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ABSTRACT 

The milling of sulfide ores forms thiosalts that are dissolved in effluent which is 

stored in holding ponds. The natural oxidation of these thiosalts generates significant acid 

concentrations that elicit toxic effects in aquatic life. The purpose of this research is to 

address the potential adverse effects of thiosalts in the mining effluents by singlet oxygen 

oxidation of thiosalts (SOOT). In the current research Zinc 2,3,9,10,16,17-

(hexacarboxylate)-23,24-(dicarboximide) phthalocyanine sodium salt was synthesized, 

purified and characterized using electronic absorption spectroscopy and elemental 

analysis and used as the photosensitizer in the SOOT experiment. The monomer/dimer 

equilibrium of the photosensitizer in aqueous solution was investigated under various pH 

conditions and in the presence of surfactants. Cationic surfactants were found to be 

effective in promoting monomer formation in slightly acidic solutions at approximately 

the critical micelle concentration of surfactants. The quantum yield of singlet oxygen 

production in pH 11 solution remained approximately the same in the presence and 

absence of DTAB with Qs = 0.47 and 0.50, respectively. This suggested that the primary 

function of the surfactant in the SOOT process was to protect the photosensitizer from 

oxidation by hydrogen peroxide anion and not to prevent dimerization. SOOT 

experiments were carried out in the presence of DTAB at pH 11 to compare the 

photoactivity of the ZnPc(COONa)4 with the photosensitizer, the yield of sulfate at the 

end of 8 hours was determined to be 33% and 67% respectively. Therefore, it is evident 

that the photosensitizer is more efficient in converting thiosalts to sulfates at lower 

temperature when compared to ZnPc(COONa)4. 
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CHAPTER 1 

1. INTRODUCTION 

1.1 Singlet Oxygen Oxidation of Thiosalts (SOOT) Process 

The milling of sulfide ores forms partially oxidized sulfur oxyanions such as 

S2O32", S3062",S4062"' etc., which are termed thiosalts. These thiosalts, along with other 

mining by-products are dissolved in the effluent. The natural oxidation of these thiosalts 

generates significant acid concentrations, thereby allowing minerals to dissolve in the 

water and be released where these harmful substances will elicit toxic effects in aquatic 

life [68]. 

The problem of thiosalts in mining effluent was the impetus of much research in 

the Natural Resources Canada (NRCan) laboratories beginning in 1976 and continues to 

the present day. During the period of 1976-1982, NRCan, in conjunction with university 

and industrial stakeholders, carried out a project to evaluate the chemistry, generation and 

treatment of thiosalts in mining effluent. These studies have been summarized in a paper 

published by Wasserlauf and Durtrizac in 1984 [18]. The first studies examined direct 

chemical oxidation of thiosalts by the addition of a chemical oxidant (O3, CI2, H2O2, CIO" 

... etc.) to mining effluent. While oxidation of thiosalts to sulfate was complete when 

using these methods, the cost of purchasing these industrial oxidants in bulk made these 

processes uneconomical. In this regard, catalytic processes or those that generate a 
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chemical oxidant in situ would seem to hold the greatest potential for an economically 

viable solution. 

Chanda, O'Driscoll and Rempel proposed using a polymer bound copper complex 

to catalyze the oxidation of thiosalts by molecular oxygen [3]. According to the reaction: 

S203
 2+202 + H20^ 2S04

 2~ + 2H+ (1) 

However, a preliminary cost estimate yielded a cost of $2.89/m3 of effluent [19]. 

This was regarded by the industry as too high (a treatment cost of $0.30/m3 effluent is the 

target [4]). 

Currently, thiosalts are oxidized in effluent holding ponds using thiobacilli. After 

the thiosalt levels have reached a threshold (<10 mg/L [29]) in the holding ponds, the pH 

of the effluent can be adjusted to natural levels and the effluent discharged into the water 

systems (rivers, lakes and oceans). In a 1985 study of the parameters for the operation of 

thiosalt oxidation ponds [16], the negative effects of lead, copper and low temperatures 

on thiosalt oxidation were evaluated. The presence of 2 mg/liter copper or lead reduced 

the rate of thiosalt oxidation by 55 and 30% respectively [16]. Dropping the temperature 

from 30 to 5 °C decreased the rate of thiosalt oxidation by a factor of 10 [16]. The study 

emphasized that when dealing with mining effluent at temperatures lower than 2 °C "...a 

supplementary method of thiosalt oxidation must be used" [16]. Thus, due to this 

hindrance mining productivity in the winter is restricted under Metal Mining Effluent 

Regulations (MMER) [30]. 
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Bacterial oxidation of thiosalts was clearly the most economical of all those 

studied and is presently used to treat effluents by the Brunswick Mining and Smelting 

Corp., Bathurst, N.B. during fall and summer. Annual operating costs were estimated 

[18] to be $430,000 to treat 1250 ppm thiosalt effluent or $0.135/m3 effluent. 

In 1996, Haque and Dinardo [6] explored the possibility of removing thiosalts 

from effluent by halide mediated electro-oxidation. The reaction half-equations are [6]: 

2NaCl -*• 2Na+ (aq) + 2Cl~ (aq) (2) 

2CI' —*• Ch (anode) (3) 

H20 + Cl2 - • HOCl + HCl (4) 

H2S203 + 4 HOCl + H20 -> 2H2S04 + 4CV + 4H+ (5) 

The preliminary operating cost estimate based on reagents (rock salt, etc.) and 

power consumption was $0.45/m3 effluent [6]. Capital costs were not included in this 

estimate and so while the electro-oxidation method appeared promising, an even more 

economical alternative was desired. 

Due to the discussion above, there has been an increased interest by government 

and academic researchers to remedy this situation so that mining restrictions may be 

minimized with little or no harm to aquatic species. Recent studies have shown that 

thiosalts in the holding ponds may be oxidized by singlet oxygen. 
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1.2 Singlet Oxygen 

It is known that the ground electronic state (3Sg) of molecular oxygen contains 

two unpaired electrons. The two electronic excited singlet states which arise from the 

same electron configuration but with different spin pairing (Figure 1) in the n-

antibonding orbitals of the two electrons are 'Ag and *Sg+ states that lie 94 and 157 kJ 

mol"1 respectively above the ground state [32]. The ' l g
+ state is very short lived and 

rapidly relaxes to the lowest lying excited 'Ag state. The transition from 'Ag state to 3£g" 

state is spin forbidden; therefore, 'Ag state of oxygen is a long lived specie (45 min [33]). 

Due to the meta-stability of 'Ag02 and its excited state energy (0.98 V), it is used in many 

photobiological and photochemical reactions [34, 35]. 

State Orbital Assignment 

yK ©„©* 

Figure 1: Primitive representations of molecular oxygen lowest singlet and triplet states. 
[33] 

Oxygen by itself (i.e., O2) is not a very good oxidant as demonstrated by its 

calculated reduction potential of -0.137 V (using NHE standard) [57]. In contrast, singlet 

oxygen is a powerful oxidant [54], as shown by Saito et. al., [54] and Eriksen et. al., [56], 

where the emission energy of singlet oxygen is added to the reduction potential of O2 to 
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determine the reduction potential of singlet oxygen. Hence, the reduction potential for 

singlet oxygen was calculated to be 0.84 V. 

Singlet oxygen is an electrophilic molecule and has been shown to oxidize 

phenols as well as sulfides and thiosalts [7]. It is also been linked to the process 

responsible for killing cancer cells under photodynamic therapy [7]. Recently, Uiev et. 

al., [14] examined the photocatalyzed oxidation of sulfides and thiosulfate. They showed 

that it was possible to completely convert 4.2 mmol of Na2S to sulfate over a period of 

approximately 3 hours when irradiating an aqueous reaction solution containing 1.7 (imol 

of Zinc tetracarboxylate phthalocyanine (pH of 9.2, temperature 25 °C) [14]. In addition, 

of the photosensitizer's studied (photo-semiconductor powders and Zinc tetracarboxylate 

phthalocyanine); only Zinc tetracarboxylate phthalocyanine photocatalyzed the oxidation 

of thiosulfate to sulfate [14]. 

There are many ways by which singlet oxygen can be produced [34], but it is 

most commonly produced by photosensitization. Ground state triplet oxygen (3Oa) can be 

photosensitized to an excited singlet state ('02) by energy transfer from a photosensitizer 

(Sens) possessing a long lived triplet excited state (Sens). The triplet excited state of the 

photosensitizer transfers its energy to the ground state of oxygen generating the oxygen 

excited state ('02): 

Sens + hv^Sens*^Sens * 

*Sens *+3<92 -> Sens+'02 

(6) 

(7) 
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Superoxide can be formed from the oxidation of thiosulfate by singlet oxygen. In 

an aqueous solution, superoxide is not stable and forms peroxide ions according to the 

disproportionation reaction given below: 

H20 + 202' -> H02 + OH +02 (8) 

and thus leads to chemical oxidation of thiosulfates by peroxides [18]: 

4H02' + S2O32' -»• H20 + 2S04
2' + 20H (9) 

This research project evaluates the effectiveness of singlet oxygen oxidation of 

thiosalts (SOOT), by photosensitization in a basic medium at temperatures where 

biological oxidation is inefficient (<0 °C) [7]. It also keeps in mind the demand by 

industry to create a cheap and widely available methodology that ideally costs less than 

the biological system while being more effective year around. 

1.3 Photosensitizers 

Photosensitizers are organic or oganometallic macromolecules that have the 

ability to absorb light forming a long lived triplet excited state [33]. These 

photosensitizers have the unique ability to photocatalyze chemical reactions which 

promotes their use in many different industries [21]. 

Phthalocyanines are a class of photosensitizers with a cage-type structure [10]. 

These photoactive systems are unique as they are stable, easy to use due to their strong 
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adsorption of light and easy to quantify due to their high color intensity. The first 

phthalocyanine was synthesized in 1907 by Braun and Tcherniac who heated o-

cyanobenzamide at a high temperature [1]. The structure of this metal free, unsubstituted 

phthalocyanine was determined only a quarter of a century later by Linstead et. al. [2] 

and Robertson et. al. [13], while examining both metal-free and metallophthalocyanines 

[10]. 

A simplified Jablonski diagram for a photosensitizer is shown below in which a 

photosensitizer is excited to its triplet state. If oxygen (3C>2) is in close proximity, energy 

transfer between the triplet states may occur resulting in the formation of singlet oxygen 

('02). The number of ' 0 2 molecules generated for each photon absorbed by a 

photosensitizer is called the quantum yield of singlet oxygen formation (Qs). 

ISC 

$ 
ID 

A = photon absorption 
F = fluorescence (emission) 
P = phosphorescence 
S = singlet state 
T = triplet stare 
ISC = inter system crossing 

Electronic ground state 

Figure 2: A simplified Jablonski diagram for the photosensitizer. 
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1.3.1 Energy Transfer Mechanisms 

Forster transfer is described as the transfer of excitation energy from an excited 

donor molecule to a ground state acceptor molecule via long distance dipole-dipole 

interaction [45] that is capable of transferring excitation energy from donor to an acceptor 

over a separation distance as long as 100 A [44]. 

According to Forster et. al. [45], the rate of energy transfer, kET, is given by: 

k — —-
i (RA6 

(10) 
V r J 

where r is the distance between the donor molecule (i.e., ZnPc) and the acceptor molecule 

(i.e.,302), id is the lifetime of the donor molecule in the absence of the acceptor and R0 is 

the Forster distance [45]. 

