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ABSTRACT

Since their discovery in the late 1990s, Metal-Organic Frameworks (MOFs) have
turned into one of the fastest growing classes of materials studied in the chemical
literature. MOFs have shown promise in applications such as gas storage, chemical
separations, chemical sensing, catalysis, and even drug delivery. Their wide range of
potential applications can be attributed to their ultra-high surface area, high crystallinity
and tunable physical and chemical properties. However, the potential applications of
MOFs have been slow to develop into viable and sustainable products at the commercial
or industrial level.

Chapter I of this dissertation discusses the background of Metal-Organic
Frameworks (MOFs), the current limitations of MOFs that prevent wide spread
commercial production such as stability, processing cost, and synthesis cost as well as how
the research performed aimed to address these challenges.

In Chapter II details a method that was developed in order to synthesize a
Hierarchally Porous (HP) variant of a commercially available MOF named PCN-
250(Fe;0). The method developed utilizes the addition of fatty acids during MOF
synthesis in order to induce and engineer hierarchal porosity within PCN-250(Fe;O). The
resulting Hierarchally Porous MOFs (HP-MOF) exhibited completely different
mesoporosity in size, volume, and position. Furthermore, the PCN-250(C9-1.4M)
material obtained adsorbs/removes 100% of Methylene Blue, a common organic dye, from
aqueous solution, as compared to the microporous variant of PCN-250(Fe30), which only

removes 31%
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Chapter I1I builds on the use of PCN-250(Fe30) as a material for removing organic
dyes from water, but utilizes PCN-250(Fes;O) as a catalyst, not just an adsorbent. PCN-
250 was reported to be a successful and recyclable Fenton and photo-Fenton catalyst that
degrades 100% of Methylene Blue. Overall, 4 different variants of PCN-250 were
synthesized and named PCN-250(Fe;0), PCN-250(Fe;Ni), PCN-250(Fe2Co) and PCN-
250(FeoMn). The catalytic degradation efficiency for both Fenton and photo-Fenton
reactions was improved by the isomorphic substitution of Mn and Co for Fe, but inhibited
by the incorporation of Ni.

Chapter IV details the development of a photo-catalytic system for the degradation
of Per/Poly-Fluorinated Alkyl Substances (PFASs) using a commercially scalable Ti-
Based MOF. With the developed photo-catalytic system, the concentration of
Perfluorooctanoic acid (PFOA) can be reduced by 49% and with a 21.1% fluoride
mineralization efficiency in 24 hours. Overall, this work has shown the ability to
successfully design Metal-Organic Frameworks based photo-catalytic platforms for
chemically reducing (degrading) Per- and polyfluoroalkyl substances (PFAS) in water and
is to the best of our knowledge the first successful example of using MOFs for PFAS
degradation.

Chapter V, details the development of a novel MOF processing method that
maximizes the surface area while minimizing cost. The method is a suspension-based
processing 3 step method that maximizes the porosity of MOFs by more effectively

solubilizing unreacted starting materials and more importantly, removing area of low
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crystallinity from the surface of MOF particles. In the last chapter, Chapter VI, a summary

of the current work is given along with my thoughts and outlooks on future of MOFs.
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CHAPTER I

INTRODUCTION*

In the mid-1990’s a new class of porous materials was discovered, resulting in a
long-lasting impact on the field of chemistry, biology, physics, medicine, and material
science.! These materials are known as Metal-Organic Frameworks (MOFs) or Porous
Coordination Networks (PCNs).? Due to their wide range of structures and functionalities,
MOFs have been researched for broad range of potential applications which include gas
storage and separation®, catalysis**, drug delivery®, chemical sensing’, energy storage®
and more.

MOFs are organic-inorganic hybrid materials that are constructed by bonding
secondary building units or SBU’s to one another, thru a series of metal-ligand
coordination bonds. MOFs extend beyond the formation of just one metal to ligand
coordination bond through other metal units (M-L-M), generating one-, two-, or three-
dimensional frameworks. This initial framework extends to make a ordered, polymer type
structure, complete with voids or channels resulting in a porous, crystalline material. The
porosity of a MOF is defined as the ability to maintain a porous structure without guest
molecules in the pores. This means that when all guest molecules (solvent/gas) are

removed, typically under heating and vacuum, the material does not collapse, resulting in

*This chapter is partially reproduced with permission from: Kirchon, A.; Feng, L.; Drake, H. F.; Joseph,
E. A.; Zhou, H.-C. From Fundamentals to Applications: A Toolbox for Robust and Multifunctional
MOF Materials. Chem. Soc. Rev., 2018, 47, 8611-8638. Copyright 2018 by The Royal Society of
Chemistry.



permanent porosity.>? This discovery, which was reported in 1999 by Dr. Omar Yaghi,
who now works at UC-Berkeley, changed the science world forever.!

Over the last 21 years, synthetic MOF chemists have built a synthetic toolbox
comprising of techniques that allow both the chemical (polarity, hydrophobicity, charge,
acidity, chemical and thermal stability) and physical (pore size, pore shape, framework
flexibility, crystal size and shape) properties of MOFs to be tuned to perfection.!®!! It is
this capability that has allowed MOFs to become not only a place to engineer designer

11-14

chemical and biological processes'' ', but MOFs are also an exceptional host platform

for stabilizing unstable species. For example, MOFs have been used to stabilize enzymes

15,16

which resulted in enhanced catalytic activity'--'° and even stabilize reactive intermediates

of challenging reactions.'’!

Overall, the ability to stabilize various species can help
change how small molecules in both the energy (H., CH4, MeOH, etc...) and
pharmaceutical sectors (drug molecules) are both studied and synthesized.

In terms of developing other novel processes, MOFs have quickly caught the
interest of the industrial energy and chemical sectors. The ability to tune their chemical
and physical properties has allowed MOFs to be engineered for some real world-changing
applications. For example, in 2020, a MOF-based system developed by Exxon-Mobile,
Berkeley Lab, and UC-Berkeley was reported to adsorb up 90% of the carbon dioxide
(CO») in a gas stream that simulates the humid flue gas emitted by modern power plants.?°

This reports marks a major advance for Carbon Capture, Utilization and Storage (CCUS)

systems, which are necessary for fighting climate change at the power generation level.



Also reported in 2020, a MOF system discovered by Northwestern University
boasts a methane (CHa4) uptake value of 0.66 gram per gram of MOF, which exceeds the
US Department of Energy’s (DOE) gravimetric target value (0.5 gram per gram of MOF)
and exhibits one of the highest capacities for deliverable hydrogen (Hz), both on a weight
and volume basis.?! This material paves the way for replacing gasoline and diesel fuel
with clean-burning hydrogen, which can power zero-emission fuel-cell vehicles, or with
methane, which generates relatively low levels of combustion products compared to
gasoline or diesel.

Other recent advances in MOFs has allowed a University of Texas designed MOF
to be developed into a broad-range chemical sensor. This technology launched by Lantha
Sensors, is able to detect parts-per-million concentrations of up to 23 various chemicals
containments in water.?? Additionally, a MOF system developed by Framergy, the
Materials Institute Lavoisier and Texas A&M University, has shown the ability to degrade
per- and polyfluoroalkylated substances (PFASs). PFAS, which are also known as
“forever chemicals”, are extremely toxic organic compounds found in some water systems
that pose a major health risk to the general public. 23

Although these invention breakthrough have been developing at a much faster rate
in the last several years, it has not always been that way in the MOF field. Historically,
one of the major limitations of many MOF systems is a lack of aqueous stability. Over the
last 20 years, MOF chemists have proven that one of the principles that governs a MOFs
chemical and thermal stability is called Person’s hard soft acid based (HSAB) principle.

The HSAB principle states that chemical species can be segregated into two categories,



Hard and Soft. It further explains that molecular species such as metal salts that are stable
in aqueous conditions or insoluble in water, are constructed when soft acids bind with a
soft bases or a hard acids bind with hard bases. When this theory is applied to MOFs, it
results in stable MOFs being classified into two categories: high-valency metal—
carboxylate frameworks and low-valency metal-azolate frameworks. As a result, Iron
(Fe™), Titanium (Ti**) and Zirconium (Zr™*) based metal organic frameworks, when
constructed with carboxylate based ligands, show great aqueous stability in both acidic
and basic conditions.!>*¢ This stability and development of a synthetic toolbox which
allows for precise design of the frameworks chemical functionality, have made all MOF
very attractive to both the industrial energy and chemical sectors.

Overall, MOFs are an extremely versatile synthetic platform for advancing both
science and technology. However, there still many challenges that need to be addressed
both at the macroscopic and molecular level in order for MOFs to reach their potential.
Moreover, the field of MOFs grew so fast during the early 2000’s, that there are many
gaps within both the fundamental and applied research. For example, when MOFs were
synthesized and originally reported, the applications of MOFs were primarily focused on

227 Many potential research areas and applications were

gas storage and separation.
overlooked due to this narrow outlook. Therefore, this Doctoral Thesis and the research
within aims to investigate and fill in some of the research gaps in in developing stable Iron

(Fe™) and Titanium (Ti**) carboxylate based MOFs, for aqueous based applications such

water remediation and as well as clean energy applications such as methane (CH4) storage.



CHAPTER II

HIERACHALLY POROUS PCN-250: MODULATION VS. TEMPLATING *

2.1 Introduction

Compared with traditional porous solids, such as zeolites, activated carbon, and
mesoporous silica, MOFs allow for the precise design of framework porosity as well as
tailoring of the pore environments at the molecular or atomic level. Unfortunately, the
pore sizes of most reported MOFs to date are limited to the micropore range (pore diameter
smaller than 2 nm), which are suitable only for the Absorption, separation, and catalysis
of small guest molecules, such as gases, small organic molecules, and small coordination
complexes. The limited pore sizes may decrease mass transportation rates, restrict the
diffusion of substrates to catalytic active sites, and can even hinder the development of
composite materials with larger components such as nanoparticles, enzymes, and
proteins.”?82°

In order to combat the issue of molecular diffusion in MOFs, the synthesis and
development of Hierarchically Porous MOFs (HP-MOFs) have gained significant
momentum in recent years. HP-MOFs are defined as MOFs that contain engineered

mesopores/macropores in addition to the intrinsic micropores associated with that specific

framework. Compared to mesoporous MOFs, HP-MOFs can dramatically improve mass

* This chapter is partially reproduced with permission from: Kirchon, A.; Li, J.; Xia, F.; Day, G. S.;
Becker, B.; Chen, W.; Sue, H.-J.; Fang, Y.; Zhou, H.-C. Modulation versus Templating: Fine-Tuning
of Hierarchally Porous PCN-250 Using Fatty Acids To Engineer Guest Absorption., Angew. Chem. Int.
Ed. 2019, 58 (36), 12425-12430.. Copyright 2019 by Wiley - VCH,. KGaA, Weinheim.



transportation without losing their intrinsic molecular Absorption and separation
capabilities. However, the direct synthesis of HP-MOFs is challenging and time-
consuming. The preparation of HP-MOF usually involves one of the two methods:
modulation or templated synthesis. Modulation refers to the use of molecules that
coordinate to the metal clusters in a similar geometry as the ligand but have lower binding
affinities than that of the desired ligand, in order to regulate the coordination equilibrium
of a growing MOF crystal. It has been well documented that the use of modulating agents,
not only can lead to the synthesis of defect-free MOFs, but they can also be used to
systematically control defect generation, leading to HP-MOF formation. For example, the
pKa of the modulator, coordination modes of the modulator, and even the size/length of
the modulator can affect HP-MOF generation. 30-33

Alternatively, it has been found that during the templated synthesis of HP-MOFs,
the templating agents tend to form aggregates. These aggregates are traditionally
composed of surfactants or other amphiphilic molecules, which form micelles within a
reaction solution leading to the generation of HP-MOFs. Evidence suggests that the
mesopore diameter and location is strongly dependent on the hydrophobic volume of these
self-assembled aggregates.’*3¢ However, it has been long reported that micelles cannot
form unless the concentration of the amphiphilic molecules is above the critical micelle
concentration (cmc), and this concentration depends on several variables, including

chemical identity, molecular size, solution pH, and even the reaction temperature. For

example, micelles formation is not favorable if the molecule has less than 7 atoms and is



more favorable with molecules containing 7-16 atoms.’” Furthermore, due to its solvation
strength, the cmc of a surfactant in DMF has been reported to be 10-30 times higher than
that of aqueous systems. For this reason, there have been no reports of templating MOFs
using DMF as the solvent. 363345

Therefore, in order to study the effects of modulating versus templating during the
generation of HP-MOFs, a system was developed that utilizes aliphatic mono-carboxylic
acids with different lengths that can act as either modulators or templating agents during

the generation of HP-MOFs (Figure 1). By varying the concentrations and the lengths of

mono-carboxylic acid molecules utilized during the solvothermal synthesis, it is proposed
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Figure 1. Schematic Illustration of Modulation Mechanism vs. Templating

Mechanism for the formation of HP-MOFs using Fatty Acids. Ref #79



that the mechanism of mesopore formation (modulating or templating) can be effectively
tuned, and different variants of HP-MOFs can be obtained. For the modulation-based
mechanism, the mono-carboxylic acid molecules act as typical modulators generating
mesopores through increased steric effects. In the templating-based mechanism, the
hydrophobic alkyl chains of the mono-carboxylic acid molecules self-assemble into
micellular type structures, which act as templates that subsequently generate mesopores

within the obtained MOF.

a)

HO OH

HO OH

Figure 2. a) ABTC=3, 3’, 5, 5’-azobenzenetetracarboxylate b) Fe3-u3-oxo clusters
c) PCN-250 building unit (Yellow Sphere represents the accessible pore space for PCN-250).

Ref #79



PCN-250(Fe;0), also known as MIL-127(Fe;0) (Figure 2, is a well-studied MOF
that is constructed from Fes-oxo clusters and tetratopic azobenzene-based linkers (ABTC
=3,3’,5,5’-azo-benzene-tetra-carboxylate). PCN-250(Fe;0), has been shown to be stable
in aqueous solutions from pH=1 to pH=12.4*% It has been studied for gas storage
applications such as CHs and H»*7 as well as gas separations including Ethylene (C2Hs)
and Ethane (C2He)*. Unfortunately, due to its small pore size, potential applications that
take advantage of the excellent stability of PCN-250(Fe3;O) have not yet been investigated.
Therefore, we have selected PCN-250(Fe;O), as a prime candidate for studying how
modulation versus templating phenomena affect the mesopore size, shape, and location,
and how this affects the subsequent aqueous application of the obtained HP-MOF

material.



2.2 Experimental Methods

Synthesis of Na4ABTC: Na4ABTC was synthesized according to a previously
reported method. In a typical procedure, 5-nitroisophtalic acid (19 g) and sodium
hydroxide (50 g) were suspended in 250 mL of Milli-Q water and reacted at 60°C with
continuous stirring for 1 hour. Next, glucose (100 g) was dissolved in 100 mL of warm
water and the resulting solution was added dropwise to the yellow slurry that became dark
brown due to reduction of the nitro groups. The mixture was allowed to cool down for 30
minutes followed by exposure to an air stream for 16 hours with continuous stirring at
room temperature. Next, the crude was cooled in an ice bath prior to isolation of the solid
by filtration with vacuum. 69.5 % yield (12.52 g) 1H NMR (400 MHz, H20-d2, ) 8.62
(d, 4H) 7.68 (t, 2H)

Synthesis of PCN250(C3-1.4M): Solution 1, which consisted of the .720 g of
Fe(NO2)3(H20)6, 8 mL of Dimethylformamide (DMF), and 1.4M propanoic acid (1.49
mL) was heated to 100 °C for 1 Hour. Next, Solution 2 was prepared which consisted .240
g Na4ABTC dissolved in 8 mL DMF and heat to 150°C for 1 hour. Next, the solutions
were added together in an enclosed reaction vessel (40 mL vial) and heated to 150 °C for
12 hours. After 12 hours, the reaction was allowed to cool to room temperature and the
sample was collected vial centrifugation. The products were then washed 3x with DMF
with the final wash being followed by immersing the product in DMF for 12 hours.
Following the 12 hours, the As Synthesized (AsSyn) MOF product was obtained. In order
to remove the acid modulators/templates form the structure, 250 mg of the sample was

added to a 20 mL vial. Next 8 mL of a solution of 25% glacial acetic acid and 75% DMF
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was prepared was added to the vial. This solution was allowed to sit at 25 °C, for desired
time (e.g. lhr. 12hr, 24hr, etc...). After the desired time the product was collected via
centrifugation then washed 3x with DMF with the final wash being followed by immersing
the product in DMF for 12 hours. This was repeated with a methanol (MeOH) wash 3x
with the final wash being a solvent exchange at RT for 48 hours. Lastly, the product was
dried at 75°C for 6 hours.

