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ABSTRACT
BURKE, CULLEN LOUIS. The Potential of Single-Use Biomaterial Filters to Remediate PFAS from an Aqueous Medium (Under the direction of Dr. Angela Allen).

Per- and Polyfluoroalkyl substances (PFAS) are synthetically derived compounds consisting of a nonpolar carbon-fluorine chain and a polar head group. Significant worldwide attention has been paid to these compounds due to their tendency to bioaccumulate and their adverse health impacts. Various techniques, including reverse osmosis (RO), granular activated carbon (GAC), and ion-exchange resins (IXR), are available to remediate PFAS from aqueous solutions. However, these techniques can be expensive and are designed for industrial use rather than single-use applications. Biomaterials offer a viable, sustainable alternative to these expensive systems. Unlike traditional filtration systems, it is predicted that using biomaterials can be scaled to function as single-use products, such as coffee filtration. A precursor for this study has shown promising results. As a result, biomaterial filters were reconstructed and designed to be compared with non-biomaterial filters that are embedded in the current technique, as well as various arrangements of biomaterials for enhancements of the proposed filters. Results indicate that high-lignin, low hexeneuronic acid (HexA) hemp pulp was successful at PFAS remediation, specifically for short-chain PFAS compounds. Additionally, hydrochar samples created from pine and hemp feedstocks and SCOBY in tandem with this hemp pulp sample were as effective as or more effective than GAC at PFAS filtration. These results provide a platform for future research to examine biomaterials for their potential to develop single-use filters for PFAS removal.
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CHAPTER 1
Introduction to Per- and Polyfluoroalkyl Compounds
1.1. [bookmark: _Hlk209441913] PFAS Usage, History, and Regulation
Per- and Polyfluoralkyl substances (PFAS), colloquially known as ‘forever chemicals’, are synthetically made, carbon-fluorine-containing compounds that contain at least one fully fluorinated methyl or methylene carbon atom without any H, C, Br, or I atoms attached to the carbon structure. The carbon backbone typically contains at least one terminal functional group, such as a carboxylic acid, sulfonic acid, or amine (Gaines, 2023). An example of a regularly used PFAS compound is presented in Figure 1.1. The Organization for Economic Co-operation and Development (OECD) produced a list in 2017 containing 4,700 PFAS compounds. However, over 21 million PFAS and fluorinated compounds are classified in PubChem, with more than 900,000 fluorinated aliphatic substances (Schymanski et al., 2023). These compounds have valuable applications in building and construction, cleaning products, coatings, cosmetics, electronics, fire-fighting foams, food packaging, metal plating and finishing, and in a multitude of other industries due to their resistance to heat, water, oil, and temporal degradation (Brennan et al., 2021; Gaines, 2023; Schaider et al., 2017; Whitehead et al., 2021). PFAS can be classified as either long-chain (greater than or equal to seven C-F bonds) or short-chain (less than seven C-F bonds) moieties (Brennan et al., 2021). Long-chain PFAS such as perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) were created in the 1940s and gradually phased out of production in the 2000s due to PFAS being found in 99% of a sampled population’s blood serum, and their being detrimental to human health (Botelho et al., 2025; Brase et al., 2021; Brennan et al., 2021; Gaillard et al., 2025; Gaines, 2023). To circumvent regulations against long-chain PFAS compounds, a variety of short-chain PFAS compounds, including hexafluoropropylene oxide dimer acid (HFPO-DA), commonly referred to as GenX, have been manufactured as alternatives to the regulated PFAS compounds (Brennan et al., 2021; Ehsan et al., 2023; Manojkumar et al., 2023). Additionally, manufacturers can label their products “PFOA free” while still using shorter-chain PFAS compounds or long perfluorinated monomers linked via ether groups (Schaider et al., 2017). Health advisories in the United States have gradually decreased the recommended level in drinking water from 150,000 ng/L for West Virginia in 2002 to 70 ng/L established by the US EPA in 2016 to 4 parts per trillion in 2024 as a maximum containment level (MCL) set by the US EPA for PFOS and PFOA (Adu et al., 2023; Amen et al., 2023; Cordner et al., 2019). However, enforcing these recommended PFAS levels is difficult because assigning point and nonpoint sources is complex, and PFAS are resistant to biodegradation (Hu et al., 2016; Kucharzyk et al., 2017; Kurwadkar et al., 2022). 
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Figure 1.1. Perfluorooctanoic Acid (PFOA) is an example of a PFAS compound. Each PFAS compound has a non-polar carbon-fluorine chain and a polar head group.




