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ABSTRACT 

Viral disinfection by near-UV photocatalysis was accomplished in 

aqueous titanium dioxide suspensions. A photocatalyzed inactivation of 

phage MS2 of 90% increased to 99.9% after 2 ~M Fe (from ferrous sulfate) 

was added to phosphate-buffered, distilled water containing Ti02 and 20 

pM Tris hydrochloride. Iron additions ranging from 0.2 to 20 ~M, showed 

that a 2 ~M Fe concentration produced maximum photoreactivity. The initial 

rate of MS2 inactivation, in the solution without iron, increased more than 

twenty-fold when Tris was absent. This rate of inactivation showed an 

additional nine-fold increase when the MS2 was photocatalyzed in a 

sample of Tucson groundwater, primarily because of low concentrations of 

groundwater species that scavenge hydroxyl radicals. A 99.997% 

inactivation of MS2 was observed after a 1000-ml glass beaker, containing 

a 100-ml suspension of MS2-spiked groundwater and 1 g 1-1 Ti02, was 

exposed to sunlight for 10 sec. The hydroxyl radical (OHO) was linked to the 

MS2 destruction by verifying the ability of OHo to inactivate MS2, and by 

demonstrating that OHo was produced during the photocatalyzed reactions. 

An OHo source, and competition kinetics techniques, were used to obtain 
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these findings and to produce other evidence of MS2 inactivation by 

photocatalytically-produced OH·. These methods were also used to show 

that the presence of 2 IJM Fe increased the quantity of liquid-phase OH· 

that was produced during photocatalysis. Measurements showed that most 

of the added 2 IJM Fe partitioned onto the Ti02 surface, allowing the 

opportunity for OH· production by Fenton reactions. Experimental results 

were consistent with proposed photocatalytic mechanisms (involving 

photocatalysis, diffusion, and Fenton reaction) by which OH· was available 

on and off the Ti02 surface. Non-OH· means of MS2 inactivation were 

evaluated. The MS2 inactivation that occurred in unilluminated solutions to 

which Fe and Ti02 were added, was probably caused by the effects of 

stirring, oxidation by iron, and MS2 enmeshment in aggregating Ti02 

particles. 
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1. INTRODUCTION 

A few months after the start of my graduate education. I was introduced 

to an emerging technology that has been the focus of much water 

purification research (50) during the past decade. The process is titanium 

dioxide (Ti02) photocatalysis. and it involves adding a powdered 

semiconductor to water. Upon near-UV irradiation. the Ti02 generates 

electrons and holes (electron vacancies) that enable the redox-mediated 

destruction of water contaminants. Many studies have established the 

capacity of this method to destroy organic water pollutants (2,32,44,49,51). 

and to remove toxic inorganic species that include cyanide (52) and various 

heavy metal ions (53,55,60,64). I used solar-excited. Ti02 photocatalysis in 

my Master of Science (M.S.) research to destroy a large-molecular-weight 

(approximately 1000 Daltons) pollutant that originated from a textile dye. 

After completing my M.S. degree. I became interested in the hydroxyl 

radical (OH') oxidations that had been hypothesized to occur during these 

photocatalytic reactions. I researched ways by which the OH' activity of the 

Ti02-photocatalytic system could be measured. During these studies. I 

encountered the work of Ireland and Valinieks (28). who proposed a 
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method to measure OHa using the capillary electrophoretic-detection of a 

spin-trap compound. Further investigation led me to other work done by 

Ireland (29), and earlier work done by Matsunaga et al. (41,42), to destroy 

bacteria using Ti02 photocatalysis. Although no mechanistic studies were 

done by these researchers, Ireland suspected that the hydroxyl radical was 

involved in the bacterial inactivation. Assuming this was so, he speculated 

that Ti02 photocatalysis might be successfully applied to water disinfection. 

Exploring this possibility, I did an extensive literature search (completed 

December 1992) and found no work directed at the photocatalytic 

inactivation of viruses. At that time, I recognized the opportunity to do 

doctoral research with that focus. The pursuit of these studies was 

particularly motivated by the potential that Ti02 photocatalysis might have 

for the viral disinfection of groundwater here in the Southwest, considering: 

(1) there is an abundance of year-round sunlight to provide the excitation 

energy for a photocatalytic treatment process; (2) federal legislation is 

pending that will require the disinfection of all groundw~ter that is to be 

used for municipal water supplies; and, (3) in deep groundwater sources, 

the survivability of pathogenic viruses generally seems to be more likely 

than that of harmful bacteria, as viruses have no metabolic needs. 



The research described in this paper represents an effort to initiate the 

investigation of the Ti02-photocatalytic inactivation of viruses. The 

objectives of my research were to test the following three hypotheses: 

13 

(1) Ti02-photocatalytic viral inactivation can be accomplished in a 

synthetically-prepared water, and the inactivation can be enhanced by iron 

addition. 

(2) The hydroxyl radical is a major participant in photocatalytic viral 

inactivation. 

(3) Photocatalytic viral inactivation, using solar or near-UV-Iamp 

photoexcitation, is possible in an actual groundwater. 

These hypotheses were tested during three phases of research. In the first 

phase, I developed a theoretical basis for the photocatalytic inactivation of 

viruses by OH', and the enhancement of photocatalytic OH'-production by 

Fe. Experiments were done in which the inactivation of phage MS2 (a 

model virus used to represent enteric viruses, such as the poliovirus) was 
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tested in synthetically-prepared aqueous suspensions of Ti02 that were 

excited with near-UV lamp radiation. For the second phase of the research, 

various techniques were used to reveal the participation of OH· in the 

photocatalytic MS2 inactivation. The third phase of the research was 

directed at testing the photocatalytic inactivation of MS2 in a sample of 

Tucson groundwater. Sunlight and a near-UV lamp were used as the 

sources of photoexcitation for these experiments. 
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2. LITERATURE REVIEW 

Semiconductor Photocatalysis 

A conductor is a material in which electrons are readily available to carry 

charge. In a metallic conductor, charge is carried by valence electrons that 

are loosely held in metallic bonds. These electrons are essentially free to 

move amidst the metal cations. In a semiconductor, the valence electrons 

are tightly bound in ionic and covalent bonds. The application of energy is 

required to break these electrons loose from their bonds and promote them 

to a level of energy called the conduction band, where they can serve as 

charge carriers. 

A band diagram, shown in Figure 1, is used to schematically represent 

the energy levels of electrons in a semiconductor. In this diagram, electron 

energy increases in the upward direction. The lower horizontal line 

represents the highest energy possible (Ev8 , valence-band energy) for 

valence electrons. The upper line represents the lowest energy (Ec8' 

conduction-band energy) required for electrons to conduct charge. The 

width of the space between the two lines, called the band gap, represents 



Increasing 
Electron 

Energy 
+ 
1\ 

Increasing Distance 

From Semiconductor Surface 

+ ~--------f 

I I I I I Conduction Band I I I 
-- Ecs----------1 Ecs 

1\ 

EF ------------------------------ EF 
E 

VI 

-- Evs Evs 
I I I I I I Valence Band I I I I 

E 

VI 
+ 

Increasing 
Reduction 
Potential 

Semiconductor Vacuum 
Interface 

16 

Figure 1. Semiconductor Band Diagram. Band diagram of a semiconductor 
representing energy levels (EF• Fermi energy level; Ecs. minimum energy of 
electrons in the conduction band; Evs. maximum energy of electrons in the 
valence band) and the corresponding reduction potentials (EF• Ecs. Evs). 
The band-gap energy (EsG) is also indicated. 
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the minimum amount of energy (EsG' band-gap energy) required to move a 

valence band electron to the conduction band. For Ti02 , the ESG is about 

3.2 eV, which corresponds to the energy (hv) of a UV photon having a 

wavelength of 380 nm. 

When a photon having enough energy (wavelength < 380 nm, for Ti02) 

strikes a valence-band electron (e"vs), the e"vs is promoted (Figure 2) to 

become a conduction-band electron (e"cs). The space vacated by e"VB is 

called a valence-band hole (h+vs). In response to the repulsive force of 

neighboring electrons, an e"VB will move to fill this hole. Similarly, the hole 

created by the e"VB that moved into the photogenerated hole, will be filled 

by another e"VB' and so on. This hole migration continues until a 

discontinuity, such as the semiconductor surface, is reached. At the 

semiconductor surface, the hole is available to accept electrons from. 

adsorbed species. 

Another characteristic energy level that is commonly depicted on a band 

diagram is the Fermi level (EF). The EF describes the occupation of the 

electron-energy levels at thermodynamic equilibrium. In an intrinsic 

semiconductor, the number of h+ VB'S is equal to the number of e"cs's, so that 

averaging the energies of the h+ VB'S and e"CB's yields an EF that is 
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Figure 2. Electron-Hole Generation and Hole Migration. Valence-band hole 
(h+ VB) migration following the photoexcitation of a valence-band electron 
(e-VB) to become a mobile conduction band electron (e'CB): (a.) dark 
conditions; e-VB's are held by valence bonding; (b.) photoexcited generation 
of an electron/hole pair; the electron has been energetically released from 
valence bonding, and other e-VB's move into vacated spaces (holes) that are 
created; and, (c.) the e-VB movement causes the h\B to migrate. as a 
positive charge-carrier. to the semiconductor surface; the conduction-band 
electron is free to act as a negative charge-carrier. 
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represented by a horizontal line centered between Eve and Ece. In a p-type 

semiconductor, defects have been chemically deposited, or they occur 

naturally, so that the number of h+vs's (majority carriers) is greater than the 

number of e"ce's (minority carriers). Thus, the EF for a p-type semiconductor 

is closer to the Eve than to the Ece, in accordance with the hole excess. The 

EF for an n-type semiconductor is closer to the Ece than to the Eve, because 

the number of e"ce's (majority carriers) exceeds the number of h\e's 

(minority carriers). For Ti02, the EF is just slightly below the Ece (about 0.2 

eV below [40]). as Ti02 is an n-type defect-semiconductor in which the 

ionization of extra (defect) Ti atoms. located interstitially in the Ti02 lattice. 

produces excess electrons. The relative positions of the Fermi-energy 

levels for semiconductors of different conductivity have been illustrated in 

Figure 3. 

Because electron energy is proportional to electrochemical potential. a 

vertical scale can be drawn for the band diagram to describe the reduction 

potential (electron affinity of the semiconductor) at the semiconductor 

energy levels. Reduction at the conduction band and valence band can be 

described by the half reactions (35,40): 

(e"cs is trapped at the conduction band) (1 ) 



a. Conduction Band ----------------- ECB 

______________________________ EF 

----------------- EVB 

Valence Band 

b. ECB -----------------
______________________________ EF 

c. _________________ ECB 

______________________________ EF 

_________________ EVB 

Figure 3. Fermi-Energy Levels. The relative positions of the flat-band 
Fermi-energy levels (EF). with respect to the energy of the valence band 
(EVB) and conduction band (ECB)' for semiconductors of different 
conductivity: (a.) intrinsic semiconductor; (b.) p-type semiconductor; and. 
(c.) n-type semiconductor. 

20 
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Ti4+ -0'· + e- = Ti4+ _02
• (h+ VB is trapped at the valence band) (2) 

where the Ti3+ represents the e'CB charge-carrier, and the radical Ti4+-O·· ion 

represents the h+ VB charge-carrier. 

As with other oxides that are in an aqueous environment, the surface 

potential of Ti02 varies with changes in pH. Thus, the electrochemical 

potentials of the energy bands of Ti02 also vary with pH change. For the 

anatase form of Ti02 , such as Oegussa P25, the reduction potentials at the 

semiconductor surface (Le., band-edge potentials) are (54,67): 

EH,CB = -0.2 - 0.059 pH (at the conduction band-edge) (3) 

EH,VB = 3.0 - 0.059 pH (at the valence band-edge) 

where the H subscript signifies that the potential has been referenced to 

the normal hydrogen electrode (NHE). 

(4) 

The reduction potential that corresponds to the EF is called the Fermi 

potential (EF). The EF is analogous to the redox potential (EREDOX) of the 

solution. in that EF describes the electrochemical potential of electrons in 

the semiconductor. just as EREDOX describes the electrochemical potential of 

electrons in the solution. In Ti02• because EF is very near ECB' the reduction 

potentials at the Fermi level and conduction band are approximately equal. 

or EF :::: ECB. 
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When Ti02 is immersed in an aqueous solution having an EREDOX that is 

greater than the EF, a transfer of electrons will occur (from the Ti02 to the 

solution species) until the EF and EREOOX have equilibrated (see Figure 4). 

This causes the valence band and conduction band to bend within the 

surface region of the semiconductor called the space charge layer. The 

electric field that is generated from this electron redistribution exerts its 

influence as if the aqueous phase is negative with respect to the 

semiconductor. This field causes a charge-carrier separation of the 

photogenerated e"ce's and h+ve's, by repelling e"ce's from, and attracting 

h+ve's to, the semiconductor surface. If the e"ce's are not trapped by surface 

species, they will be driven into the semiconductor bulk, where they will 

eventually recombine with h+ ve's. Reduction of reducible (acceptor) species 

(A +) that are adsorbed to the Ti02 surface, can occur directly (by A + 

trapping e"ce's) or indirectly (by A+ accepting electrons from reduced 

species that result from e"ce-trapping). Similarly, oxidation of oxidizable 

(donor) species (D") that are adsorbed to the Ti02 surface, can occur 

directly (by the trapping of h+ve's by D" [in other words, D" donates electrons 

to h+ ve's; this is also referred to as hole injection]) or indirectly (by D" 

donating electrons to oxidized species resulting from h+ ve-trapping). 
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E ; /\ E 
F -----r------1-~~. - REDOX 

o • 

Semiconductor Water 
Interface 

b. After Immersion 

Figure 4. Semiconductor Band-Bending. Bending of semiconductor energy 
bands upon immersion of an n-type semiconductor into water: (a.) before 
immersion: generation of an electron-hole pair upon the absorption of light 
energy (hv) that satisfies the band-gap energy requirement; (b.) after 
immersion: interfacial electron transfer drives the Fermi potential (EF) to 
equilibrate with the redox potential (EREDOX) of the water; this sets up an 
electric field at the semiconductor-water interface that causes bending of 
the conduction-band potential (ECB) and valence-band potential (EvB) within 
the space charge layer of the semiconductor; in the case above, the field is 
such that the conduction-band electrons are repelled into the bulk of the 
semiconductor and the valence-band holes are attracted to the 
semiconductor surface. 
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Band-bending enhances the photocatalyzed oxidation of contaminants by 

increasing the h+vs density and h\s lifetime at the Ti02 surface. However, 

excessive band-bending can inhibit the photocatalyzed reduction of 

contaminants by making e"ce-trapping more difficult, because of the 

increased repulsion of e"cs into the semiconductor bulk. Therefore, 

maximum substrate photoreactivity occurs when an optimum balance 

exists between the availability of e"ce and h\e at the semiconductor 

surface. 

The bulk properties (crystal arrangement and composition, defects, etc.) 

and localized properties (surface states [caused by adsorbed species, 

surface impurities, discontinuities, etc.]) of the semiconductor determine 

the potentials at the band-edge (surface) of the semiconductor. The band-

edge potentials indicate the thermodynamic feasibility for redox reaction 

between the semiconductor and adsorbed species. Aqueous species 

having reduction potentials that are more positive than Ece are capable of 

being reduced, by accepting e"ce's (see Figure 5). Species having reduction 
, 

potentials that are less positive than Eve are capable of being oxidized, by 

donating electrons to h+ va's. 

The kinetics of these photocatalytic reactions are determined by which 
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D-

Figure 5. Semiconductor Redox Reaction. Reduction potential (E) at the 
band-edge (surface) of the semiconductor describes the thermodynamic 
feasibility for aqueous species to react with photogenerated electron-hole 
pairs (e-CB' conduction-band electrons; h+vB, valence-band holes). An 
electron-acceptor species (A +) is capable of being reduced by conduction
band electrons (A + + e-CB = A), if its reduction potential (EA+/A) is greater 
(more positive) than that of the conduction band (EcB)' An electron-donor 
species (D-) is capable of being oxidized, by donating electrons to valence
band holes (D + e- = D-, or D- + h\B = D), if the reduction potential of D 
(EO/D-) is less than th,at of the semiconductor valence band (EvB)' The redox 
potentials at the semiconductor band-edges are ECB,BE and EvB,BE' 



26 

species occupy positions on the Ti02 surface that are most favored for the 

acceptance or donation of electrons. In aerated solutions of water, at 

neutral pH, hydroxide ions are prominent electron-donors (donating to h+vs), 

and dissolved oxygen serves as the primary eo os-acceptor. Oxygen and OH" 

are favored for these roles because oxygen is readily adsorbed onto Ti3+ 

centers, and the surface of the metal oxide becomes rapidly hydroxylated 

upon contacting water (67). 

Rationale for the Photocatalyzed Inactivation of Viruses 

Research (71) has shown a vulnerability of viral components (nucleic 

acid and protein capsid) to OH· degradation. Thus, I hypothesized that MS2 

could be photocatalytically inactivated after I compiled a theoretical basis 

for the photocatalytic production of OH·. The published findings that I used 

to form this basis have been included in my rationale presented below. 

In an aerated, UV-excited, Ti02 suspension, oxygen can be reduced by 

conduction-band electrons to produce hydroperoxyl radicals (H02·) (54): 

(5) 

Deprotonation of these radicals (pKa = 4.8) would cause a preponderance 
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of superoxide radicals (02-) at neutral pH (19): 

H02° -> H+ + O2- (6) 

The two-electron reduction of oxygen can produce hydrogen peroxide 

(H20 2) (31): 

O2 + 2H+ + 2e-CB -> H20 2 (7) 

Superoxide radicals and H20 2 can react to form the hydroxyl radical (2): 

H20 2 + O2- -> OH- + O2 + OHo (8) 

Reduction of adsorbed H20 2 can produce additional OHo (2): 

H20 2 + e-CB -> OH- + OHo (9) 

Valence-band holes can cause OHo and H20 2 formation by a more direct 

route. Electron donation to h\B's by hydroxide ions on the Ti02 surface can 

produce OHo (67): 

OH- + h+vB -> OHo (10) 

Hole injection, by water molecules that are adsorbed to the Ti02 surface, 

can produce both OHo (67) and H20 2 (25): 

H20 + h\B -> H+ + OHo (11) 

2H20 + 2h\B -> 2H+ + H20 2 (12) 

After considering the above reactions and the redox opportunities of the 

photocatalytic environment, I hypothesized that OHO production would be 
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enhanced by the presence of iron. This could occur by way of Fenton 

reactions (19) in which a transition metal, such as iron, reacts with H20 2 to 

yield OH·: 

Fe(II) + H20 2 -> Ie -> Fe(III) + OH" + OH· (13) 

where Ie is an intermediate complex, and Fe(III) and Fe(II) refer to Fe3
+ 

and Fe2
+, and complexes thereof. 

The iron-catalyzed Fenton reaction (equation 13) requires Fe(II). 

Although the Fe(III) state usually predominates at neutral pH in aerated 

water, there are ways by which Fe(II) levels can be boosted 

photocatalytically. One way is by direct reduction of adsorbed ferric ions by 

conduction-band electrons (63): 

(14) 

where the standard reduction potential of this half reaction is 0.77 V 

(referenced to the normal hydrogen electrode [NHE]) (33). Sclafani (63) 

confirmed the ability of Fe3
+ to scavenge e"CB' Support for this reaction also 

comes from the Ti02-photocatalytic work of Prairie et al. (54), who 

concluded that the direct reduction of metals by e"CB was possible for 

metals having half reaction standard potentials >0.3 V (NHE). 

