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Abstract

Many conventional separation technologies are limited by high energy costs, genera-
tion of chemical wastes, and lack of molecular selectivity. This thesis is motivated to
develop novel separation techniques that overcome the aforementioned drawbacks for
the separation of neutral organic compounds from aqueous solutions.

Adsorption is one of the most widely adopted technologies for the intended task.
Polymeric adsorbents have shown great potential for replacing activated carbon for
removing a wide range of toxic organic pollutants from wastewater streams since
they do not suffer from costly regeneration needs and high attrition rates. An electro-
chemically regenerable polymeric adsorbent based on an intrinsically conducting poly-
mer, polypyrrole (PPy), doped with anionic surfactant dioctylsulfosuccinate (AOT),
denoted PPy(AOT), is developed for mitigating organic pollutants in wastewater.
Highly porous PPy(AOT) can be synthesized using a facile electropolymerization
protocol, and has an adsorption capacity of greater than 570 mg pollutant/g polymer
in its superhydrophobic oxidized state. The hydrophobicity of PPy(AOT) and hence
its affinity for organics can be modulated electrochemically through the reorienta-
tion of AOT dopants, which can be exploited to regenerate the adsorbent and use
it repeatedly for multiple adsorption/desorption cycles. A combined density func-
tional theory and molecular dynamics approach was used to study the interactions
between the adsorbed organic molecules and the surfactant-doped conducting poly-
mer adsorbent, and to elucidate the mechanism of electrochemical modulations of
hydrophobicity and affinity of the sorbent.

The AOT doped polypyrrole (PPy(AOT)) and a polyvinylferrocene/polypyrrole
hybrid (PVF-PPy) have complementary hydrophobicity tunability in response to elec-
trochemical modulations: both materials are hydrophobic in their respective neutral
states, exhibiting high affinities towards organics; upon application of a mild poten-
tial to oxidize PVF-PPy and reduce PPy(AOT), they can be simultaneously rendered
hydrophilic, thereby driving desorption of organics and regeneration of the materi-
als. Therefore, the two materials form an attractive pair for an asymmetric electrode
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system to work in tandem. The asymmetric system can be used in a cyclic fashion,
through repeated application of a small potential (close to 0 V) to program the cap-
ture of organics from a large volume of feed solution, and a higher potential (above 0.9
V) to stimulate the release of the adsorbed organics into a small volume of desorption
solution.

The redox-responsive electrode system can be applied for remediation of organic
pollution in wastewater as well as recovery of organic products from reaction mix-
tures. The asymmetric configuration has multiple benefits, including suppression of
water parasitic reactions, high energetic efficiency, and selectivity for target organic
species. The ability to modulate the hydrophobicity of conducting polymers and
physicochemical insights about the material are significant for developing broader ap-
plications in drug delivery, sensing, self-cleaning surfaces, microfluidics, and artificial
muscles.

Thesis Supervisor: T. Alan Hatton
Title: Ralph Landau Professor of Chemical Engineering
Director of David H. Koch School of Chemical Engineering Practice
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Chapter 1

Introduction

Water is the most vital resource on the planet. It sustains life, the ecosystem and

climates, as well as provides inputs to agriculture, manufacturing and other human ac-

tivities. Unfortunately, water scarcity and lack of clean water are pervasive and rising

problems afflicting people throughout the world.26 '90 WHO and UNICEF estimated

that 2.1 billion people or 29% of the global population lack access to safe drinking

water.1 90 "'08 Four out of every 10 people are affected by water scarcity.1 Therefore,

the United Nations Sustainable Development Goal 6 is focused on ensuring availabil-

ity and sustainable management of water and sanitation for all.108 Water pollution

is a global issue with 80% of wastewater returned into the ecosystem without being

properly treated. 1 Even among the high- and high-middle-income countries, only 59%

of all domestic wastewater is safely treated. 10 The situation is even worse for devel-

oping countries in Africa and Asia where the water stress level is above 70%.10' The

use of freshwater for agricultural, industrial and domestic purposes has led to water

contamination with significant chemical pollution of natural waters.81 Unfortunately,

current wastewater or drinking water treatment plants are not specifically equipped

for eliminating neutral organic contaminants.5s,124

This thesis aims to develop an energetically efficient and environmentally friendly

solution for the separations of hydrophobic organic compounds from water. The proof-

of-concept materials and systems are motivated by the need for decontamination of

water affected by organic pollutants, and the need for capturing valuable organic
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chemical products in industrial processes.

1.1 Motivations

Prevalent water pollution calls for efficacious technologies for purifying water at lower

cost with less energy to prevent further stressing the environment and endangering

human health. 9' Many pollutants that originate from municipal, industrial and agri-

cultural wasterwaters such as hormones, pharmaceuticals, pesticides, personal care

products and industrial chemicals are hydrophobic organic compounds and can have

detrimental effects even at low concentrations.8 8 Moreover, these organic pollutants

are persistent and prone to long-range environment transport." As a result, the pres-

ence of these toxic chemicals has affected the aquatic environment, vegetation,25

and ultimately human beings due to bioaccumulation to high concentrations through

the food chain.o5

Table 1.1 summarizes major categories of organic pollutants and their respective

sources.6,20,5s,8s The variety of organic molecules complicates the tasks of separations.

Nevertheless, most of the pollutants are in fact chemicals of commercial value if can

be captured properly. Technologies for separation of these organic compounds will

not only alleviate water pollution, but also seize the residual value of those chemicals.

1.1.1 Remediation of organic contaminants

Organics with simple structures and good hydrophilicity can be cleaned up by biodegra-

dation, a process that uses microorganisms, fungi, and plants to digest pollutants and

is a sustainable and economical mechanism.126 However, many organic substances,

such as phenols, nitrobenzene, and persistent organic pollutants (POPs) including

pharmaceutical substances and pesticides, are non-biodegradable yet highly toxic and

hazardous. 33,126 Therefore, chemical methods need to be developed to remove these

organic compounds from water.
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Table 1.1: Major organic pollutants and sources in the aquatic environment

Category Selected examples Related problemsSourcesproblemsDistinct Nonexclusive

Pharmaceuticals Propranolol
hydrochloride,

Acetaminophen,
Chlorophene

Bacterial resistance,
nontarget effects

Excretion, disposal of
unwanted products

Personal care Nonylphenol Endocrine effects Domestic wastewater
products ethoxylates, 3-(4-

Methylbenzyliden)
camphor, Musks

Steroid hormones Ethinyl estradiol Feminization of fish Excretion, aquaculture,
run-off from CAFOsa

Biocides DDT, Atrazine, Toxic effects and Run-off from gardens,
Metolachlor persistent metabolites, lawns, roadways and

effects on primary agriculture
producers

Phthalates,Bisphenol
A, azo dyes

Drinking-water
contamination

Domestic wastewater

Sources that are not
exclusive to individ-
ual category: indsu-
trial wastewater and
landfill leachate

aCAFOs: concentrated animal feeding operations

Industrial
chemicals



1.1.2 Recovery of organic products

In addition to mining clean water for pollution control, the recovery of valuable or-

ganic compounds from the aqueous phase is economically attractive and hence moti-

vates further research.2,118 In wastewater treatment, the process economics of separa-

tion processes can be dramatically enhanced if the inlet aqueous stream contains more

than 1-2% organics.11 . In pharmaceutical manufacturing, by-products and residual

precursors, solvents and other impurities must be removed to ensure the purity of the

desired pharmaceutical products.75 But the variable composition and fluctuations

in the inlet organics-water mixture, and the wide variety of products produced in

the pharmaceutical industry have made recovery of valuable products exceptionally

challenging. 1 26

Despite ubiquitous applications, chemical separation processes are energy-intensive,

constituting 10-15% of the world's total energy consumption and i to 1 of the energy

used by the transportation sector in the US. 57 Technologies with high efficiency and

efficacy for organics are highly desirable to encourage wider adoption and decrease

energy consumption due to process inefficiencies. One revolutionary invention in the

water industry is reverse osmosis: the current state-of-the-art systems are within a

factor of two from the thermodynamic limit of the energy demands, much lower than

thermal desalination,' 1 7 and thus have essentially replaced the conventional thermal

technologies and been widely implemented in most of the countries in the Middle

East and North Africa. 57

Therefore, development of molecularly selective and energetically efficient tech-

nologies for organics-water separation is critical for addressing the energy-water nexus

faced by countries throughout the world, especially those economically disadvantaged.
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1.2 Technologies for the mitigation of organics in wa-

ter

The most common and essential form of pollution control is wastewater treatment

plants (WWTPs): sewers collect wastewater from homes, businesses, and industries,

and deliver it to WWTP for purifications; the processed water is then either dis-

charged into streams or distributed for reuse. 109 There are two basic stages in the

treatment of wastewater: the primary stage where solids are allowed to settle and

removed from wastewater; and the secondary stage which uses biological processes

to further purify wastewater. The effluent from the primary stage should be free of

small stones, soils, sand, cinders, and minute solids after flowing through filters, grit

chambers, and sedimentation tank. To further enhance the quality of water, organic

matter is broken down to harmless by-products in the secondary stage by bacteria

using trickling filters, activated sludge processes and increasingly membrane biore-

actors. 4 6' 109 WWTP completes the two-stage process with a disinfection step to kill

pathogenic bacteria and to reduce odor using chlorine, ultraviolet light or ozone.

The increasing complexity of contaminants in wastewater and rising demands on

water supply call for water reuse but have overburdened existing WWTPs. To allow

proper pre-treatment of industrial waste and expand the treatment capabilities of

WWTPs, many advanced wastewater treatment technologies have been developed.

We have established in Section 1.1 that the need for removal of organic compounds

from aqueous solutions is ubiquitous, and a wide array of technologies have been

developed to carry out the task. Existing technologies can be divided into two broad

categories based on the outcome, namely separations and degradation, which can

work together depending on the treatment goal.

1.2.1 Separation of organics from aqueous solutions

Separations are at the heart of chemical engineering. Many technologies have been

developed to provide options for separation of molecules of distinct properties present
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Figure 1-1: Competitive concentration range of organics in aqueous solutions for
different separation processes. Reprint by permission from REF.118, Springer Nature.

in various environments. Depending on the concentration of the organics to be sepa-

rated, different technologies may become more suitable (Figure 1-1).118

1.2.1.1 Distillation and stripping

Distillation and stripping are commonly used in chemical manufacturing. Despite

their widespread use, the efficiencies of distillation and stripping are only 11% and

50%, respectively. 19 Therefore, they are commonly applied to separating high con-

centrations of organics in water, or organic mixtures. However, many organic mi-

cropollutants are more than 4 orders of magnitude lower in concentration, making

distillation or stripping unfavorable in energetic terms.

1.2.1.2 Pervaporation

The pervaporation process creates a vapor pressure gradient across a membrane by

bringing a liquid feed in contact on one side and a vacuum drawn on the other side,

allowing organic vapors to permeate through the membrane and collected in the gas

phase which is subsequently condensed.1 18 A typical membrane for pervaporation is

hydrophobic and hence has higher selectivities for organics of intermediate hydropho-

bic character (e.g., ethyl acetate, methyl ethyl ketone, and acetone) than relatively

hydrophilic ones (e.g. ethanol, methanol and acetic acid).11 8 Pervaporation is more
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Figure 1-2: Membrane processes for water purification and desalination. Reprint by
permission from REF.7, Springer Nature.

suitable for the separation of organic at intermediate concentrations (Figure 1-1).

1.2.1.3 Membrane-based technologies

Membrane processes are a class of emerging technologies for the removal of organic

compounds from water due to the improved efficiency and robustness of treating

pollutants of different size. Microfiltration (MF), ultrafiltration (UF), nanofiltration

(NF) and reverse osmosis (RO) are driven by hydraulic pressure and can be classified

on the basis of the size of the solutes that are retained as shown in Figure 1-2.117

The membrane-based filtration is based on size-exclusion mechanisms, with MF

membranes to remove suspended particles and microbial pathogens, UF membranes

to retain macromolecules, and NF membranes to remove species down to 100 and

300 Da." 7 Current membranes still lack molecular-level design to achieve molecular

selectivity. On the other hand, RO is mainly intended for desalination. Therefore,

nanofiltration is the only technology that is suitable for dissolved organic compounds

whose diameters fall in the 0.1 nm to 1 nm range.

Membranes are known to be susceptible to organic fouling by adsorption of dis-

solved organic matter.1 1 7 Excessive fouling compromises the throughput of the pu-
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rification process and lowers the selectivity of the membrane, as well as necessitates

cleaning using chemical agents which are unfriendly to the membrane and the envi-

ronment, and increases energy consumption and operating costs. 117 At the current

stage, membrane-based technologies are still far from being the most effective and

low-cost option for remediating organic contaminants in water.

1.2.1.4 Adsorption

Adsorption is a binding process in which a gas or liquid solute (adsorbate) accumulates

on the surface of a solid or a liquid (adsorbent) with the formation of a molecular

or atomic film. Adsorption is generally classified into two categories: chemisorption

where covalent bonds form between adsorbates and adsorbents, and physisorption

where only non-covalent interactions are involved.3

The main physical driving forces for adsorption are van der Waals forces, hydro-

gen bonds, polarity, dipole-dipole, -F - -r stacking interactions, and hydrophobic in-

teractions. 22 ,121 Besides adsorbate-adsorbent interaction, adsorption efficiency is also

affected by adsorbent surface area, adsorbent-to-adsorbate ratio, adsorbent particle

size, temperature, pH and contact time. 121 Activated carbons, agricultural residues

after milling, industrial by-products, and zeolites have shown high adsorption capacity

due to their porous structure and high surface area. 1 21

* Activated carbon

Activated carbon (AC) is one of the most widespread adsorbents due to its

high specific surface area and strong interactions with target compounds.44,68,85

To encourage widespread use of AC, extensive research has been done to find

inexpensive precursors and optimize activation procedures for higher adsorp-

tion capacity. 2 2 Important characteristics of AC that impact the adsorption

of organic compounds include pore size distribution (micropores are accessi-

ble to small organic molecules while natural organic matter can only access

mesopores), surface chemistry (functionality, heteroatoms), and mineral matter

content.22
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Despite being a primary treatment for the remediation of organics in aque-

ous phase, AC suffers from major drawbacks with its regeneration methods:

thermal desorption is energy-intensive, while solvent regeneration may lead to

substantial loss of AC and result in secondary pollution.6,45,50,126 The ability to

regenerate the adsorbent efficiently is important to avoid merely transferring

contaminants from the liquid phase to the solids, and to enable reuse of the

sorbent.7 7 Development of alternative adsorbent is therefore an active research

field to overcome regeneration limitations.

Redox-responsive polymer

To overcome recyclability problems such as observed with AC, a redox-responsive

polymer gel with tunable hydrophobicity that reversibly adsorbs and releases

butanol in the presence of water has been developed via copolymerization of

hydroxybutyl methacrylate (HBMA)and vinylferrocene (VF).5 When the fer-

rocene moieties are in their reduced uncharged state, the gel is hydrophobic

and selectively extracts butanol from water. When the gel is exposed to a

chemical oxidant, the ferrocene units are oxidized to ferricenium ions, and the

positive charges of the organometallic compound render the microenvironment

within the gel more hydrophilic, releasing butanol to water. The hydrophobicity

modulations are achieved through chemical oxidation and reduction of ferrocene

using FeCl 3 oxidants and L-ascorbic acid reductants, respectively. However, the

addition of chemical agents for redox switching increases the risk of contamina-

tion of the remediation process, and the efficacy of the chemical stimuli may be

hampered by mass transfer limitations.62 Nevertheless, the ability to modulate

the hydrophobicity of redox-responsive adsorbents is a promising mechanism for

achieving reversibility in the sorption of organics, and hence warrants further

investigation on alternative stimuli for the redox switching.

Many stimuli have been explored to induce hydrophobic-hydrophilic transitions

in polymeric materials, including temperature, pH, light illumination, adsorption of

biopolymer or treatment of selective solvents.,120 Among these approaches, electrical
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potential allows properties of materials to be varied locally in real-time with high

resolution.62

Redox-active materials that respond to electrical potential stimuli have been de-

veloped to remove ionic species and charged biomacromolecules from aqueous solu-

tion in a reversible manner. 4'96-99' 101 Functionalization of carbon-based anodes with

polyvinyl ferrocene and carbon nanotube (PVF-CNT) hybrids supplement the capac-

itive charging of the electrode surface and achieve significantly higher selectivity for

organic anions (carboxylates, sulfonates, and phosphonates) over inorganic anions in

Faradaic capacitive deionization systems (FaCDI).99,11 However, electrically neutral

hydrophobic organic compounds lack electrostatic interactions with those charged

surfaces and hence cannot be removed through FaCDI. New redox-active materials

are needed for reversible separations of organic compounds from water.

1.2.2 Degradation of organic compounds

In contrast to separations where the chemcial identity of the target molecules is pre-

served, degradation processes transform the species to less harmful products. Degra-

dation can be done biologically or chemically.

1.2.2.1 Biodegradation of organic compounds

Biodegradation is a process that uses microorganisms, fungi, plants and their enzymes

to consume the sewage and other organic matter, turning them into new bacterial

cells, carbon dioxide and other harmless substances. 121 It happens in nature and is

a sustainable and economical way of cleaning up the environment. However, na-

ture can no longer undertake all the burdens brought by the increasing population,

human activities and industrial processes. Therefore, researchers have been study-

ing the biodegradation mechanisms and trying to replicate them for the wastewater

treatment. WWTPs generally use biodegradation in the second stage for treating

wastewater.

The nature of the contaminant largely determines the efficacy of biodegradation
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processes. Some organic pollutants such as organic matter, and organophosphorous

pesticides are more prone to be consumed by bacteria and microorganisms than per-

sistent organic pollutants (POPs), such as polychlorinated biphenyls (PCBs), pol-

yaromatic hydrocarbons (PAHs), heterocyclic compounds and pharmaceutical sub-

stances.' 26 As a result, these reluctant contaminants are accumulated along the food

chain resulting in magnified toxicity effects on human beings. Alternative methods

such as advanced oxidation processes (AOPs) are developed to chemically degrade

those challenging chemical compounds.

