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SUMMARY

Degradation of refractory pollutants and reduction of degradation costs are two
essential directions in wastewater treatment. EAOPs is a technology that has been
developed in recent years and can meet these two requirements well under most conditions.
EAOPs generate hydroxyl radicals (HO-) at the anode that oxidize almost all organic
contaminants to CO2 and H20, and they also produce H" and electrons (from the organics
in the WW) that migrate to the cathode. Electrochemical oxidation is regarded as extremely
effective for chemical oxygen demand (COD) reduction, particularly for removing
emerging pollutants resistant to traditional oxidation processes. For example, in recent
years, perfluorinated chemicals have become a major environmental issue. The
development of highly efficient and green PFAS wastewater treatment technology is
necessary. Electrochemical degradation may destroy PFACs well if the proper anode

material is developed.

Fluorinated compounds are widely applied in the semiconductor, polymer, and
energy industries. Among them, polyfluoroalkyl Substances (PFAS) and their salts have
been the primary concerns because they bioaccumulated in the food chain and are
exceptionally resistant to typical degradation processes. The traditional activated sludge
process is not effective enough in removing PFACs. The hole on the anode's surface and
the hydroxyl radical produced by the anode are universal to all organic compounds; hence,
they cannot selectively remove PFACSs. Therefore, liquid-liquid extraction of PFOA is

studied by using ionic liquid (IL) and octanol as extractants.

Xviii



The development of EAOPs focuses on advancing the understanding of the
electrochemical oxidation systems and developing EAOPs as a more commercially
applicable technology. The efforts include: First, developing a novel electrochemical
system that can significantly lower the energy consumption by collecting the cathode
hydrogen energy; second, investigating multiple layer flow through anode for the enhanced
mass transfer process to increase the overall oxidation efficiency; and third, develop novel
anode materials that consider both the oxygen evolution potential and high conductivity
with high radical generation rate; To be specific, a novel EAOP-fuel cell energy recovery
system is developed with the integration of anode chamber and cathode hydrogen
separation chamber with proton exchange membranes. The mass transfer impact is
quantitatively investigated regarding the hydrodynamic parameters. A mathematical model
associated with electrochemical oxidation kinetics and mass transfer impact is established
and validated with experimental data. Novel inactive flow through anode materials is
fabricated. These anodes include porous TiO2 NTAs with Mn203 anode. TiO2-based SnO2-

Sb and T140O7 wire mesh anode.

The development of liquid-liquid extraction (LLE) of PFACs focuses on advancing
the understanding of the LLE mechanisms and discovering the extractant for high PFOA
and PFOS extraction efficiency. The efforts include: First, understanding the effect of
standard variables on extraction efficiency: extraction time, pH, temperature, etc, and
second, screening the ionic liquids (ILs) for PFACs extraction. To be specific, Quaternary
ammonium surfactant hexadecyl trimethyl ammonium bromide (CTAB) shows the effect
of PFOA extraction. Therefore, ILs containing the quaternary ammonium function group

are studied for improved PFOA extraction efficiency. The extraction mechanism is

X1X



proposed based on the experiment results. It is also proved by MD (molecular dynamic)
and density functional theory (DFT); 1763 ILs for PFACs extraction from water were
systematically screened using the COSMOtherm to estimate the infinite dilution activity

coefficient (Iny™) of PFOA and PFOS in water and ILs.

XX



CHAPTER 1. INTRODUCTION

The increase of water contamination by organic compounds resulting from numerous
industrial, agricultural, and urban human activities is one of the most significant global issues
at present. The large majority of these chemicals are persistent organic pollutants due to their
resistance to standard treatments such as coagulation, biological oxidation, adsorption, ion
exchange, and chemical oxidation. As a result, they have been discovered in rivers, lakes, seas,
and even drinking water around the globe. This poses a significant environmental health risk
because of their toxicity and possible hazardous health consequences on living creatures,

including humans.[1-3]

In the past 70 years, biological Wastewater Treatment has been the mainstream of
Industrial Wastewater Treatment. In the Oil Refining and petrochemical industry, a wide
variety of hydrocarbon species and large quantities of free Oil significantly increase the
organics loading. Due to a large number of resistant and inhibitory molecules present in the
wastewater influent of these two industries, many consider that these two industrial
wastewaters are the most challenging to treat in terms of dependable and constant biological
treatment efficiency. Consequently, particularly in these two industries, Activated Sludge is
the configuration of choice for Biological Treatment due to its adaptability for process
management and capacity to implement more precise Bioreactor control in the face of influent
concentration variability. During the past five years, a number of AOP technologies have been
pilot-tested for refinery and petrochemical wastewater applications at the central WWTP and

for Upstream Pretreatment, the majority of which featured Ozone as an AOP design

1



component. The expense of ozone was expensive because of the high temperature of these
wastewater streams, which rendered the majority of these initiatives unsuccessful. Few
successes were reported in streams that had either applied a cooling mechanism or allowed
some time to pass prior to treatment, allowing ambient cooling to occur. In these applications,
Fenton's Reagent has generated outstanding pollutant reduction results, but its Operating Cost

(OPEX) has been unacceptably high compared to biological treatment.

EAQPs are new and environmental-friendly techniques that can oxidize toxic organic
compounds by producing Hydroxyl radical (HO*). Hydroxyl radical is a very potent
electrophile capable of oxidizing most electron-rich organic compounds into water, carbon
dioxide, and mineral acids. The benefits of EAOPs are: 1) they can generate sufficient HO
concentration that effectively oxidizes organic compounds, 2) they have reasonably high
energy efficiency, and 3) they do not need any additional chemicals. Common AOPs include
03/H202, UV/H202, UV/Ti02, Fenton, and photo-Fenton.[4, 5] However, most rely on adding
chemical oxidants or UV light to activate them. This increases the cost dramatically and can
consume large amounts of energy transfer. Compared to the above two methods, EAOPs
have a few advantages, including 1. Low OPEX. The main OPEX expense for EAOPs is
power. 2. Low maintenance cost. EAOP just necessitates the occasional cleaning of
electrodes. 3. a small reservoir. EAOP has a substantially shorter hydraulic retention time
(HRT) than biological treatment for practically complete oxidation of pollutants (and
oxidizes high COD wastewaters). 4. High dependability. EAOP is extremely user-friendly
since it contains just three process variables, which makes process control considerably

simpler and results in significantly less downtime. 5. Excellent controllability the
2



stoichiometric connection between power consumption and pollutant removal in EAOP is
almost linear. 6. Temperature tolerance. EAOP has a significantly wider temperature
tolerance range. It can treat wastewaters up to 200 degrees Fahrenheit. 7. No residuals. EAOP
treatment produces just effluent water, and there are no disposal or residual treatment needs.
The thesis's primary focus is on the improve the overall energy efficiency of the EAOPs
system. Although the production of radicals and the high oxygen evolution potential is a
fundamental aspect of EAOPs, the operation voltage of EAOPs is also essential considering
the energy consumption to drive the same current density. Secondly, the mass transfer
process is also crucial during the process of organic destruction. Therefore, flow through
anode is fabricated and studied. However, given the pressure drop based on the flow rate, the
cost of the anode fabrication, the effective surface area given the touristy of the anode, and
the maintenance of the anode, multiple layer wire mesh anode is proposed for highly efficient
mass transfer for industrial application. To be noticed, the cathode side is rarely discussed in
the EAOP process. The proposed EAOP-fuel cell system is the work to fill in the blank of the

cathode area.

Though EAOPs have excellent potential in the wastewater field. Its universal
oxidation capability may lead to a low oxidation efficiency for specific compounds.
Polyfluoroalkyl Substances (PFAS) and their salts have been the primary concern due to their
bioaccumulation and resistance to normal degradation. It is challenging to break down PFOA
since the carbon-fluorine bond energy (116 kcal/mol) is the strongest single bond in organic
chemistry.[6] Due to the oleophobic nature of PFACs, the (Kow) of PFOS was determined to

be -0.18 (log (56 mg/L in n-octanol / 680 mg/L in water), which implies we will have a low
3



extraction efficiency for PFOA. Therefore, the extractant is required in the organic phase for
liquid-liquid extraction. Ionic liquids (ILs) are used in our study. It is green solvents
composed of organic cations and organic or inorganic anions [7-9]. The countless
combinations of those cations and anions allow engineering of the ILs properties for LLE

purposes [10].

In this dissertation, three levels have been studied for EAOPs, from large to small. 1)
System level: energy recovery system and electric power mode; 2) Reactor level: flow-
through wire mesh anode 3) Electrode level: electrode material modification. Besides, the
degradation efficiency was also verified for persistent pollutants PFACs. For the difficult
degradation of PFACs and the high energy consumption, we performed liquid-liquid
extraction methods to remove the PFACs from water. To be specific, the contents are
introduced as follows. Chapter 2 proposes a novel EAOP-fuel cell energy recovery system,
and the system performance in varied conditions is summarized. Four widely known EAOP
anodes are studied with the system for practical purposes. In Chapter 3, flow through multiple
layer wire mesh anode is used in the novel EAOP-fuel cell energy recovery system. The
PFOA as a persistent pollutant is oxidized by the Ti4O7 wire mesh anode and TiO2
NTAs/SnO2-Sb20s3 electrode. This study offers some important insights into improving the
mass transfer by the design of electrode configuration. In Chapter 4, a novel anode material
Mn203-TiO2 NTAs is developed. The anode is tested by both electrochemical oxidation
experiments and advanced characterization methods. In Chapter 5, pulse potential EAOPs are
studied for optimal power efficiency. The work shows that in pulse potential mode, the off-

voltage needs to be controlled for improved performance, which is rarely discussed in
4



previous research. Chapter 6 shows the availability of liquid-liquid extraction methods for
PFOA removal from the aqueous phase. Chapter 7 uses the COSMO-RS to screen ILs for
PFOA and PFOS extraction. Chapter 8 summarizes findings in the dissertation and

recommends future research direction



CHAPTER 2. EAOP-FUEL CELL ENERGY RECOVERY SYSTEM

FOR HIGHLY EFFICIENT WASTEWATER TREATMENT

2.1 Abstract

Electrochemical oxidation uses anodic oxidation to create the hydroxyl radical for
organic removal. The counterpart cathode generates hydrogen gas. For most EAOPs reactors,
either it is an open vessel, or the hydrogen and oxygen are not separated, which does support
the hydrogen collection. Our EAOP-fuel cell energy recovery system consists of the PEM
reactor with a separate anode and cathode chamber, and the cathode chamber is connected to
the hydrogen fuel cell. The hydrogen fuel cell could run in both the hydrogen-air and hydrogen-
oxygen mode. To verify the system's availability under different conditions, oxidation
efficiency and system energy recovery ratio were calculated for different electrode materials,
salt concentrations, organic centration, etc. Four representative anodes include BDD, Ti/SnO2-
Sb, PbO2, and TiO2 NTAs/ SnO2-Sb tested at 3, 4, and 5 V to find the optimal system operating
condition. Compared with the theoretical energy recovery ratio of 35% in the hydrogen-oxygen
mode of the EAOP-fuel cell energy recovery system, our experiments show 22% energy saving
in the hydrogen-oxygen mode at 3 V with BDD as an anode. These results show that our

system can significantly reduce the energy consumption of the EAOP system in future use.

2.2 Introduction

In the electrochemical advanced oxidation process (EAOPs), the hydroxyl radicals

(HO-) are generated to oxidize organic contaminants to CO2 and H20.[2] Based on Equation



25, the redox potential of hydroxyl radical is 2.8 V vs. NHE, which is a strong oxidant for

organic oxidation.

OH +e~+H" = H,0 2.73vsNHE (1)

EAOP requires a high overpotential of oxygen to generate hydroxyl radicals. In cathode,
hydrogen as a clean and sustainable fuel is produced based on the redox potential, but it is
rarely discussed in the application of EAOPs. The role of fuel cells has long been
underestimated in the EAOP field for three main reasons: i) The difficulty in designing reactors
for hydrogen collection, and i1) The energy recovery ratio of fuel cells is not properly perceived.
ii1) some other cathode reduction processes: like oxygen to peroxide, the hydrated electron is
compatible with the EAOPs. H-cell with separate anode and cathode chambers is widely used
to collect hydrogen. However, the distance between the positive and negative electrodes is
large, and the operating efficiency is low given the high electrolyte resistance. Besides, the
electrolyte is needed in the cathode chamber. In long-term operation, the high pH base solution
in the cathode chamber must be neutralized by the acid solution. In our study, the EAOP reactor
(Figure 1) consists of two half cells separated by the PEM membrane, which can keep high
electric conductivity for the electrolysis and successfully separates and collects the hydrogen
gas. The reactor allows water to pass through the anode cells. Hydrogen gas is produced by the
proton crossing the membrane on the cathode side. The gas diffusion layer (GDL) on each side
helps in efficient current distribution and prevents the water and gas from being transported

through the PEM membrane. In terms of the energy recovery ratio, it is largely controlled by



inlet

Figure 1 — The sketch of the EAOP reactor for hydrogen seperation 1. Outer
protective case 2. Waterproof gasket 3. flow through or flow-by anode 4. Gas
diffusion layer (GDL) 5. Plastic frame 6. PEM membrane 7. hydrogen generation
cathode (stainless steel)

the operation voltage of the EAOPs system. The value of energy that can be recovered ideally
at 5V is only 8%. But in 3V, ideally, we can recover about 35% of the energy, which will be
very substantial. The detailed calculation is talked about later. Converting the oxygen to active
species (Oxygen reduction process) is also one solution to improve the EAOP's efficiency. The
possible cathode reduction reaction (Table 1) is listed below. So far, the hydrated electron is
recognized as the strongest reductant, which half redox potential around 2.3 V vs. NHE. [11]
The detection of the hydrated electron is reported in the (Advanced oxidation process) AOP
process, and also the photoemission from the solids.[12, 13] But its selectivity and production
efficiency are still limited, and its application in wastewater treatment is still in the early stage.
Based on the standard redox potential in table 1, oxygen reduction is one promising direction.
[14, 15]. the oxygen reduction to hydrogen peroxide is 0.695 V, but it is a two-electron transfer
step; catalytic is required for a fast reaction. For wastewater treatment applications, the mass

transfer of the oxygen to the cathode surface is a limiting process. In comparison, hydrogen



gas generation is the easiest and most controllable reaction. The cost of the cathode of hydrogen
generation is much cheaper and has a much longer service life without worry about the position

of the catalyst.

Table 1 — The standard redox potentials for the cathodic reaction [16]

02 + 2H++26__) H202 E0=O695V17$NHE

H,0, + e~ + H* > H,0 + OH - E, = 0.395V vs NHE

1 _
e+ HY = 2H, E, = 0V vs NHE

H,0 + e™ — egq Ey=—23Vvs NHE

This study proposes and tests the EAOP-fuel cell energy recovery system for improving
energy efficiency. Four electrodes widely used in the EAOP field are tested for the system.
Previously proposed electrode designs emphasized boosting the rate of hydroxyl radical
generation. This often necessitates the use of electrodes with wider bandgaps. The wide

bandgap semiconductor gets higher oxygen evolution potential (OER), reducing conductivity.

23 Experiment

2.3.1 Electrode and chemicals

BDD and PbO: electrode is purchased from Hunan Xinfeng Technology Co. Ltd. The
Ti/SnO2/Sb203 (DSA) is purchased from the Chentai electrode Co. Ltd. The TiO2 NTA with

SnO2/Sb20s3 are fabricated based on the previously published paper.[17]



The titanium mesh (100 mesh) was purchased from Northwest Institute for Non-ferrous
Metals Research (Xi'an, China). Benzoic acid (BA, 95%) was purchased from Aladdin
Biochemical Co., Ltd. (Shanghai, China). Ethylene glycol (EG), manganese (III)
acetylacetonate, isopropyl alcohol, and ammonium fluoride (NH4F) were obtained from
Macklin Biochemical Co., Ltd. (Shanghai, China). All solutions were prepared with deionized

water (Milli Q purification system, 18.2 MQ cm).

2.3.3 Electrochemical measurements

The Linear sweep voltammetry (LSV) was carried out on the CH I 660D
electrochemical workstation using a standard three-electrode configuration with a saturated
calomel electrode (SCE) as the reference electrode and platinum sheet as the counter electrode.
The anodic scan rate of the electrode was 10 mv/s. Electrochemical Impedance Spectroscopy

(EIS) was carried out on an electrochemical workstation (PARSTAT 3000A-DX). The

frequency range is 10 kHz to 1 Hz with 10 mV amplitude voltage at open circuit potential.

2.3.4 Experimental system

The EAOP-fuel cell energy recovery system is shown in Figure 2. The reservoir and
EAOP reactor are composed of a DCBR (Differential column batch reactor) system. The
produced Ho is supplied to the anode of the fuel cell. Air or pure oxygen is supplied to the

cathode chamber, and the deionized water will flow from the lower end. In the future, we will
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Figure 2 — The sketch of the EAOP - fuel cell energy recovery system

try to recover oxygen from water to reduce the dependence on pure oxygen and improve the

efficiency of fuel cells with air input.

2.3.5 Energy recovery ratio calculation

The energy efficiency of the EAOPs is calculated by electrical efficiency per log order
reduction (EE/O) based on Equation 2. The energy recovery ratio (nsys) of the EAOP-fuel cell
system (Equation 3) is governed by the efficiency of the cathodic hydrogen production process
by the EAOP reactor and the electric power generation efficiency of hydrogen fuel cells. This
two-step energy conversion process begins with DC power driving the EAOP reactor to
generate hydrogen, which is then transformed into electricity by the fuel cell. The primary
chemical equation of the process, Gibbs equation, and thermodynamic data are listed as
Equations 4, 5, and Table 2. [18]. 1.23 V is the reversible cell voltage for decomposing one

molar of water into hydrogen and oxygen for the hydrogen production step. [19] Therefore,
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Ny 18 reversible cell voltage divided by the real cell potential (Equation 6). For hydrogen fuel
cells, the useful energy output is the electrical energy produced, and the energy input is the
enthalpy of hydrogen, as shown in Figure 3.[20] Therefore, the energy efficiency of the fuel
cell is calculated as Equation 7. Assuming that all the Gibbs free energy can be converted into
electrical energy (the reaction is reversible), the maximum theoretical efficiency of a fuel cell

1s 83%.

EE/0 = U-1-t
V- log(%) 2)
i
Nsys = N2 *Nfuel (3)
1
Hy(g) + 502(9) - H,0(l) 4)

elec. heat

U is the voltage (V), I is the applied current (mA), t is the electrolysis time (h), and V is the
volume (cm?®). EE/O denotes the energy required for 90% compound oxidation, and if you

double or triple the power of BA destruction will be 99% and 99.9%, respectively.

Table 2 — Thermodynamic properties of water electrolysis in 298 K.

Quantity H>O H> 0.5 O2 Change

Enthalpy -285.83 kJ 0 0 AH =285.83 kJ

Entropy 69.91J/K  130.68J/K  0.5x205.14J/K TAS=48.7k]
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1.23V

MHz = 6

w2 = (6)
AG

Nmax = 1H = 83% (7

By substituting Equations 6 and 7 into Equation 3, the system's energy efficiency is determined
as Equation 8. As a result, for the maximum energy recovery efficiency of an EAOP-fuel cell

system, the operating voltage should be as low as feasible.

