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Abstract 

 

Water is an essential resource for all living organisms, yet it is contaminated with a wide variety of 

toxins that are harmful to human beings and the marine ecosystem. The two main contaminants discussed 

in this dissertation will be crude oil and per- and polyfluoroalkyl substances (PFAS). Crude oil enters the 

marine ecosystem when there is a crude oil spill on the surface of the ocean. The application of dispersant 

molecules causes the oil to be broken into smaller droplets which travel deeper into the ocean leading to 

further contamination. While crude oil affects large bodies of water, PFAS enter our drinking water streams 

by industrial waste, groundwater contamination, and leachate. PFAS are fluorinated carbon chains with a 

terminal functional group ranging from carboxylic acids, sulfuric acids, and alcohols. Unlike crude oil these 

molecules do not absorb visible light, and can’t be seen in drinking water but are still very toxic. There is a 

need for developing robust, mechanically and chemically stable adsorbent materials to treat these 

contaminants in our water sources. This dissertation discusses the sol-gel synthesis of an understudied 

ceramic mesoporous hafnium oxide (MHO) for the adsorption of crude oil as well as PFAS. The MHO is 

chemically stable due to the variety of surface functional groups, thermally stable due to the fact that it is 

synthesized at high temperature (700°C), and has a bimodal pore network with both macropores (>50 nm), 

and mesopores (2-50 nm) that allow for rapid water flux and entrapment of contaminants respectively. 

 Chapter 1 aims to provide an introduction to challenges faced by our marine environments today 

by discussing effects of crude oil spills on the marine ecosystem, and impacts of per-and polyfluoroalkyl 

substances (PFAS) on our environment. The chapter reviews current technologies used to address crude oil 

spills and PFAS contamination. Finally it addresses some knowledge gaps in current adsorbent materials 

for water remediation, as well as describing favorable materials that can begin addressing these gaps. 

Foundational information on sol-gel synthesis of mesoporous hafnium oxide (MHO) ceramics is discussed 

in detail. 

Chapter 2 describes the ability of monolithic mesoporous hafnium oxide ceramics as an adsorbent 
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to sequester crude oil from crude oil-water emulsions. The MHO ceramic monolith is incorporated in a 

vacuum filtration setup and evaluated in comparison to other commercially available crude oil adsorbents. 

This chapter shows that MHO can remove 99.9% crude oil from crude oil-water emulsions at acidic, neutral, 

and alkaline pH. The MHO ceramic monolith could be regenerated by calcination which furthers the 

sustainability of these materials. 

 Chapter 3 begins to describe PFAS remediation through biodegradation and composting of PFAS 

containing food service products. This work highlights results from both bench-scale and commercial-scale 

composting of FSP as a function of moisture content and inoculum. A moisture content of 60% was ideal 

for composting, whereas there was no difference in degradation with different inoculums. Unfortunately, 

PFAS containing FSP degraded at a fraction of the rate of non-PFAS containing FSP. Due to high moisture 

content during composting, PFAS from FSP dissolves in the water and can leach into groundwater sources. 

MHO monoliths were used to filter PFAS from water and we observed that longer chain hydrophobic PFAS 

had higher removal efficiencies than shorter chain PFAS. 

 Chapter 4 discusses the adsorption of the most common PFAS molecule found in water, 

perfluorooctanoic acid (PFOA) on to powders of MHO using pH-modulated Bronsted acid and base sites 

on the surface. The kinetics and adsorption behavior of PFOA on the surface of MHO as a function of 

charged species on the surface are discussed. The adsorption followed a two-step model, where the first 

step was rapid, and the second step was much slower. The ideal pH for adsorption of PFOA by MHO is an 

acidic pH of 2.3 as the surface is positively charged at this pH, and the PFOA molecule exists as an anion. 

Finally the regeneration of spent MHO powders via calcination is discussed. 

 Chapter 5 presents future work for PFOA treatment using electrochemical oxidation. Preliminary 

results using platinum mesh, nickel foil, and glassy carbon as working electrodes is presented. These 

electrodes showed PFOA destruction to carbon dioxide gas and unidentified fluorinated species. The 

degradation rates of PFOA drastically increased in more alkaline pH due to increased hydroxide radicals 

concentration, that are necessary for PFOA oxidation.  
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1 Chapter 1: Introduction 

Background 

Water is an essential resource for all living organisms, from marine wildlife in the ocean to human beings 

living on land. Despite 70% of the earth’s surface being covered in water only 2.5% of it is potable.1 In 

2012, the United State’s Department of Energy (DOE) developed the Water-Energy Nexus to direct next 

steps to address issues with water and energy availability.2 The DOE’s Water-Energy Nexus: challenges 

and opportunities report found that water and energy are interdependent as water is used in energy 

generation, and energy is used in water treatment and transport as illustrated in Figure 1.1. Changes in 

temperature, precipitation, and oil and gas exploration threaten existing energy and water infrastructure. 

For example, generating natural gas and oil through hydraulic fracturing and horizontal drilling impacts 

regional water quality and availability.3 Therefore, exploring new and efficient adsorbent materials for 

water remediation applications will make our waters cleaner, and in turn save energy. The work presented 

herein will focus on evaluating adsorbent materials for the advancement of water treatment technologies 

for two types of contaminants specifically, crude oil from large spills in the ocean and per- and 

polyfluoroalkyl substances (PFAS) found in leachate from composting facilities.  
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Figure 1.1 Figure depicting the interconnected relationship between water and energy, described by the DOE as the 
water-energy nexus. 

 

 

 

 

 

 

 

Water for Energy

Energy for Water Wastewater 
Treatment

Hydropower

Extraction & 
Refining

Thermoelectric 
Cooling

Water 
Distribution

Desalination



 3 

Environmental Impacts of Crude Oil Spills 

Crude oil spills are defined as the accidental or deliberate release of oil into the marine environment during 

transport, exploration, or storage.4 Crude oil consists mostly of hydrocarbons (98%) as well as other 

elements such as nitrogen (0.5%), sulfur (0.5%), oxygen (0.5%), and metals (0.5%) such as nickel, copper, 

and iron.5 Crude oil spills have detrimental impacts on wildlife such as birds whose wings become too 

heavy to fly away in a crude oil spill, and fish that are poisoned by the crude oil spilled in the ocean.6 This 

in turn affects other marine activities like fishing, tourism, and agriculture.7 It also affects people in the area 

who depend on fishing for their livelihood and sustenance.8 It can lead to acute health issues like headaches, 

nausea, rashes, and fatigue. There have also been more chronic health issues observed such as respiratory 

disorders, endocrine abnormalities, and psychological disorders.9 The cost to clean up crude oil spills is 

also a huge economic burden. After the Exxon Valdez spill in Alaska, the EPA established the Oil Pollution 

Act (OPA) of 1990 to respond to oil spills, and required oil storage facilities to have emergency oil spill 

response plans.10 According to the OPA judicial sanctions, the penalty per day of a crude oil spill is $25000, 

and $1000 per barrel.11 Therefore, developing rapid methods to clean up oil spills is of the utmost 

importance.  

To understand how to clean up oil spills, it is important to first understand what happens on the marine 

surface when there is a crude oil spill, these occurrences are shown in Figure 1.2. When crude oil spills on 

the surface some more volatile components of the crude oil may evaporate, some may get oxidized when 

exposed to air. Moreover, biodegradation of aliphatic hydrocarbon chains as well as aromatic components 

of crude oil can occur using microbial communities in the ocean such as Gordonia and Bacillusa bacteria, 

and fungi like Candida and Fusarium. Finally, some hydrophilic components of crude oil can begin to 

dissolve or disperse and form smaller droplets that travel deeper into the ocean. Eventually crude oil 

droplets sediment into the ocean permanently causing irreparable harm to the marine floor.12 
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Figure 1.2 Graphic depicting various phenomenon occurring during a crude oil spill including evaporation and 
oxidation of volatile species, dissolution and dispersion of hydrophilic components, biodegradation using bacteria and 
fungi, and finally sedimentation to the marine floor. 

Remediation of Crude Oil Spills 

Environmental remediation is the removal of contaminants from water to protect human health and 

vulnerable ecosystems. For the initial stages of remediation of crude oil spills in the ocean mechanical 

methods are used to contain the spill and prevent spreading to the shores. Booms are floating devices that 

are deployed to contain the oil that can later be adsorbed with the help of skimmers.13 Skimmers are also 

buoyant devices that can separate crude oil from water. Three different kinds of skimmers will be discussed, 

suction, weir, and oleophilic skimmers. Suction skimmers as the name suggests use vacuum to sequester 

crude oil from the surface, whereas weir skimmers use gravitational force. Oleophilic (oil-attracting) 

skimmers are a relatively new skimmer that have components such as belts, disks, and chains that are 
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oleophilic. Skimmers have limitations since they are prone to clogging and are costly due to the labor 

associated with their deployment. It is also harmful for the people deploying them as they are more prone 

to exposure to crude oil and its negative health effects.14 

Chemical surfactant molecules are an alternative to mechanical methods as they prevent the spread of the 

crude oil spill and minimize spill impacts.15 Surfactant molecules such as Corexit EC9500A and Corexit 

EC9527A are used due to their hydrophobic tail and hydrophilic head. Corexit surfactants are commercially 

available and made up of 50% hydrocarbons, 40% glycols, and 10% dioctylsulfosuccinate. The molecules 

break apart the layer of crude oil to surfactant stabilized droplets of crude oil in water. This would increase 

the ability of the oil droplet undergo biodegradation by fungi or bacteria in the ocean.16 However, not all 

the oil is degraded in the ocean, some droplets travel deeper and sediment into the bed of the ocean 

permanently. In addition, these surfactant molecules are toxic and have detrimental effects on 

microzooplankton among various and vulnerable marine microbial communities.17  

Using adsorbents for crude oil in water emulsions is facile, economically feasible, and non-toxic to the 

environment or people.18 There are a wide variety of adsorbents available for crude oil spill clean-up ranging 

from agricultural waste, to synthetic polymers, and inorganic nanomaterials. Some examples of agricultural 

waste used to clean up crude oil spills include corn stalks,19 rice husks,20 and sugarcane bagasse21. Every 

year 5.5 billion tons of agricultural waste is produced globally, making these materials extremely 

abundant.22 These materials are affordable, environmentally friendly, and biodegradable. However, they 

are not very mechanically robust and can’t be reused after adsorption. Agricultural waste is also very 

hydrophilic which means that it can adsorb water as well as crude oil.23 On the contrary, synthetic polymers 

such as polyurethane24 and polypropylene25 are hydrophobic and oleophilic which ameliorates the crude oil 

adsorption. This also makes the adsorbents buoyant and allows for crude oil adsorption from the surface. 

However, these polymers are not biodegradable and must be disposed of in a landfill or incinerated, both 

of which lead to toxic gas emissions. To this end, inorganic nanomaterials have been synthesized and used 

for crude oil spill remediation. Carbon nanotubes are appropriate for crude oil spills due to their 
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hydrophobic nature and their ability to be modified with nanoparticles and magnetic composites.26 

Nanoparticles of iron oxide are also commonly used specifically the paramagnetic magnetite (Fe3O4) and 

maghemite. These magnetic nanoparticles are oleophilic and can be dispersed in an oil spill and recovered 

easily using a magnetic field.27 Mesoporous metal oxides, such as silica, are also attractive for crude oil 

spills due to their large surface area and porosity, but silica is not extremely stable and can swell when 

exposed to organic solvents making it a challenge to regenerate and reuse spent adsorbents.28 Silica is also 

hydrophilic which limits the oil adsorption, however recently studies have shown that silica coated with 

oleic acid increases the oleophilicity of the molecule and can lead to increase oil adsorption.29 

Per- and Polyfluoroalkyl Substances Structure & Physicochemical Properties 

Every five years the EPA publishes a contaminant candidate list (CCL) that includes recent water 

contaminants ranging from pharmaceuticals, metals, and even per-and polyfluoroalkyl substances 

(PFAS).30 PFAS are a large group of over 4000 synthetic industrial chemicals which have been found in 

the environment from ground water, to soil, and even the ocean.31 The hydrogens in the hydrocarbon 

backbone are replaced by fluorine atoms, and can be described as CnF2n+1 for perfluorinated substances.32
 

PFAS can be further organized by the different functional groups which give rise to different characteristics 

and physical properties. The polyfluorinated substances are often the precursors for PFAAs (perfluoroalkyl 

acids). PFAAs include compounds like perfluoroalkyl sulfonic acids (PFSAs), perfluorocarboxylic acids 

(PFCAs), polyfluoroalkyl phosphoric acid diesters (diPAPs), perfluorophosphinates (PFPiAs), and 

perfluorophosphonates (PFPAs). PFAAs can usually contain between 2 to 18 carbons. Polyfluoroalkyl 

substances comprise of a far more diverse group than the perfluoroalkyl substances because it contains the 

carbon-hydrogen and carbon-fluorine bonds in the carbon chain. There are also various functional groups 

that can be anionic, cationic, neutral, or zwitterionic. Polyfluorinated compounds include fluorotelomer 

alcohols (FTOHs), fluorotelomer sulfonic acids, polyfluorinated alkyl phosphates, and many others.  
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Polyfluorinated compounds have many fluorines and perfluorinated compounds are fully fluorinated as 

shown in Table 1.1 below.33 

Table 1.1 Examples of Perfluoroalkyl Substances and Polyfluoroalkyl Substances 
 

Perfluoroalkyl Substances Polyfluoroalkyl substances 

  

Perfluorooctanoic acid (PFOA) Polyfluorinated carboxylic acid 

  
Perfluorooctanesulfonic acid (PFOS) 8:2 Fluorotelomer alcohol (FTOH) 

 

 

C6 Perfluorophosphonate 6:2 Fluorotelomer sulfonic acid 
 

All PFAS have very stable carbon-fluorine bonds with a bond energy of 485 kJ/mol which is relatively high 

in comparison to carbon-carbon bonds with a bond energy of 346 kJ/mol, carbon-nitrogen bonds of 305 

kJ/mol, and even carbon-oxygen bonds of 358 kJ/mol.34 The PFAAs are amphiphilic (both hydrophobic 

and hydrophilic) as they contain a perfluoroalkyl group which is hydrophobic and an anionic carboxylate 

or sulfonate group which is hydrophilic. Such amphiphilic properties make PFAAs useful for coatings and 

surfactants. The perfluorinated carbon chain is also lipophobic which makes it resist oil, grease, and other 

non-polar components.35 
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Properties of PFAS depend on chain-length and functional groups. Short-chain PFAS have a carbon chain 

length which is 7 carbons or less for carboxylic acids and 5 carbons or less for sulfonic acids. Therefore, 

the long-chain PFAS have a carbon chain which is 8 carbons or more for carboxylic acids and 6 carbons or 

more for sulfonic acids.36 When compared to long-chain PFAS, the short-chain PFAS affect human health 

as they tend to have shorter half-lives in blood, however they are more mobile, and hence not easily removed 

from water. For example, perfluorohexanoic acid (PFHxA) a short chain PFAS has a human half-life of 32 

days,37 whereas perfluorooctanoic acid (PFOA) has a half-life of 3.8 years. 38  

Per- and Polyfluoroalkyl Substances Regulations 

In 2006 EPA implemented the PFAS stewardship program. The program had two goals; one was for the 

companies involved to reduce all PFOA materials including chemical precursors that can breakdown to 

form PFOA by 2010. The second goal was to have eliminated these chemicals from emissions and products 

by 2015. The eight major companies that participated were Arkema, Asahi, BASF Corporation, Clariant, 

Daikin, 3M, DuPont, and Solvay Solexis. Most companies met these goals by completely stopping the 

manufacturing and importing of long-chain PFAS and transitioned to other chemicals.39 Other efforts to 

monitor PFAS in the industry is by Chemical Data Reporting, which requires manufacturers and importers 

of PFOS to report if they meet certain production volume thresholds (usually 25,000 pounds) at a single 

site. The last time the manufacturing of PFOS was reported to EPA as part of this collection effort was 

2002.40 Even though manufacture and import of PFOA and PFOS has phased out in the United States as 

part of these programs, there may still be existing stock that is used. In addition to these programs, the EPA 

has issued regulations known as Significant New Use Rules (SNURs) that requires manufacturers to notify 

the EPA of new uses of such chemicals before they are on the market. The regulation also specifies that the 

company needs to notify the EPA at least 90 days before beginning any such activity, which would allow 

the EPA time to review the plan and make any necessary changes to the products and chemicals used.41 The 

most recent health advisory from the US EPA states that the levels for PFOA and PFOS alone in drinking 

water should not exceed 70 ng/L or 70 ppt (parts per trillion). This is also the limit for combined PFOA and 
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PFOS in drinking water.42 However, the California EPA submitted a draft report in July 2021 proposing 

even lower concentrations of PFOA in drinking water to 0.007 ppt and 1 ppt for PFOS.43  

Remediation of Per- and Polyfluoroalkyl Substances  

PFAS can leach into soil and groundwater from compostable products that contain PFAS. They can also 

end up in groundwater, leachates, and drinking water from industrial facilities using PFAS. Three different 

techniques to remove PFAS from the environment will be discussed; Composting, Adsorption, and 

Electrochemical oxidation. Composting and electrochemical oxidation are destructive removal techniques, 

whereas adsorption is a non-destructive removal method. 

Composting 

There is a growing interest and effort from the waste management industry to divert food waste from 

landfills and recycle organic waste through composting. Composting is a biochemical process that converts 

organic waste in the presence of oxygen into carbon dioxide, heat, water, and a stable organic substance 

that can be recovered as a soil amendment or organic fertilizer.44 Composting involves microbial organisms, 

such as worms and millipedes, breaking down the bulk of organic matter by mechanical means while 

microorganisms, such as bacteria and fungi, chemically convert the remaining organic matter to end 

products of carbon dioxide, heat, water, and compost.45 While carbon dioxide is a product of this aerobic 

process, studies have shown that greenhouse gas (GHG) emissions from food waste decomposition in 

landfills are significantly higher than GHG emissions from composting due to methane’s greater global 

warming potential,46 thus further demonstrating the importance of proper disposal of food waste in aerobic 

composting facilities. The resulting compost can be used as a soil amendment that enhances soil properties 

by increasing soil buffering capacity and moisture holding capacity, providing essential nutrients for plants, 

stimulating biological activity, and improving soil structure.47 Composting is a reliable waste treatment 

option for organic waste with a valuable product; however, composting can only be successful if the process 
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is effectively managed.48 Since food waste can be highly variable depending on its source, it is important 

to study multiple parameters of the composting process to ensure an optimized system with a stable product.  

Food Service Packaging Product (FSP) is a broad term for compostable bioplastics and fibers. This includes 

cups, bowls, lids, plates, containers, cutlery, overwrap, laminated film and fast-food wraps and delicatessen 

containers. FSP has physical and mechanical properties that expand the shelf life of food. Physical 

properties protect the food from tensile forces and tears and provide a barrier to oxygen, carbon dioxide, 

anhydride, and odorous compounds. Mechanical properties allow these products to act as heat sealants and 

prevent microbial contamination.49 Composting these products is difficult as they are often coated with 

PFAS which are environmentally persistent and create an additional layer for microbial degradation making 

it more energy-intensive and time-consuming to breakdown.  

