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PREFACE

This is the research report of the master thesis project in the Sanitary Engineering Department at the Delft University
of Technology. The novel material used within this study was provided by BASF.

Readers who are interested in the background and motivation of this study can read chapter 1. The results and
analysis of the research are discussed in chapter 4. The adsorption properties for a range of micropollutants on this
material are listed and discussed in sections 4.1 and 4.2. Readers who are interested in the regeneration properties
can find this in sections 4.4 - 4.9. PFAS regeneration results are presented in section 4.10.

This study and report were designed and written by Hong Ting Au (Connie) under the supervision of Dr. Ing. K.M.
(Kim Maren) Lompe. The author is very grateful for the provision of the material given by BASF, and the valuable
advice given by Prof.dr.ir. L.C. (Luuk) Rietveld and Dr. Atul Bansode.
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ABSTRACT

A novel activated carbon-iron composite material has been developed as an adsorbent for water treatment. Due to its
activated carbon (AC) content, the material could be used to remove pollutants such as organic micropollutants (OMP).
Fast AC bed exhaustion makes adsorption a cost-intensive solution. Regeneration of AC is done off-site and requires
transport and high energy consumption for heat treatment. Due to the iron and graphite content of the novel adsorbent,
catalytic regeneration could allow for in-situ regeneration.

This property would present a major advantage over common AC. Regeneration could potentially be realized by applying
an electric current across an exhausted bed of this adsorbent. Such a setup is called a “particle electrode”, where
electrically conductive particles are placed between an anode and cathode. Upon application of an electric current across
an exhausted bed of adsorbent, two mechanisms are hypothesized to result in the restoration of adsorption capacity: (1)
desorption and (2) degradation of the pollutant.

This study evaluated the adsorption capacity and rate constants for 17 OMP on two different versions of this partly
graphitized carbon (with and without iron content) as an alternative to conventional AC for drinking water treatment.
By batch adsorption experiments, the adsorption properties of this novel carbon were investigated.

Oxidation of zero-valent iron on the iron containing version of carbon resulted in yellowish water. This version was
therefore considered not appropriate for general drinking water treatment, and the remaining experiments were
conducted only with the version without iron.

The material adsorbed a great variety of OMP, including different charges and hydrophobicity. Its graphite content
probably promoted the adsorption of neutral compounds. A negatively charged layer formed by NOM accumulation on
adsorbent surfaces assisted positively charged compounds adsorption.

Investigation of regeneration efficiency was conducted with alternative cycles of adsorption and regeneration with high
OMP concentration solutions. This material could be electrochemically regenerated. Reverse adsorption could be
achieved on neutral, positively and negatively charged compounds in multiple cycles of regeneration. Electrodesorption
is probably the major mechanism responsible for regeneration. Permanent and partial loss of adsorption capacity was
recorded, probably due to poor NOM desorption and change in surface chemistry.

Regeneration efficiency was not positively correlated with elevating applied current. Increasing cell voltage is not always
beneficial to the electrochemical process. Prolonged treatment time improved the regeneration efficiency, but the
marginal benefit was considered to be uneconomical. Poor NOM regeneration was responsible and more concerning for
the loss of adsorption capacity.

Long-chain PFAS regeneration was achieved over cycles of regeneration. Short-chain PFAS regeneration was unfavorable
due to blockage of micropores.
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1 INTRODUCTION

1.1 Background and problem statement

Conventional water treatment plants are designed to remove dominating pollutants, for instance, nutrients, suspended
solids and heavy metals. With the rapid development of analytical methods, health issues arise as many other
contaminants have entered the public’s eye. In the past 20 years, several sources of drinking water have been found
polluted by newly recognized contaminants of emerging concerns (CECs). One of the categories is organic
micropollutants (OMP) which are found at very low/trace concentrations. Surface water and groundwater with OMP
concentrations between ng/L to ug/L have been detected in Spain (Matamoros &Bayona, 2006).

OMP include pharmaceuticals, pesticides, personal care products, industrial compounds etc. They enter the drinking
water treatment plants (DWTPs) via point and diffuse sources (Fig. 1). Sources and transportation of the OMP can be
complex. But they are likely to eventually arrive at our drinking water source.
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Fig. 1 Representative sources and routes of micropollutants in the environment (Barbosa et al., 2016).

According to Barbosa et al.,, 2016), OMP enter the water cycle and consequently DWTPs via different pathways.
Pharmaceuticals consumed by domestic households and medical treatment enter landfills and the environment after
disposal. Industrial compounds may enter the aquatic system by the improper discharge of wastewater. Those OMP
incorporated in the products may enter landfills and eventually groundwater. Pesticides enter the soil from agricultural
activities or water cycle directly through irrigation flow. Even for effluents from wastewater treatment plants (WWTPs),
OMP are not completely removed. Tijani et al. (2013) reported that most WWTPs do not aim at removing organic
compounds at low concentrations.

Despite the low concentrations, the presence of OMP in the drinking water supply system have aroused growing
concern among the public, as they can cause endocrine disruption in humans (Gavrilescu et al., 2015). As a consequence,
more DWTPs are designed or upgraded to eliminate OMP.



There are mainly three kinds of technologies for OMP removal: chemical oxidation (Katsoyiannis et al., 2011), membrane
separation (Baresel et al., 2019) and adsorption by porous materials (Moreno-Castilla, 2004) . All of these have their own
drawbacks and obstacles. Chemical oxidation requires oxidant consumption and by-product formation, and membrane
separation faces fouling and concentrate problems. They result in high operational costs and are not broadly chosen by
DWTPs as means to remove OMP.

Adsorption by porous materials, especially by granular activated carbon (GAC), the main focus of this research, is
generally considered most cost-effective way for OMP removal. GAC has a broad spectrum to remove effectively a wide
range of OMP (Mohammad-Khah &Ansari, 2009). Their good adsorption properties are related to their large internal
surface area, well-developed structure and high surface reactivity (Hornig et al., 2008; Moreno-Castilla, 2004; Mumford
et al., 2014), making them the most preferable candidates for removing different OMP in DWTPs.

However, upon treatment in GAC reactors, OMP enter pores located on the adsorbent surface. Subsequently, they are
attached to the adsorbents by physical and/or chemical adsorption. Upon reaching the maximum adsorption capacity,
the filled adsorbents are regarded as exhausted or saturated. The adsorbents reach the state of saturation when the
entire porous surface is accumulated with pollutants, when no further adsorption takes place. The spent GAC needs to
be replaced with fresh GAC when the maximum acceptable effluent concentration is reached. The universal approach is
to send the exhausted carbon to landfills for disposal or sent to off-site reactivation facilities. In the Netherlands, they
are sent to incinerator. When disposed in landfills, leakage of these toxic contaminants into the soil is possible (L.Wang
&Balasubramanian, 2009). Some of the OMP could be toxic and recalcitrant (Srivastava et al., 2021). This can create a
heavy burden on the environment. In this context, different techniques aiming at reusing the exhausted GAC have been
extensively studied and developed.

The process of restoring the initial adsorption capacity of the exhausted GAC is defined as regeneration. This is achieved
by desorption and decomposition of contaminants accumulated on the surface areas and in the pores (VanVliet, 1991).
Regeneration methods include thermal reactivation, chemical (Martin &Ng, 1984) and biological regenerations (ElGamal
et al., 2018; Salvador et al., 2015).

However, these methods have encountered different limitations and shortcomings: carbon attrition, high energy
consumption (Alvarez et al., 2004), as well as slow and incomplete regeneration performance (Aktas &Cecen, 2007; Oller
etal., 2011). In addition, the above regeneration methods are mostly limited to off-site applications. Transport to central
reactivation facilities accounts for about 75 % of total operating and maintenance costs required for running an activated
carbon adsorption process (Leng &Pinto, 1997). In this context, electrochemical regeneration emerges as an
environmentally friendly and cheaper alternatives (Zhang et al., 2013).

Electrochemical regeneration on GAC refers to placing the exhausted carbon in between two oppositely charged
electrodes. By applying currents desorption and decomposition of accumulated contaminants on the carbon surfaces
take place. The adsorption capacity is then restored for the next cycle of adsorption. The process can be operated at
ambient pressure and temperature, making it a potential solution for in-situ regeneration (Berenguer et al., 2010). Other
advantages include exclusive use of non-toxic additional reagents and materials, and ease of automation (Martinez-
Huitle et al., 2015). This method is also known as the three-dimensional electrochemical process.

Previous studies have proven the possibility of regenerating commonly used and commercially available GAC via an
electrochemical process, with over 80%, or even 100% regeneration efficiency at the lab-scale (McQuillan et al., 2018).
However, large-scale implementation of electrochemical regeneration on GAC has not yet been seen. This is partly due
to the poor conductivity of conventional GAC. As a result, the electrochemical process consumes high amounts of energy
(Asghar et al., 2012). Gogate &Pandit (2004) reported that a charge of 1500 C g is required for GAC regeneration at
95% regeneration efficiency. The general objective of this study is to investigate the feasibility of a novel, highly
conductive carbon composite for electrochemical regeneration.



1.2 Purpose of project and report

In this MSc project, electrochemical regeneration of a highly conductive adsorbent material was tested. This novel
material has been designed by BASF to overcome the weakness of conventional GAC. A commercial activated carbon
was taken as the parent material to prepare graphitic carbon bodies with increased conductivity. The project partner
BASF provided two graphitic materials for the project: ferromagnetic carbon bodies (FMC) and acid treated carbon
bodies (ATC) (which do not contain iron). The conductivity of both materials is up to a factor 12 higher than non-
graphitized carbon. This opens the possibility of applying electrochemical regeneration and pollutant oxidation to this
material without the use of additional electrolytes.

The nature of this study was a feasibility exploration. To answer the main question: “Is this partly-graphitized activated
carbon suitable for in-situ electrochemical regeneration of organic micropollutants?”. Further, the effect of operating
parameters such as contact time and applied current on the regeneration efficiency were investigated in this study.

Chapter 2 reviews the recent development and discussions related to the field of electrochemical regeneration. Chapter
3 lists the methodology and summarizes the materials. Chapter 4 discusses and analyses the results of the experiments.
Chapter 5 concludes the main findings of this study and answers the research questions. Chapter 6 gives the limitation
and provides suggestions for future studies.



1.3  Research questions and approaches

The main objective of this project was to evaluate the novel graphitized carbon material as an adsorbent for OMP and
PFAS removal and subsequent electrochemical regeneration.

The following sub-questions were formulated:

1. What are the adsorption capacity and kinetics of the selected OMP by the novel iron-graphitic activated carbon in
different water matrices (tap water and wastewater treatment plant (WWTP) effluent)?

To which degree can the novel adsorbent be regenerated electrochemically?

How do the operating parameters (applied current, treatment time) affect regeneration efficiency?

How does the electrochemical regeneration affect the physical stability of the novel carbon?

To which degree can the PFAS-loaded novel adsorbent be regenerated electrochemically?

kN

To answer the research questions, the research approaches were divided into five steps (Table 1):

Step I: Determine the adsorption isotherms and kinetics of the selected OMP by the novel composite in tap water and
WWTP effluent in the batch experiment.

Step II: Design the regeneration setup and electrochemical cell reactor. Perform multiple cycles of adsorption and
regeneration to determine the regeneration efficiency.

Step Ill: Determine the regeneration efficiency as a function of different operating parameters.

Step IV: Determine the initial pore size distribution of the pristine material and compare it with the pore size
distribution after multiple regeneration cycles.

Step V: Determine the regeneration efficiency via alternating PFAS adsorption and regeneration cycles.

Table 1 Research approaches relevant to research sub-questions.

STEP1 STEPII STEPIII STEPIV STEPV

RESEARCH QUESTION 1 | v

RESEARCH QUESTION 2 4 v

RESEARCH QUESTION 3 v v

RESEARCH QUESTION 4 v
RESEARCH QUESTION 5 v




2 LITERATURE REVIEW

2.1  Theory of electrochemical regeneration

2.1.1 Definition of electrochemical regeneration

Electrochemical regeneration on activated carbon is recognized as an application of the three-dimensional (3D)
electrochemical process, which is established based on the two-dimensional (2D) electrochemical process. The
conventional (i.e. 2D) electrochemical process only involves the use of two electrode plates, anodes and cathodes. The
addition of particle electrodes or bed electrodes turns the conventional process from 2D into 3D, from two to three
(Fig. 2). Granular materials are generally used and, in this study, a saturated graphitized carbon was used.

Anode Cathode

Particle
electrodes

Cathodic
surface

Anodic
surface

Fig. 2 Mechanism scheme of 3D electrode (Zhang et al., 2013).

In this basic setup, the particle electrodes are placed between anode and cathode. By applying an appropriate current,
they are polarized to form microelectrodes which have an anodic surface on one side and a cathodic surface on the other
side (Zhang et al., 2013). Reactions occur on the surface of all electrodes, including the charged surface of inserted
particles.

For GAC regeneration, two mechanisms are expected during the electrochemical process: enhanced desorption and/or

pollutants degradation.



2.1.2  Electrodesorption

Upon current application, the GAC surface is charged on which electrodesorption takes place. GAC particles form
microelectrodes with anodic and cathodic surfaces. Similarly charged contaminants species are forced to displace from
the adsorbent surface due to enhanced electrostatic repulsion and return to the bulk solution, resulting in adsorption
site liberation (Ban et al., 1998; Navalon et al., 2011; Z.Wu et al., 2005). Electrostatic forces have shown to have
significant effects on adsorbent-solvent interaction: Ban et al., (1998) applied a cathodic potential to the carbon surface
and yielded an increased number of cations adsorbed. Simultaneously, anions adsorption is discouraged due to
electrostatic repulsion forces. On the contrary, desorption occurs when opposite potentials are imposed (Foo &Hameed,
2009). Charged ions shift to the opposite site of charged electrodes (C. C.Huang &Su, 2010). Ban et al., (1998) also
revealed that electrodesorption is not only limited to charged species but also impacts uncharged molecules. Higher
desorption rates were recorded when increased anodic and cathodic potentials were applied (REF). Bain et al., (2010)
had similar findings with cationic arsenic removal. The anionic GAC surface was first used to adsorb oppositely charged
arsenic. By reversing the applied current, they achieved the full restoration of the GAC adsorption capacity, and the
initial arsenic concentration in the solution was recovered.

In this study, it is hypothesized that electrodesorption would be the dominating desorption mechanism since the other
two are not significant due to the cell configuration. This will be further explained in section 3.4. On top of that, the
novel graphitized material exhibits high conductivity. Therefore, it is expected that it can hold a stronger surface charge,
which results in more effective electrostatic repulsion. Saturated GAC particles will be placed in the middle of two
electrodes. The same amount of positively and negatively charged surface is expected to form. Similar regeneration
efficiency is expected on positively and negatively charged OMP.



2.1.3 Change in pH

At an appropriate current, electron transportation takes place between electrodes through electrolytes. This creates a
positively charged anode and a negatively charged cathode, in which oxidation and reduction reactions occur,
respectively (Zhang et al., 2013). Most often, electrochemical systems employ aqueous solutions, and the principle
electrolysis reactions of water into oxygen and hydrogen occur at the anode and cathode, respectively (Egs. (1) and Egs.
(2)). Simultaneously with the electrolysis reaction, acidic protons (H*) and basic hydroxyl ions (OH) are produced,
resulting in the development of an acidic and cathodic front in the electrochemical system. The electrolyte close to
electrodes is known as anolyte (acidic) and catholyte (basic).

Anode: 2H,0 — Oy(g) + 4H™ + 4e” Egs. (1)

Cathode: 2H,0 + 2e™ — Hygy) + 20H™ Egs. (2)

In the case of GAC regeneration, a change in pH is relevant to the adsorptive equilibria between adsorbent and
adsorbate. Semmens et al., (1986) argued that increasing pH raises the contaminant species solubility (depending on
their properties) and shifts the adsorptive equilibria, which in return promotes desorption. They also indicated
increasing pH encourages competitive adsorption with hydroxyl ions. On the contrary, a decreased pH environment
could neutralize the carboxylic acid functional groups on the GAC surface and decrease the solubility of organic
compounds (Semmens et al, 1986). Karimi-Jashni &Narbaitz (2005) demonstrated that by electrochemical treatment 30%
higher regeneration efficiency of phenol loaded GAC was achieved in a pH 12 catholyte than in a pH 2 anolyte. At high
pH, it is speculated anionic compounds experience greater electrostatic repulsion force with anionic functional groups
on the GAC surface, which triggers enhanced desorption and achieves thus adsorptive capacity restoration.

