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Abstract

Photocatalysis is an advanced oxidation process for the purification and remediation of
contaminated waters and wastewaters, and is advantageous over conventional treatment
technologies due to its ability to degrade emerging and recalcitrant pollutants. In addition,
photocatalytic disinfection is less chemical-intensive than other methods such as
chlorination, and can inactivate even highly resistant microorganisms with good efficacy.
Process sustainability and cost-effectiveness may be improved by utilizing solar irradiation
as the source of necessary photons for photocatalyst excitation. However, solar-induced
activity of the traditionally-used titania is poor due to its inefficient visible light absorption,
and recombination of photo-excited species is problematic. Additionally, mass transfer
limitations and difficulties separating the catalyst from the post-treatment slurry hinder
conversions and efficiencies obtainable in practice. In this research, various strategies were
explored to address these issues using novel visible light active photocatalysts. Two classes
of carbon-enhanced photocatalytic materials were studied: activated carbon adsorbent
photocatalyst composites, and carbon-doped TiO,. Adsorbent photocatalyst composites
based on activated carbon and plasmonic silver/silver chloride structures were synthesized,
characterized, and experimentally investigated for their photocatalytic activity towards the
degradation of model organic pollutants (methyl orange dye, phenol) and the inactivation of
a model microorganism (Escherichia coli K-12) under visible light. The adsorptive
behaviour of the composites towards methyl orange dye was also studied and described
according to appropriate models. Photocatalytic bacterial inactivation induced by the
prepared composites was investigated, and the inactivation mechanisms and roles of
incorporated antimicrobial silver on disinfection were probed and discussed. These
composites were extended towards magnetic removal strategies for post-use separation
through the incorporation of magnetic nanoparticles to prepare Ag/AgCl-magnetic activated
carbon composites, and the effect of nanoparticles addition on the properties and
photoactivities of the resulting materials was explored. Another silver/silver halide adsorbent
photocatalyst composite based on activated carbon and Ag/AgBr exhibiting visible light
absorption due to both localized surface plasmon resonance and optical band gap absorption

was synthesized and its photocatalytic activity towards organics degradation and microbial
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inactivation was studied. Carbon-doped mixed-phase titania was also prepared and

experimentally investigated.
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Résumeé

La photo-catalyse est un processus d’oxydation avancé utilis¢é pour la purification et
I’assainissement des eaux usées ou contaminées, qui, grace a sa capacité de dégrader des
polluants récalcitrant, poss¢ de d’importants avantages par rapport aux méthodes de
traitements plus conventionnelles. De plus, la désinfection photo-catalytique implique moins
de produits chimiques que d’autres méthodes tel que la chlorination et peut efficacement
neutraliser les microorganismes les plus résistants. La viabilité et le colit du procédé peuvent
étre améliorés en utilisant le rayonnement solaire comme source des photons pour
I’excitation photo-catalytique. Par contre, cette approche n’est pas efficace lors de
I’utilisation d’oxyde de titane, couramment utilis¢ comme catalyseur, dii @ son absorption
inefficace de lumiere dans le spectre visible, ainsi que des complications associées a la
recombinaison d’especes photo-excitées. Les limites de transfert de maticre et la difficulté du
processus de séparation du catalyseur de la suspension traitée affectent aussi 1’efficacité du
procédé. Au long de cette recherche, différentes stratégies visant a résoudre ces difficultés
furent explorées. Deux classes de photo-catalyseurs carbonisés furent étudiés : des composés
photo-catalytiques adsorbants a base de charbon actif et du TiO, dopé au carbone. Des
composés adsorbants photo-catalytiques a base de charbon actif et de structures
plasmoniques Ag/AgCl furent synthétisés, caractérisés et leur activité photo-catalytique pour
la dégradation de polluants organiques (méthylorange et phénol) et I’inactivation de
microorganismes (Escherichia coli K-12) lors d'exposition a de la lumiére du spectre visible
fut étudiée. Les caractéristiques d’adsorption de méthylorange des composés furent aussi
¢tudiées en utilisant les modeles appropriés. L’inactivation photo-catalytique de
microorganismes par les composites charbon actif-Ag/AgCl fut ¢étudiée et les mécanismes
d’inactivation ainsi que le réle joué par 1’agent antimicrobien lors de la désinfection sont
discutés. Une approche basée sur la récupération magnétique des photo-catalyseurs fut
investiguée en incorporant des nanoparticules magnétiques aux matériaux composites et leur
effet sur ’activité photo-catalytique des matériaux composites fut caractérisé. Un autre
adsorbent photo-catalytique a base de charbon actif et composite Ag/AgBr, capable
d’absorber la lumiére visible grace a une résonance plasmique de surface et a son écart de

bandes d'absorption optiques, fut synthétisé et son activité photo-catalytique pour la
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dégradation de composés organiques et pour I’inactivation de microorganismes fut étudiée.

De I’oxyde de titane multi-phase dopé au carbone fut également préparé et caractérisé.
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SECTION I: INTRODUCTION



Chapter 1:

Introduction

1.1 Introduction

Heterogeneous photocatalysis is a photo-assisted catalytic process that involves the
generation and subsequent reaction of electron-hole pairs in a photocatalyst when excited by
light. The photoexcited species can react with oxygen and water to produce reactive species
such as hydroxyl radicals and superoxide, which can readily interact with many organic
pollutants to effect their degradation, and can also interfere with biological microorganisms
to cause their inactivation [1]. This process has been researched as a treatment technology for
many applications, including potable water production, domestic and industrial wastewater

remediation, indoor air purification, and for the development of self-cleaning surfaces [2].

Photocatalysis belongs to the family of Advanced Oxidation Processes (AOPs), which are
advantageous over conventional treatment technologies primarily due to their ability to
degrade emerging pollutants such as pharmaceuticals and personal care products, as well as
recalcitrant pollutants such as textile dyes and polyhalogenated aromatics [3]. In addition,
photocatalytic inactivation of microbial species is a chlorine-free disinfection technique,
eliminating the need for storage and transport of large volumes of reactive chemicals, in
accordance with the principles of green engineering. Photocatalytic systems can implement
solar irradiation as the photoexcitation source, facilitating sustainability and reducing

associated operating costs [4].



A major limitation of this process lies in the low solar quantum efficiencies realized with the
traditional TiO, catalyst, since it is only excited by ultraviolet (UV) light, which is not
abundant in solar radiation (~3—-5%) [5]. The separation of nanosized catalysts from the
reaction medium and efficiency losses due to electron-hole recombination are also
problematic [6]. Recently, the development of highly efficient photocatalysts engineered to
improve solar utilization and prevent electron-hole recombination has been undertaken
through extensive research in advanced and so-called “second-generation” photocatalysts,
and materials such as element-doped TiO, [7], and silver/silver halide [8] photocatalysts
exhibiting enhanced visible light activity have been investigated. Other approaches for
improving photocatalytic efficiency and reusability have also been reported, including: the
use of bifunctional activated carbon adsorbent photocatalysts to promote pollutant transfer to
active sites [9] and the development of magnetic photocatalysts [10] to facilitate post-use

separation.

In this thesis, the further exploration of these strategies for enhancement of visible light-
induced photocatalysis is proposed, and novel multifunctional photocatalysts are designed,
synthesized, and investigated. These hybrid photocatalysts are specifically tailored to possess
high visible light efficiency and good applicability for implementation in solar photocatalytic
water treatment systems. Mechanistic perspectives associated to the proposed photocatalysts

and their implications for future use are discussed.

1.2 Objectives

The broad objective of this project was to prepare novel carbon-enhanced photocatalytic
materials with improved visible light response for application to solar photocatalytic
degradation of organic compounds and inactivation of microbial species in water. Two major
classes of carbon-enhanced photocatalysts were concurrently investigated, namely: adsorbent
photocatalyst composites based on activated carbon, and carbon-doped TiO,. A central
objective of this project was to synthesize and characterize novel plasmonic silver/silver
chloride - activated carbon adsorbent photocatalyst composites and to study their

photocatalytic activity for the degradation of model organic pollutants under visible light.
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Description of the adsorptive and photocatalytic behaviour of these composites using
appropriate models from literature was defined as a sub-objective. The experimental
investigation of the composites as antibacterial and photocatalytic disinfection agents for the
inactivation of a model microorganism, Escherichia coli K-12 (E. coli K-12), was also
defined as a sub-objective. Another sub-objective was to extend the prepared novel
silver/silver chloride - activated carbon composites towards magnetic removal strategies
through incorporation of magnetic activated carbon. As such, the synthesis, characterization,
and experimental investigation of photocatalytic activity for model organics degradation and
model microorganism inactivation using novel silver/silver chloride - magnetic activated
carbon composites was studied. The effect of the incorporated silver halide was also studied
as a sub-objective, and novel silver/silver bromide - activated carbon composites were
prepared, characterized, and their photocatalytic activity for degradation and disinfection
experimentally investigated. Finally, the synthesis, characterization, and visible light induced
photocatalytic activity for degradation and disinfection of another class of carbon-enhanced

photocatalyst, carbon-doped TiO,, was also studied as a project objective.

This research contributes to the development of carbon-enhanced visible light active
photocatalysts with improved efficiency and applicability to solar photocatalytic treatment
schemes. A main novelty of the design approach and work undertaken was in hybridizing
existing strategies for the enhancement of visible light photocatalysis to prepare novel
multifunctional photocatalytic materials. This was done through combining current research
in surface plasmon resonance enhanced photocatalysts, adsorbent photocatalysts, and
magnetic photocatalysts to prepare novel plasmonic adsorbent photocatalysts and their

magnetic counterparts.

1.3 Thesis structure

1.3.1 General structure

The body of this thesis is divided into six major sections which, apart from introductory,
background, and conclusion materials, represent various facets of the project scope that were

undertaken and their associated key findings and discussions. These chapters are written in
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journal article format, and together cover the project scope and objectives. They can be read
independently of one another. There are six research articles contained in the main body, of
which four are published in scholarly journals. The four published articles appear in this
thesis with permission from the co-authors and respective publishers holding the copyrights.
The remaining articles have been submitted for publication. In addition, there are two
published review articles, and a published refereed conference paper contained in the

Appendices that are associated to the scope of this research.

1.3.2 Description of chapter contents

Further discussion concerning thesis structure, including a detailed description of the
contents of each chapter, is presented below. The associated scientific contributions are also
listed, including the impact factor (IF) of the relevant journals in which publications were

made.

Chapter 1: Introduction
A general overview and discussion related to the research is provided, and the thesis scope

and objectives are defined. A framework for the thesis is outlined.

Chapter 2: Background and literature review
Specific background and literature pertinent to the undertaken scope and objectives are
summarized with the goal of framing the current project in the context of the state of the art

in photocatalysis research.

Chapter 3: Synthesis and characterization of Ag/AgCl-activated carbon
composites for enhanced visible light photocatalysis

A novel adsorbent photocatalyst composite based on Ag/AgCl-AC is proposed, synthesized,
characterized, and studied for the degradation of aqueous organic pollutants (methyl orange
(MO) and phenol) under visible light. In addition to experimental observations of
photocatalysis, detailed composite structural information is obtained and interpreted, and

mechanistic considerations are made.



Contributions:
a) Published paper

J. Gamage McEvoy, W. Cui, Z. Zhang, Synthesis and characterization of Ag/AgCl-activated
carbon composites for enhanced visible light photocatalysis, Applied Catalysis B:
Environmental 144 (2014) pp. 702-712. (IF, 2012 = 5.825).

b) Conference presentations

1) J. Gamage McEvoy, W. Cui, Z. Zhang, Visible light induced degradation and disinfection
using multifunctional Ag/AgCl activated carbon composite photocatalysts, American
Institute of Chemical Engineers Annual Meeting, San Francisco, California, Nov. 3-8, 2013.

i1) J. Gamage McEvoy, W. Cui, Z. Zhang, Degradation of methyl orange by a plasmonic
photocatalyst-adsorbent: Ag/AgCl on activated carbon, 7™ International Conference on
Environmental Catalysis, Lyon, France, Sept. 2—6, 2012.

Chapter 4: Adsorption and visible light degradation of methyl orange by
Ag/AgCl-activated carbon composites

The adsorptive and photocatalytic behaviour of the novel Ag/AgCl-AC composites prepared
are studied in detail. The sorption of methyl orange is explored and modeled with respect to

kinetics and equilibrium, and a detailed description of photocatalytic degradation of methyl

orange is provided, and photocatalytic kinetics modeled.

Contributions.
a) Submitted paper

J. Gamage McEvoy, W. Cui, Z. Zhang, Adsorption and visible light degradation of methyl
orange by Ag/AgCl-activated carbon, Chemical Engineering Journal, under review. (IF, 2012
=3.743).

Chapter 5: Visible-light-driven inactivation of Escherichia coli K-12 using an
Ag/AgCl-activated carbon composite photocatalyst

Use of the developed Ag/AgCI-AC composites is extended towards bacterial inactivation,
and photocatalytic disinfection of a model microorganism (E. coli K-12) is studied. In
addition to qualitative and quantitative analyses of inactivation, changes to cell structure and
morphology are probed to elucidate the mechanism of action of photo-produced radicals on
the cells. Additionally, effects of silver ion elution on inactivation observed in dark and light

conditions are discussed, respectively.



Contributions:
a) Published paper

J. Gamage McEvoy, D.A. Bilodeau, W. Cui, Z. Zhang, Visible-light-driven inactivation of
Escherichia coli K-12 using an Ag/AgCl-activated carbon composite photocatalyst, Journal
of Photochemistry & Photobiology A: Chemistry 267 (2013) pp. 25-34. (IF, 2012 = 2.416).

b) Conference presentation

J. Gamage McEvoy, D.A. Bilodeau, W. Cui, Z. Zhang, Photocatalytic inactivation of
Escherichia coli K12 using Ag/AgCl-AC under visible light, 14™ Canadian Society for
Chemical Engineering Ontario-Québec Biotechnology Meeting, Ottawa, ON, May 30-31,
2012.

Chapter 6: Synthesis and characterization of magnetically separable Ag/AgClI-
magnetic activated carbon composites for visible light induced photocatalytic
detoxification and disinfection

Novel adsorbent photocatalysts Ag/AgCl-magnetic AC composites are developed in analogy
to Ag/AgCIl-AC, and investigated for use with magnetic removal strategies for post-treatment
catalyst recovery. The Ag/AgCI-MAC composites are synthesized, characterized, and
experimentally studied for their visible light induced photodegradation activities against
methyl orange and phenol organic pollutants. The effect of the magnetic component to
adsorbent ratio is investigated on the resulting photoactivity and magnetism observed. The
disinfective capabilities of the prepared materials are explored for the inactivation of E. coli

K-12.

Contributions:
a) Accepted paper

J. Gamage McEvoy, Z. Zhang, Synthesis and characterization of magnetically separable
Ag/AgCl-magnetic activated carbon composites for visible light induced photocatalytic
detoxification and disinfection, Applied Catalysis B: Environmental, in press. (IF, 2012 =
5.825).

Chapter 7: Synthesis and characterization of Ag/AgBr-activated carbon
composites for visible light induced photocatalytic detoxification and
disinfection

A novel adsorbent photocatalyst Ag/AgBr-AC composite is prepared in analogy to Ag/AgCl-
AC, and is characterized and experimentally investigated for the visible light induced
degradation of organic pollutants, MO dye and phenol. Disinfective capabilities of the

prepared composite are also studied for the inactivation of E. coli K-12. Mechanistic insights
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and photostability are discussed.

Contributions:
a) Submitted paper

J. Gamage McEvoy, Z. Zhang, Synthesis and characterization of Ag/AgBr-activated carbon
composites for visible light induced photocatalytic detoxification and disinfection, Journal of
Photochemistry & Photobiology A: Chemistry, under review (IF, 2012 = 2.416).

Chapter 8: Degradative and disinfective properties of carbon-doped anatase-
rutile TiO, mixtures under visible light irradiation

A carbon doping strategy for visible light enhancement is explored, and carbon-doped TiO,
photocatalysts are prepared by oxidative annealing. The obtained materials are characterized
and studied for degradation of a model organic dye, methylene blue, and inactivation of a
model microorganism, E. coli K-12. The effects of synthesis parameters on resulting

structure and activity are studied, and a mechanism of visible light activity proposed.

Contributions.
a) Published paper

J. Gamage McEvoy, W. Cui, Z. Zhang, Degradative and disinfective properties of carbon-
doped anatase-rutile TiO, mixtures under visible light irradiation, Catalysis Today 207
(2012) pp. 191-199. (IF, 2012 = 2.98).

b) Conference presentations

1) J. Gamage McEvoy, W. Cui, T. Comeau, Z. Zhang, Visible-light photocatalysis using
carbon-doped TiO,. 61* Canadian Chemical Engineering Conference, London, ON, Oct. 23—
26, 2011.

i1) J. Gamage McEvoy, T. Comeau, Z. Zhang, Visible-light photocatalysis using carbon-
modified TiO,: Degradation of methylene blue model wastewater. International Conference
on Environmental Pollution and Remediation 2011, Ottawa, ON, Aug. 17-19, 2011.

ii1) J. Gamage McEvoy, T. Comeau, Z. Zhang, Visible-light photocatalysis using carbon-
modified TiO,: Disinfection of Escherichia coli, 13" Canadian Society for Chemical
Engineering Ontario-Québec Biotechnology Meeting, Kingston, ON, May 12—13, 2011.
Chapter 9: General discussion and conclusions

General discussion and conclusions are made based on the work presented. The novelty of

the research conducted and original contributions to knowledge are highlighted, and

recommendations for future work outlined.



Appendix A: Antimicrobial and photocatalytic disinfection mechanisms in
silver-modified photocatalysts under dark and light conditions

The effect of silver-modification on various classes of photocatalysts reported in literature is
discussed with respect to antimicrobial and photocatalytic activities in the absence and
presence of light, respectively. Synergistic and respective roles of silver ion elution and
photocatalytic activity are considered, and new mechanistic perspectives offered. The
emergence of antimicrobial photocatalysts as a novel class of disinfection materials is

discussed.

Contributions:

a) Published paper

J. Gamage McEvoy, Z. Zhang, Antimicrobial and photocatalytic disinfection mechanisms in
silver-modified photocatalysts under dark and light conditions. Journal of Photochemistry
and Photobiology C: Photochemistry Reviews 19 (2014) pp. 62-75. (IF, 2012 = 8.069).
Appendix B: Applications of photocatalytic disinfection: A review

The use of photocatalysis as an alternative disinfection technology is reviewed with respect

to its various applications.

Contributions:

a) Published paper

J. Gamage, Z. Zhang, Applications of photocatalytic disinfection: A review, International
Journal of Photoenergy vol. 2010 (2010) Article ID 764870 (11 pages). (IF, 2012 = 2.663).

Appendix C: Visible light induced degradation and disinfection using
multifunctional Ag/AgCI-AC composite photocatalysts

Select results from the studies presented in Chapters 3 to 5 are discussed in a conference
paper detailing the degradative and disinfective properties of prepared Ag/AgCI-AC

composites.

Contributions:
a) Published conference proceedings

J. Gamage McEvoy, W. Cui, Z. Zhang, Visible light induced degradation and disinfection
using multifunctional Ag/AgCl activated carbon composite photocatalysts, Proceedings of
the 2013 American Institute of Chemical Engineers Annual Meeting, San Francisco, CA,
Nov. 3-8, 2013, paper 405g.



Appendix D: Scholarly contributions

Scholarly contributions made during the course of this doctoral research are detailed, and
include the following metrics (excluding submitted papers): publication of 16 peer-reviewed
articles in scholarly journals, publication of 2 refereed conference proceedings, participation
in 12 conference presentations, and delivery of one invited presentation and two seminars.
These contributions include collaborative research that was conducted in parallel to the scope

of the current thesis.
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Chapter 2:

Background and literature review

2.1 Background

2.1.1 General description of photocatalysis

Research in photocatalysis has been pursued since discovery of the photocatalytic water
splitting effect by Fujishima and Honda [1]. Photocatalytic processes involve the generation
of electron-hole pairs upon excitation of a photocatalytic material (generally a
semiconductor), and the negatively charged electrons and positively charged holes can
interact with water, oxygen, and adsorbed pollutants to initiate a series of chemical reduction
and oxidation reactions that can cause the degradation and eventual mineralization of
pollutants [2]. The process is often shown schematically for a semiconductor photodegrading
an organic pollutant according to Figure 2.1, where photons exceeding the band gap energy
(Epg) of the photocatalyst are absorbed by electrons in the filled valence band (VB), causing
them to be promoted to the empty conduction band (CB), leaving behind positively charged
holes. Another possible fate of the photoproduced electrons and holes is their recombination,

which is reported to be one of the major factors limiting photocatalytic efficiency [3].
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Figure 2.1: Photocatalytic degradation of a pollutant by a semiconductor

The photogenerated radical and reactive oxygen species produced are highly reactive, and
can readily interfere with normal biological functions in a number of microorganisms,
leading to inactivation. For example, in TiO,-mediated disinfection of E. coli, the mechanism
of photocatalytic inactivation has been linked to the action of reactive oxygen species
attacking polyunsaturated phospholipids, causing breakdown of the cell membrane through
lipid peroxidation [4]. TiO, is the most widely used photocatalyst due to its chemical

stability, availability, and low cost [5].

2.1.2 Applications of photocatalytic systems

Due to the versatility of photocatalysis to degrade a wide range of organic contaminants;
inactivate bacteria, fungi, viruses, and spores; and reduce heavy metals in both air and water
matrices, this process has received attention for application to many systems. Photocatalysis
has been studied in water treatment for contaminant destruction and removal, heavy metals
reduction, and sterilization and disinfection; and in air treatment for purification,
decontamination, deodorization, bioaerosol removal, and self-cleaning applications (as
reviewed in [6]). Key applications of photocatalytic disinfection were previously highlighted
in a publication authored by the PhD candidate, as provided in Appendix B.

2.1.3 Current challenges in photocatalysis

A major challenge in photocatalysis, which is cited to be the main barrier to large-scale
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commercialization, lies in the low quantum efficiencies (typically below 5%) of TiO,-
mediated systems. This low efficiency is related to many factors, including: inefficient use of
solar radiation, electron-hole recombination, and difficulties in development and scale-up of
multi-phase photocatalytic reactors. The reactor design aspect is particularly difficult, since
immobilized-bed reactors have been widely used for ease of separation of the treated fluid
and nanosized catalyst in large scale systems, resulting in the coupled consideration of
mixing regimes, mass transfer effects, reaction kinetics, catalyst immobilization, and optimal
illuminated specific surface area [7]. Emission and radiation modeling must also frequently
be undertaken for unusual reactor geometries designed to optimize irradiated areas and

surface contact such as the corrugated drum reactor developed in our group [8, 9].

Low photocatalytic efficiencies are also related to the use of TiO, because of its relatively
high band gap energy of 3.2 eV, which leads to the ineffective use of solar radiation. TiO,
may only be excited by light of wavelengths in the ultraviolet (UV) range (A < 400 nm);
however, as shown in the solar spectral distribution in Figure 2.2, a large portion (~43%) lies
in the visible light region. Only approximately 3—5% of solar radiation contains UV. Other
practical issues are associated with TiO,, such as difficulty in catalyst separation from the
treated slurry, due to its nanosized structure [10]. Defects and inefficient pollutant transfer to

photogenerated species also lead to the rapid rate of recombination observed experimentally

[11].
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Figure 2.2: Solar spectral distribution (adapted from [12])

2.1.4 Strategies for increasing photocatalytic efficiencies

2.1.4.1 General strategies
Two main categories of research in increasing solar photocatalytic efficiencies exist:
1. Increasing efficiency through photoreactor design and optimization (to better
distribute and utilize incoming UV in solar radiation), and
2. Increasing efficiency through photocatalyst development (to utilize a greater fraction
of incoming solar radiation).
Photocatalytic reactor design and optimization have led to the development of many novel
photoreactors whose structure and function borrow heavily from traditional solar collectors,
including: parabolic trough, compound parabolic, and falling film reactors [13]. Other
configurations such as packed bed [14] and rotating reactors [8, 9] have also been studied to
address the need for effective mixing of the catalyst and reactant medium, and to ensure

appropriate exposure to illumination.

Some general approaches for increasing photocatalytic activity through photocatalyst

development and modification have been identified in literature, namely: band gap tuning
14



(altering electronic structure) or extension of excitation wavelengths through the use of
photosensitizers; minimizing charge carrier (electron-hole) recombination; and promoting
forward reaction by trapping of reactants by adsorption, and facilitating reactant transfer to
active sites [15]. Additionally, to address the practical issue of separability, incorporation of
magnetic components has also been investigated [16]. These strategies related to

photocatalyst improvement are further detailed in subsequent sections.

2.1.4.2 Altering photocatalyst electronic structure and sensitization

Many approaches can be used to shift photocatalyst absorption into the visible light region,
including: metal ion implantation using transition metal cations such as V' or Cr' to
substitute the lattice Ti*" positions in TiO, [17, 18]; anion-doping of TiO; to obtain N-doped
[19], C-doped [20, 21], or S-doped materials [22, 23]; C, N co-doping of TiO, [24]; and the
use of dispersions of noble metals such as Pt, Rh, or Au on TiO, to act as surface absorption
centres, substitutional, and interstitial impurities that lead to band gap narrowing [25, 26].
Other approaches involve the deposition of narrow band gap semiconductors such as CdS
(Epg= 0.5 V) onto TiO, to sensitize the larger band gap carrier by injection of photoexcited
electrons from the conduction band of CdS into that of TiO; [27], or the incorporation of a
similar charge injection mechanism by dye-sensitization of TiO, [28]. Some proposed
mechanisms of alteration of band gap structure upon the addition of dopants and sensitizers

are given schematically in Figure 2.3.
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Figure 2.3: Proposed changes to band gap structure of a pure semiconductor
photocatalyst A), upon doping B), and upon addition of a sensitizer C); (adapted from
[15,29])
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2.1.4.3 Minimizing charge carrier recombination

Research in band engineering of photocatalysts can involve the use of binary metal oxides
with various crystal structures such as perovskites (of the form ABO; where A and B are
metals), pyrochlores (A;B,05), spinels (AB,0O,), and delafossites (ABO,), which show good
photoactivity due to the orientation of atoms in a layered structure, and effect the mobility of
photogenerated charges by incorporation of various elements, thus preventing electron-hole
recombination by charge separation mechanisms [30]. Another approach reported is the
combination of photoactive crystal structures of TiO, (anatase and rutile) having different
energy levels, which may promote charge separation by the internal electric field driving
force created [31, 32]. Some other methods of minimizing recombination include: deposition
of metals on the surface of TiO; to act as electron traps [33—35]; carbon nanotube [36-39]
and graphene-based semiconductor composites providing high electron mobility [40]; and
heterostructure photocatalysts based on semiconductor combination such as mixing of
BiOI/BiOBr [41], and Agl/BiOI [42] to separate photogenerated charges at the

heterojunction between catalysts.

2.1.4.4 Promoting forward reaction by increased surface areas and synergistic
adsorption

Since photocatalysis is a surface reaction, increasing the catalyst surface area can directly
influence the reaction rate. This can be accomplished through many different approaches,
such as: decreasing photocatalyst size [43]; incorporating the photocatalyst into various high
surface area nanostructures such as nanotubes, graphenes, and fullerenes [15]; preparing
porous photocatalysts through template methods and self-organization [44]; and
immobilizing photocatalysts on high surface area substrates such as activated carbon [45],

zeolites [46], glass fibers [47, 48], silica [49—51], pumice stone [52], and clays [53].

For photocatalyst composites fabricated using highly adsorbent substrates, such as activated
carbons and fullerenes, a synergistic increase in the photocatalytic rate was reported [54-57].
This synergy was attributed to the presence of a common contact interface between solids,
where the pollutants were adsorbed by the substrate and migrated continuously to the

supported photocatalyst [58].
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2.1.4.5 Improving catalyst separability

The development of porous photocatalysts with high surface areas by dispersion of
nanosized materials onto porous solids is also focused on improving the technical feasibility
of catalyst separation and reuse. In addition, addressing issues related to nanoparticle
aggregation and concerns over biocompatibility and toxicity of these materials as their
particle size is decreased also provides motivation for research along this stream [44].
Another approach to improving catalyst separability is through development of magnetically
recoverable photocatalysts [59]. These may be two-component magnetic core@photocatalyst
shell structures (such as Fe;04@TiO, [60], y-Fe,O3@TiO, [61]) or three component
core@insulating interlayer@shell to prevent reaction between the photocatalyst and
magnetic component itself (such as in Fe;04@Si0,@TiO; [62], and Fe;04@Si10,@AgCl:Ag
[63]). Recently, single-component magnetic photocatalysts such as bismuth ferrites
(BiFeO;BiysFeOy, BizsFeOs0-BiFeO; [64]) have also been explored, which act as both

photocatalyst and magnetic components.

2.2 Literature review

2.2.1 Overview of carbon-enhanced photocatalysts

As discussed by Leary and Westwood in their review on carbonaceous nanomaterials for the
enhancement of TiO, photocatalysis [15], development of carbon-enhanced photocatalysts
represents an important field of research in visible light photocatalysis. The carbon-enhanced
photocatalysts can be grouped according to the following general categories for improving
photocatalytic activity: activated carbon adsorption enhancement; carbon-doping; and the
incorporation of carbon nanotubes, fullerenes, thin layer carbon coating, and nanometric
carbon black. In this project, the first two approaches were investigated concurrently, and are

discussed further in subsequent sections with respect to the defined project objectives.

Specifically, literature pertinent to the development of surface plasmon resonance (SPR)
photocatalyst-adsorbent composites based on activated carbon and their magnetic
counterparts, and the development of carbon-doped TiO, is presented. Mechanistic

considerations regarding the modes of photocatalysis enhancement, as well as notable
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studies, are highlighted with the goal of reviewing the state of the art as relevant to the

project undertaken.

2.2.2 Development of SPR photocatalyst-adsorbent composites based on
activated carbon and their extension towards magnetic removal strategies

The development of SPR photocatalyst-adsorbent composites, and their extension towards
magnetic removal strategies integrates three main streams of current research in improving
photocatalytic efficiencies and feasibilities, namely the design of SPR photocatalysts,

bifunctional adsorbent photocatalysts, and magnetic photocatalysts.

2.2.2.1 SPR photocatalysts

2.2.2.1.1 Mechanism of photocatalytic enhancement

Nanoparticles of noble metals have been found to exhibit unique optical properties, namely
localized SPR, which is a phenomenon arising from the collective oscillation of conduction
electrons upon interaction with electromagnetic radiation [65]. The shape, amplitude, and
frequency of the localized SPR absorption band is strongly dependent on the effective
dielectric constant in the surrounding medium of the nanoparticles and their respective
morphologies and size distributions [66]. This SPR can dramatically amplify visible light
absorption, and is therefore of interest to photocatalyst development. For example, silver
nanoparticles exhibiting SPR in the visible light region have been implemented for the
production of photocatalysts such as Ag-TiO, [67, 68]. However, having the highly reactive
nanoparticles in direct contact with TiO; in these catalysts can lead to oxidation of silver at
the interface, necessitating introduction of a protective layer of passive material such as SiO,

to improve stability [67].

Another approach to increasing stability of silver nanoparticles for photocatalysis is through
the use of silver halides, which are photosensitive materials widely employed in
photographic films. In photographic processes, silver halides absorb photons to liberate
electron-hole pairs. The free electrons can combine with mobile interstitial silver ions to
cause the separation of a silver atom, and upon continued absorption of photons, clusters of
silver atoms are formed [69]. Due to their instability under light, silver halides have not
traditionally been used as photocatalysts.
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However, when silver halides are partially surface reduced to silver nanoparticles, the two
components in the silver/silver halide composite structure can act in concert as an efficient
and stable visible light active photocatalyst [70]. The synthesis of silver/silver halides
(mainly Ag/AgCl and Ag/AgBr) has been reported in literature using a variety of techniques
such as deposition-precipitation-photoreduction [68, 70, 71], one-pot synthesis with
poly(vinyl pyrrolidone) (PVP) and ethylene glycol at elevated temperature [72], ionic-liquid
synthesis using 1-octyl-3-methylimidazolium chloride as chlorine source and reducing agent
[73], double-jet method [74], and microwave-assisted non-aqueous growth [75]. In all cases,
strong absorption in the visible light region was observed, due to SPR of the incorporated

silver nanoparticles.

In a system such as Ag/AgCl, visible light photons can be absorbed by silver nanoparticles,
generating holes and electrons. These can be effectively polarized by the surface plasmon
resonance state of nanosilver, causing efficient separation of the charge carriers such that the
electrons are transferred to the silver surfaces furthest away from the interface with AgCl
(because AgCl is terminated by CI ions, and is negatively charged), and the holes transferred
to the AgCl particle surface [70]. The photostability of silver/silver halides has been
attributed to this charge separation mechanism, which prevents the generated electrons from
being transferred to Ag' ions in AgCl [73]. Instead, the electrons are transferred to molecular
oxygen present at the surface, forming active species such as superoxide anions, which can
facilitate degradation of pollutants [76]. The positive holes generated can oxidize CI™ ions
into chlorine atoms (C1°), which are themselves powerful oxidizing agents that can attack
organic pollutants near the surface of the catalyst, and be reduced back to their ionic state

[70, 74]. The process is shown schematically in Figure 2.4.
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Figure 2.4: Mechanism of photoexcitation and charge separation in Ag/AgCl

Silver/silver halides such as Ag/AgCl therefore represent an important class of photocatalyst
because they are highly visible light active due to SPR, and they incorporate a charge
separation mechanism that improves catalyst stability and prevents recombination of the
photoinduced electrons and holes. Among various silver/silver halide systems reported,
Ag/AgCl is the most widely studied, although Ag/AgBr is also of interest due to its increased
visible light absorption, attributed to both SPR and band gap absorption of AgBr in the
visible light range [77]. The Ag/Agl system is of less interest due to its decreased observed
photocatalytic activity arising from the weak oxidation power of iodine [78]. Although
research in silver/silver halides and other SPR-enhanced photocatalysts is ongoing and has
increased in recent years, it should be noted that understandings of the mechanisms of SPR-
enhancement in photocatalytic processes under visible light are still being developed. For
example, recent efforts have been made to rationalize, classify, and generalize experimental
results based on physical mechanisms and the structure of the prepared photocatalysts
according to the formation of Schottky junctions, localized SPR-powered electron-hole
generation through sensitization or bandgap breaking, and the localized enhancement of local
electric fields [77]. Despite this, conflicting results in literature and debate as to the dominant
mechanisms that take place in plasmonic photocatalysis still exist and prevent such
generalizations for mechanistic analysis from gaining widespread acceptance to date.
However, the mechanism presented in the previous discussion is in accordance with the

original 2008 study on Ag@AgCl published by Whangbo’s group [70], which carries nearly
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400 citations as of 2014, and represents the most widely-used analysis of Ag/AgCl
photocatalysis.

2.2.2.1.2 Incorporation of silver/silver halides onto other photocatalysts and
onto supports

The incorporation of Ag/AgCl and Ag/AgBr onto other photocatalysts, such as TiO; particles
[69, 79], TiO; nanotubes [80], or layered Bi,WOg [81] has been reported to increase the
photocatalytic efficiency over that observed using the carrier catalyst alone, due to the
introduction of the plasmonic effect, and the formation of heterojunctions. Deposition of
silver/silver halides onto various supports such as such as graphene sheets [71], graphene
oxides [40, 82], mesoporous alumina [78], and zeolites [83, 84] has also been reported,
where the role of the host material is to increase the surface area and dispersion of Ag/AgCl.
The nanocarbon carriers also affected the mobility of photoinduced charges. Another
approach to increasing the surface area of Ag/AgCl was reported through the development of
porous Ag/AgCl nanocomposites [85], which were found to exhibit high photocatalytic

activity for the degradation of methyl orange under visible light.

2.2.2.1.3 Applications to degradation and disinfection

Studies involving the screening and investigation of photocatalytic activity commonly use
dyes such as methyl orange, methylene blue, and Rhodamine B as model organic pollutants
for photodegradation to maintain a common basis for comparison between catalysts, and to
establish a baseline photoreactivity. The degradation of other organics by silver/silver halides
was also explored in other studies, such as for model pesticide pentachlorophenol by

Ag/AgBr [75].

The disinfective capability of Ag/AgBr/TiO, was investigated by Hu et al. [69] for
inactivation of E. coli under visible light irradiation. They studied the mechanism of cell
death through transmission electroscope microscopy (TEM) imaging, and confirmed
inactivation to be caused by radical decomposition of the cell membrane. The mechanism of
E. coli photocatalytic cell death was also studied by Zhang et al. [81], and a dominant role of
diffusing hydroxyl radicals was found using Ag/AgBr/Bi,WOs plasmonic nanojunction

catalysts. Photocatalytic disinfection of E. coli was also studied by Hu et al. [86] using
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Agl/TiO;, by Elahifard et al. [87] using apatite coated Ag/AgB1/TiO,, and by Wang et al. [88]
using Ag/AgBr/WO;-H,O under visible light. The plasmon-induced photocatalytic killing of
enteric microorganisms Shingella dysenteriae, E. coli, and human rotavirus type 2 Wa under

visible light was reported using Ag-Agl/Al,O3 by Hu et al. [78].

Select studies reported bactericidal effects of silver and silver/silver halides in the absence of
any photo-initiated processes. Nanosilver is a well-known antibacterial agent, and has been
commercialized for a number of applications including use in consumer products such as
clothing, respirators, cosmetics, detergents, socks, shoes, and mobile phones [89]. It has also
been implemented into commercial water filters and impregnated into activated carbon to
reduce the biocompatibility of these materials [90]. The mode of bactericidal action was
proposed to be due to sorption of silver ions onto the negatively charged bacterial cell wall,
causing deactivation of cellular enzymes, disruption of the permeability of the membrane,

and eventual cell lysis and death [91, 92].

The bactericidal effect of Ag/AgCl only (in the absence of light) was reported using E. coli
K-12 as a model microorganism [93]. In this case, the bactericidal action observed was due
to the effects of incorporated nanosilver. A similar disinfection was observed using AgCl
only in the dark [94, 95], was and attributed to the diffusion of Ag' ions. Nano-AgBr
deposited on activated carbon filters were prepared by Pal et al. [96], and were found to
exhibit a bactericidal effect on E. coli, however the use of this material as a photocatalyst

was not discussed.

2.2.2.2 Bifunctional adsorbent photocatalyst composites

2.2.2.2.1 Mechanism of photocatalytic enhancement

“Bifunctional” adsorbent photocatalyst composites, possessing dual adsorbent and
photocatalytic functions [97], have been prepared and investigated for the enhancement of
photocatalysis due to their reported synergistic increase in photoactivity attributed to the
incorporated adsorbent [56]. Another motivation for their development is to address
separability issues associated with the use of nanosized TiO; in slurry, while still maintaining

high surface areas, which are not attainable using immobilized catalyst films [98].
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Adsorbent photocatalysts can achieve high rates and efficiences of photocatalytic
degradation, caused in part by the concentration of pollutant around the photocatalyst active
sites by the adsorbent. This is an important factor for enhancing reaction rate, due to the
short-lived nature of photogenerated radicals (e.g. average lifespan of 10 ps for hydroxyl
radicals in the presence of scavengers) [99]. Additionally, the retention of photocatalytic
reaction intermediates to undergo further degradation on the active surface is a significant
advantage of these composites, where reaction intermediates may be retained by adsorption
to undergo subsequent reactions leading to more complete degradation and mineralization, as
opposed to being desorbed and diffused away from the surface (as in conventional
photocatalysts). In the conventional scheme, further reaction of these chemical intermediates
relies upon their diffusion from solution back to the active sites of the photocatalyst [15,
100]. It should also be noted that not all reactants colliding with the conventional
unsupported photocatalyst will be adsorbed due to surface area limitations, however, this

becomes much more likely with an adsorbent photocatalyst [100].

2.2.2.2.2 Activated carbon-based composites

Activated carbon (AC) has been identified as an attractive material for the preparation of
adsorbent photocatalysts because it has a large adsorption capability for a wide range of
organic compounds and non-organic matter, is cost effective and available in various particle
sizes, and can adsorb most photocatalysis intermediates and byproducts. Additionally, its use
is well- established in conventional water treatment schemes and technologies, making it a

suitable support or composite material when blended with photocatalysts [101].

There has been a number of studies on TiO,-AC composites, fabricated using a variety of
techniques for synthesis and deposition of the photocatalyst including: chemical methods
(e.g. sol-gel, chemical vapor deposition, hydrothermal, molecular adsorption-deposition),
and physical methods (e.g. ionized cluster beam). The incorporated activated carbon has
been studied in many of its available forms, including as powdered, granular, and fibrous
materials [101]. Physical methods have also been reported for the preparation of TiO,-AC

composites, where mixing of TiO, and AC is performed in the reaction suspension, and a
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synergistic effect is still realized [102—108] although practical issues may occur with the

dislodgement of TiO, upon abrasion.

Consideration towards the type of AC particle size, activation or pre-treatment, raw
materials, and porosity must also be considered in the preparation of adsorbent photocatalyst
composites. For example, it is desirable to use a small AC particle size to limit the
intraparticle diffusion path, reduce the radical migration path to the internally adsorbed
pollutants, and facilitate regeneration by reducing diffusion path of desorbed pollutants to the
surface [101]. A limitation of these composites is that the incorporated TiO, photocatalyst
may cause pore-blocking in activated carbon, as the catalyst often resides on the outer

surface and macropores of the composite material [54, 109].

In addition to confirmation and quantification of photoactivity by degradation of indicator
dyes as model organic pollutants (methyl orange, methylene blue, Rhodamine B), these
composites have been studied for the removal of pollutants in real waste eftfluents, such as
those from paper mills [110], and sewage treatment plants [111]. It should be noted that the
majority of studies in literature report the photoactivity under artificial UV irradiation, due to

the large required energy to excite the TiO, photocatalyst.

Photocatalytic regeneration in TiO,-AC composites has been reported with some success for
the complete destruction of adsorbed materials by the photocatalyst to regenerate the spent
activated carbon [112], as well as in studies employing ultrasound-enhanced photocatalytic

regeneration (sonophotocatalysis) [111, 113].

2.2.2.2.3 Visible light active photocatalyst-AC composites

A knowledge gap identified in research on adsorbent photocatalysts based on activated
carbon lies in the development and incorporation of visible light active photocatalysts into
the composites [15], which allows for the better utilization of solar irradiation for
photocatalytic treatment and remediation applications. Some research has been conducted
along these lines, such as through the preparation of Ag-TiO,/AC [114], which has improved

efficiency over TiO, alone due to the electron-trap mechanism of the incorporated silver, and
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through the incorporation of CdS-modified TiO, into AC fibers, which act through
sensitization and charge injection from the smaller band gap photocatalyst [115]. Recent
efforts have also been made in the development of N-doped TiO,-AC composites that are
visible light active by a band gap narrowing mechanism [116, 117], where the authors
highlighted the need for further development of synergistic AC composite catalysts that can
be activated by visible light.

Potential for microbial biofouling and biofilm formation on activated carbon in practical
applications of adsorptive photocatalytic treatment of water and wastewater streams can also
limit the applicability of these adsorbent photocatalyst composites and should therefore be
investigated [101]. Select studies have been performed on photocatalytic inactivation of
bacteria by photocatalyst-AC composites, such as the adsorption of E. coli cells and their
photosterilization over TiO,-AC granules reported by Horie et al. [118], photosterilization of
E. coli using TiO,-AC by Li et al. [119], and inactivation of Penicillium expansum fungus
using TiO,-AC fiber film by Ye et al. [120], however the topic of disinfection is not widely
reported.

2.2.2.3 Magnetically separable photocatalysts

2.2.2.3.1 Overview of magnetically separable photocatalysts

Suspended photocatalysts possess unique advantages for photocatalysis such as high specific
surface area, effective light absorption for solar energy utilization, and ease of transport
between powder surfaces and reactants in solution [16]. To facilitate the recovery and cyclic
utilization of these suspended particles, immobilization on supports such as glass beads
[121-123], lamp walls [124, 125], and glass plates [126] has been studied. However, the
photocatalytic activity suffers a decrease upon immobilization due to the low specific surface
area provided by the support and limitations in mass transfer. High surface areas and the
synergistic effects provided by activated carbon-based adsorbent photocatalyst composites
can help overcome these limitations, but it has been reported that even these composite
materials are difficult to recover fully [107, 127]. This emphasizes the need for magnetic

photocatalysts that can undergo simple separation using an external magnetic force.
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Development of magnetic photocatalysts has been ongoing since the first report of a
photocatalytic magnetic material consisting of TiO, deposited onto a magnetite core was
made by Hiroshi et al. [128]. A number of magnetic photocatalysts have been proposed and
tested since, mainly having either magnetite (Fe;O4), maghemite (y-Fe,Os), or MFe,O4
(where M is Ba®", Ni*", Co®", or Zn*" divalent metallic cations) as the functional magnetic

component [16].

2.2.2.3.2 Core-shell magnetic photocatalysts

Early magnetic photocatalysts were composed of a two layer core-shell structure, where the
photocatalyst was in direct contact with the magnetic component, such as in TiO; on Fe;O4
[60], TiO, on BaFe;O4 [129], and NiFe,O4 on TiO; [130]. These photocatalysts suffered from
a decreased activity and stability because of the direct contact between the two components,
causing recombination of photogenerated electrons and holes, and photodissolution of the
magnetic iron oxide particles under irradiation. Recombination of photogenerated holes and
electrons in systems such as TiO,/magnetite is thought to occur through hole transfer from
the VB of TiO; to the VB of magnetite and electron transfer from the CB of TiO, to the CB
of magnetite, since the energy level of the CB in TiO; is higher than of magnetite, and vice
versa for the VB. Transfer of these electrons and holes effectively prevents interaction with
adsorbed oxygen and water to form reactive species, decreasing the photocatalytic efficiency

observed [16].

The introduction of a passivation interlayer between the magnetic core and photocatalyst
shell to prevent photodissociation was first proposed by Chen and Zhao [131] in a y-Fe,O3-
S10,-TiO, three-component photocatalyst, where an SiO, layer was used as an insulator due
to its relatively large band gap energy of ~9.0 eV, which effectively prevented electrical
contact of the photocatalyst with the magnetic core. The three-component catalysts have
since been widely reported, with both magnetite [62, 132, 133] and maghemite [131, 134—
137] magnetic cores studied, as well as nickel [138—140], cobalt [141, 142], and barium
ferrites [143, 144]. Other passivation layers, such as poly(methyl methacrylate) [145] have
also been investigated. A schematic representation of various three-component magnetic

photocatalysts is given in Figure 2.5.
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Figure 2.5: Three component core-shell magnetic photocatalysts; two configurations of
photocatalyst shown

2.2.2.3.3 Visible light active magnetic photocatalysts

The replacement or modification of TiO, in conventional magnetic photocatalysts with
materials of higher visible light activity has been studied. While some of these materials
contain the core-shell type structure incorporating a passivation layer, early hybrids were
reported as simple composites with magnetic iron oxides. Reported strategies for improving
visible light activity of magnetic photocatalysts include: modification of TiO, by S-doping
[146], B-, F- co-doping [147], V-doping [148], Cl-doping [149], N-doping [140, 150, 151],
Ce-doping [152], La-doping [153], Cu-doping [154]; and replacement of TiO, with visible
light active photocatalysts such as B,TiOy [155] BiVO4 [156] AgsVO4 [157], and ZnS
[158].

The use of plasmonic enhancement has also been reported for the improvement of visible
light activities in core-shell magnetic photocatalysts. Li et al. deposited Ag/AgBr onto an
Si0,-covered magnetite core using a deposition-precipitation-calcination procedure, and
evaluated the visible light induced photodegradation of Acid Orange 7 dye as an indicator of
photocatalytic activity [159]. Similarly, Ag/Agl was deposited onto SiO,-coated magnetite
using deposition-precipitation-photoreduction, and evaluated for the visible light degradation
of Rhodamine B and 4-chlorophenol [160]. An et al. [63] extended this synthesis using AgCl
prepared by polyol precipitation, followed by photoreduction to form Ag/AgCl on SiO,-
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coated magnetite. They also tested the degradation of Rhodamine B under visible light

irradiation.

Disinfection of bacterial species using magnetic photocatalysts has also been reported to
some extent. Rana and Misra [161] investigated the inactivation of E. coli using magnetic
photocatalyst TiO,-NiFe,O4 under UV irradiation. Fast inactivation kinetics of E. coli under
UV were observed by Chin et al. [162] using commercial P25 TiO, (mixed-phase anatase
and rutile) coated magnetite nanoparticles, although Coleman et al. [163] previously reported
these kinetics to be slower than those of pure P25 in their system consisting of a spiral tube
reactor wrapped around a UV lamp with the catalyst in slurry. Bacterial inactivation of E.
coli was also reported for a magnetic plasmon photocatalyst, Au-AgCl nanotubes decorated

with magnetite nanoparticles, under natural sunlight (varying from 400-700 W/m?) [164].

2.2.2.3.4 Magnetic activated carbon photocatalysts

The preparation of magnetic AC can be performed to improve the separability of the
adsorbent, and magnetic activated carbons have been studied for use in precious metals
recovery such as gold adsorption from alkaline cyanide solutions [165], or for the adsorption
of organic dyes [166], pesticides such as imidacloprid [167], and aqueous organic
compounds such as chloroform, phenol, and chlorobenzene [168]. Some representative

examples of magnetic activated carbons prepared in literature are presented in Table 2.1.
In these materials, a passivation layer was not considered, since a photoreactive system was

not used. As such, SiO; coating of the magnetic nanoparticles incorporated into AC was not

necessary.
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Table 2.1: Comparison of select magnetic activated carbons reported in literature

Magnetic Magnetic Preparation Target
Adsorbent Adsorbent Component Method Adsorbate(s) Reference
Magnetic Knife-milled Mixed iron Precipitation of Organic dyes [166]
charcoal charcoal beans oxides FeSO47H,0 inthe  aniline blue,
(0.2-1.5mm (not presence of AC Bismarck
diameter) characterized) brown Y,
methylene
blue
Magnetite- Commercial ~ Magnetite Co-precipitationto  Gold as [165]
loaded activated nanoparticles ~ form magnetite and Au(CN); in
activated carbon (19-124 nm) subsequent doping  cyanide
carbon into AC; solution
heterogeneous
method based on
refluxing goethite,
AC, and FeCl,-4H,0O
Magnetite-AC  Activated Magnetite Co-precipitationto ~ Methylene [169]
nanocomposite carbon black  nanoparticles  form magnetite, blue
(Vulcan XC-  (~8 nm sonication in the
72) diameter) presence of AC to
deposit magnetite
Magnetic Norit Mixed phase Co-precipitation of  Imidacloprid [167]
powdered powdered magnetite, FeCl; and FeSO, by
activated activated maghemite dropwise addition of
carbon (PAC) carbon (non-magnetic NaOH in the
hematite and presence of PAC
goethite
present)
Maghemite- Carbon Single-phase Hydrothermal Methyl orange [170]
AC spheres microspheres  maghemite reaction of glucose,
(formed during Fe(NOs);-9H,0,
hydrothermal followed by CO,
synthesis) activation at 700°C
for 2 hours
Magnetic PAC Dried Calgon Mixed phase Heterogeneous Mercury (II) [171]
WPH PAC magnetite, nucleation: co-
maghemite precipitation of iron
(non-magnetic  (II) and (III) salts in
hematite the presence of
present) carbon by rapid
alkaline hydrolysis

The extension of magnetic activated carbon to photocatalytic applications by introduction of

a photocatalyst to form a composite was first investigated by Ao et al. in 2008 [172]. In this
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study, sol-gel synthesis was used to deposit TiO, onto magnetic activated carbon, which
contained mixed magnetite and maghemite nanoparticles. The weight ratio of magnetic
activated carbon to titania was held at 1:2 in all samples, and the iron was present in
concentrations up to 30 weight percent. Some pore-blocking and reduction in surface area
was observed upon addition of iron and TiO,. The photocatalytic activity of the composite
was evaluated by the degradation of phenol under UV irradiation. While phenol degradation
was possible using this catalyst, a photodissociation of magnetite (Eps = 0.1 eV) and
maghemite (Ep, = 2.3 eV) phases under irradiation was observed [60, 132]. In another study
by Ao et al. [173], maghemite-AC was prepared, and was used at weight ratios of 1:7 (y-
Fe,05: AC) and 1:3 (magnetic AC: TiO,). The lower iron concentration, and dominance of
the maghemite phase prevented photodissolution of magnetic nanoparticles, although a small
portion was still found to be degraded, as quantified by inductively coupled plasma - atomic
emission spectroscopic analysis of the Fe content in the processed water. Subsequently, Ao et
al. investigated the degradation of an azo dye X-3B using titania-coated magnetic activated
carbon under visible and UV irradiation. The visible light activity observed was attributable
to the dye-sensitization effect of X-3B [174]. Ao et al. also incorporated N-doped TiO; into
the magnetic AC adsorbent, and tested this composite under solar irradiation [175]. An
increased visible light absorption due to band gap narrowing was observed in the N-doped
titania compared to neat TiO,, and degradation of X-3B dye was studied. It should be noted
that a self-sensitization mechanism may have also played a role in this system, due to visible

light absorption by the dye. In addition, some incorporated iron was found to be degraded.

