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Abstract

Stimuli responsive polymers (SRPs) have become a technological advancement in areas
of materials, pharmaceuticals, and biomedical applications because the polymers can respond to
small changes in the environment which can be physical, chemical, or biochemical stimuli. By
incorporating SRPs in fabrics, functions such as wound monitoring, skin-care capabilities,
moisture/temperature management, and aesthetic appeal, to name a few, can be achieved.
Utilizing light in the field of stimuli-responsive polymers has attracted great attention because of
its renewable source of energy and its ability to be localized in time and space. The focus of this
work is to show the chemistry of a polymeric system which can be used as a foundation to
creating a potentially “smart” polymeric material. Presented in the dissertation is the potential
use of a photochemical polymeric system that can utilize its redox reactivity as a means of
providing personal and environmental protection.

Macromolecular systems containing reactive species are envisioned to function as
protective barriers, such as reactive clothing, which chemically inactivate toxins and pathogens.
Protective barriers based on polymeric sensitizers that generate reactive species photochemically
are an attractive approach. An advantage of such barriers is their ability to regenerate reactive
species by exposure to light. Presented in this dissertation are data obtained from photolysis
experiments of crosslinked films from SPEEK/PVA blends. As in previous investigations
dealing with photoreactions initiated in solid matrices, SPEEK/PVA films were immersed into

air-saturated aqueous solutions during irradiations, because such an arrangement enabled the use



of conventional analytical methods for [H,O;] quantification. Interestingly, the efficiency of
peroxide generation was found to be significantly higher than the quantum yield determined for
solutions of the polymer blends.

Decontamination is not only a concern centered on the degradation of toxic chemical and
biological agents on surfaces of materials and materials used for personal protection, but also for
disinfection of water. The polymeric system explored in this dissertation has great potential to
treat waste waters contaminated with hexavalent chromium as a filtering membrane. The
reduction processes as well as the factors influencing the rates of reaction such as light intensity,
buffer concentrations, effects of pH, and effects of initial chromium concentration have been
studied in order to get a basic insight into the reduction process of the polymer-assisted

photoreduction of hexavalent chromium.
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I. Responsive Polymers
1.1 Introduction

Since the discovery of polymers, man has chemically altered the make-up of polymers by
using different monomers in order to create a wide range of physical, mechanical, and chemical
properties. Research lead by scientists and engineers has created or improved technologies by
using newly developed polymers. These developments have been in the form of polymer
solutions, gels, films, or hybrids. The replacement of liquid electrolytes with polymer gel
electrolytes has been a means to extend the battery lifetimes.! Also with the high demand and
every-changing advances in visual technology, polymer coatings that transmit light through optic
surfaces to increase high contrast and brightness in display devices are materials of significant
interest.> Even in drug delivery, polymeric nanohybrids are envisioned as systems capable of
playing an important role in anti-cancer therapy treatments.® Synthetic polymer systems have
been constructed to answer the demands for controlled and self-regulated drug delivery systems,*
coatings that respond and interact with the environment,® fibers that mimic the action of
muscles,® and thin films and nanoparticles for detection applications.”® Stimuli responsive
polymers (SRPs) have become a technological advancement in areas of materials,
pharmaceuticals, and biomedical applications.

SRPs are polymers that respond to small changes in the environment which can be a)
physical, b) chemical, or c) biochemical stimuli. Physical stimuli include the dependence on
temperature, light, ionic strength, and electric field, whereas chemical stimuli are principles on
pH and the presence of specific ions or solutes. Biochemical stimuli rely on effects from
enzymes and metabolites. The potential versatility of polymers prompted researchers to develop
smart materials with self-regulated structures and characteristics. Combining graphene with

poly(N-isopropylacrylamide) produces a hydrogel that is thermal- and pH-responsive, which



makes them applicable to areas of chemical sensors and potentially in pharmaceutical
applications.” This dual responsiveness is an example of a type of complexity within a system
that provides multiple functions for one area of interest. The textile industry has found many
ways to employ SRPs. By incorporating stimuli responsive polymers in fabrics, functions such as
wound monitoring, skin-care capabilities, moisture/temperature management, and aesthetic
appeal, to name a few, can be achieved.’® Utilizing light in the field of stimuli-responsive
polymers has attracted great attention because of its renewable source of energy and its

characteristic to be localized in time and space.

1.2 Light Sensitive Polymers

Polymers sensitive to light can undergo a variety of transformations including, but not
limited to isomerization, ionization, homolytic fragmentation, hydrogen abstraction, and redox
reactions. In order for polymers to be reactive to light, they must contain chromophores, groups
consisting of pi-electron functions, and hetero-atoms having non-bonding, valence-shell electron
pairs. In the field of electrochromic displays, light sensitive polymers are used for their redox
reactivity. Polyaniline, used for its three distinct oxidation states with different colors and doping
response, is an example of a light sensitive polymer that is also synthesized by a
photopolymerization method.** Polymer synthesis can be a light-induced process, however light
can also be used to better understand the redox processes taking place within these polymers. By
combining spectroscopic techniques with the redox characteristics of such polymers, scientists
are also able to observe the effects of counter ion pairs and defects as charged dopants in

electrochromic polymers.* Incorporation of reactions of light sensitive polyelectrolytes with
poly



their response to pH, ionic strength, and solvent properties can yield products that are useful to
certain industries such as nanotechnology and surface engineering.’® Although light-induced
redox reactions are reversible and more conventional, irreversible photochemical reactions do
exist.

The focus of this work is to show the chemistry of a polymeric system which can be used
as a foundation to creating a potentially “smart” polymeric material, in other words materials that
are able to respond to change in the environment as a stimuli. Presented in the dissertation is the
potential use of a photochemical polymeric system that can utilize its redox reactivity as a means

of providing personal and environmental protection.

1.3 Decontaminating Systems

There has always been interest in achieving personal protection against exposures to
biological and chemical hazards in areas of healthcare, agriculture production, emergency
response and military personnel. Efforts have been made toward creating decontaminating
materials by incorporating reactive compounds into fabrics.****> These materials are usually made
of filters, films, and membranes that inhibit contact with the potentially life-threatening
substances. Depending on the hazards to which the personnel are subjected, most personal
protective materials are expected to be fire-resistant, durable, light-weight, breathable,
impermeable to water, and resistant to extreme temperatures. Scientists have researched and
created systems with environmentally safe techniques that protect against biological and

chemical agents by providing antimicrobial and decontaminating functions.***%
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Figure 1.1 is adopted from [16]. Schematic depiction of a multi-functional polymer that can

detoxify chemical and biological warfare agents.

Amitai et al. have created a material that is capable of deactivating toxic chemicals as
well as generate biocidal activity in a multi-funtional polymer®, illustrated in Figure 1. This
work demonstrated that pyridinium aldoximes bound to a polymer backbone can act as a means
to guard against organophosphate (OP) toxins, which are known to slowly detoxify OP
directly.!” Positively charged bromine and chlorine ions are used as biocidal halogens.
Detoxification of diisopropylfluorophosphate (DFP), an example of an OP, reached a maximum
of 85% in thirty minutes in solution. Although the system looks promising, the reactivity of the
aldoximes is pH and dose-dependent. Without the additions of glucose, peroxidase, and buffered
solutions, decontamination has proven to take hours. When the multi-functional polymers were
electrospun with polyurethane to create a fibrous mat, it took over 7 hours for only 75% DFP to

degrade. This showed a decrease in the rate of detoxification of DFP. Bringing together multiple



approaches in one material is a novel idea, however the complexity and restrictions of such
systems usually outweigh the benefits resulting from the bactericidal and detoxification abilities.
Interests are centered on systems that are stable, effective, inexpensive, and nontoxic to the
environment.

Recyclability is one of the goals Gutch et al achieved in order to create a system that is
able to decontaminate VX, a sulfur-containing organophosphate toxin, without producing toxic
by-products.'® They were able to overcome the drawbacks and limitations of decontaminating
agents, such as long reactivity time and the use of hazardous solvents. Sulfonated poly(styrene-
co-divinylbenzene) sulfonamide polymeric beads were used to decontaminate 100 % O,S-
diethylmethyl phosphonothiate (OSDEMP), a simulant of VX, by oxidizing the bivalent sulfur
atoms in a process of chlorination to produce nontoxic ethyl methylphosphonate. Gutch et al
successfully detoxified OSDEMP by using polymeric beads after 15 minutes, and generated a
technique that is recyclable, inexpensive, efficient, and easy to use.

Despite using functional groups on a polymer backbone to decontaminate chemical
(CWA) and biological (BWA) warfare agents, chemically-generated reactive agents are another
approach for decontamination. In this approach, the reactive species will help eliminate the
spread of harmful agents by ensuring the surface of the material is constantly self-cleaning.
Formulating a system capable of generating singlet oxygen (*O,) by photosensitization of zinc
octaphenoxyphthalocyanine (ZnOPPc) bonded to polymer films and fibers resulted in systems
that can degrade simulants of sulfur mustard gas (HD) and methylphosphonothioic acid (VX). **
With 'O, quantum yields between 0.6-0.78, these systems reacted to induce complete oxidative
degradations and their performance lasted between 8 and 16 hours without damage to the

polymer matrices. Singlet oxygen has also been proven to be a potent antibacterial agent.”° The



ability to integrate highly reactive functionalities into a material for self-decontamination could
also eliminate the need for post-contamination cleaning. However application and compatibility
challenges arise when different formulations (i.e., liquids, and foams) and surfaces (ex. concrete,
glass, steel, and polymer) are considered.”* More importantly the relevant question is, are these
self-decontaminating materials efficient enough to be worn as personal protection?

A common problem with personal protective barriers is that the materials are not
“breathable”, that is, they do not enable diffusion of gases and water. Even though the main
objective is to impair free passage of biological threats and toxic chemicals through the
protective membranes, the lack of exchange of water vapor can lead to heat exhaustion by the
user after extended times.”” A possible solution is to consider a reactive composite film
containing hydrophilic, hydroxylated, ionic liquid polymers and a basic zeolite; such
combination should allow free motion of water vapor while, at the same time, block the transport
of a chemical agent through the protective barrier.”® Although this film composite shows promise
in degrading toxic chemicals, a complete mechanistic study has not been possible due to the
heterogeneous nature of the organic liquid polymer. The problem lies within the characteristics
of the water molecules transported within the film. The nucleophilic oxygen atoms on the
polymer groups undergo hydrogen bonding with the transported water molecules leading to a
suppression of the degradation reactions of the targeted toxic chemical.?* As it is important to
have water diffuse through the membrane, it is equally imperative to gain understanding about
the influence that the diffusion process has on the chemistry within the film.

Decontamination is not only a concern centered on the degradation of toxic chemical and
biological agents on surfaces of materials and materials used for personal protection, but also for

disinfection of water. The need for adequate access to clean water and sanitation is one of the



world’s most persistent problems. Toxic metal ions, such as Hg(ll), Pb(ll), Cd(Il), Ag(l), Ni(lI),
and Cr(VI1) are released into the environment in large quantities by an array of industrial
activities. However, recovery and removal of waste metals can potentially resolve issues of
resource conservation and metal pollution prevention. Chemical oxidative treatments and
advanced oxidative processes (AOPs), including photolysis with UV light, reactions with
hydrogen peroxide, Fenton reactions, ozonation, heterogeneous catalysis, and any combination
of these, are known for their ability to produce reactive oxygen species (ROS) that oxidize and
mineralize nearly any organic contaminant.?*’ Semiconductor photocatalysis, one method for
water treatment, has proven to have synergism between photocatalytic oxidation and reduction
processes in water contaminated with metals and organic chemicals.®® However for these
processes, it is important to be aware of the influence of pH, and the concentrations of metal
ions, catalysts, and organic species because the degradation efficiencies are affected within the
treated water.”*®® As a potential electron acceptor, even the presence of dissolved oxygen can
inhibit the photocatalytic reduction of certain metal ions.*

The polymeric system explored in this dissertation can be used as a means of personal
protection by photochemically generating hydrogen peroxide in films, serving as a self-
decontaminating polymer, and has great potential to treat waste waters contaminated with heavy
metals. The films would contain benzophenone (BP) moieties, and can be used as a photo-
induced anti-bacterial agent on polymeric materials and fabrics, in addition to decomposing
certain chemicals.***? Through irradiation with UVA light, the excited BP (n — 7*) transitions
to triplet state through intersystem crossing, and forms a radical by hydrogen-abstracting from a
neighboring polymer or from the bacteria membrane. In the presence of oxygen, BP radicals

produce ROS, such as superoxide radical (O,*"), hydroperoxyl radical (HO®), and hydrogen



peroxide (H,0,), therefore oxidizing a variety of pollutants. Hydrogen peroxide is used as a
biocide for disinfection, sterilization, and antisepsis.>® Hence, incorporation of these properties
into films will enable the surface to become “self-cleaning” and allow for degradation of toxic

chemicals and heavy metals.
1.4 SPEEK and PVA

Poly(ether ether ketone) (PEEK) is an insoluble polymer that exhibits high chemical,
thermal, and mechanical stabilities. Adding sulfonate groups to PEEK alters its chain
conformation and reduces available crystalline domains; however, the additions increase
molecular bulkiness.** Sulfonated poly(ether ether ketone) (SPEEK) is water-soluble when fully
sulfonated. Figure 2 illustrates the molecular structure of SPEEK.

Figure 2

geVeasy]

SO.Na
SPEEK

SPEEK is known for its proton conducting capabilities®, however few have reported on
its light-induced reactivity. In our research group, SPEEK has been utilized as a photoinitiator
for photochemical redox reactions. Poly(vinyl alcohol) (PVA) has characteristics, such as optical
transparency and flexibility as a solid, that are critical for the photoreactions in the material.
SPEEK paired with PVA is analogous to their monomeric counterparts, benzophenone and

isopropyl alcohol. Upon absorption of 350 nm photons, an excited state of SPEEK has been
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proven to react with poly(vinyl alcohol), PVA, to generate reducing a-hydroxy radicals (also

known as benzophenyl ketyl radicals) along the backbone of SPEEK polymer chains.*

oMo [ -
Aot [

(1.1)

Reaction 1 illustrates the reaction after excitation of SPEEK polymer chain to its triplet
state, {>SPEEK*}, which subsequently abstracts a hydrogen from PVA to produce o-hydroxy
radicals in SPEEK/PVA systems. With oxidation potentials of -1.3 V, similar to its analog
benzophenone, the SPEEK radicals are capable of reducing Ag*, Au®**, and Cu?* and forming
crystallites in both solutions and films.*® This polymeric system shows possible use in areas
demanding synthesis of metal nanoparticles. SPEEK/PVA solutions were also used to prove
dehalogenation of carbon tetrachloride by reactions with generated radicals.®” The system has
demonstrated great potential to be used in decontamination methods appropriate for personal
protection against exposure to toxic chemicals. With intentions to be used as a “self-cleaning
system”, irradiated solutions of SPEEK/PVA have been discovered to also produce hydrogen
peroxide as a by-product in the formation of SPEEK radicals in the presence of air.*®® Films of
SPEEK/PVA have been previously produced and are capable of redox reactions®, however a
detailed look into the effects of environmental factors on the formation of hydrogen peroxide

will be discussed further in this dissertation.



1.5 Challenges and Benefits for Dissertation

Deactivating toxic organic chemicals is an area of constant interest which has been driven
due to the sense of urgency created by world events. Photochemical reactivity in chemical
degradation is a very useful and efficient technique for organic pollutants which can be a simple
and cost efficient process*’; it also can produce safer products from the degradation of toxic
compounds, remove trace elements, and destroy viruses and bacteria.* TiO, and ZnO are known
for their photocatalytic reactivity involving photogenerated reactive oxygen species by using UV
light.**** Also, carbonyl-containing macromolecules that photochemically produce singlet
oxygen, 'O,, have yielded polymeric photooxidizers (O.* and H,0,) useful for degrading
undesired chemicals,** and for inactivation of pathogens.*®

In systems containing ketones, alcohol, water, and air, hydrogen peroxide can form by
photochemical reactions producing ketyl radicals. Ketones exhibit high quantum vyields of
intersystem crossing to excited triplet states and then abstract hydrogen atoms from neighboring
alcohols creating alcohol radicals and ketyl radicals.***® Oxygen scavenges these radicals and
photochemically generates superoxide radicals (0,*) eventually leading to H,O, formation.
Photoinduced oxygen uptake was measured in solutions containing benzophenone in air-
saturated 2-propanol/water (1:100 vol.) with yields (¢.02) of 0.6.*° SPEEK/PVA solutions have
produced hydrogen peroxide in a synchronous fashion with the consumption of oxygen, and with
no formation of stable organic peroxides.*® The proposed mechanism for the reduction of oxygen

by SPEEK® and PVA®, and the formation of H,O; in air-saturated solution is:

{R’RC°OH},/{CH,C*OH}, + O, > {R’RC(OH)00"}/{CH,C(OH)00"},  (1.2)
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{R’RC(OH)00°},/{CH,C(OH)00"}, - {R’RC = O}/{CH,C = O}, + HO,* (L.3)

HO,® = H* + *0Oy (1.4)

HOZ. + H" + .02-9 H,O, + O, (15)

where {CH,C°*OH}, and {R’RC°OH}, represents the a-hydroxy radicals of PVA and SPEEK,
respectively. Oxygen reacts with PVA radicals by formation of peroxyl radicals thereby
decaying through elimination of hydroperoxyl radicals (HO,®, k = 700 s™) or superoxide (*0,).*°
Reactions are to occur likewise with a-hydroxy radicals of SPEEK. Hydrogen peroxide was
produced by disproportionation reactions with HO,* and *Oy, yet aided by the fast deprotonation
of the hydroperoxyl radicals (pKa = 4.8).>* The measurements for H,O, formation in solution
have proved to be an easy task compared to the measured peroxide generated within polymer
films.