Synthesis of PCN250(C6-0.7M): Solution 1, which consisted of the .720 g of
Fe(NO2)3(H20)6, 8 mL of Dimethylformamide (DMF), and 0.7M hexanoic acid (1.95
mL) was heated to 100 °C for 1 Hour. Next, Solution 2 was prepared which consisted .240
g Na4ABTC dissolved in 8 mL DMF and heat to 150°C for 1 hour. Next, the solutions
were added together in an enclosed reaction vessel (40 mL vial) and heated to 150 °C for
12 hours. After 12 hours, the reaction was allowed to cool to room temperature and the
sample was collected vial centrifugation. The products were then washed 3x with DMF
with the final wash being followed by immersing the product in DMF for 12 hours.
Following the 12 hours, the As Synthesized (AsSyn) MOF product was obtained. In order
to remove the acid modulators/templates form the structure, 250 mg of the sample was
added to a 20 mL vial. Next 8 mL of a solution of 25% glacial acetic acid and 75% DMF
was prepared was added to the vial. This solution was allowed to sit at 25 °C, for desired
time (e.g. lhr. 12hr, 24hr, etc...). After the desired time the product was collected via
centrifugation then washed 3x with DMF with the final wash being followed by immersing

the product in DMF for 12 hours. This was repeated with a methanol (MeOH) wash 3x
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with the final wash being a solvent exchange at RT for 48 hours. Lastly, the product was
dried at 75°C for 6 hours.

Synthesis of PCN250(C6-1.4M): Solution 1, which consisted of the .720 g of
Fe(NO2)3(H20)6, 8 mL of Dimethylformamide (DMF), and 1.4M hexanoic acid (3.90
mL) was heated to 100 °C for 1 Hour. Next, Solution 2 was prepared which consisted .240
g Na4ABTC dissolved in 8 mL DMF and heat to 150°C for 1 hour. Next, the solutions
were added together in an enclosed reaction vessel (40 mL vial) and heated to 150 °C for
12 hours. After 12 hours, the reaction was allowed to cool to room temperature and the
sample was collected vial centrifugation. The products were then washed 3x with DMF
with the final wash being followed by immersing the product in DMF for 12 hours.
Following the 12 hours, the As Synthesized (AsSyn) MOF product was obtained. In order
to remove the acid modulators/templates form the structure, 250 mg of the sample was
added to a 20 mL vial. Next 8 mL of a solution of 25% glacial acetic acid and 75% DMF
was prepared was added to the vial. This solution was allowed to sit at 25 °C, for desired
time (e.g. lhr. 12hr, 24hr, etc...). After the desired time the product was collected via
centrifugation then washed 3x with DMF with the final wash being followed by immersing
the product in DMF for 12 hours. This was repeated with a methanol (MeOH) wash 3x
with the final wash being a solvent exchange at RT for 48 hours. Lastly, the product was
dried at 75°C for 6 hours.

Synthesis of PCN250(C6-2.1M): Solution 1, which consisted of the .720 g of
Fe(NO2)3(H20)6, 8 mL of Dimethylformamide (DMF), and 2.1 M hexanoic acid (5.85

mL) was heated to 100 °C for 1 Hour. Next, Solution 2 was prepared which consisted .240

12



g Na4ABTC dissolved in 8 mL DMF and heat to 150°C for 1 hour. Next, the solutions
were added together in an enclosed reaction vessel (40 mL vial) and heated to 150°C for
12 hours. After 12 hours, the reaction was allowed to cool to room temperature and the
sample was collected vial centrifugation. The products were then washed 3x with DMF
with the final wash being followed by immersing the product in DMF for 12 hours.
Following the 12 hours, the As Synthesized (AsSyn) MOF product was obtained. In order
to remove the acid modulators/templates form the structure, 250 mg of the sample was
added to a 20 mL vial. Next 8 mL of a solution of 25% glacial acetic acid and 75% DMF
was prepared was added to the vial. This solution was allowed to sit at 25 °C, for desired
time (e.g. lhr. 12hr, 24hr, etc...). After the desired time the product was collected via
centrifugation then washed 3x with DMF with the final wash being followed by immersing
the product in DMF for 12 hours. This was repeated with a methanol (MeOH) wash 3x
with the final wash being a solvent exchange at RT for 48 hours. Lastly, the product was
dried at 75°C for 6 hours.

Synthesis of PCN250(C9-0.7M): Solution 1, which consisted of the .720 g of
Fe(NO2)3(H20)6, 8 mL of Dimethylformamide (DMF), and 0.7M nonanoic acid (2.63
mL) was heated to 100 °C for 1 Hour. Next, Solution 2 was prepared which consisted .240
g Na4ABTC dissolved in 8 mL DMF and heat to 150°C for 1 hour. Next, the solutions
were added together in an enclosed reaction vessel (40 mL vial) and heated to 150 °C for
12 hours. After 12 hours, the reaction was allowed to cool to room temperature and the
sample was collected vial centrifugation. The products were then washed 3x with DMF

with the final wash being followed by immersing the product in DMF for 12 hours.
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Following the 12 hours, the As Synthesized (AsSyn) MOF product was obtained. In order
to remove the acid modulators/templates form the structure, 250 mg of the sample was
added to a 20 mL vial. Next 8 mL of a solution of 25% glacial acetic acid and 75% DMF
was prepared was added to the vial. This solution was allowed to sit at 25 °C, for desired
time (e.g. lhr. 12hr, 24hr, etc...). After the desired time the product was collected via
centrifugation then washed 3x with DMF with the final wash being followed by immersing
the product in DMF for 12 hours. This was repeated with a methanol (MeOH) wash 3x
with the final wash being a solvent exchange at RT for 48 hours. Lastly, the product was
dried at 75°C for 6 hours.

Synthesis of PCN250(C9-1.4M): Solution 1, which consisted of the .720 g of
Fe(NO2)3(H20)6, 8 mL of Dimethylformamide (DMF), and 1.4M nonanoic acid (5.26
mL) was heated to 100 °C for 1 Hour. Next, Solution 2 was prepared which consisted .240
g Na4ABTC dissolved in 8 mL DMF and heat to 150°C for 1 hour. Next, the solutions
were added together in an enclosed reaction vessel (40 mL vial) and heated to 150 °C for
12 hours. After 12 hours, the reaction was allowed to cool to room temperature and the
sample was collected vial centrifugation. The products were then washed 3x with DMF
with the final wash being followed by immersing the product in DMF for 12 hours.
Following the 12 hours, the As Synthesized (AsSyn) MOF product was obtained. In order
to remove the acid modulators/templates form the structure, 250 mg of the sample was
added to a 20 mL vial. Next 8 mL of a solution of 25% glacial acetic acid and 75% DMF
was prepared was added to the vial. This solution was allowed to sit at 25 °C, for desired

time (e.g. lhr. 12hr, 24hr, etc...). After the desired time the product was collected via
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centrifugation then washed 3x with DMF with the final wash being followed by immersing
the product in DMF for 12 hours. This was repeated with a methanol (MeOH) wash 3x
with the final wash being a solvent exchange at RT for 48 hours. Lastly, the product was
dried at 75°C for 6 hours.

Synthesis of PCN250(C9-2.1M): Solution 1, which consisted of the .720 g of
Fe(NO2)3(H20)6, 8 mL of Dimethylformamide (DMF), and 2.1 M nonanoic acid (7.89
mL) was heated to 100°C for 1 Hour. Next, Solution 2 was prepared which consisted .240
g Na4ABTC dissolved in 8 mL DMF and heat to 150°C for 1 hour. Next, the solutions
were added together in an enclosed reaction vessel (40 mL vial) and heated to 150 °C for
12 hours. After 12 hours, the reaction was allowed to cool to room temperature and the
sample was collected vial centrifugation. The products were then washed 3x with DMF
with the final wash being followed by immersing the product in DMF for 12 hours.
Following the 12 hours, the As Synthesized (AsSyn) MOF product was obtained. In order
to remove the acid modulators/templates form the structure, 250 mg of the sample was
added to a 20 mL vial. Next 8 mL of a solution of 25% glacial acetic acid and 75% DMF
was prepared was added to the vial. This solution was allowed to sit at 25 °C, for desired
time (e.g. lhr. 12hr, 24hr, etc...). After the desired time the product was collected via
centrifugation then washed 3x with DMF with the final wash being followed by immersing
the product in DMF for 12 hours. This was repeated with a methanol (MeOH) wash 3x
with the final wash being a solvent exchange at RT for 48 hours. Lastly, the product was

dried at 75°C for 6 hours.
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Synthesis of PCN250(C14-1.4M): Solution 1, which consisted of the .720 g of
Fe(NO2)3(H20)6, 8 mL of Dimethylformamide (DMF), and 1.4 M mystic acid (7.65 g)
was heated to 100 °C for 1 Hour. Next, Solution 2 was prepared which consisted .240 g
Na4ABTC dissolved in 8 mL DMF and heat to 150°C for 1 hour. Next, the solutions were
added together in an enclosed reaction vessel (40 mL vial) and heated to 150°C for 12
hours. After 12 hours, the reaction was allowed to cool to room temperature and the
sample was collected vial centrifugation. The products were then washed 3x with DMF
with the final wash being followed by immersing the product in DMF for 12 hours.
Following the 12 hours, the As Synthesized (AsSyn) MOF product was obtained. In order
to remove the acid modulators/templates form the structure, 250 mg of the sample was
added to a 20 mL vial. Next 8 mL of a solution of 25% glacial acetic acid and 75% DMF
was prepared was added to the vial. This solution was allowed to sit at 25 °C, for desired
time (e.g. lhr. 12hr, 24hr, etc...). After the desired time the product was collected via
centrifugation then washed 3x with DMF with the final wash being followed by immersing
the product in DMF for 12 hours. This was repeated with a methanol (MeOH) wash 3x
with the final wash being a solvent exchange at RT for 48 hours. Lastly, the product was
dried at 75°for 6 hours.

Dye Absorption experiments: Cycle 1 was performed using 80 mg of the selected
adsorbent (No further drying or activating was performed prior to starting experiments).
The adsorbent was put into a 80 mL Celstir apparatus (Purchased from DWK Life
Sciences) along with 80 mL of 10 mg/L dye solution (methylene blue (MB), crystal Violet

(CV), rhodamine B (RB)). The apparatus was stirred using a magnetic stir plate at
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approximately 200 rpm and various time points were taken during this time. For a specific
time point, 1 mL of solution was removed using a 1 mL syringe and filtered through a 2
um syringe filter. This solution was diluted with 1 mL of H20 and then a UV-Vis spectrum
was obtained in order to determine the concentration of MB in solution. Following the
selected time, the adsorbent was collected via centrifugation and soaked in 20 mL of DMF
for 2 hours (2x) in order to desorb the dye. Next the adsorbent was solvent exchanged with
Methanol (20 mL) for 12 hours and then subsequent dried in an oven at 75 °C for 6 hours.
Cycle 2 and 3 were then performed in the same manner as Cycle 1 using 60 mg and 60

mg/L of adsorbent and MB solution for Cycle 2 and 40 mg and 40 mg/L for Cycle 3.

Materials

All the reagents and solvents were commercially available and used as received or
synthesized according to the literature reported procedures. 80 mL Celstir apparatus was
purchased from DWK Life Sciences. Syringe Filters were purchased from VWR (Syringe

Filters with Polypropylene Housing).

Instrumentation

Powder X-ray diffraction (PXRD): was carried out with a Bruker D8-Focus Bragg-
Brentano X-ray Powder Diffractometer equipped with a Cu sealed tube (A = 1.54178 A)
at 40 kV and 40 mA.

Scanning Electron Microscopy (SEM) measurements were carried out on JEOL

JSM-7500F. JEOL JSM-7500F is an ultra-high-resolution field emission scanning
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electron microscope (FE-SEM) equipped with a high brightness conical FE gun and a low
aberration conical objective lens.

Thermal Gravimetric Analysis (TGA) was performed using a Mettler-Toledo
TGA/DSC STARe-1 system which was equipped with a GC100 gas controller.
N2 sorption measurements were conducted using a Micromeritics ASAP 2020 and 2420
system.

UV-Vis spectroscopy measurements were performed using a 2mL Quartz Cuvette
and a UV-2450 Spectrophotometer from Shimadzu

Dynamic Light Scattering (DLS) was performed using Malvern Zetasizer Nano-

ZS and a 2mL Quartz Cuvette.
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2.3 Results and Discussion

A novel synthetic approach was set up in order to introduce hierarchical pores into
traditionally microporous PCN-250(Fe30). In the first step, a fatty acid molecule is added
to the mixture of MOF components during the solvothermal process. Monocarboxylic
acids with different lengths were screened to optimize the porosity of the final product
(HP-MOF). As shown in Figure 3, when a 3-carbon long modulator (Propanoic Acid-C3)
was used, only a microporous sample named PCN-250(C3-1.4M)-AsSyn was obtained.
Through determination of surface area and pore volume of the obtained material, it was
determined that PCN-250(C3-1.4M)-AsSyn adopts the exact same structure (as
determined from PXRD) and porosity as the previously published PCN-250(Fe;0)*.
Although, C3 carboxylic acid hardly changes the structure of microporous PCN-250, the
use of modulators with the length of 6 (Hexanoic Acid — C6), and 9-carbons long

(Nonanoic Acid — C9) yield HP-MOFs that display high porosity and good crystallinity.

b)

Q
-

'
o
o

PCN-250(C9-1.4M)-AsSyn

J\ g PCN-250(C6-1.4M)-AsSyn
e luse hsolisremne o ammiss, EPSC R PR

PCN-250(C3-1.4M)-AsSyn

200

Relative Intenisty (au)

—e— —0— PCN-250(C3-1.4M)-AsSyn

—e— —0— PCN-250(C6-1.4M)-AsSyn
—e— —0— PCN-250(C9-1.4M)-AsSyn PCN-250-Simulated
- PCN-250(C14-1.4M)-AsSyn

Quantity Adsorbed (cm3¥g STP)
)
o

S ccomwo way—eee—e—s_,

T T T T T T T T
0.2 0.4 0.6 0.8 1.0 4 8 12 16 20 24 28 32 36 40
Relative Pressure (P/Po) 2 Theta

Figure 3. a)N> Absorption isotherm and b)Powder X-Ray Diffraction of all 4 PCN-

250(CX-1.4M)-AsSyn. Ref #79

19



(Figure 3). In contrast, when the length of the modulator increased to 14 carbons long
(Myristic Acid- C14), the obtained product displays highly decreased pore volume and
surface area, when compared to its C3, C6 and C9 counterparts. Therefore, by tuning the
length of the modulator (fatty acid), introducing different types of hierarchal porosity into
the microporous PCN-250(Fe;0) when using the C6 and C9 acids was successful.

Following this determination, an acetic acid-based, post-synthetic chemical
etching technique was performed in order to maximize overall porosity of the hierarchally
porous PCN-250(C6-1.4M)-AsSyn and PCN-250(C9-1.4M)-AsSyn samples. In this
process, the acetic acid serves three purposes: 1) It acts as a replacement ligand for any
monocoordinated long chain molecules/templates; 2) It helps promote the removal of any
unreacted starting materials from within the pores; 3) It acts as an etching agent in order
to remove areas of low crystallinity on the surface of crystals as well as remove partially
connected clusters from within the structure.