AH AG

Q = TAS AG < AH

Figure 3 — Energy inputs and outputs for a fuel cell as an energy conversion device

1.253V
T’ =
e Ucell

- 83% (8)

2.4 Results and discussion

2.4.1 The Introduction of four electrodes and their electrochemical property

13



We tested four commonly studied electrodes for EAOPs. They are PbO2, TiO2
NTAs/Sn02-Sb203, and Ti/SnO2-Sb. These electrodes exhibit significantly different OER
(oxygen evolution potential) in linear sweep voltammograms (LSV) (Figure 4). The onset
potential of PbO2, Ti/SnO2-Sb, BDD, and TiO2 NTAs/SnO2-Sb203 are 1.5V, 1.8 V, 2.2 V, and
3.1 V, respectively. Above the onset potential, the anodic current rises steeply due to O2
evolution. Therefore, the higher the overpotential, the higher the hydroxyl radical generation
efficiency of the electrode. The oxidation rate is controlled by both mass transfer and hydroxyl
radical generation rate of the anode. In theory, 2.8 V is required for hydroxyl radical generation.
However, considering extra voltage consumption, including anodic activation energy loss,
ohmic loss of electrolyte, and cathodic activation energy loss, for the EAOP-fuel cell system,

3V is applied as the lowest operation voltage.
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Figure 4 — The liner scan voltage (LSV) of the BDD, Ti/SnO2-Sb, PbO: and
TiO2 NTA SnO;-Sb with 1 ¢cm electrode spacing in 0.1 M Na,SQ4. Cathode: Pt
Reference Electrode; Ag/AgCl/ Ag/AgCl/saturated KCl

2.4.1.1 Boron doped diamond (BDD)

BDD is the most promising and widely studied electrode EAOPs for its extreme
stability and high hydroxyl radical generation rate.[2] It has a wide bandgap (Eg = 5.5 eV), so
its anodic oxidation potential is high, and due to its behavior as a non-active electrode, it
promises high quantities of hydroxyl radicals on its surface. [21] The stability of the BDD
anode is contributed to the C atoms being in sp3 hybridization. [22] The diamond is an insulator
transferred to a semiconductor by adding the boron as a dopant with an activation energy of

around 0.37 eV. The boron atoms substitute for carbon atoms in the diamond lattice, giving a
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p-type semiconductor, where the dopant consumes an extra electron for chemical bonding, thus
creating excess holes in the semiconductor.[23] It is worth mentioning that the level of boron
doping, morphology, crystallographic orientation, surface termination, and sp® carbon
impurities modify the electrochemical response and corrosion resistance of BDD

electrodes.[24]

2.4.1.2 Lead Oxide (PbO2)

PbO: electrode is famous for its low price and facility to obtain. The leakage of Pb** is
one of the main concerns of the lead oxide electrodes.[25] The preparation of a stable lead
dioxide layer by electrodeposition on an inert substrate has mitigated this drawback; Since
then, lead dioxide anodes have been widely applied in wastewater treatment[26]. Though PbO-
shows good electrocatalytic activity to produce the hydroxyl radical, the narrow bandgap of
the lead oxide (Eg = 1 eV) affects its radical generation efficiency compared with BDD and

Ti/SnOz electrodes. [27, 28]

2.4.1.3 Ti/SnO2-Sb (ATO)

Antimony-doped tin oxide (ATO) coated on titanium is one of the most intensively
studied Dimensionally Stable Anodes (DSAs) for wastewater treatment. [29] This anode
material is an inactive DSA-type of electrode material, so the oxygen evolution reaction can be
suppressed to allow the degradation of organic compounds by hydroxyl radicals. ATO is more
efficient in the oxidation of organics than other DSAs with noble metals. Compared with
traditional DSAs, such as RuO:2 (bandgap = 1.2 V) and IrO2 (metal), the SnO2’s bandgap

around 3.6 eV, which promises a higher oxygen overpotential reduces the energy consumption
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caused by oxygen evolution and also favors a greater current efficiency.[30-32] During the
process of electrocatalysis, a large number of hydroxyl radicals can be generated, which
significantly enhances the electrocatalytic efficiency of the Ti/SnO2-Sb electrode. Besides, the
doping of Bi, Sb, and other elements can greatly improve the conductivity and electrocatalytic
ability of SnO: electrodes. There are several advantages of ATO. ATO can be easily and
economically coated on a Ti substrate, making it into large areas for industrial applications.
Therefore, this material has received tremendous research interest. SnO2 confers a low
resistivity and good stability to electrodes, thus representing an excellent alternative for the

removal of organic compounds in wastewater

2.4.1.4 TiO2 NTAs/SnO2-Sb20s3

Growing TiO2 nanotubes from a Ti substrate has become a mature technique, and the
TiO2 nanotube anode favors hydroxyl radical production because it has a relatively large band
gap (AE = 3.2 eV). [33] The titanium dioxide nanoarray can provide enough specific surface
area, enabling the SnO:z layer to adhere to it better and prolong the actual lifetime of the
electrode. The SnO:2 layer with good conductivity can significantly improve the whole
electrode's conductivity and prolong the titanium dioxide nanotubes' lifetime. Although it has
not been studied yet, the oxygen defects inside the titanium dioxide nanotubes will gradually
decrease with the anodic reaction, leading to the loss of electrochemical activity of titanium
dioxide nanotubes. Also, the nanotube structure can lower the exciton recombination rate,

increasing the reaction rate of valence band holes with water. Consequently, we used TiO2
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nanotubes formed on a titanium mesh as the base material, and then it was coated with a

SnO2—Sb20s3 layer.

2.4.2 The BA oxidation with 4 anodes
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Figure 5 — Electrochemical oxidation of 20 ppm BA with different electrodes at various
potentials. (a) BDD (b) PbO: (¢) TiO2 NTAs/SnO:-Sb203 (d) Ti/SnO2-Sb. The
supporting electrolyte is 0 and 0.05 M Na>SO4 with a 20 ml/min flow rate.

The 20 ppm BA degradation experiments by BDD, PbO2, Ti/SnO2-Sb, and TiO2

NTAs/SnO2-Sb203 were tested under 3V,4V and 5V conditions for both 0 M and 0.05 M

Na2SO0s4 solution. For the 0 M condition, the proton exchange membrane conducts the H' from

anodes to the cathode while insulating the direct electrodes electrically. For 0.05 M Na2SO4
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solution, both the Na" and H" can transfer from anode to cathode. 0 M and 0.05 M solution is
used to compare two distinctive wastewater sources, which help understand the EAOP-fuel cell
energy recovery system's versatility in different electrolyte resistance (ohmic loss). Figure 5
tells the minimum voltage required for electrodes' effective oxidation. For the BDD electrode,
3V is the minimum voltage in both 0 and 0.05 M conditions, while for the PbO2 and TiO2
NTAs/SnO2-Sb203 electrodes, 4V is the minimum voltage in non-electrolyte conditions. For
Ti/SnO2-Sb electrode, 4V is the minimum voltage for electrooxidation. The mass transfer
limitation on the oxidation is evident with high applied voltage. The reaction rate of both BDD
and PbO:2 in the 5 V condition gets smaller after a 1-hour oxidation reaction. This is also
reflected in their EE/O value shown in Figure 6. Figure 6 shows the EE/O of the four electrodes

in 0 and 0.005 and 0.05 M conditions.

The PbO2's EE/O in 5V increases with increasing salt concentration, which indicates the
increased current density contributes to the electrolysis of water instead of organic oxidation.
Under various electrolyte concentrations, the optimal operating voltage for BDD is 4V. For
PbO2, 4V is also the optimal operating voltage with electrolyte. In non-electrolyte conditions,
5V is the optimal operation voltage for PbO:z. In contrast to BDD and PbO:, the optimal
operating voltage of both TiO2 NTAs/SnO2-Sb203 and Ti/SnO2-Sb is 5V. One reason their
optimal operation voltage is high is its high OEP and low electrode conductivity. In other
words, hydroxyl radical generation is the limiting step for both of them instead of mass transfer
limitation. Due to the high operation voltage's low theoretical energy recovery ratio, TiO2
NTAs/Sn0O2-Sb203 and Ti/SnO2-Sb are not considered for the EAOP-fuel cell energy recovery

system.
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2.4.3 The CE and the limiting current efficiency of EAOP-fuel cell energy recovery system

Different initial BA oxidation performance was then evaluated using BDD as the anode.
Table. 3 shows the COD removal percentage, current efficiency, and the EE/O of 20, 100, 200,
and 500 ppm BA. What is striking in this table is the lowest EE/O in 3V for different initial
BA concentrations that could help reach high energy savings of the EAOP-fuel cell energy
recovery system. The current efficiency (CE) is calculated based on the COD removal
percentage using Equation 9. In the 0.05 M Na2SOs4 electrolyte condition, the current density
remains almost constant with different initial BA concentrations. Therefore, the BA
concentration effects on the current density are excluded. The CE is examined based on the
applied voltage in the same current density condition. The CE increases as the initial BA rises
from 20 to 500 ppm. At 500 ppm, the CE reaches 100% under 3 and 4 V conditions. The 100%
CE refers to the that every electron comes from organic oxidation. It is believed to be in the
best operating condition. However, with the increased CE, the EE/O did not decrease. Though
the absolute COD reduction value is increasing, the COD removal percentage declines with the
high CE, indicating that the current density is the limiting factor in a high COD situation instead
of mass transfer limitation. Therefore, EE/O is increased due to an increment in initial

concentration.

_ FV(COD, — COD,)

CE
81t

)
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F is the Faraday constant; CODo and COD:x are the initial and final COD values after oxidation.

I is the current, and t is the time.

Table 3 — The Current efficiency of BA oxidation using the BDD electrode. The
supporting electrolyte is 0.05 M. The initial BA concentration is 20,100, 200, and 500
ppm, respectively

Initial BA Potential Current COD Removal Current EE/O
Density Efficiency
ppm mA/cm? % %
20 5 21 81 3 33
20 4 4 67 11 11
20 3 2 20 5 25
100 5 22 66 9 57
100 4 4 37 28 45
100 3 2 20 25 30
200 5 22 67 23 56
200 4 4 36 73 43
200 3 2 16 68 32
500 5 23 56 38 76
500 4 4 28 100 64
500 3 2 13 100 36
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Limiting current density (Zim, A/m?) (Equation 10) is a good indicator of the impact of
mass transfer on the oxidation process. When the applied current density (i, A/m?) is higher
than the limiting current density, the electrochemical oxidationis under mass transfer
limitation, resulting in low current efficiency. The limiting current density is proportional to
the COD value. It can be used to demonstrate more rigorously our previous statement that mass
transport is not a limiting factor in the case of high COD under 3 and 4V. The mass transfer
coefficient Ay is calculated by Equations 11, 12, and 13. The plot of the current efficiency and
the ratio between the applied current density lupp and lim demonstrates that the current
efficiency could increase with the decreased ratio between /41 and Lim. Moreover, in theory,
100 % current efficiency could be obtained when the I4p1 s equal to or smaller than the Lim. In
the experiment, when luppi/ Lim equals 1, the current efficiency of 3 V, 4 V, and 5 V condition
are 0.098, 0.2805, and 0.3642, respectively. When the current density is sufficiently less than
the limiting current density, 100 % CE is achieved. The CE under a1/ Iiim equals 1 condition
is a characteristic number that can be used to characterize the ease of mass transfer. With
increased applied potential, the characteristic number also increases. A larger value means that
100% CE can be achieved at a relatively larger current density. Therefore, the voltage may
have been a positive factor in the characteristic number. Because the BA as a weak acid
partially dissociates into its ions in an aqueous solution, the potential field will expedite the
mass transfer of the BA anion to the anode surface. The relationship between the character
number and voltage reported here appears to match the observed EE/O, that for BDD and PbO2
electrode the 4 V is the optimal operating condition for the initial 20 ppm BA condition. In that

conditions, the mass transfer has a more significant impact on the 3 V condition than the 4 V.
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4 is the number of moles of transferred electrons when one mole COD is oxidized; F is

Faraday’s constant (96485 C/mol).
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Figure 7 — The current efficiency vs the I./Lim for EAOP fuel cell system with
BDD anode under 3V, 4V and 5V.
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2.4.4 The energy recovery of the EAOP-fuel cell energy recovery system

Figure 8 shows the fuel cell polarization curve of the hydrogen produced by the 3, 4,
and 5 V EAOP reactor at 20° C. The polarization behavior was examined for Ha/air and H2/O2

modes. The peak power density for H2/O2 was 69 mW/cm?, and for Ha/air was 34

- .
1 =" ! ~

- 5
< N Ragl 60 €

] P [
~ 0.75 - N ot i ‘g
g - 1 ° 50 2

] -, [
"r_"u 1 ,/’/ [ ;

0 1 » - 40

> 0.50 - e =
= 1 ,’*_.-Q [ (-
] ,,,’/’ b -30 @
O ,,,,/ [ 0
[ **y [ =
3 0.25 - ¢’ -20 @
L ﬁ_.o [ g
; [ @)
] 2 —=— 3V_oxygen 4V _air 10 &

| ,ﬁ —— 3V_air S5V_oxygen

J 4V _oxygen 5V air i

0.00 T . T . T 0

0o 15 30 45 60 75 90 105 120
current density (mA/cm?)

Figure 8 —The energy recovery ratio of the EAOP-fuel cell system in 3, 4, and 5 V with
Hz-air or Hz2-oxygen mode

mW/cm?. The ideal fuel cell voltage is 1.2 V. In our experiment, the fuel cell output voltage
is around 0.8 to 0.9 V, which is a typical value for most experimental fuel cells. Due to ohmic
losses, the cell potential drops linearly with current density for moderate current densities.
The voltage drop due to ohmic losses is evident in the 4 and 5V modes, especially in the Ha-
oxygen mode. The hydrogen flow is small in 3V conditions, given the low current density for
hydrogen production. Therefore, there is no obvious ohmic losses plateau. Instead, similar to

the electrochemical oxidation process, mass transfer is the limiting factor when the supplied
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hydrogen is not enough for the fuel cell. Due to the mass transfer limitation, the IV
polarization curve drops quickly to 3 V in both H2-air and H2-oxygen mode. The power
density of the fuel cell is calculated based on the polarization curve. Moreover, the energy
recovery ratio of the EAOP-fuel cell system is shown in Figure 9. Compared to the

theoretical number,
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Figure 9 —The polarization curve and power density curve for the fuel cell in both H;
oxygen mode and H; air mode.

the experimental energy recovery ratio still has space to improve by 10 % to 15 %. The
highest energy recovery efficiency is 21 % and 15 %, respectively, for 3V Hz -oxygen and
Hoz-air mode. 5 V is not an optimal operating voltage for the EAOP-fuel cell energy recovery
systems. Compared to the other two voltage, the experimental energy recovery ratio

compared to the theoretical value at 5V is also the lowest. A likely explanation is that a high
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percentage of hydrogen leakage results from poor sealing of the system since it is a primitive
model system. The EAOP-fuel cell produces hydrogen substantially faster than the other two
conditions, generating gas pressure. This issue can be resolved with more advanced
engineering equipment. However, this result is sufficient to indicate that 5V is not an optimal
working state. 3v is the optimal operating voltage. However, his average current density is
low. I believe this system can initially be implemented in environments with warmer
wastewater temperatures to overcome this issue. The electrochemical reaction rate will be
significantly faster at a higher water temperature. Hence the current density at the same

voltage condition can be significantly enhanced.

2.5 Conclusions

The functioning of the EAOP-fuel cell energy recovery system under diverse operating
conditions demonstrates that this system can cut energy consumption successfully at low
operating voltages. In order to satisfy this criterion, electrodes should be highly conductive and
electrochemically active in low operation voltage. PbO2 and BDD are the two most suited
among the four widely used anodes. The other two are also highly efficient EAOP anodes but
should be operated in high voltage conditions. In the future, electrode development should
focus on adapting to the EAOP-fuel cell energy recovery system. Compared to an excessive
focus on OEP and hydroxyl radical generation percentage, the electrode which could oxidize
pollutants by both direct and indirect oxidation is expected. The EAOP-fuel cell system can
operate below 3V to achieve higher energy recovery efficiency for pollutants that could be

easily oxidized, like dyes and Biomass. Mass transfer results show that 100 % CE is available

27



when the applied current density is much smaller than the limiting current density. However,
to be noticed, high CE cannot promise low energy consumption. The energy efficiency is
controlled by both the operating voltage and current efficiency. For EAOP-fuel cell efficiency,

the fuel cell energy recovery ratio is added.

Considerably more work will be done to improve the EAOP-fuel cell energy recovery
system. For instance, a cutting-edge air-breathing fuel cell can effectively increase the fuel
cell's Hz-air mode efficiency. In the future, the EAOP-fuel cell energy recovery system can be
integrated with solar power and other forms of renewable energy. Eventually, it may be

conceivable to develop a wastewater treatment system to balance its energy consumption.
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CHAPTER 3. ELECTROCHEMICAL DEGRADATION OF PFOA ON
FLOW THROUGH EAOP-FUEL CELL ENERGY RECOVERY

SYSTEM

3.1 Introduction

Recent research has revealed that improving mass transport positively impacts the
efficiency of EAOPs. The EAOPs oxide the organic by direct and indirect oxidation (hydroxyl
radical generation) on the anode surface. Consequently, two strategies are improving the
surface area of the anode and increasing the mass transfer efficiency in the boundary layer. The
flow through electrodes with micro pores can improve the above two aspects and is widely
studied in the EAOP fields. In the report, the flow through anodes is 10 times more energy
efficient than the traditional parallel flow-by anodes.[34] Two widely studied flow through
EAOPs anode structure is shown in Figure 10. Figure 10. (a) shows the reactive ceramic
membrane (REM) with cross-flow filtration mode. Figure 10. (b) shows the flow-through plate
electrodes. The average pore size of REM ranges from 1-5 um, which provides a high surface
area for electro-oxidation with high surface roughness.[35] The pore size is much smaller than
the stagnant boundary of 100 um, resulting in enhanced mass transfer.[36] The average pore
size ranges from 10 to 100 um for flow-through plate electrodes.[37] Compared to REM, the
flow-through plate electrodes are easier to scale up. However, the void ratio and average pore
size are restricted by mechanical strength, considering the pressure head of the water flow.

However, both electrodes encounter two obvious problems for industrial application.

1) Electrode fouling and clogging. In long-term operation, there will be residues leaving inside
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the electrodes. This will increase the operating pressure and cost of the operation and reduce
the oxidation efficiency of the reactor. Considering the thickness of the reactor and the high
specific surface area, it will be difficult to clean the anodes.

2) Improve the effective surface area. The surface area obtained by mercury intrusion
experiments is much higher than the electrochemical active surface area. It is understood
that the current density is not uniformly distributed through the electrode. However, if the
current is overly localized in particular regions, it will lead to low oxidation efficiency. In

addition, it will cause extra energy consumption, such as high-pressure pumping.
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Figure 10 — a) the reactive ceramic membrane (REM) with cross-flow filtration mode.
b) the flow-through plate electrodes. ¢) the flow through multilayer parallel electrodes

We proposed a flow through multilayer parallel electrodes in this study to solve the
above problems. The electrode is composed of layers of wire mesh. The high mesh count (200
or above) is widely used for water oil filtration because it is easy to be operated and maintained
for industry applications. [38] The study of wire mesh anode for EAOPs is still in the early
stage, and most focus on single-pass layer flow-through systems. [39-41] Compared with metal
water oil filtration, wire mesh electrodes' design and manufacturing requirements for EAOPs

are more demanding. The active electrode material is coated on the base wire mesh. The
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deformation of the anode and the high flow rate of water could cause the active layer to pile
off. Oxygen production accelerates the process's deterioration due to the gas pressure.
Electrode shortcoming is another crucial issue to be concerned about. With a smaller electrode
distance, the ohmic loss could be reduced, but given the deformation, a wider electrode distance
is required for the wire mesh electrode. The above issues are solved by using the multiple layers
wire mesh setup. The water flows transported through the electrodes by cross-flow pattern to
avoid a direct impact on the electrode coating. The multiple-layer stack wire mesh shows more
excellent mechanical stability in terms of deformation. In addition, the new design offers the
following benefits: the electrode distance between the stacked wire meshes could shrink down
to boundary layer thickness (100 um) to enhance the mass transfer. In addition, the electrode's
effective surface area is also increased compared to the flat electrode. For industrial application,
the flow through multilayer parallel electrodes have two advantages compared to porous metal
foam electrode: 1) simplicity of maintenance. The electrode may be readily removed and
cleaned if it is fouling or clogged. 2) It can be paired with our EAOP energy recovery system
to reduce operating costs. The design of an EAOP system with a hydrogen fuel cell energy
recovery system is proposed in our previous paper. However, it is incompatible with the REM
or the flow-through plate electrode. Because the hydrogen and oxygen chambers are
intermingled, it is difficult to separate and collect the hydrogen for energy recovery. The energy
recovery system is important for the flow through the EAOPs system. Because when the current
efficiency hits 100 percent of the theoretical maximum, lowering the operating voltage is the
only feasible option. Recovering energy from hydrogen is an indirect method of lowering the

operating voltage. In terms of PFOA/PFOS oxidation, several studies have reported a high
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defloration rate and TOC removal efficiency close to theatrical efficiency.[42, 43] Therefore,
there will be less room for additional efficiency improvement through electrode material
enhancement. The flow through multilayer parallel electrodes shows a good capability of the

EAOP energy recovery system.

EAQPs proved to be an effective method for PFACs treatment. Poly- and perfluoroalkyl
substances (PFASs) pose a serious human health risk due to their biochanin enrichment. [44,
45] They have been globally detected in groundwaters, landfill leachates, wastewater treatment
plants, and drinking water.[46] Perfluorooctanoic acid (PFOA) has received the greatest
attention because of its abundance, bioaccumulation, and persistence. It is challenging to break
down PFOA since the carbon-fluorine bond energy (116 kcal/mol) is the strongest single bond
in organic chemistry.[6] The hydroxyl radicals were not adequate for PFOA removal, and the
direct oxidation at the anode surface initiates the PFOA oxidation.[47, 48] BDD (boron-doped
diamond) is the gold standard electrode of EAOPs anode, and its oxidation capability of PFOA
is reported in the literature.[42, 49] The TiO2 NTAs plate anode also shows great removal and
defluorination rate for PFOA oxidation due to the wide bandgap of TiO2 NTAs (~ 3.2 eV).[43]
In our previous study, the TiO2 NTAs are covered by SnO2 -Sb203 DSA (Dimensionally stable
anode) layer for higher electroactivity and oxidation efficiency for organic removal. Based on
our knowledge, there is no study on PFOA oxidation by the TiO2 NTAs Sn02-Sb20s
electrode.[17] The TisO7 was a recently emerged material for PFOA oxidation because of its
good oxidation capability and unique electrochemical properties. Ti4O7 are composed of two-
dimensional chains of titania octahedral, with an oxygen atom missing from every 7th layer to

compensate for the decrease in stoichiometry.[50, 51]This structure confers to TisO7 an
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electrical conductivity comparable to that of metals and corrosion resistance comparable to that
of ceramics.[52] The Ti4O7 powder could be sintered to foam porous REM electrodes. The flow
through REM Ti407 ceramic anodes achieved 99.9% removal of PFOA in 2 h, and the electrical
efficiency per log order reduction (EE/O) values of the Ti4O7 are much lower than the flow by
BDD electrode in the same experimental setup. [53] It is concluded that mass transfer is the
critical factor for EAOPs efficiency. For BDD, it is hard to improve the mass transfer by
improving the electrode surface area per volume or increasing the porosity of the electrode
because its morphology is restricted to the flat plate due to the fabrication method. Mostly, the
boron-doped diamond is coated on Ti or Silica substrate by CVD (chemical vapor deposition)
methods.[54] As previously stated, the flow through multilayer parallel electrodes is an ideal
setup for improved mass transfer and energy recovery purposes. TiO2 NTAs/ SnO:z -Sb203
could be used to assemble flow through multiple layer wire mesh anode because the
anodization methods of the Ti wire mesh to TiO2 Nanotube arrays have been widely
studied.[55-57] T14O7 wire mesh could also be made by sputtering the Ti4O7 power on the Ti

wire mesh.