Another TiO, magnetic activated carbon was prepared by Wang and Zhou [137] based on a
soft magnetic ferrite (Mn;x-ZnsFe;O4) material integrated into activated carbon, and dip-
coated in TiO; sol. The composite was found to possess good degradation activity for methyl
orange under UV irradiation. Photodissolution of the incorporated magnetic particles was not
addressed in this study, but the material was recyclable, and was able to perform well in up to
5 cycles. TiO,-magnetic activated carbon was also investigated in a photocatalytic ozonation-
intensified process for degradation of a model pharmaceutical compound, metoprolol

tartrate, using a solar simulator and oxygen addition [176]. The prepared composite was
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found to degrade the model compound in two hours for up to five consecutive runs. In this
study, minor amounts of iron and titanium were found to leach from the catalyst into
solution. Another report involving the preparation of TiO,-AC incorporated nickel
nanoparticles as the magnetic component, and studied the material for the degradation of

methyl orange under UV [177].

2.2.3 Development of mixed-phase carbon-doped TiO,

The following sections address literature pertinent to the investigation of carbon-doped TiO,.

2.2.3.1 Mechanism of photocatalytic enhancement

Although TiO, doping has been studied using a variety of metallic and non-metallic dopants,
nitrogen- and carbon-doping are of particular interest due to their low associated costs and
band-gap narrowing, which significantly improve visible light absorption [15]. Carbon
doping has been shown to be more effective than nitrogen doping [21, 178—180], although
such catalysts are cited to be more difficult to prepare and have been less widely applied
[179]. Synthesis has been performed via many routes, including simple mixing of a carbon
nanomaterial with TiO, [37], direct oxidation of Ti metal in a burner flame [181, 182], sol-gel
synthesis [183], hydrothermal synthesis [184], and deposition techniques such as physical
vapor deposition, chemical vapor deposition, and electrophoretic deposition [15]. Due to the
many variations in synthesis routes and results, conflicting findings in the literature have
often been reported, spurring debate and controversy over the mechanism of visible light
enhancement [185—189]. In general, it is accepted that band gap narrowing occurs in the
presence of carbon dopant, which causes a red-shift in the photoactive wavelengths. Carbon-
doping can alter the band gap from 0.1-1.5 eV [15]. However, the state of the carbon dopant
has been reported and interpreted differently in various studies. Specifically, it is sometimes
present as a substitutional anion due to the Ti-C bond in carbide [190-193], or as an
interstitial cation due to the C-O bond in carbonates [21, 184, 194-196]. Despite this
variation in findings for carbon-doped TiO,, a widely supported view for the mechanism of
band gap narrowing by carbon addition suggests the creation of mid-gap states (as shown in

Figure 2.3) caused by mixing of the C 2p and O 2p states [19, 180, 197-199].
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2.2.3.2 Oxidative annealing

Oxidative annealing of TiC in air to form carbon-doped TiO is a facile one-step approach for
obtaining visible light active photocatalysts. First introduced by Irie et al. [192] as a two-step
oxidation procedure, Choi et al. used a variation of this synthesis based on one-step oxidation
of TiC in air [190]. They tested the carbon-doped material semi-qualitatively for the
degradation of methylene blue dye under visible light irradiation by monitoring changes in
dye absorption spectra subject to photocatalytic degradation for 20 minutes. Shen et al. also
investigated the one-step oxidation synthesis in air to produce carbon-doped TiO, (C-TiO,),
which was able to photocatalytically degrade trichloroacetic acid under visible light
irradiation [199]. In addition, Cong et al. prepared carbon-doped TiO, loaded onto
multiwalled carbon nanotubes using a two-step oxidative annealing process [200]. The
addition of dopants such as carbon, nitrogen, and sulfur have been found to favour
transformation of the anatase to rutile crystal phase in TiO, [201], while a synergistic effect
between the anatase and rutile forms of TiO, has been reported to increase the photocatalytic
activity of such mixtures [102]. Carbon-doped mixed-phase titania powders have been
investigated previously [201], however the emphasis in oxidative annealing methods has

been on the production of a pure anatase phase carbon-doped powder.

There have also been select reports on bacterial inactivation using carbon-doped TiO,,
including: inactivation of E. coli under visible light using C-TiO, prepared by ion-assisted
electron beam evaporation [203], inactivation of E. coli under fluorescent light using C-TiO,
prepared by aerosol flame deposition [204], and inactivation of E. coli, Staphylococcus
aureus, Enterococcus faecalis, and fungi Candida albicans and Aspergillus niger under
visible light by C-TiO, prepared using a sol-gel method [205]. However, since the synthesis
method of preparation of doped powders has a strong effect on the final product and
corresponding photocatalytic activity [15], it is difficult to elucidate the photocatalytic
antimicrobial activity of C-TiO, prepared by oxidative annealing based on literature

precedent alone.
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2.3 Conclusions

In this chapter, specific features, advantages, and current challenges in photocatalytic
processes were highlighted to provide a background and framework for the scope of the
undertaken project. General strategies for improving photocatalytic efficiencies were
presented and discussed, and a focused literature review of topics related to carbon-enhanced
photocatalysts for visible light induced detoxification and disinfection was subsequently
provided with the goal of framing the project objectives in the context of the current state of

the art in photocatalysis research.
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carbon composites for enhanced visible light

photocatalysis
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Abstract

Adsorptive photocatalyst composites based on Ag/AgCl and activated carbon were proposed
and investigated. The Ag/AgCI-AC composites were synthesized using impregnation-
precipitation-photoreduction, and characterized by X-ray diffraction, transmission and
scanning electron microscopies, respectively, X-ray photoelectron spectroscopy, N, sorption,
and ultraviolet-visible diffuse reflectance spectrophotometry. The photoactivities of the
prepared materials were studied for the degradation of methyl orange and phenol under
visible light. A mechanism for synergistic adsorption and photocatalysis by Ag/AgCI-AC
was proposed, where silver acts by surface plasmon resonance to generate electrons and
holes, and polarization of the photoinduced charges relative to AgCl facilitates charge carrier

separation, while AC concentrates the pollutant around the active sites.

Keywords: plasmon photocatalyst, Ag/AgCl, visible light photocatalysis, activated carbon
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3.1 Introduction

Strategies for overcoming the low solar photocatalytic efficiencies realized with traditional
TiO, photocatalysts have been developed through the design and fabrication of advanced and
so-called “second generation” photocatalytic materials, which have greater visible light
responses and are engineered to reduce the rates of electron-hole recombination during
photocatalysis. Some approaches proposed are through impurity doping [1], metals

deposition [2—4], or sensitization [5, 6].

An interesting phenomenon that has been exploited to prepare high efficiency visible light
active photocatalysts is the localized surface plasmon resonance (SPR) exhibited by
nanoparticles (NPs) of noble metals. This results in unique optical properties arising from
collective oscillation of conduction electrons upon interaction with electromagnetic
radiation, and can cause amplified visible light absorption by photocatalysts depending on
the size and morphology of the NPs [7]. Silver NPs exhibiting SPR incorporated on silver
halide structures (Ag/AgX; X = Cl, Br, I) have been used as plasmonic photocatalysts with
extended visible light absorption, where the nanosilver and silver halide also act in concert to
polarize the photoinduced charges, facilitating electron-hole separation. The incorporated
silver halide can also generate oxidizing species, such as CI° or Br’ (for Ag/AgCl and

Ag/AgBr, respectively) [8].

Another approach for improving the efficiency of photocatalytic processes is through the
immobilization on or incorporation of porous media with the catalyst [9, 10]. Composite
materials based on silver/silver halide plasmonic photocatalysts and carbonaceous
nanostructures (such as graphene oxides [11, 12], and graphene sheets [13]) have been
previously explored, and were shown to exhibit enhanced visible light induced photoactivity.
Activated carbon can also be used in photocatalyst composites, and is well-suited to practical
applications for water treatment systems due to the following reasons [14]: (1) AC is able to
adsorb a wide range of organic compounds as well as natural organic matter, (2) it is widely
available in many particle sizes at competitive costs, (3) its use and application in water and

wastewater treatment is well-established compared to other support materials, and (4) AC-
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containing composites facilitate the ease of separation of nanosized photocatalysts from

solution.

A synergistic increase in the photocatalytic activity of TiO,-AC composites has been
observed [10], and is attributed to the presence of a common contact interface between
solids, where the pollutants are adsorbed by AC, and migrate continuously to the supported
photocatalyst [15]. The AC support may also affect the dynamics of photo-induced charges
[16]. However, the need for incorporation of visible light active photocatalysts into AC-

photocatalyst composites has been emphasized in literature [14].

In this study, enhanced visible light active Ag/AgCI-AC composite photocatalysts are
synthesized and characterized, and their activity is investigated for the degradation of methyl
orange dye (MO) and phenol organic pollutants. The prepared composites combine the
enhanced visible light absorption and photocatalytic efficiency gained using silver/silver
halide plasmonic photocatalysts with the synergy of adsorption obtained through

incorporation within an AC matrix to create hybrid photocatalysts.

3.2 Experimental

3.2.1 Synthesis of Ag/AgCI-AC composites

Ag/AgCI-AC composites were prepared using an impregnation-precipitation-photoreduction
method. Typically, 1 g of unmodified Darco G60 activated carbon (100 mesh, Sigma-
Aldrich) was impregnated in 20 mL of aqueous AgNOs (ACS grade, MP Biomedicals) of a
certain concentration. The mixture was sonicated for 10 minutes, and then stirred
magnetically for 6 hours. 20 mL of HCI (reagent-grade, Fisher Scientific) was then added in
a 50% stoichiometric excess under magnetic stirring for 2 hours to induce the precipitation of
deposited AgNO; into AgCl. The partial reduction of AgCl was then carried out via
irradiation by a 300 W UV-Vis light source (Ushio ELH) for 1 hour. The mixture was filtered
and dried in air overnight. The prepared Ag/AgCI-AC composite powders were gently
ground in an agate mortar before use, and are denoted by weight ratio of Ag to AC (Ag: AC),
calculated as if all of the AgCl was reduced to Ag. Reference Ag/AgCl was prepared using
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the same synthesis procedure omitting the AC impregnation step, and AgCl was prepared

similarly without photoreduction.

3.2.2 Characterization

X-ray diffraction (XRD) patterns of all prepared powders were collected using a Rigaku
Ultima IV XRD with a Cu K(a) source (A = 0.15418 nm) operating at 40 kV and 44 mA.
Transmission electron microscopy imaging was performed using a FEI (formerly Phillips)
Tecnai F20 G2 field emission transmission electron microscope (TEM) at an acceleration
voltage of 200 keV. The samples were dispersed in water and dropped onto a copper grid for
observation. Morphology was studied by a Tescan Vegall XMU field emission scanning
electron microscope (SEM) after coating the samples in Au/Pd alloy using an Anatech
Hummer VII sputter coater. The chemical states of the photocatalysts were analyzed by
XSAMSB00 X-ray photoelectron spectroscopy (XPS), and the patterns were deconvoluted
using XPSPEAK41 software. The surface areas, total pore volumes, and microporosity data
were obtained from N, sorption isotherms collected at 77 K using an automatic adsorption
apparatus (Nova 4200E, Quantachrome). The samples were outgassed at 50°C under N, flow
for 1 hour at a pressure of 760 — 770 mm Hg. The Brunauer, Emmett, and Teller (BET)
surface areas were calculated using the adsorption isotherms in the range of P/Po < 0.015.
The total pore volumes of the samples were calculated using the volume of adsorbed N, at
P/Po = 0.975, and the #-plot method was used to calculate micropore volumes and external
surface areas. Ultraviolet-visible (UV-Vis) diffuse reflectance spectra were measured on a
UV-Vis spectrophotometer (Puxi, UV 1901) equipped with an integrating sphere attachment
and on a Thermo Evolution 300 spectrophotometer equipped with a Praying Mantis diffuse

reflectance accessory over the range of 230 — 800 nm.

3.2.3 Photocatalytic degradation experiments

3.2.3.1 Photoreactor

To quantify the photocatalytic degradation of organic pollutants using the composite
Ag/AgCI-AC, a slurry reactor was placed in a constructed reflective housing to prevent

outside light from entering the system. Illumination was provided by a 300 W ELH tungsten
halide bulb (Ushio) with a UV filter (Kenko Zeta, A > 410 nm, transmittance > 90%) at a
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distance of 10 cm from the beaker. The irradiation was measured using a quantum meter
(Biospherical QSL-2100; 400 nm <A < 700 nm), and was found to be approximately 4.7x10"
3 Einstein m™ s™. The light source chosen simplistically simulated visible light present in
solar irradiation, and the intensity was maintained sufficiently high to prevent the
dependence of reaction rate on the formation or recombination of electron-hole pairs.
Accordingly, the photocatalytic reactions studied were thought to occur in the mass
transport-controlled regime. Cooling was provided by an external cooling jacket, and the

temperature of the reaction was controlled to 20 + 2°C.

3.2.3.2 MO adsorption and photodegradation

For the combined adsorption-photocatalysis screening experiments, 0.5 g L catalyst was
added to a 200 mL solution containing reagent-grade MO (Fisher Scientific) and
immediately exposed to illumination under constant magnetic stirring at 180 rpm for 2 hours.
The adsorption-only tests were performed using the same procedure in the absence of light.
For the prolonged photocatalysis tests, 200 mL of MO solution was allowed to equilibriate in
the dark with 0.5 ¢ L of catalyst under constant magnetic stirring at 180 rpm for 2 hours
prior to each experiment. The photocatalytic degradation was then performed for 2.5 hours in
the presence of visible light irradiation. For all trials, samples were drawn periodically and
centrifuged, and the supernatant analyzed using a spectrophometer (Genesys 10UV,
ThermoScientific). The peak absorbance used for MO was A = 463 nm for pH > 4 and A =
505 for pH < 3. The initial MO concentration was kept at 25 mg L™, except in the
concentration studies. The initial pH of the solution was left unadjusted at pH 5.5, except in
the pH studies. For the pH studies, the initial pH was adjusted with either 0.5 M HCl or 0.5
M NaOH (reagent-grade, Fisher Scientific), and was measured with a benchtop pH probe
(accumet ABI15+ Basic, Fisher Scientific). Recyclability tests were performed by
centrifuging the MO-catalyst slurry between trials at 3500 rpm for 3 minutes in a Hermle
ZA400K centrifuge (Hermle Labortechnik GmbH), removing the supernatant, and redispersing
the catalyst in fresh 25 g L' MO solution. The quenching experiments were performed by
the addition of appropriate radical scavengers. 0.01 M isopropanol (reagent-grade, Fisher
Scientific) was used as the radical scavenger, 0.01 M ethylenediaminetetraacetate disodium

salt dihydrate (EDTA) (99%, Sigma-Aldrich) was used as the holes scavenger, and N,
53



bubbling was used to suppress the formation of superoxide radicals. The removal efficiency

was calculated using the following formula:
Removal Efficiency (%) = (C,-C))/Cox 100 3.1

Where C, denotes the initial pollutant concentration (mg L), and C, is the concentration at
time ¢ (mg L™). For prolonged runs including a dark adsorption time, C, for photocatalysis
was taken as the adsorption equilibrium concentration. Control runs were performed in the
absence of light and catalyst, respectively. The error associated to the experiments was

estimated as the standard deviation between triplicate runs.

3.2.3.3 Phenol adsorption and photodegradation

Adsorption and photodegradation of phenol (98%, Fisher Chemical) was also studied in the
photosystem using a composite loading of 0.5 g L in 200 mL solution with an initial
concentration of 13 mg L™, using a magnetic stir speed of 180 rpm. The supernatant from the
periodically withdrawn samples was analyzed at a peak absorbance of A = 270 nm. Phenol

degradation was studied for 3 hours after the 2 hour dark adsorption period.

3.3 Results and discussion

3.3.1 Catalyst characterization

The phase structure and crystallinity of the prepared materials were investigated by XRD,
and the obtained patterns for the composites and for pure AC and Ag/AgCl are shown in
Figure 3.1, respectively. The pure AC exhibited mainly amorphous structure, with the
exception of a wide, shallow hexagonal (002) graphitic peak, which indicated small regions
of crystallinity were present as in other commercial activated carbons [17]. The prepared
composites exhibited similar patterns and crystallinities to pure Ag/AgCl, as indicated by
peak positions and intensities. The diffraction peaks were indexed to the face centered cubic
AgCl phase (JCPDS card # 31-1238) with lattice constants of @ = 5.545 — 5.549 A, in good
agreement with literature for AgCl (a = 5.549 A[18]). From the enlarged patterns shown in
Figure 3.2, main diffraction peaks for the (111) plane at 38.1° and for the (200) plane at 44.3°
for metallic Ag (JCPDS card #01-087-0597) were observed in the pure Ag/AgCl prepared,

implying that the in situ reduction was able to promote the transformation of some AgCl to
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Ag. However, peaks associated to metallic silver could not be observed in the pattern for a
representative Ag/AgCI-AC composite (2.5:1), which may have been due to the low content,
small particle sizes, and high dispersion of silver on the surface of Ag/AgCI-AC, as was
previously reported for Ag/Agl-Al,O; prepared using deposition-precipitation-

photoreduction synthesis [19].
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Figure 3.1: XRD patterns for Ag/AgCl, AC, and various Ag/AgCI-AC composites
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Figure 3.2: XRD patterns for Ag/AgCl and 2.5:1 Ag/AgCl-AC composite

The structure of the composites was studied by TEM, and images of a representative
Ag/AgCl-AC (2.5:1), and the as-prepared Ag/AgCl are shown in Figure 3.3. For pure
Ag/AgCl, AgCl particles ranging from approximately 1.7 — 2.1 pm were observed, and were
decorated with smaller metallic silver clusters (~120 — 160 nm) on their exterior. The high-
resolution TEM of the silver clusters formed indicated an interlayer d-spacing of 0.24 nm,
which corresponded well to the Ag (111) plane of silver. The selected area diffraction pattern
(SAED) shown in the inset of Fig. 3.3b indicated that the sample was polycrystalline in
nature, and the observed rings were attributed to diffraction from the (111), (200), and (220)
reflections of fcc silver (JCPDS card #01-087-0597), based on calculated d-spacings of 2.47
A, 212 A, and 1.45 A, respectively. For the Ag/AgCl-AC composite, the TEM images
indicated that photocatalyst deposition occurred mainly on the exterior surface of activated
carbon (which was identifiable by the large, light, grainy structures in Figures 3.3c and
3.3.d), and the darker, more electron-dense regions attributable to silver/silver halides formed

heterogeneous clusters on its outer surface.
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Figure 3.3: TEM images of a) Ag/AgCl; b) high-resolution TEM of Ag in Ag/AgCl;
SAED pattern inset; and c), d) as-prepared Ag/AgCl-AC composite (2.5:1)

To further investigate the morphology of the prepared Ag/AgCIl-AC composites, SEM
imaging was performed, and the results are presented in Figure 3.4. The deposition of
Ag/AgCl onto AC resulted in the formation of heterogeneous clusters with high surface
coverage, although some exposed surfaces of the textured carbon host material were
observed. Metallic silver was also seen on the surface of the silver halides, although it was
not easily observed by TEM imaging due to the thickness and three dimensional nature of

Ag/AgCl clusters formed in the composites. AgCl particles in Ag/AgCl-AC were found by
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SEM to range from 470 nm to 1.06 um, and the reduced Ag were approximately 110 nm to
150 nm in size. Photochemical reduction of AgCl in situ has been reported to generate Ag
atoms that aggregate to form silver nanograins, which deposit on the surface of the silver

halide particles [13], in good agreement with the results obtained in this study.

Figure 3.4: SEM images of Ag/AgCI-AC composite (2.5:1)

The surface chemical states of the samples were investigated by XPS. Spectra from the high-
resolution scans of CI 2p and Ag 3d orbits are given for Ag/AgCl and for a representative
Ag/AgCI-AC composite (2.5:1) in Figures 3.5a, and 3.5b, respectively. The deconvoluted
peaks for the Cl 2p orbits were centered at approximately 197.6 eV and 199.2 eV for both
Ag/AgCl and the prepared composite. These peaks corresponded well to Cl 2p 3/2 and Cl1 2p
1/2, indicating the presence of chlorine as ionic CI" [20, 21]. The silver peaks at

approximately 366.8 eV and 372.8 eV were ascribed to binding energies of Ag 3d 5/2 and Ag
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3d 3/2, respectively, for Ag" present in AgCl [20, 22]. Smaller peaks obtained at 367.7 eV
and 373.8 were assigned to binding energies of Ag 3d 5/2 and Ag 3d 3/2, respectively, for
metallic Ag [23]. This indicated that silver was present in the samples as Ag' in AgCl and as
Ag° in metallic Ag, further evidencing the photoreduction of some AgCl to Ag under UV-Vis

irradiation.
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Figure 3.5a: Cl 2p XPS spectra for Ag/AgCl and 2.5:1 Ag/AgCI-AC composite
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Figure 3.5b: Ag 3d XPS spectra for Ag/AgCl and 2.5:1 Ag/AgCl-AC composite
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BET surface areas calculated by N, sorption are summarized in Table 3.1, and were found to
vary between 63.0 and 279.3 m* g for the Ag/AgCl-AC composites. The BET range used
was P/Po < 0.015, and was chosen based on a criterion proposed by Rouquérol et al. [24] for
materials possessing microporosity. The composite surface areas were also expressed relative
to activated carbon, and were found to consistently decrease with increasing Ag/AgCl
content. This was thought to be due to pore-blocking by the Ag/AgCl particles. The surface
areas of the composites were all smaller than that of activated carbon, but were all larger than
that of pure Ag/AgCl, suggesting an increased adsorptive capability of the composites

compared to the bare photocatalyst alone.

Table 3.1: Surface areas of Ag/AgCl, AC, and Ag/AgCIl-AC composites

Catalyst BEzT _slurface area Relative surface area
(m”g”) (%)

AC 810.9 100

0.7:1 composite 279.3 34

1.5:1 composite 149.2 18

2:1 composite 105.5 13

2.5:1 composite 77.1 9.5

3:1 composite 63.0 7.8

Ag/AgCl 2.1 2.6

The structure and porosity of the composites were studied, and the nitrogen sorption
isotherm for a representative sample (2.5:1) is given in Figure 3.6, with that of AC shown for
comparison. Both isotherms observed were Type IV according to IUPAC classifications [25],

with H4 hysteresis in the desorption branch due to the presence of mesopores [26].
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Figure 3.6: N, sorption isotherms for AC and 2.5:1 Ag/AgCl-AC composite

Table 3.2: Porosity characteristics of AC and 2.5:1 Ag/AgCI-AC

Total pore  Micropore Micropore Mesopore Mesopore
Catalyst volume volume Area Volume Area
(cm’/g) (cm’/g) (m’/g) (cm’/g) (m’/g)
AC 0.61 0.27 510 0.34 201
Ag/AgCl-AC 0.070 0.025 48.0 0.045 26.1

*calculated by difference

The total pore volumes, microporosity and mesoporosity data are summarized in Table 3.2.
The total pore volume, as well as the micro- and mesopore volumes (and consequently,
areas) all decreased significantly upon addition of Ag/AgCl into the AC composites. The
constructed #-plots indicated that microporosity significantly contributed to the total pore
volume. For AC, micropores contributed 44% of the total pore volume, while this decreased
to approximately 36% in the Ag/AgCIl-AC composite. Based on the sizes of Ag/AgCl
particles observed in the composite, the photocatalyst was not thought to penetrate the
micropores of AC (<2 nm), but instead formed an “egg-shell” structure, where heterogeneous
clusters of photocatalyst deposited onto the outer surface of AC [27]. These clusters

decreased the pore volume and surface area of the resulting composite by blocking
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mesopores and pore entrances present on the AC surface. This pore blockage also caused a
reduction in micropore volume, since mesopores in AC were the main thoroughfares to
micropores for sorption [27]. Based on the trend in BET surface areas, increasing Ag/AgCl

content in the composites was thought to enhance this pore-blocking effect.

UV-Vis diffuse reflectance absorption data for a representative Ag/AgCI-AC composite
(2.5:1), as-prepared Ag/AgCl, and unreduced AgCl are given in Figure 3.7, respectively. For
all the samples, an absorbance edge at ~385 nm was observed due to the band gap of AgCl
(Ebg, indirect = 3.25 €V [28]). Compared to unreduced AgCl, the prepared Ag/AgCl catalyst
exhibited a broad absorption band in the range of 400 — 800 nm, which was attributed to the
surface plasmon resonance of Ag NPs produced during photoreduction. The broadness of the
peak was due to multiple plasmonic oscillation frequencies present because of variation in
the shapes and diameters of Ag NP clusters formed [7, 29, 30]. The Ag/AgCl-AC composite
prepared also showed broad, strong absorbance in the visible light region, which indicated

that it possessed good applicability as a visible light active photocatalyst.
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Figure 3.7: UV-Vis absorption spectra of 2.5:1 Ag/AgCl-AC composite, as-prepared
Ag/AgCl, and unreduced AgCl, respectively
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3.3.2 Photocatalytic activity

3.3.2.1 MO adsorption and photodegradation

Preliminary activity screening for the prepared composites was performed by comparing the

MO removal observed using a combined adsorption-photocatalysis process to that obtained

by dark adsorption only [31, 32]. The results from the rapid screening tests are given in

Figure 3.8. Preliminary trials using pure Ag/AgCl indicated a negligible removal under dark

adsorption conditions, and a 15.1% MO removal under visible light irradiation, while the

unmodified AC was able to completely adsorb MO from solution in under 10 minutes.

Additionally, MO removal in the absence of catalyst was found to be less than 1.5%, and the

effects of photolysis were therefore thought to be negligible.
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Figure 3.8: Comparison of adsorptive and combined adsorptive-photocatalytic MO
removal for Ag/AgCl-AC composite powders, where black and grey markers represent
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0.5 gL, pH = 5.5) — average of three trials, representative error bars shown
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Final MO removal efficiencies were calculated and are given in Table 3.3. The Ag/AgCI-AC
composites exhibited much higher adsorptive capacities towards MO than pure Ag/AgCl,
and this was thought to be due to their larger available surface areas. The prepared
composites also had very strong adsorptive capabilities compared to other Ag/AgX-based
carbon composites reported in literature such as Ag/AgCl-reduced graphene oxide sheets
[13]. A noticeable enhancement in final removal efficiency between the dark adsorption and
combined adsorption-photocatalysis processes was realized for the composites containing
high loadings of Ag/AgCl (2:1, 2.5:1, 3:1 ratios, respectively). This increased efficiency
under irradiation was thought to be due to production of photoexcited species by the
Ag/AgCl photocatalytic component of the composites. The increase was not proportional to
the additive effects of adsorption and photocatalysis, since the efficiency observed for a full
loading (0.5 g L) of Ag/AgCl was 15.1%, and the composites contained the photocatalyst in
lower proportions (a nominal loading of 0.5 g composite L™ was used). This suggested the
presence of a synergistic effect of adsorption on the photocatalytic removal efficiency, as
reported for other adsorbent photocatalysts such as TiO, on AC [33]. Although there may
have been photoinduced radical generation at lower Ag/AgCl compositions (0.7:1, 1.5:1)
under irradiation, the enhancement was not observed using the present conditions due to the

stronger removal of MO by adsorption only.

Table 3.3: MO removal efficiencies obtained using Ag/AgCl-AC composites

Removal
Catalyst Efficiency:
(CC)/Cy (%)
Pure Ag/AgCl (adsorption only) Negligible
Pure Ag/AgCl (adsorption + photocatalysis)  15.1
0.7:1 (adsorption only) 98.6
0.7:1 (adsorption + photocatalysis) 98.1
1.5:1 (adsorption only) 98.0
1.5:1 (adsorption + photocatalysis) 97.9
2:1 (adsorption only) 91.7
2:1 (adsorption + photocatalysis) 97.3
2.5:1 (adsorption only) 73.8
2.5:1 (adsorption + photocatalysis) 88.1
3:1 (adsorption only) 55.1
3:1 (adsorption + photocatalysis) 77.6
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To further investigate photocatalysis mediated by the Ag/AgCl-AC composites, prolonged
runs were carried out by allowing the catalyst and MO to equilibriate in the dark for 2 hours,
followed by visible light irradiation for 2.5 hours. The results obtained are shown in Figure
3.9 as amount of MO removed from solution per weight of catalyst used (or catalyst

equivalent, in the case of AC).

The presence of irradiation has been found in some cases to result in an increase of pollutant
adsorption onto AC in TiO,-AC composites, as studied for methylene blue dye under UV
[34]. To investigate this in the current system, a control experiment was performed using AC
only, at an equivalent loading as that contained in the 2.5:1 composite. From the results
shown in Figure 3.9, the provided irradiation did not induce a significant change in the
adsorption of dye onto activated carbon. In contrast, the composite catalysts exhibited a
noticeable increase in the removal rate of MO upon illumination, after the adsorption
pseudo-equilibrium was reached. This was thought to be due to visible light absorption and
consequent photocatalytic action by the composites, removing the MO pollutant by
photodegradation, and by a dynamic adsorption-photocatalysis mechanism under visible

light.
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Figure 3.9: Adsorption and subsequent photocatalysis using 2:1, 2.5:1, and 3:1
Ag/AgCl-AC, respectively. The prolonged test using an equivalent AC loading as that
incorporated into the 2.5:1 composite is shown for comparison. (C, =25 mg L, loading =
0.5 g L, pH = 5.5) — representative error bars shown
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The data from the prolonged adsorption-photocatalysis studies shown in Figure 3.9 were
normalized using the concentrations at the end of dark adsorption as the initial concentrations
for photocatalytic reaction, and the calculated temporal removal efficiencies for
photocatalysis are given in Figure 3.10. The Langmuir-Hinshelwood kinetic expression for
heterogeneous surface reactions was used to describe the data, where the reaction rate is

described by the following expression.
-dC/dt = Kk, C/(1+KC) (3.2a)

Where K is the Langmuir-Hinshelwood adsorption coefficient (L mg'l), and k; is the reaction
rate constant (mg L™ min™). Simplification of this kinetic expression into a pseudo-first
order equation is frequently employed for photocatalysis in cases where the initial
concentration used is sufficiently small (< 10” mol L™ [35]). The simplified, integrated rate

expression is given by:
In(Cy/C) =kt (3.2b)

Where k’ denotes the pseudo-first order rate constant (min™). This apparent rate constant has
been cited to be appropriate for the quantitative comparison of different photocatalytic
systems, since it enables the calculation of photocatalytic activity independently of dark
adsorption [36]. To compare kinetic rates obtained using various catalysts, the rate constants
were calculated using equation (3.2b) for the initial linear portion of the reaction, and the

fitted data is shown in comparison with the experimental values in Figure 3.11.
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Figure 3.11: Photodegradation kinetics for 2:1, 2.5:1, and 3:1 Ag/AgCI-AC
composites and Ag/AgCl, respectively. (loading = 0.5 g L™, pH = 5.5)

The rate constants obtained from the slopes of fitted lines for the 2:1, 2.5:1, and 3:1
composites were 0.0345, 0.0128, and 0.0037 min'l, respectively, and was 0.0032 min”! for an
Ag/AgCl prolonged run control. The R? values associated to the fitted data ranged from
0.948 — 0.997, and the fit was thought to be appropriate to model the initial stages of
degradation. The synergy factor (R) for activated carbon composite photocatalysts, defined
by Matos et al. [10] and adapted in this case for a pure Ag/AgCl reference catalyst, was
calculated by equation (3.3):

R = k’(Ag/AgCl-AC)/k '(Ag/AgCl) (3.3)

Where R was essentially a ratio of the pseudo-first order kinetic constants. This yielded
synergy factors of 10.8, 4, and 1.2 for the 2:1, 2.5:1, and 3:1 composites, respectively. The
synergy factor for the 3:1 composite was near unity because the loss of adsorptive capacity
caused a decrease in removal rate severe enough to cause its activity to become comparable
to that obtained using a full (i.e. 0.5 g L) loading of pure Ag/AgCl alone. However, for the
lower-loaded composites, the calculated synergy factors were much greater than 1, indicating

that the presence of AC enhanced the overall pollutant removal efficiency.
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The removal behaviour upon irradiation was thought to be strongly influenced by the
sorptive capability of the composites, where the powder with high surface area (2:1),
exhibited a fast removal rate due to its high sorptive capability, and vice versa for the low
surface area composite (3:1). While an increased MO removal rate from solution did not
necessarily mean all of the pollutant was being degraded photocatalytically, a higher sorptive
capability of the composite was presumed to promote faster pollutant transfer from solution
to the reactive sites. It should be noted that increasing the Ag/AgCl ratio in the composite
may have provided a greater number of photocatalytic reaction sites, but also decreased the
total adsorption by reducing the available sorptive surface area, so a trade-off was required
between the desired adsorptive and photocatalytic activities. As a temporary optimum, the
2.5:1 powder was chosen for further study to illustrate the dynamic adsorption-photocatalysis

behaviour of the designed catalysts.

3.3.2.2 Effect of initial MO concentration

The effect of initial MO concentration on activity was investigated in the range of 25 — 50
mg L', and the results obtained are shown in Figure 3.12. While all of the trials performed
exhibited some photodegradation using the composite catalyst, the activity observed tended
to decrease with increasing MO concentration. The lowest final degradation (13.2%) was
realized using an initial concentration of 50 mg L™, while the highest degradation (93.8%)
was achieved at 25 mg L. The observed difference may have been due to the effect of
pollutant concentration on the light penetration into solution [37]. The solution transmittance
decreased with increasing concentration, resulting in fewer photons reaching the catalyst
surface, and a consequent reduction in degradation activity. This was consistent with
literature for the effect of initial MO concentration on photocatalysis [37—40]. To investigate
whether increased light penetration at lower initial concentrations affected MO photolysis,
the photolytic conversion at an initial concentration of 5 ppm was measured, and was found

to be negligible, as shown in Figure 3.12.
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Figure 3.12: Effect of initial concentration on photodegradation using 2.5:1
composite. (loading = 0.5 g L™, pH = 5.5)

3.3.2.3 Effect of pH

Solution pH has been reported to be a very important parameter in photocatalytic processes
[35, 41, 42]. The pH can affect catalyst-pollutant interactions and the generation of redox
species during irradiation [39, 43]. The initial solution pH was investigated between the
range of pH 2 -9.5 by adjustment with HCI or NaOH, and the results obtained from
degradation are shown in Figure 3.13. It should be noted that photolytic MO degradation did
not change significantly between acidic and basic media, and was thought to have a

negligible contribution on the changes in degradation observed.

70



95%

75%

55%

Removal Efficiency (%)

35%

15%

-5%

opH 2
ApH5.5
[ ]
*pH7 e & ¢ , 2 Z
[ A A
OpH9.5 e A A
mPhotolysis (pH 2) Py
@Photolysis (pH 9.5) & g ™
o A . *
A . * *
z *
* m =
. e * g T
A O
* * = B
* m O
® o
B m
o ¢ =
* m
?—@—B—U—U—U—E—U—E—Q—D—U—U—U—U—k

0 20

40 60 80 100 120 140 160
Time (min)

Figure 3.13: Effect of pH on photodegradation using 2.5:1 composite. (C, = 25

mg L, loading=0.5 g L")

The pH was found to strongly affect the photocatalytic process, with degradation taking

place more rapidly in acidic solution, and decreasing with increasing pH. This may have

been due to changes in surface charge properties with changes in pH for methyl orange and

the consequent changes in adsorption affinity towards the catalyst. MO existed in its anionic

state in water at pH 7 and above due to the sodium ion dissociation. In acidic conditions,

amphoteric MO formed from hydrogen becoming attached to nitrogen in the azo bond

associated with the ring structure [44]. The change is shown schematically in Figure 3.14.
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(b)

Figure 3.14: Methyl orange structure in a) acidic and b) basic media

The surfaces of AgCl particles were likely terminated by Cl ions [45], and were therefore
negatively charged. Additionally, polarization of electron distribution within metallic Ag on
the surface was thought to lead to regions of its negative and positive charges being far from
and close to the Ag/AgCl interface, respectively [45]. Therefore, the surface of Ag/AgCl was
likely negatively charged. The interaction of these negatively charged catalyst surfaces with
anionic MO in alkaline solution may have induced Coulombic repulsion, resulting in a
decreased amount of substrate adsorbed. This effect was not present in acidic media, where
the MO took on an amphoteric structure. The photocatalytic degradation of anionic (mainly
sulphonated) dyes was found in other literature to be optimized in acidic conditions, and
decrease in the pH range of 7—11 [46], in good agreement with the results obtained in this

study.

While electrostatic attractions and repulsions between pollutant and catalyst affect activity,
the interpretation of data at variable pH is difficult in practice due to the different redox
species present. At low pH values, positive holes are considered the major oxidation species,
while at neutral or high pH, hydroxyl radicals are predominant [42, 43, 47-50]. Elucidation
of degradation mechanism therefore becomes difficult, since the dye could be degraded
through hydroxyl radical attack, directly oxidized by positive holes, or reduced by negative
electrons or superoxides. These factors also influenced the activity results observed at

various pH values.

3.3.2.4 Recyclability
To evaluate the recyclability of Ag/AgCl-AC, the 2.5:1 composite was used in four

consecutive trials, recovering the catalyst between runs by centrifuging and decanting. The
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MO removal by adsorption and degradation in the sequential runs is shown in Figure 3.15.
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Figure 3.15: Adsorption and photodegradation performance of 2.5:1 composite over
four consecutive cycles (Co =25 mg L™, loading = 0.5 g L', pH = 5.5)

MO adsorption using the composite catalyst was found to decrease between consecutive
runs. This was due to the limited sorption capacity of the recycled composite, and an
inability of the photocatalyst portion to fully regenerate the incorporated AC by degrading all
of the adsorbed MO. The latter effect also resulted in a decrease in photocatalytic activity
with repeated use because the rate of degradation was low compared to the rate of substrate
accumulation. This may have caused saturation at the surface of the photocatalyst,
diminishing its photonic efficiency [51]. A gradual decrease in efficiency could be observed
with repeated use of the composite, and in the second to fourth trials, the photocatalyst was
able to degrade 75%, 67%, and 62% of the total MO degraded in the first run, respectively.
This decreased efficiency with increased cycle number may have also been due to the
formation of reaction intermediates and their subsequent adsorption and accumulation on the
photocatalyst surface [52, 53], or limitations in diffusion of the pollutant from the micropores

of the composite to the actual catalytic sites on its outer surface [54].

The XRD pattern for the composite catalyst after use in four consecutive trials is shown in
Figure 3.16, with the pattern of the fresh material for comparison. Spectral patterns observed

before and after recycling were nearly identical, indicating good stability of the catalyst.
73



Weak reflections at 38.1° and 44.3° attributable to the (111) and (200) faces of metallic silver,
respectively, were observed in the used sample. The appearance of these peaks was thought
to be due to an increase of Ag nanoparticle sizes during visible light induced photocatalysis,
caused by aggregation and photodecomposition of some AgCl to form additional metallic Ag
clusters. However, this decomposition was previously found to have only a minor effect on
the total surface contents of Ag and AgCl, as per reports in literature using similar
experimental conditions [45, 21, 55], confirming the overall stability of such catalysts in

repeated use.
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Figure 3.16: XRD patterns for as-prepared Ag/AgCl, 2.5:1 Ag/AgCI-AC composite, and
recycled 2.5:1 Ag/AgCIl-AC composite after four adsorption-photocatalysis cycles,
respectively

3.3.2.5 Role of radical species

Radical and hole trapping experiments were designed to investigate the roles of the photo-
induced species in the prepared composites through the use of appropriate quenchers. The
quenching effect of scavengers can be used as a diagnostic tool to discern relative

importances of various photo-induced species present [56], where the rate of photocatalytic
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reaction may be partially suppressed by the employed quencher, resulting in a lowered
apparent rate constant (k’). The magnitude of this reaction suppression is indicative of the
relative role of the quenched species in the reaction. Nitrogen bubbling was used to reduce
the dissolved oxygen concentration in solution, limiting the capture of photoinduced
electrons by molecular oxygen to generate superoxide radicals. EDTA was used as a hole
scavenger, while isopropanol was used as a hydroxyl radical scavenger. The EDTA itself had
a negligible effect on the adsorption capacity of AC, as previously reported [57]. The kinetic

data obtained using various suppressants are given in Table 3.4.

Table 3.4: Kinetic data in the presence of various scavengers for 2.5:1 composite

Species suppressed k' R’ K7k’ (no
P PP (x10”* min™) quenching) (%)
N, bubbling Superoxide radical (‘O;) 0.28 0.99 21.9
Isopropanol Hydroxyl radical ((OH) 0.11 0.99 85.9
EDTA Positive charge vacancy (hole, h") 0.31 0.96 24.2

From the observed changes in kinetics, the hydroxyl radical was thought to not play a
dominant role in photocatalytic oxidation due to its weak quenching effect, consistent with
other studies on Ag/AgX-type catalysts [20, 56, 58]. The holes were found to have a more
pronounced effect, as indicated by the observed decrease in reaction rate upon addition of
EDTA. Holes were thought to act by two pathways, namely through direct surface reaction
with the dye, or by oxidation of chloride ions in AgCl to form chlorine species, which
subsequently oxidized the dye. Superoxide radicals formed by molecular oxygen were also
found to play a significant role in the photocatalytic oxidation. The predominance of these
two species in photocatalytic dye degradation using an Ag/AgCl-modified catalyst was also
found by Xiong et al. [58].

3.3.2.6 Activity for phenol degradation

The photocatalytic activity for degradation of a colorless organic compound, phenol, was
investigated to confirm that a surface plasmon resonance induced photocatalytic process took
place using the Ag/AgCI-AC composite, and not merely a photosensitization of organic MO
dye under visible light irradiation [59]. The results from the adsorption and subsequent

photocatalysis, as well as calculated degradation kinetics are shown in Figure 3.17. The
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composite exhibited good activity for phenol degradation, converting approximately 13 mg
phenol per gram composite under illumination, where the photolytic conversion was found to
be negligible. The photocatalysis-induced transformation was greater than phenol adsorption
observed in the dark. The pseudo-first order rate constant was calculated using eq. (3.2b),
and was found to be 0.0103 min™. These phenol photodegradation results confirmed that the
Ag/AgCl-AC composites prepared possessed visible light activity.
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Figure 3.17: Adsorption and subsequent photocatalysis using 2.5:1 Ag/AgCI-AC in
phenol. Photocatalytic degradation kinetics shown inset. (C, = 13 mg L™, loading = 0.5

gL

3.3.3 Mechanism

The mechanism of photocatalytic action of the Ag/AgCIl-AC composites was thought to be
related to the localized surface plasmon resonance of silver nanoparticles on the surface of
the incorporated AgCl. In this system, visible light photons were absorbed by the silver
nanoparticles, generating holes and electrons. These were effectively polarized by the surface
plasmon resonance state of the silver, causing efficient separation of the holes and electrons
such that the electrons were transferred to the silver surfaces furthest away from the
interfaces with AgCl, and the holes transferred to the AgCl particle surfaces [45]. The

stability of silver on silver halides was attributed to this charge separation, which prevented
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the generated electrons from being transferred to Ag” ions in AgCl [60]. The electrons were
instead transferred to molecular oxygen present at the surface, forming active species such as
superoxide anions, which could facilitate the degradation of organic pollutants (MO, phenol)
[61]. The positive holes generated could oxidize CI” ions into CI°, which were themselves
powerful oxidizing agents that could attack organic pollutants near the surface of the catalyst

[40] to reduce the C1° atoms back to their ionic state.

Activated carbon in the composites provided adsorption sites for the pollutant. The adsorbed
pollutant could then migrate to Ag/AgCl decomposition centers located on the AC surface,
due to the concentration gradients present [62]. In the absence of this highly adsorbent AC
support, the pollutant had to collide with the photocatalyst and maintain efficient contact for
the reaction to occur. If this contact was not maintained, the reactants or intermediates would
be desorbed back into solution. The AC also played a role in allowing chain photocatalytic
reactions to proceed more easily by retaining intermediate products on its surface through
adsorption. Additionally, the AC surface had many more adsorption sites than neat Ag/AgCl,
which reduced the likelihood of pollutant molecules colliding with the catalyst but not being
adsorbed due to surface area limitations [63]. The process is shown schematically in Figure

3.18.
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organic pollutant (adapted from [64])

3.4 Conclusions

In this work, novel composite photocatalysts based on Ag/AgCl and activated carbon were
synthesized by an impregnation-precipitation-photoreduction method. The prepared
composites possessed an “egg-shell” structure, although some pore-blocking of AC occurred
due to the incorporated Ag/AgCl. The composites exhibited good photocatalytic activity for
the degradation of MO and phenol under visible light. The role of the radical species was
elucidated through quenching experiments, and holes and oxygen species were found to be
dominant for photodegradation. Some decrease in activity was observed with cyclic use, so
future work on this catalyst should include investigations in improving its recyclability, such
as through prolonged light exposure to regenerate the activated carbon surface [62]. The
effect of the activated carbon in the composite should also be studied, and parameters such as
particle size, porosity, and pre-treatment investigated with respect to the structural and
morphological characteristics of the resulting Ag/AgCl-AC. For example, it has been

proposed that smaller particle sizes can facilitate AC regeneration, since desorbed pollutants
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may have shorter diffusion paths to the photocatalytic active sites on the exterior surface of
the composite [14]. The effect of light intensity on the composite should also be explored,
and the material tested under real sun conditions, to validate its applicability to solar systems,
such as for use in solar AC regeneration schemes [65]. Due to the high adsorption capacity
observed towards aqueous organic MO dye, adsorptive characteristics of the composites

should also be described according to appropriate mechanistic considerations.
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Chapter 4:
Adsorption and visible light degradation of methyl

orange by Ag/AgCl-activated carbon composites

Joanne Gamage McEvoy, Wenquan Cui, Zisheng Zhang

Abstract

Adsorption and visible light induced photocatalytic degradation of methyl orange (MO) dye
was investigated in a slurry system using plasmonic adsorbent photocatalysts, Ag/AgCI-
activated carbon (AC) composites. The dark adsorption kinetics and isotherms were studied,
and a nonlinear optimization strategy and defined error functions as goodness-of-fit criteria
were used to assess appropriateness of various models to describe the experimental data.
Using this approach, the adsorption kinetics were found to follow second order behaviour,
and the isotherms obtained were Langmuirian. The intraparticle diffusion model was used to
study the sorption mechanism, and it was found that internal diffusion was not the only
limiting factor present. The enhancement of MO removal by Ag/AgCl-AC composites due to
the incorporated photocatalyst was quantified under visible light irradiation, and the
photocatalytic activity was found to follow Langmuir-Hinshelwood kinetics with adsorption
constants of 0.523 and 0.039 L mg™' and reaction constants of 0.0695 and 0.117 mg L™ min

for adsorbent photocatalysts prepared at ratios of 2:5 and 3:1, respectively.

Keywords: adsorption, visible light photocatalysis, activated carbon, Ag/AgCl, adsorbent
photocatalyst
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4.1 Introduction

Since the discovery of the photocatalytic effect by Fujishima and Honda in 1972 [1],
photocatalytic processes have been widely studied and characterized for potential
applications in many fields, including: environmental remediation [2], water and wastewater
treatment [3], antimicrobial applications [4], and self-cleaning systems [5]. An attractive
feature of such processes is that they can utilize solar energy as a source of irradiation to
effect the degradation of contaminants by photocatalysis-mediated redox reactions,
increasing their sustainability and lowering operating costs. However, the photonic
efficiencies realized with photocatalysis are still very low, impeding the commercial

development of this process [6].

Contributing to these low efficiencies is the use of the traditional TiO, catalyst, which has a
band gap corresponding to ultraviolet (UV) light not abundant in solar radiation. Efforts to
improve the efficiency of solar photocatalysis have been undertaken through the design and
fabrication of visible light active catalysts, such as those based on impurity doping [7],
metals deposition [8], or sensitization [9, 10]. Highly efficient and stable visible light active
photocatalysts based on metallic nanosilver on silver halides (Ag/AgCl, Ag/AgBr) have been
reported in literature [11-13], where the enhanced visible light absorption is based on the
surface plasmon resonance (SPR) effect of the incorporated metallic silver nanostructures.
The host silver halides help facilitate charge separation, and can also produce halide

oxidizing species, which contribute to degradation.

Another difficulty in photocatalysis lies in the use, separation, and recovery of nano-sized
TiO, [14]. To address concerns related to the nano-sized photocatalyst, the incorporation of
activated carbon as a catalyst support, or as a composite with TiO, has been proposed and
investigated [15] These composite materials have also been found to exhibit a synergistic
increase in photocatalytic activity compared to pure TiO, [15-17], attributable to the
presence of a common contact interface between solids, where the pollutants can be adsorbed

by AC, and migrate continuously to the supported photocatalyst [18],
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In our previous research, novel Ag/AgCl-AC composites were synthesized and characterized.
These hybrid composites combined the SPR-induced visible light enhancement and
adsorption synergy strategies for photocatalysis efficiency improvement. In order to further
characterize such bifunctional materials for future optimization and scale-up, the adsorptive
and photocatalytic behaviours must also be appropriately described [19]. Accordingly, in this
study, adsorption and photocatalysis using the prepared composites is further explored, and
the appropriateness of various kinetic and equilibrium models for description of these

processes is systematically investigated.

4.2 Experimental

4.2.1 Synthesis of Ag/AgCI-AC composites

Ag/AgCI-AC composites were prepared using an impregnation-precipitation-photoreduction
method. Typically, 1 g of unmodified Darco G60 activated carbon (100 mesh, Sigma-
Aldrich) was impregnated in 20 mL of aqueous AgNOs (ACS grade, MP Biomedicals) of a
certain concentration. The mixture was sonicated for 10 minutes, and then stirred
magnetically for 6 hours. 20 mL of HCI (reagent-grade, Fisher Scientific) was then added in
a 50% stoichiometric excess under magnetic stirring for 2 hours to induce the precipitation of
deposited AgNOs into AgCl. The reduction of some AgCl was carried out via irradiation by a
300 W UV-Vis light source (Ushio ELH) for 1 hour, and the mixture was then filtered and
dried in air overnight. The prepared Ag/AgCl-AC composite powders were gently ground in
an agate mortar before use. The samples are denoted by weight ratio of Ag to AC (Ag: AC),
calculated as if all of the AgCl was reduced to Ag.

4.2.2 Characterization

X-ray diffraction (XRD) patterns of all prepared powders were collected using a Rigaku
Ultima IV XRD apparatus with a Cu K(a) source (A = 0.15418 nm) operating at 40 kV and
44 mA. The surface areas were obtained from N, sorption isotherms collected at 77 K using
an automatic adsorption apparatus (Nova 4200E, Quantachrome). The samples were
outgassed at 50°C under N, flow for 1 hour at a pressure of 760 — 770 mm Hg. The Brunauer,
Emmett, and Teller (BET) surface areas of the samples were calculated using the adsorption

isotherms in the range of P/Po < 0.015. This range was chosen based on a criterion proposed
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by Rouquérol et al. [20] for materials containing microporosity.

4.2.3 Adsorption batch experiments

Adsorption equilibrium studies were conducted using 500 mL Erlenmeyer flasks in the dark
at ambient temperature (22°C). The initial concentration of methyl orange (MO) was varied
between 13 and 108 mg L™ at the natural pH of the solutions, and a catalyst loading of 0.5 g
L in 200 mL MO was used. The solutions were kept under magnetic stirring at 180 rpm for
approximately 4 hours, or until the concentration did not decrease further over a period of 1
hour. 1 mL aliquots of the samples were withdrawn periodically, and were centrifuged at 12
000 rpm for 3 minutes in an accuSpin Micro 17 (Fisher Scientific) microcentrifuge. The peak
absorbance of the supernatant (at A = 463) was then measured using a Genysys 10-UV
spectrophotometer (ThermoScientific.). This absorbance was correlated to concentration

using the Beer-Lambert Law and a prepared standard curve.

4.2.4 Photocatalytic degradation experiments

To quantify the photocatalytic degradation of MO using the composite powders, a slurry
reactor was used in a constructed reflective housing to prevent outside light from entering the
system. [llumination was provided by a 300 W ELH tungsten halide bulb (Ushio) with a UV
filter (Kenko Zeta, A > 410 nm, transmittance > 90%) at a distance of 10 cm from the beaker.
The irradiation was measured using a quantum meter (Biospherical QSL-2100; 400 nm <A <
700 nm), and was found to be approximately 4.7x10~ Einstein m™ s”'. Cooling was provided
by an external cooling jacket, and the temperature of the reaction was controlled to 20°C + 2.
For the combined adsorption-photocatalysis tests, 0.5 g L™ catalyst was added to a 200 mL
solution containing reagent-grade MO (Fisher Scientific) and immediately exposed to
illumination under constant magnetic stirring at 180 rpm for 2 hours. The adsorption kinetic
tests were performed using the same procedure in the absence of light. For the prolonged
photocatalysis and recyclability tests, 200 mL of MO solution was allowed to equilibriate in
the dark with 0.5 g L' of catalyst under constant magnetic stirring at 180 rpm for 2 hours
prior to each experiment. The photocatalytic degradation was then studied for 2.5 hours in
the presence of visible light irradiation. For all tests, samples were withdrawn every 10
minutes and centrifuged, and the supernatant analyzed using a spectrophometer. The initial

concentration was kept at 25 mg L™, and the initial pH of the solution was left unadjusted.
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Control runs were performed in the absence of light and catalyst, respectively.

4.2.5 Analysis

The sorption capacity, ¢, (mg MO g composite™) of the composite powders was determined

from equation (4.1):
q: =V(Co-C)/W  (4.1)

where the initial MO concentration in the aqueous phase, and that at time ¢ (min) are denoted
by C, and C,, respectively (mg L), ¥ is the volume of MO solution (L), and W is the mass
of composite used (g). For the equilibrium sorption capacity, ¢., (mg g'), the difference was

taken between the initial concentration and the equilibrium concentration (C,).