Based on this method, the mesopore volume was optimized for the time of etching
as shown in Figure 3. When holding the acid concentration and temperature constant, the
mesopore volume changes with varying etching times. For example, as shown in Table 1,
the mesopore volume for PCN-250(C6-1.4M) continuously increases from .264 cm?/g for
the As-Syn sample, to .362 cm?/g after 30 min of etching and is maximized after 1 hour
of etching at .446 cm3/g. With further etching time, (Figure 4 and Table 1) the overall gas

uptake and mesopore volume start to decrease.
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As-Syn 30 Min 1 Hour 6 Hour

PCN-250(C6-1.4M) 264 cm’/g 362cm’/g 446 cm’/g 231 cmi/g

PCN-250(C9-1.4M) 281 cm’/g 353 cmd/g 423 cm’/g 230 cmi/g

Table 1. Pore Volume of Various Timed Etching Samples of PCN-250 etched

samples. Ref #79
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Figure 4. a)N> Absorption isotherm and b)Powder X-Ray Diffraction c)Thermal
Gravimetric Analysis of all PCN-250(C6-1.4M) etches samples d) N> Absorption
isotherm and e)Powder X-Ray Diffraction f)Thermal Gravimetric Analysis of all PCN-

250(C9-1.4M) etches samples. Ref #79
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In order to study the etching process at the atomic level, inductively coupled
plasma-mass spectrometry (ICP-MS) was used in order to test the concentration of iron
(Fe) present in the etching solutions. As the data shows below in Table 2, as the etching
time increases, so does the concentration of iron in the etching solution. In order to verify
that the iron in solution was due to etching and not due to pore cleansing of unreacted
starting material, soaking the MOF sample in a DMF solution for 24 hours was performed
as a control. The extremely low concentration of iron in solution, 0.43 pg/L for the C6
modulated sample and 0.42 pg/L for the C9 sample, as well as the increase in iron
concentration with prolonged etching time, suggest the etching process is successful as

well as tunable.
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SAMPLE

IRON CONCENTRATION

PCN-250(C6-1.4M)-30MIN
PCN-250(C6-1.4M)-1HOUR
PCN-250(C6-1.4M)-6HOUR
PCN-250(C6-1.4M)-12HOUR
PCN-250(C6-1.4M)-24HOUR
PCN-250(C6-1.4M)-24HOUR-DMF
PCN-250(C9-1.4M)-30MIN
PCN-250(C9-1.4M)-1HOUR
PCN-250(C9-1.4M)-6HOUR
PCN-250(C9-1.4M)-12HOUR
PCN-250(C9-1.4M)-24HOUR

PCN-250(C9-1.4M)-24HOUR-DMF

The use of hexanoic acid (C6) and nonanoic acid (C9) both significantly changed

18 nm (Figure 5e)

23

53.95 pg/L
131.25 pg/L
158.77 ng/L
244.57 pg/L
1957.71 pg/L

0.43 pg/L
78.79 ng/L
98.62 ng/L
112.62 pg/L
180.64 pg/L
1657.23 ng/L

0.42 pg/L

Table 2. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) data for Fe

concentrations in different timed etching solutions. Ref #79

the porosity of the obtained PCN-250(Fe;O) samples by generating HP-MOFs. The
optimized PCN-250(C6-1.4M) displays a clear Type IV “S-Shaped” isotherm, with a pore
diameter between 4-8 nm (Figure 5d). Conversely, the optimized PCN-250(C9-1.4M)

shows a Type IV isotherm, with both a 4 nm and a much larger pore diameter between 6-



In order to investigate how the concentration of fatty acids would affect the
mesopore structure within the obtained MOFs, both C6 and C9 were used in three different
concentrations (0.7M, 1.4M, and 2.1M). When the fatty acid of choice is used in 0.7 M
[PCN-250(C6-0.7M) and PCN-250(C9-0.7M)] or 1.4M [PCN-250(C6-1.4M) and PCN-
250(C9-1.4M)] concentrations, all four of the generated samples display a clear Type IV
or “S-Shaped” isotherm (Figures 5a and 5c), which indicates an HP-MOF structure.
However, when the acid concentration was increased to 2.1M, both PCN-250(C6-2.1M)
and PCN-250(C9-2.1M) displayed a Type I isotherm (Figure 5e), indicating only
microporous structures were obtained.

When taking a deeper look at the N> isotherms of the four different obtained HP-
MOFs, differences in their desorption curves (hysteresis loops) can be seen. PCN-250(C6-
0.7M), PCN-250(C9-0.7M) and PCN-250(C6-1.4M) all display a desorption hysteresis in
the N> isotherm that is consistent with an H2-type desorption loop. H2 hysteresis
desorption loops are known to signal the presence of pores with narrow mouths (Ink Bottle
Pores) or internal mesopores with little to no direct connectivity to the particle surface.>
However, PCN-250(C9-1.4M) displays another type of hysteresis, named H1. H1-type
hysteresis desorption loops are reported to signal cyclical pore geometries as well as
mesopores that are connected to the surface of the particle which yields the guest

molecules experiencing little to no pore blocking effects.3-3
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Furthermore, using the Barrett-Joyner-Halenda (BJH) pore size model applied to

the desorption cycles, the four HP-MOFs display different pore sizes as well. PCN-

250(C6-0.7M), PCN-250(C9-0.7M), and PCN-250(C6-1.4M) all display mesopore sizes

of approximately 4-6 nm in diameter, while PCN-250(C9-1.4M) displays much larger

mesopores of approximately 8-16 nm in diameter (Figures 5b and 5d). In addition, SEM

was performed on the various samples in order to gain information on mesopore location

within the MOF crystals. As shown in Figure 6f, visual mesopores or gaps can be seen on
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Figure 5. N isotherms of various PCN-250 Samples, filled data markers (Absorption),

open data markers (desorption): a) PCN-250(CX-0.7M) b) PCN-250(CX-1.4M) c) PCN-

250(CX-2.1M) and Pore Size distributions using BJH Desorption Model d) PCN-250(CX-

0.7M) ) PCN-250(CX-1.4M) f) PCN-250(CX-2.1M)..Ref #79
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the surface of the particles of PCN-250(C9-1.4M). In contrast, PCN-250(C6-1.4M)
particles (Figure 6e) display an extremely smooth surface with no visual evidence of
mesopores. Furthermore, with the evidence from isotherm types, hysteresis types, pore
sizes, and SEM micrographs, it has been shown that there are two distinct mesopore
structures that can be obtained by varying the length and concentration of mono-

carboxylic acid molecules utilized during the solvothermal synthesis.

Figure 6. SEM Micrographs of (a,c,e) PCN-250-(C6-1.4M) and (b,d,f) PCN-250-(C9-
1.4M) SEM Micrographs of single crystal of (¢) PCN-250-(C6-1.4M) and (d) PCN-250-
(C9-1.4M). Enlarged photo of red reticular zone in (c) and (d). Scale bar for (a) and (b):

50 pm. Scale bar for (c) and (d): 5 um. Scale bar for (e) and (f): 100 nm. Ref #79
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As explained in Section 2.1, it was hypothesized that there could be two different
mechanisms of mesopore formation within HP-MOFs using mono-carboxylic acid
molecules. The first, as shown in Figure 1, is a modulation-based mechanism, which is
responsible for the structure of PCN-250(C6-0.7M), PCN-250(C9-0.7M), and PCN-
250(C6-1.4M). Mechanism 2, which is thought to be responsible for the structure of PCN-
250(C9-1.4M) (Figure 1) is a templating-based mechanism.

In order to examine if a templating mechanism predominates in the formation of
PCN-250(C9-1.4M), it was proposed that micelles or other self-assembled aggregates
could be characterized in the synthetic solutions of each MOF. In order to obtain this
evidence, Dynamic Light Scattering (DLS) experiments were at 90°C. (Experiments were
performed at 90°C due to the limitations of the DLS instrument). In order for the data to
be calculated, the viscosity and refractive index of the base solvent is needed at the
measurements temperature and 90°C was the highest temperature found in the literature.>*
As shown in Table 3 no particles were observed in any of the 0.7M, 1.4M and 2.1M C3
synthetic solutions. Furthermore, in the C14 synthetic solutions, no micelle type particles
were observed in 0.7M solution but were observed in the 1.4 and 2.1M solution of

approximately 60 and 160 nm respectively.
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Sample Name T (°C) Number Mean (nm)

(€3-0.7M)-1 90 0
(€3-0.7M)-2 90 0
(€3-1.4M)-1 90 0
(C3-1.4M)-2 90 0
(€3-2.1M)-1 90 0
(€3-2.1M)-2 90 0
C6-0.7M)-1 90 0
(C6-0.7M)-2 90 0
(C6-1.4M)-1 90 0
(C6-1.4M)-2 90 0
(C6-2.1M)-1 90 0
(C6-2.1M)-2 90 0
(€9-0.7M)-1 90 0
(€9-0.7M)-2 90 0
C€9-1.4M)-1 90 9.89
(€9-1.4M)-2 90 11.76
(€9-2.1M)-1 90 45.27
(€9-2.1M)-2 90 44.06
(C14-0.7m)-1 90 0
(C14-0.7M)-2 90 0
(C14-1.4M)-1 90 64.09
(C14-1.4Mm)-2 90 55.38
(C14-2.1M)-1 90 188.4
(C14-2.1M)-2 90 132.3
DMF-Pure-1 90 0
DMF-Pure-2 90 0

Table 3. Dynamic Light Scattering (DLS) Data Table of the MOF synthetic solutions

excluding the Fe(NO)3-(H20) Ref #79
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More importantly, no micelle sized particles were detected in any of the PCN-
250(C6-X.XM) synthetic solutions whereas relatively small, nanometer-sized particles
were detected in the PCN-250(C9-1.4M) and PCN-250(C9-2.1M). These particles are
thought to be micelles generated by the self-assembly of nonanoic acid in the presence of
a polar solvent such as DMF. It is believed that this data falls in line with the findings of
previously reported literature that micelles can, in fact, be formed in DMF if the surfactant
has the correct molecular length and concentrations, furthermore, previous reports show
that the length and concentration of the surfactant (fatty acid) help govern the critical
micelles concentration (cmc) and the formation of micelles in DMF, which are
significantly higher than in aqueous solutions.*®>> Lastly, for PCN-250(C9-1.4M), the
micelles generated were of approximately 11 nm, which is in good agreement with the

calculated pore size distribution for PCN-250(C9-1.4M).
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Figure 7. a) Image of Methylene Blue solution after UV-Vis measurements were taken
(Diluted by 50%) for PCN-250(C9-1.4M). b) Concentration vs time plot for PCN-250(C6-
1.4M) and c¢) PCN-250(C9-1.4M) d) SEM images post dye desorption for PCN-250(C6-

1.4M) and ¢) PCN-250(C9-1.4M). Scale bar for (d)(e): 50 um. Ref #79
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In order to show the how the different hierarchal structures could have an impact
on the applications of these MOFs, the ability PCN-250(C9-1.4M) and PCN-250(C6-
1.4M) to remove organic dyes from aqueous solutions was tested. Methylene Blue (MB)
was employed as a model dye, and UV-Vis spectroscopy was implemented to monitor the
Absorption process of MB from an aqueous solution under vigorous stirring at ambient
temperature and pressure. The initial concentration of the MB solution was 10 mg/L, and
during the Absorption process, various time points were taken in order to gain an insight
into the kinetics of the Absorption process. Figure 7b and 7¢ both show PCN-250(C6-
1.4M) and PCN-250(C9-1.4M) displaying good Absorption kinetics, removing 65% and
48% of the MB, respectively, after only 5 minutes. Furthermore, after 2 hours of
Absorption time, 99% removal of MB from the aqueous solution was achieved by both
samples.

In order to investigate the effect the introduction of mesoporous into PCN-
250(Fe;0) would have on the dye Absorption performance, the same test was performed
using a microporous PCN-250(Fe;0). As seen from Figure 8, PCN-250(C6-1.4M) and
PCN-250(C9-1.4M) significantly outperform the microporous PCN-250(Fe;O). PCN-
250(Fe;0) can remove approximately 21% of the MB dye within the first 5 minutes, but
then significantly slows down. After 1 hour and 6 hour, there was 33% and 45% MB
removed, respectively. Furthermore, the Absorption capacities of PCN-250(Fe;O), PCN-
250(C6-1.4M) and PCN-250(C9-1.4M) were determined to be 97 mg/g, 112 mg/g and 136

mg/g for MB respectively. The low Absorption capacity and kinetics of the microporous
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sample can be attributed to surface pore blocking, whereas the mesoporous samples do

not have such limitation.

Additionally, to show the broad range of cationic dyes that PCN-250(C9-1.4M)

can extract from an aqueous solution, Crystal Violet (CV) and Rhodamine B (RB) were

Figure 8.
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also tested. As seen in Figure 9, both dyes were effectively 100% sequestered in under 2
hours.

Next, the effect of the mesopore location(type) on the dye desorption process and
the recyclability of the adsorbents was investigated. After the Absorption of the MB dye,
the MOF samples were isolated via centrifugation and washed with 25 mL of DMF.
Following the DMF wash, the samples were dried in air at 75°C for 6 hours, then SEM
micrographs were obtained and compared to the pre-Absorption micrographs. Pre-
Absorption, PCN-250(C6-1.4M) and PCN-250(C9-1.4M) both had a fairly uniform
particle size and morphology (Figures 6a and 6b). Following the Absorption and
desorption of the dye, PCN-250(C9-1.4M) maintains its crystal integrity while PCN-
250(C6-1.4M) does not (Figures 7d and 7e). It is hypothesized that the PCN-250(C6-
1.4M) crystals were broken apart into various smaller sizes and shapes, due to the
exothermic dye desorption process. The internal mesopores do not allow for facile dye
desorption, while the presence of surface mesopores in PCN-250(C9-1.4M) does permit
facile dye desorption, leading to the preservation of crystal integrity and morphology.

Due to the loss of PCN-250(C6-1.4M) crystal integrity, the dye Absorption
performance also suffered. As shown in Figure 7b, PCN-250(C6-1.4M) Absorption
kinetics slowed with subsequent Absorption experiments, signifying that not only does
the presence of mesopores affect dye Absorption process when compared to a microporous
sample, but mesopore location and access to the crystal surface also affects the

recyclability of a MOF adsorbent.
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2.4 Conclusion

Introducing mesoporosity into existing microporous materials is an growing area
of research. Although many preparations of HP-MOFs have been developed over the last
decade, the literature indicates that these techniques still have limited scope and tunability.
Therefore, a system was designed in order to study the differences in modulation based
methods and templating based methods.

In this system, different lengths and concentrations of fatty acids, (C3, C6, C9 and
C14), which can act as either modulators or templates, were introduced into the PCN-250
synthesis. The obtained MOFs exhibit completely different porosity, with both PCN-
250(C6-1.4M) and PCN-250(C9-1.4M) samples exhibiting hierarchal porosity. Through
the use of Dynamic Light Scattering (DLS), it was determined that when nonanoic acid is
used in 1.4M concentration or higher, the nonanoic acid molecules can forms micelles.
This micelle formation dictates the generating of HP-MOF through a templating
mechanism, in which PCN-250(C9-1.4M) displays both large surface and internal
mesopores (6-18 nm). On the other hand, when hexanoic acid is used, due to its short
length (lower than 7 carbons), it cannot form micelles, in turn yielding a HP-MOF through
a modulation based mechanisms that displays smaller, only internal mesopores (4-8 nm).
Although the two HP-MOFs exhibit comparable gas uptake, their dye removal behaviors
are totally different due to the differences in mesopore locations. PCN-250(C9-1.4M),
which has both surface and internal mesopores, displays great recyclability by removing

99% of MB over three cycles. However, PCN-250(C6-1.4M), which has only the internal
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mesopores displays, poor recyclability, removing as low as 37% of MB after the third
cycle.

Overall, this work offers to the best of our knowledge, the first report of micelle
based templating of MOFs in Dimethylformamide (DMF) as well as an introduction to a
movement of developing hierarchally porous structures of previous known MOFs for new

and untested applications.
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CHAPTER III
EFFECT OF ISOMORPHIC METAL SUBSTITUTION ON THE FENTON AND

PHOTO-FENTONEFFICENCY OF PCN-250*

3.1 Introduction

Water treatment and purification has become a major area of interest in the
chemical and environmental science communities over the last decade. This is due to the
increased consumption and disposal of organic molecules such as dyes, steroids,
refrigerants, antibiotics and other toxic organic chemicals. Advanced oxidation processes
(AOPs) are considered a promising method for the remediation of such wastewaters.*°
One of the most efficient AOPs is the use of Fenton and photo-Fenton reactions. As shown
in Figure 10, Fenton and photo-Fenton reactions typically use iron (Fe) based catalysts
that react with hydrogen peroxide (H20:) in order to generate hydroxide radicals (-OH),
resulting in the oxidation of various pollutants into non-toxic byproducts.’’-%° Small
molecule, iron based homogenous catalysts such as coordination complexes or Fe salts
were originally investigated and reported as effective catalysts for these processes in the
mid-late 1900’s, however they displayed severe drawbacks such as a high pH-dependence,
specifically with homogenous catalysts typically yielding ferric hydroxide sludge at pH

values above 4.0.51-% Therefore, heterogeneous Fenton processes using solid catalysts,