This study investigated the oxidation of PFOA using a flow-through multiplayer
parallel wire mesh anode. The electrochemical oxidation of the PFOA was investigated in a
flow-through operation mode as a function of anode material and applied potential. The
defluorination and energy consumption are compared to flat plate BDD electrodes. In addition,

the layer of the electrodes and the energy recovery ratio of the system is also investigated.

3.2 Synthesis methods
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3.2.1 Preparation of Ti+O7 wire mesh anode

Ti407 wire mesh anodes were prepared by a high-temperature sputtering method. Ti4O7
powders were purchased from Shanghai Epoch Material Co., Ltd. Ti4O7 powders were mixed
with 1% polyacrylamide/polyvinyl alcohol 90%, 10%, and water to form a slurry, and the slurry
was spray-dried to the titanium wire mesh. Then the Ti4O7 wire mesh anodes were dried and
sintered at 900 °C in a vacuum chamber for 24 h. The XPS spectrum of the Ti4O7 wire mesh

was shown in Appendix.

3.2.2  Preparation of TiO2 NTAs/SnO: Sb203 wire mesh

The first step is fabricating the TiO2 nanotube substrate by electrochemical anodization
of porous Ti at 60 V in EG electrolyte with 0.25 wt % NH4F and 2 wt % H20 for 0.5 h. Then,
the oxidized substrate was cleaned using deionized water and ultrasound (25 w/L w power, 40
kHz) for 10 minutes. Then the oxidized substrate was anodized in the exact EG solutions for
another 4 hours at 60 V. The XRD structure of TiO2 nanotube arrays is shown in Appendix.

The sol-gel coting step of the TiO2 NTAs substrate is in the previous paper.[34]

3.2.3  Reactor setup and modeling

The flow-through reactor had a reservoir and a differential column batch reactor
(DCBR) system. A simplified kinetic model is used to compare the reaction rate of different
electrodes, as shown in Equations 14 and 15. Since PFOA destruction follows a pseudo-first-
order reaction, electrical efficiency per log order reduction (EE/O) is used to determine the

efficiency of the various anodes and is calculated using Equation 2.
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dc
(V+Vr)a=—kobs-(3-v (14)

kopsV-t
C,= Cy-e Vi (15)

The mass transfer coefficient (kf) of both flat plate and multiple layer wire mesh
electrodes is calculated based on Equations 12 and 16, respectively. The PFOA diffusion
coefficient Dris 4.37 x 10°° cm?s™" according to experimental findings.[58] Gnielinski equation
(Equation 16) is used for porous structure electrodes. The characteristic d of the porous

electrode is determined by the thickness of the wire mesh (wire diameter), which is confirmed
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Table 4 — mass transfer coefficient as a function of Reynolds and Schmidt number for
mass transfer coefficient of multiple layer wire mesh electrodes based on Gnielinski

equation.
Correlation Range of validity
Multiple layer wire mesh electrodes
Pe = Re-Sc > 500
1+15x(1—-¢)]D
k = [ d( )1Df @
(16)
+ 0.644 x Rel/? - §c1/3)
0.7 < Sc < 10*
Re < 2 x 10*
0.26 < £ < 0.935
‘u-d-
Re = u (17)
E- “’f
1l
Sc = 18
oD (18)

ks = fluid-phase mass transfer coefficient, m/s.

Dy = fluid-phase diffusion coefficient, m?/s.

& = void fraction, dimensionless.

d = characteristic length, m.

ps = fluid-phase density, kg/m’.

¢ = sphercity.

v = superficial liquid velocity, m/s.
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Uy = fluid-phase viscosity, kg/m-s.

Re = Reynolds number, dimensionless.

Sc = Schmidt number, dimensionless.

d is the height of the flow channel (m)

3.3 Results and discussion

3.3.1 Characterization of Tis«O7 wire mesh and TiO2> NTAs SnO: Sbh20s wire mesh electrodes

The characterization of electrodes demonstrated the successful fabrication of wire mesh
anode, and the surface area of electrodes is also compared. The SEM images of the Ti4O7 wire
mesh are shown in Figure 11. a-c. The SEM of the TiO2 NTAs and TiO2 NTAs/SnO2-Sb203
are listed in Figure 11. d-n and g, respectively. The TiO2 NTAs are uniformly grown on the Ti
wire mesh. Then, a thin layer of SnO2-Sb203 covered the surface of the electrodes. Wire mesh
electrode surface area is calculated based on the characterization results. The surface area of
Ti407 mesh and TiO2 NTAs/SnO2-Sb203 are 8.3 and 2.75 times larger than the surface area of
the flat plate electrode. Details on the derivation are shown in TEXT A.S1. The 100 wire count

mesh size parameter listed in the Appendix is also used for calculation.
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Figure 11 — The SEM images of Ti4O7 wire mesh (a-c); TiO2 NTAs before sol gel (d-f)
and TiO2 NTAs SnO2 Sb203 (g)

3.3.2  Electrochemical properties

The LSV (Linear sweep voltammetry) of BDD, single layer TisO7, and TiO2
NTAs/SnO2-Sb203 was shown in Figure 12. T14O7 has much lower OEP (~ 1.5 eV/NHE) than
the TiO2 NTAs/SnO2-Sb203 and BDD electrodes. The OCP is 2.5 V and 2.3 V vs. NHE for
BDD and TiO2 NTAs/SnO2-Sb20s electrodes. These results further support the idea that direct
oxidation is the main oxidation pathway of the Ti4«O7. [61] Because the redox potential of
hydroxyl radical is 2.7 V/ NHE, which is much beyond the OCP of the Ti4O7. The OEP of

BDD and the TiO2 NTAs/SnO2-Sb203 proved their capability for hydroxyl radical generation.
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Figure 12 — The LSV of the BDD, TiO> NTAs/Sn02-Sb,03, and TisO7. 0.1 M Na,SOq, 1
cm electrode spacing. Reference electrode: saturated calomel electrode.
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electrode (a) 1 layer, (b) 2 layer, and (c) 3 layer (d) electrochemical double-layer capacity
of Ti4O7 wire mesh electrode.
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The electrochemical active surface area (ECSA) of different layers of TisO7 wire mesh was
also examined by Cyclic Voltammetry methods, as shown in Figure 13.d. The discharge
capacity (60 UF cm™?) s the standard value of metal oxide.[62] The ECSA of 1, 2, and 3 layers
of Ti4O7 wire mesh are 525, 900, and 1510 cm?, respectively. This indicates that increasing the

number of layers can effectively increase the effective electrode area.

3.3.3 PFOA oxidation by Ti«O7, BDD, and TiO2> NTAs/SnO2-Sb203

The electrode performance is evaluated through three aspects: PFOA degradation
efficiency, defluorination, and TOC removal ratio. The EE/O is calculated to evaluate
degradation efficiency with the different electrodes and applied voltage. Figure 14
demonstrates that at 3V, the three-layer Ti4O7 electrode has the lowest EE/O. The eight-hour
oxidation experiment is conducted for the 3V condition, and the concentration profile is shown
in Appendix. For flat plate BDD, its lowest EE/O is obtained at 3V condition. At the same
condition, the three-layer TiO2 NTAs/SnO2-Sb203 anode did not show the oxidation capability
of PFOA. This is inconsistent with the 3V BA oxidation 3V results discussed in Chapter 2. For
TiO2 NTAs/SnO2-Sb203 anode, 3V cannot excite surface hole and hydroxyl radical generation.
In general, the increasing voltage will result in increased energy consumption. However, the
EE/O increase rate of BDD is much larger than that of Ti4O7 wire mesh electrodes. However,
for electrode BDD, the rate of increase in EE/O with increasing voltage is significantly greater
than for electrode Ti4O7. The mass transfer limitation may cause high energy consumption of

BDD.
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Defluorination and TOC removal ratio is shown in Figure 14. Defloration is defined as
the free florid in the solution divided by the florid concentration in the initial PFOA
concentration. Free fluoride is produced with the C—F bond broken. TOC and PFOA removal
ratio comparison revealed that TOC removal, defluorination, and PFOA removal were closely
synchronized. The corresponding current density of the three-layer TisO7, three-layer TiO2
NTAs/Sn02-Sb203, and BDD are 3.1 mA/cm?, 20.7 mA/cm? and 24 mA/cm?* respectively
under 5 V condition. Given the difference in the current density, the comparison with the TOC
/PFOA removal percentage is more straightforward. The TOC/PFOA ratio is 90%, 80%, and
95% for Ti4O7, BDD, and TiO2 NTAs/SnO2-Sb20s. It indicates that TiO2 NTAs/SnO2-Sb203
has the highest mineralization efficiency. The mineralization ratio of the Ti4O7 and BDD are
consistent with the reported value.[49, 53] The defluorination percentage/ TOC removal
percentage are also compared. The BDD and TisO7 are around 65%, while the TiO2
NTAs/SnO2-Sb203 is 70%. It indicates stronger C-F bond break power on TiO2 NTAs/SnO»-
Sb20s3. However, the TiO2 NTAs/SnO2-Sb203 have higher mineralization efficiency. However,

from the energy efficiency, the flow through Ti4O7 is selected for the rest of part study.

43



w
(8]
|

[ ITi,0,
[__1BDD
[ ]TiO, NTAs/Sn0O,-Sb,0,

w
o
|

N
[4)]
|

N
o
|

=
(6]
|

EE/O (kWh/m®)

-
o
1

(&)
1

3 IV* . 4IV | 5V
Applied voltage
Figure 14 — The EE/O of the flow through three-layer TisO7, flow through three-layer
TiO2 NTAs/Sn0:-Sb,0s3, and flat plate BDD. The initial PFOA concentration: 50 ppm;
Supporting electrolyte: 0.05 M NaSQ4.Flow rate: 20 ml/min. The fluid velocity for three
wire mesh electrodes is 0.01 m/s. The fluid velocity for the BDD electrode is 0.002 m/s.

Operation time: 2 hours. * 3V flow through three-layer TisO7 operation time: 8 hours.
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plate BDD at 5V condition. The initial PFOA concentration: S0 ppm; Supporting
electrolyte: 0.05 M NaSO4. Flow rate: 20 ml/min.

3.3.4  The layers of flow through Ti+«O7 wire mesh anode

Figure 16 shows the degradation of PFOA by different Ti4O7 wire layer number and their
EE/O in comparison with the BDD anode. The electro-oxidation percentage is increased with
the increased layer numbers, especially when the number of layers increases from one to two.
The EE/O did not change obviously when the number of the layers above three. The EE/O is
almost identical for the single layer Ti4O7 wire mesh and BDD electrode. For single layer Ti4O7
wire mesh, though it has a parotic-like structure, it still works in flow by mode. When three-
layer wire mesh is assembled, flow through porous flow pattern is established. Moreover,

further increasing the number is not so helpful.
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PFOA concentration: 50 ppm; Supporting electrolyte: 0.05 M NaSO4. Flow rate: 20
ml/min.
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3.3.5 Kinetic analysis of the wire mesh electrodes

The pseudo-first-order model can fit the change of PFOA concentration, based on
which the pseudo-first-order (kobs) was calculated for Ti4O7 wire mesh and BDD electrode,

respectively.

The experimental reaction rate constant (kobs) of PFOA on Ti4O7 is controlled by both
the mass transfer rate (kr * a, s’') of PFOA and the reaction rate per current density (ka) times
the applied current density, as shown in Equation 19. The specific area a of the DCBR reactor
is defined as the reactive surface area of the electrodes dived by the reactor volume (a: specific

surface area, m™)

1
Kobs = —7 ! (19)
kf*a kg

The kobs and J were fitted to Equation 19 to estimate 4f-a and Ka. The results shown in
Table 5 tell that the mass transfer rate of PFOA was 0.123 s ™' and 0.007 s™! for the flow through
T1407 wire mesh electrodes and BDD. The mass transfer rate of PFOA in wire mesh electrodes
was about 15 times higher than that of flat plate BDD electrodes. Compared to the BDD, the
flow velocity of the 3-layer Ti«O7 wire mesh is greater, while the Reynolds number of the wire
mesh electrode is lower. Typically, a higher Reynolds number leads to a greater mass transfer
rate; however, the Ti4O7 wire mesh electrode's porous structure enables it to achieve greater

mass transfer.
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Table S — The mass transfer coefficient of BDD and 3-layer Ti4O7 NTAs wire mesh.

Anode Flow Re Sc ke kf *a a Ka
velocity Superficial
reaction rate
constant
m/s m-s’! s m! cm?>mAs!
3-layer Ti4O7 | 0.011 370 | 2293 | 4.67x10° | 0.123 2633 0.055
wire mesh 3
BDD 0.002 11.09 | 2293 | 424x10 | 0.007 1650 0.005
6

3.3.5 Energy recovery ratio of flow-through EAOP energy recovery system.

Due to the influence of the current density and other factors in the experiment, we only
conducted the energy recovery experiment under 5V. The fuel cell was subjected to energy
recovery experiments under oxygen and hydrogen conditions. As shown in Figure 17 below,
the efficiency of the fuel cell in oxygen mode can be roughly increased by about 50%. The
energy recovery ratio was estimated for the rest working potential. Since the oxidation of PFOA
depends on direct oxidation, the lowest operating voltage we find in the literature is about 2.2
V. [36]. Therefore, we have simulated the range from 2 V to 5 V for energy recovery. The
hydrogen-air mode is more practical for industrial applications, though its energy output is
relatively low. We have considered an energy loss of 40 % for hydrogen-air mode. Moreover,
the real energy recovery ratio in the 5V condition is also listed in Figure 18, and it shows the
system can recover about 30% of the energy in the 2V mode, which would be a very significant

saving for the system.
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34 Conclusion

In the study, the flow through multiple layer wire mesh setup has been introduced to the EAOPs
to achieve a higher oxidation efficiency by improving the mass transport. TiO2 NTAs/SnO2-
Sb203 and T14O7 wire mesh were successfully fabricated, and both effectively degraded PFOA.
When the number of electrode layers reaches three or more, it can achieve a highly efficient
operating condition. We have successfully incorporated the flow-through setup into the EAOP-

fuel cell energy system. This can have a combined effect of reducing energy consumption.
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CHAPTER 4. INFLUENCE OF MNOx DOPING CONCENTRATION

ON TIO: NANOTUBE ARRAYS ELECTROOXIDATION

4.1 Abstract

TiO2 has demonstrated outstanding performance in electrochemical advanced oxidation
processes (EAOPs) due to its structural stability and high oxygen overpotential. However, there
is still much room for improvement in its electrochemical activity. Herein, narrow bandgap
manganese oxide (MnOx) was composited with TiO2 nanotube arrays (TiO2 NTAs) that in-situ
oxidized on porous Ti sponge, forming the MnOx-TiO2 NTAs anode. X-ray absorption near-
edge structure spectra (XANES) and X-ray Photoelectron Spectroscopy (XPS) analysis further
proved that the composition of MnOx is Mn203. Electrochemical characterizations revealed
that increasing the composited concentration of MnOx can increase the conductivity and reduce
the oxygen evolution potential to improve the electrochemical activity of the composited

MnOx-TiO2 NTAs anode.

Meanwhile, the optimal degradation rate of benzoic acid was achieved by using the
MnOx-TiO2 NTAs with the MnOx concentration of 0.1 mM, and the role played by MnOx was
also proposed based on the density functional theory calculation. Additionally, the required
electrical energy (electrical efficiency per log order reduction, EE/O) to destroy BA was
optimized by varying the composited concentration of MnOx and the degradation voltage.
These quantitative results are of great significance for designing and applying high-

performance materials for EAOPs.
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4.2 Introduction

Electrochemical advanced oxidation processes (EAOPs) are environmentally friendly
methods for oxidizing toxic organic compounds. The distinct advantages of EAOPs include:
(1) they can generate sufficient HOe concentration that effectively oxidizes organic
compounds, (2) they do not demand harsh reaction conditions nor any additional
chemicals[17], and they cost low. Moreover, it is part of the trend towards the electrification
of water treatment, paving a new way for developing decentralized and sustainable water
treatment to create renewable power. However, unfortunately, its energy consumption is held
back by various electrochemical properties of the anode materials, such as electrical
conductivity and active sites in the valence band for hydroxyl radical generation on the valence

band of electrode materials according to Equation 20:

ht, + H,0 = OH* + H* (20)

The standard redox potential of hydroxyl radicals is around 2.8 V, much higher than
that of oxygen generation redox potential of 1.2 V. Therefore, a wide bandgap semiconductor
as the electrode is required for producing hydroxyl radicals reducing oxygen production.
However, large band gap semiconductors have low exciton carrier concentrations, which will
hinder the solid/liquid interfacial charge transfer for electro oxidation[2, 63]. As a result, defect
engineering by doping elements or building a heterojunction structure with narrow bandgap
semiconductors can significantly increase the exciton concentrations of wide bandgap
semiconductors [64, 65]. For example, the efficient boron-doped diamond (BDD) electrode is

well designed using the doping technique [66]. After doping with boron, diamond, an insulator,
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was transformed into a semiconductor. In terms of the heterojunction structure, for example, a
Z-scheme structure can be formed by combining BiVO4 with CdS, thus providing a higher

quantum yield using a UV light for exciton generation [67, 68].

As one of the promising candidates for EOAPs, TiO2 possesses excellent physical and
chemical stability and a wide bandgap of 3.2 eV [35, 69]. It produces hydroxyl radicals by
applying a voltage, but its electrical conductivity needs further improvement [70]. Defect
engineering of TiO2 has been achieved by using various dopants such as cobalt, niobium, and
cerium [37, 71-74]. Compared to those transition element dopants, manganese oxides such as
Mn203 and MnO:2 offer unique advantages, like being environmentally friendly and cost-
effective and being narrow valence band semiconductors. Besides, previous studies showed
that it could form the heterojunction structure by combining manganese oxide with TiO2,
efficiently reducing the recombination of electrons and holes [75-77]. Additionally, the
electrical conductivity of MnOx (~200 S m™!) could also compensate for the low conductivity
of TiO2 (107" S m™) [78, 79]. Since the bandgap of MnO2 and Mn203 are much lower than
the band gap of TiOz, it can be used to reduce the electrode's oxygen evolution potential (OEP)
by compositing MnOx in TiO2. The optimized concentration of manganese dopants is also
expected to balance the reaction rate (i.e., the rate of hydroxyl radical generation) and operating
voltage [80]. Massa et al. reported that the TiO2 NTAs deposited with MnOx displayed higher
phenol oxidation efficiency [81, 82]. However, the study of MnOx-TiO2 anodes is in the early

stages of EAOPs applications [83] and is rarely reported in the literature.
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In this study, the composited MnOx-TiO2 anodes were fabricated by in-situ growth of
manganese oxide (MnOx) onto TiO2 nanotube arrays (MnOx-TiO2 NTAs), and the performance
of the anodes was improved by using porous Ti substrates that allowed water to flow through
them (i.e., flow-through operation). This allows for better mass transfer than a flat-plate anode,
in which water flows over the anode. The benzoic acid (BA) was used as the target compound
because it has a high rate constant with HO+ [84]. The impact of MnOx amount was investigated
using a flow-through differential column batch reactor (DCBR), and its optimal composited
amount was also studied. The influence of components on the anode performance is further
analyzed, and the factors for performance improvement are investigated based on the band gap

structure.

4.3 Materials and methods

4.3.1 Chemicals and materials

All chemicals are of analytical reagent grade or higher. 20 um nominal pore size
titanium foam, with a dimension of 20 x 30 mm? (normal to water flow) and a thickness of 1
mm, was purchased from the Northwest Institute for Non-ferrous Metals Research (Xi'an,
China). The Ti foam has a purity of 99.5%. Tert-butanol (t-BuOH) and benzoic acid (BA, 95%
purity) were purchased from Aladdin Biochemical Co., Ltd. (Shanghai, China). Ethylene
glycol (EG), manganese (III) acetylacetonate, isopropyl alcohol, ammonium fluoride (NH4F),
and various electrolytes were obtained from Macklin Biochemical Co., Ltd. (Shanghai, China).

All solutions were prepared with deionized water (Milli Q purification system, 18.2 MQ.cm).

4.3.2  Preparation of the MnOx-TiO2 NTAs composited anode
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Figure 19 — Synthesis procedure of the MnOy-TiO2 NTA heterojunction porous anode:
Step 1, anodic TiO2 NTAs formation at 42 V. Step 2, deposition of MnOy by
hydrothermal at 120°C.

Step 2

As shown in Figure 19, the MnOx-TiO2 NTAs anode was prepared mainly through a
two-step process: 1) Anodization of the Ti sponge substrate and 2) Hydrothermal deposition.
The first step is to fabricate TiO2 nanotube substrates by electrochemical anodic oxidation of
porous Ti with 0.25 wt% NH4F and 2 wt% H20 in EG electrolyte at 42 V for 4 hours. The
oxidized substrates are then cleaned with deionized water and ultrasound (25 W L™! power, 40
kHz). The second step is preparing MnOx-TiO2 NTAs by a hydrothermal method. Firstly, 60
mL of deionized water and 20 mL of isopropanol were mixed thoroughly. Secondly,
manganese (III) acetylacetonate was dissolved into the precursor to give solutions of 0.1, 0.5,
1, and 5 mM. Thirdly, the TiO2 NTAs anode was autoclaved with the precursor solutions in a
125 mL Teflon-lined hydrothermal vessel (Parr Instrument Company, USA) at 120°C for 2

hours.