The Dexter mechanism is another dynamic energy quenching mechanism 

occurring as a result of electron exchange. It is a short range mechanism, with the 

distance between donor and acceptor typically less than 10 A [52] and requires that the 

orbitals of donor overlap with the orbitals of the acceptor since the electrons are 

exchanged. This is shown by the Dexter equation below, where the energy transfer is 

dependant upon the distance between the donor-acceptor (rDA) and the orbital overlap 

(K). As seen from the equation 11, as the distance of the donor-acceptor gets larger, the 

rate of energy transfer is expected to decrease exponentially [52]. Therefore, it is evident 

that Dexter mechanism only hold true for molecules in close proximity. 
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According to the Dexter equation [69, 45], the rate of energy transfer (ICET) is given by: 

2/r 
h 

f ~2rDA^ 

KET , ^ J e (11) 

where K is the orbital overlap depending on the specific orientations of the donor 

molecule (i.e., ZnPc) and the acceptor molecule (i.e.,02), L is the sum of van der Waals 

radii, J is the Dexter constant and rDA is the donor-acceptor separation relative to their 

van der Waals radii [41]. 

1.4 Photobleaching 

The photosensitizer may react with singlet oxygen or peroxide and lose its ability 

to absorb visible light. Thus, this decomposition reaction is commonly referred to as 

photobleaching. Photobleaching results in a reduction in the production of the singlet 

oxygen and hence the oxidation of thiosalts in the mining effluent. There are many 

modifications that can reduce the rate of photobleaching [11] some of which are 

discussed later (i.e., surfactants), but these modifications must not adversely affect the 

photosensitizer excited state properties. In order to catalyze the formation of singlet 

oxygen, a sensitizer in its triplet excited state should have a lifetime that permits 

bimolecular reaction (at least 1 jxs) and be energetically capable of energy transfer to the 

ground state of dioxygen to form singlet oxygen. Photosensitizers whose triplet excited 
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state is formed with a large quantum yield will also result in increased singlet oxygen 

production. 

1.5 Dimerization 
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Figure 3: From ref 12, the visible absorption spectrum of solutions of (a) H2PC and (b) 
CuPc in chloroform as the solvent. 

The characteristic solution visible absorption spectrum for H2PC and CuPc is 

given in Figure 3. In both cases there is a strong absorption between 670 nm and 690 nm, 

termed Q-band [12]. In addition there is a strong absorption band in the ultra-violet 

region between 320 nm and 370 nm [12], which has been designated the B-band (or Soret 

band). The former absorption is responsible for the characteristic intense blue-green 
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colour of the compound [12]. A typical value of the extinction coefficient of the intense 

Q-band is 2xl05cm~lM~l for mononuclear phthalocyanine complexes of high purity [12]. 

The weak absorption bands at about 600 nm are vibrational overtones of the Q-band. 

It has been noted by many researchers [10, 21] that phthalocyanine complexes 

form aggregates (dimer, trimer, etc) in solution as shown in eqn. 12: 

2ZnPc<r+(ZnPc)2 (12) 

Phthalocyanines tend to aggregate because their planar geometry optimizes n-n 

interactions. Figure 4 is an experiment that illustrates how the monomer-dimer 

equilibrium in pH 10 aqueous solution is affected by the presence of Bu4NBr. The intense 

Q-band seen above in Figure 3b is diagnostic of having mostly monomer species in 

solution. Comparing Figure 4b to Figure 3b, there is no significant difference observed in 

the spectra suggesting that the phthalocyanine in the presence of Bu4NBr is mostly a 

monomer specie (i.e. equilibrium in eqn. 12 is mostly to the left). On the other hand, 

when Bu4NBr is not present a new band appears at 620 nm in the absorption spectrum 

(Figure 4a) and the Q-band has lost so much intensity that it now appears as a shoulder. 

We associate the growth of the band at 620 nm as diagnostic of dimer formation which is 

to be avoided. Excitation of the dimer creates excimers (an excited dimer) whose 

photophysical properties of these excimers are not appropriate for photosensitization of 

singlet oxygen. 
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Figure 4: Electronic absorption spectrum of ZnPc(COONa)4 in the presence of Bu^NBr 
(b), and the ZnPc(COONa)4 aggregate (a), both in aqueous solution, pH 10 borax buffer. 

Research carried out by Brian MacLean (a former postdoctoral fellow in Dr. 

Crutchley's lab) indicated successful conversion of thiosalts to sulfates but only in the 

presence of Bu4NBr which limited dimerization of the photosensitizer (see Figure 4b) 

[21]. Unfortunately, the high concentrations of BiL^NBr that were required to reduce 

dimerization made the SOOT reaction expensive and uneconomical. An alternative to 

Bu4NBr was surfactants. 

1.6 Surfactants 

Surfactants find their uses amongst a myriad of industries (.e.g., soaps, oils, 

pharmaceuticals, etc). Recently, surfactants have become the subject of intense 
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investigation by researchers in the fields of chemical kinetics and biochemistry because 

of the unusual properties of the supramolecular form (micelle) of these materials [10]. 

A surfactant is a surface-active agent that, when present at low concentrations in a 

system, has the property of adsorbing onto the surfaces or interfaces of the system and of 

altering the surface or interfacial free energies of those surfaces (or interfaces). The term 

interface indicates a boundary between any two immiscible phases, and the term surface 

indicates an interface where one phase is a gas, usually air [10]. 

The interfacial and solution behaviour of surfactants leads to the key surface-

active properties of surfactants such as wetting/re-wetting, emulsification/ 

demulsification, foaming, dispersing, defoaming, detergency and solubilising. 

1.6.1 Structure of a Surfactant 

The general structure of a surfactant consists of a structural group that has very 

little attraction for the solvent (lyophobic group), along with a group that has strong 

attraction for the solvent (lyophilic group). This is known as an amphipathic structure 

[15]. Surfactants are called amphiphiles because they possess 2 distinct regions with 

extreme differences in physicochemical properties. When a surfactant is dissolved in a 

solvent, the presence of lyophobic groups in the interior of the solvent causes a distortion 

of the solvent liquid structure, therefore increasing the free energy of the system [15]. In 

case of water being the solvent, the tail of the surfactant molecule (lyophobic group), is 

referred to as a hydrophobic group and the head (lyophilic group) as a hydrophilic group 

as illustrated below. 
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Hydrophobic tail 

Hydrophilic head group 

Figure 5: Schematic illustration of a surfactant molecule. 

1.6.2 Types of Surfactants 

Surfactants are classified according to their dissociation in water. They are 

divided in four groups, anionic surfactants, non-ionic surfactants, cationic surfactants and 

amphoteric surfactants. 

Hydrophobe Hydrophile 

Figure 6: Demonstration of charges on different types of surfactants. 
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Anionic surfactants are used in laundry and hand dishwashing detergents, 

household cleaners, and personal cleansing products. They ionize (are converted to 

charged particles) in solution, carry a negative charge, and have excellent cleaning 

properties. Alcohol sulphates, phosphate esters and sulphonated fatty acids are some 

examples of the anionic surfactants. 

Nonionic surfactants are low sudsing and are typically use in laundry and 

automatic dishwasher detergents and rinse aids. Because they do not ionize in solution 

and thus have no electrical charge, they are resistant to water hardness and clean well on 

most soils. Alkyl phenol ethoxylates, fatty amine ethoxylates and sorbitan esters are some 

examples of nonionic surfactants. 

Cationic surfactants are used in fabric softeners and in fabric-softening laundry 

detergents. Other cationics are the disinfecting/sanitizing ingredient in some household 

cleaners. They ionize in solution and have a positive charge. Imidazolinium salts, 

cetyltrimethylammonium bromide and dodecyltrimethylammonium chloride are some 

examples of cationic surfactants. 

Amphoteric surfactants are used in personal cleansing and household cleaning 

products for their mildness, sudsing and stability. They have the ability to be anionic 

(negatively charged at low pH conditions), cationic (positively charged at high pH 

conditions) or nonionic (no charge at neutral pH ~7) in solution. Betains and 

Imidazolines are some examples of amphoteric surfactants. 
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1.6.3 Critical Micelle Concentration (CMC) 

A fundamental property of surfactants is that they tend to form aggregates in 

solution, called micelles. The concentration at which micelles start to form is called the 

Critical Micelle Concentration, or CMC. The exact structure of micelles formed and 

some details of the process of micellization are issues that are still debated [15]. For our 

purpose, it is sufficient to indicate that in a non-aqueous solvent the hydrophobic tails 

tend to orient themselves towards the outside, and the hydrophilic heads form the interior 

of the micelle, hence ensuring that the surfactant is soluble in that solvent (Figure 7A). 

On the other hand, having water as the solvent, the hydrophilic heads orient themselves in 

the opposite direction, i.e., towards the outside, and the hydrophobic tails form the 

interior of the micelle. This orientation is responsible for the formation of a reverse 

micelle (Figure 7B). 

Furthermore, if a negatively charged complex is introduced in an aqueous solvent, 

both micelle orientations (Figure 7A and 7B) will be seen with a single surfactant specie. 

Firstly, a layer of surfactant molecules will orient themselves to interact with the anionic 

compound (such as Figure 7A) after which another coordinating layer of surfactant 

molecules will orient themselves around the first layer of the surfactant in a manner 

similar to Figure 7B to form a soluble micelle in water (Figure 7C). 
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Figure 7: Illustration of a spherical micelle in A) non-aqueous solvent, B) aqueous 
solvent, C) aqueous solution containing a negatively charged complex and cationic 
surfactant molecules. 

1.7 Temperature Dependence 

Studies by Dr. MacLean showed that ZnPc(COONa>4 photocatalyzed the 

oxidation of S2O32" to SO42" at several temperatures and the data is summarized in Figure 

8. His results showed that the oxidation of thiosulfate ions to produce sulfate, while 

slower, was still significant at lower temperatures. Dr. MacLean noticed an 

approximately two-fold drop in the production of sulfate with decreasing temperature 

from 14.2 to 0 °C. Nevertheless, the sulfate produced after 12 hours at 0 °C corresponded 

to almost 24% conversion of thiosulfate to sulfate ion, thus giving a preliminary 

indication that this approach was better than the ones used by industry (i.e., thiobacilli). 

The sulfate production levelled off at longer times. This behaviour was attributed to 

photobleaching of the photosensitizer by singlet oxygen generated during the reaction. As 
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the photosensitizer is degraded with time, less is available to convert the remaining 

thiosulfate. 

-«-0oC 
— 5oC 
^ 1 0 o C 
-x-15oC 

Figure 8: Temperature dependent SOOT experiment using ZnPc(COONa)4 as a 
photosensitizer. Conditions: S203

 2" 1000 ppm, ZnPc(COONa)4 5.7 ^M, Bu4NBr 0.12M, 
pH = 10.0 borax buffer, irradiation intensity 120 klux. 

1.8 Proposed Research 

This current research will evaluate the effectiveness of a photosensitizer system to 

convert thiosalts to sulfates in the presence of conditions that are typically seen at a 

mining effluent holding pond. 