1.2.2.2 Chemical oxidation technologies

The limitations of biological methods warrant development of chemical oxidation tech-

nologies to convert challenging or highly toxic chemical compounds to less harmful

products that can either be discharged or treated biologically downstream. Chemi-

cal oxidants such as H202 , ozone, and K2 MnO 4 are used to oxidize harmful chem-

ical compounds to more manageable forms, but these oxidants suffer from a major

drawback-low rates of degradation.126

Advanced oxidation processes (AOPs) are developed to overcome the slow degra-

dation kinetics and use hydroxyl radicals and other reactive oxygen species to degrade

recalcitrant organic pollutants.2 16 9 Most organic compounds can react with hydroxyl

radical by addition or hydrogen abstraction pathways and undergo serial chemical re-

actions to eventually form oxidation products (ketones, aldehydes, and alcohols) that

are often less toxic and more susceptible to bioremediation. 69 The hydroxyl radical

and reactive oxygen species can be generated using UV/0 3 , UV/H 202 , Fenton, photo-

Fenton, nonthermal plasmas, sonolysis, photocatalysis, radiolysis, and supercritical

water oxidation processes.69

Because of their complexity, implementation of AOPs is limited due to economic

reasons, 21 and sophisticated facilities for on-site production of H 202 or for housing

large-scale electron beams and other equipment are required.69 Although centralized

operations can improve the economical viability of AOPs, efficient and economical

ways to separate and collect organic compounds in distributed locations need to be
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developed.

Chemical separations followed by further degradation through either biodegrada-

tion or AOPs can together address water pollution caused by organic contaminants.

Therefore, further development of energetically efficient, environmentally friendly, and

molecularly selective technologies for organics-water separations will make significant

contributions to water/wastewater treatment and other industrial separation needs.

1.3 Thesis objectives

The aim of the thesis is to develop a prototype for the electrochemically mediated sep-

arations of organics from water. This involves synthesizing functional materials and

designing electrochemical cells to perform the reversible separation process efficiently.

1.3.1 Functional materials

Adsorption is chosen as the underlying principle for capturing organic molecules from

the aqueous phase. Building on the expertise of the group, polymeric materials are

engineered to function as electroactive adsorbent for hydrophobic molecules that are

electrically neutral. For this purpose, the polymeric adsorbent needs to exhibit the

following three features:

" Tunable hydrophobicity and affinity towards organic compounds

Similar to the hydroxybutyl methacrylate (HBMA) and vinylferrocene (VF)

copolymer gel,5 the prototypical adsorbent should also contain redox-active

moieties that modulate the hydrophobicity of the material. The material will

have higher affinities towards organics in its hydrophobic state, and can be

rendered hydrophilic to interact more favorably with water and thereby re-

lease the adsorbed hydrophobic compounds during regeneration. Therefore, a

hydrophobic-hydrophilic transition is key to repeated use of the adsorbent.

" Electrical conductivity
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The redox-active polymer when functionalized onto carbon-based electrodes for

mechanical support and current collection, should be electrically conductive to

receive and respond to the potential stimuli applied. This avoids the compli-

cation of introducing chemical agents to stimulate the redox moieties.I The

immobilized redox moieties should undergo fast electron transfer and are com-

patible with common benign electrolytes such as sodium chloride and the narrow

electrochemical stability window afforded by water.

e High surface area

Porous structures within the functional materials allow adsorption sites to be

readily exposed to target molecules and facilitate the transport of counterions

during the redox processes.10,"0 The improved adsorption capacity and eletro-

chemical activities enable more effective utilization of the adsorbent. This is

essential for enhancing key performance metrics such as adsorption capacity on

gravimetric,, volumetric or macroscopic area bases and for ensuring adsorption

to be carried out in a compact adsorber.

1.3.2 Electrochemical cells

An eletrochemical cell will be assembled using dual-functionalized electrodes coated

with adsorbents described above to perform the redox modulations using electrical

potentials. For this proof-of-concept work, the electrochemically mediated separa-

tions of organics operates in a batch mode. The electorchemical cell can have higher

energetic efficiency if the two electrodes exhibit complementary hydrophobicity tun-

ability: electrode A is hydrophobic when oxidized while the counter electrode B is

hydrophobic when reduced, and therefore both are in the states favoring adsorption

of organic compounds. Once saturated, the two electrodes can be regenerated in the

electrochemical cell by reducing electrode A and oxidizing B to render both of them

hydrophilic and to desorb the organics previously adsorbed.

Development of two redox-active polymeric adsorbents that undergo hydrophobic-

to-hydrophilic transitions in response to the same potential stimulus but with oppo-
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site hydrophobicity gradient will allow the two electrodes to work in tandem in one

electrochemical cell and deliver superior energetic efficiency.
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Chapter 2

Surfactant-doped Conducting

Polymers for Electrochemically

Reversible Adsorption of Organics

2.1 Introduction

Adsorption is a common technology for removing organic pollutants from wastewater

and activated carbon (AC) is one of the most widespread adsorbents due to its high

surface area and strong interactions with target compounds. 6' 14' 86 Methods for AC

regeneration have drawbacks, however: thermal desorption is energy-intensive, while

solvent regeneration may lead to substantial loss of AC and result in secondary pollu-

tion. 6'45'50 To overcome recyclability problems such as observed with AC, our group

has previously developed a redox-responsive polymer gel with tunable hydrophobicity

that reversibly adsorbs and releases organics in the presence of water. 5 However, in

this case, the redox switching relied on the addition of chemicals, which introduced

additional chemical agents to the remediation process, and the efficacy of the chemi-

cal stimuli was hampered by mass transfer limitations. 5,' Therefore, it is desirable to

design new adsorbent materials whose redox-responsive hydrophobicity can be tuned

using mild electrical stimuli, thereby eliminating the use of chemicals in the regen-

35



eration process, and ultimately reducing the material waste and operating cost of

adsorption technology for wastewater remediation.

2.2 Results and discussion

The electrochemical reversibility of an adsorption process relies on adsorbent ma-

terials that are electrically conducting and exhibit tunable affinity for target con-

taminants in response to electrochemical stimuli. Polypyrrole (PPy) is a promising

candidate for enabling electrochemical regeneration due.to its intrinsic conductivity,

fast electrochemical switching, low operating voltage, and relative ease of fabrication

and potential modulation of its hydrophobicity through doping of the polymer with

anionic surfactants. 40 ,6 5

2.2.1 Electrochemical modulations of hydrophobicity of the

adsorbent

A typical oxidative polymerization reaction of pyrrole yields conducting polymers

(CP) in the oxidized state, and hence anions are incorporated into the polymer back-

bone during synthesis to neutralize the positive charges on the oxidized polymer. The

size of the anionic dopants dictates whether the doping and dedoping are associated

mainly with cations or anions during subsequent redox reactions of PPy.79 Small an-

ions can be easily inserted into PPy when it is oxidized and de-inserted when the

polymer is reduced, as depicted in Figure 2-la. However, bulky surfactant anions

doped into PPy during synthesis are largely immobile. Therefore, subsequent reduc-

tion of the CP is accompanied by insertion of cations from the electrolyte to neutralize

the charges of those immobilized surfactant anions (Figure 2-1b). 1 1 5

The choice of anionic dopants also affects the hydrophobicity of the resulting PPy.

For example, a PPy film doped with perfluorooctanesulfonate (PFOS) or dodecyl-

benzenesulfonate (DBS) exhibited hydrophobicity while perchlorate-doped PPy was

hydrophilic.4 °'° Moreover, on electrochemical switching of the redox state of PPy
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Figure 2-1: Schematic illustrations for two different ion exchange processes during the

oxidation and reduction of PPy doped with (a) small anions and (b) bulky surfactant

anions.

doped with perfluoro or alkyl sulfonate surfactants, the polymer exhibited changes

in hydrophobicity: the oxidized PPy was more hydrophobic than the reduced poly-

mer. 40,120 However, the loss of PFOS during electrochemical reduction of PPy re-

quired the use of fluorochemicals during subsequent reoxidation of PPy to replenish

the dopants,8,1 20 which could result in even worse contamination than caused by the

original contaminants." Unlike PFOS, surfactants with long alkyl chains such as

DBS are believed to be retained during redox switching, and the re-orientation of the

surfactant anions with respect to the PPy results in a hydrophobic/hydrophilic tran-

sition. 4 0,10 6 Therefore, in this work, we chose to dope PPy with alkyl sulfonates and

relied on their bulky hydrophobic tails to modulate the hydrophobicity of PPy. We

proposed to take advantage of the one additional alkyl chain in dioctylsulfosuccinate

(AOT) to induce larger hydrophobicity swings than possible with DBS-doped PPy.

The polypyrroles prepared in this work are identified according to the nomenclature

PPy("dopant"). For example, PPy(AOT) refers to polypyrrole doped with AOT.

2.2.1.1 Synthesis of surfactant-doped polypyrrole

The surfactant-doped CP was synthesized by electropolymerizing pyrrole dissolved

in an AOT aqueous electrolyte in the presence of a trace amount of bipyrrole (pyr-

role dimer, 0.75 mol%). The resulting PPy(AOT) film was deposited on a flexible
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commercial carbon fiber cloth substrate and had hierarchical porosity, as observed

in the scanning electron microscopy (SEM) images (Figure 2-2a); this porous poly-

mer is denoted as P-PPy(AOT). In contrast, electropolymerization in the absence

of bipyrrole yielded a compact non-porous film, denoted as NP-PPy(AOT) (Figure

2-2b). The surface roughness factor derived from the 3D atomic force microscopy

(AFM) images (Figure 2-2c-d), defined as the ratio of the actual surface area and the

projected surface area, 10 was 1.92 and 1.07 for P-PPy(AOT) and NP-PPy(AOT), re-

spectively. A nearly doubling in surface roughness in P-PPy(AOT) further supports

the observation of porosity enhancement in the CP electropolymerized in the pres-

ence of bipyrrole. Despite the difference in morphology, the chemical compositions

of P- and NP-PPy(AOT) were identical as evident by the Fourier-transform infrared

spectroscopy and X-ray photoelectron spectroscopy (XPS) spectra (Figure 2-3). The

characteristic peaks of the polymer and the dopant aligned in the FT-IR spectra:

1740 cm-1 for C=O groups of AOT, 1470 cm-1 for conjugated ring stretching, 1250

cm-' for C-N bonds, and 1050 cm' for N-H bonds of pyrrole. 102 The sulfur (S) peaks

in XPS spectra also confirmed the presence of AOT dopants within the CP in both

cases.

2.2.1.2 Electrochemical tunability in the hydrophobicity of surfactant-

doped PPy

To examine the electrochemical modulations of the hydrophobicity of the surfactant-

doped polymer, the contact angle of a water droplet was measured on the surfaces of

various PPy samples coated on stainless-steel substrates (Figure 2-4a). The greater

the contact angle, the more hydrophobic is the surface. Larger water contact angles

were measured on all three types of oxidized PPy films, namely P-PPy(AOT), NP-

PPy(AOT) and P-PPy(DBS), compared with their respective reduced films (Figure

2-4c-e, Table 2.1).

Furthermore, it has been established in the literature that both composition ef-

fects and geometrical structure influence the hydrophobicity of a surface.3 0 That is,

both the type of dopant and the porosity of the film affected the hydrophobicity
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Figure 2-2: (a)An SEM image of porous AOT-doped PPy film electropolymerized and
deposited on a carbon fiber cloths substrate in the presence a trace amount of bipyr-
role (0.75 mol%), denoted as P-PPy(AOT), and structures of pyrrole monomer, bipyr-
role, and an AOT surfactant. (b) An SEM image of compact AOT-doped PPy film
electropolymerized without bipyrrole, denoted as NP-PPy(AOT). 3D AFM images
showing height variations on the surface of (c) P-PPy(AOT) and (d) NP-PPy(AOT)
films.

Table 2.1: Contact angle measurements of a water droplet on the surface of stainless-
steel substrates coated with PPy films doped with AOT or DBS in oxidized or reduced
states.

Polymer Film Oxidized Reduced Difference
P-PPy(AOT) 152.10 1.80 43.80 3.10 1080

NP-PPy(AOT) 55.6° ± 4.2° 13.30 1.9 42°
P-PPy(DBS) 117.10 ± 2.50 22.50 i 2.2 950
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Apply

Figure 2-4: (a) Schematic of a water droplet on a solid surface and the related con-
tact angles and surface tensions. (b) The surface of the stainless-steel substrate is
hydrophilic with a contact angle of 14.40 i 1.30. Redox-responsive hydrophobicity for
(c) P-PPy(AOT), (d) NP-PPy(AOT), and (e) P-PPy(DBS) coated on stainless-steel
substrates. The surface is rendered more hydrophilic upon electrochemical reduction,
as evident by decreases in water contact angles.

able adsorbent, with a superhydrophobic oxidized state for adsorption and a larger

hydrophobicity disparity to lower the affinity for organics in the reduced state and

thereby drive desorption.

2.2.1.3 Electrochemically modulated affinity for organics

It is important for the ability to electrochemically modulate the hydrophobicity of

surfactant-doped PPy to be translated into affecting the affinity of the polymer to-

wards organic pollutant molecules. Herein, three model compounds were selcted,

namely Sudan Orange G (SOG), a neutral organic molecule representing an impor-
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Figure 2-5: SEM images of (c) NP-PPy(DBS) and (d) P-PPy(DBS).

tant class of organic pollutant-azo dye molecules widely used in textile, paper, food,

cosmetics, and pharmaceutical industries; propranolol hydrochloride (PP), a beta-

blocking pharmaceutical agent; and Bisphenol A (BPA), a component of plastics and

epoxy resins and also an endocrine disruptor. Figure 2-6 compares the equilibrium

distribution coefficient (L g- 1 polymer) defined as

Kd = Qe/Ce (2.2)

which is the ratio of the amount of pollutant adsorbed per gram of polymer (Qe)

to the concentration of pollutant in the solution phase (Ce), for SOG and PP at

an initial concentration of 0.01 mM, and BPA at 0.02 mM, in contact with the ox-

idized and reduced NP-PPy(AOT) and P-PPy(AOT) coated on carbon fiber cloths.

The oxidized NP- and P-PPy(AOT) both demonstrated a greater Kd than did the

respective reduced polymers, indicating that oxidation of PPy(AOT) activated the

polymer to exhibit higher affinity for the neutral organic molecules. In particular,

the difference in Kd between the oxidized and reduced states was even more dramatic

for P-PPy(AOT), in agreement with the earlier observation of a larger disparity in

contact angle measurements in the more porous film. The highly porous morphology

also increased the surface area of of PPy(AOT) for adsorbing organic molecules. For

example, the equilibrium SOG distribution coefficient for the oxidized P-PPy(AOT)
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(Kd = 44.1) was 3.3 times higher than for oxidized NP-PPy(AOT) (Kd = 13.3)

(a) (b)

Sudan Orange G

HO)COH

Q.N,,N ~

(c)

LI
P-PPy(AOT)

Bisphenol A
HO O1

1.4 1.2

NP-PPy(AOT)

2.2

17yA1.3
P-PPy(AOT)

Figure 2-6: Equilibrium distribution coefficient Kd of (a) SOG, (b) PP, and (c) BPA.

The adsorption thermodynamics of the better-performing P-PPy(AOT) are pre-

sented in Figure 2-7. In the low concentration regime, the experimental data can be

fitted with linear isotherms, indicating operation in the Henry's Law regime (Figure

2-7a, c-d). The larger slope of the curve for the oxidized P-PPy(AOT) (the Henry's

Law constant) further confirmed its stronger affinity for the organic molecules. The

capacity of the P-PPy(AOT) for adsorbing SOG from water was also tested over a

wide range of concentrations (Figure 2-7b), which can be fitted well with the Fre-

undlich adsorption isotherm

Qe = kC1" (2.3)

The Freundlich exponent 1/n is related to favorability of adsorption-the degree of fa-

vorability increases as 1/n approaches zero.17 For oxidized and reduced P-PPy(AOT),

the fitted 1/n values were 1.5 and 1.8, respectively, consistent with the fact that the
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oxidized polymer has higher affinity for SOG. Moreover, the equilibrium solid phase

concentration reached a maximum of 578 mg SOG per g polymer when the initial liq-

uid phase concentration was at the solubility limit. The fitting parameters for both

Freundlich and Henry's Law isotherms can be found in 2.2 for SOG, as well as in

Table 2.3 for PP and Table 2.4 for BPA.
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Figure 2-7: Adsorption isotherms of (a) SOG, (c) PP, and (d) BPA in oxidized and
reduced states fitted with the linear model in the low concentration regime. (b) Equi-
librium adsorption for a wide range of SOG concentrations fitted with the Freundlich
isotherm. Line: fitted isotherms; Symbols: experimental data; Red: oxidized; Blue:
reduced.

44

a

140 Oxidized

120 R2=0.959

100

80-

60

40

20

0 -
0 2 4

Sudan Orange G

NHO 
OH

Reduced
R2=0.949

(c)

i
75

-)

Propranolol
Oxidied Hydrochloride

R2=0.893 &H-Cl

Reduced
0,

R 2=0.932

0 2 4 6 8 10 12 14 16. 18 20

Ce (mg/L)
60 70 80

. . . . . . . . . . . . .

au .



Table 2.2: Fitting parameters of Freundlich and linear isotherms of SOG on P-
PPy(AOT).

State Freundlich isotherm Linear isotherm
Sn(Qe) = in(k) + -ln(Ce) Qe = aCe + b
ln(k) 1/n R2 a b R2

Oxidized -1.5 1.5 0.975 23.1 10.9 0.959
Reduced -2.8 1.8 0.974 4.2 10.7 0.949

Table 2.3: Fitting parameters of linear isotherms of PP on P-PPy(AOT).

Table 2.4: Fitting parameters of linear isotherms of BPA on P-PPy(AOT).