4.3.3 Characterization of MnOx-TiO2 NTAs composited anode

The surface morphology of the anode was observed by field emission scanning electron

microscopy (FE-SEM, JEOL, JSM-6701F) and transmission electron microscopy (TEM, JEM-
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2100F). The valence state of MnOx was measured using X-ray photoelectron spectroscopy
(XPS) (a Kratos AXISUITRA-DLD spectrometer using an Al Kq source). Furthermore, the Mn
K-edge X-ray absorption near edge structure (XANES) data was collected at BLiW1B station
in Beijing Synchrotron Radiation Facility (BSRF, operated at 2.5 GeV with a maximum current
of 250 mA). The detailed setup for XANES is given in Supplementary Material (Text S1). X-
ray diffraction (XRD, X’PERT PRO MPD diffractometer, Cu Kq radiation, A=0.154 nm, scan
range of 10-90°) was used to identify the crystal structure of the TiO2 NTAs-based anodes. A
mercury intrusion porosimeter (Auto pore V9600, Micromeritics) was used to assess the porous

features of the electrodes.

4.3.3.1 Electrochemical measurements

Linear sweep voltammetry (LSV) was carried out on the CH I 660D electrochemical
workstation using a standard three-electrode configuration with a saturated calomel electrode
(SCE) as the reference and platinum sheet as the counter electrode. The anodic scan rate of the
electrode was 10 mV/s. Electrochemical impedance spectroscopy (EIS) was carried out on an
electrochemical workstation (PARSTAT 3000A-DX), and the same setup was used for the

LSV test.

4.3.3.2 Electrochemical measurements

The flow-through reactor was equipped with a reservoir, and a differential column batch
reactor (DCBR) system is shown in Appendix. (We call it a DCBR because the influent
concentration is equal to the effluent concentration, and it stimulates the performance of a plug

flow reactor.) The flow-through reactor comprises a porous MnOx -TiO2 NTAs anode and a
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stainless-steel cathode with a 0.2 cm electrode spacing. BA is selected as the molecular probe
given its stable structure and relatively high second-order rate constant (5.9 x 10° M~ ! s 1)
with *OH. 0.05 M or 0.1 M Na2SOs4 is used as a supporting electrolyte. Radical quenching
reactions were designed to evaluate the impact of radical species on BA destruction. These
were performed using the same DCBR, but the electrolyte was changed to 0.05 M NaxSOs4, and

100 mM t-BtOH was used as a quenching agent.

4.4. Results and discussion

4.4.1 Material characterization

The morphology and composition of bare TiO2 NTAs and composited MnOx-TiO2
NTAs were investigated by SEM and TEM-EDS analysis, respectively. Based on the
manganese precursor concentrations of 0.1 mM, 0.5 mM, 1 mM, and 5 mM, the electrodes are
named 0.1 MnOx-TiO2 NTAs, 0.5 MnOx-TiO2 NTAs, 1 MnOx-TiO2 NTAs, and 5 MnOx-
TiO2 NTAs, respectively. The Mn/Ti ratio of MnOx-TiO2 NTAs was characterized by ICP-
OES, showing ratios of Mn/Ti ranging from 0.039 % to 1.38%, with precursor solutions

ranging from 0.1 to 5 mM (see Appendix1).

Figure 20. displays that the uniform TiO2 NTAs were formed on the Ti substrate, but
the orientation of the TiO2 nanotubes varied. This is mainly attributed to the high surface
roughness of the porous Ti sponge, which varies the growth direction of the TiO2 NTAs. A Hg
porosimeter characterized the porous structure of the electrodes, and the results are shown in
Appendix. Ti sponge has a porosity of 45% and a median pore diameter of 20 um. After

anodization, the differential pore volume is increased in the pore diameter range of 0.01 to 1
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um. Following the composite of MnOx, the cumulative pore area decreases slightly. The XRD
results in Appendix show that TiO2 is formed after calcination. However, there is no obvious
signal of MnOx using XRD as the amount of MnOx is too little. The structure and morphology
of MnOx-TiO2 NTAs were then characterized by EDS and HRTEM, respectively. Figure 20.
b-c show two different lattice spacings of 0.25 and 0.35 nm, which correspond to the lattice
planes of Mn203 (110) and TiO2 (101), respectively. The composite structure is formed
between the Mn203 and TiO2 NTAs. Figure 20.d is the sample of 0.1 MnOx-TiO2 NTAs
stripped from the Ti base. The EDS elemental mapping of MnOx-TiO2 NTAs (Figure 20. e-g)
shows the distribution of manganese throughout the TiO:-rich particles, suggesting that

hydrothermal treatment generates uniformly distributed MnOx-TiO2 NTAs.

As shown in Figure 20. h-k, high-resolution XPS spectra of Ti 2p, O 1s, Mn_2p, and
Mn_3s were carried out to investigate the surface chemical conditions of the composited
MnOx-TiO2 NTAs electrode. In our MnOx-TiO2 NTAs samples, the binding energy of Mn_2p
is 642.2 eV, and the Mn_2p binding energies are almost identical for different valences of
manganese. Therefore, the Mn 3s binding energy was used to detect the valance state of MnOx
[85]. According to the literature[86, 87], the Mn_3s multiplet splitting energies of MnO (Mn*"),
Mn203 (Mn*"), and MnO> (Mn*") are 5.9, 5.3, and 4.7 eV, respectively. Here the multiplet
splitting energy of Mn 3s is 5.43 eV. Therefore, it can be determined that Mn203 (Mn>") is the
major component of the MnOx -TiO2 NTAs anode. Further, XANES spectra of the 0.1 MnOx-
TiO2 NTAs were performed using Mn metal, MnO, and MnO: (see Appendix). It can be
observed that the absorption edge of 0.1 MnOx-TiO2 NTAs lies between MnO and MnOa,

which confirms that the valence state of the Mn in MnOx is located between 2 and 4.
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Therefore, Mn203 is formed on the TiO2 NTAs as a result of the self-decomposition of

manganese oxide at 500 °C, as described in the equation[88]:

4AMnO2—>2Mn203+ O2 (21)
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Figure 20 — SEM image of bare TiO> NTAs (a), HRTEM images of 0.1 MnO\-TiO; NTAs
(b-¢), STEM of 0.1 _MnO,-TiO: NTAs (d), elemental images from TEM-EDS proves that
Mn is uniformly distributed through the whole plate. TiO2 NTAs also uniformly grow on

the Ti substrate(e-g), and high-resolution XPS spectra of Ti_2p, O_1s, Mn_3s, and Mn_2p
of MnOx-TiO; NTAs (h-k).

4.4.2  Electrochemical properties of the anode

In Figure 21. a the OEPs (oxygen evolution potential) for 0.1 MnOx-TiOz, 0.5 MnOx-
Ti0O2, and bare TiO2 NTAs are all approximately 3.1 V, while those for I MnOx-TiO2 and

5 MnOx-TiO2 NTAs are 3.0 and 2.9 V, respectively. For convenient comparison, the potentials
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here have been converted to vs. RHE based on the pH of the systems. In the MnOx-TiO2NTAs
system reported in the literature[82], the OEPs decreased with increasing the amount of
manganese oxide. Although the OEPs for 0.1 mM and 0.5 mM MnOx-TiO2 NTAs are almost
identical, the slope of the /- curve increases with increasing composited concentration,
indicating enhanced electrooxidation activity. As shown in Figure 21. b, the EIS measurement
determines the charge transfer properties of the anode [89, 90]. It can be observed that the EIS
plots of the bare TiO2 NTAs and 0.1 MnOx-TiO2 NTAs show significant semicircle regions,
meaning the charge transfer resistance (Ret) at the interface of the two electrodes is large, while
the straight lines suggest a better mass transfer property of the 0.1 MnOx-TiO2 NTAs.
Moreover, the Ret of the MnOx-Ti02 NTAs decreases with the increment of composited MnOx
concentration. When the concentration of MnOx in the MnOx-TiO2 NTAs electrode reaches
SmM, although its Ret is reduced, the mass transfer is poor. Therefore, it can be deduced that
only a small amount of MnOx benefits EAOPs. The Mott-Schottky plots depict the flat band
position of MnOx-TiO2 NTAs (Figure 21. c). The positive slope of the Mott-Schottky plots
indicates that all samples are n-type semiconductors, as oxygen vacancies serve as the main
electron carriers in TiO2 [91]. The flat band potential (En) is determined by taking the x-
intercept of 1/Cz as a function of applied potential E. It is clear that the bare TiO2 NTAs possess
the smallest negative Em. As the MnOx concentration increases, the En of the sample becomes
more negative. For Mn203, the Es was reported to be around 1.4 V vs. (Ag/AgCl) [92]. It also

confirms that the deposition of Mn203 increases with the increment of Mn impregnation.
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Figure 21 — The LSV of the anodes (a), EIS of the anodes tested at open circuit potential
(b), and Mott-Shockey plot of the anodes (c). The electrode spacing is 1 cm with Pt as
the counter electrode and a saturated calomel electrode (SCE) as the reference
electrode. The supporting electrolyte is 0.05 M Na,SOj.

4.4.3  Electrochemical oxidation experiments

Benzoic acid (BA) was used as the target compound to be oxidatively degraded on the
prepared MnOx-TiO2 NTAs anode. Figure 22. depicts the degradation efficiency (C/Co) of BA
versus electrolysis time at constant current density. It is shown that the C/Co of 0.1 MnOx-
TiO2 NTAs displays the greatest degradation rate. As the amount of MnOx deposition increases,
the rate of BA destruction decreases, and the reaction rate for 5 MnOx-TiO2 NTAs is the
smallest of all samples. The figure in the Appendix shows that BA degradation follows a
pseudo-first-order model. The rate constant of 1 MnOx-TiO2 NTAs is close to that of bare TiO2

NTAs. However, the operating voltage of 1 MnOx-TiO2 NTAs is lower at the same current
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destruction follows a pseudo-first-order reaction, the electrical efficiency per log order
reduction (EE/O)[93] can be used to determine the efficiency of the various anodes and can be

calculated using Equation 4 below.

Figure 4a depicts the C/Co of BA versus electrolysis time for a constant current density.
The C/Co of 0.1 mM MnOx-TiO2 NTAs has the greatest degradation rate. As the Mn deposition
increases, the destruction rate of BA decreases, and the reaction rate for 5 mM MnOx-TiO2
NTAs is the smallest, including bare TiO2 NTAs. The figure in the Appendix shows that the
BA degradation followed a pseudo-first-order model. The rate constant of I mM MnOx-TiO2
NTAs is close to the bare TiO2 NTA. However, the | mM MnOx TiO2 NTAs have a lower
operating voltage for the same current density condition, which was already proved in our LSV

and EIS measurements.

As illustrated in Figure 4b, 1| mM MnOx-TiO2 NTAs have a much greater energy
efficiency than bare TiO2 NTAs when the operating voltage is considered. As the Mn
concentration increases, the applied voltage U lowers. When both voltage and reaction rate are
considered, the 0.5 mM MnOx TiO2 NTAs have the highest overall EE/O, despite the fact that

the 0.1 mM electrode has the highest reaction rate.

4.4.4 Direct and indirect BA degradation Rates

For EAOP, direct oxidation on the electrode and indirect hydroxyl radical oxidation
(produced by the reactions between the valence band holes and water) are the two reaction
pathways. HO- radicals’ generation is considered the main oxidation pathway, and its reaction

can be quantified by quenching it using t-BtOH because it selectively reacts with *OH. Figure
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Sa displays the percentage of BA oxidation after two hours. The direct and indirect percentage

is estimated based on the relation below:

Ct—puon — Co
Nair = Cu——CO =1 = Ninair (22)
As can be noted from Figure 5b, 0.1 MnOx-TiO2 NTAs and bare TiO2 NTAs have
similar percentages of indirect oxidation, while the 5 MnOx-TiO2 NTAs have a lower indirect
oxidation percentage. These results explain the drop in the reaction rate constant for the highly
impregnated 5 MnOx-TiO2 NTAs. The manganese oxide lowers the OEP and thus the

generation of radicals, but at the same time, the electric conductivity of the electrode increases.
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Figure 23 — C/C, of BA degradation before and after applying 0.1 M t-BuOH
after 2 hours of reaction time (a), the percentage of direct and indirect oxidation (b), the
schematic bandgap structure of TiO2, and TiO2-Mn20; heterojunction structure(c).
Supporting electrolyte: 0.05 M Na,SO4, BA concentration: 20 ppm, flow velocity: 0.08
cm s, nominal Ti sponge pore size: 50 um, volume:100 mL.

We also used DFT calculations to measure the electronic structures of TiO2 and Mn203
(see Supplementary Material Text S2 for details of the calculations), which shows that the band
gap for TiOz is 2.33 eV, while that for Mn203 is 0.27 eV (Appendix). It should be noted that
the calculated band gap is smaller than the experiment due to the use of the PBE functional
form. However, the band gap order from the DFT calculation is consistent with the

experimental value. That is to say, the electronic conductivity of Mn203 is far better than that
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for TiO2, which agrees well with the above experiment results on the electrical resistance of
MnOx-TiO2 NTAs. Furthermore, we proposed an enhanced mechanism of the water
decomposition reaction of the TiO2/Mn203 composite (Figure 23. c). Because Mn203
possesses more electrons near the Fermi energy level, the Mn2O3 can directly promote the
transformation from water to oxygen. However, TiO2 can only promote the transformation
from water to oxyhydrogen radical. As a result, the valence band of Mn203 has a more
significant effect on oxidation when we increase the concentration of Mn203, thus reducing the
oxidation rate of BA. Hence, the TiO2/Mn203 composite anode should be a better choice for

enhancing the water decomposition reaction.

4.5 Conclusions

The composited anode of MnOx with porous TiO2 NTAs was fabricated, demonstrating
better electrochemical oxidation performance towards BA degradation. From LSV, EIS, and
Mott-Schottky analyses, the presence of MnOx on TiO2 NTAs greatly reduces the working
potential of the anode during electrooxidation. This result confirmed the vital role of MnOx in
enhancing the charge transfer properties. Besides, MnOx overlaps the conduction band region
of Ti0O2 and lowers the valence band position of TiOz, thus reducing the combination of charges
and promoting the production of HOes. On the one hand, as more MnOx is impregnated into the
TiO2 NTAs, the hole at the valence band possesses a lower reduction potential, and as a result,

fewer HOe is produced, leading to a lower BA oxidation rate as well.

On the other hand, as more MnOx is impregnated into the TiO2 NTAs, the higher the

conductivity of the anode, which may increase the oxidation rate of BA. Therefore, an
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optimized composite concentration is expected in the low deposition region. Finally, crucial
factors, including current density, voltage, and reaction rate of BA degradation using the

DCBR, are obtained and used to estimate the performance of EAOPs.
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CHAPTER 5. PULSE POTENTIAL EAOPS FOR BA OXIDATION

5.1 Abstract

The pulse potential EAOPs (electrochemical advanced oxidation processes) are
conducted for benzoic acid oxidation. The pulse potential EAOPs save more energy than the
traditional DC EAOP. The pulse potential and on/off voltage frequency were investigated in
terms of oxidation efficiency. The study obtained optimal conditions to achieve high organic

removal and low energy consumption.

5.2 Introduction

Electrochemical advanced oxidation processes (EAOPs) have emerged as a viable
method for water treatment due to their high voltage efficiency, no chemical additive, and ease
of control. The EAOPs utilize anodic direct and indirect oxidation for organic removal. Direct
oxidation is the oxidation process by the hole excited on the anode surface, and indirect
oxidation is the oxidation process by hydroxyl radical « OH, which is generated by the reaction
of a surface hole and water molecular. The radical lifetime is 10 s. Their diffusion distance is
restricted to the electrode surface. Therefore, EAOPs are a heterogeneous reaction.
Accordingly, the practical application for industrial wastewater treatment faces obstacles,
including side reaction (oxygen evolution) and low oxidation rate due to mass transfer
limitation of organic to the electrode surface. This is notably true for conventional direct current

(DC) electrolysis conditions. The term ‘limiting current density’ has been used in DC
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electrooxidation to refer to the maximum current density for organic removal prior to the mass

transfer limitation.

Pulsed electrolysis has been the subject of research for several decades. During the
electrolysis, the pulsed voltage mode changes the voltage from a base value (known as off-
voltage) to a peak value (called on-voltage). The pulse period is the sum of on-time (ton) and
off-time (toff). EAOPs are an application of electrolysis. Therefore, the pulsed electrolysis
methods are also applicable to EAOPs. In DC mode, the current is all faradic current which
refers to electron transfer caused by oxidation or reduction. In pulse potential mode, the current
ip consists of two parts: non-faradic current ic (which charges the double layer) and a faradaic
current ir. The non-faradic current (Equation 23) could be approximated as the

charge/discharge of an ideal polarized electrode when a voltage pulse is applied:

AE __t_
ic(t) = e fsta (23)

N

with A E the amplitude of the voltage pulse, Rs the solution resistance, Cp the double

layer capacitance, and t is the ton/off time.

Based on Equation 23, the non-Faraday current ic will be influenced by the voltage
pulse's amplitude and on/off time (t). Therefore, the choice of frequency is crucial to pulse
potential EAOPs. In addition, the previous experimental results also show that pulse frequency
affects the following distinct processes: bubble removal, diffusion layer formation, and

electrical double layer (EDL) formation.
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The diffusion layer formation time (Equation 24) is the time for the reactant

concentration at the electrode surface to fall to zero:[94]

D(C,nF)?
T=—F7—

202 9

The frequency range study of the diffusion layer formation is usually in 1-1000 Hz.[95]

The electric double layer formation time (Equation 25): [96]

1 (Xad)z _ Srznax (25)

t = =
4D, “ X 4D,

where D, : the diffusion coefficient, Xad: the density of hydrogen ions on the cathode
(cm), X: the concentration of hydrogen ions in bulk, and §: the thickness of the diffusion layer.
The electric double layer formation in the microsecond level, thus the pulse range above 100

kHz, is required to study EDL.
The bubble removal:

It has previously been observed that bubble coverage reduces conductivity and
increases ohmic losses of electrolysis. The increment of electrolysis energy efficiency is
reported in the 10- 100 Hz frequency range due to the bubble removal. Researchers found a
reduction in the thickness of the gas diffusion layer and a quicker bubble rise from the
electrode's surface [97]. The previous work of Pospisil shows that the pulses in the range of
40-240 Hz positively impact electrolysis, which would be caused by the removal of bubbles
on the electrode surface.[98]
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A literature search revealed only a few studies about EAOPs using pulsed
potential/current mode. In the work of Wei et al. [93, 94], the electrochemical oxidation of
phenol using pulsed BDD electrodes was studied. Their results reveal that the pulse frequency
(10-500 Hz) and the square pulse's duty cycle significantly influence the degradation of phenol.
Robert showed that the oxidation efficiency of pulse potential is greater than that of the DC
mode in the 1-5 Hz range. He reported that the BDD’s double layer capacity is 81 pFem 2.[99]
In contrast, the standard metal or graphite (considered surface roughness) is around 1- 20
uFem™ in aqueous.[100, 101] BDD's relatively larger double layer capacity should be noticed
because it is closely related to non-faradic current density. The published pulsed
potential/current EAOPs mainly discuss the frequency and on-voltage effect. There is little
published data on the off-voltage effect. Previous research in pulse water electrolysis suggests
that the greater the off-voltage, the lower the on-time current. In the meantime, the hydrogen
generation rate is enhanced by increasing the base voltage.[97] A possible explanation for this
might be that a portion of the measured on-current was non-faradic capacitive charging. If so,
an off-time discharge would be recorded. The evidence from this study suggests that the change
of off-voltage should affect pulse potential EAOPs. Because a wideband semiconductor like
BDD is used in the experiment for radical generation, its double layer capacity is much larger

than the metal anode for water electrolysis.

In this study, a pulse potential EAOPs was conducted to degrade the benzoic acid wastewater
using BDD as the anode. This work aimed to investigate the influence of the off-voltage and frequency

during electro oxidation. A comparison between the constant and pulse voltage EAOPs was made to
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evaluate the performance. The LSV and Electrochemical Impedance Spectroscopy (EIS) analyses were

conducted to optimize the pulse potential condition.

5.3 Materials and methods

Pulsed potential supply:

Instead of using an electrochemical workstation or an expensive computer-based
controller, the Low-cost TTL (Transistor-Transistor Logic) and CMOS (Complementary Metal
Oxide Semiconductor) analogy switches were used as PWM (Pulse Width Modulation) for the

control of the on/off voltage, pulse voltage frequency, and duty cycle.

In our experiment, the duty cycle is 50 %, and the on-voltage is 4V as default. The pulse
amplitude is varied for investigation. The frequency is in the range of 10-1000 Hz. The duty
cycle is the ratio between on-time and pulse period, while the frequency is the inverse of the
pulse period. The difference between the on-voltage and off-voltage is the pulse amplitude
illustrated in Figure. For example, in 4V on-voltage and 1 V off-voltage conditions, the pulse

amplitude is 3V.
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Figure 24 — An example of an ideal PWM on/off voltage profile of 4-0 V,4-1 V, and 4-3
mode.

UV-vis analysis:

The determination of the BA concentration within the degradation experiments was

carried out using UV-Vis (Hitachi, UH5700)

Electrochemical characterization:

The electrochemical characterization was performed in a three-electrode setup. A

silver/silver chloride electrode was used as a reference electrode.

Electrochemical degradation experiments

The degradation experiments of BA were performed in a two-electrode setup with 0.1

M Na2SOs4 solution.
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5.3 Results and discussion
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Figure 25 — a) The EIS of BDD with different biased potentials (2V and 3V vs NHE),
Subplot: the EIS of BDD at 0 V vs NHE. b) The LSV plot of BDD. Both a) and b) are
tested in 0.1 M Na;SO4 with 1 cm electrode spacing. c) the ideal plot of the relationship
between the frequency and the electron transfer resistance (Zs) and the capacitance (Cq).

