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Per- and Polyfluoroalkyl Substances (PFAS)
• Anthropogenic fluorinated organic compounds commercially 

used in many industries since 1940’s 

• Persistent, bio-accumulative and ubiquitous in environment

• Complex toxicity profile including endocrine disruption, 
immunotoxicity, developmental disorder

• Despite restriction for production in western countries, 
>8000 PFASs are prevalent in present global market

• C-F bond is very strong and difficult for breakdown



Per- and Polyfluoroalkyl Substances (PFAS)

>200 Billion Capital Cost



PFAS Treatment: Current Approaches & Future Considerations
• Separation vs Destruction is an issue; Consideration of cost vs efficacy

• Improvement of efficiency and developing advanced materials



Perspective of Nano-Scale: 1 nm = 10-9 m
Nanotechnology: Material Manipulation in Nano-Scale

Carbonaceous

Fullerene
0-D Carbon

Nanotube
1-D

Graphene
2-D

Metallic: Iron, Gold, Silver, TiO2, ZnO, 
MoS2, Quantum Dots (CdSe), Pt

Organic

Liposome Dendrimers Polymeric Nanoparticle

Nanomaterials: At least one-dimension is within 1-100 nm



Advantage?
Nanoscale Properties are Remarkably Different than Bulk Properties

Properties change with Size, Shape, Surface Chemistry

Nano Gold: Catalytic
Bulk Gold: Inert
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Nanohybrids: Definition & Types
• Conjugate multiple nanoscale materials of unique chemical origin

• Unique property manifestation – Different from Parent Materials
• Enhanced- or Multi-functionality – Purpose

Aich et al. Environ Chem 2014;  Saleh and Aich et al. ES:Nano 2015, Nanomaterials 2015; 
Wang and Aich et al. ES&T 2019.



Graphene for Metal (Fe) Nanoparticle Support
• Fe NP is the most used engineered nanomaterial for soil and

groundwater remediation

• Nano zero valent iron (nZVI) is the most used form

• Applied to 77 pilot & field scale sites worldwide

• Industrial waste water and drinking water treatment

Aich et al. Sanford Publishing, 2018

1-D carbon nanotube (CNT) and 2-D reduced graphene

oxide (rGO) are good solid supports

• Large accessible specific surface area

• High electron mobility

• Mechanical durability

• High contaminant adsorption

Fe NPs agglomerate due to van der Waals and magnetic

attraction forces, decreasing reactivity and adsorption

Fe NP
nZVi



Graphene for Metal (Fe) Nanoparticle Support
• Fe NP is the most used engineered nanomaterial for soil and

groundwater remediation

• Nano zero valent iron (nZVI) is the most used form

• Applied to 77 pilot & field scale sites worldwide

• Industrial waste water and drinking water treatment

Aich et al. Sanford Publishing, 2018

1-D carbon nanotube (CNT) and 2-D reduced graphene

oxide (rGO) are good solid supports

• Large accessible specific surface area

• High electron mobility

• Mechanical durability

• High contaminant adsorption

Fe NPs agglomerate due to van der Waals and magnetic

attraction forces, decreasing reactivity and adsorption

Fe NP
nZVi



PFAS Treatment by rGO-nZVI Nanohybrids (NHs)
Use reduced graphene oxide-nanoscale zero-valent iron nanohybrid (rGO-nZVI NH) to   

• Treat PFASs with different head groups and chain-length

• At environmentally relevant concentration (sub-ppm)

• Exploiting both adsorption and advanced oxidation process (AOP)
• Determine if any degradation is happening

PFAS



PFAS Treatment by rGO-nZVI NH
Masud et al. Journal of Hazardous Materials Letters, 2021

(d) rGO-nZVI

(a) nZVI (b) GO

(c) rGO-nZVI Scheme



PFAS Treatment by rGO-nZVI NH: Effect of Hybridization & PFAS structure
• Long chain PFAS (PFOS and PFOA) are removed more than short chain ones (PFPeA and 

PFPeS): Hydrophobicity (logkow) dictated the removal efficiency

• rGO-nZVI NHs remove PFAS faster than rGO and nZVI

• AOP removes PFAS better and faster than adsorption
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PFAS Treatment by rGO-nZVI NH: Evidence of PFAS Degradation

F- -CH2, COO-

C

F

Fe

O
H

ROS mediated 
H/F exchange

Is PFAS Degradation Happening?
• PFHxA, PFHpA, PFHxS, PFHpS, PFBS identified

• Non-target analyses using LC-HRMS identified two unique PFAS-Fe complexes than the tested PFASs

• C7H4O2F13Fe and C6H2OF13Fe 

Masud et al. Journal of Hazardous Materials Letters, 2021



PFAS Treatment by rGO-nZVI NH: More Questions
• Is this method suitable for wide range of water chemistry & PFAS?

• Can we understand their altered fate and transport? 

• Are these applicable for groundwater remediation or water/wastewater treatment?

• Fate of PFAS transformation products: bio-degradation or photocatalysis?



PFAS Treatment by rGO-nZVI NH: Water Chemistry Effects 
• Proof-of-concept study had fixed water chemistry

• pH=3, fixed PFAS conc. at 400 ppb, no salt or NOM

• But water chemistry changes along with oxidant and 
PFAS concentration can have a significant impacts

• Materials surface chemistry
• Reactivity of chemical species n water
• Speciation of PFAS and other compounds

Ali et al. Journal of Hazardous Materials, 2024



PFAS Treatment by rGO-nZVI NH: pH Change
• PFOA/PFOS removal decreased with increasing pH

• Optimal pH for Fenton reaction is 3

• At higher pH Fe2+ from Fe0 is compromised

• Surface charge (zeta potential) becomes negative with increased pH



PFAS Treatment by rGO-nZVI NH: Water Chemistry Effects 
• PFAS & H2O2 concentration, pH, and NOM 

had the major effects

• Ionic strength (salt amount) had less effects

• Optimization for different water systems will 
require these considerations

Ali et al. Journal of Hazardous Materials, 2024



Nanomaterials for Photocatalysis: PFAS Removal
• Semiconductor nanomaterials generate reactive oxygen species under UV-Vis Irradiation (Sunlight)

• rGO-TiO2 can be used for the photocatalysis



Nanocomposite Membranes for PFAS Separation and Destruction

Mehrabi et al., Chemical Engineering Journal, 2021 & ., J Environmental Chemical Engineering, 2023

• Functionalizing graphene-metal nanocomposite membranes with green solvents to achieve 

superior membrane performance – high water flux and selectivity

• Control surface chemistry and interlayer spacing

• Selectivity for different PFAS

(e)

Polymeric Membrane Layer
beneath the Nanocomposite

Graphene-Metal
Nanocomposite Membrane

PFAS Retention on 
Nanocomposite Membrane



3D Printed Nanomaterials for PFAS Filters

PFAS



The SMARTER Future
Convergence of Nanotechnology, Sustainability, Additive/Advanced 

Manufacturing, and Data Science

Nanotechnology 
for Water Quality 

Engineering
(Advanced 
Functional 
Materials)

Sustainability 
(Safer design, 

Life cycle 
impact)

Data Driven 
Design 

(Accelerating 
material 

discovery)

Advanced 
Manufacturing 

(Modular 
design, Scale 

up)

Industry/Utility Partners
Communities & Stakeholders
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