2.2.2 Investigations of molecular interactions

The ability to modulate the hydrophobicity and the affinity for organics electrochem-

ically in surfactant-doped CP, as reflected by changes in the water contact angles

and adsorption affinity after application of redox stimuli, has been attributed to a

reorientation of the surfactant molecules. 40,106 In the oxidized state of PPy, AOT or

DBS anions with the negatively charged sulfonate group are bound to the positively

charged PPy backbone via electrostatic attractions, leaving the alkyl chains pointing

away from the polymer backbone. The hydrophobic alkyl chains constitute the sur-

face layer of the polymer film, causing a relatively large water contact angle. In the

reduced state, on the other hand, the PPy backbone becomes less positively charged,

if not completely neutral. The absence of the electrostatic attractions between AOT
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State Linear isotherm
Qe aCe + b

a b R2
Oxidized 3.0 2.1 0.893
Reduced 0.7 1.9 0.932

State Linear isotherm
Qe- aCe + b

a b R2
Oxidized 1.2 8.2 0.962
Reduced 0.9 1.9 0.998



and PPy allows AOT molecules to rotate freely and rearrange themselves such that

more sulfonate groups and fewer alkyl chains are exposed at the outermost surface,

rendering the surface hydrophilic and decreasing the water contact angle. During the

reduction process, sodium ions from the supporting electrolyte might also enter the

PPy film to neutralize the charges of the immobilized anions.

2.2.2.1 Physico-chemical interactions in the PPy(AOT) complex

To validate the aforementioned hypothesis about surfactant reorientation upon oxida-

tion/reduction of the PPy backbone, the surfactant-PPy interactions in the oxidized

and reduced states were studied using a combination of density functional theory

(DFT) and molecular dynamics (MD). A minimal model system was constructed

with a PPy oligomer consisting of eight pyrrole repeating units and two AOT dop-

ing anions. These choices were made based on earlier literature reports that various

physical properties of the PPy polymer have converged with as few as six to eight

repeating units, 64,68'8 5'1 0 7 and that usually one electron is removed from every four

pyrrole units when a PPy complex is oxidized resulting in a 4:1 stoichiometric ratio of

pyrrole to dopant.44 In addition, abundant water molecules and a few sodium (Na+),

chloride (Cl-) and hydroxide (OH-) ions were introduced to model the aqueous elec-

trolyte environment in which the redox process takes place in the actual experiments,

as well as to balance the charges of the system.

The geometries of the isolated PPy oligomers in oxidized (with two positive

charges) and reduced (neutral) states and that of an isolated AOT anion were op-

timized independently using the B3LYP+D3 exchange-correlation functional at the

6-31G* level in Q-Chem 5.0.12,32,54,91 The oxidized PPy oligomer backbone is more

planar compared to its reduced counterpart due to its higher conjugation and con-

ductivity (Figure 2-8a,b). An AOT anion with its geometry optimized in vacuum is

shown in Figure 2-8c.

The PPy(AOT) complex was then constructed by placing two AOT dopants close

to an oxidized or reduced PPy oligomer whose configurations were obtained from

gas-phase optimizations. Using the same approach and package, the geometries of
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(c)

Figure 2-8: Optimized geometries of individual PPy oligomers consisting of 8 repeat-
ing units in (a) oxidized and (b) reduced states, and (c) an AOT anion. Only polar
hydrogen atoms are shown.

the PPy(AOT) complex were optimized by allowing the two AOT to relax around

the frozen PPy oligomers. To improve the accuracy of the subsequent MD simula-

tions, the partial charge associated with each atom in PPy and AOT was evaluated

based on the CHarges from ELectrostatic Potentials using a Grid-based (CHELPG)

method53 at a more accurate B3LYP+D3/6-311G** level in Q-Chem 5.052 and later

implemented as a modification to the latest OPLS/AA force field'2 ,54 that was used

for MD simulations. The DFT-optimized geometries of the PPy(AOT) complexes in

the gas phase (Figure 2-9) provided initial configurations for the MD simulations in an

aqueous environment. The interactions of AOT and PPy in the aqueous environment

were studied using MD simulations in GROMACS 5.1.76 The initial configuration of

the simulation system for the oxidized PPy(AOT) complex was generated in Pack-
moles by randomly placing 4 Na+ cations, 2 Cl- anions, 2 OH- anions, and 2131

water molecules around the optimized oxidized PPy(AOT) geometry, while that as-

sociated with the reduce PPy(AOT) complex included 4 Na+ cations, 2 Cl- anions

and 2133 water molecules. Each system was contained in a 4 nm x 4 nm x 4 nm

cubic box with periodic boundary conditions (PBC) on all surfaces. An energy min-

imization was performed to optimize both initial configurations using the conjugate

gradient (CG) method with a minimum energy step size of 0.01 kJ mol-1 and a maxi-

mum force of 10 kJ mol-' nm-1 . The production NVT simulations (constant number

(N), volume (V), and temperature (T)) were performed at 298 K using a Nose-Hoover
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thermostat for 100 ps at a time step of 1 fs. Both systems were equilibrated within the

first 1 ps as indicated by their stabilized temperatures. The complete MD trajectories

are captured in Movies 1 and 2 in Appendix B.

(a) (b)

Figure 2-9: DFT-optimized geometries of PPy(AOT) complexes in the (a) oxidized
and (b) reduced states showing the distinct orientations of AOT dopants relative to
the PPy backbone. The atomic color schemes include: Gray (carbon), Blue (nitro-
gen), Yellow (sulfur), Red (oxygen). White (polar hydrogen atoms).

In agreement with the aforementioned assertion, the MD trajectory of the oxidized

PPy(AOT) complex shows that the sulfonate groups constituting the hydrophilic

heads of the AOT anions exhibit strong electrostatic attractions with the oxidized

and positively charged PPy backbone and orient themselves towards PPy (Figure

2-10a, Movie 1 in Appendix B). In contrast, upon an artificial "reduction" of PPy,

the hydrophilic heads of the AOT anions tend to reorient away from the neutral PPy

backbone due to the decreased strength of attractions and eventually constitute the

surface layer of the PPy film (Figure 2-10b, Movie 2 in Appendix B). Our DFT-MD

calculations show that the minimum distance between a sulfur atom in the hydrophilic

heads of AOT and a carbon atom in the polymer backbone increases from 6.01 ±0.64

A to 6.75 ± 0.43 A upon reduction (Figure 2-11a). Moreover, the binding of AOT

to PPy is stronger when the polymer is oxidized, regardless of the media considered

(Figure 2-11b). The changes in distance and binding energy of AOT and PPy render

a quantitative description of the reorientation.

The interaction between AOT and PPy was analyzed for oxidized and reduced

states based on the results of the MD simulations. One hundred and one snapshots of

the MD trajectories were extracted, with an interval of 1 ps starting from 0 ps. For

each snapshot, we evaluated the binding energy (Ebind) between the PPy oligomer
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Figure 2-10: Snapshots of MD simulations of (a) oxidized and (b) reduced PPy(AOT)
complexes in aqueous solutions at t = 0 ps and 100 ps. All hydrogen atoms are shown
as white sticks.

and a single AOT anion in the gas phase and the aqueous solution,

Elbjnd[PPy(AOT)] = E(PPy) + E(AOT) - E[PPy(AOT)] (2.4)
2

A similar equation was applied to evaluate the binding energy between PPy and

the chloride anion (Cl-). To quantify the physico-chemical nature of the interaction

between PPy and AOT, a detailed energy decomposition analysis was conducted

based on absolutely-localized molecular orbitals (ALMO-EDA)9, 37,38 in the gas phase

and with the binding energy (Ebind) broken down into the attraction from electrostatic

interaction (Eelec), dispersion (Edip,), polarization (Epol) and charge transfer (ECT),

and the repulsion from Pauli principle (Epau) 73:
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Figure 2-11: Statistical results of (a) minimum distance (A) between one of the sulfur
atoms in AOT and one of the carbon or nitrogen atoms in PPy. (b) Statistical results
of total binding energy (kcal mol-1) between AOT and PPy in the gas phase and the
aqueous solution in oxidized and reduced states.

Ebind = Eeiec + Edisp + Epol + ECT + EPauli (2.5)

The gas-phase calculations were performed using DFT and the solution-phase

simulations were accomplished using a hybrid quantum mechanical/molecular me-

chanical (QM/MM) approach in which PPy and AOT were treated quantum me-

chanically while other ions and solvents were treated molecular mechanically, at the

B3LYP+D3/6-31G* level using Q-Chem 5.0.91 The statistical results for Ebnd from

all snapshots are summarized in Figure 2-11. Our evaluations show that the difference

in Ebind between PPy and AOT between oxidized and reduced states is dramatic, and

that the stronger attraction between PPy and AOT when PPy is oxidized results in

a smaller distance between the dopant and polymer.

The total binding energy Ebind of the oxidized PPy(AOT) complex (69.8 ± 5.7

kcal mol-1 in the aqueous environment and 82.4 ± 3.4 kcal mol-1 in the gas phase) is

approximately seven to eight times that of the reduced PPy(AOT) complex (9.8 2.5

kcal mol-1 in the aqueous environment and 10.3 ± 1.6 kcal mol-1 in the gas phase),

corroborating the observed shorter distance between AOT and PPy when it is oxidized

(Figure 2-11b). The total binding energies calculated in the gas phase agree well with

those obtained from the aqueous environment, and the slight overestimation in the
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gas phase can be ascribed to the partial screening of electrostatic and polarization

interactions between AOT and PPy by water.116

The difference of these non-covalent interactions between AOT and PPy in ox-

idized and reduced states was quantified and deconvoluted the relevant contribu-

tions of the intermolecular interactions using energy decomposition analysis based on

absolutely-localized molecular orbitals (ALMO-EDA).9, 37,38 The gas-phase ALMO-

EDA shows that the electrostatic attraction Feec contributes to the majority of the

enhanced interactions between AOT and oxidized PPy-the value of Eeec of the ox-

idized PPy(AOT) is almost seven times higher than that of the reduced PPy(AOT)

(Table 2.5, 66.7 ± 4.4 kcal mol 1 vs 9.9 t 3.3 kcal mol- 1 ). The charge-transfer stabi-

lization ECT in oxidized PPy(AOT) is an order of magnitude higher than its reduced

counterpart (9.8±2.5 kcal mol- vs 0.8±0.4 kcal mol 1 ), although the charge-transfer

contribution is smaller than can be attributed to electrostatics. Other non-bonding

interactions include Pauli repulsion Epau,, dispersion stabilization Edip, and polar-

ization stabilization Ep,0 , which remain almost unaffected in the redox process. In

addition, although the reduced PPy(AOT) complex exhibits a weaker interaction, its

intermolecular binding in the aqueous environment (9.8 ±2.5 kcal mol-') is still twice

as strong as a typical hydrogen bond in water (4 to 5 kcal mol-),95 and much higher

than the binding of chloride anions to reduced PPy (2.1 ± 0.6 kcal mol'), enough to

prevent AOT from straying away from PPy at room temperature.

Table 2.5: Statistical results of binding energies and their energy decomposition anal-
ysis (EDA) between PPy and an AOT anion (in kcal mol-1) in the gas phase.

State Binding Electrostatic Pauli Dispersion Polarization Charge
Ebind Eeiec Repulsion Eis,   E, 01  Transfer

Epauli ECT
Oxidized 82.4 ± 3.4 66.7 ± 4.4 -10.2 ±3.0 11.9 ± 1.7 4.3 ± 1.4 9.8 ± 2.5'
Reduced 10.3 ± 1.6 9.9 ±3.3 -13.5 ±4.4 10.5 ± 1.6 2.6 ± 0.6 0.8 ± 0.4

Our DFT calculations and MD simulations provided theoretical and quantitative

evidence for surfactant reorientation during redox reactions of PPy, which in turn

leads to the changes in hydrophobicity of the polymer observed on the macroscopic

scale.
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2.2.2.2 Adsorbent-adsorbate interactions

The configurational study of oxidized and reduced PPy(AOT) complexes reveals

the geometric rearrangement in the complex in response to electrochemical redox

stimuli. This warrants further exploration of the molecular interactions between

the PPy(AOT) complex in different oxidation states and the adsorbate molecule.

DFT calculations in the gas phase are sufficient for providing representative molec-

ular configurations and qualitative assessment of the adsorbate-adsorbent interac-

tion energies.99 The interaction between the PPy(AOT) adsorbent and the SOG

adsorbate was explored using gas-phase DFT calculations and ALMO-EDA at the at

the B3LYP+D3/6-31G* level using Q-Chem 5.0.91 In the initial geometry, the SOG

molecule was placed in parallel with the PPy backbone and was then allowed to relax

around the frozen PPy(AOT) complex.

The optimized geometry of an isolated SOG molecule (Figure 2-12a) is planar

owing to the delocalized ir-conjugation across two aromatic rings connected via the

aryl azo structure. The introduction of the reduced PPy(AOT) complex allows the

SOG to orient itself in parallel with the conjugated PPy backbone due to a 7r - r

stacking interaction (Figure 2-12b, Movie 3 in Appendix B. In addition to the 7r - 7r

interaction, in the oxidized PPy(AOT) complex the distance between the hydrogen

atom in one of the hydroxyl groups of SOG and one of the oxygen atoms the in the

sulfonate group of AOT can be as short as 2.66 A, forming a moderate to strong

hydrogen bond and bending one of the aromatic rings in SOG by 27.0° (Figure 2-12c,

Movie 4 in Appendix B).

An auxiliary ALMO-EDA study shows that the binding energies between SOG

and PPy(AOT) in the reduced and oxidized states are 12.90 kcal mol- 1 and 24.47 kcal

mol-', respectively. The enhanced adsorbate-adsorbent interactions when PPy(AOT)

is oxidized is due to a combination of strong electrostatic, polarization and charge-

transfer interactions while the dispersion stabilization is dominant when PPy(AOT)

is reduced. Intuitively, the small distance and the hydrogen bonds foster a higher

affinity of SOG to the oxidized PPy(AOT) in which the sulfonate groups of AOT
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orient towards the PPy backbone to allow stronger adsorbate-adsorbent interactions.

The mechanistic understanding of the interaction of the PPy(AOT) complex with

SOG suggests the electrochemical redox process of PPy(AOT) can mediate the sepa-

rations of uncharged aromatic contaminant species containing hydrogen bond donors.

Hydrogen bond donors are present in many neutral organic contaminants, including

the two aforementioned species propranolol hydrochloride and Bisphenol A, as well

as a wide array of micropollutants due to the use of industrial chemicals, biocides,

and pharmaceuticals and personal care products.6

(a)

(b) (C)

Figure 2-12: Optimized geometries of (a) a Sudan Orange G molecule interacting
with (b) reduced, and (c) oxidized PPy(AOT) complexes.

2.2.3 Highly porous morphology of the adsorbent

Besides the ability to respond to the electrochemical redox stimuli and modulate

affinity for contaminant molecules, the P-PPy(AOT)-based adsorbent also has a key

feature-a highly porous morphology-which manifests three-fold benefits over the

NP-PPy(AOT): surface roughness for leading to superhydrophobicity in oxidized P-

PPy(AOT),17 ,30,5 2,72,120 high surface area for adsorbing pollutant molecules as evi-

denced by higher Kd values described above, and porous structure for exposure to

electrolyte solution during the electrochemical redox reaction, 104 as discussed below.
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2.2.3.1 Enhanced electrochemical responses

The porosity of P-PPy(AOT) significantly enhances the electrochemical performance

of the electrode by increasing the exposure of the polymer to the electrolyte solution

during electrochemical redox reactions.104 Both types of PPy(AOT) demonstrated a

pair of redox peaks: the anodic and cathodic peaks observed in their cyclic voltam-

metry (CV) profiles are around - 0.8 V and - 0.4 V (vs Ag/AgCl), characteristic of

expulsion and insertion of sodium (Na+) ions, respectively (Figure 2-13a). However,

NP-PPy(AOT) exhibited a pair of less prominent redox peaks, a larger peak sepa-

ration, and smaller current density, suggesting that the Na+ reaction kinetics was

slower, likely due to reduced surface accessibility.35 Specific capacitance of the P- and

NP-PPy(AOT) was calculated from the CV curves at various scan rates according to

the equation:

C = (2.6)
2vmV

where C is the specific capacitance (F g- 1 ) based on the mass of polymer, I is the

current (A), V is the potential window (V) and v is the potential scan rate (V s').

Figure 2-13b reveals that the specific capacitance of P-PPy(AOT) is more than double

that of NP-PPy(AOT) at various scan rates ranging from 1 to 50 mV s1. The superior

electrochemical performance of P-PPy(AOT), as evidenced by the shape of the CV

curve and higher specific capacitance, can be attributed to the larger surface area

afforded by the microstructures in P-PPy(AOT) for interaction with the electrolyte.

The CV profiles also suggested that potentials of + 0.5 V and - 0.8 V (vs Ag/AgCl) be

applied for driving complete oxidation and reduction of PPy(AOT) films, respectively.

The high-resolution N1s core-level XPS spectra of oxidized and reduced P-PPy(AOT)

can be deconvoluted into 4 peaks with increasingly higher binding energies for in-

creasingly more positively charged nitrogen, namely imine (=N-) at 398.7 eV, neutral

amine (-NH-) at 399.8 eV, nitrogen atoms with delocalized positive charge (400.5 eV),

and positivity charged amine nitrogen (-NH+-) (402.4 eV) (Figure 2-13c and d). 49,66

The lower shoulder at higher binding energies and higher shoulder at lower binding

energies of the reduced P-PPy(AOT) confirm it contains higher portions of neutral
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nitrogen atoms than does the oxidized polymer. This confirms the redox actuations

of the AOT doped PPy.
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Figure 2-13: (a) CV profiles of P-PPy(AOT) (Blue) and NP-PPy(AOT) (Red) at
various scan rates in 0.1 M NaCl. (b) The specific capacitance of P-PPy(AOT)
(Blue) and NP-PPy(AOT) (Red) as a function of CV scan rates. High-resolution
XPS scans of Nis of (c) oxidized and (d) reduced P-PPy(AOT).