The applied voltage strongly affects the electrochemical activity of the BDD anode. The
Nyquist plot of the BDD is shown in Figure 25. a. With increased biased potential applied to
the BDD, the impedance of the BDD drops rapidly, which is especially obvious when the
applied voltage increases from 2 to 3 V. The BDD as a wide semiconductor is non-conducting
with applied voltage below the OEP and has a very small current density. The BDD's LSV plot
(Figure 25. b) is around 2.2 V/NHE. When the applied voltage is higher than the OEP, the BDD
becomes a conductor with much smaller electron transfer resistance (Zr) and surface
capacitance (Cq) for electron oxidation. Therefore, the on-voltage should be at least beyond
2.2V for effective oxidation. The off-voltage should be lower than 3 V to avoid oxidation in
the off-time. Except for suggesting the operational off-voltage condition, the interpretation of
the EIS of BDD and ideal EIS plot (Figure 25. ¢) can help understand the optimal frequency

for pulse potential EAOPs. The characteristic frequency w is directly obtained by reading the
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highest point of the EIS circle. In 2 V biased potential conditions, the characteristics frequency
w 1s 50 Hz. It indicates that the non-faradic process outweighs the faradic process if the applied
frequency is much higher than 50 Hz. The capacitance is dramatically smaller in the 3 V biased
potential condition. Its corresponding w is 400 Hz. It is hard to directly read the w of BDD in
the open circuit condition (OCP), because there is no circle formed in that situation. We still
can reasonably extrapolate the frequency, which should be much lower than 50 Hz. Therefore,
the current may barely charge and discharge the electron double layer (Cd) in high frequency
and low off-voltage conditions. Therefore, pulse potential EAOPs should adjust the off voltage
based on the applied frequency. The pulse potential EAOPs are compared with the constant

DC EAOPs in the following BA oxidation experiments.

Table 6 tells that the Power density of high-frequency pulse EAOP is higher than the
50 % power density of the DC mode in the 50% duty cycle condition. The power density P is

calculated based on Equation 26:

_Ju-liat
=

P (26)

The reasons for higher than 50 % power density are: 1) In the off-voltage state, there is
still current. 2) In the on-voltage state, the pulse potential EAOPs have a higher current density
than the constant DC EAQOP. Table 7 shows the EE/O of the BA oxidation in different on/off
voltage and frequency conditions. It is apparent from the table that when the applied frequency
is beyond 100 Hz, the EE/O of pulse potential EAOPs are higher than that of the DC EAOPs.

This is inconsistent with our previous discussion. The non-faradic process gradually dominates
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the process with a higher frequency applied. When the frequency is beyond 1 kHz, almost no
BA oxidation occurs in 4-1 V and 4-2 V mode, which can therefore be another strong evidence
of a non-faradic process, instead of faradic process which dominates the current. Another
important finding was a positive shift of optimal frequency with increased off-voltage. In 4-0
V mode, 10 Hz is the best frequency compared to others. In 4-1 V, both 50 and 10 Hz has lower
EE/O than the DC EAOP. In 4-2 V, the lowest EE/O is obtained at 50 Hz. This also accords

with our earlier observations, which showed increased w for increased biased potential.

Table 6 — The power density of the EAOPs with different voltage and frequency. Note:
4-0V,4-1 V, and 4-2 V denote the off-voltage is 0, 1, and 2, respectively, and the on-
voltageis4 V.

Voltage Mode

Power density U*I (W/cm?2) DC 4V 4-0V 4-1V 4-2V
10 HZ 0.030 0.023 0.021 0.020

50 Hz 0.030 0.029 0.026 0.023

100 Hz 0.030 0.031 0.030 0.025

200 Hz 0.030 0.036 0.035 0.029

1 kHz 0.030 0.045 0.040 0.031

10 kHz 0.030 0.049 0.049 0.032

78



Table 7 — The EE/O of the EAOP reactor with different on/off voltage and frequency.

Voltage mode

EE/O (KWh/m3)

10 HZ

50 Hz

100 Hz

200 Hz

1 kHz

10 kHz

DC 4V

3.93

3.93

3.93

3.93

3.93

3.93

0-4V 1-4 V
2.88 2.61
5.02 3.41
7.08 6.56
12.87 10.90
53.25 31.84

231.05 300.12

2-4V

2.40

1.83

3.15

4.46

7.06

7.15
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Figure 26 — a) The BA oxidation at 4-0 V mode b) at 4-1 mode and C) 4-2 mode. The
initial BA concentration is 20 ppm and the Na2SO4 concentration is 0.1 M Na2SO4
with 0.5 cm electrode spacing.

Figure 26 shows the experimental data on I-hour BA oxidation with different
frequencies and off-voltage. As mentioned, the duty cycle is 50 % as default. In 1 hour
experiment, the on-time of pulse potential is 30 mins, only half that of DC EAOPs. Therefore,
the expected removal percentage of pulse potential EAOPs is 50 percent of that of DC EAOPs
in the same current density condition. However, it is important to bear in mind that the power
density of pulse potential EAOPs is certainly lower than that of the DC EAOPs but higher than

the 50 % of DC EAOPs. Therefore, it is not surprising to see removal percentage of pulse
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potential EAOPs is higher than 50 %. In 4-2 V Mode, the oxidation percentage of 50 Hz is
even higher than the DC one, which is explained by the high current density and mass transfer

during the on-time.

Figure 27 shows the IV curve of the pulse potential EAOPs. Recoding the IV
investigated the non-faradic effect regarding the applied pulse frequency. The positive current
density corresponds to an on-voltage state in all three cases, and the negative current
corresponds to an off-voltage state, 0 V, 1 V, and 2V, respectively. In the off-time period, the
negative current spike gradually converges to 0 mA/cm? with time. To be noticed, the spike
current density decreases as the off voltage rises. The 4 0 mode has the highest peak current
density in an on-time period and the slowest convergent rate to 0 mA/cm?. Moreover, the 4 2
V mode has the lowest peak current and the fastest rate to drop to 0 mA/cm?. This is explicable
by our description of the EIS model and the discussion about the faradic and non-faradic current
based on Equation xx. In the 4 0 mode, the voltage amplitude is the largest among the three-
setup condition, leading to the high peak current value. These results are consistent with EE/O
and Powe density data. Though the power density of the 4 0 mode is the highest, the percentage
of non-faradic is also high, leading to high EE/O. Though the 4 1 V and 4 2 V modes still
have charge and discharge through the surface capacitance, a portion of the EDL charge

remains adsorbed, reducing the non-faradic percentage.
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Figure 27 — The IV curve of the high-frequency pulse EAOP with4 0V,4 1V,and 4 2
V mode in a) 10 Hz, b) 100 Hz ¢) 200 Hz mode.
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5.4. Conclusion

In this experiment, we have done high pulse EAOPs with BDD electrodes. After
analysis, we can conclude that since our electrode is a broadband semiconductor, it is
unsuitable for the ultra-high frequency electrolysis method in the water electrolysis field. At
low and medium frequencies, the high pulse affects the mass transfer and the detachment of
gas bubbles. Furthermore, we find that the energy efficiency is improved by high pulse power
compared to DC. In particular, the turn-off voltage strongly influences the non-Faraday current
part of the process. Therefore, a proper 1,2 V off-voltage compared to 0 V helps improve the

electrode's performance in pulse potential.
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CHAPTER 6. EXTRACTION OF PFOA FROM DILUTE
WASTEWATER USING IONIC LIQUIDS THAT ARE DISSOLVED

IN N-OCTANOL

6.1 Abstract

Polyfluoroalkyl Substances (PFAS), such as perfluorooctanoic acid (PFOA), are
resistant to biodegradation leading to adverse health outcomes. Therefore, PFAS
removal from drinking water is paramount. Liquid-liquid extraction processes can
remove them from water; however, the hydrophobic and oleophobic properties of PFOA
lead to low extraction efficiency and severe emulsification, especially for the ppm-levels
concentration of PFOA. Therefore, we introduced ionic liquid (IL)
methyltrioctylammonium  bis(trifluoromethylsulfonyl)imide  ([A336][NTf2]) as
extractant into octanol. We found that using hexadecyl trimethyl ammonium bromide
(CTAB) as an extractant caused severe and stable emulsion. In comparison,
[A336][NTf2] could suppress the emulsification with high extraction efficiency. The
extraction performance of PFOA was examined as a function of various parameters. The
results showed that the extraction efficiency strongly depended on the concentration of
IL and aqueous pH. Further research revealed the extraction mechanisms at the
molecular level, and density functional theory (DFT) and molecular dynamic (MD)
simulation agreed with the trends in the experiment. We determined that the extraction

efficiency of PFOA from water could be up to 88.21 wt.% for the optimized condition,
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indicating that the extraction system of [A336] [NTfz] + octanol was efficient for

separating PFOA from the diluted aqueous solution

6.2 Introduction

Fluorinated compounds are widely applied in the semiconductor, polymer, and energy
industries.[102-105] Among them, Polyfluoroalkyl Substances (PFAS) and their salts have
been the primary concerns because they bioaccumulated in the food chain and are exceptionally
resistant to typical degradation processes.[44, 106-110] The traditional low-cost methods like
coagulation—sedimentation and activated sludge process are not effective enough in removing
PFAS.[111, 112] In recent years, it has been reported that ion exchange, granular activated
carbon, and electrocoagulation are efficient for PFAS removal.[113-116] However, they are
costly and produce sludges that need further treatment. Besides, residual PFAS on activated
carbon or in coagulation sludge needs to be destroyed because it is difficult to recover. The
processes that can destroy them are intensively energy-demanding, for example, using thermal
decomposition or ultrasonic cavitation.[117-119] For environmental sustainability, developing
highly efficient and green extraction and recovery methods for PFAS separation from
wastewater is necessary. This study focused on perfluorooctanoic acid (PFOA) and developed
the liquid phase extraction method using ionic liquid (IL) and octanol. The concentrated PFOA

in organic solution could be further concentrated using reduced pressure distillation.[119]

The main challenge for liquid-liquid extraction is the high hydrophilicity of PFOA.
Though the fluorinated hydrocarbon chains are oleophobic and hydrophobic, the hydrophilic

end (hydroxyl group) results in a reasonably high water solubility (9.5 g/ml).[120] The octanol-
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water partition coefficient (Kow) allows a quantitative evaluation of the hydrophobicity.
However, the value of PFOA cannot be obtained by the OECD shake flask because it adsorbs
to the flask due to its surface reactive property.[121] Therefore, we used the Kow of
perfluorooctanesulfonic acid (PFOS) to estimate it. The (Kow) of PFOS was determined to be
-0.18 (log (56 mg/L in n-octanol / 680 mg/L in water), which implies we will have a low
extraction efficiency for PFOA. Besides, suppressing the emulsion of n-octanol is another
critical challenge because PFOA is also an emulsifier. Most extractants are water-insoluble
organic liquids, and PFOA can emulsify these organic liquids. If the emulsion formed is
relatively stable, it requires time to demulsify. Otherwise, it will cause a series of problems,
such as a slow extraction rate, low efficiency, and secondary pollution (e.g., emulsion in the

water phase).

An appropriate extractant should meet the following criteria: (1) The extractant should
form a complex structure with PFOA to shift the equilibrium balance toward the organic phase.
(2) The extractant should suppress the emulsification during the extraction. (3) The extractant
should be hydrophobic (high solubility in the organic phase and extremely low solubility in the
aqueous phase. Based on the above selection principles, hexadecyl trimethyl ammonium
bromide (CTAB) and methyltrioctylammonium  bis(trifluoromethylsulfonyl)imide
([A336][NTf2]) IL were chosen to enhance the liquid-liquid extraction, because both of them
are long-chain quaternary ammonium salts with weak alkalinity, and can form relatively strong
interaction with organic acids, which is conducive to the extraction of organic acids, such as
PFOA. In order to reduce the loss of extractants in the aqueous phase, one way is to change the

alkyl chain length of the cation, and the other is to change the structure of the anion. The longer
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the alkyl chain length, the poorer the extraction ability; If the alkyl chain length is too short,
then the hydrophilic is enhanced, resulting in the loss of extractants and secondary water
contamination.[122-125] Conventional anions, such as Cl and Br, are easily solvated and
hydrophilic. However, hydrophobic anions, such as NTf2, should be preferably considered.
Moreover, the rationality of our choice has been further supported by other related references.
CTAB has been reported to significantly increase the adsorption of PFOA to sediments or
activated carbon due to electrostatic forces and hydrophobic group interactions.[126-128] As
for ILs, such as [A336][NT{2], their advantages include but not limited to low vapor pressure,
high thermal stability, and adjustable hydrophobicity and polarity.[129-131] The ILs could,
therefore, increase water-immiscibility (low water solubility) by lengthening the alkyl chain of
the cation and adopting hydrophobic anions (e.g., NT{2), resulting in the excellent suppression
of the emulsification.[132, 133] Furthermore, the electrostatic or H-bonding interactions of the
IL with PFOA are expected to enhance the liquid-liquid extraction significantly.[134]
[A336][NTf2] has already been applied in the extraction of metal ions and organic acids
(methacrylic acid and acetic acid et al.) and showed excellent stability and higher extraction
efficiency.[135-137] In addition, our preliminary experimental results showed that the
solubility of [A336]NTf2 in water was only 8.52 ppm. Hence, [A336] [NTf2] was selected as

an extractant in this work.

We design and develop an efficient liquid-liquid extraction method for PFOA
separation from the diluted aqueous solution containing a ppm-level concentration of PFOA.
The effect of various parameters, i.e., the aqueous pH, IL concentration, PFOA concentration,

temperature, and equilibrium time, on the separation efficiency of PFOA will be investigated,
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and the optimized conditions will be obtained. The extraction mechanisms will be revealed
using theoretical analysis, DFT, and molecular simulation to understand the role of IL in the
liquid-liquid extraction process. We will examine the inherent differences of PFOA species
(ions and/or molecules) by examining the impact of pH. This work will provide a novel
approach for treating wastewater containing non-biodegradable fluorides and contribute to
solving the grand challenge and green development for semiconductor, polymer, and energy

industries.

6.3 Materials and methods

The extractants, [A336][NTf2] (98.5% purity) and hexadecyl trimethyl ammonium
bromide (CTAB, 98.0% purity), were supplied by Shanghai Aladdin Biochemical Technology
Co., Ltd. The octanol used as the diluent (99.99%, Sinopharm Chemical Reagent Co., Ltd.,
high purity) and sodium hydroxide (98.0%, Tianjin Kermel Chemical Reagent Co., Ltd.,
analytical grade) were used without further purification in the experiments. Hydrochloric acid
was obtained from Sinopharm Chemical Reagent Co., Ltd., and high-purity Milli-Q water
(resistivity > 18.2 MQ-cm and conductivity < 0.1xS-cm™) was used to prepare all aqueous

solutions.

6.3.1 Solution preparation

The organic phase was prepared by diluting [A336][NTf2] or CTAB in octanol. The
aqueous solution was prepared by dissolving PFOA in water. The pH of the aqueous phase was

adjusted by adding a 0.5 mol/L NaOH solution or HCI solution. All qualities were weighed by
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a METTLER analytical balance accurate to +0.0001 g. The standard deviations of the

concentrations were calculated and corresponded to an experimental uncertainty of +0.003.

6.3.2 Extraction procedure

Extraction experiments were carried out in 20 mL flasks. Equal volumes of the organic
and aqueous phases were used unless otherwise stated. Firstly, the flasks were immersed in a
temperature-controlled water bath. The aqueous solution was stirred for about 30 min to
establish the temperature equilibrium. Then, the organic phase was mixed with the aqueous
solution and stirred for another 30 min for complete extraction. Subsequently, the mixture was
centrifuged at 4000 rpm for 5 min. The aqueous phase was carefully separated, and its
equilibrium pH was measured. Finally, the concentrations of PFOA in the aqueous phase were
determined by a high-performance liquid chromatography (HPLC) system and mass
spectroscopy (MS). According to the data obtained, the extraction percentage of PFOA (Eproa)

was determined using the following Equation 27:

_ Giproa X Via - Ceproa X Ve a
Eppon = ATt @
iPFOA X Vi

Where C denotes the concentration of PFOA (mg/L), and ¥ denotes the volume of the
aqueous phase (L). The subscript A denotes the aqueous solution. The subscript i and e denote
the initial and equilibrated concentrations of PFOA in an aqueous solution. The extraction
mechanism of the studied system containing [A336][NTf2] was investigated using electrospray

ionization mass spectra (ESI-MS) and Fourier transform infrared spectroscopy (FTIR). All
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experiments were conducted at least three times, and the average and standard deviation were

calculated and reported.

6.3.3 Apparatus and measurements

The concentration of PFOA in the aqueous phase was determined using HPLC MS
using an Agilent 1100 HPLC (Agilent Technologies, Santa Clara, United States) equipped with
a Zorbax SB C18 column (Agilent Technologies, Santa Clara, United States). The electrospray
ionization mass spectra (ESI-MS) of [A336] [NTf2] and PFOA were acquired using a
Waters/Micromass ZQ mass spectrometer (Manchester, UK) equipped with a Harvard
Apparatus syringe pump. Mass spectra were acquired in the negative ion detection modes with
the unit mass resolution at 1 m/z unit. The mass range for ESI experiments was from m/z = 100
to m/z = 1000. FTIR spectroscopy was used to determine the chemical compositions using a
Nicolet iS50 spectrometer (Thermo Fisher Scientific Corporation, USA). The scanning
frequency range was 4000-500 cm-1 under ambient conditions, with a spectral resolution of 2
cm. The pH values of the aqueous phase were measured using a pH meter (Rex PHS-3C,

China).

6.3.4 Computation details

Density functional theory (DFT) calculations were performed using the Gaussian 09
program[138]. All the geometries optimization and frequency calculations were conducted
using the B3LYP-D3/ 6-31++G(d,p) basis set in both the implicit and explicit water solvent
models. For each system, different geometries were screened to determine the

thermodynamically favorable one.
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All the Molecular dynamics (MD) simulations were carried out using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)[139]. The all-atom optimized
potentials for liquid simulations (OPLS-AA) potential[140] were employed to describe the
interatomic interactions, including van der Waals, bond, angle, and dihedrals interactions in
the ILs and n-octanol. For n-octanol, the united atom (UA) method was used to decrease the
computation time because UA is simpler while keeping its characteristic structures, where -
CH:- or -CH3 is represented by one single bead. The van der Waals interaction between ILs
and PFOA was described using the Lennard-Jones potential 4¢[(o/r)'? - (6/r)®] at an interatomic
distance », where ¢ was the depth of potential well and ¢ was the finite distance at where the
potential was zero. The Lorentz-Berthelot mixing rules were used to model the parameters of
PFOA and IL, which were truncated at 1.2 nm. The long-range electronic interaction was
computed using the particle-particle-particle-mesh (PPPM) algorithm.[141] The density of
pure n-octanol was calculated to be 0.827 g/ml using MD methods for temperature (300 K) and
1 bar pressure, and this is very close to the experimental value, which shows the accuracy of

the force field models in the MD.

The concentration of IL was controlled by changing the number of IL in the system.
The corresponding numbers of IL for different Ci. are listed in Table S1. The size for IL-n-
octanol systems was nearly 10x10x10 nm?, allowing the capture of the ionic cluster formation.
The periodic boundary conditions (PBCs) were used in three directions. The system was
relaxed in the NVT ensemble[142] for 5 ns. It then was relaxed in the constant pressure-

temperature NPT ensemble for 25 ns. The temperature and pressure were controlled using the
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Berendsen thermostat.[143] After the system was equilibrated, an additional 10 ns long

simulation was carried out to collect the data for structural analysis.
6.4  Results and discussion
6.4.1 Emulsification and equilibrium conditions

Understanding emulsification is essential for repeatable results and obtaining an
optimized equilibrium extraction condition. PFOA as a surfactant could cause the formation
and stabilization of emulsions, which impedes the equilibrium distribution of PFOA between
the organic and aqueous phases using CTAB and n-octanol. This approach required a
demulsifier like methanol or acetonitrile to break the emulsion. However, the demulsifier
increases the cost of PFOA extraction and causes high TOC wastewater. Moreover, the
standard deviation of extraction efficiency using CTAB fluctuated wildly, indicating that it is
unsuitable for industrial applications, not to mention the production of a water phase emulsion.
However, no emulsification was formed with [A336] [NTf:] extractant dissolved in n-octanol,
which permitted the efficient extraction of PFOA. Therefore, in the following work, the

extraction system of [A336] [NTf2] + n-octanol was chosen for further study.
6.4.2 Equilibrium analysis

For the aqueous solution of PFOA + H2O, Equations 28, 29, and 30 describe the

equilibria conditions:

K,
PFOA — PFO + H* (28)
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KW
H,0—— H* + OH (29)

_[PFO), x [H'],
ko= [PFOA], (30)

The total concentration of PFOA in the aqueous phase is defined as the sum of

concentrations of the free PFOA and the dissociated species, PFO™ as shown in Equation 31.

[PFOA] 5, sum=[PFOA]4 + [PFO ] (1)

The following extraction reaction is proposed for the IL-based extraction system

(Equation 32):

aCA + PFO" + H* & PFOA-aCA (32)

where CA denotes the IL, and « is the stoichiometric coefficients of CA in the extracted
complex. Based on Equation 32, the extraction equilibrium constant of PFOA (Keproa) at a

specific temperature is expressed by Equation 33:

_ [PFOA-aCA],
PrOA™ [H* ], x [PFO ], X [CAF,

K, (33)

where the subscript O denotes the organic phase. The distribution coefficient of

PFOA (Drroa) for the liquid-liquid extraction system can be expressed as Equation 34:

[PFOA],

D =——
proa [ PF OA]A,sum (34)
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where [PFOA]o is equal to [PFOA-aCA], as shown in Equation 32 on a molar basis.

Therefore, Equation 35 can be derived by combining Equations 30, 31, 33, and 34.