Firstly, an octacarboxylate phthalocyanine complex will be synthesized (see 

below) and fully characterized via spectrophotometry and elemental analysis. 
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zinc octacarboxy phthalocyanine 

Octasubstituted phthalocyanines are symmetrical compounds that contain two 

substituents in each benzo ring. These systems are less soluble in polar solvents due to 

the decrease in polarity based on the symmetrical nature of these compounds [1]; 

however, they can be solubilized by the generation of their corresponding salts. Also, 

these complexes have higher repulsion with each other in solution thus minimizing the 

effect of dimerization. The nature of the monomer/dimer equilibrium will be explored 

under various pH conditions. SOOT studies will be performed at an environmentally 

relevant pH and at different temperatures to mimic summer and winter conditions of the 

holding ponds. 

19 



Surfactants will be used to keep the photosensitizer in its monomeric form during 

the SOOT experiments. The optimum concentration of surfactant will be evaluated for 

the SOOT experiments using spectrophotometry. As an alternative to the uneconomical 

tetrabutylammonium bromide (i.e., high concentration of 0.12 M), surfactants such as 

cetyltrimethylammonium bromide C19H42N.Br (CTAB, cationic surfactant), sodium 

dodecyl sulfate C|2H2604S.Na (SDS, anionic surfactant), Triton X-100 (C2H40)n C14H220 

(non-ionic surfactant), Tween 20 (non-ionic surfactant), dodecyltrimethylammonium 

bromide C15H34N.Br (DTAB, cationic surfactant) and dodecyltrimethylammonium 

chloride C15H34N.CI (DTAC, cationic surfactant) will be evaluated in the SOOT process. 

•s-oe 

S o dium D 0 de cylsulfate (SD S) D o de cyltrimemylammonium Chloride (DTAC) 

A f Br" 

Dodecyltrimethylammonium Bromide (DTAB) Cetyltrimethylammonium Bromide (CTAB) 

Polyethylene glycolp-(l,l,3,3-tetramethylbutyl)-phenyl ether (Triton X) 

Figure 9: Structure of different surfactants, used to evaluate the SOOT process. 

20 

http://C19H42N.Br
http://C15H34N.Br


The effectiveness of the photosensitizer system (i.e., with and without cationic 

surfactants; at different pH conditions) will be evaluated by quantum yield experiments. 

The orientation of the cationic surfactant around the photosensitizer can be seen in Figure 

7C. Studies will be carried out at the University of Ottawa to determine the singlet 

oxygen generated by the quenching of the triplet (excited) state of the photosensitizer. 

The ground state photosensitizer (Senso) will be irradiated with visible light generating 

excited singlet state (Sens/). Sensi can relax back to an excited state T], generating singlet 

oxygen. All measurements of quantum yield of singlet oxygen formation (Qs) will be 

scaled to a reference substance (Methylene Blue in aqueous medium, Qs = 0.52 [33]). 
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CHAPTER 2 

2. EXPERIMENTAL 

2.1 Physical Measurements 

Electronic spectra were acquired on a CARY 5 UV-vis near IR 

spectrophotometer, using quartz cells with path lengths of 0.2, 1 and 5 cm. Infrared 

spectroscopy was performed using a BOMEM Michelson 120 FT-IR spectrophotometer 

on KBr discs (KBr was dried at 102 °C). Elemental analysis was performed by the 

Canadian Micro Analytical Service Ltd. 

2.2 Solvents and Reagents 

Distilled Acetone, ethanol (anhydrous, Commercial Alcohols), methanol 

(spectrograde, Caledon), ethylene glycol (Aldrich), cone. HC1 (Anachemia), Phosphate 

buffer solutions 0.05 M for pH 4, pH 6, pH 7, pH 9, pH 10 and pH 11 (VWR), 1,2,4,5-

Tetracyanobenzene (TCB) (97%, Aldrich), anhydrous zinc acetate (99.9%, Aldrich), 

sodium chloride (NaCl) (98%, reagent grade, Aldrich), hydrochloric acid and sodium 

hydroxide (NaOH) (Anachemia). 

Tetrabutylammonium bromide (Bu4NBr) (Aldrich), Na2S2C>3.5H20 (Anachemia) 

BaCl2.2H20 (Anachemia), sodium tetraphenyl borate (99%, Lancaster), 

Cetyltrimethylammonium bromide (CTAB) (Aldrich), sodium dodecyl sulfate (SDS) 
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(Fluka), Tween 20 (Aldrich), Triton X-100 (Aldrich), dodecyltrimethylammonium 

bromide (DTAB) (Aldrich) and dodecyltrimethylammonium chloride (DTAC) (Aldrich). 

2.3 SOOT Instrumentation 

The experimental setup to carry out the SOOT process employed a Techne 

constant temperature bath equipped with a circulator and a TE-10D temperature 

regulator. The bath was cooled with copper coils that were in turn cooled by a Neslab 

LT-50 low temperature refrigerated circulating bath set at -35 °C. An Agrosun Gold 

metal halide lamp was (Hydrofarm, MH1000W) was mounted in a ballast fixture with a 

reflector. This lamp was chosen due to its similarity to the visible light spectrum of the 

sun. Light intensity was measured to be 166 klux using an International Light 

radiometer/photometer (model IL 1400-A). The detector had UV and IR cut-offs at 435 

nm and 705 nm, respectively. The samples were saturated with air by constant bubbling. 

Tests to determine the concentration of dissolved oxygen in solution were conducted with 

a Cole-Parmer 5949 oxygen meter. The concentration of the dissolved oxygen in the 

bubbled solution was determined to be 14.2 ppm. An ISFET pH meter (model IQ-125) 

was used to monitor the pH of the solutions. A schematic diagram of the SOOT 

instrumentation is shown below. 
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Figure 10: Experimental setup to carry out the SOOT process. 
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2.4 Test Solutions for the SOOT Experiment 

Test solutions for the SOOT experiment were made up of Na2S203-5H20 (1000 

ppm), Zinc 2,3,9,10,16,17-(hexacarboxylate)-23,24-(dicarboximide) phthalocyanine 

sodium salt (5.7 |iM) with either Bu4NBr (0.12 M), CTAB (1 mM), DTAB (16 mM) or 

DTAC (16 mM) in pH 11 water-alkaline solution (final volume 300 ml). Solutions were 

placed in 500 ml cylindrical beakers (Berzelius), giving a solution depth of 

approximately 7 cm. The solutions were bubbled with air throughout the experiment. 

Previous studies demonstrated that there were no other oxidation products of thiosulfate 

other than SO4 ". On this basis, the amount of SO4 " generated was determined 

gravimetrically by precipitation of its barium salt. 

CTA+ and DTA+ ions co-precipitate with BaS04 and had to be separated from the 

SO4 ~ ions prior to the addition of BaCl2 solution. This was achieved by the addition of 10 

ml of 0.03 M sodium tetraphenyl borate which precipitated the CTA+ or DTA+ ions as a 

BPh" salt. After filtration, the pH of the filtrate was lowered from pH 11 to pH 4 by 

adding 0.1 M HC1 dropwise, monitored by a pH meter, to avoid the production of BaCO.3. 

15 ml of 0.5 M BaCl2 solution was then added precipitating BaS04. The solution was 

allowed to stand in the dark overnight before filtration. The BaS04 precipitate was 

collected on an ultrafine glass frit filters (4-5.5 |im porosity), dried for 12 hours (120 °C) 

and weighed to a constant mass. 
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2.4.1 Sample Calculation for the Percentage Conversion of Thiosulfate to Sulfate 

in the SOOT Experiment Carried Out in the Presence of DTAB at 22°C. 

Table 1: Illustration of the Weight in Grams of Barium Sulfate in the SOOT Experiment 
Carried Out for 8 hours in the Presence of DTAB. 

Trial 1: Weight of BaSO* (g) 

Trial it Weight of BaS04 (g) 

Trial 3: Weight of BaS04 (g) 

Average Weight of BaS04(g) 

0.551 

0.530 

0.481 

0.521 

Weight of BaS04 (g) 

Molecular weight of BaS04 (g/mol) 
= Moles of BaS04 (mol) = Moles of S04 (mol) 

Moles of sulfate (mol) x 1 0 Q = % N a ^ O g converted to S04
2' 

2 x moles of N a ^ C ^ (mol) 

0.521 g 2-
= 0.00223 mol of S04 

233 g/mol 

2. 
0.00223 mol 

2 x 1.21 x 10 mol 

x 100 = 92.6% of S04 
2" 
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2.5 Singlet Oxygen Quantum Yield Determination 

Singlet oxygen quantum yield measurements were conducted in the labs of Dr. 

Tito Scaiano (University of Ottawa). A Nd:YAG laser was used to irradiate an aqueous 

solution of the photosensitizer. This formed the triplet excited state (3Sens) of the 

photosensitizer which then transferred its energy to triplet oxygen (302) causing the 

formation of singlet oxygen ('02). A Hamamatsu NIR PMT Module, Model HI0330-75 

was used to detect singlet oxygen emission [20] and the output was amplified and 

converted to a voltage pulse using a high speed current preamplifier (model SR445). A 

multichannel scaler (model SR430) connected to a personal computer was used for the 

time resolved single photon counting. A schematic diagram of the instrument is shown 

below. 

Nd: YAG Laser 

PC 

Multi-Channel 
Scaler 

£H Lens 

Pre Amplifier 

Zinc octacarboxy 
monoimide Na salt 
phthalocyanine sample 

ffl Lens 

NIR-PMT 

Figure 11: The experimental setup at University of Ottawa, for singlet oxygen quantum 
yield and lifetime measurements. Band width: ± 20 MHz, time: 25 us, wavelength: 650 
nm, phosphorescence of singlet oxygen: 1270 nm. 
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2.6 Test Solutions for Determining the Quantum Yield of Singlet Oxygen 

2.6.1 Determining the Quantum Yield in the Absence of Surfactant 

The following concentrations of photosensitizer were used: 3.3xlO"5M, 1.6xl0"5 

M, 8.2xl0"3 M and 4.1xl0~5 M. Each sample was diluted in a pH 9, pH 10 and pH 11 

water-alkaline solution (final volume 50 ml). The pH of each solution was determined 

using a pH meter before running the samples. The calibration standard used was 

Methylene Blue in pH 7 aqueous solution. UV-vis spectra of the samples were taken 

before and after laser irradiation to ensure that no photo-degradation had taken place. 

2.6.2 Determining the Quantum Yield in the Presence of Surfactant 

The following concentrations of photosensitizer were used: 1.4xlO"4M, l.lxlO"4 

M, 7.2xlO"5M and 3.6xlO"5M. 16 raM of DTAB was added in each sample. Each sample 

was diluted in a pH 11 water-alkaline solution (final volume 50 ml). The pH of each 

solution was determined using a pH meter before running the samples. The calibration 

standard used was Methylene Blue in pH 11 water-alkaline solution. UV-vis spectra of 

the samples were taken before and after laser irradiation to ensure that no photo-

degradation had taken place. 

2.7 Attempted Synthesis of the Photosensitizer 

The synthesis of pure phthalocyanines can be extremely difficult and attempts to 

prepare pure ZnPc(COOH)8 by following the procedures outlined by V. Uiev et. al., [21] 
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and N.A. Kuznetsova et. al., [36] was unsuccessful. In Section 2.7 these synthetic 

attempts are described in detail together with additional purification procedures. The 

purity of ZnPc purity was evaluated by the extinction coefficient of the Q band which for 

pure metal phthalocyanines should be ca. 2 x 105 M"'cirf' [37]. 