2.2.3.2 Formation of the Porous Morphology

The highly porous structures offer many benefits to P-PPy(AOT) as an electrochem-

ically regenerable adsorbent. It is therefore of interest to understand mechanistically

the formation of the morphology. Previous studies have reported that the amphiphilic

nature of AOT can influence the morphology of PPy by aligning the monomers during

chemical oxidative polymerization.' 34 2 In order to investigate the impact of bipyrrole

alone on the morphology of the electropolymerized PPy and exclude any confounding
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factors associated with AOT, sodium chloride (NaCl) solution was used as the elec-

trolyte to provide chloride ions (Cl-) for doping the polymer. A similar phenomenon

was observed: the addition of bipyrrole induced hierarchical porous structures in the

PPy(Cl) film (Figure 2-14b and c), suggesting that the formation of the unique mor-

phology in the PPy film, independent of the doping anions, was due to the presence

of bipyrrole in the electropolymerization bath.

Figure 2-14a illustrates schematically our hypothesis for the morphological evolu-

tion of electropolymerized PPy in the presence of bipyrrole which induced temporally

segregated growth of the fibrillar and the granular structures. The two types of mi-

crostructures combined to form a highly porous interconnecting network of PPy ag-

gregates. The electropolymerization of pyrrole begins with the oxidation of monomers

to form radical cations which then react with other monomers present in the solution

to form dimers, oligomers and eventually the polymer.82 The extended conjugation

in the PPy oligomers or polymers lowers the oxidation potential compared to that

of the monomer.8 2 As a result, the slow dimerization of pyrrole is the rate-limiting

step. 105 This explains the shape of the potential-time curves of the galvanostatic elec-

tropolymerization process of NP-PPy(Cl) formed in the absence of bipyrrole - the

potential decreased at early times and eventually leveled off (Figure 2-15a).

The introduction of pyrrole dimers to the electropolymerization bath accelerated

the rate of polymerization by allowing chain extension to occur from the added bipyr-

role nuclei before pyrrole monomers completed the slow dimerization step on the elec-

trode surface. Sufficiently fast polymerization favors homogeneous nucleation and

generates nanofibrillar structures, 105 which are observed to be embedded in granu-

lar PPy(Cl) networks in the high-resolution scanning electron microscopy (HRSEM)

image (Figure 2-14b). As these oligomeric nanofiber chains surpassed the solubil-

ity limit, they precipitated onto the electrode surface. At later times, dimerization

of pyrrole monomers occurred on the electrode surface or along the PPy nanofibers

previously formed. Due to the retardation of dimerization and high concentration

of pyrrole monomers, heterogeneous nucleation was dominant at later stages and re-

sulted in the growth of granular PPy particles on the PPy nanofibrillar structures, as
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Figure 2-14: (a) A schematic illustration for the proposed mechanism of forming a
highly porous morphology in the PPy film due to the temporally segregated growth
of the fibrillar and the granular structures. HRSEM images of (b) PPy(Cl) fibers
forming an underlying network on top of which (c) granular structures are deposited.
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Figure 2-15: Chronopotentiometric potential-time curves of the electropolymerization

process of (a)-(b) P- and NP-PPy(Cl), as well as (c)-(d) P- and NP-PPy(AOT) in
the presence (Blue) or absence of bipyrrole (Red), respectively.
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seen in Figure 2-14c.

Figure 2-15a and b shows that the shape of the potential-time curve for P-PPy(Cl)

electropolymerization was different from that of NP-PPy(Cl), further corroborating

our hypothesis. The initial increase in potential indicates that chain extension from

bipyrrole readily takes place at the outset of electropolymerization while the dimeriza-

tion of pyrrole monomer slowly catches up at a higher potential with 10 seconds' delay

(Figure 2-15b). The accumulation of pyrrole oligomers gradually led to a decrease in

the oxidation potential required for further chain extension and eventually reached

a constant level, similar to the case of NP-PPy(Cl). The potential-time curves had

similarly distinct shapes that depended on the presence of bipyrrole when the elec-

trolyte used was NaAOT instead of NaCl in electropolymerization (Figure 2-15c and

d). Therefore, the highly porous morphology of PPy(AOT) formed in the presence

of bipyrrole was induced by a mechanism similar to that proposed above, irrespective

of the doping anions used.

2.2.4 Electrochemically reversible adsorption

The high capacity for neutral organic molecules, as well as the electrochemically con-

trolled affinity, suggest that P-PPy(AOT) is an effective adsorbent material for re-

moving neutral organic pollutants from water with potential for repeated use in cyclic

operations. Desorption of dye molecules from traditional adsorbents has remained a

challenge, especially without the aid of heat, pH adjustment or organic solvent.128

In our case, however, the distinct affinities of oxidized and reduced P-PPy(AOT) for

organic contaminants can be exploited to regenerate the adsorbent. To demonstrate

the recyclability of P-PPy(AOT) for removing neutral organic molecules from water

in the micromolar range, five consecutive cycles of sorption experiments were con-

ducted with 0.01 mM or 2.14 mg L-1 SOG aqueous solutions. As illustrated in 2-16a,

each sorption cycle began with a P-PPy(AOT)-coated carbon cloth electrode in the

oxidized state (+0.5 V vs Ag/AgCl). After adsorption of SOG reached equilibrium,

the electrode potential was reduced to -0.8 V (vs Ag/AgCl) in an aqueous stripping

solution containing NaCl as the supporting electrolyte. Subsequently, the electrode
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was reoxidized in the same NaCl solution used in the reduction step to reactivate the

P-PPy(AOT). This reoxidation step marked the completion of one sorption cycle and

regenerated the electrode for another cycle of adsorption. During the five cycles, lim-

ited decay in adsorption capacity was observed (Figure 2-16b), which demonstrated

the reusability of P-PPy(AOT).

(a)

Wait until Electrochemica
Equilibrium reduction

Start a new cycle

(b)

100

8080

60

C.) 40

0
-620
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0 1 2 3 4 5

Cycle

(c)

5 min0 sec ! I 10 min

Figure 2-16: (a) Schematic of the electrochemically reversible adsorption process of
the P-PPy(AOT) coated on a carbon fiber cloth electrode. (b) Over five cycles, the
adsorption capacity of P-PPy(AOT) remained above 90% of the capacity of the first
cycle. (c) Snapshots of the desorption video (Movie 5 in Appendix B).

The nearly complete restoration of adsorption capacity in P-PPy(AOT) exhausted

by electrochemical reduction suggested that all of the SOG molecules adsorbed in the

previous cycle should have been released to free up sites for SOG uptake in the sub-

sequent cycle. Interestingly, during the electrochemical reduction of P-PPy(AOT), it

was observed that shortly after the onset of electrochemical reduction, SOG adsorbed
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on the electrode started to be released from the solid to the stripping solution, as

indicated by the yellow color of the solution (Figure 2-16c and Movie 5 in Appendix

B). However, after a contact period of several minutes the stripping solution began

to clarify instead of becoming darker while the reduction potential was still being

applied. This could be due to the electrochemical reduction of the azo compound

SOG released during the regeneration. 34 To help visualize the color change in the

stripping solution during the regeneration process, the results presented in Figure

2-16c and Movie 5 were collected from a P-PPy(AOT)-coated electrode equilibrated

with an SOG solution at a higher concentration than the actual diluted concentra-

tion (0.01 mM SOG) used in the cyclic sorption. The exact desorption step of the

cyclic sorption of 0.01 mM SOG solutions are captured in Figure 2-17 and Movie 6

in Appendix B (sped up by 10 times). Similar color changes were observed: no SOG

was released when the electrode was immersed in the clear water containing NaCl;

and thirty seconds after the onset of the electrochemical reduction (0:15 in Movie

6), yellow SOG dyes started to permeate from the electrode; finally, stirring began 5

minutes after the beginning of the reduction (0:42 in Movie 6), and the color of the

entire stripping solution started to fade and eventually disappeared by the end of 10

minutes of desorption process.

Osec 30 sec 4 n 5 min 10 min

Figure 2-17: Snapshots of the desorption step during the cyclic sorption of 0.01 mM
SOG solutions (Movie 6 in Appendix B).

Figure 2-18a shows the potential electrochemical reduction pathway of SOG in

aqueous media: a two-electron reduction leads to hydrogenation of the azo group to

hydrazo, and the N-N bond can be cleaved by a further two-electron reduction reac-

tion. The hydrazo product of SOG reduction was detected in the aqueous stripping
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solution after regeneration of P-PPy(AOT) by electrochemical reduction using liquid

chromatography-mass spectrometry (LCMS). All three samples have a peak at about

5.65 min due to the use of mobile phase in LCMS (Figure 2-18b). The mass spectra

of the 5.12 min peak of the SOG solution and 5.42 min peak of the stripping solution

collected during desorption indicate the presence of SOG (m/z 215) and of hydrazo

compound after hydrogenation of SOG (m/z 217), respectively (Figure 2-18c). Be-

cause the pH of the stripping solution was neutral, only the first reduction reaction

took place and further reduction of the hydrazo compound leading to the N-N bond

cleavage was not observed.
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Figure 2-18: (a) A potential pathway for the electrochemical reduction of SOG. 34 (b)
Liquid chromatography chromatograms of blank solvent (Black), stripping solution
collected during desorption (Blue), and SOG solution (Red). (c) Mass spectra of the
5.12 min peak of the SOG solution (Red) and 5.42 min peak of the stripping solution
collected during desorption (Blue).

Such electrochemical reduction of SOG to its hydrazo counterpart can be reversed

as the azo-hydrazo redox reaction is reversible in protic media, 34 allowing SOG to be

recycled if desired. The relative amounts of SOG and the hydrazo compound in the

final stripping solution will depend on the rate of desorption relative to the kinetics
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of the reduction reaction. If reaction kinetics are slower than release rates, then the

released product can be removed intact by minimization of the contact time during

desorption.

The electrochemical reduction of P-PPy(AOT) renders the polymer more hy-

drophilic, due to the rearrangement of AOT relative to the polymer backbone, to

induce the desorption of the adsorbed SOG molecules. This desorption, in combina-

tion with an electrochemically catalyzed reduction of SOG, regenerates the functional

material to regain full capacity for adsorption of SOG in subsequent cycles.

To test the stability of the P-PPy(AOT) adsorbent, 100 repeated reduction and

oxidation cycles were carried out and the atomic composition of the film was tracked

using XPS. The polymer and its dopants are intact up to 50 cycles with almost no

change in composition while some degradation or dissolution of the polymer film

is observed at the 75th and 100th cycles. The nearly complete restoration of the

adsorption capacity of P-PPy(AOT) over 5 cycles and the ability to retain AOT in

the polymer film after extended cycles demonstrate the robustness of P-PPy(AOT)

for reversible sorption of neutral organic pollutants from water (Table 2.6).

Table 2.6: Elemental compositions of P-PPy(AOT) after oxidation/reduction cycles.

Cycle Atomic Concentration %
C Is Cl2p N is Na 1s O is S 2p

0 72.18 0 4.37 1.95 20.34 1.16
1 62.22 1.72 4.2 8.27 22.14 1.44
2 61.25 2.03 4.59 9.3 21.41 1.41
3 60.54 1.42 4.24 8.96 22.94 1.9
4 61.62 1.15 3.84 8.83 23.2 1.36
5 51.99 2.76 4.2 14.78 25.17 1.09
10 56.66 1.5 4.36 10.15 26.06 1.27
25 57.61 1.22 5.33 10.63 25.28 1.52
50 58.5 1.61 5.4 9.74 23.48 1.27
75 69.17 2.72 1.97 9.68 15.44 1.02
100 70.28 8.88 0.62 8.88 16.95 1.04
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2.3 Materials and methods

2.3.1 Materials

Pyrrole, dioctylsulfosuccinate sodium (NaAOT) salt, sodium chloride (NaCl), Sudan

Orange G (SOG), propranolol hydrochloride (PP), and Bisphenol A (BPA) (Sigma

Aldrich), and 2,2'-bipyrrole (Toronto Research Chemicals) were used as received

throughout the study. Carbon fiber cloth substrates were obtained from Fuelcell.com

and used without pretreatment prior to electrochemical functionalization with con-

ducting polymers or electrochemical testing.

2.3.2 Experimental methods

2.3.2.1 Electrode fabrication and electrochemical characterizations

All electropolymerization and electrochemical characterizations were performed on a

VersaSTAT4 potentiostat (Princeton Applied Research) in a three-electrode configu-

ration where the counter electrode was a platinum wire and the reference electrode

was Ag/AgCl (BASi). Electropolymerization was carried out by applying a constant

current density of 5 mA cm- 2 for 10 min to a carbon fiber cloth substrate. In a typical

preparation of the porous PPy film, the solution for electropolymerization consisted

of 5 mL of aqueous solution containing 0.1 M of the corresponding electrolyte, 0.3

M pyrrole, and 0.3 mg mL 2 bipyrrole. For comparison, the solution for electropoly-

merization of nonporous PPy film did not contain bipyrrole while other composition

remained the same.

2.3.2.2 Polymer Characterizations

Scanning electron microscopy (SEM) images were taken using JEOL-6010LA and

JEOL-6700 SEMs for regular and high-resolution imaging, respectively. AFM was

performed on Veeco Nanoscope V with Dimension 3100 in tapping mode and the

images were analyzed using the Nanoscope Analysis software. The contact angles
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formed by a 2 iL water droplet on a polymer-coated stainless-steel substrate were

measured using a Rame-Hart goniometer at room temperature. Fourier-transform

infrared spectroscopy (FT-IR) was measured on a Nicolet NEXUS 8700 with KBr

pellets. X-ray photoelectron spectroscopy (XPS) was performed on a Surface Science

Instruments SSX-100 with operating pressure around 2 x 10-9 Torr and Monochro-

matic Al Ka X-ray (1486.6 eV) of 1 mm diameter beam and collected photoelectrons

at a 55o emission angle. XPS scans were analyzed using the CasaXPS software with

spectra calibrated with the Cis peak (284.8 eV).

2.3.2.3 Separations of organic contaminants

Adsorption studies were performed at ambient temperature in 20 mL scintillation

vials continuously shaken at 150 rpm min-' to increase mixing. The concentra-

tions of the model contaminant Sudan Orange G (SOG), propranolol hydrochloride

(PP) and Bisphenol A (BPA) in the aqueous phase (Ce) were measured by a Cary

60 Ultraviolet-visible (UV-Vis) spectroscope. The amount of pollutant molecules

adsorbed to PPy(AOT)- and PVF-PPy-coated electrodes was determined as Qe =

(C ce)Vol, where Qe (mg g- polymer) is the amount of pollutant adsorbed per gram

of polymer, Co (mg L- 1) and Ce (mg L- 1) are the initial and final concentrations

of pollutant in the solution phase, respectively, m (g) is the mass of the particular

type of polymer on the carbon fiber cloth substrate, and Vol (L) is the volume of

solution. The Freundlich isotherm or linear isotherm equations were fitted to the

batch adsorption data.

The P-PPy(AOT)-coated electrode was regenerated by reducing at - 0.8 V vs

Ag/AgCl for 10 minutes in 5 mL of 0.1 M NaCl solution with a platinum counter

electrode. To reuse the P-PPy(AOT)-coated electrode in subsequent cycles of adsorp-

tion, the polymer was reactivated for adsorption by applying a constant potential +

0.5 V vs Ag/AgCl for 10 minutes in the same stripping solution using a platinum

counter electrode.
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2.3.2.4 Study of the electrochemical degradation of contaminants

Liquid chromatography-mass spectrometry (LCMS) was used to verify the presence

of the transformation of SOG during the electrochemical regeneration. The LCMS

analysis was performed on an Xterra MS C18 3.5 pm, 2.1 x 50 mm column. The

mobile phases were 0.2% acetic acid in water and 0.2% acetic acid in acetonitrile,

respectively.

2.4 Summary

In conclusion, a facile method has been developed to synthesize highly porous ho-

mogeneous conducting polymers on carbon fiber cloths by electrochemical polymer-

ization of pyrrole with a trace amount of bipyrrole and simultaneous doping of the

polymer with surfactant anions. The resulting P-PPy(AOT) is superhydrophobic in

the oxidized state and exhibits electrochemically tunable hydrophobicity. The MD-

DFT simulations corroborate the hypothesis that reorientation of AOT dopants with

respect to the polymer backbone during redox processes modulates the hydrophobic-

ity of the polymer. The electrochemically modulated reorientation of the surfactant

relative to PPy also facilitates the hydrogen bond formation between the adsorbate

and the AOT dopant when PPy is oxidized, increasing the affinity of the material

towards organic molecules. The compositional and morphological advantages lead to

the high adsorption capacity and reversibility of P-PPy(AOT) for removing organic

micropollutants from water. The understanding of the interactions between dopants,

polymers, and adsorbates on the molecular level is significant for developing broader

applications of the materials with electrochemically tunable hydrophobicity in drug

delivery, sensing, self-cleaning surfaces, microfluidics, and artificial muscles. 40,94,106 ,1 20
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Chapter 3

Asymmetric Redox-Responsive

Electrode Systems with

Complementary, Electrochemically

Tunable Hydrophobicity

3.1 Introduction

Chemical separation processes are energy-intensive, and are responsible for 10 to 15%

of the world's total energy consumption, with distillation, evaporation and other con-

ventional technologies accounting for more than 80% of this energy expenditure. 57

Improved separation efficiencies can be achieved through more recent technologies

such as reverse osmosis, nanofiltration, and capacitive deionization, which are par-

ticularly effective for removing charged ions from water. 57 61,101 The separation of

neutral organic species in processes such as wastewater treatment and pharmaceu-

tical product purification is also of importance, and there are still opportunities for

the development of energetically efficient operations. 61 Water pollution by neutral or-

ganic contaminants, including industrial chemicals, pesticides, pharmaceuticals, and

personal care products, is an emerging issue globally, and their presence at low concen-
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trations complicates the separation processes.6,16,58,70,74,88,124 Current wastewater or

drinking water treatment plants are not specifically equipped for eliminating neutral

organic contaminants5 8,1 2 4 which can therefore pass through domestic and industrial

wastewater discharges and end up in the aquatic environment. Many neutral organic

contaminants have proven to have ecotoxicological effects on aquatic life, animals and

even human beings, that include short-term and long-term toxicity, endocrine disrupt-

ing effects and antibiotic resistance of microorganisms. 65 8 ,70 Similar to wastewater

treatment, purification of pharmaceutical compounds involves a wide array of or-

ganic compounds and is essential for ensuring the quality of medications. Removal

of neutral organic species by adsorbents such as activated carbon (AC) is a common

practice but sorbent regeneration through thermal processes, pH adjustments, or sol-

vent extraction is often challenging or costly." Therefore, AC regeneration is usually

done in centralized treatment facilities, adding transportation cost to the operations. 7

Electrical energy is inexpensive, widely available, and can be more efficient compared

to the aforementioned alternative ways to regenerate adsorbents.4 3 Adsorbents that

can be regenerated by electricity present a practical and scalable point-of-use solution

for separating neutral organic compounds from aqueous solutions.