Parameters associated to various adsorption and photodegradation models were estimated
using nonlinear optimization by assessment of an error function evaluating the goodness-of-
fit of the model to the experimental data. The optimization procedure involved minimization
of this error function, and was performed using the Solver add-in in Microsoft Excel.
Nonlinear optimization using error function minimization has been suggested to be
advantageous over traditional assessments of sorption model parameters and their respective
goodness-of-fit criterion (R?) based on linear regression because the linearizing
transformations used to estimate the sorption isotherms implicitly alters their error structure,
violating the error variance and normality assumptions of standard least squares analysis [21,

22].

In the current analysis, the sum of square errors (SSE) was used for the optimization

procedure, where:

SSE=% ((] calc — q,exp)iz (42)

Where the subscript “calc” and “exp” denote the calculated and experimental values,
respectively, and the sum is taken over the entire range of data. The standard error (SE) is

defined by:

SE = N(1/m-p) £ (q. cate — Grexp)i” (4.3)
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Where m is the number of observations in the experimental data set and p is the number of
parameters in the regression model. The coefficient of determination for the model was

calculated using equations (4.4) and (4.5), where:
R”=1- SSE/SST (4.4)
SST=X (q: cale — Qavg;calc) ’ (45)

And the total sum of squares (SST) is the sum of the square difference between each model-
fitted value and the predicted sample mean. The SE and coefficient of determination (R?) of
the models were used in addition to the SSE to gauge the goodness-of-fit. Smaller SSE and
SE values, and regression coefficients approaching 1 indicated better fit of the model to the

experimental data.

4.3 Results and discussion

4.3.1 Catalyst characterization

The prepared catalysts were characterized by XRD to determine their phase structure and
crystallinity. The patterns obtained are shown in Figures 4.1a and 4.1b, respectively, with
those of pure Ag/AgCl and unmodified AC given for comparison. AC exhibited a mainly
amorphous structure, however a wide, shallow hexagonal (002) graphitic peak was observed
due to the small regions of crystallinity present [23]. All of the prepared composites
exhibited similarity in phase and crystallinity to the pure Ag/AgCl pattern. The patterns were
indexed to face centered cubic AgCl (JCPDS card #31-1238). From the enlarged patterns
shown in Figure 4.1b for the prepared Ag/AgCl and a representative composite (2.5:1), the
main diffraction peaks for (111) and (200) planes of metallic silver were observable at angles
of 38.1° and 44.3° for the pure synthesized Ag/AgCl, corresponding to the major reflections
for metallic silver according to JCPDS card #01-087-0597. This indicated that the in situ
reduction could successfully reduce some AgCl to Ag, and confirmed the presence of
metallic silver in Ag/AgCl. However, the peaks were not observed for the composite, which
may have been due to the low content, small particle sizes, and high dispersion of metallic

silver on the Ag/AgCI-AC surface [24].
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Figure 4.1a: XRD patterns for AC, Ag/AgCl, and Ag/AgCI-AC composites prepared
at various photocatalyst: adsorbent ratios
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The surface areas of the prepared composites were calculated using a multi-point Brunauer,
Emmett, and Teller (BET) estimation, and are given in Table 4.1, respectively, with
calculated surface areas for AC and pure Ag/AgCl shown for reference. The surface areas of
the composites were found to consistently decrease with increasing Ag/AgCl content, but
were all larger than that of pure Ag/AgCl. This decrease in surface area was thought to be
attributable to pore-blocking by deposited Ag/AgCl, forming “egg-shell” composites, where
the photocatalyst was restricted to the outer surface of the AC adsorbent [25].

Table 4.1: Surface areas of prepared Ag/AgCl-AC composites and reference materials

BET surface Relative surface
Catalyst area area
(m’/g) (Y0)
AC 810.9 100
0.7:1 composite 279.3 34
1.5:1 composite 149.2 18
2:1 composite 105.5 13
2.5:1 composite 77.1 9.5
3:1 composite 63.0 7.8
Ag/AgCl 2.1 2.6

4.3.2 Adsorption studies
4.3.2.1 Adsorption kinetics

Adsorption kinetics are important for the description of solute uptake rate and for
understanding dynamic sorption behaviour of the system, and are strongly dependent on
adsorbate-adsorbent interactions [26]. In this study, the pseudo-first and pseudo-second order
adsorption models were compared for the description of experimentally observed adsorption
kinetics, as shown in Figure 4.2. Both of these models use a lumped analysis, where the
adsorption steps such as external diffusion, internal diffusion, and adsorptive uptake were

described as an overall adsorption rate [27-30].

The pseudo-first order model, introduced by Lagergren in 1898 for liquid/solid systems [27],
is given by:
dgy/dt = ki(qe-q,) (4.6)

Where g, is the equilibrium sorption capacity (mg g™), k; is the pseudo-first order sorption
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rate constant (min™), and ¢, denotes the amount sorbed at contact time ¢ (mg g''). When ¢, =

0 at # = 0, the pseudo-first order model may be integrated from ¢ = 0 to ¢ to yield eq. (4.7).

q:= qel I-exp(-kit)] ~ (4.7)

The pseudo-second order kinetic model, proposed by McKay and Ho [28] is given as

follows, where dynamic adsorption is described by:
dg/dt =kxge-q)°  (4.8)

Where £ is the pseudo-second order rate constant (g mg' min™). The pseudo-second order

rate equation can also be integrated when ¢, = 0 at ¢ = 0 to yield:
g0 =kt / (1+koqet) (4.9)
The initial adsorption rate can be defined based on the pseudo-second order equation:
h =l (4.10)

Where 4 is the initial uptake rate (mg g min™). The kinetic parameters for the pseudo-first
and pseudo-second order models estimated using nonlinear regression are shown for each of
the prepared catalysts with their respective goodness-of-fit criteria and calculated errors in
Table 4.2. A comparison of the experimental data and the model-predicted values is given in

Figure 4.2.
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Table 4.2: Kinetic parameters for MO adsorption onto various Ag/AgCI-AC composites

Composite
Models 0.7:1 1.5:1 2:1 2.5:1 3:1
Experimental sorption capacity/ mg g'1 50.73 50.34 46.89 38.17 29.6
Pseudo-first order
k; /min’ 0.27 0.16 0.10 0.085 0.079
g./mg g’ 50.39 49.28 44.83 36.06 27.56
R? 0.999 0.996 0.980 0.970 0.961
SE 0.431 1.13 1.89 1.87 1.64
SSE 0.744 8.99 39.3 38.3 29.6
Pseudo-second order
g./mg g’ 52.83 52.42 48.60 39.71 30.62
k;/g min" mg 0.016  0.0062  0.0035 0.0033 0.0039
h/mg g"' min” 44.85 17.00 8.30 5.27 3.65
R? 0.999 0.999 0.998 0.996 0.991
SE 0.146 0.115 0.540 0.734 0.768
SSE 0.08528  0.0932 3.20 5.97 6.50
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Figure 4.2: MO adsorption kinetics: Comparison of experimental data with model-
predicted values, where dotted and dashed lines represent first and second order models,
respectively. (C, = 25 mg L™, composite loading = 0.5 g L")
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As seen in Figure 4.2, the data correlated well with the second order modeled values, and the
SE and SSE goodness-of-fit criteria were much lower than those calculated for the first order
model. The R? values were also in good agreement with the SE and SSE criteria, confirming
that the second order model adequately described the observed behaviour. Appropriateness of
this model implied that the dynamic adsorption process occurred upon interaction of the MO
adsorbate and two adsorption sites in the composite. The kinetics of adsorption for other
composite adsorbent photocatalysts have also been shown in literature to follow second order

behaviour [31].

The calculated values of the equilibrium sorption capacities (52.83 — 30.62 mg g for 0.7:1
to 3:1 composites, respectively) were slightly higher than the experimentally observed values
(50.73 — 29.60 mg g for 0.7:1 to 3:1 composites, respectively). The equilibrium sorption
capacity was found to generally decrease with increasing Ag/AgCl content, which was
thought to be due to the effects of pore-blocking and agglomeration decreasing the available
surface area for adsorption at higher Ag/AgCl loadings. There was a rapid decrease in
sorption capacity observed upon increasing the catalyst loading past 2:1, which may have
been due to increased agglomeration and formation of particle aggregates at loadings past
this value. The sorption rate constant generally decreased with increasing Ag/AgCl content
between 0.7:1 and 2:1 composites, but beyond this, there was negligible change (considering
the increased error at higher concentrations). The initial uptake rate also generally decreased

with increasing Ag/AgCl content due to the decreased available surface area.

4.3.2.2 Adsorption mechanism
The sorption rate may be controlled by factors such as: solute diffusion from solution to the
film surrounding the particle, solute diffusion from the film to the particle surface (external
diffusion), diffusion from the surface to the internal sites (intraparticle or pore diffusion), or
uptake by the sorbent [32]. This uptake can involve mechanisms such as physico-chemical
sorption, ion exchange, precipitation, or complexation [33, 34]. The Weber-Morris
intraparticle diffusion model can be used to identify the adsorption mechanism, where the
following relationship describes the effect of intraparticle diffusion resistance on adsorption
[35]:
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Where ki is the intraparticle diffusion rate constant (mg g' min®’) and ¢ (mg g') is a

parameter indicative of the boundary layer thickness. According to the Weber-Morris

intraparticle diffusion model, a plot of g, with /” is linear if intraparticle diffusion plays a

role in the adsorption process. Additionally, if the plot passes through the origin, this

intraparticle diffusion can be considered to be the only rate-limiting step present.

The calculated intraparticle diffusion parameters are given in Table 4.3 with their respective

errors, and intraparticle diffusion plots are shown in Figure 4.3.

Table 4.3: Intraparticle diffusion model parameters for dynamic adsorption on various

Ag/AgCIl-AC composites

Composite
0.7:1 1.5:1 2:1 2.5:1 3:1

Intraparticle diffusion parameter

ki/ mg g"' min®’ 2.13 1.64 1.70 1.70 1.33
&/mgg’ 40.6 38.2 30.5 21.4 15.7
R’ 1 0.960 0.946 0.971 0.981
SE 0.00476 0.449 0.666 0.544 0.411
SSE 2.3E-06 0.404 2.66 1.776 1.519
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Figure 4.3: Intraparticle diffusion plots for Ag/AgCI-AC composite (C, =25 mg L™,
loading=0.5gL™)

The kinetic data obtained all exhibited similar features of a steeper region with increased
sorption initially, followed by a secondary linear region describing the intraparticle diffusion,
followed by a third region as equilibrium was reached. The presence of multilinearity in the
intraparticle diffusion plots was indicative that two or more steps governed the adsorption
process [36, 37]. The initial steeper portion was attributable to bulk and surface of film
diffusion (boundary layer diffusion), while the second linear section was indicative of a
gradual adsorption stage where the intraparticle or pore diffusion was involved, and the third
stage was representative of equilibrium. Since extrapolation of the second linear region also
did not pass through the origin, other mechanisms such as simultaneous boundary layer
diffusion, complexation or ion-exchange were thought to also control the rate of adsorption

during this stage [38, 39].

The intraparticle diffusion rate constants were calculated from the slope of the second linear

portion and ranged from 2.13 — 1.33 mg g’ min™ for the 0.7:1 to 3:1 composites,
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respectively. The calculated k; values were found to generally decrease with increasing
Ag/AgCl content. This was thought to be indicative of changes to internal diffusion rate
related to changes in surface chemistry at different loadings [29, 30], or more likely, from
lower accessibility to micropores due to pore-blocking and surface coverage of AC by
Ag/AgCl at higher loadings. The intercept values (¢) were also calculated, and ranged from
40.6 — 15.7 mg g for 0.7:1 to 3:1 composites, respectively. These intercepts were reflective
of the boundary layer thicknesses, with larger values indicating a greater role of bulk or
external diffusion as the rate-limiting step [40, 41]. The calculated boundary layer parameters
were found to decrease with increasing photocatalyst loading, and external diffusion was
thought to become less limiting as the photocatalyst content of the composites increased,
since there was less external surface area available due to increased surface coverage of the

AC structure with Ag/AgCl agglomerates.

4.3.2.3 Adsorption equilibrium

Adsorption equilibrium describes the ratio between the adsorbed pollutant and that remaining
in solution when the adsorbate-containing phase has been sufficiently contacted with the
adsorbent and the bulk solution adsorbate concentration reaches a dynamic balance with the
interface concentration [42, 43]. Adsorption isotherms may be used to describe equilibrium
behaviour, but can also be used to elucidate the sorption mechanism, surface properties, and
sorbent affinity by interpretation of the equation parameters and underlying thermodynamic
assumptions of the adsorption models [21]. The most widely used models are the Langmuir

[44] and Freundlich isotherms [45].

The Langmuir equation is given by:
Langmuir: ¢, = K;¢.,C/(1+K.C,) (4.12)

Where g,, is the theoretical monolayer capacity (mg g™), K, is the sorption equilibrium
constant, which is related to the energy of adsorption (L mg'l), and C, is the equilibrium
concentration in solution (mg L™"). The Langmuir model assumes monolayer adsorption, with

adsorption occurring only at a fixed number of homogeneous sites.
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The Freundlich equation can be described by:
Freundlich: ¢. = KzC,"” (4.13)

Where Ky and 7 are constants that describe the adsorption capacity (mg g™') and intensity (or
heterogeneity), respectively. The Freundlich empirical model describes non-ideal and
reversible adsorption, and is not restricted to monolayer adsorption. It can be applied to
multilayer adsorption, where the non-uniform distribution of adsorption heat and affinity is
accounted for in the model over a heterogeneous surface [46]. The Freundlich isotherm is
criticized for lacking a fundamental thermodynamic basis, because it does not approach

Henry’s law at low concentrations [47].

The Redlich-Peterson (R-P) isotherm is a three-parameter hybrid isotherm that combines

features of the Langmuir and Freundlich isotherm into an empirical equation [48]:
Redlich-Peterson: g.=K,C./(1+a,CS) (4.14)

Where K is the R-P adsorption capacity (mg g™), as is the R-P equilibrium constant (L mg™),
and P is an exponent describing the surface heterogeneity, which lies between 0 and 1. In the
limit when B = 1, the R-P equation reduces to the Langmuir equation, while in the limit when
B = 0, the Freundlich equation results. The Redlich-Peterson model has been studied in
addition to Langmuir and Freundlich isotherms for the adsorption of aqueous dyes onto

activated carbons [48].

The Langmuir, Freundlich, and Redlich-Peterson isotherms were fitted to equilibrium data
for various composites using the nonlinear optimization procedure described. The isotherm
parameters and their respective errors are given in Table 4.4. The experimental and modeled
data for a representative composite is compared to that for AC in Figure 4.4, and the

isotherms for various compositions of Ag/AgCIl-AC are shown in Figure 4.5.
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Table 4.4: Adsorption isotherm parameters for MO adsorption equilibrium onto Ag/AgCl-

AC

Adsorbent/Composite
Models AC 0.7:1 1.5:1 2:1 2.5:1 3:1
Langmuir
qm/mg g 219.81 121.52 68.75 60.91 55.42 42.01
Ky /L rng'1 0.986 4.58 3.39 4.79 4.28 3.68
R? 0.989 0.992 0.897 0.870 0.984 0.889
SE 6.75 2.84 5.20 3.48 1.66 3.43
SSE 182 32.4 108 48.5 11.0 47.1
Freundlich
K¢ /L mg" 106.8 80.70 46.72 46.25 39.44 28.47
N 3.29 6.99 7.51 11.0 9.57 7.20
R? 0.794 0.979 0.724 0.857 0.751 0.754
SE 26.4 4.47 7.91 3.63 5.75 4.60
SSE 2780.6 79.87 251 52.7 132 84.7
Redlich-Peterson
Kg /L mg" 216.7 581.9 257.7 247.1 262.1 199.1
a/ L mg” 0.986 4.92 3.94 4.02 493 5.36
B 1.00 0.989 0.982 1.00 0.987 0.953
R? 0.989 0.992 0.899 0.884 0.987 0.910
SE 7.79 2.77 5.92 4.02 1.75 3.55
SSE 182 30.8 105 46 9.15 37.7
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Figure 4.4: MO adsorption isotherms for Darco G60 AC and 2.5:1 Ag/AgCl composite,
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The Langmuir model was found to exhibit appropriate fit to the isotherm data, since the SE
and SSE values were generally lower than those of the Freundlich model, and the R? values
ranged from 0.87 — 0.99. From the Langmuir model parameters, the monolayer capacity was
found to decrease with increasing Ag/AgCl amount, which was consistent with the expected
results due to the effects of pore-blocking and surface coverage by Ag/AgCl. The sorption
equilibrium constants calculated for the composite powders were greater than that found for
pure activated carbon, indicating that the adsorption energy for the composites was higher

than that for pure AC.

Based on the calculated Langmuir constant and initial adsorbate concentration, a

dimensionless separation factor, Ry, can be defined [49]:
Separation factor: R, = 1/(1+K;C,) (4.15)

Where the value of R, is related to the nature of adsorption, with R, > 1 indicating
unfavourable adsorption, R, = 1 indicating linear adsorption, 0 < R; < 1 indicating
favourable adsorption, and R; = 0 indicating irreversible adsorption. The calculated values of
R; calculated were found to vary between 0.0088 and 0.070 for pure AC, and between
0.0027 and 0.028 for all of the composites, indicating that adsorption was favourable in all
cases. This also indicated that the prepared Ag/AgCI-AC was an appropriate adsorbent of
methyl orange. The adsorption was more favourable at higher concentrations, since the

calculated R, values decreased with increasing initial solution concentrations.

The Redlich-Peterson model also fit the data well, with marginally different values of SE and
SSE compared to the Langmuir model, and regression coefficients of 0.884 or greater. The
Redlich-Peterson surface heterogeneity term was found to be close to one (ranging from
0.953 - 1.00). In the R-P model, a greater deviation of this value from unity was indicative of
a highly heterogeneous system [50]. The near-unity values obtained using the R-P model
further indicated good agreement of the data with Langmuir-type behaviour. The adsorption
was therefore interpreted as monolayer coverage of a homogeneous surface (in terms of

surface bonding energy and functional groups).
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4.3.3 Photocatalysis studies

4.3.3.1 Preliminary screening of photocatalytic activity

Preliminary tests on the photocatalytic activity of the prepared composites were carried out
using a combined adsorption-photocatalysis process and comparing the MO removal
observed to that attained using dark adsorption only. The results of these screening trials are

given in Figure 4.6.
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Figure 4.6: Comparison of adsorptive and combined adsorptive-photocatalytic MO
removal for Ag/AgCIl-AC composite powders, where black and grey markers represent
adsorption and combined photocatalysis-adsorption, respectively. (Co =25 mg L™,
composite loading = 0.5 g L") — average of three trials shown

Preliminary runs were also performed using pure Ag/AgCl in the dark and under irradiation,
respectively. The catalyst showed negligible adsorption towards MO in the dark, and was
able to degrade 15.1% when irradiated for 2 hours. Tests conducted using Darco G60 AC

only indicated a complete removal of the MO from solution in under 10 minutes, and
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negligible enhancement of adsorption under irradiation. From the results obtained, the
composite powders containing a high loading of Ag/AgCl (2:1, 2.5:1, 3:1 compositions)
showed considerable enhancement in the removal of MO from solution for the combined
photocatalysis-adsorption process over the dark adsorption alone. For the composites
containing less photocatalyst (0.7:1, 1.5:1), there was negligible increase observed when
irradiation was provided due to the slower rate of photocatalysis compared to the rate of
adsorptive removal by AC. A summary of the removal efficiencies are given in Table 4.5 for

comparison.

Table 4.5: MO removal efficiencies for various Ag/AgCI-AC composites

Removal
Efficiency:

Catalyst (1 - C/C.) x 100
()

Pure Ag/AgCl (adsorption only) Negligible

Pure Ag/AgCl (adsorption + photocatalysis)  15.1

0.7:1 (adsorption only) 98.6

0.7:1 (adsorption + photocatalysis) 98.1

1.5:1 (adsorption only) 98.0

1.5:1 (adsorption + photocatalysis) 97.9

2:1 (adsorption only) 91.7

2:1 (adsorption + photocatalysis) 97.3

2.5:1 (adsorption only) 73.8

2.5:1 (adsorption + photocatalysis) 88.1

3:1 (adsorption only) 55.1

3:1 (adsorption + photocatalysis) 77.6

The increase in removal efficiency observed for the 2:1, 2.5:1, 3:1 composites was thought to
be due to the production of photocatalytic radicals and reactive species by the incorporated
Ag/AgCl, and the synergistic effect of photocatalysis and adsorption on removal efficiency.
This synergy was observed for other photocatalysts such as TiO, supported on AC [16], and
was attributed to the common contact interface between solids promoting mass transfer, as
well as the adsorbent support facilitating photocatalytic chain reactions by intermediates
retention to promote more complete degradation and mineralization of the pollutant [18].
Deposition of the photocatalyst onto activated carbon was thought to result in intimate
contact, which led to a stronger interphase interaction between the AC and Ag/AgCl in the

prepared composites compared to physical mixtures of photocatalyst and AC [51]. The weak
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physical bonding of photocatalyst on the surface of AC in mechanical mixtures may cause
the photocatalyst to become dislodged from AC in solution, removing the common contact
interface, and decreasing the synergy observed [15]. The decreased size of Ag/AgCl on the
composite compared to the pure Ag/AgCl synthesized also likely played a role in improving
the photocatalytic activity observed, since deposition onto AC was advantageous for
producing smaller grains of the catalytic material. Preparation of bulk Ag/AgCl resulted in
particle aggregation, which increased the effective particle size, reducing the available
surface area for photocatalytic reaction. Additionally, in the case of Ag/AgCIl-AC
composites, the adsorbed MO molecules could move (desorb and transfer) directly to the

deposited Ag/AgCl, which was adhered to AC.

An increased enhancement in MO removal upon irradiation was observed with increasing
Ag/AgCl content, and was thought to be due to the increased production of radicals and
reactive species at higher loadings due to greater photocatalyst concentrations. It should be
noted that, at lower Ag/AgCl contents, adsorption dominated the process since the kinetics of
adsorption were much faster than those observed for photocatalysis. Therefore, although
there may have been some radical generation by the photocatalyst in these cases,
enhancement of the process was difficult to observe at the given conditions, since there was

almost full removal of the pollutant by adsorption only.

4.3.3.2 Photocatalytic degradation of MO
To further characterize the photocatalytic process using Ag/AgCI-AC composites, prolonged
runs were carried out using a dark adsorption period of 2 hours, followed by visible light

photocatalysis. The results are given in Figure 4.7.
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Figure 4.7: Adsorption and subsequent photocatalysis using 2:1, 2.5:1, and 3:1
Ag/AgCl-AC composites, respectively (Co =25 mg L™, loading = 0.5 g L™)

The adsorption process was found from the experimental data to reach a pseudo-equilibrium
after approximately 2 hours. Upon irradiation, there was a gradual change in the rate of MO
removal from solution, due to the photocatalytic process. The photocatalysis data can be
given in the conventional normalized manner, as shown in Figure 4.8. Further discussion of
the comparative activities between the prepared composites is provided in subsequent

sections, with respect to their kinetic descriptions.
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Figure 4.8: MO photodegradation using Ag/AgCl-AC composites (loading = 0.5 g L")

4.3.3.3 Kinetics of photodegradation
To quantify the kinetics of photodegradation, the first order, second order, and Langmuir-
Hinshelwood models were fitted to the experimental data [52]. These kinetic models are

expressed by the following equations, respectively:

First order: r = -dC/dt = kphoto,1C (4.16)
Second order: r =-dC/dt = kphoo, 2C2 (4.17)
Langmuir-Hinshelwood: r=-dC/dt = Kk,C/(1+KC) (4.18)

Where 7 is the rate of MO photodegradation (mg L min™), C is the concentration of MO
(mg L'l), kphoto,1 1 the first order rate constant (min'l), kphoto, 2 18 the second order rate
constant (L mg” min™), K is the Langmuir-Hinshelwood adsorption coefficient (L mg™) and

k, 1s the Langmuir-Hinshelwood rate constant (mg L' min'l).

The first and second order equations follow traditional rate equations for chemical reactions,

where the rate of reaction is either proportional to the concentration or its square. The
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Langmuir-Hinshelwood kinetic analysis, however, considers the adsorption of pollutants and
subsequent surface reaction. The Langmuir-Hinshelwood analysis is frequently employed for
the study of heterogeneous photocatalysis, but is usually reduced to an apparent first order

model when the concentrations are sufficiently small [53].

The three kinetic models can be integrated with respect to the limits C = C, at time ¢ = 0 and

C = C at time ¢, to obtain the follow nonlinearized forms:

First order: C = Ceexp(-kphowo, 1) (4.19)
Second order:  C = C. /(kphotw,2 Cet +1) (4.20)
Langmuir-Hinshelwood: C=C,— (Kk. t—In(C/C))/K (4.21)

It should be noted that the initial concentration for the photocatalytic reaction is the
equilibrium concentration after dark adsorption (i.e. Co, photocatatvsis = Ce, adsorprion)- Nonlinear
regression was used to estimate the first and second order model parameters, and the
Langmuir-Hinshelwood parameters, respectively. For the Langmuir-Hinshelwood solution
procedure, a script was written for Ridder’s method root-finding algorithm using Visual
Basic for Applications. This was then used simultaneously with the Microsoft Excel Solver
add-in during the optimization procedure. The regressed parameters are given in Table 4.6,
and comparison of the experimental data with the model-predicted values is given in Figure
4.9. The photoactivity data for the 2:1 composite was not modeled using these approaches,
due to its inability to degrade the equilibrium concentration significantly past 40 minutes,
which led to deviations in the modeled data. The discrepancy observed was thought to be due
to the formation of photoreaction intermediates, which were degraded at a much slower rates

than the original parent dye compound, as investigated and discussed in subsequent chapters.
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Table 4.6: Photocatalysis kinetic parameters for MO photodegradation by Ag/AgCI-AC

Composite
Models 2.5:1 3:1
First order
Kppoto,1 / min"' 0.0147 0.00359
R? 0.965 0.999
SE 0.0517 0.0046
SSE 0.0400 0.00032
Second order
Kohoto2/ L mg™ min™ 0.0053 0.00052
R? 0.751 0.991
SE 0.114 0.0115
SSE 0.195 0.00198
Langmuir-Hinshelwood
Ko /L mg” 0.523 0.039
kiy/ mg L' min 0.0695 0.117
R? 0.997 0.998
SE 0.0169 0.0061
SSE 0.0040 0.0005

0 50 100 150
Time (min)

Figure 4.9: Photocatalysis kinetics for Ag/AgCI-AC composite powders, where dotted, solid,
and dashed lines represent first order, second order, and L-H modeled values, respectively.
(loading=0.5gL™")

From comparison of the experimental and model-predicted data, the Langmuir-Hinshelwood

kinetics were found in general to best describe the degradation behaviour, with K4 values of
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0.523 L mg™” and 0.039 L mg™, and k; .y values of 0.0695 mg L' min™ and 0.117 mg L™
observed for the 2.5:1 and 3:1 Ag/AgCl-AC composites, respectively. The goodness-of-fit
criteria also indicated that the errors were very low using the first order model, especially for
the 3:1 composite, where the model followed the L-H data very closely. The Langmuir-
Hinshelwood parameters indicated that the rate of pollutant adsorption decreased with
increasing Ag/AgCl content, while the rate of photodegradation (i.e. reaction) increased with
increased loading. In light of the adsorption kinetics investigated in previous sections, this
analysis was seemingly appropriate for description of the photocatalytic system dynamics
with respect to the adsorptive nature of the composites. For example, the 3:1 composite was
expected to exhibit an increased photoactivity due to its higher photocatalyst loading and
capacity to generate reactive species, but its overall rate of degradation was also thought to
be limited by its lessened ability to effectively transfer pollutants onto its surface by
adsorption. The inverse was true for the 2.5:1 composite, as it had a higher sorption capacity,
but less Ag/AgCl content. Exact optimization in the future should be subject to quantitative
modeling of the physical processes and the definition of an objective function, such as a

weighted trade-off between the desired adsorptive and photocatalytic pollutant removal.

The Langmuir-Hinshelwood adsorption constant was found to be much smaller than that
calculated using the adsorption isotherm. In the isotherm model, the adsorption constant was
dependent on number of adsorptive sites available on the composite surface, however, during
photodegradation, both the dye molecule and its degradation products were thought to be

adsorbed, so the number of available adsorptive sites was effectively decreased.

4.4 Conclusions

The adsorptive and photocatalytic properties of a novel visible light active Ag/AgCI-AC
composite plasmonic adsorbent photocatalyst were investigated. Using a nonlinear
optimization strategy with defined error functions as goodness-of-fit criteria, the adsorption
kinetics were found to follow second order behaviour, and the equilibrium isotherms were
found to be Langmuir-type. The intraparticle diffusion plots were constructed, and for all

compositions of Ag/AgCl-AC studied, internal diffusion was not the only rate limiting step
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for adsorption. The incorporation of Ag/AgCl photocatalyst into the AC composite was
found to increase the removal efficiency of MO under visible light over adsorption only, and

the photodegradation process followed Langmuir-Hinshelwood kinetics.

4.5 Acknowledgments

This work was supported by the Natural Sciences and Engineering Research Council of
Canada and the National Natural Science Foundation of China (Grant No. 50972037 and
51172063). The authors would like to acknowledge the Department of Earth Sciences
(University of Ottawa) and the College of Chemical Engineering at Hebei United University

for help with sample characterization.

4.6 References

[1] A. Fujishima, K. Honda, Electrochemical photolysis of water at a semiconductor
electrode, Nature 238 (1972) 37-38.

[2] D.S. Bhatkhande, V.G. Pangarkar, A.A.C.M. Beenackers, Photocatalytic degradation for
environmental applications — a review, J. Chem. Technol. Biotechnol. 77 (2001) 102—116.

[3] D. Bahnemann, Photocatalytic water treatment: Solar energy applications, Solar Energy
77 (2004) 445-459.

[4]J. Gamage, Z. Zhang, Applications of photocatalytic disinfection: A review, Int. J.
Photoenergy 2010 (2010) Article ID 764871. (also given in Appendix B)

[5] A. Fuyjishima, T.N. Rao, D.A. Tryk, Titanium dioxide photocatalysis, J. Photochem.
Photobiol., C. 29 (2000) 1-21.

[6] Z. Wang, B. Huang, Y. Dai, P. Wang, Z. Zheng, H. Cheng, Relationship between
microstructure and photocatalytic properties of nanomaterials, Z. Kristallogr. 225 (2010)
520-527.

[71 W.Y. Choi, A. Termin, M.R. Hoffmann, Role of metal-ion dopants in quantum-sized
TiO, — correlation between photoreactivity and charge-carrier recombination dynamics, J.
Phys. Chem. 98 (1994) 13669-13679.

[8] G. Zhao, H. Kozuka, T. Yoko, Sol-gel preparation and photoelectrochemical properties
of TiO; films containing Au and Ag metal particles, Thin Solid Films (1996) 147—-154.

[9] R. W. Fessenden, P.V. Kamat, Rate constants for charge injection from excited sensitizer
into SnO,, ZnO, and TiO, semiconductor nanocrystallites, J. Phys. Chem. (1995) 12902—
12906.

111



[10] J.M. Stipkala, F.N. Castellano, T.A. Heimer, C.A. Kelly, K.J.T. Livi, G.J. Meyer, Light-
induced charge separation at sensitized sol-gel processed semiconductors, J. Chem. Mater.
(1997) 2341-2353.

[11] P. Wang, B. Huang, X. Qin, X. Zhang, Y. Dai, J. Wei, M.-H. Whangbo, Ag@AgCl: A
highly efficient and stable photocatalyst active under visible light, Angew. Chem. Int. Ed. 47
(2008) 7931-7933.

[12] P. Wang, B. Huang, X. Zhang, X. Qin, H. Jin, Y. Dai, Z. Wang, J. Wei, J. Zhan, S. Wang,
J. Wang, M.-H. Whangbo, Highly efficient visible-light plasmonic photocatalyst Ag@AgBr,
Chem. Eur. J. 15 (2009) 1821-1824.

[13] H. Xu, H. Li, J. Xia, S. Yin, Z. Luo, L. Liu, L. Xu, One-pot synthesis of visible-light
driven plasmonic photocatalyst Ag/AgCl in ionic liquid, ACS Appl. Mater. Interfaces 3
(2011) 22-29.

[14] 1. Sopyan, M. Watanabe, S. Murasawa, K. Hashimoto, A. Fujishima, An efficient TiO,
thin-film photocatalyst: photocatalytic properties in gas-phase acetaldehyde degradation, J.
Photochem. Photobiol., A. 98, 1-2 (1996) 79-86.

[15] T.-T. Lim, P.-S. Yap, M. Srinivasan, A.G. Fane, TiO,/AC composites for synergistic
adsorption-photocatalysis processes: Present challenges and further developments for water
treatment and reclamation, Crit. Rev. Environ. Sci. Technol. 41 (2011) 1173-1230.

[16] J. Matos, J. Laine, J.-M. Herrmann, Synergy effect in the photocatalytic degradation of
phenol on a suspended mixture of titania and activated carbon, Appl. Catal., B. 18 (1998)
281-291.

[17]J. Matos, J. Laine, J.-M. Herrmann, D. Uzcategui, J.L. Brito, Influence of activated
carbon upon titania on aqueous photocatalytic consecutive runs of phenol photodegradation,
Appl. Catal., B. 70 (2007) 461-469.

[18] X. Wang, Y. Liu, Z. Hu, Y. Chen, W. Liu, G. Zhao, Degradation of methyl orange by
composite photocatalysts nano-TiO, immobilized on activated carbons of different
porosities, J. Hazard. Mater. 169 (2009) 1061-1067.

[19] W. Li, S. Liu, Bifunctional activated carbon with dual photocatalysis and adsorption
capabilities for efficient phenol removal, Adsorption 18 (2012) 67-74.

[20]J. Rouquérol, P. Llewellyn, F. Rouquérol, Is the BET equation applicable to
microporous adsorbents?, Stu. Surf. Sci. Catal. 160 (2007) 49-56.

[21] S. Kundu, A.K. Gupta, Arsenic adsorption onto iron oxide-coated cement (IOCC):
Regression analysis of equilibrium data with several isotherm models and their optimization,
Chem. Eng. J. 122 (2006) 93—106.

[22] J.F. Porter, G. McKay, K.H. Choy, The prediction of sorption from a binary mixture of
acidic dyes using single- and mixed-isotherm variants of the ideal adsorbed solute theory,
Chem. Eng. Sci. 54 (1999) 5863—5885.

[23] W. Li, C. Liang, W. Zhou, J. Qiu, Z. Zhou, G. Sun, Q. Xin, Preparation and
characterization of multiwalled carbon nanotube-supported platinum for cathode catalysts of
direct methanol fuel cells, J. Phys. Chem. B 107 (2003) 6292-6299.

112



[24] C. Hu, T. Peng, X. Hu, Y. Nie, X. Zhou, J. Qu, H. He, Plasmon-induced
photodegradation of toxic pollutants with Ag-Agl/Al,O; under visible-light irradiation, J.
Am. Chem. Soc. 132 (2010) 857-862.

[25] X. Zhang, L. Lei, Effect of preparation methods on the structure and catalytic
performance of TiO,/AC photocatalysts, J. Hazard. Mater. 153 (2008) 827—-833.

[26] Y.-S. Ho, Citation review of Lagergren kinetic rate equation on adsorption reactions,
Scientometrics, 59 (2004) 171-177.

[27] S. Largergren, Zur theorie der sogenannten adsorption geldster stoffe (About the theory
of so-called adsorption of soluble substances), K. Sven. Vetenskapsakad. Handl., Band 24, 4
(1898) 1-39.

[28] G. McKay, Y.-S. Ho, Pseudo-second-order model for sorption processes, J. Process
Biochem. 34 (1999) 451-465.

[29] L. Li, P.A. Quinlivan, D.R.U. Knappe, Effects of activated carbon surface chemistry
and pore structure on the adsorption of organic contaminants from aqueous solution, Carbon
49 (2002) 2085-2100.

[30] F. Villacanas, M.F.R. Pereira, J.J.M. Orfao, J.L. Figueiredo, Adsorption of simple
aromatic compounds on activated carbons, J. Colloid Interface Sci. 293 (2006) 128—136.

[31] S. Basha, C. Barr, D. Keane, K. Nolan, A. Morrissey, M. Oelgeméller, J.M. Tobin, On
the adsorption/photodegradation of amoxicillin in aqueous solutions by an integrated
photocatalytic adsorbent (IPCA): Experimental studies and kinetics analysis, Photochem.
Photobiol. Sci. 10 (2011) 1014-1022.

[32]J.C. Igwe, A.A. Abia, Adsorption kinetics and intraparticulate diffusivities for
bioremediation of Co (II), Fe (II) and Cu (II) ions from waste water using modified and
unmodified maize cob, Int. J. Phys. Sci. 2 (2007) 119-127.

[33] A. Findon, O. Mckay, N.S. Blair, Transport studies for the sorption of copper ions by
chitosan, J. Environ. Sci. Health Part. A. 28 (1993) 173-185.

[34] W.J. Weber, F.A. Digiano, Process dynamics in environmental systems, Wiley and
Sons, New York, 1996, pp.89-94.

[35] W. J. Weber, J.C. Morris, Kinetics of adsorption on carbon from solution, J. Sanit. Eng.
Div. Am. Soc. Civ. Eng. 89 (1963) 31-60.

[36] E.I. Unuabonah, K.O. Adebowale, B.I. Olu-Owolabi, Kinetic and thermodynamic
studies of the adsorption of lead (II) ions onto phosphate-modified kaolinite clay, J. Hazard.
Mater. 144 (2007) 386-395.

[37] F.C. Wu, R.L. Tseng, R.S. Juang, Initial behaviour of intraparticle diffusion model used
in the description of adsorption kinetics, Chem. Eng. J. 153 (2009) 1-8.

[38] A.S. Ozcan, B. Erdem, A. Ozcan, Adsorption of Acid Blue 193 from aqueous solutions
onto BTMA-bentonite, Colloids Surf. A: Physicochem. Eng. Aspects 266 (2005) 73-81.

[39] V.J.P. Poot, G. McKay, J.J. Healy, Removal of basic dye from effluent using wood as
an adsorbent, J. Water Pollut. Control. Fed. 50 (1978) 926-935.

113



[40] D. Kavitha, C. Namasivayam, Experimental and kinetic studies on methylene blue
adsorption by coir pith carbon, Bioresour. Technol. 98 (2007) 14-21.

[41] H.K. Boparai, M. Joseph, D.M. O’Carroll, Kinetics and thermodynamics of cadmium
ion removal by adsorption onto nano zerovalent iron particles, J. Hazardous Mater. 186
(2011) 458-465.

[42] K.V. Kumar, S. Sivanesan, Sorption isotherm for safranin onto rice husk: Comparison
of linear and non-linear methods, Dyes Pigments 72 (2007) 130-133.

[43] M. Ghiaci, A. Abbaspur, R. Kia, F. Seyedeyn-Azad, Equilibrium isotherm studies for
the sorption of benzene, toluene, and phenol onto organo-zeolites and as-synthesized MCM-
41, Sep. Purif. Technol. 40 (2004) 217-229.

[44] 1. Langmuir, The constitution and fundamental properties of solids and liquids, J. Am.
Chem. Soc. 38 (1916) 2221-2295.

[45] HM.F. Freundlich, Uber die adsorption in 16sungen (On the adsorption in solutions), Z.
Phys. Chem. 57 (1906) 385-470.

[46] AW. Adamson, A.P. Gast, Physical Chemistry of Surfaces, Sixth Ed. Wiley-
Interscience, New York, 1997

[47] O. Redlich, D.L. Peterson, A useful adsorption isotherm, J. Phys. Chem. 63 (1959)
1024-1026.

[48] K.Y. Foo, B.H. Hameed, Insights into the modeling of adsorption isotherm systems,
Chem. Eng. J. 156 (2010) 2—-10.

[49] K.R. Hall, L.C. Eagleton, A. Acrivos, T. Vermeulen, Pore- and solid-diffusion kinetics
in fixed-bed adsorption under constant-pattern conditions, Ind. End. Chem. Fundam. 5
(1966) 212-223.

[50] K.V. Kumar, M. Monteiro de Castro, M. Martinez-Escandell, M. Molina-Sabio, J.
Silvestre-Albero, F. Rodriguez-Reinoso, A continuous site energy distribution function from

Redlich-Peterson isotherm for adsorption on heterogeneous surfaces, Chem. Phys. Lett. 492
(2010) 187-192.

[51] W. Wang, P. Serp, P. Kalck, J. L. Faria, Visible light photodegradation of phenol on
MWNT-TiO, composite catalysts prepared by a modified sol-gel method, J. Mol. Catal. A:
Chem. 235 (2005) 194-199.

[52] S. Basha, D. Keane, A. Morrissey, K. Nolan, M. Oelgemdller, J. Tobin, Studies on the
adsorption and kinetics of photodegradation of pharmaceutical compounds, indomethacin
using novel photocatalytic adsorbents (IPCAs), Ind. Eng. Chem. 49 (2010) 11302—-11309.

[53] J.-M. Herrmann, Heterogeneous photocatalysis: fundamentals and applications to the
removal of various types of aqueous pollutants, Catal. Today 53 (1999) 115-129.

114



Chapter 5:
Visible-light-driven inactivation of Escherichia coli
K-12 using an Ag/AgCl-activated carbon composite

photocatalyst

Joanne Gamage McEvoy, Didier Alexandre Bilodeau, Wenquan Cui, Zisheng Zhang

Journal of Photochemistry and Photobiology A: Chemistry, 267 (2013) 25-34.

Abstract

The inactivation of Escherichia coli K-12 was investigated using a novel Ag/AgCl-activated
carbon composite photocatalyst under visible light irradiation. The photocatalyst was found
to effect a 97 + 2.5% inactivation of bacteria under irradiation for sixty minutes ina 5 g L™
slurry. The composite also possessed some biocidal action in the absence of light due to the
incorporated silver; however, the action of photoproduced reactive oxygen species (ROS) on
the bacteria dominated the disinfection process under irradiation. The mechanism of
photocatalytic cell death was thought to be attributed to ROS attack causing cell wall
damage, and was probed by indirect observations of changes to cell membrane structure and

permeability upon photocatalytic treatment.

Keywords: activated carbon, plasmon photocatalyst, Escherichia coli K-12, inactivation
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5.1 Introduction

Photocatalysis has been investigated as an alternative disinfection method since the first
report of its antimicrobial efficacy by Matsunaga et al. in 1985 [1]. This semiconductor-
mediated process possesses advantages over traditional treatments, such as chlorination,
which can be associated with the production of toxic disinfection byproducts [2].
Photocatalytic disinfection has been investigated for the inactivation of a wide variety of
bacteria, spores, and viruses; and for application to many uses, such as for potable water
production, air filtration, and the development of antimicrobial surfaces (as reviewed by

Gamage and Zhang [3]).

A limitation of the traditional TiO, semiconductor used in photocatalytic processes lies in the
low quantum efficiency due to its large band gap and consequent inability to effectively
utilize solar irradiation, which contains only a small portion (~3-5%) of high-energy
ultraviolet (UV) light. To address this, many efforts have been made in the development of
novel photocatalysts with enhanced visible light response, since a large fraction (~43%) of
the incoming global irradiation is comprised of these components. Other considerations in
designing high-efficiency photocatalytic materials involve the prevention of electron-hole
recombination during the photoinitiated process, and the improvement of mass transfer
through increasing photocatalyst surface area [4] or developing composites containing

adsorbent components [5, 6].

A novel hybrid plasmonic photocatalyst-adsorbent composite, Ag/AgCl-activated carbon
(AC), was previously proposed by our group. This material combines the surface plasmon
resonance effect of nano-scale noble metals, causing them to have enhanced visible light
response [7], and the adsorption synergy observed in composites containing photocatalysts
and adsorbents such as AC [5]. In the Ag/AgCI-AC composite, the role of nanosilver is in the
visible light induced generation of electron-hole pairs, while Ag and AgCl act in concert to
provide photocatalyst stability by polarizing the photoinduced charges, preventing electron-
hole recombination and reduction of Ag' in AgCl [7]. The incorporated AC acts by

adsorption to facilitate continuous transfer between the pollutant and the photocatalytic
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active sites [8].

An identified problem with these adsorbent photocatalyst composites is in the potential
biofouling and biofilm formation that may occur on the AC matrix, which is highly
biocompatible. Silver/silver halide materials such as Ag/AgCl and Ag/AgBr-based catalysts
have been found to be effective antibacterial agents and can act photocatalytically to
inactivate microbial targets [9]. The antimicrobial activity of these materials was also
reported in the absence of photocatalytic mechanisms [9-11]. In addition, nanosilver has
been widely investigated for incorporation into AC as an antibacterial agent due to its
desirable controlled ionic silver release properties [12—14]. Accordingly, in this study we
investigated the antibacterial and photocatalytic disinfection properties of surface plasmon
resonance enhanced Ag/AgCl-activated carbon composites on the inactivation of a model
microorganism, Escherichia coli K-12. Bacterial inactivation using this composite may
address the issue of AC biofouling through the incorporated antimicrobial activity, while also
offering potential for use as a visible light active photocatalyst in applications such as solar

photocatalytic disinfection.

5.2 Experimental
5.2.1 Materials
5.2.1.1 Ag/AgCI-AC composites

Ag/AgCI-AC composites were prepared using an impregnation-precipitation-photoreduction
method. Briefly, unmodified AC (Darco G60, 100 mesh, Sigma-Aldrich) was loaded with a
certain amount of AgNO; (ACS grade, MP Biomedicals), and precipitated using HCI
(reagent-grade, Fisher Scientific), followed by photoreduction by an unfiltered 300 W
tungsten halide bulb (Ushio ELH) for one hour, and subsequent filtration and drying. The
catalyst was prepared at a weight ratio of 2.5:1 (Ag:AC). This ratio was calculated assuming
that all AgCl was reduced to Ag, for simplicity. In reality, only a partial reduction took place
[7]. Additionally, the batch-to-batch variation of the composite was thought to have a
minimal effect on the experimental error, as antimicrobial and photocatalytic efficiencies
observed were comparable using different batches of the catalyst. Pure Ag/AgCl was also
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prepared using a similar synthesis, but omitting the AC impregnation step.

5.2.1.2 Bacterial strain

Wild-type Escherichia coli K-12 (TGI strain) was used as a standard strain for all bacterial
inactivation studies. E. coli K-12 was chosen because it is known to be non-pathogenic and is
a common model used in laboratory experiments. It was obtained from Dr. Christopher Q.
Lan in the Department of Chemical and Biological Engineering at the University of Ottawa,

and was maintained as a laboratory strain.

5.2.2 Photocatalytic inactivation

5.2.2.1 Source of irradiation

Irradiation for photocatalytic inactivation studies was provided by a 300 W ELH tungsten
halide bulb (Ushio) equipped with a UV filter (Kenko Zeta, A > 410 nm, transmittance >
90%). The irradiation was measured using a quantum meter (Biospherical QSL-2100; 400

nm < A < 700 nm), and was found to be approximately 4.7x10~ Einstein m?s™.

5.2.2.2 Cell culture and enumeration

All inactivation trials were performed in triplicate, and all materials were sterilized for 20
minutes at 121°C prior to use. For all studies, the inactivation was quantified as loss of
culturability of the bacteria. Cultures were prepared by growing E. coli K-12 (TGI)
aerobically in Luria-Bertani medium (Difco LB broth, Miller; containing 10 g L™ tryptone, 5
g L™ yeast extract, and 10 g L™ NaCl) on a rotary shaker at 37°C for 14 hours overnight until
the stationary phase was reached, as determined by a prepared growth curve. The initial
concentration from the overnight culture was found by serial dilution and plating. Plated
aliquots of 25 uLL were spread in triplicate on LB agar plates for each dilution, and incubated
at 37°C for 18 hours. Bacterial enumeration was performed using standard plate counts (for
viable and cultivable bacteria), where counts in the range of 30 — 300 colony forming units
(CFU) per plate were considered statistically significant and were used to calculate the cell

concentration.

5.2.2.3 Zone of inhibition
Zone of inhibition studies were performed by immobilization of the synthesized powders on

thin glass substrates [15] (Fisherbrand microscope cover glass; 22x22 mm, 0.17 - 0.25 mm
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thick). According to the procedure modified from Zhang et al. [16], catalyst slurry (150 g L
" in 70 vol% ethanol was painted uniformly to form an opaque film on the substrates, and
allowed to dry in air overnight.

The immobilized catalyst was then contacted with LB agar plates containing 125 pL of
diluted stationary phase E. coli, prepared using a spread plate method. The following
experiments were performed: negative (no substrate), glass substrate only (no catalyst), AC-
coated substrate, and Ag/AgCI-AC coated substrate. For each experiment, one set of plates
was kept in the dark and another set was irradiated for 10 minutes. Cooling was provided by
a fan. The prepared bacterial samples were incubated for 18 hours at 37°C, and then imaged
using an Alphalmager Multilmage light cabinet (Alpha Innotech) interfaced with Alphaview
software. The images were further processed using Canon MeasurelT software to quantify
the zone of inhibition. The equivalent radius was taken as the shortest distance between the
centre of the catalyst-containing substrate to the edge of the no-growth region observed. To
minimize measurement error, an average was taken between 4 symmetric points of the
antibacterial region for each plate. The radius of the zone of inhibition was calculated by
subtracting the catalyst equivalent radius from the measured radius, which included the no-

growth region.

5.2.2.4 Multi-blot technique

To perform qualitative analysis of photocatalytic inactivation, a multi-blot technique was
used, employing 12-well cell culture plates inoculated with 5 mL per well of an E. coli
suspension in saline (0.9 wt% NaCl). The initial bacterial suspension was prepared by
centrifuging 1 mL of liquid culture at 14 800 rpm for 5 minutes and resuspending in saline.
This centrifugation and washing procedure was repeated three times to remove the growth
media. The initial concentration of the prepared E. coli suspension in each well was
controlled to ~10° CFU mL™. The appropriate amount of catalyst was then added to the
wells, and the plate was exposed to visible light irradiation. Cooling was provided by a fan,
and the wells were manually stirred every 3 minutes. After irradiation, blots from each well
were made onto an LB agar plate using a multi-blot replicator tool with 12 pins of 3.18 mm
diameter, delivering a 3 pL hanging drop from each well to the plate (VP Scientific). The

plates were blotted in duplicate, and incubated at 37°C for 18 hours prior to imaging using a
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light cabinet. The images were taken using white light in transillumination mode. The
bactericidal activity was qualitatively estimated by the bacterial growth on the incubated
plate, corresponding to various conditions in the respective wells. The runs were performed

in triplicate for each set of conditions studied.

5.2.2.5 Temporal course of inactivation

The temporal course of inactivation was studied using 50 mL of saline solution spiked with
10° CFU mL" bacteria in a 100 mL Pyrex beaker. This initial bacterial suspension was
prepared using the same centrifugation and washing procedure described for the multi-blot
assay. The catalyst was then added to the bacterial suspension at a loading of 5 g L™, and the
mixture was magnetically stirred at 160 rpm under irradiation. During disinfection, the
temperature was maintained constant at 20°C + 2 using a water bath, and samples were
collected periodically. The collected samples were serially diluted in saline and spread onto
LB agar plates using aliquot volumes ranging from 25 — 100 pL. The plates were then

incubated and bacteria enumerated using a standard plate count method.

5.2.2.6 Cell membrane permeability studies

To determine the extent of damage to bacterial permeability, bacterial cultivability on
modified growth medium was monitored, using sodium cholate as a supplement as per
Pigeot-Rémy et al. [17]. These trials were performed using identical procedures as in the
previous temporal course of disinfection studies, however, the samples were spread onto LB

agar plates supplemented with 10 g L™ sodium cholate (BioXtra, > 99% purity).

Potassium ion (K") leakage from the inactivated bacteria was also used to indicate changes to
cell membrane permeability, and was measured through inductively coupled plasma optical
emission spectroscopy (ICP-OES) using a Varian Vista-Pro CCD spectrometer. For given
time intervals during the photocatalytic reaction, 1 mL of illuminated bacterial suspension
was removed and centrifuged at 14 800 rpm for 5 minutes. The supernatant was then
withdrawn and stabilized with 5 vol% nitric acid (reagent-grade, Fisher Scientific) prior to

analysis.
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5.2.2.7 ATR-FTIR

To investigate changes to cell envelope structure upon photocatalytic inactivation, attenuated
total reflection - Fourier transform infrared measurements (ATR-FTIR) were performed on a
Bruker Tensor 37 spectrophotometer (Bruker Optics GmbH) equipped with a Bruker
Platinum ATR accessory with a single reflection diamond crystal. Interferograms from 16
scans were averaged to obtain one spectrum, and a 4 cm™ resolution was used in the spectral
range of 4000-600 cm™'. The background measurement was taken to be air, and the
interferograms were transformed to ATR-FTIR spectra using OPUS 6.5 software. It was
shown previously in photocatalyst - E. coli aqueous mixtures that hydrated and vacuum-dried
samples exhibited the same ATR-FTIR peaks irrespective of degree of hydration [18]. For
ATR-FTIR analysis, the photocatalyst was separated from the samples by gravity settling for
10 minutes, and a 5 pL aliquot was taken from the supernatant. The aliquot was then dropped
onto the ATR crystal, and the interferograms were measured. The spectrum of pure
deionized water was also recorded, and served as a reference for water subtraction. The slight
contributions from water vapor and CO, in each spectrum were completely removed by
subtracting the water vapor and CO, spectrum, respectively, using the OPUS software. To
eliminate the contributions of water from the spectrum of the sample in aqueous solution, the
solvent spectrum was subtracted from the sample spectrum after multiplication by an
appropriate factor, which was chosen such that the spectral line in the region 2600 — 1800

cm™ approached zero [19-21].