* This chapter is partially reproduced with permission from: Kirchon, A.; Zhang, P.; Li, J.; Joseph, E.
A.; Chen, W.; Zhou, H.-C. Effect of Isomorphic Metal Substitution on the Fenton and Photo-Fenton
Degradation of Methylene Blue Using Fe-Based Metal-Organic Frameworks. ACS Appl. Mater.
Interfaces, 2020, 12 (8), 9292-9299. Copyright 2020 by The American Chemical Society
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such as iron oxide nanoparticles, were investigated as a potential alternative. However,
these nanoparticle based technologies have displayed several drawbacks such as high

metal leaching, nanoparticle aggregation and high recovery costs.®!-62

Equation1: Fe?* + H,0, — Fe3" + 0H + OH™

Equation2: Fe3* + H,0, — Fe?" + 00H +H*

Equation 3 : OH + Organic Molecule » Oxidized Prodocts

Figure 10. Fenton Chemistry Scheme

Metal-organic frameworks (MOFs) offer new opportunities for the development
of Fenton type catalysts due to their chemical tunability, well-defined structures, large
pore volumes and high surface areas. Compared with traditional porous solids, such as
zeolites, activated carbons and mesoporous silicas, MOFs allow for the precise design of
their framework structures and the tailoring of their pore environments at the molecular
level.” Additionally, MOFs allow for the generation of composite materials such as MOF-
carbon or MOF-nanoparticle composites, which have recently been reported as successful
and promising candidates for eliminating the drawbacks reported for homogenous
catalysts.56-67
One of the key aspects of MOFs is the that metal identity, metal oxidation state

and even metal ratios in a mixed-metal MOF system can all be effectively tuned with

precision.*”7%7! Mixed-metal MOF systems, which are defined as MOFs that contain at
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least 2 different metal ions as nodes in the same MOF phase,”> have demonstrated
promising results regarding the improved performance of MOFs in applications that range
from catalysis’? to gas storage® and even electron and ion transport.”* For example, in 2018,
Hmadeh and coworkers reported the synthesis of mixed-metal ZIF-8 and ZIF-67, noting
that doping ZIF-8 with Co*? enhances the photo-degradation of methylene blue dye under
visible light irradiation.”” More importantly, iron based-MOFs have recently shown
promise in Fenton and photo-Fenton reactions. However it is predicted that there is still
significant room for improvement in both reactivity and recyclability of these catalysts.”>~
77T Moreover, it has been shown that substitution of iron with other transition metals in both
MOFs and nanoparticles can lead to enhancement in the degradation of other organic
pollutants such as phenols.”>’

As in the last chapter, PCN-250(Fes;O) was researched for water based applications
such as dye Absorption, it is also a promising candidate for aqueous based catalytic
processes. One of the main features that distinguish PCN-250(Fe;O) as a promising
candidate as a Fenton and photo-Fenton catalyst is that it is a Fe based material with the
ability to incorporate secondary metals within the cluster with a well-defined Fe:M ratio
while maintaining high stability and porosity. This metal substitution can potentially allow
the reaction rates to be effectively tuned 4’#>7 In order to evaluate the effects different
metals can have in the Fenton and photo-Fenton reaction rates, as well as the overall
viability of PCN-250 as a heterogenous catalyst, a series of mixed-metal MOFs named

PCN-250(FexM) (M= Ni, Co, Mn, Fe) were synthesized. Furthermore, their viability as

Fenton and photo-Fenton catalysts for the degradation of methylene blue was tested.
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3.2 Experimental Methods

Synthesis of H4ABTC: H4ABTC was synthesized according to a previously
reported method.®? In a typical procedure, 5-nitroisophtalic acid (19 g) and sodium
hydroxide (50 g) were suspended in 250 mL of ultrapure water purified using a Milli-Q
Water -Ultrapure Water System and reacted at 60°C with continuous stirring for 1 hour.
Next, glucose (100 g) was dissolved in 100 mL of warm ultrapure water and the resulting
solution was added dropwise to the yellow slurry that became dark brown as the nitro
groups were reduced. The mixture was allowed to cool down for 30 minutes, followed by
exposure to a bubbling air stream for 16 hours with continuous stirring at room
temperature. Next, the crude mixture was cooled in an ice bath prior to isolation of the
solid by filtration with vacuum. Finally, the solid was dissolved in 250 mL of water and
acidified with HCI 37% to produce an orange precipitate. H4ABTC was isolated by
filtration, thoroughly washed with water and dried in an oven (92% yield).

Preparation of preformed clusters Fe2M(m3-O)(CH3COO)s (M = Co, Ni, Mn,
Fe): A solution of sodium acetate trihydrate (42 g, 0.31 mol) in water (70 ml) was added
to a filtered, stirred solution of iron(III) nitrate nonahydrate (8 g, 0.02 mol) and the metal(II)
nitrate (0.1 mol) in water 70 ml, and the brown precipitate was filtered off, washed with
water and ethanol and dried in air.

Synthesis of PCN-250(Fe;M) (M = Co, Ni, Mn, Fe): H1ABTC (1 g), FeoM (Mn,
Fe, Co, Ni) (1 g) and acetic acid (100 ml) in 200 ml of DMF were ultrasonically dissolved
in a 500 ml Pyrex bottle. The mixture was heated in an oven at 140 °C for 12 h. After

cooling down to room temperature, dark brown crystals were collected by filtration. Next
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the crystals were washed according to the procedure in the reference below.*® Finally the
product was dried in a 75 °C oven for 24 hours.

Dye Absorption Experiments: 20 mg of the selected MOF adsorbent was used.
(No further drying or activating was performed prior to starting experiments). The
adsorbent was put into an 80 mL Celstir apparatus (Purchased from DWK Life Sciences)
along with 40 mL of 15 mg/L dye solution (methylene blue (MB). The apparatus was
stirred using a magnetic stir plate at approximately 200 rpm and samples were taken at
various time points. For each specific time point, 1 mL of solution was removed using a 1
mL syringe and filtered through a .22 um syringe filter. This solution was diluted with 1
mL of H>O and then a UV-Vis spectrum was obtained in order to determine the
concentration of MB in solution.

Catalytic Degradation Experiments: Catalytic Degradation Experiments were
performed in a constant temperature 25 °C (using a water bath) in an 80 mL Celstir
apparatus (Purchased from DWK Life Sciences) which was stirred using a magnetic stir
plate at approximately 200 rpm with samples removed at regular intervals. In a typical
experiment, 20 mg of the MOF catalyst was used along with 40 mL of 15 mg/L dye
solution methylene blue (MB) and 21 microliters of H202- 35wt%. For each sample, 1 mL
of solution was removed using a 1 mL syringe and filtered through a 0.22 um syringe filter
and immediately quenched with excess pure n-butanol. This solution was diluted with 1
mL of H>O and then a UV-Vis spectrum was obtained in order to determine the
concentration of MB in solution. All experiments were performed in the dark environment

and with the addition of a full wavelength halogen lamp was used as the light source
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for the Photo-Fenton reactions. During the reactions, the H>O»- 35wt% was added and
light source was turned on at the zero time point, with the MOF being added to the solution

starting at the -60 min timepoint.

Materials

All the reagents and solvents were commercially available. Sodium Hydroxide, 5-
Nitroisophtalic acid, glucose, hydrochloric acid, sodium acetate trihydrate, iron(III) nitrate
nonahydrate, manganese (II) nitrate, cobalt (II) nitrate, nickel (II) nitrate,
dimethylformamide, acetic acid, ethanol and methanol were purchased from VWR, Fisher

Scientific, or Sigma Aldrich and used without any further modification or purification.

Instrumentation

Powder X-ray diffraction (PXRD) was carried out with a Bruker D8-Focus Bragg-
Brentano X-ray Powder Diffractometer equipped with a Cu sealed tube (A = 1.54178 A)
at 40 kV and 40 mA.

Thermal Gravimetric Analysis (TGA) was performed using a Mettler-Toledo
TGA/DSC STARe-1 system which was equipped with a GC100 gas controller.

N2 sorption measurements were conducted using a Micromeritics ASAP 2020

Thermogravimetric Analysis (TGA) was performed with about 10 mg of the
sample was heated on a Mettler-Toledo TGA/ DSC thermogravimetric analyzer from

room temperature to 800 °C at a rate of 5 °C-min"! under Argon flow of 20 mL- min!.
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UV-Vis spectroscopy measurements were performed using a 2mL Quartz Cuvette
and a UV-2450 Spectrophotometer from Shimadzu.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) - Calibration standards
were prepared from certified reference standards from RICCA Chemical Company.
Samples were further analyzed with a PerkinElmer NexION 300D ICP mass spectrometer.
Resulting calibration curves have minimum R? = 0.9999. Additionally, to maintain
accuracy, quality control samples from certified reference standards and internal standards
were utilized. The individual results of the triplicate samples were averaged to determine
the metal concentration.

X-ray photoelectron spectroscopy (XPS) was performed using an Omicron
XPS/UPS system with Argus detector uses Omicron’s DAR 400 Mg X-ray source.

Scanning Electron Microscopy (SEM) measurements were carried out on JEOL
JSM-7500F. JEOL JSM-7500F is an ultra-high-resolution field emission scanning
electron microscope (FE-SEM) equipped with a high brightness conical FE gun and a low

aberration conical objective lens.
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3.3 Results and Discussion

Following the synthesis as described in the methods section, Powder X-ray
Diffraction (PXRD) measurements were performed of each PCN-250 samples to verify
the PCN-250 structure. As shown in Figure 11a, all four samples display the characteristic
peaks of previously published PCN-250 and matched well with the simulated pattern
confirming the presence of the isostructural single-phase of PCN-250 for all four materials.
4748

Next, N2> gas Absorption experiments were performed to determine the porosity
and surface area of all 4 samples. As shown in Figure 11b, all four samples present a Type
I isotherm of IUPAC (International Union of Pure and Applied Chemistry) classification
without a discernible hysteresis loop, indicating the existence of uniform micropores in
the structure.®! The samples also displayed great porosity and high surface areas that match
well with the previously published versions of PCN-250. The surface areas of PCN-
250(Fes3), PCN-250(Fex2Ni), PCN-250(Fe2Co) and PCN-250(Fe,Mn) are 1460 m?/g, 1492
m?/g, 1428 m?/g and 1472 m?/g, respectively. Thermal gravimetric analysis (TGA) was
also performed on the samples to determine their thermal stability. All four samples
display good thermal stability up to about 420 °C, as shown in Figure 11c. Using the data
from the N sorption tests, TGA and PXRD analysis, it was further confirmed that all 4
samples display the same single phase of PCN-250 with all displaying high porosity and

thermal stability.
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Figure 11. a) PXRD of all PCN-250 samples, b) thermal grammatic analysis, c) N2

Absorption isotherms Ref #130

Next, Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS), Scanning
Electron Microscopy-Energy Dispersive X-Ray Spectroscopy (SEM-EDS), and X-ray
Photoelectron Spectroscopy (XPS) were all used in order to confirm the isomorphic
substitution of Mn, Co and Ni for Fe within the three mixed-metal samples. ICP-MS was
performed on each sample in order to determine the metal ion ratios. As displayed in Table

4, PCN-250(Fes3) was confirmed to be 100% iron, while the mixed-metal samples of PCN-
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250(Fe2Ni), PCN-250(Fe;Co) and PCN-250(Fe>Mn) displayed Iron:Metal (Fe:M) ratios
of 2:1. Next, SEM-EDS was performed on each sample for two reasons. The first was to
verify that all MOF samples displayed the same crystal morphology as well as similar
crystal sizes. This can be seen by looking at Figure 12a, 12c, 12f, and 121, where all four
samples display a cubic octahedron shape as well as crystal sizes between approximately
2-8 microns. EDS mapping, was performed in order to verify the isomorphic and evenly
distributed substitution of Mn, Co and Ni into the PCN-250 structures and was confirmed
by analyzing the micrographs displayed in Figure 12e, 12h and 12k. Furthermore, the ratio
of Fe:M calculated by ICP-MS was verified by the EDS mapping of metal species, with
Mn, Co and Ni percentages being calculated as 33%, 37% and 33% respectively. EDS
mapping of Fe within each sample, as displayed in Figures 12b, 12d, 12g, and 12j,

illustrates an even distribution of Fe:M throughout the crystal samples.

Sample Iron (Fe) Percentage Metal (M) Percentage
PCN-250(Fe) 100 % -
PCN-250(Fe Mn) 67 % 33%
PCN-250(Fe_Co) 67 % 33%
PCN—250(Fe2N|) 66 % 34 %

Table 4. Inductively Coupled Plasma- Mass Spectroscopy (ICP-MS) for mixed-

metal variants of PCN-250. Ref #130
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Figure 12. a) SEM micrograph of PCN-250(Fe;3), b) EDS mapping of Fe in PCN-250(Fe3),
¢) SEM micrograph of PCN-250(Fe;Mn), d) EDS mapping of Mn in PCN-250(Fe;Mn), e)
EDS mapping of Fe in PCN-250(FeoMn), f) SEM micrograph of PCN-250(Fe2Co), g) EDS
mapping of Co in PCN-250(Fe>Co), h) EDS mapping of Fe in PCN-250(Fe>Co), 1) SEM
micrograph of PCN-250(Fe:Ni), j) EDS mapping of Ni in PCN-250(FexNi), k) EDS

mapping of Fe in PCN-250(FexNi). Ref #130
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Finally, X-ray Photoelectron Spectroscopy (XPS) was used to further verify the
isomorphic substitution of Mn, Co and Ni for Fe by identifying the chemical state and the
binding energy of Fe and the secondary metals Mn/Co/Ni within the samples. The survey

data for all XPS results is reported in Figure 13a. Specifically, for PCN-250(Fe2Mn), the
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Figure 13. a) XPS survey data for all four samples; b) XPS Mn2p 3/2 data for
PCN-250(FexMn); c¢) XPS Co2p 3/2 data for PCN-250(Fe.Co); d) XPS

Ni2p 3/2 data for PCN-250(Fe2Ni). Ref #130
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BE for the Mn 2p 3/2 orbital was determined to be 639.9 eV as display in Figure 13b.
When compared to the published values found within the NIST database®?, the values
obtained for PCN-250(Fe2Mn) fall within the reported range for similar species such as
FexMnO4 nanoparticles (these compounds best model the metal environment within the
MOF — M304 where M = Metal Species) of 639.8 eV - 640.0 eV¥#, Moreover, the BE
for Mn 2p 3/2 orbital of PCN-250(FexMn) has shifted from the accepted values for Mn3O4
of 641.5 eV - 641.6 eV¥-%° Additionally, for PCN-250(Fe>Co) and PCN-250(FexNi), the
obtained values of 779.9 eV and 855.6 eV agree with previously reported values of
Fe2Co04%¢ and FeaNiO4%6 as reported in Figure 13¢ and 13d. Overall, the ICP-MS, SEM-
EDS and XPS results all confirm the successful isomorphic substitution of Mn, Co and Ni
for Fe within PCN-250.

In order to evaluate each samples activity for the removal and degradation of TOCs
from aqueous solutions, as well as correlate the TOC removal efficiency with the
bimetallic properties of each MOF, the PCN-250 samples were evaluated based on three
criteria: dye Absorption, dye degradation using Fenton reaction conditions and dye
degradation using photo-Fenton reaction conditions. Methylene Blue (MB) was selected
as a model TOC to be used in this study because its concentration could be easily and
accurately determined using UV-Vis spectroscopy. First, each sample was tested for only
its dye Absorption performance (no H>O:> or light) and as shown in Figure 4a, all samples
displayed similar dye Absorption properties. PCN-250(Fes) displayed a dye Absorption
profile in which approximately 23% of MB was removed from the 15 mg/L (ppm) solution

after approximately 120 minutes. After 120 minutes, the sample does not absorb a
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significant amount of dye until the experiment was terminated at 720 minutes. This
Absorption profile can be attributed to the strong Absorption of the dye within the
micropores of the MOF crystals as previously reported by Kirchon et al”®. Furthermore,
this is also the case for all three mixed-metal samples of PCN-250 with PCN-250(FexNi),
PCN-250(Fe2Co) and PCN-250(FeoMn) removing 23%, 28% and 31% of the dye
respectively, indicating these MOFs have comparable dye Absorptions due to their
comparable physical properties such as surface area and crystal size.

Next, the samples were tested as catalysts for Fenton and photo-Fenton reactions,
specifically the degradation of MB. Iron, as laid out in numerous publications over the
years, acts as a catalyst that is used to oxidize wastewater contaminants in the presence of
hydrogen peroxide (H202). This process occurs when iron(Il) is oxidized by hydrogen
peroxide to iron(Ill), forming a hydroxyl radical and a hydroxide ion. Then, iron(IIl) is
reduced back to iron(I) by another molecule of hydrogen peroxide, forming a
hydroperoxyl radical and a proton. The net effect is a disproportionation of hydrogen
peroxide to create two different oxygen-radical species, with water as a byproduct.’>77-78
Furthermore, the free radicals generated by this process then engage in secondary
reactions such as the non-selective oxidation of organic pollutants. In the case of photo-
Fenton reactions, a light source such as a halogen lamp is used to assist in the radical
generation process. As shown in Figure 4b and Figure 4c, PCN-250(Fes) displays decent
performance for the degradation of MB under Fenton conditions removing 88% of MB
after 720 minutes and when exposed to photo-Fenton reaction conditions, PCN-250(Fe3)

displayed significantly better performance, achieving 100% dye degradation after 630
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minutes. In order to investigate the influence of secondary metal incorporation, all three
mixed-metal variants of PCN-250 were tested under the same conditions. The results show
that the catalytic degradation efficiency for both Fenton and photo-Fenton reactions can
be significantly improved by the incorporation of Mn and Co, while it can be inhibited by
the incorporation of Ni. Specifically, for PCN-250(FexMn), which displayed the highest
catalytic degradation rates, 100% degradation of MB was achieved in 720 minutes using
Fenton reaction conditions and full degradation was achieved within 300 minutes under
photo-Fenton conditions. Next, in order to verify that the catalytic degradation of MB was
due to the presence of the MOF in conjunction with H2O: or light source and not the H,O»
or light source alone, two control experiments were performed in the absence of the MOF
sample. The first was the same degradation experiment performed with only the H.O2 and
the second was performed using H2O: and the halogen light source. It should be noted that
the MOF sample was omitted from both experiments. As shown in Figure 4d, both
experiments yielded little to no dye degradation. This confirmed that the MOF, which acts
the catalyst, is responsible for the catalytic process of radical generation and dye
degradation.

