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ABSTRACT

Photodegradation of 4-nitrophenol (4-Np) in thesprece of water-soluble zinc phthalocyanines
and water-insoluble metallophthalocyanines is regabr The water-soluble phthalocyanines
employed include zinc tetrasulphophthalocyanineP@&®), zinc octacarboxyphthalocyanine
(ZnPc(COOHy) and a sulphonated ZnPc containing a mixture dferdintly sulphonated
derivatives (ZnPcsx), while the water-insoluble phthalocyanines usedude unsubstituted
magnesium (MgPc), zinc (ZnPc) and chloroalumini@A(Pc) phthalocyanine complexes and
the ring-substituted zinc tetranitro (ZnPc(£), zinc tetraamino (ZnPc(Nh), zinc
hexadecafluoro (ZnPghj and zinc hexadecachloro (ZnPgfl phthalocyanines. The most
effective water-soluble photocatalyst is ZnRg$ terms of the high quantum yield obtained for
4-Np degradationdfs.np) as well as its photostability. While ZnPc(COQ@Has the highesb,.n,
value relative to the other water-soluble complexeslegrades readily during photocatalysis.
The @4, values were closely related to the singlet oxygeantum yields®, and hence
aggregation. The rate constants for the reactidh #iNp werek, = 0.67 x 16 mol* dm® s* for
ZnPcS.ix and 7.7 x 10 mor* dm® s* for ZnPc(COOH). CIAIPc is the most effective
photocatalyst relative to the other heterogenebwasgqgeatalysts for the phototransformation of 4-
Np, with 89+ 8.4 % degradation of 4-Np achieved after 100 niilme least effective catalysts
were ZnPcGl and MgPc. The final products of the photocatalg$id-Np in the presence of the
homogeneous photocatalysts include 4-nitrocateahdlhydroquinone, while degradation of 4-
Np in the presence of the heterogeneous photosttahesulted in fumaric acid and 4-

nitrocatechol.

CIAIPc was employed for the heterogeneous phottysasaof the non-systemic insecticide,
methyl paraoxon. Complete degradation of the péstiwas confirmed by the disappearance of

the HPLC trace for methyl paraoxon after 100 miirm@diation with visible light.

Vi



The removal of 4-Np from an aqueous medium usingroercially available Amberlife IRA-
900 modified with metal phthalocyanines was alseestigated. The metallophthalocyanines
immobilised onto the surface of AmberfitéRA-900 include Fe (FePgB Co (CoPc% and Ni
(NiPcS) tetrasulphophthalocyanines, and differently sal@ted phthalocyanine mixtures of Fe
(FePc%ix), Co (CoPcgix) and Ni (NiPc$ix). Adsorption rates were fastest for the modified
adsorbents at pH 9. Using the Langmuir-Hinshelwkioétic model, the complexes showed the
following order of 4-Np adsorption: CoPgg > NiPcS > NiPcS,x > FePc$ > FePc&ix >
CoPcS. The adsorbents were regenerated using dilute 3Aith 76 % (7.6 x 18 mol) of 4-

Np recovered within 150 min.

vii
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Introduction

1. INTRODUCTION

1.1. Background on 4-Nitrophenol

As a result of increased agricultural and indukaaivity worldwide, the use of pesticides has
increased, which has led to an increase in the amount of plsepresent in the environment,
as many phenols are degradation products of vapestcides:* Phenols are a threat to the
environment and human health, due to their relbtikiggh toxicity and persistence in aqueous
media® Consequently there has been growth in researcthéoeffective removal of phenols

from our environment.

Nitrophenols are of interest in this study as tlaeg listed as priority toxic pollutants by
organisations such as the United States EnviroraheRtotection Agency (USEPA).
Nitrophenols pose a threat to the environment @g #ine difficult to remove from groundwater
due to their high stability and solubility in watgarticularly 2- and 4-nitrophenol, which are
both resonance stabilised (Scheme >f.1Jompounding this problem is their resistance to

traditional methods of water purificatiSnsuch as chemical oxidation, and microbial

degradatior.
o') o)
N N,
vg} \o' -O/ \O

Scheme 1.1.Electron delocalisation in the 4-nitrophenoxide

4-Nitrophenol (4-Np) was selected as it is produrethe highest quantities worldwide, has

the highest toxicity and is more water-soluble than other mononitrophenols (Table 1.1). 4-