5.2.2.8 Silver ion diffusion

The diffusion of silver ions (Ag') from the prepared photocatalyst was measured using
inductively coupled plasma mass spectrometry (ICP-MS) on an Agilent HP 4500. 5 g L' of
Ag/AgCI-AC in distilled deionized water was magnetically stirred at 160 rpm in the dark for
7 days, and 1 mL samples were withdrawn periodically. The samples were centrifuged and
the supernatant acidified before analysis. For all ICP measurements, the analyses were

performed for triplicate samples.
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5.3 Results and discussion
5.3.1 Qualitative analysis of bactericidal action

5.3.1.1 Zone of inhibition

The antibacterial and photocatalytic inactivation properties of the composite were evaluated
using Gram-negative E. coli as a model microorganism, since it is an indicator of faecal
contamination [22]. The zone of inhibition assay, similar to the Kirby-Bauer disc diffusion
assay, was used to screen bactericidal and photocatalytic activities. In this assay, a 22
millimetre thin glass square substrate saturated with Ag/AgCl-AC composite was placed onto
an agar plate that had been seeded with bacteria. The glass substrates were chosen to promote
the penetration of light when probing photoactivity. The observed zones of inhibition
(regions around the substrate where no growth occurred) were then quantified in the digital

images of the plates after incubation.

A typical result from the zone of inhibition study using the prepared composite under visible
light irradiation is given in Figure 5.1a, and characteristic features of the assay are shown. In
this analysis, a larger no-growth region (dark region around the immobilized catalyst) was
indicative of a larger zone of inhibition, and evidenced a stronger antibacterial effect. Figures
5.1b and 5.1c show the appropriate controls for the glass cover slide and AC only, after
irradiation. As observed in these figures, neither the irradiated slide nor AC possessed any
amount of biocidal activity. The same controls, performed in the dark, also confirmed the
biocompatibility of these materials. However, upon exposure of the bacteria to the
composite-containing substrate, a distinct biocidal activity and resulting zone of inhibition
were observed for both the dark and irradiated cases. This indicated that incorporation of
Ag/AgCl into the activated carbon composite decreased the resulting biocompatibility, which
agreed with the expected results based on literature for the biocidal activity of Ag/AgCl on E.
coli [10, 11, 23].
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Figure 5.1: Representative zone of inhibition results for samples: a) and e) prepared
composite + irradiation; b) cover slide only + irradiation; c) activated carbon + irradiation;
and d) prepared composite, no irradiation. Figure 5.1a shows the photographed plate with

characteristic features of the assay indicated. Figures b) through e) were taken using an
imaging cabinet and are shown in reverse color for clarity.

To further investigate the presence of a photo-induced process caused by irradiation of the
composite, a comparison was made between the biocidal activity in the dark (due to the
antibacterial effect only) and after irradiation (due to the antibacterial effect and
photocatalytic inactivation). The comparison was made based on measurements of the
equivalent diameter of the zone of inhibition observed in 10 samples from 3 independent
trials for the dark and light runs, respectively, and the results are presented in Figure 5.2. The
average zone of inhibition observed in the dark was found to be 1.729 + 0.226 mm, while
that observed under irradiation was 2.564 £+ 0.476 mm. Using a paired z-test with a 5% level
of significance on the two samples, a statistically significant difference (P < 0.0004; two-

tailed) was found between the bacterial inactivation observed in the dark and light samples.
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Figure 5.2: Size of zone of inhibition observed in dark and light trials, *P < 0.0004

The observed increase in inactivation with the irradiated samples was thought to be
attributable to the production of reactive radical species by the photocatalyst upon
illumination. From the results obtained, multiple inactivation mechanisms were thought to
have simultaneously taken place due to the composite, where the antibacterial action of
Ag/AgCl and photocatalytic disinfection may have both played a role. The presence of
multiple mechanisms was recently reported by Dong et al. for Ag/AgCl nanocomposites used
for the inactivation of E. coli, Staphylococcus aureus, and Bacillus subtilis [23]. In this study,
they proposed that the bacterial inactivation observed under irradiation may have been due to
combined effects of the biocidal action of Ag nanoparticles, formation of Ag" ions, and
generation of reactive oxygen species (ROS) by the photocatalyst. However, the dark-only
inactivation using the prepared Ag/AgCl was not reported. Improvement of the dark biocidal
activity by photocatalytic action of a composite catalyst under irradiation was studied for
Ag/TiO; thin films for the inactivation of E. coli [24]. Additionally, the synergistic
bactericidal activity of Ag-TiO, (P25) nanoparticles in both light and dark conditions was
reported by Li et al. [25]. They attributed the mechanism of dark biocidal action to direct
contact of the bacteria with Ag nanoparticles, and the formation of toxic Ag species such as

Ag’, Ag(0), AgCl, and AgCly, while the mechanism for UV-induced inactivation was
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thought to be largely due to generation of ROS by the composite photocatalyst. Ag/AgBr-
based materials have similarly been reported as having multiple mechanisms for effecting
cell death, such as in Ag/AgBr-TiO, composite, where the dark biocidal activity was
attributed to the effects of incorporated nanosilver, and the photocatalytic enhancement under

visible light was due to ROS generation [9].

5.3.1.2 Multi-blot technique

To confirm and further investigate the photocatalytic effect, a qualitative multi-blot technique
was performed using the catalysts in slurry. In this assay, various conditions were used in
each well of a 12-well plate, and the growth in each well was observed by transferring equal
volumes to a plate containing growth media, incubating, and imaging the bacterial colonies
formed. The absence of growth in a position on the plate after transfer was therefore
indicative of total or severe loss of culturability of the bacterial population in the
corresponding well. Preliminary trials were performed using various catalyst concentrations
and irradiation times. Loadings from 0 g L (blank) to 20 g L™ were investigated for 15 and

60 minutes, respectively, and the results are given in Figure 5.3.
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Figure 5.3: Comparison of bacterial growth in 12-well plates for dark and irradiated
slurries, respectively, at composite concentrations of 0 to 20 g L™ and irradiation times of 15
& 60 minutes, respectively — results from a representative trial shown
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No inactivation was observable in the absence of irradiation for all of the dark trials
performed (at both 15 and 60 minutes). Additionally, for short irradiation times (15 minutes),
no inactivation was observable for all concentrations of composite used, regardless of the
irradiation provided. It should be noted that, in all of these cases, there may have been some
amount of inactivation occurring in the wells, but it was not enough to severely affect the
total culturability of the bacterial population. Therefore growth still occurred on the plates, so
the inactivation was not visually observable. When the irradiation period was increased to 60
minutes, the slurries containing high composite concentrations (> 12 g L") became severely
inactivated, and little or no growth was observed after incubation of the transferred droplets
from these wells onto the growth medium. The same result was observed in three

independent trials under each condition, confirming the efficacy of cell death observed.

The results alluded to the role of photogenerated radicals and reactive oxygen species in the
inactivation mediated by the composite, since the biocidal effects due to the release of ionic
silver alone could not cause complete inactivation. Additionally, the absence of noticeable
inhibition in the dark indicated that adsorption of the bacteria onto the AC-containing
composite photocatalyst did not cause the complete removal of bacteria from solution, even
at loadings up to 20 g L and exposure times up to 60 minutes. Prolonged exposure times
and higher catalyst loadings were found to be necessary to observe the photocatalytic
inactivation, since the initial bacterial concentration was high (10° CFU mL™), the contact
period was short, and near-complete loss of culturability was required to produce a
qualitative effect. However, from the results of the dark and irradiated samples, the
photogenerated species were thought to likely play a significant role in the mechanism of

Inactivation.

The multi-blot assay was then used for comparison of various catalyst performances and
investigation of the effect of irradiation on photoinactivation. The bacterial growth observed
for the dark and irradiated trials comparing catalysts is shown in Figure 5.4. On each plate,
the following catalysts were added to the wells (in vertical triplicates; from left to right):

blank (no catalyst addition), activated carbon, neat Ag/AgCl, and prepared Ag/AgCI-AC
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composite. The catalyst loading used was 20 mg L™ for the composite, and calculated
equivalents of Ag/AgCl and AC were used in their respective wells. The 12-well plates were
irradiated for 60 minutes. The triplicate wells indicated the same results in three independent

trials, which showed that this assay possessed good repeatability.

Dark Irradiated

blank AC_ Ag/AgCl Composite

/ blank AC Ag/AgCI Campoh\
|

lank  AC Ag/AgCl Cumpo;ng
AC  Ag/AgCl Composi -

Figure 5.4: Comparison of bacterial growth in 12-well plates for dark and irradiated
slurries using various catalysts (60 minutes, 20 mg L") — results from two representative
trials shown

In agreement with the zone of inhibition controls and with literature, the AC was found to be
highly biocompatible. Bacterial adsorption onto the carbon in slurry also did not dominate
the process, since bacterial growth was still observed after exposure for 60 minutes in the
AC-containing wells. As expected, the neat Ag/AgCl and the Ag/AgCl-AC composite did not
noticeably inhibit bacterial growth in the dark, however upon irradiation, both of these
materials were able to cause complete inactivation. The photolysis, or photo-induced cell
death in the absence of catalyst, was found to be negligible, indicating that the contribution
to biocidal activity from the light source at was not significant. There were also no noticeable
photo-induced effects from using unmodified AC. The antibacterial and photocatalytic
effects of the composite photocatalyst were therefore thought to be mainly due to the

incorporation of Ag/AgCl into the host AC, and both Ag/AgCl and the composite exhibited
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qualitatively similar activities.

5.3.2 Temporal course of inactivation

To evaluate the temporal course of inactivation due to photocatalysis, a standard plate count
method was used to quantify viable and cultivable bacterial concentration changes with time
upon exposure to various treatments. A comparison of inactivation curves for photolysis (no
catalyst), AC equivalent, dark control (no light), and the prepared Ag/AgCl-AC composite
are given in Figure 5.5, with the final survival ratios shown inset. The final survival ratios
were calculated as the ratio of Nt/No, where Nt represents the bacterial concentration after

the total inactivation time, t (t = 60) and No is the initial concentration (t = 0).
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Figure 5.5: Inactivation curves for photolysis, dark control, AC, and irradiated
composite; final survival ratios shown inset. (composite loading =5 g L™, pH = 5.5)

The photolysis run represented cell death in the absence of any adsorptive, antibacterial, or
photocatalytic phenomena. The contribution of the visible light source in inactivating the

bacteria was found to be negligible with time, and a final survival ratio of 0.77 + 0.22 was
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observed. The AC trial, performed using equivalent AC as that incorporated into the
composite, indicated some bacterial adhesion onto the AC substrate, decreasing the
population in solution (where the concentration was quantified). For the AC-only removal, a
final survival ratio of 0.36 £ 0.13 was found. The adsorption proceeded gradually for the first
30 minutes, after which no further change was observed. The dark control, which was
performed using the composite in the absence of light, showed a similar temporal course as
AC, with a final survival ratio of 0.31 + 0.22. However, using the non-irradiated composite,
both the biocidal effect of Ag/AgCl and adsorption were possible mechanisms that were

thought to contribute to decreasing concentration.

In terms of adsorption (bacterial adhesion), photocatalyst-activated carbon composites have
been found in literature to posses ‘“egg-shell’-type structures [26, 27], where the
photocatalyst occupies mainly the outside surface of AC, effectively decreasing the total
surface area by pore-blocking. Darco G60 AC possesses a high degree of porosity, and has a
pore size distribution in the range of 5-30 nm [27]. Due to the average length of 2—4 pm and
average diameter of 0.5-1 um for rod-shaped E. coli, it was assumed that the bacteria was
mainly adsorbed on the outer surface of both the AC and the composite in this study, and

could not diffuse into the pores.

It was also previously reported that Ag/AgCl carried a mainly negative surface charge due to
termination by chlorine ions, and polarization of the metallic Ag electron distribution relative
to the AgCl interface [7], while unmodified AC was expected to carry a positive charge at the
slightly acidic solution pH used (~5.5). The Gram-negative bacteria used also had a negative
surface charge at this pH. This implied that, although the AC adsorption trials contained
equivalent mass loadings as those used in the composite, electrostatic interactions between
the bacteria and adsorbent materials may have been different between the two trials (AC and
composite, respectively) due to the presence of Ag/AgCl photocatalyst on the outer surface
of AC. This difference was thought to affect the adsorption dynamics observed. A similar
effect was previously reported using a silver-modified TiO, catalyst, where the surface
characteristics of titania were altered by the incorporation of silver, changing bacterial

adhesion properties of E. coli on the modified material [28].
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Although the adsorption behaviour was not expected to be similar between AC and Ag/AgCl-
AC trials, it was also difficult to confirm the presence of biocidal action of the composite in
the dark. However, from our previous investigations of zone of inhibition, a biocidal activity
was observed using Ag/AgCI-AC in the absence of irradiation, and was thought to be

attributable to the effects of the silver contained in the composite catalyst.

The mechanism of biocidal action for silver nanoparticles and for silver-containing
compounds has been linked primarily to the release of silver in its ionic form (Ag") [11, 29—
31]. It was also recently demonstrated that silver nanoparticles do not possess any intrinsic
particle-specific bactericidal activity apart from the known antimicrobial toxicity of Ag', and
that release of this ion in the presence of water and oxygen plays an instrumental role in the
observed bactericidal action [29]. The toxicity of Ag” ions at sub-micromolar concentrations
is due to their interaction with enzymes in the respiratory chain reaction, resulting in
uncoupling respiration from the synthesis of ATP [32]. The Ag" is also able to bind with
transport proteins, leading to proton leakage and induced collapse of proton motive force
[33]. The silver ions have a high affinity for thiol groups in cysteine residues present from
respiratory and transport proteins [34, 35]. Action on bacterial cells include inducing
morphological changes such as cytoplasm shrinkage and detachment of the cell wall
membrane, as well as DNA condensation and localization into electron-light regions in the
centre of the cell, and cell membrane degradation leading to the leakage of intracellular

components [29, 36, 37].

To probe the diffusion of silver ions from the composite catalyst in the dark slurry system,
samples were analyzed using ICP-MS. The non-cumulative release of silver ions into 50 mL
distilled deionized water under stirring in the dark was recorded, and the concentration was
found to be 531 £+ 93 ppb, 320 + 81 ppb, and 121 £ 40 ppb after 1 hour, 24 hours, and 7 days
immersion, respectively. These values were thought to represent upper limits on the free
silver ion concentration in solution, since the ion release was tested in the absence of anionic
ligands such as chlorine or organosulfur compounds such as thiols (-SH). In the
experimental inactivation studies, the dissolved ionic silver concentration from the Ag/AgCl-

AC composite was thought to be due to contributions of the irreversible oxidation of metallic
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Ag to Ag (I), followed by its speciation, as well as the limited solubility of AgCl itself (107
solubility limit). It was previously found through silver equilibrium speciation and pathway
studies that, due to the high affinity binding of thiols (Kags ~ 10'%), direct thiol transfer could
occur at silver ion concentrations lower than the AgCl precipitation threshold and that the
thiol targets were typically abundant enough in experimental studies to receive all of the free
silver [38]. Additionally, the presence of silver at concentrations at levels as low as 400 ppb
were effective against many bacterial species when used alone as a biocide [39]. Therefore,
based on the release behaviour observed, the contribution of ionic silver was thought to play

some role in the biocidal activity of the photocatalyst.

There was an improved rate of bacterial inactivation upon irradiation of the composite
photocatalyst, and a final survival ratio of 0.03 + 0.025 was observed, corresponding to
inactivation of 97 + 2.5% of the bacterial population. This increased loss of bacterial
cultivability was thought to be due to the photocatalytic action on the bacteria when the
photocatalyst was irradiated with visible light. Photons in the visible light region were
absorbed by the photocatalyst and used to generate electron-hole pairs in metallic silver due
to its SPR state. The photogenerated electrons and holes could then undergo further reaction
with dissolved oxygen and water to form ROS species, which were thought to interact with
E. coli bacteria. The inactivation of E. coli K-12 using a similar plasmon-enhanced
photocatalyst Ag/AgBr-Bi,WOg under visible light was previously attributed to the role of
diffusing "OH radical species produced [40]. Cell death due to the action of ROS species has
been attributed to the peroxidation of functional groups in cell wall bilayers leading to an
increase in bilayer wall disorder. This was found to increase the fluidity of the cell wall [41],
and cause eventual lysis through free efflux of intracellular components [41, 42]. In this
study, changes to the cell membrane permeability were probed and are discussed in

subsequent sections.

5.3.3 Evidence of E. coli cell damage
5.3.3.1 Cell membrane permeability studies
The structure of the cell wall of Gram-negative E. coli is shown in Figure 5.6 for context.

The interaction of Gram-negative bacteria with photocatalytic ROS can induce damage to the
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cell envelope integrity, such as by altering the outer membrane permeability to allow the
penetration of deleterious substances [17]. For example, lipopolysaccharide,
phosphatidylethanolcholine, and peptidoglycan; main wall structural elements, were found to
be photocatalytically degraded at the photocatalyst-bacteria interface using TiO; and E. coli
[18]. The loss of membrane structure and function is thought to cause cell death in

photocatalytic processes [18, 43].

lipopolysaccharide —
polysaccharide | outer
membrane

phospholipids

e peptidoglycan
periplasm

cytoplasmic
membrane

phospholipids

Figure 5.6: Cell wall structure for Gram-negative E. coli (adapted from [18])

The cell envelope of Gram-negative bacteria consists of two membranes, which are
separated by the periplasm, containing a thin peptidoglycan layer. The outer membrane acts
as a selective barrier preventing the entry of toxic molecules into the cell, which plays a
major role in bacterial survival in hostile environments [44], such as in enabling E. coli to
colonize the intestines of mammals due to the impermeability of the outer membrane to bile

acids.

To elucidate the effects of photocatalytic damage to the outer membrane permeability, the

cultivability of E. coli was monitored using LB medium supplemented with sodium cholate,
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and the results are shown in Figure 5.7. Sodium cholate is a bile salt, which can be used to
indicate the presence of outer membrane damages and bacterial sensitivity to membrane-
perturbing agents [17]. It is dehydroxylated by bacteria to form a secondary bile acid,
deoxycholate, which is a detergent that can solubilize lipids. It has been shown in literature
that bacteria having an altered cell envelope are more sensitive to deoxycholate [45] due to

the compromised integrity of their outer membranes.
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Figure 5.7: Comparison of inactivation curves using unmodified and sodium cholate-
supplemented LB plates, respectively; final survival ratios shown inset. (composite
loading=5 g L", pH = 5.5)

No modification in bacterial cultivability was observed in the photolytic process (in the
absence of photocatalysis) on the sodium cholate-supplemented LB, and the inactivation
curve followed closely that obtained using the standard LB medium. The final survival ratios
were found to be 0.77 = 0.22 and 0.77 = 0.20 using standard LB and the cholate-

supplemented medium, respectively. For the dark disinfection process (in the absence of
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light), the bacterial cultivability using the supplemented medium was also similar to that
using the standard medium, and the curves observed were nearly identical for the first forty
minutes. The final survival ratios observed were 0.31 + 0.22 and 0.10 £+ 0.033 using the

standard LB and the supplemented medium, respectively.

For photocatalysis-induced disinfection, the bacterial cultivabilities observed were
systematically lower on the cholate-supplemented medium than on standard LB. This was
hypothesized to be due to induced changes in the outer membrane permeability from the
action of photocatalytic ROS, allowing for the penetration of deleterious substances such as
the sodium cholate products. The final ratios observed were 0.030 = 0.025 and 0.0046 +
0.0045 using standard LB and the supplemented medium, respectively. Although this
suggested that membrane permeability changes took place, the observed errors were high, so

the results were inconclusive based on this study alone.

Changes to the cell membrane permeability during photocatalytic inactivation were therefore
further probed by measuring the potassium ion (K ") ion leakage from the cells, as per Saito
et al. [42]. K' is a component that exists universally in bacteria, and is involved in the
regulation of polysome content and in protein synthesis. The measurement of K' leakage
from bacteria has been commonly used as a marker for indicating cell membrane damage in
photocatalytic inactivation processes [40, 46—48]. It has been suggested that interaction of
bacteria with the catalyst and ROS species may cause some initial changes to cell membrane
permeability, which are reversible. However, upon increased attack upon cell wall layers,
leakage of ions and small molecules occurs. This stage causes irreversible damage and
ultimately leads to cell death [49]. The K" levels measured at various time intervals from a
control in the absence of photocatalyst (photolysis), and for the photocatalytic process using

Ag/AgCl-AC are shown in Figure 5.8.
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Figure 5.8: Potassium ion leakage from E. coli cells under various conditions (C, = 10°
CFU mL", composite loading=5 g L', pH = 5.5)

In the case of irradiation in the absence of photocatalyst (photolysis), used as a baseline for
comparison, the potassium ion concentration was found to be stable with time and did not
change significantly after two hours. In contrast, the potassium ion concentrations increased
markedly with time upon irradiation using the photocatalyst composite, in parallel with the
temporal course of inactivation. This potassium ion leakage was in agreement with the
results suggested by the sodium cholate assay, and evidenced the presence of changes in the
cell membrane pemeability, which led to the leakage of intracellular components such as
ionic potassium. The initial increase in potassium ion concentration (in the first sixty
minutes) was thought to be due to damages on the outer membrane permeability. Since the
concentration reached steady values and did not further increase in the next sixty minutes,
the inner membrane may not have been completely eroded by the photogenerated radicals.
Longer times may be neccesary to observe this phenomenon, which would cause a further
spike in the potassium concentrations in solution, as reported in literature using UV-induced

processes [46].
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5.3.3.2 ATR-FTIR studies

To monitor changes to the cell structure upon exposure to photocatalytic inactivation, ATR-
FTIR absorbances were studied at various time intervals in the reaction. The spectra obtained
are given in Figures 5.9 and 5.10, respectively. Functional groups were referenced to the

reported values for biomolecules and bacterial cells [18, 50-55].

From Figures 5.9 and 5.10, the characteristic peaks at ~3297 and 3080 cm™ were observed
due to amide A and amide B, respectively, while the peaks at 1653 and 1540 cm’ arose from
the v(C=0) stretching vibrations in the amide I and the N—H bending with contributions from
the C-N stretching vibrations of the peptide group. These characteristic peaks were found to
decrease with increasing irradiation time, indicating changes to the secondary structure of the
proteins in E. coli due to photocatalytic peroxidation [56]. The peaks observed between
3000-2800 cm™ were assigned to the C—H stretching vibrations of —CH3 and —CH, groups.
This region is of interest for probing changes to cell membrane permeability because
approximately 70% of the E. coli cell wall mass is composed of these bonds [55]. The peaks
observed at 2963, 2921, 2876, and 2851 cm’! were attributed to v, (CH3), v, (CHy), vs (CH3),
and vs (CH,), respectively. These peaks decreased or disappeared upon exposure to
photocatalytic inactivation, indicating changes to the C—H bonds in the fatty tails of lipid
molecules. The bands around ~1242 cm™ were associated with the asymmetric stretching
mode of v, (PO;") of the phospholipid phospho-diester present [18]. The peak observed at
~1072 was assigned to the vibrations of sugar rings in lipopolysaccharides [57], while other
peaks between 1000 and 1200 cm™ were attributed to other groups such as peptidoglycan
and exo-polysaccharides [18]. The shapes of the peaks in the oligosaccharide region (1110 —
950 cm™) were modified upon exposure to photocatalysis. The results suggested that outer
leaflet damage of E. coli occurred during the inactivation, in agreement with literature [18,

58] and with results obtained from permeability studies.
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5.3.4 Mechanism of antibacterial and photocatalytic activity

The antibacterial activity of the composite in the absence of light was thought to be caused
by elution of silver ions due to the irreversible oxidation of metallic nanosilver and the
limited solubility of the AgCl carrier material to form dissolved silver in the form of Ag’,
AgClag, or AgCl'™ .y complexes. The free silver ions could then undergo speciation by
binding to anionic ligands such as biological thiols or Cl" present in growth medium or
saline. The action of free silver ions and their soluble complexes on thiol-containing proteins
is a major cause of silver ion toxicity to biological species [35]. Under irradiation (such as in
the photoactivity studies), the silver ion speciation was further complicated by the
precipitation of AgCly), which could form nanoparticles that could be reduced under
photoirradiation [38]. This pathway may have been responsible for the regeneration of some
Ag/AgCl species in the current system. The visible light activity of the composite was due to
the surface plasmon resonance state of the incorporated nanosilver, which was able to
produce electron-hole pairs. This plasmon resonance oscillation could also effectively
polarize the charges such that the photo-produced electrons could be transferred to the silver
surface farthest away from the AgCl interface, due to the negative surface charge on the
latter, preventing reduction of the Ag" species. The positively charged holes could then be
transferred to the AgCl surface, promoting the stability of the photocatalyst. Additionally,
this charge separation mechanism reduced the rate of electron-hole recombination [7]. The
positively charged hole could oxidize water to produce hydroxyl radicals, oxidize CI to
produce active C1°, or interact with bacteria directly. The negatively charged electron could
reduce dissolved oxygen to produce superoxide species and other ROS that participated in
the inactivation of E. coli through action of photo-produced radicals on the cell membrane.
The exposed activated carbon surfaces on the composite were thought to promote adsorption
and contribute to bacterial adhesion. The process is shown schematically in Figure 5.11 for

some proposed acting mechanisms.
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Figure 5.11: Acting mechanisms in bacterial inactivation using Ag/AgCI-AC composite
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5.4 Conclusions and recommendations

The inactivation of 97 + 2.5% of E. coli K-12 was achieved in one hour under visible light
irradiation in the presence of an Ag/AgCl-AC composite photocatalyst. The visible light
induced photoactivity of the composite indicated its potential applicability to solar
photocatalytic disinfection schemes. Incorporation of Ag/AgCl onto AC decreased the
biocompatibility of the composite material, reducing risks of biofilm formation and
biofouling in the adsorbent. Some inactivation activity was observed in the absence of light,
and this was thought to be due to the effects of silver ion elution arising from oxidation of
metallic silver nanoparticles and the limited solubility of AgCl. Under irradiation, the
photocatalyst could become efficiently excited due to the surface plasmon resonance state of
the nanosilver and electron-hole separation mechanism of the AgCl carrier. The contributions
of the photocatalytic ROS species were thought to dominate the inactivation process. The
mechanism of cell death was attributed to cell membrane damage and changes to cell
permeability due to attack by ROS species. In the future, the presence and role of these
photogenerated ROS should be confirmed by anaerobic experiments. Additionally, the
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investigation of silver ion release behaviour in the photocatalytic process to determine its
relative and synergistic role in relation to ROS generation should be investigated. Since
silver-based antimicrobials generally exhibit broad-spectrum disinfection activity, the
inactivation of other bacterial targets, such as Bacillus subtilus and Pseudomonas putida

should also be considered.
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supplementary material.

145



Chapter 6:

Synthesis and characterization of magnetically
separable Ag/AgCl-magnetic activated carbon
composites for visible light induced

detoxification and disinfection

Joanne Gamage McEvoy, Zisheng Zhang

Applied Catalysis B: Environmental (2014), in press.

Abstract

A magnetic adsorbent photocatalyst composite Ag/AgCl-magnetic activated carbon (A-
MAC) was proposed and investigated. Magnetic activated carbon was prepared by
impregnation of AC with silica-coated magnetite particles synthesized via chemical co-
precipitation and a modified Stober process, and was then used to synthesize Ag/AgCI-MAC
composites by a facile deposition-precipitation-photoreduction method. The prepared
composites were characterized by X-ray diffraction, transmission and scanning electron
microscopies, respectively, X-ray photoelectron spectroscopy, N, sorption, and ultraviolet-
visible light diffuse reflectance spectroscopy. The magnetic properties of the composites
were studied by superconducting quantum interference device magnetometry, and they were
found to exhibit quasi-superparamagnetic behaviour. The visible light induced
photoactivities of the samples were studied for the degradation of model organic pollutants,
methyl orange and phenol, and cyclic degradation experiments were performed by
recovering the composite by magnetic separation between runs. The prepared composites
were also found to possess good activity for photocatalytic disinfection, inducing a 3-log
reduction in Escherichia coli K-12 in 40 minutes under irradiation. The incorporation of
silica-coated magnetite into AC was thought to influence morphology in the final
photocatalyst-adsorbent composites, and the role of silica in preventing iron oxide

dissolution in the photoreactive system was investigated and discussed.

Keywords: Ag/AgCl, magnetic photocatalyst, activated carbon, adsorbent photocatalyst
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6.1 Introduction

In recent years, efforts towards the development of solar photocatalysis have been made with
the goal of improving process efficiencies in order to realize the scalability and practical
utilization of this advanced oxidation process for the abatement of pollutants in a number of
environmental effluents, such as for the treatment of recalcitrant dyes and polyhalogenated
organics in industrial wastewaters. Of particular interest is the design and fabrication of
highly efficient photocatalytic materials that can be excited by visible light abundant in solar
irradiation, which are engineered to possess low rates of recombination of the photo-excited
electrons and holes [1]. These photocatalysts may overcome some of the difficulties inherent

to use of traditional photocatalytic TiO,, such as its large band gap energy (Eyz = 3.2 €V).

One such material explored is the silver/silver halide composite photocatalyst [2], which
possesses high efficiency for visible light utilization and low rates of electron-hole
recombination due to localized surface plasmon resonance exhibited by the incorporated
silver nanoparticles. This phenomenon gives rise to unique optical properties arising from the
collective oscillation of conduction electrons upon interaction with electromagnetic
radiation, and can result in amplified absorption of visible light depending on size and
morphology of the nanoparticles. In the silver/silver halide system, nanosilver and silver
halide act in concert to polarize the photoinduced charges, which facilitates electron-hole
separation. Additionally, the silver halide can produce oxidizing species such as C1° or Br®

(for Ag/AgCl and Ag/AgBr, respectively), which enhance photodegradation [3].

Another approach to increasing photocatalyst efficiency involves the improvement of mass
transfer characteristics by immobilization on or incorporation of porous media with the
catalyst [4, 5]. Synergistic increases in the activity of TiO,-activated carbon composites have
been reported, and are attributed to the presence of a common contact interface between the
solids, where the AC captures the pollutants by adsorption, allowing them to migrate
continuously to the supported photocatalyst due to the presence of concentration gradients
[6]. However, the need for incorporation of visible light active photocatalysts into these AC

composites was emphasized in literature [7]. Additionally, such composites were reported to
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suffer from biofouling and the formation of biofilms, due to the biocompatibility of AC.

To address practical issues related to separation of suspended photocatalysts from slurry, the
development of magnetically recoverable photocatalysts has become an active field of
research. These photocatalysts may be two-component magnetic core@photocatalyst shell
structures (such as Fe;04@TiO; [8], y-Fe,O3@TiO; [9]) or three component core@insulating
interlayer@shell to prevent reaction between the photocatalyst and magnetic component
itself (such as in Fe;04@Si0,@TiO, [10], and the surface plasmon resonance enhanced
Fe;04@Si0,@AgCl:Ag [11]). Ao et al. first proposed the hybridization of magnetic removal
strategies with adsorbent photocatalyst composites by synthesizing TiO,-magnetic activated
carbon composites, prepared by the impregnation of mixed-phase iron oxides into activated
carbon, followed by sol-gel synthesis to deposit TiO, photocatalyst into the composite [12],
and evaluated the photocatalytic activity for phenol degradation under ultraviolet (UV) light.
Subsequent studies also investigated the photodegradation of an azo dye under visible and
UV irradiation [13], and preparation of the composite using visible light active N-doped TiO,
as the photocatalyst component [14]. In some cases, a photodissolution of the iron oxides

was observed, since no SiO, passivation layer was used.

In our previous work, we proposed and developed Ag/AgCl-AC composites to address the
need for more efficient visible light utilization of adsorbent photocatalyst materials, and
tested their photoactivity for the degradation of organic pollutants, methyl orange dye (MO)
and phenol [15]. In these composites, nanosilver acted by surface plasmon resonance to
induce enhanced visible light activity, while the silver and silver halide promoted charge
separation, and AC concentrated the pollutant around the supported active sites. Due to the
reported photocatalytic disinfection activity of silver/silver halide structures [16], and
because of interest in impregnated nanosilver for the reduction of AC biocompatibility [17—
19], the developed Ag/AgCI-AC composites were also studied for the photocatalytic
inactivation of Escherichia coli (E. coli) K-12 under visible light, and the antibacterial and
photocatalytic disinfective capabilities of the catalyst were confirmed [20]. In the current

study, we extend our previous work on the surface plasmon resonance enhanced Ag/AgCl-
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AC composites towards magnetic removal strategies by the incorporation of magnetic
activated carbon to synthesize Ag/AgCl-magnetic AC composites (Ag/AgClI-MAC) and
examine their activity for visible light induced degradation of organic and biological model

pollutants.

6.2 Experimental

6.2.1 Materials

All materials were obtained from Fisher Scientific, unless otherwise mentioned, and were of

reagent-grade or higher purity.

6.2.2 Synthesis of Ag/AgCl-magnetic activated carbon

6.2.2.1 Synthesis of silica-coated Fe;O4 nanoparticles

Magnetic Fe;O4 nanoparticles were synthesized by chemical co-precipitation of FeCls;-6H,O
and FeSO47H,0 at a molar ratio of 2.6:1. The iron salts were mixed in 100 mL of distilled
deionized water at 70°C under vigorous stirring [21, 22]. A2 M solution of NaOH was added
dropwise until the pH was approximately 11. The black solution formed was maintained at
70°C under magnetic stirring for 1 h to ensure growth of the nanoparticles, and the mixture
was then cooled to room temperature (~25°C) in ambient air. The precipitate was collected
by magnetic separation, and was rinsed with distilled deionized water multiple times to
obtain a neutral pH in the product. The black Fe;O4 particles were then were rinsed three
times with absolute ethanol, filtered, dried overnight, and ground in an agate mortar for 2

minutes.

Silica coating of the obtained Fe;O,4 nanoparticles was performed using a modified Stober
process [11, 23]. A dispersion of 1 g Fe;O4 nanoparticles in 20 mL of 0.1 M sodium dodecyl
sulphate was prepared by sonication for 10 minutes. The mixture was vigorously stirred for
30 minutes, followed by the successive addition of 20 mL of absolute ethanol, 6 mL of
concentrated ammonia (14 N), and 5 mL of tetraethyl orthosilicate. The reaction was
maintained at 50°C for 3 h, and the grey silica-coated Fe;O4 nanoparticles obtained were

separated magnetically, rinsed with distilled deionized water and absolute ethanol three
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times, and dried at room temperature overnight.

6.2.2.2 Synthesis of magnetic activated carbon (MAC)

Magnetic activated carbon was prepared by impregnation of unmodified commercial Darco
G60 activated carbon (100 mesh, Sigma-Aldrich) with the silica-coated magnetic iron oxide
nanoparticles. Activated carbon was added in a certain amount to a solution of 0.6 g of
coated nanoparticles in 200 mL water, which had previously been dispersed by sonication for
10 minutes. The activated carbon-nanoparticle mixture was then stirred for 1 hour, and the
solid phase was collected by a magnet and dried at 40°C. The silica-coated nanoparticles and

AC were mixed at various weight ratios, as described in Table 6.1.

6.2.2.3 Synthesis of Ag/AgCI-MAC

Ag/AgCI-MAC composites were prepared using an impregnation-precipitation-
photoreduction method, as previously reported for the synthesis of Ag/AgCI-AC [15]. The
weight ratio of Ag/AgCl to activated carbon was maintained at 2.5:1 in all of the composites,
calculated as if all of the AgCl was reduced to Ag. The weight ratios and equivalent weight
fractions of the components in the prepared Ag/AgCI-MAC composites are shown in Table
6.1, where Ag/AgCl- MAC is denoted by A-MAC, and Ag/AgCI-AC is denoted A-AC.

Table 6.1: Composition of Ag/AgCIl-MAC photocatalysts prepared at various weight ratios

Catalyst Weight ratios Equivalent weight fractions
Si0,-iron Si0O,-iron oxide: Si0O,-iron AC Ag/AgCl
oxide: AC AC: Ag/AgCl oxide

1:3 A-MAC 1:3 0.33:1:2.5 0.0862 0.261 0.653

1:5 A-MAC 1:5 0.2:1:2.5 0.0541 0.270 0.676

1:7 A-MAC 1:7 0.14:1: 2.5 0.0385 0.275 0.687

A-AC - 0:1:2.5 0 0.286 0.714

6.2.3 Characterization

X-ray diffraction (XRD) patterns were collected using a Rigaku Ultima IV XRD apparatus
with a CuK(a) source (A = 0.15418 nm) operating at 40 kV and 44 mA. Transmission
electron microscopy imaging was performed using a FEI (formerly Phillips) Tecnai F20 G2
field emission transmission electron microscope (TEM) equipped with an energy dispersive

X-ray (EDS) detector for spectrometry. Histograms of particle size distributions were
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constructed using particle size measurements made on digital TEM images with Canon
MeasurelT software. The morphology of the samples was investigated using a Tescan Vegall
XMU field emission scanning electron microscope (SEM), with Au/Pd alloy coated samples
(coated with an Anatech Hummer VII sputter coater). X-ray photoelectron spectroscopy
(XPS) was studied on a Kratos Analytical Axis Ultra DLD instrument, using monochromated
Al X-rays at 140 W. The surface areas, total pore volumes, and microporosity data were
obtained from N, sorption isotherms at 77 K, using automatic adsorption apparatus and
measurement systems (ASAP 2020, Micromeritics and Nova 4200E, Quantachrome). The
Brunauer, Emmett, and Teller (BET) surface areas of the samples were calculated using a
multi-point estimation, the total pore volumes were calculated using the volumes of adsorbed
N, at P/Po = 0.977, and the t-plot method was used to calculate micropore volumes and
external surface areas. The Barrett-Joyner-Halenda method was used for the adsorption
branch to calculate the pore size data. Ultraviolet-visible (UV-Vis) diffuse reflectance spectra
were measured on a Thermo Evolution 300 spectrophotometer (ThermoScientific) equipped
with a Praying Mantis diffuse reflectance accessory over the range of 230 — 900 nm.
Isothermal magnetization data was collected in the field range from -4x10* — 4x10* Oe at 300
K wusing a Quantum Design magnetic properties measurement system (MPMS)

superconducting quantum interference device (SQUID).

6.2.4 Photocatalytic degradation

6.2.4.1 Photoreactor

To quantify photocatalytic degradation, a slurry reactor was used in a constructed reflective
housing to prevent outside light from entering the system. Illumination was provided by a
300 W ELH tungsten halide bulb (Ushio) with a UV filter (Kenko Zeta, A > 410 nm,
transmittance > 90%) at a distance of 10 cm from the beaker. The irradiation was measured
using a quantum meter (Biospherical QSL-2100; 400 nm < A < 700 nm), and was found to be
approximately 4.7x10 Einstein m™ s™. Cooling was provided by an external cooling jacket,

and the temperature of the reaction was controlled to 20°C + 2.

6.2.4.2 Photodegradation of methyl orange (MO)
For the photocatalysis tests, 200 mL of MO solution was allowed to equilibriate in the dark
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with 0.5 g L™ of catalyst under constant magnetic stirring at 180 rpm for 2 hours prior to
each experiment. Photocatalytic degradation was then performed for 2.5 hours in the
presence of visible light irradiation. For all tests, samples were drawn periodically,
centrifuged, and the supernatant was analyzed at a single wavelength using a
spectrophometer (Genesys 10UV, ThermoScientific). The peak absorbance used for MO was
A = 463 nm. The initial MO concentration was 25 mg L. The MO removal from solution
was expressed relative to the catalyst loading, and was given by ¢, (mg MO g catalyst™),

calculated according to eq. (6.1).
q: =V(C-C)/W  (6.1)

where the initial MO concentration in the aqueous phase, and that at time ¢ (min) are denoted
by C; and C,, respectively (mg L"), ¥ is the volume of MO solution (L), and W is the mass of
composite used (g). The broad-scan UV-Vis data for MO adsorption and degradation was
collected on a Biochrom Ultrospec 60 UV/Vis spectrophotometer. To evaluate the magnetic
recovery and recyclability of the composite, cyclic adsorption-photocatalysis runs were
performed by recovering the catalyst magnetically between cycles and redispersing it into
fresh MO solution before each re-use. Photolysis was measured by MO degradation in the
absence of catalyst, and the error associated to the experiments was estimated as the standard

deviation between triplicate runs.

6.2.4.3 Photodegradation of phenol

Adsorption and photodegradation of phenol was also studied in the photosystem using the
same methodology described for MO experiments (200 mL solution, composite loading of
0.5 g L', magnetic stir speed of 180 rpm, unadjusted pH), but the initial concentration used
was 13 mg L', and the supernatant was analyzed spectrophotometrically at a peak
absorbance of A = 270 nm. The photocatalytic degradation of phenol was carried out for 3

hours after the initial dark adsorption period.

6.2.5 Iron oxide photodissolution

Iron oxide photodissolution was investigated by monitoring Fe' concentration in solution
using inductively coupled plasma mass spectrometry (ICP-MS) on an Agilent HP 4500. A5 g
L' slurry of A-MAC catalyst in 50 mL distilled deionized water was magnetically stirred
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under irradiation at 180 rpm for 2.5 hours, and samples were withdrawn periodically. The
catalyst was then separated by centrifugation at 14 800 rpm for 5 minutes, and the
supernatant was removed and stabilized with 5 vol% nitric acid prior to analysis. The trials
were performed for the 1:7 A-MAC composite, and for a reference 1:7 A-MAC material

prepared using iron oxide nanoparticles with no silica coating.

6.2.6 Silver ion elution

The elution of silver ions (Ag') from the prepared A-MAC composite was also measured
using ICP-MS. 5 g L' of catalyst (1:5 A-MAC) in 50 mL distilled deionized water was
magnetically stirred at 160 rpm in the dark for 1 hour, and 1 mL samples were withdrawn
periodically. The samples were centrifuged and the supernatant was removed and acidified
before analysis. For all ICP measurements, the analyses were performed for triplicate

samples.

6.2.7 Photocatalytic disinfection

6.2.7.1 Bacterial strain

Wild-type E. coli K-12 (TG1 strain) was used for all bacterial inactivation studies, due to its
non-pathogenicity and its use as a common model in laboratory experiments. It was obtained
from Dr. Christopher Q. Lan in the Department of Chemical and Biological Engineering at

the University of Ottawa, and was maintained as a laboratory strain.

6.2.7.2 Cell culture and enumeration

All inactivation trials were performed in triplicate, and all materials were sterilized for 20
minutes at 121°C prior to use. The inactivation was quantified as loss of culturability of the
bacteria in the disinfection studies. Bacterial cultures were prepared by growing E. coli K-12
(TG1) aerobically in Luria-Bertani medium (Difco LB broth, Miller; containing 10 g L™
tryptone, 5 g L yeast extract, and 10 g L' NaCl) on a rotary shaker at 37°C for 14 hours
until the stationary phase was reached. The initial concentration from the overnight culture
was determined by serial dilution and plating using a plated volume of 25 pL. Aliquots were
spread on solid LB agar plates in triplicate for each dilution, and incubated at 37°C for 18
hours. Bacterial enumeration was performed using standard plate counts for viable and

cultivable bacteria, and counts obtained were used to calculate the cell concentration in
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colony forming units (CFU) mL™

6.2.7.3 Temporal course of inactivation

The temporal course of inactivation was studied using 50 mL of saline (0.9 wt% NaCl)
spiked with bacteria in a 100 mL Pyrex beaker. The initial bacterial suspension was prepared
by centrifuging 1 mL of bacterial culture at 14 800 rpm for 5 minutes and resuspending the
pellet in saline. This centrifugation and washing procedure was repeated three times to
remove the growth media. The bacterial suspension was then used to prepare the spiked
solution, controlling the initial concentration to ~10® CFU mL™". Catalyst was then added to
the bacterial suspension at a loading of 5 g L', and the mixture was magnetically stirred at
160 rpm under visible light irradiation (provided by a filtered 300 W Ushio ELH lamp).
During the disinfection, the temperature was maintained constant at 20°C + 2 using a water
bath, and samples were collected periodically. The samples were serially diluted in saline and
spread onto LB agar plates using aliquot volumes ranging from 25 — 200 uL. The plates were
then incubated and bacteria enumerated using the standard plate count method. Control runs

were performed in the absence of photocatalyst and light, respectively.

6.3 Results and discussion

6.3.1 Catalyst characterization

6.3.1.1 X-ray diffraction

The phase structure and crystallinity of the prepared materials were investigated by XRD,
and the results are given in Figure 6.1 for the prepared iron oxide and magnetic activated
carbons, respectively. The diffraction patterns obtained for the pure iron oxide was well-
indexed to the cubic spinel structure of magnetite, and characteristic peaks at 18.3° 30.1°,
35.4°, 37.1°, 43.1°, 53.4°, 56.9°, 62.5° were observed, corresponding to the (111), (220),
(311), (440), (422), (511), and (440) faces respectively, in good agreement with JCPDS card
#19-0629.
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Figure 6.1: XRD patterns for iron oxide, SiO,-iron oxide, AC, and magnetic AC
prepared at various ratios

Upon introduction of the silica coating, the patterns observed contained the same
characteristic magnetite peaks, as well as a small broad amorphous halo due to SiO, between
20° - 30°. The unmodified AC also exhibited mainly amorphous structure, with the exception
of hexagonal (002) and (004) graphitic peaks, which indicated that small regions of
crystallinity were present [24]. The XRD patterns for all prepared magnetic AC materials
exhibited the characteristic peaks observed for the magnetite phase, as well as the (002)
graphite plane, except for the MAC prepared with a magnetic particle loading of 1:3. In the
1:3 MAC pattern, the graphitic peak was not noticeable due to the relatively lower activated
carbon content in the magnetic material, in accordance with the compositions given in Table
6.1. The appearance of a peak at ~60° also suggested the transformation of some magnetite

into an impurity phase, such as the less magnetic maghemite, or nonmagnetic goethitic iron
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oxide in accordance with JCDPS card #29-0713. The formation of this impurity phase may
have been caused by the overloading of activated carbon with magnetite nanoparticles and
their subsequent transformations, especially upon prolonged exposure to the oxidative
environment used during the drying step in the MAC synthesis. The formation of the less-
magnetic maghemite phase from oxidation of magnetite has been found to be dependent on a
number of experimental and environmental conditions, such as the particle sizes of
magnetite, water content, and temperature [25, 26]. Nonmagnetic goethite may have been
formed from this maghemite oxidation product, and the direct formation of goethite from
magnetite may have also occurred in this system [27]. These transformations were not as

pronounced for the materials prepared using lower iron oxide: AC ratios.

The XRD patterns of composite A-MAC photocatalysts were also investigated, and the
results are given in Figure 6.2, with pure Ag/AgCl and the nonmagnetic Ag/AgCl-AC shown
for reference. All of the patterns observed exhibited peaks at 27.8°, 32.2°, 46.2°, 54.8°, 57.5°,
and 67.5° corresponding to the (110), (200), (220), (331), (222), and (400) reflections of
chlorargyrite (JCPDS card #31-1238). The major diffraction peaks for the (111) and (200)
planes of silver, at 38.1° and 44.3° respectively, were not easily observable in the AC
composites, and this was thought to be due to the low content, small particle size, and high
dispersion of the photo-reduced silver on the surface of Ag/AgCI-AC and on Ag/AgCI-MAC
[28].
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Figure 6.2: XRD patterns for Ag/AgCl, Ag/AgCIl-AC, and Ag/AgCl-magnetic AC
photocatalysts prepared at various ratios

6.3.1.2 TEM/SEM observation
Typical bright-field TEM images for the prepared iron oxide and SiO,-coated iron oxide are

given in Figure 6.3. From Figures 6.3a and 6.3b, the iron oxide nanoparticles prepared
possessed regular spherical shapes, and had an average diameter of 10.5 = 2.3 nm. The
coating procedure yielded SiO,-coated iron oxides, as seen in Figures 6.3¢ and 6.3d, where
the dark, electron-dense spheres observed were attributable to iron oxide, while the light
regions surrounding them were the outer silica layers formed on the magnetic nanoparticles.
This implied that a core-shell structure was created through the modified Stober process,
with a silica thickness ~5 nm. The size of the individual core-shell particles observed was

~21-30 nm.
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Figure 6.3: TEM images of iron oxide NPs (a, b) and SiO,-iron oxide (c, d). The
histogram for iron oxide NPs is also shown

TEM imaging performed on a typical magnetic activated carbon (1:5 MAC) is shown in
Figure 6.4, and the results suggested that the silica-coated iron oxide nanoparticles were well
adhered to or incorporated within the larger activated carbon structure, since no free
nanoparticle clusters were readily observed. The TEM-EDS pattern shown for the MAC
confirmed the presence of carbon, iron, silicon, and oxygen in the pm-scale superstructures
shown in Fig. 6.4a, where the presence of copper in the spectra was due to the copper grid

used for observation.
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Figure 6.4: TEM images of 1:5 MAC and associated EDS spectra

SEM imaging was also performed to study structure and morphology of the prepared
composites, and the results are shown in Figure 6.5 for a representative Ag/AgCl-magnetic
AC (1:5 A-MAC), with the morphology of nonmagnetic A-AC shown for reference. The
Ag/AgCl was observed to tightly adhere to the surfaces of the magnetic activated carbon to
form a dense photocatalyst network, which was not the case for the nonmagnetic AC
composite. This was thought to be due to the influence of silica-coated iron oxides
incorporated into the AC on the deposition behaviour of AgCl. The silica coating may have
affected electrostatic interactions between silver nitrate and activated carbon used in the
synthesis by making the magnetic AC composite more negatively charged overall in the
aqueous-based impregnation than the pure AC. Silver nitrate was also expected to have a
high affinity for SiO, in the aqueous synthesis solution [22], so silica-coated iron oxides on

the surface of AC may have acted as preferential host sites for silver ion deposition. The
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photoreduced metallic silver could be easily observed on the surface of the AgCl particles in
the composite, and was found to range from 115-180 nm, while the host AgCl structures

were between 1.2 and 1.7 um.

Figure 6.5: SEM images of a) A-AC, b) —d) 1:5 A-MAC

6.3.1.3 X-ray photoelectron spectroscopy

The XPS full-scan spectra for a representative magnetic activated carbon (1:5 MAC) and its
corresponding Ag/AgCl composite (1:5 A-MAC) are shown in Figures 6.6a and 6.6b,
respectively. In both spectra, peaks assigned to the Fe 2p states at ~714.5 eV were very weak
or unobservable relative to the strong Si 2s and 2p states present, indicating that the coating
procedure resulted in complete coverage of the iron oxide spheres by the SiO, layer [29].

Additionally, the presence of the silicon peaks in both surface XPS spectra indicated that
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some of the SiO,-iron oxide structures incorporated into AC occupied its outer surface, and

remained exposed even after AgCl deposition.
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6.3.1.4 N, sorption isotherms
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Figure 6.6: XPS spectra for a) 1:5 MAC, and b) 1:5 A-MAC

The structure and porosity characteristics of the samples were studied, and nitrogen sorption

isotherms obtained are shown in Figure 6.7a for AC and a representative magnetic AC (1:5

A-MAC), and in Figure 6.7b for various prepared Ag/AgCl-magnetic AC composites (1:5

and 1:7 A-MAC, respectively), with the nonmagnetic A-AC shown for reference. All of the

isotherms observed were classified as Type IV by IUPAC standards [30], with H4 hysteresis

in the desorption branch due to the presence of mesopores [31].
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Figure 6.7: N, sorption isotherms for a) AC and 1:5 MAC; and b) 1:7 A-MAC, 1:5 A-
MAC, and A-AC, respectively

From the isotherms obtained, parameters related to structural and textural characteristics of
the synthesized materials were calculated, and are summarized in Table 6.2. Consistent with
the results observed for the nonmagnetic A-AC composite with respect to the nonmagnetic
AC host material, the BET surface area, total pore volume, as well as micro- and mesopore
volumes all decreased upon introduction of Ag/AgCl into the magnetic 1:5 MAC.
Interestingly, although the total pore volume and microporosity of pure AC decreased after
iron oxide addition, the external surface area increased. This was thought to be due to the
creation of mesopores and macropores by silica-coated iron oxide aggregates on the surface
of the AC structure, as reflected in the increase in pore diameter. Additionally, deposition of
magnetic nanoparticles into the larger mesopores may have also caused pore-blocking of the
micropore channels, since mesopores were the main thoroughfares to the microporous
regions [32]. Based on SEM observations of the particle sizes of Ag/AgCl formed, they were
not thought to enter the pore structure of the MAC host material, but instead formed “egg-
shell” composites, where the photocatalyst mainly deposited in clusters on the outside
surface of AC [32], causing the observed decreases in surface area and porosity between the
1:5 MAC and A-MAC, respectively. The 1:7 A-MAC composite had a higher BET surface
area than 1:5 A-MAC, since the host 1:7 MAC had less magnetic particles incorporated into

it and occupying its pore volume and external surface than in the 1:5 MAC. The volume
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contribution of micropores to the total pore volume was similar for A-AC and both A-MAC

samples studied, and ranged from 32 — 36%.