Zepp et al. (76) described a photoreduction of iron: 



Fe(III)Ln + Light -> Fe(lI) 
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(15) 

where Fe(III)Ln is a photoreactive complex of Fe3
+ (Ln is an abbreviation for 

ligands such as phosphates, citrates, oxalates, etc.). They regarded this to 

be an important precursory pathway in allowing the Fenton-type formation 

of OHo in sunlit natural waters. 

Iron may also be reduced by superoxide radicals (19): 

Fe(lIl) + O2' -> Fe(lI) + O2 (16) 

A Fenton-type reaction that is catalyzed by superoxide-reduced iron is 

expressed by combining equations 13 and 16: 

iron 
H20 2 + O2" -> O2 + OH" + OHo (17) 

This OHo-generating pathway is called the iron-catalyzed, Haber-Weiss 

reaction (19). 

Phage destruction might be achieved by directing OHo oxidation at MS2 

sites to which iron has been attached. Fenton reactions can be generated 

by the reaction of H20 2 with iron that has complexed to various chemical 

structures (17,19). The resulting OHo that is produced, oxidizes molecules 

in the immediate vicinity, thus causing site-specific destruction. In a 

photocatalytic environment, this mechanism could supply a means by 

which species less reactive than OHo (such as O2" and H20 2) could diffuse 



away from the Ti02 surface, and initiate OHo-oxidation at locations 

furnishing iron. 
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In addition to participating in Fenton reactions, iron can also act as a 

hole trap. In recent studies, Martin et al. (39) concluded that when Fe(llI) 

was doped (introduced) into the matrix of quantum-sized Ti02 (Q-Ti02; avg 

diam, 3-4 nm) the iron trapped valence-band holes as Fe(IV): 

Fe(lII) + h+ VB -> Fe(IV) (18) 

Martin thought that the iron delayed recombination of the photogenerated 

e-CB's and h\B's, and thereby increased photoefficiencies, because the 

hole- trapping as Fe(IV) was much faster than the recombination of e-CB 

with Fe(IV), to reinstate Fe(III). Similar to the photogenerated holes, the 

holes that are trapped as Fe(IV) are also able to accept electrons from 

adsorbed OH- to produce OHo (9): 

Fe(IV) + OH- -> Fe(lIl) + OHo (19) 

In other studies of Fe-doped Q-Ti02, Choi et al. (9) observed that a 0.5 

atom% Fe dopant (a dopant is an impurity that is introduced into the 

semiconductor; in this case, Fe is the dopant, and the ratio of Fe:Ti atoms 

is equal to 5:1000) caused maximum photoreactivity. Choi thought that this 

amount of Fe maximized the efficiency with which the photogenerated e-CB's 
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and h+vB's were separated. As Fe concentrations were increased to the 

optimum level of 0.5%, he thought that the photoreactivity increased 

because of the delayed recombination of e-CB's and h+ VB'S, which was 

caused by an increase in trapping sites. For dopant additions beyond the 

optimum level, the decrease in photoreactivity was thought to have resulted 

from an increased density of trapping sites, which increased the rate of 

recombination. With metal-ion dopants, the dopant concentration is thought 

to influence photoreactivity by changing the thickness of the space charge 

layer (layer in which bands are bent) at the Ti02 surface. When this 

thickness is equal to the distance that the excitation photons can penetrate 

into the semiconductor, the separation efficiency of the e-CB's and h\B's, 

and thus the photoreactivity, is maximized. Even though the Fe-dopant 

experiments were performed with Q-Ti02 , and Martin has suggested (39) 

that there are significant differences in the photoelectrochemical 

mechanisms for P25 Ti02 and Q-Ti02 , Choi (9) claimed that an optimum 

level of Fe dopant should be observed with micron-size particles. 
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Bacteriophage 

Bacteriophages are viruses that infect bacteria. Many strains are 

conveniently assayed and pose no health hazard, although morphological 

and compositional characteristics allow them to be cross-correlated with 

viruses that cause human disease. These attributes have popularized the 

use of phage in evaluating the virucidal performance of a water treatment 

process. In addition, the specification of robust strains for treatment tests 

can effect a conservative examination of disinfection efficiency. 

Like most viruses, the MS2 bacteriophage consists of a nucleic acid core 

surrounded by an outer protein shell (capsid). For MS2, the nucleic acid is 

single-stranded RNA, and the multimeric-protein building-blocks 

(capsomers) are arranged to form a capsid of icosahedral (20 triangular 

faces; see Figure 6) morphology (27). The diameter of the phage is 26-26.6 

nm (68). The proteins are composed of a variety of amino acids having 

hydrophobic and hydrophilic groups (77). The distribution of dissociation 

constants of the ionizable groups gives MS2 a characteristic isoelectric 

point (pH1ep; defined as the pH at which the net surface charge of the virion 

[individual viral particle] is zero; the overall surface charge is positive for 
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Figure 6. Icosahedron. The morphology of an MS2 virion is described by 
an icosahedron (having twenty triangular faces). Each triangular face 
defines a plane in which capsomer spheroids of multimeric protein are 
closely-packed (somewhat analogous to the arrangement of billiard balls in 
a triangular rack). The icosahedral shell of capsomer building-blocks is 
called a capsid and it surrounds an inner core of single-stranded RNA. 
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pH < pH ,ep, and negative for pH > pH iep) (15). The main features of MS2 

replication are: (1) phage adsorption onto a receptor site on the surface of 

the host bacterium; (2) transfer of the viral RNA into the host's cytoplasm; 

(3) use of the transferred RNA and cell materials to produce progeny 

virions; and, (4) cell lysis and release of virions that can infect other host 

cells. 

The MS2 capsid contains only two types of protein: the major (coat) 

protein (composed of 129 amino acids), of which there are 180 copies per 

virion, and a minor (maturation or "A") protein (composed of 323 amino 

acids), which is present in one copy per virion (13,72). The A protein is 

required for proper assembly of the virus and it serves in the infective 

process (13,72). A study by Verbraeken and Fiers (69) has shown a 

parallel correlation between the losses of A protein and phage viability. A 

dual interaction of the A protein with both the phage RNA and coat protein 

has been implied by other experiments (72). 

Bacteriophage MS2 was chosen for this study because of its wide use as 

a model virus (22) in many water quality studies. It's icosahedral shape is 

similar to that of human enteroviruses (21) (e.g., poliovirus type 1 is an 

icosahedral spheroid of 27 nm diam [48]). MS2 also has a high UV 
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resistance, comparable to that of bacterial spores (20). The experimental 

appeal of MS2 was fortified by considerations of surface charge. The pHiep 

of 3.9 (77) and 6.25 (32) for MS2 and P25 Ti02, respectively, restricted 

attractive forces between the phage and semiconductor at pH 7.2; thus 

restraining the effect of phage disappearance by adsorption. 
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3. EXPERIMENTAL 

Materials 

The Ti02 used for all experiments was P25 powder (Degussa Corp., 

Teterboro, NJ). The following chemicals (obtained from J.T. Baker 

Chemical Co., Phillipsburg, NJ) were at least reagent grade and used 

without further purification: sodium formate, sodium benzoate, sodium 

salicylate (SA), Rhodamine B (RB), methylene blue (MB), ferrous sulfate 

(Fe), KN03, Na2HP04·7H20, NaH2P04·H20, Na2HP04, NaCI, and KCI. 

Aqueous concentrations of 1 0 ~M SA, 1 0 ~M RB, 2 ~M Fe, and 1 g 1-1 Ti02 

were used in the experiments, unless otherwise specified. The Milli-Q 

water that was used for the experiments was prepared using a Milli-Q Plus 

Water System (Millipore Corp., Bedford, MA) that was configured in a 

series arrangement (distilled water influent to Milli-Q water effluent) as 

follows: distilled water -> Milligard pre-filter -> Super-C cartridge -> lon-Ex 

cartridge -> lon-Ex cartridge -> Organex-Q cartridge -> Millipak-40 filter -> 

Milli-Q water (effluent quality specifications for such a system are: TDS < 

20 ppb; silicates < 0.1 ppb; heavy metals < 1 ppb; TOC < 15 ppb; 
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microorganisms < 1 cfu/ml; resistivity, 18 megohm-cm @ 25°C). 

Phosphate-buffered Milli-Q water (PBMQ; pH 7.2) was made by adding 

3.780 g Na2HP04 ·7H20 and 1.063 g NaH2P04 -H20 to 1 I of Milli-Q water. 

Employing this buffering capacity (ionic strength = 0.05 M, buffer value = 

2.3 millimoles = amount of strong alkali such as NaOH that must be added 

to 1 I of the buffer solution to raise the pH from 7.1 to 7.3 [37]), 

measurements showed no change in pre- and post-reaction pH for any 

reaction solution. A pH of 7.2 was selected to limit attractive interaction 

between the MS2 and Ti02, while staying within a pH range that is suitable 

for potable water (62). 

All 1 g 101 Ti02 suspensions were prepared by adding 0.1 g of P25 

powder to 100 ml of reaction solution. Iron (Fe) concentrations of 2 !-1M 

were obtained by adding 1 ml of an iron stock solution to 100-ml volumes 

of reaction solution. The stock solution was made by adding 0.056 g of 

FeS04 ·7H20 to 1 I of Milli-Q water, followed by a vigorous 10-min stirring. 

This stock solution was allowed to stand for 1 h, and then 1 ml was 

transferred into a 100-ml reaction solution. Iron was added to reaction 

solutions within 1 min after Ti02 addition, unless otherwise stated. 

Concentrations of 2 !-1M (0.1 mg 1
01

) iron were used so that experimental 
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results would be applicable to the disinfection of potable water. This 

concentration is well below the 0.3 mg 1-1 iron level recommended by U.S. 

secondary drinking water regulations, and the European Economic 

Community, World Health Organization, and Canadian guidelines (62). A 

disinfection process, using a fixed-support Ti02 catalyst in the presence of 

2 IJM iron, would not require the post-treatment removal of Fe or Ti02 • 

A stock solution of Tris-buffered saline (TBS) was prepared by dissolving 

15.8 9 of Tris (Trizma hydrochloride or Tris[hydroxymethyl]-aminomethane 

hydrochloride; Sigma Chemical Co., St. Louis, MO), 40.9 9 of NaCI, 1.865 

9 of KGI, and 0.282 9 of Na2HP04 in 400 ml of Milli-Q water. One part of 

this stock solution was added to 11.5 parts Milli-Q water, to make 

solutions of experimental Tris (TRISX). Aliquots of 2.7 ml of TRISX were 

dispensed into culture tubes. These TRISX tubes were then capped, 

autoclaved for 20 min, and stored at 4°C until they were used in serial 

dilutions. 

Host medium of Trypticase soy broth (TSB) was prepared by dissolving 

30 9 of Tryptic Soy Broth powder (Difco Laboratories, Detroit, MI) in 1 lof 

distilled water. Aliquots of 50 ml were dispensed into 125-ml Erlenmeyer 

flasks. The TSB flasks were then capped, autoclaved for 20 min, and 
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stored at 4°C until they were used as growth media for the host bacteria. 

An overlay medium of Trypticase Soy Agar (TSA) was prepared by 

dissolving 7.5 g of TSA powder and 2.5 g of Bacto-Agar (Difco 

Laboratories, Detroit, MI) in 250 ml of distilled water. Aliquots of 3 ml were 

delivered into culture tubes. The TSA tubes were then capped, autoclaved 

for 20 min, and stored at 4° C for later use. 

The plate medium of TSA was prepared by dissolving 15 g of Tryptic 

Soy Broth powder and 7.5 g of Bacto-Agar into 500 ml of distilled water. 

This solution was capped, autoclaved for 20 min, and then cooled to 55° C. 

Aliquots of about 10 ml were poured into clear, polystyrene, 100 mm x 15 

mm Petri dishes, and allowed to solidify at room temperature. The plates 

were then placed in their original plastic bags and stored at 4°C, to be used 

later for phage growth and assay. 

Instruments 

Fluorescence measurements were done with a Hitachi model F-3010 

fluorimeter. The excitation/emission wavelength settings used for analyses 

were 298/408 nm for SA, and 350/575 nm for RB. Absorbance spectra 



were determined with a Shimadzu UV-160A spectrophotometer. The 

analytical wavelengths selected for peak detection of SA, RB, MB, and 

benzoate absorbance were 295,554,664, and 224 nm, respectively. 

Batch Reactor 
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Experiments were done in a continuously-stirred batch reactor, under 

irradiated and dark conditions. A 100-ml volume of reaction solution, and a 

3" Teflon-coated stir bar, were placed in a Kimax, 1000-ml, borosilicate

glass beaker. The beaker was placed on top of a magnetic stirrer, and 

below a two-tube, UV-Iamp (model J-205 tubes; wavelength, 365 nm 

[unfiltered]; 15 W; XX-15L lamp; UVP, Inc., San Gabriel, CA). The stirring 

rate (70 RPM) was rapid enough to suspend the Ti02 powder, and slow 

enough to prevent a significant amount of MS2 inactivation to be caused by 

phenomena related to adsorption at the liquid surface (66). 

The reaction solution was about 7" from the lamp. When the lamp was 

switched on, the lamp irradiance was 2 mW cm-2 at the surface of the 

reaction solution, (measured with a model UVX radiometer and a type 

UVX-36 365-nm sensor [UVP, Inc.]). The radiation intensity varied <3% 
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during 10 min of UV-Iamp irradiation. The UV energy that was absorbed by 

the Ti02 suspensions was estimated to be 1.4 J ml-1. This estimation was 

based on: (1) 100 ml of reaction solution, 77 cm2 solution surface area, 1.3 

cm solution depth; (2) 10 min irradiation; (3) an estimated (based on the 

emission spectrum of the UV-Iamp and the spectral response of the 365-

nm sensor) energy of -3 mW cm-2 (this energy was derived from photons 

[wavelength < 380 nm] that satisfied the band-gap requirement) was 

incident upon the reaction solution surface; and, (4) all radiation that was 

incident upon the suspension surface was assumed to be absorbed by the 

suspension (reflection and transmission were neglected); an 8.7% 

transmittance through the 0.1 % Ti02 solution, measured with a Shimadzu 

UV-160A spectrophotometer (1-cm cuvette pathlength, 365-nm radiation), 

indicated (using Lambert's law [61]) a transmittance of only 4.2% through 

the reaction solution that was 1.3-cm deep. The radiant energy that was 

input to the solution caused a measured temperature rise of <1 ° C (from 

25°C, initially) over a 10-min period. This was within the <1°C gain that 

was predicted, based on the assumptions that: (1) a radiant energy of 1.4 J 

ml-1 was input; and, (2) the specific heat capacity of the reaction solution 

was the same as that for water (4.19 J g-1 ° C-1). 
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Near-UV radiation was selected for these experiments so that test 

results would be relevant to the design of treatment processes 

incorporating solar photoexcitation. The UV intensity was prescribed to not 

exceed that of natural sunlight. Using the same radiometer and sensor as 

specified above, a maximum irradiance of 3 mW cm-2 was measured on a 

cloudless, June day (98 0 F) in Tucson. 

Water samples to be analyzed or assayed were pipetted directly from 

the stirred reaction beaker. The removal of Ti02 from the samples was 

accomplished by either centrifuging (16,000 x gfor 7 min: Eppendorf 5415 

micro-centrifuge) or filtering (syringe filtration, using: Poretics, poly

carbonate, 0.2 JJm, 25-mm diam filters [Poretics Corp., Livermore,CA1: 

Gelman 25-mm syringe filter-holders [Gelman Sciences, Ann Arbor, Mil: 

30-ml syringes). Filtration was useful for samples having larger volumes, 

and samples that were analyzed spectrophotometrically. Centrifuging was 

selected for samples having smaller volumes that were only assayed for 

MS2. Both filtration and centrifuging rendered a clear sample that was later 

used for analysis and assay. As a check for centrifugal degradation or 

settling of the coliphage, a PBMQ water solution was seeded to an MS2 

concentration of 105 PFU ml-1 (plaque-forming units per ml). A comparison 
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of centrifuged and non-centrifuged samples showed no difference (>5%) in 

MS2 concentrations. The effect of filtration upon MS2 concentration was 

also checked. A test that compared filtrates with pre-filtered solutions of 105 

PFU ml-1 MS2 showed that no change in MS2 concentrations was caused 

by filtration. 

Phage Assay 

Phage MS2 (ATCC 1559781) was assayed in Escherichia coli (ATCC 

15597) host bacteria, which were grown in the flasks containing TS8. A 

TS8 flask was inoculated by the loop-delivery of an E. coli colony from a 

streaked plate. The flask was swirled at 200 rpm for 12-18 h at 37°C. A 

1-ml volume of this culture was then transferred to a fresh TSB flask. This 

flask was swirled at 200 rpm for 6 h at 37° C. One-milliliter aliquots from the 

second flask were then transferred into TSA tubes, which occupied a 

40-45° C water bath. Before placement in the water bath, the TSA tubes 

were immersed in boiling water until the contents were molten. 

The bacteriophage was assayed by the PFU method, as described by 

Adams (1). Water samples were diluted by serially pipetting a 0.3-ml 
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volume into the TRISX tubes. Diluent volumes of 1 ml were then 

pipette-transferred from the TRISX tubes into the TSA tubes. The TSA 

tubes were inoculated with E. coli, and immersed in the water bath, before 

they received the MS2. Undiluted samples were assayed by transferring 1 

ml of sample directly into the TSA tubes. After the water sample was 

added, the TSA tubes were vortexed for 3 sec, and the contents were 

poured onto TSA plates. The plates were allowed to solidify at room 

temperature for 30-45 min. After an incubation period of 18-24 h at 37° C, 

the individual plaques were counted. MS2 concentrations were determined 

by averaging samples that were plated in duplicate. 

Phage stocks were prepared by covering the plated lawns of infected 

bacteria with 5 ml of TRISX solution. The plates remained at room 

temperature for 1 h, to allow the MS2 to diffuse from the agar into the 

overlying TRISX. The liquid was then poured from the Petri dishes into two, 

250 ml, centrifuge bottles. These were centrifuged at 14,800 x gfor 10 min. 

The supernatant was decanted, leaving behind an agar pellet at the base of 

each centrifuge bottle. The bacterial fragments were removed by passing 

the supernatant through a sterile, 0.2 ~m, cellulose-acetate bottle-filter. 

This MS2 stock had a titer of typically _1010 PFU ml-1 
(- denotes 
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approximately) . 

The "MS2ffris" inoculum was prepared by transferring 1 ml of the MS2 

stock into 99 ml of TRISX. An "MS2" inoculum, which was used in the latter 

stages of my research, was prepared by transferring 1 ml of the MS2 stock 

into 99 ml of Milli-Q water. These inoculums were placed in storage at 4°C. 

For the experimental runs, 1 ml of inoculum was delivered into 1 I of 

reaction solution. This resulted in 100-ml reaction solutions, having MS2 

concentrations of about 105 PFU ml-1
• 

The MS2ffris inoculum was responsible for adding -20 lJM Tris and -5 

mg 1-1 CI- to reaction solutions. Although CI- has been shown to suppress 

photocatalytic oxidations (26,32,56), its occurrence was not considered to 

be detrimental in this study. Kormann et al. (32) claimed that CI- can 

decrease the semiconductor photoefficiency by adsorbing to its surface. 

