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Editor’s Note: For 2021, NASF-AESF Foundation Research Board has selected a project on addressing the problem of PFAS
and related chemicals in plating wastewater streams. This report covers the seventh quarter of work (July-September 2022).

Introduction

This project started in January 2021 with the goal of developing applicable electrochemical approaches to remove per- and
polyfluoroalkyl substances (PFASS) present in plating wastewaters, including electrooxidation (EO) and electrocoagulation (EC).
This project includes three research tasks that are designed to investigate EC, EO and EC-EQ treatment train, respectively,
designed to probe three hypotheses specified follows:

1) EC generates amorphous metal hydroxide flocs that can effectively adsorb PFASs in plating wastewater, which,

through an appropriate treatment, can release PFASSs into a concentrated solution.

2) EO enabled by a Magnéli phase TisO7 anode can be used to effectively destruct PFASs in plating wastewater.

3) The electrochemical treatment train comprised of EC and EO by TisO7 anode can remove and degrade PFASS in

plating wastewater more efficiently than either process operated individually.

Our previous report describes the results from experiments of EO with a Magnéli phase Ti4O7 anode on the degradation of eight
perfluoroalkyl acids (PFAAS), including perfluorobutanoic acid (PFBA), perfluopentanoic acid (PFPeA), perfluorohexanoic acid
(PFHxA), perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorobutanesulfonic acid (PFBS),
perfluorohexanesulfonic acid (PFHxS) and perfluorooctanesulfonic acid (PFOS). Here in this report, we describe a work to
further explore how the degradation of different PFAAs are related to their molecular structures.

Experimental

In this work, a suite of molecular descriptors was calculated based on quantum mechanical computation. Then, the relationships
between the rate constants of PFAA degradation and the molecular descriptors were explored in this study. Measurement of the
PFAA degradation rate constants was described in our last report, and the EO was conducted in solutions each containing an
individual PFAA at the current density of 5 mA/cm2. Quantum computation was performed using Gaussian 09 based on the
density functional theory (DFT) at B3LYP/6-311G** level. The molecular geometry was optimized, and vibrational frequencies
were computed for each PFAA, based on which a suite of molecular descriptors were calculated, including the frontier electron
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densities (FEDs) of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), the
energy level of HOMO (EHOMO) and LUMO (ELUMO) and their gap (ELUMO-EHOMO), and molecular polarizabilities.

Results and discussion

The degradation rates of the eight PFAAs by EO were found to be very different in the study described in our last report. The
relationships between the rate constants of PFAA degradation normalized to the effective electroactive surface area (EEAA) and
the molecular descriptors were explored. It has been proposed that the combination of direct electron transfer and hydroxyl
radical attack plays a major role in the electro-oxidative degradation of PFAA.! Therefore, certain molecular and electrical
distribution properties of the PFAAs relating to their reactivity with hydroxyl radicals and electron transfer have been examined.

Frontier molecular orbital energies often play an important role in determining reactivity of organic chemicals.2 Energy of the
highest occupied molecular orbital (Enemo) and the lowest unoccupied molecular orbital (Ewmo) represents the ability of a molecule
to donate or gain an electron respectively, and the gap between them imply the stability of the molecule in terms of redox
reactivity.34 In this study, greater ELumo-Exomo gaps were seen for shorter chained PFAAS ranging from 0.244 hartrees for PFBA
to 0.155 hartrees for PFOA. It thus makes sense that we have seen a negative correlation between the ELumo-Exomo gap and
the log ksa (Fig. 1A). Indeed, these values form a cohesive negative linear trend through each of the functional groups (PFSAs
vs. PFCAs) when plotted log ksa against the ELumo-Eromo gap. The energy gap however, does not capture the rate constant
trend between the functional groups, although this is not surprising, given the large difference that functional groups can make on
molecular properties.
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Figure 1 - Relationship between the logarithm of the surface area normalized rate constants and (A) ELumo-Exomo gap and (B)

molecular polarizability.

Another molecular descriptor of interest, molecular polarizability, indicates the electronic flexibility of each molecule, thus in
connection to the tendency of oxidative reactivity as well as direct electron transfer on the anode.5 When plotted against the
PFAA degradation rate constants (Fig. 1B), the molecular polarizability has a nice positive correlation across both functional
groups, serving as a good indicator for the reactivity of PFAAs. This suggests that direct electron transfer may be the rate-
limiting step in PFAA degradation in TSO-based electro-oxidation systems, although the hydroxyl radicals generated via water
oxidation may also play a role in concert.!
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