Table 6.2: Structural and textural characteristics for A-MAC materials calculated from N,
sorption isotherms

Property
BET Total pore  Micropore Micropore External Average
surface volume volume surface area  surface pore
area (ecm’ g™) (em’ g™) (cm® g™) area diameter,
Catalyst (m® g (em® g™ BJH ads.
(nm)
AC 811 0.609 0.269 510 201 3.624
A-AC 77.1 0.070 0.025 48.0 26.1 3.621
1:5 MAC 645 0.237 0.159 341 304 6.36
1:5 A-MAC 162 0.128 0.041 89.5 72.9 6.59
1:7 A-MAC 344 0.237 0.085 184 127 6.57

6.3.1.5 UV-Vis diffuse reflectance spectroscopy

The UV-Vis absorption spectra for the prepared Ag/AgCl-magnetic activated carbon
composites were studied, and are given in Figure 6.8 for a representative sample (1:5 A-
MAC), as well as for Ag/AgCl-AC, pure Ag/AgCl, and unreduced AgCl. All of the samples
were observed to have an absorbance edge at ~385 nm, corresponding to the band gap of
AgCl (Epg, indirect = 3.25 €V [33]). Additionally, the photoreduced samples exhibited broad
absorption from 400 — 900 nm attributable to surface plasmon resonance of metallic silver
nanoparticles produced during irradiation. This broad absorption band was not observed for
the unreduced AgCl, evidencing the role and efficacy of photoreduction. The broadness of
the absorption band observed in the partially reduced samples was thought to be due to the
presence of multiple plasmonic oscillation frequencies, which were caused by a variation in

the shapes and diameters of Ag nanoparticle clusters formed [2].
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Figure 6.8: UV-Vis absorption spectra for a representative Ag/AgCl-magnetic AC (1:5
A-MAC), A-AC, Ag/AgCl, and unreduced AgCl, respectively

6.3.1.6 SQUID magnetometry and magnetic separation
The magnetic properties of the synthesized materials were probed by SQUID magnetometry,

and room temperature magnetic hysteresis loops for synthesized iron oxide, magnetic AC,
and Ag/AgCl-magnetic AC composites are shown in Figures 6.9a and 6.9b, respectively. The
associated magnetic parameters of saturation magnetization (Ms), coercive field (Hc), and

remanant magnetization (Mr) are summarized in Table 6.3.
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Figure 6.9a: Room temperature magnetization hysteresis loop for synthesized iron oxide
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Figure 6.9b: Room temperature magnetization hysteresis loop for a) 1:5 MAC, and b)
1:7 MAC,; curve for 1:5 A-MAC shown inset
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Table 6.3: Room temperature magnetic properties of iron oxide nanoparticles and
representative magnetic composites: 1:7 MAC, 1:5 MAC, and 1:5 A-MAC, respectively

Sample Ms (emu g'l) Hc (Oe) Mr (emu g'l)
Iron oxide NPs 74.02 26 2.42
1:5 MAC 4.05 45 0.021
1:7 MAC 3.36 45 0.17
1:5 A-MAC 0.61 35 -0.030

The prepared iron oxide nanoparticles exhibited quasi-superparamagnetic behaviour, as
evidenced by their low coercive field and remanent magnetization. The prepared magnetic
activated carbons (1:5, 1:7) and Ag/AgCl-magnetic AC composite (1:5 A-MAC) also showed
similar behaviour, with He ranging from 35 — 45 Oe, and Mr from -0.03 — 0.17 emu g”'. The
saturation magnetization of magnetic activated carbon increased with increasing iron oxide
content, although this value decreased upon introduction of the Ag/AgCl component, due to
the large relative weight contribution by the nonmagnetic photocatalyst. However, for all
materials prepared, the squareness ratios (Mr/Ms) observed were less than 5.2%, confirming
their quasi-superparamagnetic behaviour at room temperature [34, 35]. The acceptable
saturation magnetization values indicated that the prepared materials were suited to magnetic
removal strategies, as shown in Figure 6.10 for the 1:5 A-MAC exposed to two 12.5mm
cubic NdFeB magnets, each having surface field strengths of 5.75x10° Gauss, for 5 minutes.
The low coercivity and remanent magnetization observed also implied that catalyst
aggregation could be prevented and that the catalyst could be easily redispersed for recovery

or reuse in a suspension [36].

Exposure to Nd
rare earth
magnet

Figure 6.10: Magnetic separation using 1:5 A-MAC exposed to cubic NdFeB magnet
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6.3.2 Photocatalytic degradation of organic compounds

6.3.2.1 MO adsorption and photodegradation

Adsorption and photodegradation were studied for a model organic compound, MO dye,
which was found to have a negligible photolysis over 2.5 hours under visible light
irradiation. The prolonged adsorption-photocatalysis trials consisted of a 2 hour dark
adsorption period, followed by illumination for 2.5 hours, and the results obtained are shown
in Figure 6.11 as MO removed from solution per weight of catalyst used for the prepared
materials, with the nonmagnetic Ag/AgCl-AC composite data shown for reference. The
magnetic composites exhibited similar adsorption-photocatalysis behaviour as nonmagnetic
Ag/AgCI-AC, where an MO adsorption pseudo-equilibrium was achieved after 2 hours, and
a sharp change in MO removal occurred upon irradiation and continued until the pollutant
was almost fully removed from solution. This increase in removal upon irradiation was
thought to be due to photoexcitation of the catalyst and subsequent photocatalytic action of
radicals and reactive species on the dye, initiating a dynamic adsorption-photocatalytic

degradation process.
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Figure 6.11: Adsorption and subsequent photocatalysis using A-MAC prepared at
various weight ratios. (C, =25 mg L™, composite loading = 0.5 g L) — representative error
bars shown
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The removal of MO by adsorption from solution was qualitatively similar or within error for
the AC and MAC composites, ranging from 41.2 — 44.2 mg MO g composite” after two
hours, and this dark adsorption was thought to be governed by a number of factors. The
methyl orange dye adsorbate was considered to be a bulky molecule, with a molecular size of
1.31 x 0.55 x 0.18 nm [37], and it was previously indicated that pores having diameter
between 2.5 — 4.5 nm were most suitable to MO adsorption [6], since pores with width or
diameter 1.7 — 3 times larger than the adsorbates provided favorable adsorption [38]. Based
on this, it followed that although the BET surface area observed for pure A-AC was much
lower than that for the prepared A-MAC materials, adsorbate removal was also likely
influenced by preferential adsorption of MO into the smaller pores present/accessible in A-
AC. Based on the size of MO, it was also implied that much of MO adsorption took place in
the external surface area (mesopores, macropores) of the composite catalysts, and that
increasing total surface area through increasing microporosity would not be an effective way
to improve adsorption for MO. The adsorption characteristics were thought to be further
influenced by the structure and morphology of the composites formed, since it was found by
SEM that the introduction of silica-coated iron oxides induced the formation of more tightly
packed composites with much of their outer surfaces covered in photocatalyst, as opposed to
the nonmagnetic counterparts. Additionally, the presence of exposed silica-coated iron oxides
on the external surface of the composite after Ag/AgCl deposition was also expected to
influence adsorption by changing electrostatic interactions between the dye and A-MAC. For
example, silica was present in its negatively charged state, since the isoelectric point was
previously found to be pH 2 [36], and the surface of Ag/AgCl was thought to also be
negatively charged due to termination by CI ions and the polarization of the electron
distribution in silver relative to AgCl [40]. This may have induced a more negative charge
on the A-MAC composites, and changed their interaction with the negatively charged
sulfonate groups present in MO, although the MO itself carried an overall amphoteric charge

at the slightly acidic pH (~5.5) used in the studies.

Data for photocatalytic removal was normalized and presented as a temporal course of MO

degraded in Figure 6.12, where initial concentration, C, (mg L"), was represented by the
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equilibrium concentration achieved after 2 hours of dark adsorption.
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Figure 6.12: MO photodegradation by A-MAC composites and A-AC (loading=0.5¢g
L") — representative error bars shown

The photocatalytic heterogeneous surface reaction could be described using the Langmuir-

Hinshelwood kinetic expression, where the following equation defined reaction rate:
-dC/dt = K k.C/(1+KC) (6.2a)

Where K is the Langmuir-Hinshelwood adsorption coefficient (L mg'l), and k; is the reaction
rate constant (mg L™ min™). This kinetic expression could be simplified into a pseudo-first
order equation when the initial concentration used was sufficiently small (< 10~ mol L™
[41]). In this case, Co < 7.7x10” mol L™, so the pseudo-first order approximation was used.

The integrated rate expression is given by:
In(C,/C) =kt (6.2b)

Where k’ denotes the pseudo-first order rate constant (min™"), which incorporates both the
reaction rate constant and the equilibrium adsorption constant. To quantitatively compare

photoactivities of the catalysts for the degradation of MO under visible light, the pseudo-first
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order rate constants were calculated for the initial linear portion of the reaction.
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Figure 6.13: Photocatalytic degradation kinetics for A-MAC composites and A-AC,
respectively (loading = 0.5 g L)

Comparison of fitted and experimental data is shown in Figure 6.13, respectively, where the
slopes of the fitted lines represented the pseudo-first order rate constants in accordance with
equation (6.2b). From the fitted data, the pseudo-first order rate constants were found to be
0.0298, 0.0213, 0.0191, and 0.0124 min™ for the 1:3 A-MAC, 1:5 A-MAC, 1:7 A-MAC, and
A-AC composites, respectively, with R” values between 0.991 and 0.998. The activity of the
magnetic composites was greater than that of nonmagnetic A-AC, which may have been due
to competitive adsorption of photons by the exposed activated carbon surfaces in the latter
material [42], reducing efficiency of Ag/AgCl excitation. Activity of the magnetic AC
composites was found to increase as the proportion of magnetic component increased, which
may have also been caused by reduction of this competitive photon adsorption effect due to
suspected changes to composite structure and morphology induced by the introduction of
silica-coated iron oxide particles, and more efficient mass transfer between adsorbed methyl
orange on the AC and surface active sites of Ag/AgCl. Additionally, as discussed in
subsequent sections, positive effects of eluted ionic silver under irradiation may have also

increased photocatalytic activity for MO degradation by acting as electron traps preventing
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electron-hole recombination in the magnetic composites. Although the 1:3 A-MAC
composite had the highest photocatalytic activity, its saturation magnetization was thought to
decline with respect to the 1:5 and 1:7 catalysts, due to the observed phase change of the
contained magnetite to a less magnetic impurity phase. Therefore, the 1:5 A-MAC catalyst
was selected for further photoactivity testing as it possessed acceptable magnetization and

photoactivity.

6.3.2.2 Evidence for the photocatalytic degradation of MO

Degradation of MO in photocatalytic systems is reported to occur first by attack on the azo
bond by photoproduced reactive species to degrade polyaromatic rings in MO and create
mono substituted aromatics. These intermediate molecules may then undergo further radical
attack to induce aromatic fragment degradation and eventual mineralization [43]. To probe
photocatalytic degradation of MO by the A-MAC composites prepared, changes to the UV-
Vis absorption spectra of MO were monitored over the course of photodegradation, and
results from representative spectra are shown in Figure 6.14. The initial spectrum at time t =
0 (corresponding to the beginning of photocatalysis, after adsorption in the dark) was
characterized by a major band around 463 nm due to light absorption by azo bonds in the
MO structure, and a smaller peak in the UV range at ~265 nm due to absorption by benzene-
like structures. With an increase in the photocatalytic treatment time, the spectral height of
the azo peak at 463 nm decreased markedly, while the intensity of the band at 265 nm
increased. However, past 60 minutes, this band intensity in the UV range also decreased.
These results agreed well with literature, where extended aromatic MO was first degraded by
photocatalytic attack to produce benzene-like structures that absorbed in the 200270 nm
range. These intermediates then underwent further degradation as the reaction proceeded
[43]. Hydrazine may have also been formed as an intermediate, contributing to the increase
in absorbance around 250 nm [44]. The changes in UV-Vis spectra evidenced that MO
underwent photocatalytic degradation in the irradiated system. It should be noted that the
lack of shift in the major band at 463 nm further confirmed that the effect of self-

sensitization on MO degradation was negligible [45].
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Figure 6.14: UV-Vis solution spectra during MO photodegradation by 1:5 A-MAC
composite (C, =25 mg L, loading=0.5gL™")

6.3.2.3 Recyclability

Recyclability of the prepared 1:5 A-MAC composite was studied by performing four
consecutive adsorption-photocatalysis cycles, recovering the catalyst between runs by
magnetic separation. The photocatalyst performance in these sequential runs is shown in

Figure 6.15.

The adsorptive capabilities of the composite decreased with sequential runs, and were
exhausted after the second cycle. This was thought to be partially due to inability of the
incorporated Ag/AgCl photocatalyst to fully regenerate the adsorptive AC surface during the
photocatalysis cycle by degrading all of the adsorbed MO. This also resulted in a decrease in
photocatalytic activity with repeated use without regeneration between cycles, since the rate
of degradation was lower than rate of accumulation of MO onto the composite, which
saturated the photocatalyst surface and decreased its photonic efficiency [46]. In the second
to fourth uses of the composite, 70.9%, 63.5%, and 52.6%, of the total MO degraded in the
first run were decomposed by the recycled material, respectively. This activity was
comparable to that previously described for nonmagnetic Ag/AgCIl-AC composites, where

the amount of MO degraded in the second to fourth runs was 75.2%, 66.8%, and 62.7% of
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that of the first run, respectively [15]. These reported cycling runs were performed using
centrifugation to recover the spent catalyst between trials, where in the current case,
magnetic separation was used. The observed decreases in photocatalytic activity of magnetic
Ag/AgCI-AC composite compared to its nonmagnetic counterpart may have been due to
some catalyst washout that occurred with magnetic separation between runs. Despite this, the
similarity in cyclic activities observed indicated that magnetic separation could be employed
to recover the spent catalyst. As previously discussed, the decreased efficiency with
increased cycle number in the absence of regeneration may have also been attributed to the
formation of reaction intermediates and their adsorption and accumulation on the
photocatalyst [42, 47], as evidenced by Figure 6.14. The presence of these intermediates
complicated the analysis and interpretation of recyclability of the composite, since the
reactive and nonselective photoproduced reactive species were thought to act both on the

parent MO compound and on the produced reaction intermediates.
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Figure 6.15: Adsorption and photodegradation performance of 1:5 A-MAC composite
over four consecutive cycles (Co =25 mg L™, loading=0.5 g L™)

The XRD pattern for the composite catalyst was collected after its cyclic use, and is shown in
Figure 6.16, with the fresh catalyst pattern for comparison. The patterns before and after
cyclic use were very similar, although small peaks at 38.1° and 44.3° were observed in the

recycled material due to the (111) and (200) faces of metallic silver. The presence of these
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metallic silver peaks was thought to be due to an increase in the Ag nanoparticle size during
visible light photocatalysis, due to aggregation and photoreduction of some AgCl to form
additional metallic Ag clusters. This decomposition was reported to have a minor effect on
the total surface contents of Ag and AgCl under similar experimental conditions as those

used in this study [40, 48, 49], confirming the stability of such catalysts in repeated use.
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Figure 6.16: XRD patterns for as-prepared Ag/AgCl, fresh 1:5 A-MAC composite, and
recycled 1:5 A-MAC composite after four adsorption-photocatalysis cycles

6.3.2.4 Phenol photodegradation

To ensure that the observed activity from the Ag/AgCl-magnetic AC composite was due to
surface plasmon resonance induced photocatalysis, and was not only caused by
photosensitization of organic MO dye under visible light [50], the photodegradation was
tested against phenol, a colorless organic target pollutant. The adsorption and subsequent
photocatalysis, and associated pseudo-first order kinetics are shown in Figure 6.17. The
photolytic conversion of phenol was found to be negligible, and the composite exhibited
good activity for organics degradation in the absence of a dye-sensitized mechanism,
converting about 9.5 mg phenol per gram composite with a pseudo-first order rate constant

of 0.0052 min™'. Factors such as adsorption affinity of the pollutant for the composite, initial
174



pollutant concentration, and light penetration in solution were thought to influence the

observed differences in photoactivities of A-MAC towards MO and phenol, respectively.
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Figure 6.17: Adsorption and subsequent photocatalysis using 1:5 A-MAC in phenol.
Photocatalytic degradation kinetics shown inset. (C, = 13 mg L™, composite loading =
05gL™

6.3.3 Iron oxide photodissolution

Based on previous reports of photodissolution of iron oxides in photocatalyst/iron oxide
systems [8, 51, 52], the effect of the silica coating was studied in the current A-MAC
composites. The concentration of iron ions in a 5 g L™ aqueous catalyst slurry under
irradiation was found to be 0.53 + 0.13 mg L™ after 60 minutes and 0.62 + 0.021 mg L™ after
150 minutes, respectively, for the 1:7 A-MAC composite prepared with silica-coated iron
oxide particles. These values increased to 1.1 + 0.042 mg L™ after 60 minutes and 1.1 +
0.033 mg L after 150 minutes, respectively, for the same composite prepared using
uncoated iron oxides. This implied that the silica coating was effective in decreasing the

occurrence of iron oxide photodissolution, since the ionic iron concentration in solution was
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lower for the silica-containing material under irradiation. The photo-Fenton reaction was also
thought to be negligible in the photoreactive system due to the low concentrations of Fe
obtained. The values of ionic iron were thought to be even lower in the actual photocatalytic
systems studied for the degradation of MO and phenol, since a composite loading of 0.5 g L™

was used, as opposed to 5 g L™ used in the control tests.

6.3.4 Photocatalytic inactivation of E. coli K-12

Photocatalytic inactivation of a Gram-negative model microorganism, E. coli K-12 was
studied, as it is a common indicator for faecal contamination [53]. The temporal course of
inactivation was quantified for the 1:5 A-MAC composite in dark and light conditions,
respectively, and for the 1:5 MAC material itself. The results are shown in Figure 6.18, with
A-AC for comparison. The photolysis trial performed in the absence of catalyst, indicative of
loss of culturability due to damage from the photon source alone, was found to have a
negligible effect. Biocompatibility of magnetic AC was tested using an equivalent loading of
MAC as that incorporated into the composite, and the final survival ratio was found to be
0.19 £ 0.048, which was comparable to that observed with equivalent neat AC, implying that
the incorporation of silica-coated magnetic nanoparticles into the adsorbent did not induce
significant toxicity. The population decrease in this case was thought to be due to adsorption
of bacteria onto the exposed activated carbon surfaces in MAC. Upon introduction of
Ag/AgCl into magnetic AC, an increased loss of cell culturability was observed over that of
bacterial adhesion on MAC alone, in both dark and light conditions using the composite
photocatalyst, achieving final survival ratios of 0.04 + 0.029 and 0.00074 + 0.001 for each

case, respectively.
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Figure 6.18: Inactivation curves for photolysis, AC, A-AC (dark), A-AC (light), 1:5
MAC, 1:5 A-MAC (dark), and 1:5 A-MAC (light), respectively. Catalyst loading used was 5
g L™ (or calculated equivalent for AC/MAC); final survival ratios shown inset. (N, = 10°
CFUmL", pH =5.5)

In the dark, the inactivation was attributed to bacterial adhesion onto the solid catalyst and
toxicity of the silver ions eluted. Silver ions are toxic at sub-micromolar concentrations, due
to their interaction with enzymes in the respiratory chain reaction, causing the uncoupling of
respiration from the synthesis of ATP [54]. Additionally, Ag" can bind with transport
proteins, leading to proton leakage and inducing collapse of proton motive force [55]. These
silver ions were formed in the dark by irreversible oxidation of metallic nanosilver and the
limited solubility of the AgCl carrier material in saline to form dissolved ionic silver and
silver complexes such as AgClig), or AgCly' g, that could interact with thiol-containing

proteins [56]. The release of silver ions from 5 g L™ composite into 50 mL distilled deionized
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water under stirring in the dark was recorded, and the Ag" concentration was found ICP-MS
to be 50.8 £ 0.51 mg L after 40 minutes, and 52.4 £ 0.19 mg L after 60 minutes,
respectively. This was much higher than the 0.53 + 0.09 mg L™ previously observed for the
A-AC composite after 60 minutes, and the difference was thought to be due to changes in
structure and morphology of the magnetic composite compared to the original A-AC, since
the rate of silver ion release was controlled by silver oxidation, which in aqueous medium
depended on the rate of water diffusion and the diffusion characteristics [57]. This diffusion
was thought to differ between magnetic and nonmagnetic composites, and the increased
silver elution by the A-MAC material caused the increase in dark inactivation capability
observed in Figure 6.18. It should be noted that the silver ion measurements performed
quantified silver ion diffusion into water, which represented an upper limit on the actual

diffusion that occurred in saline and in the presence of thiol targets.

This silver ion elution may have also influenced MO adsorption and degradation observed
using the magnetic composites, since the effect of silver ions on photocatalytic degradation
of organics is generally reported to increase degradation rate due the electron trapping
mechanism of Ag’, which reduces recombination of photogenerated charges [58]. For
example, in pure photocatalyst systems such as TiO,, this enhancement is attributable to the
formation of surface adsorbed Ag" species, which can become photoreduced and
subsequently act as electron traps to prevent recombination [59]. However, the dissolved Ag"
concentration in the organic degradation studies was expected to be much lower than the
value quantified by ICP-MS in the control due to the ten-fold decrease in composite loading
used in the photodegradation studies compared to that used for the inactivation studies. In a
similar dynamic adsorbent photocatalyst system based on a chitosan-TiO, composite [60],
doubling the Ag” concentration in solution from 100 mg L™ to 200 mg L™ caused a moderate

(13.4%) increase in MO photodegradation.

The inactivation capability observed using the magnetic Ag/AgCI-MAC composite increased
significantly in the photocatalysis trials, as the production of photoactive species was

facilitated by illumination. The results agreed well with the trend observed for nonmagnetic
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Ag/AgCl-AC, where some bactericidal activity was observed in the dark, and inactivation
was increased under illumination due to the production of radical and reactive oxygen
species [20]. The inactivation realized using the magnetic photocatalyst composite was found
to effect a greater loss of culturability to the bacteria than nonmagnetic Ag/AgCI-AC, due to
its increased silver ion elution, and better photocatalytic efficiency caused by more complete
surface coverage of the AC host structure by photocatalyst, reducing competition for photons
in the irradiated process. The illumination of the catalyst with visible light was thought to
produce electron-hole pairs that could undergo reaction with dissolved oxygen and water to
form reactive oxygen species (ROS), which could then interact with E. coli bacteria. The
action of ROS on bacteria was found in literature to cause a loss of culturability due to
peroxidation of cell wall bilayer functional groups, leading to increased disorder in the
bilayer, which increased the fluidity of the cell wall and caused eventual lysis through free
efflux of intracellular components [61, 62]. The eluted Ag" species may have also reduced
the rate of recombination of the photoproduced electrons and holes, increasing the
photocatalytic efficiency observed. However, it should be noted that, as previously discussed
for the Ag/AgCl-AC composite, complications may arise from the use of silver-eluting
catalysts in the presence of saline, since binding with free Cl" may occur past the solubility
limit (10”), causing the formation of AgCl nanoparticles that may then be photoreduced in
the irradiated system [63]. Although this may result in the effective regeneration of some
Ag/AgCl photocatalyst, its presence is difficult to quantify in the current scheme. Despite
this, the approximately 3-log reduction observed in the photocatalytic system indicated that

this material possessed good applicability and efficacy for solar photocatalytic disinfection.

6.3.5 Mechanism of photocatalytic action

The composites were thought to act photocatalytically under visible light through
participation of localized surface plasmon resonance of the silver nanoparticles formed from
partial reduction of AgCl. The generation of holes and electrons occurred in these silver
nanoparticles upon the absorption of photons of appropriate wavelengths, and the
polarization of charges was induced by the surface plasmon resonance state of the silver.
This polarization facilitated effective charge separation of the photogenerated holes and

electrons, as the negatively charged electrons were transferred to the silver surface farthest
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away from the AgCl interface, and the holes transferred to the surface of AgCl [40]. This
charge separation was responsible for the stability of silver/silver halide structures, since the
generated electrons were prevented from being transferred to Ag™ in AgCl [64], but were
instead transferred to molecular oxygen to form active species such as superoxide [65].
Simultaneously, the holes generated could also oxidize water to produce hydroxyl radicals,
or directly oxidize CI” ions into CI°, which may have also interacted with target pollutants
near the surface of the catalyst [66], and be reduced back to their ionic state. In the adsorbent
photocatalyst composites prepared, the role of the activated carbon was to concentrate the
pollutant around the photocatalytic active sites, allowing adsorbed pollutant to migrate to the
Ag/AgCl decomposition centers present on the adsorbent surface due to concentration
gradients [67]. In the absence of adsorbent supports, the pollutant was required to collide
with the catalyst and maintain sufficient contact for reaction, after which the intermediates
were desorbed back into solution. Additionally, the neat photocatalyst had limited surface
area present, which restricted the number of successful collisions with pollutant molecules
[68]. In the adsorbent composite, this limitation was overcome, and chain reactions were
thought to be promoted since the AC allowed for the retention of reaction intermediates.
Mechanistic pathways investigated in literature for the photocatalytic mineralization of MO

and phenol were thought to occur to various extents in the irradiated system [69, 70].

6.4 Conclusions

In this work, novel magnetic adsorbent photocatalyst composites were synthesized by the
preparation of magnetic AC incorporating silica-coated Fe;Os4 nanoparticles, and a
subsequent deposition-precipitation-photoreduction procedure to obtain “egg-shell”
structured Ag/AgCl-magnetic AC. The resulting composites possessed quasi-
superparamagnetic behaviour, and exhibited good visible light induced photocatalytic
activity towards the degradation of a model dye, methyl orange, and a colorless organic,
phenol. The material could be recovered by an external magnetic field, and possessed some
photocatalytic activity in up to four cyclic degradation cycles. The prepared Ag/AgCl-
magnetic AC composite also exhibited strong activity for E. coli K-12 inactivation, and was

able to effect a 3-log reduction in 40 minutes under irradiationina 5 g L' slurry. The visible
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light induced photodegradation and disinfection capabilities of the composite material, as
well as its recovery by magnetic separation, indicate its applicability towards solar
detoxification and disinfection schemes using slurry photocatalytic reactors. Future work on
this catalyst involves improving its performance in cyclic use, such as through prolonged
exposure to irradiation to regenerate the activated carbon surface [71]. Additionally, the role
of dissolved silver in photocatalytic organics degradation and inactivation should be clarified
in both dark and light conditions for the prepared composites. Optimization of the adsorptive,
photocatalytic, and magnetic behaviours of the developed composites should also be
undertaken. One strategy proposed to improve the magnetic removal efficiency is by
improving the photocatalyst activity to reduce the equivalent composite weight, such as
through morphology-controlled synthesis of high-performance Ag/AgCl [72]. The effect of
operational parameters such as light intensity, solution concentration, and pH on the resulting

photoactivity of the prepared composites should also be studied in the future.
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Chapter 7:
Synthesis and characterization of Ag/AgBr-activated
carbon composites for visible light induced photocatalytic

detoxification and disinfection

Joanne Gamage McEvoy, Zisheng Zhang

Abstract

A novel Ag/AgBr-activated carbon (AC) composite photocatalyst was proposed and
investigated. The composite was prepared by impregnation-precipitation-photoreduction, and
characterized by X-ray diffraction, scanning electron microscopy, N, sorption, and
ultraviolet-visible light diffuse reflectance spectroscopy. The prepared material possessed an
“egg-shell” structure, where the photocatalyst formed heterogeneous agglomerates on the
outside surface of the adsorbent host material. Ag/AgBr-AC exhibited enhanced absorption
in the visible light region, and photocatalysis was studied for the degradation of model
organic pollutants (methyl orange dye (MO), phenol) and a model microorganism
(Escherichia coli K-12). Photocatalytic degradation of organic pollutants under visible light
occurred with pseudo-first order rate constants of 0.0491 min" and 0.007 min™ for MO and
phenol, respectively using a catalyst loading of 0.5 g L. Photocatalytic inactivation of 50
mL of a 10° CFU mL" bacterial suspension induced a 3-log loss of culturability in 60
minutes with a catalyst loading of 5 g L”'. The mechanism of photocatalytic action for
Ag/AgBr-AC composites was discussed with respect to the adsorption, localized surface
plasmon resonance, and conventional semiconductor photocatalysis processes that took place

under visible light.

Keywords: visible light photocatalysis, Ag/AgBr, silver halides, plasmon photocatalyst
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7.1 Introduction

Photocatalytic processes involve the creation of electron-hole pairs upon irradiation of a
photocatalyst and the subsequent interaction of these charge carriers with oxygen and water
to create highly reactive species such as hydroxyl radicals, hydrogen peroxide, and
superoxide, which mediate reduction and oxidation reactions causing the degradation of
many organic pollutants. The reactive oxygen species produced can also interfere with
normal biological processes, and photocatalysis has as such been proposed as a chlorine-free
alternative disinfection method [1, 2]. Photocatalysis is advantageous for environmental
remediation because it can be driven by solar irradiation, which is a free and abundant
renewable resource, however, a major limitation associated to this lies in the low solar
efficiencies and high rates of electron-hole recombination caused by use of the traditional
TiO, photocatalyst, whose band gap falls within the UV range, which is not abundant in
sunlight.

Research into visible light active photocatalysts has been ongoing in order to improve the
solar response and reduce charge carrier recombination in photocatalytic materials through
various approaches. In particular, surface plasmon resonance (SPR) enhanced photocatalysts
based on silver/silver halides (Ag/AgX; X = Cl, Br, I) have been proposed as highly efficient
and stable photocatalytic materials under visible light [3-5]. In these photocatalysts, the
visible light activity is attributed to SPR of the metallic nanosilver, while efficient charge
separation occurs due to interaction of the host silver halide with induced charges in the
nanosilver. In addition, efforts towards improving mass transfer processes in photocatalysis
have been made through the use of composite materials such as TiO,-AC [6-8], which
exhibit enhanced synergistic activity due to the continuous transfer of adsorbed pollutants to
the supported photocatalytic active sites and the retention of intermediates on the adsorbent
facilitating complete pollutant mineralization by promoting chain reactions. In our previous
work, we explored these strategies for improving photocatalytic efficiencies by synthesizing
and investigating a surface plasmon resonance enhanced composite adsorbent photocatalyst
Ag/AgCl-AC [9], and studying its synergistic adsorption-photocatalysis behaviour for model

organic pollutants (methyl orange (MO) dye, phenol) as well as its inactivation capabilities
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against a model microorganism Escherichia coli K-12 (E. coli) [10].

Due to the smaller band gap energy of AgBr compared to AgCl (Epg, indirect 0f 2.6 €V and 3.25
eV, respectively [11]), the former may act by both SPR-enhanced and conventional
semiconductor photocatalytic processes under visible light irradiation, since it can be excited
by longer wavelength light in the visible range. Based on this dual excitation mechanism
upon irradiation, the behaviour of Ag/AgBr differs significantly from that of Ag/AgCl-based
materials [12]. In this study, we propose a novel Ag/AgBr-AC composite, which can act
through both an SPR-mediated mechanism and by conventional semiconductor
photocatalysis under visible light due to the narrow band gap of AgBr. The structure and
properties of the prepared photocatalyst are explored, and activity for organics degradation

and bacterial inactivation via photocatalysis are investigated.

7.2 Experimental

7.2.1 Materials

All materials were obtained from Fisher Scientific, unless otherwise mentioned, and were of

reagent-grade or higher purity.

7.2.2 Synthesis of Ag/AgBr-AC composite

Ag/AgBr-AC composite was prepared using an impregnation-precipitation-photoreduction
method. Briefly, unmodified AC (Darco G60, 100 mesh, Sigma-Aldrich) was loaded with a
certain amount of AgNO; (ACS grade, MP Biomedicals), and precipitated with
stoichiometric aqueous KBr, followed by photoreduction by an unfiltered 300 W tungsten
halide bulb for one hour, and subsequent filtration and drying. The catalyst was prepared at a
weight ratio of 2.5:1 (Ag: AC), which was calculated assuming that all of the AgBr was
reduced to Ag, for simplicity. Reference AgBr and Ag/AgBr were prepared using the same

procedures but eliminating the irradiation and impregnation steps, respectively.

7.2.3 Characterization
X-ray diffraction (XRD) patterns of prepared samples were collected by a Rigaku Ultima IV
XRD apparatus with a CuK(a) source (A = 0.15418 nm) operating at 40 kV and 44 mA.

Sample morphology was probed using a Tescan Vegall XMU field emission scanning
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electron microscope (SEM), with Au/Pd alloy coated samples (coated with an Anatech
Hummer VII sputter coater). The surface areas, total pore volumes, and microporosity data
were obtained from N, sorption isotherms collected at 77 K, using automatic adsorption
apparatus and measurement systems (ASAP 2020, Micromeritics and Nova 4200E,
Quantachrome). Brunauer, Emmett, and Teller (BET) surface areas were calculated from the
collected sorption isotherms, total pore volumes were estimated using the volume of
adsorbed N, at P/Po = 0.977, and the #-plot method was used to calculate micropore volume
and external surface area. The Barrett-Joyner-Halenda method was used for the adsorption
branch to calculate pore size data. Ultraviolet-visible (UV-Vis) diffuse reflectance spectra
were collected on a Thermo Evolution 300 spectrophotometer (ThermoScientific) equipped

with a Praying Mantis diffuse reflectance accessory over the range of 230 — 900 nm.

7.2.4 Photocatalytic degradation
7.2.4.1 Photoreactor

Photocatalytic degradation was studied using a slurry reactor in a constructed reflective
housing. [llumination was provided by a 300 W ELH tungsten halide bulb (Ushio) with a UV
filter (Kenko Zeta, A > 410 nm, transmittance > 90%) at a distance of 10 cm from the beaker.
The irradiation intensity was measured by a quantum meter (Biospherical QSL-2100; 400
nm < A < 700 nm), and was found to be approximately 4.7x10 Einstein m™ s”'. Cooling was
provided by an external cooling jacket, and temperature of the reaction was controlled to

20°C £ 2.

7.2.4.2 Photodegradation of methyl orange (MO)

Preliminary screening tests were performed to evaluate the adsorptive and photocatalytic
behaviours of the prepared materials. Adsorption-only tests were conducted by allowing 200
mL of MO solution to equilibriate in the dark with 0.5 g L' composite in slurry under
constant magnetic stirring at 180 rpm for 2 hours, at a constant temperature of 20 °C + 2, at
the free solution pH. Combined adsorption-photocatalysis tests were performed using the
same procedure in the presence of visible light irradiation. The initial MO concentration used
for all tests was 25 mg L. To monitor the pollutant concentration with time, samples were

removed periodically and were centrifuged to remove suspended catalyst. Optical absorbance
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of the supernatant was analyzed using a Genesys 10UV spectrophotometer
(ThermoScientific) at a peak wavelength of A = 463 nm for MO and was used to calculate
concentration by the Beer-Lambert Law and a prepared calibration curve. UV-Vis full-
spectrum wave scan data was also collected using a Biochrom Ultrospec 60 UV/Vis
spectrophometer. The removal efficiency from these screening tests was calculated according

to the following formula:
Removal Efficiency (%) = (C,-C))/Cox 100 (7.1)

Where C, denotes the initial pollutant concentration (mg L), and C, is the concentration at
time # (mg L). Prolonged photocatalysis tests were performed using the same conditions,
but allowing 200 mL of 25 g L' MO solution to equilibriate in the dark with 0.5 g L™
catalyst under constant magnetic stirring at 180 rpm for 2 hours prior to each experiment,
followed by irradiating the system for 2.5 hours. The pollutant removal from solution was

given by the following expression (in mg pollutant per g photocatalyst):
q: =V(C,-C)/W (7.2)

where V' is the volume of pollutant solution (L), and W is the mass of photocatalyst used (g).
Recyclability tests were performed by centrifuging the reaction medium at 3500 rpm for 3
minutes in a Hermle Z400K centrifuge (Hermle Labortechnik GmbH), removing the
supernatant, and redispersing the catalyst in 25 mg L™ fresh MO solution before each re-use.
The error associated to the experiments was estimated as the standard deviation between

three independent runs.

7.2.4.3 Photodegradation of phenol

The adsorption and photodegradation of phenol was also studied in the slurry photosystem
described using the same methodology as in the prolonged photocatalysis tests for MO (200
mL solution, composite loading of 0.5 g L™, magnetic stir speed of 180 rpm, free pH).
However, for phenol, the initial concentration was 13 mg L, and a peak wavelength of A =
270 nm was used for spectrophotometric analysis. In addition, irradiation was provided for 3

hours after the initial 2 hour dark adsorption period.
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7.2.5 Photocatalytic disinfection

7.2.5.1 Bacterial strain

Bacterial inactivation studies were performed using non-pathogenic, wild-type E. coli K-12
(TG1 strain), which was obtained from Dr. Christopher Q. Lan from the Department of
Chemical and Biological Engineering at the University of Ottawa and was maintained as a

laboratory strain.

7.2.5.2 Cell culture and enumeration

Bacterial inactivation trials were performed in triplicate, and all materials were sterilized for
20 minutes at 121°C prior to use. Inactivation was quantified by loss of bacterial culturability
in the disinfection studies performed. Cell cultures were prepared by growing E. coli K-12
aerobically in Luria-Bertani medium (Difco LB broth, Miller; containing 10 g L™ tryptone, 5
g L yeast extract, and 10 g L' NaCl) on a rotary shaker maintained at 37 °C for 14 hours
until the stationary phase was reached. The initial concentration from the overnight culture
was quantified by plating 25 pL aliquots of serially diluted culture onto solid LB agar plates.
Spread plates were prepared in triplicate for each dilution, and were incubated at 37°C for 18
hours. Bacterial enumeration was performed using standard plate count methods for viable
and cultivable bacteria, and counts obtained were used to calculate the cell concentration in

colony forming units (CFU) mL™,

7.2.5.3 Temporal course of inactivation

Temporal course of inactivation was studied using 50 mL of saline (0.9 wt% NaCl) solution
spiked with bacteria at an initial concentration of ~10° CFU mL" in a 100 mL Pyrex beaker.
The bacterial suspension used to prepare the spiked solution was obtained by centrifuging 1
mL of bacterial culture at 14 800 rpm for 5 minutes and resuspending the pellet in saline. The
centrifugation and washing procedure was repeated three times to remove the growth media.
The prepared composite was then added to the bacterial suspension at a loading of 5 g L™,
and the mixture was magnetically stirred at 160 rpm under visible light irradiation, which
was provided by a filtered 300 W Ushio ELH lamp. The temperature during inactivation was
maintained at 20°C + 2 using a cooling jacket, and samples were collected periodically. The

collected samples were serially diluted in saline and spread onto solid LB agar plates using

192



aliquot volumes ranging from 25 — 100 pL. The plates were incubated for 18 hours and
bacteria enumerated using a standard plate count method, where counts in the range of 30 —
300 were considered statistically significant. Controls in the absence of photocatalyst and

light were performed, respectively.

7.3 Results and discussion
7.3.1 Catalyst characterization

7.3.1.1 X-ray diffraction

Phase structure and crystallinity of the prepared Ag/AgBr-AC composite were investigated
by XRD, and the results are given in Figure 7.1, with the patterns for pure Ag/AgBr and AC
shown for reference. The unmodified AC host material possessed a mainly amorphous
structure, although (002) and (004) hexagonal graphitic peaks were observed, attributed to
small regions of crystallinity in the commercially-obtained adsorbent [13]. The pure
Ag/AgBr prepared was well-indexed to cubic bromargyrite according to JCPDS card #06-
0438, with characteristic peaks at 20 (Bragg angle) values of 26.7°, 31.0°, 44.3°, 52.5°,
55.0°, and 64.5° corresponding to the (111), (200), (220), (311), (222), and (400) faces,
respectively. Upon introduction of Ag/AgBr, the pattern of the resulting AC composite
closely resembled that of the as-prepared Ag/AgBr. Major diffraction peaks for (111) and
(200) planes of silver at 38.1° and 44.3°, respectively, were not prominent in any of the
patterns, and this was thought to be due to the low content, small particle sizes, and high
dispersion of photo-reduced silver in the silver halide composite system, as was previously

reported for Ag-Agl/Al,Os [5].
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Figure 7.1: XRD patterns for prepared Ag/AgBr-AC composite, pure Ag/AgBr, and
unmodified AC, respectively

7.3.1.2 Scanning electron microscopy
To study the structure and morphology of the prepared Ag/AgBr-AC composite, SEM

imaging was performed, and the results are shown in Figure 7.2. Similar to the previously
reported Ag/AgCI-AC [9], the prepared Ag/AgBr-AC possessed an “egg-shell” composite
structure, where photocatalyst mainly occupied the outer surfaces and pore mouths of the
host activated carbon, as was also observed for TiO,-AC composites [14]. The Ag/AgBr-AC
composites prepared resulted in a high surface coverage of the adsorbent host material by the
photocatalyst, which was thought to affect their overall surface areas and sorption capacities
due to AC pore-blockage. Ag/AgBr formed heterogeneous agglomerates on the adsorbent

surface, with particle sizes in the range of approximately 250—-830 nm.

194



[

- 2UDHMH ”
Figure 7.2: SEM images of Ag/AgBr-AC composite

7.3.1.3 N2 sorption isotherms

Structure and porosity characteristics of the Ag/AgBr-AC composite were studied, and the
N, sorption isotherm obtained is shown in Figure 7.3, with that of unmodified AC shown for
comparison. Both of the isotherms were classified as Type IV according to the TUPAC
standards [15], with H4 desorption hysteresis due to the presence of mesopores [16].
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Figure 7.3: N, sorption isotherms for AC and Ag/AgBr-AC, respectively

Structural and textural characteristics of the synthesized materials were calculated from the
obtained isotherms, and are summarized in Table 7.1. Upon introduction of photocatalyst
into the AC matrix, the BET surface area, total pore volume, external surface area, as well as
micropore volume and surface area all decreased significantly. The increase in average pore
diameter in the composite was thought to be due to the creation of mesopores and
macropores in channels between the deposited Ag/AgBr clusters on the surface of AC. The
significant decrease in micropore volume in the composite was attributed to the effects of
pore-blocking of mesopores by deposited Ag/AgBr, since these mesopores provided the main

thoroughfares to microporous regions in the host adsorbent [14].

Table 7.1: Structural and textural characteristics of AC and Ag/AgBr-AC calculated from N,
sorption isotherms

Material Property
BET Total pore Micropore  Micropore External Average
surface  volume volume surface area  surface pore
area (em’g")  (cm’gh) (cm® g™) area diameter,
(m*g") (cm® g™) BJH ads.

(nm)
AC 811 0.609 0.269 510 201 3.624
Ag/AgBr-AC 72.7 0.076 0.0087 19.6 53.1 6.428
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7.3.1.4 UV-Vis diffuse reflectance spectroscopy

UV-Vis diffuse reflectance spectroscopy was performed to study the optical absorption
behaviour of the prepared Ag/AgBr-AC composite, and the results are shown in Figure 7.4.
Unreduced pure AgBr was found to possess an absorption edge at approximately 477 nm,
corresponding to its band gap absorption (Epg, indirect = 2.6 €V [11]). This absorption edge
was also observed for the partially photoreduced Ag/AgBr and Ag/AgBr-AC composite,
indicating that the prepared materials possessed absorption in the visible light region due to
band gap absorption. The same was not true for AgCl-based photocatalysts, since the
absorption edge for AgCl was in the UV range (~385 nm, Ey, indirect = 3.25 €V [11]). Upon
partial reduction of pure AgBr, enhanced visible light absorption was observed, and a broad
absorption band from 480 — 730 nm appeared, which was not present in the unreduced
sample. This absorption was attributed to surface plasmon resonance of metallic silver
nanoparticles produced from AgBr upon irradiation, where the peak broadness was thought
to be due to a variation in the shape and diameters of metallic silver clusters [3]. The
prepared Ag/AgBr-AC composite retained both semiconductor and surface plasmon
resonance enhanced visible light absorption characteristics exhibited by the incorporated
Ag/AgBr, and was therefore appropriate for further investigation as a visible light active

photocatalyst.
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Figure 7.4: UV-Vis absorption spectra for unreduced AgBr, Ag/AgBr, and Ag/AgBr-
AC composite, respectively
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7.3.2 Photocatalytic degradation of organic compounds

7.3.2.1 Methyl orange adsorption and photodegradation

Preliminary screening tests were performed to evaluate the MO removal behaviour exhibited
by the prepared Ag/AgBr-AC composites by adsorption and combined adsorption-
photocatalysis processes, respectively, against a model organic dye (MO). The results from
these studies are shown in Figure 7.5. In the rapid screening tests, MO adsorption behaviour
in the dark was compared to the combined adsorption-photocatalysis process in the presence

of visible light irradiation [17, 18].

100% -
" A A A 6 Q ﬁ g g
A ¢
A ¢
80% - ¢
;\5\ ¢
by ¢
0
T so% * Y
Q h -
| R P
© ; }
3
E 40% - }
Q
o *Ag/AgBr- AC
A Ag/AgBr
20% OPhotolysis
6 -
0% o002 @ 0 J O g o g g 2 |

0] 20 40 60 80 100 120
Time (min)

Figure 7.5: Comparison of adsorptive and combined adsorptive-photocatalytic MO removal
for Ag/AgBr-AC and Ag/AgBr, where black and grey markers represent adsorption and
combined adsorption-photocatalysis, respectively. (Co, =25 mg L™, loading=0.5 g L") —
average of three trials, representative error bars shown

The photolysis of MO was found to be negligible, since its concentration did not change
significantly under irradiation due to visible light absorption by the dye. It should also be
noted that unmodified AC, used at a loading of 0.5 g L', could remove all MO in under 10
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minutes, and was not shown in Figure 7.5. The pure Ag/AgBr exhibited negligible adsorptive
capabilities at a nominal loading of 0.5 g L', removing under 0.4% of MO by adsorption
alone. However, upon irradiation, the removal by Ag/AgBr significantly increased due to
visible light induced photocatalytic action on the dye, and the MO removal efficiency
observed after 2 hours was approximately 93.3%. In contrast to pure Ag/AgBr, the prepared
Ag/AgBr-AC composite was able to adsorb MO in the dark, and removed up to 59.3% in the
adsorption-only process. Upon irradiation, the composite activity for MO removal also
increased markedly, achieving a 95.4% removal efficiency after 2 hours. The enhancement
observed was thought to be due to the effect of the incorporated photocatalyst to generate
radical species, which could degrade the dye through a dynamic adsorption-photocatalysis
mechanism. Although the final removal efficiency obtained with the Ag/AgBr-AC composite
was comparable to that of pure Ag/AgBr, the two materials exhibited different temporal
removal behaviours, as seen in Figure 7.5. To further investigate the MO removal processes
mediated by Ag/AgBr and Ag/AgBr-AC composite photocatalysts, full spectrum UV-Vis

data for the MO dye was collected and the results are shown in Figure 7.6.
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Figure 7.6: UV-Vis solution spectra during combined adsorptive-photocatalytic MO removal
processes mediated by Ag/AgBr-AC composite and Ag/AgBr, respectively. Inset: UV-Vis
solution spectra for MO removal by adsorption only using Ag/AgBr-AC. (Co =25 mg L™,

loading=0.5¢g LY
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The major peak observed at 463 nm in the initial solution spectra (at t = 0) was attributed to
light absorption by azo bonds in the extended aromatic ring structure of MO, and the smaller
peak around 265 nm occurred due to absorption by benzene-like structures, which absorbed
in the 200 — 270 nm range [19]. For the adsorption-only removal by Ag/AgBr-AC (shown
inset), these peaks decreased monotonously with treatment time, indicating that dark
adsorption did not significantly affect MO structure, since the optical absorption
characteristics of the initial solution were preserved. The combined adsorption-
photocatalysis process also exhibited similar decreases in spectral intensities, although with
increased treatment time, the spectral height of the azo peak became lower than the intensity
of the peak attributable to benzene-like structures. In contrast, for adsorption-
photodegradation mediated by pure Ag/AgBr, the spectral height for the mono-substituted
aromatics initially increased, and then gradually decreased upon increased treatment time.
These trends were thought to be due to the initial photodegradation of polyaromatic rings of
MO by radical attack on the azo bond to create mono-substituted aromatics causing dramatic
reduction in the spectral height at the extended MO peak wavelength. The reaction
intermediates formed could then undergo aromatic fragment degradation upon prolonged
photocatalytic treatment, causing decay in the mono-aromatic peak intensities. The
intensities of peaks observed for the Ag/AgBr and Ag/AgBr-AC materials in the combined
adsorption-photocatalysis processes, respectively, suggested that the aromatic organic load in
solution at the end of treatment time for removal via the Ag/AgBr-AC composite was lower
than that observed for unsupported Ag/AgBr, as evidenced by the lower spectral intensities
of reaction intermediate peaks. This reduced aromatic organic load may have been due to the
effects of adsorption in the AC composite, transferring the reaction intermediates from the
solution phase (where UV-Vis spectra were quantified) to the adsorbent solid. However, it
should be noted that the AC adsorbent support was suggested in literature to play a role in the
photocatalytic mechanism, where adsorbent-supported photocatalysts caused the formation
of different photoreaction intermediates than the unsupported photocatalyst alone, such as for
phenol photodegradation by TiO,-AC [20]. The synergistic effect of the adsorbent support on
the observed photocatalytic activity has been attributed to its ability to transfer adsorbed

pollutants to the supported photocatalytic active sites due to mass transfer gradients [21], and
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to adsorptive intermediate retention facilitating photocatalytic chain reactions leading to
more complete mineralization [22, 23]. These observations regarding the role of activated
carbon on photocatalytic mechanisms agree with the preliminary screening results obtained

in this study.

To further characterize the removal processes, prolonged runs were performed by
investigating adsorption and subsequent photocatalytic degradation, and the results are
shown in Figure 7.7 as MO removed from solution per weight of catalyst used. The
prolonged adsorption-photocatalysis test consisted of a 2 hour dark adsorption period
followed by visible light irradiation of the reaction system for 2.5 hours. The Ag/AgBr-AC
composite achieved a pseudo-equilibrium after 2 hours of dye adsorption in the dark, and
upon irradiation, exhibited a sharp change in the removal behaviour due to photoexcitation
of the catalyst and subsequent action of the photo-produced radicals, initiating the dynamic

adsorption-photocatalytic degradation process.
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Figure 7.7: Adsorption and subsequent photocatalysis using Ag/AgBr-AC composites.
(Co=25mg L', loading=0.5¢g LY

The prepared Ag/AgBr-AC composites were able to remove approximately 29.8 mg MO/g

composite via adsorption in the dark. SEM observation of the catalysts revealed that much of
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the adsorbent surface was covered by silver halide structures, and this was thought to have a
negative influence on its sorption capacity for MO, especially due to pore blockage of
interior adsorption sites in the sorbent by the photocatalyst. The increased removal upon
irradiation was attributed to photoexcitation of the Ag/AgBr catalyst and production of
radical species such as hydroxyl and superoxide radicals, which could interact with MO to

cause its degradation.

Concentration data for photocatalytic MO removal was normalized by the initial
concentration at the start of irradiation, which was taken as the adsorption pseudo-
equilibrium concentration, and presented as fraction degraded (C/C,) as function of
irradiation time in Figure 7.8. The photocatalytic process was described according to

Langmuir-Hinshelwood kinetics, given by the following equation:
-dC/dt = Kk.C/(1+KC) (7.3a)

Where K is the Langmuir Hinshelwood adsorption coefficient (L mg'l), and k; is the reaction
rate constant (mg L™ min™). This kinetic expression is easily simplified into a pseudo-first
order equation when the initial concentration used is sufficiently small (< 10~ mol L™ [24]).
In this case, C,< 7.7x10” mol L, so the first-order approximation was valid. The integrated

rate equation is given by:
In(C,/C) =kt (7.3b)

Where k’ denotes a pseudo-first order rate constant (min"). The rate constants were
calculated using this method for the initial linear portion of the reaction, and the fitted and

experimental data for the Ag/AgBr-AC composites are shown in the inset of Figure 7.8.
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Figure 7.8: MO photodegradation by Ag/AgBr-AC composites. Photocatalytic
degradation kinetics shown inset. (loading = 0.5 g L")

The fitted data yielded a pseudo-first order rate constant of 0.0491 min™ (R* = 0.988), and
the silver bromide-containing composite possessed a photocatalytic rate more than three
times greater than that reported for a similar Ag/AgCl-AC material [9]. This was thought to
be partially attributable to improved visible light activity of the Ag/AgBr photocatalytic
component over that of Ag/AgCl in the composites prepared. Unlike Ag/AgCl, whose visible
light activity was only due to surface plasmon resonance of the incorporated nanosilver,
Ag/AgBr was able to generate electron-hole pairs due to visible light induced excitation of
the host silver halide itself, since its optical band gap fell within the visible light range. This
mechanism was thought to contribute to visible light induced photoactivity in addition to
surface plasmon resonance enhancement from metallic silver, as discussed in subsequent
sections. Therefore, the combined visible light activity of AgBr and metallic Ag components

were thought to contribute to the increased photocatalytic efficiency observed.
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7.3.2.2 Recyclability and stability

The recyclability and stability of the prepared Ag/AgBr-AC composite were investigated by
conducting four consecutive adsorption-photocatalysis cycles, recovering the catalyst
between runs by centrifugation and decanting, and replacing the reaction fluid with fresh 25
g L' MO solution. The adsorption and photodegradation performance in these sequential
runs is given in Figure 7.9 as mg L (ppm) MO removed during each cycle by adsorption

and photocatalysis, respectively.