2.7.1 V. Hiev and A. Mihaylova's Protocol 

The Zinc carboxy tetraimide phthalocyanine compound was synthesized 

following the procedures outlined by V. Iliev and A. Mihaylova [21]. 3.93 g of 

pyromellitic dianhydride (PMD), 19.8 g of urea, 4.50 g of zinc acetate and 0.04 g of 

ammonium molybdate were refluxed at 240 °C for 3 hours in a flask immersed in silicon 

oil forming the Zinc tetraimide phthalocyanine compound. The mixture was cooled and 

washed with water and acetone after which it was air dried. The dried product was stirred 

with 500 ml of 6 M hydrochloride acid for 12 hours at room temperature. The acid was 

removed by filtration and the solid product was washed with hot water until a neutral pH 

was reached. The crude sample [1.08 g, extinction coefficient (635 nm) in DMF: 800 M" 

'cm1, Zn(C4oHi2Ni20g)] was hydrolyzed using 2 M sodium hydroxide and 80 g of 

sodium chloride and stirred for 5 hours at 90 °C forming the carboxy phthalocyanine 

compound. The sample was filtered, after which it was acidified with 2 M hydrochloride 

acid and washed with water up to pH 7. The solid product was heated three times for 30 

minutes at 90 °C with 100 ml of a dimethylformamide (DMF) - water solution (5:1 v/v). 

The weight of the dry carboxy sample was measured at 0.64 g. A UV-vis spectrum was 

obtained for the phthalocyanine complex, and the extinction coefficient (681 nm) was 

determined to be 1000 M'cm'in distilled water [Zn^oHisNgOu)]. 
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2.7.2 N.A Kuznetsova et al.'s Protocol 

The Zinc carboxy tetraimide phthalocyanine compound was synthesized 

following the protocols outlined by N.A. Kuznetsova et. al., [36]. 23.5 g of pyromellitic 

dianhydride (PMD), 63.6 g of urea, 9.72 g of zinc acetate, 46 g of sodium sulphate, 25 ml 

of 1-bromonapthalene and 0.5 g of ammonium molybdate were refluxed at 235 °C for 4 

hours, forming the Zinc tetraimide phthalocyanine compound. The cooled reaction 

mixture was filtered and the precipitate was washed with benzene, followed by an 

acid/base (HCI/NH4OH) precipitation for purification of the tetraimide compound (16.7 

g). The tetraimide sample [5 g, extinction coefficient (632 nm) in DMF: 1500 M'cm"1, 

Zn(C4oHi2Ni20g)] was hydrolyzed using 21.6 g of potassium hydroxide (KOH) and 127 

ml of triethylene glycol and stirred for 2 hours at 135 °C in an argon flow. The carboxy 

phthalocyanine solution was cooled, acidified with 2 M hydrochloric acid (HC1) and 

filtered. The precipitate was washed with 2 M HC1 and water until a neutral pH (7) was 

reached. The weight of the dry carboxy phthalocyanine sample was measured at 0.5 g. A 

UV-vis spectrum was obtained for the phthalocyanine complex, and the extinction 

coefficient (684 nm) was determined to be 7300 M'cm"1 in distilled water 

[Zn(C4oHi5Nc)Oi4)]. The carboxy phthalocyanine was converted into its sodium salt by 

using a 1% NaOH solution. The weight of the dry phthalocyanine salt sample was 

measured at 0.4 g. A UV-vis spectrum was obtained for the phthalocyanine complex, and 

the extinction coefficient (691 nm) was determined to be 11,000 M'cm"1 in distilled 

water [Zn(C4oH8N80,6Na8]. 
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2.7.3 Soxhlet Extraction Purification 

The crude Zinc carboxy tetraimide phthalocyanine compound was synthesized 

following the process outlined in section 2.7.2. The reaction mixture was filtered and the 

precipitate was washed with benzene, followed by an acid/base (HCI/NH4OH) 

precipitation for purification of the tetraimide compound by removing the unreacted 

reagents like urea and PMD from the reaction mass. Soxhlet extraction was utilized as a 

means to further purify the tetraimide substance. The tetraimide complex [11.0 g, 

extinction coefficient in DMF: 1500 M'cm"1, Zn(C4oHi2Ni208)] was placed inside a 

thimble, made from thick filter paper, located in the main chamber of the soxhlet 

extractor. The tetraimide complex was dissolved in DMF and collected in the distillation 

flask. After 10 hours the tetraimide compound was recovered from the distillation flask 

(5.4 g). The UV-vis spectrum for the tetraimide phthalocyanine compound showed an 

extinction coefficient (639 nm) of 10,000 M'cm"1, Zn(C4oHi2Ni208). 5 g of the sample 

was further hydrolyzed and converted to the sodium salt (via 1% NaOH solution using 

the procedure outlined in section 2.7.2). The extinction coefficient (691 nm) of the final 

salt product was calculated in water at 21,000 M cm [Z^C^HgNsOigNas]. 

2.7.4 Flash Chromatography Purification 

The crude Zinc carboxy tetraimide phthalocyanine compound was synthesized 

following the process outlined in section 2.7.2. The reaction mixture was filtered and the 

precipitate was washed with benzene, followed by an acid/base (HCI/NH4OH) 

precipitation for purification of the tetraimide compound by removing the unreacted 

reagents like urea and PMD from the reaction mass. To further purify the tetraimide 
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compound, a slurry of silica gel (70 g) in DMF (150 ml) was poured into a column. 1 g of 

the tetraimide phthalocyanine complex [extinction coefficient (632 nm) in DMF: 1500 M" 

'cm1, Zn(C4oHi2Ni20g)] was dissolved in 45 ml DMF and poured down the column to 

create a darkly colored band. Air pressure was applied to aid in the elution of the sample 

through the column at a steady rate (sample started to elute after 5.5 hours). After the 

complex had eluted, the solution was solvent stripped to dryness, after which it was left 

to dry overnight. The weight of the dry sample was measured at 0.4 g. The UV-vis of the 

dry sample gave an extinction coefficient (639 nm) of 18,000 M"'cm"' in DMF 

[Zn(C4oHi2N]208)]. 0.4 g of the tetraimide sample was further hydrolyzed and converted 

to the sodium salt by following the process outlined in section 2.7.2. The extinction 

coefficient (691 nm) of the final salt product was calculated in water at 32,000 M'cm"1 

[Zn(C4oH8N8Ol6Na8]. 

2.7.5 Modifications to Kuznetsova et al.'s Protocol 

10.0 g of PMD, 4.0 g of anhydrous zinc acetate, 26.0 g of urea, 0.2 g of 

ammonium molybdate and 10 ml of 1-bromonaphthalene were stirred in a round bottom 

flask (250 ml) and refluxed at 190 °C for 4 hours, after which it was cooled to room 

temperature. The crude tetraimide sample was dissolved in DMF and refluxed for an 

additional 30 minutes. The solution was filtered to remove any solid impurities and 

solvent stripped to dryness. The dry tetraimide product was boiled in 2 M HC1 (50 ml) 

solution and filtered. This cycle was repeated six times or until the yellow colour 

completely disappeared from the filtrate. The dry tetraimide weighed 8.42 g. The UV-vis 

spectrum for the tetraimide phthalocyanine compound gave an extinction coefficient (638 
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nm) in DMF of 27,000 M" W [Zn(C4oHi2Ni208)]. For further purification, 0.5 g of the 

sample was dissolved in 25 ml of DMF and eluted through a silica column as previously 

discussed in section 2.7.4. The eluted sample was filtered, dried, weighed (0.2 g) and the 

extinction coefficient (636 nm) in DMF was measured at 45,000 M'cm"1 

[Zn(C40H12N12O8)]. 

0.1 g of the purified tetraimide compound (by flash chromatography) was added 

to a solution of 10.0 g NaCl in 50 ml NaOH to hydrolyze. The solution was stirred for 1.5 

hours at 80 °C. After cooling, the carboxy phthalocyanine complex was neutralized with 

dilute HC1 (2 M) and filtered. The weight of the dry sample was measured at 0.07 g. UV-

vis in water gave an extinction coefficient (689 nm) of 117,000 M'cm"1 

[ZnCOoH.sWM)]. 

0.07 g of the carboxy phthalocyanine compound was suspended in 100 ml of 

distilled water. 1 % NaOH w/w was added to the suspension (sample in water) to convert 

the sample to its sodium salt. The salt was filtered and solvent stripped to dryness. The 

pure sample was washed with acetone and dried. The weight of the dry sample was 

measured at 0.05 g. UV-vis for the phthalocyanine compound gave an extinction 

coefficient (695 nm) in water of 119,000 M"'cm"'. The elemental analysis of the purified 

phthalocyanine complex is shown in Table 2. 
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Table 2: Comparison of the Calculated and Found Elemental Analysis (C, H and N) for 
Kuznetsova's ZnPc(COONa)8 Product [ZnCC^HgNgO^Nag), FW= 1105.84 g/mol]. 

Kk'iiH'iH 

Carbon (C) 

Hydrogen (H) 

Nitrogen (N) 

Ciih-ulaU'df.Y) 

43.45 

0.73 

10.13 

Found (f'() 

39.78 

1.20 

10.20 

2.8 Synthesis of Zinc 2,3,9,10,16,17-(Hexacarboxylate)-23,24-(Dicarboximide) 

Phthalocyanine Sodium Salt 

The Zinc carboxy tetraimide phthalocyanine compound was synthesized 

following the protocols outlined by D.R. Boston and J.C. Bailer [38], where the 

tetraimide was hydrolyzed with 18 M KOH for 9 hours at 100 °C. These harsh conditions 

for hydrolysis led to the decomposition of ZnPc. To get a higher yield of ZnPc and to 

minimize decomposition, milder hydrolysis conditions were followed as described below. 

1.78 g of TCB, 0.85 g of anhydrous zinc acetate and 40 ml of ethylene glycol 

were stirred and refluxed at 198 °C for 5 hours (the solution started to show signs of 

colour change at 160 °C and became dark green at 175 °C), after which it was cooled at 

room temperature. 100 ml of distilled water was added to the suspension and stirred for 

an additional 15 minutes. The mixture was filtered using a Buchner funnel (40-60 |im 

porosity), and the residue was washed with acetone (50 ml). This washing was repeated 

twice. The crude tetraimide sample was air dried overnight the weight was measured at 

3.01 g. 
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The crude solid was crushed and placed in a beaker. A solution of 35 ml of water 

and 65 ml of acetone was prepared and added to the beaker containing the sample. The 

suspension was stirred at room temperature for 0.5 hours, after which it was filtered using 

a Buchner funnel (40-60 fim porosity) and the dry weight determined as 2.98 g. FT-IR 

spectrum of the crude sample was obtained in KBr and two distinctive peaks were 

observed (OH-stretch and the C=0 stretch at 3740 cm'1 and 1772 cm"1 respectively). 

This purification procedure was repeated until the yellow colour completely disappeared 

from the filtrate (approximately five washings). The final weight of the sample was 

recorded as 2.81 g. 