1.2.  Modern Filters
To remediate PFAS in nationwide watersheds, a variety of techniques have been used to mitigate contamination in situ or at point sources. These techniques can be divided into degradative and filtration methods for PFAS mitigation. PFAS degradation, or the breaking down of PFAS into shorter, less harmful chemicals or entirely eliminating PFAS, has been experimented with in a laboratory setting or in situ via methods such as electrocoagulation, mechanochemical degradation, electrochemical degradation, sonolysis, gamma rays, electron beams, plasma, photolytic degradation, foam fractionation, microwave fenton reactions, and chemical oxidation and reduction, among others (Leung et al., 2022; Merino et al., 2016; Panieri et al., 2022). Generally, these methods have been tested only at the laboratory scale and would require substantial investment to scale up. Based on these factors, the study of PFAS degradation techniques is beyond the scope of this work. Alternatively, PFAS filtration, or the use of an adsorbent surface to remove PFAS from an aqueous medium, is currently used to mitigate PFAS exposure to affected populations in water systems such as wastewater treatment plants (WWTPs) and household tap water systems. Three filtration systems primarily used for this purpose include reverse osmosis (RO), granular activated carbon (GAC), and ion exchange resins (IXR). RO systems are designed to separate molecules dissolved in water through a membrane with very small pore sizes under high pressure (Abbasian Chaleshtari & Foudazi, 2022). PFAS compounds are filtered through RO membranes via electrostatic repulsion, size exclusion, and hydrophobic interaction, each of which combines to filter out both long- and short-chain PFAS (Abbasian Chaleshtari & Foudazi, 2022; Kucharzyk et al., 2017). GAC systems utilize an activated carbon surface that is capable of adsorbing PFAS molecules via hydrophobic interactions and electrostatic interactions to the polar head group, depending on the solution pH (Abbasian Chaleshtari & Foudazi, 2022; Kucharzyk et al., 2017; Merino et al., 2016). Finally, IXR systems utilize a charged surface balanced with counterions, which is capable of electrostatic interaction between the polar headgroup of PFAS molecules and these charged surfaces (Abbasian Chaleshtari & Foudazi, 2022; Merino et al., 2016). Each of these filtration systems, specifically GAC, is superior for filtering out long-chain PFAS compared to short-chain PFAS due to short-chain PFAS's lack of hydrophobicity and tendency to stay dissolved in water (Ateia et al., 2019; Kucharzyk et al., 2017; McCleaf et al., 2017). Therefore, it is necessary to devise strategies for short-chain PFAS remediation, as these compounds are currently manufactured in greater quantities than long-chain PFAS. Finally, there is interest in porous, high-surface-area materials such as metal-organic frameworks (MOFs), covalent organic frameworks (COFs), and porous organic polymers (POPs) for their ability to adsorb and remediate PFAS. These materials have tunable surface areas and pore sizes, offering an attractive approach for PFAS remediation. However, these materials have only been experimented with on a laboratory scale and still have difficulties adsorbing short-chain PFAS (Lai et al., 2025; Pauletto & Bandosz, 2022). RO, GAC, and IXR PFAS filtration systems are generally designed for large-scale use and require a significant capital investment for installation and maintenance. For example, the most extensive GAC filtration system in North Carolina, located at Sweeny WWTP, costs $43,000,000 in initial investment and $5,000,000 per year in upkeep. Additionally, the Northwest Water Treatment Plant in Brunswick County, North Carolina, completed a $137,000,000 RO project in 2022 for PFAS removal (Ehsan et al., 2023). The high cost can disincentivize municipalities or corporations from investing in this technology. Additionally, adsorbed PFAS to any of these filtration systems does not degrade these compounds. Rather, high temperatures between 800-1000 °C are required to incinerate long-chain PFOS completely, and PFOA adsorbed to these systems, which deal with a significant energy requirement (Brunn et al., 2023; Jafarinejad et al., 2025; Kucharzyk et al., 2017). 
1.3.  Impacts on Human Health
PFAS are detrimental to both human and environmental health due to their ability to bioaccumulate by binding to proteins in the blood, liver, and kidneys, as well as to plant roots (Adu et al., 2023; Brunn et al., 2023). Bioaccumulation is possible because PFAS have half-lives of 8 to 111 years (Adu et al., 2023). As a result, PFAS will affect higher trophic-level biota, including humans. For these organisms at higher trophic levels, PFAS has been linked to heightened cardiovascular effects such as hypertension, breast, liver, testicular, and kidney cancer, liver effects, thyroid disease, decreased fertility, decreased immunological response time, and developmental effects such as decreased birth rate (Brunn et al., 2023; Coperchini et al., 2021; Gaillard et al., 2025; Manojkumar et al., 2023; Schlezinger & Gokce, 2024). Children may be at a higher risk of negative health outcomes due to PFAS exposure, as there is evidence that prenatal or childhood exposure to PFAS is associated with symptoms such as dyslipidemia (abnormal blood-lipid levels), weakened immune response, reduced renal function, and a delayed first menstrual period (Brennan et al., 2021). The total estimated cost of PFAS-related healthcare cases in the United States alone is between $37-59 billion annually, which does not take into consideration the upstream costs of water treatment and remediation of contaminated sites (Brunn et al., 2023). Therefore, remediating these compounds to mitigate bioaccumulation is imperative for the future health of both humans and animals, as well as for mitigating the societal costs these chemicals impose.


1.4.  Objectives of Study
The present study was inspired by a precursor study that attempted to quantify six PFAS compounds in environmental samples from Rocky Branch Creek on the main campus of North Carolina State University in Raleigh, United States, at upstream and downstream locations, as detailed in Figure 1.2. After environmental sample collection, the filtrate was passed through two biomaterial filter designs: symbiotic cultures of bacteria and yeast (SCOBY) and hemp pulp. The PFAS compounds which were analyzed include: PFOA, PFOS, perfluorononanoic acid (PFNA), perfluorohexanesulfonic acid (PFHxS), HFPO-DA, and perfluorobutanesulfonic acid (PFBS). Figure 1.3 depicts each of the chemical structures of the compounds in this study. The results of this study were inconclusive, as hemp pulp filters failed to remediate PFAS. Although SCOBY filters successfully remediated most PFAS compounds in these samples, two PFAS concentrations (PFOA and PFNA) yielded inconsistent results. To determine whether hemp pulp creates a successful biomaterial filter for PFAS remediation, 16 hemp pulp samples with varying levels of hexeneuronic acid (HexA) and lignin were created by subjecting a hemp feedstock to two treatment conditions. A first PFAS filtration trial with hemp filters constructed from a high HexA, low-lignin hemp sample, and a low HexA, high-lignin hemp sample to determine whether HexA or lignin is determinant of PFAS filtration for hemp pulp biomaterial filters. It was hypothesized that the high-lignin, low HexA sample would allow for superior filtration due to lignin's hydrophobic nature. The selection from this study will be referred to as the superior pulp sample from this trial, which was then compared with a constructed GAC sample used as a control, similar to a commercial filter, and a coffee filter, which was not expected to facilitate PFAS remediation. Finally, to enhance the hemp sample, SCOBY, a pine-derived hydrochar, and a hemp-derived hydrochar were added to subsequent filter designs and compared with the results of the superior hemp filter. The final filter design was constructed using the best-performing biomaterials to remediate the greatest amount of PFAS among all filter designs. At the conclusion of the study, the future direction of biomaterial filtration will be presented. With these data, a baseline for single-use filters capable of PFAS remediation is established, enabling future studies to quantify the use of other biomaterials or refine these biomaterials for future filtration designs.
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Figure 1.2. Sampling locations used for preliminary work from two locations on Rocky Branch Creek in Raleigh, North Carolina, USA.
[image: ]
 Figure 1.3. Depiction of PFAS compounds of interest in this study.
