However, because these researchers observed a negligible attachment of 

CI- to a P25 Ti02 surface for pH >6.2, and because of the relatively slow 

rate of OHo-scavenging by CI- (12), a negligible inhibition (by Cn of 

photoreaction was expected for my experiments. Furthermore, CI- was 

tolerated in my research because viral inactivation occurring in its presence 

would imply a potential for successfully applying photocatalytic disinfection 
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to an actual groundwater (Tucson groundwater: CI-, 7-30 mg 1-1 [10,34,75]). 

A low concentration of total organic carbon (TOC) was required for 

reaction solutions to which MS2 would be added. This minimized any 

reaction interferences or enhancements caused by organics, or 

photo-catalyzed or -sensitized organics (24,70). Although about 1 mg 1-1 of 

organic carbon was contributed to the 100-ml reaction solutions by the 

addition of MS2ITris inoculum, a TOC level of <2 mg 1-1 (measured with a 

Shimadzu TOC-SOOO) was guaranteed for all reaction solutions because of 

the 105 dilution of carbon concentrations that originated in the MS2 stock. 

MS2 Inactivation Experiments 

The experiments that were done during the first phase of this research 

were designed to test MS2 inactivation in photocatalyzed Ti02 

suspensions, in the presence and absence of iron. These experiments 

were done in triplicate, using the bat~h reactor. One hr before irradiation, 

additions of Ti02, and Ti02 and Fe (also denoted Ti02 + Fe; the Fe was 

added within 1 min after Ti02 addition), were made to stirred reaction 

solutions containing PBMQ and MS2ITris (PBMQ + MS2ITris). The 
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solutions were then placed in the batch reactor and 1.5-ml samples were 

withdrawn after 0,2.5,5,7.5, and 10 min of UV exposure. Control 

experiments were done to design and validate the experimental method 

used to acquire these data. During the control experiments (done in 

duplicate) MS2 inactivation was tested under both dark and irradiated 

conditions, with four different reaction solutions of 100-ml PBMQ that 

contained MS2ITris and the following additives: (1) no additives; (2) Fe; (3) 

Ti02; and, (4) Ti02 and Fe. These solutions were stirred in the batch 

reactor and samples were withdrawn at various time intervals (5 min 

before, and 15, 45, 55, and 65 min after additions were made). The control 

solutions were also irradiated throughout a 1 O-min time interval that began 

55 min after additions were made. 

Experiments Using an OH' Source 

The dissolution of a solid solution of potassium peroxonitrite (ONOOK) in 

potassium nitrate (KN03) was used as a source of OH' in various 

experiments. This method was first introduced by King et al. (30). When 

KNOiONOOK is dissolved in water, the resulting peroxonitrite ion 



(ONOO-) protonates (pKa=6.6 at ODC [5]), and the peroxonitrous acid 

undergoes homolytic fission to form OH": 

ONOO- + H+ -> ONOOH -> N02" + OH" 
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(20) 

The protonation of peroxonitrite (peroxonitrite has a half-life of <2 sec at pH 

7.2 [5]) is the rate-limiting step in equation 20. 

I considered this method of OH" generation to be superior to others 

(which include radiolysis, photolysis of peroxide species, and Fenton 

chemistry) for reasons similar to those noted by King et aI., namely: (1) For 

OH" generation by radiolysis, access to radiolysis is limited by the 

availability of a radioactive source (60Co or 137CS) and, except in N20-

saturated solution, this method generates a mixture of reactive species; (2) 

methods of photochemical OH" generation that involve hydrogen peroxide 

or alkyl hydroperoxides require irradiation at short UV wavelengths (e.g., 

254 nm), where the compounds targeted for reaction with OH" (such as 

MS2 and various other substrates used in my experiments) often absorb; 

(3) phthalimide hydroperoxides, which generate OH" from photoirradiation 

at longer wavelengths, have the disadvantages of low photoefficiencies 

and long irradiation exposures; (4) the Fenton chemistry systems (e.g., 

iron-EDT A), while useful in many applications, are not satisfactory for 
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studies where the addition of iron or hydrogen peroxide cannot be 

tolerated; in my experiments Fe and H20 2 addition would have confounded 

experimental results by allowing site-specific destruction (to be explained 

later in this paper) to occur; and, (5) the possible generation of oxidative 

species other than free OH", as well as the difficulty of attempting to 

quantify the amount of OH", further complicate the use of the alternative 

OH"-generating methods discussed above. 

The KN03/0NOOK used in the experiments was made by spreading a 

thin (-3 mm) layer of granules (-1 mm diam) of reagent grade KN03 (a 

white crystalline solid) across the bottom inside surface of each of three, 

100-mm diam, Petri dishes. These dishes were placed about 4" below, and 

aligned with the central axis of, a two-tube UV-Iamp (20", 15 W, 254 nm 

tubes). The KN03 was re-spread twice and the temperature at the dish 

surface was not allowed to exceed 50° C (the lamp was turned off 

periodically, to allow the dishes and contents to cool). A 2-hr UV exposure 

under these conditions produced a yellow solid-solution of KNOiONOOK 

that was later used for the experiments. An amount of ONOOK of 56 IJmole 

per gram of KN03/0NOOK solid, was determined by spectrophotometric 

detection (the absorbance of the 0.1 g of KNOiONOOK dissolved in 10 ml 



of 0.1 M NaOH was 0.940 cm-1
, at a detection wavelength of 302 nm; the 

extinction coefficient for ONOO- at 302 nm is 1670 cm-1 M-1 [30]). 

50 

An experiment was done to test the ability of OH' to inactivate MS2. One 

gram of KNOiONOOK was added to a 150 x 16 mm culture tube 

containing 5 ml of a PBMQ + MS2ITris reaction solution with an MS2 

concentration of 105 PFU ml-1. After the KNOiONOOK was added, the 

tube was vortexed for about 10 sec until the solid was completely 

dissolved. This solution was then assayed. A companion control 

experiment was done to test for MS2 inactivation by KN03• This experiment 

was done with the same procedure as stated above, with the exception that 

1 g of KN03 , instead of KNOiONOOK, was added to the 5-ml solution of 

PBMQ + MS2lTris. 

To verify that the dissolution of KNOiONOOK produced OH', 

experiments were done in which the reaction rate-constant ratios of solute 

degradations were compared. In a homogeneous environment, OH' reacts 

with aqueous solutes (e.g., A and B) in elementary second-order fashion 

(8): 

dCA/dt = -koH.A[OH']CA 

dCB/dt = -koH,B[OH']CB 

(21 ) 

(22) 
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where C and [ ] denote concentration. and k is the reaction rate-constant. 

Separating the variables in equations 21 and 22: 

dCA/CA = -koH,A[OHO]dt (23) 

dCBtCB = -koH,B[OHO]dt 

Integrating equations 23 and 24: 

In(CAtCAo) = -koH,Af[OHO]dt 

In(CB/Ceo) = -koH,Bf[OHO]dt 

(24) 

(25) 

(26) 

where CAO and Ceo are initial (pre-reaction) concentrations and CA and CB 

are final (post-reaction) concentrations. By knowing the initial and final 

concentrations of solutes A and B. the ratio of the rate constants can be 

determined: 

(27) 

Rate constants (e.g.: koH,benzoate. koH,formate. etc.) for the reaction of OHo with a 

number of different solutes. have been documented in the literature (8,12). 

Thus. if the rate-constant ratio of two solutes. as determined using equation 

27. is equal to the ratio determined from literature values. then the action of 

OHo-oxidation (as in equations 21 and 22) is indicated. 

In the experiments that were done to determine a koH,MBtkoH,RB ratio. 0.1 g 

of KNOiONOOK was added to a culture tube containing 10 ml of PBMQ + 
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1 0 ~M RB + 1 0 ~M MB. After KNOiONOOK addition, the solution was 

vortexed about 5 sec until the solid was completely dissolved. The 

concentrations of RB and MB, before and after reaction, were determined 

with a spectrophotometer (for MB) and fluorimeter (for RB). In experiments 

that were done in a similar fashion, to determine a koH sA/koH RB ratio, 0.1 9 , , 

of KNOiONOOK was added to 10 ml of PBMQ + 1 0 ~M SA + 1 0 ~M RB. 

Control experiments, in which 0.1 9 of KN03 was added to PBMQ + MB + 

RB and PBMQ + SA + RB solutions, showed no destruction of MB, RB, or 

SA. 

To approximate the quantity of OHo required to inactivate MS2 under one 

set of reaction conditions, 0.1 9 of KNOiONOOK was reacted in a culture 

tube containing 10 ml of PBMQ + 1 0 ~M SA + 1 0 ~M RB + 105 PFU ml-1 

MS2lTris. The concentrations of MS2, SA, and RB were determined for 

solution samples that were taken before and after KNOiONOOK reaction. 

The SA and RB were included in the solution so that the kSA/kRB ratio would 

provide verification of OHo oxidation. The maximum amount of OHo (derived 

from KNOiONOOK dissolution) that was available for reaction with 

solution constituents (other than N02°)' was estimated to be 187 ~M. This 

amount is one-third of the 560 ~M OHo that was assumed to have been 
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produced from the KNOiONOOK dissolution (as noted earlier, each gram 

of KNOiONOOK should yield 56 J,Jmole OH'): at least two-thirds (30) of the 

560 IJM OH' recombined with N02' to form nitric acid. In conjunction with 

these KN03/0NOOK experiments, a set of PBMQ + Ti02 + SA + RB + 105 

PFU ml-1 MS2ITris solutions was reacted photocatalytically, so that the 

KNOiONOOK and photocatalytic systems could be cross-correlated. The 

PBMQ + SA + RB + MS2ITris solutions were photocatalyzed for time 

periods of 1, 2, 3, and 5 min, after which the extent of SA, RB, and MS2 

destruction was determined. 

Competition Kinetics Experiments 

Competition kinetics experiments were done to see if the photocatalytic 

reactor produced OH', and, if it did, to also see if OH' production could be 

increased by the addition of Fe. This method yielded kinetic data from 

reaction competition between a probe and scavenger species. Although 

there are other methods by which OH' activity can be estimated, such as 

ESR (19) and spin-trapping (28), I considered the competition kinetics 

approach to be the most convenient and reliable for my experiments. 



The reaction of a probe (P) and a scavenger (5) with free OH' in 

solution, can be described as (8, 12): 

ks 
OH' + 5 -> C 

rs = d5/dt = -ks[OH'][5] 

kp 

OH' + P -> D 

r p = dP/dt = -kp[OH'][P] 

where r is the rate of reaction. 
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(28) 

(29) 

(30) 

(31 ) 

The rate of reaction of the probe is equal to the rate of formation of the 

probe reaction product (D): 

r 0 = -r p = kp[OH'][P] (32) 

The rate of change of OH' with respect to time can be written as: 

d[OH']/dt = POH + rp + rs (33) 

where POH is the rate of OH' production. 

Because the OH' reactions are rapid (18,78), a steady state (ss) OH' 

concentration is assumed to exist almost immediately after irradiation 

begins: 

d[OH']/dt = 0 = POH + rp + rs (34) 

or, 



POH = [OHe]ss(kp[P] + ks[S]) 

Rearranging, 

[OHe]ss = POH/(kp[P] + ks[S]) 

Substituting equation 36 into equation 32: 

r 0 = (PoHkp[P])/(kp[P] + ks[S)) 

or, 

1/r 0 = «ks/kpPOH) x ([S]/[P]) + 1/POH 
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(35) 

(36) 

(37) 

(38) 

Therefore, a 1/ro versus [S]/[P] plot of experimental data, obtained from 

a system having reactions described by equations 28 and 30, will exhibit a 

straight line whose intercept (1/POH) and slope (ks/kpPOH) will yield POH and 

ks/kp. Furthermore, at the initial probe and scavenger concentrations, the 

initial [OHe]ss can be determined (equation 36). 

Benzoate and formate were selected as the probe and scavenger for the 

experiments after I did a variety of experiments with a number of candidate 

species (ascorbate, benzoate, bromide, ethanol, glucose, iodide, and 

methanol) that were selected from a field of many chemicals that have 

been used in OHe studies (8,6,12,17,18,43,45,78). 

The following advantages of using benzoate as an OHe probe in aqueous 

solutions have been claimed by other researchers: 



(1) Benzoate reacts with OHo by a well-characterized (8) reaction. This 

results in hydroxylation of the aromatic ring to form 0-, m-, and 

p-hydroxybenzoate isomers, in proportions of about 2:1:1 (3,46), 

respectively. 
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(2) The rate constant for reaction of benzoate with OHo in aqueous media is 

accurately known (8, 12). 

(3) Benzoate is photochemically stable under near-UV or solar irradiation 

(78). 

(4) Benzoate can be detected with a spectrophotometer, and the 

hydroxybenzoate reaction products can be measured with a fluorimeter. A 

chromatographic separation of the three isomers is not necessary, as they 

can be distinguished by adjusting the sample pH, and the excitation and 

emission wavelengths of the fluorimeter (3,43). 

My experiments showed benzoate to be photochemically stable during 

the near-UV exposures used in the experiments. I also observed that: 

(1) The change in 0.1 mM benzoate absorbance with pH was less than 2% 

(at a 224 nm detection wavelength, within a range of pH 5 to 9). 

(2) At pH 7.2, adsorption of the benzoate ions (pKa = 3.9; thus the surface 

charge is predominantly negative at pH 7.2) to the Ti02 was slight. After a 
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24 hour contact between 0.1 mM benzoate and 1 g 1-1 Ti02, less than 0.3% 

of the benzoate had adsorbed. 

(3) Benzoate was rapidly degraded by a Ti02-photocatalyzed reaction that 

was excited by sunlight. The half-life of 0.2 mM benzoate in 10 ml of a 1 g 

1-1 Ti02 suspension, in a 20-ml borosilicate glass scintillation vial exposed 

to sunlight, was 17 min. 

(4) No interference was caused by the benzoate concentration that was 

present during the fluorimetric analyses of the hydroxybenzoate isomers. 

Desirable characteristics that were demonstrated by formate during my 

investigations were: 

(1) Formate could be measured spectrophotometrically (extinction 

coefficient, 70 cm-1 M-1 at 200 nm; pH 6), and its absorbance did not 

interfere with benzoate absorbance; for equal benzoate and formate 

concentrations, at benzoate's optimum detection frequency of 224 nm, the 

benzoate absorbance was more than 1000 times greater than that of the 

formate. 

(2) Formate exhibited no fluorimetric interference at the frequencies used to 

detect the hydroxybenzoate isomers. 

(3) Similar to benzoate, the adsorption of formate to Ti02 was slight (less 
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than the resolution error [0.3%] of the analytics). 

The lack of benzoate and formate adsorption onto Ti02 was necessary 

for the proper application of the competition kinetics technique that was 

used in the photocatalytic environment. During photocatalysis, some OHo is 

probably adsorbed to the Ti02 surface, where it is available to react with 

other adsorbed species. The competition kinetics model that was used for 

my experiments was developed by assuming that free OHo (OHO [not 

adsorbed to Ti02] that is available in the bulk liquid to react with Iiquid

phase constituents [not adsorbed to Ti02]) reacted with the P and S 

species that were present in the liquid phase (equations 29 and 31). If a 

situation existed in which significant amounts of P or S were adsorbed to 

the Ti02 , different equations would have been needed for the model's 

development. For example, to account for a probe species reacting with 

OHo on the Ti02 surface, the amount of probe adsorbed to the Ti02 surface 

would need to be represented by a Langmuir-type expression (many [2,50] 

think the Langmuir model best describes substrate adsorption onto the Ti02 

surface during photocatalysis) such as: 

[P]s = (K2K1[P])/(1 + K1[P]) (39) 

where [P]s is the probe adsorbed to the surface, [P] is the probe 
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concentration in the liquid phase. K1 is an adsorptive binding constant. and 

K2 is a constant that represents the total number of surface binding sites. 

The reaction of the adsorbed probe with the OH· that is bound to the Ti02 

surface might be described by: 

r p = -kps[OH'][P]s 

Substituting equation 39 into equation 40: 

r p = -(kPsK2K1[OH·][P))/(1 + K1[P)) 

(40) 

(41) 

So. for situations in which the adsorption of P is significant. an expression 

such as equation 41 would be needed to develop the appropriate model of 

competition kinetics. 

The 100-ml reaction solutions that were used in the competition kinetics 

experiments were prepared by adding one part of PBMQ to ninety-nine 

parts Milli-Q water. This amount of PBMQ provided enough buffering at pH 

7.2. yet the phosphate species (H2P04- and HPO/-) did not interfere with 

experimental results by significantly scavenging OH· (kphosPha'e[phosphate] 

« (k'orma'e[formate] + kbenzoa'e[benzoate)); referring to equations 28-38. where 

P = benzoate and S = formate). One set of reaction solutions contained 

aliquots of 0.2 mM sodium benzoate to which various concentrations of 

sodium formate (0. 0.4. 0.8. and 1.6 mM) were added. An otherwise 
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identical set of reaction solutions also contained 2 IJM Fe, which was 

added (from an iron stock solution that was prepared as described earlier) 

within 1 min after Ti02 addition. Titanium dioxide was added to all reaction 

solutions about 2 hr before they were reacted in the batch reactor. Samples 

(3 ml) of the solutions not containing Fe, were withdrawn after UV 

exposures of 0, 30, and 60 sec. Solutions containing Fe, were sampled at 

0, 15, and 30 sec UV exposures because of their faster reaction rates. 

Plots of SA concentration versus time of irradiation were observed to be 

linear within these time intervals, implying consecutive first-order reactions 

(i.e., benzoate -> SA -> product). The relatively short periods of UV 

exposure were selected to ensure this linearity, so that initial reaction rates 

could be accurately determined; total production of SA was less than 5 IJM 

during periods of UV exposure of 30 sec (for solutions with iron) and 60 sec 

(for solutions without iron). Because the concentration of SA increased 

linearly with time during these irradiations, initial reaction rates were 

determined from subsequent tests in which only initial (before UV 

exposure) and final (after UV exposure) samples were taken, and zero

order reactions were assumed. This was done to allow greater sample 

volumes to be taken from the reaction solutions, and thereby: (1) minimize 
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any error caused by the filtration process (e.g., errors of filtrate dilution 

caused by: rinsing the filtration apparatus; and, analyte binding to the filter); 

and, (2) allow less photocatalytic degradation of the analytes to be applied, 

so that initial rates could be determined more accurately. Taking samples 

only before and after photoreaction permitted greater precision in UV 

application, and prevented any errors that would have been caused by a 

reduction in volume of the reaction solutions during irradiation. During the 

experiments, initial samples of 10 ml were withdrawn from 110 ml reaction 

solutions, and final samples of 10 ml were also withdrawn. Data averaged 

from duplicate experiments were plotted (according to equation 38; where, 

S = formate, P = benzoate, and D = SA) as 1/rSA vs. [formate]/[benzoate]. 

In addition to the SA (o-hydroxybenzoate) concentrations, the 

concentrations of the m- and p-hydroxybenzoate isomers were recorded for 

each reaction solution. This was done so that the ratio of isomers (Le., 

o-:m-:p-) could be determined. As was observed with the photocatalytic 

formation of SA, the increases in m- and p-isomer concentrations were 

directly proportional to the duration of UV irradiation, within the exposure 

times stated. 