In this study, however, the effect of pH during regeneration is expected to be inferior and not as important as
electrodesorption. Loaded GAC is placed between electrodes at a distance of a half centimeter. Without direct contact
with the cathode, the shift of adsorptive equilibria by a change in pH is expected to be less significant. Constant mixing
and circulation of electrolytes also hinder the formation of a deep acidic or a basic front.



2.1.4 lonized species

Various aqueous electrolyte solutions are employed in the electrochemical process, for instance, NaCl, NaHCO3, Na,SOs,
CH;COONa (Xu et al., 2008), NaOH and Na,COs (Orinidkova et al., 2006). The addition of salt might change the ionic
strength of the water, which results in a reduction or change in the solubility of some contaminants. (Zhang et al., 2013).
Simultaneous with the gaseous generation by the principle reactions (Egs. (1) and Egs. (2)), dissociation of electrolytes
into ionized species are demonstrated to enhance desorption and GAC regeneration. Neti &Misra, (2012); X.Wu et al.,
(2008) revealed increased sodium ions concentration by NaCl dissociation reacting with phenols species adsorbed on
GAC surface. Subsequently formed sodium phenate is readily desorbed from the GAC surface, achieving GAC
regeneration. In this study, this mechanism is not expected since only tap water without chemical additives will be used.
The aim is to achieve regeneration and to produce less polluted waste streams.

2.1.5 Degradation of contaminant species

Enhanced desorption liberates adsorption sites by removing adsorbed species or reversing the adsorption process.
Another way to achieve this is by oxidation of adsorbed compounds. It is beneficial to the overall treatment process
since that secondary treatment of residual compounds could be avoided or mitigated. Contaminant decomposition
means that pollutants are degraded via oxidation to non-toxic products or are completely mineralized. According to
Zou et al., (2017), contaminant species can be oxidized directly or indirectly. Direct (anodic) oxidation takes place on
the surfaces of anodes. When compounds are adsorbed onto anodes, they transfer one or more electrons to the
electrodes and become oxidized (Rajeshwar et al., 1994). The reaction is described in Egs. (3). Direct anodic oxidation
is restricted by the rate of desorption and the rate of mass transfer.

Rgas = Paas +ze~ Egs. (3)

Where Ra4s is the contaminant compound adsorbed on the anode, P, is the oxidized product, and z is the number of
electrons transferred.

Oxidation of contaminants can also take place by reacting with electrogenerated oxidizing species. This mechanism is
named as indirect oxidation. Oxidizing species can be generated at both anode and cathode. Indirect anodic oxidation
is achieved by hydroxyl radicals generated within the thin layer on anodes surfaces (Rajkumar &Palanivelu, 2004). For
indirect cathodic oxidation, hydrogen peroxides are generated on cathodes by oxygen and protons reaction (Berenguer
et al., 2010).

Both direct and indirect oxidation reactions are expected during regeneration in this study. Therefore, several OMP are
selected to investigate which of those are favored by direct or indirect oxidation. But their oxidation pathway and
oxidation rate will not be the study objectives due to unavailable in-house analysis. Oxidation is only seen as assistance
for GAC regeneration.



2.2 Reactor configuration

The structures of electrochemical reactors have different forms to achieve optimized treatment efficiency. The first and
basic configuration consists of a packed bed placed between anode and cathode (section 3.4). When the particles are
placed into the catholyte (anolyte) compartment, cathodic (anodic) regeneration occurs (section 2.2.2). The
electrochemical cell can be divided into two compartments by inserting a membrane to create two compartments
(section 2.2.3). The effects of operating parameters are discussed in section 2.3. Table 2 summarizes the relevant studies
mentioned in the following discussion.

Table 2 Regeneration efficiencies (RE) of adsorbents achieved for different cell configurations at various applied currents
and treatment time.

Applied Treatment
Adsorbent | Amount Pollutant Operating conditions current [mA] time [h] RE [%] Reference
Filtrasorb F400 GAC, 1.2 g Phenol Undivided cell, cathodic 50 25 78 (Karimi-Jashni &Narbaitz, 2003)
10 72
Undivided cell, anodic 25 59
Divided cell, cathedic 10 78
WV-AT100 GACO.2 g Toluene Undivided cell, cathodic 500 3 98 (Garcia-Otén et al., 2005)
Coconut Shell GAC, 0.3 g Phenol Undivided, fluidized bed 50 5 85.2 (Zhang, 2002)
Woody GAC3.0 g p-nitrophenol Undivided, fluidized bed 4 mA/cm® 1.5 92.1 (Zhou &Lei, 2006
207AGAC20¢g Phenol Undivided cell, cathodic 1000 3 81 (Berenguer et al., 2010)
Undivided cell, anodic 39
F400 GAC1.2 g Phenol Undivided cell, cathodic 50 3 85 (Roberto M.Narbaitz &Cen, 1994
Undivided cell, anodic 50 3 80
F400CAC1.2 g Phenol Undivided cell, fixed bed 10 25 62 (R. M.Narbaitz &Karimi-Jashni, 2009)
30 65
50 77
100 25 76
GAC Phenol Undivided cell, fixed bed 1000 3 97 (Sun et al., 2013)
2000 90
3000 98
GAC1.0g Phenol Undivided cell, fixed bed 400 2 42 (Zanella et al., 2017)
800 S0
1600 88
2400 99
Activated Carbon Fiber, 0.5 g  Phenol Undivided cell, fixed bed 100 4 62 (Zhan et al., 2016)
200 73
300 81
400 88
500 88
Nyex 100 Atrazine Divided cell, fluidized bed 400 10 min 60 (Brown et al., 2004
20 min 100
30 min 190
60 min 300
GACK283.2 g 4.4'- Undivided, fixed bed 200 A/m> 1 38 (Wang &Balasubramanian, 2009)
diaminostilene-2,2 675 A/m- g5
"-disulfonic acid 2533 Aim> 93
Field Spent GAC15.0 g Wastewater Undivided, fixed bed 1 Vfem 12 66 (Weng &Hsu, 2008)
treatment plant 3 V/cm 70.1
5 Viem 74.4




2.2.1 Fixed bed versus fluidized bed

The particle electrode is also named the bed electrode (Fig. 3A). During the design phase of this study, a fixed bed
reactor was selected as it can be built easier and with limited resources in the limited time span of this project. The
fixed bed design is characterized by a large surface area to volume ratio, and it can be easier translated to a full-scale
design (Zhang et al., 2013). In most cases, the particle electrode is placed in direct contact with the anode and/or
cathode to enhance the energy efficiency. In this study, however, the design had to account for the limited volume of
tested material (0.2 g). To achieve direct contact of GAC with the electrode plates while respecting a minimum distance
of 2 cm between the electrode plates (to avoid short circuiting). Increasing the volume of GAC, however, entails using
a larger amount of OMP to achieve sufficient loading. The final design contains 0.2 g of the adsorbent in a fixed bed
configuration realized by placing the adsorbent particles inside a nylon basket hanging between the plates that have a
minimum distance of 2 cm.

A substantial drawback of fixed bed configuration is the limited mass transfer (McQuillan et al., 2018). Desorbed OMP
and natural organic matter (NOM) return to the bulk solution through the pore pathways in the adsorbents. In fixed
bed configuration, after exiting the granules, desorbed species have to pass through the packed bed to return to the
bulk solution. The restricted mass transfer may decrease the concentration gradient between the adsorbents surface
and bulk solution, hence limiting the desorption rate (Karimi-Jashni &Narbaitz, 2005). Gaseous bubbles generated
during regeneration may be trapped inside the particle bed and decrease current efficiency (Karimi-Jashni &Narbaitz,
2005). To overcome restricted mass transfer in fixed bed configuration, Karimi-Jashni &Narbaitz, (2005) improved the
operation by turning it into a semi-batch mode or applying aeration / electrolyte mixing. Considering the thickness of
the adsorbents bed (0.5 cm), continuous electrolyte mixing using a magnetic stirrer during the course of regeneration
will be adopted in this study. It is thought that the created turbulence will enhance advective mass transfer and can also
quickly remove gaseous bubbles trapped on the adsorbents holder (nylon bucket). However, the mixing of electrolytes
can also destroy the strong pH front formation, which is highly relevant with desorption (Karimi-Jashni &Narbaitz, 2005)
(section 2.2.2).

Another alternative is to realize a fluidized bed which is said to improve mass transfer and enhance regeneration
efficiency (Garcia-Otén et al., 2005; Zhang, 2002; Zhou &Lei, 2006). A fluidized bed means that the particles can be
mobilized or moved between anode and cathode driven by electrolyte movement or aeration (Fig. 3B). It can be created
by external circulation instalments (e.g. pump) or aeration inside the electrochemical cell, depending on the
configuration. Other advantages include contact with electrode plates for all particles to achieve oxidation of adsorbed
species (Zhou &Lei, 2006). This configuration is not considered in this study due to the difficulty of controlling a
fluidized bed at a small scale (Zhang et al., 2013).

Fig. 3 Electrochemical cell configuration schematic drawing. Fixed bed configuration (A), particles electrode is fixed
between anode and cathode. Fluidized bed configuration (B), particle bed’s alignment is changed due to flow of
electrolyte. (McQuillan et al., 2018).
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2.2.2 (Cathodic versus anodic regeneration

Electrochemical regeneration can be divided into anodic and cathodic regeneration. Anodic regeneration denotes that
the particles are placed near and in contact with the anode (vice versa for cathodic regeneration: Fig. 4). This is to target
different regeneration mechanisms: oxidation of adsorbed species during anodic treatment and enhanced desorption
during cathodic treatment. The principle reactions taking place on the surfaces of the anode and cathode determine
the ambient pH (Eqgs. (1) and Egs. (2)). Low pH values enhance oxidation rates by producing more oxidizing species and
promoting direct oxidation on anode surfaces (Nidheesh &Gandhimathi, 2012). High pH (at the cathode) encourages
desorption by shifting the adsorptive equilibrium (Semmens et al., 1986).

It is generally reported that cathodic regeneration provides better regeneration efficiencies (Berenguer et al., 2010;
Karimi-Jashni &Narbaitz, 2005; Roberto M.Narbaitz &Cen, 1994; H.Zhang, 2002). For example, H.Zhang, (2002) reported
a 20% improvement with cathodic regeneration on phenol-loaded GAC compared to anodic regeneration. However,
residual phenol was detected after regeneration, while none was detected in the case of anodic regeneration. For
cathodic regeneration, phenol desorption is encouraged with extremely high pH conditions. During anodic regeneration,
direct oxidation is promoted due to the proximity of desorbed species with the oxidation area. Choosing anodic or
cathodic regeneration becomes a problem of selecting dominating mechanisms. Enhanced desorption raises the GAC
performance in the subsequent adsorption process, while enhanced oxidation reduces the chance of second treatment
of residual solutions (McQuillan et al., 2018).

In this study, regeneration is conducted simultaneously via cathodic and anodic reactions for several factors: (1)
Undivided setup could partly include advantages of anodic and cathodic regeneration simultaneously by minimizing
GAC bed depth and distance between electrodes; (2) anodic and cathodic regeneration is considered as advanced
configurations. Due to the nature of this study as a feasibility test, the optimization of the regeneration setup is not
part of this project.
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Fig. 4 Schematic drawing of (a) anodic regeneration and (b) cathodic regeneration (altered from W.Zhou et al., 2021).
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2.2.3 Undivided versus divided cell

A electrochemical cell can be divided to avoid transfer of ions between anodic and cathodic compartment by inserting
an ion-exchange membrane in between anode and cathode (Fig. 5). It is thought that with ion separation a high pH in
the cathodic compartment can be maintained and hence enhanced desorption occurs (McQuillan et al., 2018). Narbaitz
&Karimi-Jashni, (2012) demonstrated slightly higher regeneration efficiency on phenol loaded GAC with a divided cell.
They attributed this to the maintenance of pH 12 in the cathodic compartment. However, this configuration showed an
unpromising result by another research team: Berenguer et al., (2010) pointed out the regeneration rate can be limited
by membrane separation. The placement of a membrane can, on the one hand, prevent oxidized species from the anode
being reduced at the cathode. On the other hand, it constraints the desorbed species migration from the cathodic
compartment to the anodic compartment, in which they can be degraded and reduce the overall contaminant
concentration in the bulk solution (Berenguer et al., 2010). This is confirmed by the result obtained by Narbaitz &Cen,
(1994): even though higher regeneration efficiency can be achieved in the cathodic compartment, residual contaminants
were found after regeneration. Practical drawbacks include the difficulty and high cost of setting up membrane
separation (McQuillan et al., 2018). Therefore, this study will be conducted with an undivided and simpler configuration.

lon-Exchange
""" Membrane

Fig. 5 An ion-exchange membrane is placed inside the electrochemical cell to separate ion transfer between the anodic
and cathodic compartment.
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2.3 Operating parameters of the electrochemical process

This study focuses on examining the effect of current density and treatment time. As mentioned in the introduction,
the application of electrochemical regeneration isn’t very common among industries. A comprehensive understanding
is required to up-scale the process into industrial practice. Optimization of operating parameters is undoubtedly one
of the very first steps. Small changes in operating parameters could lead to significant improvement in regeneration
performance.

2.3.1 Effect of applied current

The current applied to an electrochemical cell is an important parameter determining the efficiency of regeneration. It
provides the driving force for contaminant degradation and controls the oxidation rate (McQuillan et al., 2018). With
increased current, both the direct and indirect oxidation (section 2.1.5) rate can be boosted, liberating more adsorption
sites. Past studies have shown a positive correlation between regeneration performance and increased applied current
(R. M.Narbaitz &Karimi-Jashni, 2009; Sun et al., 2013; Zanella et al., 2017; Zhan et al., 2016). For instance, Zhan et al.,
(2016) reported a 26% increase in regeneration efficiency on phenol-loaded GAC by raising the applied current from 100
mA to 400 mA. The improvements are due to increased oxidation rate and more oxidation radicals as a result of
increased ionic transport (Karimi-Jashni &Narbaitz, 2005). Elevated current density also induces a higher surface charge
on GAC and boosts the electrostatic repulsions between adsorbed species and GAC surface, promoting electro-
desorption. As such, this study investigates the effect of applied current and, to certain extent how it benefits the
desorption of differently charged compounds.

2.3.2 Effect of treatment time

Treatment time denotes the time span of spent GAC being electrochemically regenerated in the electrochemical cell.
Regeneration begins with the desorption of contaminant species inside the GAC pores, followed by direct oxidation on
the electrode surfaces or indirect oxidation by reaction species (Zhang et al., 2015). Higher treatment time allows more
desorption and oxidation to take place. More importantly, greater mass transfer is expected to allow more desorbed
species to exit the pores and return to the bulk solution (Roberto M.Narbaitz &Cen, 1994). This has been shown in
several studies in which they obtained improved regeneration by increasing the treatment time (Berenguer et al., 2010;
Brown et al., 2004; Roberto M.Narbaitz &Cen, 1994; Wang &Balasubramanian, 2009; Weng &Hsu, 2008). However,
lengthened regeneration time requires more energy consumption. McQuillan et al., (2018) presented concern about
striving for little improvement to the expense of uneconomical or inefficient energy consumption.
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2.4  PFAS background information

Per- and polyfluoroalkyl substances (PFAS) are a class of synthetic aliphatic compounds which contain multiple fluorine
atoms attached to one or more perfluoroalkyl chain groups (Renner, 2001) (PFAS chemical structures, please refer to
Table 7). PFAS exhibit unique chemical attributes and recalcitrant properties due to their highly polar and strong carbon-
fluorine bonds (Bentel et al., 2019; Rahman et al., 2014). Due to their distinctive physical and chemical properties, PFAS
have been extensively used in industries (Takagi et al., 2008), especially in the manufacturing field of firefighting foams,
protective coatings, carpet goods and leather textiles. As a result of massive use among industries, persistent PFAS are
currently detected in drinking water around the globe (Chen et al., 2017; Dalahmeh et al., 2018; ElImoznino et al., 2018;
Eriksson et al., 2017; Gallen et al., 2018; E.Houtz et al., 2018; E. F.Houtz et al., 2016; Pan et al., 2016; Seo et al., 2019;
ChaojieZhang et al., 2015).