There is one challenge associated with measuring photochemically generated H,O, in
SPEEK/PVA films. This challenge was to quantitatively measure the formation of peroxide
produced within the film without altering the photochemical reactions occurring during
illumination. The most reasonable idea was to conduct the illuminations in a water-swollen state
since PVA is known to absorb water from air as a function of ambient temperature. Preparations
of SPEEK films and membranes have been performed predominantly by casting of the solution
on a glass plate and crosslinking by thermal treatment.*>*® Films of blended SPEEK and PVA

chains will be expected to swell as a function of water uptake due to the PVA chains.>* To the
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best of our knowledge, hydrogen peroxide measurements have not been conducted in water-
swollen polymeric films however; Shiraishi et al have quantitatively measured H,0,
photocatalytically-generated by TiO, substrates in water by using peroxidase enzyme while
taking into account the effect of film-diffusional resistance.” Therefore, this study allows for a
new way to measure peroxide generated within water-swollen polymeric films.

In fact, this polymeric system will prove beneficial in several ways. Primarily, films
comprised of SPEEK/PVA will have more SPEEK radicals to produce H,O, because the decay
rate of the radicals is more than three orders of magnitude smaller than that in solution.*** In
solid state, the radicals have low mobility and disproportionation products are reduced, thereby
increasing the longevity of the radicals within a film as opposed to solution. Secondly, the
formation of peroxide will increase, and a highly concentrated presence of peroxide in an area of
film will be utilized as a secondary means of protection against harmful compounds with SPEEK
radicals being primary in direct sunlight. Incorporation of this film into fabrics will allow for
self-decontamination as a means of personal protection. Finally, a technique is presented which
enables extraction of peroxide from films as a standard in a spectrophotometric measurement.

As stated before, the polymeric system explored in this dissertation can be used as a
means of personal protection by photochemically generating hydrogen peroxide in films, and
thereby serve as a self-decontaminating polymer. Also, the reduction potential of SPEEK
radicals produced in polymeric solution and films will be used to reduce hexavalent chromium,

and eliminate its presence from contaminated waters.
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I1. Photogeneration of H,O, in Water-Swollen SPEEK/PVA Polymer Films

2.1 Introduction

Photosensitive polymers remain a subject of investigation in view of their capacity to
employ light as an energy source for initiating reactions. Much of the available knowledge
pertains the ability of these polymers to transform themselves via photoprocesses, which have
resulted in important scientific and technological advances.** Macromolecules able to initiate
transformations of other compounds are of interest because polymeric sensitizers can, in
principle, be made compatible with both fluid and solid matrices. For instance, polymers
containing benzophenone (BP) as a sensitizer can generate singlet oxygen, *O,, and enable to
incorporate oxygen-containing functionalities into organic compounds in solution.* Solid-state
initiators of various photoreactions including oxidations have been obtained through binding of
BP to polystyrene beads.> Polymeric sensitizers that generate 'O, have been used to induce
oxidation of toxic chemicals.® Macromolecular systems containing reactive species are
envisioned to function as protective barriers, such as reactive clothing, which chemically
inactivate toxins and pathogens.” “Self-cleaning fabrics” that utilize enzymes to degrade
organophosphorus compounds are examples of reactive clothing.® Protective barriers based on
polymeric sensitizers that generate reactive species photochemically are an attractive alternative
approach. An advantage of such barriers is their ability to regenerate the reactive species by
exposure to light. Macromolecular systems containing sensitizers that photogenerate *O, as the
reactive species have been proven to be effective for the inactivation of pathogens;® fabrics and
fibers containing crosslinked BP have also been reported to exhibit antibacterial capabilities

upon irradiation.™
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Utilization of H,0, as a reactive species in protective barriers seems worth considering given
that several chemical warfare agents can be degraded efficiently by means of methodologies
based on the peroxide as the active ingredient.** Furthermore, H,0, exhibits an effective
biocidal activity against a wide spectrum of organisms and spores.*? Generation of hydrogen
peroxide has been demonstrated upon exposing solutions of flavins to light in the presence of air
but these photosensitizers degraded during the photoreactions.® H,0, was generated with a
quantum yield efficiency of 0.01 during illumination of porphyrins deposited on polymer films in
contact with aqueous solutions containing oxygen.** While a higher quantum yield of 0.08 was
obtained in analogous studies performed with swollen methacrylates containing anthraquinone
(AQ) as a photosensitizer, H,0, formed mainly via a slow post-irradiation process.® Photolysis
of swollen iminodiacetic acid resins containing adsorbed tris(2,2’-bipyridine)ruthenium(ll) ions
as sensitizers were also investigated but the efficiency of H,O, generation was not reported.*
Recently, blends of poly(vinyl alcohol), PVA, and the sodium salt of sulfonated poly(ether
etherketone), SPEEK, have been shown to produce H,0, with an initial quantum yield (¢i(H20>)
= 0.02 upon exposure to 350 nm light in air-saturated aqueous solutions.*” The blends were
conceived to function as polymeric analogues of the well-known BP/2-propanol photosystem in
which a benzophenone triplet (n, ©*) excited state forms a-hydroxy radicals (or benzophenyl
ketyl, BPK, radical) via H-atom abstraction from alcohol molecules.’® Earlier results supported
such an interpretation since illumination of the blends generated a-hydroxy radicals of SPEEK
(or SPEEKe).™® These strongly reducing radicals (oxidation potential between -1.2 and -1.4 V**°)
were involved in the O, reduction that photogenerated H,0,.

The previous study on peroxide photogeneration was carried out utilizing solutions of the

polymer blends to avoid the problems associated with product quantification from reactions
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taking place in solid samples such as films.!” Although useful mechanistic information on the
peroxide formation was obtained, a more realistic evaluation of the ability of SPEEK/PVA
blends to serve as protective barriers necessitated quantitative information about the ability of
blend films to photogenerate H,O,. Presented in this chapter are data obtained from photolysis
experiments of crosslinked films from SPEEK/PVA blends. As in previous investigations
dealing with photoreactions initiated in solid matrices,>® SPEEK/PVA films were immersed
into air-saturated aqueous solutions during irradiations, because such an arrangement enabled the
use of conventional analytical methods for [H,O,] quantification. Interestingly, the efficiency of
peroxide generation was found to be significantly higher than the quantum yield determined for

solutions of the polymer blends.

2.2 Experimental

Poly(vinyl alcohol), 99+% hydrolyzed with an average molar mass of 8.9-9.8 x 10* g/mol as
well as ammonium molybdate (V1) tetrahydrate, dimethyl sulfoxide (dg) and glutaraldehyde
(GA, 25% wt solution) were obtained from Sigma Aldrich. Potassium iodide, potassium
hydrogen phthalate, potassium dihydrogen phosphate, sodium tetraborate (decahydrate), sodium
hydroxide, methanol (HPLC Grade), sulfuric acid, perchloric acid, acetonitrile (HPLC Grade)
and hydrogen peroxide (30% v/v) were purchased from Fisher Scientific. All solutions were
prepared with water purified using a Millipore Milli-Q Biocel system. Samples of poly(ether
ether ketone), PEEK, with an average molar mass of 4.5 x 10* g/mol were provided as gifts by
Evonik and Victrex, or acquired from Polysciences. PEEK from Evonik or Victrex was received
as sheets, which were cut into strips, followed by grinding into a powder and then drying under

vacuum at 100 ° C for 6 h. The Polysciences material consisted of pellets coated with 0.01% of
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calcium stearate that needed cleaning before processing. After grinding the pellets, the resulting
powder was soaked in deionized water for one hour, washed three times by vacuum filtration
with THF and also with hexanes, followed by drying as described before.'® Unless stated
otherwise, most experiments were performed at room temperature.

Large batches (~ 150 g) of Victrex PEEK were sulfonated using the method described
earlier,® which consisted of heating at 50 °C under stirring a suspension of the polymer powder
in concentrated H,SO, for several days. These suspensions were further stirred at room
temperature until complete dissolution of the polymeric material was achieved. Sulfonation of
PEEK from Evonik or Polysciences used smaller batches (~10 g) dispersed in H,SO, at a
concentration of 30% wi/v of the dried powders. These dispersions were heated at 50-55 °C under
constant stirring for up to 10 days; the resulting product was a sodium salt of sulfonated PEEK
(called SPEEK) that was isolated as before.*®® Due to the smaller amount of PEEK treated,
complete dissolution (indicating substantial sulfonation) was noticed after a few days of reaction.
Characterization of the SPEEK samples via standard *H and **C NMR methods used DMSO-dg
solutions containing 3-8% w/w of SPEEK with tetramethylsilane (TMS) as an internal standard.
FTIR measurements were carried out with SPEEK powder in KBr pellets; elemental analysis on
SPEEK sodium salt was performed by Atlantic Microlab, Atlanta, GA.

Crosslinked SPEEK/PVA films were prepared using glutaraldehyde (GA) as the
crosslinking agent following a slight modification of the previous casting method.*® SPEEK
and PV A aqueous solutions with concentrations of 1.5 and 3.6% w/v, respectively, together with
a 1% (0.1 M) GA vyielded films consisting of 30/70 SPEEK/PVA wt% (after neglecting the small
amount of glutaraldehyde incorporated). The lower reactant concentrations enabled preparation

of films with a more reproducible and uniform thickness while also allowing accessing a wider
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range of thicknesses. Unless otherwise stated, irradiations were performed on films with a
thickness of 50 (£6) um. The dimensions and weight of the dry films were determined by means
of a ruler, a digital micrometer (Mitutoyo 0-1"), and a balance (Pioneer), respectively.
Experiments were carried out to measure the uptake of water during swelling of crosslinked
films in the absence of light. For that purpose, individual films were immersed in petri dishes
containing H,0; equilibration swelling was reaching in less than 1 h. The swollen films were
then collected on a filter paper and the increase in mass was determined gravimetrically. Water

uptakes were expressed in terms of the mass ratio (MR) defined as:

MR = (W — Wq) / Wy (2.1)

where W; is the weight of swollen films and Wj is the weight of dried films determined before
swelling. The length and width of the swollen films were measured with a ruler. Thicknesses of
swollen films were estimated based on the increase in surface areas of films.

Photolyses took place in a Rayonet 100 circular illuminator that used sixteen RPR-3500A
lamps to produce photons with 4 =350 = 15 nm. The light intensity (lp) was determined with the
Amberchrome 540 chemical actinometer.?’ All illuminations were performed in duplicate under
constant stirring; uniform exposure of the samples was achieved by placing a photoreactor at the
center mid-height position within of the cavity of the illuminator, where the temperature was 29
°C. Shown in Figure 2-1 is an image of an irradiation vessel made from borosilicate glass. The

overall length of the photoreactor (from base to top of glass opening)
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Figure 2-1. Typical illumination vessel of borosilicate glass with a side arm for retrieval of
samples.

amounts to 140 mm with a width at the base of 55 mm. Fitted on top of the vessel is an Ace-
Thread glass adaptor # 25 with an outer diameter of 31.5 mm, which includes a nylon bushing
cap (inner diameter = 26 mm). Screwing this cap serves to secure inside the photoreactor a glass
tube (outer diameter = 25 mm, length = 100 mm) with the aid of an o-ring. The top of the glass
tube was terminated in a small opening. A side arm with an Ace-Thread glass adaptor # 7,
equipped with a cap possessing a small opening sealed with a rubber septum, serve to retrieve
aliquots of the solutions. SPEEK/PVA films were placed between the inner surface of the
vessel and the outer surface of the vertically secured glass tube. In this way the films were held
in a fully extended position without applying excessive pressure on them. The films were
subsequently swollen (1 h) with aqueous solutions to ensure their equilibrium volume was

reached. This procedure avoided extensive manipulation of the somewhat fragile swollen films.
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Figure 2-2. Left panel: top view representation of the film location in the illumination vessel,
where the glass tube served as boundary between the two regions of solution. Right panel: image
of the photoreactor containing a solution of methylene blue. Films were located in the light-blue
region beneath the top screw cap that is confined by the two meniscuses.

The left panel of Figure 2-2 is a top view representation of the film position inside the
photochemical reactor. Presented in the right panel is an image of a vessel with a film immersed
in a methylene blue (MB) solution. The light blue region on the photoreactor top identifies the
film location since the path length there is smaller than below the tube held vertically inside the
vessel. Tests with MB solutions showed that diffusion of the dye to SPEEK/PVA films occurred
in about 3 s under constant stirring. These results ensured that any H,O, photogenerated inside
the swollen films quickly diffused into the solution present in the photochemical vessel. The
photochemical reactor was closed prior to illumination and the pressure was equilibrated against
air by means of needle punctured through the septum located top opening. Small aliquots of the
photolyzed solutions were retrieved during illumination through the side arm using gas-tight
syringes (Hamilton) for subsequent H,O, analysis.

Optical spectra were recorded on a Shimadzu UV-Vis 2501PC spectrophotometer. NMR

data were collected on a Bruker Avance 400 MHz instrument whereas FTIR spectra were
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acquired by means of a Shimadzu IR-Prestige-21 spectrometer. [H*] was determined via a
Radiometer PHM95 pH/ion meter equipped with an Accumet pH electrode. The following
buffer solutions (~10° M) were employed to maintain a desired [H*] during illuminations:
potassium hydrogen phthalate and NaOH (pH 5), potassium dihydrogen phosphate and NaOH
(pH 6 and 7), and finally sodium tetraborate and HCI (pH 9 and 10). To achieve a value of pH 4,
a solution of perchloric acid and NaOH was prepared (~10° M). Hydrogen peroxide
concentrations were quantified by means of the spectrophotometric molybdenum-triiodide
method.?* Aliquots of the illuminated solutions were mixed with 1 mL of a potassium
biphthalate solution and 1 mL of a mixture containing Kl, (NH4),M00, and NaOH ina 1 cm
quartz optical cell, followed by dilution to 3 mL. A small correction of the optically determined
[H20,], that accounted for the decrease in solution volume due to the sample withdrawal from
the photochemical reactor, yielded the formation rate, r(H,O,). Evaluation of the rates of
peroxide photogeneration inside the films used the dilution factor, D¢, which corrects for the
dilution resulting when H,O, diffused from the swollen solids into the solution. This
modification used the equation:

re(H202) = D¢ X r(H20,) (2.2)

where r¢(H,0O,) corresponds to the corrected rate of peroxide formation within the film and D =
V(solution)/V/(film), where V(solution) is the solution volume (33 mL) and V(film) represents
the volume of the swollen film. Quantifications of [H,O,] via the I3" procedure exhibited a
typical error of < 10% in water but deviations of 35% were noticed during photolysis of the
SPEEK/PVA films. Such large deviations were also observed during the peroxide
photogeneration in SPEEK/PVA solutions and are probably a result of the heterogeneous nature

of the polymeric photochemical systems. Estimation of quantum yields of H,O, formation,
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d(H20,), was considered useful in order to compare the photochemical efficiency of the films
with that of SPEEK/PVA solutions determine previously.'” However, efforts to determine
d(H,0,) were complicated by uncertainties concerning the amount of photons absorbed by the
polymer films. While the chemical actinometer accounts for the photon flux entering the
photoreactor, the polymer films covered only a fraction of the internal surface area of the vessel.

Thus, the flux of photons absorbed by the films was estimated using the equation:

where I is the corrected intensity of photons absorbed by the films and SA¢ corresponds to the
ratio of surface area of swollen film and vessel. Evaluation of the corrected quantum efficiencies
of peroxide generation were obtained from the relationship ¢.(H205) = rc(H20,) / Ic. The
resulting values are just rough estimates (probably lower limits) given the difficulties associated
with determining precisely the surface area and volume of the swollen films, and also because
losses of photons due to scattering at the interfaces of the polymeric solids were not accounted

for.

2.3 Results and Discussion

Sulfonation of PEEK samples from Evonik and Polysciences was carried out at a smaller scale
than the procedure employed previously for the poly(ether etherketone) material from Victrex.
The reason for this change was the long processing times, of several weeks, required by the
original procedure. Treatment of PEEK samples in sulfuric acid as described in the

Experimental section lasted between 1 and 10 days. Samples treated for only 24 hours did not
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completely dissolve in hot water indicating that very little sulfonation took place. The degree of
sulfonation (D.S.) was determined via elemental analysis and also utilizing NMR determinations
as proposed recently.”* This method uses the signal intensity due to the H atom next to the
sulfonic group, denoted as Hs and centered at 7.5 ppm vs TMS).