A wide variety of microbes have been explored for the biodegradation of PFAS using the microbial 

infallibility hypothesis which states that if there is energy to be gained from a compound, a microorganism 

will figure out how to extract it and create a niche for itself.50 While degradation of PFAS is a challenge, 

the microbes function by identifying a weak spot in the molecule that could be more susceptible to 

degradation. For example, a double bond which is more electron rich, and henceforth more reactive than a 

C-F bond.51 One example of a bacteria that has been studied is Dehalococcoides. The degradation of PFAS 

with Dehalococcoides is accompanied by lactate which acts as an electron donor whereas the PFAS act as 

electron acceptors. The Dehalococcoides are able to degrade 100% of an unsaturated PFAS (E)-

perfluoro(4-methylpent-2-enoic acid) after 130 days.52 The more common PFAS such as PFOA and PFOS 

have no vulnerable area for microbial degradation, however A6, a strain of the microbe Acidimicrobium, 

which is found in the wetlands of New Jersey has been investigated for the degradation of PFOA and PFOS. 

Researchers found that after 100 days the Acidimicrobium was able to degrade PFOA and PFOS by 60%.53 

The limitations of current microbes being studied for PFAS degradation is the incubation time needed for 

the degradation of PFAS, as mentioned above the Dehalococcoides required 130 days for degradation and 

the Acidimicrobium required 100 days. Along with long degradation times these microbes are also not 
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selective so in the presence of a wide variety of nutrients and halogenated compounds in compost the 

degradation efficiency of microbial communities towards PFAS may be reduced.54 

Adsorption 

Adsorption is a non-destructive method to remove contaminants from water. The processes that drive the 

adsorption of PFAS in solution on to the adsorbent are related to hydrophobicity and electrostatic 

interactions. The hydrophobic interaction between the PFAS and the adsorbent increases as chain length of 

PFAS increases, this phenomenon will be discussed in more detail in Chapter 3. Studies with kaolinite 

(Al2Si2O5(OH)4) as an adsorbent have shown that when there is a mixture of PFAS, the longer chain length 

PFAS which are more hydrophobic have higher removal efficiency than shorter PFAS.55 Electrostatic 

interaction between the adsorbent and contaminant are driven by the charge on the adsorbent and the 

contaminant molecule. In the case of PFAS, the electrostatic interactions occur due to the head group on 

the PFAS molecule (e.g. carboxylate, sulfate, phosphate, etc). Depending on the pH of the solution, PFAS 

molecules will exist as anions in solution and can have electrostatic attractions with positively charged 

adsorbent surfaces. Many studies have shown that PFAS adsorption is preferred at low pH, if pH is higher 

than the point of zero charge of the adsorbent the surface will be negatively charged and there will be 

electrostatic repulsions which decreases adsorption.56 Therefore, the pH of adsorption is very critical for 

PFAS remediation as will be discussed in more detail in Chapter 4 of this work. 

The most commonly studied adsorbent for PFAS adsorption is activated carbon. Activated carbon (AC) is 

affordable, can be regenerated after adsorption, and extremely abundant as it can be produced from various 

natural sources such as coconut shells, wood, and coal. The adsorption of PFAS onto AC is driven by 

physical mass transfer from the liquid to the solid typically by Van der Waals interactions. Van der Waals 

interactions occur when electron clouds from PFAS are in contact with electron clouds from the surface of 

the adsorbent. Therefore, the removal efficiency is higher for the longer chain PFAS as they are more 

hydrophobic and have increased Van der Waals interactions with AC.57 In contrast, anion exchange (AIX) 
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resins such as Purolite A600 and Purofine PFA694, remove PFAS by physical mass transfer as well as 

electrostatic interactions. The positively charged AIX resins attracts the negatively charged PFAS anion in 

solution. Due to this dual interaction AIX resins can remove PFAS at a higher rate than the AC, however, 

AIX resins are only made for single use and methods to regenerate them are still being developed.58 Metal 

oxide adsorbents have also been evaluated for PFAS adsorption.59,60 Boehmite (AlOOH) has shown 

increased PFAS removal efficiency at acidic pH (pH 4) due to the fact that the surface of the adsorbent is 

positively charged since the point of zero charge for boehmite is at pH 8.4.61 This increases electrostatic 

attraction between PFAS anions in solution and the positively charged adsorbent surface. These changes in 

surface charge have motivated the applications of metal oxides for PFAS removal. 

Electrochemical Oxidation 

Electrochemical oxidation is a treatment technology that uses electrical current to oxidize persistent 

pollutants including PFAS making it a destructive treatment method. Through this process PFAS are 

converted into carbon dioxide, fluoride ions, shorter chain PFAS, and in some cases hydrofluoric acid.62 

Electrochemical oxidation can occur directly at the anode by electron transfer from the PFOA molecule to 

the anode, whereas during indirect electrochemical oxidation the PFAS molecule are degraded in solution 

by the power of electrochemically created radicals such as the hydroxide radical originating from the 

cathode.63 Both these reaction pathways are shown in Figure 1.3. The overall degradation reaction for 

PFOA64 can be written as shown in eq 1.1:  

C7F15COOH + 14H2O à 15HF + 8CO2 + 14H+ + 14 e-    (eq. 1.1) 

The degradation of PFOA is a sequence of reactions each of which involves only one electron, to completely 

mineralize PFOA  a total of 14 electrons is needed.65 The most common type of anode material studied for 

PFOA electrochemical oxidation is boron-doped diamond (BDD) anodes. BDD has shown 99.5% 

degradation efficiency for PFOA over a duration of 4 hours.66 Despite BDD being non-corrosive and 
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commercially available, the cost of the BDD anode is approximately $7125/m2.67 Ceramic materials like 

Magnéli phase titanium suboxides (Ti4O7) are conductive and have comparatively lower production costs, 

however, the time needed to completely degrade PFOA was 17 hours.68 PFOA degradation was also 

observed via electrochemical activation of peroxymonosulfate (indirect oxidation) at the Ti/SnO2-Pb anode, 

the degradation time in this instance was much shorter as it only required 2 hours.69 

Figure 1.3 Illustration of electrochemical oxidation pathway of PFAS in solution directly at the anode and indirectly 
at the cathode. 

Knowledge Gaps in Adsorbents for Water Remediation 

Based on aforementioned remediation technologies, there is a need for robust mechanically and chemically 

stable adsorbents for the adsorption of contaminants from water. Be it the removal of emulsified crude oil 

from the ocean, or the removal of more recent contaminants of interest like PFAS from drinking water. This 

work attempts to address these knowledge gaps using an underexplored material for water remediation, 
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mesoporous hafnium oxide (MHO) ceramics. The surface of  mesoporous hafnium oxide has a few active 

sites that allow it to perform in extreme pH conditions illustrated in Figure 1.4. These active sites are; 

Lewis acid sites originating from unoccupied hafnium d orbitals, Brönsted acid sites which donate a proton 

in basic media resulting in a negatively charged conjugate base active site, and Brönsted base sites which 

accept a proton in acidic media resulting in a positively charged conjugate acid active site.70 MHO does not 

shrink or swell in organic or ionic solvents, unlike polymeric based materials, which is necessary for 

adsorption of hydrophobic crude oil, and PFAS molecules that tend to ionize in solution. The MHO 

monolith is bimodal which means it has both macropores (>50 nm) and mesopores (2-50 nm). This bimodal 

pore structure makes the material ideal for filtration applications as it allows for the entrapment of 

contaminants, such as PFAS and crude oil, using the mesopores without reducing the flux of the clean water 

through the macropores.71  

 

Figure 1.4 Illustrating active sites present on the surface of MHO; Lewis acid site (left), Brönsted acid site (center), 
and Brönsted base site (right). 

Sol-gel Synthesis of Mesoporous Hafnium Oxide Ceramic Monoliths 

Transition metal oxides possess ideal functional groups and have properties that make them stable and 

favorable for water remediation applications.72 Recently, sol-gel synthesis of free-standing monoliths of 

transition metal oxides have been explored for creating robust materials. Sol-gel synthesis involves the 

hydrolysis of a metal salt followed by polycondensation to form a ‘sol’. Then the particles form colloids 

that are slowly polymerized into a ‘gel’ which undergoes aging, washing, and heat treatment to form the 
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desired metal oxide.73 Herein, the steps needed to form monoliths of mesoporous hafnium oxide (MHO) 

ceramics will be detailed. In the initial hydrolysis step we use Hafnium (IV) tetrachloride as the metal 

precursor. This is an exothermic reaction that produces hafnium oxihydride and hydrochloric acid as shown 

in eq. 1.2: 

HfCl4 + 4 H2O à Hf(OH)4 + 4HCl   (eq. 1.2) 

At this stage, N-methylformamide (NMF) is added as a porogen, it also affects the gelation and porosity of 

the final product which in turn affects the surface area and pore size. Once added to the solution, NMF 

hydrolyses to form formic acid and methyl ammonium which increases the pH of the solution and 

accelerates polycondensation resulting in phase separation.74 The hydrolysis reaction of NMF is shown in 

eq. 1.3 below: 

CH3NHCOH + 3H2O à HCOOH + CH3NH3  (eq. 1.3) 

The above process takes three days, then polyethylene oxide (PEO, MW 100,000) is added to further induce 

phase separation and start the formation of the network of pores.75 Finally, propylene oxide (PPO) is added 

to induce polycondensation and gelation through an epoxide ring opening reaction as show in eq. 1.4:.76  

CH3CHCH2O +  Hf(OH)4  + HCl à HfO2 + CH3CHOHCH2Cl + 2H2O (eq. 1.4) 

The white gel was allowed to age for three days at 50°C. The gelation step determines the final shape and 

size of the monolith. The monolith was then washed with ultrapure water (≥18.2 MΩ∙cm), methanol, 

acetone, hexanes, and pentane to remove any excess reagents produced during the synthesis. This order of 

solvents was chosen based on polarity and miscibility of solvents. This order of solvents was also shown to 

prevent cracking of the monolith during the heating stage, specifically low surface tension solvents such as 

hexanes and pentanes have been used to reduce capillary tension during the heating stage. 77After the solvent 

exchange, the monolith was heated in a muffle furnace starting at 50°C and slowly ramping all the way to 
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700°C as that is the temperature needed to form robust monoclinic hafnium oxide. A schematic 

summarizing the sol-gel synthesis process of MHO is illustrated in Figure 1.5 below. 

 

Figure 1.5 Schematic illustrating each step of the  sol-gel synthesis of monolith of mesoporous hafnium oxide ceramic. 
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2 Chapter 2: Adsorption of Crude Oil from Crude Oil–Water 

Emulsion by Mesoporous Hafnium Oxide Ceramics 

Abstract  

Crude oil spills are extremely toxic and cause harm to marine wildlife, people living in the area, and is 

extremely difficult to clean-up. Dispersants applied after an oil spill convert the oil on the surface to smaller 

droplets that travel deeper into the ocean, causing more damage to wildlife and marine ecosystems. We 

report a mesoporous hafnium oxide (MHO) ceramic synthesized via a sol–gel process that has exhibited 

99.9% removal capacity of crude oil from an oil-in-water emulsion at a concentration of 3 mg mL−1. The 

as-prepared MHO ceramic was regenerated after crude oil sequestration via calcination at 800 °C under 

ambient conditions. The scalability of the synthetic method and thermal stability of the MHO ceramic 

material makes it a promising, underexplored, and reusable adsorbent for efficient oil spill clean-up. 

Introduction 

Oil spills are a serious threat to marine life in an already vulnerable biosphere. For example, increased CO2 

emissions have caused elevated ocean temperatures, leading to coral reef bleaching and mortality.1 

Furthermore, local wildlife such as birds have also been adversely impacted by hypothermia as their 

feathers become covered in crude oil.2 Humans can also be affected by oil spills through respiratory 

problems, skin irritation, and even cancer depending on the length and type of exposure.3 Over 5 million 

tons of crude oil are transported annually by sea, and introduced to coastal waters that are extremely 

vulnerable to oil spills. Additionally, waste disposal, energy sources, accidents, and the production of oil 

are sources of water contamination. In 2010, the Deepwater horizon spill released 5 million barrels of oil 

worth 6 billion USD.4 More recently, the Sanchi spill in 2018 in East China released ∼1 million barrels of 

oil.5  
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As a response to oil spills, dispersants such as hydrophobically modified chitosan6 and halloysite clay 

nanotubes7 are sprayed over the spill area to prevent oil from spreading on the surface. These dispersants 

are composed of hydrophilic and lipophilic active sites and surround oil with the hydrophilic head facing 

outwards which helps stabilize the oil into small droplets. This allows for the oil droplets to move below 

the surface, making it seem like the surface is clean. However, this in turn leads to oil sedimentation in the 

ocean bed and negatively impacts aquatic life since the oil particles are not adsorbed by dispersants for 

subsequent removal.8–11  

Adsorption is a preferred clean-up method because it is affordable, facile, and environmentally feasible.12 

There is a growing interest in the use of sorbent and reusable materials that are non-toxic to avoid further 

contamination of water. Some examples include agricultural waste (banana peels, palm fiber, rice husks),12–

14 polymeric materials coated on foams and sponges,15–18 and aerogels made from carbon based materials 

such as cellulose19 and graphene.20 However, the lack of mechanical stability of these materials in harsh 

chemical environments limits their application.21 Porous metal oxide ceramic materials such as silica, 

titania, hafnia, and zirconia are interesting candidates due to their relatively hydrophilic surfaces, which 

gives these materials particular advantages over hydrophobic ones. Their hydrophilic properties allow water 

to permeate, which prevents clogging by viscous and heavy oils. These materials also prevent the formation 

of a water layer under an oil layer as it will allow the water to permeate.22–24  

MHO monoliths with pores of different length scales are an attractive alternative to particles or pressed 

pellets, as they are thermally stable, mechanically robust, and allow for higher liquid mass transfer than 

powders.25–28 The density of the MHO is slightly greater than that of water 1.1 g cm−3. This characteristic, 

in addition to its hydrophilic nature, leads to strong enough interaction with water molecules to break 

surface tension and sink below the surface. This lack of buoyancy hinders the suitability for using MHO in 

batch adsorption experiments, although it is well suited for fixed-bed filtration experiments.  
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Hafnium oxide, a group IV transition metal oxide, is chemically and thermally stable due to the high 

coordination number of hafnium. Hafnium can coordinate to seven oxygen atoms, whereas silicon can only 

coordinate to four. The strength of the Hf-O bonds as well as the ionicity makes hafnium oxide resistant to 

chemical degradation in extreme pH conditions, a highly desirable property for materials that will be 

exposed to harsh oil-removal conditions. Additionally, hafnium oxide contains three active sites on the 

surface: Brønsted base sites which accept a proton in basic media, Brønsted acid sites which donate a proton 

in acidic media, and Lewis acid sites originating from unoccupied hafnium d orbitals as shown in Figure 

2.1. This broad network of bonding further contributes to the mechanical strength of hafnium oxide.29  

 

Figure 2.1 Three main active sites on the surface of hafnium oxide: Lewis acid site (left), Brönsted acid site (middle), 
and Brönsted base site (right). 

 

The objective of this study is to investigate the efficiency of MHO for crude oil removal from crude oil-in-

water emulsions. Sol-gel synthesis has been used for the synthesis of MHO to be integrated as a filter to 

sequester crude oil from crude oil-in-water emulsions in a wide pH range. Liquid aliquots have been 

analysed using chromatography and spectroscopy techniques. Regeneration of the MHO was studied 

through calcination and thermogravimetric analysis. 
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Materials & Methods 

Chemicals and materials  

Hafnium(iv) tetrachloride (HfCl4, 98%), methanol, acetone, hexanes, and pentane were all HPLC Plus 

(>99.9%). Sulfuric acid (95.0–98.0%), hydrochloric acid (HCl, 35.0–37.0%), deuterated methanol 

(CD3OD), and deuterated chloroform (CDCl3) with tetramethylsilane (TMS) (99.95% + 0.05%) were used 

as purchased from Sigma-Aldrich. Poly(ethylene oxide) (MW 100 000) was purchased from Polysciences 

Inc. Propylene oxide (99.5%) was purchased from Acros Organics. N-Methyl formamide (99%) and sodium 

hydroxide pellets (NaOH, 98%) were purchased from Alfa Aesar. Light crude oil (API > 31) was obtained 

from an un-disclosed oil refinery within northern California. Ultrapure water (resistivity >18.2 MΩ) used 

for synthesis and crude oil water mixes was obtained from a Thermo Scientific Barnstead E-Pure Ultrapure 

water purification system. Various porous materials were purchased for comparison purposes including 

melamine sponge (He Andi, pore size 150 μm), Whatman grade 1 cellulose filter paper (Sigma-Aldrich, 

pore size 11 μm), and a commercial wine filter (Buon Vino, no. 2, pore size 1 μm).  

2.1.1  Synthesis of MHO ceramic monolith  

MHO ceramic monoliths were synthesized using the sol–gel method.30 Prior to MHO synthesis, 20 mL 

scintillation glass vials were treated in sequence with 0.1 M NaOH for 1 hour, 0.1 M HCl for 1 hour, and 

Rain-x overnight. After removing the Rain-x, vials were rinsed with methanol three times and dried in an 

oven. Herein, we use hafnium(iv) chloride dissolved in ultrapure water in the hydrolysis step. N-

Methylformamide (NMF) was added as a porogen, to increase the solution pH, and induce phase separation. 

Polyethylene oxide (PEO, MW 100 000) was added to create a strong pore network. Additionally, propylene 

oxide was added to induce polymerization, turning the clear liquid to a white gel. The gel was then aged at 

50 °C for three days in air. The monolith was washed with ultrapure water, methanol, acetone, hexanes, 

and pentane to remove any excess reagents left after synthesis. Lastly, the sample underwent heat treatment 
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in air to 700 °C which yields a crystalline white monolithic ceramic.30 The melamine sponge, cellulose filter 

paper, and a commercial wine filter with the same pore size as MHO were used for comparison. All 

materials were tested by vacuum filtration of a crude oil-in-water emulsion.  

2.1.2 Structural Characterization of MHO Ceramic  

After the synthesis, the crystalline structure and phase purity of the material was determined by powder X-

ray diffraction (XRD) using a Bruker D8 Advance diffractometer with Cu Kα radiation (1.5406 Å). 