Regarding their adverse health effects, PFAS have been identified to be potentially carcinogenic (Lindh et al., 2012) and
harmful to the immune and reproductive system (Fenton et al., 2021; Panaretakis et al., 2001). Health authorities in
different countries formulate regulations to control PFAS uptake (Table 3). In the Netherlands, the Rijksinstituut voor
Volksgezondheid en Milieu (RIVM) proposes a standard of 4.4 ng/L for four long-chain PFAS in drinking water (RIVM,
2021). These four compounds were selected based on the criteria of the European Food Safety Authority (EFSA). The
U.S. Environmental Protection Agency (US EPA) suggests an advisory level of 70 ng/L for two widely used long-chain
PFAS: perfluorooctanoate (PFOA) and perfluorooctanesulfonate (PFOS) (Cordner et al., 2019). These two compounds
have also been added to the list of persistent organic pollutants after the 2009 United Nations Stockholm Convention
(European Commission, 2019). PFOA and PFOS have been receiving considerable attention in the field of academic
research and health regulation (Cantoni et al., 2021). They noted these two compounds were the major PFAS used
among industries until their phasing out. Past regulations always targeted these two extensively used PFAS (Cantoni et
al., 2021). F.Li et al.,(2020) also made a similar observation and remarked on the lack of attention toward short-chain
PFAS. The increasing implementation of regulatory limits on the use of long-chain PFAS results in a worldwide shift to
short-chain production (F.Li et al.,, 2020). As a result, the European drinking water directive proposes a sum
concentration limit value of 100 ng/L (European Commission, 2020). This includes 20 long-chain and short-chain PFAS
(Table 3).

Accordingly, this study includes two long-chain and one short-chain PFAS to investigate the effect of chain length on
adsorption and electrochemical regeneration. The PFAS chain group classification is defined by the number of C atoms.
By the EU definition, the long-chain group includes PFAS consisting of more than or equal to seven perfluorinated
carbons for the carboxylic functional group; and those which consist of more than six or equal to six perfluorinated
carbons for the sulfonate functional groups (Table 3). US EPA’s classification deviates from the EU’s definition: long-
chain PFAS are PFAS with the carboxylic groups consisting of more than eight or equal to eight carbon atoms and long-
chain PFAS with the sulfonate groups that consist of more than or equal to seven carbon atoms. The EU’s classification
is adopted in this study.

Adsorption onto activated carbon has been regarded as an effective way for long-chain PFAS removal (Appleman et al.,
2014). This is because of the long non-polar tail, and they adsorb well on carbon via non-polar interactions. However,
Rahman et al., (2014) expressed concern that the replacement of short-chain PFAS in industries may impose threats to
drinking water systems. On top of that, remediation methods aiming at destroying PFAS are continuously investigated.
It is thought that electrochemical processes are promising (Sharma et al., 2022). The authors of the same study proposed
that conventional treatment in combination with an electrochemical approach could improve the overall system
efficiencies and reduce toxic by-products emissions. With this background, the novel material tested in the present
study is considered an appropriate material for PFAS removal due to its mesoporous property and ease of conducting
current.
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Table 3 Structure, physical-chemical properties and regulation examples for PFAS.

Regulation

o Funcrional MW . . Chain Chain EFAS Ewropean  Stockholm .
Full name Abbreviacion aroup Farmula [g,l'molf Loz Ka  pR; length gmup“ N LF  Parfiamen ¢ Convention® US EPA
Perfluocrorecradecanoic acid PFTeDA carboxylace CHF -0 71412 532 5.2 14 long-chain
Perflucrocridecanoic acid PFTTDA carboxylace CsHF 0= 664.11 3.62 5.2 13 long-chain W
Perflucrododecanoic acid PFDoA carboxylace C,-HF 0= &14.1 752 5.2 12 long-chain W
Perflucroundecanoic acid PFURA carboxylace C,HF-,0- 564.09 7.22 5.2 11 long-chain W
Perfluorodecanocic acid PFDA carboxylace CoHF 50- 51409 651 5.2 10 long-chain W
Perflucrononanaic acid PFMNA carboxylace C5HF =04 454,08 581 651 G long-chain & -y
Perflucrooctancic acid PFOA carboxylace CsHF 20 414.07 5.11 -4.2 8 long-chain  + vy vy vy
Perfluoroheprancic acid PFHpA carboxylace C-HF 0= 364.06 441 -9 7 long-chain o
Perfluorohexanoic acid PFHxA carboxylace CHF 0= 314.05 3.71 0.78 & sharc-chain o
Perfluoropentanocic acid PFPeA carboxylace C-HF;0- 264,05 301 0.34 5 short-chain o
Perfluorobutanocic acid PFBA carboxylace C HF-0- 214.04 231 1.07 4 short-chain o
Perfluorodecanesulfonic acid PFDS sulfonare C o HF -, 055 600.14 6.83 -3.24 10 long-chain o
Perfluorononanesulfonic acid PFMS sulfonare O o | S 550.13 5.13 -3.24 ] long-chain o
Perflucrooctanesulfonic acid PFOS sulfonate C,HF,-0,5 500,13 3.43 -3.32 long-chain W W W
Perfluorohe pranesulfonic acid PFHpS sulfonare C-HF 055 450,12 4,73 -3.32 7 long-chain W
Perfluorohexanesulfonic acid PFHxS sulfonare CHF 5055 400,11 403 -3.32 & long-chain W
Perfluoropentanesulfonic acid PFPesS sulfonace C-HF,,0;5 350.1 3.33 -3.32 5 sharc-chain W
Perfluoroburanesulfonic acid PFBS sulfonace C.HF;0-5 300.0% 263 -331 4 sharc-chain W
Perfluoroundecane sulfonic acid PFURS sulfonace C, HF -5 650.15 11 long-chain W
Perfluorododecane sulfonic acid PFDoS sulfonare C,-HF (0.5 T00.16 12 long-chain W
Perfluocrocridecane sulfonic acid PFTTDS sulfonare C;HF -5 75007 13 long-chain o

* MW molecular weight {PubChem 2022,

* Dcranol-water partition coefficient (PubChem 2022).

* (PubChem 2022).

“ The definition of long-chain and shorc-chian is in accordance of EU authorities {European Commission, 2020). htcpsii/ec.europa.ew'environment/pdffchemicals/ 2020/ 1'5WD _PFAS.pdf
* [Rijksinstituut voor Volksgezondheid en Milieu (RIVA), 2021) heepsy/vww.rivm.nl/sices/defaulcfiles/ 202 1-06/Adviess20drwah 204-PFASS 20D EFS 20beveil igd.pdf

! (European Commission, 2020). hropsy/eur-lex.europa.ewlegal-content/ENTAT/PDF/2uri=CELEX: 3202002 | B4&from=—EM

f Recorded in Cacrgory 2B control list, {European Commission, 2019). herps:/eur-lex.europa.ewlegal-content EN/TET/POF Zuri=CELEX:32020R 0784 &rid= |

" 1US EPA Health advisory level at 70 ng/L. {Cordner et al., 2015).



3 MATERIALS AND METHODS

3.1 Adsorbent materials

Three samples of adsorbents were provided by BASF. Table 4 lists the abbreviations and properties of the three
adsorbent samples. Data and manufacturing procedures were summarized from patent document WO 2014/091447 A1l
provided by BASF. JEC SHIRASAGI C2x8/12 (JEC) are microporous activated carbon extrudes (coconut-shell based) which
served as the base material for subsequent synthesis of the adsorbent material. Ferromagnetic carbon bodies (FMC)
were prepared by applying vacuum (40 mbar) for a minimum of 30 min in a 250mL rotating flask. 58 wt.% of ferric (III)
nitrate nonahydrate was sprayed on the carbon extrudes in vacuum extrudes. The extrudes were dried under vacuum
at 40 °C for at least 12h. Afterwards, they were in the form of iron impregnated after removing from the vacuum
environment. After transporting to a fixed bed, the extrudes were heated at a rate of 5 °C/min to 800 "C under a nitrogen
flow of 400 ml/min. After 3h the extrudes were cooled to room temperature and stabilized by slowly applying air. The
process turned the materials from microporous to mesoporous (Brandts et al., 2020) due to the recrystallization process.
Fe and graphite content were evenly distributed at the same locations. FBC were then treated with 4M HCI for 2h
stirring to remove the Fe content. After filtering, HCI treatment was applied again and the extrudes were washed with
water, finalizing with 110 °C overnight drying. This acid treated carbon extrudes (ATC) had a 95% reduction in Fe amount
from 9.81 to 0.55 wt.%. Graphite content was not affected by the acid treatment. FMC and ATC were tested in the
isotherm pre-test with Milli-Q water. It was decided to continue the adsorption and regeneration experiments only with
ATC (section 3.3).

Table 4 Abbreviations (JEC for JEC SHIRASAGI C2x8/12, FMC for ferromagnetic carbon bodies, ATC for acid treatment
carbon bodies) and adsorbent properties.

.. Activation Fe amount BET Surface N Pore Graphite amount
Abbreiviations Model . 3 s a ab
state (wit.%) Areaim(g)’ Volume (mlfg)’ (wt.%)
JEC JEC SHIRASAGI C2x8/12 Virgin <0.1 1104 0.08
FMC Ferromagnetic carbon bodies  Virgin 9.81 806 0.47 19.0
ATC Acid treatment carbon bodies  Virgin 0.55 933 0.53 22.8

? Data retrieved from Patent: WO 2014/091447 Al. (Hoekstra, ]., Brandts, . A. M., et al. (2014]).
® Determined by XRD in combination with PONKCS software. (Hoekstra, J., Brandts, J. A. M., et al. (2014)).
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3.2 Micropollutants, PFAS and water matrices

3.2.1 Choice of pollutants and preparation of solutions

For adsorption isotherm and kinetic experiments, 17 OMP were selected to provide a wide range of applications and
physical-chemical properties. They are classified into four different groups based on their charge at neutral pH: i) neutral,
ii) positively charged, iii) negatively charged, and iv) zwitterion (Table 5). Native standards of the 17 OMP were obtained
from Sigma-Aldrich with purities >98%. The stock solution was prepared by directly dosing the OMP in powder form in
Milli-Q water (Appendix E). All TOC-free glassware used in this study was heated at 550 °C for 4h. After stirring in the
dark for two weeks until complete dissolution, the solution was kept in the refrigerator at 4°C until use. Test solutions
were made by spiking the OMP stock solution into the designated water matrices to obtain target solvents
concentrations. For comprehensive and initial spiked concentrations, see Appendix A. For chemical structures of OMP
molecules, see Appendix B.

Table 5 Application and physical-chemical properties of the 17 studied OMP.

Group Compound Acronym  CAS no. Application MW (g/mol)® Log Ko” Charge at pH 7° pl{,,d
Neutral 1H-Benzotriazole BTA 95-14-7 Corrosion inhibitors ~ 119.1 1.44 0 16:86
5-Methyl-1H-benzotriazole TTA 136-85-6 Corrosion inhibitors 133.2 1.71 0 2.2;88
Carbamazepine CBZ 258-46-4 Anticonvulsant 236.3 245 0 13.9
Hydrochlorothiazide HCT 58-93-5 Diuretic 297.7 -0.07 0 0.6; 14
Caffeine CAF 58-08-2 Stimulant 194.2 -0.07 0 14
Theophylline TPL 58-55-9 Stimulant 180.2 -0.02 0 35;8.7
Positively  \etoprolol MTL 37350-58-6 Beta blocker 2674 1.88 + 9.7
charged Propranolol FPL 525-66-6 Beta blocker 2593 3.48 + 9.4
Sotalol STL 35930-20-5 Beta blocker 2724 0.24 + 8.2;9.1
Trimethoprim T™MP 738-70-5 Antibiotic 290.3 0.91 + 1.3;7.2
Metformin MET 657-24-9 Anti-diabetic 129.2 -2.64 + 124
Negatively  pjciofenac DFC 15307-86-5 Anti-inflammatory ~ 296.2 451 - 4.1
charged Ketoprofen KET 22071-15-4 Anti-inflammatory 2543 3.12 - 45
Clofibric acid CA 882-09-7 Herbicide 2147 257 - 35
Sulfadimethoxine SDM 122-11-2 Antibiotic 3103 1.63 - 2.0:6.7
Sulfamethoxazole SMX 723-46-6 Antibiotic 253.3 0.89 - 1.8;5.8
Zwitterion  Gabapentin GBP 60142-96-3 Anticonvulsant 171.2 -1.1 +/-zwitterion  3.7; 10

* MW: molecular weight (PubChem 2022).

® Octanol-water partition coefficient (PubChem 2022).
“ Neutral (0), positive (+),negative (-).

? (PubChem 2022).

® Estimated values retrieved from SPARC (ARChem, http:/www.archemcalc.cony).
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For the OMP regeneration experiment (section 3.4), several OMP were selected to conduct initial adsorption and re-
adsorption experiments to evaluate regeneration efficiency. A higher OMP dosage was required to achieve higher OMP
loading on the adsorbents. The OMP selection criteria were mainly based on diversity in charged groups and sufficient
availability of OMP. An initial concentration of 5 mg/L for both initial adsorption and re-adsorption was utilized. The
experiment with multiple cycles of regeneration were conducted with seven OMP. Experiments with varying operating
parameters were conducted with nine OMP (listed in Table 6).

Table 6 Studied OMP in multiple cycles of regeneration experiment and varying operating parameters experiments.

Multiple cycles of Varying operating

Group Compound Acronym regeneration parameters
experiment experiments
Neutral 1H-Benzotriazole BTA
5-Methyl-1H-benzotriazole TTA
Carbamazepine CBZ v
Hydrochlorothiazide HCT
Caffeine CAF v v
Theophylline TPL
Positively ~ Metoprolol MTL v v
charged Propranolol PPL
Sotalol STL v v
Trimethoprim TMP
Metformin MET v v
Negatively  Diclofenac DFC
charged Ketoprofen KET v v
Clofibric acid CA
Sulfadimethoxine SDM v
Sulfamethoxazole SMX v v
Zwitterion  Gabapentin GBP v v

One set of regeneration experiments was also conducted on PFAS-loaded adsorbents. All PFAS reference standards were
obtained from Sigma-Aldrich. Three PFAS were selected to investigate the effect of chain length, including two long-
chain PFAS (PFHpA and PFOA) and one short-chain PFAS (PFBS). Table 7 reports the classification and characteristics of
the selected PFAS. PFAS in powder or solid form were directly dosed into the water matrix to obtain the target initial
concentration.

Table 7 Physical-chemical properties and structures of three studied FPAS.

Full name Abbreviation Functional group Formula Structure MW (g/mol)® Log K,,” pK* Chain length Chain group’

F FRFR F O
Perfluoroheptanoic acid PFHpA carboxylate C;HF50, F oH 364.06 4.41 -2.29 7 long-chain
F FF FF F

F FFRFF F O
Perfluorooctanoic acid PFOA carboxylate CgHF 50, F oH 41407 5.11 -4.2 8 long-chain
FFFFFFFF

Perfluorobutanesulfonic acid PFBS sulfonate C4HF;05S S 300.09 2.63 -3.31 4 short-chain
H

* MW: molecular weight (PubChem 2022).

® Octanol-water partition coefficient (PubChem 2022).

¢ (PubChem 2022).

4 The definition of long-chain and short-chian is in accordance of EU authorities (European Commission, 2020).
https://ec.europa.euw/environment/pdf/chemicals/2020/10/SWD_PFAS.pdf
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3.2.2  Analytical method

High performance liquid chromatography combined with tandem mass spectrometry (LC-MS) was used for OMP
quantification. Through ACQUITY UPLC®BEH C18 column (1.7um particle size, 2.1xX50 mm, Waters, Ireland) the liquid
chromatography separates the sample components. Pumping was performed by an ACQUITY UPLC I-Class Plus System
(Waters, USA) at a flow rate of 0.35 ml/min. For gradient elution, ultrapure water and acetonitrile (LC-MS grade, Biosolve,
France) phases were used. Both were acidified with 0.1 % LC-MS grade formic acid (Biosolve, France). Tandem mass
spectrometry was performed on Xevo TQ-S micro (Waters, USA), separating ionized molecules with electrospray
ionization in positive and negative modes and detecting them by corresponding deuterated internal standards. The
calibration levels are from 0.0025 25 ug/L to 10 ug/L.