CH) H, H, H.: H,
s
Hb Hc Hd

Ha

\_ |
e

unsubstituted repeat unit —-S04H substituted repeat unit

Figure 2-3. Molecular structure representing a PEEK monomer on the left as well as a
sulfonated monomer on the right that includes the hydrogen atom Hg next to the sulfonic group.
Figure 2-3 shows a molecular structure identifying the position of such H atom in the SPEEK
chain. Approximate D.S. values can be obtained from analysis of the *H NMR spectra using the

following equation:

Peak area (Hg) v )
¥ Peak area (Hy) 12-2y (2.4)

where the term X Peak area (Hy) corresponds to the summation of the integrated areas of all the
H signals. D.S. is then obtained via multiplication of y by 100. More accurate D.S. values were
obtained via elemental analysis of the C, H and S composition of the polymer samples. D.S.
based on the elemental analysis was calculated using the equation: D.S. = (Sg x 100) / St, where
Se and St are the experimental and theoretical values for the sulfur content per monomer of

SPEEK.
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Summarized in Table 3-1 are the results obtained from the different analytical methods, and

includes theoretical compositions for dry SPEEK sodium salt as well as for polymers containing

one and two water molecules per monomer, denoted as SPEEKeH,0 and SPEEKe2H,0,

respectively in the table.

Table 3-1 Elementary Compositions and Degree of Sulfonation of SPEEK Samples

Sample Days Carbon Hydrogen Sulfur D.S. D.S.
of % % % 'H Elemen.
Sulfonation NMR
Analysis
PEEK 0 79.2 4.2 0 0
100% SPEEK* 58.2 2.8 8.2 100
SPEEKeH,0O* 55.9 3.2 7.8 95.1
SPEEKe2H,0* 53.5 35 7.5 915
1 1 47
2 3 74.2
3 4 54 3.6 7.4 83.5 90.2
4 5 80.56
5 7 54 3.4 7.4 88.7 90.2
6 10 84.83

*Theoretical values
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The experimental data for a PEEK sample coincided exactly with the theoretical composition.
Elemental analysis was also performed for PEEK samples sulfonated for 4 and 7 days. The
results of Table 3-1 indicate that the experimental compositions matched well the one predicted
for SPEEKe2H,0.

A D.S. value of 90.2 % was determined for both samples, indicating that sulfonation was
essentially completed in about 4 days. Somewhat lower D.S. values (83.5 and 88.7%) resulted
from the NMR determinations of the PEEK samples treated for 4 and 7 days. Nevertheless,
these results support the conclusion that about 4 days were required to complete the sulfonation
process. The NMR and FTIR results for PEEK samples treated for up to 7 days were in good
agreement with the characterization data reported in earlier studies.”*?* However, some of the
characteristic NMR signals of SPEEK were no longer detected in the case of PEEK samples
sulfonated for 10 days, indicating that polymer decomposition took place due to such extensive
exposure to H,SOy at the higher temperature.

Investigation of photochemical reactions taking place on solid matrices is made difficult by the
problems associated with quantification of the reactions products. A procedure employed
frequently involves carrying illuminations of films in contact with aqueous solutions. H,O can
then transport products into the solution, enabling the use of conventional analytical methods.**
' An analogous method was adopted in the present investigation that took advantage of the
swelling behavior of crosslinked SPEEK/PVA films in aqueous systems. Photolysis of the dry
films yields SPEEK radicals that remain stable inside the solid matrices for hours even in the
presence of air.*® One reason for the unusual stability of the highly reducing a-hydroxy SPEEKe
IS because their fast decay via radical-radical reactions is inhibited due to chain crosslinking in

the solid substrates. Another reason is that the O, solubility in solid polymers depends on the
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amount of H,O present, which is very low in the case of PVA.?* In contrast, no SPEEKe was
detected during irradiation of air-saturated SPEEK/PVA solutions as reaction of the radicals with
0, formed H,0,.!" Utilization of swollen crosslinked SPEEK/PVA films was anticipated to
allow fast O, transport into the polymer matrices. This, in turn, was expected to enable
photogeneration of H,O, and then peroxide diffusion to the solution bulk. Also, film dimensions
increased during swelling, allowing them to cover a larger area of the photochemical reactor and,
therefore, to absorb a greater fraction of the impinging photon flux.

Efforts were made to characterize the swelling behavior of the films given that incorporation of
water into the polymeric solids was anticipated to play a role in the photochemical processes.
Figure 2-4 depicts the amount of water incorporated as a function of the thickness determined for
SPEEK/PVA solid materials before swelling. An increase in mass by a factor of 3 was noticed
for the thinnest films (20-30 pm) together with a slight decrease to about 2.5 as the thickness
increased to 70 um. Blank experiments performed with films containing PVA also seemed to
follow the same trend although only data for the high end of thickness was available. These
results are in agreement with the mass increases of 300% reported for films of PVA and for PVA
blends with poly(acrylic acid), PAA, that were lightly crosslinked with GA.*>?® The inset shows
the swell ratio, that is the quotient of areas for the swollen dry states, is plotted versus the film
surface area prior to swelling. A fairly constant ratio of 2 persists in the range of surface areas
between 6 and 9 cm? but falls to 1.7 for the largest films. The limited data available for films
containing only PVA seem to follow a trend analogous as that for the SPEEK/PVA blend.
Overall, the results depicted in Figure 2-4 guarantee that water was absorbed by the film when
they were located in the illumination vessel. The data indicates that swelling of the SPEEK/PVA

films is controlled mainly by the ability of PVA to uptake water since the polyol is the main
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component of the solid blends. In addition, swelling of SPEEK/PVA films decreases slightly as

the surface area and thickness of the films increases.
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Figure 2-4. Plot of mass ratio versus thickness of dry films; swelling performed at neutral pH for
films composed of: () 30 wt% SPEEK and 70 wt% PVA, (®) PVA only. The inset shows the
swell ratio as a function of the surface area before swelling. Data for films with a dry constant
width of 2.4 cm, SPEEK was obtained from Evonik PEEK.

An interesting question related to the swelling experiments concerns the volume change that
resulted from the uptake of H,O. Although determination of the surface area of swollen films

was straightforward, evaluation of the thickness change was quite difficult. In most cases the

thickness increased by a factor of approximately V2. Thus, a volume change by a factor of 2v2
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is obtained under the assumption that the surface area also increased by a factor of two, a
reasonable approximation based on the results included in the inset of Figure 2-4. Since the
density of water equals to 1 g/cm®, a 1:1 relationship between the amount of H,O incorporated
and the estimated film volume was anticipated. Such expectation was based on the apparently
reasonable supposition that the film volume corresponded basically to the volume of water
incorporated. Presented in Figure 2-5 is a plot of the mass of water incorporated during swelling

as a function of the estimated volume for films containing only PVA and for SPEEK/PVA films.

0.25 -
# SPEEK/PVA Films

@ PVAFilms ‘ () @

o
(%)
|

0.15

Water Gained (g)
o

_D

=]

un
|

0 0.05 0.1 0.15 0.2 0.25 0.3
Est. Vol of swollen film (cm?3)

Figure 2-5. Comparison of the incorporated H,O mass versus the estimated volume after
swelling for films composed of: (®) 30 wt% SPEEK and 70 wt% PVA, (@) PVA only. The
experimental parameters were described in Figure 2-4.
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As mentioned before, the volume of the swollen films was estimated based on the increases in
surface area and thickness determined after incorporation of water. In all cases, the 1:1
relationship between mass of H,O incorporated and film volume was not observed, which is not
surprising given that the water volume is a partial molar fraction that depends on the composition
of the mixture.?” For films consisting of PVA the estimated volume was always more than
anticipated (density < 1) but a linear relationship between the mass of incorporated H,O and film
volume was noticed. Such observations indicate that strong hydrogen bonding between H,O and
the polyol chains in conjunction with the elastic properties of the films increased their expansion
when water was incorporated. Similarly, the volumes of the swollen SPEEK/PVA films were
always larger than anticipated based on the amount of H,O incorporated (density < 1). This
means that the presence of the Na" cations and of the anionic sulfonic groups from SPEEK do no
play a major role in the volume changes during water absorption. SPEEK/PVA films achieved
the same volume expansion via incorporation of the water quantity absorbed by PVA within the
films. This trend is slightly more pronounced for thicker SPEEK/PVA films as, according to
Figure 2-4, they absorbed less water (per unit mass) than thinner films.

Illustrated in Figure 2-6 are spectra that resulted when the molybdenum-iodide procedure for
quantification of [H,0,] was applied to samples obtained during illumination of a SPEEK/PVA
film in contact with an air-saturated aqueous solution at pH 5. An absorption centered at the
wavelength of maximum intensity (Amax) of 350 nm was noticed that increased in intensity as
illumination progressed. This signal corresponds to the well-known absorption of I3” with Amax =
350 in water and an extinction coefficient (¢) of 2.64 x 10 M™ cm™.?! In contrast, the
absorption was centered at 370 in solutions containing SPEEK and PV A used in our earlier study

because red-shifts of the triiodide spectrum and decreases in € are known to occur when alcohols
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are present at high concentrations.’” Given that PVA is confined to the films and no longer

dissolved in the solution, the I3” signals shown in Figure 2-6 exhibit
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Figure 2-6. Optical spectra obtained after treatment with the iodide-molybdate method of
samples from an air-saturated solution at pH = 5 in contact with a SPEEK/PVA film photolyzed
with 350 nm light, 1o = 1.4 x 10™° M(hv)/s, for 0, 15, 30, 45, 60, 90 and 120 min. Solutions were
diluted by a factor of 6 during the peroxide assay. Inset: plot of [H,O>] versus illumination time,
slope = 2.9 x 10 M/s, r = 0.99; SPEEK sample obtained from Victrex PEEK.

the characteristic Amax found in water, allowing determination of [H,O,] with the & value
measured in H,O. These results clearly demonstrated that photolysis of SPEEK/PVA films in
contact with an air-saturated solution yielded hydrogen peroxide as a product. In contrast, no
H,0, was detected upon illumination of films containing only PVA. Included in the inset is a
plot of the [H,O;] evolution with increasing irradiation time, indicating that the rate of peroxide

formation follows a zero-order process. Thus, the slope of such a plot corresponds to the rate of

peroxide formation, r(H,0-), which amounted to 2.9 x 10 M/s for the data shown in Figure 2-6.
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Similar zero-order increases in [H,0,] with irradiation time were observed for SPEEK/PVA
films immersed in neutral solutions irrespective of the origin of the PEEK material used in the
preparation of the polyketone. SPEEK/PVA films containing polyketone prepared from Evonik
and Victrex PEEK were tested in terms of their efficiency of generating peroxide at different
light intensities. According to the results presented in Figure 2-7 the r.(H,O,) values increased
linearly with 1y in both cases. The slopes of the resulting straight lines correspond to the
quantum yields of H,O, formation. Comparable ¢(H,O;) values were obtained of 0.11 and 0.15

for polyketones derived from the Victrex and Evonik PEEK polymers, respectively.

1.8E-06
1.6E-06 - y =0.15x - 5E-07 ',..
R2=0.94
1.4E-06 -
1.2E-06 - g
<L
% 1.0E-06 -
“N
(@]
- 8.0E-07 -
o
6.08-07 7 y=0.11x - 2E-07
R2=0.99 |
4.0E-07 -
2.0E-07 - ©Victrex SPEEK/PVA Films
K W Evonik SPEEK/PVA Films
0.0E+00 . . . . .

0.00E+00 2.00E-06 4.00E-06 6.00E-06 8.00E-06 1.00E-05 1.20E-05 1.40E-05 1.60E-05
Light Intensity (M(hv)/s)

Figure 2-7. Plot of H,O, formation rates as a function of light intensity from experiments with
water-swollen SPEEK/PVA films containing polyketone derived from Evonik (M) and Victrek
(O) PEEK. Films exposed to 350 nm photons in air saturated solutions with pH values in the
range of 5.5-6.
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The linear dependence of r.(H,0,) with light intensity indicates that the reaction rate is first-
order with respect to lp. This means that the speed of peroxide formation is controlled by the
intensity of photons entering the irradiation vessel which agrees well with the findings from
experiments with SPEEK/PVA solutions.*’

However, the previous analysis of the data underestimates the true quantum yields given that
the films only absorbed a fraction of the incident photon flux. Therefore, efforts were made to
introduce a correction, using equation 2.3, for the incomplete absorption of the photon flux.
Presented in Figure 2-8 are the corrected quantum yields together with the values obtained
previously for experiments with SPEEK/PVA solutions from reference 17. Obviously, the
quantum yields derived directly from the slopes of the straight lines shown in Figure 2-7 are, at
least, 5 times higher than the ¢(H,O;) value of 0.02 obtained previously for experiments with
solutions of the polymer blend. As is obvious from Figure 2-8, the values of corrected quantum
yields scatter considerably because estimation of the amount of light absorbed by the films is not
precise. One of the difficulties is to determine accurately the dimensions of the swollen films,
particularly the thickness. For instance, the correction given by equation 2-2 employs the
volume of the swollen film, which was estimated to be twice that of the dry state, but significant
uncertainty remains concerning such an estimate. Furthermore, decreases in the light intensity
that impinges on the films due to losses induced by light scattering at the polymer-water

interfaces are also related to the film dimensions.
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Figure 2-8. Comparison of the corrected quantum yields of H,O, formation versus light intensity
for SPEEK/PVA swollen in water with the efficiencies determined for solutions containing both
the polyol and the polyketone. (@) Solution results with Victrex PEEK; data from film
experiments using SPEEK derived form Victrex (M), and evonik PEEK (A). Irradiations with
350 nm photons in neutral solutions saturated with air.

However, estimation of such losses is not a straightforward task. Using the average value of the
quantum yields of Figure 2-8 results in ¢.(H20,) = 0.2, that is 10 times the efficiency for
peroxide formation in the SPEEK/PVA solution system. A plausible explanation is that most of
the SPEEK radicals are lost in solution via radical-radical combination and disproportionation
reactions that usually occur via diffusion controlled processes in the case of a-hydroxy radicals.

In the case of SPEEK radicals the equivalent reaction is:
2{R'RCeOH}, — combination/disproportionation products (2.5)

To simplify the notation {R'RCeOH}, was employed to represent the a-hydroxy radical of

SPEEK and the meaning of this formula is that, on average, one unpaired electron is present per
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polymer radical chain. Motion of SPEEK chains is restricted in crosslinked films and such
restriction enables the radicals to survive for a time long enough to undergo reaction with O..
Hence, a much higher number of SPEEK radicals is scavenged by oxygen in the swollen
polymer films, resulting in a higher yield of hydrogen peroxide.

Several experiments were performed in which the rate of peroxide formation was determined as
a function of the temperature. Essentially the same rates were obtained in the temperature range
of 5-35 °C but larger r(H,0;) values, by a factor of 2-7, were determined at 40 < T < 60 °C.
However, the results were not reproducible at T > 40 °C; DSC experiments revealed that
endothermic transitions take place for water-swollen SPEEK/PVA or PVA films, but not for dry
solid samples. Swelling of crosslinked PVA/PAA films was noticed to increase with increasing
temperatures.”® An analogous behavior could explain the increases of r(H,0,) at higher
temperatures. If such an explanation is correct then the calorimetric results pertain to some
transition that enables further water absorption by the SPEEK/PVA films.

Illustrated in Figure 2-9 is the dependence of the rate of H,O, photogeneration for
SPEEK/PVA films illuminated in solutions with different pH values. Films containing SPEEK
derived from the Victrex precursor exhibited a maximum rate in the pH range of 7 to 8
resembling the results obtained in solution experiments.!” The steep decrease in the H,0,
formation rate in solution was explained in terms of the deprotonation of SPEEK radicals, with a
pK, of about 9,*” which is the value for benzophenone radicals in water.”® The BP radical anion
reacts much faster with a neutral benzophenone radical than the combination of two neutral
radicals. A similar reaction involving {R'RCeOH}, and the corresponding anionic radical

explained the sharp decay in H,O, formation at pH > 8 for SPEEK/PVA solution systems.*’
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Figure 2-9. Dependence of r,(H,O,) on the pH of air-saturated solution for swollen SPEEK/PVA
photolyzed with 350 nm light with 1, = 1.4 x 10®° M(hv)/s. Experiments with SPEEK derived
from Evonik (M) and (O) Victrex PEEK.
However, radical-radical reactions involving SPEEK species are not a reasonable explanation for
the results shown at pH > 8 in Figure 2-9 due to the restricted mobility of polymer chains in
crosslinked films. Hydroxide ions quench the triplet excited state of BP that is the precursor of
the benzophenone radicals but with a rate constant of only 4.9 x 10° M s%.% A similar process
may have contributed to the decrease in r.(H,O,) for films with SPEEK derived from both
Evonik and Victrex precursors.