1
108(Drro) =108 Kopros) + alog((CA],) -log (== +—-—) (35)

1
[H"]4

From Equation 35, it can be seen that the distribution coefficient Dpgg, increases with
the increasing extraction equilibrium constant K, pros and IL concentration in n-octanol.
Because Ka is a constant at a fixed temperature, increasing the aqueous H' concentration will
promote the formation of PFOA molecules rather than the dissociated species PFO", which will
be favorable for the extraction of PFOA to the organic phase and Dppg, increases as pH

decreases. We will validate this analysis in the following experiments.
6.5 Optimization of the extraction conditions
6.5.1 Effect of extraction time

The initial concentration of PFOA was 100 mg/L in the aqueous solution. The
[A336][NTf2] concentration was 0.0025 mol/L in the n-octanol solution. The volume of the
aqueous phase was equal to that of the n-octanol phase. Figure 28 shows the effect of the
extraction time on the extraction percentage of PFOA by the [A336][NTf2] and n-octanol at
298.15 K. We found that the extraction percentage of PFOA was almost constant after 10
minutes of extraction and increased rapidly in the first 2 min to reach around 35 wt.%, and then
slowly increased to 53.57 wt.% at 15 min. Therefore, we used an extraction time of 30 min for

the remaining experiments.
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Figure 28 — The relationship between the extraction percentage of PFOA and the
extraction time. The aqueous phase: 100 mg/L PFOA. The n-octanol phase: 0.0025
mol/L [A336][NTf2], T=298.15 K and ratio of the aqueous phase and organic phase
(A/0) =1:1.

6.5.2 Effect of pH

The effect of pH on the extraction efficiency and dissociation degree of PFOA and the
molar ratio of Na* to PFO™ was investigated at the constant IL and PFOA concentrations. As
shown in Figure 29, the extraction efficiency of PFOA declined from 70.61 wt.% to 35.74
wt.%, with the initial aqueous pH value increasing from 2 to 7, and then increasing to 50.64

wt.% at a pH of 10.
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Figure 29 — Effect of pH on the extraction efficiency and dissociation degree of
PFOA and [Na+|/[PFO-] molar ratio by the system of [A336][NTf2] + n-octanol at:
[A336][NTf2] = 0.0025 mol/L, PFOA =100 mg/L, T=298.15 K, extraction time=30
min, and A/O=1:1.

For PFOA, which has a carboxyl group, the ionized function group has better water
solubility, while the unionized one prefers to be in the non-polar organic solvent.[144] The
PFOA (pKa) dissociated constant in the water at 298.15 K is 3.8.[145, 146] Therefore, a pH
that is lower than the pKa (3.8) corresponds to higher extraction efficiency, which was
confirmed by the experiment results (Figure 29). The ratio of ionized PFOA, [PFO]a/[PFOA]A
,sum (see Equation 32) increased from 1.56% to 99.94% as the pH increased from 2 to 7. The
results show that the extraction of PFOA functions best in strong acid. It could be attributed to
the fact that the lower the pH value, the lower the degree of dissociation. Moreover, the

unionized PFOA is more hydrophobic, making it easier to enter the organic phase.
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The lowest extraction efficiency of PFOA happened at a pH of around 7. It is because
nearly all the PFOA molecules were dissociated into PFO™ ions by the addition of NaOH, as
shown in Figure 29 (blue line), and the concentration of H" was equal to that of OH", meaning
that the species in the aqueous solution mainly existed in the forms of Na" and PFO" ions, and
their molar ratio was equal to one. Na® and PFO could be extracted into the organic phase, as
shown in Equation 36. The extraction ability of [A336] [NTf2] to Na” and PFO" ions was lower

than that of the PFOA molecule.

aCA + PFO + Na® < PFONa-aCA (36)

However, with a further increase of the aqueous pH to 10, the concentration of Na* was up to
~0.341 mmol/L, corresponding to a molar ratio of Na* to PFO™ 1.41 as shown in Figure 29
(green line), while OH" concentration ~0.1 mmol/L. The increase of Na' concentration
promoted the extraction of PFO™ because of the salting-out effect.[ 147, 148] The concentrations
of Na' in the organic phase at pH around 7 and 10 were measured to be 1.92 mg/L and 2.75
mg/L, respectively. This result indicated that, after the extraction equilibrium, the molar ratio
of PFO™ and Na" in the organic phase was around 1, which further proved the rationality and

correctness of Equation 36.

6.5.4 Effect of temperature

Figure 30(a) plots the variations of Eproa as a function of the temperature (293.15 to
323.15 K), which were the experimental results three times with average relative deviations of

less than 5%. The dependence of log (Drroa) against 1/7 was shown in Figure 30(b). At first,
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with the temperature increasing, both the extraction percentage and the distribution coefficient
of PFOA increased, and the maximum extraction efficiency and distribution coefficient of
PFOA occurred at 313.15 K. However, with different temperature rising, the PFOA extraction
percentage decreased. Bai et al. found the same trend using ILs to separate methacrylic acid
from dilute aqueous solutions.[38] An increase in temperature from 293.15 to 313.15 K led to
a decrease in the viscosity of the organic solution from 10.01 to 4.60 mPa - s according to our
experimental data, probably increasing to the free ions/ion pairs in the organic phase, which
enhanced the PFOA extraction efficiency.[39] With the further increase in temperature from
313.15 to 323.15. K, the thermal motion of molecules or ions was intensified [38]; thus, the

interactions between IL and PFOA were weakened, resulting in a decrease in the extraction

efficiency of PFOA.
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Figure 30 — Effect of temperature on the extraction efficiency of PFOA by the system of
[A336][NTf2] + n-octanol at an O/A ratio of 1:1 and extraction time of 30 min; (b)
Relationship of the PFOA distribution ratio versus 1/T. Red triangle (A): the
experimental data at PFOA concentration 100 mg/L, Blue square (0): the experimental
data at PFOA concentration 500 mg/L. The figure's red and blue dash lines are
smoothed in terms of the experimental data.

6.5.5 Effect of [A336][NTf>] concentration

The effect of [A336][NTf2] concentration in the organic phase on the PFOA extraction
efficiency was investigated at the constant PFOA concentration of 100 mg/L. The
[A336][NTf2] concentration range was varied from 0.00005 to 0.05 mol/L. We found in the
preliminary experiments that severe emulsification occurred without the addition of
[A336][NTf2]. This was similar to the PFOA extraction process using CTAB + n-octanol

(Figure S1). The addition of IL eliminated the emulsification problems.
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Figure 31 — The extraction efficiency of PFOA as a function of the concentration of

[A336][NTf2] in n-octanol. Organic phase, 0-0.05 mol/L [A336][NTf2]; aqueous

phase, 100 mg/L. PFOA, no buffer added. T=298.15 K, extraction time=30 min, and

A/O=1:1.

As shown in Figure 31, the extraction efficiency increased initially and then decreased.

As the [A336][NTf2] concentration was in the range of 0.001~0.005 mol/L, the extraction
efficiency of PFOA reached a higher value (blue line), which was also corresponding to a
higher pH value (red line). The further addition of [A336][NTf2] resulted in the obvious decline
of the PFOA extraction percentage. In order to further explain this phenomenon, the critical
micelle concentration (CMC) of IL in the organic solution was obtained by measuring the

conductivities of the [A336][NTf2] + n-octanol system at 298.15 K, as shown in Figure S2.

Obviously, the CMC of IL was around 0.0018 mol/L, just corresponding to the IL concentration
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range with a higher extraction efficiency level of PFOA, which further proved that the self-

assembly of ILs was one of the important factors affecting the extraction efficiency.

Molecular dynamics simulations (MDs) of [A336] [NTf2] in n-octanol were performed
to gain a mechanistic understanding of the process. In general, a high concentration of [A336]
[NTf2] could lead to the formation of ionic clusters. The ionic cluster is defined by the nearest
distance (dn) between two ions, where two ions will be viewed as in the same ionic cluster
when the dn is smaller than 4.0 A. The cluster size is simply described by the number of atoms
in the single cluster. In Figure 32(a), the size distribution of clusters for the system of various
Ci is shown. When the concentration of IL (CiL) was deficient (Ci. < 0.02 mol/L), there was
only one ionic pair or small cluster (1 CA+2 AN), which was in the system. However, when
Cri. was beyond 0.02 mol/L, a large cluster 2CA+2AN, 3CA+2AN, etc.) could be formed. The
specific probability distribution function was listed in Table S3. Specifically, the maximum
size of ionic cluster was 95 (1CA + 1AN) and 270 (3CA + 2AN) for Ci. = 0.005 and 0.02
mol/L, respectively. The detailed structure of the ionic cluster with different sizes is displayed
in Figure 32(b). Interestingly, the critical point for forming the sizeable ionic cluster agreed
with a decrease in extraction efficiency. That is to say, the larger cluster significantly decreased

the free ion pairs in the system and decreased the productive extraction efficiency.
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Figure 32 — (a) The cluster size distribution for the system with the different
concentration of ILs, where the line in the box charts show the corresponding
fraction of the cluster size. For the box chart, the horizontal lines from bottom to
top represent 15, 50 and 85%, respectively. “#” represents the number of atom in
the single cluster. (b) The snapshots of the ionic cluster with different sizes, where
“CA” and “AN” represent the cation and anion of IL, respectively. The cyan, white,
blue, red, yellow, and pink represents carbon, hydrogen, nitrogen, oxygen, sulfur,

6.5.6 Effect of PFOA concentration

The effect of PFOA concentration in the aqueous solution was investigated at a constant
IL concentration of 0.005 mol/L. The PFOA concentration ranges from 20 to 1000 mg/L. As
shown in Figure 33, the extraction efficiency of PFOA increased from 0.65 wt.% to 88.21
wt.%, with the increase of PFOA concentration from 20 to 500 mg/L. A further increase in
PFOA concentration resulted in a decrease in the PFOA extraction percentage. These results
indicated that the extraction system of [A336][NTfz] + n-octanol was also suitable for the high

concentrated PFOA wastewater.

We also need to consider the impact of pH in data analysis. The initial aqueous pH
values were always lower than the equilibrated aqueous pH value, as shown in Appendix3,

because only PFOA, not PFO™ could be extracted to the organic phase. PFOA is a strong acid.
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This leads to a decrease in H" concentration and an increase in pH. The initial aqueous pH
value decreased from 6.55 to 2.58 as the PFOA concentration increased from 20 to 1000 mg/L.
Meanwhile, the equilibrated pH values changed from 6.56 to 3.08, as shown in Figure 33 (blue
line). The pH change only explains the extraction of 0.5% to 0.13% dissociated PFOA. These
results reconfirmed that the extraction efficiency was determined by undissociated PFOA. The

maximum extraction value was 500 mg/L of PFOA corresponding to ~ 1mmol/L, while IL =

5 mmol/L.
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Figure 33 — Effect of PFOA concentration on the extraction of PFOA by the system
of [A336][NTf2] + n-octanol at: [A336][NTf2] = 0.005 mol/L, T=298.15 K, extraction
time=30 min, and A/O=1:1.
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6.6 Extraction mechanisms
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Figure 34 — PFOA extraction mechanisms using the system of [A336][NTf2] + n-
octanol at: PFOA = 100 mg/L, T=298.15 K, extraction time=30 min, and A/O=1:1.

The distribution coefficient of PFOA is a function of [A336][NTf2] concentration, as
shown in Equation 35. Figure 34 plots the variation of log (Drroa) as a function of the
logarithmic value of the [A336][NTf2] concentration in the organic phase (log(CiL)). A linear
relationship between log (Drroa) and log (CiL) was obtained when the concentration of IL was
lower than 0.001 mol/L. The slope of the line was 0.32, which is to say the molar ratio of
[A336][NTf2] to PFOA equals 1/3, which means one IL molecule involved with three PFOA
in the extraction. Therefore, a possible adduct complex, 3PFOA [A336][NTf,] was formed, as

shown in Equation 37.
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3 PFO +[A336][NTE,]+3H & 3PFOA-[A336]/NTE,] (37)

The distribution coefficient was almost constant with the further increase of
[A336][NTf2] concentration to 0.02 mol/L. However, when the [A336][NT{:] concentration
increased from 0.02 to 0.05 mol/L, the slope of the line became negative, which was probably
due to the formation of the ionic clusters of ILs in the n-octanol, as confirmed by the CMC
experimental data (0.0018 mol/L IL in n-octanol) shown in Figure S2. Accordingly, not all
the ILs can participate in the extraction process, especially for concentrations above 1 mol/L
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Figure 35 — Optimized complexes of the mixtures from DFT calculations: a)
PFOA...octanol, b) PFOA...CTAB, and c) PFOA...[A336][NTf2].

in the n-octanol.
Also, the equilibrated organic solution was characterized by FTIR, and the highlighted

spectra are shown in Appendix4. Following the literature,[ 149] the spectra in the range between
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1000 to 1400 cm™! contained the following bonds: axial stretches of CF2 (~ 1363 cm™, 1319
cm '), an asymmetric stretch of CF2 (~ 1238 cm™"), and mixed asymmetric and axial stretches
CF2 (~ 1204 cm ™). In our experiments, two minor peaks (1240 cm™!, 1210 cm™) were detected
in the equilibrated organic phase due to CF2 vibration. PFOA samples with [A336][NTfz] had
weaker signal peaks, which indicated that the ILs showed strong intermolecular interaction via
hydrogen bond and hydrophobic group interaction. No peaks disappeared, or new peaks
appeared in an n-octanol-PFOA-ILs mixed solution, indicating that no chemical reaction

occurred during the extraction process.

Further, the density functional theory (DFT) calculations were carried out to understand
why the extraction system of [A336][NTfz] + n-octanol was more efficient than that of CTAB
+ n-octanol at the atomic level. Figure 35 depicts the optimized complexes of PFOA--n-octanol,
PFOA--CTAB, and PFOA-[A336][NTfz]. In terms of the calculation of the intermolecular

interaction energy (Equation 38):

AE(as)= 627.5%(Ens-En-Es) (38)

where Ea-s (in kcal/mol) is the total energy of IL/n-octanol-PFOA complexes, Ea is the
energy of the IL or n-octanol, and EB is the energy of PFOA in a. u., respectively. The
AE®roA...[a336]NTR2]) 1S -43.88 kcal/mol, which is lower by 7.44 and 33.84 kcal/mol than the
AE®roA...cTaB) and AE(PFOA...octanol). This lower energy was mainly attributed to the fact that O-
Hrroa "Nnt2 H-bond in PFOA -~ [A336][NTf2] is stronger than the O-Hproa‘Brcras H-bond
in PFOA"CTAB and Orroa "HOoctanot H-bond in PFOA octanol (-22.50 vs. -7.73 and -3.24

kcal/mol) and the Caiyi-H ~'F H-bond in all complexes have a similar magnitude (around -2.0
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~ -4.5 kcal/mol). Further investigation showed that the binding energy between PFOA with
[A336][NTf2] and CTAB is governed by electrostatics (55.56% and 54.78%), whereas it is
dominated by dispersion (49.37%) in PFOAoctanol. These results reveal that the interaction

of PFOA [A336][NTf2] is strong enough to extract PFOA from the aqueous phase.

Based on Equation 35, a general model considering all aspects such as pH, IL
concentration, PFOA concentration, etc., was developed by fitting the experimental data at

298.15 K, as shown in Equation 39.
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Figure 36 — The 3D surface map for the distribution coefficient of PFOA versus IL
concentration and pH using the system of [A336][NTf2] + n-octanol at: PFOA =
20~500 mg/L, T=298.15 K, IL = 0~0.005 mol/L, pH=1~7 and A/O=1:1.

10g(Dppog) =5.25 + 0.3310g(JCA) -10g(6309.57+ ) (39)

1
[H"]4
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Through the model, the distribution coefficients of PFOA (Drroa) versus the IL
concentration and pH values were plotted in Figure 36. It is evident that the lower the pH and
the larger the IL concentration, the higher the distribution coefficient of PFOA; the larger the
pH and the smaller the IL concentration, the lower the distribution coefficient of PFOA;
furthermore, the effect of pH on the PFOA separation factor was more substantial than that of
IL concentration. The model can determine the optimum parameters for PFOA separation from
the diluted aqueous solution, which is pH less than 3, and the molar ratio of IL concentration
to PFOA concentration is 1 to 2. In addition, the calculated log(Dcal, proa) obtained by Equation
39 was compared with the experimental log(Dexp, proa), as shown in Figure S5. It could be
seen from this Figure that the calculated results showed a similar changing trend with the

experimental values.

6.7 Conclusions

Liquid-liquid extraction of PFOA was successfully carried out using [A336][NTf:] as
the extractant and n-octanol as the diluent. The IL [A336][NTfz2] showed extremely low
solubility in water and significant inhibition of emulsification during the PFOA extraction
process. The extraction behavior of PFOA with IL was systemically investigated as a function
of various parameters such as the aqueous pH, IL concentration, PFOA concentration,
temperature, and equilibrium time. The pH of the aqueous solution was found to be critical for
the PFOA extraction. Theoretical analysis, DFT, and MD simulation revealed that the
extraction mechanisms differed for various pH values. At the pH of around 7, the extraction

efficiency was the lowest because PFO is the main existing form and, therefore, hard to be

109



extracted into the organic phase. The decrease or increase of pH from 7 was more favorable
for the PFOA extraction. The extraction stoichiometry indicated the formation of a 0.32:1
complex between [A336][NTf2] and PFOA when the IL concentration in the organic phase was
less than 0.001 mol/L. Under the optimized experimental conditions, 88.21 wt.% PFOA from
the aqueous solution could be extracted into the organic phase. Even for the aqueous solution
with a low PFOA concentration (100 mg/L), the extraction efficiency of PFOA still could reach
55.16 wt.%. This work provides an efficient and green method for treating wastewater

containing non-biodegradable fluorides.
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CHAPTER 7. IONIC LIQUIDS ENABLING EFFICIENT
EXTRACTION OF PFACS: COSMO-RS SCREENING AND

EXPERIMENTAL VERIFICATION

7.1 Abstract

Liquid-liquid extraction (LLE) using ionic liquids (ILs)-based methods to remove
perfluoroalkyl chemicals (PFACs), such as perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS), from wastewater, is an important strategy. However, the
lack of physicochemical and LLE data limits the selection of the most suitable ILs for
extracting PFACs. In this work, 1763 ILs for PFACs extraction from water were systematically
screened using COSMOtherm to estimate the infinite dilution activity coefficient (Iny™) of
PFOA and PFOS in water and ILs. To evaluate the accuracy of COSMOtherm, 8 ILs with
various Iny” values were selected, and their extraction efficiency (£) and distribution
coefficient (De) were measured experimentally. The results showed that the predicted Iny”
decreased with the increase of the experimental extraction efficiency of PFOA or PFOS, while
the predicted distribution coefficient (Dp) was consistent with the experimental (De) results.

This work provides an efficient basis for selecting ILs for extracting PFACs from wastewater.

7.2 Introduction

Perfluoroalkyl chemicals are a group of chemically stable compounds that owe their
stability to strong C-F bonds. As a result, they are persistent in the environment, which leads

to bioaccumulation and adverse effects on ecosystems and human health [44]. Among them,
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perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) have been
recognized as the persistent organic pollutant (POP) at the fourth meeting of the Stockholm
Convention [150]. After 2002, the production of PFOA and PFOS declined, and they were
gradually banned in Western countries. However, they are still being produced in many
developing countries [151] and are widely used in clothing treatments, leather products, and
the semiconductor industry [46]. In practice, we could not eliminate fluorinated chemicals.
Therefore the efficient removal of PFACs from wastewater will be required and challenging in

the foreseeable future.

The conventional treatment methods are inefficient or economically infeasible [115].
For example, coagulation treatment with alum or other multivalent metals is ineffective at
removing PFACs [152]. Granular activated carbon (GAC) has a large adsorption capacity, but
its performance declines quickly and requires frequent replacement or reactivation, leading to
high treatment costs [153]. The ion exchange method can be used to absorb PFACs, and the
lifetime of the ion exchange column is ten times longer than GAC, but it has the disadvantage
of being much more expensive than GAC [154]. Another main direction is defluorination. The
most widely used methods are activated sludge or advanced oxidation processes (AOPs), which
remain inefficient due to their limited oxidation or reduction capacity [45]. Recently,
UV/persulfate and Vacuum Ultra-Violet (VUV) radiation have been applied for PFAC
treatment to overcome the problem. The most challenging aspects of those methods are the
formation of secondary harmful byproducts and the low energy efficiency of VUV radiation
[155]. The electrochemical advanced oxidation process (EAOP) is an emerging technology that

can oxidize organics with direct and indirect oxidation. It can break down PFOA or PFOS into
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short-chain PFACs but cannot achieve complete mineralization [53, 156]. Given the problems
existing in the above methods, as well as the extremely low concentration of PFACs in the real
wastewater (ppm or ppb level), it is quickly realized that the enrichment of PFACs by

pretreatment using extraction methods is a reasonable strategy.