TOC analysis was performed by a SHIMADZU TOC-VCPH/CPN analyzer. Briefly, 30 mL of sample was filtered by
Whatman® SPARTAN® RC 30 syringe filter. Next, 1.6 ml of 2M analytical grade hydrochloric acid was added to the
sample vial. A TOC standard (10 ppm) was prepared to ensure the measurement quality.

Surface area and pore volume analyses were conducted by the N, adsorption-desorption methods. 0.1 g of sample was
dried for 15 h at 105 “C before measurement. N, adsorption was performed at -196.15°C with a Micrometrics TriStar Il
unit. The surface area (m?/g) was calculated by Brunauer-Emmett-Teller (BET) method. Micropore and mesopore volume
(cm*/g) were calculated by t-plot and Barrett-Joyner-Halenda (BJH) desorption.

PFAS were analyzed externally at Het Waterlaboratorium. Samples were diluted on the day of sampling. This
preservative ensured that the composition of the samples was immediately suitable for injecting into the UHPLC. An
exact amount of isotope-labeled internal standards was added to the preserved water sample on the day of analysis,
followed by filtration through a 0.45 um filter (Whatman Spartan 30). 100 uL of the filtrate was applied to a MM column.
After the chromatographic separation, PFAS were detected with a TQ- MS in negative ionization mode according to the
MRM principle. Afterwards, the concentrations were evaluated by linear calibration with eight calibration points ranging
from 0 — 50 ng/L. The reporting limits are 0.2 ng/L (PFHpA), 0.5 ng/L (PFOA) and 0.2 ng/L (PFBS).
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3.2.3 Water matrices

For isotherm and kinetic adsorption experiments (sections 4.1and 4.2), three water matrices were used, characterized
by their different organic content: Milli-Q water (MQ), Delft tap water (TW) and RWZI Harnaschpolder wastewater
treatment plant effluent (WW). Table 8 shows the characteristics of the three tested water matrices. The background
NOM concentration was measured as dissolved organic carbon (DOC) concentration and as UV-absorbance at a
wavelength of 254 nm. WW was filtered by 1 um cartridge filters. OMP stock solution of 1 mg/L was spiked in all three
water matrices to target an initial concentration of 10 ug/L. OMP in the test solutions. All regeneration experiments
were carried out in TW. The same source of TW was used as in the kinetic and isotherm adsorption experiments. The
OMP powder was dosed directly into the water matrixes to make test solutions at OMP concentrations of 5 mg/L. In all
cases, adsorbent removal calculations were based on actual measurements and not theoretical dissolved concentrations.
To account for losses due to volatilization and/or adsorption on glassware and caps, control bottles without adsorbents
were included in the adsorption experiment, spiked with OMP stock solution. Standard deviations of all 17 OMP in 312
hours of control were < 1.5 pg/L in all cases (at initial concentrations of 10 ug/L), indicating no significant change due
to losses.

Table 8 Characteristics of the three tested water matrices.

Water type Acronym DOC (mg/L) pH () Conductivity (uS/cm) UV254 (AJlem) SUVA254 (L/mg.m)
Milli-Q water MQ 0.21 = 0.05 7.70 £0.23 197 = 0.74 - -

Tap water ™ 4.97 = 0.52 7.98 £ 0.01 448.33 = 1.53 0.047 = 0.001 0.95 = 0.12
WWTP second effluent WWwW 1393 £ 122 8.18 =0.02 1000.00 = 1.73 0.273 = 0.001 1.96 = 0.04
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3.3 Adsorption experiments

Adsorption isotherms and kinetics on OMP removal were measured by the bottle point technique (Worch, 2012). Fig. 6
describes the process of carbon preparation and adsorption experiments in flow charts. Dry adsorbents were washed
with deionized water before the experiments and dried at 105°C. Dried adsorbents were stored in the desiccator before
use. To pre-wet the adsorbents, all carbon particles were weighed into bottles, and 10 mL of ultrapure water were
added. Vacuum was applied for 15 min to remove air bubbles in the adsorbents’ pores.

In all cases, 500 mL glass bottles were used as adsorption batch reactor, filled with 500 mL spiked solution and placed
in the dark. The bottles were shaken by VWR® Advanced Orbital Shakers (Model 10000) at 120 rpm and room
temperature for 312h. Both isotherm and kinetic experiments were spiked at 10 pg/L of each OMP. Kinetic points were
sampled (10 mL) in polypropylene tubes at increasing contact times (24, 48, 120, 312h), and the last points were taken
as isotherm points. For the isotherm experiment, five adsorbent doses were used. spanning from 30 mg/L to 500 mg/L
in all three water matrices. The minimum adsorbent dosage was determined to be at least 30 mg/L because a minimum
of three pellets were required in each bottle (5 mg per pellet). Control bottles with the same adsorbate concentrations
and no adsorbent dose were included for each water matrix case to ensure no significant loss due to adsorption on
glassware and caps. They were sampled at the same time intervals with batch reactor bottles, and averaged measured
concentrations were taken as initial adsorbates concentrations. Pre-test was conducted with one duplicate in one
condition (adsorbent dosage at 100 mg/L, standard deviation ranged from 0.0029 to 0.1185 ug/L). Adsorption
experiments were conducted without duplicates due to limited LC-MS measurement availability. In all cases, samples
were stored immediately at 4 °C and filtered through ADVANTEC® glass fiber membrane filters (GF-75, 25mm/0.3 um,
SWINNEX® 25 mm filter holder).

Adsorbents washed with Solutions prepared with

o ) — 10 pg OMP /L
delonized water three water matrices

v
Dried at 105 C for 4h

Adsorption isotherm:
v adsorbent dosages: 30, 60, |— 5 mg per pellet
100, 200, 500 mg/L

Dried adsorbents stored in
desiccator before use

Weighed adsorbents pre- Bottles on shaker at 120 rpm Adsorption kinetic:
wetted with 10mL of for 312h at room —® sampling time: 24,
ultrapure water in test temperature 48,120, 312h
bottles
Applying vacuum for 15 min OMP concentration
to remove air bubbles measurements with LC-MS
(A) Adsorbents preparation (B) Isotherm and kinetic

Fig. 6 Flow charts of (A): adsorbents preparation and (B): adsorption isotherm and kinetic experiments
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Pre-tests (isotherm test with conditions identical to the above description) were performed with both materials, FMC
and ATC, in separate bottles with Milli-Q water. Iron flocs were formed on the surface of FMC. The solution appeared
to be yellowish after the pre-test due to the reaction of iron content in FMC (Fig. 6). It was therefore decided to continue
the adsorption and subsequent regeneration experiment with ATC only. The presence of zero-valent iron in the carbon
particles may cause complex interaction during adsorption and regeneration. Due to the nature of this study as a
feasibility test and time limitation, ATC was considered to be the proper and simple version of the novel material in this
study.

Fig. 7 Left: Zoom in of FMC after pre-test in Milli-Q water. Iron flocs were formed on the surface of FMC pellets. Right:
Solution containing FMC appeared to be yellowish, while solution containing GWC remained transparent.
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3.4 Electrochemical regeneration experiments

Electrochemical regeneration of this novel material was investigated in an undivided fixed bed electrochemical cell. Fig.
8 and Fig. 9 show the electrochemical cell schematic and picture, respectively. Two 4 X 4 c¢m’ titanium plates were
used as anode and cathode, with a working area of 12 cm®. A distance of 2 cm was kept between anode and cathode
to prevent short-circuiting. 0.2 g of adsorbent was used to ensure adequate bed volume. Higher adsorbent dosage was
not considered due to inadequate adsorbate. The thickness of adsorbents refrained direct contact with electrodes plates.
A DC power supply was utilized to provide constant current by manipulating cell voltage during regeneration. Pollutant-
loaded adsorbents were filled into a nylon bucket without direct contact with the electrodes surface (a distance of 0.5
cm was always kept). Delft tap water was used as an electrolyte without chemical additions (characteristics can be found
in Table 8). During the course of regeneration, the electrolyte solution was stirred continuously by a magnetic stirrer
(Heidolph MR 82) at 200 rpm to facilitate the mass transfer.

l DC supply
< S

L Clip
7 O gy
Anode/ do( Cathode
Stirring bar —T——> &7 ™~ Exhausted AC

Wd bed
/7 Magnetic stirrer \ Beaker

Fig. 8 Electrochemical cell schematic.

DC power
source

Nylon bucket Beaker

Anode
Cathode

Electrolyte

(tap water) Saturated

adsorbents

Stirring bar
Magnetic stirrer

Fig. 9 A picture of electrochemical cell used in the regeneration experiment in all cases. This setup was realized
according to schematic shown in Fig. 8.
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Investigation of regeneration efficiency of this novel material (only on the version without iron: i.e. ATC, as stated in
section 3.3) was conducted with subsequent cycles of adsorption and regeneration. Two batches of ATC with the same
mass (200 mg) underwent six cycles of adsorption simultaneously. One batch was regenerated in between each
adsorption cycle. Another batch served as a control group with no regeneration, and it was drained and stored
separately before the next cycle of adsorption. The standard procedure is described in Table 9.

Table 9 Standard procedure of regeneration experiment.

Step
1 Initial adsorption
1.1 A known mass of material (200 mg) was added to Delft tap water containing known concentration of

adsorbates. For OMP regeneration. 200 mL solution with a concentration of 5 mg/L. was used. For PFAS,
50 mL solution with a concentration of 100 mg/L.

1.2 Place all the contents in step 1.1 in a batch reactor.
Place the batch reactor on a shaker at 120 rpm for a fixed period of time. 120h and 72h contact time
were adopted for OMP and PFAS experiment respectively.

1.3 After designated contact time. A sample of treated liquid is taken and measured. For OMP, 20 puL samples
were taken, diluted and measured in-house. For PFAS, 10 mL samples were taken and sent to Het
Waterlaboratorium for dilution and measurement.

1.4 By mass balance the initial adsorbent loading (q;) is determined.

2 Electrochemical regeneration

2.1 Load all the carbon content in step 1 into the electrochemical cell.

2.2 Apply DC current to the electrochemical cell for 3h for both OMP and PFAS regeneration.

2.3 Take samples (10 mL from electrolyte, add 10 mL of tap water afterwards to maintain initial electrolyte
volume) at regular time intervals during regeneration. Results are shown in section 0.

2.4 Drain off and store used electrolyte. All contents of electrochemical cell (i.e. electrodes, nylon bucket,

stirring bar and beaker) were rinsed with deionized water for next cycle of regeneration.

3 Re-adsorption
3.1 Repeat step 1.1-1.4 by regenerated adsorbents (i.e. contents from step 2 with no further treatment).
3.2 By mass balance the adsorbent loading after regeneration (q;) is determined.
33 The regeneration efficiency (RE) is defined by the equation:
ar
RE = q_ X 100% Egs. (4)
L

where, q; is the initial adsorbent loading (mg/g) and g, the adsorbent loading after regeneration (mg/g).

Experiments with varying operating parameters were conducted with the above standard procedure. Only one cycle of
regeneration was conducted for each condition. The applied current applied varied between 10 — 80 mA at a fixed
treatment time of 1h. The regeneration time was set between 0.5 — 5 h at a fixed current of 60 mA. The studied OMP
are listed in Table 6. An overview of all performed experiments can be found in Appendix F.
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3.5 Adsorption isotherm and kinetic models

Adsorption isotherm data were fitted by the Freundlich equation. This empirical equation describes the adsorption
process and equilibrium data for a heterogeneous surface (Freundlich 1906). The Freundlich equation was chosen
because the description of low OMP concentration (i.e. ug/L to ng/L) adsorption in water is possible (Xu et al 2013 from
Hong). Egs. (5) and Egs. (6) show the nonlinear and linear forms of the Freundlich equation.

qe = KrCe' Egs. (5)
logq, = logKp + nlogC, Egs. (6)

Where @g. (ug/mg) is the equilibrium uptake of contaminant species in the solid phase; K:[(ug/mg)/(ug/L)"] is the
Freundlich constant which characterizes adsorption capacity (Worch, 2012); C. is the adsorbate concentration in
solution at equilibrium and; 77 (dimensionless) is the Freundlich intensity parameter, which is an indicator of adsorption
affinity (Worch, 2012), or a measure of surface heterogeneity (Tran et al., 2017).

Kinetic data were fitted by the Pseudo-second-order (PSO) equation. It was initially proposed by Blanchard et al., (1984)
and further developed into linear form by Ho &McKay (1998). PSO was selected to describe adsorption kinetics because
it was said to be an appropriate representation for the majority of adsorbent adsorbate systems (Ho &McKay, 1999).
Egs. (7) and Egs. (8) show the initial nonlinear and linear forms of the PSO equation. q. was calculated from the plot of
1/q. versus time 1/t by Eqs. (8).

2k, t
CIt=—qe 2 Egs. (7)
1+ kyq,.t
1 < 1 >1+ 1 Es. (8)
S [P P gs.
qc \k20¢)t Qe

Where qt (ug/mg) and ge (ug/mg) are uptakes of contaminant species at any time t (h) and at equilibrium, respectively;
and k> [mg/(ug.h)] is the second-order rate constant.
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4 RESULTS AND DISCUSSION

4.1 OMP adsorption capacity in different water matrices

The Freundlich model fitted well to the isotherm data of all experiments with average R values ranging from 0.77 to
0.99 (model coefficients are reported in Table 10). Several compounds were assumed to be degraded because gradual
drops of concentration in the control bottles were recorded. Freundlich data plots and interpolation lines are shown in
Fig. 10 for CBZ, STL, and SMX, each of which is charged OMP as described in Section 3.2. For all other OMP plots, see
Appendix C.

Table 10 Adsorption isotherm parameters for ATC applying the Freundlich model.

Isotherms Model Coefficients
Milli-Q water Tap water WWTP effluent
K K¢ K
(ug/mg) (ug/mg) (ug/mg)
Group OMP [(ug/L)" m [ R? J(ug/L)" & [ R? [(ug/L)" m [ R?
Neutral BTA 024 032 092 - - - 004 0.68 0.83
TTA 025 039 099 - - - - - -
CBZ 027 035 099 0.08 053 096 003 077 0.83
HCT - - - - - - - - -
CAF 029 042 099 0.05 0.87 0.83 - - -
TPL 037 025 091 0.11 057 093 - - -
Positively MTL 0.19 044 086 009 056 092 - - -
charged PPL 0.19 054 077 0.10 044 093 006 094 0.84
STL 0.14 022 087 0.08 052 095 002 0.84 0.82
T™MP 0.18 032 090 0.07 043 095 002 078 0.83
MET 000 3.50 0.80 - - - -+ - -
Negatively DFC 020 040 093 0.05 043 096 001 079 0.84
charged KET 0.17 053 078 0.04 044 092 001 099 0.89
CA - - - 0.04 029 0381 001 090 0.95
SDM 0.18 034 099 0.03 030 0.84 001 0.82 0.75
SMX 021 037 089 0.04 046 096 001 075 090
Zwitterion GBP 009 027 098 0.03 042 091 -+ - -

? Invalid results due to inaccurate measurement.
b . .
Invalid results due to degradation.
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Fig. 10 Isotherms for carbamazepine (CBZ), sotalol (STL) and sulfamethoxazole (SMX) in three test solutions: Mill-Q
water (MQ), tap water (TW) and WWTP effluent (WW).