In order to explain the behavior of these bimetallic MOF samples, the reaction
mechanism proposed in various publications must be considered. 7373788788 [t is explained

that the isomorphic substitution of Fe with Mn and Co ions allows for the partial electron
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sharing among the Mn and Co species and the Fe through the oxo bridge resulting in a
faster regeneration of Fe(Il) from Fe(IlI), which is a limiting factor during the degradation
process. On the other hand, in the case of PCN-250(Fe2Ni), the Ni(II) species are stable
during the process and cannot effectively engage in the electron sharing.”®8

In order to prove this claim, X-ray Photoelectron Spectroscopy (XPS) was

performed on all four samples. As displayed in Figure 16, the binding energy (BE) of the
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Figure 14. Methylene Blue a) Absorption, b) Fenton Reaction, c) Photo-Fenton
Reaction d) Control experiments run with PCN-250(Fe2Mn)using only H>O: or light

source. Ref #130
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Fe 2ps/; for the all Fe sample named PCN-250(Fes) was determined to be 711.2 eV. As
for the mixed-metal samples, the binding energy for Fe 2ps» was measured as 710.9 eV,
711.1 eV and 712.0 eV for PCN-250(FeoMn), PCN-250(Fe>Co) and PCN-250(Fe>Ni),
respectively. The shift of BE indicated the strong interaction between the Fe and the
substituted metal species, validating the isomorphic substitution of Mn, Co, and Ni into
PCN-250. Also, the shift of BE follows the same order of electronegativity that Mn < Co
< Ni. The less electronegative Mn (1.55) species keep Fe electro-rich, thus moving the

peak to lower BE. On the contrast, the more electronegative Ni (1.91) species leads to
electro-deficient Fe and higher BE. The lower BE for the PCN-250 samples allows for an
easier and quicker transition between oxidation states during the Fenton catalytic process.
Therefore, it is expected from this XPS data that PCN-250(Fe2Mn) should be the best

catalyst, which agrees with the experimental data.
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Figure 15. X-ray Photoelectron Spectroscopy (XPS) data for Fe 2ps/, for all four PCN-250

samples. Ref #130
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Furthermore, post-reaction PXRD and SEM analysis were performed on each
sample in order to verify that the MOF structure remained intact during the photo-Fenton
degradation process. As shown in Figure 16 and Figure 17, the PXRD patterns and SEM
micrographs all match with the pre-catalytic analysis. Finally, ICP-MS tests were
performed on the reaction supernatant of the photo-Fenton degradation reactions in order
to determine if metal leaching from the MOF occurs during the reaction process. As
reported in Table 5, an extremely low concentration of each metal was detected ([M] < 1
mg/L) (except for Ni from the PCN-250(Fe2Ni) sample). Due to the proportion of MOF
used (20 mg) during the reaction, it was determined that no significant metal leaching
occurs as compared to previous reports of metal leaching within MOF-Fenton systems.®

Overall, the data obtained confirmed that PCN-250 is stable under the Fenton and photo-

Fenton reaction conditions.
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Figure 16. PXRD of PCN-250 samples post reaction. Ref #130
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Figure 17. SEM micrographs of Pre- and Post- photo-Fenton reaction a) PCN-250(Fes) Pre-
reaction; b) PCN-250(FexMn) Pre-reaction; c) PCN-250(Fe.Co) Pre-reaction; d) PCN-
250(FexNi) Pre-reaction; ) PCN-250(Fes3) Post-reaction; f) PCN-250(Fe;Mn) Post-reaction;

g) PCN-250(Fe,Co) Post-reaction; h) PCN-250(Fe;Ni) Post-reaction. Ref #130
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Sample Analyte Conc. Units

PCN-250(Fes) Fe 0.020 mg/L
PCN-250(Fe2Mn) Fe 0.004 mg/L
Mn 0.001 mg/L

PCN-250(Fe2Co) Fe 0.743 mg/L
Co 12.051 mg/L

PCN-250(Fe2Ni) Fe 0.004 mg/L
Ni 0.002 mg/L

Table 5. ICP-MS data post-reaction supernatant for photo-Fenton reaction for all

4 samples. Ref #130

With the PCN-250(Fe2Mn) sample displaying the best performance in the photo-
Fenton reactions, its reusability and cyclability was tested by performing three cycles with
the same MOF catalyst. After each cycle the MOF was filtered and washed with 50 mL
of DMF to fully remove the dye. Subsequently the MOF was solvent exchanged with
water to remove the DMF from the structure and dried in an oven at 70°C for 12 hours in
order to prepare the sample for its next cycle. As shown in Figure 6, PCN-250(Fe2Mn)
displays little to no loss of activity after 3 cycles, still degrading 100% of the MB in an
aqueous solution in approximately 300 min.

Several other Fe-based MOFs have been reported as Fenton and photo-Fenton type
catalysts including MIL-534%41 MIL-10024243 MIL-88B?* and Fe-bpydc**. These reports
were compared to PCN-250(Fe3) and PCN-250(Fe2Mn) as both Fenton and photo-Fenton
catalysts as shown Table 6. MIL-100(Fe) was reported as a photo-Fenton type catalyst by

Zhao et al in 2015 and it was reported that MIL-100(Fe) could catalyze the degradation of
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46.0% of Methylene Blue after 240 min at 25°C using 1.0 g/L MOF loading, 500 mg/L
solution of MB and 40 mM H>0,*. Moreover, using the Fenton process at 30°C, Martinez
et al reported MIL-100(Fe) could catalyze the degradation of 93.6% of Methylene Blue
after 60 min using 0.6 g/L MOF loading, 500 mg/L solution of MB and 7.4 mM H>0,*.
Moreover, Guo et al reported MIL-53(Fe) and several of its derivatives as Fenton type
catalysts for the degradation of phenol. In 2015, they reported a mixed valent Fe(II) and
Fe(III) variant of MIL-53 which could degrade 90.0% after 180 min at 35°C>° and then in
2017 they reported a mixed-metal Fe/Mn variant named Fe/Mn-MOF-71 which could
degrade 99.9% after 180 min also at 35°C 23. Overall, the performance of both PCN-
250(Fe3) and PCN-250(Fe2Mn) are competitive when compared to the previously
reported catalysts, but without a standard reaction temperature, catalysts loading, TOC
type and even TOC concentration, full and direct comparison of these MOFs is quite

challenging.
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Figure 18. Cycling catalytic degradation data for PCN-250(FexMn). Ref #130
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MOE [CAT] TOC [TOC] | Removal Reaction Temp Ref
(g/L) | type (mg/L) | Efficiency Type (°C)
- -
PCN-250(Fes) 0.5 | MB 15 88% after 720 | . ton 25 This
min work
PCN- 100% after This
250(Fe;mn) 0> MB 15 720 min Fenton 25 work
- - 0,
Fe/Mn-MOF- | |\ pienol 1000 229% 180 Lo oon 35 75
71 min
0,
Fe(BDC)(DMF 0.06 Phenol | 1000 90.'(% 180 Fenton 35 76
)(F) min
90% after 120
Fe-bpydc 001 | Phenol | 23.5 mif atter Fenton 25 44
0,
MIL-100 05 | SMT 20 100% — after | o ton 25 25
180 min
0,
MIL-100 06 | MB sop | 0>6% after o ion 30 42
60min
0,
MIL-88B 0.1  Phenol 50 ?ngif after 30 | ¢ \ton 20 24
0, -
MIL-100 10 | MB sop | 46:0% after photo 25 43
240 min Fenton
CA & 98.2% / 90.0%  photo-
MiL-53(Fe) 0.1 CBz 40 after 270 min | Fenton 25 40
98% after 50 photo-
MIL-53(Fe) 0.1  RhB 10 % after photo 25 41
min Fenton
100% after | photo- This
PCN-250(F 05 | MB 15 25
(Fes) 630 min Fenton work
PCN- 100% after | photo- This
05 | MB 15 25
250(Fe2Mn) 290 min Fenton work

Table 6. Comparison of Fe-based MOF used for Fenton and photo-Fenton reactions

for the degradation of different TOCs; MB = Methylene blue, SMT =

sulfamethazine, CA = clofibric acid, CBZ = carbamazepine, RhB = rhodamine B.

Ref #130
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3.4 Conclusion

In conclusion, 4 different variants of PCN-250 were synthesized and named PCN-
250(Fes3), PCN-250(Fe2Ni), PCN-250(Fe2Co) and PCN-250(FeoMn). The results show
that the catalytic degradation efficiency for both Fenton and photo-Fenton reactions can
be improved by the incorporation of Mn and Co, while it can be inhibited by the
incorporation of Ni. Furthermore, the Mn substituted samples display good recyclability
over 3 cycles demonstrating that the highly-porous and robust PCN-250 has potential to
be used for Fenton and photo-Fenton reactions in water purification applications as well
as other aqueous based catalytic processes. Overall, this work successfully demonstrates
the ability to not only perform isomorphic substitution of various metals within MOFs,

but also demonstrates the effect of the substitution on resulting catalytic performance.

59



CHAPTER IV
CATALTIC DEGREDATION OF PER- AND POLYFLUROALKYL SUBSTANCES

USING TI-BASED METAL-ORGANIC FRAMEWORKS

4.1 Introduction

As mentioned in the previous two chapters, the presence of toxic organic
compounds (TOCs) in the world’s water systems is becoming a very difficult problem to
solve. Emerging contaminants such as per- and polyfluoroalkyl substances (PFAS) are
rapidly accumulating in soils, sediments and water bodies, threatening the health of wild
lives and humans. For example, perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS) are now ubiquitous in the environment. Research has
shown that PFOA and PFOS exert multiple toxic effects on humans including
immunotoxicity, hepatotoxicity, developmental toxicity and carcinogenicity.® Moreover,
PFOS was listed in the international Stockholm Convention on persistent organic
pollutants as an Annex B substance, and PFOA has been named as a new candidate under
the same framework. 392

Remediation of soil and groundwater contaminated by these PFAS type chemicals
is extremely challenging for two main reasons. The first is that the pure volume of the
contaminated soil and groundwater and the relatively low concentrations of these
contaminants. For example, the US Environmental Protection Agency (EPA) suggests that

the concentration of PFAS such as PFOA and PFOS in water systems should be below

0.07 parts-per-billion (ppb). Therefore conventional water purification methods such as
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using activated carbon filtrations are not efficient enough to remove such low levels of
containments, °%-93:%4

The second reason is that fluorinated chemicals such as PFOA or PFOS are
extremely stable compounds. The high electronegativity of fluorine (4.0 for F vs. 2.5 for
carbon) yields a significant dipole moment to the bond where the electron density is
concentrated around the fluorine, leaving the carbon relatively electron deficient (C*" -
F%7). This bond, which is labeled as "the strongest in organic chemistry", has a bond
dissociation energy (BDE) of up to 544 kJ/mol. This strength of the carbon fluorine bond
is the reason for such extreme thermal and chemical stabilities. Although this is great for
their applications in water-repellent fabrics, nonstick products (e.g., Teflon), polishes,
waxes, paints, cleaning products, and fire-fighting foams, it is extremely disadvantageous
for remediation efforts. °4%

It was first reported in the early 1950°s and validated in the 1970’s that PFAS were
resistant to biological based degradation methods such as using micro-organisms (yeast)
to decompose the chemicals, whereas the non-fluorinated variant of PFAS were degraded
Unfortunately, the overall toxicity of PFAS was not well-known or understood until the
late 1970’°s when 3M, the major manufacturer of these chemicals, released several reports
of PFAS toxicity in rats, mice, monkeys and aquatic invertebrates. But it wasn’t until the
1990°s and early 2000’s that the research into PFAS remediation accelerated. %6

Two distinct research disciplines have emerged for PFAS remediation: adsorptive

removal and molecular degradation. Over the last 20 years, many different types of

materials have been tested and engineered for the adsorptive removal of PFAS such as
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carbon nanotubes, porous silicas, polymer resins, zeolites and even more recently, Metal-

100-106 - Although these materials have been proven successful at

Organic Frameworks.
PFAS removal, the major drawback at the industrial water processing scale is the cost for
material regeneration when their Absorption capacity has been exhausted. For example,
the successful chemical regeneration of materials such as zeolites, polymer resins and
organic modified silicas can only be achieved using a combination of sodium salts or
ammonium salts (NaOH, NaCl, NH4Cl, NH4OH) and organic solvents (such as CH;OH,
C2Hs0H and C3He0). 107111

Due to this high cost of regeneration, the major focus of PFAS remediation
research has shifted to developing systems that can not only remove but degrade PFAS.
Advanced Oxidation Processes (AOP), which consist of using reagents such as ozone (O3),
03/UV, 03/H20>, and even H,O,/Fe*" (Fenton’s reagent) as described in Chapter 111, were
some of the earliest systems studied for PFAS degradation. Although, the hydroxyl radical
(-OH), which is the typical active species in AOPs, has a standard redox potential of 2.80
V, it is ineffective at breaking C-F bonds. C-F bonds are known as the strongest in organic
chemistry with a redox potential (F to F*) of 2.87 V. As a result, AOPs such as Fenton and
photo-Fenton reactions are not suitable candidates for PFAS degradation, 36112113

On the other hand, Advanced Reduction Processes (ARPs) have been shown to be
effective at the degradation and even mineralization (full degradation to small nontoxic
molecules and ions such as CO,, H", F- of PFAS. The terms ARP was first used in the late

1990’s to describe the degradation of high oxidized organic species such as vinyl chloride,

perchlorate, bromates, nitrates, chromium(VI) ions and even chloro-phenols. Special
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attention has been recently directed to ARPs due to their capability to effectively degrade
PFAS in water.”"!''4+117 When using heterogenous supports (e.g. TiO2, Ga20s, Inz03),
ARPs consist of using an activation method such as photolysis, radiolysis, and sonolysis
that generates e, h" pair as shown below in Figure 19. Once generated, the e and h* pair
will separate into a free e” and a free h™. The free hydrated electron (e°) has high reduction
capacity (-2.9 V) which can react and degrade PFAS directly. In addition, h" reacts with
H>O in the solution and produces hydroxyl radicals which can also degrade PFAS

degradation products that have already been reduced, potentially achieving full PFAS

mineralization, °1-118-120
Organic Substrate (CO,, PFAS, etc..)
Activation
Source Hydrated e Reduced
\ Product
TiO, Based
Catalyst
Q Sacrificial
Reductant

SR*

Figure 19. Schematic illustration of PFAS degradation using TiO: photocatalyst
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As previous mentioned, TiO> based photo-catalysts have been shown to be
effective for PFAS degradation. For example, in 2015, Chen and coworkers reported that
TiO2>-MWCNT composite material that could degrade 90% of PFAS in 480 min.
121Furthermore, in 2016 Li and Coworkers reported a series of TiO, modified nobel metal
nanoparticles (Pt, Pd, Ag) which can degrade up to 99% of PFAs within 300 minutes.
Although these materials are successful at the degradation of PFAS, they suffer from the
typical drawbacks of using nanoparticles in large scale catalytic processes such as pore
recyclability, loss of activity over time due to nanoparticle aggregation and even the use
of expensive and impractical metals such as Pd and Pt in order to achieve high degradation
efficiencies. %

As shown in Chapter III, MOFs are a terrific platform for developing sustainable
and efficient photo-catalysts that can overcome the drawbacks of nanoparticle based
technologies. Similar to that of Fe-based MOFs, Ti-based MOFs show tremendous
stability in both acidic and basic aqueous conditions due to their strong binding energy
with carboxylate based linkers The first Ti-MOFs showing attractive photochemical
responses were MIL-125 and its amino-analogue, MIL-125-NH,. They have been reported
to be successful photo-catalysts for a broad range of reactions such as CO> reduction, H
generation from water splitting, Photocatalytic polymerizations and even TOC
degradation reactions. ''4123124 Based on these reports, the work within this chapter aims

to investigate a Ti-based MOF named MIL-177-HT for the application in the degradation

of PFAS, specifically PFOA. 23
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4.2 Experimental Methods

Synthesis of Hamdip: 33 grams (0.20 mol) of isophthalic acid and 3.1 grams of
paraformaldehyde (0.10 mol) were dissolved in 100 ml of fuming sulfuric acid (20-24%).
The resulting solution was refluxed at 115 °C overnight. After cooled down, it was
carefully poured on chilled water and forming precipitate was filtered. Then, the solid was
hydrolyzed either with hydrochloric acid in methanol or with sodium hydroxide in
methanol and acidified with hydrochloric acid in methanol. Then the product is filtered
and dried, and then recrystallized from ethyl acetate (yield: 16.0 grams, 0.047 mol,47%).
HNMR(300MHz,DMSO D6)64.28(s,2H),08.08(s,4H),068.31 (s,2H), 8 13.26 (s, 4H).