Experimentally obtained diffraction patterns were then compared to literature patterns from the Inorganic 

Crystal Structure Database (ICSD) to confirm the structure. The mesostructure of the material was 

determined by a Thermofisher Quattro Environmental scanning electron microscope (ESEM). The sample 

was placed on copper tape and operated at an accelerating voltage of 10 keV under low vacuum. The surface 

of the MHO ceramic was analysed before filtration, after filtration, and after heating to remove crude oil 

(800 °C) using Fourier transform infrared (FTIR) spectroscopy. The Bruker Tensor 27 FTIR was equipped 

with an attenuated total reflectance (ATR) pike accessory. The experiment was performed using 16 scans, 

a resolution of 2 cm−1, and a spectral range of 400–4000 cm−1. Thermogravimetric analysis (TGA) was 

done using a NETSCH STA 449F3 instrument under high purity argon. It was heated from 20 °C to 800 

°C at a rate of 3.0 °C min−1.  

2.1.3 Oil Sequestration and MHO Ceramic Regeneration  

In a typical oil sequestration experiment, crude oil was mixed with ultrapure water in a vial via sonication 

(Branson 8800, 40 kHz, ambient conditions) for 30 minutes to prepare the oil-in-water emulsion (2–3 mg 

mL−1, pH 1, 7, and 13).31 Sodium hydroxide and sulfuric acid were added to adjust the pH of the solution 

before adding the crude oil. The MHO ceramic monolith (0.2–0.4 g) was placed directly under the tip of a 

funnel using a shrinking tube as shown in Figure 2.2a. The funnel was then placed in a vacuum filtration 

setup as shown in Figure 2.2b. As previously mentioned, the hydrophilic nature of MHO as well as its 
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bimodal pore network made it an ideal candidate for filtration of crude oil-in-water emulsions, rather than 

for adsorption in a batch-type system. The crude oil-in-water emulsion was analysed before and after 

filtration for comparison. The filtration procedure was repeated with various porous materials such as 

melamine sponge, grade 1 cellulose filter paper, and commercial wine filter. The MHO ceramic was 

regenerated after filtration by calcination in air at 800 °C for 10 minutes. 

   

 

 

 

  

 

 

 

Figure 2.2 a) Funnel with MHO ceramic attached using shrinking tube, b) Experimental set up for oil sequestration 
experiment. 

Qualitative and Quantitative Analysis of Oil Sequestration  

The crude oil-in-water emulsion was analysed for crude oil concentration before and after filtration using 

an Agilent 6890 gas chromatograph equipped with a single quadrupole 5973 mass selective detector. In 

order to prepare samples suitable for GC-MS the liquids were extracted in pentane. A liquid–liquid 

extraction was done using 5 mL of the crude oil-in-water emulsion before or after filtration with 2 mL of 

pentane. The sample was placed in a glass centrifuge tube and centrifuged at 4500 rpm for 30 minutes. The 

pentane layer was injected in the GC. Compounds were separated on a Chrompack CP5860 (30 m, 0.25 

mm ID, 0.25 um). The chromatograph oven was operated from 40 °C to 300 °C rising at a rate of 10 °C 

min−1. Helium was used as the carrier gas operating at a pressure of 6.7 psi. An injection volume of 1 μL 

was used and the injection temperature was 300 °C.32 The mass spectrometer source temperature was 230 

a b 
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°C and the quadrupole temperature was set to 180 °C. The range of ionization was from 50.00 amu to 

800.00 amu. The GC provides a qualitative approach to assess removal efficiencies. Nuclear magnetic 

resonance (NMR) spectroscopy was used for quantitation. 1H NMR spectroscopy was performed on a 

Bruker 400 MHz spectrometer. Calibrations were performed with various concentrations of crude oil-in-

water emulsions. 100 μL of the emulsion was added to 695 μL of deuterated methanol and 5 μL of CDCl3 

with TMS as an internal standard and mixed well. 400 μL of this matrix is placed in a 300 MHz Wilmad 

NMR tube for analysis. A presaturation method was used to suppress the signal of water and to allow 

visualization of the analyte peaks of interest. The area under the crude oil peaks is used to create a 

calibration to quantitatively determine the amount of oil removed by the material. To calculate the percent 

removal of crude oil we use eq. 2.1:  

%	𝑹𝒆𝒎𝒐𝒗𝒂𝒍 = 𝑪𝟎"𝑪
𝑪𝟎

	× 	𝟏𝟎𝟎 (eq. 2.1) 

Where 𝐶# is the initial concentration of crude oil in water before filtration (mg/mL) and 𝐶 is the 

concentration of crude oil in the filtrate. 

 Results and Discussion  

Crystal Structure and Morphology of MHO Ceramic 

The MHO ceramic monolith obtained after synthesis is shown in Figure 2.3a. The size and shape depend 

on the gelation vessel, which in this case was a 20 mL scintillation glass vial. Figure 2.3b depicts the MHO 

ceramic bimodal distribution comprised of a network of macropores and mesopores. The macropores are 

interconnected and appear to be approximately 1.0 μm in diameter based on the SEM. The monoclinic 

crystalline structure was confirmed by XRD and compared to literature values as shown in Figure 2.3c. In 

comparison, the SEM image for the melamine sponge is shown in Figure 2.4. The melamine sponge 

appears to have a network of macropores that are about 150 um in diameter, significantly larger than MHO. 
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The SEM image of the grade 1 cellulose filter paper shown in Figure 2.5 illustrates fibers stacked on each 

other rather than a network of pores. The SEM image of the Buon Vino wine filter shown in Figure 2.6 

illustrates cellulose-based fibers stacked on each other, diatoms, and parts that appear to have smaller 

circular macropores that are less than 1 um in diameter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 a) Free standing MHO ceramic with a diameter of 1 cm, b) SEM image of MHO ceramic illustrating 
network of macropores and mesopores, c) XRD pattern with major diffraction peaks indexed for MHO ceramic (top) 
overlaid with the published spectrum for MHO with heat treatment at 700 °C (bottom, ICSD Collection Code 27313).  
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Figure 2.4 a) Low magnification and b) high magnification SEM image of melamine sponge purchased from He 
Andi used in filtration of crude oil-water emulsions. 

 

 

Figure 2.5 a) Low magnification and b) high magnification SEM image of grade 1 cellulose filter paper purchased 
from Sigma-Aldrich used in filtration of crude oil-water emulsions. 

 

 

a) b) 

a) b) 
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Figure 2.6 a) Low magnification and b) high magnification SEM image of wine filter purchased from Buon Vino 
used in filtration of crude oil-water emulsions. 

 

Determination of Oil Concentrations Sequestered  

To determine the potential of MHO ceramics to sequester oil mixtures of 2–3 mg mL−1 of crude oil in water 

were prepared. These concentrations are relevant but slightly higher than typical oil spill concentrations.33–

36 In Figure 2.7a, we observe a significant reduction in turbidity after filtration was performed using MHO 

ceramics. GC-MS was used to experimentally support the observation that the oil-in-water emulsion 

became less turbid after filtration. The resulting chromatogram in Figure 2.7b shows that prior to filtration 

there are numerous peaks at different relative intensities corresponding to various components of the crude 

oil mainly hydrocarbon chains ranging from C11 to C34. For comparison purposes, filtration with a 

cellulose-based filter paper and a melamine sponge was performed. As shown in Figure 2.7b, all crude oil 

characteristic peaks were still present after filtrations with each of the materials at similar retention times 

but with lower intensities. Remarkably, filtrations using MHO ceramic and the commercial wine filter (pore 

size 1 μm) yielded completely clear liquids and there were no crude oil characteristic peaks which is 

indicative of near 100% removal of crude oil. Similar results were observed with MHO ceramic and the 

commercial wine filter at extreme acidic (pH 1) and basic conditions (pH 13) as shown in Figure 2.8 and 

a) b) 
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Figure 2.9 respectively. To confirm and quantify this near 100% removal of crude oil, the liquid samples 

were analysed using 1H NMR spectroscopy.  

 

 

Figure 2.7 a) Image of crude oil-in-water emulsion in vials before and after filtration via MHO ceramic monolith in 
neutral pH, b) overlay GC-MS chromatograms of crude oil-in-water emulsion before sequestration and recovered 
liquid after sequestration using grade 1 cellulose filter paper, melamine sponge, commercial wine filter, and MHO 
ceramic monolith.  
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Figure 2.8 a) Image of liquid in vials before and after filtration via MHO ceramic monolith in acidic pH, b) 
Overlaid GC-MS chromatograms of liquid-oil mixture before sequestration (green) and recovered liquid after 
sequestration using commercial wine filter (purple) and MHO ceramic monolith (black). 

Figure 2.9 a) Image of liquid in vials before and after filtration via MHO ceramic monolith in basic pH, b) Overlaid 
GC-MS chromatograms of liquid-oil mixture before sequestration (green) and recovered liquid after sequestration 
using commercial wine filter (purple) and MHO ceramic monolith (black). 
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Figure 2.10a shows the MHO ceramic before sequestration and Figure 2.10b shows the MHO ceramic 

after sequestration in neutral pH. Figure 2.10c illustrates the 1H NMR spectra detailing crude oil-in-water 

emulsion before and after filtration. From Figure 2.10c we observe crude oil signals at 0.9 ppm for alkyl 

terminal methyl groups (R–CH3) and 1.3 ppm for alkyl methylene groups (R–CH2–R) in the crude oil-in-

water emulsion before filtration.37,38 After filtration the peak at 0.9 ppm was no longer present and the signal 

at 1.3 ppm showed diminished relative intensity. This pronounced decrease in relative intensity was 

determined to correspond to a 99.9% removal of crude oil from water. The peak at 1.15 ppm is due to the 

solvent mixture (Figure 2.11). Other 1H NMR signals are TMS that appears at 0 ppm and the area remains 

the same before and after filtration indicating the precision of the calibration.  

 

Figure 2.10 a) Top view of MHO ceramic before sequestration, b) top view of MHO ceramic after sequestration of 
crude oil-in-water emulsion in neutral pH, c) 1H NMR spectrum of crude oil-in-water emulsion before and after 
sequestration with MHO ceramic.  
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Figure 2.11 1H NMR spectrum of blank solution consisting of deuterated methanol, deuterated chloroform with 
tetramethylsilane (99.5% + 0.05%), and nanopure water. 

 

Similar results were observed in extreme acidic (pH 1) and basic (pH 13) conditions using MHO ceramic 

and the commercial wine filter (as shown in Figure 2.12– Figure 2.14). Altering the pH can influence 

ionization of the contaminant molecule which can effect sequestration capacities.39 However, changing the 

pH did not have an effect on crude oil sequestration because of the inert nature of crude oil. Crude oil is 

mainly composed of long hydrocarbon chains with strong C–C and C–H bonds which are stable in extreme 

pH. Furthermore, these alkanes do not have any hydrophilic or ionizable groups that can be influenced by 

change in pH.40 
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Figure 2.12 a) Top view of MHO ceramic before sequestration, b) Top view of MHO ceramic after sequestration of 
crude oil-water emulsion in acidic pH, c) 1H NMR spectrum of liquid before and after sequestration with MHO 
ceramic. 

Figure 2.13 a) Top view of MHO ceramic before sequestration, b) Top view of MHO ceramic after sequestration of 
crude oil-water emulsion in basic pH, c) 1H NMR spectrum of liquid before and after sequestration with MHO ceramic. 
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Figure 2.14 1H NMR spectrum of liquid before and after sequestration with commercial wine filter in a) Neutral pH, 
b) Acidic pH, c) Basic pH. 
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Table 2.1 offers a comparison between MHO ceramic and the cellulose wine filter, another ceramic 

membrane made of TiO2,41 carbon nanotube based material,42 magnesium hydroxide formed in situ,43 and 

a polyurethane sponge modified with hydrophobic silica nanoparticles.16 MHO and the cellulose wine filter 

have similar removal percentages, although the MHO ceramic is a more promising option as it can be 

readily regenerated by calcination.  

Table 2.1 Comparison of MHO Ceramic with Various Oil Sorbent Materials 

 

Regeneration of MHO Ceramic 

The reusability of materials used to clean oil spills is imperative, as it decreases the amount of waste 

produced during the clean-up and enhances the effectiveness of the material deployed. Other materials such 

as silica-based ceramics44 and twisted carbon fiber aerogels45 have been successfully regenerated to remove 

organic contaminants from water by calcination. This is relatively safer than using harsh and toxic 

chemicals to clean the material, as it does not produce excess toxic liquid waste. To compare the thermal 

stability and regeneration of MHO ceramic with the commercial wine filter we performed TGA experiments 

after filtration with the crude oil-in-water emulsion. Both the MHO ceramic and the wine filter were 

exposed to 800 °C under high purity argon flow. The results of the TGA are shown in Figure 2.15 for MHO 

ceramic and Figure 2.16 for the wine filter. The mass loss observed from heating the bare MHO ceramic 

before sequestration is 0.3% which is due to the evaporation of water from the hydrophilic surface. After 

Material % 
Removal Emulsified? Renewable? Reference 

no. 
Polyurethane sponge modified with 

hydrophobic silica nanoparticles 
 

92 no no 16 

TiO2 membrane 
 99.56 yes no 41 

Multiwalled carbon nanotube 
 85 yes yes 42 

In situ formed magnesium hydroxide 
 99 yes yes 43 

Wine filter 
 99.9 yes no This work 

Mesoporous Hafnium Oxide Ceramic 
 99.9 yes yes This work 
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sequestration of the crude oil-in-water emulsion we see a mass loss of 1.3% which corresponds to the crude 

oil and some water evaporating from the MHO ceramic. In contrast, the mass loss observed from heating 

the bare wine filter before sequestration is 46.1% which is due to the degradation of the wine filter. After 

sequestration of the crude oil-in-water emulsion a mass loss of 48.7% is the result of the wine filter burning 

as it is not stable under high temperatures. After these experiments, we observed that the MHO ceramic 

showed its characteristic white color, and the wine filter had turned entirely black.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15 a) TGA of MHO ceramic before sequestration (black) and after crude oil sequestration (red) in neutral 
pH under argon, b) Illustrating the change in color of MHO before filtration, after filtration of crude oil-water 
emulsions, and after heating to remove crude oil. 

b) 

a
) 
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Figure 2.16 a) TGA of wine filter  before sequestration (black) and after crude oil sequestration (red) in neutral pH 
under argon, b) Illustrating the change in color of wine filter before filtration, after filtration of crude oil-water 
emulsions, and after heating to remove crude oil. 

 

a) 

b) 
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To ensure that MHO ceramic could be regenerated after each filtration FTIR was done on the surface after 

calcination to confirm that oil was no longer present as shown in Figure 2.17d.  The FTIR peaks present 

between 400-800 cm-1 represent the monoclinic hafnium oxide peaks of Hf-O and Hf-O2. During the initial 

hydrolysis step of the sol-gel synthesis, N-methyl formamide undergoes hydrolysis in water to produce 

formic acid (HCOOH). As a result, the formato ligands from formic acid coordinate to the Hf ions. The low 

intensity peaks in the range of 1200-1600 cm-1 observed in the MHO ceramic before oil sequestration 

correspond to symmetric and antisymmetric formato (COO-) ligand vibrations on the surface of MHO. The 

three possible types of bonding of the formato ligand to the hafnium ions on the surface of MHO are shown 

in Figure 2.17a-c. Figure 2.17a illustrates a monodentate coordination of one oxygen atom from the 

formato ligand to one hafnium ion. Figure 2.17b is a chelating of two oxygen atoms to one hafnium ion. 

Fig 5c is an example of a bridging of two oxygen atoms to two hafnium ions.46 The peak at 1300 cm-1 

corresponds to monodentate coordination of carbonates as shown in in Figure 2.17a. The peak at 1600 cm-

1 represents bidentate carbonates through either chelating of two oxygen atoms to one hafnium (Figure 

2.17b) or bridging of two hafnium with two oxygen atoms (Figure 2.17c). The chelating bidentate and 

bridging bidentate convert to one another based on the degree of hydration on the surface. The peak at 2390 

cm-1 is identified as CO2. CO2 interacts with the Lewis acid sites on the surface through s-coordination 

from one of the lone pairs on oxygen.47 The spectrum from the sample after filtration has the Hf-O and Hf-

O2  peaks from the monoclinic hafnium oxide. The  peaks that are present in the sample after sequestration 

that are not present after calcination are the peaks at 1350 cm-1 and 1450 cm-1 which correspond to the C-

H deformation vibration and the peaks at  2800 cm-1 and 2900 cm-1 which correspond to the C-H stretching 

vibration all in aliphatic hydrocarbon chains.48 A detailed FTIR spectrum of pure crude oil is depicted in 

Figure 2.18. The spectrum after calcination does not show any of the sharp peaks that were present in the 

sample after crude oil sequestration. This further proves that there was no crude oil after calcination and 

MHO ceramic can be regenerated. Similar results were observed in acidic and basic pH as shown in Figure 

2.19 and Figure 2.20, respectively. 
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Figure 2.17 a) Monodentate coordination of one oxygen atom to one hafnium ion, b) Bidentate chelating of two 
oxygen atoms to one hafnium ion, c) Bidentate bridging of two oxygen atoms to two hafnium ions, and d) ATR-FTIR 
spectrum of MHO ceramic before sequestration, after sequestration in neutral pH, and after calcination. 
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Figure 2.18 ATR-FTIR spectrum of crude oil with major peaks labelled. 
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Figure 2.19 ATR-FTIR spectrum of MHO ceramic before sequestration, after sequestration in acidic pH, and after 
calcination. 
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Figure 2.20 ATR-FTIR spectrum of MHO ceramic before sequestration, after sequestration in basic pH, and after 
calcination. 

In this case, we believe that the governing aspect of adsorption during filtration is the adhesion of the 

hydrophobic crude oil to the hydrophilic MHO ceramic.49 Since the solution at hand is an oil-in-water 

emulsion coalescence is necessary for de-emulsification of the mixture. During the coalescence process the 

smaller oil droplets attach on to the hydrophilic surface of the MHO ceramic followed by agglomeration of 

larger droplets.  The physical force dominating the adhesion of the hydrophobic crude oil to the hydrophilic 

MHO ceramic is most likely Van der Waals (VdW) forces. VdW forces are weak intermolecular forces 

resulting from electrostatic interactions in typically non-attracting molecules due to asymmetric electronic 

distributions. Small electronic dipoles are created which can induce dipoles in complementary surfaces. 

Larger molecules have a higher propensity of remaining in the adsorbed state and that is due to VdW forces. 
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The longer the chain the more electron clouds that can be distorted and can interact with the surface of 

MHO. VdW forces are weak physical forces which means that the process is reversible. Since no chemical 

bonds are formed, regeneration of the MHO ceramic can be achieved by calcination of the material after 

crude oil sequestration as demonstrated herein.50 

Conclusions 

An environmentally benign, mechanically stable, and renewable MHO ceramic monolith was synthesized 

through a sol-gel process leading to a crystalline bimodal material with macropores and mesopores. The 

monolith showed excellent adsorption of crude oil from oil-in-water emulsions in acidic, neutral, and basic 

pH. The material was regenerated by calcination to remove crude oil form the surface. Regeneration of 

MHO ceramic surface after calcination demonstrates an underexplored family class of materials that are 

robust under extreme conditions. 