CHAPTER 2
Study Design and Experimental Procedures
2.1.  Materials
Hemp was kindly provided by Genoverde Biosciences Inc. Both hurd and bast fibers were used to produce hemp pulp. Loblolly Pine wood chips were kindly provided by the Forestry Department at North Carolina State University. Reagent-grade sodium hydroxide (50% w/w) was purchased from The Lab Depot and was used for both treatment trials to create pulp samples. Yellow hydrophilic PES syringe filters were purchased on the Cobetter website and used for HexA and biomass composition analyses. LiteTouch 3mL Luer Lock Syringes were purchased on the Premium Vials website and used for HexA and biomass composition analyses. Both mercuric chloride and sodium acetate trihydrate were purchased from ThermoFisher Scientific and used for HexA determination. A PFAS Superfund Mixture was purchased through Cambridge Isotope Laboratories Inc. and used to create the PFAS standard solution. Nalgene Rapid Flow disposable filter units and bottle tops were purchased from ThermoFisher Scientific and used for PFAS filtration experiments. Bond Elut PFAS WAX Solid Phase Extraction (SPE) Cartridges were purchased through the Agilent website and used for PFAS extraction. 15 mL polystyrene conical tubes were used to hold extracted PFAS samples and purchased from Amazon. SCOBY was purchased online from the Kombucha Company. Great Value Brands coffee filters were purchased for use in filtering experiments. Finally, Brita Filter Refills were purchased, and GAC from these filters was used in filtering experiments.



2.2.  Treatments for Hemp Feedstock
Hemp biomass was treated twice to create hemp pulp. Treatment 1 (indicated as R) was implemented to reduce the levels of hemicellulose and lignin from the hemp feedstock. Roughly 500 g of oven-dried (OD) hemp was weighed and mixed with an aqueous sodium hydroxide and water solution at 3% to 6% concentration, with an 8:1 liquor-to-biomass ratio. The hemp and soda slurries were heated to the target temperature (as shown in the Holding Temperature column of Table 2.1) in a Formax 450H High Consistency Laboratory Pulper while being continuously stirred. The slurry was held at this target temperature for a predetermined time, as specified by each trial’s set parameter. A total of five initial samples from Treatment 1 were performed, as shown in Table 2.1. Upon completion, the biomass was removed and washed thoroughly with water. Once dried, a consistency measurement was taken on the treated biomass, which was subsequently stored in plastic bags at ~3 °C. After Treatment 1, three soda pulping trials were performed using different NaOH concentrations (12%, 15%, and 18%, respectively). These trials are subsequently referred to as Treatment 2 (indicated as P). A control sample was created without Treatment 1 and subjected to Treatment 2 at 18% NaOH concentration and consistent holding temperatures (160 °C), liquor to biomass ratio (1:8), and final H-Factor (1200) to other samples subjected to Treatment 2. Table 2.2 depicts the procedure undertaken to create hemp pulp using Treatment 2.





Table 2.1. Conditions for five Treatment 1 (P) trials for hemp feedstock used in filter construction. Sample 5 adjusts the holding temperature, samples 1-3 have varying holding times, and sample 4 adjusts the NaOH concentration.
	Sample Number for Treatment 1
	Holding Temperature (°C)
	Holding Time (min)
	Soda (NaOH) Concentration (%)

	1
	80
	60
	6

	2
	80
	120
	6

	3
	80
	180
	6

	4
	80
	60
	3

	5
	90
	60
	6



Table 2.2 Example of the conditions for Treatment 2 (P) using sample 1 from Treatment 1 (R).
	Sample Treatment 1 (R)
	Pulping number (P) Sample
	Soda Concentration, %

	1A
	1
	12

	1B
	2
	15

	1C
	3
	18



2.3.  Biomass Composition Analysis
Raw, pretreated, and pulped hemp samples were prepared for compositional analysis using the NREL/TP-510-42620 “Preparation of Samples for Compositional Analysis.” For the determination of Klason lignin, acid-soluble lignin, ash content, and carbohydrate content, NREL/TP-510-42618 “Determination of Structural Carbohydrates and Lignin in Biomass” was used. 0.3 g of biomass with a known moisture content was weighed into 50 mL beakers. 3 mL of 72% Sulfuric acid was added to the beaker, which was then placed in a water bath at 30 °C ± 3 °C. Samples were left to hydrolyze for 60 minutes, with stirring every 5 minutes. Once this hydrolysis was complete, the samples were transferred to autoclave bottles, diluted with 84 mL of Milli-Q water, and placed in an autoclave at 121 °C. Samples were then cooled and filtered through a crucible. The liquid fraction was used to determine the acid-soluble lignin and carbohydrate content; the solid fraction was dried at 105 °C for 3 hours to determine Klason lignin content, then heated to 575 ± 25 °C for 24 ± 6 hours to determine the ash content. Acid-soluble lignin was determined using a ThermoScientific Genesys 50 UV-Visible Spectrophotometer at 205 nm absorbance value. The acid-soluble lignin fraction was adjusted to pH 6 with calcium carbonate and analyzed using an Agilent 1200 Series HPLC. Values were correlated with a set of pre-weighed sugar standards.
2.4.  Hexeneuronic Acid Determination
Hexeneuronic acid content in hemp pulp samples was determined using the TAPPI T 282 pm-07 “Hexeneuronic acid content of chemical pulp”. Approximately 0.05 g of each pulp sample was weighed into a glass vial, to which 10 mL of a solution containing 0.6% mercuric chloride and 0.7% sodium acetate was added, and the mixture was shaken. The vials were then placed in a hot-water bath at 60 °C for 30 minutes. Afterwards, the solution in the glass vial was transferred into a 3 mL plastic syringe and filtered through a 0.2 μm syringe filter into a quartz cuvette suitable for UV-spectrophotometry. The filtered solution was measured using a ThermoScientific Genesys 50 UV-Visible Spectrophotometer at wavelengths 260 nm and 290 nm. The blank measurement used was the original hydrolysis solution. The concentration of HexA (μmol/g) is calculated using Equation 1. 