Jemaa et al. proposed a cyclical electrochemical stage process that uses com-

plexing agents dissolved in a contacting phase to transfer organic species from a feed

phase to a receiving phase. 43 The complexation between the organics and the agents

is reversible and can be modulated by electrochemical redox reactions. In order to

recycle the complexing agents and avoid contamination of the feed and stripping so-

lutions, the contacting phase must be immiscible with these solutions, in which the

agents should also be insoluble.

To work around the stringent solubility requirements of this electrochemical sep-

aration process, the mass separation agents were immobilized on conductive solid

substrates to form adsorbents responsive to electrochemical modulations. The ben-

efits are two-fold: first, electrons are transferred directly from the electrodes to the

immobilized adsorbents, in contrast to the approach taken by Jemaa et al., in which

the complexing agents needed to migrate to be within the vicinity of the electrode for
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redox reactions to take place; second, the solid electrodes can be contacted with the

feed or receiving phase in a swing process akin to that used in traditional adsorption

operations, but with voltage swings rather than changes in temperature, pressure or

solution conditions. Electrodes functionalized with redox-active materials have been

developed to remove ionic species and charged biomacromolecules from aqueous solu-

tion in a reversible manner,4,96-99,101 and our group have shown recently that electri-

cally conductive materials with immobilized redox responsive moieties can be applied

also to the separation of neutral organic species from solution, 61,8 1 including those

presented in Chapter 2. Polypyrrole (PPy) was deposited on carbon substrates as the

adsorbent and two different approaches were adopted to modulate its hydrophobicity

and hence affinity towards organic solutes in water: incorporation of a polyvinylfer-

rocene (PVF) redox-responsive polymer in the PPy electrode coating, 61 and doping

of the PPy with the amphiphilic surfactant dioctyl sulfosuccinate (AOT).81 The two

types of material will be refered to as PVF-PPy and PPy(AOT), respectively. Build-

ing on the previous efforts on material design, the synergistic properties of PVF-PPy

and PPy(AOT) were exploited in electrochemically mediated separations of organics

by pairing them as opposing electrodes in an asymmetric electrochemical cell.

As in the electrosorption of ionic species by redox-active materials, the tradeoff

between energy cost and separation extent warrants careful choice of electrochemical

cell configurations, electrode material and process parameters to achieve the most

efficient separation.6 1 '1 1 Since PVF-PPy is more hydrophobic when reduced, and

hydrophilic when oxidized, while PPy(AOT) behaves in the opposite manner, i.e.

is more hydrophilic when reduced, and more hydrophobic when oxidized, the PVF-

PPy and PPy(AOT) electrodes form an attractive pair for an asymmetric system to

work in tandem. With no voltage applied to the cell, both electrodes are relatively

hydrophobic and able to adsorb neutral organic molecules, but when an appropriate

electrical potential is applied to the cell to charge both electrodes, the organics will

desorb from the loaded electrodes. Reactivation of the two electrodes to prepare them

for the next adsorption cycle is spontaneous on simple shorting of the two electrodes.

With only the desorption step costing energy, the asymmetric system has the potential
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to achieve high energetic efficiency.

In this chapter, it is first demonstrated that the asymmetric system can be used

reversibly to remove model organic species from water, with limited decay in capacity

over a number of cycles and an ability to suppress parasitic reactions in water. The

energetic efficiency and economic viability of electrochemically mediated separation of

organics were compared to conventional adsorption by activated carbons regenerated

by thermal desorption or solvent extraction. Lastly, the generality and selectivity of

the PPy-based asymmetric system were presented in the context of a separation that

is of direct relevance to pharmaceutical purification.

3.2 Results and discussion

The functional materials in an asymmetric system for electrochemically mediated

separations need to exhibit three properties: (1) electrical conductivity to respond to

applied potentials, (2) different affinities towards organic species depending on the

applied electrochemical modulation, and (3) high surface area for interactions with

organic species to foster a high adsorption capacity. Therefore, polypyrrole, a com-

mon intrinsically conducting polymer, coated on carbon fibers was chosen to serve

as an underlying conductive network, with two approaches, involving ferrocene moi-

eties and amphiphilic AOT surfactants, to modulate the affinities of the materials

towards organic species.6 1 ,8 1 The PVF-PPy hybrids and doped PPy(AOT) were syn-

thesized using electropolymerization techniques. The resulting polymer films coated

on commercial carbon cloth substrates possessed desired highly porous morphology

(Figure 3-la and c). An asymmetric system was assembled with a PVF-PPy positive

electrode and a PPy(AOT) negative electrode (Figure 3-1b).

3.2.1 Asymmetric redox-responsive electrode systems

It is important to balance the charge of the positive and negative electrodes con-

stituting the asymmetric system. One common approach is to adjust the mass

of the functional materials on the two electrodes such that the capacitances are

70



(b)H

H nn

1~00< O

0 O n

Fe

Figure 3-1: Scanning electron microscopy (SEM) images of (a) PPy(AOT) and (c)
PVF-PPy. (b) A schematic of the asymmetric system.
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Figure 3-2: Cyclic voltammograms for the PVF-PPy
three-electrode configuration (scan rates 10 mV s-1).

and PPy(AOT) electrodes in a

equalized. 1 1 3,1 14 , 122 Therefore, the specific capacitances (C) of the PVF-PPy and

PPy(AOT) electrodes were first estimated using the three-electrode cyclic voltam-

metry (CV) profiles (Figure 3-2) of the individual electrodes in a three-electrode

configuration using a platinum counter electrode and a Ag/AgCl reference electrode

according to the equation: 18

_f IdV
2vmAV

where I is the current (A), v is the potential scan rate (V s- 1), m is the mass of the

electrode, and AV is the applied potential window (V). The specific capacitance of

PPy(AOT) is approximately twice that of PVF-PPy at low scan rates (49.5 F g- 1 vs

22.8 F g- 1 ). Therefore, the electropolymerization reaction times were adjusted such

that the mass loading ratio of the PVF-PPy to PPy(AOT) was approximately 2:1.
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The electrochemical behavior of the asymmetric system with PVF-PPy and PPy(AOT)

electrodes of balanced charges was investigated by cyclic voltammetry (CV) in a two-

electrode configuration. The CV responses of the full cell were monitored by setting

a potential window of 1.2 V and recorded the responses of the individual electrodes

versus a Ag/AgCl reference electrode (Figure 3-3). The paired Faradaic reactions on

the two electrodes are the oxidation and reduction of the ferrocene moieties in PVF-

PPy hybrids, 104 and potassium insertion and repulsion accompanied by reorientation

of the surfactant dopants in PPy(AOT)."
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Figure 3-3: Cyclic voltammograms of (a) the full cell and (b) the individual electrodes
in the PVF-PPy//PPy(AOT) asymmetric system in a two-electrode configuration

(scan rates 10 mV s-1). The arrows indicate the direction of voltage scans for the
whole cell and the individual electrodes.

The two adsorbent materials exhibited differences in hydrophobicity depending on

the electrochemical signals. For PVF-PPy, when the applied potential (E) is lower

than the formal potential of ferrocene (E0 = 0.34 V vs. Ag/AgCl), the PVF-PPy

adsorbent is hydrophobic; most ferrocene moieties are reduced, and organics can be

taken up by reduced PVF-PPy. For E >> EO, the PVF-PPy adsorbent becomes

relatively hydrophilic; most ferrocene moieties are oxidized and positively charged,

and therefore water molecules interact more favorably with the adsorbent and dis-

place neutral organic species previously adsorbed on the polymer.6 1 In contrast, for

PPy(AOT), when the applied potential (E) is higher than the formal potential of

potassium insertion and repulsion (E0 = -0.21 V vs. Ag/AgCl), the polymer is hy-

drophobic, since the positively charged PPy backbone attracts the negatively charged
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sulfonate groups of AOT such that the hydrophobic tails of the surfactant rearrange

to be on the surface of the material. When E << EO, PPy(AOT) is more hydrophilic

as the relatively neutral PPy backbone induces AOT anions to reorient themselves

such that the hydrophobic tails move closer to the polymer chains; the sulfonate

groups are exposed on the surface. 81

The Nernst equation describes the impact of applied potential on the relative

amounts (R) of the oxidized to reduced moieties on the polymers (i.e., a measure of

the relative hydrophilicity of the ferrocene-containing electrodes and of the hydropho-

bicity of the AOT-doped PPy coating):

E = E0 + kBT ln(R) (3.2)

where kB is the Boltzmann constant, T the temperature, and e the elementary charge.

Therefore, the affinities of the two PPy-based polymers for organics can be modulated

by adjusting the potential.

The CV profile of the full PVF-PPy//PPy(AOT) system -shows a pair of redox

peaks around 0.55 V (Figure 3-3a). This suggests that a potential drop across the

two electrodes of greater than 0.55 V should be applied to render both materials hy-

drophilic to release adsorbed compounds. Subsequently, applying a potential below

0.55 V or simply shorting the two dual-functionalized electrodes (0 V) will reoxi-

dize PPy(AOT) and reduce PVF-PPy, thereby reactivating the materials for further

adsorption in their hydrophobic states.

3.2.2 Electrochemically mediated separations of organics

The adsorption capability of the asymmetric system is demonstrated with a com-

mon azo dye compound widely used in in the textile industry, Sudan Orange G

(SOG), as a model contaminant. The equilibrium adsorption of SOG by the PVF-

PPy//PPy(AOT) asymmetric system can be fitted well by the Freundlich adsorption

isotherm

Qe = kCel/" (3.3)
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where the Freundlich exponent 1/n, an indication of the extent to which adsorption

is favored, increases as 1/n approaches zero (Figure 3-4a)." When the asymmetric

system is charged at a high potential of 1.2 V, 1/n takes on a value close to unity

(0.95), i.e., the isotherm is almost linear, following Henry's Law. For the shorted

asymmetric system in which PPy(AOT) is oxidized and PVF-PPy reduced, the fitted

1/n value was 0.52, consistent with the fact that the oxidized PPy(AOT) and reduced

PVF-PPy have higher affinities for SOG in their hydrophobic states. 6 1 81
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Figure 3-4: (a) Adsorption isotherms for Sudan Orange dye on the PVF-
PPy//PPy(AOT) asymmetric system modulated by various applied potentials as
fitted with the Freundlich equation. (b) Linear dependence of the fitting parameters
of the Freundlich equation on applied potentials/charges. The R2 value for ln(k) and
1/n vs Applied potential, and Charges vs Applied potential were 0.981, 0.957, and
0.951, respectively. (c) Linear correlation between the two Freundlich parameters
obtained at different potentials (R2 = 0.995).

The Freundlich isotherm parameters ln(k) and 1/n correlate linearly with the ap-

plied potential (Figure 3-4b), reflecting the changes in hydrophilicity of the adsorbent
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with charging of the electrodes; the linearity arises because the electrochemical cell

exhibited capacitance-like features such that for a fixed charging time of 10 minutes,

the total number of charges exchanged (and hence hydrophilicity) increased linearly

with the applied potential, as shown in the inset on Figure 3-4b. Moreover, the Fig-

ure 3-4c shows that the Freundlich equation parameters are themselves correlated

linearly, as has been observed by others for the adsorption of a wide range of organic

compounds from aqueous solution onto activated carbons.2 ,3 This behavior can be

interpreted in terms of the Polanyi adsorption theory on the adsorption of organic

compounds from an aqueous solution to a heterogeneous surface.2, 24,110, 123 Polanyi

defined the adsorption potential (C.) as the energy required to remove the molecule

from a saturated solution to a point outside the attractive force field of the adsorbent

CS = RTln( Cs) (3.4)
Ce

where C, and Ce are, respectively, the solubility limit and bulk equilibrium concen-

trations of the solutes in the liquid phase. Dubinin related the volume of solutes

adsorbed on one gram of adsorbent to the adsorption potential via the equation

W = Woexp(- -ES) (3.5)
Vs

where WO is the limiting volume per gram of the adsorbent available for adsorption, a

is a parameter characteristic of the adsorbent and independent of adsorbates, and V,

is the molar volume of solutes.2, 2 4,5 9,1 23 With Qe = pW, where p is the solute density,

and with c, given by Equation (3.4), the mass of solute on the polymer can be written

as

QeCo aRvs (3.6)
e=pWo( C) VS 36

which is of the form given in Equation (3.3), and from which the fitting parameters

of the Freundlich equations can be identified as

aRT

k = pWoCs VS (3.7)
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and
1 aRT (8
n -Vs 00

Therefore,
1

in(k) = ln(pWo) - -Cs (3.9)
n

The intercept in Equation (3.9) reflects the limiting capacity of the adsorbent, which

should be independent of solute for solutes of similar density.2, 24,5 9,123 The value of

pW estimated for our system is 130 mg g 1 , which is of similar magnitude as the

value of 227 mg g- 1 obtained by Abe et al. for a wide range of organic compounds

on activated carbon.

The disparity in hydrophobicity and hence affinity for organics under different

charging conditions allows for the simultaneous reversibility of sorption by both the

adsorbents that is crucial for a swing separation process. The electroswing separation

is more effective for the separations of solutes present at low concentrations where

the availability of the sites for adsorption is modulated by electrochemical stimuli.

3.2.3 Cyclic separation processes

As was previously shown with individual PVF-PPy and PPy(AOT) polymers, the

potential-dependent affinity permits the use of electrochemical means to program ad-

sorption and desorption, thereby enabling the loading and regeneration of the sorbent

materials.61,1 Figure 3-5a depicts the application of a PVF-PPy//PPy(AOT) asym-

metric electrochemical cell for removing organics from water. The electrode pair is

immersed in the feed solution, and, after reaching equilibrium, the system can be

charged for 10 minutes, for example at 1.2 V, to render both polymers hydrophilic

and to drive the desorption of the organics. Subsequently, the system can be dis-

charged at 0 V for 10 minutes to return the polymers to their hydrophobic states for

adsorption in the next cycle. The electrochemical characterization of the electrode

cell has suggested that the half-cell potential of the asymmetric system is 0.55 V

(Figure 3-3a), and therefore it is permissible to charge and discharge at less extreme

potentials, for example, at 0.9 V and 0.3 V, respectively.
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Figure 3-5: (a) A schematic illustration of the cyclic adsorption process. (b) Removal
(left y axis and bars) and regeneration (right y axis and squares) efficiencies of the
PVF-PPy//PPy(AOT) asymmetric system discharged/charged at 0 V / 1.2 V and
0.3 V / 0.9 V over five consecutive adsorption/desorption cycles.

The reusability of both materials is challenged by conducting adsorption and des-

orption of SOG using the asymmetric system for five consecutive cycles. Figure 3-5b

shows the evolution over the course of five cycles of pollutant removal efficiency (left

y axis), defined as the percentage of contaminants removed from the feed, and regen-

eration efficiency (RE, right y axis) defined as the fraction of contaminants removed

in a later cycle relative to those removed in the first cycle. The charge/discharge

cycle at more extreme potentials (1.2 V and 0 V vs 0.9 V and 0.3 V) allows roughly

10% more organics to be removed in each cycle. Moreover, most of the adsorption

capacity of the asymmetric system can be recovered through electrochemical modula-

tions, indicated by RE greater than 91% over the five cycles for either pair of applied

potentials.
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Since the electrochemically mediated separation process is not thermodynamically

spontaneous, it requires electrochemical energy to charge the system to drive desorp-

tion, the amount of which is dependent on the potentials applied. Therefore, the

optimum pair of applied potentials has to be determined by considering the tradeoff

between energy expenditure (more extreme potentials) and separation extent (more

contaminant removal), as discussed below.

3.2.4 Suppression of parasitic reactions

A major challenge for electrochemical devices operating in an aqueous environment

is the narrow stable operating voltage window afforded by water. Water splitting

can cause loss of energy to side reactions and pH fluctuations that may impact the

adsorption capacity. The thermodynamic potential for water electrolysis is only 1.23

V, beyond which undesired parasitic reactions will occur: 1 '

2H+ + 2e- --+ H2(g) (3.10)

2H2 0(l) -+ 02(g) + 4H+ + 4e- (3.11)

where 3.10 and 3.11 are the hydrogen evolution reaction (HER) and the oxygen

evolution reaction (OER), respectively. In addition to the effects of the whole cell

potential, a side reaction can occur if the potential window of an individual cathode

or anode reaches its respective stability limit.1 1 2 The equilibrium potential of 3.10

varies as a function of pH in water:

E = Ea + kT1  H+a ) = -0.06pH (3.12)
2e aH

2

where E° = 0 V is the standard reduction potential of the HER (SHE), and aH+,

ae-, and aH2 are the activities of the reactants and reaction products. For example,

with an initial pH of 6.94 in an aqueous solution, the HER can take place when the

potential on the cathode reaches - 0.42 V vs. SHE or - 0.60 V vs. Ag/AgCl.

Cells in which the anode is functionalized with PVF-containing materials are prone
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to the HER side reaction when the anode is paired with various types of materials on

the cathode, including platinum (Pt), carbon nanotubes, or chemically identical PVF-

based material in the neutral state.101 In the desorption step of an electrochemically

mediated separation, an electrode functionalized with PVF-PPy is oxidized to render

the polymer hydrophilic. If the negative electrode is Pt, the HER and OH- production

can occur to a significant extent.