The adsorptive MO removal decreased with increasing cycle number, and this was thought to
be due to exhaustion of sorption capacity in the composite. Despite this, the incorporated
photocatalyst was thought to play a role in partially regenerating some of the adsorptive sites
on the AC surface by degrading adsorbed MO and intermediates during the photocatalysis
cycles, since the additive MO sorption in the first two runs (~36.4 mg MO g composite™)
was greater than the average total MO sorption capacity observed for the composite (~29.8
mg MO g composite”, as seen in Figure 7.7). However, beyond the second cycle, the
adsorptive capabilities of the composite were exhausted, which was also thought to
contribute to the decreased photoactivity observed with increasing cycle number, since the
adsorption and accumulation rate of MO was greater than its degradation rate, saturating the
surface and resulting in decreased photonic efficiency [25]. The photodegradation of MO
observed in the second to fourth uses of the composite were 92.3%, 78.9%, and 65.9% of the
total MO degraded in the first run, respectively. The formation of reaction intermediates was
also thought to contribute to the decrease in photocatalytic activity observed, since their
adsorption and accumulation on the composite could increase the total organic load in the

system with increasing cycle number [26, 27].
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Figure 7.9: Adsorption and photodegradation performance of Ag/AgBr-AC composite
over four consecutive cycles. (Co =25 mg L, loading=0.5 g L™)

To evaluate stability of the prepared composite in repeated uses, the spent material was
characterized by XRD, and the pattern obtained is shown in Figure 7.10, with that of the

fresh composite, and of the composite used once shown for comparison.
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Figure 7.10: XRD patterns for fresh Ag/AgBr-AC and recycled composite after one and
four consecutive adsorption-photocatalysis cycles, respectively

The patterns for the recycled materials exhibited similar crystallographic characteristics as
the pattern for the fresh composite, in that peaks attributable to bromaragyite were observed
in accordance with JCPDS card #06-0438. However, a significant increase in the major (111)
peak of metallic silver at 38.1° was observed with increasing cycle number, as well as
increases in the heights of the (200) and (311) faces at 44.3° and 64.4°, respectively (JCPDS
card #01-087-0597). This indicated that metallic silver was present in increasing amounts as
the catalyst was used in repeated cycles, which was thought to be largely influenced by
reduction of AgBr in the photosystem under irradiation. This effect was also observed in
literature for other AgBr- based photocatalysts such as AgBr/Ag polyhedrons [28] and AgBr-
graphene photocatalysts under visible light [29], and AgBr/ZnO photocatalysts under UV
[30]. Metallic silver clusters present in the recycled catalyst used four times were thought to
be formed during prolonged photoirradiation used in the cycling experiments, and were

observed by SEM, as shown in Figure 7.11. The morphology of the Ag/AgBr component in
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the recycled AC composite varied from the initial morphology observed, and small clusters
on the order of ~100 nm attributable to metallic Ag appeared on the surface of AgBr

particles.

Figure 7.11: SEM images of recycled Ag/AgBr-AC composite after four consecutive
adsorption-photocatalysis cycles

This metallic nanosilver was thought to contribute to the surface plasmon resonance
enhancement in the recycled composite, and UV-Vis diffuse reflectance spectroscopy was

performed to investigate its light absorption behaviour.
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Figure 7.12: UV-Vis spectra for fresh Ag/AgBr-AC and recycled composite after four
consecutive adsorption-photocatalysis cycles
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As seen from the results in Figure 7.12, the recycled composite exhibited a much stronger
SPR band in the visible light region than the fresh material, due to the larger quantity of
silver nanoparticles formed on the AgBr surfaces during cycling experiments. This increased
visible light absorption was thought to enhance photoactivity observed in subsequent cycles
to some extent. It should be noted metallic silver exhibiting SPR in silver/silver halide
photocatalysts has been reported to act in concert with the host silver halide to help stabilize
photo-induced charges and prevent their recombination, and also helps prevent the generated
electrons from being transferred to Ag’™ in AgX [31]. As such, the formed metallic nanosilver
may help improve the stability of Ag/AgX-type photocatalysts in subsequent cycles. For
example, Wang et al. noted that a large amount of Ag was generated on the surface of
prepared AgBr/Ag after one photocatalytic cycle, but that the composition did not vary
significantly after the fifth cycle [28], and the stability observed in subsequent cycles was

attributed to the electron-hole separation induced in the composite material.

7.3.2.3 Phenol photodegradation

The photodegradation of a colorless organic target pollutant, phenol, was investigated using
the prepared Ag/AgBr-AC composite to study the degradation activity in the absence of any
photosensitization mechanisms due to visible light absorption from the organic dye [32]. The
adsorption and subsequent photocatalysis of phenol is shown in Figure 7.13, with the
degradation kinetics given inset. The photolysis of phenol was previously confirmed to be
negligible in this system, and the composite was able to convert approximately 7.6 mg
phenol per gram of composite in three hours of irradiation, with a pseudo-first order rate
constant of 0.007 min™, indicating that Ag/AgBr-AC possessed activity for organics

degradation in the absence of dye-sensitization.
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Figure 7.13: Adsorption and subsequent photocatalysis using Ag/AgBr-AC in phenol.
Photocatalytic degradation kinetics shown inset. (Co = 13 mg L, loading=0.5¢g LY

7.3.3 Photocatalytic disinfection of E. coli K-12

The photocatalytic inactivation Gram-negative E. coli K-12 was investigated, since it is a
common indicator for faecal contamination [33]. The temporal course of inactivation was
studied using standard plate count methods for quantification of loss of culturability, and the
results are shown in Figure 7.14 for the Ag/AgBr-AC composite in dark and light conditions,
respectively. The inactivation curve obtained for a photolysis control in the absence of

catalyst is also shown for comparison.
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Figure 7.14: Inactivation curves for photolysis and Ag/AgBr-AC composite in dark and
light conditions, respectively. (N, = 10° CFU mL™, composite loading=5 g L, pH = 5.5)

Loss of culturability due to photolytic cell death was found to be negligible in this system,
with a final survival ratio (Nt/No at t = 60) of 0.77 £ 0.22. In comparison, the final survival
ratios associated to Ag/AgBr-AC in the dark and Ag/AgBr-AC under irradiation were 0.49 +
0.15, and 0.0015 £ 0.00027, respectively. The loss of culturability in the dark inactivation
trial was representative of both bacterial adhesion onto the composite and the bactericidal
effects of Ag/AgBr-AC. However, the Ag/AgBr-AC used in the absence of light was not able
to induce a significant reduction in the bacterial population, which suggested that the
bacterial adhesion onto the composite was not significant, and that silver ion elution from the
material in the dark did not occur at high enough concentrations to cause a significant
antibacterial effect. The latter observation differed from the results for the previously studied
Ag/AgCl-AC composites [10], which exhibited some bactericidal activity in the absence of

irradiation, attributed to elution of silver ions from the composite material in the dark. These
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silver ions were thought to be present as Ag” and dissolved silver complexes, which were
reported to have a high affinity to bind to thiol groups in cysteine residues from respiratory
and transport proteins [34, 35], and were toxic to E. coli at sub-micromolar concentrations
[36]. The absence of biocidal effect due to eluted silver for Ag/AgBr-AC in this system was
attributed to the lower solubility of AgBr than AgCl to form dissolved silver complexes, and
the suspected smaller quantity of oxidizable metallic silver on the surface of prepared
Ag/AgBr-AC, since Ag clusters were not easily observed by SEM for the fresh composite. It
should also be noted that, although AC itself can induce some bacterial adhesion due to
interactions between its positive surface charge at the pH used in these studies (~5.5) and the
negatively charge bacterial cell wall, surface coverage by negatively charged Ag/AgBr
photocatalyst was thought to impart a more negative overall charge to the Ag/AgBr-AC
composite, introducing Coulombic repulsions with the Gram-negative bacteria and

preventing significant bacterial adhesion.

In contrast, Ag/AgBr-AC under irradiation was able to induce a significant bacterial
inactivation, causing up to 3-log reduction in 60 minutes. This was thought to be due to the
formation of oxidative radicals and species such as ‘OH, ‘O;", and H,O, by the interaction of
photogenerated electrons and holes from the photocatalyst with dissolved oxygen and water.
These reactive species could cause peroxidation of functional groups in the cell wall bilayers
of E. coli, leading to eventual lysis through efflux of intracellular components, as previously
described in literature [37, 38]. The temporal course of inactivation in the irradiated system
exhibited a delay during the initial twenty minutes of reaction, and a similar result was
reported for visible light photocatalytic destruction of E. coli by Ag/AgBr/TiO, [39]. The
authors further investigated the observed lag by quantifying eluted potassium ion
concentration as an indicator of cell membrane permeability, and found that K" leakage
occurred immediately upon irradiation and continued upon prolonged treatment. During the
lag period, the leakage was due to disordering of the outer membrane by lipidperoxidation,
although this did not cause bacterial inactivation, since mechanisms to repair cell wall
damage may have also played a role during this initial stage [40]. This presence of this

“shoulder” region has been discussed with respect to photocatalytic inactivation kinetics as a
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single-hit multiple-target or series event phenomenon, where cell damage occurs

cumulatively rather than as an instantaneously lethal event [41].

7.3.4 Mechanism of photocatalytic action

For degradation of organic compounds via photocatalysis, the Ag/AgBr-AC composites were
thought to act through a dynamic adsorption-photocatalysis process under visible light,
where the role of the activated carbon was to concentrate the pollutant around active sites in
the catalyst, and the Ag/AgBr acted through combined surface plasmon resonance and
semiconductor photocatalysis mechanisms to promote the formation of reactive species such
as Br°, superoxide anion, hydroxyl radical, and oxidative holes. The process is shown
schematically for the degradation of organic pollutants (MO, phenol) in Figure 7.15. The
adsorbed pollutant could migrate to the suspended Ag/AgBr photocatalytic sites via
concentration gradients present in the material [42], and the adsorptive composite was
thought to promote retention and further reaction of degradation intermediates, reducing the

effects of mass transfer limitations on the photocatalytic process.
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Figure 7.15: Mechanisms of Ag/AgBr-AC photocatalysis on the degradation of an
organic pollutant (adapted from [12, 43])
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As recently discussed by Jiang et al. [12], the enhanced activity observed using Ag/AgBr
photocatalysts may be due to enrichment of surface plasmon resonance excited electrons on
the surface of the silver nanoparticles, and their subsequent injection to the conduction band
of AgBr due to the formation of a Schottky barrier at the interface of the metal and
semiconductor, and the lower work function of Ag than AgBr (Pag = 4.25 eV, @pepr = 5.3
eV) [44]. In addition, AgBr conventional semiconductor photocatalysis also occurred based
on the low energy band gap of AgBr, which could be excited by visible light to liberate
electrons from its valence band, leaving behind positively charged holes. The electrons and
holes produced in the process could then interact with dissolved oxygen and water to
produce reactive species necessary for photodegradation. The holes could also induce the
formation of Br® from Br’, which could oxidize the adsorbed pollutants to regenerate Br'. The
junction between Ag and AgBr promoted charge separation in the Ag/AgBr photocatalyst,
and a synergistic effect of SPR and semiconductor photocatalysis may have also occurred
due to the SPR-induced local electric field causing an increased generation of electron-hole
pairs in the semiconductor [12]. It should be noted that an alternative mechanism for
Ag/AgBr photoactivity proposed in literature discussed the polarization of surface plasmon
resonance induced charges relative to the Ag/AgBr interface, where electrons accumulated in
the metallic silver, and emphasized the importance of electron affinity of the incorporated
halide atoms and the formation of oxidizing monovalent halides as the limiting step in the
Ag/AgX photoinduced processes [45]. In the case of photocatalytic inactivation, the
discussed mechanisms for electron-hole formation were thought to be similar, where the
reactive oxygen species formed by photocatalysis could cause lipidperoxidation of the cell

envelope in the bacteria studied.

7.4 Conclusions and recommendations

A novel Ag/AgBr-AC adsorbent photocatalyst composite was synthesized via impregnation-
precipitation-photoreduction, and possessed enhanced visible light absorption due to the
localized surface plasmon resonance of metallic nanosilver, and band gap absorption by
AgBr. The prepared composite could be used for the degradation of model organic pollutants

(methyl orange dye, phenol) under visible light irradiation in a slurry system with a loading
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of 0.5 g L'\ In addition, the Ag/AgBr-AC composite exhibited good activity for the
inactivation of E. coli bacteria, which was thought to be due to the production of photo-
induced radicals and their subsequent action on cells to induce a loss of culturability, where a
3-log reduction was observed in 60 minutes using a 5 g L slurry. The catalyst recyclability
and stability were investigated, and although the composite exhibited photocatalytic activity
in up to 4 cycles, some in situ reduction of AgBr to Ag occurred and was evidenced by post-
use characterization. The effect of this partial reduction on the long-term stability of the
Ag/AgBr-AC composite should be further investigated. In addition, the adsorptive and
photocatalytic activities should be optimized through adjusting the adsorbent to photocatalyst
ratio, and regeneration strategies investigated in order to improve adsorptive site

regeneration during photocatalytic cycles.
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SECTION Ill: CARBON-DOPED TIO,
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[Editorial note: The following chapter consists of the first study performed chronologically.
Methylene blue was used as a model organic pollutant for the quantification of photocatalytic
activity of carbon-doped TiO,, but was later abandoned for the Ag/AgX-AC studies due to
its strong self-sensitization in the visible light region. ]
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Chapter 8:
Degradative and disinfective properties of carbon-doped

anatase-rutile TiO, mixtures under visible light irradiation

Joanne Gamage McEvoy, Wenquan Cui, Zisheng Zhang
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Abstract

In this study, the high temperature annealing of TiC was studied to prepare carbon-doped
TiO, with improved visible light response and photocatalytic activity. The anatase-rutile
carbon-doped TiO, mixtures synthesized were characterized by X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), and ultraviolet-visible light diffuse reflectance
spectrophotometry (UV-Vis). TiC was found to fully react at 400°C, and transformation of
the anatase to rutile phase of TiO, was observed since the latter form was more heat stable.
XPS analysis revealed that carbon in C-TIO, was present as carbonate species. The UV-Vis
spectra of the doped powders were red shifted compared to P25 TiO,, and a band gap
narrowing of 0.2 eV was observed. The photocatalytic activity of C-TiO, was quantified by
the degradation of methylene blue under visible light irradiation. Langmuir-Hinshelwood
kinetics were applied, and a maximum pseudo-first order degradation rate of 0.015 min™ was
observed using the carbon-doped titania annealed at 400°C for 8 hours. Disinfection of
Escherichia coli K-12 was investigated using the catalyst in an immobilized configuration
under visible light, and up to 80% inactivation was achieved in 30 minutes, compared to the
negligible inactivation using P25. A modified Hom disinfection kinetic model was used to

describe the data.

Keywords: photocatalysis, carbon-doped TiO,, methylene blue, Escherichia coli, oxidative

annealing, TiC
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8.1 Introduction

Interest in photocatalytic processes for environmental applications has spurred research in
this area over the past 30 years [1-3]. Photocatalysis has been shown to be effective for the
degradation of a wide range of organic pollutants, and is also capable of inactivating many
microorganisms including various types of bacteria, fungi, viruses, and spores [4, 5].
Titanium dioxide (TiO,) is often used as a photocatalyst because it is inexpensive, widely
available, and nontoxic. However, a problem with the efficiency of TiO,-mediated
photocatalytic processes lies in the high required band gap energy (~3.2 ¢V) for excitation of
this semiconductor, corresponding to short wavelength light in the ultraviolet (UV) range.
Available energy from solar radiation at the surface of the earth consists of mainly longer
wavelengths, with only 3—5% being UV. The ultimate goal of enhancing photonic efficiency
of photocatalytic processes is to facilitate development of large scale solar-driven treatment
processes. Efforts to this end can be grouped into two broad categories, namely: improving
use of incoming UV radiation through reactor design and optimization (for example, using
corrugated reactors [6, 7]), and enabling use of more abundant visible light by modifying
TiO, to lower its band gap energy or by screening other classes of visible light active

photocatalysts [8].

In regards to TiO,-modification, doping techniques for improving visible light photoactivity
involve the addition of metals, non-metals (most commonly, anionic species such as N, C, F,
S), and dye-sensitizers [8, 9]. Carbon-doping of TiO, has been reported to improve its visible
light response and photocatalytic activity, and has been shown to be more effective than
nitrogen-doping [10—15]. Synthesis has been performed via many routes, including simple
mixing of a carbon nanomaterial with TiO, [16], direct oxidation of Ti metal in a burner
flame [10, 17, 18], sol-gel synthesis [19], hydrothermal synthesis [20], and deposition
techniques such as physical vapour deposition (PVD), chemical vapour deposition (CVD),

and electrophoretic deposition [21], among others.

Oxidative annealing of TiC can be used to obtain carbon-doped TiO5, as first reported by Irie

et al. using a two-step oxidation procedure [22]. Choi et al. used a variation of this synthesis
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employing one-step oxidation of TiC in air to fabricate carbon-doped TiO, [23]. Shen et al.
also used a one-step oxidative annealing of TiC in air to create carbon-doped TiO, powders

that could degrade trichloroacetic acid under visible light irradiation [24].

The addition of dopants such as carbon, nitrogen, and sulfur can favour the crystal phase
transformation from anatase to rutile in TiO, [25], while a synergistic effect between the
anatase and rutile forms has been reported to increase the photocatalytic activity of such
mixtures [26, 27]. Some carbon-doped mixed-phase titania powders have been reported in
literature [25], however the emphasis in oxidative annealing methods has been on the
production of a pure anatase carbon-doped powder. Therefore, the purpose of this study is to
investigate the synthesis and characterization of these mixed-phase carbon-doped structures
produced by oxidative annealing of TiC. The photoactivity of the prepared photocatalysts is
quantified by the degradation of methylene blue (MB).

Additionally, few studies on the photocatalytic disinfection of bacteria using carbon-doped
TiO, have been conducted [28-30]. Of these, none report disinfection using carbon-doped
powders prepared from oxidative annealing. Since the synthesis method used for the
preparation of doped TiO, has a strong effect on the final product and its corresponding
photocatalytic activity [21], it is important to quantify disinfective effects of carbon-doped
TiO, from TiC. The photocatalytic inactivation capabilities of these carbon-doped powders

are studied in this work using Escherichia coli K-12 as a model microorganism.

8.2 Materials and methods

8.2.1 Sample preparation

Carbon-doped titanium dioxide (denoted CT###-h, where ### is the annealing temperature
in °C, and h is the number of hours the sample was annealed for) was prepared by the
oxidative annealing of titanium (IV) carbide (Sigma-Aldrich, <4 pum, > 95%). To prepare the
powders, five grams of TiC in a crucible was oxidized in air in a Lindberg Blue M muftle
furnace (ThermoFisher), equipped with a Yokogawa U150 temperature controller for various

annealing temperatures and times. The powders were compared to standard Degussa
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Aeroxide P25 TiO, (Evonik (Degussa), New Jersey; 90:10 wt% anatase: rutile determined by
X-ray diffractometry (XRD)).

8.2.2 Characterization

XRD patterns for all prepared powders were collected using a Rigaku Ultima IV XRD
apparatus with a Cu K(a) source. Differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) were studied on an SDT 2960 simultaneous DSC-TGA
instrument under air flow with a heating rate of 3°C min™'. X-ray photoelectron spectroscopy
(XPS) was performed on a Kratos Analytical Axis Ultra DLD instrument, using
monochromated Al X-rays at 140 W. Ultraviolet-visible (UV-Vis) light diffuse reflection

spectra were recorded on a TU-1901 spectrophotometer.

8.2.3 Photocatalytic activity

8.2.3.1 Methylene blue degradation

To quantify photocatalytic degradation of methylene blue (MB) using the prepared C-TiO,
powders, a slurry reactor was used in a constructed reflective housing to prevent outside light
from entering the system. Illumination was provided by a 300 W ELH tungsten halide bulb
(Ushio) with a UV filter (Kenko Zeta, A > 410 nm, transmittance > 90%) at a distance of 10
cm from the beaker. The irradiation was measured using a quantum meter (Biospherical
QSL-2100; 400 nm < A < 700 nm), and was found to be approximately 4.7x10~ Einstein m™
s The sensor had a nominal sensitivity of 1 volt (or 1x10'" quanta = 1.66x10” Einstein)
with a noise level typically less than 1 millivolt. Cooling was provided by an external
cooling jacket, and the reaction temperature was controlled to 20°C + 4. A 200 mL solution
containing 12 mg L' of reagent-grade methylene blue (Fisher Chemical) was allowed to
equilibriate in the dark with 3 g L™ of catalyst under constant magnetic stirring at 55 rpm for
30 minutes prior to each experiment. Photocatalytic degradation tests were then performed
for 2 hours each, with samples drawn every 10 minutes. The samples were centrifuged at
8000 rpm for 5 minutes in an accuSpin Micro 17 (Fisher Scientific) microcentrifuge to
remove the suspended catalyst, and the peak absorbance (at A = 665 nm for MB) was
measured using a Genysys 10-UV spectrophotometer (ThermoScientific). The absorbance

was then correlated to concentration using the Beer-Lambert Law and a prepared standard
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curve. Full spectrum UV-Vis wavescans of methylene blue samples were collected using a
Biochrom Ultrospec 60 UV/Vis spectrophotomer. Controls were performed in the absence of
light and catalyst, respectively, and all trials were performed in triplicate. The error was

estimated as the standard deviation between triplicate runs.

8.2.3.2 Escherichia coli K-12 disinfection

For disinfection trials, the catalyst was immobilized on a stainless steel substrate.
Sandblasted stainless steel discs (100 mm diameter) were loaded with the catalyst using a
procedure adapted from Zhang et al. [31], where a 180 g L' slurry of catalyst powder
suspended in 25% (v/v) aqueous methanol was used to coat the discs. A thin, opaque catalyst
layer was applied using a paintbrush. The prepared catalyst film was then baked for 5 hours
at 250°C and cooled to room temperature prior to use. Film thickness measurements were

made using a Vernier micrometer (Mitutoyo) and ranged from 3-21 um.

Wild-type Escherichia coli K-12 (TGI strain) were grown aerobically in Luria-Bertani (LB)
medium overnight on a rotary shaker at 37°C, corresponding to the stationary growth phase
as determined by a prepared growth curve. The initial concentration from the overnight
culture was quantified from a serial dilution and plating procedure, followed by bacterial
enumeration using culturable cell counts. Disinfection studies were carried out using 50 mL
of aqueous solution spiked with a predetermined concentration of bacteria in a 600 mL Pyrex
beaker under irradiation using the 300 W light and UV filter. The aqueous E. coli suspension
was prepared by centrifugation and washing of 1 mL of suspended bacterial culture three
times at 8000 rpm and 5 minutes to remove the remaining growth media before inoculation
into sterile distilled deionized water. The initial concentration of the prepared aqueous E.
coli solution was controlled to ~10° CFU mL™. During the disinfection trials, the temperature
was maintained constant at 20°C + 4 using a water bath, and samples were collected
periodically. These samples were then serially diluted and plated on solid LB plates using a
standard spread plate method. The plates were spread in triplicate and incubated at 37°C for
18 hours. Bacterial enumeration was performed using a standard plate count method, where
counts in the range of 30 — 300 colony forming units per plate were considered statistically

significant and were used to calculate cell concentration. For the disinfection studies, all
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materials were sterilized for 20 minutes at 121°C prior to use. The disinfection trials were
performed in triplicate. Estimation of kinetic constants in the disinfection model was

performed using the Solver add-in in Microsoft Excel.

8.3 Results and discussion

8.3.1 Catalyst characterization

TGA-DSC analysis was performed to study the oxidation characteristics of TiC in air, as
shown in Figure 8.1. Under these conditions, TiC began to oxidize at 350°C. The oxidation
took place slowly until 450°C, and then occurred increasingly rapidly, reaching a maximum
at 482°C, where an increased heat flow was observed. To perform a controlled oxidation,

annealing in the slow oxidizing region was desirable. For this study, annealing temperatures

in the range of 350 — 450°C were chosen.
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Figure 8.1: TGA-DSC analysis of TiC (bolded line refers to derivative weight)

XRD patterns for the photocatalysts annealed at different temperatures are shown in Figure
8.2. The crystalline phases of titania that could form during synthesis were anatase, rutile,
and brookite. The anatase form was metastable and could irreversibly transform to the rutile

phase upon heating, since the latter was the only stable phase in the bulk form [32].
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The TiC phase diminished completely at an annealing temperature of 400°C, and the anatase
and rutile phases of TiO, were found to be present in all samples. The effect of annealing
time at 400°C on the powders was also studied, and XRD patterns for these prepared
catalysts are shown in Figure 8.3. All of the powders annealed at 400°C also displayed a
mixed-phase crystal structure, as was observed by Choi et al. [23] and Shen et al. [24] and

for annealing at this temperature.
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Figure 8.2: XRD patterns for prepared photocatalysts and reference materials (P25, TiC)
(white circles refer to characteristic peaks for anatase, dark circles for rutile, and white
triangles for TiC, respectively)
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Figure 8.3: XRD patterns for prepared photocatalysts and reference materials (P25, TiC)
(white circles refer to characteristic peaks for anatase, dark circles for rutile, and white
triangles for TiC, respectively)

In this study, a low-temperature transformation from anatase to rutile was also observed, and
was thought to be attributed to the presence of impurities in the starting material. The TiO,
synthesized may have been more unstable due to existence of carbon in the crystal, which

increased the transformation of the anatase phase into rutile [33].

The reference intensity ratio (RIR) method was used to estimate phase compositions from the
data for samples containing TiC. For pure anatase/rutile mixtures obtained, the Spurr-Myers

correlation was used [34], where the weight percent of anatase was given by:
x4 = (1+1.26*(Ix/Ly))" (8.1)

Where x denotes the weight fraction, / denotes the intensity of the strongest reflection, and
the subscripts 4 and R denote the anatase and rutile phases, respectively. The rutile content

was then determined by difference. The calculated weight percents are given in Table 8.1.
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Table 8.1: Calculated weight percents of C-TiO, photocatalyst components
Catalyst Anatase (Wt%) Rutile (wt%) TiC (wt%)

CT350-8 46 34 20
CT370-8 55 35 10
CT400-8 41 59 -
CT420-8 29 71 -
CT450-8 29 71 -
CT400-4 33 64 3
CT400-6 34 64 2
CT400-30 48 52 -
CT400-50 43 57 -

From the estimated phase distributions at the initial annealing time of 8 hours, a large portion
of unreacted TiC was observed at lower annealing temperatures (below 400°C). This agreed
with the result of Choi et al. (for annealing times less than 10 hours) [23]. At 400°C, the
anatase content reached a maximum, and then decreased at higher temperatures. This
suggested that additional transformation of anatase to rutile at higher temperatures occurred,
due to the decreased heat stability of the former crystal phase. The crystal structure changes
were thought to be dominated by the annealing temperature, as changing annealing time did

not have a distinguished effect on the phase distributions observed.

The Scherrer formula was used to estimate the grain size of the nanoparticles, where:
D =Ky M(FWHM cos ) (8.2)

Here, D is grain size (nm), A is wavelength of X-ray radiation used (Cu Ka = 0.15418 nm),
Kspn 1s the sphericity constant taken as 0.89, and FWHM is the line width at half-maximum
peak height, after subtraction for equipment broadening. For the anatase-rutile photocatalyst
mixtures, the average grain size was estimated considering the anatase (101) peak at 20 =

25.4° and the rutile (110) peak at 20 = 27.5° [35] according to the following relationship.
Daye = Dy(14/(14+1x)) + Dr(Ir/(14+1R)) (8.3)

Where D refers to crystallite size (nm) and all other variables and subscripts are as
previously described. The average grain size was between 15 and 17 nm for all of the
prepared powders, and was 22 nm for P25 TiO,. The observed grain sizes were found to

increase with increasing temperature as expected due to agglomeration, but were in general
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very similar.

To investigate the state of carbon in the doped photocatalyst, Cls core levels were measured
using XPS, as shown in Figure 8.4. Two peaks were observed at 283.0 and 286.9 eV,
respectively, and the former was assigned to adventitious carbon (considering peak shift due
to the XPS apparatus used) [36]. The latter peak at ~287 was assigned to carbonate species
[12]. The state of the carbon dopant was found in literature to be both a substitutional anion
[10, 22, 23, 37, 38] and an interstitial cation [12, 39—42]. The anionic carbon peak was
attributed to the -4 oxidation state in Ti-C bonds in carbides, with peaks in Cls spectra
observed at low binding energy (~281.8 eV), while the cationic peak was due to the +4 state
in the C—O bond in carbonates, as observed by Sakthivel and Kisch [12] and others with
peaks at higher binding energies. It was suggested by Di Valentin et al. [43] based on density
functional theory (DFT) calculations that in oxygen rich conditions, the formation of
interstitial cations and/or substitution for titanium (i.e. C—O where carbon replaces Ti) can be
favoured. In this study, carbon was present as a cationic species, possibly suggesting an
oxygen-rich environment provided under the synthesis conditions used. The XPS results
obtained also agreed with previous studies investigating the state of the carbon dopant in

mixed-phase carbon-doped titania [44].
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Figure 8.4: Cls XPS spectra for CT400-8

UV-Vis analysis was performed, and the absorbance spectrum of P25 TiO, was compared to
that of CT400-8, as shown in Figure 8.5. The onset of the absorption spectrum for P25 was
found to be ~387 nm, which corresponded well with the known band gap of the material
(~3.2 eV), as it was found to be mostly anatase by XRD. For the carbon-doped TiO,, the
absorption spectrum red-shifted, and the edge was observed at ~415 nm. The associated band

gap energy was found using Eq. (8.4).
Epe =1240/A (8.4)

The calculated band gap of 3.0 eV represented a decrease from the P25 band gap energy, and
improved visible light absorption in the doped material. It should be noted that predominance
of rutile phase in the carbon-doped powder may have also contributed to the decreased band
gap energy (Eyg, rutile = 3.0 eV) [46]. However, C-TiO, exhibited an absorption tail,
indicating improved visible light absorption from 400—700 nm over P25.

The role of cationic carbon in increasing visible light adsorption has been suggested by
several studies. Di Valentin et al. [43] found that modest band gap variation and experimental

red-shift in absorbed wavelengths could be attributed to carbon impurities in the material
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inducing several intermediate states, as was also suggested by Wang and Lewis [38]. The
mixing of C 2p and O 2p states causing mid-gap states was also reported elsewhere [11, 41,

47-49].

Absorbance (a.u.)

300 400 500 600 700
Wavelength (i), nm
Figure 8.5: UV-Vis absorption spectra for carbon-doped powder and P25 TiO,

8.3.2 Photocatalytic activity

8.3.2.1 MB degradation

The photocatalytic degradation of MB was studied using the prepared photocatalysts in
slurry. MB is a heterocyclic aromatic compound having molecular formula C,cH;3CIN3S, and
is frequently used in analytical chemistry as a redox indicator, since MB solutions are blue in
oxidizing environments, but are decoloured in the presence of reducing agents. It is
employed in photocatalytic degradation studies as an indicator of the organic degradation
capability of a certain catalyst. The results from control runs employing no catalyst and P25

TiO, are shown, respectively, along with a typical carbon-doped TiO trial in Figure 8.6.
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Figure 8.6: Degradation of MB using photolysis, P25 TiO,, and carbon-doped TiO»,
respectively. (Co = 12 mg L, catalyst loading=3 g L)

The self-degradation of MB in the absence of catalyst was observed due to photolysis,
caused by absorbance of the molecule at long wavelengths (Ayn,x = 665 nm). This photolysis
was able to effect up to 27% degradation of MB in 2 hours of irradiation. Using commercial
P25, a degradation of 45% was observed. Sensitization of the TiO, catalyst by absorption of
the dye molecules at higher wavelengths likely played a role in this degradation [50]. The
results of a typical carbon-doped run, however, exhibited a marked increase in the
performance of dye degradation compared to photolysis and P25, degrading up to 77% in 2
hours. This indicated that carbon-doped TiO, powders were comparatively more active than
the traditional P25 catalyst under visible light irradiation. The enhanced activity was thought
to result from a combination of improved visible light absorption and improved adsorption

capability over P25.

Catalyst photosensitization by methylene blue occurred for both P25 and C-TiO,, reacting

according to the following scheme, where MB was directly excited by long-wavelength light:
MB" s + visible light — MB'ss  (8.5)

MB s + C-TiO, — C-TiO, () + MB'as  (8.6)
232



C-TiO, (¢) + 0, — C-TiO> +'0,  (8.7)

Reactions (8.5) — (8.7) also applied for TiO, when sensitized by MB. In this process,
adsorbed MB was excited by visible light, and an electron from the excited dye was injected
to the conduction band of the catalyst, where it could be scavenged by molecular oxygen.
However, at lower wavelengths, direct excitation of the semiconductor could occur

according to the following reactions:
C-TiO, + visible light - h" +¢  (8.8)
e +0, >0y (8.9)
h"+H,0 — ‘OH (8.10)

Due to improved visible light absorbance of the carbon-doped samples, and their reduced
band gap compared to P25, direct excitation of these powders by lower wavelength light
played a role in oxidation of MB dye, facilitating decolourization of the solution through a

photocatalytic mechanism.

The enhanced photocatalytic activity observed with the carbon doped TiO, may have been
due to the presence of interface states and/or interface defects caused by carbon in the mixed
phase materials, which lowered their band gap [44]. The lower band gap energy and
enhanced visible light absorption of the carbon-doped powders indicated that direct
excitation could occur at lower wavelengths. This was not true for P25, since it could only be
excited by UV, and this implied that the improved activity of P25 over photolysis alone may
have been solely due to the photosensitization effect. The presence of photosensitization by
MB was also supported by the fact that no disinfection using P25 was observed under visible
light, as this process was dependent on direct excitation of the semiconductor to produce

radicals and reactive species (as discussed in subsequent sections).

It has also been suggested that carbonaceous species such as adsorbed carbon detected by
XPS may form a dense cokelike structure on the catalyst surface, which could act as a
sensitizer responsible for the absorption tail in the visible light region [51]. This may also

have affected the adsorption characteristics of carbon-doped powders compared to P25.
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While the surface areas of the catalysts were not characterized, the adsorptive capabilities of
the powders were studied by measuring the amount of MB adsorbed during the initial dark
adsorption period of the degradation trials (30 minutes). The carbon doped powders were
found to adsorb from 1.0 — 1.3x10 grams of MB per gram of catalyst, while P25 was only
able to adsorb 0.16x10™ grams MB per gram catalyst, an order of magnitude lower. The
increased adsorption capability of the prepared powders over P25 indicated that a greater
number of reaction sites on the surface of the catalyst may have also played a role in

improving activity.

The decolourization of the dye using C-TiO; was indicated in the changes to absorption
spectra with time, as shown in Figure 8.7. The decrease in intensity of the solution color was
evidenced by the continual decrease in absorbance at the maximum absorption wavelength of
MB with reaction time, and was attributable to the hypsochromic effect when all or parts of
the auxochromic groups (methyl or methylamine in MB) were degraded. The methyl groups,
being weak electron-donor substituents, facilitated attack on MB by the electrophilic species
present in solution (‘OH radicals and positive holes), causing demethylation. This apparent
gradual blue-shift in the peak absorbance from 665 nm (initial) to ~625 nm (final) was earlier
identified as being suggestive of a stepwise N-demethylization process [52]. This
degradation mechanism was further evidenced in the current spectra by absorption bands of
N-demethylated analogues of MB appearing in the visible range at 648—655 nm for Azure B,
and at 620—634 nm for Azure A as the reaction proceeded [53].
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Figure 8.7: Changes to absorption spectra of methylene blue during the course of
photocatalytic reaction. (C, = 12 mg L™, catalyst loading =3 g L™)

A comparison of the powders prepared at different annealing temperatures and times are
given in Figures 8.8 and 8.9, respectively. All samples prepared exhibited photocatalytic
activity under visible light, and all had greater activity than P25 under these conditions. The
maximum degradation observed was 82% for CT400-8 (corresponding to a final fractional
concentration of 0.18). The data collected using the doped powders all exhibited similar
trends in degradation, where the concentration decreased linearly for approximately 30
minutes, after which the decolourization process decelerated. Quantitative comparison
between the data was made on the basis of Langmuir-Hinshelwood kinetic pseudo-first order

rate constants.
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Figure 8.8: Degradation of MB using carbon-doped TiO; prepared at various annealing

temperatures (8h). (catalyst loading = 3 g L) — error bars removed for clarity
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Figure 8.9: Degradation of MB using carbon-doped TiO, prepared at various annealing

times (400°C). (catalyst loading =3 g L) — error bars removed for clarity
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8.3.2.2 Langmuir-Hinshelwood kinetics

A Langmuir-Hinshelwood kinetic analysis can be applied for the degradation of MB, where:
-dC/dt = k, KC/(1+KC) (8.11)

Where C is the concentration of reactant (mg L"), k, is the reaction rate constant (mg L'
min™), K is the adsorption coefficient of the reactant (L mg'l), and t is the illumination time
(min). This model assumes adsorption of reactants, surface reaction, and desorption of
products, where the reaction is the rate limiting step. The expression can be rewritten and

integrated to:
In(C,/C) + K(C,-C) = k. Kt (8.12)

Where C, is the initial concentration. It has been suggested that at very dilute concentrations
(Co <107 mol L™), KC becomes << 1, and the reaction is of apparent first order [54]. In this
case, the concentration is sufficiently small (Co = 7.5x10°), and so the approximation can be

made, where the equation is simplified to:
In(Cy/C) = k. Kt=k't (8.13)

Where k’ represents the pseudo-first order rate constant. A plot of In(C,/C) as a function of
illumination time yields a straight line with slope corresponding to the first order constant.
The pseudo-first order approximation was used as a basis for comparison of the activity of

the catalysts. The rate constants were calculated and are given in Figure 8.10.
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Figure 8.10: Pseudo-first order rate constants derived using Langmuir-Hinshelwood
kinetics. (C, = 12 mg L™, catalyst loading =3 g L")

Statistical analysis was performed using a paired #-test with a 5% level of significance to
quantify the differences between the activities observed. For the prepared powders
containing TiC (CT350-8, CT370-8), a poorer photocatalytic performance was observed (k’
=0.010 & k’ = 0.011 min™, respectively). This was due to the relatively large fraction of
photocatalytically inactive TiC present. An optimum degradation rate of 0.015 min" was
observed using the material annealed at 400°C, while annealing at higher temperature did not
significantly improve the final degradation. At higher temperatures, phase transformation
from anatase to rutile resulted in decreased activity compared to CT400-8 (k>’=0.012 & k’ =
0.013 for CT420-8 and CT450-8, respectively). This indicated that an optimum phase

distribution was achieved when the sample was annealed at 400°C for 8 hours.

The effect of annealing time on the powders calcined at 400°C did not have a predictable

influence on the phase distributions and photoactivities. This may indicate that differences in
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activity with various annealing times may be influenced by not only the phase distribution,
but also by other factors such as surface properties, defects, and quantity of incorporated
carbons [56]. The values of kinetic constants obtained ranged from 0.012 to 0.015 min”' for
CT400-4 and CT400-8, respectively. A lack of trend in the influence of structure on the final
photoactivity in carbon-containing mixed-phase powders was also observed by Treschev et

al. [55].

8.3.2.3 Apparent photonic efficiency

The apparent photonic efficiency was used as an indicator of the utilization of delivered
photons by various catalysts prepared in this study. This parameter is a ratio of the reaction
rate to the incident light intensity, implying that under constant reaction conditions
(illumination intensity and source, concentration of solution used, reaction temperature, etc.),
the calculated photonic efficiency is proportional to the respective reaction rates [56]. The
apparent photonic efficiency can be calculated by number of molecules transformed divided
by number of delivered photons. In this study, the amount of delivered photons was
quantified only in the range of 400-700 nm through the use of a quantum meter, while the
actual photons to the reactor were in a broader range due to the type of illumination used.
While this approximation allowed for relative comparison between the prepared catalysts,
quantitative comparison of the obtained efficiency values with those reported in literature
could not be made. Since the concentration was not linear with time, the photonic efficiency
was also variable. However, at the initial stage of the reaction (t < 30 minutes), the
concentration varied approximately linearly with time, so concentration at 30 minutes was
used to calculate photonic efficiency. The expression for apparent photonic efficiency is

given by:
E=VAc/JAAt (8.14)

Where & is the apparent photonic efficiency (mol Einstein™), V is the volume of solution (L),
Ac is the change in concentration (mol L™), J is the flux of photons (Einstein m™ s™), A is the
irradiated area (m?), and At is the change in time (s). The results obtained are summarized in
Table 8.2. The relative activities of the powders based on apparent photonic efficiencies were

similar to those obtained through comparing the L-H kinetics. The maximum photonic
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efficiency observed was 0.49% with CT400-8, and the minimum was 0.35% with CT350-8.

Table 8.2: Apparent photonic efficiencies for various C-TiO, photocatalysts

Catalyst Apparent Photonic

Efficiency, & (%)
CT350-8 0.35
CT370-8 0.38
CT400-8 0.49
CT420-8 0.42
CT450-8 0.43
CT400-4 0.42
CT400-6 0.48
CT400-30 0.41
CT400-50 0.44

8.3.3 E. coli K-12 inactivation

8.3.3.1 E. coli K-12 inactivation curves

The photocatalytic disinfection of E. coli was performed using the photocatalyst in an
immobilized configuration. Hydroxyl radicals and other reactive oxygen species generated
by photoexcitation of the catalyst are highly reactive and non-selective, so they can interfere
with normal bacteriological processes to cause inactivation. A thin film was used in order to
avoid the effects of cell inactivation by co-aggregation of cells and powder TiO, particles
and cellular injury caused by phagocytosis of nanosized catalyst particles [57, 58]. In the
case of a thin film, the cell survival was affected only by damage caused by photocatalysis

[57].

In this study, the disinfective capabilities of the carbon-doped powders were quantified in
comparison to those of undoped TiO, under visible light irradiation, and the results obtained
are shown in Figure 8.11. Negligible inactivation was observed using P25, while an
inactivation up to 80% was observed using the carbon-doped powders. This represented an

improvement in activity of the prepared C-TiO, over P25 under visible light.
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Figure 8.11: Inactivation of E. coli using immobilized P25 and carbon-doped TiO,
catalyst. (N, = 10° CFU mL™)

A previous study on disinfection using carbon-doped TiO, by Wong et al. [28] indicated
survival ratios (population remaining, Nt/No) higher than 70% after 25 minutes of irradiation
in an immobilized catalyst configuration. However, due to differences in the irradiation
volume used (uL in their case), level of irradiation provided, and method of preparation of
the catalyst (ion-assisted electron-beam evaporation), quantitative comparison of the present

results with the report from literature cannot be made.

The mechanism of bactericidal action of TiO, powders on E. coli has been proposed to be
due to the action of radical oxidative species acting in concert to attack polyunsaturated
phospholipids, where cell death is attributed to lipid peroxidation which causes a breakdown
of the cell membrane [59]. It was also found that singlet oxygen (‘O) could be generated
upon further oxidation of the superoxide oxygen anion (‘Oy’) under visible light in the
presence of a non-metal doped visible-light active photocatalyst (N, S co-doped TiO,) [60].
Since both ‘O, and 102 are toxic to microorganisms [61, 62], they were found to be
responsible for E. coli inactivation. The singlet oxygen generation on catalyst surfaces also
interacted with the microenvironment of phospholipid membranes, causing lipid

peroxidation reactions that led to cell death [63].
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8.3.3.2 Kinetics of inactivation

Inactivation curves of E. coli under the photo-killing mechanism may exhibit any of three
regions, namely: an initial delay or smooth decay at the beginning of reaction, called a
“shoulder”, a log-linear inactivation region that covers most of the reaction, and a
deceleration process at the end of reaction, called a “tail”. The “shoulder” is associated to an
induction period where the production of radicals takes place, before the level of radicals
produced becomes harmful to the bacteria, while the “tail” is associated to a decreasing
inactivation rate caused by consumption of the radicals by both the living cells and the
products of the lysis [30, 64]. Because of the complex mechanism associated with
disinfection processes, kinetic analysis of photocatalytic bacterial inactivation is usually
performed using empirical correlations. A model that can be used to describe kinetic data in
the presence of any of the three regions is the modified Hom equation, applied to the case of
constant concentration of disinfecting agent (such as in photocatalytic processes) [65]. The

modified Hom equation is given by:

log (N/N,) = -ki[1-exp(-k:1)]© (8.15)

Where N is the bacterial population; k;, k,, and ks are kinetic constants, and all other
parameters are as previously defined. The modified Hom equation was applied to the data
and resulted in the following constants: k; = 1.25, k, = 0.005, and ks = 0.273. Model-
predicted values were compared to the experimental data in Figure 8.12, and were observed

to provide an appropriate fit.
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Figure 8.12: Disinfection kinetics: Comparison of experimental inactivation data and
modified Hom model. (N, = 10° CFU mL™)

8.4 Conclusions and recommendations

Carbon doped anatase-rutile mixtures of TiO, were synthesized using high temperature
oxidative annealing of TiC. Carbon was present in the form of carbonate species, and a red
shift and absorption tail in the UV-Vis spectrum was observed, indicating improved visible
light absorption of the prepared catalysts. The carbon doped TiO, powders were found to
degrade methylene blue under visible light irradiation, achieving a maximum pseudo-first
order kinetic constant of 0.015 min™'. The sample annealed at 400°C for 8 hours exhibited the
highest photocatalytic activity. The prepared carbon doped TiO, was also used to inactivate
E. coli K-12, and was able to facilitate an 80% photoinactivation in 30 minutes, while the
undoped P25 did not show any disinfection activity. Future work involves the investigation
of surface area and morphology of the samples. Additionally, suspension stability and surface
charge data such as zeta potential should be explored, and their impact upon activity
discerned. Since only the visible light activity of the catalyst was investigated in this work,
further studies should be undertaken in order to characterize the photoactivity under real sun

or solar simulated irradiation in order to confirm its applicability to solar water treatment.
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Chapter 9:

General discussion and conclusions

9.1 Introduction

In order to better utilize solar irradiation as a driving force for photocatalysis reactions
capable of degrading organic pollutants and inactivating microorganisms, and to improve the
technical feasibility of this process for practical applications, enhanced photocatalytic
functional materials are required. The need for appropriate photocatalysts that combine the
desirable features of efficient visible light utilization, charge carrier separation, high surface
area, acceptable activity for degradation and disinfection of a wide range of contaminants
and microorganisms of interest, and suitable separability for post-use recovery has been
raised as a relevant issue since the advent of the photocatalytic technique in the 1970’s, as
emphasized by various research efforts conducted along these streams. Although no single
material is expected to meet all the needs of an ideal photocatalyst for every application,
significant achievements have been made in improving photocatalytic process efficiencies
and feasibilities through improving the photocatalyst itself, and therefore further research in

pursuit of high performance functional materials is warranted. As an example of a modified
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photocatalyst exhibiting increased functionality and improved efficiency, the commercialized
photocatalytically-powered Hydrotect™™ product developed by TOTO Inc. utilizes metals-
modified TiO, to initiate self-cleaning and antimicrobial mechanisms upon exposure to
environmental humidity, rainwater, and solar irradiation, and can be applied as a thin layer on
tiles or glass, or embedded into paint mixtures [1]. These surfaces may also be used for solar
photocatalytic remediation of the negative impacts of outdoor NOy air emissions on building
facades. This example is one illustration of the potential contributions that materials
development in photocatalysis can make in providing innovative solutions for environmental

remediation and antimicrobial applications in practice.

9.2 General discussion

In this thesis, a number of novel photocatalysts were prepared based on various design
strategies, and their visible light induced activities for detoxification and disinfection were
investigated. The features and performances of these photocatalysts will be generally

compared in this section.

The prepared photocatalysts could be grouped into two major classes of carbon-enhanced
materials, namely activated carbon adsorbent photocatalysts and carbon-doped TiO,. In the
activated carbon based materials, the incorporated carbon was used as a structural support
and mass transfer aid, which facilitated and enhanced photocatalysis through adsorptive
processes promoting pollutant concentration and diffusion to active sites, as well as by
intermediates retention. In contrast, in the carbon-doped TiO,, carbon was thought to be
intrinsically incorporated into the TiO, photocatalyst, affecting its band gap and consequent
visible light absorption characteristics. Therefore, in the carbon-as-adsorbent case, the carbon
indirectly influenced photocatalysis through the transfer of pollutants from solution to the
solid sorbent phase, while in the carbon-as-dopant case, the carbon directly participated in
the photoreactions that led to degradation and disinfection. This implied that in the former
case, carbon acted mainly by mass transport mechanisms to facilitate pollutant transfer to
active sites, while in the latter case, carbon acted mainly by photocatalytic mechanisms to

facilitate chemical transformation of the pollutant through the photoinitiated process.
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However, the role of carbon-as-adsorbent in facilitating pollutant removal from solution and
promoting mass transfer to the supported photocatalytic sites was of great interest, since the
faster pollutant removal rates associated to combined adsorption and photocatalysis over
photocatalysis alone implied an overall more rapid treatment process, and synergistic
mechanisms of adsorption and photocatalysis were possible. Therefore, the dynamic
adsorption-photocatalysis was studied further. As identified in literature [2], development of
adsorptive photocatalytic hybrid materials containing visible light active components is of
current interest in photocatalysis, and as such, a surface plasmon resonance enhanced
Ag/AgX (X = Cl, Br) was chosen as the photocatalytic component of an AC-photocatalyst
composite. Plasmonic photocatalysts were implemented since they were previously found to
possess photocatalytic reaction rates up to 8 times faster than doped TiO, due to improved
visible light absorption and charge carrier separation mechanisms (as quantified for Ag/AgCl
and N-TiO, on the degradation of methyl orange [3]). This reported increased visible light
absorption agreed well with the results obtained in this work, based on comparison of UV-
Vis spectra of the prepared Ag/AgX (X = Cl, Br), and C-TiO; (as seen in Figs. 3.7, 7.4, and
8.5, respectively). The developed Ag/AgX-AC composites represented novel SPR-enhanced
adsorptive photocatalysts based on activated carbon, and combined two current streams of
research in advanced photocatalytic materials. In addition, extension of these materials
towards magnetic recovery techniques through incorporation of magnetic nanoparticles also
hybridized previous research efforts made in SPR-enhanced photocatalysts, adsorbent

photocatalysts based on activated carbon, and magnetic photocatalysts.

The Ag/AgCl-AC composites presented in Chapters 3—6 were unique due to their
applicability as photoreactive AC materials that also possessed some degree of antibacterial
activity. In particular, since silver-impregnated AC is already commercialized and of
industrial significance for water treatment applications, and since chlorine has widespread
user acceptance as a disinfection agent, the prepared Ag/AgCl-AC materials were thought to
be of potential commercial relevance, since they possessed increased functionality (i.e.
antimicrobial and photocatalytic mechanisms) over their antimicrobial counterparts alone.

This research led to the further exploration of mechanistic considerations for other silver-
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based antimicrobial photocatalysts reported in literature, in order to better characterize this
emerging class of novel materials for disinfection applications. The results from this study
were published as a critical review in a high-impact journal in chemistry, as given in
Appendix A. For the adsorbent photocatalyst composites studied in this thesis, the
antimicrobial and photocatalytic bifunctionality of the prepared materials may imply that a
solar photocatalytic process can be used for the mineralization of adsorbed bacterial matter to
regenerate the activated carbon surfaces. In addition, the composites prepared were of
relevance to both photocatalytic detoxification and disinfection, and may be applied to

polluted flows containing multiple sources of contamination.

Compared to Ag/AgCl-AC composites, the Ag/AgCl-magnetic AC prepared contained a
more uniform structure and morphology, and the silica interlayer was thought to affect
deposition behaviour of the photocatalyst onto AC. The photocatalytic activity for organics
degradation was comparable to the nonmagnetic composite, although the disinfection
efficiency was enhanced in both dark and light conditions, which was thought to be primarily
due to an increased rate of silver ion elution from the magnetic composites compared to the
pure Ag/AgCl-AC. In addition, the weight contribution of the heavy photocatalyst
component made high magnetic nanoparticle loadings necessary, so future work should be
performed in optimizing the nanoparticle to adsorbent to photocatalyst ratios to achieve the
desired balance between magnetic, adsorptive, and photocatalytic behaviours of the

composite.

The Ag/AgBr-AC composite prepared exhibited qualitatively higher visible light activity for
the degradation of methyl orange than Ag/AgCI-AC, due to its dual visible light active
components (semiconductor photocatalysis in AgBr, and SPR-enhanced Ag), which agreed
well with the expected results from literature [4—7]. For the Ag/AgBr-AC composite,
photocatalytic disinfection was thought to be dominated by photoreactive ROS generation,
and the effect of eluted silver was less pronounced, since little inactivation was observed in
the absence of irradiation. Notably, due to the fast rate of pollutant (MO) degradation relative
to the rate of pollutant adsorption by Ag/AgBr-AC, the synergistic effects of adsorption and
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photocatalytic degradation on pollutant removal could be observed directly via UV-Vis

spectroscopy during the combined adsorption-photocatalytic process.

9.3 Conclusions

9.3.1 Project conclusions

Carbon-enhancement can be used as an effective strategy for the improvement of visible
light induced photoactivity for detoxification and disinfection of organic and microbial
pollutants in aqueous systems. Two classes of carbon-enhanced materials, namely plasmonic
adsorbent photocatalyst composites based on activated carbon and carbon-doped TiO, were
investigated in this project for the degradation of model organic pollutants (methylene blue,
methyl orange, phenol) and the inactivation of a model microorganism (£. coli K-12) under
visible light irradiation. The surface plasmon resonance enhanced photocatalysts (Ag/AgX;
X = Cl, Br) possessed increased visible light absorption and improved photoactivity over
doped TiO,, in good agreement with literature [3]. The proposed Ag/AgCl-AC composites
exhibited bifunctionality for organic pollutant adsorption and photodegradation, and the
activated carbon adsorbent support was thought to enhance the photocatalytic reaction rate
through mass transport mechanisms. Silica-coated iron oxide nanoparticles were introduced
into the composite to prepare Ag/AgCl-magnetic AC, which was recoverable using an
external magnetic field. The incorporated nanoparticles induced a change in the structure and
morphology of the resulting composite, which also influenced the silver ion elution
behaviour observed, increasing the overall antimicrobial activity. Ag/AgBr-AC was prepared
in analogy to Ag/AgCI-AC, and exhibited a higher photocatalytic reaction rate for MO
degradation due to the dual visible light absorption mechanisms present (SPR and
semiconductor photocatalysis), however, the system suffered from a low photostability.
Based on observations of the role of silver in the antimicrobial and photocatalytic
disinfection activities of the composites, the behaviour of other silver-modified
photocatalysts that act by various inactivation mechanisms under dark and light conditions,

respectively, was described in detail.
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9.3.2 Specific outcomes

The following specific outcomes were obtained with respect to the defined project

objectives:

Novel SPR-enhanced visible light active adsorbent photocatalysts based on
activated carbon, Ag/AgCI-AC composites, were developed and experimentally
investigated. The composites were synthesized and characterized, and the effect of
photocatalyst to adsorbent ratio was studied for the removal of methyl orange and
phenol model organic pollutants in aqueous solutions. The composites were shown to
be effective as visible light active photocatalysts, and a mechanism for photocatalysis
was proposed.