The concentrations of the 0-, m-, and p-hydroxy isomers were 
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determined spectrofluorimetrically, using a procedure based on those of 

Armstrong et al. (3) and Matthews (43). The Ti02 was removed from all 

samples by syringe filtration (Poretics, 0.2 ~m, polycarbonate filters, 25-

mm filter diam). This filtration removed essentially all of the Ti02 that could 

be detected with the spectrophotometer (no Ti02 in the filtrates could be 

detected spectrophotometrically [detection limit was 0.002 cm-1
] at 

wavelengths greater than 220 nm, with a maximum Ti02 absorbance of 

only 0.011 cm-1 detected at 200 nm). The Poretics filters were used 

because they out-performed both 0.22-~m Millipore filters (Millipore GS 

filters, composed of mixed esters of cellulose, 25-mm diam [Mlllipore 

Corp., Bedford, MA]; after filtration, Ti02 absorbance was 0.057 cm-1 at 200 

nm and 0.018 cm-1 at 220 nm) and 0.22-~m Nucleopore filters (Nucleopore 

MF filters, composed of mixed esters of cellulose, 25-mm diam 

[Nucleopore Corp., Pleasanton, CAl; after filtration, Ti02 absorbance was 

0.067 cm-1 at 200 nm and 0.026 cm-1 at 220 nm). 

Salicylate concentrations were determined in the filtrates from the 

fluorescence intensity at 408 nm, when 298-nm photoexcitation was used. 

At this wavelength, the contribution of the m- and p-hydroxy isomers to the 

intensity of SA fluorescence was negligible. Tests also showed no 
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interference of SA fluorescence intensity from the benzoate, formate, iron, 

Ti02 residual, or photocatalyzed reaction products. The fluorimeter was 

calibrated against a solution of 5 ~M sodium salicylate in dilute-PBMQ (1 

part PBMQ in 99 parts Milli-Q). 

Concentrations of the m- and p-hydroxy isomers were also determined 

spectrofluorimetrically. The m-isomer was determined from the increase in 

the 408 nm fluorescence intensity (excited at 298 nm) produced on 

adjusting (by adding NaOH) the pH of the sample to pH 12. The p-isomer 

was determined from the increase in 336-nm fluorescence intensity 

(excited at 300 nm) produced on adjusting the pH of the sample to pH 12. 

Similar to the SA standard, calibration standards (5 ~M) of m- and p

hydroxy isomers were prepared in dilute-PBMQ solutions. Contribution by 

the p-isomer and m-isomer to the fluorescence intensity at 408 nm was 

negligible, and contribution by the m-isomer to the fluorescence intensity 

of the p-isomer at 336 nm was also negligible. Tests showed that no 

interference of the fluorescence intensity of the m- or p-hydroxy isomer was 

caused by the benzoate, formate, iron, Ti02 residual, or photocatalyzed 

reaction products. As stated above, only the increases in fluorescence 

intensity that resulted from the pH adjustment (from 7.2 to 12) were 
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recorded to determine the m- and p-isomer concentrations. This was done 

to prevent inclusion of the SA fluorescence contribution at those 

wavelength settings; the fluorescence intensity of SA did not change when 

the pH was adjusted from 7.2 to 12. 

Dark Inactivation 

Various experiments were done to investigate the possibility of MS2 

inactivation by Ti02 under unirradiated (dark) conditions. As an expansion 

of the control experiments of the MS2 Inactivation Experiments (described 

previously), dark inactivation was monitored for two different Ti02 reaction 

solutions (with and without added iron) over a period of hours, rather than 

minutes. As per the procedure of the control experiments of the MS2 

Inactivation Experiments, Ti02 and Ti02 + 2 j.JM Fe were added (Ti02 was 

added less that 1 min before Fe addition) to each of two PBMQ reaction 

solutions containing 105 PFU ml-1 MS2lTris. Each solution was stirred in the 

batch reactor, under dark conditions, until 6 hrs after Ti02 and Fe additions 

had been made. The solutions were then left unstirred for 9-hr periods that 

followed. The concentrations of MS2 at various contact times, throughout 
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the 15-hr experiment. were determined and recorded. 

Isotherm-type Experiment 

Adsorption of MS2 onto Ti02 was suspected to have caused the 

inactivation seen in the dark controls of the MS2 Inactivation Experiments. 

so isotherm-type experiments were conducted to further explore this 

possibility. All isotherm-type experiments were performed under dark 

conditions. Various quantities of MS2 were placed into seven centrifuge

tubes (40 mi. with caps) containing 40 ml of PBMQ. Two tubes had MS2 

concentrations of about 106 PFU ml-1
• and the other five had MS2 

concentrations of about 105.104.103.102
• and 101 PFU ml-1

. These 

concentrations were determined by assays that were done using 0.3-ml 

samples that were withdrawn from each of the tubes after the MS2 was 

added. Additions of Tris saline buffer were made so that each tube 

contained the same TSB concentration found in the 100-ml MS2ITris 

reaction solutions (which contained concentrations of -20 IJM Tris and -5 

mg 1-1 en. Forty mg of Ti02 was added to each of 6 of the tubes to produce 

suspensions of 1 9 1-1 Ti02 • The seventh tube. which contained an MS2 
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concentration of 106 PFU ml-1, was used as a control, and no Ti02 was 

added. All seven tubes were agitated (by top-to-bottom rotation of the 

tubes) using a culture tube rotator set at 30 RPM. The tubes were rotated 

for 4 hr to allow ample time for adsorption equilibrium to occur (results of 

the Dark Inactivation Experiments, described above, indicated that a 4-hr 

period was sufficient). Next. the tubes were centrifuged at 16,000 x g 

(Beckman model J2-21 centrifuge, JS-13.1 rotor) for 7 min, and samples of 

the supernatants were withdrawn for viral assay. The spectrophotometric 

absorbance of these liquids was measured to verify that a satisfactory 

removal of Ti02 had occurred. The supernatant of each of the 6 tubes that 

contained Ti02 was drawn off until only 1 ml of the supernatant, containing 

the Ti02 that had been centrifuged, remained. Fresh PBMQ + TSB solution 

was then added to the 6 tubes until liquid volumes of 40 ml were obtained. 

These tubes were vigorously shaken by hand until the Ti02 was 

resuspended. All seven tubes were then rotated (as before) for 6 hrs to 

allow desorption equilibrium to be reached. After this period, the tubes 

were centrifuged at 16,000 x 9 for 7 min and the supernatants were 

sampled and later assayed. The samples taken from the control tube 

showed that no significant (>5%) inactivation of MS2 had been caused by 
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tube agitation (rotation) and centrifuging. 

Adsorption (A) and desorption (D) profiles were constructed using the 

results of assayed samples. The x-axis values (NA,No; in units of PFU ml-1) 

of the plotted data of the isotherm-type experiment were determined from 

the concentrations of freely-suspended MS2 that were assayed to be 

present in the solution supernatants (i.e., the MS2 concentrations that were 

present in the liquid after adsorption and desorption equilibrium had been 

reached, and after the equilibrium suspensions had been centrifuged). Y

axis values (X) of Ti02 loading (in units of PFU per mg of Ti02 adsorbent; 

or, PFU mg-1adSOrbent) for the adsorption data, were calculated by subtracting 

the equilibrium adsorption concentration (NA) from the initial MS2 

concentration (NAO; MS2 concentration in the liquid before Ti02 was added) 

of the tube solutions: 

(42) 

Y-axis values for the desorption data were calculated by subtracting the 

equilibrium desorption concentration (No) from the amount of MS2 that was 

added to the tube from the loaded Ti02 and from the 1 ml of supernatant 

that was present before the fresh PBMQ was added for the desorption 

experiments: 



Xo = XA - (No x (40 mlsupernatanl40 mgadsorbent» 
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(43) 

The MS2 that was contributed to the desorption solution by the 1 ml of 

adsorption supernatant (present before fresh PBMQ was added) was 

omitted from equation 43 because this amount never exceeded 3% of the 

MS2 that was calculated (by equation 42) to have been loaded onto the 

Ti02 that was to be resuspended. 

Isotherm-type Experiment Follow-up 

Experiments were done to find an explanation for dissimilar adsorption 

and desorption profiles that resulted during the isotherm-type experiments. 

In these follow-up experiments, 1 g 1-1 Ti02 was added to 100 ml of PBMQ. 

This slurry was stirred at 70 RPM under dark conditions. MS2ITris (105 

PFU ml-1
) was added to this solution 2 hrs after the Ti02 was added. 

Samples of this solution, which were later centrifuged and assayed, were 

withdrawn immediately, 1 hr, and 5 hr, after the MS2 was added. Six hrs 

after MS2 addition, three samples of the reaction solution were withdrawn. 

Each of these three 6-hr samples was prepared for viral assay by a 

different method as follows: (1) One sample was filtered (Poretics, 0.2 IJm ) 
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to remove the Ti02; (2) Another sample was centrifuged at 16,000 x g for 7 

min to remove the Ti02; and, (3) A third sample underwent no Ti02 

removal. As per the usual method, all samples were assayed in TSB 

nutrient broth (this broth, as described earlier, contained high levels of 

organic nutrients). For the 6-hr sample that contained Ti02 , it was 

presumed that, during assay, any MS2 on the Ti02 surface would desorb 

into the broth and infect the host bacteria. 

Iron Partitioning 

Experiments were done to investigate the partitioning of the 2 J,JM iron 

that was added to the reaction solutions. Graphite-furnace atomic 

absorption (Perkin Elmer 360 atomic absorption spectrophotometer) was 

used to measure the iron concentrations in the following solutions: (1) 

PBMQ; (2) PBMQ + 105 PFU ml-1 MS2rrris; (3) Filtrate of a PBMQ + 1 g 1-1 

Ti02 + 2 J,JM Fe solution that was filtered (Poretics, 0.2 J,Jm) 1 hr after Ti02 

and Fe were added to the continuously-stirred solution; (4) Filtrate of a 

PBMQ + 105 PFU ml-1 MS2rrris + 1 g 1-1 Ti02 + 2 J,JM Fe solution that was 

filtered (Poretics, 0.2 J,Jm) 1 hr after Ti02 and Fe were added to the 
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continuously-stirred solution; (5) PBMQ + 2 iJM Fe; (6) PBMQ + 105 PFU 

ml-1 MS2rrris + 2 iJM Fe; (7) PBMQ + 105 PFU ml-1 MS2rrris + 1 g 1-1 Ti02 

+ 2 iJM Fe; and, (8) Supernatant of a PBMQ + 105 PFU ml-1 MS2rrris + 2 

iJM Fe solution that had been centrifuged at 16,000 x g for 10 min. 

An additional experiment was done to test whether the 2 iJM iron that 

had been added to the reaction solutions, had adsorbed onto the Ti02 

surface. During this experiment, the initial rate of RB destruction was 

recorded for each of four solutions, after photocatalytic batch reactions 

were applied. Two of these solutions were: (1) PBMQ + 1 g 1-1 Ti02 + 10 

iJM RB; and, (2) PBMQ + 1 g 1-1 Ti02 + 10 iJM RB + 2 iJM Fe. The UV 

exposure was started 1 hr after the Ti02 , RB, and Fe were added to the 

continuously-stirred solutions. The RB concentrations were determined 

spectrofluorimetrically using an excitation/emission wavelength setting of 

350/575 nm. In order to make a third solution (solution 3), 1 g 1-1 Ti02 and 2 

iJM Fe were added to a 100-ml PBMQ solution. After 1 hr of stirring, with 

the Ti02 and Fe present, the suspension was centrifuged (16,000 x g for 10 

min). The clear supernatant was poured off, and the Ti02 that remained 

was then resuspended (vigorously shaken by hand) in 100 ml of fresh 

PBMQ + 10 iJM RB. Solution 3 was then photoreacted and the initial 
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reaction rate of RB was determined. A fourth solution was used as a 

control, to check for any change in photoreactivity caused by resuspending 

the centrifuged Ti02 (i.e., change in photoreactivity caused by any change 

in Ti02 particle-size that resulted from resuspending the Ti02). Solution 4 

was made by centrifuging (16,000 x g for 10 min) a 100-ml PBMQ 

suspension that contained 1 9 1-1 Ti02 • The Ti02 was then resuspended 

(using the same method as stated above) in PBMQ + 10 IJM RB solution. 

The initial reaction rate of RB was determined after this solution was 

photocatalyzed. 

Dissolved Oxygen 

The dissolved oxygen (DO) concentrations of Ti02 reaction solutions 

were measured to verify that the photocatalytic reaction rates seen in my 

experiments were not limited by the rate at which oxygen was transferred 

from the air into the water. The DO concentration that existed before and 

during photocatalytic reaction was measured with a DO probe (YSI 5300 

oxygen monitor). The probe was immersed in each of the following 

solutions: (1) PBMQ + 1 g 1-1 Ti02: (2) PBMQ + 1 g 1-1 Ti02 + 105 PFU ml-1 
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MS2; (3) PBMQ + 1 g 1-1 Ti02 + 105 PFU ml-1 MS2 + 2 ~M Fe; and, (4) 

PBMQ + 1 g 1-1 Ti02 + 10 ~M SA + 10 ~M RB + 105 PFU ml-1 MS2 + 2 ~M 

Fe. Each solution was equilibrated with air and then reacted for 10 min in 

the photocatalytic batch reactor. 

MS2 Inactivation by Fe 

Two experiments were done to further investigate the dark inactivation of 

MS2 by Fe, which had been observed for the Fe control solution of the 

MS2 Inactivation Experiments. In the first experiment, additions of 1 g 1-1 

Ti02 and 2 ~M Fe were made to a continuously-stirred volume (100 ml) of 

PBMQ. The MS2ITris inoculum was added to this unirradiated solution two 

hrs after the Fe and Ti02 were added. During the second experiment, 2 ~M 

Fe was added to a continuously-stirred suspension (100 ml) of PBMQ + 1 g 

1-1 Ti02 + 105 PFU ml-1 MS2ITris, 2 hrs after the Ti02 and MS2ITris were 

added. The changes in the initial concentrations (105 PFU ml-1
) of MS2 of 

the solutions of both experiments, were monitored over a 2-hr period that 

followed the MS2 addition (for the first experiment) and Fe addition (for the 

second experiment). These experiments were done in duplicate, and 
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solution samples, taken before and after photoreaction, were assayed. 

Reaction Rates and Rate-Constant Ratios 

In addition to the KN03/ONOOK and competition kinetics studies 

described earlier, other experiments were performed to investigate the 

participation of OHo during the photocatalyzed inactivation of MS2. Data 

were obtained from reaction solutions that were sampled after each of the 

following periods of UV exposure: (1) no UV exposure; sample was taken 

immediately before irradiation was started; (2) one-half of the total UV 

exposure; sample was taken after one-half of the total UV radiation had 

been applied; and, (3) full UV exposure; sample was taken immediately 

after the total UV radiation dose had been applied. Samples of 3 ml were 

withdrawn from the reaction solutions. After the samples were filtered 

(Poretics, 0.2 ~m), the SA and RB concentrations were determined 

spectrofluorimetrically (excitation/emission wavelength settings: 298/408 

nm for SA; 350/575 nm for RB). For the solutions that contained SA and 

RB, the total dose of UV radiation caused less than 20% of the SA and RB 

to be degraded. Because the reaction rates were observed to be first order 
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(with respect to concentration) during these periods of irradiation. initial 

reaction rates (rSA' r RB. and r MS2) were determined from subsequent tests in 

which only initial (before UV exposure) and final (after UV exposure) 

samples were taken. and first-order reactions were assumed. This was 

done to allow greater volumes of sample to be withdrawn from the reaction 

solutions. and to avoid the types of errors mentioned earlier (see 

Competition Kinetics Experiments). In these tests. initial samples of 10 ml 

were withdrawn from 11 O-ml reaction solutions. and final samples of 10 ml 

were also withdrawn. Rate-constant ratios (kSA/kRB. kSA/kMS2' and kRB/kMS2) 

were determined using equation 27 (kSA/kRB = In(CsA/CsAo)lIn(CRB/CRBo), 

kSA/kMS2 = In(CsA/CsAo)lIn(CMsiCMs2o). kRB/kMS2 = In(CRB/CRBo)lIn(CMs2/CMs2o)); 

rates of rSA = -ksA[OH·USA]. rRB = -kRB[OH·][RB]. r MS2 = -kMS2[OH·UMS2] were 

assumed. The Ti02 and Fe were added to the 100-ml PBMQ reaction 

solutions at least 2 hrs before the SA. RB. MS2. and MS2ITris were added. 

The SA. RB. MS2. and MS2ITris were added 2 hr before the solutions were 

exposed to UV. The inability of SA and RB to inactivate MS2 was verified 

before these compounds were used as additives. Experimental results 

showed that no MS2 inactivation occurred in dark solutions of PBMQ + 

Ti02 + 105 PFU ml-1 MS2 + 100 IJM SA + 100 IJM RB (note that these 



concentrations of SA and RB were 1 a times those used in the 

photocatalytic reaction experiments). The UV stability of SA and RB was 

also verified; no degradation of either compound was observed after the 

1 a-min UV-Iamp (batch reactor) irradiation of PBMQ + 1 a ~M SA and 

PBMQ + 1 a ~M RB solutions. 
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Salicylate and RB were added to reaction solutions so that the kSA/kRB 

ratio would serve as an indicator of OHo activity. The feasibility of using this 

technique was checked by photoreacting PBMQ + Ti02 solutions that 

contained SA + RB and SA + RB + Fe. Furthermore, the photoreaction of 

PBMQ + Ti02 + SA + RB + MS2ITris and PBMQ + Ti02 + SA + RB + 

MS2ITris + Fe solutions was done with an intent to more directly show that 

MS2 inactivation was occurring during photocatalytic OHo oxidation. In 

designing that experiment, I thought that not only would the kSA/kRB ratio 

signal OHo activity, but the kSA and kRB could be correlated to the kMS2' to 

possibly provide further evidence of OHo-caused inactivation. 

Additional investigations were performed after comparing the SA, RB, 

and MS2 reaction rates of various solutions to which iron had been added. 

Experiments with PBMQ + Ti02 + SA + RB + MS2 and PBMQ + Ti02 + SA 

+ RB + MS2 + Fe solutions were chosen after I observed that the increase 
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in r MS2 that resulted from Fe addition to the PBMQ + Ti02 + SA + RB + 

MS2rrris solution, was less than the increase in r MS2 that occurred when Fe 

was added to the PBMQ + Ti02 + MS2rrris solution. I selected the PBMQ 

+ Ti02 + MS2 and PBMQ + Ti02 + MS2 + Fe solution experiments after I 

saw a decrease in r MS2 that resulted from Fe addition to the PBMQ + Ti02 + 

SA + RB + MS2 solution. 

No adsorption (onto the Ti02) of either the 1 0 ~M SA or 1 0 ~M RB was 

observed during the above experiments; no detectible changes 

(spectrophotometric measurement; measurement error was 1 %) in SA and 

RB concentrations were observed, when comparisons were made of 

filtered samples taken before, and 2 hrs after, Ti02 was added to a stirred 

PBMQ + Ti02 + SA + RB solution. 

Investigations of Reaction Mechanisms 

After reviewing the results of the Reaction Rates and Rate-Constant 

Ratios experiments, I saw that more information was needed to postulate a 

general mechanism of photocatalytic inactivation. This information was 

provided by data that were obtained from the experiments that are 
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described below. 