Future work for this project will involve development of Langmuir and Freundlich isotherms. The 

Langmuir adsorption isotherm is used to describe adsorption of a monolayer of oil on a homogeneous 

surface of an adsorbent. Meanwhile, the Freundlich isotherm model is used to describe multilayer 

adsorption of oil on a heterogeneous adsorbent surface. When it comes to a complex mixture such as that 

of crude oil, using either the Langmuir or Freundlich isotherms is challenging.51 This is due to the fact that 

not all components of crude oil obey these isotherms as single solutes, hence in order to calculate the 

constants for each isotherm one would need to be able to calculate the adsorption coefficient of each solute 

prior to the isotherm application.  
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3 Chapter 3: Understanding Fate of Per- and Polyfluoroalkyl 

Substances (PFAS) During Composting of Food Service Products 

Abstract 

 Per- and polyfluoroalkyl substances (PFAS) are a large group of synthetic chemicals that are used in 

compostable food service products (FSP) due to their hydrophobic and lipophobic properties. However, 

during composting of these FSP the PFAS can leach into the soil or water an contaminate food and drinking 

water sources. Bench-scale and commercia-scale composting experiments were setup to determine 

degradation of FSP and evaluate the fate of PFAS on these FSP during the process. FSP containing PFAS 

did not degrade completely in the bench and commercial-scale composting process due to the persistence 

of these molecules and the presence of carbon-fluorine bonds. Mesoporous hafnium oxide (MHO) was 

synthesized and used to filter PFAS from water. The MHO had higher percent removal efficiencies for 

longer chain, more hydrophobic PFAS due to the increased hydrophobic effect between hydrophobic 

molecules and the hydrophilic surface of MHO. 

Introduction 

Per- and polyfluorinated alkyl substances (PFAS) are a large group of over 4000 synthetic industrial 

chemicals which have been found in the environment from groundwater, to soil, and even the ocean.1 These 

molecules are synthesized for a variety of applications from fire-fighting foams, to everyday products like 

water-proof clothing, non-stick pans, household carpets, and compostable food-service packaging (FSP).2 

PFAS are used to coat surfaces of FSP as these molecules are lipophobic and hydrophobic.3 These FSP 

contain high concentrations of PFAS which could enter the human body through transfer to food, increasing 

dietary exposure.4 PFAS can also contaminate the soil as compostable FSP degrade PFAS into the soil 

which then contaminate the crops, the livestock that consume the crops, and the meat and milk of the 
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livestock that is consumed by humans.5 One of the most common PFAS found in drinking water as well as 

FSP is perfluorooctanoic acid (PFOA).6 Studies show that exposure to PFOA can lead to various health 

issues such as testicular and kidney cancer, increased cholesterol levels, thyroid problems, and decreased 

fertility in adults.7 PFOA has also been seen to have adverse effects on child development and immune 

response in infants who were exposed to PFAS by breast milk especially during the first six months.8 

Composting is an established and currently used method to dispose of food and compostable waste. Since 

FSP have shown to contain PFAS in the range of thousands of parts per million (ppm),9 composting was 

the initial method evaluated to assess degradation of PFAS. Composting is a biochemical process that 

converts organic waste in the presence of oxygen into carbon dioxide, heat, water, and a stable organic 

substance that can be recovered as a soil amendment or organic fertilizer.10 Composting involves organisms, 

such as worms and millipedes, breaking down the bulk of organic matter by mechanical means while 

microorganisms, such as bacteria and fungi, chemically convert the remaining organic matter to end 

products of carbon dioxide, heat, water, and compost.11 While carbon dioxide is a product of this aerobic 

process, studies have shown that GHG emissions from food waste decomposition in landfills are 

significantly higher than GHG emissions from composting due to methane’s greater global warming 

potential.12 Since food waste can be highly variable depending on its source, it is important to study multiple 

parameters of the composting process to ensure an optimized system with a stable product.   

Composting requires a moisture content that is between 45 to 60 percent by weight.13 A moisture content 

that is too low will inhibit microbial activity and decrease the biodegradation rates.14 Due to this moisture 

on average an industrial composting facility produces 4-400 m3 of leachate per day.15,16 PFAS containing 

FSP could leach during composting and dissolve in the leachate that would later contaminate groundwater 

and drinking water sources.17 Therefore adsorbents are also used at composting facilities to adsorb PFAS 

from leachate.18,19 Specifically, mesoporous hafnium oxide (MHO) ceramics as they are mechanically 

robust, non-toxic, and thermally stable.20 These mesoporous ceramics also have a bimodal pore structure 
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with larger macropores (> 50 nm) that allow flux of clean water, and smaller mesopores (2-50 nm) that 

entrap PFAS.21 

The purpose of this work was to evaluate the degradation of FSP that contain toxic PFAS by evaluating the 

effect of different moisture contents during bench-scale composting, and by using two different inoculums 

during commercial-scale composting. The solid compost samples and FSP samples were analyzed using 

LC-MS and PIGE respectively. To address PFAS from solid FSP that leach during composting, the next 

goal was to determine the ability of adsorbents such as MHO and metal-organic frameworks (MOFs) to 

filter out toxic PFAS from water.  

Materials & Methods 

Chemicals: Hafnium(IV) tetrachloride (98%) was used as the Hafnium source. Acetone, hexanes, 

methanol, and pentane were all HPLC Plus (>99.9%). Hydrochloric acid (35.0–37.0%),  

Perfluorotridecanoic acid (97%), Magnesium nitrate hexahydrate (99.999%), N,N-Dimethylformamide 

(DMF, >99.8%), and deuterated water (D2O) were used as purchased from Sigma-Aldrich. Pure anhydrous 

ethanol was purchased from Koptec. The 2,5-dihydroxy-terephthalic acid (H4DOBDC, 98%) was 

purchased from Spectrum chemical. N-Methyl formamide (99%), sodium hydroxide pellets (98%), Nickel 

(II) nitrate hexahydrate (98%), perfluorodecanoic acid (97%), perfluorododecanoic acid (96%), and 

perfluorotetradecanoic acid (96%) were purchased from Alfa Aesar. Poly(ethylene oxide) (MW 100 000) 

was purchased from Polysciences Inc. Propylene oxide (99.5%) and Trifluoroacetic acid (99.5%) were 

purchased from Acros Organics. Perfluoropentanoic acid (>98%) and Perfluorooctanoic acid (>98%) were 

purchased from TCI America. Perfluorobutanoic acid (99%) was purchased from Frontier Science. 

Perfluoroheptanoic acid (98%) was purchased from Matrix Scientific. Perfluorohexanoic acid (97%), 

perfluorononanoic acid (98%), and perfluoroundecanoic acid (96%) were all purchased from Oakwood 

Chemical. The fresh cow manure was obtained from the UC Davis Dairy Teaching and Research Facility. 

Ultrapure water (≥18.2 MΩ∙cm) used for synthesis and adsorption kinetics experiments was obtained from 
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a Thermo Scientific Barnstead E-Pure Ultrapure water purification system. Whatman grade 5 cellulose filter 

paper with a pore size 2.5 μm was purchased from Sigma-Aldrich. The FSP used in these experiments were 

all advertised as compostable by the vendors. The FSP used were no.6 coffee filters that are unbleached and 

made from chlorine-free paper (if you care brand) that were used as a positive control, low density 

polyethylene sheets (Uline brand) used as a negative control, fiber plates made from bamboo and 

unbleached plant fibers and green bioplastic bags made from starch were purchased from World Centric, 

clear clamshells made from polylactic acid (PLA) from corn and white clamshells made from sugarcane 

bagasse and lined with PLA were purchased from Eco Products.   

Part I. Evaluating Fate of PFAS from FSP During Bench-Scale and Commercial-Scale Composting 

Bench-Scale Composting Setup 

The bench-scale experiments were set up in the Wastewater Laboratory of Dr. Maureen Kinyua in the 

Department of Civil and Environmental Engineering at the University of California, Davis. Figure 3.1 

provides a schematic of the reactors. Each reactor was built with cast acrylic non-reactive tubing with an 

inner diameter of 7.5 inches and a height of 11 inches. Two ports were added at the bottom of the reactor 

for the inlet of air and leachate sampling. Similarly, one port was fitted at the top of the reactor for the air 

outlet for condensation. Aeration was provided through the perforated (opening diameter of 0.25 inches) 

plate that was placed in the lower bottom part (3.5 inches from bottom) of the reactor. Reactors were 

operated at 45% moisture content, and at 60% moisture content. The duration of the experiment was 24 

days, and sampling of the compost and FSP was performed on day 0, 3, 5, 7, 10, 14, 18, 20, and 24. The 

percent degradation of FSP was calculated using eq. 3.1: 

%	𝑫𝒆𝒈𝒓𝒂𝒅𝒂𝒕𝒊𝒐𝒏	𝒐𝒇	𝑭𝑺𝑷 = 𝒎𝟎"𝒎
𝒎𝟎

	× 	𝟏𝟎𝟎 (eq. 3.1) 

Where 𝑚# is the initial mass of FSP in grams before composting and 𝑚 is the mass of FSP after 24 days of 

composting. 
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 Figure 3.1 Illustration of A) schematic of the reactor, and B) reactor with synthetic food waste and cow manure. 

 

The reactors were placed in an incubator at a constant temperature of 56.0 ℃, and constant airflow of 0.3 

liters of air per minute, supplied through an air pump. Each reactor contained different types of FSP; see 

Table 3.1 for more details. All the FSP were cut in a uniform size of 2 x 2 cm. Cut FSP were sealed in 

mesh-like plastic bags to avoid the loss in the reactor. Synthetic food waste was created using the mixture 

of tomatoes, carrots, and lettuce at a ratio of 1:1:1 by weight. Dried leaves and wood chips were added in a 

ratio of 1:2 by weight to be used as bulking agents. Finally, 175 grams of cow manure (inoculum) was 

added to 400 mL of Mili Q water, and the slurry of Mili Q water and inoculum was added to reactors. Cow 

manure was chosen as the inoculum for bench-scale composting experiments as preliminary experiments 

showed that cow manure had the highest specific oxygen uptake rate when compared to inoculums such as 

aged compost, mixed liquor, and landfill sludge. Specific oxygen uptake rate is directly related to microbial 

activity and biodegradation. 
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Table 3.1 Details of Reactors in Bench-Scale Experimental Setup 

 

Reactor Name 
Moisture Content by 

Weight (%) 
 

Types of Food Service Packaging (FSP) 
Added 

RPositive_45 

 45 Unbleached Coffee Filters 

RPositive_60 

 60 Unbleached Coffee Filters 

RNegative_45 

 45 LDPE Sheets 

RNegative_60 

 60 LDPE Sheets 

R45 (triplicates) 45 Fiber plates + Bioplastic Bags + PLA 
Lined Bagasse Clamshells 

R60 (triplicates) 45 Fiber plate + Bioplastic Bags + PLA 
Lined Bagasse Clamshells 

Commercial-Scale Composting Setup 

Three aerated static compost piles were set at the Napa Recycling and Waste Services in American Canyon, 

California. For the aerated static composting process, organic waste was mixed in a large pile, and the piles 

were placed over the network of pipes that deliver air into the piles as shown in Figure 3.2. To aerate the 

piles, layers of loosely piled bulking agents like garden trimmings and wood waste were added to the piles 

so that the air could pass from bottom to top. Air blowers were used to blow the air from the bottom to the 

top through the perforated openings in the floor. All air blowers were active throughout the process. Three 

trials were conducted at the facility from October 2020 to April 2021. Each trial consisted of two different 

piles constructed on-site using only food waste and old compost as inoculums. Each pile (94 feet (L) x 30 

feet (W) x 10 feet (H)) consisted of inoculum, feedstock (grass, food scraps, and dry leaves), and bulking 

agents (garden trimmings and wood waste). Piles were constructed from bottom to top, and the top layer 

was covered with a biofilter layer. The biolayer was a simple top covering layer of soil that protects the 

piles from heat loss and helps to reduce the escape of foul odors. Each pile had 5 temperature sensors 

engineered by Engineered Compost Services for continuous monitoring of temperature. Water was 

sprinkled using sprinklers over the piles 4–6 times a day (from 7 am to 7 pm) depending on the temperature 
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of the pile. The piles were constantly aerated at a rate of 4.5 cubic feet per minute. Six types of FSP samples 

were placed in the different mesh-like plastic bags, and the bags were placed in the piles for 24 days. 

Compost and samples of each type of FSP were collected from the piles on days 3, 5, 7, 10, 14, 18, 20, and 

24. The percent degradation of FSP in this case was determined using eq. 3.1. 

 

 

 

Figure 3.2 Aerated composting pile at Napa Recycling Facility with biofilter layer, mesh bags with FSP samples, and 
feedstock + inoculum. 

Compost Extraction Method 

PFAS are extracted from the solid compost samples from the bench-scale composting experiments and 

commercial-scale composting experiments using previously established extraction procedures.22 Two 

extractions were done on five grams of solid waste in a 50 mL centrifuge tube to ensure efficiency. In the 

first extraction, 13 mL of acidified methanol was added to the solid waste and vortexed for 30 seconds and 

sonicated for one hour in warm water. Then the tube was placed in a shaker for 30 minutes, followed by 5 

minutes in a centrifuge at 6000 rpm. The supernatant liquid was extracted and placed in a separate clean 

tube. The second extraction was done with 10 mL of acidified methanol and the rest of the steps were 
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repeated the same as detailed above. Both supernatants were combined and dried in a rotary evaporator and 

reconstituted with 2 mL of methanol. 200 μL of this matrix was placed in an NMR tube with 400 μL of 

D2O (deuterated water) spiked with an internal standard of trifluoroacetic acid (TFA) for  analysis in 19F 

NMR.  

Analyzing Solids for PFAS Content 

For Particle-Induced gamma ray emission (PIGE) spectroscopy the plastic samples were trimmed to fit in 

1mm by 1mm plastic bags; for samples where the plastic was broken into pieces, the bags were filled such 

that the thickness approximated that of the intact samples.  Each bag was manually adhered with masking 

tape to separate stainless steel target frames with a hole of 1 cm in diameter.  The portion of the sample 

exposed through the target’s hole was irradiated with ~60 nA of 4 MeV protons for 180 seconds. PIGE 

spectroscopy exploits the isotope-specific wavelengths of the electromagnetic radiation emitted in the 

nuclear (p,p’γ) reactions.  Fluorine content is calculated by numerically integrating the 110 and 197 keV 

gamma-ray peaks; because fluorine is mono-isotopic, these signals are indicative of all elemental fluorine 

present in the samples. PIGE is a comparative measurement; levels of detected fluorine vary daily with the 

intensity, energy, and tune of the beam.  Therefore, each set of samples is preceded with a set of standards 

treated with stock solutions of sodium fluorine in cellulose.  The number of counts detected at these 

characteristic wavelengths is proportional to fluorine content on the sample's surface.  A linear regression 

applied to the graph of standards’ measured fluorine counts vs. known ppm concentration is used to 

accurately convert measured fluorine counts to ppm fluorine content in the samples.23 Because 

bombardment of the samples occurs ex-vacuo, beam intensity and angular resolution can be influenced by 

discharged ions in the atmosphere.  Because of its natural abundance in the atmosphere and lack of 

interference with fluorine peaks, argon is employed as a normalizing element.  Measurements of 

atmospheric argon's 770 keV gamma-ray peak provide insight into how beam fluctuations and transmission 

to target bias fluorine counts across samples.24 Solid PFAS samples were analyzed using Attenuated Total 

Reflectance Fourier transform Infrared (FTIR) Spectroscopy to observe the bonds in the PFAS molecules. 
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A 5-10 mg aliquot of sample was placed on the sample holder of a Bruker tensor 27 FTIR and scans were 

performed from 600-4000 cm-1. 

Analyzing Liquids for PFAS Content 

To detect PFAS in water, standards for each PFAS studied (C4-C14) were created by dissolving standards 

in water at a concentration of 1000 parts per million (ppm) for analysis using Nuclear Magnetic Resonance 

(NMR) spectroscopy. 200 μL of this matrix was placed in an NMR tube with 400 μL of D2O (deuterated 

water) spiked with an internal standard of trifluoroacetic acid (TFA) for calibration. A 400 MHz NMR 

instrument was used for these measurements, and each sample was analyzed with 128 scans. Liquid samples 

were also analyzed using liquid chromatography coupled with mass spectrometry (LC-MS). An Agilent 

Infinity II 1260 Quad Pump was used with a G6125B single quad mass spectrometer in negative ionization 

mode. The column used was Zorbax SB-C3 (5 um pore size) 4.6 mm x 250 mm. The liquid samples were 

diluted in Acetonitrile with 0.1% formic acid in a 50:50 ratio. 

Part II. Synthesis & Characterization of Adsorbents to Filter PFAS from Water 

MHO Synthesis 

Mesoporous hafnium oxide (MHO) ceramic monoliths were synthesized using the sol–gel method.25 Glass 

vials were treated  with 0.1 M sodium hydroxide for one hour, 0.1 M hydrochloric acid for one hour, and 

Rain-x overnight. After removing the Rain-x, vials were rinsed with methanol and dried in an oven. 

Hafnium (IV) chloride was dissolved in ultrapure water (resistivity >18.2 MΩ). Then N-Methylformamide 

(NMF) was added, to increase the pH of the solution, and induce phase separation. Polyethylene oxide was 

added to strengthen the pore network. In addition, propylene oxide was added to induce polymerization, 

turning the clear liquid to a white gel. The gel was then aged at 50 °C for three days. The monolith was 

washed with ultrapure water, methanol, acetone, hexanes, and pentane to remove any excess reagents, and 
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to prevent cracks during heating. Finally, the sample underwent heat treatment in a furnace in air to 700 °C, 

which yields a crystalline white monolithic ceramic. 

M-MOF-74 Synthesis (M= Mg, Ni) 

The M-MOF-74 were synthesized using a modified procedure.26 For Ni-MOF-74 nickel nitrate hexahydrate 

was used as the metal precursor and 2,5-dihydroxyterephthalic acid was used as the ligand (H4DOBDC). 

In a 250 mL glass bottle, 0.602 g of NiNO3.6H2O and 0.12 g of H4DOBDC were dissolved in 45 mL of 

DMF, 3 mL of ethanol, and 3 mL of ultrapure water. The bottle was placed in an oven at 110°C for 48 

hours. After cooling the sample was centrifuged at 3000 rpm for 5 minutes to separate the solid product 

from the liquid. The mother liquor was decanted and the solid was washed in sequence with DMF once and 

then methanol twice. Finally the solid was dried in a vacuum oven at 180C for 12 hours. For MG-MOF-74 

magnesium nitrate hexahydrate was used as the metal precursor (0.712 g) and H4DOBDC was used as the 

ligand (0.167 g). A similar synthesis process was used as described for Ni-MOF-74 except Mg-MOF-74 

was heated at 125°C for 26 hours. 