Table 3.1 shows the final solution phase pH after potentials are applied to electro-

chemical cells consisting of a PVF-PPy positive electrode and a PPy(AOT) counter

electrode, or of the two PPy-based materials independently paired with Pt. When

the potential difference across the full cell is 1.2 V, the potentials on the positive

PVF-PPy electrode and the negative PPy(AOT) electrode are 0.68 V and - 0.52 V vs

Ag/AgCl, respectively (Figure 3-3b). Therefore, for a fair comparison with the asym-

metric system charged at 1.2 V, the individual PVF-PPy eletrode was charged at 0.7

V vs Ag/AgC1 and the PPy(AOT) at - 0.5 V vs using a platinum counter electrode

in a three electrode configuration with in-situ monitoring of the pH changes.

Even when a constant 1.2 V is applied to the asymmetric PVF-PPy//PPy(AOT)

system for 10 minutes, the pH increase for the asymmetric system is quite limited,

because the Faradaic reaction occurring during the reduction of the PPy(AOT) elec-

trode accommodates electrons from the oxidation of the PVF-PPy in lieu of the HER

that would otherwise occur. Without a dual-functionalized asymmetric system, the

regeneration of the PVF-PPy electrode at 0.7 V vs. Ag/AgCl in a PVF-PPy//Pt

system causes significant HER, indicated by the solution phase pH increasing from

nearly neutral (6.94) up to 10.41. Similarly, without PVF-PPy as the counter elec-

trode, to provide electrons for the reduction of PPy(AOT) at - 0.5 V vs. Ag/AgCl,

the OER occurs on the Pt anode, with a resultant decrease in the pH to 5.48. The

asymmetric electrochemical cell configuration is clearly successful in preventing pH

fluctuations during the electroswing operation.
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Figure 3-6: The amount of charge (mC) going toward water splitting in the course of
modulating the PVF-PPy//PPy(AOT) asymmetric system and either PVF-PPy or
PPy(AOT) paired with a Pt counter electrode.

Table 3.1: Final solution phase pH after different applied potentials are applied to
electrochemical cells assembled with electrodes coated with different PPy-based poly-
mers or platinum (Pt).

Positive electrode Negative electrode Potential (V) Final pH % charge towards
water splitting'

PVF-PPy PPy(AOT) 0.0 6.97 0.00
PVF-PPy PPy(AOT) 0.3 7.13 0.04
PVF-PPy PPy(AOT) 0.9 7.29 0.04
PVF-PPy PPy(AOT) 1.2 7.30 0.03
PVF-PPy Pt 0.7 10.41 42.0

Pt PPy(AOT) 0.5 5.48 -0.81

The other benefit of suppressing parasitic reactions is that the Faradaic efficiency

of the electrochemical modulations is enhanced. Figure 3-6 shows the loss of charges

to water splitting or OH- production due to HER in the PVF-PPy//Pt, PVF-

PPy//PPy(AOT) and Pt//PPy(AOT) systems. The dual-functionalized asymmetric

system PPy(AOT) counter electrode allows over 99% of the charges to be utilized in

electrochemical modulations of the polymers whereas almost 42% of charges are lost

to OH- production when PVF-PPy is paired with Pt. The dramatic reduction in

HER enhances current efficiencies by eliminating parasitic water splitting reactions.

'The position sign represents the production of OH- while the negative sign indicates the gen-
eration of H+.
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3.2.5 Energetic efficiency

Adsorption has proven to be an effective unit operation for the removal of organics

from wastewater. The ability to regenerate the adsorbent efficiently is important to

avoid merely transferring contaminants from the liquid phase to the solids, and to

enable reuse of the sorbent.7 To assess the practicality of the PPy-based asymmetric

system, the economic viability and environmental impact of electrochemically medi-

ated separations using the PPy-based system under different applied potentials were

compared to those of conventional activated carbons regenerated, which are used ex-

tensively for the mitigation of organic contaminants, by thermal desorption or solvent

extraction. 8 3 ,8 4 As with the comparison between capacitive deionization and reverse

osmosis in desalination,78 the concept of specific energy consumption (SE) is adopted,

defined as energy consumption per gram of organic contaminants removed, to evaluate

the energetic efficiencies of alternative adsorbents and regeneration strategies:

SE = (3.13)
QeRE

where E is the energy consumed per gram of adsorbent during the regeneration step

(J g' adsorbent), Qe is the adsorption capacity (g contaminant g- adsorbent), and

RE is the regeneration efficiency.

Thermal regeneration of activated carbons typically involves heating the saturated

AC to remove the retained adsorbate. The intensive heating may cause changes in the

carbonaceous structure of, or mass losses in, the adsorbent, or charred residues may

be left behind on the AC, all of which contribute to the loss of activity in the regen-

erated AC. 84 To estimate the energy consumption during the thermal regeneration of

activated carbons, the heat requirements can be calculated according to48,87

Q = nCpg(TR- To) (3.14)

where n is the total purge gas used (mol of purge gas per gram of activated carbons),

Cpg is the heat capacity of the purge gas, and TR and To are the regeneration and
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reference temperatures, respectively.

Experimental results of AC prepared from cattail by H3PO4 activation were taken

as an example.92 This type of AC has an adsorption capacity of 192 mg g-' for

neutral red with an RE of 83% after being heated at 3000C for 30 min in a furnace. 92

There is a trade-off between regeneration temperature and purge gas quantity.48 In

the best-case scenario where an infinite temperature gradient can be assumed, the

purge gas quantity asymptotically approaches a minimum value

n - (3.15)
C,~

where Cp, (J g- 1 K-')and Cpg(Jmo- 1 1 K- 1) are the heat capacities of AC and purge

gas, respectively.48 The resulting energy consumption of the thermal regeneration is

235 J g-1 adsorbent (Equation 3.14) and the SE is 1474 J g-1 contaminant. Since

the energy consumption during thermal regeneration is highly sensitive to the purge

gas quantity, it is necessary to determine how likely the thermal regeneration would

become more efficient than electrochemical regeneration. Additional sensitivity anal-

ysis was conducted on the SE ratio of thermally regenerated activated carbons and

the electrochemically modulated PVF-PPy//PPy(AOT) system desorbed at 0.9 V

and reactivated at 0.3 V as a function of purge gas quantity (Figure 3-7). Unless the

purge gas quantity for regenerating the AC can be reduced to 0.024 mol g- 1 at 3000C

(which is 15% less than the minimum value 0.028 mol g' calculated based on the

reference48 ), the electrochemically regenerated PPy-based asymmetric system would

be more energetically efficient.

Activated carbons can also be regenerated through extraction of adsorbates with

organic solvents, followed by removal of any retained solvent. Although this method

may prevent mass losses or damage to the porous structure of AC, the use of a sol-

vent can incur high economic costs or raise toxicity concerns.8 3 Moreover, solvent

regeneration may take days for soaking AC and the subsequent solvent removal step

requires additional unit operations and energy inputs.103 For example, the adsorption

capacity of the AC (CAL, 16-20 mesh) for orange II is 157 mg g 1 AC with an RE
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Figure 3-7: The ratio of specific energy consumption of thermally regenerated acti-
vated carbons and the PVF-PPy//PPy(AOT) system electrochemically modulated
at 0.9 V / 0.3 V. The labeled point represents purging 0.028 mol of hot air for every
gram of AC,48 at which point the thermal regeneration costs 17% more energy than
the PVF-PPy//PPy(AOT) system.

of 48% by ethanol.o The batch regeneration protocol includes soaking the spent AC

in ethanol (1 L solvent for 1 g adsorbent) for 6 days followed by drying in nitrogen

at 140°C; this extended period of soaking, cost of solvent, and downstream removal

of solvent from regenerated AC may be prohibitive for the adoption of solvent regen-

eration on an industrial scale. The high cost of solvent and capital requirements of

solvent regeneration may be prohibitive for industrial scale applications. Therefore,

solvent extraction is excluded from the energetic efficiency analysis and the focus is

on benchmarking thermal regeneration of AC for comparison with the electrochemical

regeneration operations instead.

For the electrochemically regenerated PVF-PPy//PPy(AOT) asymmetric system,

the energy consumption was determined experimentally from the electrical energy

consumed in the discharging process only. The energy that may be recovered from

the reactivation step on shorting of the two electrodes is ignored. To calculate the elec-

trical energy consumed per gram of adsorbent during the desorption step (E), total

energy consumed in the regeneration step was computed by multiplying the charges

(q) exchanged by the particular potential applied to the PVF-PPy//PPy(AOT) sys-

tem (Ea,,) divided by the mass of polymers on both electrodes (m)

E = qEa,p (3.16)
m
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All the parameters involved in the calculations of energetic efficiericies for thermal

or solvent regeneration of AC, and electrochemical regeneration of PVF-PPy//PPy(AOT)

can be found in Table 3.2.

Table 3.3 compares the energetic efficiencies of the activated carbons and the PPy-

based system with their respective regeneration methods. The PVF-PPy//PPy(AOT)

asymmetric system, when regenerated at 0.9 V and reactivated at 0.3 V, is more ef-

ficient than when electrochemical modulations at 1.2 V / 0 V are used, and than

the thermal regeneration of activated carbons. The SE of the thermally regenerated

activated carbons for organic compounds and the PVF-PPy//PPy(AOT) system are

quite similar in magnitude. An additional sensitivity analysis on the relative efficien-

cies of thermal regeneration of activated carbons and is performed (Figure 3-7).

Capital cost and material costs are also important factors for determining the

economic viability of these alternative technologies. The high temperature operations

demand deployment of stainless-steel equipment, incurring high capital costs, and

require large-scale centralized facilities to achieve economy of scale." For the PPy-

based asymmetric system, the manufacturing cost of the novel materials on a large

scale are yet to be determined.

Based on this analysis, it is concluded that the PVF-PPy//PPy(AOT) cell re-

generated at 0.9 V and subsequently reactivated by charging the system at 0.3 V is

competitive in terms of specific energy consumption (SE) among the cases considered

here. The SE values for the electrochemically regenerated PVF-PPy//PPy(AOT) are

conservative, and can be enhanced if the energy in the reactivation (shorting) step

can be recovered and stored for subsequent desorption processes. Moreover, the ad-

sorption capacity of the PVF-PPy//PPy(AOT) used in the calculation is obtained

from the cyclic experiment where the system was exposed'to very dilute solutions con-

taining Sudan Orange G and is only - 1/5 of the maximum value measured. These

considerations warrant further investigation of the electrochemically mediated sepa-

ration technology and adsorbent materials to improve their robustness and economic

viability.
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Table 3.2: Parameters for the calculations of energetic efficiencies.
Regeneration mode Parameter Value Unit

Heat capacity of hot air (Cpg) 30.3 J mol-' K-'
Heat capacity of AC (Cp,) 0.8 J g-1 K-'

Purge gas quantity (n) 0.028 mol hot air g' AC
Thermal Regeneration temperature (TR) 300 z °C

Reference temperature (TO) 2092 °C
Adsorption capacity (Qe) 19292 mg neutral red g- AC

Regeneration efficiency (RE) _3_ %
Solvent quantity 1103 L ethanol g- AC

Solvent Adsorption capacity (Qe) 1571"3 mg orange II g- AC
Regeneration efficiency (RE) 48' %

-0.11 C (at 0 V)
-0.05 C (at 0.3 V)

Charges exchanged (q) 0.10 C (at 0.6 V)
0.12 C (at 0.9 V)
0.19 C (at 1.2 V)
0.06 J (at 0.6 V)

Electrochemical Electrical energy consumed (E) 0.11 J (at 0.9 V)
0.23 J (at 1.2 V)

Mass (m) 8.5 g
11 mg Sudan Orange G g- PPy (at 0.9 V/0.3 V)

Adsorption capacity 12 mg Sudan Orange G g-' PPy (at 1.2 V/0 V)
92 % (0.9 V/0.3 V)

Regeneration efficiency (RE) 91 % (at 1.2 V/0 V)

00
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Table 3.3: Comparison of the energy efficiencies for activated carbons regenerated by
thermal desorption and PVF-PPy//PPy(AOT) regenerated electrochemically.

Metric Activated carbons PVF-PPy//PPy(AOT)
Thermal 0 V - 1.2 V 0.3 V- 0.9 V

Energy consumption 235 27 12

J g1 adsorbent
Specific energy consumption (SE) 1474 2395 1258

J g- contaminant

3.2.6 Selective separation of organic pharmaceutical compounds

It has been previously shown the robustness of the two polypyrrole-based adsorbent

materials in the separation of organic species, including pharmaceuticals such as pro-

pranolol hydrochloride (PP) and carcinogenic aromatics such as bisphenol A.61 ,5 1

Many separation scenarios involve mixtures of organic compounds to remove impu-

rities or recover valuable molecules.1 01 For example, in the manufacture of PP, a

#-adrenergic blocking agent widely used to treat hypertension and angina pectoris,

many intermediate products emerge from the multi-step synthesis pathway, and hence

need to be removed to be compliant with the regulatory requirement that the relative

concentrations of individual impurities be below 0.2%.36 The PVF-PPy//PPy(AOT)

system is challenged to separate a mixture of propranolol hydrochloride (PP) and one

of the impurities found in the synthesis mixture, unreacted 1-naphthol (1-NO), which

participates in an alkylation reaction with epichlorohydrin, the first reaction in the

pathway to produce PP. 28

The individual propensities of PP and 1-NO to be adsorbed on the PVF-PPy and

PPy(AOT) electrodes were first determined by measuring the equilibrium distribution

coefficient

Kd_ = e (3.17)
Ce

where Qe (mg g 1 is the mass of the adsorbed organic compound (PP or 1-NO) per

gram of polymer, and Ce (mg L-') is the concentration of the respective compound

in the liquid phase. As shown in Figure 3-8a, the Kd values for 1-NO are higher than

those for PP at the corresponding potentials, suggesting higher selectivity for 1-NO
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Figure 3-8: (a) Equilibrium distribution coefficients Kd for 1-NO and PP between
the PVF-PPy// PPy(AOT) electrodes and the aqueous solutions containing a single
component when the asymmetric system is subjected to different potentials prior to
the adsorption (left y axis and bars). The resulting separation factors deduced from
ratios of the measured Kd values (right y axis and squares). (b) Removal efficien-
cies (left y axis and bars) and separation factors (right y axis and squares) for five
consecutive cycles of separations of a PP and 1-NO mixture.

impurities over PP will be afforded by the asymmetric system. The separation factor

a defined as the ratio of the distribution coefficients for 1-NO and PP,

a = Kd,1-NO (318)

is on average 8.5 for the different applied potentials (Figure 3-8a).

The selectivity and reusability of the PVF-PPy//PPy(AOT) asymmetric system

was explored in five consecutive separations of a binary mixture of 30.6 mg L-- PP

and 3.6 mg L 1 1-NO. Figure 3-8b shows that up to 85% of 1-NO can be removed

while only roughly 40% of PP is taken up in the first cycle. Moreover, the removal

efficiency of PP suffers a greater loss compared to that of 1-NO in subsequent cycles.

The observed separation factor when the binary mixture of PP and 1-NO is challenged

is on average 7.0 (Figure 3-8b), slightly lower than that deduced from the ratio of

Kd values measured with a single component present in the solution (Figure 3-8a),

likely due to the competitive binding of PP and 1-NO onto PVF-PPy//PPy(AOT).

The interplay between different organics and their impact on the selectivity, capac-
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ity, and reversibility of the electrochemically regenerable adsorbent warrant further

investigation, but are beyond the scope of this paper.

3.2.7 Stability of the PPy-based polymers

Herein it has been demonstrated that the asymmetric system can maintain over 91%

of the initial capacity over five consecutive adsorption/desorption cycles. Past studies

have shown that the PVF-PPy and PPy(AOT) materials can sustain more than 50

cycles of electrochemical charging/discharging.6 1' 8' One potential source of instabil-

ity is the leaching of the AOT dopants due to a decrease in electrostatic interaction

when PPy(AOT) is reduced. If AOT anions leached into the desorption solution they

would become new contaminants. The leaching of AOT dopants was investigated by

monitoring the sulfur content in the desorption solution containing 0.1 M KCl sup-

porting electrolyte using an inductively coupled plasma optical emission spectrometer

(ICP-OES) The ICP-OES instrument allows detection of sulfur content as low as 0.1

ppm using the calibration curve in Figure 3-9.
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Figure 3-9: Calibration curve for the sulfur concentration in the aqueous phase using
ICP-OES.

The intensities of sulfur in the solution after charging the PVF-PPy//PPy(AOT)

system at 0.9 V and 1.2 V for 10 minutes were 88 cps and - 58 cps (average of 3

replicates), respectively. Compared to the standard solution containing 0.1 ppm of

sulfur showing an intensity of 475 cps, the amount of sulfur in the solution after
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charging the system is minimal, if not zero. It is therefore concluded that leaching of

AOT anions after 15 minutes of charging is negligible.

3.3 Methods

3.3.1 Electrochemical synthesis and characterizations of poly-

mers

The two types of polypyrrole-based electrodes were prepared through reported elec-

tropolymerization methods 61 81"104 on a PARSTAT MC 2000 potentiostat with an aux-

iliary electrometer (Princeton Applied Research) in a three-electrode configuration.

The working, counter, and reference electrodes were carbon fiber cloth (ElectroChem

Inc.), a platinum wire (BASi), and Ag/AgC1 (3M NaCl), respectively. For PPy(AOT),

the electropolymerization bath contained 0.3 M pyrrole (Millipore Sigma), 0.3 mg

mL-' bipyrrole (Toronto Research Chemicals), and 0.1 M sodium dioctyl sulfosuc-

cinate (Millipore Sigma). 81 A constant current density of 2.5 mA cm- 2 was applied

for 5 minutes to yield a polymer loading of 2.85 t 0.08 mg cm- 2. 81 For PVF-PPy,

the bath contained 2 mg mL' PVF (molecular weight 50,000 g mol-', Polysciences),

0.2 M pyrrole, and 0.1 M tetrabutylammonia perchlorate (Millipore Sigma) in chlo-

roform. 61 A constant current potential of 0.7 V was applied for 10 minutes to yield

a polymer loading of 5.68 + 0.47 mg cm 2. Cyclic voltammetry (CV) measurements

were done in 0.1 M potassium chloride (KCl) aqueous solution.