Equation 1. Determination of hexeneuronic acid groups (HexA) in the hemp pulp created for filter construction where 0.287 is the calibration constant obtained using a standard pulp, 1.2 is the ratio between lignin absorption at 260 nm and 290 nm that is used to correct lignin absorption on HexA determination, V is the volume of the testing hydrolysis solution in mL, and w is the weight of the oven-dry mass of the pulp sample used in hydrolysis in grams. 

2.5.  HTC Hydrochar Preparation and Characterization
Hydrothermal carbonization of hemp and pine biomass was performed according to procedures reported in the literature (Fitri Faradilla et al., 2021; Johnson et al., 2020; Zhang et al., 2015). All HTC experiments were performed using a Parr Floor Stand Reactor equipped with a Parr Model 4842 Temperature Controller, a pressure gauge, a stirring rate indicator module, and a stirrer. 40 grams of OD hemp and pine biomass were weighed and added to separate reaction vessels, and performed in separate trials. 400 mL of water was measured and added to the reaction vessel to achieve a 1:10 biomass-to-water ratio (g:g), as reported in the literature. The reaction vessel was sealed to the Parr reactor, and the system was closed to the surrounding atmosphere. Nitrogen was flushed into the reaction vessel for 5 minutes, and the vessel was sealed airtight. A rapid heating rate was subsequently applied to reach a final temperature of 250°C. The stirring rate was maintained at 150 rpm throughout the reaction. Upon the reactor reaching the final temperature, the reaction was maintained for 2.5 hours. Upon completion of the reaction, the heater was turned off, and the reactor remained sealed overnight to cool. The pH of the suspension was measured, and HTC biomass was isolated by vacuum filtration and subsequently washed to pH 6. HTC biomass was dried at 105 °C for over 24 hours. The HTC biomass was removed and weighed, then ground in a mortar and pestle to produce a powder. The sample was stored in a plastic bag for subsequent analysis.
To assess the surface area of the HTC biomass, a Brunauer-Emmett-Teller (BET) adsorption method on a surface area analyzer (Micromeritics Instrument Corporation, Gemini VII Version 5.03) was used. Samples were first preheated at 200 °C overnight under an inert nitrogen flow. To measure surface area, two measurement chambers were equipped with a tube containing one sample and another without a sample. Each tube was immersed in liquid nitrogen during measurement. The saturation vapor pressure (P0) is compared with the equilibrium vapor pressure (P) to determine the Isotherm adsorption data at relative pressures (P/P0) for the empty tube and the tube containing the sample, respectively. Surface area measurements were performed for both Pine-derived HTC hydrochar and Hemp-derived HTC hydrochar.
2.6.  Filtration Design
Water filters were constructed prior to the filtration process. To create the filter, a 50 mL syringe barrel was used with the plunger removed before filter construction. Each filter was designed to evaluate which component works best for PFAS removal. Figure 2.1 depicts an example of a filter constructed for these tests. A list of samples with each filter construction design is provided in Table 2.3. 
[image: ]
Figure 2.1. Example of a filter designed using hemp Treatment 1 (R) and Treatment 2 (P), as shown by the R1P2 designation. 

Table 2.3. Sample number and filter design used to test materials usable in PFAS remediation.
	Sample Number
	Filter Design

	1
	Hemp sheet (low lignin, high HexA)

	2
	Hemp sheet (high lignin, low HexA)

	3
	coffee filter + 3g GAC + coffee filter

	4
	coffee filter (control)

	5
	Superior hemp sheet + SCOBY + superior hemp sheet

	6
	Superior hemp sheet + 0.5g pine-derived hydrochar + superior hemp sheet

	7
	Superior hemp sheet + 0.5g hemp-derived hydrochar + superior hemp sheet

	8
	PFAS killer filter comprised of 5-6 layers based on initial results

	9
	standard solution (no filtering)



Before filtration, each filter was washed with DI water to remove any contaminants. After washing, filters were attached to a Nalgene Rapid-Flow filter, with the original membrane cut to fit the syringe tip dimensions. This allowed for vacuum filtration of the filtrate, which was at a concentration of 240 ng/mL for each of the six PFAS compounds of interest, through the filter and into a collection container. Each collection container was labeled, capped, and stored at ~5 °C until subsequent extraction. Extraction of aqueous PFAS was performed in order to reconstitute the collected PFAS into another medium suitable for PFAS analysis (methanol (MeOH)) and is adapted from EPA methods 1633, 533, and 537.1. PFAS WAX columns were attached to a chamber under vacuum to ensure continuous effluent flow through the columns. Columns were initially precleaned and conditioned using 4 mL of 0.5% NH4OH (MeOH), 4 mL of MeOH, and 4 mL of DI water, respectively. Once columns were precleaned and conditioned, each sample was fully filtered through the PFAS WAX column. Once the full sample had passed through the PFAS WAX column, it was washed using 4 mL of 25 mM acetate buffer. The chamber was emptied of all effluent, and a labeled 15 mL Falcon tube was placed under each PFAS WAX column. The system was again placed under vacuum, and the column was subsequently washed with 4 mL MeOH and 4 mL 0.5% NH4OH (MeOH). Falcon tubes were removed and stored at ~5 °C. Finally, excess NH4OH and MeOH were evaporated using a hot water bath, after which 1 mL of MeOH was added to the original Falcon tube and stored until analysis. 
2.7.  PFAS Analysis
PFAS analysis was performed at the METRIC facility at North Carolina State University. The analytical method uses a 1290 Agilent LC system coupled to a 6495c Agilent QQQ. A 20-minute chromatographic gradient and a Kinetex F5 100 Å analytical column were employed for liquid chromatography. Six PFAS compound concentrations were the focus of this report: perfluorooctanoic acid (PFOA), perfluorooctanoic sulfonate (PFOS), perfluorononanoic acid (PFNA), perfluorohexane sulfonic acid (PFHxS), hexafluoropropylene oxide dimer acid (HFPO-DA), and perfluorobutane sulfonate (PFBS). 