Characterization 

After the synthesis, the crystalline structure of the adsorbents were determined by powder X-ray diffraction 

(XRD) using a Bruker D8 Advance diffractometer with Cu Kα radiation (1.5406 Å). Experimentally 

obtained diffraction patterns were then compared to literature patterns from the Inorganic Crystal Structure 

Database to confirm the structure. The pore structure of the materials were determined by a Thermofisher 

Quattro Environmental scanning electron microscope. The sample was placed on double-sided copper tape 

and operated at an accelerating voltage of 10 keV under low vacuum. The surface functional groups of the 

adsorbents were analyzed using Fourier transform infrared (FTIR) spectroscopy. The Bruker Tensor 27 

FTIR was equipped with an attenuated total reflectance (ATR) pike accessory. The experiment was 

performed using 32 scans, a resolution of 2 cm−1, and a spectral range of 400–4000 cm−1. The surface area 
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was measured by Brunauer-Emmet-Teller (BET) method with nitrogen adsorption using a Micromeritics 

Gemini VII surface area analyzer. 

Filtration Method for PFAS 

For this objective, a vacuum filtration experiment was set up as shown in Figure 3.3b below. For each 

filtration a monolith of mesoporous hafnium oxide (MHO) of 0.2 grams was attached to the stem of the 

funnel using a halogen free shrinking tube (Figure 3.3a). The PFAS that were used were perfluorobutanoic 

acid (PFBA), perfluorohexanoic acid (PFHxA), and perfluorooctanoic acid (PFOA). The PFAS 

concentration was analysed before and after filtration using 19F NMR spectroscopy. For filtration using 

MOF powders a dispersion was created by sonicating 60 mg of MOF in 30 mL of methanol for 30 minutes  

(Branson 8800, 40 kHz, ambient conditions). The emulsion was then dropped on a grade 1 cellulose filter 

paper in a vacuum filtration setup. The filter paper was allowed to dry for 10 minutes before using for PFAS 

filtration.  

 

 

 

 

 

 

 

Figure 3.3 a) Funnel with MHO ceramic attached using shrinking tube, b) vacuum filtration setup for PFAS 
removal. 

The PFAS concentration in the liquid before and after filtration was quantitatively determined using 19F 

NMR spectroscopy. The percentage of PFAS adsorbed after filtration is calculated using eq. 3.2: 

%	𝐏𝐅𝐀𝐒	𝐀𝐝𝐬𝐨𝐫𝐛𝐞𝐝	 = 	 (𝐂𝟎"𝐂)
𝐂𝟎

× 	𝟏𝟎𝟎%    (eq. 3.2) 

funnel

rubber 
gasket

Buchner 
flask

vacuum
tubing

to vacuum
source

a) b) 
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Where C0 is the initial concentration of PFAS in ppm before filtration, and C is the concentration of PFAS 

after filtration in ppm.  

The quantity of PFAS adsorbed after filtration is calculated using eq. 3.3: 

 

𝒒𝒕 	= 	
(𝑪𝟎$𝐂)	×	𝐕

𝐦
     (eq. 3.3) 

 

Where qt is the quantity of PFOA adsorbed in mg per gram of MHO, C0 is the initial concentration of PFOA 

in ppm, C is the concentration of PFOA after filtration, V is the total volume of solution used in the 

experiment in mL, and m is mass of the MHO adsorbent in grams. All experiments were performed in 

triplicates and the error bars have been included in the figures to report one standard deviation. 

Results & Discussion 

Part I. Evaluating Fate of PFAS During FSP Composting 

PFAS Evaluated 

Table 3.2 below summarizes 11 different PFAS molecules that were detected using methods developed by 

19F NMR spectroscopy and LC-MS in liquid samples and FTIR in solid samples. All PFAS standards could 

be detected in the FTIR; however, since the 19F NMR required samples to be dissolved in a liquid solvent 

for detection, Perfluorotridecanoic acid (C13) and Perfluorotetradecanoic acid (C14) could not be detected 

in water. This is because as the chain length increases, the molecule becomes more hydrophobic, therefore 

the solubility in water decreases.27 Since LC-MS has a lower detection limit, it could detect all 11 PFAS in 

the liquid state. If samples are not soluble in water, they can be dissolved in other solvents, but this study 

was concerned with detecting PFAS in leachate, which is mostly water. 
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Table 3.2 Summary of PFAS Detected Through FTIR, 19F NMR, LC-MS 

 

Results from Bench-Scale Composting  

The change in mass of each of the FSP tested during bench-scale composting are shown in Figure 3.4. 

Overall it is clear that at 60% moisture the degradation of FSP was much higher than at 45% moisture 

content. Moisture content affects the rate of biopolymer degradation by impacting both microbial growth 

rate and hydrolysis.28 Microbial activity increases with when moisture content increases, thus promoting 

biodegradation of polymers.29 As mentioned previously, synthetic hetero-chain biopolymers undergo 

hydrolysis in environments with moisture.30 Hydrolysis reduces the molecular weight of biopolymers, 

making them susceptible to microbial enzymatic activity.31 For example, studies evaluated the impact of 

moisture on the degradation of polylactic acid (PLA) films found significant molecular weight reduction as 

PFAS Name 
Molecular 

Weight 
(g/mol) 

Solubility 
in Water 

(g/L) 

Detected 
in FTIR? 

(Y/N) 

Detected in 
19F NMR? 

(Y/N) 

Detected in 
LC-MS? 

(Y/N) 

Perfluorobutanoic acid (C4) 
 214.04 214 Y Y Y 

Perfluoropentanoic acid (C5) 
 254.05 112.6 Y Y Y 

Perfluorohexanoic acid (C6) 
 314.05 21.7 Y Y Y 

Perfluoroheptanoic acid (C7) 
 364.06 4.2 Y Y Y 

Perfluorooctanoic acid (C8) 
 414.07 3.4-9.5 Y Y Y 

Perfluorononanoic acid (C9) 
 464.08 9.5 Y Y Y 

Perfluorodecanoic acid (C10) 
 514.09 9.5 Y Y Y 

Perfluoroundecanoic acid 
(C11) 564.09 0.004 Y Y Y 

Perfluorododecanoic acid 
(C12) 614.1 0.0007 Y Y Y 

Perfluorotridecanoic acid 
(C13) 664.1 0.0002 Y N Y 

Perfluorotetradecanoic acid 
(C14) 714.1 0.00003 Y N Y 
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the relative humidity increased from 10 to 100% at 55°C.32 Very high moisture content may result in 

waterlogs resulting in anaerobic conditions. Similarly, very low moisture content can cause early 

dehydration, hindering the biological process.33 The negative control which was LDPE sheets did not 

degrade as expected since LDPE is not biodegradable. The clear PLA clamshells degraded into 

microplastics (0.5-5mm) that could not be retrieved from the compost pile so the degradation percentage 

could not be determined. The green waste bags had a degraded to 57.73% which is comparable to that of 

the positive control (coffee filter) at 61.89% at 60% moisture content. The fiber plates had a lower 

degradation rate of 37.46% at 60% moisture content due to their increased thickness in comparison to the 

coffee filter and green waste bags and the fact that they contained PFAS. 

 

 

 

 

 

 

 

 

 

Figure 3.4 Average percent degradation of five different FSP tested during bench-scale composting using cow manure 
at 45% moisture content (blue) and 60% moisture content (orange). 

The change in PFAS concentration on the FSP during the 24 day composting period was determined by 

PIGE spectroscopy. The errors in PIGE measurements arose from background subtracted peak integrations 

(2-4%) and the uncertainty in the integrated beam current measurement (6-10%). Propagating these two 

uncertainties results in an overall 6-11% instrumental uncertainty for fluorine concentrations.23 Based on 

Figure 3.5, of all the FSP tested using bench-scale composting only the fiber plate contained PFAS. The 

initial fluorine concentration on the fiber plate was 883 ± 52 ppm. Over the 24 day composting period the 
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concentration of fluorine on the fiber plate increased to 1094 ± 329 ppm at 45% moisture content and 1098 

± 135  ppm at 60% moisture content. The mass loss observed, 14.47% at 45% moisture content and 37.46% 

at 60% moisture content, could be due to the degradation of the bamboo and unbleached plant fibers to 

CO2, water, and biomass. However, since the PFAS are not degrading, the total amount of fluorine per cm2 

of the FSP product is increasing. This increase in fluorine concentration could be due to the fact that PFAS 

are extremely stable due to the strength of the carbon-fluorine bond, however the functional head groups of 

the molecule may undergo transformation in these composting environments. The transformation of PFAS 

head groups during composting does not result in PFAS degradation but rather conversion from one PFAS 

to another.34 For instance, some studies have shown that paper FSP products contain fluorotelomer alcohols 

(FTOH), during composting FTOH can be converted to perfluoroalkyl acid (PFAAs) which are extremely 

persistent.35 The solid compost extracts were also analyzed at each time interval, however no fluorine was 

detected in 19F NMR or in the LC-MS.   

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Change in fluorine concentration on the fiber plate over 24 days of bench-scale composting using cow 
manure at 45% moisture content (blue) and 60% moisture content (orange). 
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Results from Commercial-Scale Composting 

The change in mass of each of the FSP tested during commercial-scale composting are shown in Figure 

3.6. Overall, bioplastic bags had the highest average percent degradation of 94% in food waste and 92% in 

old compost. However, the PLA lined bagasse clamshell had a degradation of 17% in food waste and 7% 

in old compost, and the fiber plate had a degradation of 26% in food waste and 11% in old compost. Images 

illustrating the change in mass of FSP using food waste as an inoculum are shown in Table 3.3. Very 

minimal degradation is observed for the fiber plate and PLA lined bagasse (sugarcane fibers) clamshell 

after 3 days and after the entire 24 days of composting. In contrast, the thinner bioplastic bags is almost 

completely degraded after 24 days, and the PLA clamshell is broken into smaller fragments, but not 

degraded. The fiber plates contained PFAS, and are much thicker than the green waste bags. These 

differences may be attributed to the chemical structure, polymer chain, crystallinity, and or the complexity 

of the polymer formula as shown in prior studies.36,37 For example, the PLA lined Bagasse Clamshell 

container had the lowest average percent degradation. A prior study has demonstrated that the degradation 

process is easier for natural-based polymers than PLA lined.38 The negative control (LDPE) sheets did not 

degrade as expected and the clear PLA clamshell degraded into microplastics but since the quantities were 

larger in the commercial-scale experiments the plastics could be retrieved by sieving to determine mass 

loss. Environmental and FSP based factors impact the degree of degradation. In a composting environment, 

biodegradation of the bioplastics depends on the biodiversity of microorganisms.39 Hence even though the 

physical conditions like moisture content and temperature were similar, the difference in microbial ecology 

of the two composting piles may have affected degradation of the FSP.  
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Table 3.3 Degradation of FSPs at T-3 and T-24 Days Using Food Waste Inoculum During Commercial-
Scale Composting 

FSP Type T – 3 days T – 24 days 

Fiber Plates 

  

PLA Lined 
Bagasse 

Clamshells 

  

Bioplastic Bags 

  

PLA Clamshells 
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Figure 3.6 Average percent degradation of six different FSP tested during commercial-scale composting at 60% 
moisture content using food waste (red) and old compost (gold). 

The PIGE spectroscopy data for the fiber plate (Figure 3.7a) and the PLA lined bagasse clamshells (Figure 

3.7b) from commercial-scale composting using food waste and old compost as the inoculum. While using 

food waste as the inoculum, the concentration of fluorine on the fiber plate changed from 883 ± 52 ppm to 

831 ± 512 ppm, and for the PLA lined bagasse clamshell the fluorine concentration changed from 854 ± 50 

ppm to 687 ± 321 ppm. Similarly, in old compost the fluorine concentration of the fiber plate went from 

883 ± 52 ppm to 639 ± 90 ppm,  and for the PLA lined bagasse clamshell the fluorine concentration changed 

from 854 ± 50 ppm to 708 ± 129 ppm. Both these FSP had less than 30% mass loss during commercial-

scale composting which once again could just be the unbleached plant fiber, bamboo, and sugarcane bagasse 

degrading to CO2, water, and biomass rather than any PFAS degradation. It is especially challenging to 

degraded FSP lined with PLA and other polymers.  
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Figure 3.7 Change in fluorine concentration on a) the fiber plate , b) PLA lined bagasse clamshell over 24 days of 
commercial-scale composting at 60% moisture content using food waste (red) and old compost (gold). 

a) 

b) 
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Part II. Synthesis & Characterization of Adsorbents to Filter PFAS from Water 

Characterization of MHO 

The environmental scanning electron microscope (ESEM) image of the MHO ceramic monolith is shown 

in Figure 3.8a. The image highlights both the macropores (>50nm) and the small black dots that represent 

the mesopores (2-50nm). The monoclinic crystal structure of the MHO ceramic was determined using X-

ray Diffraction (XRD) and compared to literature values from the Inorganic crystal structure database 

(ICSD)40 as shown in Figure 3.8b. The FTIR in Figure 3.8c illustrates the surface of the MHO. Peaks 

between 400-800 cm-1 describe the Hf-O  and Hf-O2 stretches corresponding to monoclinic hafnium oxide. 

The peaks between 1250-1600 cm-1 correspond to carbonates that originate from NMF during the hydrolysis 

stage of the sol-gel synthesis. The peaks at 2390 cm-1 and 2900 cm-1 correspond to carbon dioxide bonded 

to the Lewis acid site, and water on the hydrophilic surface respectively.  The Brunauer-Emmet-Teller 

(BET) surface area of MHO was calculated to be 10.5 ± 0.6 m2/g using the linear region of the nitrogen gas 

adsorption isotherm. 
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Figure 3.8 a) ESEM image of MHO monolith illustrating both macropores and mesopores, b) XRD pattern of 
experimentally synthesized MHO (black) overlaid with literature value of MHO (ICSD 57385), c) FTIR spectrum 
illustrating functional groups on surface of MHO. 

Characterization of M-MOF-74 (M=Ni,Mg)  

The SEM image for the Ni-MOF-74 and Mg-MOF-74 are shown in Figure 3.9a and Figure 3.9c 

respectively. The image shows aggregates of small elongated crystals each of which appear to be 1-2 um in 

length that aggregate to form flower-like shapes that have a diameter of about 5 um. The XRD pattern for 

experimentally obtained Ni-MOF-74 and Mg-MOF-74 are illustrated in Figure 3.9b an Figure 3.9d. The 

experimentally obtained patterns were compared to the published spectra in the Cambridge 

Crystallographic Data Centre (CCDC) database and the peaks aligned in agreement with the published 

spectra of the rhombohedral MOF-74.41,42 The BET surface area of Ni-MOF-74 and Mg-MOF-74 was 

calculated to be 917.4 ± 21.5 m2/g and 1025.2 ± 23.1 m2/g respectively using the linear region of the 

nitrogen adsorption isotherm. 

Macropore (> 50 nm)

Mesopore (2-50 nm)

a) 

b) c) 
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Figure 3.9 a) ESEM image of Ni-MOF-74 illustrating aggregates of elongated crystals, b) XRD pattern of Ni-MOF-
74 synthesized and overlaid with published pattern (CCDC 1494751), c) ESEM image of Mg-MOF-74 depicting 
aggregates of elongated crystals, d) XRD pattern of Mg-MOF-74 synthesized and overlaid with published pattern 
(CCDC 1863524). 

Filtration Results of PFAS Using MHO 

To determine the potential of the synthesized adsorbents to filter PFAS from water, 100 ppm solution of 

PFBA, PFHxA, and PFOA were prepared in ultrapure water. This concentration is higher than what would 

be typically found in drinking water but is comparable to concentrations found at industrial manufacturing 

facilities waste streams.43,44 The M-MOF-74 that were synthesized were not able to remove any PFAS from 

4  µm

a) b) 

c) d) 
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solution. This is due to the fact that M-MOF-74 have an average pore size of 1-2 nm which is too small to 

remove PFAS molecules from solution. The pores are also extremely hydrophilic and are filled with 

moisture the moment they are exposed to air. This limits their applicability to remove PFAS from water. 

However, MHO synthesized has both macropores (1 um) and mesopores (2-50 nm) which is ideal for PFAS 

adsorption. 19F NMR was used to quantify percent removal of PFAS by MHO and the resulting spectra are 

shown in Figure 3.10.  The peak at -81 ppm corresponds to the terminal CF3 group in the PFAS molecule. 

MHO had an average removal efficiency of  31.1%, 45.6 %, and 50.2% for PFBA, PFHxA, and PFOA 

respectively. The quantity of PFAS adsorbed per gram of MHO (qt) was 0.78 mg/g, 1.14 mg/g, and 1.31 

mg/g for PFBA, PFHxA, and PFOA respectively. As the chain length increases the percent removal of 

PFAS as well as the quantity of PFAS adsorbed per gram of MHO increases due to the increased 

hydrophobicity of the molecule. The hydrophobic molecules will have increased Van der Waal’s (VdW) 

interactions with the hydrophilic surface of MHO. VdW interactions are weak intermolecular forces 

resulting from electrostatic interactions in typically non-attracting molecules due to asymmetric electronic 

distributions. Small electronic dipoles are created which can induce dipoles in complementary surfaces. 

Larger molecules have a higher propensity of remaining in the adsorbed state and that is due to VdW 

interactions. The longer the chain the more electron clouds that can be distorted and can interact with the 

surface of MHO. 
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Figure 3.10 19F NMR spectra showing terminal CF3 peak of PFAS molecule before and after filtration using MHO 
monolith with a) PFBA, b) PFHxA, c) PFOA. 

a) 

b) 

c) 
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Analysis of Solid MHO After Filtration  

The solid surface of MHO was analyzed after filtration with PFBA, PFHxA, and PFOA using ATR-FTIR 

to confirm adsorption of PFAS on the surface. The resulting spectra are shown in Figure 3.11a-d. The 

FTIR peaks between 400-800 cm-1 in Figure 3.11a-c on the magenta spectra of the MHO before filtration 

correspond to monoclinic hafnium oxide, the formato ligand binding on the hafnium shown by the peaks 

between 1200-1600 cm-1, and the carbon dioxide and water peaks at 2390 cm-1 and 2900 cm-1 respectively. 

The blue spectra in Figure 3.11a corresponds to PFBA, the shortest PFAS tested with only four carbons. 