The extraction of PFACs using common organic solvents such as octanol or long-chain
polymers has been proven ineffective [157]. lonic liquids (ILs) are promising solvents
composed of organic cations and organic or inorganic anions [158, 159]. The countless
combinations of those cations and anions allow engineering of the ILs properties for specific
purposes [10]. In our case, the solubility of ILs can be regulated by selecting cations and anions
with different hydrophobicity, which has been successfully utilized for the liquid-liquid
extraction (LLE) of rare-earth metals, organic acids, esters, aromatic hydrocarbons, etc. [160-
163]. Compared to other extraction methods, LLE offers the greatest energy savings and is
very easy to operate, while LLE is a non-destructive method of removing PFOA/PFOS and can
easily be reused after reverse extraction. The octanol-water partition coefficient (Kow) is a
critical metric to evaluate its feasibility. The log Kow for PFOS is about -0.18, indicating that
its extraction from the aqueous phase into an organic phase is quite complex [164]. However,
some ILs (e.g., Fe3Os-cyclodextrin IL) have strong electrostatic and hydrophobic interactions
with PFOA and PFOS [165]. Accordingly, LLE with IL as an extractant to extract PFOA from
the aqueous was reported in our previous work [157], finding that specific ILs substantially
improved the extraction efficiency in the octanol-water extraction setup. The selected ILs
should be insoluble in aqueous to prevent secondary pollution to the water phase and,

simultaneously, to extract the PFACs into the organics.
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These requirements could translate to two important criteria: 1) high activity
coefficients of ILs in water and 2) low activity coefficient for PFOA or PFOS in ILs [157]. To
be noticed, as both PFOA and PFOS are surfactants, the extractant must be hydrophobic (i.e.,
have a large activity coefficient) to prevent extreme emulsification. Therefore, a low Iny™ of
PFACs in IL (lower y* corresponding to higher solubility) is needed. The combination of
cations and anions can synthesize numerous possible ILs. It would be costly to synthesize and

characterize all of them. Thus, an initial screening method for selecting ILs is essential.

The Conductor-like Screening Model for Real Solvents (COSMO-RS) is suitable for
fast thermodynamic calculations and screening parameters, such as y* [166-176]. The
COSMO-RS predicted y” had been compared with other common solvent selection methods
like the Hildebrand and Hansen solubility parameters. The results indicate that COSMO-RS is
more reliable for fast solvent selection [177, 178]. The COSMO-RS model relies on the sigma
profile (o-profile) data, calculated from the molecular structure and electronic densities
determined by the quantum chemical calculations based on density function theory (DFT) [179,
180]. Several studies have reported that the COSMO-RS model can be used to calculate the
physicochemical properties of PFACs. For example, the COSMO-RS calculated membrane-
water partition coefficient (Kmw) results aligned with the experimental Kmw values for C8-C14
alkyl chains, although it underestimated the impacts of the CF2 and CH2 increments and C4-
C8 PFAS anions [181]. pKa estimates from COSMO-RS for carboxylic acids and fluorinated
carboxylic acids (including PFOA and its related short-chain substances) show differences
between calculated and experimental pKa in the range of £ 0.5 log unit [182, 183]. Therefore,

COSMO-RS is a promising method for determining the physicochemical properties of PFOA
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and PFOS. To the best of our knowledge, the COSMO-RS method has so far focused on the
impact of chain length on the physical and chemical properties of fluorinated compounds, and

no studies regarding the extraction of PFOA and PFOS using ILs have been reported.

This work aims to develop a method for screening the potential ILs for extracting PFOA
and PFOS from wastewater. COSMO-RS was used to determine the Iny” for 1763 ILs,
consisting of 41 cations and 43 anions. The primary goal of this analysis was to screen
appropriate ILs for LLEs of PFOA and PFOS using COSMO-RS. To verify the screening
method, the properties of a small number of ILs with various y* values predicted by

COSMOtherm were compared with the experimental results.

7.3 Computational Details

COSMO-RS calculations were performed using COSMOtherm software (version
19.0.4, release 5528, using the parameters BP TZVP 19, COSMOlogic (Leverkusen,
Germany), with the reported standard methods.36 The temperature was set at 298 K in our
modeling. The first step in the COSMO-RS prediction procedure is to apply the continuum
solvation model COSMO to simulate a virtual conductor environment for the molecule of
interest. Standard quantum chemical calculations then obtain the screening charge density (o).
o is the charge density observed outside the continuous dielectric solvent surface with the unit
of e-A, which is the average electron charge number. The 3D distribution of the screening
charge density on the surface of each molecule is converted into a surface composition function
called the o-profile. For the second step, the statistical thermodynamics of molecular

interactions is performed in the COSMOtherm software. ¢ and ¢’ are the screening charges of
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two interacting surface segments. P(o) is the probability distribution of a specific charge
density on a molecular surface segment. The interaction energies of surface pairs misfit
represent electrostatic force) are specified in terms of their respective screening charge
densities 6 and ¢'. The chemical potential y  of o, referred to as the o-potential, was computed
using Equation 40 as below:

RT
Aerf

k5@ = =——tn | [ B@Vew (S (0" ) = ue(o.0”)

(40)
— Eyg(0,0 )1} da’]

Where aetr stands for the effective contact area, and P (¢') represents the surface
screening charge distribution of the whole system. The chemical potential of a compound is

calculated from the integration of the g-potential over the surface of the molecule.

Equation 41 shows the u of PFACs in water and ILs. At equilibrium, the p values in
the two phases should be equal; therefore, the predicted distribution coefficient of Dip is
proportional to the ratio of y; ; to y;,, (Equation 42).[184] In this study, the concentration of
PFACs was at ppm levels. Hence, y;; and y;,, were approximately equal to y~ as calculated by

COSMO-RS. For simplicity, the ratio of y{,, to ¥y is defined as D;,,. Further, the relative

*

selectivity S;; ,

can be calculated by Equation 43.

Hi = ui + RTIny;x; (41)
LD: :xi‘L =A.Yi,sz'y(L?,owo(@=D'*
Lp Xiw L YiL L Y?L V?OL Lp (42)

116



(43)

where u is the chemical potential, 0 expresses the standard state; y is the activity
coefficient; x is the mole fraction; D and S represent the distribution coefficient and selectivity,
respectively, D* and S* are the proportional relative value of the actual distribution coefficient
and selectivity; i and j denote the different compounds, w and L stand for the aqueous phase

and the IL phase, respectively; A4 is a constant value, which equals to exp[(,ug 1= #?,w) / RT].

From the viewpoint of thermodynamics, the ionization equilibrium constant of PFACs
in water is a fixed value at a specific temperature, while in the ILs phase, they mainly exist as
the molecular form. In our previous work [157], it has also been put forward that most PFOA
in the aqueous solution could be extracted into the organic solvent in the form of a molecule.
Therefore, the extraction process of PFACs is the distribution equilibrium of PFACs molecules

*

in the two phases. According to Equation 43, the selectivity S; ; , should be a value of S7;

multiplied by a constant, relating to the 4i/4; and the ionization equilibrium constants of i and

*

i jp 1s applied to screen the ILs extractants,

Jj in the aqueous phase. For simplicity, in this work, S
which will not affect the sequence of the predicted extraction efficiency. Thus, from the point

of qualitative screening and prediction, the strategy provided in this study is practically

effective.

In COSMO-RS calculation, PFOA and PFOS are treated as molecular compounds.
COSMOfiles are required for all the PFOA, PFOS, water, ILs cations, and anions for the

COSMO-RS prediction. All studied ILs were treated in an electroneutral way, i.e., each IL was
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treated as two different compounds in a stoichiometric mixture. The names and structures of
PFOA and PFOS are provided in Appendix, while cations and anions of ILs are listed in
Appendix. Among them, the components marked in gray in Appendix were calculated
according to the method described in the literature [185]. The COSMOfiles for other

components in this work were taken from the COSMO-RS database.

7.3 Materials and methods

7.3.1 Experimental materials

PFOA and PFOS were supplied by Shanghai Aladdin Biochemical Technology Co.,
Ltd. [Nsss1][Tf2N] (98.0% purity), [Nsss1][BF4] (98.0% purity), [Nsssi1][Tf2N] (98.0% purity)
were bought from Lanzhou Institute of Chemical Physics. [Nsssi][PFs] (99.0% purity),
[Ni114][TE2N] (99.0% purity), [Ni1114][BF4] (99.0% purity), [Ni114][PFs] (99.0% purity),
[BMIM][PFs] (99.0% purity), and [BMIM][BF4] (99.0% purity) were purchased from the
Shanghai Aladdin Biochemical Technology Co., Ltd. The n-octanol used as the diluent for the
ILs (99.99%, Sinopharm Chemical Reagent Co., Ltd., high purity) was used without further
purification. High-purity Milli-Q water (resistivity > 18.2 MQ-cm and conductivity < 0.1
uS-cm™) was used to prepare all aqueous solutions. The information on the used chemicals is

listed in detail in Appendix.

7.3.2  Solution preparation

The extractive systems were prepared by diluting the ILs in n-octanol at a 1.25 mmol/L

concentration. The ILs + n-octanol, instead of pure ILs, were used as the extractive systems to
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avoid the formation of emulsification. The aqueous solutions were prepared by dissolving
PFOA or PFOS in high-purity Milli-Q water, and the concentration of PFOA or PFOS was
kept at 50 ppm. All qualities were weighed using a METTLER analytical balance with an

accuracy of £0.0001 g.

7.3.3  Extraction procedure

Extraction experiments were carried out in 20 mL flasks. The optimized extraction
conditions reported in our previous work were adopted presently with IL of 1.25 mmol/L,
PFOA/PFOS of 50 ppm, O/A of 1:1 (v/v), and the temperature at 298 K and extraction time of
30 min. The volume of the aqueous phase was equal to that of the n-octanol phase. The detailed
steps were as follows:

1) The flasks were immersed in a temperature-controlled water bath. The initial pH for the
aqueous solution was measured, then the organic phase was mixed with the aqueous
solution and stirred for 30 min to reach equilibrium.

2) The mixture was centrifuged at 4000 rpm for 5 min. After separating the mixture, the
equilibrium pH for the aqueous solution and the volume of the two phases were measured.

3) PFOA or PFOS remaining in the aqueous phase was measured by high-performance liquid
chromatography (HPLC) and mass spectroscopy (MS). According to the data obtained,
the extraction efficiency of PFOA (Eprroa) or PFOS (Erros) and the distribution coefficient

of PFOA (De) were determined by Equation 44 and Equation 45, respectively.

Ciproa or PFOS* Viw=Ce pFOA or PFOS* Ve,w

Eproa or PFOS™ (44)

CiproA or PFOS* Viw

D. = Ce,PFOA or PFOSin IL _ EPFOA or PFOS
e =

= (45)
Ce,PFOA or PFOS in water 1- EPFOA or PFOS
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Where C is the concentration of PFOA or PFOS (mg-L!); V is the volume of the
aqueous phase (L); The subscript w denotes the aqueous solution; The subscripts i and e denote

the initial and equilibrated concentrations of PFOA or PFOS in the aqueous solution.

7.3.4  Apparatus and measurements

The concentration of PFOA in the aqueous phase was determined by HPLC-MS using
an Agilent 1100 HPLC equipped with a Zorbax SB C18 column (Agilent Technologies, Santa
Clara, USA). Electrospray ionization mass spectra (ESI-MS) of PFOS were obtained using a
Waters/Micromass ZQ mass spectrometer (Manchester, UK) equipped with a Harvard
Apparatus syringe pump. Mass spectra were obtained in negative ion detection mode with a
unit mass resolution at a step of 1 m/z unit. The mass range for ESI experiments ranged from
m/z = 100 to 1000. The pH of the aqueous phase was measured using a pH meter (Rex PHS-

3C, China).

7.4 Results and discussion

7.4.1  Evaluation of IL extraction efficiency using the COSMO-RS model

o-potential is the polarization charge density, a thermodynamic property that
qualitatively interprets the mixtures and their affinity towards another component.[186, 187]
In general, the g-potential can be divided into three central regions: 1) H-bond donor region
(where ¢ < -0.0082 e-A2 related to its ability to interact with H-bond donors), 2) non-polar

region (where -0.0082 e-A2 < ¢ < 0.0082 e-A2, related to its ability to interact with non-polar
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groups (i.e., Van der Walls forces (VdW), and 3) H-bond acceptor region (where o > 0.0082

e-A2, related to its ability to interact with H-bond acceptors).[188]

05 H-bond donor region  :Non-polar region: H-bond acceptor region
~
o
<C 0.0-
g
= -0.5-
(0
<
~ -1.0-
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-2.04 ——PFos
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o(e-A”)
Figure 37 — o-potentials of H,O, PFOA, and PFOS predicted by COSMO-RS. The
dashed vertical lines denote the 3 regions used to evaluate the H-bond donor region

(6 <-0.0082 e-A2), non-polar region (-0.0082 e:A2 < 5 < 0.0082 e-A2) and H-bond
acceptor region (¢>>0.0082 e-A2).

From Figure 37, o-potential values of PFOA and PFOS are more negative than that of
water in the H-bond acceptor region, which means that PFOA and PFOS are strong H-bond
acceptors. The non-polar region of PFOA and PFOS is lower than that of water due to their
non-polar CF3CFn chains. It also confirms that the non-polar interactions through VdW forces
are also essential for the extraction process, and the finding is consistent with our previous

results using Molecular Dynamics (MD) simulations.[157] In brief, it is expected that the
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selected ILs can interact with PFOA or PFOS via the VAW forces and their strong H-bond

acceptor groups.

For practical purposes, the selection of ILs should consider all three compounds in the
system, i.e., PFOA, PFOS, and water. Therefore, we further predicted the Iny”~ of water, PFOA,
and PFOS in ILs using COSMO-RS, and the results are shown in Figures 38(a)-(c). The color
change from purple to red corresponds to an increase of Iny~, corresponding to a decrease in
the solubility of water, PFOA, and PFOS in ILs. ILs with cations such as [N1111]", [EMPyrr]*,
[P2228]", and [Na444]" have lower predicted Iny” for PFOA and PFOS than the others. In addition,
ILs with anions like [Gly]", [OAc] ", [2-OP]", [CPC]", and [CHC]  also have a lower Iny”~ for
PFOA and PFOS. Consequently, ILs like [Psssa][Gly], [EMPyrr][Gly] and [EMPyrr]|[OAc]
show an exceptionally low Iny”~ value. The o surfaces for cations and anions (Tables S2 and
S3) show the COSMOS-RS charge density distribution of the molecule, where the red and blue
parts of the molecule represent the negative and positive molecular charge density,
respectively. Anions such as [Gly]  and [OAc] contain strongly negative charge densities,
which provide sufficiently high o for hydrogen bonding. As should be noted, once the
screening charge density exceeds 0.0082 e-A~, it is considered polar.[189] Common cations
that exhibit good solubility for PFOA and PFOS are non-polar molecules such as [Ni111]" and
[N4444]" because they can interact with PFOA and PFOS via VAW forces, as shown in our

previous work.[157]

In contrast to the Iny~ for PFOA and PFOS in ILs, the desired Iny~ of water in ILs

should be high, as severe emulsification may form if water is partially dissolved in ILs.
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According to the report of Khan et al.,[190] the solubility property of water in ILs can be
divided into three regions: 1) Iny~ < -2.2, water is completely soluble in ILs, 2) -2.2 < Iny” <
-0.03, water is partially dissolved in ILs, and 3) Iny™ > -0.03, water is insoluble in ILs. We cited
these three intervals in our work and cited the relevant literature.** Thus, for the screening of
ILs, Iny”~ of water more than -0.03 is strongly recommended. In combination with the soluble
region of PFOA and PFOS in ILs, 43 ILs were identified as possible candidates for extracting
PFOA and PFOS from H20. They include the following cations [Nsss1(NH2)2]", [Nssss],
[Nsss1]", [Naa4a]®, [Ni1116]", [Pess14]”, [Psssa]’, [P4ad2]”, [P2228]", [P44420H]", [CsMmim]", and
these anions [BH2(CN)2] ", [BF4] ", [B(CN)4] ~, [TE2N] ", [ClO4] 7, [I] (Table 8). Of these, the ILs
formed from [I]” were reported to undergo hydrolysis in water, which prevents them from being

considered further.
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Figure 38 — COSMO-RS prediction of the logarithmic infinite dilution
activity coefficient (Iny) of (a) water, (b) PFOA, and (c) PFOS in ILs at 298
K. The full name of the cations and anions in Figure 2 are provided in the
supporting information. The ILs used for the prediction can be combined
freely by cations and anions
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Table 8 — The logarithmic infinite dilution activity coefficient (Iny*) of PFOA and PFOS
at 298 K in selected ILs.

Iny”
No. ILs

PFOA PFOS H,O

1 [Nsssi(NH2)2][BH2(CN):] -8.42 -8.95 -1.20
2 [Pes614][BH2(CN)2] -4.13 -4.31 1.03
3 [Psssa][BH2(CN):2] -4.03 -4.16 0.88
4 [Nssss][BH2(CN):2] -3.96 -4.10 0.92
5 [Nsss1][BH2(CN):2] -3.49 -3.56 0.79
6 [Nsss1][I] -3.39 -3.19 0.12
7 [N4444][BH2(CN):2] -3.26 -3.20 0.46
8 [P4442][BH2(CN)2] -2.68 -2.53 0.39
9 [P2228][BH2(CN)2] -2.40 -2.24 0.40
10 [N11116][BH2(CN)2] -2.02 -1.92 0.62
11 [Pss614][BF4] -1.84 -1.86 1.75
12 [Pes614][B(CN)4] -1.77 -1.87 2.40
13 [Pgssa][BF4] -1.76 -1.75 1.57
14 [Psss4][B(CN)4] -1.74 -1.82 2.25
15 [Nssss][BF4] -1.73 -1.72 1.59
16 [P44420H][BH2(CN)2] -1.70 -1.50 0.20
17 [Nssss][B(CN)4] -1.70 -1.78 2.24
18 [CsMmim][BH2(CN):] -1.52 -1.28 0.41
19 [Nsss1][B(CN)4] -1.39 -1.41 0.79
20 [N4444][TE2N] -1.34 -1.43 2.40
21 [Nsss1][BF4] -1.31 -1.22 1.39
22 [Psss4][ TE2N] -1.29 -1.43 2.80
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Table 8 continuted
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7.4.2  Experimental validation

As seen in Table 8, the activity coefficients exhibit a wide range of variation. Therefore,
we selected ILs with a range of distribution coefficients to check the accuracy of COSMO-RS.
Based on the predicted results, these cations [Nsss1] ", [N1114]", [BMIM]™ and these anions of
[T2N], [BF4]", [PFs]” were selected. For the selected 8 ILs, [Nsss1][Tf2N] and [Nsss1][BF4]
come from the optimized region of Iny™ of water more than -0.03, while for the rest of 6 ILs of
[Nsss1][PF¢], [N1114][Tf2N], [N1114][BF4], [N1114][PFs], [BMIM][BF4], [BMIM][PF¢] of -2.2 <
Iny™ <-0.03 to verify the accuracy of the prediction result. The experimental values of InDe of

PFOA and PFOS of these 8 ILs and pure octanol extractants are listed in Table 9.
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Table 9 — The experimental results (E, D, and pH after extraction equilibrium) for
PFOA and PFOS.

PFOA PFOS

No. ILs

E (%) D. pH E (%) D, pH
1 [Nsss1][T2N] 33.70 0.51 4.48 49.50 0.98 4.38
2 [Ngss1][BF4] 25.60 0.34 4.35 38.20 0.62 4.29
3 [Nsss1][PFe] 16.60 0.20 4.27 28.10 0.39 4.21
4 [N1114][T2N] 8.60 0.09 4.51 22.30 0.29 4.43
5 [N1114][BF4] 5.10 0.05 4.43 12.50 0.14 4.34
6 [N1114][PFe] 1.80 0.02 4.36 6.20 0.07 4.30
7 [BMIM][BF4] 12.50 0.14 4.34 19.30 0.24 4.27
8 [BMIM][PFs] 7.80 0.08 4.26 15.60 0.18 4.23
9 Pure Octanol 1.96 0.02 4.90 3.85 0.04 4.87

Note: Experimental conditions: concentration of IL = 1.25 mmol/L, concentration of
PFOA/PFOS = 50 ppm, O/A = 1:1 (v/v), temperature = 298 K, initial pH value of PFOA

solution = 4.11, initial pH value of PFOS solution = 4.05, and extraction time = 30 min.

From Table 9, the De for ILs was up to 5 times higher than the D. pure octanol,
indicating that ILs were superior extractants. In Figure 3, the COSMOS-RS model predictions
InD;, are compared with the experimental data InDe, it can be seen that the correlation

coefficients were 0.90 and 0.95 between InD. and InD,, for PFOA and PFOS, respectively,
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indicating that InDe and InDj, are linearly correlated, which is in agreement with the theoretical
Equation 3. Meanwhile the InD,, values of PFOS were consistently higher than those of PFOA,
meaning PFOS is easier to be extracted than that of PFOA, which is also consistent with the
results for InDe. The detailed data of InD,, for PFOA and PFOS are listed in Tables S5, and S6,
respectively, and the corresponding 3D plots are illustrated in Appendix1. For ILs with the
same cation but different anions, the relative difference in InD;, values were significantly larger
than ILs with the same anion but different cations, indicating that the predicted InD,, was more
sensitive to the types of anions rather than to the cations. For example, for ILs with the same
cation [Nsssi]”, the InD,, values for PFOA were +26.42 for [Nsssi][Gly] and +12.52 for
[Nsss1][T2N] (Table S5). And for PFOS they were +29.13 for [Nsss1][Gly] and +14.86 for
[Nsss1][Tf2N] (Table S6). For ILs with the same anion, the InD; values for PFOA varied from
+26.42 of [Nsss1][Gly] to +26.58 of [P4442][Gly] (Table S5), while InD, values of PFOS were
+29.13 for [Nsss1][Gly] and +29.64 for [Pa442][Gly] (Table S6). Therefore, it can be concluded
from the predicted InDj, values that anion selection significantly influences the extraction of

PFOA and PFOS from water using ILs.
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In general, as both PFOA and PFOS are present in water, thus the selectivity of the ILs
is of great importance. The higher the selectivity (S), the easier it is to extract PFOA or PFOS
from the wastewater. Appendix2 shows the predicted logarithmic selectivity (InS;) of PFOA
to PFOS in ILs at 298.15 K. It is evident that InS;, of PFOA concerning PFOS is always less
than zero. The results indicate that the selectivity of PFOS in ILs is higher than that of PFOA,
which is generally consistent with the experimental results. Take [Nsss1][Tf2N], [Nsss1][BF4],
[BMIM][BF4], and [BMIM][PFs] as examples, the In S, values of [Nsssi][Tf2N] and

[Nsss1][BF4] are 2.35 and 2.15, respectively, showing the same tendency with the experimental

InDe.
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Figure 39 — Comparison of experimental data (InD.) with COSMOS-RS model
predictions (InDy). (a) InD;, and InD. of 8 selected ILs for PFOA extraction; (b)
InD, and InD. for 8 selected ILs for PFOS extraction

To gain a deeper understanding of D and De, we analyzed the o-profiles, as shown in
Figure 40. a. In the H-bond donor region, PFOA and PFOS generally had very similar o-
profiles, whereas when it came to the non-polar region, it is evident that PFOS was larger than
that PFOA. For the polar region, the positive electron distribution of PFOA exceeded 0.0082
e-A due to the presence of two equivalent resonance structures in which the negative charge
was delocalized over two O atoms. By contrast, for PFOS, the sulfonic acid group lacked stable
resonance structures, which made PFOA a stronger H-bond acceptor than PFOS. The o-profiles

can be broken down into misfit (MF) interaction energy, H-bond (HB) interaction energy, and
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VdW interaction energy, and the results are shown in Table S7. The dominant interactions for
PFOA and PFOS are VAW forces, which are related to the non-polar region. PFOS had a higher
VdW interaction energy compared to PFOA, which explained well why De and Dy were higher

for PFOS than PFOA.