3.3.2 Separation of organic solutes

Adsorption studies were performed at ambient temperature in 20 mL scintillation

vials continuously shaken at 150 rpm min- 1 to increase mixing. The concentrations

of the model contaminant Sudan Orange G, and pharmaceutical synthesis compounds

propranolol hydrochloride (PP) and 1-naphthol (1-NO) (Millipore Sigma) in the aque-

ous phase (Ce) were measured by a Cary 60 Ultraviolet-visible (UV-vis) spectroscope.

The mass of solute adsorbed to PPy(AOT)- and PVF-PPy-coated electrodes was de-
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termined as Qe = (Co Ce)Vol, where Qe (mg g- polymer) is the solute adsorbed per

gram of polymer, Co (mg L- 1 ) and Ce (mg L-') are the initial and final solute con-

centrations in the solution phase, respectively, m (g) is the mass of the particular

type of polymer on the carbon fiber cloth substrate, and Vol (L) is the volume of

solution. The Freundlich isotherm equation was fitted to the batch adsorption data.

The two PVF-PPy//PPy(AOT) electrodes were assembled into an asymmetric

system for adsorption studies and rendered both materials hydrophobic by discharging

at 0 V or 0.3 V, waited until equilibrium was reached, and then regenerated the system

by applying a positive potential (1.2 V or 1.5 V) for 10 minutes in 5 ml of 0.1 M KCl

solution. To reuse the electrodes in subsequent cycles of adsorption, the polymer was

reactivated for adsorption by applying 0 V or 0.3 V for 10 minutes in the same 0.1 M

KCl desorption solution.

Concentrations of PP and 1-NO in the binary mixture were determined using

high-performance liquid chromatography (HPLC) equipped with a flame-ionization

detector (FID) (Agilent) and a ZORBAX Extend 80 C18 (4.6 mm x 50 mm, 5 pm)

analytical column (2.1 mm x 50 mm, particle size 3.5 pm). Samples for the HPLC

analysis were prepared by adding 20 pL of N-benzylmethylamine as internal standards

to 1 mL of solutions. Five microliters of samples were injected and eluted using a

gradient pump delivering 1 mL min- of a water and acetonitrile mobile phase, each

containing 0.1 vol.% formic acid. OpenLab CDS software was used to determine the

area under the peaks in the chromatograms and to carry out baseline corrections. All

results reported are based on the average of three replicates.

3.3.3 pH monitoring

To assess the impact of parasitic reactions due to water electrolysis, pH was mon-

itored in-situ during electrochemical modulations of the hydrophobicity of the ma-

terials through potential swings. A custom LabView program and the Orion ROSS

Combination Semi-micro pH Electrode were used to collect the pH data. The evolu-

tion of OH- was directly computed from pH fluctuations and subsequently converted

to the charges lost to hydrogen or oxygen evolution reactions, respectively.
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3.3.4 Assessment of AOT leaching

In order to assess the leaching of AOT during desorption, an inductively coupled

plasma optical emission spectrometer (ICP-OES Optima 8000, PerkinElmer, USA)

equipped with a GemTip Cross-flow II nebulizer and a Ryton HF-resistant Scott-type

spray chamber was used to determine the sulfur content in the desorption solution.

Standard solutions for creating the sulfur calibration curve were prepared by se-

quential dilution of a stock solution (Millipore Sigma 1000 mg L` S in H 2 0). The

operating conditions for the ICP-OES analyses were: wavelength 180.669 nm, radio

frequency power of 1500 W, principal plasma gas flow rate of 10.0 L min- 1 , auxiliary

gas flow rate of 0.2 L min- and nebulizer gas flow-rate of 0.7 L min-.

3.4 Summary

An asymmetric system consisting of PPy(AOT) and PVF-PPy polymers is developed

for electrochemically mediated separations of organics from water to exploit their com-

plementary tunabilities in hydrophobicity. It was experimentally demonstrated the

system was stable for 5 cycles of adsorption and regeneration using electrochemical

means. The asymmetric system showed improvements in suppressing parasitic water

splitting reactions to maintain solution pH and to reduce loss of electrical energy to

side reactions. In energetic efficiency terms, the electrochemically mediated separa-

tion technology using the PVF-PPy//PPy(AOT) system is competitive in compari-

son with thermally regenerated activated carbons. The system also shows selectivity

for certain organics present in mixtures, suggesting potential applications in phar-

maceutical purifications. The ease of implementation of the PVF-PPy//PPy(AOT)

system, only requiring mild electrical energy for regeneration which can potentially

be derived from renewable sources, permits electrochemically mediated separations

to be performed both in industrial settings and at distributed or remote locations.
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Chapter 4

Electrochemical Control of

Ferrocene-Cyclodextrin

Complexations

4.1 Introduction

In the pursuit of redox-responsive adsorbents with wider applicability, cyclodextrin

polymers emerge as a promising candidate for the following three reasons:

" Robustness

The unique chemical structures of cyclodextrins (CD) enable them to be "all-

purpose molecular containers for organic, inorganic, organometallic, and metal-

lorganic compounds that may be neutral, cationic, anionic, or even radical." 23

" Biocompatibility

Cyclodextrins have excellent biocompatibilitys3 1 1 2 5 and hence are widely used in

the pharmaceutical, food, agriculture, cosmetics, hygiene, medicine, and textile

industries as drug delivery agents and stable additives.93

" Tailorability
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Chemical modifications through fuctionalization or cross-linking can enhance

the selectivity, capacity and adsorption kinetics of the sorbents based on CD,

especially towards organic compounds.6,23,93

4.1.1 P-Cyclodextrin

Cyclodextrins (CD) are polysaccharides consisting of glucose units connected by a-1,4-

glycosidic linkages and have truncated-cone shapes.93 There are three types of native

cyclodextrins bearing 6, 7, and 8 glucosidic units, denoted a-CD, p-CD, and y-CD,

respectively, whose structures can be found in Figure 4-la. Because the internal cavity

of a CD is hydrophobic while the external surface is hydrophilic, these macromolecules

are capable of encapsulating hydrophobic organic molecules in their interior due to

van der Waals forces and thermodynamic factors, and adsorbing polar species (e.g.

water) on their exterior with exposed hydroxyl groups (Figure 4-1b).93

Among the three naturally occurring CDs, p-cyclodextrin is the most frequently

used in environmental remediation due to its perfect cavity size, greater complexation

ability, low solubility in water, favorable intramolecular hydrogen bond localization,

and low-cost. 31 ,93 Therefore, a new strategy is developed to render p-CD-containing
adsorbents redox-responsive and eletrically conductive.

4.1.2 Cyclodextrin-ferrocene inclusion complexes

The hydrophobic central cavity of cyclodextrins is suitable for the inclusion of various

organic molecules ranging from polar compounds such as alcohols, acids, amines, and

small inorganic anions to apolar compounds such as aliphatic and aromatic hydrocar-

bons.2 1 p-cyclodextrin polymer with large surface area has been shown to sequester

a variety of organic micropollutants with adsorption rate constants 15 to 200 times

greater than those of activated carbons, showing a great potential for water remedi-

ation.6,119

Besides the high potential as an adsorbent, p-cyclodextrin also froms a 1:1 stoi-

chiometric inclusion complex with neutral ferrocene (Fc), while oxidized ferrocenium
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Figure 4-1: (a) Chemical structures of alpha- (a-CD), beta- (p-CD) and gamma-
(y-CD) cyclodextrins. (b) Shape and characteristics of cyclodextrins. Reprint by
permission from REF.93, Elsevier.

95

A

B



(Fc+) is not significantly included in the cavity.2 1 Such redox-responsive reversible

complexation between ferrocene and p-CD can be exploited to control the adsorption

and release of organic compounds in the hydrophobic cavity.

Figure 4-2 illustrates how the reversible complexion can serve as an underlying

gating mechanism for controlling the uptake and release of competing host molecules:

oxidation of the Fc moieties induces the dissociation of Fc+ from p-CD, freeing up

the cavities for binding of other organic molecules; reduction of the Fc+ would cause

the replacement of the bound organic molecule with Fc in the neutral state. Such a

reversible cyclodextrin-ferrocene complexation can theoretically control the binding

and rejection of molecules with a lower binding constant (K) compared to Fc (K =

103 _ 104 M- 1) but higher than Fc+ (K ~ 50 M-). 6' 119 The wide difference between

Fc and Fc+ in terms of binding on P-CD allows many organic compounds to fall in

this range, such as phenol, aniline and their derivatives (K = 100 M- 1). 15 80

Adsorption Desorption

+ e-

e-

Figure 4-2: A schematic of the p-CD/Fc complexation for reversible capture and
release of organic compounds in water (the orange balls represent competing organic
molecules for the hydrophobic cavity).

4.2 Results and discussion

As with the polypyrrole-based adsorbent, electrical conductivity is essential for the

adsorbent to be modulated by potential stimuli instead of chemical agents. Two dif-

ferent approaches have been developed to prepare conductive cyclodextrin-ferrocene

hybrids: conjugation of p-cyclodextrin and ferrocene moieties on the surface of car-

bon nanotubes (CNT), and electrochemcial synthesis of a ternary hybrid containing

polypyrrole (PPy), polyvinyl ferrocene (PVF), and p-cyclodextrin sulfate in one step.
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4.2.1 Preparation of conductive cyclodextrin-ferrocene hybrids

4.2.1.1 Carbon nanotube-based approach

In order to prepare f-CD/Fc hybrid coatings on conductive carbon fiber substrates,

carbon nanotubes (CNT) are chosen as anchors to the inclusion complex-forming hy-

brids onto the substrates and as electron conductors. Figure 4-3a shows the chemical

structures of the individual components in a ternary p-CD/PVF/CNT hybrid. Two

dispersions of P-CD/CNT (4) and Fc/CNT (5) are separately prepared. In the first

dispersion, amine functionalized p-CD (1) were first covalently attached to pyrene (2),

which conjugates the p-CD-containing amide (3) to CNT via ir - 7r stacking, 67 and

the p-CD/CNT hybrid is subsequently dispersed in N-methyl-2-pyrrolidone (NMP).

Fc/CNT is prepared by dispersing CNT with polyvinyl ferrocene (PVF) in NMP. 0

The two dispersion solutions are then mixed and the ternary p-CD/PVF/CNT hybrid

is drop cast onto conductive carbon fiber substrates to form the final adsorbent.

(a) (b)

HO rOH

1 2 3
. PVF-CNT

Fe -2

. 0.2 0.4 0. 0

Potential vs Ag/AgCI (V)

4 5

Figure 4-3: (a) Covalent modifications of p-CD to incorporate pyrene which
conjugates p-CD onto carbon nanotubes. (b) Cyclic voltammograms of the p-
CD/PVF/CNT ternary hybrids and PVF/CNT binary hybrids.

The cyclic voltammogram (CV) of the P-CD/PVF/CNT hybrid in Figure 4-3b

shows improved redox activities over PVF/CNT as the separation between the oxida-

tion and reduction peaks is smaller. This can be explained by enhanced hydrophilicity

of the hybrid due to the incorporation of p-CD with many hydroxyl groups on the
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external surface which contribute to better solvation of redox moieties in the aqueous

electrolyte.

Due to the presence of carbon nanotubes, the film consisting of the ternary p-
CD/CNT hybrid features nanoporous structures as shown in Figure 4-4.

Figure 4-4: SEM images of (a)-(b) p-CD/PVF/CNT ternary hybrids and (c)-(d)
PVF/CNT binary hybrids.

4.2.1.2 Conducting polymer-based approach

Alternatively, a conducting polymer such as polypyrrole can be used as a solid ma-

trix to host both p-CD and ferrocene moieties, and provide electrical conductivity

to them. Herein, the eletrochemical polymerization of pyrrole in a supporting elec-

trolyte containing p-CD sulfate is combined with the electrodeposition of PVF. The

composition and CV profile of the resulting film, refered to as PVF-PPy(p-CD), are
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presented in Figure 4-5. There two pairs of redox peaks can be attributed to the

insertion/repulsion of cations into the film doped with bulky anions (E0 ~ -0.2 V

vs. Ag/AgCl), and the reversible oxidation and reduction of the ferrocene moieties

(E0 ~ 0.2 V vs. Ag/AgCl).

(a) (b)

2

H n

+ SO3  I
00

Fe* -2

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2

Potential vs Ag/AgCI (V)

Figure 4-5: (a) Three components and (b) CV of the PVF-PPy(p-CD) film.

The resulting PVF-PPy(p-CD) forms a conformal coating on the carbon fibers

and features globular structures which adds porosity to the film (Figure 4-6a-b).

The incorporation of the ferrocene and p-CD sulfate salt was verified using Energy-

dispersive X-ray spectroscopy (EDX). The elemental mapping of iron (Fe) and sulfur

(S) confirms that the redox moieties are well distributed across the film (Figure 4-6c-

d).

4.2.2 Adsorption of organics

The two different materials containing p-CD/Fc are challenged by the adsorption of

propranolol hydrochloride (PP) and 1-naphthol. Both materials adsorb more organics

in their respective oxidized states owing to the availability of the hydrophobic cavity

(Figure 4-7 and Figure 4-8). Moreover, the reduced p-CD-PVF-CNT film can be

activated by oxidizing the ferrocene moieties to recover a higher capacity observed in

the initially oxidized film, suggesting the tunability in organics uptake by controlling

the complexation of Fc and p-CD using electrical potential stimuli.

99



Figure 4-6: (a)-(b) An SEM image of the PVF-PPy(p-CD) film.(c)-(d) EDX mapping
of iron (Fe) and sulfur (S) elements on the PVF-PPy(p-CD) film showing the presence
and even distribution of Fe and p-CD moieties.

The preliminary separation experiments show the feasibility of the gating approach

via redox-responsive complexation of ferrocene and p-CD. More dramatic difference

in the uptake of organics by oxidized and reduced polymer films could potentially be

accomplished with a precise stoichiometric ratio of ferrocene and p-CD moieties in

the hybrid materials.

4.3 Materials and methods

4.3.1 Materials

Pyrrole, 6-monodeoxy-6-monoamino-p-cyclodextrin, 1-Pyrenebutyric acid, p-Cyclodextrin
sulfated sodium salt (extent of labeling: 12-15 mol per mol p-CD), potassium chloride

(NaCl), propranolol hydrochloride (analytical standard), 1-Naphthol (;> 99%), multi-

walled carbon nanotubes (MWCNT, >98% carbon basis, O.D. x L 6-13 nm x 2.5-20 y
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Figure 4-7: Adsorption of PP on the p-CD-PVF-CNT ternary hybrid film.
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in), ethylene glycol (> 99%)), and N-Methyl-2-Pyrrolidone (NMP, HPLC grade) were

purchased at Millipore Sigma and used as received throughout the study. Polyvinyl

ferrocene (PVF, MW ~50,000) was purchased from Polysciences, Inc. Carbon fiber

cloth substrates were obtained from Fuelcell.com and used without pretreatment prior

to electrochemical functionalization or testing.

4.3.2 Synthesis of adsorbent

4.3.2.1 p-cyclodextrin-PVF-CNT

A condensation reaction between 6-monodeoxy-6-monoamino-p-cyclodextrin and 1-

Pyrenebutyric acid was carried out following the protocol previously reported 67 to

functionlize p-cyclodextrin with a pyrene moiety. The p-CD/PVF/CNT teneray mix-

ture was prepared by drop casting a mixture of two CNT-containing dispersion solu-

tions. Solution A contains 56 mg mL' of the pyrene functionalized p-CD and 10 mg

mL- 1 MWCNT in NMP. Solution B contains 10 mg mL-' of MWCNT and PVF in

NMP. 6' The two solutions are separately sonicated for 2 hours to form a smooth ink

before being mixed and briefly sonicated for 10 minutes. Finally, 100 puL of the mixed

dispersions was drop cast onto a piece of 2 cm 2 carbon cloth substrate. The as formed

electrodes were washed by 0.1 M sodium hydroxide aqueous solutions repeatedly to

remove unconjugated components.

4.3.2.2 PVF-PPy(p-CD)

The PVF-PPy(p-CD) was prepared by simultaneous electropolyinerization of pyrrole

and electrodeposition of PVF. The electropolymerization bath contained 0.1 M pyr-

role, 3 mg mL- 1 PVF, 1.2 g mL 1 p-Cyclodextrin, sulfated sodium salt dissolved in

ethylene glycol (Millipore Sigma). A constant current density of 10 mA cm-2 was

applied for 10 minutes for the electrochemical synthsis of the PVF-PPy(p-CD) film.
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4.3.3 Characterizations

Scanning electron microscopy (SEM) images were taken using a JEOL-6010LA elec-

tron microscope. Cyclic voltammetry (CV) measurements were done in 0.1 M potas-

sium chloride (KCl) aqueous solutions at a scan rate of 10 mV s-1.

4.3.4 Adsorption of organic compounds

Adsorption studies were performed at ambient temperature in 20 mL scintillation

vials continuously shaken at 150 rpm min-1 to increase mixing. Concentrations of

PP and 1-NO in the binary mixture Were determined using high-performance liquid

chromatography (HPLC) equipped with a flame-ionization detector (FID) (Agilent)

and a ZORBAX Extend 80 C18 (4.6 mm x 50 mm, 5 pm) analytical column (2.1

mm x 50 mm, particle size 3.5 pm). Samples for the HPLC analysis were prepared

by adding 20 puL of N-benzylmethylamine as internal standards to 1 mL of solutions.