PFBA has a carboxylic acid head group which is represented by the carboxylate peak at 1750 cm-1. The 

peaks corresponding to PFAS appear in the range of 950-1450 cm-1. The peak at 1050 cm-1 denotes the C-

C bond in the PFBA chain, the peaks at 1149 cm-1, 1200 cm-1,and 1240 cm-1 correspond to the symmetric 

CF2 the asymmetric stretching of CF2 and CF3, and the asymmetric CF2 stretch.45 Similar peaks are observed 

for PFHxA and PFOA in Figure 3.11b and Figure 3.11c. The black spectra in Figure 3.11a illustrates the 

surface of MHO after filtration with PFBA and we observe the peaks corresponding to PFAS in the range 

of 950-1450 cm-1 as well as the carboxylate peak at 1750 cm-1. The spectra for MHO after filtration with 

PFHxA, the six carbon PFAS, is shown in Figure 3.11b and contains similar peaks to previously described 

spectra for MHO after filtration with PFBA in Figure 3.11a. However, after filtration with PFOA the 

resulting spectra looked different. PFOA is a hydrophobic PFAS with eight carbons in the chain and a 

solubility of 3.4-9.5 g/L.46 In contrast PFBA and PFHxA are hydrophilic and have solubilities of 214 g/L 

and 21.7 g/L respectively.47 Due to the reduced solubility and increased hydrophobicity for PFOA it is 

difficult to observe the peaks in FTIR so we present the entire spectrum in Figure 3.11c and a more focused 

spectra from 800-1800 cm-1 in Figure 3.11d. The carboxylate peak of PFOA is shown in Figure 3.11c in  

the blue spectra at 1750 cm-1, however the surface of MHO after filtration denoted by the black spectra 

shows the peak at 1650 cm-1. This shift is due to the fact that solid PFOA has the undissociated carboxylate 

group peak (COOH), whereas in solution the carboxylate group deprotonates and the COO- peak appears 

at 1650 cm-1. The PFOA peaks on the surface of MHO can be more clearly observed in the black spectra 
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shown in Figure 3.11d. The small peaks at 1149 cm-1, 1200 cm-1,and 1240 cm-1 correspond to the 

symmetric CF2 the asymmetric stretching of CF2 and CF3, and the asymmetric CF2 stretch in PFOA. 

 

Figure 3.11  FTIR spectra of  a) MHO before filtration, MHO after filtration with PFBA, and PFBA standard, b) 
MHO before filtration, MHO after filtration with PFHxA, and PFHxA standard, c) MHO before filtration, MHO after 
filtration with PFOA, and PFOA standard, d) Inset of MHO before filtration, MHO after filtration with PFOA, and 
PFOA standard from 800-1800 cm-1. 

 

 

 

c) d) 

b) a) 
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Conclusions 

Through bench-scale composting experiments with cow manure it was observed that 60% moisture content 

was 25% better for degrading FSP than 45% moisture content. In both the bench and commercial scale 

composting experiments the green bioplastic bags had the highest degradation rates when compared to other 

thicker FSP materials like the fiber plate, PLA clamshell, and white PLA lined clamshell. The fluorine 

content on the FSP increased during the 24-day-composting period due to mass loss of the unbleached plant 

fiber, bamboo, and sugarcane bagasse degrading to CO2, water, and biomass rather than any PFAS 

degradation. It is especially challenging to degraded FSP lined with PLA and other polymers. During 

filtration of PFAS using MHO the longer chain PFAS had higher removal efficiency due to the increased 

hydrophobicity of the molecule.  

Future work for this project will involve evaluating the specific microbial communities in the compost and 

attached on the FSP to be able to correlate a certain microorganism with degradation of FSP and PFAS. 

Then the microorganism can be concentrated to maximize degradation of FSP and PFAS. This work 

evaluated the effects of only two types of inoculum in the field, food waste and old compost, however using 

other microbial inoculants such as cow manure would provide further understanding of degradation ability. 

Unfortunately cow manure is limited and can only be used in smaller bench-scale experiments for the time 

being. The kinetics and mechanism behind the interaction between the surface of MHO and the hydrophobic 

PFOA will be further discussed in Chapter 4 along with the regeneration of the MHO. 
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4 Chapter 4: Adsorption of Perfluorooctanoic Acid from Water by 

pH-modulated Brönsted Acid and Base Sites in Mesoporous 

Hafnium Oxide Ceramics 

Abstract 

Per- and polyfluoroalkyl substances (PFAS) are increasingly appearing in drinking water sources globally. 

Our work focuses specifically on the adsorption of the legacy perfluorooctanoic acid (PFOA) using 

mesoporous hafnium oxide (MHO) ceramic synthesized via a sol-gel process. Experiments were performed 

at varying pH to determine the effect of surface charge on adsorption capacity of PFOA by MHO and to 

postulate adsorption behavior. At pH 2.3 the adsorption capacity of PFOA on MHO was 20.9 mg/g, whereas 

in a more alkaline pH of 6.3 it was much lower at 9.2 mg/g. This was due to increased coulombic attractions 

at lower pH between the positively charged conjugate acid active sites on MHO surface and negatively 

charged deprotonated PFOA anion in solution. After adsorption the solid MHO was regenerated via 

calcination, reducing the amount of toxic solid waste to be disposed since the adsorbent is regenerated, and 

the PFOA is completely removed. 

Introduction 

Per- and polyfluoroalkyl substances (PFASs) are a group of over 4000 industrial chemicals that have been 

widely synthesized for applications in water-proof clothing, carpets, cookware, and food packaging.1–5 They 

are used in food packaging and waterproof gear as they are thermally resistant, hydrophobic, and 

oleophobic.6,7 The widespread industrial applicability of PFAS has led to large concentrations in already 

vulnerable aquatic environments.8 Perfluorooctanoic acid (PFOA) in particular, has become a serious cause 

for concern because it is environmentally persistent due to its high water solubility (9.5 g/L), and low 

volatility.9–12 PFOA does not bind well to soil or sediments, so it tends to persist in aquatic environments. 



 91 

In some cases, PFOA can present itself in drinking water leading to serious health effects.13 PFAS in human 

bodies can target organs like the liver and kidney,14 and human bodily fluids like blood 15,16 which can lead 

to thyroid disease,17 ulcerative colitis,18 reduced fertility, 19 and several types of cancer depending on length 

of exposure.20,21 

Developing techniques to remove PFOA from natural and drinking waters is of the essence. Various 

technologies exist to remove PFOA from water such as reverse osmosis,22 electrochemical degradation 

using Yb-doped Ti/SnO2–Sb/PbO2 anodes,23 and photochemical decomposition by coexisting ferric ions 

and oxalic acids.24 While reverse osmosis membranes are ideal due to their high removal capacity, 

modularity, and flexibility,25 the process is non-destructive to PFAS creating secondary waste, very energy 

intensive,26 and most reverse osmosis membranes are very susceptible to fouling resulting in increased cost 

of treatment.27 Electrochemical degradation and photochemical decomposition of PFOA is a destructive 

removal technique that destroys other contaminants in water however, it leads to the generation of shorter 

chain PFAS, carbon dioxide, and fluoride ions which are still toxic and harmful to the environment.28,29 

Consequently, economically feasible technologies that are functional in extreme chemical environments 

are lacking that lower PFOA concentrations to safe levels. 

Alternatively, adsorption-based technologies are preferred due to their efficiency and economic benefits.30 

Granular activated carbon (GAC) has been extensively studied due to its low cost and broad usability. 

However, the particle size of GAC (>100 µm) leads to relatively slow PFOA adsorption kinetics, which 

could also explain why the breakthrough point of PFOA in GAC is very fast.31 Regenerating GAC is also 

more complex as it requires heating at high temperatures (700-900°C) 32 as well as chemical reactivation.33 

The high regeneration temperature may alter the physical and chemical properties of GAC, which in turn 

could affect the adsorption behavior.34 Other adsorbents such as ion-exchange resins,35 alumina,36 and 

quaternized cotton 37 are not thermally and chemically stable, which inhibits their regeneration efficacy.38 

Mesoporous materials are beneficial for adsorption due to the ordered network of pores that can be tuned 

in size to trap contaminants, and chemically functionalized for selective adsorption.39 There is a need for 
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mesoporous adsorbents that have faster adsorption kinetics, are stable in harsh chemical conditions, and are 

thermally stable during regeneration. 

Mesoporous hafnium oxide, a group IV transition metal oxide, is an attractive PFOA adsorption candidate. 

The high thermal and chemical stability of MHO ceramic results from its highly coordinated hafnium. 

Hafnium can coordinate to seven oxygen atoms, whereas silicon, also in group IV, can only coordinate to 

four. Additionally, the chemical stability stems from the three tunable active sites on MHO: Lewis acid 

sites originating from unoccupied hafnium d orbitals, Brönsted acid sites which donate a proton in basic 

media resulting in a negatively charged conjugate base active site, and Brönsted base sites which accept a 

proton in acidic media resulting in a positively charged conjugate acid active site (Figure 4.1).40 These 

active sites are stimulated at different pH conditions and may facilitate favorable interactions between the 

contaminant and the MHO ceramic surface.  

 

Figure 4.1 Three main active sites on the surface of hafnium oxide: Lewis acid site (left), Brönsted acid site 
(middle), and Brönsted base site (right). 

 

The objective of this study is to investigate the kinetics and removal rate of PFOA from water using MHO 

ceramic under a range of pH conditions. MHO from sol-gel synthesis was used as the PFOA adsorbent. 

Adsorption experiments were performed over a period of twelve hours, which were then used to determine 

the maximum adsorption capacity of PFOA by MHO ceramic, the time needed to reach equilibrium, and 

construct adsorption isotherms. The concentrations of PFOA in liquid aliquots and solid MHO were 

measured using 19F nuclear magnetic resonance spectroscopy and Fourier transform infrared spectroscopy, 

respectively. 
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Materials & Methods 

Chemicals and Materials 

Hafnium(IV) tetrachloride (98%) was used as the Hafnium source. Acetone, hexanes, methanol, and 

pentane were all HPLC Plus (>99.9%). Hydrochloric acid (35.0–37.0%), sulfuric acid (95.0–98.0%), 

Sodium chloride (>99%) and deuterated water (D2O) were used as purchased from Sigma-Aldrich. N-

Methyl formamide (99%) and sodium hydroxide pellets (98%) were purchased from Alfa Aesar. 

Poly(ethylene oxide) (MW 100 000) was purchased from Polysciences Inc. Propylene oxide (99.5%) and 

Trifluoroacetic acid (99.5%) were purchased from Acros Organics. Perfluorooctanoic acid (>98%) was 

purchased from TCI America. Ultrapure water (≥18.2 MΩ∙cm) used for synthesis and adsorption kinetics 

experiments was obtained from a Thermo Scientific Barnstead E-Pure Ultrapure water purification system. 

MHO Synthesis 

MHO ceramic was synthesized using the sol–gel method detailed in our previous work.41 Briefly, 20 mL 

scintillation glass vials were treated in sequence with 0.1 M NaOH for 1 hour, 0.1 M HCl for 1 hour, and 

Rain-X overnight prior to the start of the synthesis. After removing the Rain-X, vials were rinsed with 

methanol three times and dried in an oven at 150°C for 1 hour. Hafnium (IV) chloride was first hydrolyzed 

in ultrapure water. N-methylformamide was added as a porogen, to increase the solution pH and induce 

phase separation. Polyethylene oxide was added to create a strong pore network. Additionally, propylene 

oxide was added to polymerize the clear liquid to a white gel. The gel was then aged at 50°C for three days. 

The monolith was successively washed with ultrapure water, methanol, acetone, hexanes, then pentane to 

remove any excess reagents. Lastly, the sample underwent heat treatment in air to 700°C to yield a 

crystalline white monolithic ceramic. 

MHO Characterization 

The distinctive mesostructured morphology of the as-synthesized MHO ceramic was confirmed by a 

Thermofisher Quattro ESEM. To avoid charge mitigation from insulating surfaces such as MHO, samples 

were placed on double-sided copper tape and operated at an accelerating voltage of 10 keV under low 
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vacuum. The phase purity and crystalline structure of the adsorbent was determined by powder XRD using 

a Bruker D8 Advance diffractometer with Cu Kα radiation (1.5406 Å). Experimentally obtained diffraction 

patterns were then compared to literature patterns from the Inorganic Crystal Structure Database (ICSD) to 

confirm the structure. The surface of the MHO ceramic was analyzed before adsorption, after adsorption, 

and after heating to remove PFOA (500°C) using Fourier transform infrared (FTIR) spectroscopy. The 

Bruker Tensor 27 FTIR was equipped with an attenuated total reflectance (ATR) pike accessory. The 

experiment was performed using 32 scans, a resolution of 2 cm−1, and a spectral range of 400–4000 cm−1. 

Thermogravimetric analysis (TGA) was done using a NETSCH STA 449F3 instrument under high purity 

argon. It was heated from 20 °C to 750 °C at a rate of 10.0 °C min−1. The surface area was measured by 

Brunauer-Emmet-Teller (BET) method with nitrogen adsorption using a Micromeritics Gemini VII surface 

area analyzer. The point of zero charge (pHPZC) of MHO was analyzed using the pH drift method.42 The 

pHPZC is the pH when the charge on the surface of the adsorbent is neutral. The first step is to prepare a 

0.01M NaCl solution using ultra pure water. Six Falcon tubes were filled with 50 mL of 0.01M NaCl. Then, 

the pH values were adjusted using 0.1M NaOH and 0.1M H2SO4 to be pH 2,4,6,8,10, and 12. Once the pH 

of solutions had stabilized the pH were recorded as pHinitial. Then 150 mg of crushed MHO was added to 

each Falcon tube and placed on the benchtop shaker for 24 hours to reach equilibrium. pH after shaking 

was recorded as pHfinal. The pHPZC  of MHO is the point when pHinitial = pHfinal. 

PFOA Adsorption Kinetics & Isotherm Models 

PFOA adsorption experiments were performed using a Benchmark tabletop shaker. The white ceramic 

MHO was crushed and sieved to be between 0.6 mm and 2 mm. Each 50 mL Falcon tube contained 1.25 g 

of MHO ceramic and 50 mL of PFOA solution in the range of 200-1000 ppm. The concentration of PFOA 

used in the experiments was higher than the concentrations found typically in wastewater streams for ease 

of sample handling and analysis. The pH was adjusted in these experiments using 0.1M NaOH and 0.1M 

H2SO4. The tubes were shaken for twelve hours, and a 1 mL aliquot was extracted every two hours for 

analysis. At the end of the twelve hours, the solid MHO floated on top and was separated from the liquid 



 95 

by filtration. The quantity of PFOA adsorbed per gram of MHO at a time t (qt) was calculated using eq. 

4.1: 

 

𝐪𝐭 =
(𝐂𝟎$𝐂𝐭)×𝐕

𝐦
   (eq. 4.1) 

 

Where Ct is the concentration at a time t, C0 is the initial PFOA concentration, m is the mass of MHO, and 

V is the total volume of solution used in the adsorption experiment. To determine the order of the adsorption 

of PFOA on MHO, the data was fit to the pseudo-first order (eq. 4.2) and pseudo-second order (eq. 4.3) 

kinetic equations as depicted below: 

 

𝐥𝐧(𝐪𝐞 − 𝐪𝐭) = 𝐥𝐧𝐪𝐞 − 𝐤𝟏𝐭    (eq. 4.2) 

 

𝐭
𝐪𝐭
= 𝟏

𝐤𝟐𝐪𝐞𝟐
+ 𝐭

𝐪𝐞
    (eq. 4.3) 

 

Where qe is the adsorption capacity at equilibrium and qt is the adsorption capacity at a time t and k1 and k2 

are the rate constants for the pseudo-first order and pseudo-second order kinetic equations respectively. 

Langmuir (eq. 4.4) and Freundlich (eq. 4.5) adsorption isotherms were applied to further comprehend the 

adsorption of PFOA on MHO. 

 

𝐪𝐞 = 𝐪𝐦𝐊𝐋
𝐂𝐞

𝟏1𝐊𝐋𝐂𝐞
     (eq. 4.4) 

 

𝐪𝐞 = 𝐊𝐅𝐂𝐞
𝟏 𝐧5              (eq. 4.5) 
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Where qe is the adsorption capacity of PFOA on MHO at equilibrium, qm is the saturation adsorption 

capacity, Ce is the concentration of PFOA at equilibrium, n is a constant relating to surface heterogeneity, 

and KL and KF are the Langmuir and Freundlich constants respectively. All experiments were performed in 

triplicates and the average values are reported. 

 

PFOA Liquid Analysis 

The PFOA concentration in the liquid was quantitatively determined using 19F nuclear magnetic resonance 

(NMR) spectroscopy on a Bruker 400 MHz spectrometer. The concentration was determined by integrating 

the area of the characteristic peak of the terminal CF3 (-80.8 ppm) and comparing it to the area of the peak 

of the internal standard, trifluoroacetic acid (-76 ppm). Calibrations were performed with six standard 

solutions in the range of (9-2000 ppm). 200 uL of liquid was added to 400 ul of D2O spiked with TFA in a 

300 MHz Wilmad NMR tube.  

Results & Discussion 

Morphology and Crystal Structure of MHO Ceramic 

The environmental scanning electron microscope (ESEM) image of the MHO ceramic powder is shown in 

Figure 4.2a. The particles in the image show very small black dots that represent the mesopores (2-50 nm) 

in the structure. The monoclinic crystal structure of the MHO ceramic was determined using X-ray 

Diffraction (XRD) and compared to literature values as shown in Figure 4.2b. The results of the 

determination of the pH at the point of zero charge (pHPZC) of MHO via pH drift method are shown in 

Figure 4.2c. The pHPZC was determined to be 4.7. The Brunauer-Emmet-Teller (BET) surface area of MHO 

was calculated using nitrogen gas adsorption isotherms to determine the porous surface area as shown in 

Figure 4.2d. The linear portion of the isotherm is used to determine BET surface area of MHO which was 

10.5 ± 0.6 m2/g . 
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Figure 4.2 a) ESEM image depicting particles of MHO with mesopores. b) XRD pattern with diffraction peaks for 
monoclinic MHO ceramic synthesized (top) overlaid with the published spectrum for monoclinic MHO ceramic 
(bottom, ICSD Collection Code 57385), c) pHPZC determination of MHO using pH drift method, d) Nitrogen gas 
adsorption isotherm used to determine BET surface area. 

 
PFOA Adsorption Kinetics  

Previous studies have indicated that PFOA adsorption on metal oxide surfaces is enhanced in acidic pH.43 

Therefore, the adsorption of PFOA on MHO was initially studied in an acidic pH of 2.3 to observe the rate 

of the reaction and kinetics of adsorption. Adsorption experiments over a 12 hour period (Figure 4.3a) 

shows that the adsorption was very rapid in the first two hours, corresponding to the initial transfer of the 

PFOA onto the surface of MHO ceramic, followed by a relatively slower diffusion of the PFOA into the 

mesopores of MHO.44 Figure 4.3b illustrates this two-step adsorption behavior of PFOA onto the different 

MHO surface sites. Figure 4.3c shows the reduction of the integrated area of the terminal CF3 peak 19F 

b 

c d 
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nuclear magnetic resonance (NMR) signal, as expected the largest change in area is observed in the first 

two hours of adsorption, followed by a visibly smaller decrease in the terminal CF3 peak area. This is 

consistent with the two-step adsorption model for porous solid surfaces.45  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 a) Rate of PFOA adsorption on MHO at pH 2.3 using 1.25 g MHO ceramic, 50 mL of 1000 ppm PFOA, 
over a period of 12 hours. Two-step adsorption process delineated using a red dotted line. b) Adsorption behavior of 
PFOA on MHO ceramic illustrating the rapid transfer of PFOA from solution to surface of MHO as well as slower 
diffusion of PFOA into the mesopores of MHO. c) Decrease in area of the terminal CF3 peak in 19F NMR of PFOA 
during adsorption on MHO. d) Pseudo-second-order model fit of the adsorption of PFOA on MHO.  
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A detailed 19F NMR Spectrum illustrating all the peaks corresponding to PFOA can be found in Figure 4.4. 