CHAPTER 3
Precursor Results with Discussion
3.1.  Precursor Biomaterial Filtration Work
Results from the upstream and downstream locations sampled from Rocky Branch Creek are presented in Figure 3.1.
[image: ]
Figure 3.1. Concentrations (ng/L) of six PFAS compounds of interest from the Rocky Branch Creek upstream and downstream locations filtered through various filter designs, including unfiltered grab samples (US, DS Control), hemp pulp filters (US-, DS-F), and a SCOBY membrane (US-, DS-S).           c

Legacy, long-chain PFAS (PFOA and PFOS) were detected at similar concentrations from both the downstream and upstream locations. However, concentrations of PFHxS and PFBS were slightly higher at the downstream location than at the upstream location. These data indicate that activities on NC State University's main campus do not substantially affect the concentrations of these six PFAS compounds in Rocky Branch Creek. Concentrations of PFOA and PFNA exceeded expectations for SCOBY filters on downstream locations compared to upstream locations. It was determined that these samples may be contaminated, given the large discrepancy between upstream and downstream values. Additionally, based on upstream filtration results, it can be determined that SCOBY filters successfully removed a portion of PFOA, PFOS, and PFBS. However, it was found that hemp filters made from pulp from R1P3 samples contained higher levels of PFOA, PFOS, PFHxS, and PFBS than unfiltered grab samples. PFAS concentrations being higher in hemp filters warrant further investigation into which component, if any, contributes to hemp pulp biomaterial filters being effective at PFAS remediation. Therefore, additional tests to determine whether lignin and HexA contents in hemp pulp affect its ability to filter out PFAS from an aqueous solution.
3.2.  Hemp Filter Selection and Comparison to GAC
Hemp biomass was initially pulped using two treatments detailed in Section 2.2. Compositional analysis and HexA analysis were conducted on all hemp pulp samples, and the results are detailed in Tables 3.1 and 3.2.
Table 3.1. Hexeneuronic acid (HexA) content of hemp pulp samples. Treatment 1 (R) and Treatment 2 (P) are represented in the table to exhibit the concentration of HexA.
	Sample
	HexA Content (μmol/g)

	R1P1
	52.7

	R1P2
	60.2

	R1P3
	54.8

	R2P1
	43.4

	R2P2
	42.5

	R2P3
	45.6

	R3P1
	36.2

	R3P2
	47.2

	R3P3
	42.0

	R4P1
	52.0

	R4P2
	57.9

	R4P3
	59.0

	R5P1
	38.5

	R5P2
	38.2

	R5P3
	41.2

	Control
	67.0





Table 3.2. Total lignin content as a percentage of the chemical composition of hemp samples. 
* Combination of Klason lignin and acid-soluble lignin
	Sample
	% of total lignin*

	Treatment 1 (R)1 Treatment 2 (P)1
	11.47

	R1P2
	8.18

	R1P3
	7.37

	R2P1
	10.68

	R2P2
	9.33

	R2P3
	7.20

	R3P1
	12.51

	R3P2
	9.25

	R3P3
	7.42

	R4P1
	12.61

	R4P2
	9.99

	R4P3
	7.80

	R5P1
	12.41

	R5P2
	10.33

	R5P3
	9.08

	Control
	14.03



While hemp samples displayed similar values for total HexA and the percentage of total lignin, two samples were selected to represent a high-lignin, low-HexA sample and a low-lignin, high-HexA sample. R3P1 and R1P2 samples were selected, respectively, for these purposes. The PFAS standard solution was filtered through filters constructed from R3P1 and R1P2 hemp pulp, respectively. The filtration results of this trial are presented in Figure 3.2, which shows the percentage of each PFAS compound after the standard solution is passed through each filter design, normalized to an unfiltered PFAS standard sample.

Figure 3.2. Normalized percentage of filtration for R1P2 hemp sheet (low lignin, high HexA), and R3P1 hemp sheet (high lignin, low HexA).*
*
*

*No difference detected

Overall, the R3P1 filter was the most effective for every PFAS compound that was analyzed, while the R1P2 filter was the least effective hemp pulp sample for PFAS remediation. This result was expected, given that a high-lignin content creates a non-polar surface, potentially allowing hydrophobic interactions between the fluorinated PFAS chain and the surface of the hemp fibers (Ateia et al., 2019; Kucharzyk et al., 2017; Lisý et al., 2022; McCleaf et al., 2017). R3P1 hemp filters were highly effective at remediating GenX analogues, a short-chain PFAS, warranting further investigation, as typical filtration systems are generally less effective at GenX remediation (Ateia et al., 2019; Kucharzyk et al., 2017; McCleaf et al., 2017). Lignin in the filter material is hydrophobic, which would facilitate adsorption between the surface lignin and the fluorinated carbon chains in PFASs. However, it was expected that longer-chain PFASs, being more hydrophobic, would adsorb better to fiber surfaces than short-chain PFASs, such as GenX (Lisý et al., 2022). The opposite trend, however, was observed. The R1P2 pulp filter was expected to facilitate little or no PFAS remediation, which was confirmed by the filtration percentages. However, it was expected that the R1P2 would reduce PFAS concentrations due to the presence of hydrophobic lignin on the surface of hemp fibers, even if this percentage was less than that of the R3P1 hemp pulp sample. While some PFAS compounds were filtered out (PFOS and GenX), others showed little or no difference compared to the unfiltered PFAS standard sample (PFOA, PFNA, PFHxS, and PFBS).
A second trial was conducted to compare the superior hemp pulp sample (R3P1) to a constructed GAC sample with coffee filter scaffolding and a coffee filter sample. The GAC sample was expected to be effective at long-chain PFAS remediation (PFOA, PFOS, and PFNA), while the coffee filter sample was expected to facilitate little to no PFAS remediation. Results are detailed in Figure 3.3. 