Introduction
Np is employed in the production of pharmaceutitalgs, pesticides, and dyes to darken

leather. It is worth noting that the major use éfi@ is in the production of pesticides, namely
methyl- and ethyl- parathion. The influx of 4-Nptanthe environment is as a result of the
degradation of pesticides such as nitrofen, megfafaoxon, methyl parathion and ethyl
parathior?>® Nitrofen, for example, is employed for weed cohtrice, sugar, beets and cole
crops® and methyl paraoxon is an organophosphorous fussticat is used asren-systemic

insecticide® The pathway by which nitrofen and methyl paraokegrade has been proposed

to occur via Scheme £2nd Scheme 13respectively.

Table 1.1. Toxicology, water solubility, LEy and production values of mononitrophenol

isomers (references in square brackets).

_ Water solubility ORL-RAT LD 5, Worldwide production
Compound Toxicology[9]

(g9/L) [2] (mg kg")*[9] (10°kg) [2]
2-nitrophenol Irritant 0.32@38°C 334 5-7
3-nitrophenol Irritant 1.4@25°C 328 <0.5
Corrosive
4-nitrophenol Irritant 16 @25°C 202 20

Possible mutagen

Yethal dosage for 50% of population (¢dDof rats due to oral (ORL) ingestion

Cl Cl

nitrofen 4-nitrophenol 2,4-dichlorophen:

Scheme 1.2.Degradation pathway of nitrofén.

O o)
1 CH30 %
O,N OP(OCHz), — HO NO, +  (CHsO)PT
OH
methyl paraoxon 4-nitrophenol dimethyl hydrogen phosphate

Scheme 1.3.Degradation pathway of methyl paraoxon.



Introduction
Methyl paraoxon was selected as the pesticide Hw $tudy as it is known to have an

inhibitory effect on acetylcholinesterase (AChE}lass of enzymes responsible for catalysing
the hydrolysis of the neurotransmitter acetylch®li(ACh). Acetylcholine sends nerve

impulses to muscles and organs within the body. pitogposed chemical reaction between
AChE and the pesticide (Scheme 1.4) leads to altmlof ACh at the nerve synapses and
neuro-muscular junction. The build-up of ACh withime body is hazardous as it leads to
various neurotoxic effects with numerous symptosisch as abdominal pain, diarrhoea,

vomiting, bronchoconstriction, twitching and pasiy amongst othefs.

En O
Ny N\ o o

tp / [
CH40 )
| 4 o N ——= En—OPH(OCHy), + © NO,
H N .
CH50 o

AChE methyl paraoxon

Scheme 1.4lnhibitory reaction between AChE and methyl paragxehere En-OH is AChE.

1.2. Survey of Methods for the Removal and Degradationfo4-Np

The experimental conditions and the correspondesylts of a selection of photochemical
studies that have been carried out for the photadiegion of 4-Np are listed in Tables 1.2 and
1.3, respectively. The predominant method that @aployed for 4-Np degradation involves
TiO, as a heterogeneous catalyst in a solution aevateadxygen and irradiated with UV light.
TiO; is a semiconductor oxide and has been found tredatively inefficient photosensitiser.
The band gap for TiQis 3.2 eV, which corresponds to near-UV light. &y small amount,
approximately 4% of solar energy, is effective mstregion, leading to its inefficacy as a
photocatalyst for the oxidation of phenols in thesence of solar enerdy.Despite its
inefficacies TiQ, as is evident from Table 1.2 and 1.3, has been extensively for the

photodegradation of 4-Np:*’
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Table 1.2. Experimental conditions employed in previous stada the photodegradation of 4-Np

Degradation system Light source 4-Np concentration Product analysis technique Ref
_ HPLC with UV-vis detector; lon
Aerated TiQ 1500 W Xe lamp 0.072 mM (pH 5.5) ) 11
Chromatography, UV-vis Spetrophotometry
) , 0.3 mM HPLC with UV-vis detector; lon
Aerated TiQ 125 W medium pressure Hg lamp 12
(unbuffered) Chromatography
TiO, impregnated with
Cu(Iporphyrin or Cu(ll) 125 W medium pressure Hg lamp 20 mg/L (pH 4.0) LCMABCI) 13
phthalocyanine
H.O 125 W Hg-Xe lam 0-1mM HPLC with UV detector 14
22 g P (unbuffered)
Excitation of NO, and HPLC with UV detector; UV-vis
6 low pressure Hg lamps 1 mM (unbuffered) 15
NOj3 ions Spectrophotometry
Aerated TiQ 365 nm UV light source 0.1 mM (pH 9) GCMS, UV-8pectrophotometry 16
HPLC with UV detector; hydrazine method
Aerated TiQ 450 W medium pressure Hg lamp 0.5 mM (pH 8.5) 17