The MHO ceramic interface in water was easily accessible by PFOA, thus equilibrium was reached in ten 

hours and the MHO showed an adsorption capacity of 20.9 mg of PFOA/g of MHO. The rate of adsorption 

of PFOA on MHO ceramic from Figure 4.3a was fit with the pseudo-first-order model (Figure 4.5) and 

pseudo-second-order model (Figure 4.3d). The adsorption capacity at equilibrium (qe), rate constants (k), 

and R2 values are reported for both models in Table 4.1. The reaction more closely follows the pseudo-

second order model. 

. 

 

Figure 4.4 a) Structure of PFOA with different types of Fluorine numbered, b) 19F NMR spectrum of PFOA with TFA 
(internal standard) with F1 labelled, c) 19F NMR spectrum with F2-F7 labelled. 
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Figure 4.5 Pseudo-first-order model of adsorption of 1000 ppm PFOA on 1.25 g of MHO. 

 

 

Table 4.1 Kinetic Parameters of PFOA Adsorption on MHO 

 

 

 

 

 

 

 

 

Model 
qe 

(mgPFOA/gMHO) 
Rate Constant (k) R

2
 

Pseudo-First Order 3.55 ± 0.08 0.147 ± 0.011 hours
-1

 0.965 

Pseudo-Second order 22.2 ± 1.2 0.0513 ± 0.023 
gMHO/mgPFOA ∙ hours 0.983 
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The rate of adsorption of PFOA on MHO ceramic was compared to other state-of-the-art porous materials 

used for PFOA adsorption and summarized in Table 4.2. PFOA adsorption on MHO is very efficient in 

comparison to GAC 46 and boehmite 47 which required 24 and 48 hours to reach equilibrium respectively. 

Boehmite (299.2 m2/g) specifically had a much lower adsorption capacity at 1.89 mg/g, however GAC 

(1100 m2/g) was more comparable at 22.7 mg/g. Commercially available multi-walled carbon nanotubes 

(350 m2/g) had a shorter equilibrium time (4 hours) when compared to MHO, however the adsorption 

capacity was also significantly lower at 12.4 mg/g.46 Silica (650 m2/g), another group IV metal oxide, had 

an equilibrium time of 14 hours, and the adsorption capacity was 21.9 mg/g. However, the silica could not 

be regenerated after adsorption so it does limit its practicality.48 IRA67 is an anion-exchange resin which 

adsorbs PFOA by ion exchange between the positively charged resin and the negatively charged head of 

PFOA and adsorption of the hydrophobic tail. In this case the IRA67 resin had a higher adsorption capacity 

than MHO at 22.2 mg/g as well as lower equilibrium time of 2 hours.46 However, methods to regenerate 

spent resins have not been fully developed to date.  Despite MHO having a significantly lower BET surface 

area than all the adsorbents mentioned earlier, the adsorption capacity of PFOA is still comparable. That is 

due to the fact that mesoporous particles have larger external surface area and therefore more functional 

groups, such as Brönsted Acid-Base sites, that are available for PFOA adsorption.49 
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Table 4.2 Comparison of Our Work on PFOA Adsorption by MHO with Other State-of-the-Art Adsorbents 

 

Material BET Surface 
Area (m2/g) 

qt (mg of PFOA/g of 
adsorbent) 

Equilibrium 
Time (Hours) Reference 

Swellable modified 
silica 650 21.2 ± 0.1 14 Stebel et al. 

Boehmite 299.2 ± 1.8 1.89 48 Weng et al. 

Anion-Exchange 
Resin (IRA67) N/A 22.2 2 Yao et al. 

Granular activated 
carbon 1100 22.7 24 Yao et al. 

Multi-walled carbon 
nanotube 350 12.4 4 Yao et al. 

Mesoporous hafnium 
oxide 10.5 ± 0.6 20.9 ± 0.4 10 This Work 

 

PFOA Adsorption Isotherms 

Experimental adsorption isotherms of PFOA on MHO ceramic were calculated with initial concentrations 

(200 ppm - 1000 ppm) as shown in Figure 4.6. The adsorption isotherms were fitted by the Langmuir model 

and the Freundlich model using simple linear regression. Table 4.3 lists the isotherm constants obtained 

through the fitting. Based on the R2 value, the Freundlich isotherm fit the data slightly better than the 

Langmuir isotherm. However, the Freundlich isotherm is not restricted to monolayer adsorption. The 

Freundlich model suggests that there are certain sites on the MHO that have an affinity for PFOA so the 

molecule will adsorb there first.50 

 

 

 

 

 



 103 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

Figure 4.6 Adsorption of PFOA on MHO ceramic fitted using the Langmuir isotherm, and the Freundlich isotherm at 
25°C. 

 

Table 4.3 Constants of Langmuir and Freundlich models of PFOA Adsorption on MHO 

 

Langmuir Constants Freundlich Constants 

KL (L mg-1) qm 
(mgPFOA/gMHO) R2 

KF (mg g-1) 

(L mg-1)1/n 
n R2 

0.00317 ± 5.06 x 

10-4 
33.3 ± 2.99 0.996 0.470 ± 0.081 1.63 ± 0.083 0.997 



 104 

pH-Dependent Adsorption of PFOA 

pH is an important factor in adsorption experiments due to the strong reactivity of H+ and OH- in solution.36 

Previous work using silica has shown how various metal oxide active sites affect adsorption behavior of 

PFOA as a function of pH.51 The effects of three different pH (2.3, 4.3, and 6.3) on the adsorption of PFOA 

on MHO ceramic were tested and the results are illustrated in Figure 4.7a. These pH values were selected 

in order to study the effects of adsorption on MHO when the surface is positively charged (pH 2.3), neutral 

(pH 4.3), and negatively charged (pH 6.3) as depicted in Figure 4.8b. At pH 2.3 the adsorption capacity of 

PFOA on MHO was 20.9 ± 0.4 mg/g. The kinetics of adsorption of PFOA on MHO at pH 2.3 followed a 

clear two-step adsorption model as illustrated by the curve shape of the kinetic adsorption data in Figure 

4.7a. The first 2 hours were rapid adsorption on the surface followed by slow diffusion into the mesopores. 

As the pH increased the adsorption capacity decreased to 13.0 ± 0.3 mg/g and 9.12 ± 0.5 mg/g at pH 4.3 

and pH 6.3, respectively. The adsorption at pH 4.3 and 6.3 did not appear to follow a curved two-step 

adsorption model but rather a linear adsorption onto the surface. This is due to increased repulsion between 

PFOA anion and negatively charged conjugate base active site on MHO. The decrease in adsorption 

capacity of PFOA on MHO at various pH is illustrated by the reduction of the 19F NMR signal that 

corresponds to the terminal CF3 peak as shown in Figure 4.7b. 

 

 
Figure 4.7 a) Rate of adsorption of PFOA on MHO at pH 2.3, 4.3, and 6, b) Decrease in area of CF3 peak in 19F NMR 
of PFOA during adsorption on MHO at pH 2.3, pH 4.3, and pH 6.3. 

a) b) 
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The driving forces behind the drastic change in adsorption capacity of PFOA on MHO as pH changes are 

illustrated in Figure 4.8. The pKa of PFOA is reported to be in the range of 0.5-3.8,52 as shown in Figure 

4.8b. At pH 2.3, the pH<point of zero charge (PZC) of MHO (4.7), therefore the surface of the MHO is 

mostly positively charged with conjugate acid active sites. PFOA would be in equilibrium with the 

deprotonated PFOA anion at a pH of 2.3 since the pH is in the range of the pKa. This leads to coulombic 

attraction between the positively charged conjugate acid active site of MHO and the PFOA anion, as 

depicted by the green arrow in Figure 4.8a. There will also be some hydrophobic interaction between the 

hydrophobic tail of the PFOA molecule and the hydrophilic surface of MHO as depicted by the orange 

arrow in Figure 4.8a. At pH 4.3 the pH=PZC so the surface will be neutral, and the PFOA will exists mostly 

as the deprotonated anion since pH>pKa. Since there will be fewer positive conjugate acid active sites on 

the surface of MHO, there will be decreased coulombic attraction and some coulombic repulsion (Figure 

4.8a, black arrow). Once the pH is at 6.3, the surface of the MHO is mostly negatively charged with 

conjugate base active sites since pH>PZC, and the PFOA will mostly exist as the deprotonated anion in 

solution. Both negatively charged species will lead to increased coulombic repulsion and consequently 

decreased PFOA adsorption.  
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Figure 4.8 a) Illustration of PFOA adsorption on MHO at pH 2.3, 4.3, and 6.3, b) Description of MHO surface charge 
and PFOA charge as a function of pH. At pH<4.7 MHO is positively charged with conjugate acid active sites, at pH 
4.7 MHO has a neutrally charged surface, and at pH>4.7 MHO is negatively charged with conjugate base active sites. 
pKa of PFOA is 0.5-3.8. At pH<pKa the molecule does not dissociate in solution, at pH=pKa the molecule is in 
equilibrium with the deprotonated anion, and pH>pKa the PFOA exists mostly as the deprotonated anion in solution. 
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Analysis of MHO Solid After Adsorption of PFOA 

Adsorption of PFOA on the solid MHO under different pH conditions was characterized using Fourier 

transform infrared (FTIR) spectroscopy. The resulting FTIR in Figure 4.9 reveals spectroscopic bands 

corresponding to PFOA, and shows that PFOA is adsorbed by the MHO ceramic. Figure 4.9a shows the 

spectrum between 1450-1800 cm-1. The purple line represents pure solid PFOA, which is a perfluoro 

carboxylic acid that contains a carboxylate group (COOH) shown by the peak at 1750 cm-1. All the solid 

MHO samples after adsorption have a peak at 1640 cm-1 which represents the deprotonated carboxylate 

group (COO-).53 As the pH of adsorption increases, the intensity of the peak at 1640 cm-1 increases. This 

corresponds to the fact that PFOA has a low pKa (3.8) therefore as the pH increases the amount of COO- 

in solution also increases. This suggests that coulombic attractions between the PFOA anion and the 

positively charged conjugate acid active site on the MHO are the driving force of the adsorption. Figure 

4.9b shows the spectrum from 950-1450 cm-1 which is the range in which C-F bonds are typically observed. 

Peak 1 at 1050 cm-1 denotes the C-C bond in the PFOA chain, peak 2 at 1149 cm-1 represents the symmetric 

CF2 stretch, peak 3 at 1200 cm-1 represents the asymmetric stretching of CF2 and CF3, and peak 4 at 1240 

cm-1 is an asymmetric CF2 stretch.54 As the pH of adsorption increases, the intensity of the C-F peaks on 

MHO ceramic decreases. As the pH increases there are fewer positively charged conjugate acid active sites 

on the surface of MHO, hence more repulsion between negatively charged conjugate base active site on 

MHO and PFOA anion. Because of the increased coulombic repulsion, it is harder for the PFOA to travel 

into the mesopores of MHO ceramic. 
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Figure 4.9 FTIR of MHO ceramic after PFOA adsorption at pH 2.3, pH 4.3, and pH 6.3 in the range of a) 1450-1800 
cm-1, b) 950-1450 cm-1. 

 

Regeneration of MHO Ceramic After Adsorption 

The reusability of adsorbents used to remove PFOA is imperative for mitigating waste production and 

cleanup costs. Inadequate disposal techniques may lead to PFOA leaching back into the aquatic cycle. 

Thermal regeneration of PFOA contaminated adsorbents may provide an opportunity to utilize existing 

regeneration framework to mineralize the adsorbed PFOA, and recover the spent adsorbent.55 Materials 

such as GAC56 and multi-walled carbon nanotubes57 have been regenerated by calcination. After adsorption, 

the MHO was calcined at 500°C for twenty minutes. This is relatively safer than using harsh and toxic 

chemicals to clean the material, as it does not produce excess toxic liquid waste. To compare the thermal 

stability and regeneration of MHO ceramic we performed TGA experiments after PFOA adsorption. The 

MHO ceramic was heated to 750 °C under high purity argon flow. The results of the TGA are shown in 

Figure 4.10. The mass loss observed from heating the bare MHO ceramic before adsorption was very 

minimal at 0.16% which is due to the evaporation of water from the hydrophilic surface. After PFOA 

adsorption we see a mass loss of 1.01% which corresponds to the PFOA and some water evaporating from 

the MHO ceramic.  

a b 
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 Figure 4.10 TGA of MHO ceramic before adsorption (black) and after PFOA adsorption at pH 2.3 (red) under argon. 
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To confirm the removal of PFOA from the MHO, the surface was analyzed using FTIR spectroscopy. The 

resulting spectrum is shown in Figure 4.11. The entire spectrum from 650 cm-1 to 4000 cm-1 is shown in 

Figure 4.11a. It overlays the spectra of the PFOA standard, MHO before adsorption, MHO after adsorption 

in pH 2.3, and MHO after calcination. For MHO before adsorption, the peaks between 650-800 cm-1 

correspond to monoclinic Hf-O and Hf-O2. The low intensity peaks in the range of 1200-1600 cm-1 

correspond to the carboxylate (COO-) ligand vibrations originating from the hydrolysis of N-methyl 

formamide during the sol-gel synthesis. The peak at 2390 cm-1 represents the CO2 that is alpha-coordinated 

to the Lewis acid sites on the surface.41 The intensity of the COO- peak on the MHO after adsorption was 

clearly visible, however the C-F peaks were very low in intensity, therefore Figure 4.11b shows the FTIR 

spectrum in the range of 950-1800 cm-1 for clarity. From Figure 4.11b, the peaks from 1000-1400 cm-1 

confirm the presence of PFOA on MHO after adsorption. After calcination, the surface of the MHO has no 

peaks corresponding to PFOA in the range of 950-1800 cm-1. The MHO powders were also analyzed using 

XRD and ESEM after calcination to ensure that the crystal structure and morphology of the MHO also 

remained the same as before adsorption. The XRD shown in Figure 4.12a illustrates that the crystal 

structure remains monoclinic after heating. The ESEM in Figure 4.12b shows similar particles with 

mesopores as it did prior to calcination. The FTIR spectra of MHO after calcination confirms that PFOA 

was completely removed and that the MHO was regenerated. 
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Figure 4.11 FTIR spectra of MHO before adsorption, PFOA standard, MHO after adsorption of PFOA, and MHO 
after calcination at 500°C from a) 650-4000 cm-1, b) 950-1800 cm-1. 

b) 

a) 
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Figure 4.12 a) XRD of MHO before adsorption (black), after calcination (purple), and from Inorganic Crystal 
Structure Database, b) SEM image of MHO after calcination showing similar mesoporous morphology as MHO before 
adsorption. 

b) 

a) 
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Conclusions 

This work demonstrated the ability of MHO to adsorb PFOA from water despite its relatively low BET 

surface area. The adsorption capacity of PFOA on MHO was 20.9 ± 0.4 mg/g at pH 2.3 with an equilibrium 

time of 10 hours. As the pH increased the adsorption capacity of MHO decreased. This is because increasing 

pH produces more negatively charged conjugate base active sites on the surface of MHO and more PFOA 

anion in solution. There will be coulombic repulsion between the adsorbent and the PFOA anion. However, 

at pH 2.3, the surface of MHO is positively charged with conjugate acid active sites so there will be 

coulombic attraction between the surface and the PFOA anion. The solid MHO could be easily regenerated 

after adsorption via calcination which reduces the amount of toxic solid waste that requires disposal after 

usage. The morphology, crystal structure, and surface functional groups remained the same before and after 

calcination. ` 

The adsorption capacity of PFOA on MHO was low at environmentally relevant pH, therefore future studies 

would include developing methods to improve PFOA adsorption at environmentally relevant pH (5.8-8.4). 

This could be achieved by chemically functionalizing the surface with fluorophillic molecules that increase 

the adsorption capacity even at environmentally relevant pH. Given that the MHO can be regenerated after 

adsorption, it is important to study the endurance of MHO as an adsorbent by analyzing the adsorption 

capacity after each adsorption and calcination cycle. While thermal regeneration of adsorbents does not 

produce any excess toxic liquid waste, the PFOA does degrade to volatile PFAS molecules such as 

perfluoroheptene, C2F5, and C2F4 which are released in gaseous form and contaminate the air.32 Thermal 

regeneration is also a very energy-intensive process which is not economically feasible so future studies 

will investigate less energy intensive regeneration methods that do not produce any toxic waste such as 

treating the spent adsorbents with ultra-violet (UV) radiation to degrade PFOA to Fluoride ions.58 
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5 Chapter 5: Electrochemical Oxidation of Perfluorooctanoic Acid 

Abstract 

The electrochemical oxidation of the legacy perfluorooctanoic acid (PFOA) was studied using platinum  

mesh, nickel foil, and glassy carbon electrodes. These electrodes were selected to determine a relationship 

between oxygen evolution potential and PFOA degradation. Based on preliminary reactions nickel which 

is a better oxygen evolution reaction (OER) catalyst showed the highest degradation of PFOA at 58.7% in 

comparison to platinum (51.8%) and glassy carbon (33.1%). Since alkaline pH increases the rate of oxygen 

evolution reactions, when tested at a higher pH, complete degradation of PFOA was observed using nickel 

and platinum anodes. The gaseous degradation product observed was carbon dioxide, however the 

fluorinated degradation products are yet to be determined. 

Introduction 

Per- and polyfluoroalkyl substances (PFAS) are a large group of synthetic toxic chemicals found in 

firefighting foams, non-stick cookware, and water proof clothing.1 These chemicals have emerged as one 

of the leading contaminants of concern worldwide due to their environmental persistence, and human 

toxicity.2 As a consequence of their low volatility and solubility in water they tend to bioaccumulate in 

organs such as the liver and bodily fluids such as blood.3 This can lead to health issues like liver damage, 

immunotoxicity, and in extreme cases cancer.4 In particular, perfluorooctanoic acid (PFOA) the PFAS 

molecule with eight carbons is of the highest concern due to the fact that it is the most prevalent PFAS 

molecule in wastewater.5 PFOA was found to have a half life of 2.7 years in aquatic ecosystems.6 Therefore, 

developing remediation technologies to degrade these compounds is of the utmost importance. 

While the scale down of PFAS from industrial waste would be the ideal way to eliminate PFAS from 

wastewater, remediation techniques are still required to treat PFAS in wastewater. Numerous remediation 
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techniques are used for treating PFAS contaminated wastewater such as reverse osmosis using a thin-film 

composite polyamide membrane,7 adsorption using granular activated carbon (GAC)8 and anion-exchange 

resins (AIX)9, as well as microbial degradation using Acidimicrobium bacteria from the wetlands of New 

Jersey.10 While reverse osmosis membranes are ideal due to their high removal capacity, modularity, and 

flexibility, they require extremely high pressures to operate, which results in considerable energy-costs.11 

In comparison, adsorption using GAC and AIX resins is facile and economically feasible due to the ease of 

production. However, both reverse osmosis using a thin-film composite polyamide membrane, and 

adsorption with GAC and IX resins results in the transfer of PFAS from water to a solid that requires further 

disposal. These non-destructive techniques do not degrade or destroy PFAS, rather the contaminant is just 

transferred form one form to another. However, microbial degradation using Acidimicrobium bacteria has 

shown the ability to destroy PFOA to fluoride ions however, the process did take 100 days. Hence, there is 

a need to evaluate techniques that destroy PFAS molecules in a reasonable amount of time. 