Synthesis of MIL-177-LT: To a 25 mL round bottom flask, Himdip (200 mg,
0.58 mmol) and formic acid (10 mL) were added and stirred at room temperature until the
solid dispersed uniformly. Then Ti(iPrO). (400 pL, 1.32 mmol) was added dropwise, to
avoid formation of large pieces of white precipitate. Afterward, the reaction mixture was
heated under reflux for 24 h. After cooling to room temperature, the white solid product
was filtered under reduced pressure and washed with ethanol. Large-scale synthesis (such
as 10 or 100 g scales) can easily be achieved with this method.

Synthesis of MIL-177-HT: The solid MIL-177-LT compound (200 mg) was
ground into a fine powder, transferred to a Petri dish and dispersed uniformly, forming a
thin layer. The MIL-177-LT powder was then heated to 280 °C for 12 h, forming the
MIL-177-HT structure as a dark yellow powder.

PFOA Absorption : Either 1.0 g/L, 2.5 g/L or 5.0 g/L (80 mg, 200 mg, or 400

mg) of MIL-177-HT was used. (No further drying or activating was performed prior to
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starting experiments). The adsorbent was put into an 80 mL Celstir apparatus (Purchased
from DWK Life Sciences) along with 80 mL of 100 ppb PFOA solution, 1.0%, 2.5% or
5.0% TEOA (0.8 mL, 2.0 mL or 4.0 mL) and covered in Aluminum foil in order to prevent
light activation of the catalyst. The apparatus was stirred using a magnetic stir plate at
approximately 200 rpm and samples were taken at various time points. For each specific
time point, 1 mL of solution was removed using a 1 mL syringe and centrifuged at 10000
rpm in order to remove MOF from solution. This solution was directly used in LC-MS
analysis in order to determine PFOA concentration.

PFOA Degradation: Either 1.0 g/L, 2.5 g/L or 5.0 g/L (150 mg, 375 mg, or 750
mg) of MIL-177-HT was used. (No further drying or activating was performed prior to
starting experiments). The adsorbent was put into an 400 mL photo-reactor apparatus
(Purchased from Ace Glass) along with 150 mL of 100 ppb PFOA solution, 1.0%, 2.5%
or 5.0% TEOA (1.5 mL, 3.75 mL or 7.5 mL). The apparatus was stirred using a magnetic
stir plate at approximately 200 rpm with 450 watts Hg-Vapor Light source (185 nm — 600
nm) and samples were taken at various time points. For each specific time point, 1 mL of
solution was removed using a 1 mL syringe and centrifuged at 10000 rpm in order to
remove MOF from solution. This solution was directly used in LC-MS analysis in order
to determine PFOA concentration.

Liquid Chromatography - Mass Spectroscopy (LC-MS) Quantitative
Analysis of PFOA in Both Absorption and Degradation Reactions: The target
compounds (PFOA) in samples were detected and quantified on a triple quadrupole mass

spectrometer (Altis, Thermo Scientific, Waltham, MA) coupled to a binary pump HPLC
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(Vanquish, Thermo Scientific). MS parameters were optimized for the target compound
under direct infusion at 5 L min! to identify the SRM transitions (precursor/product
fragment ion pair) with the highest intensity (Table 7). Samples were maintained at 4 °C
on an autosampler before injection. The injection volume was 10 uL. Chromatographic
separation was achieved on a Hypersil Gold 5 pm 50 x 3 mm column (Thermo Scientific)
maintained at 30 °C using an 8-minute solvent gradient method. Solvent A was water
(0.1% formic acid). Solvent B was acetonitrile (0.1% formic acid). The flow rate was 0.5

mL min!'. Sample acquisition and analysis was performed with TraceFinder 3.3 (Thermo

Scientific).
Compound Polarity  Precursor Product Collision RF Lens
(m/z) (m/z) Energy (V) (V)
PFOA Negative 413.000 368.988 10.23 42

Table 7. Quantitative SRM Transitions for compounds

Fluoride Ion Measurements: Fluoride Ion measurements were taken using a
Thermo Fisher Orion Star A214 pH/ISE meter using a Thermo Scientific Orion Fluoride
Selective Electrode. Standard curves were built using a 1ppm, 2ppm and 10 ppm stock
solutions. Each sample and standard solution was used in a 1:1 ratio of sample and TISIB
II with CDTA total ionic strength adjustment buffer. Prior to measurements of samples,
MOF was removed from solution using centrifugation at 6000 rpm. All measurements

were taken 5 times in order to obtain reported value and error.
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Materials

Paraformaldehyde, isophthalic acid, formic acid, Sodium Hydroxide hydrochloric
acid, fuming sulfuric acid titanium isopropoxide, perfluorooctanoic acid,
dimethylformamide, ethanol and methanol were purchased from VWR, Fisher Scientific,

or Sigma Aldrich and used without any further modification or purification.

Instrumentation

Powder X-ray diffraction (PXRD) was carried out with a Bruker D8-Focus Bragg-
Brentano X-ray Powder Diffractometer equipped with a Cu sealed tube (A = 1.54178 A)
at 40 kV and 40 mA.

Thermal Gravimetric Analysis (TGA) was performed using a Mettler-Toledo
TGA/DSC STARe-1 system which was equipped with a GC100 gas controller.
Thermogravimetric Analysis (TGA) was performed with about 10 mg of the sample was
heated on a Mettler-Toledo TGA/ DSC thermogravimetric analyzer from room
temperature to 800 °C at a rate of 5 °C-min"! under Argon flow of 20 mL- min!.

Nz sorption measurements were conducted using a Micromeritics ASAP 2020
using 99.99% purity N> gas

Scanning Electron Microscopy (SEM) measurements were carried out on JEOL
JSM-7500F. JEOL JSM-7500F is an ultra-high-resolution field emission scanning

electron microscope (FE-SEM) equipped with a high brightness conical FE gun and a low

aberration conical objective lens.
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4.3 Results and Discussion

As previous reported by Fu and coworkers in 2012, a Ti-based MOF named MIL-
125-NH;, was used in pair with triethanolamine (TEOA) as a sacrificial reductant in order
to achieve the photocatalytic reduction of CO» to the formate anion under visible light
irradiation. Based on this report, as shown in Figure 20, TEOA was selected as the
sacrificial reductant to be used in our MIL-177-HT based PFAS degradation

system. 114,125,126

Degradation
Products

TEAO*

TEAO

Figure 20. Schematic illustration of PFAS degradation using Ti based MOF as a

photocatalyst and TEOA as a sacrificial reductant

MIL-177-HT, which was first reported in 2018 by Dr. Christian Serre and
coworkers, is constructed by a tetratopic carboxylate based linker named Hamdip, which
connects one-dimensional (1D) infinite Ti—O subunits (TicO9), nanowires, resulting in

porous 3D MOF with hexagonal or honeycomb like channels (Figure 21). MIL-177-HT
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was selected as the perfect MOF candidate for two main reasons. The first is its
exceptional chemical and thermal stability. MIL-177-HT is reported to be stable in
conditions such as IM HNO;, IM HCl and 1M H>SOx. It also possesses a thermal stability
of approximately 400 °C. The second reason is that MIL-177-HT displays an experimental
band gap of 3.67 eV, which allows for photo-responsive behavior close to that of TiO»,

yielding a potential for high photo-catalytic activity. 2*

Figure 21. Schematic Illustration of MIL-177-HT ; a) Adjacent infinite ultrathin

(Ti60O9)n nanowires with a thickness of ca. 1 nm connected by mdip linkers (in gray).
b) Channels between the (Ti¢O9)n nanowires array running along the c-axis with a

diameter of ca. 0.9 nm

Following the MOF synthesis as described in Section 4.2, N> Absorption
measurements and Powder X-Ray Diffraction measurements (PXRD) were taken in order

to verify the structure as well as porosity of the obtained MOF. As shown in Figure 22,
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the obtained MOF displays good crystallinity, with the PXRD pattern matching the
previously published data, confirming the structure of MIL-177-HT. Moreover, MIL-177-
HT displays permanent porosity as measured by N> Absorption measurements, with a BET

surface area of 595 m?/g.
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Figure 22. Structure Characterization of MIL-177-HT ; a) N2 Absorption. b)

Powder X-Ray Diffraction

MIL-177-HT was obtained in high yield and it was tested for its performance in
PFOA degradation and Absorption. The testing was performed using a starting PFOA
concentration of 100 ppb in ultra-purified water (obtained from Milli-Q water purification
system). 100 ppb was selected as the desired starting concentration in order to model real
PFOA contaminations within water systems. 1.0 g/L was selected as the starting catalyst
(MOF) concentration along with 1.0% TEOA. Time points were taken at 0 min, 1 hour, 3
hours, 6 hours, 12 hours and 24 hours in order to monitor the PFOA removal process.

Using this method, two different experiments were run in order to compare how the system
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performs when there is no light source (Absorption) and when the light source is used
(degradation). Furthermore, all experiments were performed in triplicate in order to obtain
accurate data for PFOA concentrations within solution as working at such low
concentrations could yield high experimental error in PFOA quantification.

As shown in Figure 23a, when using 1.0 g/L catalyst concentration and 1.0%
TEOA in solution, the PFOA concentration is reduced from 100 ppb to 93 ppb for the
Absorption (light off) experiment, while the PFOA concentration was reduced from 100
ppb to 87 ppb for the degradation (light on) experiment. While, the PFOA was not reduced
significantly, the concentration, a reduction in PFOA concentration was observed in the
degradation experiment over the Absorption experiment, which signaled success in PFOA
degradation occurred due to the photo-catalytic reduction of PFOA.

In order to further study and optimize the system, three different TEOA
concentrations were tested (1.0%, 2.5% and 5.0% along with two different catalyst
loadings (1.0 g/L and 2.5 g/L). As displayed in Figure 23a, when the TEOA concentration
was increased to 2.5% and 5.0%, a reduction in PFOA concentration from 100 ppb to 83
ppb and from 100 ppb to 75 ppb was achieved for the degradation (light on) experiments
respectively. Moreover, as the TEOA concentration increased to 2.5% and 5.0%, an
increase in PFOA Absorption (light off) PFOA was achieved. When 2.5% TEOA was
used, the PFOA concentration was reduced to 91 ppb and 89 ppb for the 5.0% TEOA
loading. This data yields evidence that as the TEOA concentration is increased, both the
Absorption of PFOA increase within the MOF. Additionally, an increase in TEOA

concentration, significantly increases the PFOA removal when the light source is on
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(degradation), potentially due to a larger concentration of sacrificial reductant close to the

catalyst active sites.
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Figure 23. Concentration curves for PFOA in solution during both Absorption and

degradation experiments a) 1.0 g/L MIL-177-HT loading, b) 2.5 g/L MIL-177-HT

loading

Next, as mentioned above, in order to study how the increase of catalyst loading

affected the PFOA removal, 2.5 g/L catalyst loading was tested. As shown in Figure 23b,

a significant increase in PFOA removal was seen. Under the 2.5 g/L loading conditions,

the adsorptive removal followed the same pattern as the 1.0 g/L loadings. The PFOA

concentration was reduced to 87 ppb, 86 ppb and 84 ppb for the 1.0% TEOA, 2.5% TEOA

and 5.0% TEOA concentrations respectively. Likewise, a significant reduction in PFOA

was observed when using 2.5 g/L during the degradation experiments. For example, the

PFOA concentration was reduced to 79 ppb, 71 ppb and 51 ppb for the 1.0% TEOA, 2.5%

TEOA and 5.0% TEOA concentrations respectively.

73



Following the completion of the experiments, PXRD and N, Absorption
experiments were performed on the recovered MIL-177-HT samples for both the
Absorption and degradation experiments when using 5.0% TEOA loading. These two
experiments were selected because TEOA is not only a sacrificial reductant but also a
organic base that is capable of coordinating to the Ti metal centers, totally breaking down
the MOF. As displayed in Figure 24, both samples retain their crystallinity with the PXRD
pattern matching the As-Synthesized or Pre-reaction MOF samples. There is a small drop
in surface area for both samples, displaying a BET surface area of 430 m?/g and 415 m?/g
for the post Absorption and post degradation samples respectively. Furthermore,
Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) was used in order to monitor
the concentration of Ti in solution following each reaction. As shown in Table 8, the
concentration of Ti ions in the reaction supernatant is extremely low, which suggests that

the reduction in surface area in the MOF samples post reaction is not due to MOF

5.0% TEOA, 2.5 g/L Post Reaction - Degrdation
\ 5.0% TEOA, 2.5 g/L Post Reaction - Adsorption

—e— —o0— MIL-177-HT - Pre Reaction MIL-177-HT - Pre Reaction
—e——0—50% TEOA, 2.5 g/L Post Reaction - Adsorption
e —*——0—50% TEOA, 2.5 g/L Post Reaction - Degradation
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200

[
o

o
S
1

Relative Intensity

Quantity Adsorbed (cm?/g STP)
<
1

0 T T T T T T T T T T T T T T T
0.0 0.2 0.4 06 08 1.0 4 8 12 16 20 24 28 32 36 40

Relative Pressure (p/p°) 2 Theta

Figure 24. Structural Characterization of MIL-177-HT following 5.0 % TEOA, 2.5

g/L MIL-177-HT loading experiments a) N> Absorption; b) Powder X-Ray Diffraction
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breakdown but potential incomplete washing of the MOF for successful removal of
degradation products or solvent molecules, or breakdown during the activation prior to N

Absorption measurements, for resulting in a reduced surface area.

Experiment Ti Concentration (mg/L)
2.5 g/L CAT, 5.0 % TEOA - Absorption 0.000907
2.5 g/L CAT, 5.0 % TEOA - Degradation 0.000588

Table 8. Concentration of Titanium Metal Ions in Reaction Supernatant

Solution using Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS)

In order to validate that the pathway of PFOA degradation is in fact a reduction
based pathway, as well as further validate, beyond the disappearance of PFOA, that
degradation is actually occurring within this system, fluoride ion detection measurements
were performed. As described on Section 4.1, oxidation based pathways such as Fenton
based AOP’s cannot break C-F bonds, yet reduction based pathways that generate
hydrated electrons (which are hypothesized to be reducing species in the system), can in
fact break C-F bonds. Therefore, if F-ions are detected in solution, C-F bonds are broken,
yielding evidence of a reduction based degradation. These measurements were performed
on the reaction solution for a degradation experiment using 2.5 g/LL MOF loading, 5%
TEOA and 1 ppm (1000 ppb) PFOA solution. A 10-fold increase in PFOA concentration

was used as compared to all previous experiments, in order to allow both, the degradation

75



products and potential fluoride ions, to be within detectable ranges for the fluoride meter
(Range of .01 ppm — 100 ppm F~ Ion Detection).