(NO;, NO3); phenate methodNH})
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Table 1.3. Results obtained for the photodegradation of 4iBipg the experimental conditions listed in Taht2

Rate/degree of 4-Np

Degradation system , Products detected Ref
degradation
4-aminophenol, hydroquinone, benzoquinone;
Aerated TiQ k=1.5x 10" min™ _ _ . 11
NO,, NO;, NH, ions
hydroquinone, 4-nitrocatechol;
Aerated TiQ k=1.2 x 10 min* ) . .. 12
NO;, NO3, NH, ions
TiO, impregnated with
Cu(Il)porphyrin or Cu(ll) ~3.8 x 16 mol s* L™ Dihydroxynitrobenzene isomers 13
phthalocyanine
H.0; 40 % degradation after 10 min  hydroquinone, benzumme, 4-nitrocatechol 14
Excitation of NO; and O = 0.05 4-nitrocatechol, hydroquinone, benzoquinone, 15
NOj3 ions AN hydroxybenzoquinone, 4-nitrosophenol
, 82 % degradation after 2.5 h hydroquinone, benzoquinone;
Aerated TiQ 1 i _ 16
(k=1.2 x 107 min'™) NO;, NO; ions
4-nitrocatechol, hydroquinone, benzoquinone, beetze;
Aerated TiQ >99.9% degradation after 3 h 17

NO;, NO3, NHj} ions
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Oxidation of 4-Np in the presence of either thetbemeagent or b0, combined with UV light

led to the phototransformation of 4-Np into 4-nitechol, hydroquinone and benzoquinthe.
This method has its drawbacks as the oxidants emg@lonamely the Fenton reagent (a
combination of HO, and an iron catalyst) and,E, are consumed in the degradation pro¢&ss.
The regeneration of the catalyst, with regardsh® Eenton reaction, has been achieved by
electrochemical regeneration of the ferric #8rithe drawback of using electrochemistry as a
means of enhancing the degree of 4-Np degradasorthé high cost associated with

electrochemical instrumentation.

Photocatalysis is evidently the most frequently lxygd method for the degradation of 4-Np.
The advantages that accompany photocatalysis reareiientified by Ollit at’

(1) Complete oxidation of the substrate can beeaell within a few hours

(2) The formation of polycyclised products is I&ksly to occur

(3) Cheap, adaptable and highly active catalyetsbe employed

4) Pollutants can be oxidised at low concentreti(e.g. parts per billion range).

Phthalocyanines (Pcs), which have been identifeedfective photocatalysts for the degradation
of phenolic complexes when irradiated with visilight, are employed in this study for the
photodegradation of 4-Np. The drawbacks encountetezh TiQ, H,O, or the Fenton reagent
are employed can be circumvented by making usdibigpocyanines. Prior to this work Pcs, as
well as the isoelectronic porphyrins, have not beaely employed for the degradation of 4-Np.
The structural properties of phthalocyanines, whmntribute to their effectiveness as

photocatalysts, are discussed in detail in Sedtidn

The removal of phenols from aqueous solutions ksogation onto the surface of polymeric

resins has been explored extensively. Polymerioraésts, such as those listed in Table 1.4,
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have replaced active carbon in the removal of atent@mpounds from wastewater. They are
favoured alternatives to activated carbon as theyheaper, have greater mechanical stréhgth
and are more varied in functionality, surface amed porosity° Most commonly employed
polymeric adsorbents include Amberlite XAD and NBeries->?*> Modification of polymeric
resins using porphyrins to promote increased atisorpates has only been reported for the
adsorption of phenol and chlorophenols onto AmteerKAD-2 and XAD-4 resing' The
modification of a cationic resin, such as AmbeflitRA-900, using phthalocyanine complexes
has not been reported. Modified resins are undeestigation as higher recoveries of the
phenolic compounds are possible due to an incri@asat interactions between the adsorbent
and adsorbat€. Metallophthalocyanines (MPcs) were employed ins titudy for the
modification of Amberlit€ IRA-900. MPcs have a more complex macroporouscttre than
porphyrins, resulting in the possibility of incredsre1t interactions between phenols and the

MPc modifiers.