The sharp decrease in r.(H,O,) for films with SPEEK derived from Victrex PEEK is consistent

with the results gained in the solution study using the same polyketone. HsO™ ions are efficient
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quenchers of the BP triplet excited state with a rate constant of 3.8 x 10° M s%.3° An analogous
guenching of the triplet excited state of SPEEK is anticipated, which explains the lower
efficiency of peroxide photogeneration noticed at pH < 7. Surprisingly, no drastic drop in
r.(H.0,) was noticed for SPEEK/PVA films containing the polyketone prepared from the Evonik
precursor. Only at pH values below 5 was H,O, produced in a less efficient fashion than in
neutral solutions. The reason for such higher photochemical efficiency in mildly acidic medium
IS not understood.

Studies were also performed on the efficiency of SPEEK/PVA films to generate peroxide
when in contact with solutions containing water and an organic solvent that is not an H-atom
donor toward excited BP groups. The purpose of such experiments was to ascertain if the films
were able to generate peroxide in the absence of liquid H,O. CH3CN was considered an ideal
co-solvent for these experiments given the good miscibility of acetonitrile with water and the fact
that this solvent is relatively inert toward the triplet state of BP.*®

Shown in Figure 2-10 are the rates of peroxide formation for SPEEK/PVA films prepared with
polyketone samples from both Evonik and Victrex precursors. Similar trends are observed for
thin films containing SPEEK made from both suppliers of PEEK, in which r.(H,O,) increases
with decreasing mol fraction of water. Although no swelling experiments were performed with
the solvent mixtures, significant expansion of the films was detected in the range of water mole
fractions of 0.4 and 1. Although [O5] has not been determined for the H,O/CH3CN mixtures
employed in the present study, the oxygen solubility from air in acetonitrile is 1 mM,* as
compared with the value of 0.26 mM for water.!” Thus, the steady increase in ro(H,05) with
increasing CH3CN concentration can be related to the higher [O,] that is present in the mixtures

with increasing acetonitrile content
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Figure 2-10. Plot of r,(H,O,) as a function of water content in H,O/CH3CN mixtures for

swollen, crosslinked SPEEK/PVA solid samples; (O) 30 um thick films), SPEEK derived from

Victrex precursor; (o) 30-40 um thick films, SPEEK derived from Evonik PEEK; (4) 40-50 pm

Ehick films, SPEEK derived from Evonik precursor. Photolysis with 350 nm light, 1, =1.4 x 10°
M(hv)/s.

Estimates of ¢.(H.O;) based on the results depicted in Figure 2-10 indicate that the corrected
quantum yields approach a value of 1 with increasing CH3CN concentration. In contrast,
r.(H.O,) remains small and fairly constant when slightly thicker SPEEK/PVA films were
exposed to light. These somewhat unexpected results may reflect the tendency of thicker films
to absorb less H,O as noted previously when discussing the swelling results. The apparent

difficulty of thick SPEEK/PVA films to absorb water may be exacerbated by the presence of
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acetonitrile. An observation that seems to support this assumption is that mixtures containing
acetonitrile mole fractions > 0.6 inhibited swelling of the films. No H,O, was detected when
such collapsed films were photolyzed, indicating that efficient peroxide generation requires the
presence of liquid water in the solid polymer matrices.

The results presented thus far indicate that the formation of hydrogen peroxide in the swollen
SPEEK/PVA films shares numerous analogies with the results obtained in solutions containing
both polymers.!” For this reason the film data were rationalized in terms of the mechanism
proposed earlier for the photoreduction of O, in air-saturated SPEEK/PVA solutions, which

consists of the following steps:

{R'RC=0}, + hv > *{R'RC=0},* (2.6)
3{R'RC=0},* + {CH,CHOH}, — {R'RCeOH}, + {CH,CeOH}, (2.7)
{R'RC=0}, + {CH,CeOH}, — {R'RCeOH}, + {CH,C=0}, (2.8)
*{R'RC=0},* + 0, - {R'RC=0}, +'0; (2.9)
'0, + H,O/PVA — 0, + H,0*/PVA* (2.10)
{R'RCeOH},/{CH,CeOH}, + O, — {R'RC(OH)O0e},/{CH,C(OH)O0s}, (2.11)
{R'RC(OH)0O0e},/{CH,C(OH)00s}, — {R'RC=0},/{CH,C=0}, + HOe (2.12)
HOze S H' + 0y (2.13)
HO,e + H* + ¢0,” — H,0, + O, (2.14)

For simplicity {CH,CeOH}, was employed to represent the a-hydroxy radical of PVA meaning
that, on average, one unpaired electron exists per polymer radical chain. The a-hydroxy radical
of PVA is expected to reduce SPEEK via step 2.7, which should be favored by the high
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concentration of SPEEK carbonyl groups present in the films. Steps 2.10 and 2.11 represent the
contributions of both PVA and SPEEK radicals to the O, reduction in the SPEEK/PVA system.
Several reactions involving HOe and/or ¢O, produce H,O, but step 2.13 is the fastest of such
processes and is aided by the deprotonation (pKa = 4.8) of the perhydroxyl radical, step 2.12.%
The disproportionations of HO,e and O, is frequently summarized by step 2.13, which is the

reason that this step is also used here.
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2.4 Conclusions

The results gathered in the present investigation demonstrate that H,O; is produced via
illumination of SPEEK/PVA films swollen when in contact with aqueous solutions containing
air. The kinetic data support a mechanism in which a photochemical process that forms o-
hydroxy radicals of SPEEK dictates the rate of the peroxide formation. Photolysis of such
systems results in quantum vyields at least 5 times higher than previously found from analogous
studies with solutions containing SPEEK and PVA. Additional corrections for the absorbed
intensity of photons indicate that the quantum efficiencies are in the order of 0.2 in neutral
solutions. Films containing SPEEK prepared from PEEK polymers made by Evonik are more
efficient than films containing polyketone derived from a Victrex precursor, which was
employed in the previous solution studies.” Increases in the [O,] induced by the presence of
acetonitrile in the aqueous phase increases the efficiency of peroxide formation reaching
quantum yields close to one. However, experiments with mixed solvents highlighted the role
that film swelling by H,O plays in the formation of peroxide since negligible peroxide
photogeneration takes place for films free of liquid water. Therefore, preparation of SPEEK-
based films useful as light-activated protective barriers will require the presence of a polymer
component significantly more hygroscopic than PVA. In this way, swelling of the films could be

accomplished via absorption of humidity from air.
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I11. Photochemical Reduction of Hexavalent Chromium in Solutions of SPEEK/PVA

3.1 Introduction

Hexavalent chromium (Cr®"), present in many compounds, is a well-known toxic ion with
demonstrated carcinogenic and mutagenic characteristics." Among the effects induced by Cr®* is
a mismatch replication of the DNA strand that leads to instability in the formation of double-
stranded DNA.2 However, not all Cr ions are toxic and Cr®* is an essential species used for
supplementing weight loss, increasing muscle mass, and alleviating symptoms of type 2
diabetes.®>* Cr®* is frequently released into the environment from different sources such as
leather industries, chromium plating, textile operations and mining, ultimately contaminating
surrounding waters, surface waters, and soils.>® Because of the toxic nature of Cr(V1), studies
have been conducted to decrease the presence of this ion via reduction to the nontoxic trivalent
oxidation state. In chemical treatment of contaminated waters procedures based on oxidative
degradation are usually employed to eliminate toxic organics and enhancements are achieved by
applying photochemical methods that can induce hydroxyl radical generation, as well as
electron-transfer and energy-transfer processes.'® Photochemical reduction of chromium by
organic compounds,*! metal oxides,* alcohols,** and TiO, suspensions** have proven that
solution pH and initial concentration of chromium influence the photoreduction process.

In dilute solutions, hexavalent chromium is present in a number of species, which are
dependent on Cr(VI) concentration, buffering materials and solution pH. These species include

H,CrO4, HCrO4, CrO4%, and Cr,0,%, that are involved in the following set of equilibria;*

H,CrO; = HCrO; + H* K=0.18 (3.1)

2 HCrO; = Cr,07 + H,0 K=74 (3.2)

48



2 100
() J
o 4]
E g0 .
- _
o 1
% 60 :
€ ]
2 40 ;
(o] i
O ]
w20 =
? _
S ]
o 0 A B P
o

» o 2 4 6 8 10 12 1

pH

Figure 3-1. Concentration of hexavalent chromium species as a function of solution pH of 1 mM
total chromium concentration (adopted from reference 17).

2 CrO/~ + 2H" = Cr,0/ +H,0 K = 10" (3.3)

CrOs + H* = HCrO, K=6x 10 (3.4)

The concentrations of Cr(V1) species as a function of solution pH are presented in Figure 3-1.
In the pH range of 2 to 6, the HCrO,* and Cr,O;* anions are predominant. The H,CrO, acid is
present at pH < 1, and CrO4* predominates above pH 8. The dimerization of chromium occurs
when the concentration of Cr,0- is higher than 10 M.*® In the majority of this work, a [Cr®]
< 1 mM was employed, meaning that monomeric oxyanion species predominated which will be
further referred to as Cr(VI).

Results presented in this chapter demonstrate that Cr(VI) can be reduced effectively via

photolysis in aqueous solutions containing poly(vinyl alcohol), PVA, and sulfonated poly(ether

49



ether ketone), referred to as SPEEK. The present research will show that Cr(\V1) is reduced with
higher yields in solutions of SPEEK/PVA than in systems containing only PVVA. The reduction
is initiated by reaction of Cr(V1) with polymeric ketyl radicals, photogenerated when excited (n,
7*) triplet states of SPEEK carbonyls abstract a H-atom from neighboring PVA chains. Cr(V1)
reduction in the polymeric systems has been followed with UV-Vis spectrophotometric
techniques. Also, the reduction processes as well as the factors influencing the rates of reaction
such as light intensity, buffer concentrations, and effects of pH have been studied in order to get
a basic insight into the reduction process of the polymer-assisted photoreduction of hexavalent
chromium. Experiments will be conducted in air-saturated solutions to simulate environmental

effects in polymeric system.

3.2 Experimental

Poly (vinyl alcohol), (PVA) 99+% hydrolyzed with an average molar mass of 8.9-9.8 x
10* g/mol and potassium phosphate monobasic were purchased from Sigma Aldrich. Potassium
dichromate, potassium phosphate dibasic, and 1, 5-diphenylcarbazide was obtained from Fisher.
Poly(ether ether ketone) (PEEK) was a gift from Evonik with an average molar mass of 4.5 x 10*
g/mol. PEEK was received in sheets that were cut into strips, further ground into a powder, and
later dried in a vacuum oven at 100 °C for about 6 hours. Solutions of 30% w/v were prepared
with the dried PEEK and H,SO,, and were stirred constantly at a temperature between 50-55 °C
for several days. Collection of sulfonated PEEK used the same procedure as described before.*
Solution preparations for SPEEK/PVA solutions were conducted as stated previously, *° and the
molarity for solutions containing PVA with no SPEEK was the same as that for solutions of

SPEEK/PVA. Films preparations were conducted the same as in Chapter 2.
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Image 3-1. lllumination vessel used for the reduction of Cr(VI1) in polymeric solutions.

Stock solutions of 2 x 10° M and 0.125 M Cr(VI) were used to obtain the desired
concentration of Cr(V1) via dilution. Phosphate buffer solutions were prepared at the pH needed
for the photochemical reduction experiments. Chromium concentrations were determined by
optical measurements performed on a Shimadzu UV-Vis 2501PC spectrophotometer. The two
methods used for collecting optical data of Cr(\VI) concentrations were direct optical density
determinations and also by means of the 1,5-diphenylcarbazide (DPC) method. Data from direct
analysis were obtained from buffered SPEEK/PVA solutions containing Cr(VI) ina 1 cm cell.
The second method was a sensitive spectrophotometric method for determining hexavalent
chromium which required DPC to react with Cr(\V1) in acidic medium (pH 1) producing a

chromium (I11)-diphenylcarbazone complex, which results in violet solutions with the
wavelength of maximum absorption (Amax) being at 545 nm.?° DPC solutions were prepared by

dissolving 0.2 g in acetone with 1 mL of concentrated sulfuric acid followed by raising the

volume to 100 mL. Such solutions were not kept for more than 2 days. In experiments that
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investigated the effects of initial [Cr(VI)] and buffer concentrations on the metal ion reduction,
the [Cr(V1)] were measured by means of the DPC method. All other measurements, such as
determinations of the light intensity (lp) dependency, and reactions in solutions containing only
PV A were conducted using direct analysis. Standard polymer solutions for the reduction of
Cr(V1) contained 0.018 M SPEEK, 0.036 M PVA, 5 mM phosphate buffer, and approximately

3.2 x 10 M Cr(V1).

Image 3-2. lllumination vessel for the reduction of Cr(VI) in SPEEK/PVA films.

Illuminations of air-saturated solutions were conducted under stirring in a 3 mL optical vessel
(Image 3-1). The height was 4.9 cm with a base width of 2 cm. Illumination of SPEEK/PVA
films was conducted in a glass vessel constructed to specific dimensions (Image 3-2). The top of
the vessel was fitted with a “Giant” glass adapter #25 purchased from Ace-Thred with outer

diameter of 31.5 mm which includes a nylon bushing cap whose inner diameter is 26 mm. The
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inner tube is fitted with an o-ring and secured by screwing on the nylon brushing cap. The outer
diameter of the inner glass tube is 25 mm with a length of 100 mm. At the top of the tube, a
small open has a standard wall length of 8 mm. Length of the overall vessel is 140 mm with a
base width of 55 mm. The side arm has a small glass adapter #7 from Ace-Thred with a small
electrode-fitting hole in cap and secured with a rubber seal. Aliguots of solution are taken from
side arm by using Hamilton 1 mL gas syringe. Gas-tight syringes, purchased from Hamilton,
were used to extract aliquots from the photolyzed solutions. Optical data were collected on a
Shimadzu UV-Vis 2501PC spectrophotometer and the illuminations were carried out inside a
Rayonet 100 circular illuminator that generated photons with A = 350 + 15 nm by means of 16
RPR-3500A lamps; the light intensity was determined by means of the Aberchrome 540
actinometer.?* A Perkin Elmer LS 55 luminescence spectrophotometer was used to conduct
emission measurements. MINTEQAZ2 4.03, a speciation program was used to determine the
predominant chromate ion in the buffered polymeric solution to be HCrO,4, when the total
concentration is less than 10 M. In film experiments, chromium remaining in solution was
analyzed directly with inductively coupled plasma spectrometry ICP (CIROS CCD model,;
Spectro Analytical Instruments, Mass Analysis). Quantification of [Cr(V1)] via DPC
spectrophotometric method and direct analysis exhibited typical error of < 10%, but deviations of

30% were observed in SPEEK/PVA solutions.

3.3 Results and Discussion
3.3.1 Photochemical reduction of hexavalent Chromium
Air-saturated buffered solutions of SPEEK/PVA containing hexavalent chromium were

irradiated with 350 nm photons in order to reduce Cr(V1) to the trivalent oxidation state.

53



Irradiations of air-saturated SPEEK/PVA solutions have produced measurable amounts of H,O,
due to the photochemical generation of SPEEK radicals.? Since SPEEK® is a strong reducing
agent with an estimated oxidation potential in the range of -1.2 to -1.4 V,* and the redox
potential of Cr(VI) to Cr(111) in acidic medium is 1.3 V,?® the reduction of hexavalent chromium

by SPEEK radicals is to be represented by the overall reaction provided by eq. 3.5.

3{R’R'COH},+ HCrO, — Cr(lll) + 3{ R’RC=0}, + 3H* (3.5)

Here {R’R’COH}, represents the SPEEK radicals, and the implicit assumption is that only one
unpaired electron is present per radical chain. Thus, the net result is the reduction of Cr(VI) to
Cr(111) with reformation of the carbonyl group present on the SPEEK chains, which are the
sensitizing chromophores.

Chromium is known to absorb 350 nm light, which is the wavelength of the photons that
are used to excite SPEEK to the triplet excited state that forms radicals via hydrogen abstraction
from PVA. The polymeric solutions contained 0.018 M SPEEK, which exhibits an extinction
coefficient (¢) of 900 M*cm™ at 350 nm whereas the € value for Cr(VI) at that wavelength
amounts to 3500 M™cm™.**® Thus, the absorbance at 350 nm due to SPEEK was 16 times
greater than that due to Cr(V1) at a standard [HCrO,] of 3 x 10 M. Emission measurements of
degassed solutions containing Cr(V1); SPEEK; and Cr(VI) together with SPEEK were conducted

to determine the quenching abilities of Cr(V1).
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Figure 3-2. Emission spectra of 0.7 mM SPEEK and 0.2 mM Cr(VI) in air-free, buffered
solutions (pH 5.7). Excitation wavelength, A= 350 nm and emission Anax = 448 nm.