The effect of Fe addition upon MS2 inactivation was investigated in 

greater detail by adding various amounts of Fe to PBMQ + Ti02 + SA + RB 

+ MS2ITris solutions. The same procedure as that described in the 

previous section (Reaction Rates and Rate-Constant Ratios), was used to 

obtain the initial reaction rates (r SA, r RB' and r MS2) and rate-constant ratios 

(kSA/kRBo ksikMS2' and kRB/kMS2). Iron was added to the reaction solutions, 

using the same method as stated earlier, from stock solutions of FeS04 

that had been dissolved in Milli-Q water (reaction solution concentrations of 

10 and 20 IJM Fe were obtained by adding 0.5 and 1 ml, respectively, of a 

2 mM Fe stock solution to the 100-ml reaction solutions; 2, 1, and 0.2 IJM 

Fe concentrations were obtained by the additions to reaction solutions of 1, 

0.5, and 0.1 ml from a 200 IJM Fe stock solution). In addition to these 

experiments, and serving as a check for the effects on Fe-related 

inactivation caused by the SA and RB presence, concentrations of 2, 10, 

and 20 IJM Fe were added to reaction solutions containing PBMQ + Ti02 + 

MS2lTris. After photoreaction, the MS2 inactivation that occurred in these 

solutions was determined. 

Although no adsorption of SA and RB onto Ti02 was detected, the ability 
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of either of these compounds to adsorb onto a hydrophobic surface was 

investigated. This was done by passing 5-ml volumes of three different 

solutions through filters composed of mixed esters of cellulose (Nucleopore 

MF filters, 0.22 IJm, 25-mm diam). The solutions were: (1) PBMQ + SA; (2) 

PBMQ + RB; and, (3) PBMQ + SA + RB. The SA and RB concentrations of 

these filtrates were compared to the SA and RB concentrations in the pre

filtered samples. One filter was rinsed, after it was used for filtering a 

PBMQ + RB solution, by passing 100 ml of Milli-Q water through it. Next, 

the filter was removed from the syringe-filtration apparatus, rinsed with 

Milli-Q, soaked in Milli-Q for 2 hr, and then rinsed with Milli-Q again. After 

the filter was allowed to dry, it was visually inspected (while being 

irradiated with a 365-nm UV-Iamp [RB is fluorescent under the UV-Iamp 

irradiation]) for any RB color retention. 

The results of earlier experiments indicated that the presence of the TBS 

inoculum inhibited SA, RB, and MS2 destruction. Therefore, the Tris (-20 

IJM) and Clo (-5 mg 1°1) constituents that resulted from the addition of 

MS2ITris to reaction solutions, were suspected of competing for 

photocatalytiC oxidants. To reveal the effect of Clo, experiments were done 

in which the following reaction solutions were photocatalyzed, and the SA, 
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RB, and MS2 destructions were compared: (1) PBMQ + Ti02 + SA + RB + 

MS2; (2) PBMQ + Ti02 + SA + RB + MS2 + 30 mg 1-1 CI-; (3) PBMQ + Ti02 

+ MS2; and, (4) PBMQ + Ti02 + MS2 + 30 mg 1-1 CI-. The pre- and post

reaction SA, RB, and MS2 concentrations were recorded for these 

solutions. An experiment was done to test the effect of Tris on the 

degradation rates of SA, RB, and MS2 in a homogeneous environment. In 

that experiment, 0.05 g of KN03/0NOOK was added to the following 5-ml 

solutions: (1) PBMQ + SA + RB; (2) PBMQ + SA + RB + 20 IJM Tris; (3) 

PBMQ + 105 PFU ml-1 MS2; and, (4) PBMQ + 105 PFU ml-1 MS2lTris. The 

pre- and post-reaction concentrations of the SA, RB, and MS2 were 

measured for these solutions. 

Experiments were done to verify that the SA and RB were not degraded 

by the H20 2 that was produced photocatalytically. Concentrations of 1,0.1, 

and 0.01 mM SA, and 0.01 mM RB, were dissolved in PBMQ solutions. 

These SA and RB levels were then measured before and after the addition 

of 88 mM H20 2 (the added H20 2 was diluted, with PBMQ, from a 30% 

reagent solution [obtained from Matheson Coleman & Bell, Norwood, OH]. 

The 88 mM concentration of H20 2 was at least 1000 times higher than the 

steady state levels that were expected (31,47) during the photocatalysis of 
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P25 Ti02 in the near-UV batch reactor used in my experiments. 

Fluorimetric measurements of the RB concentrations were performed, but 

fluorescence quenching, possibly caused by the interaction of the H20 2 and 

the emitted light, rendered this technique unsuitable for SA detection. 

Specifically, the intensity of SA fluorescence (at 408 nm) steadily 

decreased with time while the analyte was being excited at 298 nm, and 

the fluorescence intensity returned to its initial value after the light 

excitation was stopped. As a satisfactory alternative to the fluorimetric 

analysis, the SA concentration was measured with a spectrophotometer set 

at a peak detection wavelength of 295 nm. To measure the SA 

absorbance, the absorbance contribution of the H20 2 at the 295-nm setting 

was subtracted from the 295-nm absorbance measured for the solution 

containing both SA and H20 2• 

To gain some electrochemical insight into the reaction mechanism, 

redox potentials of photocatalyzed reaction solutions were measured with a 

redox probe (Orion 97-78-00 platinum redox electrode). To accommodate a 

satisfactory placement of the probe in the 1-liter reaction-beaker, the 

reaction solution volumes were increased to 200 ml (so that probe tip was 

sufficiently submerged in the stirred solution) and the beaker was slightly 
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offset from being directly under the lamp (this was done because the probe 

was too tall to be placed directly under the lamp). I didn't consider the 

inability to duplicate the original photocatalytic reaction solution volumes 

and radiation intensity to be a problem, because I was primarily interested 

in the relative changes in redox potential that occurred in response to the 

different experimental conditions. Redox measurements were made for 

PBMQ + Ti02 + MS2, PBMQ + Ti02 + MS2 + Fe, PBMQ + Ti02 + 

MS2rrris, and PBMQ + Ti02 + MS2rrris + Fe solutions, under dark and 

irradiated conditions. 

Groundwater Experiments 

The photocatalytic inactivation of MS2 in an actual groundwater sample 

was tested using water from the Martin Avenue well (Martin Ave., main 

campus, University of Arizona). This is an untreated, Tucson groundwater 

that has been used for various water disinfection studies (34,74,75). A 

chemical analysis of the water is given in Table 1. 

Photocatalytic MS2 inactivation in the Martin Ave. well water (MAWW) 

was tested with the same batch reactor as that used for the PBMQ reaction 



82 

Table 1. Chemical Analysis of Martin Avenue Well Waters 

Parameter Value 

pH .................................................. 8.0 
Free chlorine concn (mglliter) ............................. 0 
Total chlorine concn (mglliter) ............................ 0 
Total alkalinity (mg of CaC03 per liter) .................... 110 
Total hardness (mg of CaC03 per liter) .................... 92 
Calcium hardness (mg of CaC03 per liter) .................. 88 
Chloride concn (mglliter) ............................... 12 
Total phosphate concn (mglliter) .......................... 2.6 
Sulfate concn (mglliter) ................................. 80 
Nitrogen (nitrate) concn (mglliter) .......................... 2.6 
Nitrogen (ammonia) concn (mglliter) ....................... 0.3 
Copper concn (lJglliter)b ............. . . . . . . . . . . . . . . . .. <10 
Iron concn (lJglliter)b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. <20 
Silver concn (lJglliter)b ............................... <10 
Turbidity (nephelometric turbidity units) ..................... 0.2 
Total organic carbon concn (mglliter) . . . . . . . . . . . . . . . . . . . .. <1 
Total dissolved solids· concn (mglliter) ..................... 78 
Conductivity (mS/cm) ................................... 0.414 

a Unfiltered 
b Below limits of detection 
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solutions. In the first of two experiments, each done in duplicate, 1 g 1-1 Ti02 

was added to 100 ml of MAWW, and this solution was stirred for 2 hrs. The 

MS2 was then added, and after an additional 2-hr period of stirring, the 

solution was irradiated in the batch reactor. 

The second experiment was done using sunlight, rather than the near

UV lamp, for irradiation. Other than the light source, the procedure and 

equipment used for these solar-excited experiments were the same as 

those used in the MAWW experiments stated above. The intensity of solar 

UV at the reaction solution surface was measured (using the same 

radiometer and sensor as those used in the batch reactor UV-Iamp 

measurements) to be 2.5 mW cm-2
. This value was about 25% greater than 

the intensity at the reaction solution surface when the UV lamp was used. 

Control experiments were done to supplement the MAWW experiments. 

In an experiment to test for MS2 inactivation by photolysis, each of two 

solutions that contained 100 ml of MAWW + 105 PFU ml-1 MS2, and no 

Ti02 , were reacted in the batch reactor. One solution was exposed to 2 min 

of solar UV (2.5 mW cm-2
, measured with the 365-nm sensor) and the other 

was irradiated for 2 min with the UV lamp (2 mW cm-2
, measured with the 

365-nm sensor). 
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Another control experiment was done to verify that no post-reaction MS2 

inactivation was caused by any reaction by-products that remained after 

photoreaction. This investigation was accomplished by sampling the post

reaction MS2 concentration of a MA WW + 1 g 1-1 Ti02 + 106 PFU ml-1 MS2 

solution that had been exposed to 3 sec of UV lamp radiation. The MS2 

concentrations of the samples taken immediately after UV exposure were 

compared to those contained in samples taken 2 hrs after the 3-sec 

irradiation. 

A pH experiment was done to allow comparison of MS2 inactivation in 

the PBMQ and MAWW solutions. The pH of a PBMQ + 1 g 1-1 Ti02 + 105 

PFU ml-1 MS2 solution was adjusted to pH 8 (same pH as that of the 

MAWW) by NaOH addition. Following the same procedure as that used for 

the previous MAWW experiments, this solution was reacted in the UV-Iamp 

batch reactor and the MS2 inactivation was recorded. 
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4. RESULTS 

MS2 Inactivation Experiments 

Figure 7 displays inactivation profiles of the MS2 Inactivation 

Experiments as best-fit lines (intercepts, 0; slopes, 0.116 and 0.317) drawn 

through the origin and datum points that were the averages from triplicate 

experiments. Assuming conformance to a first-order rate expression (rate 

of MS2 inactivation is first order with respect to MS2 concentration), the 

slopes of the Figure 7 lines indicate an increase in the reaction rate

constant of 173% with iron addition; a 90% inactivation of MS2, over the 

10-min UV-exposure, in the PBMQ + Ti02 + MS2ITris solution was 

increased to a 99.9% inactivation by the addition of iron. The results of the 

control experiments (averages of two experiments per reaction solution) 

are shown in Table 2. The control solution that had no additives showed 

that no significant-(>5%) inactivation was caused by UV and stirring. A 23% 

inactivation of MS2, under dark conditions, occurred within 15 min after Fe 

was added to a PBMQ + MS2ITris solution; no significant (>5%) 

inactivation by photolyzed iron occurred during irradiation of the Fe 



86 

3.5 ,-----------------------, 

+ 

3 

2.5 

+ 
0 2 Z -Z 
C> 
c;> 1.5 + 

1 

0.5 

o~~-~-~~-~--~~-~--~-~~ 

0.00 2.00 4.00 6.00 8.00 10.00 12.00 
Irradiation time, min 

Figure 7. Phage MS2 Inactivation. Inactivation of MS2 bacteriophage in 
Ti02 suspensions with (+) and without (x) added iron (from FeS04). N = 
MS2 concentration; No = initial MS2 concentration. Ti02 and iron were 
added 1 hr before irradiation. Best fit lines (intercepts, 0; slopes, 0.116 and 
0.317) are drawn through datum pOints that are the averages from triplicate 
experiments. Conditions: pH 7.2, phosphate-buffered Milli-Q water 
inoculated with MS2rrris, air-equilibrated, 25°C; Ti02, 1 g 1-1; Fe added, 2 
~M; batch reactor, near-UV lamp irradiation. 
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Table 2. MS2 Inactivation Control Experiments: Phage MS2 Inactivation at 
Various Contact TimesB

• 

Avgb MS2 concentration, PFU ml-1 

After 10 
min UVd• , 

MS2 reaction 
solution 
addition(sy 

None 

Fe 

5min 
before 
addtn 

15 min 
after 
addtn 

45 min 
after 
addtn 

B Conditions: air-equilibrated, 25°C, pH 7.2. 
b Mean (n=2) values of duplicate experiments. 

55 min 
after 
addtn 

65min 
after 
addtn 

4.0 x100 

C Phosphate-buffered Milli-Q (PBMQ) aqueous solutions inoculated with 
MS2lTris; Ti02 added, 1 9 1-1; Fe added, 2 !-1M. 

d Unfiltered, near-UV radiation was applied throughout a 10 minute time 
interval that began 55 minutes after additions were made. 



solution. The solutions to which Ti02 and Ti02 + Fe were added showed 

dark inactivations of the MS2 of more than 90%, before the MS2 

concentrations stabilized, within 15 to 45 min after the additions were 

made. 

Experiments Using an OHo Source 
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Assay of the 5-ml volume of PBMQ + 105 PFU ml-1 MS2rrris, to which 1 

g of KNOiONOOK was added, showed a total inactivation of the phage. 

This KNOiONOOK addition caused the pH to decrease by less than 0.4 

pH units. The 10-ml volume of MB + RB solution, to which 0.1 g of 

KNOiONOOK was added, yielded a kMB/kRB ratio of 1.9 ± 0.3 (n=3). The 

koH.MB/koH,RB ratio determined from the literature (Le., determined from the 

work of other researchers who reacted MB and RB with OHo produced by 

radiolysis) was 2.1 (koH,MB = 2.1 X 1010 M-1 
S-1 [8]; koH,RB = 1 X 1010 M-1 

S-1 

[12]). For the experiments in which 0.1 g of KN03/0NOOK was added to 10 

ml of PBMQ containing 1 0 ~M SA and 1 0 ~M RB, a kSA/kRB ratio of 2.6 ± 

0.5 (n=3) was observed. The koH,SA/koH,RB ratio determined from the, 

literature was 1.6 ± 0.4 (koH,SA = 1.2 x 1010 M-1 
S-1, 1.6 x 1010 M-1 

S-1, 2.0 x 
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1010 M-1 
S-1 [8]; koH,RB = 1 X 1010 M-1 

S-1 [12]), 

A 50% reduction in MS2 was seen for the 10 ml PBMQ + SA + RB + 

MS2ITris solution to which 0.1 g KNOiONOOK (calculated to generate a 

maximum of 187 ~M OHo in the solution) was added. A 66% destruction of 

SA, and a 40% destruction of RB, were also observed, yielding kSA/kRB' 

kSA/kMS2' and kRB/kMS2 ratios of 2.1, 1.6, and 0.74, respectively. A 5-min 

photocatalyzed reaction of the SA + RB + MS2ITris solution yielded a 50% 

inactivation of MS2, a 64% destruction of SA, and a 45% destruction of RB 

Competition Kinetics Experiments 

The 1/rSA versus [formate]/[benzoate] plots of the competition kinetics 

experiments are illustrated in Figure 8. Best-fit lines (intercepts, 0.272 and 

0.198; slopes, 0.087 and 0.072; ~, 0.998 and 0.998) were drawn through 

datum pOints that were the averages from duplicate experiments. The 

" 

ratios, relative to the o-isomer concentration, of the o-:m-:p-

hydroxybenzoate isomers that were produced during the experiment were 

2.00:0.99±0.05:0.89±0.03 (n=4) for the solution containing iron, and 
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Figure 8. Competition Kinetics Profiles. Plots of data produced by 
-~. 'Competition kinetics experiments showing the reciprocal of the initial rate (r) 

of salicylate formation versus the ratio of the initial concentration of formate 
([formate]; ranging from 0 to 1.6 mM) to benzoate ([benzoate]; 0.2 mM). 
Reactions were photocatalyzed in Ti02 suspensions with (0) and without 
(x) added Fe. Best-fit lines (intercepts, 0.272 and 0.198; slopes, 0.087 and 
0.072) were drawn through datum points that are the averages from 
duplicate experiments. Units for 1/r are IJM-1 min. Conditions: pH 7.2, air
equilibrated, 25°C; Ti02, 1 g 1-1; Fe added, 2 IJm; batch reactor, near-UV 
lamp irradiation. 
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2.00:1.01±0.04:0.87±0.06 (n=4) for the solution without iron. This compares 

to the distribution of 2.00: 1.10:1.10 found by Armstrong et al. (3) and that of 

2.00:1.13:0.89 found by Matthews and Sangster (46) for the 

hydroxybenzoic acids, from studies of the attack on aqueous benzoate and 

benzoic acid solutions by OH' that was generated by 6OCo gamma rays. 

The kformate/kbenzoate ratios, determined from the slope/intercept values, were 

0.36 for the solution that contained Fe and 0.32 for the solution having no 

Fe. The koH,formate/koH,benzoate value obtained from the literature (Le., obtained 

from the published values of experiments done by others in which formate 

and benzoate were reacted with OH' produced by radiolysis) was 0.32 ± 

0.04 (koH,formate' 1.9 x 109 M-1 
S-1 [12]; kOH.benzoate, (6 ± 0.7) x 109 M-1 

S-1 [12]). 

The production rate (POH) of dissolved OH' was estimated by computing (as 

described in the Experimental section, Competition Kinetics Experiments) 

the reciprocals of the y-intercepts. However, because the SA production 

rate was about one-half the benzoate destruction rate, these reciprocals 

were multiplied by a factor of 2 to arrive at the POH values; in other words, 

because hydroxy-benzoate isomers were produced in a speciation of about 

2:1 :1, equation 32 (see Experimental section, Competition Kinetics 

Experiments) becomes 2ro = -rp (or 2rSA = -rbenzoate, for the case of the 
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benzoate probe and the salicylate reaction product), and the intercept of 

the 1/rSA versus [formate]/[benzoate] plot is equal to 2/POH and the slope is 

equal to 2ks/pOHkp• From these calculations, POH'S of 10.1 and 7.4 IJM min-1 

were computed for the solutions with and without iron', respectively. Thus, 

the hydroxyl radical production rate increased by 36% after the 2 IJM iron 

was added to the solution. This also means that, at the onset of the 

photoreaction, the addition of iron caused the steady-state concentration of 

free OH' that was available in solution ([OH'1ss; equation 36) to increase by 

36%. 

A quantum yield (in this case, defined as the number of free OH' 

produced per number of band-gap photons [photons having wavelengths < 

380 nm] that were absorbed by the Ti02 suspension) of 1.6% was 

estimated for the batch reactor. This was calculated assuming: (1) the free

OH' production of 7.4 IJM min-1
; (2) a 140 J 1-1 min-1 (see Experimental 

section, Batch Reactor), or 8.75 x 1020 eV 1-1 min-1
, absorption of band-gap 

energy by the Ti02 suspension; and, (3) a photon energy of 3.2 eV. 
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Dark Inactivation 

Data from the experiments in which MS2 concentration was monitored 

after Ti02 and Fe addition are plotted in Figure 9. These data were 

obtained from duplicate experiments. Profiles for the PBMQ + MS2rrris 

and PBMQ + MS2rrris + Fe solutions were similar, and both showed sharp 

decreases in MS2 concentrations until about 45 min after the Ti02 and Fe 

were added. A comparatively small amount of inactivation was seen from 

45 min until 6 hr after the Ti02 was added. Although not plotted in Figure 9, 

the MS2 concentrations of the 15-hr samples were about 10% to 15% 

lower than those assayed for the 6-hr samples. 