To characterize the strength of adsorption of the OMP, the Freundlich constant K-was obtained from the model. The
constant Kris an indicator of adsorption capacity (Worch, 2012) and is considered to be comparable in case of similar
Freundlich parameters 77 (a quantification of adsorption affinity). In this study, the n values for all solutes (expect for
metformin in MQ: 3.50) were less than 1 (MQ: 0.22 — 0.54, TW: 0.29 — 0.87, WW: 0.68 — 0.99), representing a concave
shape of isotherms which indicates high adsorption affinity between pollutants and GAC (Lompe et al., 2018). However,
the nvalues obtained in the three water matrices were significantly different from each other (p < 0.05). The box plot
summarizes adsorption performance for all OMP in three solutions (Fig. 11). The difference of n values among three
solutions indicates descending adsorption affinity: MQ > TW > WW, hinting the K- values were not comparable to
each other. The isotherm data plot (for example, Fig. 10 (STL) visualizes a similar conclusion: the slopes of three
interpolation lines are different.

1.0
T
0.8 +
0.6
= | N
0.4 |
+
0.2+ + Median
O 25-75%
- 10-90%
0.0 T T T
MQ T™W W

Water Matrices

Fig. 11 The nvalues obtained from isotherm data by fitting the Freundlich model.
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The difference in adsorption affinity in the various water matrices is likely to be caused by varying NOM background
concentrations, indicated by DOC values (Table 8). By testing pollutants uptake in tap water and WWTP effluent, the
model coefficients indirectly incorporate the competition effect (Piazzoli &Antonelli, 2018). The presence of NOM
hinders OMP adsorption onto activated carbon (Q.Li et al., 2003). This phenomenon is acknowledged as direct
competition and pore blocking (Q.Wang et al., 2022). NOM competes with other adsorbates (OMP in this adsorption
experiments) for adsorption sites, and they block the access to the micropores on the adsorbents instead of entering
(Pelekani &Snoeyink, 1999). Both of these mechanisms explain the significant drop in OMP uptake in water matrices
with NOM (i.e. TW and WW). The drop of adsorption affinity of most OMP (25 - 75% shown in box plot Fig. 11) were
consistent with the corresponding NOM concentration in solutions. Interpolation of model coefficients might be
possible for further adsorption model development or pilot setup design.

Even though inter-water matrices Krvalues comparison is not possible, intra-water matrices Kr values could still be
compared because of similar NOM characteristics and concentration. In the case of MQ (i.e. without NOM),
hydrophobicity (expressed by Log K,.) of OMP was a leading property that affected adsorption capacity (Fig. 12).
Hydrophobic compounds tend to have higher adsorbability (Westerhoff et al., 2005). Hydrophilic compounds are inclined
to remain in the aqueous phase and thus exhibit low removals as a result. GBP and MET adsorption are particularly poor
even without NOM competition. They exhibit low Log K, values (-1.1 and -2.64, respectively, Table 5). Their hydrophilic
properties are likely due to the absence of aromatic rings (deRidder et al., 2010). The lack of aromatic rings in the
structure (Appendix B) weakens the T—1 bond interactions between solutes and adsorbents surfaces (Peng et al., 2016).
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Fig. 12 Freundlich constants K-values versus OMP properties in MQ water.

This result is consistent with the conclusion made by Delgado et al., (2012), in which they pointed out that the octanol-
water partition coefficient could act as an appropriate measure to predict adsorbability. On the other hand, they also
mentioned that it cannot be a sole indicator to describe adsorption activities. This reduces the complexity of the
interaction between adsorbents and adsorbates as a pure hydrophobic interaction. Other factors, for instance, properties
of the carbon and contaminant compounds, should be taken into account. In this case, the charges of OMP were observed
to be another factor affecting adsorption capacities. An ANOVA test was performed, and the K of neutral OMP are
significantly higher than that of positively or negatively charged compounds (p < 0.05). The charges of OMP are
annotated on the figure for better visualization, and a linear regression line was fitted. The Kr values of all five neutral
compounds were higher, whereas the charged compounds showed a lower adsorption capacity. The better adsorption
of neutral compounds matched the expectation from BASF (Brandts et al., 2020). They have indicated that the graphite
content in the material would attract neutral components. No significant difference was found among the Krvalues of
positively and negatively charged OMP.
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The observation of OMP adsorption in MQ did not fully match observations in TW and WW. In the presence of NOM, no
insight was gained by comparing hydrophobicity. Instead, charge interaction became the dominant factor determining
OMP uptakes (Fig. 13). Both neutral and positively charged compounds were well adsorbed. NOM is known to have an
influence on the removal of charged adsorbates (DeRidder et al., 2011). Their study evaluated the effect of NOM coverage
on charged pharmaceuticals removal. The accumulation of NOM on the adsorbent surface leads to significantly higher
removal of positively charged compounds than that of negatively charged species. This phenomenon was also observed
in the present study. Kr-values of positively charged OMP were statistically higher than those of the negatively charged
(p < 0.05), in both TW and WW as test solutions. At neutral pH, NOM is negatively charged (Newcombe &Drikas, 1997).
A layer of negatively charged NOM is formed on the GAC surface due to adsorption. This promotes electrostatic attraction
to cation and repulsion to anion (DeRidder et al., 2011) and explains the uptake difference between the positively and
negatively charged OMP. This phenomenon is thought to be particularly significant for this material. Due to its
mesoporous property, BASF obtained better performance for humic acid (2-7 nm) adsorption within 24h. Fast NOM
accumulation forms a layer of negatively charged sub-surface on the carbon and attracts positively charged OMP.
Furthermore, there was no significant difference in the comparison of neutral and positively charged compounds (TW:
p = 0.78; WW: p = 0.83). Isotherm results showed that this material favored both neutral and positively charged
components.
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Fig. 13 Freundlich constants K~values versus OMP properties in TW and WW.
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4.2  OMP adsorption kinetics in different water matrices

Kinetic experiments were simultaneously conducted with the isotherm experiments; thus the testing conditions were
identical (initial adsorbent and adsorbate dose and water matrices). The PSO model fitted well to the kinetic data for
all three water matrices with R* values ranging from 0.87 to 1.00 (Table 11). For the kinetic data from the adsorbent
dose of 200 mg/L, the model fitted the best (R* = 1.00). It was therefore selected to be the representation of the kinetic
experiments results. Fig. 14 shows the adsorption profiles of CBZ, STL and SMX, each of which are charged OMP as
described in Section 3.2. For all other OMP plots, see Appendix D. >82% removal of all OMP was reached after 120
hours for MQ, >72% for TW and 43% WW. Under this condition, equilibrium was achieved after a maximum of 150h for
all three water matrixes. Kinetic constants &, varied between 0.84 - 0.90, 0.31 —0.93 and 0.35 — 1.25 mg/(ug h) for MQ,
TW and WW, respectively (Fig. 15). Without competition (test solution as MQ), the k- values of different OMP were
similar to each other (average k> = 0.87 = 0.02, unit: mg/(ug.h). In the condition with the presence of NOM (test solution
as TW and WW), the 4z values deviate from each other (TW: 0.60 = 0.19 and WW: 0.61 = 0.33) and were significantly
lower than those of MQ (p < 0.05). The significant drop in 4z is in alignment with different 7 values reported in Section
4.2, demonstrating the same effect that NOM presence causes intraparticle pore blockage and limits the rate of
adsorption process (Yu et al., 2012).

Table 11 Kinetic parameters (PSO model) for OMP adsorption onto ATC (200 mg/L) for 312h

Kinetics Model Coefficients
Milli-Q water Tap water WWTP effluent
k; k; k;
Group OMP mg/(ug.h) R’ mg/(ug.h) R’ mgf(ug.h) R’
Neutral BTA 0.86 0.86 - - 0.43 1.00
TTA 0.88 0.88 - - - -
CBZ 0.88 0.88 0.46 1.00 0.37 0.99
HCT _a _a _a _a _a _a
CAF 0.86 0.86 0.65 0.99 - -
TPL 0.85 0.85 031 0.99 - -
Positively MTL -2 8 0.48 1.00 b b
charged PPL 0.88 0.88 0.62 0.99 0.41 0.95
STL 0.84 0.84 0.41 0.99 0.35 0.99
T™P 0.88 0.88 0.58 1.00 0.60 0.97
MET _a _a b b b b
Negatively DFC 0.90 0.90 0.48 1.00 0.51 0.99
charged KET 0.84 0.84 0.83 1.00 0.50 0.98
CA - - 0.69 1.00 1.15 0.96
SDM 0.89 0.89 0.86 1.00 1.25 0.96
SMX 0.88 0.88 0.46 1.00 0.53 0.97
Zwitterion GBP 0.88 0.88 0.93 1.00 - -

* Invalid results due to inaccurate measurement.
® Invalid results due to degradation.
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Fig. 14 Adsorption kinetic profiles of CBZ, STL and SMX (adsorbent dose: 200 mg/L).
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No insight was gained by correlating the 4 values with OMP properties, including molecular weight, hydrophobicity
and charge. The k; constants were best correlated with the Freundlich constants K which describe the comprehensive
adsorption capacity of OMP. Fig. 16 shows the plot of 4 values as a function of the Freundlich constants. OMP with
higher adsorbability show a slower adsorption rate. This is probably attributed to more micropores responsible for
OMP adsorption and longer intra-particles diffusion time is required for adsorbates transport. For those OMP with poor
adsorbability, less loading on adsorbents results in faster equilibrium.
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Fig. 16 PSO constants 4> as a function of the Freundlich model constants K-in TW.

In section 4.1, it was described that NOM accumulation on the carbon surface forms a negatively charged layer and
assists the adsorption of positively charged species. The plot in Fig. 16 is separated into three charged groups to study
this effect in kinetics (Fig. 17). For neutral and negatively compounds, their adsorption rates followed the same trend
as described in the last paragraph. However, the 4k values of positively charged compounds were in positive correlation
with their adsorption capacities. It is speculated that their adsorbability was influenced by the negatively charged NOM
layer (increased electrostatic attractive forces).
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4.3 Adsorption performance comparison between the novel adsorbent and regular GAC

OMP adsorption performance of ATC was compared with Filtrasorb F400 GAC data from previous work. F400 is a type
of GAC that has been widely used among adsorption studies and worldwide treatment systems. Table 12 lists 4 values
of the PSO model of two adsorbents. Initial OMP concentrations were identical in all cases. Groundwater was used in
previous work with a background DOC concentration of 2.3 mg/L (compared with TW: 5 mg/L in this study). In both MQ
and TW cases, the adsorption rates of ATC were significantly higher than those of F400 (p < 0.05). Even in the case of
higher NOM concentration, ATC was more capable of coping with the effects of direct competition and pore blocking.
This is attributed to its mesoporous property that allows certain mass transfer even with NOM blockage. For the
isotherm data, an initial adsorbate dose of 50 pg/l. was used, five times higher than this study. Table 13 lists the
Freundlich model coefficients comparison. The 7 values in MQ cases were similar, which allows Kr values to be
comparable. The adsorption capacity of F400 is significantly higher than that of ATC. This is most likely due to the lower
micropore volume of ATC (0.33 ml/g), while F400 was reported to contain 0.40 ml/g of micropores (Diamantopoulou et
al., 2010). The difference could also be caused by different initial adsorbate concentrations and contact time. It is
thought that this weakness can be counterbalanced by its high adsorption rate, since the internal diffusion rate also
determines how efficient the system is. Combing with its potential to be regenerated in-situ, it was therefore still
recommended to continue further investigation on this novel material.

Table 12 Comparison of kinetic constants between F400 FAC and ATC. (Krijn, 2021).

PSO model constant k> [mgf(ug.h)]

Groundwater [ TW MQ
OMP F400 GAC ATC F400 GAC ATC
BTA 0.000 - 0.003 0.864
CBZ 0.295 0.460 0.004 0.878
CAF - 0.654 0.008 0.864
STL 0.276 0.412 0.002 0.837
DFC 0.402 0.482 0.004 0.900

Table 13 Comparison of Freundlich model constants between F400 FAC and ATC. (Krijn, 2021).

Freundlich model coefficients

Kr |(ug/mg)/(ug/L)"] n

Groundwater | TW MQ Groundwater [ TW MQ
OMP F400 GAC  ATC F400 GAC  ATC F400 GAC  ATC F400 GAC  ATC
BTA 1.68 - 2.94 0.24 0.32 - 0.37 0.32
CBZ 1.10 0.08 3.09 0.27 0.34 0.53 0.30 0.35
CAF 1.16 0.05 2.50 0.29 0.33 0.87 0.32 042
STL 1.60 0.08 2.49 0.14 0.28 0.52 0.32 0.22
DFC 1.00 0.05 2.04 0.20 0.26 0.43 0.25 0.40

33



4.4 OMP regeneration efficiency profile in multiple cycles of adsorption and regeneration

Fig. 18 shows the seven OMP regeneration profiles over six adsorption cycles with regeneration conducted in between.
Each regeneration efficiency (RE = Gregenerated/GiniiarX 100%) obtained is represented by a black column. In each cycle, a
control experiment was conducted in which no regeneration took place. Those results are shown with white columns.
After six cycles of adsorption and regeneration, the highest RE was achieved on CAF with all of them >82%. For three
positively charged OMP (i.e. MET, MTL and STL), their RE decreased steadily and remained >65% RE after the last cycle.
For negatively charged OMP (i.e. KET and SMX), slightly lower RE was observed on the last cycle (60% and 48%).
Regeneration performed the worst on GBP (zwitterion), for which RE dropped rapidly over six cycles, and no more than
20% of pristine loading was recovered in the last cycle. The most significant regeneration performance was observed on
MET, for which 58% of the initial loading capacity was recovered in the fifth cycle. MET exhibited the lowest K, and is
highly hydrophilic. The hydrophilic effect is in cooperation with electrodesorption force and thus resulted in
outstanding RE. It is noticed that for certain compounds (for example, KET), RE exceeded 100%. This could be due to
the lack of duplicate experiments or measurement errors. Inadequate mixing of the stock solution may also increase
the initial concentration, which results in higher loading.

Before the experiment, it was expected that the loading on non-regenerated adsorbents would drop drastically.
Available sites on carbon surface would be occupied by previously loaded OMP. However, a significant decrease in RE
was not observed on every OMP, only on GBP and MET (Fig. 18: RE: 6.7% and 27.3% after the last cycle, respectively).
For the other OMP, loading of >50% was still achieved. It is speculated that the initial adsorbate dose was not high
enough to fully saturate the adsorbent. The regeneration effect was, therefore, not different from other OMP.

It is observed that loading could almost never be fully recovered. Over six cycles of adsorption and regeneration, RE of
all OMP gradually decreased and reached a steady state (except GBP). Weng &Hsu, (2008) and Zanella et al., (2017) have
pointed out that some adsorption sites cannot be restored by the electrochemical process. Accumulation of degradation
products of contaminants may block the pores or pathway, limiting the mass transfer of desorbed species or re-
adsorption efficiency. Degraded or newly-formed products could also be adsorbed again on already regenerated
adsorption sites (DeOliveira Pimenta &Kilduff, 2006; Grant &King, 1990; Vidic &Suidan, 1991). On top of that, permanent
loss of adsorption capacity could attribute to poor NOM desorption. Narbaitz &McEwen, (2012) investigated NOM
regeneration for field spent GAC and obtained a maximum RE of 17%. They emphasized the relation between limited
NOM desorption and poor RE. NOM blockage causes already desorbed species to stay in the pores, and those sites are
not available for the next cycle of regeneration. It is suggested to perform cathodic regeneration to assist NOM
desorption from spent carbon particles. Negatively charged carbon surfaces produce electrostatic repulsion and
facilitate NOM desorption and mass transfer. The presence of NOM on the EC process should receive more attention in
future studies.
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4.5 Performance of cell configuration

Electrochemical regeneration of carbon-based material involves two main mechanisms: enhanced desorption and
degradation of contaminant species. Depending on the electrochemical cell configuration, these mechanisms could be
strengthened or weakened and result in variation of RE on different species. Due to the nature and practical limitations
of this study, all conditions of the regeneration experiments were only conducted with one configuration.

Neither an anodic nor a cathodic compartment was realized in the setup. In all cases, OMP-loaded adsorbents were
placed and hung in between the electrodes without touching them. The adsorbent was always kept at a distance of five
mm from both electrodes. Thus, it is postulated that the loaded GAC did not experience a change in ambient pH.
Therefore, under this configuration pH induced desorption was suspected to be less profound or even absent due to
the constant circulation of electrolytes during regeneration.