Table 1.4.Resins used for the removal of phenolic complexesdyes from aqueous media.

Resins used Adsorbates Modifiers Ref
Amberlite XAD-2, phenol, 2-, 4-, di-, tri-  Protoporphyrin IX, tetrakigt
Amberlite XAD-4 penta-chlorophenol carboxyphenyl)porphyrin
Amberlite XAD-4, Amberlite
_ phenol none 20
NDA-101, Amberlite D-301
Amberlite XAD-4, Lewatit EP63,
phenol none 25
Poly(EDMA), Sample 390
Amberlite NDA-103, Amberlite
_ phenol none 23
IRA-96C, Amberlite XAD-4
Amberlite XAD-4, ZCH-101 phenol, methylene blue,
_ none 19
reactive orange X-GN
Amberlite IRA-420 phenol none 22
Amberlite XAD-4,
phenol, 4-Np none 24

AmberliteXAD-7
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The resins listed in Table 1.4 have different prope such as polarity, pore size, structure and
functionality. There is however limited informati@vailable for most resins that have been
employed in the studies referenced in Table 1.4 Amberlite XAD series, Lewatit EP 63 and
ZCH-101 are non-ionic, polymeric adsorbefits:**?° XAD-2, XAD-4, Lewatit EP 63 and
ZCH-101 are polystyrene resitis?>***whereas XAD-7 is a moderately polar, acrylic e&ter
lonic resins include:

=  Amberlite D-301 — anion exchange ré8in

=  Amberlite NDA-101 — aminated, cationic, moderatetyar resii’

=  Amberlite NDA-103 — weak base, highly polar rédin

= Amberlite IRA-96C — weak base, highly polar rédin

= Amberlite IRA-420 — strong base, anion exchangmfés

1.3. Phthalocyanines

In order to comprehend the effectiveness of MPgshasocatalysts it is important to understand

the structural features that contribute to thewtpbatalytic properties.

1.3.1. Background on Phthalocyanines

Phthalocyanine complexes were first synthesized907, however, the correct structure of a
phthalocyanine complex was only published in 193¢, ,Professor Linstead of the Imperial
College. He coined the name “phthalocyanine” tooaot for its origin from phthalic anhydride
(phthalg and its similarity in colour tayaninedyes. Phthalocyanine complexes were originally
used as dyes and pigments, due to their intensmursol Today their use extends as far as

nanotechnology, photodynamic therapy (PDT), el@ttodography, flash fusion and the security
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industry, as well as their inclusion in ink jetmigers and washing powders. All phthalocyanines

used in these processes have been structurallymoiatgd for optimum performanég.

Structurally, phthalocyanines are planar, macracyaromatic compounds that are isoelectronic
with porphyrins (Figure 1.1). They consist of feswindole subunits linked together by N atoms.
Phthalocyanines possess high thermal stabilitytdugdosure of the ring by the interlinking N
atoms®’ An extendedt conjugated system, due to the peripheral benzegs, rcontributes to
the stability of phthalocyaniné& The structural features of phthalocyanines ar@aidgeous as
they provide a canvas for further manipulation kedit structure, such as addition of a metal in
the centre of the ring, addition of substituentshi® peripheral benzene rings or extensiom of

conjugation through the addition of phenyl ringshe peripheral benzene rings.

isoindole
unit

(a) (b)

Figure 1.1. Geometric structures of an (a) unmetallated pgipland an (b) unmetallated

phthalocyaniné®

The centre of the phthalocyanine dianidpcl ) is capable of hosting a number of elements,
namely group 1 and group 2 metals, transition rmgtahthanides, actinides, and main group
metals and metalloids. The diagonal distance of vatoms within the centre of the ring is

approximately 396 pm. Metals that are capable sérition into the centre of the ring, without



Introduction

affecting the planarity of the complex, lift thensmetry of the phthalocyanine fromyof H,Pc

(unmetallated phthalocyanine) taor MPcs (metallated phthalocyaniné).