Isotherm-type Experiment 

Results of the isotherm-type experiment are shown in Figure 10. The 

best-fit lines of the adsorption and desorption data do not match, and there 

is a large deviation about the curve fitted to the adsorption data (for the 

adsorption and desorption lines respectively: r2, 0.92 and 0.97; slopes, 0.79 

and 0.45; std err of slopes, 0.12 and 0.08; std err of Y est, 0.58 and 0.22). 
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Figure 9. Dark Inactivation of MS2. Inactivation of MS2 in unirradiated Ti02 

suspensions with (D.~) and without (v.x) added Fe. N = MS2 concentration. 
Results from duplicate experiments are plotted. Units for N are PFU ml·1

• 

Conditions: Phosphate-buffered Milli-Q water inoculated with MS2rrris; pH 
7.2. 25°C; Ti02• 1 g 1.1; Fe added. 2 ~m; Fe was added within 1 min after 
the Ti02 was added; batch reactor. no UV irradiation applied. 
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Figure 10. Isotherm-type Experiment Profiles. Plots of data produced by 
isotherm-type experiments, in which the amount (X) of MS2 calculated to 
be on the Ti02 surface at adsorption (0) and desorption (_) equilibrium has 
been plotted versus the equilibrium concentration (N) of MS2 found freely 
suspended in the liquid. Best-fit lines (slopes. 0.45 and 0.79; r. 0.97 and 
0.92) are also shown. Units of X are PFU per mg of Ti02• Units of N are 
PFU ml-1

• Tests were done at 25° C. pH 7.2. 
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Isotherm-type Experiment Follow-up 

The results of the tests that were performed to investigate the cause of 

the different profiles of Figure 10 showed that 1 hr after its addition to a 

pre-stirred (stirred for 2 hrs) PBMQ + Ti02 solution, the amount of MS2 was 

about 10% less than its initial concentration. A decrease in MS2 

concentration of about 0.05 log (or, -10%) per hr was observed for the 

samples taken after the 1-hr sample was taken. When the samples taken 6 

hrs after MS2 addition were compared, the MS2 concentrations of the 

samples that had been filtered (Ti02 was removed from the sample by 0.2 

~m filtration) and centrifuged (Ti02 was removed from the sample by 

centrifuging) were about 4% and 8%, respectively, less than the MS2 

concentration of the sample that was assayed with the Ti02 present. 

Iron Partitioning 

Liquid-phase iron concentrations, determined by AA analysis, were 

compared for the following solutions: 

(1) PBMQ 



(2) PBMQ + 105 PFU ml-1 MS2ITris 

(3) Filtrate of a PBMQ + 1 9 1-1 Ti02 + 2 lJM Fe solution that was filtered 

(Poretics, 0.2 lJm) 1 hr after Ti02 and Fe were added to the continuously

stirred solution 

(4) Filtrate of a PBMQ + 105 PFU ml-1 MS2ITris + 1 9 1-1 Ti02 + 2 lJM Fe 

solution that was filtered (Poretics, 0.2 IJm) 1 hr after Ti02 and Fe were 

added to the continuously-stirred solution 

(5) PBMQ + 2 lJM Fe 

(6) PBMQ + 105 PFU ml-1 MS2ITris + 2 IJM Fe 

(7) PBMQ + 105 PFU ml-1 MS2ITris + 1 9 1"1 Ti02 + 2 lJM Fe 

(8) Supernatant of a PBMQ + 105 PFU ml-1 MS2ITris + 2 IJM Fe solution 

that had been centrifuged at 16,000 x 9 for 10 min. 
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Measurements showed that the iron concentrations of solutions 1, 2, 3, and 

4 were equal (within the 0.1 lJM resolution error of the AA). Also. the Fe 

concentrations measured for solutions 5, 6, 7, and 8 were equal (within 0.1 

lJM). Therefore, at least 95% of the 2 IJM Fe was adsorbed to the Ti02 after 

the Fe was added. Other analyses showed: no change (>0.1 lJM) in Fe 

concentration was measured for solution 3. when the PBMQ + 1 9 1-1 Ti02 + 

2 lJM Fe solution was filtered 10 min. instead of 1 hr, after the Ti02 and Fe 



were added; no change (>0.1 !-1M) in Fe concentration was measured for 

solution 4, when 105 PFU ml-1 MS2 was present instead of 105 PFU ml-1 

MS2lTris; no change (>0.1 !-1M) in Fe concentration was measured for 

solution 8, when 105 PFU ml"f MS2 was present instead of 105 PFU ml-1 

MS2lTris; and, no change (>0.1 !-1M) in Fe concentration was caused by 

either the centrifuging or filtration procedure. 
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The other experiments that were done to investigate Fe adsorption onto 

Ti02 , allowed the comparison of the initial rates of RB degradation for the 

following solutions: 

(1) PBMQ + RB + Ti02 

(2) PBMQ + RB + Fe + Ti02 

(3) PBMQ + RB + pre-loaded/resuspended Ti02 (Ti02 that had previously 

been suspended in a PBMQ solution to which 2 !-1M Fe had been added) 

(4) control solution that contained PBMQ + RB + resuspended Ti02 

The reaction rates observed for these solutions showed that the r RBiS for 

solutions 2 and 3 were equal (within 5%) and were about 35% greater than 

the rRB for solution 1. Also, the rRB of solution 4 was equal (within 5%) to the 

r RB of solution 1. 
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Dissolved Oxygen 

The dissolved oxygen concentrations of the following four solutions were 

compared: 

(1) PBMQ + 1 g 1-1 Ti02 

(2) PBMQ + 1 g 1-1 Ti02 + 105 PFU ml-1 MS2 

(3) PBMQ + 1 g 1-1 Ti02 + 105 PFU ml-1 MS2 + 2 J.1M Fe 

(4) PBMQ + 1 g 1-1 Ti02 + 10 J.1M SA + 10 J.1M RB + 105 PFU ml-1 MS2 + 2 

J.1M Fe 

The DO concentrations measured for all 4 solutions remained constant, 

and in equilibrium with air, throughout a 10-min UV exposure. 

MS2 Inactivation by Fe 

The PBMQ solution to which MS2ITris was added 2 hrs after Ti02 and 

Fe addition, showed an MS2 concentration that decreased about 10% per 

hr during the 2-hr period that followed the addition of MS2. The PBMQ 

solution to which the Fe was added 2 hrs after the Ti02 and MS2ITris had 

been added, displayed a 17% decrease in MS2 concentration during the 
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first hour after the Fe was added. A decrease in MS2 concentration of 

about 10% was seen during the second hr of the 2-hr period that followed 

Fe addition. 

Reaction Rates and Rate-Constant Ratios 

Table 3 lists the results of experiments that were done to aid an 

interpretation of photocatalytic reaction mechanisms. Similar % increases 

in rSA• rRB • and rMS2 (74%. 80%. and 80%) were seen with the addition of Fe 

to the SA + RB + MS2ITris solution. The kSA/kRB ratio was relatively 

unchanged by MS2lTris. MS2. and Fe additions that were made to 

solutions containing SA + RB. Furthermore. the % changes in rSA and rRB 

were about the same. in response to any of these additions. The kSA/kMS2 

and kRB/kMS2 ratios were independent of the Fe addition made to the SA + 

RB + MS2ITris solution. However. kSA/kMS2 and kRB/kMS2 ratios that were 

observed for the SA + RB + MS2ITris and SA + RB + MS2ITris + Fe 

solutions were much different than those observed for the SA + RB + MS2 

and SA + RB + MS2 + Fe solutions. Comparing the SA + RB + MS2ITris 

and SA + RB + MS2 solutions. the absence of Tris caused about the same 
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Table 3. Photocatalytic Reaction Rates and Rate-Constant Ratios 

Initial Rxn RatesB,b,c Rate-Constant RatiosB 

Solutiond 

SA+RB+MS2ITris 

SA+RB+MS2ITris+Fe 

SA+RB+MS2 

SA+RB+MS2+Fe 

SA+RB 

SA+RB+Fe 

MS2ITris 

MS2lTris+Fe 

MS2 

MS2+Fe 

2.03 
74% 

3.54 

117% 

4.41 
33% 

5.88 

4.71 J 
34~ 

6.30 

1.20 
80% 

2.16 

11? 2.54 
32% 

3.35 

2.64J 
44~ 

3.80 

15 
80% 

27 

900% 

150 

90 

25~ 
172% 

68 

550 

370 

B Mean (n=2) values of duplicate experiments. 

1.69 

1.64 

1.74 

1.76 

1.78 

1.66 

b U 't d M' ·1 PFU 1-1 '·1 nI S are: rSA an rRB, ~ mm; rMS2 ' ~ mm. 

1.4 

1.3 

0.29 

0.65 

c Percentages refer to the % increases between indicated values. 

0.80 

0.83 

0.17 

0.37 

d All solutions contained PBMQ water and 1 g 1-1 Ti02• Initial concentrations 
were 1 0 ~M SA, 1 0 ~M RB, 105 PFU m,-1 MS2, and 2 ~M Fe, 



102 

% increases in rSA (117%) and rRB (112%). This was in contrast with a much 

larger % increase in r MS2 of 900%. The MS2 inactivation rates decreased 

with Tris or SA + RB additions to solutions (e.g., this can be seen by 

comparing the r MS2 of the following solutions: MS2 versus SA + RB + MS2, 

SA + RB + MS2 versus SA + RB + MS2ITris, etc.). The rates of SA and RB 

destruction were also decreased by the addition of Tris. The addition of Fe 

to the SA + RB + MS2ITris solution caused greater % increases in rSA and 

r RB than those that resulted when Fe was added to the SA + RB + MS2 

solution that didn't include Tris (rSA' 74% versus 33%; rRB, 80% versus 

32%). The rSA's and rRB's for the SA + RB and SA + RB + Fe solutions were 

not significantly changed by the presence of MS2. The r MS2 was decreased 

when Fe was added to solutions that did not contain Tris. Iron addition 

caused a r MS2 increase of 172% in the MS2ITris solution, compared to an 

80% increase in r MS2 that was observed when Fe was added to the SA + 

RB + MS2ITris solution. 
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Investigations of Reaction Mechanisms 

Table 4 lists the mean (n=2) values of duplicate experiments in which 

different amounts of Fe were added to PBMQ + Ti02 + SA + RB + 

MS2ITris solutions. These results showed that the maximum rates of 

reaction for SA, RB, and MS2 were achieved with an addition of 2 IJM Fe. 

From the results of additional tests, not included in Table 4, the r MS2 that 

was obtained with 2 IJM Fe did not increase when 10 IJM and 20 IJM Fe 

were added to PBMQ + Ti02 + MS2ITris solutions (these solutions didn't 

contain SA and RB). The results of Table 4 show that the rate-constant 

ratios (kSA/kRB , kSA/kMS2' kRB/kMS2) were essentially independent of iron 

concentration. The % changes in rSA, rRB , and rMS2 that occurred with an 

increase in iron concentration, were about the same. 

During the experiments that were conducted with the cellulose filters, RB 

was observed to bind, and SA was observed not to bind, to the 

hydrophobic filters. The concentration of RB in the filtrate was about 20% 

lower than that of the PBMQ + RB and PBMQ + RB + SA solutions before 

they were filtered. The fluorescence observed during the visual inspection 

of the rinsed filter (used for the PBMQ + RB solution) verified filter-bound 
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Table 4. Photocatalytic Reaction Rates and Rate-Constant Ratios. Various 
Fe Concentrations 

Initial Rxn RatesB,b Rate-Constant RatiosB 

Fe concnc 

(JJM) 

0 

0.2 

1 

2 

10 

20 

2.03 

2.45 

3.18 

3.54 

3.40 

2.67 

1.20 15 1.69 

1.50 18 1.63 

1.98 25 1.61 

2.16 27 1.64 

2.05 24 1.66 

1.54 22 1.73 

B Mean (n=2) values of duplicate experiments. 
b Units are: rSA and rRB• JJM min-1

; rMS2 • PFU JJI-1 min-1
• 

1.4 0.80 

1.4 0.83 

1.3 0.79 

1.3 0.80 

1.4 0.85 

1.2 0.70 

C Fe was added to solutions of PBMQ (phosphate-buffered Milli-Q) water + 
1 9 1-1 Ti02 + 10 JJM SA + 10 JJM RB + 105 PFU ml-1 MS2lTris. 



RB. No change (>3%) in SA concentration was caused by filtering the 

PBMQ + SA and PBMQ + SA + RB solutions. 
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Results of the experiments in which 30 mg 1-1 CI- was added to PBMQ + 

Ti02 + SA + RB + MS2 and PBMQ + Ti02 + MS2 solutions, showed that no 

changes (>5%) in the photocatalytic reaction rates of SA, RB, or MS2 were 

caused by this addition. The results of the Tris experiments showed that a 

presence of 20 IJM Tris caused no change (>5%) in rSA or rRB, when 

reactions were compared for PBMQ + SA + RB versus PBMQ + SA + RB + 

Tris solutions that were reacted using the KNOiONOOK OH··source. Tris 

did not significantly inhibit the inactivation of MS2 in the PBMQ + MS2 

solutions that were reacted using KNOiONOOK. Inactivation of the MS2 in 

the PBMQ + 105 PFU ml-1 MS2 + 10 mg 1.1 KNOiONOOK solution was 

96.6%, while an MS2 inactivation of 96.3% was observed for the PBMQ + 

105 PFU ml-1 MS2ITris + 10 mg 1-1 KNOiONOOK solution. 

Results of the H20 2 experiments showed that SA and RB were not 

significantly degraded by H20 2• Concentrations of 1, 0.1, and 0.01 mM SA, 

and 0.01 mM RB, were unchanged (within 3%) by the presence of 0.3% 

H20 2• 

A negative shift in solution redox potential (from 449 to 433 mV) was 
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observed during the 5-min irradiation of a PBMQ + Ti02 + MS2 solution. 

This shift was "reversible", in that the redox potential of the solution 

returned to its pre-irradiated value (449 mV) when the irradiation was 

stopped. A reversible negative-shift that was slightly larger (from 449 to 

422 mV) was recorded during the irradiation of a PBMQ + Ti02 + MS2 

solution that contained 2 IJM Fe. Both an irreversible (from 459 to 379 mV) 

and reversible (from 379 to 369 mV) shift in redox potential occurred during 

the 5-min irradiation of a PBMQ + Ti02 + MS2ITris solution. A larger 

reversible negative-shift (from 379 to 343 mV) was caused by the 5-min 

irradiation of a PBMQ + Ti02 + MS2ITris solution that contained 2 IJM Fe. 

Control solution experiments showed that reversible negative-shifts 

resulted from the irradiation of PBMQ and PBMQ + Tris solutions. 

Groundwater Experiments 

The averaged results of duplicate experiments showed a 99.985% 

inactivation of MS2 after a UV-Iamp irradiation of 10 sec was applied to the 

MAWW + Ti02 + MS2 solution. This was slightly less than the 99.997% 

inactivation that resulted from a 10-sec exposure to sunlight. Control 
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experiments revealed that no significant (>5%) MS2 inactivation was 

caused by solar or UV-Iamp photolysis, or by reaction products that might 

have remained after the photoreaction. 

An initial MS2 inactivation rate (r MS2) of 660 PFU J,l1-1 min-1 was observed 

for the PBMQ + Ti02 + MS2 solution that was adjusted to pH 8. This can be 

compared to the rMS2 of 550 PFU J,l1-1 min-1 recorded (Table 3) for the pH 7.2 

PBMQ + Ti02 + MS2 solution, and an r MS2 of 5200 PFU J,l1-1 min-1 measured 

for the MAWW + Ti02 + MS2 solution. 
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5. DISCUSSION 

MS2 Inactivation by OHo Oxidation 

The ability of OHo to inactivate MS2 was verified by the MS2 inactivation 

that occurred during the experiments that used the KNOiONOOK OHo

source. Proof of the production of OHo by the photocatalytic batch reactor 

was demonstrated by the competition kinetics experiments. Those 

reactions yielded a distribution of hydroxylated benzoate products that was 

consistent with that expected to result from OHo-oxidation. The 

experimental data that were plotted in Figure 8 also conformed to a kinetic 

model that was developed by assuming OHo-oxidation of the benzoate 

probe and formate scavenger. Also, the krormatJkbenzoate ratio that was 

obtained from the experimental data was within the range of values of 

koH,formatJkoH,benzoate that would be expected to result from OHo attack. 

The hypothesis that the presence of iron would cause an increase in OHo 

production was supported by the data plotted in Figure 8. After Fe addition, 

the ratio of hydroxylated benzoate reaction products, the kformatJkbenzoate ratio, 

and the linear plot of the kinetic data, all remaine.d consistent with those 
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results that would be expected from OH' reaction. 

Other evidence of photocatalytic OH'-oxidation was provided by 

correlating results of KNOiONOOK and photocatalytic experiments, In the 

competition kinetics model that was derived in equations 28 to 38, the OH' 

production (POH) represented the minimum rate of free OH' that was 

produced during photocatalytic reaction. At the calculated (see Results 

section, Competition Kinetics Experiments) rate of 7.4 ~M min-1
, a 

minimum of 37 ~M of free OH' was produced during the S-min 

photocatalyzed reaction of the SA + RB + MS2rrris solution. A maximum of 

187 ~M OH' was calculated (see Experimental section, Experiments Using 

an OH' Source) to have been contributed by the KNOiONOOK that was 

added to a SA + RB + MS2rrris solution, in which the SA, RB, and MS2 

destructions were approximately equal to those obtained during the S-min 

photocatalytic reaction (see Results section, Experiments Using an OH' 

Source). Although the 37 ~M and 187 ~M values are comparable (within a 

factor of -S) a closer agreement of these quantities would allow greater 

confidence in concluding that similar amounts of free OH' caused similar 

extents of reaction. Based on stoichiometry, the amount of OH' that was 

necessary to cause the degradations in the SA + RB + MS2rrris solutions 
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was about 26 IJM. This value was calculated by assuming: (1) elementary, 

second-order, bimolecular reactions (i.e., Reactant + OHo -> Product; rate 

expression, rReactant = -koH,Reactant[OHO][Reactant]); (2) SA, RB, and phosphate 

(H2P04- and HP04
2
-) were the reacta'nts that consumed most of the free 

OHo that was produced (MS2 and Tris were not significant OHo-sinks 

because of their relatively small concentrations); and, (3) destructions of 

initial concentrations of 10 IJM SA, 10 IJM RB, and 22 mM phosphate of 

about 66%,40%, and 99.93%, respectively (see Results section, 

Experiments Using an OHo Source; also, phosphate destruction was 

determined using equation 27, assuming a koH,PhosPhate of -107 M-1 
S-1 [12], a 

koH,SA of 1.6 x 1010 M-1 
S-1 [12], and a 66% destruction of SA). These 

stoichiometric considerations suggest that the value of 187 IJM OHo, which 

was estimated using the King et al. (30) method, was higher than the 

amount of free OHo that was actually produced. 

