intensity to increase as the copper ions are
fluorescent themselves. This is consistent with what was reported by Zhang et al. [54],
where the copper ions were seen to increase the intensity of the fluorescence when they
were not absorbed by the MOF that was produced. The NH2-UiO-66(Zr) showed the
least response after adding the mercury ions. It can be concluded from these results that

the NH2-MIL53(Al) and the NH>-Cd-BDC MOFs are superior in terms of the
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competitive environment analysis due to their high response to mercury and least

response to other metal ions.

All the competitive ion experiments were repeated three time to ensure that the
results obtained are repeatable and reproducible. The standard deviation values are
shown by the error bars on the histograms of Figure 32. The maximum standard
deviation was found equal to 13%. This indicates the repeatability of the experiments.

4.3.  Conclusion

In this chapter, the capability of four MOFs, namely NH>-Cd-BDC, NH>-
MIL88(Fe), NH2-MIL53(Al) and NH2-UiO-66(Zr) to detect mercury in competitive
environment was inspected. These MOFs comprise the same organic linker 2-
aminoterephthalic acid but different metal clusters (cadmium, aluminum, zirconium
and iron). All MOFs were successfully synthesized using microwave irradiation, being
a fast and ecofriendly technique to produce MOFs while preserving their crystalline
structure. The synthesized MOFs were characterized by performing XRD, FTIR, TGA
and FE-SEM tests. A series of experiments using fluorometric analysis was conducted
to assess the performance of the MOFs in terms of fast and selective detection of
mercury. The characterization tests confirmed that all the MOFs maintained their
crystalline structures except for the NH2-UiO-66(Zr) due to the amorphous structure of
the as-synthesized sample. Also, it was concluded that the NH,-Cd-BDC MOF and the
NH2-MIL53(Al) MOFs are superior to the NH>-MIL88(Fe) and NH2-UiO-66(Zr)
MOFs in terms of mercury detection and selectivity in a competitive environment as
manifested by the higher quenching levels of the fluorescence intensity. The limit of
detection was found equal to 0.58 uM, 0.51 pM, 1.03 uM and 1.94 uM for the NHo-
Cd-BDC, NH>-MIL53(Al), NH2-MIL88(Fe) and NH2-UiO-66(Zr), respectively.

70



Chapter 5. Conclusion and Future Work

The present thesis deals with the development, characterization and analysis of
Metal Organic Frameworks (MOFs) that can detect mercury in agueous environments
at low concentrations. A novel MOF, namely NH,-Cd-BDC was synthesized using
microwave-assisted synthesis procedure, being a fast and low-energy synthesis route.
This MOF showed superb detection abilities for mercury in competitive environments.
Its performance was also compared to three other MOFs comprising the same organic
linker and different metal clusters (aluminium, zirconium and iron). All the MOFs were
characterized and their performance for mercury detection in the presence of other
heavy metal ions was studied. Given the reported superb capabilities of the NHo-
MIL53(Al) MOF for mercury detection, the NH.-Cd-BDC showed competitive
performance indicating the success of synthesizing a candidate competitor MOF. The
LOD values obtained from the experiments were 0.58 uM for NH>-Cd-BDC MOF, 0.51
UM for NH2-MIL53 (Al) MOF, 1.03 uM for NH2-MIL88(Fe) MOF and 1.94 uM for
NH,-UiO-66(Zr) MOF. Furthermore, all the MOFs showed similar behavior when
exposed to mercury in presence of other metal ions, as they all showed the greatest
detection towards mercury ions. The NHx-MIL53(Al) superiority was confirmed
through the lowest LOD and high detection capability of mercury ions. Of interest, the
NH2-Cd-BDC MOF showed very comparable performance to that of the NH--
MIL53(Al) as their LOD values were very close to each other. Similarly, the mercury
detection ion tests further confirmed how comparable the behavior of the two MOFs
are. The present experiments revealed that the NH>-MIL88(Fe) and NH2-UiO-66(Zr)
MOFs have lower performance, which similar to the results reported in the literature.

Future works on the novel MOF can include the study of the MOF performance
as a dual material for simultaneous detection and capturing mercury from aqueous
solutions. This constitutes a promising research line. Furthermore, the developed MOF
has the potential to be integrated with the MEMS technology to develop a fully
functional chemical sensor for detecting mercury in aqueous solutions. The MOF can
be deposited on a micro-beam using adhering material and sophisticated localized
deposition techniques. This allows for the development of a chemical sensor that can

be remotely operated and is capable of detecting low levels of mercury. Finally,
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investigating the performance of the developed MOF/composite and the integrated fully

functional chemical sensor can be performed utilizing real matrix seawater samples.
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Appendix A

Heat maps for the NH>-Cd-BDC MOF:

Heat maps were performed for the single ion detection and competition tests.
The heat maps can be seen in Figure 33, Figure 34 and Figure 35. Figure 33 represent
the heat map for the single ion test. Figure 34 represent the heat map for the competition
test before the mercury addition. Figure 35 represent the heat map for the competition
test after the mercury addition. The color coding scheme is given below:

e Red cells: Indicate a value of p less than or equal to 0.001

e Orange color: Indicate a value of p less than or equal to 0.01
e Yellow color: Indicate a value of p less than 0.05

e Grey color: Indicate a value of p equal to or greater than 0.05

Mercury Iron Calcium Sodium Potassium  Cadmium Copper Chromium  Lead

Mercury
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Iron 1 0.018402487
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Figure 34: Heat map for competition test before mercury addition.
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Iron Copper Cadmium Sodium Potassium  Calcium Lead Chromium
Iron 1 0.81235423 0.026877842
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Figure 35: Heat map for competition test after mercury addition.
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