After air drying, the tetraimide complex was placed in a beaker containing 100 ml 

of 0.01 M HC1. The solution was stirred at room temperature for 15 minutes, and then 

filtered through a glass frit (10-15 ^m porosity). The precipitate was washed with 

acetone; air dried and weighed (2.75 g). This procedure was repeated twice (or repeated 

until the filtrate became colourless). Final weight of the purified tetraimide sample was 

determined to be 2.63 g. UV-vis absorption spectrum [extinction coefficient (639 nm) 

was calculated in DMF to be 122,000 M'cm"1, Zn(C4oHi2Ni208).8H20] and IR spectrum 

(OH-stretch and the C=0 stretch at 3439 cm"1 and 1702 cm"1 respectively) were obtained 

for the dried pure sample. 

1 g of the purified Zinc octa-4,5-carboxyphthalocyanine tetraimide was added to a 

solution of 200 ml of 2M NaOH and 80 g of NaCl, which was stirred for 3.5 hours at 70 

°C. The hot mixture was diluted with 100 ml of water and allowed to cool. The cold 

solution was filtered through a glass frit (10-15 urn porosity) and acidified with 262 ml of 

HC1 (1.0 M; ~pH 2) and left to sit for -12 hours. The precipitate was filtered using a 
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Buchner funnel (10-15 fxm porosity) and washed with 50 ml of 0.1 M HC1 and -100 ml 

of distilled water, until the filtrate was neutral as monitored by pH measurements 

(approximately six times). The weight of the wet sample was measured at 725 mg. This 

sample was vacuum dried and had a dry weight of 610 mg. UV-vis spectrum in distilled 

water for the Zinc 2,3,9,10,16,17-(hexacarboxylate)-23,24-(dicarboximide) 

phthalocyanine gave an extinction coefficient (689 nm) of 181,000 M"'cm" 

'[ZnCC^sNgO^.SIfeO]. 

0.5 g of Zinc 2,3,9,10,16,17-(hexacarboxylate)-23,24-(dicarboximide) 

phthalocyanine was suspended in 100 ml of distilled water. 10 ml of 1% NaOH (w/w) 

was added to the suspension, which was allowed to sit for 2 hours. The solution was 

filtered through a glass frit (4-5.5 |im porosity) and solvent stripped to dryness. The dry 

sample was washed with acetone and air dried (weight = 0.45 g, percentage yield = 17%). 

UV-vis for Zinc 2,3,9,10,16,17-(hexacarboxylate)-23,24-(dicarboximide) phthalocyanine 

sodium salt, hereafter called the photosensitizer, gave an extinction coefficient (696 nm) 

of 191,000 M'cm"1 in water [Zn(C4oH9N90i4)Na6-8H20]. Elemental analysis is given in 

Table 3. 
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Table 3: Calculated and Found Elemental Analysis (C, H and N) for Zinc 2,3,9,10,16,17-
(Hexacarboxylate)-23,24-(Dicarboximide) Phthalocyanine. [Zn(C4oHi5N90i4).8H20, 
FW= 1055.11 g/mol]. 

Element 

Carbon (C) 

Hydrogen (H) 

Nitrogen (N) 

Calculated (%) 

45.53 

2.96 

11.95 

Found (%) 

45.15 

2.11 

11.76 

Note: The molecular weight for the Zn(C4oHi5N90i4>8H20 compound was calculated as 
1055.11 g/mol and all concentrations of the Zinc 2,3,9,10,16,17-(hexacarboxylate)-23,24-
(dicarboximide) phthalocyanine solutions were calculated based on this molecular 
weight. 
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CHAPTER 3 

3. SYNTHESIS AND PROPERTIES OF THE 
PHOTOSENSITIZER 

3.1 Synthesis of the Photosensitizer, Zinc 2,3,9,10.16.17-(hexacarboxylate)-23,24-

(dicarboximide) phthalocvanine sodium salt 

The first synthetic procedure followed was that of V. Iliev and A. Mihaylova [21] 

who claimed to have synthesized the octacarboxy tetraimide zinc phthalocyanine by 

reacting pyromellitic anhydride with zinc acetate and ammonium molybdate in the 

presence of excess urea. The carboxy product of this reaction was very impure as judged 

by its electronic absorption spectrum which showed a Q-band extinction coefficient (681 

nm) of only 1000 M"'cm~1in distilled water [Zn(C4oHlsN9Oi4)], and it was concluded that 

this method was inefficient to produce a pure phthalocyanine compound. 

The second synthetic procedure followed was that of Kuznetsova et. al. [36]. 

Kuznetsova et. al., reacted pyromellitic dianhydride, excess urea, zinc acetate, sodium 

sulphate, 1-bromonapthalene and ammonium molybdate to form the tetraimide 

compound. Sodium sulfate was used to absorb excess water from the reaction mixture. 1-

bromonapthalene solvent was used to create a partially homogenous reaction mixture (i.e. 

dissolve some of the pyromellitic acid, zinc salt and ammonia). Attempts to reproduce the 

monomer phthalocyanine complex using the same method as described by Kuznetsova et. 

al., was unsuccessful as indicated by the low extinction coefficient value (691 nm) for the 

salt (11,000 M'cm'in distilled water). 
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NaOH 
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NaO C C ONa 

NaO C ,C ONa 

\ / 
o o 

zinc octacarboxy phthalocyanine sodium salt 

Reaction Scheme 1: Proposed mechanism for the Zinc octacarboxylate phthalocyanine 
following the protocol outlined by Kuznetsova et al. 

Various techniques were used to purify the Zinc tetraimide phthalocyanine 

compound synthesized using Kuznetsova et. al.'s protocol. The crude tetraimide sample 

was washed with benzene in order to remove the unreacted 1 -bromonapthalene from the 

reaction mass and was followed by acid/base (HCI/NH4OH) precipitation which ensured 

the removal of water soluble reactants, mostly urea, zinc acetate, sodium sulphate, 

40 



pyromellitic dianhydride and excess metal. Soxhlet extraction was used to further purify 

the tetraimide substance. The tetraimide compound was hydrolyzed and converted to its 

salt (via 1 % NaOH) by using the literature protocol followed by Kuznetsova et. al. The 

extinction coefficient (691 nm) value of the purified salt compound was calculated in 

water to be only 21,000 M"'cm"' [Zn^oHgNgOieNag]. Because soxhlet extraction proved 

ineffective, purification using flash chromatography was attempted. The final product had 

only a slightly improved extinction coefficient (691 nm, 32,000 M"'cm"'). 

It was noted that the high temperature conditions of the Kuznetsova et. al., 

method seemed to decompose the product. Therefore, synthesis of the tetraimide 

compound was attempted using milder temperature conditions (190 °C for 4 hours). The 

tetraimide phthalocyanine was then hydrolyzed according to Kuznetsova et. al. After the 

end of hydrolysis, there was evidence of thermal degradation as visually indicated by a 

color change from dark green to yellowish green along with a measured weight 

difference. Therefore, milder basic conditions as proposed by V.Iliev and A. Mihaylova 

[21] were used to hydrolyze the tetraimide compound. Using these milder conditions, 

there was no visual evidence of discoloration in the reaction mixture at the end of 1.5 

hours (80 °C). UV-vis spectrum of the compound was obtained in water and the 

extinction coefficient (695 nm) value (119,000 M'cm"1) is a significant improvement but 

still less than the expected value of approximately 200,000 M'cm"1 [37]. 

It was hypothesized that the complexes synthesized using protocols outlined by 

both V. Iliev and A. Mihaylova and Kuznetsova et. al., were in fact polymers (i.e., 

dimers, trimers or of higher orders) and that this may have accounted for the difficulty in 

purification. This was supported by the ratio of carbon to nitrogen from the elemental 
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analysis for the synthesized complex (4.55/1) with that the theoretically calculated for 

polymeric phthalocyanine derivatives provided by W.C Drinkard et. al. [22], (see Table 

4). 

Table 4: Comparison of the Carbon: Nitrogen (C/N) Ratios for the Synthesized 
Compound (A), (see Section 2.7.5) with the Calculated C/N Ratios of Phthalocyanine 
Polymers (B). 

Atomic Ratios .' "" ' " -. 
C/N<A) 

Zh (CwHslStgpieNas), FW= 1105.84 g/mol 
[Calculation: Found: C: 39.78%, H: i.20% 

and N: 10-20%] 

4.55/1 

; 'c/N(B) .;,.:. 
[Molecular foianula, FW, polymet unite] 

4.98/1 
[Zn(C40H16N8O16),FW = 930 g/mol, 1] 

4.37/1 
[Zn2(C7oH26N16024), FW = 1606 g/mol, 2] 

4.18/1 
[Zn3(C,ooH32N24032), FW = 2278 g/mol, 3] 

Pyromellitic dianhydride in the presence of excess ammonia (formed by the 

decomposition of urea at high temperatures) will form dicarboxyimide diimino 

isoindoline which will readily form two fused phthalocyanine rings as shown in Scheme 

2 below. 
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H2N NH2 
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Zinc carboxylate phthalocyanine diimide sodium salt (Dimer) 

Reaction Scheme 2: Proposed structure for the dimer sodium salt of Zinc carboxylate 
phthalocyanine. 
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The method of D. R. Boston and J. C. Bailer [38] was followed using 

tetracyanobenzene instead of pyromellitic anhydride and urea. The reaction between zinc 

acetate and tetracyanobenzene (TCB) in the presence of ethylene glycol is depicted in 

Scheme 3 below. The hydrolysis of TCB in wet ethylene glycol generated low 

concentrations of ammonia which in turn induced cyclization of the remaining nitrile 

groups forming an iminoisoindoline moiety. As shown in Scheme 3 below, continued 

heating of the isoindoline 4 results in the formation of the desired ZnPc product 5. 

When comparing the infrared spectra of the crude Zinc tetraimide and the purified 

(by acid washing) Zinc tetraimide complex it was observed that the imide stretch for the 

impure Zinc tetraimide appeared at 1772 cm"1. The peak was seen to be broad and wide, 

in contrast with the sharp and intense imide peak that appeared at 1702 cm"1 for the acid 

washed complex. UV-vis spectrum was determined and the extinction coefficient value 

(693 nm) in DMF was calculated to be 122,000 M"'cm"'. 

Table 5: IR Data for Zinc Tetraimide Phthalocyanine Using KBr Pellets at Room 
Temperature (see Appendix I). 

O-H stretch 

C=0 imide stretch 

Frequency in cm' 

Impure tctruimidc complex 

3740 

1772 broad peak 

Tetraimide complex .liter acid/base 

extraction 

3439 

1702 sharp peak 

44 



The next step in synthesis involved the hydrolysis of the Zinc tetraimide phthalocyanine 

complex 6. Using D. R. Boston and J. C. Bailer's method, the Zinc carboxy 

phthalocyanine tetraimide compound was hydrolyzed using 18 M KOH. There was 

evidence of thermal degradation after 8 hours as indicated by a color change from dark 

green to yellowish green. Also, there was a considerable decrease in recovered weight 

(2.42 g to 0.20 g; yield 7.58%) which was indicative of decomposition during hydrolysis 

under strong basic conditions (18 M KOH). This method for hydrolysis was modified 

using a milder basic conditions as proposed by V. Iliev and A. Mihaylova (2 M NaOH). 