A lower-than-estimated amount of free OHo was probably generated by 

KNOiONOOK dissolution because of the effects of pH and the method of 

peroxonitrous acid (ONOOH; see Experimental section, Experiments Using 

an OHo source) generation. For solutions in which the pH was raised from 

6.5 to 8,0, Beckman et al. (5) inferred that the pH increase was responsible 
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for causing more than a 50% decrease in the OH" that was yielded by 

ONOOH decomposition. The interpretation of this finding was based on two 

pathways by which ONOOH decays. They thought one route, being that of 

the homolytic fission of trans-peroxonitrite to yield OH" and N02", was 

favored at lower pH, and the second route, whereby only nitrate is 

produced by the internal rearrangement of the cis-peroxonitrite, was 

favored as the pH was increased. King et al. (30) based their estimates of 

the OH" that was yielded by KNOiONOOK dissolution at pH 7.0, on 

experiments that were done by Mahoney (38). However, Mahoney used 

solutions of pH 5, and, at that pH, it appears (by Beckman's studies) that 

essentially all of the ONOOH is degraded by homolysis. Also, Mahoney 

generated his OH" (from ONOOH) by mixing solutions of NaN02 and H20 2, 

and he attributed a >66% decrease in the OH" yield to the recombination of 

OH" and N02" in the solvent cage. The King method requires the addition of 

KNOiONOOK granules to solution, and, in my experiments, these 

granules were relatively large (about 1 mm). Considering the rapid 

formation of OH" upon KN03/0NOOK addition, and the non-uniform 

dispersion that occurred during the addition and dissolution of the granules 

(the granules concentrated at the bottom and center of the liquid vortex in 
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the test tube, until they were dissolved), a decrease in OHo yield that was 

>66% was probably caused by a greater recombination of OHo and N02°, 

and by the effects of locally high concentrations that existed during the 

mixing process. 

Photocatalytic OHo production was also indicated by the ksikRB ratios 

listed in Table 3. These values were similar to those koH.SA/koH,RB ratios that 

were expected to result from the OHo-oxidation of SA and RB, as 

determined from published values (see Results section, Experiments Using 

an OHo Source). As further evidence of OHo presence, the photocatalytic 

kSA/kRB values were similar to the koH,SA/koH,RB ratio that was observed using 

the KNOiONOOK OHo-source (see Results section, Experiments Using an 

OHo Source). The koH,SA/koH,RB ratio that was obtained from KNOiONOOK 

addition was slightly higher than those that were obtained from the 

literature and from photocatalysis, possibly because N02°, in addition to 

OHo, reacted with SA; N02° is capable of fatty acid oxidation (58) and the 

nitrosylation of aromatic amino acids (57). 

The value of the photocatalytic kSA/kRB ratio remained almost constant 

with the various additions (MS2, Tris, and Fe) that were made to the 

reaction solutions listed in Tables 3 and 4. This observation supports the 
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existence of a second-order OH· reaction mechanism that was enhanced 

by the increased production of OH· with iron addition. As with the benzoate-

formate competition kinetics experiments, one would expect an OH·-

oxidation of the poorly-adsorbed (to Ti02) SA and RB species to occur as if 

in a homogeneous environment. This is based on the assumption that an 

OH· flux, and an OH· flux that is increased by iron-catalyzed reactions, 

would diffuse outward from near the Ti02 surface and react with SA and RB 

in elementary second-order fashion: 

koH,SA 
OH· + SA -> Product (where r SA = -koH,sA[OH·][SA]) (44) 

koH,RB 
OH· + RB -> Product (where r RB = -koH,RB[OH·)[RB]) (45) 

where r, k, and [ ] denote reaction rate, rate constant, and concentration, 

respectively. 

Support for the occurrence of this second-order oxidation of SA and RB 

by free OH· can also be seen by comparing empirical (Table 3) and 

calculated rSA and rRB values for the SA + RB solution. Similar to equation 

36 of the competition kinetics experiments, the free [OH·]ss for the SA + RB 

solution can be estimated using: 

[OH·]ss = pOH/(koH,PhosPhate[phosphate] + koH,sA[SA] + koH,RB[RBD (46) 
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where the denominator of the right side of equation 46 shows all of the 

significant terms that account for solution species reacting with OH·. 

Inserting the POH value of 7.4 IJM min-1 (obtained from the competition 

kinetics experiments), the published rate-constant values (koH,SA' 1.6 x 1010 

M-1 
S-1 [12]; koH,RB' 1.0 x 1010 M-1 

S-1 [12]; koH,PhosPhate, -107 M-1 
S-1 [12]), and 

the initial species concentrations of the 22 mM phosphate + 10 IJM SA + 10 

IJM RB solution, an [OH']ss of 2.6 x 10-13 M is calculated. By inserting this 

[OH']ss value into the rate expressions of equations 44 and 45, initial 

reaction rates 9f 2.5 IJM min-1 and 1.6 IJM min-1 are obtained for rSA and r RB' 

respectively. These initial reaction rates are within a factor of two of the 

corresponding Table 3 values that were obtained experimentally. 

Further evidence of elementary second-order OH' oxidation was seen 

during the photocatalytic reaction of the SA + RB solution. In that 

experiment, the % increases in rSA and rRB (34% and 44%; see Table 3, SA 

+ RB solution) that were seen with the addition of 2 IJM Fe, were similar to 

the % increase in OH'level (36%) that was observed when 2 IJM Fe was 

added to the benzoate and formate solution during the competition kinetics 

experiments. 

The similar % increases in rSA' rRS ' and rMS2 (74%,80%, and 80%; Table 
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3) that were observed when 2 IJM Fe was added to the SA + RB + 

MS2rrris solutions. suggested the second-order reaction of OH' with MS2 

as well: 

r MS2 = -koH,MS2[OH'][MS2] (47) 

The second-order photocatalytic reaction of MS2 with OH' was also 

indicated by the relatively unchanged values of kSA/kRS' kSA/kMS2' and 

kRS/kMS2 that were seen after various amounts of Fe were added to the SA + 

RB + MS2rrris solutions (Table 4). Furthermore. the kSA/kMS2 and kRS/kMS2 

ratios listed in Table 4 were similar to the koH,SA/koH,MS2 and koH,RS/koH,MS2 

ratios (1.6 and 0.74. respectively; see Results section. Experiments Using 

an OH' Source) that resulted from the reaction of an SA + RB + MS2rrris 

solution to which the KNOiONOOK OH'-source had been added. 

The kSA/kMS2 ratio that was empirically obtained for the SA + RB + 

MS2rrris solution (Table 3). can be used to estimate a value for koH,MS2' 

Based on known quantities (assuming: a koH,SA/koH,MS2 of 1.4 [Table 3]; 

koH,SA' 1.6 x 1010 M-1 
S-1 [8]). a koH,MS2 of 1.1 x 1010 M-1 

S-1 results. This value 

is similar to the koH,amlno acid values of many of the amino acids that are. 

contained in the protein capsid (which includes the coat and A protein) of 

MS2 (histidine. 5 x 109 M-1 S-1 [8]; tyrosine. 1.3 x 1010 M-1 
S-1 [8]; 



phenylalanine, 6.9 x 109 M-1 S-1 [8]; methionine, 8.5 x 109 M-1 
S-1 [8]; 

cysteine, 3.5 x 1010 M-1 S-1 [8]; tryptophan, 1.3 x 1010 M-1 S-1 [8]). The 
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agreement of the koH,MS2 with the koH,amlno acid values, and the first-order (with 

respect to MS2 concentration) inactivations that were empirically observed, 

suggest that MS2 might have been inactivated by a single-hit OH'-oxidation 

of an amino acid in the capsid protein. Some single-hit inactivation may 

have also been caused by site-specific OH'-destruction that was enabled 

by the complexation of iron with an amino acid side-group. Confidence in 

the koH,MS2 value is reinforced by a study (12) that reported a koH,T7 value of 

5 x 109 M-1 
S-1 for experiments in which OH' (derived from gamma 

radiolysis) was reacted with the T7 bacteriophage (T7 is a double-stranded 

DNA bacteriophage having a 60-nm diam icosahedral head to which a tail 

structure is attached [11]). 

Equation 47 can also be used to explain the larger value of rMS2 that was 

observed for the MAWW + Ti02 + MS2 solution, as compared to the rMS2 of 

the PBMQ + Ti02 + MS2 solution (see Results section, Groundwater 

Experiments). The pH experiments showed an increase (from 550 PFU ~1-1 

min-1 to 660 PFU ~1-1 min-1
) in r MS2 upon raising the PBMQ + Ti02 + MS2 

solution pH from 7.2 to 8. A difference, of about 8 times, between the r MS2'S 
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of the PBMQ + Ti02 + MS2 and MAWW + Ti02 + MS2 solutions at pH 8 

(r MS2(PBMQ), 660 PFU 1JI,1 min,1; r MS2(MAWW)' 5200 PFU 1JI,1 min,1) probably 

resulted because of low concentrations of MA WW constituents that 

scavenged OH'. Equation 47 shows that an increase in r MS2 is directly 

proportional to an increase in [OHl Therefore, differences in the r MS2 

values of the MAWW + Ti02 + MS2 and PBMQ + Ti02 + MS2 solutions are 

indicated by the respective differences in the [OH']ss values of the solutions. 

The [OH']ss for the MAWW + Ti02 + MS2 solution, can be calculated using: 

[OH']SS(MAWW) = POH/(I<OH,HC03[HC03'] + koH,C03[C03
2,] + koH,NH3[NH31 

+ koH,PhosPhate[phosphate] + koH,c,[CI']) (48) 

where: koH,HC03' 8.5 x 106 M,1 S,1 (8); [HC03'], 2.2 mM; koH,C03' 3.9 x 108 M,1 

S,1 (8); [Cot], 0.012 mM; koH,NH3' 1 x 108 M,1 S,1 (12); [NH3]' 0.018 mM; 

koH,PhosPhate, -107 M,1 S,1 (12); [phosphate], 0.027 mM; koH,CI' -106 M,1 S,1 (12); 

[CI"), 0.34 mM; POH, 7.4 IJM min,1. MS2 and other species that react with 

OH' have not been included in equation 48 because of their relatively small 

concentrations or low reaction rate-constants. Solving equation 48 yields 

an [OH')SS(MAWW) of 4.8 x 10'12 M. Because of the decreased OH'-demand of 

reactive species in the MAWW, this [OH']SS(MAWW) concentration is about 8 

times greater than the [OH']SS(PBMQ) of 5.6 x 10'13 M, compLlted for the 



PBMQ + MS2 solution using: 

[OHO]ss(PBMQ) = pOH/(koH,PhosPhate[phosphate)) 
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(49) 

where: koH,PhosPhate' 107 M-1 S-1; [phosphate], 22 mM; POH' 7.4 ~M min-1_ This 

difference between the [OHO]ss(MAWW) and [OHO]SS(PBMQ) is basically the same 

as the 8-fold difference (at pH 8) between r MS2(PBMQ) and r MS2(MAWW) that was 

noted above. 

Iron probably enhanced photocatalytic MS2 inactivation by trapping holes 

as Fe(IV) and by participating in Fenton reactions. The 2 ~M Fe addition 

produced the maximum rates of photoreaction in the SA + RB + MS2ITris 

solutions (see Table 4), and the AA measurements showed that almost all 

of that iron was attached to the Ti02 surface. This was enough iron to 

produce a dopant concentration on the Ti02 surface of about 0.3 atom% 

(the 0.3 atom% calculation assumed: 2 ~M Fe on the surface of 1 g 1-1 P25 

Ti02; P25 Ti02 surface area of 50 m2 g-1 [47]; one Ti atom per 12,25 A2 [9] 

of Ti02 surface). This value is in close agreement with the 0.5 atom% Fe 

dopant concentration that was determined by Choi et al. to effect maximum 

photoreactivity in suspensions of Q-Ti02, 

The possible action of site-specific Fenton reactions is suggested by the 

increased rate of inactivation that was caused by the iron that was added to 
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the MS2rrris solutions (Figure 7 and Table 3). Iron attachment to polar 

sites on the MS2 surface might have caused these regions to become 

particularly susceptible to OH' attack. The complexed iron might have: (1) 

caused a rejection of species (such as Tris or RB) that otherwise might 

have adsorbed to the MS2 and served to sacrificially protect the MS2 from 

OH' attack; and. (2) initiated site-specific destruction at these vulnerable 

sites on the MS2 surface by way of the iron reacting with diffusing H20 2 to 

produce OH'. Iron attachment to a particularly critical amino acid. such as 

one on the A protein. would serve as a prime target for site-specific 

destruction. 

Site-specific reaction is a possible means of photocatalytic disinfection 

that is worthy of further study. The OH'-oxidation of micro-organisms is a 

low yield process when dissolved species intercept OH' before microbial 

encounter (24,29). This unwanted scavenging could be lessened by 

fostering the photocatalytic production of selectively-reactive species. 

Site-specific destruction could then be triggered by the ultimate reaction of 

these diffusing intermediates with recipient constituents tailored for viral 

attachment. 

Participation of site-specific Fenton reactions during MS2 inactivation 
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would have required the adsorption of iron onto the MS2 surface. An 

indication that such adsorption occurred was given by the dark inactivation 

of MS2 that resulted after iron was added to a PBMQ + MS2ITris solution 

(see Table 2). That experiment showed the ability of the dissolved iron to 

react with the MS2 surface. This surface reaction, and the availability of 

negatively-charged sites on the MS2 (e.g.: glutamic acid side groups, pKa = 

4.25; aspartic acid side groups, pKa = 3.65 [36]), implied the possible 

complexation of Fe to the MS2 surface. In those dark PBMQ + MS2ITris + 

Fe experiments, the MS2 was probably inactivated by species of iron that 

existed temporarily after the Fe was added to the solution. After the 

distribution of iron species in the reaction solution had reached equilibrium 

(this equilibrium seemed to occur within the 15 minute period that followed 

Fe addition), the Fe was probably present in forms or concentrations that 

were no longer capable of inactivating the MS2 to any significant degree. 

Other experimental results that were also observed from dark Fe 

addition, implied that the equilibration of the iron species in solution 

coincided with the reduction in rate of MS2 inactivation. No inactivation 

greater than that expected from stirring (which was expected to be about 

10% per hr, as will be discussed later in Other Photocatalytic Oxidation 
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Possibilities) was seen in the experiment in which MS2 was added to a 

PBMQ solution that already contained a pre-stirred solution of Ti02 and Fe 

(see Experimental section, MS2 Inactivation by Fe [Ti02 and Fe were 

added to the solution 2 hrs before the MS2 was added]). In that experiment, 

the Fe probably became incapable of reacting with the MS2, either by 

having formed non-reactive species or by having become unavailable for 

reaction, by the time the MS2 was added. Indeed, AA measurements 

showed that at least 95% of the 2 J.lM Fe was removed (by attachment to 

the Ti02) from the liquid phase within 10 min after it was added to the Ti02 

suspensions. In another experiment, an MS2 inactivation, in excess of the 

10% expected from stirring, of 7% (see Results, MS2 Inactivation by Fe) 

resulted during the first hr after Fe was added to a PBMQ solution that 

contained Ti02 and MS2 that had been pre-stirred. As in the dark PBMQ + 

MS2ITris + Fe experiments, the MS2 inactivation probably occurred while 

the iron was in a more reactive form (e.g., Fe3+), or while the iron was 

available for reaction (i.e., before the Fe was taken up by competitive 

species such as Ti02 and phosphate). 



122 

Proposed OHo Routes 

Although more experiments would be required to define the exact routes 

of photocatalytic MS2 inactivation, mechanisms responsible for causing the 

reaction rates that are seen in Table 3 can be postulated within the context 

of OHo and OHo-enhanced (by Fe) activity. Four routes that were probably 

responsible for most of the photocatalytic MS2 inactivation are as follows 

(routes are schematically illustrated in Figure 11): (1) MS2 reaction with 

Ti02-bound OHo (OHO adsorbed to the Ti02 surface); this OHo was derived 

from OH- and H20 hole injection (equations 10 and 11); (2) MS2 reaction 

with free (not adsorbed to Ti02) OHo that diffused outward from near the 

Ti02 surface; this OHo was derived from OHo that desorbed from the Ti02 

surface, and OHo produced by non-Fenton reactions (equations 8 thru 11) 

that occurred near the Ti02 surface; (3) MS2 reaction with Fenton-produced 

OHo that diffused outward from near the Ti02 surface; in this case, the OHo 

was generated from Fenton reactions occurring near the Ti02 surface; and, 

(4) MS2 reaction with OHo that was produced near the MS2 surface; this 

OHo was derived from site-specific reactions caused by the Fenton 

reactions of diffusing H20 2 with Fe located at the MS2 surface; diffusing O2-
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Figure 11. Routes of Photocatalytic Oxidation of MS2 by OH'. Four 
proposed photocatalytic routes by which OH' is made available to react 
with MS2 (see text for pertinent equations). Route 1: MS2 reacts with OH' 
that is adsorbed to the Ti02 surface; the OH' is produced from the donation 
of electrons from OH" and H20 into valence-band holes (equations 10 and 
11). Route 2: MS2 reacts with free OH' that has either desorbed from the 
Ti02 surface or has been produced by non-Fenton reactions occurring near 
the Ti02 surface (eqs 8 to 11). Route 3: MS2 reacts with free OH' that has 
been produced by Fenton reactions occurring near the Ti02 surface (eqs 13 
and 17). Route 4: MS2 reacts with OH' that is produced near the MS2 
surface; the OH' is derived from Fenton reactions caused by the reaction of 
diffusing H20 2 and O2- with Fe that has complexed to the MS2. Figure 
symbols are: solid arrows (-», denoting chemical reaction, point toward 
the reaction product and away from the location where the reaction 
occurred; dashed arrows (- - - », denoting diffusive travel, point in the 
direction of travel and away from the diffusing constituent; <> denotes 
adsorption, and it interconnects the adsorbent and the adsorbate. 
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could have helped to make Fe(II) available at the M$2 surface, by causing 

the reductive release (19) of Fe(III) from complexes on the MS2 surface. 

The interpretation of a pulse radiolysis study by Lawless et al. (35) 

supports the premise that OH' can be adsorbed to the Ti02 surface. In 

addition, Turchi and Ollis (67) have hypothesized that OH' can act as a 

mobile radical in the photocatalytic environment. They thought that the high 

reactivity of OHo was responsible for limiting its diffusive travel to short 

distances away from the semiconductor surface, and they considered'the 

adsorption of intended substrates onto Ti02 to be advantageous, but not 

required, to sustain OHo oxidations. 

Based on my experimental results, and proposed routes of OHo reaction 

stated above, I think the reasons for the differences in the Table 3 reaction 

rates are as follows (the notation used below is such that, for example, 

r MS2(SA+RB+MS2rrris) denotes the initial reaction rate of MS2 destruction in the 

PBMQ + Ti02 + SA + RB + MS2ITris solution; all solutions refer to those 

listed in Table 3): 

1. For the SA + RB + MS2ITris solutions (Table 3): In the SA + RB + 

MS2ITris solutions, the Tris probably adsorbed to, and emulsified, the 
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MS2. Tris is both an OHo scavenger (23) and emulsifying agent (pKa. 8.3; 

pKb' 5.91 [7]) and less than 0.00003% of the 20 IJM Tris that was present in 

the reaction solutions would have been required to provide a monolayer 

coverage of all of the MS2 that was also present (this estimate was based 

on: 30-nm MS2 diam; 100-ml reaction solution. containing 20 IJM Tris and 

105 PFU ml-1 MS2; and. as a conservative estimate. considering bond 

lengths [36]. 1 Tris molecule per 10 A2 of MS2 surface). Some Tris was 

probably also adsorbed to the Ti02• The RB could have adsorbed onto 

hydrophobic areas of the MS2; less than 0.00005% of the 10 IJM RB 

present in the reaction solutions would have been required to provide a 

monolayer coverage of all of the MS2 that was also present (this estimate 

was based on: 30-nm MS2 diam; 100-ml reaction solution. containing 10 

JJM RB and 105 PFU ml-1 MS2; and. as a conservative estimate. 

considering bond lengths [36]. 1 RB molecule per 10 A2 of MS2 surface). 