Shown in Figure 3-2 are the emission spectra resulting from excitation by 350 nm photons. A
broad emission peak centered at Amax = 448 nm was observed for a solution containing only

SPEEK. The overall spectral characteristics are similar to the known phosphorescence spectrum
of BP at room temperature with a maximum at 450 nm.?* In fact, the emission spectrum of
SPEEK is broader than that of BP but resembles closely the phosphorescence signals of poly(p-
vinylbenzophenone), pVB. Such a result is not surprising since pVB polymer is another
macromolecular analogue of BP that is not water-soluble. Given the close resemblance of the
emission spectra a logical conclusion is that the SPEEK spectrum shown in Fig. 3-2 corresponds
to the room-temperature phosphorescence resulting from the radiative decay experienced by

triplet excited state of the sulfonated polyketone.
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Also included in Fig. 3-2 are the results from an experiment in which Cr(\V1) ions were
excited with 350 nm light. The absence of any emission signals indicates that relaxation of the
excited metal ions occurred in a radiationless fashion. On the other hand, excitation of SPEEK in
the presence of Cr(VI) resulted in a broad signal also centered at about 448 nm but with an
intensity that was only 56% of that recorded in the absence of the Cr(VI) ions. An estimate of the
fraction of photons absorbed by SPEEK in the presence of the Cr(VI) ions was performed using
the extinction coefficients of both species at 350 nm together with their respective concentrations
in the emission experiment. By using Beer-Lambert’s Law, calculations show about 50% of the
excitation light was absorbed by the Cr(V1) ions, indicating that the decrease in phosphorescence
intensity depicted in Fig. 3-2 was not a result of quenching of the SPEEK excited state by the Cr
species. This means that the photochemical reactions of SPEEK that yield reducing polymeric
phenylketyl radicals reported in previous studies are not hindered by the presence of Cr(VI). The
conclusion that Cr®* oxyanions are not quenchers of the triplet excited state of SPEEK is at odds
with claims that an unidentified excited state of carbonyl groups generated by oxidation of PVA
to form “polyvinyl alcohol ketone-derivative nanoparticles” can be quenched by Cr(V1).* The
validity of such claims remains questionable in the absence of an analysis of the fraction of
photons absorbed by Cr(V1) during the emission experiments with the oxidized PVA

compounds.
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Figure 3-3. Optical spectra obtained after analysis with the 1,5-diphenylcarbazide (DPC) method
on air-saturated, photolyzed solutions at pH = 5.7 containing 0.018 M SPEEK, 0.36 M PVA, and
2.8x10™ M hexavalent chromium. Solution samples were diluted by a factor of 3 during the
Cr(V1) assay. Top to bottom: samples irradiated with 350 nm light, 1, = 3.5 x 10” M(hv)/s, for 0
min, 1, 2, 3, 4, 5, 6, 7, 9 min, and no Cr(V1). Inset: Plot of absorbance at 545 nm divided by ¢ as
a function of irradiation time (I = 0.2 cm).

Quantifications of the [Cr(VI1)] remaining in solution after illumination were carried out
by the DPC spectrophotometric method; the extinction coefficient for the resulting colored
Cr(111) complex was determined in SPEEK/PVA solution to be 4.71 x 10* M cm™ at the 545 nm.
This ¢ value is 8% higher than the extinction coefficient reported previously,? which is possibly

due to the presence of polymers in the detection solution. Figure 3.3 shows optical spectra

recorded after mixing the DPC reagent with aliquots from an solution containing Cr(V1), SPEEK
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and PVA that was illuminated for different times. The absorption signal centered at Amax = 545

nm was found to decrease in intensity as the illumination progressed.

Consequently, the concentration of hexavalent chromium decreased during photolysis in
the presence of air; the corresponding kinetic data are presented in the inset of Figure 3-3. As
shown in the inset, [Cr(V1)] decreased linearly with irradiation time throughout the
transformation, implying that the reaction is zero-order with respect to the metal ion
concentration. Therefore, the rate of the Cr(\V1) reduction, r(-Cr(\V1)), was obtained from the
slope of zero-order plots. This rate was useful to evaluate the quantum yield of Cr(VI) reduction
using the equation ¢(- Cr(\V1)) = r(-Cr(V1))/lo, which will be discussed later in this chapter. In
systems devoid of SPEEK, where the Cr(V1) reduction was not a linear function of time ¢(-
Cr(VI)) was calculated from the initial rate of reaction, ri(-Cr(\V1)), evaluated via extrapolation to
t=0.

The photochemical reduction of Cr(VI) in SPEEK/PVA solutions is initiated by the
photogeneration of SPEEK® radicals, a product of 3SPEEK* H-atom abstraction from PVA,
which is similar to the light-induced transformations of benzophenone with isopropyl alcohol.””

Reduction of hexavalent chromium to the trivalent state will involve protons in aqueous

media as represented by the following overall equation:

HCrO4 + 7H* + 3" — Cr** + 4H,0 (3.6)
As shown in Chapter 2, each a-hydroxy radical of SPEEK produces a proton upon reducing an
electron acceptor. However, equation 3.6 indicates that the HCrO4™ reduction requires 7 H" ions

but the SPEEK radicals involved in the reduction can provide only 3 protons. Thus, a pH

increase is anticipated in the absence of a species capable to donate H*. To avoid pH increases,
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which will alter the thermodynamics of the Cr(V1) reduction, the photochemical transformations

were investigated in solutions containing inert buffers able to function as a source of H” ions.
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Figure 3-4. Dependence of rate of reduction for Cr(V1) on phosphate buffer concentration in air-
saturated solutions containing 0.018 M SPEEK, 0.36 M PVA, and 3.2 x 10 M Cr(V1) with pH =
5.6. Irradiations with 350 nm photons (I, = 3.5 x 10° M(hv)/s).

The dependency of rates of Cr(V1) reduction in SPEEK/PVA solutions on phosphate
buffer concentrations at a constant pH of 5.7 is shown in Figure 3-4. An immediate increase in
reduction rates is noticed with solutions containing up to 5 mM of phosphate buffer, but a
gradually decrease in reduction rate is apparent at higher concentrations.

Numerous studies using a variety of polyelectrolytes, most notably sodium polystyrene
sulfonate (NaPSS) as a model compound, have shown that polyions experience changes in

conformation and also in aggregation when the ionic strength is raised using inert

59



electrolytes.?®® The effect of electrolytes on SPEEK chains has not been investigated but, given
the structural analogies of this material with NaPSS, a logical expectation is that increases in the
phosphate buffer concentration will induce changes in the aggregation and conformation of the
polyketone chains. The initial increase in r(-Cr(V1)) to reach a maximum rate at 5 mM buffer
shown in Figure 3.4 can be understood in terms of reaction 3.6 since H* ions provided by the
buffer enabled the reduction to occur efficiently. Unraveling the causes that induce the decrease
in r(-Cr(V1)) at higher [buffer] is not possible as the concomitant ionic strength increases affect
both the conformation and aggregation of the SPEEK chains and the effects of such alterations in
the photochemical reactivity of the polyketone are not easy to predict. In fact, both polymer
aggregation and formation of more compact chain conformations could reduce the
photochemical reactivity of SPEEK. Such expectation arises because both alterations could bring
the BP groups of SPEEK closer to each other. BP is known to quench benzophenone molecules
in their triplet excited state with a quenching rate constant of ko = 1.6 x 10° M™ 5% Factors that
facilitate proximity of the BP groups in SPEEK will enhance quenching of the triplet excited
state and lower the efficiency of radical photogeneration, thereby decreasing the rate of Cr(VI)

reduction.
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Figure 3-5. Plot of the reduction of Cr(V1) in buffered 0.36 M PVA solution containing 3.4 x 10™
M Cr(V1) with pH = 5.7. Irradiations with 350 nm photons (l, = 3.5 x 10™ M(hv)/s). Inset: first
order plot.

Cr(V1) is known to undergo photochemical reduction in the presence of an alcohol in
aqueous, acidic solutions without an additional photosensitizer.*"* By comparing the reduction
of Cr(V1) in solutions free of SPEEK with results obtained in the presence of the polyketone, a
better understanding of the role of the photosensitizer will be obtained in order to formulate a
simple mechanism for Cr(V1) reduction in the polymeric system. Polymeric solutions free of
SPEEK were prepared as previously stated, however without the addition of SPEEK. Figure 3-5
shows the photo-induced reduction of Cr(VI) in phosphate buffer solution containing PVA,

where [Cr(V1)] was measured spectrophotometrically by direct analysis of the irradiated sample.
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Obviously, the results showed that the zero-order dependence observed for the SPEEK-induced
photoreduction (Figure 3-3) was not followed when HCrO, ions were exposed to 350 nm
photons. The data shown in the inset confirm that direct excitation of Cr(VI1) ions induced a
photoreduction that is first-order with respect to [Cr(\V1)]. Comparisons of the reduction rates in
the presence and absence of SPEEK can be made from the results shown in Figure 3-4 and the
ri(-Cr(\V1)) value presented in Figure 3-5. In the presence of SPEEK and in a solution with 5 mM
phosphate buffer r(-Cr(VI1)) = 7.8 x 107 M s, that is close to 2 times the initial rate evaluated
without the polyketone, 4.8 x 107 M s™. However, the initial reaction rate decreases in the
absence of SPEEK because less photons are absorbed as the reaction progresses due to the
consumption of the Cr(VI) chromophore. Hence, this is the reason for the first-order rate law
observed under such conditions. In the presence of SPEEK the rate is independent of [Cr(V1)]
because the polyketone acts as a sensitizer that is not consumed during the photoreaction. The
results presented in Figure 3-5 suggested that the Cr(V1) reduction in the presence of SPEEK
could, in principle, operate via two reaction channels: one involving the photochemistry initiated
via excitation of the polyketone, and another involving absorption of photons directly by HCrO,4
ions. However, the experimental conditions selected ([SPEEK] >> [Cr(V1)]) favored the first
reaction channel given that under such conditions most of the photons were anticipated to be
absorbed by the polymeric ketone. The faster Cr(V1) reduction in the presence of SPEEK
together with the different rate law for this process support the conclusion that the reaction
channel involving absorption of photons directly by the metal ions played no important role

when the polyketone was present.
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Westheimer et. al. were able to prove that the primary step of chromate reduction by 2-
propanol to acetone (or the oxidation of 2-propanol by chromate) in acidic aqueous solution was

proceeded by an ester complex™,
(CH3),CHOH + HCrO, = (CH3),CHOCr"'05 + H,0 3.7)

Any dichromate in solution (<1%) is inactive during the reduction process. Klaning also, found
the dichromate ion to interact weakly with 2-propanol in aqueous solution of 10 M perchloric
acid, and ultimately determined the equilibrium constant of 1:1 ester complexes of acid chromate
ion (10 M Cr(V1)) with alcohols or acetaldehyde which was analyzed by spectrophotometric
determinations.®* The equilibrium constant he obtained was measured to be 0.078 M™ at 25°C for
Cr(VI) in aqueous solutions containing 2-propanol. Because 2-propanol is analogous to PVA, the
concentration of Cr(VI1):PVA complex can be estimated by using the mentioned equilibrium
constant with the concentration of the PVA in the system (0.36 M) and the calculated
concentration of HCrO, from the Mintega2 speciation program (2.4 x 10 M). The value
obtained for the [Cr(V1):PVA] complex is 6.7 x 10 M, which is a ratio of 36:1 of Cr(V1)
oxyanions to one Cr(V1):PVA complex in the standard system. These rough estimates suggest
that the [Cr(V1):PVA] is not a species that played an important role during the photoreduction of

HCrO, ions.

3.3.2 Effect of Light Intensity

The fact that Cr(\V1) was photoreduced via a zero-order rate law suggested that the overall
process was controlled by the initial light-initiated formation of polymer radicals as was found
during the conversion of O, into H,0,.? Confirmation of such interpretation was provide by

tests on the effect that systematic variations of I, exerted on the reaction rate for solutions of
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SPEEK/PVA. Presented in Figure 3-6 are kinetic plots obtained using different light intensities
for SPEEK/PVA solutions with an initial Cr(V1) concentrations of about 2.1 x 10 M.
Reasonable zero order processes were observed; as shown in the inset of Figure 3-6, r(-Cr(V1))
increased in a linear fashion with 1, (> = 0.98). The slope of the straight line corresponded to the
quantum yield for the reduction of Cr(VI) in the presence of SPEEK, amounting to ¢(-Cr(V1)) =
0.012. These observations imply that the light intensity was the factor controlling the speed of
the Cr(V1) photoreduction and that the reaction rate was first-order with respect to I,.
Consequently, the rate of the Cr(V1) reduction was dictated by the speed at which SPEEK
radicals were generated; since SPEEK® is formed with a constant rate under continuous
photolysis the result being a zero-order consumption of HCrO,  ions. Photogeneration of
hydrogen peroxide in air-saturated SPEEK/PVA solution of the same polymer concentrations as
used in the present study resulted in ¢(H20,) = 0.02.%* The previous study yielded a [O,] in
SPEEK/PVA solutions equal to 2.6 x 10™ M, which is close to the [Cr(V1)] employed in the
experiments of Figure 3-6. Under such conditions O, is anticipated to compete with Cr(V1) for
SPEEK®. As was shown earlier,?? H,0, is formed when SPEEK radicals are scavenged by O, but
the peroxide generated is 2 orders of magnitude less than the presence of chromium. Also, the
H,0, formed is not an effective reductant of Cr(V1) at pH > 5.% This means that the
photogenerated H,O, was not a contributor to the photoreduction of Cr(\V1). Hence, the loss of
some SPEEK® due to scavenging by O is the reason for ¢(- Cr(\V1)) being lower than the
quantum yield for H,O, formation determined previously in the absence of Cr(\V1). Support for
this interpretation is provided below by the larger ¢(- Cr(V1)) values determined in solutions

with higher [Cr(VI)].
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Figure 3-6. Determinations of reduction of Cr(V1) in air saturated solutions of 0.018 M
SPEEK/0.36 M PVA containing 2.1 x 10* M Cr(VI1) and 5 mM phosphate buffer at pH 5.7.
Irradiations are at various light intensities (l,). Inset: plot of the rate of Cr (V1) reduction as a
function of incident I,.

3.3.3 Effect of pH on Cr(VI) Reduction

Illustrated in Figure 3-7a is the dependence of ¢(- Cr(VI)) on [H'] for SPEEK/PVA
solutions with pH values in the range of 5 and 9. The equivalent plot for solutions containing
PVA but no SPEEK is shown in Figure 3-7b. As shown in Figure 3-7a, the photoreaction in
SPEEK/PVA solutions containing 1 x 10 M Cr(VI) was most efficient at pH 5.7 with a
quantum yield of 0.045. This is a higher efficiency than the ¢(- Cr(\V1)) value obtained at the

same pH from the data of Figure 3-6, determined at a lower [Cr(V1)] of 2.1 x 10 M. These
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results are consistent with the assumption that scavenging of SPEEK® by O, affected the
efficiency of the photoreduction; at higher [Cr(V1)] the metal ions outcompeted oxygen for the
reducing radicals, thereby increasing ¢(- Cr(\V1)). Further evidence of this behavior are the
systematically higher reduction quantum yields depicted at 5 < pH < 6 in Figure 3-7a when

[Cr(VID)] was increased from 0.32 to 1 mM.
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Figure 3-7. Quantum vyield of Cr(VI) reduction dependence on the solution pH. Determinations
of reduction rates were carried out using air-saturated, buffered (5 mM) solutions containing; a)
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Another trend that is noticed in Figure 3-7a pertains to the gradual decrease of ¢(- Cr(V1)) that
occurred with increasing solution basicity and also the similar ¢(- Cr(V1)) values obtained at pH
> 6 irrespective of [Cr(V1)]. Such evolution of the reduction efficiency with increasing pH is not
unexpected since the standard redox potential for reaction 3.6 follows the Nernst equation, E =

(1.35-0.138 pH) V, whereas the potential for reaction 3.8,
CrOs* +8H" + 3¢ — Cr'"" + 4H,0 (3.8)

obeys the relationship, E = (1.48 — 0.158 pH) V.** As is the case with all a-hydroxy radicals, the
redox potential of {R’R°COH}, is expected to increase with pH since the deprotonated form, the
radical anion {R’R'CO},, is a stronger reducing agent than SPEEK®.?* However, because of the
stronger dependence of reactions 3.6 and 3.8 on [H] than for the ionization of SPEEK?®, the net
result is a decrease in the driving force for the reduction of Cr(V1) with increasing pH. The
decrease in the thermodynamic driving for the Cr(V1) reduction with increasing basicity explains
the decline of ¢(- Cr(V1)) observed at pH > 6 in Figure 3-7a.