No discoloration was noticed at the end of the reaction (8 hours, yield 23.1%). The 

carboxy phthalocyanine was converted to its sodium salt by using the protocol outlined 

by Kuznetsova et. al. UV-vis spectrum (Figure 12) of the salt compound 7 was obtained 

and the extinction coefficient (696 nm) value in water was determined to be 191,000 M" 

'cm"1. The monomeric nature of the compound was confirmed by elemental analysis 

(below) and further supported by the calculated atomic ratio of carbon to nitrogen (5.0/1). 

The calculated value for the C/N ratio was in agreement with the theoretical values 

shown in Table 4 for a monomer form of zinc phthalocyanine, thus confirming the 

monomeric nature of our complex. The calculated elemental analysis of the sodium salt 

of ZnPc(COO")8 did not agree with that found but could be fitted assuming the hydrated 

Zinc 2,3,9,10,16,17-(hexacarboxylate)-23,24-(dicarboximide) phthalocyanine sodium 

salt. The complex purity was judged to be sufficient to carry out quantitative studies due 

to the high extinction coefficient of the photosensitizer (191,000M"'cm"'). 
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I 1% NaOH 
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Zinc 2,3,9,10,16,17-(hexacarboxylate)-23,24-(dicarboximide) phthalocyanine sodium salt 

Reaction Scheme 3: Mechanism for the synthesis of sodium salt of Zinc 2,3,9,10,16,17-
(hexacarboxylate)-23,24-(dicarboximide) phthalocyanine sodium salt, the 
photosensitize:-. 
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Figure 12: UV-vis spectrum of the photosensitizer in water. 
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3.2 Aggregation of the Photosensitizer from pH 4 to 11 
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Figure 13: UV-vis spectra showing the behavior of the photosensitizer at room 
temperature in a pH 4-11 water-alkaline medium. 

The nature of the photosensitizer in solution depends on the degree of ionization 

of the carboxyl groups of the phthalocyanine [43]. This is illustrated by Figure 13 which 

shows a change in photosensitizer absorption spectrum with decreasing pH. Under acidic 

conditions (pH 4), the carboxylic groups are likely protonated and this favours 

aggregation [10, 43]. As discussed previously, these aggregates do not have the 
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properties that allow them to form singlet oxygen in their excited state [28, 31]. To see if 

the absorption changes seen in Figure 13 were a consequence of the protonation 

equilibrium of the carboxylate groups, the photosensitizer was dissolved in DMF and to it 

different concentrations (ldrop-10 ml) of N-butylamine were added (Figure 14). 
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Figure 14: Spectra showing the behavior of the photosensitizer in DMF at room 
temperature using different concentrations of N-butylamine (BA) in 50 mL total volume 
of solution. 

N-butylamine (pKa = 10.7) is able to completely deprotonate the peripheral 

carboxyl substituents in the photosensitizer (pKa -4.8) [41, 43]. As shown by Figure 14, 

there is practically no change in the photosensitizer absorption spectrum with the addition 
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of N-butylamine. It is concluded that electronic transitions responsible for the Q-band of 

phthalocyanine are unaffected by the protonation equilibrium of the carboxylic groups 

and that the changes seen in Figure 13 are due to changes in the monomer/aggregate 

equilibrium. 

3.3 Influence of Concentration on the Monomer-Dimer Equilibrium at pH 11 
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Figure 15: A: Band profiles with respect to the various concentrations of the 
photosensitizer in a pH 11 water-alkaline solution using different cells in aqueous 
solution at room temperature. B: Band profile with respect to the lowest concentration 
(107) of the photosensitizer in a pH 11 medium. C: Plot of the logarithm of absorbance 
measured at 696 nm versus the logarithm of the photosensitizer concentration. A Cell 
with a 5 cm path length was used for 10" and 10" M solutions. Cells with 0.2 cm and 1 
cm path lengths were used for 10"4 and 10"5 M solutions respectively. The absorbance 
was normalized relative to that of the 1 cm cell by dividing the measured absorbance by 
the path length of the cell used in the measurement. 

The effect of concentration on the absorption spectra was studied for the 

photosensitizer in aqueous pH 11 solution and is shown in Figure 15A and 15B. The 

spectra for the lowest concentration (10~7 M) and the highest concentration (10~4M) of the 

photosensitizer show an intense peak at 696 nm with no apparent shoulder, which is 

consistent with the monomer UV spectrum for the photosensitizer (Figure 12). 
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From the intercept of the linear best fit of the data in Figure 15C, an extinction 

coefficient of 179,000 M'cm"1 is calculated, which is lower than that obtained from a 

solution of the photosensitizer at approx. 10"6 M (191,000 M'cm"1). This deviation 

maybe due to the formation of dimer at higher concentrations but considering the 1000-

fold change in concentration to produce this effect, the influence of photosensitizer 

concentration on the monomer-dimer equilibrium must be small. 

3.4 The Equilibrium Studies and Surfactants 

3.4.1 Anionic and Non-Ionic Surfactants 

Surfactants are classified according to their dissociation in water and are divided 

into four groups: (1) anionic; (2) nonionic; (3), cationic; and (4) amphoteric. Because the 

phthalocyanine is anionic, it was hypothesized that a cationic surfactant would be 

required to prevent aggregations. To confirm our hypothesis and to support our use of 

cationic surfactants, we decided to perform the SOOT experiments using anionic and 

nonionic surfactants. As hypothesized these surfactants were unsuccessful in protecting 

the photosensitizer against photodegradation during the SOOT experiment and thus no 

further characterization was performed using these classes of surfactants. 

3.4.2 Monomer-Dimer Equilibrium and Cationic Surfactants 

As seen in Figure 13 above, there exists a monomer-aggregate equilibrium where 

the photosensitizer is mostly an aggregate at low pH conditions (i.e., pH 4). To see if this 
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monomer-dimer equilibrium can shift towards mostly monomer species in solution and to 

study the state of the monomer-dimer equilibrium, the cationic surfactant CTAB was 

utilized at pH 4. 
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Figure 16: Spectra showing the effect of different concentrations of CTAB on the 
photosensitizer at pH 4. 

Figure 16 shows varying concentrations of CTAB (0.004 M-0.006 M) complexed 

with the photosensitizer and its effects on dimerizaton at pH 4 as compared to a control 

containing only photosensitizer. The dimerization of the phthalocyanine decreases with 
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increasing amounts of CTAB. This is indicated by the Q-band shifting from 620 nm to 

690 nm and the enhancement of its intensity as CTAB concentration increases in 

solution. Preliminary studies, however, indicated that CTAB precipitated from solution as 

a sulfate salt during the SOOT experiments, and so this equilibrium was examined with 

DTAB under the same conditions. 

Figures 17 and 18 shows the absorption spectrum behaviour of the photosensitizer 

in a pH 4 medium at room temperature using different concentrations of DTAB (0.5 mM-

28 mM) and is due to changes in the monomer-dimer equilibrium. 

400 450 500 550 600 650 700 750 800 850 900 

Wavelength [nm] 

Figure 17: Spectra showing the behavior of photosensitizer in a pH 4 medium at room 
temperature using different concentrations of DTAB demonstration the monomer-dimer 
equilibrium. 
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Figure 18: Spectra showing the behavior of photosensitizer in a pH 4 medium at room 
temperature using different concentrations of DTAB demonstration the monomer-dimer 
equilibrium. 

Because there are multiple sets of isosbestic points in Figures 17 and 18, we 

concluded that there exist more than two species in solution [42]. The scheme below 

shows some possible species that may be present in solution containing DTAB. As seen 

in Figures 17 and 18, there is no spectral change observed in the UV spectra of the 

sensitizer above the DTAB concentration of 30 mM. At the concentrations of 

photosensitizer and surfactant used in this experiment (see above) along with the fact that 

at concentrations greater then 4 mM, only one set of isosbestic point is observed, it can be 
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hypothesized that the equilibrium that exists is simply a micelle encapsulated dimer-

monomer. 

Monomer ^ *• Monomer Dimer Aggregate 

= micelle 

From the scheme presented above, it is suggested that in addition to the monomer 

species in solution there are also DTAB encapsulated monomer, dimer or aggregate 

complexes present in the medium above the DTAB concentration of 4 mM. 

A similar trend was observed as the one seen for CTAB (Figure 16) when the 

concentration of DTAB was increased in a pH 6 solution from 8 mM to 28 mM (Figure 

19). 
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Figure 19: Spectra showing the effect of different concentrations of DTAB on the 
photosensitizer at pH 6. 

There were no significant changes observed in the absorption spectra at higher 

concentrations of DTAB (above 28 mM). It was found, with both cationic surfactants 

(CTAB and DTAB) and at both pH conditions (pH 4 and pH 6), the equilibrium shifted 

towards having more monomer species in solution and the concentration of DTAB 

required to attain the extinction coefficient that is associated with mostly monomer 

species in solution appears to be lower at pH 6 when compared to pH 4. 
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3.4.3 Protonation-Deprotonation Equilibrium Studies 

There are two equilibria that occur in an aqueous solution containing the 

photosensitizer, (1) protonation-deprotonation (pH dependent); (2) and monomer-dimer 

equilibrium (see above). 
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Figure 20: Spectra showing the behavior of the photosensitizer in different phosphate pH 
buffers (0.05 M) and 40 mM DTAB, at room temperature. 
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Comparing Figures 20 and 13, it can be seen that when using DTAB, the 

photosensitizer exists mostly as monomer in pH ranges 6-10 (Figure 20) while when in 

solution without surfactant there are dimer species present at pH 6-10 (Figure 13) 

indicating there is no protonation-deprotonation equilibrium in solution (i.e., Figures 13 

and 20 would look similar if there was such an equilibrium). Only at pH 4, is a significant 

concentration of dimer present under both conditions (with and without surfactant); 

however, when comparing Figure 20 to Figure 13, there are more monomer species 

present in solution in the presence of surfactant. 

3.5 pH Dependence on the Singlet Oxygen Quantum Yield 

The number of singlet oxygen molecules produced per photon absorbed by the 

photosensitizer is given by the value of Qs, the quantum yield of singlet oxygen 

formation. The Qs value for the photosensitizer was determined by using the method 

described in Chapter 2, Section 2.5, and using methylene blue as calibrant (Qs = 0.52 

[33]) at room temperature in a pH 7 aqueous solution in the absence of DTAB and in a 

pH 11 water-alkaline solution in the presence of DTAB. The reaction conditions were 

kept constant throughout the experiment and an excitation wavelength of 650 nm was 

used because at this wavelength the absorptivities of methylene blue and the 

photosensitizer are approximately equivalent. 
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Figure 21: O2 emission intensity of 4.5x10" M methylene blue (calibrant) under pH 7 in 
the absence of DTAB. 
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Figure 22: O2 emission intensity from an aqueous solution of methylene blue (calibrant) 
in the absence of DTAB. Singlet oxygen decay spectrum data fit to an active curve 
assuming first order decay. Conditions: Methylene blue 4.5x10"5 M, Milli-Q distilled 
water (pH 7). The solid line is a best-fit of eqn. 13. 