Adsorption and photocatalytic behaviours of the prepared Ag/AgCIl-AC
composites were experimentally investigated and modeled. Dark adsorption of
MO by the composites was studied, and appropriate models were applied to the
removal behaviours observed. The adsorption mechanism was also investigated via
the intraparticle diffusion model. Kinetics of MO removal under visible light were
modeled considering adsorption and photocatalysis.

Photocatalytic E. coli K-12 inactivation using the prepared Ag/AgCIl-AC
composites was experimentally investigated. Photocatalytic inactivation of a model
microorganism, E. coli K-12, was investigated using the prepared composites, and the
mechanism of inactivation was studied. Antibacterial and photocatalytic effects were
described based on silver ion elution, photocatalytic reactive oxygen species
generation, and bacterial adhesion.

The role of silver in the prepared Ag/AgCl-AC composites and other Ag-
modified photocatalysts was elucidated. The role of silver in silver-modified
photocatalysts on antimicrobial and photocatalytic mechanisms in both dark and light
conditions was discussed based on results from the materials developed in this thesis
and from literature. The emergence of antibacterial photocatalysts as a novel class of
disinfection materials was emphasized, and its implications for future use were

highlighted.
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Novel SPR-enhanced visible light active magnetic adsorbent photocatalysts,
Ag/AgCl-magnetic AC composites, were developed and experimentally
investigated. The magnetic composites were prepared and characterized, and the
effect of magnetic nanoparticles loading was studied. A method for the preparation of
magnetic AC containing Si0;-coated magnetite for use in photocatalytic applications
was developed, which reduced the photodissociation of the magnetic components.
The composites prepared exhibited quasi-superparamagnetic behaviour, and could be
recovered after use via an external magnetic field. They were investigated for the
degradation of methyl orange and phenol organic pollutants and the inactivation of E.
coli K-12 under visible light, and the role of magnetic nanoparticles on the structure,
morphology, and consequent photocatalytic activity of the composite was discussed.
A novel SPR-enhanced visible light active adsorbent photocatalyst, Ag/AgBr-AC,
was developed and experimentally investigated. The effect of the incorporated
halide in Ag/AgX-AC composites was investigated, and an Ag/AgBr-AC adsorbent
photocatalyst was prepared and characterized. The material was found to have good
visible light activity due to band gap absorption in the visible light region by AgBr,
and SPR-enhancement by Ag. Photoactivity for organics degradation and bacterial
inactivation were investigated, and a mechanism of photocatalytic action was
proposed.

Novel mixed-phase anatase-rutile carbon-doped TiO; photocatalysts were
developed and experimentally investigated. Mixed-phase anatase-rutile carbon-
doped TiO, photocatalysts were prepared via oxidative annealing. The effect of
annealing time and temperature were studied, and visible light activity for organics

degradation and bacterial inactivation was investigated.

9.4 Publications

The work undertaken was shared with academic peers internationally and resulted in six
publications in peer-reviewed journals, one refereed conference proceeding, and an
additional two submitted manuscripts, as included in Chapters 3-8, and Appendices A—C in
this thesis. In addition, six conference presentations were given in relation to the scope and

results of this project.
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9.5 Recommendations for future work

Based on the results obtained in this thesis, the following recommendations are proposed to

further research in the topics discussed:

Photocatalytic activity of the prepared Ag/AgCl should be increased in the AC
composite to better optimize the dynamic adsorptive-photocatalytic behaviour and to
realize the full potential of the designed material. This aspect can be studied by
employing synthesis methods that better control Ag/AgCl sizes, shapes,
morphologies, and consequent photocatalytic activities, such as through employing
templated processes.

Adding a regeneration cycle between degradation runs may be beneficial for
improving the catalyst recyclability, such as through prolonged irradiation, or by
washing and filtration.

The effect of activated carbon structure should be further studied in the composites.
For example, the use of carbons with shallow and wide pores may facilitate better
pollutant diffusion to active sites and promote photoexcitation of catalyst contained
inside the pore entrances.

The silver ion elution behaviour with time during photocatalytic inactivation and
during dark disinfection should be studied by using online ICP analysis, or by cyclic
voltammetry. This would help better understand the role of silver ion elution on
inactivation observed, and may also help clarify the fate of eluted silver in the
photoreactive system, as discussed in Appendix A.

Since ROS species can act as broad spectrum disinfectants, the inactivation of other
microorganisms such as MS2 phage, a model virus, or other bacterial species such as
Pseudomonas putida and Bacillus subtilus should be investigated.

Structure and morphology of the reduced silver could be tuned in order to achieve a
desirable and controlled ionic silver release rate in the dark, in order to optimize the
antimicrobial properties of the photocatalyst in analogy to the continuous drug
delivery paradigm discussed by Liu et al. [8]. This could also be studied in relation to
photocatalytic activity of the host AgCl in order to develop antimicrobial

photocatalytic materials with optimized inactivation capabilities in both dark and
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light conditions.

e The magnetic nanoparticles synthesis could be further optimized to obtain smaller
particle sizes and increased saturation magnetization values, resulting in improved
superparamagnetic behaviour in the MAC composites. In addition, deposition of
these nanoparticles within the very small micropores of the host AC may also be
interesting to study, since these small pores were not used efficiently for the
adsorption of larger molecules such as MO.

e Upon optimization of the plasmonic adsorbent photocatalysts, relevant studies should
be undertaken to investigate the effects of process parameters such as light intensity
in order to describe the activity observed with respect to practical solar applications.

e Mechanistic pathways for organics degradation mediated by the prepared catalysts
should also be studied, and the total organic carbon during photocatalysis cycles
monitored to ensure that mineralization is achieved and that the production and

release of undesirable intermediates is minimized.
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Appendix A:
Antimicrobial and photocatalytic disinfection mechanisms
in silver-modified photocatalysts under dark and light

conditions

Joanne Gamage McEvoy, Zisheng Zhang

Journal of Photochemistry and Photobiology C: Photochemistry Reviews, 19 (2014) 62-75.

Abstract

The modification of photocatalysts by silver addition or deposition can be used to increase
photocatalytic efficiencies by preventing photogenerated electron-hole recombination
through electron trapping mechanisms, and by increasing visible light absorption of the
composite material through the surface plasmon resonance enhancement of silver
nanoparticles. Nanosilver also possesses excellent antimicrobial activity, and can be used as
a biocidal agent when incorporated into TiO, photocatalysts. Alternatively, the host
photocatalyst may also contribute to the antimicrobial activity observed in the absence of
irradiation, such as for AgX (X = Cl, Br, I) and ZnO. These silver-modified composites
represent a novel class of hybrid photocatalysts, which possess antibacterial and/or antiviral
action in both dark and light conditions, and are discussed in detail in this review. In
addition, other antimicrobial photocatalysts such as those based on copper are examined.
Further work should be performed on these materials to distinguish the roles of acting

mechanisms in the light-induced disinfection processes.

Keywords: antimicrobial, photocatalytic disinfection, silver-modified photocatalysts,
electron-hole separation
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A.1 Introduction

A.1.1 Photocatalytic disinfection

Disinfection plays an important role in the control of pathogens and microbial species in
water, and can prevent waterborne epidemics and the spread of infectious disease. Adequate
sterilization is also crucial to ensure the safety of medical instruments, food production
processes, and environments such as health care facilities. Issues with conventional
disinfectants such as chlorine, chloramines, and ozone have been recently identified, since
these chemicals may be linked to the formation of harmful disinfection byproducts [1].
Additionally, highly resistant pathogens such as Cryptosporidium and Giardia cannot be
effectively inactivated at normal dosages used for water treatment applications. Alternate
disinfection methods using UV-induced processes have also been found to suffer from a lack
of residual effect, highlighting the need for further development of appropriate disinfection

techniques to address these shortcomings.

Since the discovery of the photocatalytic water splitting effect of titanium dioxide by
Fujishima and Honda in 1972 [2], research in photocatalysis has been carried out to exploit
this process for use in a wide variety of applications, including: hydrogen generation by solar
water splitting [3], environmental remediation and purification of contaminated air, water,
and soil [4, 5], self-cleaning applications [6], and photocatalysis-assisted organic chemical
synthesis [7], among others. Matsunaga et al. first investigated the inactivation of microbial
cells in water using photochemical sterilization, and they found the complete inactivation of
Lactobacillus acidophilus (L. acidophilus), Saccharomyces cerevisiae (S. cerevisiae), and
Escherichia coli (E. coli) could be achieved using Pt-TiO, under irradiation [8].
Photocatalytic disinfection has since been studied for a number of applications in the
contexts of indoor air and environmental health, biological and medical applications,
laboratory and hospital applications, pharmaceutical and food production, plant protection
applications, wastewater and effluents treatment, and potable water production, as reviewed

by Gamage and Zhang [9].
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A.1.2 Challenges in TiO, photocatalysis

TiO, is the most widely used photocatalyst due to its availability, effectiveness, and low cost.
TiO, can absorb electromagnetic radiation in the ultraviolet (UV) range, causing the
photoexcitation of electrons in its valence band to be promoted to its conduction band,
creating an electron-hole pair. This electron-hole pair can then undergo further reactions with
dissolved oxygen and water to form reactive radical species. The process is often represented
schematically for the degradation of a pollutant (ex. organic) according to Figure A.1. The
generation of superoxide anions at the cathodic sites and of hydroxyl radicals at the anodic
sites can also lead to the production of other reactive species such as hydrogen peroxide.
Interaction of these photocatalysis-produced reactive oxygen species (ROS) with biological
microorganisms can induce inactivation and cell death, for example, through ROS reaction

with functional components in the microbial cell envelope in Gram-negative bacteria [10].
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Figure A.1: Photocatalytic degradation by a semiconductor photocatalyst

A main issue arising in photocatalysis lies in the inability of TiO, to efficiently use solar
light, which is composed of only 3-5% UV. However, solar irradiation consists of
approximately 43% visible light, so more efficient utilization of this portion is desirable.
Efforts to address this issue by increasing visible light absorption have been made through a
number of catalyst modifications such as impurity doping [11-13], metals deposition [14—

16], and sensitization [17, 18]. In addition, the rate of recombination of the photoexcited
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electrons and holes is a major factor limiting the efficiency of photocatalytic processes [4,
19], and as such research in photocatalyst development has also been focused on the design

and fabrication of photocatalysts possessing reduced recombination rates.

A.1.3 Silver-modified photocatalysts

One strategy for reducing electron-hole recombination and improving photocatalytic
efficiency is through modifying the TiO, catalyst with metal nanoparticles such as Sn, Au, Pt,
and Ag [20-24]. These metals have been found to efficiently promote electron-hole
separation by forming a Schottky barrier at the metal-photocatalyst interface [25]. Silver is of
particular interest in photocatalyst development, and has been cited to possess the following
advantages when deposited on or incorporated into an oxide [26]: Ag can act as an electron
trapping site to prevent recombination due to the formation of a Schottky barrier [14, 27],
band gap narrowing may occur [28], and increased visible light absorption may also occur

due to the plasmonic effect [29].

A.1.4 Silver-based disinfection

Silver-modified photocatalysts may also possess distinct advantages when used for
disinfection. Silver is a well-known antibacterial agent in the absence of light, and nanosilver
has been commercialized as a disinfectant for a number of applications, including use in
consumer products such as clothing, respirators, cosmetics, detergents, socks, shoes, and cell
phones. The mode of bactericidal action has been proposed to be due to the sorption of
silver ions onto the negatively charged bacterial cell wall, causing deactivation of cellular
enzymes, disruption of membrane permeability, leading to eventual cell lysis and death [30,
31]. The toxicity of Ag" ions at sub-micromolar concentrations has been linked to interaction
with enzymes in the respiratory chain reaction, resulting in the uncoupling of respiration
from synthesis of ATP [32]. The Ag" ion is also able to bind with transport proteins, leading
to proton leakage and an induced collapse of proton motive force [33]. Silver ions have a
high affinity for thiol groups present in cysteine residues existing from respiratory and
transport proteins [32, 34, 35]. Cysteine is the only amino acid present to form hydrogen
bonds during protein folding processes. Action on bacterial cells include the induction of
morphological changes such as cytoplasm shrinkage and detachment of the cell wall

membrane, DNA condensation and localization into electron-light regions in the centre of the
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cell, and cell membrane degradation leading to the leakage of intracellular components [36—

38].

A.1.5 Silver-modified photocatalysts as synergistic disinfection agents

Due to the possible presence of this inherent biocidal action of silver-modified photocatalysts
in the dark, they are good candidates for photocatalytic disinfection processes, where the
photo-induced disinfection and antimicrobial activity of the catalyst can act in concert to
provide highly effective microbial inactivation under irradiation. It has also been suggested
that, using such composites, the photocatalytic disinfection mechanism can compensate to
kill silver-resistant microorganisms, which may be present in clinical [39] and environmental
samples [40]. A baseline biocidal action due to the incorporated silver can prevent biofilm
formation and biofouling on biocompatible host photocatalysts, such as TiO,. Additionally,
the biocidal activity provided by silver compounds can increase the applicability of
photocatalyst composite materials, since they are usually limited to use under irradiation only
[41]. In some cases, the photocatalytic host materials can also exhibit biocidal activity in the
absence of irradiation, in addition to the antimicrobial action of the incorporated silver. Some
examples of photocatalyst host materials that may exhibit biocidal activity are ZnO and AgX
(X = Cl, Br, I), which also act photocatalytically under irradiation. In the light-induced
reactions, the respective and synergistic roles of the silver and photocatalytic ROS-mediated
processes should be further studied to gain an in-depth understanding of the overall

inactivation observed.

In this review, synergistic disinfectants based on silver-modified photocatalysts are discussed
and their modes of biocidal action in the presence and absence of light are examined,
respectively. Particularly, Ag-modified catalysts based on TiO,, silver halides (AgX), and
ZnO are addressed. In addition, other antibacterial and/or antiviral photocatalytic materials

such as those based on copper are briefly reviewed.
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A.2 Silver-TiO,

A.2.1 Silver-TiO; photocatalysts as synergistic disinfection agents

Crystalline TiO, of anatase or rutile structure is widely studied and used as an efficient and
environmentally benign photocatalyst for the degradation of organic pollutants and
disinfection of microorganisms [2, 42, 43]. The incorporation of silver into TiO, can improve
the photocatalytic disinfection efficiencies observed. For example, the use of 1 wt% loading
of Ag onto TiO, was found to reduce the reaction time required to completely inactivate 10’
colony forming units (CEFU) mL™" of E. coli from 65 minutes to 16 minutes under UV light
[44]. Sol-gel [16, 45], chemical vapour deposition [46—48], and physical vapour deposition
[49] methods can be employed to prepare Ag-TiO; structures. In these composites, the silver
nanoparticles are thought to enhance TiO, photoactivity by lowering the rate of
recombination of photo-excited charge carriers by acting as electron traps [50, 51], and also
by inducing visible light absorption through the surface plasmon resonance effect and

subsequent electron transfer to TiO,, resulting in charge separation [52, 53].

A.2.2 Mechanisms of photocatalytic enhancement

Modification of TiO, by introducing Ag deposits acts to alter the structure and mode of
photocatalytic action because the silver can act as electron traps that enhance electron-hole
separation, as shown in Figure A.2. The electrons can then be transferred to molecular
oxygen to form superoxide and subsequently, other ROS. The electron trapping effect of Ag
on TiO, was confirmed by photoluminescence studies for various Ag-TiO, materials
including particles prepared by sol-gel synthesis [54, 55] and photodeposition [56], as well as
for nanosilver-decorated titanium dioxide nanofibers [57], and it was found that silver on the
TiO, surface decreased the electron-hole recombination by increasing the number of

heterojunctions.
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Figure A.2: Electron trapping in Ag-TiO;

It should be noted that some disadvantages have been associated with silver deposition,
including: reduction in access of radiation to TiO, surface due to excess coverage by silver
deposits, blockage of TiO, active sites due to deposits, inhibition of role of oxygen due to
increased electron transfer from TiO, to deposits [58, 59]. Therefore caution must be taken to
avoid excessive silver loadings. Depending on the quantum size effects produced by the
deposited silver, surface plasmon resonance may arise, causing increased visible light
absorption by the composite catalyst. Surface plasmon resonance (SPR) is a phenomenon
arising from the collective oscillation of conduction electrons of nanoscale noble metals
upon interacting with electromagnetic radiation [60]. The shape, amplitude, and frequency of
the maximum absorbance of this SPR is strongly dependent on the effective dielectric
constant in the surrounding medium of the nanoparticles, and their respective morphologies
and size distributions [61]. SPR can dramatically amplify visible light absorption for Ag-
TiO; catalysts [29]. In the SPR-enhanced materials, surface electrons can be excited, and

interfacial electron transfer can occur [14, 27, 62].

267



Table A.1: Results of select studies reporting enhancement of photocatalytic disinfection using Ag-modified photocatalysts

Photocatalyst Target Experimental Results Mechanistic Reference
Microorganism Description
Ag-TiO,
Ag-TiO, E. coli 1 wt% Ag-TiO, prepared by 7-log inactivation achieved | Electron-hole [44]
incipient wetness method; 0.75 in 16 minutes under UV, separation by
g/L loading used under 250 W 100 minutes in the absence | incorporated Ag
high pressure Hg irradiation of light
TiO, thin films E. coli TiO, films prepared by sol-gel All prepared films exhibited | Electron-hole [63]
with deposited Ag spin-coating, AgNO; deposition | > 80% inactivation in 30 separation,
on titanium plates and annealing used to deposit minutes under dark bactericidal activity
Ag; E. coli contacted with conditions, and 100% of Ag discussed
prepared films under 350 W Xe | inactivation in 15 minutes
irradiation with UV filter under irradiation
Ag-TiO, E. coli Mesoporous TiO, films prepared | Survival ratio was 9.2% in | Electron-hole [64]
composite films by sol-gel spin-coating, AgNO; | the dark, and complete separation, silver ion
deposition and photoreduction inactivation was observed elution studied and
used to deposit Ag into pores; E. | after 5 mins irradiation found to influence
coli contacted with prepared bactericidal activity
films under 5 mW/cm’ UV for 5
minutes
Ag-TiO, E. coli Anatase TiO, films prepared by | 5-log reduction achieved in | Silver ion release [23]
nanocomposite sol-gel method followed by 110 and 90 min under studied and found to
layer deposited on AgNO; deposition and visible and solar irradiation, | influence bactericidal
Ag/TiO, photoreduction; films immersed | respectively; compared to activity
in nutrient broth containing 10 140 min required in the
CFU/mL E. coli under 10 W dark
irradiation by white fluorescent
light or outdoor solar irradiation
(~ 1 mW/cm?)
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Table A.1 (cont.): Results of select studies reporting enhancement of photocatalytic disinfection using Ag-modified photocatalysts

Photocatalyst Target Experimental Result Mechanistic Reference
Microorganism Description
TiO,-Ag particles | E. coli Particles prepared by micellar Bactericidal efficiency of Silver ion release [65]
layer-by-layer strategy; 1 mg Ag-containing particles studied and cited to
catalyst contacted with 7 mL relative to TiO, increased be dominant
bacteria, UV irradiation from 45%to 51% in1h bactericidal
provided upon UV irradiation mechanism
Ag-TiO, Bacillus subtilus | Ag nanoparticles prepared on Ag-TiO, nanoparticles Silver ion release and [41]
nanoparticles (B. subtilus), the surface of commercial TiO, | exerted stronger speciation with
Pseudomonas by wet impregnation and bactericidal effects in the anionic ligands such
putida chemical or UV reduction in a dark than Ag nanoparticles, | as Cl studied,
(P. putida) high-throughput cell viability activity of Ag-P25 was electron-trap
assay intensified under UV light | mechanism of Ag
discussed
Ag-TiO, Bacteriophage Nanosized silver islands 0.6 log removal of MS2 by | Silver ion release, [66]
nanoparticles MS?2 deposited onto commercial TiO, | adsorption and silver charge separation,
via photochemical reduction of | leaching in the dark, 5.95 and increased
silver nitrate; slurry log removal under bacterial adsorption
photoreactor system using 100 irradiation of Ag-TiO, discussed
mg/L catalyst studied under 2.5
mW/cm® UV irradiation
Ag/AgX-based materials
Ag/AgCl/Wi3049 Vibrio Deposition of AgNO; onto Zone of inhibition Silver ion release, [67]
nanorods natriegens W 5049 nanorods and increased from 0.90 cm in visible light

subsequent photoreduction;
modified Kirby-Bauer disc
diffusion assay used in dark and
under 300 W Xe light

the dark to 1.72 cm under
irradiation

absorption due to
plasmonic effect
causing radical
species generation
cited
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Table A.1 (cont.): Results of select studies reporting enhancement of photocatalytic disinfection using Ag-modified photocatalysts

Photocatalyst Target Experimental Result Mechanistic Reference
Microorganism Description
Ag/AgX-based materials
Ag/AgBr1/TiO, E. coli AgBr1/TiO, obtained via sol-gel | Photocatalytic inactivation | Ag ion release was [68]
route and solvothermal was <1 log in the dark, found to be very low
synthesis, Ag/AgBr/TiO, increased to 6-7 log in the dark, activity
obtained by photoreduction; reduction under irradiation | under irradiation
inactivation activity studied attributed to
using 100 mL suspensions of 10’ photocatalytic ROS
CFU/mL E. coli and 0.025 — production by
0.25 g/L photocatalyst under plasmonic effect and
LED irradiation subsequent charge
injection to TiO,
Zeolitic E. coli Zeolite-based photocatalysts ~5.5 log reduction in dark | Agion release, [69]
Ag/AgBr/TiO, prepared by sol-gel and conditions, 7 log reduction | radicals generation
deposition method; inactivation | under irradiation and charge separation
tests performed using 10’ mechanism of
CFU/mL E. coli, 20 mg catalyst photocatalyst
and 30 mL reaction fluid under discussed
250 W Hg irradiation
Ag-Zn0O
Ag-doped ZnO E. coli Ag-doped ZnO thin films coated | Undoped ZnO exhibited Enhanced [70]
thin film onto glass prepared by a sol-gel | some inactivation in the photocatalytic

dip-coating method; 3 mL of
4.72x10° CFU/mL exposed to
thin film for irradiation under
3x15 W blacklight fluorescent
UVA for 10, 20 and 30 minutes,
respectively

dark (<1 log) for 30 mins,
increased to ~2 log under
irradiation; for all Ag
loadings (1-10 mol%), ~2
log inactivation observed in
the dark for 30 mins,
increased to 5-log
inactivation after 20
minutes irradiation

activity of Ag-doped
ZnO, silver ion
released (although
leached Ag" was
unquantifiably low)
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A.2.3 Photocatalytic disinfection

The formation of active silver ions from metallic silver nanoparticles has also been reported
to play a role in the inactivation mechanisms observed. The incorporation of silver onto TiO,
increased the photocatalytic disinfection observed in a number of studies, and some
representative results are highlighted in Table A.1. The studies discussed all report a baseline
inactivation observed in the dark, and enhanced inactivation using the same material under

irradiation.

A.2.4 Silver ion release behaviour

Silver ion release is an important factor in the evaluation of antimicrobial activity of silver-
containing composite photocatalysts. Silver ions are mainly produced by irreversible
oxidation of zerovalent metallic particles by reaction with oxygen, which is mediated by
protons and other components of the surrounding fluid [71, 72]. Liberated silver ions
strongly interact with the environment to which they are released, and can partition by
binding with anionic ligands such as chloride (present in medium and saline in experimental
studies) or biological thiol targets. AgCl precipitates formed can also undergo dissolution
equilibrium between their dissolved complexes and solid forms to contribute to the total
dissolved silver content. The formation of AgCl precipitates by silver-eluting samples is
further complicated under irradiation, because a partial reduction might occur to generate
Ag/AgCl species. Despite this, it was previously found through silver equilibrium speciation
and pathway studies that, due to the high affinity binding of thiols (Kug ~ 10'?), direct thiol
transfer could occur at silver ion concentrations lower than the AgCl precipitation threshold
and that the thiol targets were typically abundant enough in experimental studies to receive
all of the free silver [73]. Additionally, the presence of silver at concentrations as low as 400
ppb may be effective against many bacterial species when used alone as a biocidal agent
[74]. In practical applications, both a high antibacterial activity and low silver release are
desirable for silver-based materials [23]. The slow release of silver leads to lengthening of
antibacterial activity and facilitates controlled dosage [75]. Prolonged silver elution, or
controlled release, is a desirable property for antibacterial materials and eukaryotic toxicity,
and nanosilver has been compared analogously to a drug delivery system, where the silver

nanoparticles contain a concentrated inventory of the active species (ionic silver and its
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soluble complexes), which are transported to and released in the vicinity of biological sites
such as thiol targets [73]. Therefore release of silver by silver-containing photocatalysts

should be studied when their disinfection properties are under investigation.

For Ag-modified TiO, bactericidal photocatalysts, the release behaviour of silver ions was
found to be mainly controlled by water diffusion characteristics in the silver-containing
matrix [23, 25, 64, 76]. For example, silver-modified mesoporous TiO, quickly released Ag"
ions in the first 30 minutes of use both in the dark and under UV [25], and this was attributed
to the release from the Ag nanoparticles deposited on the external surface of mesoporous
TiO,. The slow rate of penetration of water molecules into the pores and subsequent
diffusion of released Ag  ions out of the pores caused the decreased rate of silver release
observed after the initial diffusion. This was also found with nanocomposite Ag-
TiO,/Ag/TiO; films, where TiO, acted as a barrier layer preventing free ion release by rapid
water diffusion into the silver interlayer [23, 64], and on mesoporous Ag/TiO, films [64].
Accordingly, silver ion release can be slowed using silver immobilized on porous supports,

promoting their effectiveness as antimicrobial materials for prolonged applications [77, 78].

A.2.5 Role of silver under irradiation

The role of silver under irradiation for antimicrobial photocatalysts has been discussed to a
lesser extent. Under irradiation, system dynamics may be altered due to excitation of the
TiO, photocatalyst to create photo-induced radicals and their interaction with ionic silver and
silver nanoparticles. As indicated by van Grieken et al. [59], although many studies employ
silver-modified TiO,, only few groups have researched the lixiviation of silver to verify the
stability of these deposits on the catalyst surface [79]. Using immobilized and slurry Ag-TiO,
for bacterial inactivation, a negligible silver release and a consequent high stability of the
surface silver deposits were found under irradiation. However, when a parallel experiment
was performed in the dark, a significant amount of lixiviation occurred and resulted in
greater inactivation than that observed in the presence of light. They attributed this
inactivation to the antibacterial effect of soluble silver compounds, and it was concluded that
radiation was important to assure the stability of the silver deposits. Radiation was thought to

supply the necessary electrons to maintain the silver in its metallic state through

272



photocatalytic mechanisms, while re-oxidation occurred in the dark. Despite this, some silver
ion release was observed in the photoirradiated system, where oxidation was thought to have
taken place in the darker regions of the reaction system. Additionally, the photodegradation
of methylene blue dye was investigated for comparison, and a decrease in activity was
observed upon incorporation of silver, indicating that enhancement of E. coli inactivation
was more likely due to the direct bactericidal action of silver and improved bacterial
adhesion, as opposed to the electron-hole separation and interfacial charge transfer

mechanisms, exclusively [59].

The use of methylene blue dye for photocatalytic comparison of disinfection activity was
also performed by Srisitthiratkul et al. [57] for nanosilver-decorated TiO, nanofibers against
Staphylococcus aureus (S. aureus) and E. coli, and they found an enhancement in the organic
degradation with incorporation of silver at a sufficiently low loading (2%). This
enhancement was confirmed to be due to electron-hole separation mechanisms, as probed by
PL measurements. However, overloading of the photocatalyst with Ag was found to decrease

photocatalytic efficiency.

In a non-photocatalytic system, the activity of silver ions in the form of dissolved AgNO3
was enhanced under UV-A irradiation (300—400 nm) and visible light for the inactivation of
E. coli and MS2 bacteriophage [80]. They attributed the observed enhancement to the
photochemical reaction of silver-cysteine complexes that formed upon reaction of silver ions
with thiol groups in structural or enzymatic proteins of the microorganisms, followed by
photochemical reaction of these complexes to cause inactivation. According to the silver ion-
thiol mechanism, silver ions generated in solution react with thiol in cysteine by replacement
of a hydrogen atom in the —SH group to form a —S—Ag complex, destroying the enzymatic
function of the protein [81-85]. Through spectrophotometric measurements, these cysteine
complexes were found to absorb UV and visible irradiation up to 500 nm, and were thought

to act photochemically according to the following scheme [80]:
R-SH +Ag < R-S-Ag+H" (A.1)

R-S-Ag+hv—R-S +Ag (A2)
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R-S'+R-S°>R-S-SR (A3)

Reaction (A.1) was found to be reversible and dependent on the proton concentration in
solution. Reaction (A.2) was thought to irreversibly generate zerovalent silver through
abstraction of an electron in the chelated cysteine by a silver ion in the complex by ligand-to-
metal charge transfer. In reaction (A.3), the cysteine-dimer was formed from the reaction of
two monosulfide radicals and was identified as the photolyzed product of the silver-cysteine

complex through mass spectrometry measurements.

These photochemical reactions reported for silver-cysteine complexes may play a role in the
mechanism of inactivation using composite photocatalysts that release silver under
irradiation. In such systems, photoproduced reactive species may also interact with the
monosulfide radicals to form different reaction products. However, to probe such
mechanisms, Okhaven [23] synthesized the reported Ag-TiO, film using SiO, instead to
remove the effect of photocatalysis. In this control, no change in bactericidal activity was
observed using the Ag-SiO, material in the dark or under irradiation for the inactivation of E.
coli, indicating that the photochemical pathway reported for silver ion complexes was
negligible in this case. Similarly, Liu et al. compared the antibacterial and photocatalytic
activities of a mesoporous Ag/TiO, film on a silver-resistant strain of E. coli and on a normal
strain [64]. They found the survival rate of silver-resistant £. coli to be much higher than that
of normal E. coli in the dark, and the silver-resistant strain survival decreased significantly
upon irradiation with UV light. The survival of this strain using Ag-TiO, under irradiation
was lower than that observed using the pure TiO, photocatalytic material. Therefore, the
silver nanoparticles incorporated into mesoporous TiO, were thought to act both
antimicrobially and as an intensifier for photocatalysis through the charge-separation
mechanism. In a study by Li et al., the inactivation of B. subtilus and P. putida was observed
using Ag-TiO; (P25) in both dark and light conditions [41]. Inactivation using Ag-TiO; in the
dark was found to be greater than the effects of pure silver nanoparticles in the dark. This
may have been due to adsorption of bacteria onto the surface of TiO,, inducing cell stress
that could lead to mortality, as well as the influence of silver ion release. However, this ion

release in the dark was lower than that observed for Ag nanoparticles and AgNOs salts, and
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so the observed synergy was attributed to variation in dissolution and re-precipitation kinetic
and equilibrium reactions between the pure Ag nanoparticles and Ag-TiO, nanoparticles.
Under UV irradiation, the inactivation mechanism was found to be dominated by the effects

of ROS generation.

The oxidation of silver nanoparticles in photoreactive systems has also been reported [29,
86]. As discussed with respect to photocatalytic and antibacterial activities of Ag-TiO;
composites under irradiation [25], the redox potentials of the TiO, hole and the hydroxyl
radical are +2.5 V and +1.9 V versus the normal hydrogen electrode (NHE), respectively
[87]. This implies that the oxidation of metallic Ag to Ag' is thermodynamically favoured
since Ag®/Ag" = 0.7996 V vs. NHE, and this redox potential decreases with decreasing Ag
particle size [88]. However, these oxidized silver ions may consume photogenerated
electrons to reduce silver back to its metallic state [89]. Castro et al. probed the
photocatalytic degradation of dichloroacetic acid (DCA) by Ag-TiO; under UV and visible
light, and suggested that the photoproduced valence band holes were hindered from
oxidizing DCA because they were consumed to oxidize Ag® to Ag', implying that the
electron-hole charge separation mechanism of the incorporated silver was negligible [90]. In
their post-irradiation events studies, they found that a UV-treated Ag-TiO, sample exhibited
increased inactivation efficiency in subsequent dark periods, and the activity was further
promoted using the same sample again under visible light. It was postulated that the bacterial
outer membrane acted as an electron donor to regenerate the Ag°® species necessary for
subsequent photoactivation and ROS production under visible light. Therefore, for all silver-
containing photocatalysts, clarification of the respective and synergistic roles of released
silver and photo-generated ROS under irradiation should be studied to appropriately describe

the relevant acting mechanisms.

A.2.6 Changes to bacterial adhesion properties

The modification of titania by silver can affect its bacterial adhesion properties, and
influence the inactivation observed compared to the unmodified material. Ma et al. prepared
silver-modified mesoporous TiO, and found that the electrostatic interactions between the

particles and E. coli bacteria affected the inactivation efficiency obtained [25]. They
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observed strong aggregation between Ag-TiO, particles and bacteria, and found that
inactivated cells were encased by the particles after 30 minutes of mixing. Inactivation
efficiency decreased when the positive charge on the particles increased, which was
interesting because the bacteria carried a negative surface charge. Similarly, scanning
electron microscope images of an immobilized Ag/TiO, surface prepared by dip-coating and
photodeposition of Ag showed that the composite surface exhibited particulate nature and
rough texture, and this topography was thought to be favourable for bacterial adhesion in E.
coli inactivation [59]. In a study of MS2 bacteriophage inactivation using silver-doped TiO,
reported by Liga et al. [66] an increased adsorptive removal was explained by the
interactions of viral surface amino acids with silver, since there exist 183 cysteine residues
exposed on the capsid surface of MS2 [91]. This increased adsorption was also noted to
enhance the photocatalytic inactivation rate by causing the virus to come in close proximity
to surface-bound and bulk generated ‘OH radicals, while simultaneously increasing the

likelihood of direct hole oxidation.

A.3 Silver-silver halides (Ag/AgX)
A.3.1 Overview of Ag/AgX photocatalysts

Another method of stabilizing highly reactive silver nanoparticles in photocatalytic systems
is to incorporate them into silver/silver halide structures. Silver halides (AgX, X = Br, Cl, I)
are photosensitive materials widely employed in photographic films. In photographic
processes, silver halides absorb photons to liberate electron-hole pairs. The free electrons can
combine with mobile interstitial silver ions to lead to separation of silver atoms, and upon
continued absorption of photons, clusters of silver atoms are formed [89, 92, 93]. The critical
size of silver clusters necessary to form a latent image is four silver atoms [93, 94]. Due to

this instability under light, silver halides have not traditionally been used as photocatalysts.

However, when they are incorporated with silver nanoparticles, the two components act in
concert as an efficient and stable visible light photocatalyst [95]. Silver/silver halides (mainly
Ag/AgCl, Ag/AgBr) have been synthesized in literature using a variety of techniques such as
deposition-precipitation-photoreduction [95-97], one-pot synthesis with poly(vinyl
pyrrolidone) (PVP) and ethylene glycol at elevated temperature [98], ionic-liquid synthesis

276



using 1-octyl-3-methylimidazolium chloride as a chlorine source and reducing agent [99],
double-jet method [100], and microwave-assisted non-aqueous growth [101]. In all cases,
strong absorption in the visible light region was observed, due to SPR of the incorporated

silver nanoparticles.

A.3.2 Mechanism of photocatalytic enhancement

In a system such as Ag/AgCl, a visible light photon can be absorbed by a silver nanoparticle,
generating a hole and an electron. These can be effectively polarized by the surface plasmon
resonance state of the silver, causing efficient separation of the hole and electron such that
the electron is transferred to the silver surface furthest away from the interface with AgCl
(because AgCl is terminated by CI ions, and is negatively charged), and the hole transferred
to the AgCl particle surface [95]. The stability of silver/silver halides has been attributed to
this charge separation, which prevents the generated electron from being transferred to the
Ag" ions of AgCl [99]. The electron is instead transferred to molecular oxygen present at the
surface, forming active species such as the superoxide anion of oxygen, which can facilitate
degradation of pollutants [102]. The positive hole generated can also oxidize Cl ions into
C1°, which are themselves powerful oxidizing agents that can attack organic pollutants near
the surface of the catalyst, and be reduced back to their ionic Cl state [95, 100]. In an
Ag/AgBr system, visible light absorption by AgBr may also play a role in ROS generation in
addition to SPR.

A.3.3 Photocatalytic disinfection

The disinfective capabilities of certain silver-based surface plasmon enhanced photocatalysts
have been reported in literature. For example, Ag/AgBr/TiO, was investigated by Hu et al.
[89] for inactivation of E. coli under visible light irradiation. They studied the mechanism of
cell death through transmission electroscope microscopy, and confirmed inactivation to be
caused by radical decomposition of the cell membrane. Hu et al. also confirmed the high
photocatalytic inactivation efficiency of AgBr/TiO, and Agl/TiO, catalysts on E. coli and S.
aureus under visible light irradiation [89, 103—106], and found that ROS species such as
HO;", 'OH, ‘O, and H,0, were involved in bacterial inactivation. They reported that the

electrostatic interactions between the bacteria and catalyst played a role in the inactivation
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efficiency observed [89, 103, 107]. The mechanism of cell death was also studied by Zhang
et al. [108], and a dominant role of diffusing hydroxyl radicals on photocatalytic disinfection
of E. coli was found using Ag/AgBr/Bi,WOs plasmonic nanojunction catalysts.
Photocatalytic disinfection of E. coli was also reported by Elahifard et al. using apatite
coated Ag/AgBr/TiO; [109], and by Wang et al. using Ag/AgBr/WO;3-H,0 under visible light
[110]. The plasmon-induced photocatalytic killing of enteric microorganisms Shingella
dysenteriae (S. dysenteriae), E. coli, and human rotavirus type 2 Wa under visible light was
investigated using Ag-Agl/Al,O3 [105]. Interestingly, the silver halide alone has also been
reported to possess antibacterial action, and studies have been performed without discussion
of the material as a photocatalyst. For example, the bactericidal activity using AgCl only in
the dark was reported [111-114], and the mechanism was attributed to the action of diffused
Ag" ions. Similarly, nano-AgBr deposited on activated carbon filters were prepared by Pal et
al. [115], and these composites were found to have a bactericidal effect on E. coli in the

absence of photocatalytic mechanisms.

A.3.4 Ag/AgX as bactericidal and photocatalytic materials

Certain silver/silver halide materials have been discussed for their dual functions as
bactericidal and photocatalytic materials in dark and light conditions, respectively. The
results of select studies are shown in Table A.1, where there exists a baseline antimicrobial
effect of the Ag/AgX- containing material in the dark, and an enhanced activity upon

irradiation.

A.3.5 Silver ion release behaviour of antibacterial AgX

In Ag/AgX-type silver-modified photocatalysts, the contribution to inactivation by release of
Ag" from metallic silver nanoparticles, and release due to the limited solubility of silver
halides (ex. 10™ solubility limit of AgCl) to form free silver (Ag") and soluble silver
complexes (dissolved AgCl, AgCl,") in aqueous media should be considered when trying to
quantify antibacterial activity [73]. To this end, silver release has been studied from AgCl
materials used as bactericidal agents. Tuncer and Seker [116] investigated the antibacterial
efficacies of silver and silver chloride-containing titania xerogels synthesized using single-
step sol-gel methods against E. coli, and particularly, focused on the effect of silver chloride

formation due to reaction of eluted Ag” ions with chloride present in the Mueller-Hinton
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medium used for bacterial cultivation and for zone of inhibition studies. The local deposition

of AgCl in the medium was described by the following equilibrium:
Ag ) T Clag <> AgClag) (A.4)

They observed high bactericidal activities with both the Ag-TiO, and AgCI-TiO, xerogels,
but the release rate of silver ions from the latter was lower due to equilibrium dictated by
equation (A.4). It was indicated that the controlled release of Ag" could be achieved when
silver was present as AgCl crystallites, and that this was effective for antibacterial activity
because bacterial growth could be inhibited at low silver concentrations, including at parts
per billion levels [117]. It was also concluded that unnecessary release of silver occurred if
silver was not present in the form of AgCl and that consideration of chloride ions present in
the medium agar must be made to account for their interactions with diffused silver. In a
study comparing the inhibitory effects of silver nanoparticles, silver ions, and silver chloride
colloids on microbial growth of E. coli [112], it was noted that, depending on their size and
bioavailability, the inhibition that could be caused by AgCl colloids (< 14 nm) could be as
significant as pure Ag' ions introduced from bulk silver species (AgNO3). The toxicity of
Ag" ions was found to be dependent on the strength and amount of ligands present [118]. The
effect of anionic ligands, namely chloride, was also studied in the characterization of silver
release into wastewaters from commercially-available functional (nano)textiles after washing
cycles [119]. Of the silver textiles studied, AgCl was the most frequently observed chemical
form of silver in the washwater. The secondary formation of AgCl from Ag-containing
textiles was found to occur during washing cycles, when the released free silver precipitated
with chloride in the washwater. The release of silver from Ag nanoparticles is also size

dependent, and is governed by the following relationship [120]:
2 Ag(s) +0.5 Oz(aq) +2 H+(aq) — 2 Ag+(aq) + HzO(l) (A.5)

Silver ion release from Ag nanoparticles is dependent on their prior oxidation, since metallic
silver is insoluble in anaerobic conditions. Upon the formation of an oxide layer (Ag,O) on
the surface of the nanoparticle, release of silver cations ensues due to the high solubility of
silver oxide [121]. An oxidant must be present for further dissolution to take place, and

removing this source was found to completely inhibit the release of dissolved silver ions
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[72]. From the silver ion release described in reaction (A.5), increasing the hydrogen
concentration (by decreasing pH) in the presence of oxygen can increase the rate of silver
oxide formation and dissolution. The dissolution rates of both Ag and AgCl are size-

dependent, with smaller nanoparticles exhibiting faster release rates than larger particles.

A.3.6 Silver ion release behaviour of antibacterial and photocatalytic Ag/AgX
in dark and light conditions

While the silver release and bactericidal activity for AgX materials is well documented,
dynamics of oxidation and dissolution for Ag/AgX agents is discussed to a lesser extent. For
example, some Ag/AgBr-modified semiconductors such as WOs [110], Bi,WOg [104], and
P25 TiO, [68] did not exhibit any bactericidal activity in the absence of light due to
negligible silver ion release. However, Wang et al. reported bacterial inactivation of E. coli
in the dark using Ag/AgBr-TiO, prepared by both sol-gel route and by solvothermal
synthesis, respectively [68]. They attributed this dark biocidal activity to small amounts of
silver ion release and the good dispersion of silver nanoparticles on the composite
photocatalysts. The composites also showed high stability, and the silver ion release was
found to be negligible under irradiation compared to that of a reference Ag/TiO,
photocatalyst. The oxidation of silver nanoparticles in the composite Ag/AgBr-TiO, was
thought to be prevented due to the surface plasmon-induced charge separation. In a study
performed by Padervand et al. [69] on the antibacterial and visible light photocatalytic
disinfection activities of Ag/AgBr/TiO,/zeolite on E. coli, the observed antibacterial activity
in the dark was also attributed to the presence of Ag' ions released to the medium. However,
inactivation was enhanced under irradiation, and the silver ions were thought to act as an

auxiliary factor contributing to bacterial inactivation in addition to photo-produced ROS.

Due to the high affinity of free ionic silver for anionic ligands, the formation of AgCl in the
presence of saline or medium used in experimental studies or present in natural environments
should be considered. The formation of AgCl shells on the surface of Ag nanoparticles, and
the dissolution and formation of bioavailable AgCl,'™ complexes in the presence of CI
complicate the toxicity kinetics from Ag nanoparticles and the silver release rate. Evidence

has been provided for the precipitation of AgCl both as a separate phase and on the surface of
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silver nanoparticles [122]. Possible complications under irradiation include the partial
photoreduction some AgCl [73], and the subsequent photocatalytic action of the produced
Ag/AgCl. In silver-modified photocatalysts releasing small quantities of Ag', the effects of
AgCl formation are thought to be negligible, but may be more severe for highly Ag'-eluting
photocatalysts. Further research should be undertaken to clarify the role of the AgCl

particulates formed, and especially their effect in photoreactive disinfection schemes.

A.4 Silver-ZnO
A.4.1 Overview of Ag-ZnO photocatalysts

ZnO is a wide bandgap semiconductor, and is considered as a suitable alternative to TiO, due
to its nontoxicity and relatively lower preparation costs [123, 124]. Despite this, application
of ZnO to photocatalysis has been limited because it exhibits a low photocatalytic activity
and is susceptible to photocorrosion, which further degrades its activity in repeated cycles
[125]. This corrosion is particularly problematic, and has been shown to occur to some extent
in both dark and light conditions for ZnO coatings [126]. Efforts have been made towards
improving the efficiency of ZnO photocatalysis, such as through decreasing ZnO particle
sizes [127], tuning preparation procedures to develop films with high photocatalytic activity
[128], increasing surface area through implementing hierarchical nanostructures [129], and
optimizing the face- and morphology-dependent photocatalytic performance of hexagonal

ZnO crystals [130—-133].

Another strategy for improving the photocatalytic activity of ZnO is through combination
with noble metal nanoparticles, such as Ag, Au, Pt, or Pd [134, 135]. These metal
nanoparticles act as charge sinks [87] for photo-induced electrons in the host ZnO material to
prevent recombination of the charge carriers by a similar mechanism as in noble metal
nanoparticle deposited-TiO,. Of the noble metals, silver is cited to be the cheapest [134].
Many attempts have been made to modify ZnO photocatalysts with Ag to improve
photocatalytic activity [136—142], and photostability of the host ZnO may also improved

upon introduction of the metal nanostructures [141].
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A.4.2 Bactericidal activity of ZnO materials

ZnO has been investigated for its unique qualities as an antibacterial agent in the absence of
light since before the 1950’s [143], and has since been shown to be effective for the
inactivation of E. coli, Salmonella typhimurium (S. typhimurium), B. subtilis, and S. aureus,
among others [144—146]. Nano-sized ZnO (< 100 nm) has been found to be toxic to algae
[147—150], crustaceans [151-153], fish [150], bacteria [154—158], nematodes [159], and
plants [160, 161], to various extents. The antibacterial activity in all cases was dependent on
the surface area and concentration, with increasing inactivation observed upon increasing
these factors [162]. Additionally, smaller ZnO particles were found to exhibit higher
bactericidal activity [156, 163, 164], and inactivation seemingly occurred on or near the
particle surface [144]. Although still a controversial subject, the mechanism of antibacterial
activity has been proposed to be due to a number of factors. Previous assessments attributed
the biocidal action of nano-ZnO to H,O, generation from the surface, inducing oxidative
stress on bacterial species and causing eventual lysis [154—158, 165, 166]. However, many
studies reported that the release of zinc ions from nano-ZnO was the main factor responsible
for the observed toxicity [147, 149-152, 160, 161, 167, 168]. For example, the toxicity could
be well-correlated to the concentration of free hydrated Zn>" ions or labile zinc complexes
[147, 169—172], although the attachment of ZnO nanoparticles and their aggregates to the
microorganisms was also found to influence inactivation. The toxicity of nano-ZnO, bulk
Zn0O, and Zn*" jons was the same at similar concentrations of dissolved zinc, so Zn*" jons
dissolved from ZnO were thought to be the main cause for ZnO ecotoxicity [147, 168]. The
role of zinc ions released from dissolution of ZnO is not clear, although binding of the Zn*"
ion to the membranes of microorganisms has been suggested to prolong the lag phase of the
microbial growth cycle [173]. Similar to Ag' speciation pathways and combination with
anionic ligands previously discussed, the concentration of free ionic Zn*" was found to be
decreased in saline or nutrient media, due to the generation of precipitates and zinc

complexes, which lowered the resulting toxicity observed [174].
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A.4.3 Photocatalytic disinfection

Select studies have been performed investigating photocatalytic disinfection using Ag-
modified ZnO materials. These materials are somewhat analogous to Ag/AgX photocatalysts,
since the base (or host) photocatalyst possesses some antimicrobial activity. However, the
mechanism and interaction of these compounds with microorganisms differ in dark and
photoreactive systems. An example of an Ag-ZnO photocatalyst is provided in Table A.1,
where there exists an antibacterial activity in the dark, which is enhanced upon irradiation

due to the photocatalytic effect.

A.4.4 Silver ion release behaviour of antibacterial and photocatalytic Ag-ZnO
materials

Investigation of the silver ion release behaviour of Ag-ZnO films prepared for photocatalytic
inactivation of E. coli under both dark and light conditions indicated that the free silver
concentration was very small, and was unquantifiable by inductively coupled plasma-mass
spectrometry methods [70], although inactivation was observed in the dark using both the
undoped ZnO material and the Ag-modified photocatalysts. Additionally, this activity was
improved upon photoirradiation of the composites, and the authors attributed this to the
effects of photo-induced radicals on bacterial inactivation. The activity in the dark was
thought to be due to the antibacterial effects of ZnO and contact between silver nanoparticles
on the thin film surface and the bacteria. The dynamics and speciation of released silver and
zinc ions in both dark and photoreactive systems should be further investigated to gain an in-

depth knowledge of this class of composite for both dark and light inactivation.

A.4.5 Changes to bacterial adhesion properties

The electrostatic forces between silver nanoparticles and bacteria have been reported to play
a role in the antibacterial activity observed [175-177]. Similar to Ag-modified TiO,
materials, changes to bacterial adhesion properties may occur upon the introduction of Ag
into ZnO particles, which increase the bactericidal activity observed. For example, Lu et al.
prepared Ag/ZnO nanocomposites that exhibited antibacterial activity on E. coli [178]. The
Ag nanoparticles that were present in Ag/ZnO were highly positively charged compared to
the pure Ag used for comparison. This was attributed to the transfer of electrons from Ag

nanoparticles to ZnO nanorods, creating a strong interaction that was thought to enforce the
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electrostatic attraction between the positively charged Ag and the negatively charged

bacteria, increasing bactericidal activity observed.

A.5 Other antimicrobial photocatalysts

Similar to silver-modified photocatalysts, the development of other antibacterial
photocatalytic materials possessing bifunctionality for applications in both dark and light
conditions is also of interest for both the enhancement of photocatalytic activity of TiO, and
other photocatalytic materials, and for the development of self-cleaning and self-disinfecting
surfaces in public health-related settings such as hospitals, airports, metro stations, or schools
[179], in addition to use in air and water purification systems. Some antimicrobial

photocatalysts reported in literature are briefly reviewed in this section.

A.5.1 Copper-based materials

A.5.1.1 Copper-based disinfection

Copper and copper-based compounds have been known as disinfection agents since
antiquity, with the earliest reports of their use in medicine described in the Smith Papyrus, an
ancient Egyptian medical text, for the sterilization of chest wounds and drinking water [180].
The use of copper in various formulations continued throughout history, and became
widespread in the 19" and 20™ centuries for the treatment of diseases such as tubercular
infections, lupus, syphilis, and anemia, until it was replaced by commercial antibiotics [180,
181]. However, current interest in copper-based antimicrobials is has been renewed to
address problems associated to antibiotic resistance in bacterial communities, to develop of
self-cleaning surfaces for use in hygiene-sensitive areas, and for applications to sterilizing
bandages and textiles [181, 182]. Copper oxide (CuO) can be easily mixed with polymers
and is chemically and physically stable. Additionally, CuO nanoparticles are cheaper than
silver nanoparticles, although the latter exhibit stronger bactericidal activity in the dark
[183]. Similar to silver, the antimicrobial effect of copper has been studied and explained
with respect to its ionic forms, Cu" and Cu*" Specifically, the generation of reactive

hydroxyl radicals is given in Eq. (A.6):

Cu"+H,0,> Cu”"+OH +'OH (A.6)
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These hydroxyl radicals can cause cellular damage through lipid and protein oxidation
reactions [184]. Also similar to ionic silver, copper ions can interact with thiol groups in
cysteines or glutathione [181], where the relevant reactions are given by eq. (A.7) and eq.

(A.8):
2Cu”"+2RSSH > 2Cu'+RSSR+2H" (A7)
2Cu"+2H" +0, > 2 Cu* + H,0, (A.8)

The toxicity of metallic copper is mainly ascribed to the reactions in equations (A.6) — (A.8),
although alternative mechanisms involving iron displacement from iron-sulfur clusters [185]
and the competition of copper ions with zinc and other metal ions on binding sites on

proteins [186] are also possible.