Figure 3.3. PFAS filtration results comparing the high lignin low HexA hemp sample (R3P1) to both a constructed GAC filter and a store-bought coffee filter. Results are a percentage of filtration normalized to an unfiltered PFAS standard solution.
*No difference detected
When comparing the R3P1 hemp sample to the constructed GAC filter, it is evident that the R3P1 hemp sample is superior at short-chain PFAS remediation for two of the three short-chain PFAS compounds (PFBS and GenX). The GAC filter, on the other hand, exhibited better results at long-chain PFAS remediation for two of the three PFAS compounds (PFOA and PFOS). These results were only somewhat expected due to GAC being effective at removing long-chain PFAS, and lignin in pulp creating a non-polar surface, potentially allowing for hydrophobic interactions between the fluorinated chain of PFAS and the surface of the hemp fibers, which should have remediated long-chain PFAS more readily than short-chain PFAS compounds due to long-chain PFAS being more hydrophobic (Ateia et al., 2019; Kucharzyk et al., 2017; Lisý et al., 2022; McCleaf et al., 2017). The store-bought coffee filter was ineffective at PFAS remediation, which was comparable to the R1P2 hemp sheet. These results suggest that a single-use filter capable of PFAS filtration using biomaterials is possible, and further alterations and additions to a high-lignin low HexA hemp sample could further remediate PFAS compounds and eventually lead to a scaled-up single-use biomaterial PFAS filter design.
3.3.  Enhancing Hemp Pulp Filtration with Other Biomaterials
The third round of PFAS filtration experiments used two hydrochar samples: one from a hemp feedstock and one from a pine feedstock and SCOBY, and compared them with the high-lignin hemp pulp filters, which had displayed superior filtration in the first trial. Figure 3.4. shows the percentage of PFAS removed by these filter designs.



Figure 3.4. Percentage of filtration for each R3P1 hemp sample. SCOBY, pine-derived hydrochar, and hemp-derived hydrochar biomaterials were added to three of the samples, respectively, in the middle of the R3P1 hemp pulp scaffolding for each filter design. Results are based on the normalized weight of each PFAS analogue using a PFAS standard solution.

The filter design, featuring high-lignin hemp sheets and SCOBY biomaterials, removed approximately 30% of each PFAS compound from the solution. This consistent PFAS filtration was not present in the pine-derived HTC hydrochar, hemp-derived HTC hydrochar, and R3P1 hemp sheet samples. In addition to the filtration percentage of GenX, R3P1 hemp sheets alone exhibited lower PFAS remediation percentages for each PFAS compound. This is an encouraging result, lending credence to the potential synergistic effects of using multiple biomaterials in a filter design. Differences in PFAS filtration percentages for pine-derived hydrochar samples and hemp-derived hydrochar samples can be explained by BET surface area measurements detailed in Table 3.3.
   
Table 3.3. BET surface area of pine and hemp-derived hydrothermal carbonization hydrochar. 
	Sample
	BET Surface Area (m2/g)

	Pine-HTC
	29.7968

	Hemp-HTC
	1.1589



Based on surface area measurements, it was expected that pine-HTC would be more effective at PFAS remediation compared to hemp-HTC. Overall, this trend was observed. However, given the stark difference in surface area measurements, it was expected that the percentages of PFAS remediated would be higher than observed. Additionally, compared with other studies using biochar, the PFAS filtration of the HTC hydrochar used in this study underperformed that reported in other related work. For example, Afrooz et al. 2025 reported up to 92% PFOA removal using biochar activated using H3PO4 to enhance the surface area and porosity (Afrooz et al., 2025). However, the experimental method used to adsorb PFAS allowed contact between the adsorbent and the PFAS solution for 10 hours per experiment. Surface area measurements for H3PO4 and ZnCl2-treated biochar were substantially higher (1067 and 982 m2/g, respectively) than both hemp and pine-derived HTC hydrochar (Afrooz et al., 2025). Therefore, superior PFAS adsorption performance would be expected with a higher surface area and greater contact time with the adsorbents used in the trials. Surface area and porosity are reportedly higher in activated biochar than in HTC hydrochar; therefore, adsorption properties could be improved if activated biochar were used instead of HTC hydrochar (Aller, 2016). HTC hydrochar was still effective at PFAS remediation, given the difference between R3P1 hemp sheet results and each hydrochar sample.
A final filter was constructed to remediate as much PFAS as possible using this specific filtration method. This filter was constructed using R3P1 hemp pulp as scaffolding, pine-derived HTC biochar, and SCOBY. PFAS filtration results of this filter, the hemp pulp and SCOBY filter, the hemp pulp and pine-derived HTC hydrochar sample, and the R3P1 hemp sample are detailed in Figure 3.5.

Figure 3.5. Percentage of filtration for each R3P1 hemp sample. SCOBY, pine-derived hydrochar, and a combination of the best biomaterials at PFAS filtration, determined using previous results, were added to three of the samples, respectively, in the middle of the R3P1 hemp pulp scaffolding for each filter design. Results are based on the normalized weight of each PFAS analogue using a PFAS standard solution.

It was expected that this biomaterial filter, comprising hemp pulp, pine-derived HTC hydrochar, and SCOBY, would be the most successful at PFAS remediation. For PFOS and PFNA, this hypothesis was proven correct. However, this sample filtered a lower percentage of GenX, PFBS, PFHxS, and PFOA than the hemp pulp and SCOBY sample, an unexpected result given the addition of pine HTC hydrochar, which theoretically should have increased adsorption capacity in this sample. Additionally, the R3P1 hemp sheet was more effective at GenX removal than the biomaterial combination filter, an unexpected result. Overall, however, this final filter design was effective at removing long-chain PFAS and semi-effective at removing short-chain PFAS.
When comparing the second PFAS filtration trial to a filter constructed with GAC, results indicate that these filters can potentially be competitive with traditional filtration devices for PFAS filtration. The GAC filter was adept at filtering long-chain PFAS (PFOA, PFOS, and PFNA) but less effective at filtering short-chain PFAS, consistent with the literature (Ateia et al., 2019; Kucharzyk et al., 2017; McCleaf et al., 2017). Filters constructed with SCOBY, pine-derived HTC hydrochar, and the combination filter designed with both SCOBY, hemp pulp, and pine-derived HTC hydrochar displayed equal or better results at filtering both long and short-chain PFAS compounds compared to the GAC filter. In addition, less hydrochar (0.5-1 g) was used compared to GAC (3 g). However, hemp filters, which were determined to be successful PFAS filtration materials, were used as scaffolding to support the second round of constructed filters. In contrast, the GAC filter used coffee filters, which proved ineffective for PFAS remediation in the first filtration trial. Therefore, the individual components used in the filter designs could not be directly compared, and the synergistic effects of the biomaterials may have enabled additional PFAS removal.