Electrochemical oxidation (EO) has been widely used as a destructive technique for a range of persistent 

organic pollutants (POP) such as humic acid,12 clofibric acid,13 and Rhodamine B dye.14 EO has low energy 

consumption, can be performed at room temperature and pressure, rapid reaction time, and high oxidation 

efficiency.15 Using EO the degradation of PFOA can be directly performed at the anode surface via electron 

transfer, or indirectly with the assistance of in situ generated hydroxyl radicals.16 The degradation proceeds 

via a series of defluorination reactions of the parent PFOA molecule to products such as shorter chain PFAS, 

hydrofluoric acid (HF), fluoride ions, and carbon dioxide (CO2) gas.17 The rate of the reaction will depend 

on pH, initial PFOA concentration, and the presence of co-contaminants. Since EO is not selective and 

already used for destruction of POP, it provides a unique opportunity for the destruction of PFOA as well 

as other contaminants in wastewater within existing infrastructure. In addition, EO is less energy-intensive 

than thermal incineration of PFAS, and can produce commodity chemicals such as fluoride as by products.  

During EO, the selection of an appropriate anode material is important as it determines the cost and 

efficiency of the degradation. The most commonly evaluated anode for the degradation of PFOA is boron-
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doped diamond (BDD) which efficiently degrades 94% of PFOA in 5 hours,18 but is difficult to produce 

and costs $7125/m2.19 Therefore, using pure metal electrodes is advantageous as they are easier to fabricate 

and have excellent electrical properties.20 The three pure metal anodes that will be evaluated herein are 

nickel foil, platinum mesh, and glassy carbon electrode. Nickel is a better oxygen-evolution reaction (OER) 

catalyst when compared to platinum and glassy carbon.21 The hydroxyl radicals (OH•) generated by 

electrolysis of water are extremely electrochemically active due to their  high oxidation potential.20 The 

OH• radicals are also essential for the stepwise degradation of PFOA molecules. These electrodes will allow 

us to evaluate correlation between oxygen evolution reaction and PFOA electrochemical oxidation. 

The goal of this work is to compare PFOA degradation by electrochemical oxidation using platinum mesh, 

nickel foil, and glassy carbon as working electrodes. Platinum (Pt), nickel (Ni), and glassy carbon were 

selected due to their differences in oxygen-evolution potential which are 1.90V for Pt, 1.40V for Ni, and 

2.30V for glassy carbon all versus Ag/AgCl reference. EO was performed using these electrodes in a three 

electrode setup where a constant potential is applied under argon flow and continuous stirring. The liquid 

aliquots are evaluated using 19F nuclear magnetic resonance (NMR) spectroscopy and fluoride ion selective 

electrode. The gas products are determined using gas chromatography (GC). 

Materials & Methods 

Chemicals & Materials  

Perfluorooctanoic acid (PFOA, >98%) was purchased from TCI America. Deuterated water (D2O), Sulfuric 

acid (95.0–98.0%), Sodium fluoride (>99%), Sodium sulfate (>99.0%), Graphite rod (99.995%), Nickel 

foil (99.98%) were used as purchased from Sigma-Aldrich. The fluoride ionic strength adjustor solution 

(TISAB 1) was purchased from Col-Parmer. Trifluoroacetic acid (TFA, 99.5%) was purchased from Acros 

Organics. Sodium hydroxide pellets (98%) and Platinum mesh (99.99%) were purchased from Alfa Aesar, 

Ag/AgCl reference electrode and the glassy carbon working electrode were purchased through ALS Japan. 
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Selemion® anion exchange membrane was purchased from AGC Engineering and stored in ultra-pure 

deionized water prior to use in electrochemical experiments. Ultrahigh purity grade argon gas (99.999%) 

was used as purchased from Praxair. Ultrapure water (≥18.2 MΩ∙cm) used for electrochemical oxidation 

experiments was obtained from a Thermo Scientific Barnstead E-Pure Ultrapure water purification system. 

Electrochemical Analysis 

All electrochemical oxidation experiments were performed using a custom sealable three electrode cell as 

shown in Figure 5.1. The counter electrode is separated from the working and reference electrode using a 

selemion anion-exchange membrane. The working electrodes used were as purchased nickel foil, platinum 

mesh, and a glassy carbon electrode, the reference electrode was Ag/AgCl, and the counter electrode was a 

graphite rod. The working, counter (graphite rod), and reference electrode (Ag/AgCl) were all submerged 

in 0.1 M sodium sulfate with 100 ppm of PFOA. pH was adjusted for the electrolyte using 0.1 M Sulfuric 

acid and 0.1 M sodium hydroxide. All electrochemical experiments were carried out using a Bio-Logic 

VSP-300 multichannel potentiostat equipped with standard EC-Lab software. The cell was purged with 

argon for 30 minutes to clear the headspace of air to be able to determine presence of gaseous degradation 

products. EO of PFOA was evaluated by performing chronoamperometry experiments under continuous 

stirring to ensure homogenization of the electrolyte throughout the course of the reaction, and continuous 

argon flow. Liquid aliquots were extracted from both the working (anode), and counter (cathode) 

compartments for analysis in NMR, and the headspace gases of the anode compartment were analyzed 

using GC.  
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Figure 5.1 Illustration of schematic of three electrode cell setup with the counter electrode (graphite) on the left side 
separated by a selemion anion exchange membrane, the right side is the working compartment side with the stir bar, 
reference electrode of Ag/AgCl, argon gas purge needle, and needle that is connected directly to the GC. 
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Product Analysis 

Liquid aliquots from the cell before and after electrochemical oxidation experiments were extracted and 

quantified using 19F NMR spectroscopy in a 400 MHz Bruker NMR spectrometer. A calibration curve was 

created using Trifluoroacetic acid (TFA) as the internal standard and D2O as the solvent. The concentration 

of PFAS was determined by integrating the area of the terminal CF3 peak (-81 ppm) and comparing it to the 

area of the peak of the internal standard, trifluoroacetic acid (-76 ppm). Calibrations were performed with 

six standard solutions in the range of (9-2000 ppm). 200 uL of liquid was added to 400 uL of D2O spiked 

with TFA in a 300 MHz Wilmad NMR tube and analysed using 128 scans. The percent removal of PFOA 

was calculated using the following eq 5.1: 

%	𝐏𝐅𝐎𝐀	𝐑𝐞𝐦𝐨𝐯𝐞𝐝	 = 	 (𝐂𝟎"𝐂)
𝐂𝟎

× 	𝟏𝟎𝟎%  (eq. 5.1) 

Where C0 is the initial concentration of PFOA in ppm, and C is the concentration of PFOA at a certain point 

during the EO experiment in ppm.  

For the detection of gas-phase products such as CO2, gas chromatography with thermal conductivity 

detection (GC–TCD) was implemented using methods from literature22 with a Thermo-Fisher GC equipped 

with a Carboxen® 1010 Porous Layer Open Tubular (PLOT) fused silica column (30m x 0.53mm x 10μm), 

with helium as a reference and carrier gas. Fluoride ion content was determined using a fluoride ion 

selective electrode (ISE) from Oakton by Cole-Parmer. The fluoride ISE was calibrated using sodium 

fluoride (1-1000 ppm) in acidic, neutral, and alkaline pH.  

Results & Discussion 

Preliminary PFOA Degradation Results 

The results shown in Figures 5.3-5.5 depict changes in concentration of PFOA during EO using platinum,  
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nickel, and glassy carbon anodes respectively. Platinum is the most electrochemically active electrode 

tested and showed 51.8% removal of PFOA on the anode side, and 69.4% on the cathode side. In this case 

the indirect oxidation of PFOA via hydroxyl radicals was better than direct oxidation at the anode. Whereas 

using nickel, a better OER catalyst than platinum we observed higher degradation of PFOA via direct 

oxidation at the anode (58.7%) when compared to the indirect oxidation via OH• (49%). Finally glassy 

carbon, which is not as conductive as platinum or nickel, had higher degradation of PFOA via direct 

oxidation at the anode (33.3%) when compared to the indirect oxidation using OH• (28.5%). The direct 

oxidation of PFOA at the anode, and indirect oxidation of PFOA using OH• at the cathode is shown in 

Figure 5.2 below. 

 

 

 

 

 

 

 

 

Figure 5.2 Depiction of direct oxidation of PFOA at the anode, and indirect oxidation of PFOA via OH• in bulk 
solution. 

Therefore, after 21 hours, an initial concentration of 100 ppm PFOA at a pH of 4.1, the anodic oxidation 

was highest using nickel and lowest using glassy carbon, whereas in terms of indirect oxidation it was 

highest using platinum and lowest using glassy carbon as summarized in Table 5.1.  
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Table 5.1 Summary of PFOA Degraded during EO using 100 ppm of PFOA at pH 4.1 with Nickel, 
Platinum, and Glassy Carbon Anodes. 

Catalyst 
% PFOA Degraded After 21 hours at pH 4.1 

Anode Cathode 

Nickel 58.7% 49.0% 

Platinum 51.8% 69.4% 

Glassy Carbon 33.3% 28.5% 

The nickel foil degraded more PFOA directly at the anode in comparison with platinum because nickel is 

a better anode material with a lower oxidation potential. Nickel can readily oxidize to Ni2+ ion in solution. 

Such metal ions have been known to remove pollutants such as acetaminophen via hydrogen bonding.23 

Platinum is a very stable electrode which does not ionize readily in solution and is slower to degrade PFOA. 

Therefore, the indirect degradation via hydroxyl radicals produced is more efficient. The electrochemical 

activity of the anode is important as it determines whether the OH• will chemisorb or physisorb on the 

surface which in turn affects the degradation of PFOA. An electrochemically active anode will have OH• 

chemisorbed on the surface, whereas electrochemically inactive anodes will have physisorbed OH• on the 

surface. Physisorbed OH• will completely mineralize PFOA to CO2 as physisorbed species are more oxidant 

than chemisorbed ones.24 Since platinum is an electrochemically active electrode the hydroxyl radical 

(OH•) generated by the electrolysis of water will chemically adsorb on the surface.25 This chemically 

adsorbed OH• radical will limit the ability of the anode for direct PFOA oxidation to CO2 (eq. 5.2): 

Pt + H2O à PtOH• + H+ + e-   (eq. 5.2) 

The largest decrease in concentration of PFOA in liquid with all three electrodes was observed in the first 

two hours and the largest amount of carbon dioxide produced was also in the first two hours. Considering 

bond energies involved the degradation of PFOA is likely to begin with the cleavage of the C-C bond (372 

kJ/mol) rather than the C-F bond (531 kJ/mol), specifically the C-C bond between the CF2 and the 
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carboxylic acid group (CF2-COOH).26 In the work developed by Sukeesan et al.,18 the PFOA molecule 

begins to degrade by donating an electron to the anode surface from the carboxylic acid group resulting in 

a C7F15COO• radical (eq. 5.3). The radical then decarboxylates to produce CO2 and C7F15• radical (eq. 5.4). 

The C7F15• radical reacts with OH• radical to produce C7F15OH (eq. 5.5), a thermally unstable alcohol, 

which further defluorinates to C6F13COF and HF (eq. 5.6). Finally, hydrolysis of C6F13COF occurs resulting 

in C6F13COOH, a shorter PFAS molecule also known as perfluoroheptanoic acid (eq. 5.7). The reactions 

continue in this cycle of sequentially removing CF2 to form shorter chain PFAS until COF2 is formed. COF2 

degrades to CO2 and HF in solution. This possible degradation mechanism for PFOA was observed by 

researchers through theoretical density functional theory (DFT) modeling27 as well as experimental 

procedures.28,29 The balanced reactions are shown below: 

Electrode + C7F15COO- à C7F15COO• +e-                                                                                        (eq. 5.3)               

C7F15COO• à C7F15• + CO2                                                                                                               (eq. 5.4) 

C7F15• + OH• à C7F15OH                                                                                                                   (eq. 5.5) 

C7F15OH à C6F13COF + HF                                                                                                              (eq. 5.6) 

C6F13COF +H2O à C7F13COO- + H+ + HF                                                                                       (eq. 5.7) 

Through analysis in the GC, the only gaseous product observed with all three anodes was carbon dioxide 

originating from the unzipping of the PFOA molecule. The fluoride ion selective electrode did not detect 

any fluoride ions in the anode or cathode compartment nor any HF. No other fluorinated species were 

detected in the 19F NMR, so the fluorinated degradation products are yet to be determined. The limitation 

with 19F NMR is the detection limit is low in the 10 ppm regime so lower concentrations of degradation 

products may not be observed. 
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Figure 5.3 Results from electrochemical oxidation of 100 ppm PFOA in 0.1M Na2SO4 at a potential of 1.92V vs. 
Ag/AgCl using platinum for 21 hours by 19F NMR using liquid aliquot from a) working electrode compartment, b) 
counter electrode compartment, and c) gas chromatography of the headspace on the working electrode compartment. 

a) 

b) 

c) 



 132 

 

Figure 5.4 Results from electrochemical oxidation of 100 ppm PFOA in 0.1M Na2SO4 at a potential of 1.60V vs. 
Ag/AgCl using nickel for 21 hours by 19F NMR using liquid aliquot from a) working electrode compartment, b) 
counter electrode compartment, and c) gas chromatography of the headspace on the working electrode compartment. 

a) 

b) 

c) 
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Figure 5.5 Results from electrochemical oxidation of 100 ppm PFOA in 0.1M Na2SO4 at a potential of 2.30V vs. 
Ag/AgCl using glassy carbon for 21 hours by 19F NMR using liquid aliquot from a) working electrode compartment, 
b) counter electrode compartment, and c) gas chromatography of the headspace on the working electrode 
compartment. 

a) 

b) 

c) 
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pH Effect on Preliminary PFOA Degradation  

Since PFOA degradation was high using platinum and nickel as anodes, these two metals were tested at an 

increased pH of 5.1. Increasing pH is known to favor the oxygen evolution reactions of these metals as well 

as increase the amount of PFOA anion in solution.21 From Figure 5.6 we observe that at pH 5.1 the PFOA 

was no longer detected in the anode or cathode compartment using platinum meaning 100% degradation of 

PFOA was observed. Meanwhile from Figure 5.7 we observe that with nickel 100% degradation was 

observed at the cathode compartment and only 46.2% in the anode compartment. At higher pH the oxidation  

of nickel to generate Ni2+ ions is reduced.30 Therefore at higher pH indirect PFOA oxidation via  OH• is 

more likely than direct oxidation at anode.15 pH affects the degradation of PFOA due to the reactivity of 

the H+ and OH- ions in solution.31 Previous work has shown that electrochemical oxidation is preferred at 

an acidic pH.32,33 The acid dissociation constant (pKa) of PFOA is 0.5-3.8 so when the pH is 4 the molecule 

is in equilibrium with the carboxylate anion as shown in Figure 5.8.34 As pH increases the equilibrium 

shifts to the right producing more anions in solution. When the pH becomes alkaline the OH- ions in solution 

are likely to adsorb on the surface of the anode due to electrostatic interactions and this will hinder the 

surface area of active sites available to degrade PFOA.35  This would explain why at a higher pH the amount 

of CO2 produced was not the highest in the initial two hours since there were more competing OH- ions 

than there were at pH 4.1. In contrast, if the pH of the solution is highly acidic it will produce excess 

amounts of H+ ions and will hinder the production of the OH• needed for PFOA degradation.36 Therefore 

the ideal pH for PFOA degradation is not extremely acidic or extremely alkaline rather a pH that is slightly 

higher than the pKa of PFOA (0.5-3.8) so as to minimize the concentration of H+ ions in solution and 

generate enough OH• to increase PFOA degradation.  
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Figure 5.6 Results from electrochemical oxidation of 100 ppm PFOA in 0.1M Na2SO4 at a potential of 1.92V vs. 
Ag/AgCl at pH 5.1 using platinum for 21 hours by 19F NMR using liquid aliquot from a) working electrode 
compartment, b) counter electrode compartment, and c) gas chromatography of the headspace on the working 
electrode compartment. 

a) 

b) 

c) 
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Figure 5.7 Results from electrochemical oxidation of 100 ppm PFOA in 0.1M Na2SO4 at a potential of 1.60V vs. 
Ag/AgCl at pH 5.1 using nickel for 21 hours by 19F NMR using liquid aliquot from a) working electrode compartment, 
b) counter electrode compartment, and c) gas chromatography of the headspace on the working electrode 
compartment. 

a) 

b) 

c) 
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Figure 5.8 Description of PFOA molecule in solution as a function of pH. pKa of PFOA is 0.5-3.8. At pH<pKa the 
molecule does not dissociate in solution, at pH=pKa the molecule is in equilibrium with the deprotonated anion, and 
pH>pKa the PFOA exists mostly as the deprotonated anion in solution. 

As in the previous case, through analysis in the GC, the only gaseous product observed was carbon dioxide 

originating from the unzipping of the PFOA molecule. The fluoride ion selective electrode did not detect 

any fluoride ions in the anode or cathode compartment nor any HF. No other fluorinated species were 

detected in the 19F NMR, so the fluorinated degradation products are yet to be determined. The limitation 

with 19F NMR is the detection limit is low in the 10 ppm regime so lower concentrations of fluorinated 

degradation products may could not be detected. 
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Conclusions 

In summary, this work aimed at benchmarking three anodes with different OER potentials for EO of PFOA. 

In terms of direct anodic oxidation of PFOA at pH 4.1 nickel had the highest removal efficiency at 58.7%, 

followed by platinum at 51.8%, and glassy carbon at 33.1%. As pH increases the amount of OH• available 

for PFOA electrochemical oxidation increases. Therefore at a pH of 5.1 using platinum as the anode 100% 

degradation of PFOA was observed at both the anode and cathode compartments. While using nickel at pH 

5.1, 100% PFOA degradation was observed at the cathode and only 46.2% at the anode. This is due to the 

fact that at higher pH indirect oxidation of PFOA via OH• is more likely than direct oxidation at the anode. 

The gaseous degradation product detected was CO2, however the fluorinated products could not be detected 

using current 19F NMR and Fluoride ion-selective electrode methods. 

Future work for this project will involve developing more sensitive methods using LC-MS to detect 

fluorinated degradation products to be able to accurately determine the degradation mechanism. Through 

these preliminary results it would be possible to design future experiments that would allow us to take 

aliquots at shorter time intervals to determine the kinetics of the PFOA degradation. In addition, further 

method development is needed to determine quantitatively the amount of carbon dioxide produced. 
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