As shown in Table 9, the F- lon concentration detected in the 1 ppm stock PFOA
solution was 0.084 + .002 ppm. Moreover, for the 2.5 g/L CAT, 5.0 % TEOA —
Absorption (light off) reaction, the F~ Ion concentration shows a very small increase of
approximately 0.021 ppm to 0.105 £ .006 ppm. Conversely, for the 2.5 g/L CAT, 5.0 %
TEOA — Degradation (light on) reaction, the F- Ion concentration significantly increased
to approximately 3.168 £ 0.166 ppm. Overall, this increase suggests a 21.1 %
defluorination after 24 hours (based on 1 ppm PFOA and 15 fluoride molecules per PFOA
could generate 15 ppm F~ for full defluorination). This defluorination rate is both plausible
and acceptable based upon the total loss of PFOA of 49% for the previous 2.5 g/l CAT,
5.0 % TEOA degradation reaction using 100 ppb PFOA stock solution (Figure 23).
Overall, the lack on F Ions in both the stock solution and Absorption (light off)
experiment, paired with the significant increase for the degradation (light on) experiment,
yield further evidence of degradation of PFOA through a reduction based mechanism that

can in fact break C-F bonds.
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Fluoride Concentration

Solution
(ppm)
1 ppm PFOA Stock Solution 0.084 + 0.002
2.5 g/L CAT, 5.0 % TEOA
1 ppm PFOA - Degradation (light on) 3.168 £ 0.166
o
2.5 g/L CAT, 5.0 % TEOA 0.105 + 0.006

1 ppm PFOA - Absorption (light off)

Table 9. Fluoride ion concentration measurements for PFOA stock and

reaction solutions

Next, non-targeted LC-MS experiments were performed on both the 1 ppm stock
PFOA solution as well as the 2.5 g/ MOF loading, 5% TEOA degradation reaction
supernatant. The purpose of these experiments were to potentially elucidate what
degradation products are being generated during the catalytic cycle. Figure 25a displays
the LC chromatograph for the 1 ppm stock solution. There is only 1 observed peak which
has an observed mass of 413 m/z as shown in Figure 25b. This observed peak is correlated
to the mass of PFOA and is consistent with previous published examples of PFOA MS

analysis.
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Figure 25. Liquid Chromatography-Mass Spectroscopy (LC-MS) data for 1

ppm stock PFOA solution a) LC b) MS

In contrast, Figure 26a displays the non-scaled LC chromatograph of the

degradation reaction (light on). In order to clearly show all obtained peaks, Figure 26b

displays the LC chromatograph with all peaks scaled to 100 relative intensity. Four distant

peaks were observed at 1.3, 14, 23, and 25 mins. Following LC-MS and MS/MS analysis

(All MS/MS spectra are reported in Appendix B) of Peak 1, it was determined that two

different short chain PFAS molecules eluted from the column at 1.3 min (peak 1) (Figure

26¢). These masses were determined to be 118 m/z and 162 m/z, which are correlated to

the degradation products with chemical formulas of C2F4O and C3F4O3Ha respectively. It

is noteworthy that Peak 1 is significantly more intense than any other peak, with the non-
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scaled intensity of Peak 1 being 1 order of magnitude greater than Peak 2 and 2 orders of
magnitude greater than Peaks 3 and 4. This suggests that the mass fragments of Peak 1
are the major intermediate degradation products of the reaction. Figure 25d displays the
mass of 343 m/z which elutes from the column at 14 min (Peak 2) which correlates to a
molecular formula of C7F1103Hz . Figure 26e displays the mass of 413 m/z which elutes
from the column at 23 min (Peak 3). The mass fragments and elution time of Peak 3
matches the analysis of PFOA (CsF1502H) in the stock solution. Peak 4, which elutes from
the LC column at 25 min, is correlated to a mass to charge ratio of 398 m/z and was
identified as CgF15s01H (Figure 26f). Overall, the presence of both shorter chain PFAS
molecules paired with the detection of F~ ions in solution, both the LC-MS and F~ Ion
measurements yield evidence of not only PFOA degradation, but that degradation

progressed through a reduction based mechanism as displayed in Figure 19.
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Finally, in order to show that the degradation of PFOA is due to the presence of
the MOF as a photo-catalyst, two different control degradation (light on) experiments were
performed. The first was using 5% TEOA, without any MOF and the second was using
2.5 g/lL MOF loading with no TEOA present. As shown in Figure 27, the PFOA
concentration does not decrease from 100 ppb outside of the measurement error when
using no MOF and decreases to 91 ppb when using only the MOF. Therefore, it can be
concluded that the PFOA degradation does not occur without the MOF based photo-

catalyst as well as the TEOA present.
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Figure 27. Control degradation (light on) experiment using 5% TEOA, without any

MOF, 100 ppb PFOA
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4.4 Conclusion

Over the last 50 years, Per- and polyfluoroalkyl substances (PFAS) such as
Perfluorooctanoic acid (PFOA) have become ubiquitous in the environment. This is a
major cause for concern as they are known as bioaccumulating substances and they have
been linked to health issues such as cancer formation and birth defects.”>*3P These
synthetic surfactant type molecules contain C-F bonds, which make them resistant to
typical water remediation techniques such as Advanced Oxidation Processes (AOPs).!!3
Therefore, developing Advanced Reduction Processes (ARPs) have gained significant
attention over the past decade. ARPs, such as the one developed in this chapter, use highly
active chemical species with high redox potentials, such as hydrated electrons (e"(q)) or
H- radicals, in order to break the oxidation resistant C-F bonds.’' In this system, a
Titanium based MOF named MIL-177-HT was used a photo-catalyst in conjunction with
Triethanolamine (TEOA) as a sacrificial reductant and a Hg-Vapor light source in order
achieve the photo-catalytic degradation of PFOA. Using 2.5 g/L catalysts loading and 5%
TEOA solution, 49% degradation, as monitored by LC-MS, and 21.1% fluoride
mineralization of PFOA was achieved in 24 hours. Furthermore, the MOF was shown to
maintain its porosity and crystallinity as monitored by PXRD and N> Absorption
measurements. Overall, this work has shown the ability to successfully design Metal-
Organic Framework based photo-catalytic platforms for chemically reducing (degrading)
Per- and polyfluoroalkyl substances (PFAS) in water and is to the best of our knowledge

the first successful example of using MOFs for PFAS degradation.
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CHAPTER V
SUSPENION PROCESSING OF MICROPOROUS METAL-ORGANIC

FRAMEWORKS*

5.1 Introduction

Although the potential applications of MOFs have been described as endless, the
commercial and industrial breakthroughs utilizing MOFs have been few and far between,
especially when compared to their publication rate in academia. A major reason for the
disconnect between basic MOF research and their commercial development is the large
monetary and time cost for material processing and activation. The activation and
processing of MOFs have evolved over the years yielding 3 primary and well-developed
strategies which include: conventional activation, solvent-exchange and supercritical CO2
activation.

Conventional activation is the removal of solvent and/or other guest molecules by
heat and vacuum treatment. Unfortunately, conventional activation has found minimal
utility for accessing the full porosity of many MOFs due to its harsh conditions often
resulting in the collapse or degradation of the frameworks. Therefore, solvent-exchange
was developed in order to help combat the collapse of MOFs during activation. Solvent-

exchange methods replace the high boiling point solvent (e.g., dimethylformamide),

*This chapter is reproduced with permission from Kirchon, A.; Day, G. S.; Fang, Y.; Banerjee, S.;
Ozdemir, O. K.; Zhou, H.-C. Suspension Processing of Microporous Metal-Organic Frameworks: A
Scalable Route to High-Quality Adsorbents. iScience 2018, 5, 30—37. Copyrights 2018 Elsevier
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which is required for synthesis, with a lower boiling point solvent (e.g., chloroform,
MeOH), which is then removed under relatively mild heat and vacuum conditions.
Typically, lower boiling point solvents have weaker interactions such as with the MOF
framework. The weaker interactions result in decreased surface tension and capillary
forces exerted on the framework during the solvent removal. Solvent-exchange is the most
commonly used technique for MOF activation, but the time and resources required in order
to perform a successful solvent exchange is typically too high for any production beyond
the gram scale.

Another common technique for lab scale research is called supercritical CO»
activation. Supercritical CO; (scCOz) builds on premise of the solvent-exchange process,
using liquid CO; as a solvent. For example, a solvent that is miscible with scCO; (e.g.,
ethanol) is exchanged within the MOFs pores for scCO; at high pressure (i.e., > 73 atm)
over the course of several hours. This method further reduces the surface tension during
activation compared to solvent-exchange. Although scCO; has proven successful on the
lab scale, the large capital costs associated with the development of commercial or
industrial scale equipment for scCO> has limited its adoption into real systems. In addition,
scCOz activation has proven ineffective in producing open metal sites in MOFs. As open
metal sites are often considered the key component in MOF applications such as gas
storage, separation, and catalysis, methods that cannot achieve their production have not
been widely adopted

Suspension based processing methods have been used for cell processing for many

years. Suspension-based cell growing procedures were first used in 1956 when a
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suspended magnetic stirrer was used to grow cells in round bottom flasks. Further
optimization of suspension cell growth methods has allowed for a quick and easy process
for achieving large quantities of high quality cell lines. Based on the success of suspension
cell growth methods, as well as to combat the issues that exist with the five current MOF
activation and processing methods, we have developed a method of MOF activation and
processing named “Suspension Processing”. Suspension processing provides a universal,
scalable, cost effective, and robust technique for the effective solvent exchange, activation

and processing of MOFs.
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5.2 Experimental Methods

PCN-250 Synthesis: Fe(NO3)3-9H20 (5.4 g), ABTC (1.8 g), Acetic Acid (3 L)
and DMF (6 L) were added into a jacketed 10 L Pyrex high pressure reaction vessel. The
vessel was then heated to 150 °C for 12 h. The resulting reaction slurry was then removed
and used without further purification. Multiple batches were synthesized in parallel to
achieve kg quantities.

HKUST-1 Synthesis: HKUST-1 was synthesized following the literature
procedure with minor changes to allow for larger scales. Cu(NO3)2 2.5H20 (24.0 g) was
dissolved in 1 L of solvent consisting of equal parts of ethanol and deionized water. This
was followed by the addition of BTC (8.0 g) into the solution. The resultant solution
mixture was transferred into a 2 L Pyrex high pressure reaction vessel and placed in an
oven at 110 °C for 18 h. The resulting reaction slurry was then removed and used without
further purification. Multiple batches were synthesized in parallel to achieve kg quantities.

UiO-66 Synthesis: 1 L of DMF was added to a 2 L RBF equipped with a stir bar
and preheated to 140 °C. Then ZrOCI2 (24.0 g), BDC (24.0 g) and 400 ml of Formic Acid
were added to the RBF. The flask was vigorous stirred at 140 °C for 2 hours. The resulting
reaction slurry was then removed and used without further purification. Multiple batches
were synthesized in parallel to achieve kg quantities.

Suspension Processing: Following the synthesis of each MOF, 0.5 L of the
reaction slurries were added directly into a suspension processing apparatus with a volume
of 5 L. Then 2.5 L MeOH was added to the suspension processing apparatus bringing the

total volume to approximately 3 L. Next the suspension processing apparatus was put on
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top of a hot/stir plate and was heated to 65 °C while the suspended stir bar was stirred at
65 rpm for the desired amount of time (1h, 6h, 12h, etc...). Once the desired time was
reached the contents of the reaction vessel were filtered without allowing the solution to
cool, and the desired MOF product was obtained.

Drying and Activation: Following the isolation of the desired MOF, the material
was dried in air at 70°C for 1 day. The MOF was then activated under vacuum at the

following temperatures for 10 hours (PCN-250-185°C, Ui0O-66-120°C, HKUST-1-150°C).

TGA Method
PCN-250:Heating at 10°C/min from 25 °C-150 °C, then a 10 min isothermal
step, followed by a 2.5°C/min heating ramp up to 550 °C, all under a 50 mL/min
flow of N2
UiO-66:Heating at 5°C/min from 25 °C-700 °C under a 50 mL/min flow of N
HKUST-1:Heating at 5°C/min from 25 °C-600 °C under a 50 mL/min flow of N
Cost Analysis Method
Assumptions
e Cost is calculated based on VWR prices for solvents
e Price of water is considered negligible
e Labor cost based on single user processes
e DMF average price: $10.25 per liter
e MeOH average price: $2.50 per liter

e CH2CI2 average price: $7.50 per liter
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e EtOH (190 Proof) average price: $40.80 per liter

e US federal minimum wage: $7.25/hour

PCN-250

7 Days Traditional Solvent Exchange — Surface Area 1446 m2/g
As synthesized PCN-250 was washed with DMF 4 times and immersed in DMF
over a 2-day period. Then it was washed with methanol 4 times and immersed in
methanol over a 2-day period at 65 °C. Finally, it was washed CH2CI2 6 times and
immersed in CH2CI2 over a 3-day period at 65 °C. Each solvent wash or
immersion used 50 mL per gram of MOF. Total solvent usage: 200 mL of MeOH
and DMF, and 300 mL of CH2CI2 per gram of MOF
For one kg of MOF

* 200 L of DMF = $2050.00

* 200 L of MeOH = $500.00

* 300 L of CH2CI2 = $2250.00

» $4800.00 Total Cost of Solvent
Process time per wash: 1 hour.
Total number of washes: 14
14 hours of Labor - $101.50 per one kg Batch
5 Days Suspension Processing— Surface Area 1564 m2/g
Approximately 8 grams of MOF present in .5 L of reaction slurry

2.5 L MeOH used per 8 grams of MOF
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312.5 mL of MeOH per 1 g MOF

312.5 L per 1 kg of MOF

$781.25 of MeOH per kg of MOF

2 steps: Loading and filtering: 1 hour per step

Total labor: 2 hours - $14.50 per kg Batch

UiO-66
2 Days Traditional Solvent Exchange — Surface Area 1290 m2/g
As synthesized UiO-66 was washed with DMF 9 times and immersed in DMF
over a 3-day period. Then it was washed with methanol 9 times and immersed in
methanol over a 3-day period at 65 °C. Each solvent wash or immersion used 50
mL per gram of MOF. 450 mL of MeOH and 450 mL of DMF utilized for one
gram of MOF.
For one kg of MOF
* 450 L of DMF = $4612.50
* 450 L of MeOH = $1125.00
» $5737.50 Total Cost of Solvent
Process time per wash: 1 hour
Total number of washes: 18
18 hours of Labor - $130.50 per kg Batch
2 Days Suspension Processing— Surface Area 1675 m2/g

Approximately 5 grams of MOF present in .5 L of reaction slurry
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2.5 L MeOH used per 5 grams of MOF

100 mL of MeOH per 1 g MOF

100 L per 1 kg of MOF

$250.00 of MeOH per kg of MOF

2 steps: Loading and filtering: 1 hour per step

Total labor: 2 hours - $14.50 per kg Batch

HKUST-1
2 Days Traditional Solvent Exchange — Surface Area 1617 m2/g
As synthesized HKUST-1 was washed and immersed in distilled water 3 times
and washed with 95% ethanol 3 times over a 2-day period. Each wash or
immersion used 50 mL per gram of MOF. 450 mL of 95% ethanol and 450 mL
of distilled water were used for one gram of MOF.
For 1 kg of MOF
* 450 L of Water = Negligible
* 450 L of 95% EtOH = $6120.00
*  $6120.00 Total Cost of Solvent
Process time per wash: 1 hour
Total number of washes: 6
6 hours of Labor - $43.50 per kg Batch
2 Days Suspension Processing— Surface Area 1808 m2/g

Approximately 3.73 grams of MOF present in .5 L of reaction slurry
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2.5 L MeOH used per 3.73 grams of MOF

670 mL of MeOH per 1 g MOF

670 L per 1 kg of MOF

$1675.00 - Solvent Cost per kg MOF- MeOH per kg of MOF
2 steps: Loading and filtering: 1 hour per step

Total labor: 2 hours - $14.50 per kg Batch

Materials

All the reagents and solvents were commercially available and used as received or
synthesized according to the literature reported procedures. PCN-250(Fe;O) and UiO-66
commercial samples were purchased from Stream Chemicals while the HKUST-1
(Basolite C300) commercial sample was purchased from Sigma Aldrich. Suspension

processing apparatus (3 L Celstir and 80 mL) were purchased from DWK Life Sciences.

Instrumentation

Powder X-ray diffraction (PXRD): carried out with a Bruker D8-Focus Bragg-
Brentano X-ray Powder Diffractometer equipped with a Cu sealed tube (A = 1.54178 A)
at 40 kV and 40 mA.

Scanning Electron Microscopy (SEM): measurements were carried out on JEOL
JSM-7500F. JEOL JSM-7500F is an ultra-high-resolution field emission scanning
electron microscope (FE-SEM) equipped with a high brightness conical FE gun and a low

aberration conical objective lens.
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Thermal Gravimetric Analysis (TGA): performed using a Mettler-Toledo
TGA/DSC STARe-1 system which was equipped with a GC100 gas controller.

N2 sorption measurements: conducted using a Micromeritics ASAP 2020 and
2420 system using ultra high purity (UHP) N gas.

High-Pressure CH4 Absorption isotherms: carried out on HPVA 1II high pressure

volumetric analyzer from micromeritics using ultra high purity (UHP) CH4 gas.
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5.3 Results and Discussion

Suspension processing utilizes an enclosed cylindrical vessel with a suspended stir
rod or agitator that extends from the top of the system downward without touching the
bottom as shown in Figure 28. The as-synthesized MOF, still suspended within the
reaction mixture, (Figure 28 left, yellow colored area) is placed within the reaction vessel.
Step 1 shows the addition of the full reaction vessel contents into the suspension
processing apparatus. In Step 2, the low boiling point solvent, such as methanol (MeOH,
Figure 1 center, blue colored area), is added in an amount approximately 5x the volume
of the solid product. The system is then heated to the boiling point of the low boiling point
solvent (in the case of MeOH, the system was heated to 65°C). The system is then stirred
at a low rate, typically 65 rpm, for the desired time. After the stirring has been stopped in
Step 3 the contents of the suspension apparatus are filtered while heated, yielding a highly
crystalline and porous MOF product with a filtrate consisting of a mixture of the process
and reaction solvents as well as dissolved reaction byproducts. The process requires
minimal participation from the operator, with no solvent changes necessary during the
timescale of the procedure. In addition, the apparatus utilized for lab scale suspension
processing is similar in design to commercial batch reactors that typically utilize
suspended mechanical stirrers, allowing for this process to act as drop-in technology for
existing chemical production.