CHAPTER 4
Summary and Future Work
4.1.  Summary of Major Findings
This work is a starting point for the future potential of biomaterials to remediate PFAS analogues using a single-use filter design. Precursor work was conducted to test PFAS levels in Rocky Branch Creek at two locations on the campus of North Carolina State University and to assess whether a hemp pulp sample and a SCOBY sample could remediate PFAS from environmental grab samples. It was determined that SCOBY successfully remediated PFAS in these samples, apart from two anomalous results, but hemp pulp samples had higher PFAS concentrations than unfiltered environmental samples. Therefore, further testing to assess the effectiveness of a more traditional biomaterial in combination with HTC hydrochar. For these purposes, HTC hydrochar was produced from hemp and pine feedstocks under the same conditions. Three rounds of PFAS filtration testing were conducted. Firstly, samples of hemp with high-lignin and low HexA content, and low-lignin and high HexA content, were prepared to assess which factors in the hemp pulp influence PFAS filtration, if any. The R3P1 sample, being more effective at PFAS remediation, was compared with two control filters: one made with 3 g of GAC and one made with coffee filter paper in a second round of tests. GAC was unsurprisingly effective at removing long-chain PFAS compounds. The high-lignin, low HexA sample was most effective at removing short-chain PFAS, particularly GenX, which was an unexpected result that warrants further experimentation. Both the coffee filters and the low-lignin, high HexA hemp pulp sample were ineffective at PFAS remediation. For a third round of studies, the high-lignin, low-HexA hemp pulp, which successfully remediated a portion of the PFAS in the standard sample, was combined with SCOBY, hemp HTC hydrochar, pine HTC hydrochar, and a combination of pine HTC hydrochar and SCOBY. These samples remediated a percentage of each PFAS compound analyzed, with the SCOBY and combination sample being the most successful at remediating select PFAS compounds. Pine HTC hydrochar yielded a higher overall PFAS filtration percentage compared with hemp HTC hydrochar, which was hypothesized to be due to pine-derived HTC hydrochar exhibiting a higher surface area than hemp-derived HTC hydrochar. These works provide initial data for future work to assess biomaterial effectiveness at PFAS remediation. 
4.2.  Future Work and Improvements to the Present Work
To confirm the PFAS filterability of these biomaterial samples, additional tests would be needed to replicate the results reported in this work. Duplicate or triplicate tests would be required to definitively confirm the trends assessed. Additionally, for these results to be quantitative, PFAS standards need to be below the upper limit of linearity (ULOL). LC-MS readings at concentrations above the ULOL could be erroneous. To compare these results, an unfiltered standard solution with known concentrations of each PFAS analyte was used to normalize them. However, this method cannot be quantitative because it assumes that each PFAS compound in the standard solution has a precise, predetermined value based on the theorized initial concentration. In future experiments utilizing biomaterial filters, the PFAS standard would need to be at much lower concentrations. Potentially, environmental grab samples would work better for these purposes, given the lower overall concentrations present in the environmental samples. PFAS filtration was conducted under vacuum, with the solution passing through the filter design once. However, adsorption is time-dependent, and for the system to reach equilibrium, additional time for the adsorbent material and PFAS to be in contact may be necessary to achieve higher PFAS removal. Similarly, more of each biomaterial could be used to enhance each filter design, and additional testing could determine the optimal amount of each biomaterial to achieve maximum PFAS removal. With further testing that accounts for these factors, more definitive conclusions about appropriate biomaterial filter designs can be drawn. Future considerations for the commercialization of filters similar to the filters constructed in this study include end-of-life scenarios for removing PFAS before the filters are sent to a landfill. This consideration may be challenging because users can easily landfill any filters after PFAS filtration, but innovative solutions will need to be developed to address this concern. Finally, many additional biomaterials were not examined during this study. As more innovative research into the development of biomaterials continues, their use in PFAS filtration can be compared with that in the present study.
4.3.  Conclusions
PFAS, or ‘forever chemicals’, have become a global concern due to their persistence in the environment and their adverse effects on human health. Several destructive and filtration techniques exist to remediate PFAS from aqueous environments; however, these methods are both expensive and have been performed primarily on the laboratory scale. Biomaterials, or materials derived from or produced by biological organisms, are a potentially cheaper and more sustainable solution for PFAS remediation. While larger filtration systems may be needed to remove PFAS for large-scale infrastructure projects, such as wastewater treatment plants, single-use filters akin to coffee filters that can remove PFAS are an intriguing idea for protecting human health. To this end, the present study investigated filters constructed from hemp pulp, HTC hydrochar, and SCOBY, and compared them with a traditional GAC filter design and store-brand coffee filters to assess their potential for PFAS remediation. Results indicate that hemp with high-lignin and low HexA content was effective at removing a portion of each of the six PFAS analogues studied. When this hemp pulp sample was combined with SCOBY, pine, and hemp-derived hydrochar, further PFAS removal was observed. From this study, SCOBY filtered the highest percentage of PFAS, followed by pine-derived hydrochar. Future studies should confirm these results with duplicate or triplicate measurements; PFAS concentrations should not exceed the LC-MS system's ULOL for PFAS analysis; and additional measurements of the amount of each biomaterial and the time the filtrate comes into contact with each adsorbent should be undertaken.
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Percentage of Filtration for Selected Hemp Pulp Filter Samples