In both studies we did not find any photodegradation of the phthalocyanine 

complex or calibrant monitored using UV-vis, indicating good stability under the 

experimental conditions employed. Figures 21 and 22 illustrate the treatment of the raw 

data and the results are summarized in Table 6. The ratio of the slope of the test solution 

to the calibrant times the quantum yield of the calibrant gave the quantum yields of 

singlet oxygen formation that are compiled below in Tables 6 and 7. 
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As shown in Figure 21, the initial signal at time zero after excitation gave a large 

signal which did not correspond to the intensity of singlet oxygen emission but was 

instead due to an electronic artifact. The intensity at time zero was estimated by 

extrapolation of data after the electronic noise had dissipated (3 to 4 microseconds) by 

assuming first order exponential decay according to the equation below: 

I = -Ae~kt 
(13) 

Where "I" is the intensity of singlet oxygen emission, "A" is the intensity of emission 

right after the flash, time zero, k is the first-order rate of decay (1/k is the measure of 

lifetime for the singlet oxygen) and "t" is the time in \is. 

Singlet oxygen signal intensity at time zero, A in eqn. 13 was plotted versus 

concentration of methylene blue and the photosensitizer at different pH in the absence of 

DTAB and in the presence of DTAB in a pH 11 medium respectively, giving straight line 

relationships and these are summarized in Figures 23 and 24. 
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Figure 23: O2 generation from Methylene Blue in aqueous medium and the 
photosensitizer in different water-alkaline pH media (pH 9, pH 10 and pH 11). 
Conditions: Photosensitizer: 0.037-0.041 mM. 
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Figure 24: O2 generation from Methylene Blue and the photosensitizer in a pH 11 water-
alkaline medium with the presence and absence of DTAB. Conditions: Photosensitizer in 
the presence of DTAB: 0.036-0.140 mM, photosensitizer in the absence of DTAB: 0.033-
0.041 mM. Methylene blue: 0.0035-0.056 mM. 
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3.5.1 Calculation of the Quantum Yield of Singlet Oxygen Formation (CK) 

Table 6: Calculated Values of the Quantum Yield of Singlet Oxygen for the 
Photosensitizer in Different pH Solutions in the Absence of Surfactant. 

pll solutions continuing the 

photosensitizer 

pH9 

pHIO 

p H l l 

Standard 

Slopes (m) 

0.748 

0.873 

0.899 

1.04 

Quantum Yields of Singlet 

Oxvgen (Q0 

0.374 

0.437 

0.449 

0.520 [33] 

From the data in Table 6 it is clear that decreasing pH decreases the production of 

singlet oxygen. This is because as the pH of the solution drops, protonation of the 

photosensitizer takes place and the equilibrium present in the solution shifts towards the 

dimer formation as shown in Figure 13. 
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Table 7: Calculated Values of the Quantum Yield of Singlet Oxygen for the 
Photosensitizer in Different pH Solutions in the Presence of Surfactant. 

pll solutions containing the 

photosensitizer 

pH 11 (Without DTAB) 

pH 11 (With DTAB) 

Standard 

Slopes (m) 

3.98 

3.76 

4.12 

Quantum Yields oT Singlet 

Oxygen (Qs) 

0.501 

0.474 

0.520 [33] 

From Table 7, it is clear that the singlet oxygen production levels remained 

approximately the same in the presence and absence of DTAB in a pH 11 medium. This 

indicates that the surfactant only plays a role in preventing 

photobleaching/photodegration of the photosensitizer, while having minimal effects on 

the energy transfer mechanisms to create singlet oxygen. 

Of note is that the maximum amount of singlet oxygen generated from the 

photosensitizer (as seen in Tables 6 and 7) is only slightly below the value measured for 

methylene blue. This variation, although not characterized, can be partially attributed to 

(a) difference in intersystem crossing to the triplet state from an excited state; or (b) 

difference in reaction conditions. 
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CHAPTER 4 

4. SINGLET OXYGEN OXIDATION OF THIOSALTS 
(SOOT) 

4.1 Photobleaching 

4.1.1 Photobleaching in the Absence of Surfactant 

Figure 25 shows the effect of irradiation on the photosensitizer over a period of 90 

minutes using the SOOT test solution (see Chapter 2) but without added thiosulfate. A 

rapid decrease in the absorptivity of the Q-band is apparent indicating decomposition of 

the photosensitizer. 

In an aqueous solution, superoxide ions are not stable and get rapidly converted to 

peroxide ions and oxygen (see Chapter 1, eqn. 8). These peroxide ions can either lead to 

(a) the chemical oxidation of thiosalts; or (b) the oxidation of phthalocyanine complex 

leading to photobleaching according to the reaction seen below: 

H20 + H0 2 "+2ZnPc^ 2ZnPc+ + 30H (14) 
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Figure 25: Photobleaching of the photosensitizer under visible light irradiation (intensity 
= 166 klux), at 22 °C, in an oxygen saturated, pH 11 aqueous solution. 

Figure 25 demonstrates that after 90 min of irradiation, bleaching of the 

photosensitizer is close to 95%. Consequently the production of singlet oxygen and hence 

sulfate ions is reduced by 95%. In previous studies, this problem of photobleaching was 

overcome by adding 0.12 M tetrabutylammonium bromide (Bu4NBr) to the solutions 

prior to irradiation in the SOOT experiment [21]. Using such high concentrations of 

Bu4NBr successfully reduced photobleaching but was considered an expensive answer to 

the problem and therefore, other surfactants and pH conditions were explored (discussion 

below). 
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4.1.2 Effect of pH on the Photobleaching of the Photosensitizer 

In order to mimic environmental conditions such as the ones used in holding 

ponds of mine effluents, the effect of pH on the photosensitizer (i.e., photobleaching) was 

looked at under pH 10 and 11 conditions. 

As shown in Figure 26, photobleaching is greater in pH 10 buffer solution 

compared to a pH 11 solution. This difference is probably due to the greater anion 

charge of the photosensitizer at pH 11 and the protection afforded to the photosensitizer 

by being surrounded by a more tightly bound sphere of tetrabutylammonium cations. 

With the greater loss of photosensitizer in pH 10 solution, sulfate yield at T = 0 °C and 4 

hours irradiation was only 12% compared to that of a pH 11 solution, sulfate yield = 

22%. 
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Figure 26: Bleaching of the photosensitizer (Q-band X = 696 nm) with irradiation time in 
an oxygen saturated [A] pH 11 solution and [B] pH 10 borax buffer solution. Conditions: 
T = 0 °C; 5.7 \aM photosensitizer; 0.12 M Bu4NBr; 1000 ppm S203

 2"; irradiation 
intensity 166 klux. 
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4.1.3 Effect of Anionic, Non-Ionic and Amphoteric Surfactants on the 

Photosensitizer 

The SOOT experiment was performed under visible light using the 

photosensitizer in the presence of three surfactants: (a) Triton X (non-ionic surfactant); 

(b) SDS (anionic surfactant); and (c) Tween 20 (non-ionic surfactant) (see detailed 

discussion of surfactants in chapter 1). 
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Figure 27: Photobleaching of the Zn phthalocyanine photosensitizer in the presence of 
Triton X-100 at critical micelle concentration. Conditions: T = 0 °C, oxygen saturated 
pH 11 medium; 0.25 mM Triton X-100; 1000 ppm S203

 2" , irradiation intensity 166 
klux. 

73 



The spectra for all the three surfactants Tween 20 (CMC = 0.059 mM), SDS 

(CMC = 2.3 mM) and Triton X-100 looked similar to the one in Figure 27. It was 

observed in all three cases that there was a slight decrease in photobleaching when 

compared to Figure 25, but it was small compared to that of tetrabutylammonium cation. 

Therefore, from these preliminary tests, it was concluded that these three classes of 

surfactants were not significantly successful in inhibiting photodegradation and to further 

the research, the feasibility of cationic surfactants was explored. 

4.1.4 Comparison of Cationic Surfactants CTAB to Bu4NBr (TBAB) 

Next, the SOOT experiment was performed under visible light using the 

photosensitizer in the presence of two cationic surfactants: (A) TBAB; and (B) CTAB. 
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Figure 28: Bleaching of the photosensitizer (Q-band X = 696 nm) with irradiation time in 
oxygen saturated A) TBAB (0.12 M) and B) CTAB (1 mM) pH 11 water-alkaline 
solution. Conditions: T = 22 °C; 5.7 \iM photosensitizer; 1000 ppm S2O3 2"; irradiation 
intensity 166 klux. 

As shown in Figure 28B, there is only a slight decomposition of the 

photosensitizer over a period of 5 hours and this is due to the enclosure of the 

photosensitizer by a cationic micelle. In a SOOT solution, there exist neutral oxygen and 

anionic superoxide/peroxide species. It has already been shown that there is no 

significant difference in singlet oxygen generation in the presence or absence of 

surfactant (Figure 24). This is because neutral oxygen can freely diffuse through a 

cationic micelle and react with the photosensitizer triplet state to produce singlet oxygen. 
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Hydrated peroxide anion, which is able to oxidize the photosensitizer (eqn.14), is repelled 

by the inner hydrophobic layer of the cationic micelle (see Figure 7C), which encloses 

the photosensitizer and so oxidation of the photosensitizer is inhibited. 

The presence of CTAB with the photosensitizer after 5 hours of irradiation 

showed higher conversion to sulfate (i.e., 54%) at a low concentration (i.e., [CTAB] = 1 

mM) when compared to the percentage conversion to sulfate (i.e., 38%) when using a 

higher concentration of Bu4NBr (0.12 M). 

CTA+ performs better than TBA+ because CTA+ (C19) completely surrounds the 

photosensitizer by having an organized micelle structure that prevents the peroxide to 

permeate inside to reach the photosensitizer. TBA+ (C4), on the other hand is a smaller 

molecule and is unable to create an organized micelle around the photosensitizer allowing 

areas, where the peroxide can permeate through to reach the photosensitizer causing 

photobleaching. 

4.2 SOOT Experiment with CTAB at 0 °C 

Studies carried out by Silver et. al., in 1985 revealed that the rate of thiosalt 

oxidation using thiobacilli decreased by a factor of 10 when the temperature of the 

thiosalt oxidation ponds dropped from 30 to 5 °C. Therefore, it was decided to test what 

happens to the photosensitizer at lower temperatures (0 °C) when irradiated. 
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Figure 29: Bleaching of the photosensitizer (Q-band A, = 696 nm) during the SOOT 
experiment with irradiation time in an oxygen saturated CTAB (1 mM) pH 11 water-
alkaline solution. Conditions: T = 0 °C; 5.7 uM photosensitizer; 1000 ppm S2O3 2"; 
irradiation intensity 166 klux. 

The absorption spectra of the photosensitizer at 0 °C in the presence of CTAB (1 

mM) in a pH 11 water-alkaline solution (Figure 29) showed significantly greater 

photobleaching compared to the room temperature experiment (Figure 28). A background 

increase was also observed in the UV spectrum because of the presence of a white 

precipitate. This precipitate was isolated from the SOOT solution and its IR spectrum 

(see Appendix I, Figure C) showed the characteristic vibration bands of the sulfate ion 
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[65]. The IR spectrum of [CTA]2S04, prepared by the addition of CTAB to a 

concentrated sulfate solution, was identical to that of precipitate isolated from the SOOT 

solution. At low temperatures, the precipitation of CTA cations from the SOOT solution 

causes the photosensitizer to become unprotected from the peroxide anion, leading to a 

significant increase in photobleaching. The percentage conversion of thiosulfate to 

sulfate for the SOOT experiment in the presence of CTAB and Bu4NBr is given below in 

Table 8. It is likely that CTA cation precipitated out of aqueous solution at lower 

temperature because of the 19 carbons in its organic tail that made it less polar and 

reduced its solubility in water. It was decided to try SOOT experiments at 0 °C with a 

surfactant with a smaller carbon backbone (i.e., DTAB). 