A.5.1.2 Cupreous antimicrobial photocatalysts

Copper-modified or copper-containing photocatalysts with antibacterial capacities in the dark
and enhanced photocatalytic activities under light have been reported in a number of studies,
and may present a low-cost alternative to noble metal based biocidal photocatalysts. Similar
to Ag in Ag-TiO, composites, the role of interfacial charge transfer between Cu and TiO; is
emphasized as a photocatalysis-enhancing mechanism, which may contribute to
photocatalytic inactivation in addition to the antibacterial and oligodynamic effects of
incorporated copper. For example, Qiu et al. developed hybrid CuyO/TiO, nanocomposites
composed of Cu” and Cu®" clusters grafted onto TiO, [179], and observed their efficient
visible light induced photooxidation of volatile organic compounds (isopropanol, acetone,
acetaldehyde) in air, as well as their inactivation of viruses (Q bacteriophage) and bacteria
(E. coli, S. aureus) in both dark and light conditions. For organics mineralization, the
improved visible light activity of the composite photocatalyst over pure TiO, was attributed
to the role of Cu2+, where valence band electrons from TiO, were excited to Cu*’ species in
surface nanoclusters through interfacial charge transfer processes, resulting in high
photocatalytic performance of the composite CuyO/TiO, system. With respect to antiviral and
antibacterial effects, Cu" species in the CuyO nanoclusters were found to be much more
effective than Cu metal or Cu®" species for enhancing the dark inactivation observed,

emphasizing the need for careful optimization of valence states of the incorporated copper to
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achieve the desired bifunctionality. This ratio was tuned to Cu’/Cu®" = 1.3, and although a
dark disinfection was observed, the overall inactivation was increased in the presence of
irradiation due to the combined role of biocidal copper and the effects of photocatalysis to
damage outer membranes, proteins, DNA, and RNA of the viruses and bacteria studied

[179].

Other relevant copper-TiO, materials reported in literature include TiO,/Cu nanosurfaces for
antibacterial photocatalytic films under weak visible light irradiation [187], which were also
thought to act through interfacial charge transfer mechanisms and by oligodynamic copper
ion release under irradiation. Similar observations were made for CuO/TiO; films prepared
by chemical vapor deposition (CVD) against bacteriophage T4 and E. coli [188], and the
possible role of photocatalysis in degrading dead cell mass to result in a cleaner surface for
the penetration of UV light was discussed with respect to the higher observed activity of
CuO/TiO; film over CuO film alone. Other Cu-TiO, co-deposited films prepared by CVD
[189] exhibited a >5 log reduction of E. coli after 24 hours in dark conditions, and a >5 log
reduction within 1 hour of UV irradiation, where the enhancement was thought to be due to
the production of hydroxyl radicals via the photo-Fenton type reaction shown in Eq. (A.6). A
Cu/TiO, system reported consisting of a TiO, film with photodeposited metallic copper (Cu®)
and copper ions (Cu’, Cu*") was studied against copper-resistant E. coli [190], which
possessed little porin protein on its outer membrane, losing the ability to transport the toxic
copper ions into the cell [191-195]. A synergistic antibacterial and photocatalytic
inactivation was observed under weak UV irradiation and was thought to occur in two steps,
where the outer membrane of the bacteria was first attacked by ROS produced in TiO,
photocatalysis, followed by the intrusion of copper ions into the cell [190]. This system
illustrated the synergistic bifunctionality attainable in biocidal-photocatalytic systems, and

highlights the need for further research in this stream.

A.5.2 Miscellaneous antimicrobial photocatalysts
Other approaches have been taken to enhance the antibacterial and antiviral activities of
conventional photocatalysts. For example, Kong et al. prepared novel biocidal polymer-

functionalized TiO, nanoparticles via a surface-initiated photopolymerization process using
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titania as the initiator [196]. The resulting nanoparticles possessed a core/shell structure
consisting  of  TiOs/poly[2-(tert-butylamino)ethyl — methacrylate-co-ethylene  glycol
dimethacrylate], and exhibited an antimicrobial efficiency of 95.7% against S. aureus in the
dark. This observed efficiency increased to 99.9% in the presence of UV irradiation for 30
minutes, and was attributed to the synergistic effect of the biocidal polymer and the
photocatalyst. Other materials such as multi-walled carbon nanotubes (CNTs) were also
used to modify TiO, [197], and the prepared CNT-TiO; thin films possessed antibacterial
activity against E. coli in the dark due to the antimicrobial effect of the incorporated
nanotubes, and enhanced inactivation capacity under visible light irradiation, which was
attributed to both the antibacterial activity of CNTs, and their role in improving charge
transfer and optical absorption characteristics of the host TiO,. Noble metal modified
photocatalysts such as Au-TiO, [198] were also proposed and their antibacterial activity
against E. coli confirmed in the absence of light. The use of this material as a photocatalyst
was not discussed, although changes to the bacterial adhesion properties of pure TiO, due to
the incorporated nanometal were suggested to contribute to the improved antibacterial
activity observed, and were quantified by measuring zeta potentials of the pure and modified
materials, respectively. It should be noted that Au-TiO, materials were previously reported
and investigated as visible light active photocatalysts [199-202], due to surface plasmon
resonance enhancement by the nanosized noble metal, and so further work should be
performed on characterizing the mechanisms of combined antimicrobial and photocatalytic

activities of these catalysts under irradiation.

A.6 Conclusions

The modification of TiO, by silver can be performed to create enhanced composite
photocatalysts that exhibit high photocatalytic activity under dark and light conditions. The
mechanisms of enhancement due to the incorporated silver are mainly due to antibacterial
silver ion release in dark conditions, and promotion of photocatalysis by charge carrier
separation under irradiation. In some cases, the photocatalytic disinfection can be enhanced
by the action of released silver even under irradiation, but further work is needed to clarify

the roles and fates of the silver species in photoreactive systems. Modification by silver can
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also act to alter bacterial adhesion properties of the composite, and may improve its overall

bactericidal and photocatalytic inactivation activities.

Ag/AgX (X = Cl, Br, I) photocatalysts also represent a class of silver-modified materials that
can exhibit antimicrobial activity in both dark and light conditions. In this case, the
photocatalytic enhancement is due to both increased visible light absorption and charge
carrier separation by the surface plasmon resonance state of the nanosilver, as well as the
generation of oxidative species from the host material, such as CI° or Br® for Ag/AgCl and
Ag/AgBr, respectively. The AgX support also prevents oxidation of nanosilver by a charge
separation mechanism, which promotes the stability and long-term use of the catalyst.
Although sparingly soluble, the AgX host material may contribute to the total dissolved
silver species, playing a role in the inactivation observed in both dark and light conditions.
Additionally, the formation of AgCl precipitates from the scavenging of ionic silver by
anionic chloride ligands present in the reaction fluid may further complicate dynamics of
photo-induced disinfection, since these AgCl precipitates may agglomerate and possibly be
reduced; regenerating some Ag/AgCl species. The effect is thought to be more pronounced
for highly Ag-eluting catalysts, but the extent to which this affects photocatalytic disinfection

remains unknown.

Silver can also be used to modify ZnO materials, which are themselves biocidal, to improve
the photocatalytic efficiency of the host material or to enhance the antimicrobial activity of
the composite. Further research is needed to clarify the roles of silver and zinc ions in both
the dark and photoreactive solutions, and to study mechanisms of inactivation using the

composite materials.

Other approaches to improving photocatalytic activity of TiO, through addition of
antimicrobial materials, such as by copper modification or by incorporation of carbon
nanotubes, may also result in composite materials with both antimicrobial effects in the dark,
and enhanced photocatalytic inactivation under irradiation. In addition to improving

photocatalytic efficiencies, the development of bifunctional biocidal photocatalysts is also of
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interest for preparing continuous-sterilizing surfaces that can act by different mechanisms in
the presence and absence of irradiation, respectively. These systems should be carefully
characterized in order to understand the role of acting mechanisms and their dynamic
behaviour under various conditions to fully realize the potential of bifunctional antimicrobial

photocatalytic materials for future use.
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Applications of photocatalytic disinfection: A review
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Abstract

Due to the ability of photocatalysis to inactivate a wide range of microorganisms, it is being
examined as a viable alternative to traditional disinfection methods such as chlorination,
which can produce harmful byproducts. Photocatalysis is a versatile and effective process
that can be adapted for use in many disinfection applications in both air and water matrices.
Additionally, photocatalytic surfaces are being developed and tested for use in the context of
“self-disinfecting” materials. Studies on the photocatalytic technique for disinfection
demonstrate that this process possesses potential for widespread applications in indoor air
and environmental health, biological and medical applications, laboratory and hospital
applications, pharmaceutical and food industry, plant protection applications, wastewater and
effluents treatment, and drinking water disinfection. Studies on photocatalytic disinfection
using a variety of techniques and test organisms are reviewed, with emphasis on end-use

application of developed technologies and methods.
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B.1 Introduction

Photocatalytic processes are recognized as potentially viable solutions to environmental
problems [1-3]. Disinfection of microorganisms is of particular importance, because
traditional methods such as chlorination are chemical intensive and have many associated
disadvantages. For example, in water treatment applications, chlorine used for disinfection
can react with organic material to generate chloro-organic compounds that are highly
carcinogenic [4, 5]. Furthermore, some pathogens such as viruses, bacteria such as
Legionella, and protozoans such as Cryptosporidium and Giardia lamblia (G. lamblia) cysts
are known to be resistant to chlorine disinfection [6, 7]. Other treatment alternatives such as
ozonation and irradiation using germicidal lamps (254 nm) have their own problems and
limitations, such as the lack of residual effect [8] and generation of small colony variants [9]

for the latter and production of toxic disinfection byproducts for the former [10].

In comparison, the TiO, semiconductor commonly used in photocatalytic processes is
nontoxic, chemically stable, available at a reasonable cost, and capable of repeated use
without substantial loss of catalytic ability [11]. Heterogeneous photocatalysis using titanium
dioxide is a safe, nonhazardous, and ecofriendly process that ideally does not produce any
harmful byproducts. Extensive research in this field has been performed in the area of

photocatalytic removal of organic, inorganic, and microbial pollutants [12, 13].

The mechanism of bactericidal action of photocatalysis, as reported by Sunada et al. is
attributed to the combination of cell membrane damage and further oxidative attack of

internal cellular components, ultimately resulting in cell death [14].

Since the work of Matsunaga et al. in 1985 reporting the application of photocatalysis for the
destruction of Lactobacillus acidophilus (L. acidophilus), Saccharomyces cerevisiae (S.
cerevisiae), and Escherichia coli (E. coli) using platinum-loaded TiO, [15], there has been
much interest in biological applications of this process. A comprehensive review of the
application of photocatalysis for water disinfection is given by McCullagh et al. [16], with

many others available in the literature [17-21].
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Research in the field of photocatalytic disinfection has been very diverse, with the TiO,/UV
process shown to successfully inactivate many microorganisms including bacteria such as E.
coli [22-24], L. acidophilus [15], Pseudodomonas stutzeri (P. stutzeri) [25], Bacillus pumilus
(B. pumilus) [26], Streptococcus mutans (S. mutans) [1], yeasts such as S. cerevisiae [15],
algae such as Chlorella vulgaris (C. vulgaris) [15], viruses such as phage MS2 [15, 27, 28],
B. fragilis bacteriophage [15, 27], Poliovirus I [28], and protozoans such as Cryptosporidium
parvum (C. parvum) [29], and G. intestinalis [30].

Research efforts are being made to improve the efficiency of the TiO, catalyst by means of
doping with various metals [31-33] and nonmetals [34, 35]. Other parameters that can be
varied in photocatalytic processes, such as the source of irradiation [18] and factors affecting
process efficiency [36] have also been under investigation. Additionally, there are many
reactor designs and configurations [37, 38] used to exploit photocatalytic disinfection for a
wide range of applications, as this process can be used in both water and air matrices [39].
The current review will focus on developments in photocatalytic disinfection for application
in the following contexts: indoor air and environmental health, biological and medical
applications, laboratory and hospital applications, pharmaceutical and food industry, plant

protection applications, wastewater and effluents treatment, and drinking water disinfection.

B.2 Indoor air and environmental health

The photocatalytic process is well recognized for the removal of organic pollutants in the
gaseous phase such as volatile organic compounds (VOCs), and as such is applicable to
contaminant control in indoor environments such as residences, office buildings, factories,

aircrafts, and spacecrafts [40, 41].

To increase the scope of the photocatalytic process in application to indoor air treatment, the
disinfection capabilities of this technique are also under investigation [39]. Disinfection is of
importance in indoor air applications because of the risk of exposure to harmful airborne
contaminants. Bioaerosols are a major contributor to indoor air pollution, and more than 60

bacteria, viruses, and fungi have been documented as infectious airborne pathogens. Diseases
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transmitted via bioaerosols include tuberculosis, Legionaries, influenza, colds, mumps,
measles, rubella, small pox, aspergillosis, pneumonia, meningitis, diphtheria, and scarlet
fever [42]. Traditional technologies to clean indoor air include the use of activated charcoal
filters, HEPA filters, ozonation, air ionization, and bioguard filters, although none of these

technologies is completely effective [20].

In the pioneering work by Goswami et al. [43] investigating the disinfection of indoor air by
photocatalysis, a recirculating duct facility was developed to inactivate biological
contaminants with photocatalytic techniques. Experiments using Serratia marcescens (S.
marcascens) in air resulted in 100% destruction of microorganisms using a recirculating loop

in 600 minutes [43]. This time was reduced to less than 3 minutes in later experiments [44].

Photocatalytic oxidation can also inactivate infectious microorganisms that can be used as
airborne bioterrorism weapons, such as B. anthracis (Anthrax) [45-47]. A photocatalytic
system was investigated by Knight in 2003 to reduce the spread of severe acute respiratory
syndrome (SARS) on flights [48], following outbreak of the disease. Similarly, in 2007, the
avian influenza virus A/H5N2 was shown to be inactivated from the gaseous phase using a

photocatalytic prototype system [39].

Inactivation of various Gram-positive and Gram-negative bacteria using visible light and a
doped catalyst [49], as well as fluorescent light irradiation similar to that used in indoor

environments was studied [50].

It was also shown that E. coli could be completely mineralized on a TiO, coated surface in
air [42]. Carbon mass balance and kinetic data for complete oxidation of E. coli, Aspergillus
niger (A. niger), Micrococcus luteus (M. luteus), and B. subtilis cells and spores were
subsequently presented [51]. A comprehensive mechanism and detailed description of the

photokilling of E. coli on TiO, coated surfaces in air was extensively studied in order to
quantify the kinetics of E. coli immobilization and abatement via photocatalysis, by

monitoring FTIR, AFM, and CFU as a function of time and observing peroxidation of the

307



membrane cell walls [52-56].

Novel photoreactors and photo-assisted catalytic systems for air disinfection applications
such as those using polyester supports for the catalyst [57], carbon nanotubes [58],
combination with other disinfection systems [59], membrane systems [60], silver bactericidal
agents in cotton textiles for the abatement of E. coli [61-63], high surface area CuO catalysts

[64], and structured silica surfaces [65] have also been reported.

In terms of environmental health, the antifungal capability of photocatalysis against mould
fungi on coated wood boards used in buildings was confirmed [66] using A. niger as a test

microbe under UVA irradiation.

B.3 Biological and medical applications

Due to the disinfective properties of photocatalytic processes, they are being explored for use
in medical applications. Studies have been performed using coatings on bioimplants to
implement photocatalysis for antibacterial purposes [46, 67, 68]. Shiraishi et al. explored the
photocatalytic inactivation of S. aureus, a common pathogenic bacterium in implant-related
infection, using TiO, film on stainless steel and titanium substrates [69]. The bactericidal
effect of the coating was confirmed upon UV irradiation, and the use of these coated
photocatalytic substrates presented a useful strategy for the control of infections associated

with biomedical implants.

Photocatalysis is also able to kill animal cells, and the antitumor activity was studied using
subcutaneous titania injection onto skin tumours followed by 40 minutes of UV illumination
[70]. This procedure produced a tenfold tumour volume reduction after three weeks, where
the catalyst and light alone controls exhibited tumour increases in volume by factors of 30 —
50. The use of photocatalysis for cancer cell treatment has also been documented elsewhere

[1, 71].

As previously alluded to in air-disinfection strategies, photocatalysis can be employed to
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remove harmful airborne biological threats such as Anthrax [47,72]. In this sense, it can be

an effective technique for combating bioterror.

B.4 Laboratory and hospital applications

Particularly in microbiological laboratories and in areas of intensive medical use, frequent
and thorough disinfection of surfaces is needed in order to reduce the concentration of
bacteria and to prevent bacterial transmission. Conventional methods of disinfection with
wiping are not effective long-term, and are staff and time intensive. These methods also
involve the use of harsh and aggressive chemicals. Disinfection with hard ultraviolet light
(UVC) is usually unsatisfactory, since the depth of penetration is inadequate and there are

occupational health risks involved [73].

Photocatalytic oxidation on surfaces coated with titanium dioxide offers an alternative to
traditional methods of surface disinfection. Research has been performed on the biocidal
activity of thin films of titania anchored to solid surfaces [73—75]. The effectiveness of this
process was demonstrated using bacteria relevant to hygiene such as E. coli, P. aeruginosa,
S. aureus, and E. faecium [73]. The inactivation of E. coli (ATCC8739) cells deposited on
TiO, membrane filters upon irradiation with fluorescent light was also shown as an

application of self-disinfecting surfaces [76].

Thin films deposited on stainless steel using a novel flame-assisted CVD technique were also
tested for antimicrobial activity on E. coli [68]. There is a wide range of applications for this
self-disinfecting material because of the desirable mechanical properties and resistance to
corrosion of stainless steel. Transparent TiO, films on this substrate were also shown to be

effective for sterilization of B. pumilus [77].
Titania photocatalysts doped with CuO were coated on surfaces and their biocidal activity

evaluated [78]. This investigation also explored the synergistic effect of photocatalysis and

toxicity of copper to inactivate bacteriophage T4 and E. coli.
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Enhanced photocatalysis using nitrogen-doped TiO, was also reported for its visible light-
induced bactericidal activity against human pathogens [79]. It was proposed in this study that
photocatalytic disinfection using visible light can offer a means of continuous disinfection
for surfaces constantly in contact with humans, such as door handles and push buttons.
Visible light-induced inactivation of E. coli was also studied using titania codoped with
nitrogen and sulfur [80-83]. This introduces new disinfectant opportunities in public
environments, such as public toilets, schools, hospitals, metro stations, airports, hotels, or

public transportation, which are ideal places for the transmission of pathogens [84, 85].

Photocatalysis has also been investigated for the inactivation of prions, the infectious agents
of a family of transmissible, fatal, neurodegenerative disorders affecting both humans and
animals [86]. These prions may be transmitted via ingestion of contaminated food or during
medical treatments with contaminated biological materials or surgical tools. The
effectiveness of photocatalytic oxidation for inactivating prions can help reduce the risk of
spread and demonstrates the practical applications of this technology for disinfection of

contaminated surfaces and inanimate objects.

Another application of photocatalysis in hospital settings is for the control of Legionnaire’s
disease, which is associated to hot water distribution systems containing bacteria of the
Legionella species [87]. In laboratory scale studies, photocatalytic oxidation using TiO,/UV
was shown to mineralize the cells of four strains of L. pneumophilia serogroup 1 (strain 977,
strain 1009, strain 1004, and ATCC 33153) upon prolonged treatment. This implied that the
process used might be a viable alternative to traditional disinfection processes for the control
of Legionella bacteria in hospital hot water systems, such as thermal eradication and

hyperchlorination [88].

B.5 Pharmaceutical and food industries
Due to the antibacterial applications of TiO,-mediated photooxidation, this process shows
promise for the elimination of microorganisms in areas where the use of chemical cleaning

agents or biocides is ineffective or is restricted by regulations, for example in the
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pharmaceutical and food industries [33]. TiO, is nontoxic and has been approved by the
American Food and Drug Administration for use in human food, drugs, cosmetics, and food

contact materials [89].

TiO, powder-coated packaging film was shown to inactivate E. coli (ATCC 11775) in vitro
when irradiated with UVA light [89]. Actual tests on cut lettuce stored in a TiO,-coated film
bag under UVA irradiation also showed this method to be effective for the reduction of E.
coli colonies, indicating that the coated film could reduce microbial contamination on the
surfaces of solid food products and reduce the risk of microbial growth in food packaging.
TiO, photocatalysis has also been shown to be effective for the inactivation of other
foodborne bacteria such as Salmonella chloraesuis (S. chlroaesuis), Vibrio parahaemolyticus

(V. parahaemolyticus), and Listeria monocytogenes (L. monocytogenes) [68].

Surface disinfection is also of importance in food processing, as foodborne infections can be
caused by the proliferation and resistance to cleaning procedures of pathogenic germs on
surfaces of the production equipment in such industries. Studies with E. coli strains (PHL
1273) [90] synthesizing curli, a type of appendage that allows the bacteria to stick to surfaces
and form biofilms, demonstrated the inactivation of this organism using titania and various
types of UV irradiation. In dark events studies following the bacterial inactivation, no
bacterial cultivability was recovered after 48 hours, indicating that the durability of
disinfection was adequate. Nitrogen doping of the titania photocatalyst was also reported in a
separate study [91] with the use of visible light to inactivate E. coli and biofilm bacteria.
Disinfection of E. coli using TiO,-containing paper and UV fluorescent irradiation was also

investigated [92].

B.6 Plant protection applications

Photocatalytic disinfection may also be useful for the control and inactivation of pathogenic
species present in nutritive solutions used in circulating hydroponic agricultures [93]. Many
plant pathogens can be transmitted by irrigation and recycled waters used in hydroponic

agriculture. Conventional bactericidal methods often apply chemical pesticides to disinfect
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these pathogens, but these can be harmful to animals, humans, and the environment due to
their residual toxicity [94]. Photocatalytic disinfection of these plant pathogens using TiO,
may therefore be used as a novel tool for plant protection and as an alternative to the use of

harsh chemicals.

Using TiO; thin films on glass substrates and UVA irradiation, Enterobacter cloacae (E.
cloaecae) SM1 and Erwinia carotovora subsp. caratovora ZL1, phytopathogenic
enterobacteria that cause basal rot and soft rot in a variety of vegetable crops, were
efficiently inactivated [94]. Subsequent studies investigated the effects of doping the titania
catalyst with various photosensitive dyes and using visible light irradiation [95]. From these
studies, the disinfection of phytopathogenic bacteria causing basal and soft rot could be

efficiently achieved under visible light.

Solar photocatalytic disinfection using batch process reactors and titania photocatalysts was
also shown to be effective for the disinfection of five wild strains of the Fusarium genus (F.
equiseti, F. oxysporum, F. anthophilum, F. verticilloides, and F. solani), which are common
plant pathogens [96]. In these studies, natural solar radiation was used and the photocatalytic
solar disinfection was compared to solar-only disinfection for the fungi, and the

photocatalytic process was found to be faster than solar-only disinfection in all trials.

The disinfection capability of titania photocatalyst films was also tested on pathogens of
mushroom diseases: Trichoderma harzianum, Cladobotryum varium, Spicellum roseum, and
P tolaasi. The disinfection of these species was confirmed by experiments conducted in

mushroom-growing rooms under black light and white light irradiation, respectively [97].

B.7 Wastewater and effluents

The use of photocatalysis for water and wastewater treatment is a topic well-documented in
the literature, especially with respect to solar photocatalysis [17-21, 98—101]. Due to the
ability of photocatalysis to mineralize many organic pollutants, it has been used for

remediation of contaminated groundwaters via various solar concentrating reactors.
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Photocatalysis has been used in engineering scale for solar photocatalytic treatment of
industrial nonbiodegradable persistent chlorinated water contaminants [21], and in field scale
for treatment of effluents from a resins factory [102]. This process has also shown to be
effective for treatment of wastewaters from a 5-fluororacil (cancer drug) manufacturing plant
[103], distillery wastewater [104], pulp and paper mill wastewater [105], dyehouse
wastewater [17], and oilfield produced water [35].

However, the disinfection capabilities of photocatalytic processes have not thoroughly been
exploited for treatment of wastewaters. Wastewater reclamation and reuse is of growing
importance, especially in areas where the freshwater supply is limited, and so effective
disinfection of wastewaters is necessary. Any technical means of sewage reuse is limited by
persistent organic pollutants and microorganisms that are not removed by the conventional
mechanical and biological treatment train [106]. Additional treatment is therefore necessary

before any reuse can take place.

Early work on photocatalytic disinfection of municipal secondary wastewater effluents
showed inactivation of coliform bacteria and poliovirus I using suspensions of titanium
dioxide and fluorescent and sunlight irradiation, respectively [28]. Photocatalysis is also
useful for disinfection of sewage containing organisms that are highly resistant to traditional

disinfection methods, such as C. parvum [107] and noroviruses [108].

Municipal wastewater effluents from a sewage disposal plant in Hannover, Germany were
treated in a TiO; slurry reactor under UVA irradiation to simultaneously detoxify and
disinfect the samples [109]. The photocatalytic treatment was able to diminish the
concentration of dissolved organic pollutants (indicated by TOC and COD), and as well
inactivate pathogenic microorganisms (indicated by E. coli). A similar result was obtained
from studies monitoring faecal Streptococci and total coliforms using slurry systems with

UVA lamps and solar irradiation, respectively [110].

The investigation of a bacterial consortia of E. coli and Enterococcus species present in real
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wastewaters from a biological wastewater treatment plant in Lausanne (Switzerland) [111]
indicated that the Enterococcus species were less sensitive to photocatalytic treatment than
coliforms and other Gram-negative bacteria. Additionally, the effects of temperature,
turbidity, and various other physical parameters of the samples on the photocatalytic

inactivation of E. coli were investigated [112].

Other research explored enhanced photocatalysis to improve the efficiency of disinfection of
wastewaters for reuse, for example, by employing titania-activated carbon catalyst mixtures
[113], and through the development of nanocrystalline photocatalytic membranes [114]. The
latter is of particular importance in aeronautical applications, as it combines membrane
separation technologies with advanced oxidation technologies to create hybrid photocatalytic
composite membranes designed for the treatment and reuse of water on long-duration space

missions [115].

An inexpensive approach to synthesizing a novel nitrogen-doped photocatalyst was also
developed [116], which possessed improved efficiency of visible light induced disinfection

of wastewaters, introducing a new generation of catalysts for this application.

B.8 Drinking water disinfection

Titania photocatalysis has been proven to be effective in the removal of chemical compounds
and microbiological pathogens from water. A thorough review by McCullagh et al. [16] of
the application of photocatalysis for the removal of biological species in this context
examines the results of studies investigating the disinfective effects of TiO, suspensions,
effect of additives and pH, respectively, on the photocatalytic abilities and of TiO, thin
films, and the effect of electrochemically applied potential on the photobactericidal effect of
TiO, thin films. The current discussion will focus on the various applications of

photocatalytic drinking water disinfection.

B.8.1 Drinking water production in developing countries
In 2004, it was estimated that about 15% of the world’s population, mostly living in the less-

favoured regions of the planet, did not have access to enough fresh water to satisfy their daily
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needs, and this number was expected to double by 2015 [117]. This represents a serious
public health issue since waterborne, water-washed, and water-based diseases are associated
with lack of improvement in domestic water supply and adequate sanitation [118].
Development of cost-effective methods for removal of pollutants from water supplies can
help alleviate this problem. Especially in rural communities, water disinfection must have
sufficiently low operational costs. Alternative technologies to traditional chlorination are

currently being considered for household use [119].

Solar disinfection (SODIS) is a simple technology that is capable of inactivating many
waterborne pathogenic bacteria using the combined effect of solar UVA radiation and
temperature [120-123]. This method is low cost and does not produce toxic byproducts,
however, limits the volume of water subject to treatment (typically 2 L per exposed water
bottle) and has a disadvantageously long processing time associated (typically 2 day

exposure for complete inactivation) [118].

The combination of sunlight and photocatalyst is a promising option for water treatment in
areas with insufficient infrastructure but high yearly sunshine. The use of compound
parabolic reactors as an efficient technology to collect and focus diffuse and direct solar
radiation onto a transparent pipe containing contaminated water was demonstrated for the

disinfection of water using TiO, suspensions [124—126].

The European Union International Cooperation program (INCO) has sponsored initiatives
for developing a solar photocatalysis-based cost-effective technology for water
decontamination and disinfection in rural areas of developing countries, named the
SOLWATER and AQUACAT projects, respectively [93]. These projects were aimed at
developing a solar reactor to decontaminate and disinfect small volumes of water, and field
tests with the final prototypes were carried out to validate operation under real conditions

[126].
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The final SOLWATER prototype was composed of two tubes containing Ahlstrom paper
impregnated with titanium dioxide, and two tubes containing a supported photosensitizer
[93]. These tubes were placed on a compound parabolic concentrating collector and run in

series, where the electricity was provided by a solar panel (Figure B.1).

Figure B.1: Final SOLWATER and AQUACAT (solar photocatalytic) water

disinfection system installed at Ecole Supérieure de Technologie de Fés, Morroco [93]

Field tests using the SOLWATER prototype placed in the yard of a shanty house in Los
Pereyra, Tucumén, Argentina studied the removal of bacterial contamination during three
months of testing using natural water contaminated with coliforms, E. faecalis, and P.
aeruginosa, as well as high levels of natural organic matter and variable inorganic pollutants
[126]. The SOLWATER reactor was shown to be effective for this application. Similar tests
were performed in photoreactors installed in various geographic regions, including Egypt,

France, Greece, Mexico, Morocco, Peru, Spain, Switzerland, and Tunisia [93].

Other research in the field of potable water production in developing countries includes the
development of affordable and efficient technology in the form of batch borosilicate glass
and PET plastic SODIS reactors fitted with flexible plastic inserts coated with TiO, powder
[127]. These were shown to be 20 and 25% more effective, respectively, than SODIS alone
for the inactivation of E. coli K-12. This novel system was also able to reduce the

concentration of C. parvum oocysts present [128]. It should be also noted that there has also
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been significant research done regarding the solar disinfection of this highly resistant

organism using SODIS alone [122, 129, 130].

B.8.2 Surface water treatment

While the majority of photocatalytic disinfection studies reported are carried out with
distilled water or buffer solutions [16], there have been attempts to quantify the effects of the
chemical constituents of natural surface waters on photocatalysis [131, 132]. It has been
shown, using surface water samples, that the presence of inorganic ions and humic acids

decreases the rate of photocatalytic disinfection of E. coli [132].

Other efforts have been made to evaluate photocatalysis using real waters [133—137]. For
example, the integration of photocatalysis into traditional water treatment processes for the
removal of organic matter, present in variable levels during the year, was studied in the UK

using three surface water samples [135].

Natural water samples from the Cauca River in Cali, Columbia showed a drastic increase in
E. coli culturable cell concentration 24 hours after stopping irradiation [134]. This was not
observed for the control experiment using an E. coli suspension in distilled water. It was
concluded that caution should be taken when making predictions based on simple models as

they are not necessarily representative of natural crude water samples.

The effect of pH, inorganic ions, organic matter, and H,O, on E. coli photocatalytic
inactivation by TiO, was studied by simulating natural and environmental conditions of these
parameters using distilled and tap water samples [131]. The results of this study and others
[132] confirmed that laboratory results using ultrapure water samples are not representative

of the real application in natural waters.

In studies performed on surface water samples by Ireland et al. [133], it was concluded that
inorganic-radical scavengers can have a major negative impact on the efficacy of the
photocatalytic process, and the presence of organic matter in the water samples also reduces

E. coli inactivation kinetics.
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Using a field-scale compound parabolic collector at the Swiss Federal Institute of
Technology, in Lausanne, natural water from the Leman Lake was used to suspend E. coli in
the presence of TiO, and irradiation under solar conditions [125]. From studies on the
postirradiation period, the effective disinfection time (EDT) was defined as the time
necessary to avoid bacterial regrowth after 24h (or 48h) in the dark after stopping
phototreatment. It was suggested that the necessary EDT should be used as an indicator of
the impact of solar photocatalytic processes on bacteria instead of the UV dose required to

achieve a certain level of disinfection.

B.8.3 Eutrophic water treatment

Another application of photocatalytic disinfection is in the treatment of eutrophic water.
Control of algal blooms in eutrophic water is important because toxic cyanobacterial blooms
in drinking water supplies may cause human health problems [136]. Copper-based algaecides
can be used for these purposes, however this may introduce secondary environmental

problems [137].

Photocatalytic inactivation of three species of algae: Anabaena, Microcystis, and Melosira,
was studied using TiO,-coated glass beads and UV-light irradiation [137]. Complete
photocatalytic inactivation of Anabaena and Microcystis was obtained in about 30 minutes,
while the inactivation efficiency for Melosira was somewhat lower due to the inorganic

siliceous wall surrounding the cells.

Floating TiO;-coated hollow glass beads were introduced into a mesocosm installed at the
Nakdong River in Kimhae, Korea [137]. This mesocosm was a 25 m” and 2 m deep
semipermeable membrane. The concentrations of chlorophyll-a were measured for one
month, and it was shown that more than 50% of the chlorophyll-a concentration could be
reduced using TiO, photocatalysts and natural solar radiation. A picture of the experimental

mesocosm is shown in Figure B.2.
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Figure B.2: Experimental mesocosm used in the Nakdong River, Korea [137]

B.8.4 Groundwater treatment

The ability of photocatalysis to break down and detoxify harmful organic chemicals has been
exploited for groundwater treatment, as shown by engineering scale demonstrations using
solar photocatalysis to remediate groundwater contaminated from leaking underground

storage tanks [138].

The disinfective abilities of photocatalytic processes for application to treating groundwater
contaminated with microorganisms such as F. solani [139] was also investigated and shown
to be effective for the removal of such microorganisms. The study of natural well water
containing F. solani species and CPCs employing solar illumination was also explored as a

process configuration for this application [140].

B.9 Conclusions

The photocatalytic technique is a versatile and effective disinfection process capable of
inactivating a wide range of harmful microorganisms in various media. It is a safe, nontoxic,
and relatively inexpensive disinfection method whose adaptability allows it to be used for
many purposes. Research in the field of photocatalytic disinfection is very diverse, covering

a broad range of applications.

Particularly, the use of photocatalysis was shown to be effective for various air-cleaning
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applications to inactivate harmful airborne microbial pathogens, or to combat airborne
bioterror threats, such as Anthrax. Photocatalytic thin films on various substrates were also
shown to have potential application for “self-disinfecting” surfaces and materials, which can
be used for medical implants, surgical tools and surfaces in laboratory and hospital settings,
and equipment in the pharmaceutical and food industries. Photocatalytic food packaging was
shown to be a potential tool for the reduction of risk of foodborne illnesses in cut lettuce and
other packaged foods. In terms of plant protection, photocatalysis was investigated for use in
hydroponic agricultures as an alternative to harsh pesticides. For water treatment
applications, photocatalytic disinfection was studied and implemented for drinking water
production using novel reactors and solar irradiation. Eutrophic waters containing algal
blooms were also shown to be effectively treated using TiO,-coated hollow beads and solar

irradiation.

The effectiveness of photocatalytic disinfection for inactivating microorganisms of concern
for each of these applications was presented, highlighting key studies and research efforts
conducted. While the performance of this technology should still be optimized for specific
applications, based on the literature presented, it is evident that photocatalysis may be

considered as a viable alternative to traditional disinfection methods in some cases.

In a move towards a more environmentally friendly world, traditional solutions to classic
problems, such as the production of safe drinking water, must shift towards more sustainable
alternatives. Photocatalytic disinfection may present a replacement technology for traditional
methods in traditional applications, as well as a novel approach for solving other disinfection
problems, such as the control of bioterror threats. In this sense, the strength of photocatalytic

disinfection lies in its versatility for use in many different applications.
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C.1 Introduction

Photocatalysis is a process where a material is excited by light to produce electron-hole pairs
that can initiate a series of reduction and oxidation reactions causing the degradation and
eventual mineralization of organic pollutants in the presence of oxygen and water. The
reactive radicals may also interact with biological species to cause their inactivation [1].
Photocatalysis suffers low solar efficiencies due to the traditional use of TiO, catalyst, which
is only excited by ultraviolet light not abundant in solar radiation. One strategy proposed for
improving visible light-induced photocatalytic efficiency is through the use of silver/silver
halide materials (Ag/AgX; X = CI, Br) [2, 3], which act through surface plasmon resonance-
enhanced light absorption and charge carrier separation mechanisms. The photocatalyst
efficiencies can also be increased by immobilization onto activated carbon (AC), where a
common contact interface between solids allows the pollutants to be adsorbed by AC, and
migrate continuously to the supported photocatalyst [4]. In this study, novel visible light
active adsorptive photocatalyst Ag/AgCl-activated carbon (AC) composites are prepared and
investigated for their degradative and disinfective capabilities under visible light. These
composites combine the enhanced visible light absorption and photocatalytic efficiency
gained using plasmonic nanostructures on silver halides with the synergy of adsorption by

incorporation with an AC matrix to create hybrid photocatalysts.

C.2 Experimental

Synthesis of Ag/AgCIl-AC composites

Ag/AgCI-AC composites were prepared by an impregnation-precipitation-photoreduction
method. In a typical synthesis, 1 g of unmodified Darco G60 activated carbon (100 mesh,
Sigma-Aldrich) was impregnated with 20 mL of aqueous AgNOs; (ACS grade, MP
Biomedicals Inc.) of a certain concentration. The mixture was sonicated for 10 minutes, and
stirred magnetically for 6 hours. 20 mL of HCI (reagent-grade, Fisher Scientific) was then
added dropwise in a 50% stoichiometric excess, and the mixture was magnetically stirred for
2 hours. The reduction of some AgCl was then carried out via irradiation by a 300 W UV-Vis
light source (Ushio ELH) for 1 hour. The obtained composite was filtered and dried in air
overnight. The prepared Ag/AgCI-AC composite powders were gently ground in an agate
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mortar before use. The samples were denoted by weight ratio of Ag to AC (Ag: AC),
calculated as if all of the AgCl was reduced to Ag. Reference Ag/AgCl was prepared using
the same procedures but omitting the AC impregnation step, and AgCl was prepared

similarly without the photoreduction step.

Characterization

X-ray diffraction (XRD) patterns of all prepared powders were collected using a Rigaku
Ultima IV XRD with a Cu K(a) source (A = 0.15418 nm) operating at 40 kV and 44 mA. The
morphology of the samples (coated in Au/Pd alloy using an Anatech Hummer VII sputter
coater) was studied using Tescan Vegall XMU field emission scanning electron microscope
(SEM). Ultraviolet-visible (UV-Vis) diffuse reflectance spectra were measured using a UV-
Vis spectrophotometer (Puxi, UV 1901) equipped with an integrating sphere attachment and
on a Thermo Evolution 300 spectrophotometer equipped with a Praying Mantis diffuse

reflectance accessory over the range of 230 — 800 nm.

Photocatalytic degradation

To quantify the photocatalytic degradation of methyl orange using the composite powders, a
slurry reactor was set up in a reflective housing to prevent outside light from entering the
system. [llumination was provided by a 300 W ELH tungsten halide bulb (Ushio) with a UV
filter (Kenko Zeta, A > 410 nm, transmittance > 90%) at a 10 cm distance from the beaker.
Cooling was provided by an external cooling jacket, and the temperature of the reaction was
controlled to 20°C + 2. For the photodegradation tests, 200 mL of MO solution was allowed
to equilibriate in the dark with 0.5 g L™ of catalyst under constant magnetic stirring at 180
rpm for 2 hours prior to each experiment. After the pseudo-equilibrium was reached,
irradiation was supplied and the photocatalytic degradation was then studied for 2.5 hours.
For all tests, samples were drawn periodically and were centrifuged and the supernatant
analyzed using a spectrophometer (Genesys 10UV, ThermoScientific). The peak absorbance

used for MO was A =463 nm. The removal efficiency was calculated according to:
Removal Efficiency (%) = (C,-C))/C,x 100 (C.1)
Where C, denotes the initial pollutant concentration (mg L"), and C, is the concentration at
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time ¢ (mg L™). C, was taken as the adsorption equilibrium concentration after the dark
adsorption time. The error associated to the experiments was estimated as the standard

deviation between triplicate runs.

Photocatalytic disinfection

Wild-type Escherichia coli K-12 (TGI1 strain) was used as a standard strain for all the
bacterial inactivation studies. E. coli K-12 was chosen because it is known to be non-
pathogenic and is a common model used in laboratory experiments. It was obtained from Dr.
Christopher Q. Lan in the Department of Chemical and Biological Engineering at the

University of Ottawa, and was maintained as a laboratory strain.

All inactivation trials were performed in triplicate, and all materials were sterilized for 20
minutes at 121°C prior to use. For the disinfection studies, inactivation was measured by loss
of culturability of the bacteria. Cultures were prepared by growing E. coli K-12 (TG1)
aerobically in Luria-Bertani medium (Difco LB broth, Miller; containing 10 g L™ tryptone, 5
g L yeast extract, and 10 g L' NaCl) medium on a rotary shaker at 37°C until the stationary
phase was reached. The initial concentration from the overnight culture was determined from
a serial dilution and plating procedure using a plated volume of 25 pL. Aliquots were spread
in triplicate on LB agar plates for each dilution, and incubated at 37°C for 18 hours. Bacterial
enumeration was performed using standard plate counts (for viable and cultivable bacteria),
where counts in the range of 30 — 300 colony forming units per plate were considered

statistically significant and were used to calculate the cell concentration.

The temporal course of inactivation was studied using 50 mL of saline solution spiked with
bacteria in a 100 mL Pyrex beaker. The initial bacterial suspension was prepared by
centrifugation at 14 800 rpm for 5 minutes and resuspension in saline. This centrifugation
and washing procedure was repeated three times to remove the growth media from the
bacterial pellet. The initial concentration of the prepared E. coli in the reaction medium was
controlled to ~10° colony forming units (CFU) mL™". The catalyst was added to the bacterial

suspension at a loading of 5 g L™, and the mixture was magnetically stirred at 160 rpm under
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irradiation. During disinfection, the temperature was maintained constant at 20°C + 2 using a
water bath, and samples were collected periodically. The samples were serially diluted in
saline and then spread onto LB agar plates using aliquot volumes ranging from 25 — 100 pL.
The plates were incubated and bacteria enumerated using the standard plate count method.
The diffusion of silver ions (Ag') from the prepared photocatalyst was measured using
inductively coupled plasma mass spectrometry (ICP-MS) on an Agilent HP 4500. For the
diffusion tests, 5 g L™ of prepared catalyst in distilled deionized water was magnetically
stirred at 160 rpm in the dark for 7 days, and 1 mL samples were withdrawn periodically. The
samples were centrifuged and acidified before analysis of the supernatant. For all ICP

measurements, the analyses were performed for triplicate samples.

C.3 Results and discussion

Photocatalyst characterization

The phase structure and crystallinity of the prepared samples were investigated by XRD.
Comparison of the obtained patterns for the prepared composites and for pure AC and
Ag/AgCl are shown in Figure C.1. The prepared composites exhibited similar patterns and
crystallinities to pure Ag/AgCl, as indicated by the peak positions and intensities. The
diffraction peaks were indexed to face centered cubic AgCl (JCPDS card # 31-1238) with
lattice constants of @ = 5.545 — 5.549 A. The major diffraction peaks for the (111) plane at
38.1° and for the (200) plane at 44.3° for metallic Ag (JCPDS card #01-087-0597) were
observed for the pure Ag/AgCl material, implying that in situ reduction was able to induce
the transformation of some AgCl to Ag. However, the peaks associated to metallic silver
could not be observed in Ag/AgCl-AC composites, which may have been due to their low

content, small particle sizes, and high dispersion of on the surface of Ag/AgCI-AC [5].
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Figure C.1: XRD patterns for AC, Ag/AgCl, and various compositions of Ag/AgCI-AC

To further investigate the morphology of Ag/AgCI-AC, SEM imaging was performed, and
the results are presented in Figure C.2. The deposition of Ag/AgCl was found to form
clusters resulting in high coverage of AC, although some exposed surfaces of the textured
carbon host material were observed. The AgCl particles in Ag/AgCl-AC were found by SEM
to range from 470 nm to 1.06 um, and the reduced Ag particles were approximately 110 nm
to 150 nm. The photochemical reduction in situ has been reported to generate Ag atoms that
aggregate to form silver nanograins that deposit on the surface of AgCl particles [6], in good

agreement with the results obtained in this study.
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Figure C.2: SEM images of prepared Ag/AgCIl-AC composite (2.5:1)

The UV-Vis absorption data for a representative Ag/AgCI-AC composite (2.5:1), as-prepared
Ag/AgCl, and unreduced AgCl are given in Figure C.3. For all the samples, an absorbance
edge at ~385 nm was observed due to the band gap absorption of AgCl. Compared to
unreduced AgCl, the prepared Ag/AgCl catalyst also showed a broad absorption band in the
range of 400—800 nm, which was thought to be due to the surface plasmon resonance of Ag
NPs produced during photoreduction. The broadness of the peak was attributed to multiple
plasmonic oscillation frequencies present because of variation in shapes and diameters of Ag
NP clusters formed [3]. The Ag/AgCI-AC composite also showed broad, strong absorbance
in the visible light region, which indicated that it possessed good applicability as a visible
light active photocatalyst.
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Figure C.3: UV-Vis absorption spectra of 2.5:1 Ag/AgCI-AC composite, as-prepared
Ag/AgCl, and unreduced AgCl, respectively

Photocatalytic degradation of MO

To investigate the photocatalytic activity of the Ag/AgCI-AC composites, degradation runs
were carried out using a 2 hour dark adsorption time, followed by visible light irradiation.
The results obtained are shown in Figure C.4, as amount of MO removed from solution per
weight of catalyst used. The composite catalysts exhibited a sharp change in the removal rate
of MO upon illumination, after adsorption pseudo-equilibrium was reached. This was
thought to be due to visible light absorption and consequent photocatalytic effect in the
composites, removing the MO pollutant by degradation. The results also suggested that the
prepared Ag/AgCl-AC was able to remove MO from solution by a dynamic adsorption-

photocatalysis mechanism under visible light.
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Figure C.4: Adsorption and subsequent photocatalysis using 2:1, 2.5:1, and 3:1
Ag/AgCl-AC composites. (Co =25 mg L™, loading = 0.5 g L) — representative error bars
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Figure C.5: Photocatalytic removal efficiency as a function of time for 2:1, 2.5:1, and
3:1 Ag/AgCIl-AC composites, respectively. (C, =25 mg L, loading=0.5 g L") —
representative error bars shown

The data from the prolonged adsorption-photocatalysis studies shown in Figure C.4 were

normalized using the concentrations at the end of dark adsorption as the initial concentrations
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for photocatalytic reaction, and the calculated temporal removal efficiencies for
photocatalysis are given in Figure C.5. The Langmuir-Hinshelwood kinetic expression for
heterogeneous surface reactions was used to describe the experimental data, where the
reaction rate is given by the following expression:
-dC/dt = Kuaskin C/(1+KqsC)  (C.2a)

Where K,qs 1s the Langmuir Hinshelwood adsorption coefficient (L mg’l), and kig 1s the
reaction rate constant (mg L™ min™). The Langmuir Hinshelwood constants were calculated
by minimization of the sum of square errors function, and the results are given in Table C.1

for the 2.5:1 and 3:1 composites, respectively.

Table C.1: Calculated Langmuir-Hinshelwood kinetic parameters for Ag/AgCIl-AC

composites
Ag/AgCl:AC Kin Kaas SSE R’
Ratio (L mgh (mg L' min™)
2.5:1 0.039 0.523 0.238 0.981
3:1 0.117 0.0695 0.0357  0.998

The obtained Langmuir-Hinshelwood kinetic constants suggested that as the proportion of
photocatalyst was increased, the photocatalytic reaction rate increased. However, the
adsorption rate simultaneously decreased, which was thought to be due to the loss of surface
area caused by pore-blocking from excessive photocatalyst loading. Therefore, an
appropriate balance between adsorptive and photocatalytic capabilities should be considered
to achieve acceptable dynamic behaviour in the photosystem. As a preliminary optimum, the

2.5:1 composite was selected for further study.

Photocatalytic disinfection of E. coli K-12

The antibacterial and photocatalytic inactivation properties of Ag/AgCI-AC were evaluated
using Gram-negative E. coli as a model microorganism, since it is an indicator of faecal
contamination [1]. To evaluate the temporal course of inactivation due to photocatalysis, a
standard plate count method was used to quantify changes to viable and cultivable bacterial
concentrations during the experiment. A comparison of inactivation curves for photolysis (no

catalyst), AC equivalent, dark control (no light), and the prepared Ag/AgCl-AC composite
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are given in Figure C.6, with the final survival ratios obtained shown inset. The final survival
ratios were calculated as the ratio of Nt/No, where Nt represents the bacterial concentration

after the total inactivation time, t (t = 60) and No is the initial concentration (t = 0).
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Figure C.6: Inactivation curves for photolysis, dark control, AC, and irradiated

composite, final survival ratios shown inset. (composite loading=5 g L, pH = 5.5)
The photolysis run illustrated cell death in the absence of any adsorptive, antibacterial, or
photocatalytic phenomena. The contribution of the visible light source in inactivating
bacteria was found to be negligible, and a final survival ratio of 0.77 + 0.22 was observed
after 60 minutes. The AC trial, performed using an equivalent of AC as that in the 2.5:1
composite, indicated some adsorption of the bacteria onto the AC substrate, decreasing the
population in solution (where concentration was quantified). For the AC-only process, a final
survival ratio of 0.36 + 0.13 was calculated. The adsorption was found to proceed gradually
for the first 30 minutes, after which its effects were negligible. The dark control, which was
performed using the composite in the absence of light, showed a similar temporal course as
AC, with a final survival ratio of 0.31 + 0.22. However, using the non-irradiated composite,
both the biocidal effect of the Ag/AgCl and adsorption were possible mechanisms that played

a role in decreasing concentration.
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In terms of adsorption, the photocatalyst-adsorbent composites were thought to possess “egg-
shell” structures, where photocatalyst occupied mainly the outside surface of AC, effectively
decreasing total surface area by pore-blocking. Darco G60 AC possesses a high degree of
porosity, and has a pore size distribution in the range of 5-30 nm [7]. Due to the average
length of 2—4 pm and average diameter 0.5—1 um for rod-shaped E. coli, the bacteria were
thought to be mainly adsorbed on the outer surface of both the AC and the composite used in

this study, and could not diffuse into the pores.

It was also reported previously that Ag/AgCl carried a mainly negative surface charge due to
termination by chlorine ions, and polarization of the metallic Ag electron distribution relative
to the AgCl interface [2], while unmodified AC was expected to carry a positive charge at the
slightly acidic solution pH used (~5.5). The Gram-negative bacteria also would have had a
negative charge at this pH. This implied that, although the AC adsorption trials contained
equivalent mass loadings to those used in the composite, electrostatic interactions between
the bacteria and photocatalytic materials may have been different between the two sets of
data (AC and composite, respectively) due to the presence of photocatalyst on the outer
surface of AC in the Ag/AgCI-AC composite. This difference was thought to affect the
adsorption dynamics observed. Although adsorption behaviour was not expected to be
similar between the AC and Ag/AgCIl-AC trials, it was also difficult to confirm the presence
of biocidal action of Ag/AgCl in the dark. However, it was suspected to play a role, where
the biocidal action was thought to be attributable to the effects of silver contained in the

composite catalyst.

The mechanism of biocidal action for silver nanoparticles and for silver-containing
compounds has been linked primarily to the release of silver in its ionic form (Ag") [8]. The
toxicity of Ag’ ions at sub-micromolar concentrations is related to its interaction with
enzymes in the respiratory chain reaction, resulting in uncoupling respiration from the
synthesis of ATP [9]. Ag is also able to bind with transport proteins, leading to proton

leakage and induced collapse of proton motive force [10].
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To probe the diffusion of silver ions from the composite catalyst in the dark in the slurry
system, samples were analyzed using ICP-MS. The non-cumulative release of silver ions into
50 mL distilled deionized water under stirring in the dark was recorded, and the
concentration was found to be 531 + 93 ppb, 320 + 81 ppb, and 121 + 40 ppb after 1h, 24 h,
and 7 days immersion, respectively. These values represented upper limits on the free silver
ion concentration in solution, since ion release was tested in the absence of anionic ligands
such as chlorine or organosulfur compounds such as thiols (—SH). In the experimental
inactivation studies, the dissolved silver ion concentration from the Ag/AgCl-AC catalyst
was attributable to contributions of the irreversible oxidation of metallic Ag to Ag (I),
followed by its speciation, as well as the limited solubility of the AgCl itself (10” solubility
limit). It was previously found through silver equilibrium speciation and pathway studies
that, due to the high affinity binding of thiols (Kugs ~ 10'?), direct thiol transfer could occur at
silver ion concentrations lower than the AgCl precipitation threshold and that thiol targets
were typically abundant enough in experimental studies to receive all of the free silver [11].
Therefore, based on the toxicity of silver ions and the release behaviour observed, the
contribution of ionic silver was thought to play some role in the biocidal activity of the

photocatalyst.

There was an improved rate of bacterial inactivation upon irradiation of the composite
photocatalyst, and a final survival ratio of 0.03 + 0.025 was observed, corresponding to
inactivation of 97 £ 2.5% of bacteria. This increased loss of bacterial cultivability was
thought to be due to photocatalytic action on the bacteria when the photocatalyst was
irradiated with visible light. Photons in the visible light region were absorbed by the
photocatalyst and used to generate electron-hole pairs in the metallic silver. The
photogenerated electrons and holes could then undergo further reaction with dissolved
oxygen and water to form ROS species, which could interact with E. coli bacteria. The
inactivation of E. coli K-12 using a similar plasmon-enhanced photocatalyst Ag/AgBr-
Bi,WOg under visible light was previously attributed mainly to the role of diffusing ‘OH
radical species produced [12]. Cell death due to the action of ROS species has been linked
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to the peroxidation of functional groups in the cell wall bilayers leading to an increase in
bilayer wall disorder. This increases fluidity of the cell wall, and causes eventual lysis

through free efflux of intracellular components [13].

C.4 Conclusions

Composite photocatalysts based on Ag/AgCl and activated carbon were synthesized with
various compositions by an impregnation-precipitation-photoreduction method. The prepared
composites were thought to possess an “egg-shell” composite structure, and were able to
absorb visible light due to surface plasmon resonance of the incorporated silver. The
composites exhibited good photocatalytic activity for MO degradation and for E. coli K-12

1nactivation.
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