This method was first developed for PCN-250, which as previously explained, is

constructed from Fe3-u3-oxo clusters and tetratopic azobenzene-based linkers (ABTC=3,
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Figure 28: Suspension Processing Methodology: Step (1) addition of reaction vessel
contents into suspension processing apparatus, Step (2) Suspension Processing, Step (3)

Filtration. Ref #48

3°, 5, 5” azobenzenetetracarboxylate). PCN-250(Fe30)’s high gas uptake, available open
metal sites, exceptional stability, and scalability have made it a well-studied material for
gas storage applications. Although PCN-250(FesO)has exceptional gas storage properties,
the solvent exchange process used to obtain the maximum gas uptakes, is currently
reported as an 8-10-day process with approximately 9-12 steps. These steps use 3-4
different solvents and require active participation from an individual in order to wash and

exchange the solvent used in each step. The use of suspension processing in place of
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traditional methods, not only yields a product with increased gas uptake properties, but
does so with improved time, energy, and labor-efficiency.

Analysis of the suspension processed materials was primarily conducted by
Powder X-ray diffraction (PXRD) and nitrogen gas uptake experiments. A sample of as
synthesized PCN-250(Fe;O)was subjected to suspension processing in MeOH, with
samples removed after the following times: 6 hours, 1 day, 2 days, 5 days, 14 days, and
20 days. Figure 2a, showcases the PXRD for the series of PCN-250(Fe3O) samples,
showing that the crystallinity of PCN-250(Fe;O) increased during the course of the
processing. In Figure 29b, the N2 gas uptake of the samples, displayed an increase in total
gas uptake with increase in treatment time. Notably, the 5 day treated sample, PCN-250-
5day, shows the same N2 gas uptake as reported in the literature. However, compared to
the 3-4 solvents used in the reported solvent-exchange method, suspension processing
never required solvent replacement or addition, only utilizing the initial process solvent
added to the reaction mixture. No active participation was needed once the process was
initiated. Even without exchanging the solvent, Improvements In gas uptake were still
observed after 20 days of processing.

The surface area was found to dramatically increase during the first four treatments
(6 hours to 5 days). After the initial surface area response, the increase in surface area
slows down until it reaches a peak of 1702 m2/g after the 20th day. This surface area
represents a 15% improvement over the commonly published PCN-250 surface area (1446
m2/g). As far as we are aware, this surface area is the record-high amongst published

PCN-250 samples.
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Figure 29. Suspension Processed PCN250 Characterization: (a) Powder X-ray Diffraction
Pattern of Suspension Processed PCN-250(Fez0); (b) N2 Absorption Isotherm at 77K
Suspension Processed PCN-250(Fe;0); (c) BET Surface Area vs. Time of Processing for
Suspension Processed PCN-250(Fe30); (d) High Pressure Methane Uptake for PCN250-

20 day compared to commercial PCN-250(Fe;O). Ref #48

Lastly methane uptake measurements were performed to determine the
applicability of suspension processing to a MOFs end application. Compared to a
commercial PCN-250, the total methane uptake at room temperature (313K) and 95 bar

increased by 11.9%, from 194 v/v to 217 v/v as shown in Figure 29d.
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Due to the success of suspension processing for PCN-250, we sought to investigate
the universal applicability of this method by applying suspension processing on two other
well-known, commercially available, and highly studied microporous MOFs, UiO-66 and
HKUST-1. The materials were synthesized as stated in the experimental methods. Their
structure was validated by PXRD as shown below in Figure 30. As seen with PCN-250,
both MOFs were able to obtain higher gas uptake values using suspension processing
compared to traditional solvent exchange procedures. In addition, an increase in gas

uptake with an increase in processing time was also observed as shown in Figure 31.
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Figure 30. Powder X-ray Diffraction Pattern of Suspension Processed MOFs: (a) UiO-66

(b) HKUST-1. Ref #48
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Figure 31. N> Isotherms of suspension processed MOFs at 77K: (a) UiO-66

(b) HKUST-1. Ref #48

For UiO-66, a BET surface area of 1675 m2/g was achieved after only 2 days of
processing. This outperformed the BET surface area of the traditional solvent exchange
sample of 1290 m2/g. Furthermore, suspension processing of HKUST-1 was also
observed to improve the BET surface area compared to traditional solvent exchange
methods (1808 m2/g vs 1615 m2/g, respectively). Samples of PCN-250, UiO-66, and
HKUST-1 were purchased from commercial vendors and compared to the lab scale
samples before and after suspension processing. Typically, the commercially purchased
MOF adsorbents have lower BET surface areas compared to the lab prepared samples as
seen in Table 10. Suspension processing of PCN-250, UiO-66 and HKUST-1, led to an

increase in BET surface area and gas uptake properties over their commercial available

counterparts.
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Traditional Solvent Commercial Suspension

Exchange Process  Product Processing
PCN250 1446 m?/g 1270 m%/g 1702 m?/g
Ui066 1290 m%/g 1045 m?/g 1675 m?/g
HKUST1 1617 m%/g 1615 m%/g 1808 m?/g

Table 10. Comparison of BET Surface Area for Various MOFs. Ref #48

Mechanistic analysis of suspension processing was studied via Scanning
Electronic Microscopy (SEM) and Thermal Gravimetric Analysis (TGA). Figure 32a
shows that the as-synthesized PCN-250 particles were heavily aggregated. However, in
Figure 32b, after suspension processing, the particles were well dispersed. This
phenomenon indicates that unreacted organic ligands or surface residues have been
successfully removed after the treatment. On the other hand, there're seed-like small
particles on the surface of as-synthesized HKUST-1 samples. However, they were
completely removed after 48 hours treatment, resulting in a smooth crystal surface for
HKUST-1 (Figure 32d and 32¢). This suggests the completely removal of solvent residues
and defects from the MOF pores and surface. Similar phenomenon was also observed for
Ui0O-66 samples (Figure 32g and 32h).

The discussed observations are the result of the removal of low crystallinity phases

within or on the surface of the MOF by suspension processing. These results suggest that
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suspension processing aids in the removal of unreacted material, minor surface defects,
and low crystallinity coordination polymers via efficient dissolution and mass transport
due to increased agitation and material-solvent contact. This improvement in bulk material
purity, removing non-porous byproducts, allowed for an increase in gas uptake
performance compared to the as-synthesized samples.

The discussed observations are the result of the removal of low crystallinity phases
within or on the surface of the MOF by suspension processing. These results suggest that
suspension processing aids in the removal of unreacted material, minor surface defects,
and low crystallinity coordination polymers via efficient dissolution and mass transport
due to increased agitation and material-solvent contact. This improvement in bulk material
purity, removing non-porous byproducts, allowed for an increase in gas uptake
performance compared to the as-synthesized samples.

As seen in Figure 32(c, f and 1), the thermal stability of PCN-250, HKUST-1 and
Ui0-66 all increased following longer suspension processing times. The overall stability
of the 20 day processed PCN-250 increased by 3°C compared to the 6 hour processed
sample. The TGA curve of PCN250-6hour, displays a mass loss of 6.3% below 100°C,
likely the removal of MeOH from the framework. Between 100°C and 185°C, PCN250-
6hour displays a mass loss event comprising 16.5% which should correspond to the
removal of DMF from the framework. In comparison, PCN250-20day displays a

significantly different TGA curve, showing a major mass loss of 20.5% below 100°C, but
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Figure 32. SEM and TGA Curves : (a)SEM Micrographs of PCN-250-6 hour; (b) SEM
Micrographs of PCN250-20 day; (c) TGA Curve for PCN-250-6 hour (black) and PCN250-
20 day (red); (d) SEM Micrographs of HKUST1-6 hour; () SEM Micrographs of HKUST1-
48 hour; (f) TGA Curve for HKUST1-6 hour (black) and HKUST1-48 hour (red); (g) SEM
Micrographs of UiO66-1 hour; (h) SEM Micrographs of UiO66-48 hour; (i) TGA Curve for

UiO66-1 hour (black) and Ui0O66-48 hour (red). Ref #48
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with no significant mass loss between 100°C and 185 °C (5.2%) which suggests that most
of the DMF has been removed from the framework during suspension processing. More
importantly, the mass loss event in the median temperature range (185°C-397/400°C)
displays major differences, likely due to the effective removal of unreacted starting
material, byproducts, and surface defects. The mass loss decreased significantly from
19.6% for PCN250-6 hour, to 9.7% for PCN250-20 day. Similar behavior was observed
for HKUST-1 and UiO-66. We attribute the stability enhancement to improvements in
pore cleaning and the removal of surface defects.

In order to analyze the practicality of suspension processing we performed an
operational cost analysis comparing suspension processing to traditional solvent exchange
methods. For this analysis, we defined operational costs as the cost of solvent used plus
the cost of labor for the duration of the process. In all cases, suspension processing had a
significantly lower operating cost compared to traditional solvent exchange methods. The
traditional solvent exchange for PCN-250 was performed over a 7-day period and involves
a total of 14 separate washing procedures, involving 3 different solvents (Full process
listed in section 5.2). In total, the solvent used in this procedure cost approximately
$4800.00 per kg of MOF. Including labor, the total cost per kg of PCN-250 using
traditional solvent exchange is approximately $4901.50. For comparison, a 5-day
suspension processing has a total operating cost of approximately $795.75, which
represents an 84% reduction in cost. Similar improvements in operating cost were also
seen with Ui0-66 and HKUST-1 (Figure 33 and Table 10). This section, along with how

the analysis was performed, given in detail in the Section 5.2, provide additional support

102



to the claims that suspension processing not only leads to higher quality MOF products,

but it does so with a major reduction of the cost and time.

Traditional Solvent Suspension Reduction in

Exchange Process Processing Operating Cost
PCN250 $4901.50 $795.75 84%
Ui066 $5868.00 $264.50 95%
HKUST1 $6163.50 $1689.50 73%

Table 11. Total Operational Costs in US Dollars ($). Ref #48

a b
) Solvent Cost per kg MOF ) Labor Cost Per kg of MOF
6120.00
5737.50
4800.00
& &
@ @
ks, ke
©° ©
a [a]
() »
S ]
1675.50

14.50 14.50 14.50

HKUST-1| PCN-250| UiO-66 [HKUST-1|PCN-250| UiO-66 HKUST-1| PCN-250| UiO-66 |[HKUST-1|PCN-250| UiO-66

Suspenion Processing Tradtional Solvent Exchange Suspenion Processing Tradtional Solvent Exchange

Figure 33. Operational Cost Analysis for Suspension Processing vs. Traditional Solvent

Exchange: (a) Solvent cost per kg of MOF; (b) Labor cost per kg of MOF. Ref #48
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5.4 Conclusion

In conclusion, suspension processing was introduced as a method for the
successful post-synthetic treatment of MOFs that is a viable alternative for traditional
solvent-exchange methods for both lab and commercial MOF syntheses. Through this
treatment, three commercially available MOFs, with different compositions, stabilities
and porosities, have shown promising improvements in gas Absorption capabilities. We
ascribe the gas uptake and surface area improvements to efficient pore-cleaning and
defect-removal of the MOFs after treatment. Furthermore, the treatment itself is energy-
saving, economically-efficient and user-friendly. Overall, suspension processing is a
potentially universal, economical, and efficient post-treatment method for industrial scale

porous materials.
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CHAPTER VI
SUMMARY

Over the past 20 years, the field of MOFs has grown tremendously. The field
began in 1999, when Dr. Omar Yaghi reported the first ever permanently porous
crystalline framework and coined the term “Metal-Organic Framework”. From that point
on the field grew at a rapid pace, moving from unstable frameworks such as Zn and Cu
carboxylate based frameworks, to developing crystal growth modulation techniques that
allowed for Zr, Fe, and Ti based frameworks to come into the forefront of the field. Within
these frameworks, many techniques such as isoreticular expansion, topology guided
design, linker substitution, metal substitution, and post synthetic ligand and metal mode
modifications have allowed MOFs to be precisely designed for almost any application.
However, as the field rapidly expanded, many research gaps developed. For instance, early
on, due to the microporous nature of a large majority of MOFs, as well as control of pore
functionalities, many of the application studies of MOFs revolved around gas storage and
separations as well as small molecule gas phase catalysis. One area that has not been
investigated to its fullest extent is aqueous phase applications such as water
purification.®!?’

One MOF that has followed this trend is PCN-250. PCN-250 is a cheap,
commercially available MOF that displays aqueous phase stabilities from pH = 2-12.
Although it is stable in many acidic and basic conditions, the only published papers
dealing with PCN-250’s applications all explore its ability to absorb gases such as CHa,

Ha, or perform gas phase separations such C2Ha/CoHa, No/CO,. 4647491277129 Therefore, my
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doctoral thesis aimed to change this by investigating not only how to generate a
Hierarchally Porous (HP) variant of PCN-250 in order to solve the molecular diffusion
issues of a microporous framework, but also investigate PCN-250’s potential applicability
in water remediation. As described in Chapter II, a method for generating HP-PCN-250
was developed. The method developed, which was published in Angewandte Chemie,
utilizes the addition of fatty acids during MOF synthesis, in order to induce and engineer
hierarchal porosity within PCN-250(Fe3;0). The resulting Hierarchally Porous MOFs (HP-
MOF) exhibited completely different mesoporosity in size, volume, and position.
Furthermore, the HP-PCN-250(C9-1.4M) material obtained adsorbs/removes 100% of
Methylene Blue, a common organic dye, from an aqueous solution, as compared to the
microporous variant of PCN-250(Fe30), which only removes 31% in the same time
frame.”

Chapter III builds upon the use of PCN-250 as a material for removing organic
dyes from water, but utilizes PCN-250 as an Advanced Oxidation Process (AOP) catalyst,
not just an adsorbent. Published in ACS Applied Material and Interfaces, PCN-250 was
reported to be a successful and recyclable Fenton and photo-Fenton catalyst that oxidizes
and degrades 100% of Methylene Blue. Overall, 4 different variants of PCN-250 were
synthesized and named PCN-250(Fe;O), PCN-250(Fe;Ni), PCN-250(Fe,Co), and PCN-
250(FeoMn). The catalytic degradation efficiency for both Fenton and photo-Fenton

reactions was improved by the isomorphic substitution of Mn and Co, but inhibited by the

incorporation of Ni. 13
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While performing this work, the term Per- and polyfluoroalkyl substances (PFAS)
was showing up in the news in increasing rates as an emerging water contaminant that
possesses severe health risks to not only animals but humans as well. When thinking about
how MOFs could be used to solve the challenge of removing or degrading these species,
the use of PCN-250 was not sufficient. This was because, the strength of C-F bond, which
is known as the strongest in organic chemistry, with a bond strength of approximately 544
kJ/mol, is resistant to Advanced Oxidation Process (AOP) such as Fenton chemistry.
Therefore, the attention shifted to Advanced Reduction Processes (ARPs). ARPs are
defined as the reduction of highly oxidized wastewater contaminants by producing highly
reactive reducing radicals (hydrated electrons (e'aq) or H- radicals ) by combining
reagents and activation methods. TiO; based catalysts were previous reported as
successful ARP based catalysts and therefore a smooth transition to developing Ti-based
MOFs for the degradation of PFAS was researched.’! Chapter IV details the development
of a Ti-based MOF named MIL-177-HT for the photo-catalytic reduction of PFOA, one
of the most challenging PFAS to degrade. It is reported that through the use of a 2.5 g/L
catalyst loading and 5% TEOA (sacrificial reductant) solution, 49% degradation and
21.1% fluoride mineralization of PFOA was achieved in 24 hours. To the best of our
knowledge, this is the first report of the use of a MOF as a ARP based catalyst for the
degradation of PFAS.

Overall, these three chapters have shown the ability to repurpose and redesign
previously published MOF structures such as PCN-250 and MIL-177-HT for water based

applications such as organic dye absorption and the use in both AOPs and ARPs. However,
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one major gap that still remained in MOF chemistry was the high cost of processing.
Therefore, as described in Chapter V, a suspension based processing method was
developed in order to successfully optimize the porosity of MOFs by providing a more
efficient solvent exchange, removing areas of low crystallinity from the MOF surface as
well as lowering the cost of material processing. Overall, suspension processing was
shown to be able to not only increase the surface of three commercially available MOFs,
PCN-250, UiO-66, and HKUST-1, over their commercially available counterparts but
lower the cost of processing by an average of 84%. 48

Overall, this work can be an example of how there still exists many research gaps
within the MOF field and how new applications, new discoveries, and new research

directions can be obtained just from re-examining previous published MOFs.
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APPENDIX B
MS/MS DATA
Mass Spec / Mass Spec data from LC-MS of 2.5 g/l CAT, 5.0 % TEOA, 1 ppm PFOA -

Degradation (light on) reaction
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Figure 34. MS/MS data for 118 m/z
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Figure 35. MS/MS data for 162 m/z
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Figure 36.
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Figure 37. MS/MS data for 398 m/z
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Figure 38. MS/MS data for 413 m/z
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