Without separation of the compartments, the adsorbent’s polarity is simultaneously anodic and cathodic. The most
relevant and strongest desorption mechanism under this configuration is likely to be electrodesorption. Fig. 19 groups
the RE obtained for all seven OMP according to their charge at pH 7. Each data point represents the percentage of
restored loading compared to the first adsorption cycle.
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Fig. 19 Regeneration efficiency over six cycles of adsorption and electrochemical regeneration of seven OMP loaded
ATC. In all cases, adsorption was performed by adsorbent dosage of 200 mg and adsorbate dosage of 5 mg/l.
Electrochemical regeneration was performed with current density of 30 mA for three hours, with tap water as electrolyte.
Each data point represents the RE of each cycle. Neutral and zwitterion compounds are represented respectively by
triangles and rhombuses. Positively charged and negatively charged compounds are grouped and marked with dots and
squares.
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By applying an electric field to the adsorbent bed, carbon is polarized and exhibits a positive charge on one side and a
negative charge on another side (Zhang et al., 2013). Surface charge on carbon induced electrostatic repulsion of similarly
charged species (McQuillan et al., 2018). This could be the explanation for moderate RE of charged contaminants (Fig.
19). On the charged surface of carbon pellets, only similar charged species were desorbed because of electrostatic
repulsion, whereas oppositely charged species were held by electrostatic attraction. Slightly higher RE on positively
charged species is probably due to limited NOM regeneration (Roberto M.Narbaitz &McEwen, 2012). Positively charged
contaminants attached to NOM were carried out simultaneously with desorbed NOM. For uncharged molecules (i.e. CAF
in this case), its RE was higher than those of charged contaminants. This is in agreement with the finding by Ban et al.,
(1998), in which they demonstrated electrodesorption could also be applied to uncharged species. Electrodesorption as
the main mechanism of regeneration may also provide an explanation for poor GBP regeneration performance. GBP is a
zwitterion which holds the same number of positively and negatively charged functional groups (Skoog et al. 2013). It
always contains a similar charge with the carbon surface and is not favored by electrostatic repulsion, hence limiting the
desorption rate.

Another relevant mechanism for enhanced desorption was absent under this configuration: ionized species. The use of
electrolytes such as NaCl, has been proven to facilitate the desorption process of activated carbon (Zhang, (2002),
Narbaitz &Cen, (1994), (Savlak &Belgin, (2014)). NaCl dissociates during regeneration into sodium cation and chloride
anion. The ions react with contaminants and form more soluble compounds. In this study, tap water without additives
was used as electrolytes. lons from tap water are not sufficient for regeneration.

4.6 Effect of surface chemistry modifications

A steady drop of RE for seven OMP was recorded over six adsorption and regeneration cycles. For CAF, KET and SMX
(Fig. 18), slightly lower RE with the process of regeneration was observed in the last adsorption cycle than those without.
This may indicate a permanent loss of adsorption capacity on the carbon surface instead of an irreversible adsorption
process. Modification of surface chemistry on the adsorbent surface could be a factor of such capacity loss. CAF, KET
and SMX contain aromatic ring structures. Mattson et al., (1969) introduced the donor-acceptor adsorption mechanism
between carbon surface and adsorbent structure. Carbonyl oxygen on carbon surface acts as electron donor, and
aromatic ring of solvent act as electron acceptor. The carbonyl oxygen could be oxidized electrochemically to carboxylic
acid oxygen (Mehta &Flora, 1997), characterized by a smaller dipole moment than carbonyl oxygen (Sinha &Dogra,
1989). As a result, carboxylic acid oxygen as a weaker electron donor contributes to a decrease in adsorption capacity
after electrochemical regeneration. The oxidation rate, in general, depended on the applied current, and this may
suggest adopting low current density facilitates a more long-term use of material without considerable change in
chemical stability. This hypothesis could be verified by Fourier Transform Infrared Spectroscopy (FTIR) in future studies.
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4.7 Effect of operating parameters: applied current and treatment time

The regeneration efficiency for most of the OMP (except GBP) was not sensitive to changes in current. Fig. 20 shows
the change of regeneration efficiency for three OMP from different charged groups. RE was not correlated with
manipulated current applied and fluctuated between 60 to 80 %. The increase of current did not improve RE. This is in
line with and in disagreement with past studies simultaneously. Ferrandez-Gémez et al., (2021) observed unimproved
RE on spent activated carbon by increasing current density from 0.025 to 0.075 A/cm®. They speculated the increased
formation of air bubbles had a deteriorated effect on regeneration performance. Zanella et al., (2017) also obtained
stabilized RE on phenol-loaded carbon by increasing the current from 1.6 to 2.4 A. They noted that, increased current
could advance the overall transport process within pores, it might elevate the number of cations and anions in bulk
solution. The increased number of ions exhibit stronger electrostatic repulsion and hinders desorbed species from
returning to the bulk solution. Stagnant improvement in RE may indicate that the current applied in the experiments
could be reduced. This will be further discussed in Chapter 6.
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Fig. 20 The effect of applied current on regeneration efficiency for CAF (neutral), MTL (positively charged) and KET
(negatively charged). In all cases, the operating condition remained unchanged except for current applied (10, 30, 60,
80 mA). Current was kept steadily during the course of regeneration by controlling cell voltage.

However, it is also suggested that a better regeneration can be achieved by raising the applied current due to
electrochemical polarization (Foo &Hameed, 2009; M.Zhou &Lei, 2006). GBP showed a higher sensitivity to the applied
current with greater variation in this study (Fig. 21). RE dropped under 30% at 30 mA and performed the best at 60 mA
with over 80% capacity restoration. GBP is characterized by its zwitterion property, and this result implies its desorption
mechanism was highly relevant to electrodesorption and polarization effect. The different magnitude of variation
between GBP and other OMP indicates the effect of applied current could also be relevant to the solvent properties.
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Fig. 21 The effect of current applied on regeneration efficiency for GBP (zwitterion). Stronger variation was observed.

Another implication is that this material could be regenerated with low energy consumption. In the varying current
experiment, around 60% of RE for most of the OMP could be achieved at 10 mA for 1h of treatment time. The achieved
RE achieved was comparable with past studies in which regenerated phenol-loaded GAC and coconut shell at 10-15 mA:
62-76% RE were obtained for over 5-25h treatment time (R. M.Narbaitz &Karimi-Jashni, 2009; Roberto M.Narbaitz &Cen,
1994; H.Zhang, 2002). This is attributed to the low resistance of this adsorbent material. Higher current efficiency
facilitates desorption and production of reaction species (McQuillan et al., 2018). Less treatment time is then required
to achieve similar RE and results in a five-fold decrease of energy spent. This seems to be a promising test result for
this novel material. However, a lower energy requirement may not be directly applied to multiple cycles of regeneration
due to accumulated OMP loading and NOM competition.

Another factor of energy consumption is the treatment time needed for electrochemical regeneration. A longer time
span could ultimately affect the overall energy performance. Experiments with varying treatment time were conducted
to investigate to which extent an increase in regeneration time could obtain a better RE performance. A stable current
of 60 mA was applied as it generally yielded the highest RE in the varying current experiment. Fig. 22 shows the change
of regeneration efficiency for three OMP from different charged groups.
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Fig. 22 The effect of regeneration time on regeneration efficiency for CAF (neutral), MTL (positively charged) and KET
(negatively charged). In all cases, the operating condition remained unchanged except for regeneration time (30, 120,
300 min). Current was kept steadily during the course of regeneration by controlling cell voltage.
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Prolonged treatment time is generally thought to be beneficial to improve regeneration efficiency (Berenguer et al.,
2010; Brown et al., 2004; Roberto M.Narbaitz &Cen, 1994; L.Wang &Balasubramanian, 2009; Weng & Hsu, 2008). The
regeneration mechanism is supposed to be desorption followed by species degradation. Increased regeneration time
allows more mass transfer for contaminants to arrive at electrodes surface, where direct oxidation takes place
(McQuillan et al., 2018). Improvement of RE was observed in this experiment, but the benefits were low and inconsistent
among different OMP. 2 — 11% RE improvement (except for SMX and SDM) was recorded by increasing treatment time
from 30 to 100 min. It could be due to improved NOM regeneration. Weng & Hsu, (2008) reported extended treatment
time not only enables more desorption or oxidation but also increases the leach of NOM from spent GAC. Increased
liberation of NOM could mitigate pore blocking and allow desorbed species to return to the bulk solution. GBP was the
most sensitive compound with increasing regeneration time (Fig. 23). Its RE growth was consistent with prolonged
treatment time, increasing from 47% to 71%. It seems that GBP has a high sensitivity towards the operating conditions,
probably own to its zwitterion property.
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Fig. 23 The effect of regeneration time on regeneration efficiency for GBP (zwitterion).

At regeneration time of 300 min, CAF, MTL and CBZ showed a subtle decline in RE. For the rest of OMP, a maximum of
90% RE was achieved, implying complete regeneration was not likely to take place even with optimized operating
parameters. It is suggested to improve the cell configuration first since it affects the most fundamental mechanisms.
Most of the OMP showed stabilizing improvements with increased treatment time. This is similar to the results obtained
by (Berenguer et al., 2010). They reported that the RE of phenol-loaded GAC tends to stabilize after a certain period of
regeneration time. They speculated that extended time would also enable re-adsorption of oxidized products.
McQuillan et al., (2018) pointed out the importance of strike the balance between regeneration efficiency improvement
and energy consumption. It is uneconomical to spend lots of input to gain small improvement, as the results showed
low marginal benefits. Less than 5% of RE improvement was obtained by lifting treatment time from 120 to 300 min. It
is considered to be unwise to spend 2.5 times more energy to attain such a small boost.

In short, from the perspective of minimizing energy input, regeneration on this material showed promising performance:
except for GBP, > 62% of RE was achieved for all OMP for 30 min of treatment time. Garcia-Otén et al., (2005) achieved
approximately 90% of RE on toluene-loaded GAC (the same amount of adsorbents as this study) by applying a current of
1300 — 2400 A for 3h, and with the aid of a chemical electrolyte. This novel material has shown the potential to be
electrochemically regenerated with reduced energy and time span, making it more feasible for in-situ operation.
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4.8 OMP concentration profile

Carbon regeneration is achieved by liberation of exhausted adsorption site through contaminants desorption and
degradation (hypothesized to take place simultaneously in this study). During the design phase of this study, it was first
thought that the effectiveness of regeneration could be determined by the mass of desorbed / residual contaminants in
the electrolyte after regeneration. This is defined as stripping efficiency Egs. (9).

- o _ Mass of desorbed species x 100%
stripping ef ficiency = Initial mass of loaded species ° Egs. (9)

In this formula, the efficiency of the electrochemical process is determined by the mass percentage of desorbed species
overloading in the previous adsorption process. It was not adopted eventually due to several factors: (1) stripping
efficiency does not represent the loading capacity of the material directly. Mass of residual contaminants does not
translate to the availability of adsorption sites. Liberated adsorption sites might be blocked by poorly-desorbed NOM
(Roberto M.Narbaitz &McEwen, 2012) or degraded by-products (Weng &Hsu, 2008; Zanella et al., 2017), meaning those
liberated sites are not readily accessible for subsequent adsorption; (2) Efficiency could be underestimated. Degradation
of contaminants species is assumed to take place on the surface of electrodes (direct oxidation), in bulk solution and
inside the carbon pellets (indirect oxidation). Degradation by-products of studied OMP cannot be measured in-house
and are out of the focus in this study. According to Egs. (9), degraded species are regarded as adsorbed species
remaining in adsorption sites, and efficiency is deviated; (3) Measurement only caters for concentrations of desorbed
species in bulk solution. Desorbed contaminants could remain inside the carbon pellets. Continuous sampling was
conducted during the adsorption cycles. It was occasionally observed an increased OMP concentration in solutions.
Desorbed but trapped species might escape and compete with the original presence of OMP. Egs. (4) is able to take this
phenomenon into account by considering the actual loading.

However, residual OMP concentrations were still measured by sampling from the electrolytes during 3h of
electrochemical regeneration. The measurement is an indicator of the degradation efficiency of the electrochemical cell.
It is beneficial to eliminate pollutants in the electrolyte to sustain the electrochemical process. The profile of seven
residual OMP concentrations was recorded as a function of regeneration time (Fig. 24). Desorbed species were classified
into three groups according to their change during regeneration.

Group (a) is characterized by two distinctive regions: a sharp increasing region in which desorption rate is dominating;
and a subsequent rapid drop region in which degradation rate is surpassing. Peak concentration occurred within 50
min for GBP, which was the earliest among all seven OMP. The earliest decrease of desorption was in line with its poor
regeneration performance (Fig. 18 (GBP)), implying electrochemical regeneration might not be effective for GBP
desorption. For STL, the peak concentration was also recorded early among all studied OMP. This was likely contributed
by its easily degradable property. STL showed approximately 10% of RE in continuous regeneration cycles (Fig. 18 (STL)),
which was equivalent to the desorbed mass of 50 ug. The peak concentration recorded was, however, at a maximum of
0.3 ug. Its low concentration profile indicated most of the desorbed STL were indirectly oxidated before returning to
the bulk solution. For MET, its concentration profile was consistent to its regeneration profile (Fig. 18 (MET)). The rise
of concentration is rapid and delayed at regeneration cycles 4 and 5, corresponding to its significant difference in the
regeneration profile. A rapid drop in concentration was recorded after the peak, indicating MET is a promising candidate
for the electrochemical process. These three compounds were fully degraded after the electrochemical treatment,
hinting no secondary treatment is required. The pattern in group (a) concentration profile was in resemblance to results
obtained by Berenguer et al., (2010) and H.Zhang, (2002). They monitored the concentration of phenol-loaded GAC
during electrochemical regeneration, suggesting this is a desorption-dependent process. The rise before the occurrence
of peak concentrations is caused by the time lag between desorbed species entering the bulk solution and being
oxidized when in contact with electrodes surfaces (McQuillan et al., 2018). The delayed time span reveals that
compounds in group (a) are favored with direct anodic oxidation.
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Group (b) is characterized by their steady increasing concentration profiles. In general, the rise was gradual and
exhibited a correlation with accumulated OMP loading between each cycle. A drop of concentration in the bulk solution
was barely observed, hinting at the possibility that direct oxidation on the electrode surfaces does not favour the
degradation of CAF, MTL and KET. Major degradation was contributed by indirect oxidation. An electrochemical process
targeting these species is suggested to focus on the generation of oxidation species.

Group (c) contains only SMX, which showed an irregular pattern in different regeneration cycles. A stabilized profile
indicated desorption of SMX was counterbalanced by degradation.
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Fig. 24 Profile of seven residual OMP concentrations as a function of regeneration time. Sampling were conducted
during the course of regeneration from 300 mL of electrolyte. Each line represents concentration change in each cycle
of regeneration. Number after R denotes regeneration after which adsorption cycle (e.g. R3 denotes after adsorption
cycle 3). Degradation of seven OMP are classified into three groups: (a) More easily degradable; (b) gradual increases;
(c) other.
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49 Impact of regeneration on adsorbent durability

The surface area and pore volume analyses were conducted to evaluate the physical stability of the material after
applying electrochemical regeneration. Table 14 lists the pore size distribution of three samples. The virgin state
represents pristine ATC. The second sample received 15h of electrochemical regeneration with the applied current and
treatment time identical to the regeneration experiment (name the conditions here again). It serves as a threshold to
evaluate how continuous cycles of adsorption and regeneration affect the material durability and pore size distribution.
The third sample was used in the multiple cycles of regeneration experiment, ending with the final re-adsorption step.
All samples were dried for 15h at 105 °C before the N, adsorption test.

Table 14 Characterization of surface area and pore volume of ATC before and after regeneration.