Peripheral substitution on the Pc ring and axgdtion at the metal centre are advantageous as
they can result in reduced aggregation of the cernphd improved solubility in a wider variety

of solvents. Solvation and aggregation are affe@sdhe distance between adjacent planar
macrocycle rings carrying tha electrons is increaséd.Section 1.3.4 provides a detailed
explanation of aggregation and its influence onghetocatalytic properties of phthalocyanines.
Peripheral and axial substituents are also capabi@acreasing®; (triplet quantum yield —
defined in Section 1.4) values through increasestsystem crossing fromy  T;, which is as a
result of enhanced spin-orbit coupling due, in fumthe “heavy-atom” effed** A detailed

explanation of spin-orbit coupling is provided iacion 1.4.1.

1.3.2. General Synthesis of Phthalocyanines

Unsubstituted phthalocyanines may be synthesizeldelying a mixture containing a metal salt
(or metal) and (i) phthalic anhydride, (ip-cyanobenzamide, (iii)) phthalimide or (iv)

phthalonitrile (as examples) in the presence abuarreagents (Scheme 128§

The catalyst employed in most synthetic routesnsnanium molybdate. Urea is used as a
source of N atoms for bridging the isoindole groufise reactions usually occur in one synthetic
route through complex reaction mechanisms. Thetimamtermediates have only been isolated

in a few synthetic processé&s.

The phthalic anhydride route (i) is employed fagkscale production of phthalocyanines, as it

requires relatively inexpensive starting materidisgher purity products are obtained using

10



Introduction

phthalonitrile as the starting material. The phohétile route (iv) is generally employed for the
synthesis of phthalocyanines necessary for highagogy applications, such as flash fusion and
PDT? Synthesis of phthalocyanines is also achievedutiiromicrowave irradiation. This
method is advantageous as it affords fast reacéitas and does not require the use of expensive

and environmentally hazardous solveit§'

O
o .
urea, peripheral non-peripheral
metal salt, catalyst, \
solvent /
O .
o 0)
NH, urea, metal salt, (jj) Nl N
: N
oN catalyst, solvent ! S
|  N—M—N
0 i
urea, metal salt, (iii)‘ l /N —
NH catalyst, solvent

H

(0]

metal salt,

©:CN catalyst, solvent
CN

Scheme 1.5.Synthetic routes for the preparation of metallagththalocyanine&>>?

Substituted phthalocyanines, i.e. tetra- and ostdpstituted phthalocyanines, are prepared by
substitution of a preformed Pc ring (i.e.R¢) or by condensation of a substituted precursgr (
phthalimide or phthalonitrile) (Scheme 1.6). Sulbg$#id precursors are preferred over the
preformed Pc ring as harsh conditions are nece$satige insertion of a metal into the centre of
the Pc ring. The formation of tetrasubstituted phldbyanines at the peripheral position (Scheme
1.5) leads to the formation of mixtures of consitinal isomers with the following symmetry:
(Csn) 2,9,16,23-, (B}) 2,10,16,24-, (&) 2,9,17,24-, and (§2,9,16,24- tetrasubstituted Pcs. The

ratio in which the constitutional isomers of peepdlly tetrasubstituted phthalocyanines is

11
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obtained has been determined experimentally to He2:4 for Gy, D, Gy and G,
respectively’”®> The phthalimide and phthalonitrile precursors banpurchased, however their
synthesis is relatively straightforward, requirimgxpensive starting materials and leading to
high yields of the substituted derivative (Schenf®).10ctasubstituted phthalocyanines can be
substituted at the eight peripheral (2,3,9,10,1@3,24-octasubstituted Pc) or eight non-
peripheral (1,4,8,11,15,18,22,25-octasubstituted gésitions (Scheme 1.5). Isomerically pure
products result with the use of disubstituted preots, hence the purification of octasubstituted

Pc complexes is considerably easier than puriboadif tetrasubstituted Pc complexes.

The synthesis of hexadecasubstituted Pc complexede achieved using the substitutedP¢d

complex or a tetrasubstituted precursor withoutfémation of isomeric mixtures.

/O
conc HN03
NH
conc H2804
o

phthalimide 4-n|trophthaI|m|de

Scheme 1.6.Synthesis of a precursor for the formation of eaibstituted phthalocyanif.