Earlier work in our group has shown that in neutral systems containing Ag* and Cu?*, the
quantum yield of the triplet excited state of SPEEK, *SPEEK*, reaches values between 0.04-
0.056.1% Since, as shown in Chapter 2, each *SPEEK™* forms 2 polyketone radicals, then the
SPEEK® guantum yield is anticipated to be in the range of 0.08-0.112. However, some of the
SPEEK radicals persist for several minutes at room temperature and the quantum yield
determined experimentally, ¢i(SPEEK®), is 0.02.1° The reason for the discrepancy in ¢i(SPEEK®)
is due to the decay of SPEEK?® via dimerization and disproportionation processes that are typical

of a-hydroxy radicals. Those reactions are represented by the following equation,

{R’RC°*OH}, + {R’RC°*OH}, — combination/disproportionation products (3.9)
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According to equation 3.5 the irreversible reduction of Cr(\V1) requires 3 SPEEK radicals,
meaning that the quantum yield for SPEEK® that participated in the reaction amounts to 0.135.
This yield is slightly higher than the expected value based on the earlier quantum yield for
3SPEEK*. Consequently, Cr(V1) is a more efficient scavenger for SPEEK® than O,, Ag* and
Cu?*, which intercepted only between 40 and 80 % of the photogenerated SPEEK radicals.

The data presented in Figure 3-7a indicate a decrease of ¢(-Cr(V1)) at pH =5, a result
that is not surprising given that the yield of H,O, decreases with increasing solution acidity.*
Such an effect is understandable having in mind that the triplet excited state of benzophenone,
*BP*, undergoes quenching by HsO"; a similar proton-induced deactivation of *SPEEK*
explains the lower yields for both the O, and Cr(VI) reductions observed in acid solutions. In the
case of Cr(V1) the increases in the driving force induced by lowering the pH is counterbalanced
by the quenching effect that H30O" exerts. For this reason a maximum in ¢(-Cr(V1)) was obtained
in the pH range of 5 to 6 and not in neutral solutions as observed during the H,O, formation.

A different evolution of ¢(-Cr(\V1)) vs pH is depicted in Figure 3-7b for illuminations of
solutions free of SPEEK. In such systems ¢(-Cr(\V1)) achieves a maximum value at pH = 5 close
to the quantum yield obtained in the presence of SPEEK. The reduction efficiency remains
about constant in the range of 5.5 < pH < 6.5-7 but decreases abruptly thereafter. Also, at both
[Cr(VI)] the ¢(-Cr(V1)) values are about 30-50 % lower than the corresponding quantum yields
shown in Figure 3-7a for solution with SPEEK. These observation indicate that the
photoreduction of Cr(V1) was significantly different in the presence and absence of SPEEK.
Values of ¢(-Cr(V1)) have reported for air-saturated PV A solutions in the pH range of 1.4 to 3.6
that contained 1 mM Cr(V1).* A trend similar to that shown in Figure 3.7b was reported with

efficiencies that decreased with increasing pH. The highest quantum yield (0.022) was
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determined at pH = 1.4, decreasing drastically to a value 20 times lower at pH = 2 and remaining
constant thereafter. Such lower quantum yields probably are a consequence of the 20 times
smaller [PVA] used in the previous study.

PVA films containing Cr(V1) are important holographic materials and the photochemical
formation of images in these systems has been investigated extensively.* Generation of
holographic images results from crosslinking of PVA chains and radicals of this polymer are
frequently invoked as important intermediates in such processes. Such polyol radicals have been
detected via ESR techniques during illumination of PVA films containing Cr(V1).*> Hydrogen-
atom abstraction form PVA yields a-hydroxy radical of the polyol that are strong reducing
agents.®’ If the Cr(VI) photoreduction proceeded via involvement of the a-hydroxy radicals of
PVA as reducing agents then similar results should have been obtained in solutions with and
without SPEEK. The fact that significant differences were observed in Figures 3-7a and 3-7b
clearly indicates that the reaction mechanism is different when light is absorbed by the HCrO,4
ions as compared with the case of SPEEK acting as the sensitizer. A plausible mechanism for the
photochemistry observed in the absence of SPEEK involves a two-electron oxidation of PVA by
the excited Cr(V1) species as proposed previously.® In that mechanism the PVA radicals are no
longer the key species that initiate the reduction of Cr(V1) as they are generated via a subsequent,
non-photochemical reaction involving Cr(1V). Such a mechanism predicts a stronger dependence
of the reduction quantum yield on solution pH given that the driving force provided by the
reactivity of a-hydroxy radical is not available to compensate for the increasingly less favorable

conditions induced by increases in pH.
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3.3.4 Cr(VI1) Photoreduction in SPEEK/PVA Films

A viable application for SPEEK/PVA to be used in waste water treatment would be as a
film that collects and filters out Cr(VI) by reduction to nontoxic trivalent chromium. A benefit of
using SPEEK/PVA films for chromium waste water treatment is the swelling ability; an increase
in surface area increases reaction site for Cr(\V1) reduction. Film was immersed in air-saturated,
buffered solution containing 3.4 x 10 M Cr(V1) equilibrated for 1 hour before commencing
with illuminations. An aliquot was taken before exposure to 350 nm photons for the initial
concentration of [Cr(VI1)] and was measured by direct analysis of the solutions. Illumination
yielded an optical signal with wavelengths of maximum absorptions at 256 and 350 nm with a
broad shoulder at 450 nm that decayed slowly over a few hours.

Figure 3-8 shows the reduction of Cr(VI) in SPEEK/PVA film swollen in buffered
solution containing 3.4 x 10 M Cr(VI1). Quantifications of the remaining [Cr(V1)] in solution

after illumination in film were carried out by direct analysis in 1 cm cells. The extinction
coefficient for Cr(V1) was measured in SPEEK/PVA solutions to be 1580 M cm™(Amax = 350

nm), which has a 1.2% error based on literature value obtained in aqueous solutions.* The data
in Figure 3-8 clearly demonstrated the reduction of Cr(VI) in SPEEK/PVA film in the presence
of air.

The inset shows a new species has formed from the photolysis of SPEEK/PVA film
water-swollen in buffered Cr(V1) solution. This new species appears at 220 minutes after
irradiation and has an optical maximum absorption at 290 nm with a small shoulder appearing at

237 nm. A similar signal has been obtained and identified as the superoxochromium(l1l) ion,

CrO,**, with an extinction coefficient of 3100 M cm™(Amax = 290 nm).*
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Figure 3-8. Spectra of photoreduction of Cr(VI) in water-swollen SPEEK/PVA Film. Irradiation

of film was conducted in buffered solution of 3.4 x 10™* M Cr(VI) with 350 nm photons with
intensity of 3 x 10 M(hv)/s and pH was 5.7. [Cr(VI)] was detected by direct analysis of solution
(I = 1 cm). Film surface area was 24 cm?. Inset: Comparison plot of the abs spectra of chromium
solution before irradiation and 5.5 hrs after irradiation.

Formation of superoxochromium(l11) was generated within the film and possibly diffused
into solution. The stability of CrO,*"in air-saturated solutions continues for at least 30 minutes at
room temperature before decomposing to Cr(111).** The CrO,?* generated in the film is stable for
more than 24 hours in a closed vessel. Quantification of CrO,?* was calculated to be 1.2 x 10™
M, which is approximately 1/3 of the initial Cr(VI) concentration. Results obtained from ICP

analysis on the chromium solution is in agreement with spectrophotometric data. The remainder

of chromium may exist as a complex bound within the film.
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Figure 3-9. Photoreduction of Cr(VI) in swollen SPEEK/PVA Film. Irradiation of film was
conducted in air-saturated, buffered solution of 3.4 x 10* M Cr(V1) with 350 nm photons (I, = 3
x 10®° M(hv)/s, pH = 5.7). [Cr(VI)] was detected by direct analysis (I = 1 cm, € = 1580 cm™M™).
Inset: First order reduction plot.

Figure 3-9 shows the reduction process of Cr(V1) in SPEEK/PVA film, and the inset
shows that the reduction is first-order in [Cr(\V1)]. Unlike the zero-order reduction process seen
in solutions of SPEEK/PVA, a different reduction process is observed in the films primarily due
to the incorporation of HCrOy is limited by the presence of negatively charged sulfonic groups
in the polymer film. By obtaining the initial rate of reduction, the initial quantum yield of Cr(\V1)
reduction by SPEEK/PVA was acquired to be ¢;i(-Cr(VI)) = 0.47. The yield is ten times higher

than that obtained in solutions of SPEEK/PVA. Because Cr(VI) requires 3 SPEEK e for fully
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reduction to Cr(IIlI), the quantum yield for the SPEEK e radicals scavenged by chromium is
®(SPEEKe) = 1.41. This means that Cr(VI) was able to scavenge more radicals than oxygen,

Ag" and Cu*.*®
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3.4 Conclusions

Photoreduction of Cr(VI) in SPEEK/PVA films has demonstrated that the polymeric
system has the potential to function as a means of treatment for contaminated water by collecting
and/or reducing hexavalent chromium. Studies of the Cr(V1) reduction in polymeric solutions
prove that the constant presence of SPEEK as a photoinitiator is more efficient with a zero order
reduction process. Because the system is light-sensitive, the rate determining step is the
photochemical process that generates SPEEK radicals, which was proven to be first order in
respect of light intensity. The reduction yields dependence on pH is great, therefore a maximum
quantum yield of Cr(V1) reduction was reached at pH 5.7. Though oxygen is a quencher of the

reactive photoinitiator, reduction of Cr(V1) is still competitive and prevails.
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IV. Kinetic Investigation on Photochemical Reduction of Cr(VI) Sensitized by SPEEK in

the Presence of PVA

4.1 Introduction

The results presented in the previous chapter demonstrated that illumination with 350 nm
photons of air-saturated solutions containing dissolved SPEEK and PV A polymers induced an
efficient photoreduction of Cr(V1) species. Furthermore, reduction of Cr(V1) to Cr(lI11) species
was also observed when aqueous solutions in contact with crosslinked SPEEK/PVA films were
exposed to 350 nm light. Since SPEEK/PVA films swell in water, the Cr(VI) ions were able to
diffuse into the water-swollen films and react with the highly reducing a-hydroxy radicals of
SPEEK that are generated when the polyketone is exposed to light in the presence of PVA.! The
outcome of the photoreaction was complete reduction of both Cr(\V1) ions, and also Cr(V)
intermediates, to form species that resemble Cr(111) complexes. Most noteworthy was the very
large quantum yield of Cr(VI) reduction that amounted to 0.47, which is 10 times the maximum
value found at pH = 5.7 in air-saturated SPEEK/PVA solutions. These findings are remarkable
since they suggest a possible utilization of SPEEK/PVA films as materials able to remove toxic
Cr(V1) ions from contamination waters. Pollution of water by Cr(V1) ions is a worldwide
problem and methods that can remove them from solutions are highly desirable.? Cr(V1) ions are
contaminants that can be transported efficiently in agueous solutions. In contrast, Cr(I11) species
are less toxic, and can be readily precipitated from aqueous solutions. Therefore, procedures for
eliminating Cr(VI1) toxicity usually involve reduction of this species to Cr(lll).

Another unusual finding of the film experiment was that only 1/3 of the original amount
of Cr(VI1) was detected in solution presumably as a Cr(I1l) compound, indicating that most of the

Cr species that resulted from the reduction process remained bonded to the polymer film.
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Enough anionic sulfonic groups were present in the SPEEK chains of the film to bind all the
formed Cr(l11) ions under the assumption that three SO3” groups were needed per Cr(l11) species.
The fact that less than 100% of the Cr(I11) was electrostatically bonded to the film suggests that
coordination of these ions to the anionic groups of SPEEK may be a slow process. Nevertheless,
the results are encouraging as they show that SPEEK/PVA films could function as light activated
filters for the irreversible removal of Cr(VI) from solution. However, Cr(V) was the main
product detected during the photoreduction of Cr(V1) in PVA films.? In addition, illumination of
air-saturated HCrO,4 solutions can result in an initial reduction to Cr(l11) that is followed by re-
oxidation to Cr(V1) induced by O,.* Numerous studies on the thermal reductions of Cr(V1) in
acid solution have indicated the transient formation of Cr(V) and Cr(IV) species.>” Evidence has
also been presented that these species are generated as intermediates during the solution
photoreduction of Cr(VI1) in the presence of alcohols and PVA.2*° Formation of long-living
Cr(V) and Cr(IV) compounds is not desirable because they have been found to exhibit high
toxicities similar to that of Cr(V1) species.™*

The results shown in Chapter 3 indicated that SPEEK/PVA films exhibit promising
properties as light-activated filters able to treat waste waters contaminated with Cr(V1) ions.
However, an in-depth investigation of the reduction process was considered necessary to gather
information about the mechanism for Cr(V1) photoreduction in SPEEK/PVA system and to
determine the fate of possible Cr(V) and Cr(IV) intermediates. Earlier studies on the thermal
reduction of Cr(VI) in acid solutions have shown that formation of Cr(l1l) can occur through
several different mechanism.> A complex mechanism seemed also to be operative during the
Cr(VI) photoreduction in acid 2-propanol.2® Evidence that complex processes operated during

the photoreduction of Cr(VI) in SPEEK/PVA solutions at pH = 5.7 is presented in this chapter.
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Experiments performed at different initial [Cr(V1)] and in degassed solutions resulted in
enhanced quantum yields of Cr(V1) reduction. These results indicate that Cr(V1) species compete
with O, for the a-hydroxy radicals of SPEEK. An estimate of the rate constant for the reaction of
the SPEEK® with the Cr(VI) species was obtained from such a competition analysis of kinetic
data obtained in the presence of oxygen. Electron paramagnetic resonance (EPR) spectroscopy
was employed for the detection of Cr(V) and Cr(l11). Finally, a mechanism was derived for the

reduction of hexavalent chromium in air-saturated SPEEK/PVA solutions.

4.2 Experimental

Poly (vinyl alcohol), (PVA) 99+% hydrolyzed with an average molar mass of 8.9-9.8 x
10* g/mol and potassium phosphate monobasic were purchased from Sigma Aldrich. Potassium
dichromate, potassium phosphate dibasic, and 1, 5-diphenylcarbazide was obtained from Fisher.
Poly(ether ether ketone) (PEEK) was a gift from Evonik with an average molar mass of 4.5 x 10*
g/mol. PEEK was received in sheets that were cut into strips, further grinded into a powder, and
later dried in a vacuum oven at 100 °C for about 6 hours. Solutions of 30% w/v were prepared
with the dried PEEK and H2SO4, and were stirred constantly at a temperature between 50-55 °C
4 for several days. Collection of sulfonated PEEK used the same procedure as described before.
Solution preparations for SPEEK/PVA solutions were conducted as stated previously,’ and the
molarity for solutions containing PVA with no SPEEK was the same as that for solutions of
SPEEK/PVA. Phosphate buffer solutions (5 mM) were prepared at the standard pH of 5.7 which

was employed in all the photochemical experiments. Stock solutions of 2 x 10 M and 0.125 M

Cr(VI) were used to obtain the desired concentration of Cr(V1) via dilution. These concentrations
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were determined by optical measurements performed on a Shimadzu UV-Vis 2501PC
spectrophotometer by DPC method as described in Chapter 3.

Illuminations of air-saturated solutions were conducted under continuous stirring of
solutions placed in a 3 mL optical beakershown in Chapter 3. Gas-tight syringes from Hamilton
were used to extract aliquots from the photolyzed solutions. Efforts to detect Cr(I11) ions formed

during illuminations of SPEEK/PVA solutions used a 10 cm optical cell shown in Figure 4-1.

A7 RN

/900

Figure 4-1. Image of the 10 cm quartz optical cell employed as illumination vessel during the
detection of Cr(I11) formed upon photolysis of SPEEK/PVA solutions.

Irradiations in the absence of air were conducted by means of a vessel that enabled
degassing of the solutions, see Figure 4-2. The height of the main reservoir (6 mL) of the vessel
was 13.4 cm with a wall thickness of 2.4 mm (O.D. = 1.5 cm). An Ace Thred #7 glass adapter
with an electrode fitting cap was fused on top of the vessel. A glass side arm (1 cm wide),
located on the top of the vessel was used to connect the reservoir to a Chem-Vac 0-4 high
vacuum stopcock with a self-removing cap. The arm length measured from reservoir to the side
opening was 11 cm. The freeze-pump-thaw procedure was employed to remove air from the
polymeric solutions. This required slowly immersing the vessel into liquid nitrogen, then

suctioning the air from the vessel, followed by closing the stopcock and thawing the solution to
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room temperature. After thawing, the solution was back-filled with argon gas. This process was
repeated three times. Aliquots of solution were withdrawn through the electrode-fitting cap by

using gas syringes.

Image 4-2. Illumination vessel used for photolysis of air-free solutions. Degassing was
accomplished via freeze-pump-thaw cycles.