L BET Surface  N? Pore Micropore =~ Mesopore Micropore volume Mesopore volume
Model Activation state 5 . .
Area (m’/g)  Volume (ml/g) volume (mlfg) volume (mlfg) fraction (%) fraction (%)
ATC Virgin 957 0.55 0.33 0.22 60.2 39.8
Regenerated without adsorption 862 0.45 0.30 0.15 66.8 33.2
Regeneated with adsorption 478 0.32 0.15 0.16 48.6 514

After undergoing the electrochemical process, the carbon particles had a 10% and 18% decline in surface area and total
pore volume, respectively. The loss of pores was mostly due to a 32% drop in mesopore volume, while micropore volume
only decreased by 10%. It is speculated the major loss of surface area and mesopores volume is caused by a reaction
taking place on the carbon surface. Upon applying current to carbon surface, it forms microelectrodes and acts as a
catalyst to facilitate the decomposition of hydrogen peroxides into hydroxyl radicals (H. H.Huang et al., 2003; Liicking
et al., 1998; Miller &Valentine, 1995). Contaminant species are oxidized on the surface of carbon particles as a result.
The reactions are described in Egs. (10) and Egs. (11). Outer walls that contribute to the mesopore volume could
therefore be destroyed during the course of the electrochemical process. The loss of micropores might partly contribute
to the permanent loss of adsorption capacity as micropores are responsible for OMP removal.

1,0, carbon surface 20 Egs. (10)

carbon surface
‘OH + contaminant species ————— degraded products Egs. (11)

After 15h of the electrochemical process, the disintegration of the pellets was not observed, and no powders were
formed. The carbon particles can remain intact and unchanged in shape due to 90% of the surface area being conserved.
Considering the potential of this material to be regenerated in shorter treatment time (section 4.7), it is promising to
apply it on continuous regeneration at an appropriate current; thus the burden on the carbon surface could be
minimized.

The pore size distribution after re-adsorption is in agreement with the results discussed in sections 4.1 and 4.4. NOM
blockage caused a 50% reduction in micropore volume. Accumulation of NOM in pores is more concerning than physical
durability. Upon cycles of adsorption and regeneration, a decline in adsorption capacity is more likely due to the poor
regeneration performance for NOM. However, this drawback is shared by all other porous adsorbents. Increased
mesopores of this material may mitigate this effect, making it more suitable to conduct regeneration. It is suggested to
conduct cathodic regeneration to assist NOM desorption in further study.
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4.10 PFAS regeneration efficiency profile in multiple cycles of adsorption and regeneration

Fig. 25 summarizes the regeneration efficiency of three tested PFAS in four cycles of adsorption and regeneration.
Regeneration performed the best for PFOA (long-chain): >72% of RE was achieved steadily in all regeneration cycles.
Continuous drops of RE were observed on the other two PFAS: a gradual decrease from 83% to 58% was recorded for
PFHpA (long-chain); a significant reduction from 62% to 10% was observed for PFBS (short-chain). The initial loading
showed no significant difference between long-chain and short-chain PFAS.
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Fig. 25 Regeneration efficiency of three tested PFAS (long-chain: PFHpA and PFOA; short-chain: PFBS) in four cycles of
adsorption and regeneration. In all cases, adsorbent dosage of 200 mg was adopted (identical to OMP regeneration
experiment). Bracket values report the initial loading of PFHpA, PFOA and PFBS in the first adsorption cycle.

The difference in the obtained RE could be explained by the effect of hydrophobicity of PFAS. Park et al., (2020) pointed
out the relationship between carbon pore size and PFAS hydrophobicity. They concluded mesopores are more
important for hydrophobic PFAS, and micropores are more responsible for hydrophilic PFAS adsorption. The
hydrophobicity of three tested PFAS is in line with the regeneration performance obtained in this study:
PFOA>PFHpA>PFBS. The Log K of the compounds are 5.11, 4.41 and 2.63, respectively. During the course of the
electrochemical process, the liberation of mesopores is considered faster due to their proximity to the granule’s surface.
Oxidation species such as hydroxyl radicals are able to enter mesopores faster than they enter micropores. Desorbed
species can return to the bulk solution through the wider pathway from mesopores compared to micropores. The higher
availability of mesopores facilitates adsorption of hydrophobic PFAS (PFOA and PFHpA in this experiment). This also
explains the drastic decrease of RE for hydrophilic PFBS due to less regenerated micropores. Micropores are of higher
importance for hydrophilic PFAS adsorption (Park et al., 2020). Micropores regeneration could be limited by two factors:
poor regeneration of NOM (Roberto M.Narbaitz &McEwen, 2012), which blocks the pathway to micropores; degraded
species limiting mass transfer (Weng &Hsu, 2008; Zanella et al., 2017) and hence a lower regeneration rate of
micropores.

The possibility of re-adsorption of degraded PFAS may also restrict the micropores availability in subsequent adsorption.
Kim et al., (2020) proposed a degradation pathway of PFOA in which short-chain perfluorocarboxylates (PFHpA, PFHxA
and PFPeA appeared as organic by-products. They proposed during the decomposition of PFOA, the breaking down of
C-C bond forms short-chain species. Zhuo et al., (2011) also recorded the presence of short-chain perfluorocarboxyl
anions (CF;CO0-, C;FsCO0-, C3F,CO0-, C4FsCOO0-, CsF1:CO0-, and C¢F13CO0-) for PFOA degradation. It is speculated that
the presence of short-chain degradation products may adsorb to regenerated micropores, reducing the availability of
micropores in the next adsorption cycle. They could become competitors with PFBS for micropores if they do not return
to bulk solution before the end of electrochemical treatment. This explanation is also consistent with the mild decrease
of RE for PFHpA since that more PFHpA is formed by PFOA degradation. An increasing amount of PFHpA may compete
for limited adsorption sites during the subsequent adsorption cycle.

44



A maximum RE of 83% was obtained by the second adsorption cycle for PFHpA, indicating the phenomenon of permanent
loss of adsorption capacity mentioned in the previous OMP regeneration discussion could take place in the case of PFAS
adsorption. The reasons behind this are speculated to be similar to OMP regeneration (section 4.4). On top of that, it is
thought that PFAS is more difficult to desorb than those OMP used in this study, especially for long-chained PFAS: PFOA
and PFHpA have higher Log K. values (5.11 and 4.41, Table 7), whereas all OMP in this study exihibit lower
hydrophobicity (except for DFC). A higher hydrophobicity of PFAS implies a more advanced desorption condition is
required to overcome the hydrophobicity effect. However, it is assumed that it is compensated by the effect of initial
loading concentration. For PFAS regeneration, an initial concentration of 100 mg/L. was used, whereas for OMP
regeneration, only 5 mg/l. was adopted. PFAS concentration gradient may assist the mass transfer towards the bulk
solution (Zanella et al., 2017). The concentration gradient and ionic migration are both contributing to the transport of
desorbed anionic PFAS species to the positively charged anode. PFAS species then experience direct and indirect anodic
oxidation. It should also be noted that the contact time (72h) in adsorption cycles 2, 3, and 4 is less than which in the
initial adsorption cycle (87h). Higher RE is expected for identical adsorption duration.

Residual PFAS concentrations were measured by sampling at the end of the first and last regeneration electrolyte (Table
15). Increased residual concentrations were observed over the course of regeneration cycles, with the least concentration
for PFOA, followed by PFHpA and PFBS. One probable reason could be more PFAS are desorbed after cycles of adsorption.
Residual PFAS after the electrochemical process could be one of the indicators of PFAS degradation rate: lower residual
left in the electrolyte denotes a faster degradation rate. In this study, PFOA has the fastest degradation rate, followed
by PFHpA and PFBS. This sequence is in line with the chain length of corresponding PFAS: PFAS (8), PFHpA (7), PFBS (4).
Lin et al., (2012); Trautmann et al., (2015) reported similar observations that PFAS degradation rates are correlated with
increasing chain length. According to the reaction pathway proposed by Kim et al., (2020), PFOA enters this pathway
first by donating an electron to the anode, forming a PFOA radical (C;FisCOO) (Egs. (12)).

C7F15C00_ - C7F15C00' + e EqS (12)

Zhuo et al., (2012) suggested long-chain hydrophobic PFAS are promoted to adsorb on the electrode surface; thus
increasing the reaction rate. However, in this study (where different electrode materials were used), due to limited data
points and different uptake of three PFAS, further research is needed to confirm the correlation.

Table 15 Residual PFAS concentration profile by the end of regeneration.

PFHpA PFOA PFBS

(mg/L) (mg/L) (mg/L)
1* regeneration  0.58 0.22 2.1
3" regeneration 2.4 1.3 6.2
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5 CONCLUSIONS

This chapter concludes the overall adsorption and regeneration performance of ATC by answering the initial research
questions. According to the nature of this feasibility study, the performance of the novel adsorbent is comprehensively
evaluated, and further suggestions for its application are given.

*  What are the adsorption capacity and kinetics of the selected OMP by the novel iron-graphitic activated carbon
in different water matrices (tap water and wastewater treatment plant (WWTP) effluent)?

The material was able to adsorb a great variety of OMP, including different charges and hydrophobicity. Its graphite
content promoted the adsorption of neutral compounds. A negatively charged layer formed by NOM accumulation
on the adsorbent surfaces assisted the adsorption of positively charged compounds. These mesoporous carbon
bodies enabled faster adsorption kinetics compared to a typical GAC (F400). ATC has therefore the potential to be
applied in a treatment system aiming at specific charged compounds and shorter contact time.

*  To which degree can the novel adsorbent be regenerated electrochemically?

OMP-loaded ATC could be electrochemically regenerated. Reverse adsorption could be achieved on neutral,
positively and negatively charged compounds in multiple cycles of regeneration without significant decline. Among
seven studied OMP, over 60% of the initial adsorption capacity for five OMP could be restored after five
regeneration cycles. Under this fixed and unseparated cell configuration, electrodesorption was supposed to be
the major mechanism responsible for regeneration. Permanent and partial loss of adsorption capacity was
recorded, probably due to poor NOM desorption and change in surface chemistry. Certain OMP compounds could
be fully degraded without residuals left in the solution, hinting at the possibility of successfully regenerations
without secondary treatment of desorbed OMP. ATC is therefore a promising material for performing in-situ
regeneration.

. How do the operating parameters (applied current, treatment time) affect the regeneration efficiency?

The regeneration efficiency was generally not positively correlated with elevating applied current. Increasing cell
voltage was not always beneficial to the electrochemical process. Prolonged treatment time improved RE, but the
marginal benefit was uneconomical. ATC achieved comparable RE with relatively low energy input compared to
other adsorbents in previously published studies. Changes in the cell configuration should be first considered to
improve overall regeneration performance.

. How does the electrochemical process affect the physical stability of the novel carbon?

The electrochemical process mainly decreased the mesopore volume of ATC. A partial loss of micropores resulted
in a permanent loss of adsorption capacity for OMP removal. Carbon bodies remained intact and in shape after
cycles of the electrochemical process. Poor NOM regeneration was responsible and more concerning for the loss
of adsorption capacity. Physical stability of this material was not the major concern for continuous regeneration.

*  To which degree can the PFAS-loaded novel adsorbent be regenerated electrochemically?
Long-chain PFAS regeneration was achieved without a significant drop in RE over cycles of regeneration. ATC’s
mesoporous property is a probable contributor to long-chained PFAS desorption. Short-chain PFAS regeneration
was unfavorable due to significant blockage of micropores. This material is therefore proven to be a potential for
PFAS adsorption and regeneration. It is suggested to continue research on PFAS regeneration with cathodic
regeneration. Enhanced electrostatic repulsion is especially beneficial for desorption of both NOM and anodic
PFAS species.
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6 LIMITATIONS AND FURTHER RECOMMENDATIONS

After the pre-test, it was decided to continue the adsorption and regeneration experiments only with ATC. The exclusion
of FMC does not mean that it is not appropriate for drinking water or wastewater treatment. It is of great interest to
conduct adsorption and especially electrochemical regeneration on FMC. Its iron contents are thought to be appropriate
candidates for the electro-Fenton process. Convention Fenton approach requires addition and mixing of hydrogen
peroxides and iron (McQuillan et al., 2018). Upon electrochemical process, external addition and handling of hydrogen
peroxides can be avoided since they are generated during operation. Iron content in the material can take part in the
Fenton process, which further reduces the operational costs. The Fenton process also assists decomposition of
hydrogen peroxide (oxidizing agent limited to certain organic species (Siegrist et al., 2011)) into hydroxyl radicals
(stronger oxidation agents) (McQuillan et al., 2018). Utilizing FMC in electrochemical regeneration not only increases
the potential indirect oxidation rate but also eliminates additional iron catalyst dosage. With the promising
regeneration results on ATC, it is advised to conduct further studies on another version of this novel material.

Titanium plates are employed as electrodes in this study. The electrodes materials play an important role in the
electrochemical process and should be further investigated. Titanium is generally more expensive and difficult to obtain.
Zhang et al., (2013) suggested other metal oxide electrodes such as RuO; and IrO; can be alternative materials, especially
for industrial applications. Longer lifetimes and higher electro-catalytic activity enable them to be prevailing anode
materials.

In the OMP regeneration experiment, a high initial dosage was utilized to exhaust adsorption sites on adsorbents. It is
suspected that the adopted concentration was not high enough to fully saturate the material. As a result, differences in
the effects of regeneration among OMP compounds were not significant. Compared to other previous studies, much
higher dosages (>100 mg/L) were often used. It is therefore suggested to increase the initial concentration of each
adsorption cycle.

In reality, contaminants concentrations are much lower than the dosage adopted in this study. Continuous flow in the
reactor means that the adsorption process would encounter more NOM competition. In this sense, regeneration of
NOM is of utmost importance to employ this material and method into industrial applications.

Experiments with varying applied current revealed that lower current could be applied. This was constrained by the DC
power supply in this study. It is suggested that lower cell voltage can be tested in further studies to optimize the current
efficiency. Slower rate of electrolysis of water is achieved by lowering cell voltage. The slower water splitting then
creates fewer air bubbles which restrict mass transfer. The energy input, however, cannot be too low to maintain basic
front formation and continuous generation of oxidizing species. The operating parameters can be optimized by striking
a balance between energy and regeneration efficiency.

Due to material availability, only titanium plates were considered for the electrochemical cell. Direct oxidation on
electrodes surfaces are one of the key oxidation pathways for contaminants degradation. In section 4.8, it is shown that
limited OMP compounds were sensitive to direct oxidation in the bulk solution. Having other alternatives could
investigate the interaction between various electrodes materials and different OMP compounds.

Only one cell configuration was built for this study. Different desorption and oxidation mechanisms are highly relevant
to electrochemical cell configurations. It is realized that poor NOM regeneration resulted in permanent loss of
adsorption capacity for both OMP and PFAS removal. Cathodic regeneration, which promotes electrodesorption and
distorts adsorptive equilibrium, is highly recommended to be the next step to optimize the treatment.

Upon improvement of the regeneration process on this material, one may consider scaling-up as the further
development towards industrial applications. Several factors should be examined beforehand. In reality, a large amount
of exhausted adsorbents is regenerated during each regeneration batch. The thickness of the adsorbent bed may greatly
influence the current efficiency. The mode of regeneration can be in circulation flow or in batch (as shown in this study).
Configuration targeting NOM liberation could be essential as well.
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APPENDIX A —OMP PROPERTIES AND INITIAL SPIKED CONCENTRATION

Table A: 1 OMP properties and initial spiked concentration.