Five microliters of samples were injected and eluted using a gradient pump delivering

1 mL min- 1 of a water and acetonitrile mobile phase, each containing 0.1 vol.% formic

acid. OpenLab CDS software was used to determine the area under the peaks in the

chromatograms and to carry out baseline correction. The p-cyclodextrin-PVF-CNT
electrodes were oxidized at 0.8 V and 0 V vs Ag/AgCl, respectively. The PVF-PPy(p-

CD)-coated electrodes were oxidized at 0.6 V and -0.5 V vs Ag/AgCl, respectively.

4.4 Summary

p-cyclodextrin-containing polymers are a promising candidates for the separation of

organic solutes from aqueous solutions. The ability to control the reversible inclusion

and rejection of ferrocene moieties in the hydrophobic cavity of p-cyclodextrin via

electrical potential stimuli offers a new gating mechanism for controlling the adsorp-

tion and release of organic molecules by p-cyclodextrin-containing sorbents. Further

optimization of the conjugation of p-CD and ferrocene moieties onto conducting enti-

ties is required to magnify the gating effects for more dramatic change in the affinity
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of the sorbent induced by electrochemcial potential stimuli.

4.5 Additional information

4.5.1 NMR spectra

4.5.1.1 NMR spectra of 6-monodeoxy-6-monoamino-p-cyclodextrin, 1 in

Figure 4-3a.
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Figure 4-9: 'H NMR spectrum.
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Figure 4-10: "C NMR spectrum.
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4.5.1.2 NMR spectra of pyrene functionalized p-cyclodextrin, 3 in Figure

4-3a.

BU
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Figure 4-11: 'H NMR spectrum.
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Figure 4-12: 13 C NMR spectrum.
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Chapter 5

Conclusion and future outlook

Selective separations of organic compounds are of great importance in many indus-

tries, such as water treatment and pharmaceutical manufacturing.' 88 ,90 Conventional

technologies such as distillation, evaporation, and extraction are energy intensive and

costly.19,57 Although adsorption by activated carbon (AC) has proven effective, re-

generation of AC by thermal processes or solvent extraction is limited to centralized

facilities to achieve economy of scale and economic viability. In many industrial pro-

cesses, certain organic species are of economic value and hence need to be recovered

and purified for use. For these reasons, novel technologies for electrochemcially me-

diated separations of organics from aqueous solutions were developed in this thesis to

provide point-of-use solutions for the remediation of organic pollutants in wastewater

and for the recovery of organic products.

5.1 Conclusion

The thesis began with a review of the emerging issues of water pollution throughout

the world, especially those caused by organic contaminants. The common categories

of organic contaminants, their sources and negative impact on human beings and

aquatic life were presented. Important examples of existing technologies for reme-

diation of organic pollution in wastewater or for separation of organic compounds

from aqueous solutions were introduced along with discussions of their drawbacks.
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The objective of the thesis was then introduced-to provide alternative methods for

energetically efficient, molecularly selective and environmentally friendly separation

of neutral organic compounds from aqueous solutions. Redox-active polymeric adsor-

bents with tunable hydrophobicity in response to electrical potential stimuli would

enable this overarching objective to be accomplished.

In Chapter 2, a novel adsorbent based on a conducting polymer polypyrrole (PPy)

doped with anionic surfactants AOT featuring a hierarchical morphology was devel-

oped for the electrochemically reversible adsorption of organics from water. The func-

tional material was synthesized in a one-step electropolymerization reaction, leading

to a homopolymer of unique structures with a high surface area for enhancing the

adsorption capacity (greater than 570 mg pollutant/g polymer), and with greater ex-

posure of the electrode surface to the electrolyte solution during the electrochemical

modulations for better electroactivity. A mechanistic explanation for the improved

morphology was also provided.

The surfactant-doped polypyrrole was shown to be able to function as an elec-

trochemically regenerable adsorbent for uncharged organics. The anionic surfactant

dopants within the polymer can undergo reorientation with respect to the polymer

backbone to modulate the hydrophobic environment and hence affinity for organics

under different applied potentials. Therefore, the adsorption and regeneration of the

adsorbent can be programmed by applying mild potential swings. It was demon-

strated that the material can be used repeatedly for multiple adsorption/desorption

cycles.

In addition, DFT-MD simulations elucidated the physico-chemical interactions

between the dopants, the polymer, and the adsorbate. Such quantitative understand-

ing of the molecular interactions corroborated that the underlying mechanism for

modulating the hydrophobicity of PPy(AOT) was due to the surfactant reorientation

relative to the polymer backbone during redox reactions, as previously proposed in

literature.

In Chapter 3, a system for electrochemically mediated separations of organics from

water was assembled from two polypyrrole(PPy)-coated electrodes modified with dif-
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ferent redox moieties: incorporation of a polyvinylferrocene (PVF) redox-responsive

polymer in the PPy electrode coating, and doping of the PPy with the amphiphilic

surfactant dioctyl sulfosuccinate (AOT). Since PVF-PPy is more hydrophobic when

reduced, and hydrophilic when oxidized, while PPy(AOT) behaves in the opposite

manner, i.e. is more hydrophilic when reduced, and more hydrophobic when oxidized,

it was hypothesized that the PVF-PPy and PPy(AOT) electrodes form an attractive

pair for an asymmetric system to work in tandem.

The as-assembled asymmetric system with complementary turnabilities in hy-

drophobicity showed three main benefits:

* Suppression of water parasitic reactions: the dual-functionalized system allowed

electrons to be exchanged between the two electrodes and was successful in

preventing pH fluctuations during the electroswing operation.

* Superior energetic efficiency: the complementary tunabilities in hydrophobicity

in the PVF-PPy and PPy(AOT) permit the use of the two polymers in tandem

for removing organic compounds from aqueous solutions. The tradeoff between

energy cost and separation extent affected by the applied potentials was stud-

ied. Comparison of the asymmetric system with the widely adopted thermally

regenerated activated carbons showed that the former outperforms the latter in

energetic efficiency terms.

* Selectivity for target organic species: the system was able to remove organic

compounds in a reversible fashion, and also showed molecular selectivity for

certain organics present in mixtures, suggesting potential applications in phar-

maceutical purifications.

Chapter 4 made an attempt to explore a class of robust adsorbent based on p-
cyclodextrin, and achieved voltage-dependent adsorption of organic compounds due

to the redox-responsive complexation between p-cyclodextrin and ferrocene.

Conventional separation processes rely on changes in temperature, pressure or so-

lution conditions to drive capture and release of target compounds. Electrochemically
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mediated separations instead use environmentally friendly and energetically efficient

voltage swings to modulate material properties and attain reversibility. Electrodes

functionalized with redox-active materials have been developed to remove ionic species

and charged biomacromolecules from aqueous solution in a reversible manner 10. This

thesis expands the applicability of the voltage-swing approach to dissolved neutral

organic species which is challenging for many conventional and modern separation

technologies (e.g., ion exchange, reverse osmosis) due to the lack of electrostatic in-

teractions or fouling.' 1 7

In a broader context, the ability to efficiently and selectively separate organic

compounds from aqueous solutions is relevant in many scenarios such as treatment

of industrial, municipal and agricultural wastewater, recovery of valuable organic

products, and concentration of diluted streams for analysis or further processing.

The ease of implementation of the asymmetric redox-responsive electrode system, only

requiring mild electrical energy for regeneration which can potentially be derived from

renewable sources, permits electrochemically mediated separations to be performed

across a range of scales, both in industrial settings and at distributed or remote

locations.

5.2 Future outlook

The proof-of-concept asymmetric system demonstrates the ability of potential swings

to modulate material properties for electrochemically mediated separations of organic

compounds in aqueous solutions. There are still engineering challenges and material

design opportunities for the novel technology to become more robust.

5.2.1 Engineering challenges

The system needs to be scaled up for high-throughput separation processes, whether

for wastewater treatment or for purification of organic products. One way to achieve

this would require fabrication of a trilayer adsorbent and integration of the adsorbent

into a flow channel for operations in a semicontinuous mode.
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Figure 5-1: A schematic of the trilayer adsorent with conducting polymeric adsorbent
on the outside (Blue and Red) and a solid-state electrolyte in the middle (Gray).

5.2.1.1 Trilayer adsorbent

Retrieving the adsorbent for regeneration in a separate desorption stream contain-

ing supporting electrolytes may add obstacles for automated separation processes.

Moreover, it might be undesirable to recover the adsorbed species in a saline solu-

tion. One strategy to mitigate these complications would be fabrication of a trilayer

adsorbent that combines the adsorbent and electrolyte in the solid phase. Figure

5-1 shows a schematic of the adsorbent: the two outer layers are the two comple-

mentary adsorbent materials PVF-PPy//PPy(AOT) with a solid-state matrix in the

middle. The midlayer serves two purposes: first, separating the two electrodes to

prevent shorting; second, hosting ionic species and facilitating their movement dur-

ing charging/discharging of an electrochemical cell. When the system is discharged,

i.e. PVF-PPy in the reduced state and PPy(AOT) in the oxidized state, the elec-

trolytes will be hosted in the midlayer; when the adsorbent needs to be regenerated,

the cations and anions will migrate, respectively, to the reduced PPy(AOT) negative

electrode, and the oxidized PVF-PPy positive electrode.

A suitable solid-state electrolyte needs to be incorporated within the prototypical

polypyrrole-based asymmetric system described in Section 3. A solid-state eletrolyte

can serve as both an ionic conductor and electrode separator with added advantages

of simple fabrication and liquid-leakage free." Polymer-based solid electrolytes are
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the most studied for applications in capacitors and can be further divided into three

categories, solid polymer electrolyte (SPE), gel polymer electrolyte (GPE) and poly-

electrolytes. GPE usually has the highest ionic conductivity and is composed of

polymer matrix swollen by a solvent containing salts, which might be a good option

for the midlayer. The polymer matrix may be a hydrogel such as polyvinyl alcohol

or polymethylmethacrylate. However, integration of GPE with the two other layers

requires attention to eliminate ion diffusion barriers.' The exact choice of the poly-

mer matrix and salts need to be explored in conjunction with the PVF-PPy positive

electrode and the AOT-doped PPy negative electrode.

5.2.1.2 Flow channel for semicontinuous operations

The trilayer adsorbent can be integrated with a flow channel for carrying out the

adsorption in flow. The system will be regenerated once the adsorbent becomes

exhausted. To optimize the semicontinuous process, transport processes within the

flow channel and the trilayer adsorbent need to be modeled for the following purposes:

" To understand the interplay of adsorption and transport in the two regions, the

flow channel and the porous polymer adsorbent.

* To guide the design of flow configurations and selection of process parameters

for best separation performance (high removal efficiency and high utilization of

adsorbent).

* To model the separations of a multicomponent organic mixture: by applying

a potential gradient along the flow direction to render the trilayer adsorbent

increasingly more hydrophobic, organics of increasing hydrophobicity will be

adsorbed at further distances from the inlet. During regeneration, organics

of decreasing hydrophobicity adsorbed on the adsorbent can be sequentially

released to separate regeneration streams by adjusting the potential stimuli to

render the adsorbent increasingly more hydrophilic.

The trilayer design and a semicontinuously operated adsorber are enablers for

high-throughput water-organics separations using the proposed asymmetric system
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Figure 5-2: A schematic of a flow channel with the trilayer adsorbent to capture
organics from aqueous streams in a semicontinuous mode.

based on two dissimilar polypyrrole polymers with complementary tunability in hy-

drophobicity.

5.2.2 Material design opportunities

5.2.2.1 Multicomponent separations

Multicomponent separations are challenging but required in many applications, es-

pecially for the recovery of organic products. There are two potential strategies to

accomplish this formidable task with selectivity accomplished through

* Tailored material chemistry

Similar to the Faradaic capacitive deionization (FaCDI) where the anode se-

lectively removes anions and the cathode selectively removes cations, we can

also design adsorbent materials of tailored chemistry to target different organic

species present in a mixture. When the two adsorbents are immobilized on the

positive and negative electrodes respectively, different organics can be adsorbed

onto the surfaces of either electrode, and subsequently released into desorption

streams on either side of the adsorbent (left or right) as depicted in 5-2.

Gani et al. has developed a computational screening approach for functional-

ized ferrocene moieties to achieve selectivity and reversibility of organic anions
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relative to perchlorate. 29 Computation can guide rational design of the chem-

istry for the adsorbent to selectively separate different organics into separate

streams or to target an organic compound of interest through more specific

adsorbent-adsorbate interactions.

e Hydrophobicity gradient

If the adsorbent is very sensitive to potential stimuli applied, its affinities to-

wards a target organic compound will vary depending on the magnitude of

applied potential. If the target organic compound happens to be the most hy-

drophilic species in the mixture, the target solute can be selectively removed

from the rest of the mixture by applying a potential to render the adsorbent

just enough hydrphobic to take up the one species.

One more complicated scenario of multicomponent separations involves separa-

tion of mixtures of organics of different hydrophobicity into separate streams.

Potential gradients along the length of the adsorbent can induce a gradient of

hydrophobicity in the material as described in the modeling of multicompo-

nent separations in Section 5.2.1.2. The most hydrophilic organic species can

be removed first followed by increasingly more hydrophoic compounds removed

downstream.

5.2.2.2 Compatibility with saline solutions

Industrial wastewater generated by many industries (e.g., food, petroleum, and leather)

contains salt (mainly NaCl) which strongly inhibits biological treatment. 55 There-

fore, to remediate organic pollution in industrial saline wastewaters, especially those

contain hypersaline, the state-of-art practice is to first implement physico-chemical

processes such as coagulation-flocculation, ion exchange, reverse osmosis, electroly-

sis or ultrafiltration for removing the salts, and then to send the effluent for further

biological treatment. In contrast, electrochemcially mediated separations can take

advantage of the saline already present in the inlet and avoid the addition of support-

ing electrolyte during the treatment process. Moreover, because electrochemcially
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mediated separations use electrical energy to control the adsorption and release of

both charged ionic species via Faradaic capacitive deionization (FaCDI) and neutral

organic compounds using the polypyrrole-based asymmetric system. The potential of

using one technology (electrochemcially mediated separations) for remediating both

charged and neutral species could avoid repeated capital investment for combination

of different technologies, such as RO systems for desalination and bioreactors for

biodegraation.

Although electrochemically mediated separations have the capability of removing

ions and neutral organics, the compatibility of the polypyrrole-based adsorbent with

salts needs to be systematically assessed. Su et al. observed that in the case of

benzoate uptake by PVF-CNT hybrids, supporting electrolyte containing perchlorate

anions (C104) outperforms that of chloride ions (Cl-),101 while the removal of dichro-

mate Cr2 O7 works better in a chloride-based supporting electrolyte using the same

type of sorbent.100 Such phenomena may be explained by the interactions between

the salts and the target solutes both present in the aqueous solution. Alternatively,

the binding of the ionic species on the adsorbent and their chemical nature may affect

the stability, capacity and selectivity of the sorbent.

Because of the infinite variety of organic compounds and salts, it is impossible

to test all the combinations of organic compounds and salts and optimize material

chemistry of the adsorbents and operating conditions of the separation process for

each mixture. Rather, understanding of the physico-chemical interactions between

salts and organics, organics and sorbent, as well as salts and sorbent will inform

the general working principles of electrochemcially mediated separations of organics

in saline wastewater. Such understanding will also cast light on improved material

chemistry for redox-responsive adsorbents to capture the target organic compounds

while being compatible with the salts present in the aqueous streams.
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Appendix A

Acknowledgements of Copyrights

1. Figure 1-1 reprinted by permission from Springer Nature Customer Service Cen-

tre GmbH: Springer Nature Springer eBook, Pervaporation: Removal of Organ-

ics from Water and Organic/Organic Separations, J. G. Wijmans, R. W. Baker,

and A. L. Athayde, 1994.

2. Figure 1-2 reprinted by permission from Springer Nature Customer Service Cen-

tre GmbH: Springer Nature Nature Reviews Materials, Materials for next gener-

ation desalination and water purification membrane, Jay R. Werber, Chinedum

0. Osuji, and Menachem Elimelech, 2016.

3. Chapter 2 reprinted from Superhydrophobic, Surfactant-doped, Conducting

Polymers for Electrochemically Reversible Adsorption of Organic Contaminants,

Yinying Ren, Zhou Lin, Xianwen Mao, Wenda Tian, Troy Van Voorhis, and T.

Alan Hatton, Advanced Functional Materials, 28:1801466, 2018, with permis-

sion from John Wiley & Sons, Inc.

4. Figure 4-1 reprinted from Remediation of water pollution with native cyclodex-

trins and modified cyclodextrins: A comparative overview and perspectives, Md.
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Appendix B

Supplementary Movies

121

Movie Description URL
1 MD trajectory of the https://onlinelibrary.wiley.com/action

oxidized PPy(AOT) /downloadSupplement?doi=10.1002%2Fadfm.
complex 201801466&file=adfm2O18O1466-sup-0001-S1.mov

2 MD trajectory of the https://onlinelibrary.wiley.com/action

reduced PPy(AOT) /downloadSupplement?doi=10.1002%2Fadfm.
complex 201801466&file=adfm2O18O1466-sup-0002-S2.mov

3 Interactions of the reduced https://onlinelibrary.wiley.com/action

PPy(AOT) complex with /downloadSupplement?doi=10.1002%2Fadfm.
an SOG molecule 201801466&file=adfm2O18O1466-sup-0003-S3.mov

4 Interactions of the oxidized https://onlinelibrary.wiley.com/action
PPy(AOT) complex with /downloadSupplement?doi=10.1002%2Fadfm.

an SOG molecule 201801466&file=adfm2O18O1466-sup-0004-S4.mov
5 Desorption of SOG by https://onlinelibrary.wiley.com/action

PPy(AOT)//Pt, previously /downloadSupplement?doi=10.1002%2Fadfm.
adsorbed from a 201801466&file=adfm2O18O1466-sup-0005-S5.mov

concentrated stream

6 Desorption of SOG by https://onlinelibrary.wiley.com/action
PPy(AOT)//Pt, previously /downloadSupplement?doi=10.1002%2Fadfm.

adsorbed from a diluted 201801466&file=adfm2O18O1466-sup-0006-S6.mov
stream
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