The o-profile of the cations and anions of ILs were also analyzed. As previously
discussed, PFOA and PFOS are strong H-bond acceptors. Accordingly, PFOA and PFOS are
stabilized by a positive electron donor, shown on the right side of the g-profiles. As shown in
Figure 40. b, the peaks of [Tf2N] and [BF4]™ are more positive than those of [PFs] . Thus, the
extraction efficiency of [PF¢] is lower than that of the other two ILs. Notably, as the VAW
forces are dominant, cations with g-profile area in the non-polar region benefit extraction. As
a result, the ILs containing [Nsss1]" cations showed the highest extraction efficiency among the

other three cationic ILs.
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different ILs. P(o) is the probability distribution of a specific charge
density.
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7.5  Conclusion

The COSMO-RS method was employed in this work to screen potential ILs to recover
PFOA and PFOS from their aqueous solutions. According to the screening results based on the
infinite dilution activity coefficient (yoo) calculation, the ILs with H-bond acceptors in both
anions and cations are favorable as extractants. 8 ILs with cations of [Nsssi]", [N1444]" and
[BMIM]’, and with the anions of [Tf2N]", [BF4]™ and [PFs]” were selected for the extraction of
PFOA and PFOS. The extraction performance characterized by extraction efficiency,
distribution coefficient, and selectivity indicated that the IL with the cation of [Nsss1]™ given
the best separation result in order of [Nsssi[[Tf2N]> [Tf2N][BF4] > [Tf2N][PFs], which were
consistent with the predicted results using COSMO-RS. Further analysis of the o-profiles
demonstrated that VAW forces play a crucial role in the extraction of PFOS and PFOA,
followed by misfit and H-bond interactions. In summary, COSMO-RS is a fast approximation

method to screen the suitable ILs for extracting PFACs.
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8.1

CHAPTER 8. MAJOR CONCLUSIONS AND FUTURE WORKS

Major conclusions

The key conclusions of this dissertation include:

1. A EAOP-fuel cell energy recovery system can significantly recover the energy by
using the hydrogen produced at the cathode chamber, lowering the overall energy
consumption. The theatrical energy recovery ratio and the experimental energy
recovery ratio are obtained. The optimal operation condition is 3V with BDD as the
anode. This result has great significance in guiding future anode electrode design.
Improving the conductivity of the electrode at low voltages will be a focus of future

work as opposed to excessively increasing the anode’s oxygen overpotential.

2. The flow through multiple layer wire mesh anodes fit well with the EAOP-fuel cell
energy recovery system. The number of layers of the wire mesh electrodes greatly
influences the mass transfer and the overall oxidation efficiency. Three layers of the
wire mesh electrode can form a flow-through porous anode structure. The mass transfer
has a significant impact on the overall oxidation efficiency. The impact was

quantitatively compared with the flow by reactor system.

3. The development of anode materials: Mn203 as a green and economically friendly
compound is chosen for improving the conductivity of the original TiO2 NTAs. 1)
heterojunction structure is successfully formed between the TiO2 NTAs and deposited

Mn203. 2) The Mn20s3 dopant concentration is critical to the overall oxidation
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performance. TiO2 NTAs have low conductivity due to their wide bandgap structure.
The Mn20s3 is a narrow-band semiconductor that is rich in oxygen vacancies. Therefore,
the Mn203 TiO2 NTAs heterojunction structure can significantly improve the
conductivity. 3) doping the Mn203 will narrow down the TiO2 NTAs bandgap leading

to poor radical generation.

4. TisaO7 wire mesh electrode and TiO2 NTAs SnO2/Sb203 wire mesh anode are
successfully fabricated. Both of the electrodes can successfully oxidize the PFOA.
Their defluorination and TOC removal ratios are also obtained and compared with the
BDD anode. The results confirm the improved mass transfer effect on the flow through

anode configuration.

5. Adding extractants with the quaternary ammonium group can significantly improve
the LLE efficiency of PFOA. CTAB or ILs [A336][NTf2] is added in the octanol phase.
The optimal pH, extractant concentration, and temperature is obtained. The extraction
mechanism is studied by both the density functional theory (DFT) and molecular

dynamic (MD) simulation.

6. COSMO-RS screens 1763 ILs for PFOA and PFOS extraction. The infinite dilution
activity coefficient (Iny”) of PFOA and PFOS in water and ILs are calculated and used
for extraction efficiency prediction. The experimental and predicted distribution
coefficients are fitted for PFOA and PFOS extraction. The c-potential profile explains

the PFOA and PFOS extraction efficiency difference.
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8.2 Future Works

Future research to advance the knowledge of electrochemical oxidation and the
development of electrochemical advanced oxidation processes for wastewater treatment may

involve the following, based on the existing findings of studies:

1. Improve the anode longevity and reduce the side reaction by PTFE coating. Anode
longevity is the key technical indicator for industrial applications that takes up a large portion
of the operating cost. Reports show that the electrode coating with PTFE service life lasts
longer than the uncoated one. Long-term oxygen evolution on the electrode surface damages
the electrode surface due to mechanical stresses. The hydrophobic surface inhibits inner-sphere
oxidation to produce Oz, extending the electrode longevity. At the same time, the hydrophobic
surface increases efficiency for *OH generation via an outer-sphere process.[191] To be
noticed, the effect of PTFE layer thickness on the electrode conductivity and oxidation
efficiency needs to be investigated. Moreover, the hydrophobic layer can change the electron
transfer mechanism, so the effect on chloride gas generation and bromide gas generation is also

of interest. These side effects are undesired during the EAOPs.

2. Further development of advanced anode materials is possible by band gap
engineering. Combining machine learning methods and first-principles calculations can

accelerate the discovery process for novel heterojunction semiconductors.

3. Surface modification on the Nafion membrane is used in the EAOP-fuel cell energy
recovery system. Due to the surface roughness of the anode, the anode does not make good

contact with the membrane. Adding the high surface area catalytic graphene is one possible
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direction to increase the effectiveness of contact. Modification of surfaces with controlled

densities of ligands is also applicable.

4. Using multistage countercurrent extractionto to improve the LLE of PFACs. Select
wide electrochemical windows ILs with a high extraction efficiency of PFACs. Conduct the
PFAC:s electrooxidation in ILs. The ILs are an electrolyte additive in the high-energy-density
lithium battery field. Therefore, The ILs is stable when the EAOPs is operated in low voltage

condition.
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 3
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Figure 41 — The XPS of Ti4O7 wire mesh electrode
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Figure 42 — The XRD of TiO; NTAs after one and second anodization
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Text A.S1.

Wires are assumed to be cylinders with a diameter of dw. As they are woven over and under
the other cylinders, the woven wires of the mesh pattern force the cylinders to be curved. As
seen in Figure 2, one approximation of this interlaced curvature is a triangle wave. 0.5 dw is
deducted from the horizontal length dw + to account for the overlap between mesh wires at the
connections. The area of one mesh unit may then be determined and multiplied by the number
of units in the mesh nm. The mesh area is then connected to the geometric area, with the

resulting ratio being:

% = 0.00317d,,n2,\/(0.5d,, + do)? + (2dyy)? (1)
- nm o
« . .

"0.5.x.dw

Figure 43 — The sketch of the multiple layer wire mesh electrodes.
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Table 10 — The mesh size comparison Chart

Mesh/Inch

50
80
100
120
150
183

203

do

um

300

213

150

128

110

89

75

dw.
(um)
190
100
100
80
60
50

50

Open Area
(%)
50
46
43
42
40
38

36

Thickness

(um)
190
240
192
150

98

90

93

Figure 44 — The PFOA oxidation profile using the 3 layers TisO7 wire mesh electrodes
and current density time profile (Y axis). The initial PFOA concentration: 50 ppm;
Supporting electrolyte: 0.05 M NaSO4.Flow rate: 20 ml/min.
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Figure 45 — The fitting of the current and reaction rate based on the mass transfer rate
model. a ) TisO7 b ) BDD

142



APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 4

Text S1. XANES setup

The radiation was monochromatized by a Si (111) double-crystal monochromator. The
intensity of the incident X-rays was monitored by an N»-filled ion chamber (Io) in front of the
sample. Solid samples were diluted in graphite powder (pelletized as disks of 13 mm diameter
with Imm thickness) and placed in an aluminum sample holder sealed with Kapton tape. The
data were collected as fluorescence excitation spectra with a Lytle detector. The reference
spectra were recorded in transmission mode using an Na-filled ionization chamber. All data

were collected at room temperature.

Text S2. Details of DFT calculations

All the first principle calculations in this work were performed using the Vienna A4b initio
Simulation Program (VASP)!: 2. The generalized gradient approximation (GGA) in the
Perdew-Burke-Ernzerhof (PBE) form was used to treat exchange-correlation effects [l and the
vdW-D3 correction is invoked in all the calculations to account for the dispersion interaction.
The kinetic energy cutoff of 500 eV was used for the plane-wave basis sets, and a Monkhorst-
Pack k-point mesh with a 7x7x11 and 5x5x5 grid was adopted in the Brillouin Zones for the
TiO2 (space group: C2/m) and Mn203 (space group: C12/cl), respectively. All the system's
atoms were optimized until the total energies converged to below 1 x 107 eV and the forces

acting on atoms were less than -0.01 eV/A.
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Table 11 — Mn/Ti ratio of MnOx-TiO2 NTAs obtained by ICP-OES

Sample Mn/Ti (wt %)
0.1 MnOx-TiO2 NTAs 0.039
5 MnOx-TiO2 NTAs 1.380
Bare TiO2NTAs /
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Figure 46 — The schematic diagram of the flow through reactor and the reservoir
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Figure 48 — Mn K-edge X-ray absorption near-edge structure (XANES) spectra of
Mn;03-TiO; NTAs with Mn foil, MnO, and MnQO; as references.
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Figure 49 — Mn K-edge X-ray absorption near-edge structure (XANES) spectra of
Mn;0s3-TiO2 NTAs with Mn foil, MnO, and MnO; as references
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Figure 50 — The solid line represents the pseudo-first-order fitting of the BA
degradation in different systems. BA concentration: 20 ppm, flow velocity: 0.08 cm s-1,
nominal pore size: 50 um, volume: 100 mL.
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Figure 51 — The DOS of TiO; and Mn;O3 from the DFT calculations. The band gap for
TiO2 and Mn0s is 2.33 and 0.27 eV, respectively.
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 6

Table 12 — The number of ions (ViL), octanol (Noct), and atoms (Nwvp) in the system with
different concentrations

CiL (mol/L) NiL Noct Nwmp
0.001 1 6350 63595
0.0025 2 5080 50990
0.005 3 3810 38385

0.01 6 3810 38670
0.02 12 3810 39240
0.03 18 3810 39810
0.05 30 3810 40950

Table 13 — The extraction percentage of PFOA by extractant + octanol at: extractant =
0.0025 mol-L-1, PFOA =100 mg-L-1, A/O = 1:1, extraction time = 30 min, and
T=298.15 K.

Extractant Extraction percentage of PFOA (Eproa)
First time Second time Third time
[A336] [NTf] 6521 53.98 60.37
CTAB 53.81 53.11 54.01
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Table 14 — The probability distribution function of the cluster size with the
different concentrations of Ils (Ionic liquids).

mol/L
0.001 0.0025 0.005 0.01 0.02 0.03 0.05
Cluster

AN 0% 0% 25% 14% 18% 7% 4%
CA 0% 0% 25% 29% 0% 21% 15%
CA+AN 100% 100% 50% 43% 64% 43% 59%
CA+2AN 0% 0% 0% 14% 0% 14% 0%
2CA+AN 0% 0% 0% 0% 9% 0% 11%
2CA+2AN 0% 0% 0% 0% 0% 7% 7%
3CA+2AN 0% 0% 0% 0% 9% 7% 0%
3CA+3AN 0% 0% 0% 0% 0% 0% 4%

Figure 52 — The liquid-liquid extraction processes with: (al), the extraction system of
CTAB + octanol after the mixture was centrifuged at 4000 rpm for 5 min; (a2), the
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extraction system of CTAB + octanol after 24 hours; and (b) the extraction system of
[A336][NTf2] + octanol after the mixture was centrifuged at 4000 rpm for S min.
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Figure 53 — The initial aqueous pH value vs. the equilibrated aqueous pH.
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Figure 54 — The FTIR wavelengths of octanol, octanol + PFOA, and octanol + PFOA +

IL systems.
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 7
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Figure 55 — InDp of PFOA (a) and PFOS (b) at 298.15 K.
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Figure 56 — InS” of PFOA with respect to PFOS at 298.15 K.
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Table 15 — Structure of PFOA and PFOS

No. Full name Abbreviation Structure COSMO o surface

(0]
| N R R N R /)
1 Perfluorooctanoic acid PFOA F_CI:_?_CI:_?_?_?_?_C\
F FFF F F OH
SRR
2 Perfluorooctanesulfonic acid PFOS F—C—C—C—C—C—C—C—C—S—OH

Surfaces are color-coded: red represents negative partial charge, blue represents positive partial charge, green represents neutral partial charge, and grey

represents a missing surface.
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Table 16 — Structure of cations

No. Full name Abbreviation Structure COSMO o surface
ANNF
1 4-allyl-4-ethylmorpholinium AEMor [ j
(6]

. . —~ N

2 1-allyl-3-methylimidazolium AMIM N\Z/N/\?
\@
3 1-allyl-1-methylpyrrolidinium AMPyrr 6\%
0

4 I-acryloyloxypropyl-3-methylimidazolium AOPmim ~N \/j/ﬁ N0
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Table 17 continued

—e /=
N-allyl-pyridinium APy Q /iN—/_
- . - ®
1-butyl-3-methylimidazolium BMIM N N/\/\

I-butyl-3-methypyridinium BMPy z\jﬁJ_/
/

1-butyl-1-methylpyrrolidinium BMPyrr (“/\/\7

1-octyl-2,3-dimethylimidazolium CsMmim NN §—CeHir

&v

ap

4

€3
GRS

155



10

11

12

13

14

Choline

Diethylenetriamine

N,N-dimethyl-1,3-propane diamine

4,4-diethylmorpholinium

1-ethyl-3-methylimidazolium

Table 18 continued

Choline

DETAH

DMAPAH

EEMor

EMIM
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15

16

17

18

1-ethyl-3-methypyridinium

N-ethyl-pyridinium

4-(2-methoxyethyl)-4-ethylmorpholinium

1-(2-methoxylethyl)-3-methylimidazolium

Table 19 continued

EMPy i

EPy @'(‘?J

NG SNON
EtOMemor [ j
o
) \N&ﬁ/\/ o
EtOMmim \o/ N
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19

20

21

22

1-(2-methoxylethyl)-1-methypyrrolidinium

N-(2-methoxylethyl)-pyridinium

3-methylimidazolium

4-(2-hydroxylethyl)-4-ethylmorpholinium

Table 20 continued

EtOMmpyrr

EtOMpy

HMIM

HOEtEMor
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23

24

25

26

1-(2-hydroxylethyl)-3-methylimidazolium

1-(2-hydroxylethyl)-1-ethypyrrolidinium

N-(2-hydroxylethyl)-pyridinium

1,3-dimethylimidazolium

Table 21 continued

HOEtmim

HOEtmPyrr

HOEtPy

MMim
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27

28

29

Tetra-methylammonium

Trimethylbutylammonium

Tetra-butylammonium

Table 22 continued

\ @
Nii1 N
\ @
Nii4 TN

Naaas \/\/N@\/\/
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30

31

32

33

Trioctylmethylammonium

Trioctyl(aminomethane)ammonium

Dioctyl(aminooctane)(aminomethane)ammonium

Tetra-octylammonium

Table 23 continued

Nsss1

Nsss1(NH2)

Nsss1(NH2)2

Nissss

161

CgH17\\N@;
CsH17/ CeHi7

NH,

CeHir—®

CsH17/ CahHi7

NH,

CgH17\N@;
CaH17/ CgH16NH2

CgHy7
CSH17\N®\
CsH17/ CgH17




34

35

36

37

Cetyltrimethylammonium

Triethyl(octyl)phosphonium

Tributylethylphosphonium

Tributyl-(2-hydroxylethyl)phosphonium

Table 24 continued

\o
~
N
Niitie NGt
CzH5. @ _CpHs
P2aag CoHg™ \CsH17

:

Paas2 /\/\ P

P44420H /\/\ P<_-OH
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38

39

40

Trioctylethylphosphonium

Trihexyl(tetradecyl)phosphonium

Triethylenetetramine

Table 25 continued

C4Hg &_CgHyy
Psssa CeMi7” CeHiz

CeH13®_CeHi3
Péco1a CoHis™ CiaHas

H
TETAH HZN\/\N/\/N\/\NH@

3
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41 Vinylbenzyltrimethylammonium VBTMA
Table 26 — Structure of anions
No. Full name Abbreviation Structure COSMO o surface
N o®
1 2-hydroxylpyridium 2-OP | P
)
o .
2 2-fluorophenolate 2F-PhO ‘



Table 27 continued

3-fluorophenolate 3F-PhO

3,5-difluorophenolate 3,5F-PhO

e
o}
ol
o
0
4-fluorophenolate 4F-PhO ©
F
o
o)
QF
o} NH,

L-alaninate Ala

F
@O
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10

Tetrachloroaluminate

L-arginate

Tetracyanoborate

Benzoate

Table 28 continued

AlCl4

Arg

B(CN)4

BEN

166
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11

12

13

14

Tetrafluoroborate

Dihydroboronium

Bromide

Butylsulfate

Table 29 continued

BF4

BH2(CN)2

Br

BuSO4
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15

16

17

18

Trifluoroacetate

Cyclohexanecarboxylate

Cloride

Perchlorate

Table 30 continued

CF3CO0 i

CHC QC/
QA
o

ol or®
0©
|
ClO4 0=CI=0
o
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19

20

21

22

Cyclopentanecarboxylate

1,2-cyclohexanedicarboximide

Dibutylphosphate

Dicyanamide

Table 31 continued

®o_ 0
C
CPC i
o)
Cy-suc OiNe
(@]
i
00" o >N
DBP
o
DCA N=C-N-C=N
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23

24

25

26

Diethylphosphate

Dimethylphosphate

Tetrachloroferrate

L-glycinate

Table 32 continued

DEP

DMPO4

FeCl4

Gly
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27

28

29

30

L-histidinate

Hydrogensulfate

Iodide

Imidazole

Table 33 continued

H
(N
\
\ //
Hist NH;
s
O@
|
HSO4 0=§=0
OH
I ©
€]
N

Im NE/)
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Table 34 continued

. © NH
L-lysinate Lys L~
NH,
N
5-(aminomethyl)-2H-tetrazole MA-Tetz | N
N<
o®
p— I p—
Methoxyethylsulfate MeOEtSO4 0=3=0
O
?e
Methylsulfate MeSO4 0=$=0
Ov
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35

36

37

38

Nitrate

Acetate

Hexafluorophosphate

O-phthalimide

Table 35 continued

0
@
NO;3 00 N 200
0
OAc eO)J\
F
Fo L F
PFe F/E@F
0
e
Ph-suc N
0
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39

40

41

42

Thiocyanate

L-serinate

Succinimido

Bis(trifluoromethylsulfonyl)amide

Table 36 continued

o
SCN S—C=N
NH,
o
HO 0
Ser o
0
e
Suc N
o]
i @9
THN FsC-§~N-§CFs
0O O
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43

Toluene-4-sulfonate

Tos

0=S=0
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Table 37 — The detailed information of chemicals used in this work

Purity Water content Supplier
No. Chemicals
(%) (%)
1 [Nsss1][Tf2N 98.50 0.04 Lanzhou Institute of Chemical
] Physics
2 [Nsssi][BF4] 98.50 0.12
3 [Nsssi][PFe] 99.00 0.19
4 [N1114][TE2N 99.00 0.05 Shanghai Aladdin Biochemical
] Technology Co., Ltd.
5 [N1114][BF4] 99.00 0.12
6  [Ni114][PFe] 99.00 0.08
. [BMIM][BF 99.00 0.07
4]
g [BMIM][PFs 99.00 0.05
]
9 Pure 99.99 0.04 Sinopharm Chemical Reagent
Octanol Co., Ltd.
10 PFOA 98.50 - Shanghai Aladdin Biochemical
Technology Co., Ltd.
11 PFOS 98.50 -
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