PFOA	R1P2 Hemp Sheet (3 layers)	R3P1 Hemp Sheet (3 layers)	0	5.73	PFOS	R1P2 Hemp Sheet (3 layers)	R3P1 Hemp Sheet (3 layers)	10.210000000000001	17.43	PFNA	R1P2 Hemp Sheet (3 layers)	R3P1 Hemp Sheet (3 layers)	0.06	20.72	PFHxS	R1P2 Hemp Sheet (3 layers)	R3P1 Hemp Sheet (3 layers)	0	7.32	PFBS	R1P2 Hemp Sheet (3 layers)	R3P1 Hemp Sheet (3 layers)	0	12.93	GenX	R1P2 Hemp Sheet (3 layers)	R3P1 Hemp Sheet (3 layers)	10.32	32.82	
% Change from Initial PFAS Standard Concentration




Percentage of Filtration for Selected Hemp Pulp Filter Samples

PFOA	R3P1 Hemp Sheet (3 layers)	Coffee Filter + 3 g GAC + Coffee Filter	Coffee Filter (~20 layers)	5.73	19.72	1.01	PFOS	R3P1 Hemp Sheet (3 layers)	Coffee Filter + 3 g GAC + Coffee Filter	Coffee Filter (~20 layers)	17.43	28.66	5.3	PFNA	R3P1 Hemp Sheet (3 layers)	Coffee Filter + 3 g GAC + Coffee Filter	Coffee Filter (~20 layers)	20.72	11.66	0.35	PFHxS	R3P1 Hemp Sheet (3 layers)	Coffee Filter + 3 g GAC + Coffee Filter	Coffee Filter (~20 layers)	7.32	8.6	0	PFBS	R3P1 Hemp Sheet (3 layers)	Coffee Filter + 3 g GAC + Coffee Filter	Coffee Filter (~20 layers)	12.93	0	0	GenX	R3P1 Hemp Sheet (3 layers)	Coffee Filter + 3 g GAC + Coffee Filter	Coffee Filter (~20 layers)	32.82	14.12	10.32	
% Change from Initial PFAS Standard Concentration




Percentage of Filtration Compared to PFAS Standard Solution for Hydrochar, SCOBY, and Superior Hemp Samples

PFOA	Hemp + SCOBY + Hemp	Hemp + 0.5g Pine-derived hydrochar + Hemp	Hemp + 0.5g Hemp-derived hydrochar + Hemp	R3P1 Hemp Sheet (3 layers)	30.700344829953146	17.492064028023222	15.796431433055428	5.73	PFOS	Hemp + SCOBY + Hemp	Hemp + 0.5g Pine-derived hydrochar + Hemp	Hemp + 0.5g Hemp-derived hydrochar + Hemp	R3P1 Hemp Sheet (3 layers)	35.49242387595811	35.702366529428396	25.153178850064272	17.43	PFNA	Hemp + SCOBY + Hemp	Hemp + 0.5g Pine-derived hydrochar + Hemp	Hemp + 0.5g Hemp-derived hydrochar + Hemp	R3P1 Hemp Sheet (3 layers)	32.834712487380614	28.9964124132776	18.805965258293135	11.66	PFHxS	Hemp + SCOBY + Hemp	Hemp + 0.5g Pine-derived hydrochar + Hemp	Hemp + 0.5g Hemp-derived hydrochar + Hemp	R3P1 Hemp Sheet (3 layers)	31.165020570990965	23.347428425200075	18.972196728185494	7.32	PFBS	Hemp + SCOBY + Hemp	Hemp + 0.5g Pine-derived hydrochar + Hemp	Hemp + 0.5g Hemp-derived hydrochar + Hemp	R3P1 Hemp Sheet (3 layers)	34.093073872555387	18.561015172429336	16.473660761981591	12.93	GenX	Hemp + SCOBY + Hemp	Hemp + 0.5g Pine-derived hydrochar + Hemp	Hemp + 0.5g Hemp-derived hydrochar + Hemp	R3P1 Hemp Sheet (3 layers)	28.739316220937503	12.721747482823872	11.568352330126096	32.82	
% Change from Initial PFAS Standard Concentration




Percentage of Filtration Compared to PFAS Standard Solution for Pine Hydrochar, SCOBY, the Combination Filter, and Superior Hemp Samples

PFOA	Hemp + SCOBY + Hemp	Hemp + 0.5g Pine-derived hydrochar + Hemp	Hemp + 0.5g Pine-derived hydrochar + SCOBY + 0.5g Pine-derived hydrochar + Hemp	R3P1 Hemp Sheet (3 layers)	30.700344829953146	17.492064028023222	19.360524260124997	5.73	PFOS	Hemp + SCOBY + Hemp	Hemp + 0.5g Pine-derived hydrochar + Hemp	Hemp + 0.5g Pine-derived hydrochar + SCOBY + 0.5g Pine-derived hydrochar + Hemp	R3P1 Hemp Sheet (3 layers)	35.49242387595811	35.702366529428396	45.906593255505364	17.43	PFNA	Hemp + SCOBY + Hemp	Hemp + 0.5g Pine-derived hydrochar + Hemp	Hemp + 0.5g Pine-derived hydrochar + SCOBY + 0.5g Pine-derived hydrochar + Hemp	R3P1 Hemp Sheet (3 layers)	32.834712487380614	28.9964124132776	37.865756833531869	11.66	PFHxS	Hemp + SCOBY + Hemp	Hemp + 0.5g Pine-derived hydrochar + Hemp	Hemp + 0.5g Pine-derived hydrochar + SCOBY + 0.5g Pine-derived hydrochar + Hemp	R3P1 Hemp Sheet (3 layers)	31.165020570990965	23.347428425200075	28.547384479383364	7.32	PFBS	Hemp + SCOBY + Hemp	Hemp + 0.5g Pine-derived hydrochar + Hemp	Hemp + 0.5g Pine-derived hydrochar + SCOBY + 0.5g Pine-derived hydrochar + Hemp	R3P1 Hemp Sheet (3 layers)	34.093073872555387	18.561015172429336	24.395149644140218	12.93	GenX	Hemp + SCOBY + Hemp	Hemp + 0.5g Pine-derived hydrochar + Hemp	Hemp + 0.5g Pine-derived hydrochar + SCOBY + 0.5g Pine-derived hydrochar + Hemp	R3P1 Hemp Sheet (3 layers)	28.739316220937503	12.721747482823872	12.659142389890549	32.82	
% Change from Initial PFAS Standard Concentration
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