Minimal Maximal Initial spiked concentrations
Group Compound Acronym  CAS no. Application MW (g/mol)’ Log I{,,,,.b Charge at pH 7° pl(,lj s:i::ii:;n s:::l::::n Adsorption experiments (pg/L} Regeneration experiments (mg|L) in tap water
(nm)® (nm)® Milli-Q water Tap water WWTP effluent  With regeneration Without regeneration
Neutral 1H-Benzotriazole BTA 95-14-7 Corrosion inhibitors ~ 119.1 1.44 0 1.6;8.6 3.66 4.12 8.41 1.47 9.39
5-Methyl-1H benzotriazole TTA 136856 Corrosion inhibitors ~ 133.2 1.71 0 2.2;8.8 4.05 4.43 5.72 0.47 5.80
Carbamazepine CBZ 298-46-4 Anticonvulsant 236.3 245 ] 13.9 4.48 5.76 10.60 10.58 11.03
Hydrochlorathiazide HCT 58935 Diuretic 297.7 0.07 ] 0.6; 14 4.13 5.67 864 13.50 14.41
Caffeine CAF 58-08-2 Stimulant 194.2 -0.07 0 14 4.44 5.03 9.60 9.01 6.50 4.80 4.83
Theophylline TPL 58-55-9 Stimulant 180.2 -0.02 0 3.5;8.7 4.34 4.98 18.24 15.19 14.30
Positively  pMetgprolol MTL 37350-58-6 Beta blocker 267.4 1.88 + 9.7 439 10.07 9.47 10.44 12.45
chaged  ranolol PPL 525666 Beta blocker 259.3 3.48 + 9.4 4.66 7.41 734 9.94 12.03
Sotalol STL 3930-20-9 Beta blocker 272.4 0.24 + 8.2;9.1 4.21 7.94 9.79 9.18 11.44 2.77 2.81
Trimethoprim TMP 738-70-5 Antibiotic 290.3 0.91 + 1.3;7.2 4.97 6.95 8.60 8.46 8.86
Metformin MET 657-24-9 Anti-diabetic 129.2 -2.64 + 12.4 3.79 4.88 6.25 6.42 11.00 4.13 5.14
Nezatively  pjqjofenac DFC 15307-865  Anti-inflammatory  296.2 451 - 4.1 3.79 4.88 .99 8.82 9.79
charged 4 ioprofen KET 22071154 Anti-inflammatory 2543 3.12 . 45 437 6.58 8.84 7.86 8.44 452 456
Clofibric acid CA 882-09-7 Herbicide 214.7 257 - 3.5 35 6.2 10.35 9.90 10.40
Sulfadimethoxine SDM 122-11-2 Antibiotic 310.3 1.63 - 2.0; 6.7 5.09 7.57 7.08 7.02 8.45
Sulfamethoxazole SMX 723466 Antibiotic 2533 0.89 - 1.8;5.8 2.4 -.88 9.77 9.07 9.73 5.13 5.17
Zwitterion  Gabapentin GBP 60142-96-3 Anticonvulsant 171.2 -1.1 +izwitterion  3.7; 10 4.14 4.99 8.29 8.01 9.03 4.74 4.86

* MW: molecular weight (PubChem 2022).

® Octanol-water partition coefficient (PubChem 2022).

¢ Neutral (0), positive (+),negative (-).
¢ (PubChem 2022).

* Estimated values retrieved from SPARC (ARChem, http:/www.archemcalc.com/).
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APPENDIX B — CHEMICAL STRUCTURES OF OMP

MOLECULES
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Fig. A: 1 Chemical structures of OMP molecules.
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APPENDIX C—OMP ADSORPTION ISOTHERM PLOTS

Log (q,)

Log (q,)

Log (q,)

Fig. A: 2 OMP adsorption isotherm plots.
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Fig. A: 3 OMP adsorption isotherm plots (cont.).
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APPENDIX D — OMP ADSORPTION KINETIC PLOTS

Log (q,)

Log (q,)

Log (q,)

Fig. A: 4 OMP adsorption kinetic plots.
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Fig. A: 5 OMP adsorption kinetic plots (cont.).
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APPENDIX E - Protocol of making OMP stock solution

Protocol of making OMP stock solution

Version date: 06-May-2022

Author and other contributor:

Connie Au, Nan Jiang, Kim Lompe

OMP storage location:

Most of the OMPs are stored in the boxes in the refrigerator outside blue lab. The refrigerator is labelled as “Discrete

Analyzer Fridge”. The list of the OMPs that should be stored in the refrigerator can be found on top of the box.

Other OMPs which are suggested to be stored in the room temperature are stored in the box in the ICP-MS locker.
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All OMPs are required to store in dark environment. The labels list each OMP’s properties including the name of
compound, expiry date, molecular weight, purity and CAS number. Solubility is not often specified on every bottles. It

can be checked on PubChem.
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Preparation before making stock solution:

1. Calculate actual weight of dosage to obtain target weight for each pollutant:

Please follow the following formula:

) ) proportion
actual weight = target weight x —————  * 100

purity

molecular weight of the designated pollutant

roportion =
prop actual analyte

Some of the powders do not contain only the pollutants. For instance, diclofenac sodium, sotalol hydrochloride, etc.

Take diclofenac sodium as an example, you are targeting to weight 40 mg of diclofenac.

MW of diclofenac sodium  318.13
MW of diclofenac ~ 296.15

proportion = = 1.0742

With the purity of the compound (99.9)

1.0742
* 100 = 43.01 MG

actual weight = 40 *

2. Rank the solubility of each compound from lowest to highest:

It is suggested to start dosing the compound with low solubility. Solubility can be found on the powder bottles

or Pubchem.
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Materials

Items

Properties / preparation

Quantity

Stock solution bottle

*  Size of the bottle depends on the volume of stock solution. It is suggested that the volume of
the bottle is not much larger than the volume of the stock solution. Otherwise it is easy to
have residual compound on the wall of the bottle.

*  The bottle should be clean and TOC-free before use. Use washing up liquid to clean the inner
surface (including the bottle cap). Wash out the washing up liquid until no bubbles is visible.
Rinse it with ultrapure water 3 times. Combust the glass ware at 550°C for at least 4 hours.
The oven is located at the corner of green lab.

* It is suggested to use bottles with large cap to facilitate powder dosage.

No. of stock solution

Volumetric flask

For measuring ultrapure water.

Analytic balance

Use the balance located in the yellow lab to weigh the powder. It is the most precise balance in th
water lab. The minimum weight can be measured is 0.01 mg. However it is suggested to always weig
the powder over 1 mg to avoid errors due to balance.

|  m—— METTLER AT261 DeltoRange” FACT

& i e
01/001 mg =

= =
Menu. ot

Seoet] | ‘ o) 2
T e G bl
B i T oniod f
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Foldable weighing tray

Plastic spatula

No. of OMP types

No. of OMP types
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Procedures:

PN R W=

10.
11.
12.

13.
14.

15.
16.
17.

18.

19.

Make a list OMP selected for the stock solution.

Calculate the actual weight of dosage for each compound.

Rank them according to the solubility.

Prepare all the materials and collect the desired OMP powders.

Fill a volumetric flask with ultrapure water. Keep the water in the flask at this stage.

Use the analytical balance in the Yellow Lab.

Start with the OMP with the lowest solubility.

Use the spatula to add the desired weight of powder to the plastic weighing tray. Adjust to desired mass is
dosed and note down the mass. (Tip: by tapping onto your spatula you can carefully dose the amount of
powder to fall on your tray.)

Gently drop the powder down into the bottle.

Rinse the weighing tray with water from the volumetric flask to ensure no residual powder is left.

Repeat step 8 to 11 until all the compounds are added.

Ensure that no residual powder is left on the inner surface. Rinse with the remaining ultrapure water and
shake the bottle gently. (Tip: Check the bottleneck!)

Fill the bottle with ultrapure water until desired volume is reached. Perform this always with volumetric flask.
Put in one magnetic stirring bar.

Close the cap firmly.
Label the bottle with your name/project name, compounds, concentration.
Wrap the bottle with aluminium foil to keep the solution in dark.

Mix the solution well with magnetic stirrer until most of the powders is dissolved. Empirically, it takes 3 — 14
days.
Store in refrigerator before use.
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Disposal of unused stock solution or used OMP working solutions:

OMP solution are not allowed to be flushed down the drain. Always dispose them into the jerry can (category Ill: Non
halogen organic waste in solution) which can be found in the fume hood. When these jerry cans are full swap them with
an empty jerry can with the same label from the cabinet in the waste area.

After proper liquid disposal, place the glass ware beside the washing machine in the yellow lab. They will be washed by
lab technicians.

Always ask the lab staff if you are unsure or have any questions.

Remarks:

It is normal that some of the compounds deviate from the target concentration. For example, the target concentration
is 10 ug/L. The measured concentration could be in the range of 8-11 ug/L. Degradation could also take place after long
periods of storage.

Before using the solution, have it stirred and wait until the solution reaches room temperature.
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APPENDIX F — Overview of all performed experiments

Phase 1 Characterizing the virgin materials Experiment Bottle ID Water matrix Material type GAC conc GAC dose actual GAC dose Volume OMP conc ultrapure daughter time points LCMS
mg/L mg mg mL ug/L mL mL h # samples
Pre-test: test different ratios of OMP and BASF and BASF-Fe material over 13 days (resulting in kinetic curves and 2 isotherms) Bottles on shaker P-C-1 milli Q - - - - 250 10 - 250 24,48,120,312 5
P-30A milli Q Acid wash 30 15 16.37 500 10 10 490 24, 48,120,312 4
Pre-test on iron containing version and acid treated version. P-60A milli Q Acid wash 60 30 31.00 500 10 10 490 24,48,120,312 4
P-100A milli Q Acid wash 100 50 51.67 500 10 10 490 24, 48,120,312 4
Adsorption and regeneration will be continued on which version of material? P-100Ad milliQ Acid wash 100 50 51.21 500 10 10 490 24, 48,120,312 4
P-200A milliQ Acid wash 200 100 99.83 500 10 10 490 24,48,120,312 4
Compare to GAC F400: is it a better or worse adsorbent? P-50084 milliQ Acid wash 500 250 250.00 500 10 10 490 24,48,120, 312 4
Identical condition for two versions of material P-C2 milli Q - - - - 250 10 - 250 24, 48,120,312 5
P-30Fe milli Q Iron containing 30 15 16.01 500 10 10 490 24, 48,120, 312 4
Bottle ID legend: P-30Fed milliQ Iron containing 30 15 16.77 500 10 10 490 24, 48,120,312 4
P: pre-test in phase 1 P-100Fe  milli Q Iron containing 100 50 50.90 500 10 10 490 24,48,120,312 4
Number: target adsobent concentration P-200Fe  milliQ Iron containing 200 100 99.83 500 10 10 490 24,48,120, 312 4
A: acid washed version
Fe: iron containing version
d: duplicate total 50
C: control bottles without adsorbent dosage
Phase 2 Material isotherm and kinetic in 2 water matrices Experiment Bottle ID Water matrix Material type GAC conc GAC dose actual GAC dose Volume OMP conc ultrapure daughter time points LCMS
mg/L mg mg mL ug/L mL mL h # samples
Timeline: 23/4 - 5/4 Bottles on shaker K-C-T tap water - - - - 250 10 - 250,24, 48,120,312 5
K-30T tap water Acid wash 30 15 15 500 10 10 490 24, 48,120,312 4
Plot data and fit isotherm and kinetic models K-60T tap water Acid wash 60 30 30 500 10 10 490 24,48,120,312 4
K100T tap water Acid wash 100 50 50 500 10 10 490 24, 48,120,312 4
Identical condition for two water matrices K200T tap water Acid wash 200 100 100 500 10 10 490 24,48,120,312 4
K500T tap water Acid wash 500 250 250 500 10 10 490 24, 48,120,312 4
Last sample points are taken as isotherm points
Bottle ID legend:
K: kinetics experiement
Number: target adsobent concentration
T: tap water Bottles on shaker K-C-W ww effluent - - - - 250 10 - 250,24, 48,120,312 5
W: wastewater effluent K-30W ww effluent Acid wash 30 15 15 500 10 10 490 24, 48,120,312 4
C: control bottles without adsorbent dosage K-60W ww effluent  Acid wash 60 30 30 500 10 10 490 24,48,120,312 4
K-100W  ww effluent Acid wash 100 50 50 500 10 10 490 24, 48,120,312 4
K-200W  ww effluent Acid wash 200 100 100 500 10 10 490 24, 48,120,312 4
K-500W  ww effluent Acid wash 500 250 250 500 10 10 490 24,48,120,312 4
total 50
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Phase 3 Loading and re-adsorption experiment

Timeline: begins on 30/3
OMP loading to saturate carbon for regeneration experiment

Identical OMP concentration in all cases.

Glassware volume reduced to 200 mL for acceleration

Only tap water is used as background soltion.

500x dilution

Regeration efficicency calculated by percentage of restored loading

Carbon ID legend:
C01 - CO6: same batches of carbon undergoing 6 cycles of adsorption with 5 cycles of regeneration in between
C07 - C12: same batches of carbon undergoing 6 cycles of adsorption

C20 - C23: 4 batches of carbon undergoing 2 cycles of adsorption and 1 cycle of regeneration with varying current
C24 - C27: same 4 hatches of carbon (C20 - C23) for re-adsorption

C30 - C32: 4 batches of carbon undergoing 2 cycles of adsorption and 1 cycle of regeneration with varying regneration time
C33 - C35: same 4 batches of carbon (C30 - C32) for re-adsorption

Experiment ID legend:
RA: regeneration experiement with varying current
Number: applied current (mA)

RT: regeneration experiment with varying regeneration time
Number: treatment time (h)

Experiment ID

Carbon ID Water matrix Material type OMP loading " GAC dose
mg OMP /g GACg

actual GAC dose Volume OMP conc OMP

mg

ultrapure time points LCMS
mL h # samples

cycle 0
cycle 1
cycle 2
cycle 3
cycle 4
cycle 5

No regeneration
No regeneration
No regeneration
No regeneration
No regeneration
No regeneration

Current batch
RA10
RA30
RAB0
RA80

Re-current batch
RA10
RA30
RAGO
RA80

Time batch
RTO.5

RT2

RTS

Re-time batch
RTO0.5

RT2

RTS

col
Cc02
co3
co4
Ccos
Cco6

co7
Ccos
C09
cio
cn
Cc12

c20
c21
c22
c23

c24
C25
C26
c27

C30
c3
€32

C33
C34
€35
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Phase 4 Regeneration experiment Experiement Experieme Carbon ID Electrolyte applied current treatment time Electrolyte volume time points LCMS
Place the content in phase 3 to the electrochemical cell and regenerate mA h mL min # samples
cycle 1 R1 co1 tap water 30 3 250
Timeline: begins on 5/4 cycle 2 R2 co2 tap water 30 3 250 30,60,90, 120, 150, 180 6
cycle 3 R3 co3 tap water 30 3 250 10, 20, 30, 60, 90, 120, 150, 180 8
To what extent can the OMP-loaded material be regnerated electrochemically? cycle 4 R4 co4 tap water 30 3 250 10, 20, 30, 60, 90, 120, 150, 180 8
cycle 5 RS co5 tap water 30 3 250 10, 20, 30, 60, 90, 120, 150, 180 8
How do operating parameters affect the regeration efficicency?
vaious current RA10 Cc20 tap water 10 1 250 -
Experiment ID legend: RA30 c21 tap water 30 1 250 -
R1-R5: 5 cycles of regeneration RAG0 c22 tap water 60 1 250 -
RA100 Cc23 tap water 80 1 250 -
RA: regeneration experiement with varying current
Number: applied current (mA)
RT: regeneration experiment with varying regeneration time wvarious time RT0.5 C30 tap water 60 0.5 250 -
Number: treatment time (h) RT2 C31 tap water 60 2 250 -
RT3 Cc32 tap water 60 5 250 -
total 30
Phase 5 PFAS regeneration experiment Experiment Carbon ID Water matrix Material type PFAS loading T GAC dose actual GAC dose Volume PFAS conc PFAS ultrapure time points # samples
mg PFAS /g GAC mg g mL mg/L mg mL h
Timeline: begins on 3/6 PFAS loading PF1 tap water Acid wash 25 200 0.2 50 100 5 10 0, 87 2
PF2 tap water Acid wash 25 200 0.2 50 100 5 10 0,72 2
Can long-chain and short-chain PFAS adsorp on this material? PF3 tap water Acid wash 25 200 0.2 50 100 5 10 0,72 2
PF4 tap water Acid wash 25 200 0.2 50 100 5 10 0,72 2
To what extent can the PFAS-loaded material be regnerated electrochemically?
How does the chain length affect the regeneration efficicency? Experiment Experieme Carbon ID Electrolyte applied current treatment time Electrolyte volume time points
mA h mL min # samples
Identical regeneration condition with OMP regeneration PFAS regeneration PFA PF1 tap water 30 3 250 180 1
PFB PF2 tap water 30 3 250
PFC PF3 tap water 30 3 250 180 1
Carbon ID legend:
PF: PFAS loading
Number: same batch of carbon undergoing 4 cycles of adsorption and 3 cycles of regneration total 10

Experiment ID legend
PF: PFAS regeneration
Alphabet: regeneration cycles
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