Optical data were collected on Shimadzu UV-Vis 2501PC spectrophotometer and the
illuminations were carried out inside a Rayonet 100 circular illuminator that generated photons
with A =350 + 15 nm by means of 16 RPR-3500A lamps; the light intensity (lp) was determined
by using the Aberchrome 540 actinometer.*? EPR analyses were conducted on Bruker EMX-6/1
X-Band EPR Spectrometer and were performed at 77 K. Typical instrumental conditions were as
follows: center field, 3380 G; sweep width, 180 G; microwave power, 20dB; modulation

frequency, 100 kHz; receiver gain, 2 x 10*. Quantification of [Cr(VI)] employed in most cases
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the DPC spectrophotometric method that results in an optical signal with An.x =545 nm and € =
471 x 10* M cm™.® Both the DPC procedure and direct spectrophotometric detection of
Cr(VI) signals exhibited a typical error of 8 %, but deviations of 30% were observed, which are

typical of the concentrated SPEEK/PVA solutions.*

4.3 Results and Discussion
4.3.1 Reduction of Cr(V1) in Polymeric Solutions Free of Oxygen

As was shown in Figure 3.7a of Chapter 3, the reduction quantum yields, (¢(-Cr(V1)), in
air-containing solutions of SPEEK/PVA increased at higher [Cr(VI)]. A reasonable explanation
assumes that at low metal ion concentrations O, was able to compete with Cr(V1) for SPEEKe,
thereby decreasing the efficiency of the reduction process. The reason for such a decrease in
efficiency is that reduction of oxygen by the polyketone radicals yields ¢O,” and HOze, which
eventually form H,0,.* Most experiments were performed at pH > 5, which is the acidity region
where 0, predominates given the pK, value of 4.8 for HO,e radicals.™ Radiation chemical
experiments have shown that HO,e is able to reduce Cr(V1) whereas O, is unable to serve as a
reductant.’® Thus, the lower yields of Cr(V1) reduction noticed in air-saturated solutions at low
metal ion concentrations reflected significant scavenging of SPEEKe by O,, leading to ¢O,
radicals that do not participate in the reduction process. To test this hypothesis experiments were
performed with air-free solutions; presented in Figure 4-3 are optical spectra recorded after
mixing the DPC reagent with aliquots from photolyzed solutions containing Cr(VI), SPEEK, and
PVA. As in the case of air-saturated solutions, the absorption centered at 545 nm decreased in

intensity as the illumination progressed, indicating that Cr(\V1) was photoreduced. Depicted in
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the inset is a kinetic plot of [Cr(V1)] during the photoreaction. The results are analogous to those

obtained in an air-containing solution containing a similar [Cr(V1)] shown in Figure 3-3.
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Figure 4-3. Optical spectra obtained after analysis with the 1,5-diphenylcarbazide (DPC) method
on degassed, photolyzed solutions at pH = 5.7 containing 0.018 M SPEEK, 0.36 M PVA, and 3.2
x 10™ M hexavalent chromium. Solution samples were diluted by a factor of 3 during the Cr(V1)
assay. Top to bottom: samples irradiated with 350 nm light, I, = 3 x 10° M(hv)/s, for 0 min, 0.5,
1,15, 2,2.5and 3 min. Inset: Plot of absorbance at 545 nm divided by ¢ as a function of
irradiation time (I = 0.2 cm).

An important difference is that [Cr(\V1)] decreased linearly with time throughout the illumination
in the case of the air-saturated solution whereas in the absence of O, a linear decay of the metal
ion concentration was noticed only after an initial period of practically no change. According to
the data shown in the inset of Figure 4-3, the length of time with no significant change in

[Cr(VI)] (denoted as the induction period) amounted to about 30 s. Another significant difference

is that although the photoreaction followed a zero order rate law with respect to [Cr(V1)] in the
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presence or absence of O, a faster decrease in [Cr(VI)] was noticed when air was absent. This
finding confirmed the notion that scavenging of SPEEKe by O, affected in a negative fashion the
efficiency of the Cr(V1) photoreduction. The slope obtained from the linear decrease in metal ion
concentration corresponded to the reduction rate, r(-Cr(\V1)), which was employed to evaluate the
quantum yield of reduction via the equation: ¢(-Cr(VI)) = r(-Cr(V1)/lo.

Experiments conducted with air-free solutions containing several initial [Cr(V1)] yielded

similar observations, relevant results are presented in Figure 4-4. An induction period was also
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Figure 4-4. Photoreduction of Cr(VI) in degassed solutions buffered at pH = 5.7 with 5 mM of
the phosphate buffer also containing 0.018 M SPEEK and 0.36 M PVA with [Cr(VI)]: 2 x 10* M
(W), 4x10*M (A), and 7 x 10 M (@). Photolysis with 350 nm light, I, = 3 x 10° M(hv)/s.
evident in each experiment followed by a linear decrease in [Cr(V1)]. Interestingly, similar

slopes were obtained in all these experiments but longer induction periods resulted when the

initial [Cr(V1)] increased. Occurrence of a period of small [Cr(V1)] change has been reported to
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occur during the initial stage of the Cr(V1) reduction by oxalic acid.'” Such phenomenon was
attributed to the formation of a Cr(V) intermediate exhibiting optical properties very similar to
those of Cr(VI). Consequently, any decrease in optical density due to the consumption of Cr(\V1)
was compensated by the absorption of the generated Cr(V). A similar transformation seems to

result from the reaction of SPEEKe and Cr(V1),

{R’RCeOH}, + HCrO4 — HCrO,* + {R’RC=0}, + H* (4.1)

where {R’RCeOH}, represents the SPEEKe radical and HCrO,* corresponds to the generated
Cr(V) species. The latter compound was detected as an intermediate in time resolved studies on
the reduction of HCrO, by ¢CO,  radicals.'® As was found in the earlier study,*” both Cr(V) and
Cr(VI) species exhibited fairly similar optical spectra.’® An important issue is that the DPC
spectrophotometric method yields the same optical spectrum when Cr(V) or Cr(VI) species are
present in the solutions.*® Therefore, the induction periods noticed in Figures 4-3 and 4-4
originated because most of the Cr(V1) initially reduced is transformed into a product (HCrO,*)
that exhibit nearly the same optical properties upon reaction with DPC as those of the precursor.
Such explanation requires the Cr(V) generated to be fairly stable at room temperature. Indeed,
the disproportionation of Cr(V) required the presence of H” ions to proceed efficiently and was
not detected at pH > 5.'® The fact that the induction periods lengthened with increased [Cr(V1)]
seem to indicate that Cr(V) competed with Cr(V1) for the SPEEKe radicals.

Similar experiments were conducted in air-free solutions at pH 5.7 containing only PVA
but no SPEEK and different initial [Cr(\V1)]. As in the case of solutions with air presented in

Chapter 3, the photoreduction of Cr(VI1) initiated in the presence of PVA followed a first order
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rate law. In most cases [Cr(V1)] decreased in a linear fashion with increasing illumination time

during the first half-life of the reaction. Presented in Figure 4-5 are the corresponding linear
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Figure 4-5. Initial rates of HCrO,4 photoreduction in degassed 0.36 M PV A solutions free of
SPEEK at various Cr(VI) initial concentrations. Illumination of solutions buffered at pH 5.7 with
[buffer] =5 mM containing: ¢ [Cr(VI1)] =0.0179 mM; B [Cr(VI)] =0.16 mM, A [Cr(VI)] =
0.345 mM and @ [Cr(V1)] = 0.467 mM, with 350 nm photons, I, = 3 x 10 M(hv)/s. [Cr(V1)]
were determined using the DPC method.
plots; the slopes of the straight lines increased steadily with raising [Cr(\V1)]. Initial rates of metal
ion reduction were evaluated from the slopes, which served to calculate quantum yields for the
photoreactions. Anther interesting observation was that induction periods became evident only
upon photolysis of solutions with [Cr(VI)] > 4.6 x 10™* M. Also, the length of the induction
periods increased with increasing metal ion concentration (data not included in the Figure).
Compared in Figure 4-6 are the quantum yields of Cr(VI) reduction in air-free solutions

with and without SPEEK as a function of the metal ion concentration. An average ¢(-Cr(VI)) of

0.06 was obtained in air-free SPEEK/PVA throughout the range of metal ion concentrations.
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Hence, the Cr(V1) species were able to scavenge most of the available SPEEKe at all initial
[metal ion] employed in the air-free experiments. Since the reduction of a Cr(VI) ion requires 3

reducing equivalents, the quantum yield of consumed polyketone radicals therefore equals 0.18.
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Figure 4-6. Comparison of quantum yields of Cr(\V1) reduction in degassed solutions with 0.018
M SPEEK and 0.36 M PVA (), and solutions free of SPEEK with 0.36 M PVA (m) as a

function of [Cr(V1)]. Irradiations conducted at pH = 5.7 with 350 nm light (I, = 3 x 107
M(hv)/s); line is a guide to the eye.

This value is 2.5 times higher than the maximum yield (0.07) determined during reduction of
Ag" ions by SPEEKe.'® The average ¢(-Cr(V1)) determined in the absence of O, is about 30%
higher than the maximum quantum yield obtained at pH 5.7 in solutions with air and [Cr(VI)] =
3.2 x 10" M (see Chapter 3). Evidently, a significant fraction of the SPEEK radicals will not
contribute to the reduction process in the presence of air at lower [Cr(VI1)]. The results of Figure

4-6 also indicate that the photoreduction of Cr(V1) is significantly less efficient in the absence of

SPEEK. Under these conditions, ¢(-Cr(V1)) increased to a maximum of 0.036 at [Cr(VI)] of 5 x
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10™ M but this value is still 1.7 times lower than the average quantum yield determined in the
presence of SPEEK. No further improvements in ¢(-Cr(\V1)) were noticed at higher
concentrations of metal ion presumably because self-quenching of Cr(\V1) becomes more

probable.

4.3.2 Effects of [Cr(VI1)] on Reduction of Cr(VI) in Air-Saturated Polymeric Solutions
Illuminations of SPEEK/PVA solutions with varying initial concentrations of Cr(VI)
were also conducted in the presence of air. Relevant zero-order kinetic plots for solutions with
initial [Cr(VI1)] of 7.16 x 10° M and 2.84 x 10™* M are displayed in Figure 4-7a. Oxygen can
compete with Cr(V1) for SPEEKe because the [O,] in water amounts to 2.6 x 10* M.} As a
result of the partial scavenging of the polyketone radicals by O, the reduction of Cr(V1) is
relatively slow. Presented in Figure 4-7b are zero-order kinetic plots for results collected during
illumination of air-saturated solutions of SPEEK/PVA containing 1.2 x 10° M and 1.3 x 10° M
Cr(V1). Much faster reduction of Cr(V1) were achieved in these experiments given that the
higher [Cr(V1)] enabled the metal ions to compete with O, for the SPEEK radicals. An additional
familiar feature of these plots is the appearance of an induction period lasting about 40 s in both
cases. Equivalent experiments were performed with air-saturated solution containing only PVA
and various initial metal ion concentrations. Linear plots of the initial kinetic data are shown in
Figure 4-8. Slow reductions were observed in all these experiments and no induction period was
evident in these experiments. Presented in Figure 4-9 is a comparison of the quantum yields of
Cr(V1) reduction measured in air-saturated solution containing PVA with and without SPEEK. In
both systems ¢(-Cr(\V1)) increased linearly with [Cr(\V1)] up to a concentration of 3.3 x 10™ M.

The reduction quantum yield reached a maximum of 0.02 at 5.7 x 10 M Cr(V1) for
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Figure 4-7. Photoreduction of HCrO,  in air-saturated, solutions of 0.018 M/0.36 M SPEEK/PVA
buffered at pH = 5.7 with 5 mM phosphate buffer. a) B [Cr(VI)] =0.28 mM, ¢ [Cr(VI)] =
0.0716 mM; b) @ [Cr(VI)] = 1.3 mM, A [Cr(VI)] = 1.2 mM. Samples irradiated with 350 nm
photons with 1, = 3 x 10”° M(hv)/s; [Cr(V1)] determined using the DPC method.

solutions without SPEEK but declined at higher [Cr(V1)]. Given that Cr(V1) is the chromophore

in solutions without SPEEK, self-quenching of the excited metal ions is a possible explanation

for the decline in ¢(-Cr(\V1)) at the higher Cr concentrations. On the other hand, the reduction

quantum yield continued to increase at [Cr(V1)] > 3.3 x 10 M for solutions containing SPEEK.
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Figure 4-9. Comparison of quantum yield of Cr(VI) reduction in air-saturated solutions at pH =

5.7 of SPEEK/PVA (0.018 M/0.36 M) (&) and solutions containing 0.36 M PVA but no SPEEK
(o) as a function of [Cr(VI)]. Quantum yields for solutions without SPEEK were obtained from
initial rates of reduction. Irradiations were conducted with 350 nm light, I, = 3 x 10° M(hv)/s.
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The linear increase of ¢(-Cr(V1)) with increasing [Cr(V1)] exhibited by SPEEK/PVA
solutions in Figure 4-9 is further support to the idea that Cr(\V1) competed with oxygen for
SPEEKe. Such competition involves reactions 4.1 and 4.2,

{R’RCeOH}, + O; — ¢0, + {R’RC=0}, + H" 4.2)

At pH = 5.7 the reduction of oxygen yields mainly O, since HO.e radicals have pK, = 4.8.°
Scavenging of SPEEKe by O, decreases ¢(-Cr(V1)) because O, is unable to reduce Cr(VI).*®
The fraction of radicals (f) that react with chromate are given by:

f = (ks 2[Cr(VI)][SPEEKe]) / (ka1[Cr(VI)][SPEEKe®] + k4 2[O,][SPEEKe]) 4.3)
Division of this expression by the light intensity, the yield of Cr (V1) reduced is obtained

¢(-Cr(V1)) = ¢(SPEEKe) (ksa[Cr(VD)]/ kaa[Cr(VI)] + ka2[O]) (4.4)
Inversion of this equation yields:

1/(-Cr(V1) = 1/¢(SPEEKs) + {ka2[02]/ ks 19(SPEEK ) }(1/[Cr(V1)]) (4.5)
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Figure 4-10. Double-reciprocal plot resulting from competition analysis of the yields of Cr (V1)
reduction as a function of chromate concentration in air-saturated solutions buffered at pH = 5.7
with 0.018 M SPEEK and 0.36 M PVA. llluminations were conducted with 350 nm light, I, =3
x 10”° M(hv)/s.
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Figure 4-10 depicts a plot according to equation 4.5 of the results shown in Figure 4-9 for the
SPEEK/PVA solutions. A reasonable straight line is obtained where 1/o(SPEEKe) corresponds
to the y-intercept and the slope is equal to {ks.2[O2]/ ks1¢(SPEEKe)}. The rate constant for the
reduction of O, by SPEEKe is not known but this value is anticipated to be close to that of a
typical o-hydroxy radical such as (CHs),CeOH, ks, = 4 x 10° M s.2° A value of ¢(SPEEKe) =
0.02 is calculated from the intercept, which is larger (but within experimental error) than the
quantum vyield of 0.014 obtained at pH = 6 using steady-state measurements.** Using the slope
together with o(SPEEKe) and the selected k,4» value yielded a rate constant for the reduction of
Cr(V1) by SPEEKe equal to 6 x 10® M s™%. This value of k41 agrees well with rate constant for
the reaction of Cr(VI) with «CO,", k=1.2x 10 M* s

A remaining issue pertains to the induction periods detected at high [Cr(V1)] in solutions
with and without air and also at lower Cr(V1) concentrations in SPEEK/PVA solutions free of
air. Inspection of the results shown in Figures 4-4 through 4-9 reveals that induction periods are
always noticed in systems where the photoreduction of Cr(V1) is fast, that is, under conditions
that result in high quantum yields. In fact, the data shown in Figures 4-6 and 4-9 indicate that
induction periods occurred in systems characterized by ¢(-Cr(V1)) > 0.04 irrespective of the
presence/absence of SPEEK or air. Fast reduction of Cr(VI1) enables accumulation of Cr(V),
resulting in only minor absorption changes due to the similar optical properties exhibited by both
chromium species. Evidence that Cr(V) species persist for long times was obtained in
experiments where analysis of the photolyzed solutions were carried out immediately after light
exposure and also after keeping them in the dark for different times. Irradiated samples aged in
the dark for 1 or 2 hours exhibited lower optical signals (by about 20%) as compared with

solutions analyzed right after illumination. A logical explanation for such observations is that
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Cr(V) species formed from the photoreduction of Cr(V1) persisted for several hours at room
temperature. In solutions containing low [Cr(V1)] part of the radicals reacted with the
photogenerated Cr(V). However, in solutions with high [Cr(V1)] most of the radicals attacked
Cr(VI) leading to an accumulation of Cr(V), resulting in an apparent induction period. The fact
that induction periods were observed in the presence of air only at high [Cr(V1)] suggest that

Cr(V) was somewhat susceptible to the attack of O..