The SA. RB. and MS2 were probably oxidized primarily by a free-OHo flux 

that originated near the Ti02 surface (route 2). This flux was increased by 

Fenton-type reactions (route 3) that were catalyzed by the iron that was 

added. The quantity of MS2 that was oxidized by free (diffusing) OHo 

(routes 2 and 3) was limited by the Tris, RB. and SA that intercepted the 
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OH". The presence of SA and RB hindered the reception of H20 2 by the 

MS2; thereby suppressing site-specific destruction (route 4) at the MS2 

surface. The Tris and RB probably prevented MS2 from reacting with Ti02-

bound OH" (route 1) by adsorbing to and emulsifying the MS2; this kept the 

MS2 off the Ti02 surface by causing the MS2 to have greater affinity for the 

liquid phase (Tris and RB each have both hydrophobic and ionizable 

functional groups). The amount of OH" that was available for the oxidation 

of SA, RB, and MS2 was probably decreased by Tris competing for OH" 

and hole injection at the Ti02 surface. Also resulting from the presence of 

Tris, the solution redox potential was lowered, causing less band-bending 

in the Ti02• This decreased the number of valence band holes that were 

available (as hole injection sites) to produce OH'. The lower redox 

potential, caused by the Tris and Fe, favored the formation of more 

reduced species such as Fe(lI) and H20 2 • This caused an increase in 

Fenton reactions. Large Fe additions (>10 IJM) inhibited OH" production by 

possibly: (1) competing for valence band hole injection; (2) decreasing the 

solution redox potential, thereby decreasing OH' production; (3) exceeding 

the optimum level of Fe required for stoichiometric reaction with the 

photocatalytically-produced H202 ; (4) scavenging conduction band 
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electrons; (5) scavenging OH·; and, (6) exceeding the level of Fe that was 

necessary to achieve the maximum separation efficiency of the 

semiconductor e-eB'S and h+ VB'S. The slowest rates of SA and RB reaction 

that are shown in Table 3 are rSA(SA+RB+MS2ITris) and rRB(SA+RB+MS2ITrls)' This was 

because: route 1 oxidation of SA or RB was minimal, due to the negligible 

adsorption of SA or RB onto the Ti02; and, route 2 was suppressed by the 

Tris that scavenged OH· near the Ti02 surface. The inactivation of MS2 by 

route 4 was inhibited by the interference of SA and RB with H20 2 diffusion, 

but route 3 was probably less affected because the Tris at the Ti02 surface 

probably didn't scavenge H20 2, O2-, and Fe(II). 

2. For the MS2ITris solutions (Table 3): In the MS2ITris solutions, the Tris 

adsorbed onto, and emulsified, the MS2. The Tris also adsorbed onto the 

Ti02. Some of the added Fe probably complexed to the MS2 surface. The 

Tris restricted (by intercepting the OH· and emulsifying the MS2) the 

amount of OH· that was available to attack the MS2, but the Fe presence 

enhanced the opportunity for site-specific destruction. The 172% change in 

r MS2(MS2ITrls), which resulted from Fe addition, was greater than the 80% 

change in r MS2(SA+RB+MS2ITrls), which resulted from Fe addition, because SA 
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and RB were not present to scavenge the OH· produced by route 3; nor 

were they present to disable route 4 by preventing H20 2 from reaching Fe

complexed sites on the MS2 surface. As with the SA + RB + MS2rrris 

solutions, the lower redox potential of the MS2rrris and MS2rrris + Fe 

solutions (caused by the presence of Fe and Tris) caused an increase in 

Fenton activity. 

3. For the SA + RB + MS2 solutions (Table 3): In the SA + RB + MS2 

solutions, the Tris no longer emulsified the MS2. This allowed the MS2 to 

closely approach the Ti02 and become oxidized by additional OH· that was 

generated by routes 1 and 2. Also, the Tris was no longer adsorbed to the 

Ti02, so that it couldn't compete for OH· or hole injection at the Ti02 

surface. The redox potential of the solution was more positive, compared to 

reaction solutions containing Tris, and so fewer reduced species such as 

H20 2 and Fe(lI) were produced. This positive shift in solution redox 

potential favored greater band-bending, and so increased the quantity of 

valence band holes available for OH· production. The rSA(SA+RB+MS2) and 

r RB(SA+RB+MS2) were greater than r SA(SA+RB+MS2rrris) and r RB(SA+RB+MS2rrris) because 

route 2 was not suppressed by Tris. The increase in r SA(SA+RB+MS2) and 
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r RB(SA+RB+MS2) with Fe addition (33% and 32%) was not as great as the 

increase in rSA(SA+RB+MS2ITrlS) and rRB(SA+RB+MS2ITrlS) (74% and 80%) with Fe 

addition because of a more positive (due to the Tris absence) redox 

potential of the solution, and because the effect of the route 3 reaction 

enhancement was partially masked by the increased influence (due to the 

Tris absence) of route 2 . The marked increase (compared to the 

r MS2(SA+RB+MS2ITrls) value} in r MS2(SA+RB+MS2) that resulted from the action of routes 

1 and 2, overwhelmed any Fe-enhanced inactivation from routes 3 and 4. 

Indeed, for the SA + RB + MS2 solution, iron inhibited MS2 inactivation. 

This could have occurred by the Fe having: (1) competed with OHo for hole 

injection, thereby decreasing the production of Ti02-bound OHo; (2) 

competed with MS2 for Ti02 surface sites, Ti02-bound OHo, and near-Ti02-

surface OHo; or, (3) created fewer holes by lowering the solution redox 

potential. Thus, the Fe addition probably caused an increase in free OHo at 

the expense of inhibiting the formation of OHo on the Ti02 surface. The 

r SA(SA+RB+MS2) and r RB(SA+RB+MS2) were about equal to r SA(SA+RB) and r RB(SA+RB), 

respectively, and the changes in these reaction rates with iron addition 

were similar. This was because the demand by MS2 for the free OHo was 

small, compared to the demand by SA, RB, and phosphate, and so the 
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MS2 concentration did not significantly regulate the steady-state level of 

free OH' ([OH']ss)' Expressed mathematically, a term representing amino 

acids (aa) of the MS2 capsid reacting with free OH', is not large enough to 

be included in the denominator of equation 46; i.e., 

(koH,aa[aa)) « (koH,PhOSPhate[phosphate] + koH,sA[SA] + koH,RB[RB]) 

assuming: koH,aa' _1010 M-1 S-1 (8); 105 PFU ml-1 or 108 MS2 virions per liter; 

23,613 amino acids per MS2 virion (13), and thus [a a] = 3.9 x 10-12 M. 

4. For the MS2 solutions (Table 3): In the MS2 solution, the r MS2(MS2) was 

greater than the r MS2(MS2+Fe) because the reactions caused by route 1 

overwhelmed the reactions caused by routes 2, 3, and 4, and Fe inhibited 

route 1. The r MS2(MS2) was greater than r MS2(SA+RB+MS2) because SA and RB 

were not present to intercept OH' from routes 2 and 3. As with the SA + RB 

+ MS2 solution, the redox potential of the MS2 solution was more positive 

in the absence of Tris; thereby suppressing route 3 and enhancing routes 1 

and 2. The absence of Tris and RB coatings also enabled the MS2 to more 

closely approach the Ti02 surface, allowing greater reaction of the MS2 

with OH', by routes 1 and 2. Phage inactivation was further enhanced by 

the absence of SA, RB, and Tris because these compounds weren't 
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present to shield the MS2 and intercept diffusing species such as OH· and 

Other Photocatalytic Oxidation Possibilities 

The preceding text includes evidence that implicates OH·-oxidation as a 

primary mechanism in photocatalytic MS2 inactivation. However, there are 

additional inactivation pathways that deserve attention. Direct oxidation of 

MS2 by capsid-group hole injection is possible. Ozone causes an oxidative 

capsid alteration that prevents the uptake of virions into susceptible cells 

(59). Titanium dioxide has a thermodynamic capacity for this action, with a 

reduction potential at its valence band of 2.6 V (67) (NHE; at neutral pH), 

compared to ozone's standard reduction potential of 2.07 V (NHE; 0 3 + 2H+ 

Another mechanism that could have caused an Fe-enhanced inactivation 

of MS2 is one by which Fe(lIl) served as an added oxidant, thereby 
" 

scavenging (accepting) e-ce's. This could have caused greater hole 

availability, and increased phage oxidation, by delaying e-ce-to-h\e 

recombination. Support for this mechanism can be obtained from Prairie et 



al. (54). Prairie surmised that a photocatalytic oxidation of salicylic acid 

was oxidant-controlled (in other words, controlled by the rate at which 

oxidants accepted electrons from the Ti02 conduction band). 
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After initial review, the dark inactivation that was seen for the controls of 

the MS2 Inactivation Experiments (Ti02 and Ti02 + FeS04 solutions, Table 

2) appeared to be caused by either the adsorption of MS2 onto the Ti02 , or 

the oxidation of MS2 by unirradiated Ti02• Further investigations showed 

that neither interpretation could be used to account for all of the dark 

inactivation that was observed. The possibility that a significant amount of 

MS2 oxidation was caused by unirradiated Ti02 was discounted after 

observing that the rate of MS2 inactivation greatly decreased about an hour 

after the Ti02 was added to dark solutions (Figure 9). In considering the 

possibility of dark inactivation by adsorption, MS2-onto-Ti02 adsorption did 

take place (see Results section, Isotherm-type Experiment FOllow-up). 

However, the different adsorption and desorption data profiles of the 

Isotherm-type Experiment indicated that a large amount of dark removal of 

the MS2 from solution had occurred by a process other than one by which 

the MS2 had simply adsorbed onto the outer surface of the suspended 

Ti02 • 
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The major cause of the dark inactivation was revealed from the tests that 

were performed during the Isotherm-type Experiment Follow-up. In those 

experiments, a dark inactivation, during the first hr after MS2 addition, of 

only about 10% was observed for suspensions to which the Ti02 had been . 

added and stirred 2 hr before the MS2 was added. This was much less that 

the >90% inactivations that Figure 9 shows for the first hr after Ti02 and Fe 

addition. These results indicated that the MS2 inactivation in dark MS2-

spiked solutions to which Ti02 was added, probably resulted from the 

enmeshment of MS2 in aggregating Ti02 particles. After a literature review 

concerning this possibility, I found that other researchers (39) have noted 

the tendency for the 30 nm P25 crystallites to form aggregates of about 1-

~m avg diam after being immersed in water. The capture of MS2 inside the 

Ti02 aggregate would explain the offset of the desorption from the 

adsorption profile in Figure 10. Because MS2 enmeshment was not 

considered when the Isotherm-type Experiment calculations were made, 

the computed (using equation 43) values of Xo were probably erroneously 

high. The Isotherm-type Experiment results might have also been affected 

by a possible failure to duplicate the original (pre-centrifuged) size of the 

Ti02 aggregate, after the Ti02 had been centrifuged and re-suspended. 
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However, the same photoreactivities that were seen with suspended and 

re-suspended Ti02 during the Iron Partitioning experiment (see Results 

section), indicated that the suspended and re-suspended aggregate sizes 

were probably similar. 

Most of the dark inactivation that was observed after the first hour that 

followed Ti02 addition (see Figure 9) was probably caused by effects of 

stirring. An overall rate of inactivation of about 0.05 log per hr was seen for 

the 4-hr period that extended from 2 to 6 hr after MS2 was added to stirred 

suspensions of dark Ti02• When stirring was stopped, the overall rate of 

inactivation decreased to about 0.008 log per hr (see Results section; Dark 

Inactivation experiments showed a maximum inactivation of 15% for the 9-

hr period in which the suspensions were not stirred). An inactivation of MS2 

that was correlated to stirring has been seen by others. Trouwborst et al. 

(66) observed an MS2 inactivation of >0.05 log per hour, when 10 ml 

solutions containing MS2and 0.01 M NaCI were rotated at 170 RPM in 

spherical flasks (flask diam, 13 cm). This inactivation was thought to have 

been caused by the forces of surface tension at the air-liquid interface, or 

by a release of viral RNA that was triggered by surface adsorption. 

Considering the other possible routes of photocatalytic MS2 inactivation, 
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it seems unlikely that direct hole injection by MS2 was significant. For a 

substantial amount of direct oxidation of MS2 to have occurred, the phage 

would have had to out-compete OH" for electron donation to valence-band 

holes. This MS2 dominance seems doubtful when surface charge is 

considered. At pH 7.2, the P25 Ti02 surface (pKS
a1 = 2.4, pKs

a2 = 8.0 [73]) is 

predominantly neutral, with a small percentage «5% [32]) of the surface 

having a negative charge. With an MS2 surface, at pH 7.2, expected to 

have both hydrophobic (4,68) and negatively-charged (pH iep = 3.9 [77]) 

hydrophilic regions, attractive forces between MS2 and Ti02 are not 

anticipated. The MS2-Ti02 adsorption that did occur (indicated by the 

Isotherm-type Experiment FOllow-up, Results section) probably resulted 

from a non-attractive paliitioning of the phage onto the semiconductor, 

ascribable to the exclusion of the hydrophobic portions of the MS2 by 

water. In this condition, the phage would have been physically adsorbed. 

Instead of having out-competed the OH' and H20 for chemically-bound 

sites, most of the MS2 probably overlaid the hydroxylated Ti02 surface, 

and resided in positions unfavorable for rivaling OH' hole injection. 

In considering the possible roles of iron in the photocatalytic 

experiments. significant inactivation by a non-Fenton route. whereby iron 
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acted solely as an additional e-CB-acceptor, is not supported by the 

experimental results. The MS2ITris and SA + RB + MS2ITris solutions 

(Table 3), to which iron was added, displayed increases in the rates of MS2 

inactivation of 172% and 80%, respectively. Assuming that Fe(lII) accepts 

e-CB less readily than oxygen, a much larger addition of Fe would have 

been necessary in order for an Fe(III)-oxidant mechanism to have caused 

such large increases in reaction rate. Even if all of the added iron were 

reduced by e-CB' the concentration of 2 ~M Fe would have contributed an 

increase in the e-CB-acceptor of <1 % (2 ~M of iron e-CB-acceptor added to 

the -250 ~M oxygen e-CB-acceptor present in the air-equilibrated solution). 

Evidence of the poorer (with respect to oxygen) e-cB-accepting ability of 

Fe(llI) can be obtained from Prairie's work (54). He found that 5 mM 

concentrations of cation oxidants such as Hg(lI) and Ag(I), which have 

greater affinities for electrons than does Fe(III), were less effective as e-CB-

acceptors than the amount of oxygen contained in a solution that was in 

equilibrium with air (solutions were at pH 6 and contained 1 g 1-1 Ti02). 
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6. CONCLUSIONS 

Phage MS2 was inactivated in aqueous Ti02 suspensions by 

photocatalysis that was excited with a near-UV lamp and solar-UV 

irradiation. Production of OHo by the photocatalytic reactor was 

demonstrated by competition kinetics experiments, using probe and 

scavenger compounds and OHo-reactive dyes. Results obtained by these 

methods showed that trace amounts of iron could enhance photocatalytic 

OHo production. Measurements indicated that most of the 2 IJM Fe that was 

added to Ti02 suspensions partitioned onto the Ti02 surface, where it could 

trap valence band holes and catalyze Fenton reactions. A hydroxyl radical 

source was used to show that OHo could inactivate MS2. Evidence of the 

photocatalytic inactivation of MS2 by OH', was produced upon establishing 

that OHo was present during photocatalytic MS2 degradation. Although 

further study is required to more specifically identify the inactivation 

pathways in the photocatalytic environment, experimental results can be 

explained by proposed mechanisms that make OH' available on and off the 

Ti02 surface, The photocatalytic inactivation of MS2 was inhibited by 

aqueous species that probably restricted the access of MS2 to OH', In 
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addition to its OH· demand, the Tris species probably caused a decrease in 

inactivation rate by: (1) emulsifying the phage, thereby limiting the 

exposure of MS2 to the OH· that was adsorbed to the TiO~ surface; and, (2) 

decreasing the OH· available for MS2 oxidation. Compared to the PBMQ 

solutions, the increases in MS2 inactivation rate that were observed for the 

MA WW solutions were probably caused by an increase in pH and a 

decrease in the number of OH· scavengers. 

The dark inactivation of MS2 that resulted from iron addition was 

probably caused by the o~idation of MS2 by iron species that existed 

immediately after the iron was added, and before the iron assumed a 

species distribution in accord with solution equilibrium. This reaction of Fe 

with MS2 provided a basis for implying the formation of Fe-MS2 

complexes, with which photocatalytically-produced H20 2 could have 

reacted to cause site-specific destruction of the MS2. The inactivation that 

occurred when dark Ti02 was added to reaction solutions probably resulted 

from the effects of stirring, and the enmeshment of MS2 by Ti02 crystallites 

that aggregated after aqueous immersion. After considering surface charge 

and adsorptive interaction of the MS2 and Ti02 at pH 7.2, the oxidation of 

MS2 by direct hole injection was not thought to have caused much 
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inactivation. The air-equilibrated, dissolved-oxygen concentration that was 

measured to have been maintained during photocatalytic reactions, 

ensured that the variation of the photocatalytic reaction rates was not 

caused by a depletion of dissolved oxygen during photocatalysis. The 

small amount of Fe, compared to dissolved oxygen, indicated that 

photoreactivity was not significantly enhanced by iron serving as an added 

acceptor of conduction-band electrons. 

The results of this research have shown the ability of Ti02 photocatalysis 

to disinfect water that contained a model virus. The Fe-enhanced 

photoreaction that occurred in the presence of OHo-scavenging species 

shows that trace additions of iron might be beneficial in the photocatalytic 

treatment of real waters. The possible occurrence of site-specific 

destruction, enabled by the iron, implies that an increase in disinfection 

efficiency might be gained through the development and use of target 

species that can efficiently direct photocatalytic inactivation. The 

identification of OHo oxidation as the primary mechanism of photocatalytic 

viral inactivation suggests that photocatalysis might be successfully used in 

disinfecting waters that contain a broad range of viruses. The observation 

of such rapid inactivation that occurred in the Tucson well water, invites 



further research, with an awareness of the potential that solar

photocatalyzed disinfection has for treating groundwater in the 

southwestern United States. 
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AbbrvlSymb 

Fe 

Free OHo 

MB 

Milli-Q 

MS2 

MS2ITris 

PBMQ 

PFU 

RB 

SA 

TBS 

TRISX 

TSB 

APPENDIX A 

Abbreviations and Symbols 

Meaning 

Iron derived from FeS04 dissolution 

Non-adsorbed OHo in the bulk liquid 

Methylene blue 

Water purified by Milli-Q system 

MS2 inoculum containing Milli-Q 

MS2 inoculum containing TRISX 

Phosphate-buffered MiIIi-Q water 

Plaque-forming units 

Rhodamine B 

Salicylate 

Tris-buffered saline solution 

Diluted TBS 

Tryptic soy broth, nutrient media 

Approximately 
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Page 
where 
defined 

37 

58 

36 

36 

45 

45 

37 

42 

36 

36 

38 

38 

38 

44 
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