Table 8: Comparison of the Percentage Conversion of Thiosulfate to Sulfate (Gravimetric 
Analysis of Barium Sulfate) for the SOOT Experiment Carried Out at 0 °C and 22 °C in 
the Presence of CTAB and Bu4NBr. 

0 "C 

dimension of sulfate in the j 2% 
1 
i 

presence of CTAB 

Conversion of sulfate in the 

presence IJiuNBr 

25% 

22 °C 

Xbho 

82% 
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4.3 SOOT Experiment Evaluated in the Presence of DTAB 

SOOT experiment was performed for a set of test solutions to determine the 

minimum concentration of DTAB required to successfully encapsulate the 

photosensitizer. Table 9 summarizes the results obtained after irradiating the solutions 

containing the photosensitizer for 8 hours in a pH 11 medium with different 

concentrations of DTAB. 

Table 9: Illustration of the Percentage Conversion of Thiosulfate to Sulfate in the SOOT 
Experiment Carried Out in the Presence of Different Concentrations of DTAB. 

IDTAKlinmM 

0 

4 

8 

12 

14 

16 

20 

Weight of KaSOjIal 

0.0010 

0.0030 

0.0080 

0.2180 

0.5100 

0.5540 

0.5580 

'r thiosulfate conversion at 

22"C 

0.18 

0.53 

1.42 

38.8 

90.8 

98.7 

99.4 

As the concentration of DTAB increases in solution, the rate of photobleaching of 

the photosensitizer decreases, this in turn causes the generation of more singlet oxygen 

leading to more conversion of thiosalts to sulfate. The conversion reaches a plateau when 

the concentration hits the critical micelle concentration of 16 mM. Therefore, a 
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concentration of 16 mM was used in the subsequent SOOT experiments with DTAB at 0 

°C and 22 °C (Figure 30). 
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Figure 30: Bleaching of the photosensitizer (Q-band X = 696 nm) during the SOOT 
experiment with irradiation time in an oxygen saturated DTAB (16 mM) pH 11 water-
alkaline solution. Conditions: 5.7 u.M photosensitizer; 1000 ppm S2O3 "; irradiation 
intensity 166 klux. 

From Figure 30, it is evident that DTAB is efficient, even after 8 hours, in 

protecting the photosensitizer from photobleaching at 0 °C and 22 °C, that results in a 

67% and 93% conversion of thiosulfate to sulfate respectively, as compared to the 

minimal % conversion achieved using CTAB (i.e., 2% at 0 °C, see Table 8). 
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4.4 Comparison of the Photosensitizer to the Tetracarboxylate ZnPc in the 

presence of DTAB 

Experiments were carried out to compare the photoactivity of Dr. MacLean's 

ZnPc(COONa)4 photosensitizer (5.7 u,M) with the photosensitizer (5.7 u.M) in the 

presence of DTAB (16 mM). The SOOT conditions (see Chapter 2) other than the 

photosensitizer were equivalent in both cases. After irradiating the reaction solutions 

containing ZnPc(COONa)4 for 8 hours in the presence of DTAB, gravimetric 

determination of barium sulfate was performed. The percentage conversion of thiosulfate 

to sulfate at 0 °C with ZnPc(COONa>4 was determined to be 33% (compared to the 

photosensitizer conversion of 67%). Therefore, it is evident that the photosensitizer 

converts a higher amount of thiosulfate to sulfate in oxygen saturated pH 11 medium with 

minimum photodegradation observed after 8 hours when compared to ZnPc(COONa)4. 

The reason for this difference may lie with magnitude of Qs but it also possible that the 

photosensitizer is better protected by a DTA+ micelle owing to its greater negative 

charge. 

4.5 SOOT Experiment Evaluated in the Presence of DTAC 

It might be possible that the bromide anions from the surfactant (DTAB) could 

participate in the SOOT processes, perhaps by being oxidized by singlet oxygen or 

peroxide. Replacing the bromide anions with chloride anions should have a significant 

effect on the SOOT process if bromide anions do participate because of the difference in 

their oxidation couples as shown below: 
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Cl2(g) + 2e ^ 2CT +1.36 V [59,60,61,67] 

Br2(l) + 2e ^ 2Br +1.09 V [61,62,63,67] 

HOi + H20 + 2e ** 30K + 0.88 V [66] 

02 + e**02' -0.137 V [57] 

'02 + e T=* 02~ +0.84 V (see detailed calculation in Chapter 1) 

Looking at the reduction potentials of the halides and those of the oxidants 

peroxide and singlet oxygen, it seems unlikely that oxidation of the halides would occur. 

However peroxide's reduction couple is pH dependent and increases to +1.76 V vs NHE 

under acidic conditions [58, 64]. To remove the possibility of halide oxidation, it was 

decided to perform the SOOT experiment at 22 °C with the chloride and bromide salts of 

DTA+ (see Figure 31). 
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Figure 31: Bleaching of the photosensitizer (Q-band X = 696 nm) during the SOOT 
experiment at 22 °C with irradiation time in an oxygen saturated DTAB (16 mM) and 
DTAC (16 mM) pH 11 water-alkaline solution. Conditions: 5.7 u,M the photosensitizer; 
1000 ppm S2O32" irradiation intensity 166 klux. 

There was no dramatic change in the production of sulfate measured at the end of 

5 hours between the two different counterions (91% and 92% for DTAC and DTAB 

respectively). From this it was concluded that the oxidation of bromide anions or chloride 

anions, if any, is negligible. 
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CHAPTER 5 

5. CONCLUSION AND FUTURE STUDIES 

5.1 Conclusion 

In this research project, important insights were gained towards the synthetic 

route and characterization of the photosensitizer, which had superior qualities than the 

previously studied ZnPc(COONa)4. Research carried out by Brian MacLean showed 

dimerization of ZnPc(COONa)4 (Figure 4) in aqueous solution that is undesirable as the 

photophysical properties of excited dimers are not appropriate for photosensitization of 

singlet oxygen. Thus, the ZnPc(COONa)4 was modified to the photosensitizer used in this 

research project and as shown, this modification increased the overall negative charge on 

the photosensitizer, which increased the repulsion between complexes and reduced the 

tendency towards dimerization in aqueous solution. 

The effect of irradiation on the photosensitizer was studied during the SOOT 

experiments using an optimum pH (pH 11) where the complex was mostly in its 

monomer form and which would mimic environmental conditions of holding ponds. 

Within the first 90 minutes the complex was completely photobleached. Therefore, in 

order to protect the photosensitizer from photodegradation, the feasibility of using 

surfactants was explored. A much lower concentration of cationic surfactants such as 

CTAB (1 mM) and DTAB (16 mM) was required as compared to Bu4NBr (0.12 M) to 

protect the photosensitizer from peroxide. The SOOT experiment was carried out under 
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different temperature conditions (0 and 22 °C) in the presence of CTAB, TBAB and 

DTAB using the photosensitizer and the percentage conversion at 0 °C of thiosulfate to 

sulfate (by gravimetric analysis of barium sulfate) for solutions containing CTAB, TBAB 

and DTAB was calculated to be 2%, 25% and 67% respectively; thus making DTAB a 

more practical alternative than the previously used Bu4NBr. 

Experiments were carried out to compare the photoactivity of the ZnPc(COONa)4 

with the photosensitizer in the presence of DTAB (16 mM). The percentage conversion 

of thiosulfate to sulfate at 0 °C with ZnPc(COONa)4 was determined to be 33% 

(compared to the photosensitizer conversion of 67%). Therefore, it is evident that the 

photosensitizer is more efficient in the SOOT process (higher conversion of thiosulfate 

to sulfate). 

The singlet oxygen production levels remained approximately the same in the 

presence and absence of DTAB ([DTAB] = 16 mM) with Qs = 0.47 and 0.50, 

respectively; thus suggesting that the primary function of the surfactant in the SOOT 

process was to protect the photosensitizer from photobleaching. 

Therefore, we have shown a stable surfactant-photosensitizer system that is 

successful in converting thiosalts to sulfates, where the surfactant protects the 

photosensitizer from photobleaching by preventing permeation of the peroxide through 

the micelles while allowing molecular oxygen to permeate through the micelles. 

Nevertheless, there exist many challenges that need to be dealt with in order to create an 

application based system that can be used in the holding ponds. Working with numerous 

surfactants it was observed that as the number of carbons in the organic tail increased, the 

solubility in water at 0 °C decreased. Although the large sized surfactants have a low 
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CMC (e.g. CTAB = 1 mM) and are comparatively low in cost (CTAB, $49 for 100 or 

~$179/nr of effluent), they are not efficient in forming a micelle around the 

photosensitizer at 0 °C and this eventually results in photobleaching of the 

photosensitizer. As previously discussed, DTAB is a small surfactant having 15 carbons 

in its tail and is more soluble in water at 0 °C. Unfortunately, it is expensive to use in 

the SOOT process ($100 for 20 g or ~$2400/m3 of effluent) because of its high CMC (16 

mM). As mentioned in the introduction, the goal is to obtain a method of treating mining 

effluent at a cost of only 0.30/m3 of effluent. Using surfactants in the SOOT process is 

economically impractical and alternative methods are the subject of future studies. 

5.2 Future Studies 

The chemistry of singlet oxygen is rich and its potential uses have recently been 

realized. Much needs to be done to modify and improve existing photosensitizers to 

better suit their properties and desired applications. This of course requires better 

understanding of the mechanism of the photosensitizer quenching and photobleaching. 

Future studies may involve a dendrimer wrapping around the photosensitizer via 

covalent bonding with the carboxylates, where the dendrimer would protect the 

photosensitizer from photobleaching and would remove the need for surfactants [23]. The 

dendrimer may wrap more than one photosensitizer molecule depending on its chain 

length thus reducing cost further. Also the dendrimer-photosensitizer being large 

(typically > 40 nm) may be easily filtered out prior to release of the effluent into the 

rivers. Along with industrial advantages, dendrimers offer Environmental Health and 

Safety (EHS) benefits where surfactants are highly toxic to aquatic life while dendrimers 
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being large typically do not elicit toxic affects. However, during the SOOT experiment 

the mechanism of diffusion of oxygen and peroxide in and out of the dendrimer would 

require detail understanding of the polymer and further studies would need to be 

implemented with respect to photobleaching of the dendrimer-photosensitizer system. 

Also, the photosensitizer may be absorbed onto the surface of particles (such as 

quantum dots) that would mediate reactions on the nanoparticle surface (where the 

photosensitizer is rendered active by coupling between the nanoparticles and 

photosensitizer) [24] and mitigate the release of the photosensitizer into waterways (i.e., 

by recovering or destroying the particles and constituents sorbed onto its surface). Of 

course, a detailed understanding of the coupling between nanoparticles and 

photosensitizers, such as possibly energy quenching, will need to be thoroughly 

investigated. Substances such as cadmium-selenide quantum dots are currently prime 

candidates in EHS research due to their ease of detection [24]. 
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Figure A: IR spectrum of the impure Zinc tetraimide 
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Figure B: IR spectrum of the tetraimide complex after acid/base extraction 
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Figure C: Infrared spectrum in KBr of [CTA]2S04 
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Figure D: IR spectrum in KBr of [DTA][BPh4]. 
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