4.3.3 Cr(V) EPR Study

Numerous studies have reported the detection of long lasting Cr(V) intermediates during
the reduction of Cr(V1) by means of electron paramagnetic resonance (EPR).%>****" Considering
that Cr(V) species were suspected to play a role during the photoreduction of Cr(VI1) in
SPEEK/PVA systems, EPR analysis was performed on illuminated samples. For this purpose,
degassed as well as air-saturated PVA solutions with and without SPEEK containing 6 x 10 M
Cr(VI) were irradiated directly in EPR optical tubes for the length of time needed to achieve
complete Cr(VI1) reduction (as determined via the DPC spectrophotometric method). Exceptions
were solutions without SPEEK, which were irradiated for shorter times. Presented in Figure 4-
11a are ESR spectra recorded after photolysis of degassed PVA solutions in the presence and
absence of SPEEK. An intense signal centered at 3395 G that is characteristic of Cr(\V) was
detected in the PVA sample illuminated in the absence of SPEEK. No such a Cr(V) signal was
noticed in the sample irradiated in the presence of SPEEK. Instead a weak Cr(V) signal centered
at 3350 G was noticed. Such difference is not surprising given that the sample with SPEEK was
analyzed after all Cr(VI) was reduced, indicating that only small amounts of Cr(V) persisted at

the end of the photoreaction.
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Figure 4-11. EPR spectra of Cr(V) signal in degassed polymeric solutions with and without
SPEEK (a), and air-saturated solutions with and without SPEEK (b). In degassed solutions,
samples were irradiated for 5 minutes; air-saturated solutions were exposed to light for 20
minutes. [Cr(V1)]i = 6 x 10* M, I, = 3 x 10° M(hv)/s.

Shown in Figure 4-11b are spectra recorded from air-saturated PVVA solutions that were

illuminated in the presence and absence of SPEEK. The Cr(V) signal centered at 3395 G was

detected again in the solution photolyzed without SPEEK. An additional intense signal centered

at 3350 G different signal was detected in the air-saturated containing SPEEK. The shift in signal
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position suggests that a different Cr(V) species is formed in the presence of the polyketone. The
EPR results confirmed that Cr(V) species were formed during the photoreduction of Cr(V1). In
all experiments, the appearance of a broad and weak signal centered at 3350 G with a width of

3000 G was evidence for the presence of Cr(ll1I).

4.3.4 Formation of Cr(l11) in SPEEK/PVA Solution

Efforts to find evidence that Cr(l11) formed during the reduction of Cr(VI) in air-saturated
solutions of SPEEK/PVA utilized a 10 cm optical cell as photoreaction vessel, which also served
a purpose in spectrophotometric analysis. This setup was used in attempts to detect Cr(l11)
directly by means of the extinction coefficient (144 M™cm™) at 600 nm for Cr(l11) that was
measured within 2% error of literature value.?® Figure 4-12 shows the formation of the Cr(111)
signal centered at 600 nm in SPEEK/PVA solutions containing air. Presented in the inset is the
evolution of the optical signal of Cr(ll1) over time. The maximum signal is reached within 12
minutes of illumination, and remains constant. Formation of Cr(l11) in SPEEK/PVA solution
with 3.2 x 10 M Cr(V1) reaches a maximum formation of 7.7 x 10" M. This is only 24% of the
initial concentration of Cr(V1). Less than 1/3 of Cr(V1) is reduced to the stable, non-toxic Cr(ll1).

This implies that some intermediates are stabilizing in the polymeric solution.

97



0.097

=]
=
L
-~

Optical Density

0.037 +

0.017 4

-0.003 L e . L s e e s B e B B B s s p s |
300 350 &00 650 700 730 200

Wavelength (nm)
Figure 4-12. Optical measurements of the formation of Cr(l11) in air-saturated solutions of 0.018
M SPEEK/0.36 M PVA with initial [Cr(V1)] of 3.2 x 10 M (pH = 5.7). lllumination times were
0,1,2,3,4,5,8, 12,24, 27, 30, and 42 minutes (I =10 cm, ¢ = 144M™*cm™). 1, = 3 x10°
M(hv)/s. Inset: Plot of evolution of signal at 600 nm.

4.3.5 Mechanism for Chromium Reduction

Scheme 4-1 offers a possible mechanism of photoreduction of chromate in SPEEK/PVA

solutions. Approximations will be made in order to derive a simplistic rate law for the reduction

of Cr(VI1).
{R’RC=0}, + hv — {R’RC=0},* (4.6)

{R’RC=0},* - *{R’RC=0},* (4.7)

*{R’RC=0},* + {RCHOH}, — {R’RC°OH}, + {RC°OH}, (4.8)

{R’R°COH}, + 0; - {R’RC=0}, + 0," (4.9)
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{R’R°COH}, + HCr''0, — {R’RC=0}, + H.Cr'0, (4.10)

{RC*OH}, + HCr"'0, — {RC=0}, + H,Cr'0y (4.11)
{R’RC°*OH}, + {RC*OH}, — products (4.12)
3crY - 2crV' + cr'™ (4.13)

Scheme 4-1. Mechanism of chromium photoreduction in air-saturated SPEEK/PVA solutions.

The photoexcitation of SPEEK is depicted in step 1, which is explained in more detail in
Chapter 2. However, not shown is the emission and nonradiative decay of {SPEEK},* to its
ground state, or through intersystem crossing to form *{SPEEK},* shown in step 2. Fate of
triplet-excited state of the polymer is quenched by either PVA or Cr(VI). A fast H-atom
abstraction from PVA (step 3), modeled after >BPK* and 2-propanol with k = 2 x 10° M*s™,
generates both SPEEK e and PV Ae radicals. Reduction of oxygen by SPEEK e occurs in step 4.
SPEEK e and PV Ae radicals both reduce Cr(VI) in steps 5 and 6, respectfully. Step 7 illustrates
radical termination by combination/disproportionation. Formation of Cr(l11) eventually occurs
via step 9.

In order to simplify the reduction mechanism, some assumptions have been made:

1) Reactions with superoxide radical were neglected, as well as, quenching by H* and
reduction of Cr(VI) via complexation with PVA.

2) Cr(V1) reduction occurs only by one-electron transfer.

3) Effective concentrations of reactive polymer groups are equal to molar concentrations
of polymer units.

4) For simplification, the termination of radicals will be omitted.
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According to Scheme 3-1, the steady-state concentrations of {SPEEK}*, {SSPEEK}*,

SPEEKe, and PVAe are given by the following expressions:

[SPEEK +] = 2olSPEEK]
' k
[EEPEEK = $1,[SPEEK]
' k. [PVA]
[PVAe] = 1, [SPEEK]

k [Cr(VII[PVA]

$1, [SPEEK]

[SPEEKe] = k. [Cr(vI]]

The photoreduction of Cr(V1) in solutions of SPEEK/PVA are determined by steps 7 and 8:

—dlcrivn] _
g

_ {2 k[CriVI]+ K, [0,]
T L rglo ]+ ke [er(vi)]

The reduction of Cr(V1) is zero order in respect to [Cr(V1)].
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k.[Cr(VI)][PVA®] + k,[Cr(VI)][SPEEKe]

} % (&1, [SPEEK])

(4.14)

(4.15)

(4.16)

4.17)

(4.18)

(4.19)



4.4 Conclusion

Further analysis of the reduction of Cr(VI) in air-saturated solutions of SPEEK/PVA
were conducted by UV/Vis and EPR spectroscopy. Analysis of the optical signals indicated that
an induction period was evident at the very early stages of the photoreduction. This induction
period corresponded to a time length of apparent low change in [Cr(V1)], and was particularly
evident in degassed solutions containing SPEEK, but only at high [Cr(\V1)] in solutions without
the polyketone. In air-saturated solutions, the induction period was only noticed at high [Cr(V1)]
and not in solutions containing only PVA. Hence, the induction period existed in systems where
Cr(V1) photoreduction occurred with the highest quantum yields. The induction period originates
from the presence of a persistent Cr(V) species possessing optical properties analogous to those
of the Cr(VI) precursor. Quantum yields were higher in degassed solutions which implied
oxygen was inhibiting the reduction process of Cr(VI). However EPR studies showed that an
usually unstable Cr(V) signal was present after complete reduction of Cr(V1) was reached which
demonstrates the stability of the chromium intermediate in the presence of air. A different
species of Cr(V) was present in SPEEK/PVA solutions than in PVA solutions. Formation of
Cr(111) was less than the initial concentration of Cr(\V1) which further prove the fact that
chromium intermediates are stable and possibly bound to SPEEK. The simplified mechanism
shows that the system is dependent on the constant formation of SPEEK radicals. Further
analysis would need to be conducted on the formation of products generated to grasp a better

insight on the mechanism concerning intermediates.

101



References

1) (a) Korchev, A. S., Konovalova, T., Cammarata, V., Kispert, L., Slaten, B. L., Mills, G.
Radical-Induced Generation of Small Silver Particles in SPEEK/PVA Polymer Films and
Solutions: UV-Vis, EPR, and FT-IR Studies. Langmuir. 2006, 22, 375-384. (b) Korchev, A. S.,
Shulyak, T. S., Slaten, B. L., Gale, W. F., Mills, G. Sulfonated Poly(Ether Ether
Ketone)/Poly(Vinyl Alcohol) Sensitizing System for Solution Photogeneration of Small Ag, Au,
and Cu Crystallites. J. Phys. Chem. B 2005, 109, 7773-7745. (c) Korchev, A. S.; Bozak, M. J.;
Slaten, B. L.; Mills, G. Polymer-Initiated Photogeneration of Silver Nanoparticles in
SPEEK/PVA Films: Direct Metal Photopatterning. J. Am. Chem. Soc. 2004, 126, 10-11.

2) Barrera-Diaz, C. E.; Lugo-Lugo, V.; Bilyeu, B. A review of chemical, electrochemical and
biological methods for aqueous Cr(V1) reduction. J. Hazardous Mater. 2012, 223-224, 1-12.

3) Pizzocaro, C.; Lafond, C.; Bolte, M. Dichromated polyvinylalcohol: key role of chromium
(V) in the properties of the photosensitive material. J. Photochem. Photobiol. A, 2002, 151, 221-
228.

4) Mytych, P.; Stasika, Z. Photochemical reduction of chromium(V1) by phenol and its halogen
derivatives. Appl. Catal. B 2004, 52, 167-172.

5) Beattie, J. K.; Haight, Jr., G. P.; Chromium(VI) Oxidations of Inorganic Substrates. Progress
Inorg. Chem.: Inorganic Reaction Mechanisms. Edwards, J. O., Ed.: New York, 1972; Vol. 17,
part I, pp. 93-145.

6) Wiberg, K. B.; Schéfer, H. Chromic Acid Oxidation of Isopropyl Alcohol. The Oxidation
Steps. J. Amer. Chem. Soc. 1969, 91, 933-936.

7) Bakac, A. Mechanistic and Kinetic Aspects of Transition Metal Oxygen Chemistry. Progress
Inorg. Chem. Karlin, K. H., Ed.: New York, 1995; Vol. 43, pp. 267-351.

8) Mytych, P.; Karocki, A.; Stasicka, Z. Mechanism of photochemical reduction of Cr(V1) by
alcohols and its environmental aspects. J. Photochem Photobiol. A 2003, 160, 163-170.

9) Klaning, U. K. Photoinduced Oxidation of Propan-2-ol by Acid Chromate. J. Chem. Soc.
Faraday Trans. 1 1977, 73, 434-455.

10) Manivannan, G.; Changkakoti, R.; Lessard, R. A.; Mailhot, G.; Bolte, M. Primary
Photoprocesses of Cr(VI1) in Real-Time Holographic Recording Material: Dichromated
Poly(vinyl alcohol). J. Phys. Chem. 1993, 97, 7228-7233.

11) Lay, P. A.; Levina, A. Action of Molecular Oxygen during the Reactions of

Chromium(VI1/V/IV) with Biological Reductants: Implications for Chromium-Induced
Genotoxicities. J. Am. Chem. Soc. 1998, 120, 6704-6714.

102



12) Heller, H. G.; Langan, J. R. Photochromic Heterocyclic Fulgides. Part 3. The Use of (E)-a-
(2.5-Dimethyl-3-furylethylidene) (isopropylidene)succinic Anhydride as a Simple Convenient
Chemical Actinometer. J. Chem. Soc., Perkin Trans. 2 1981, 341-343.

13) Allen, T.L. Microdetermination of Chromium with 1,5-Diphenylcarbazide. Anal. Chem.,
1958, 30 (3), 447-450.

14) Little, B.K., Lockhart, P., Slaten, B.L., Mills, G. Photogeneration of H,O, in SPEEK/PVA
Aqueous Polymer Solutions. J. Phys. Chem. A. 2013, 117, 4148-4157.

15) Bielski, B. H.; Cabelli, D. E.; Arudi, R. L.; Ross, A. B. Reactivity of HO,/O," Radicals in
Aqueous Solution. J. Phys. Chem. Ref. Data 1985, 14, 1041-1100.

16) Djouider, F.; Aljohani, M. S. Application of lonizing Radiation to Environmental Protection:
Removal of Toxic Cr(VI) Metal lon in Industrial Wastewater: Preliminary Study. J. Radioanal.
Nuc. Chem. 2010, 285, 417-423.

17) Srinivasan, V.; Rocek, J. Formation of a Long-Lived Chromium(V) Intermediate in the
Chromic Acid Oxidation of Oxalic Acid. J. Amer. Chem. Soc., 1974, 96, 127-133.

18) Buxton, G.V.; Djouider, F. Disproportionation of Cr(V) Generated by the Radiation-Induced
Reduction of Cr(VI) in Agueous Solution Containing Formate: A Pulse Radiolysis Study. J.
Chem. Soc., Faraday Trans. 1996, 92, 4173-4176.

19) Neta, P.; Grodkowski, J.; Ross, A. B. Rate Constants for Reactions of Aliphatic Carbon-
Centered Radicals in Aqueous Solution. J. Phys. Chem. Ref. Data 1996, 25, 709-1050.

20) Siefker, J.R.; Shah, R.D. Stability Constants and Molar Absorptivities for Complexes of
Chromium(l1l) and Cobalt(ll) with 2-Pyridylmethanamine. Talanta, 1979, 26, 505-506.

103



V. Conclusions

The results gathered in the present investigation demonstrate that H,O; is produced via
illumination of SPEEK/PVA films swollen when in contact with aqueous solutions containing
air. The kinetic data supports a mechanism in which a photochemical process that forms o-
hydroxy radicals of SPEEK dictates the rate of the peroxide formation. Photolysis of such
systems results in quantum yields at least 5 times higher than previously found from analogous
studies with solutions containing SPEEK and PVA. Additional corrections for the absorbed
intensity of photons indicate that the quantum efficiencies are in the order of 0.2 in neutral
solutions. Films containing SPEEK prepared from PEEK polymers made by Evonik are more
efficient than films containing polyketone derived from a Victrex precursor, which was
employed in the previous solution studies. Increases in the [O,] induced by the presence of
acetonitrile in the aqueous phase increases the efficiency of peroxide formation reaching
quantum yields close to one. However, experiments with mixed solvents highlighted the role
that film swelling by H,O plays in the formation of peroxide since negligible peroxide
photogeneration takes place for films free of liquid water. Therefore, preparation of SPEEK-
based films useful as light-activated protective barriers will require the presence of a polymer
component significantly more hygroscopic than PVA. In this way, swelling of the films could be
accomplished via absorption of humidity from air.

Photoreduction of Cr(VI) in SPEEK/PVA films have demonstrated that the polymeric
system has the potential to function as a means of treatment for contaminated water by collecting
and/or reducing hexavalent chromium. Studies of the Cr(V1) reduction in polymeric solutions

prove that the constant presence of SPEEK as a photoinitiator is more efficient with a zero order

104



reduction process. Because the system is light-sensitive, the rate determining step is the
photochemical process that generates SPEEK radicals, which was proven to increase with
increasing light intensity. The reduction yields dependence on pH is great, therefore a maximum
quantum yield of Cr(V1) reduction was reached at pH 5.7. Though oxygen is a quencher of the
reactive photoinitiator, reduction of Cr(V1) is still competitive and prevails.

Further analysis of the reduction of Cr(VI) in air-saturated solutions of SPEEK/PVA
were conducted by UV/Vis and EPR spectroscopy. Analysis of the optical signals indicated that
an induction period was evident at the very early stages of the photoreduction. This induction
period corresponded to a time length of apparent low change in [Cr(V1)], and was particularly
evident in degassed solutions containing SPEEK, but only at high [Cr(V1)] in solutions without
the polyketone. In air-saturated solutions, the induction period was only noticed at high [Cr(V1)]
and not in solutions containing only PVA. Hence, the induction period existed in systems where
Cr(V1I) photoreduction occurred with the highest quantum yields. The induction period originates
from the presence of a persistent Cr(\V) species possessing optical properties analogous to those
of the Cr(VI) precursor. Quantum yields were higher in degassed solutions which implied
oxygen was inhibiting the reduction process of Cr(VI). However EPR studies showed that an
usually unstable Cr(V) signal was present after complete reduction of Cr(V1) was reached which
demonstrates the stability of the chromium intermediate in the presence of air. A different
species of Cr(V) was present in SPEEK/PVA solutions than in PVA solutions. Formation of
Cr(111) was less than the initial concentration of Cr(\V1) which further prove the fact that
chromium intermediates are stable and possibly bound to SPEEK. The simplified mechanism

shows that the system is dependent on the constant formation of SPEEK radicals. Further
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analysis would need to be conducted on the formation of products generated to grasp a better

insight on the mechanism concerning intermediates.
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