1.3.3. Spectral Properties of Phthalocyanines

1.3.3.1. UV-visible Spectra

The 181t system of the inner most 16-membered ring govémasspectral properties of Pcs
(Figure 1.2¥® The purity and intense colour of Pc complexes lmarattributed to the isolated
band that appears at the red end of the visibletepa near 670 nm for metallated Pcs without

ring substituents. This band, termed the Q bansinfalar absorptivitys) values that exceed 10

12
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dm® mor* cm?, which is a desirable feature of photosensitisenmexes (Section 1.4.2). A
second, broader and less intense band appears ioiué region and is termed the B or Soret
band. The four-orbital model that has been propdseghthalocyanines shows that the Q band
arises as a result of the energy transition froenttighest occupied molecular orbital (HOMO —
ayy) to the lowest unoccupied molecular orbital (LUM@y) (Figure 1.3). Two B bands,;Bnd

B,, are often observed for Pcs. Thedd B bands arise as a result of transitions fiaqto g,
andby, to gy, respectively (Figure 1.3). Other absorption bamdsch appear in the UV region,
include the N, L and C bands. Hence, the bandsddwatbe observed for phthalocyanines, in

increasing order of energy, include the @, B,, N, L and C band®

N (L —N N— N
NG B
GAVENENGS - N—m—n] |
i = S =
N N

("Nlh/ QN N= N |N

Figure 1.2. Electron delocalisation showingconjugation within the phthalocyanine ring.

ayy

Figure 1.3. TheTeT* transitions that give rise to the Q and B banfishihalocyanine&’

13
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The position of the Q band in the spectrum depamdghe central metal, peripheral and non-
peripheral substituents, axial ligands, the solvienwvhich the phthalocyanine is dissolved,
aggregation, and the extent mfconjugation. The Q band can be either blue-shiftedned a
hypsochromic shift) or red-shifted (a bathochromrdiyperchromic shift) as a result of changes
in the structure of the phthalocyanine. A changeéhm shape of the Q band occurs when the

symmetry of the complex is alter&d.

1.3.3.2. Infrared Spectra

Metallated phthalocyanine complexes possess relatsimilar infrared (IR) spectra. The shift in
characterisitic MPc bands is about 50 tas the central metal is replaced by another. Bypic
phthalocyanine skeletal vibrations occur betwee®#000 crit. Other bands that appear outside
this region for the phthalocyanine ring include @1 stretching vibration at about 3030 tm
and the C-C benzene ring stretching vibrations6dt0land 1475 cih Metal sensitive bands

appear at about 1490 and 1410%cth

Complete metallation of the complex is confirmedtby absence of strong bands at about 715

and 1000 cri, which are due to the metal-free phthalocyanimaplex>®

1.3.4. Aggregation of Phthalocyanines

The formation of phthalocyanine aggregates is gifificance in this study as aggregation has an
adverse effect on the photophysical behaviour ahabcyanines, reducing their ability to act
efficiently as photosensitisefsAggregates do not always form chemical bondsabeigenerally
loosely associated specf@sPhthalocyanine aggregates are commonly formedhin af four

ways?

14
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= Direct linkages between two or more phthalocyamings

= Covalent bonds between adjacent metals, known@® links (e.g. Fe or Si)

= Two rings share one central metal, referred to @asdwich-type complexes
(e.g. SnPgor LuPg)

= Weak interactions between peripheral substituemtsvo adjacent Pc rings.

Dimerization (aggregation between two adjacent Runplexes) between symmetrical
phthalocyanines is depicted by a hypsochromic shithe Q band (to approximately 620 nm),
band broadening, or splitting of the Q band. Spée&ifects will depend on the proximity of the
adjacent rings, the position of the overlap, thieagle of the rings and the bulkiness of the
peripheral substituents. On a molecular level,ghsra split in the LUMO to form two further
degenerate states. This phenomenon occurs forlpbylaaines with a k) symmetry, where two
rings lie parallel (Figure 1.4). The degeneratdestahat undergo a bathochromic shift are

denoted Band @, and those that undergo a hypsochromic shift anetéd B and G.%°

1= (2)
g, @ 1 =
A £ @
g
X
: 1 1)
A ' E
1Eu (€] : u
A |
S
Q B Q+ EQ— B+ i B_
1Alg - : |
Monomer Dimer

Figure 1.4. Effect of dimerization on the molecular orbitafsD,, phthalocyanines

(----- forbidden transitions, —— allowed trarmsits)?°
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The addition of an organic solvent or a surfacéngcagent (surfactant), such as Triton X-100,
can lead to the dissociation of aggregates. Thdityalmf the solvent (or surfactant) to
monomerise the aggregate depends on the polarityeadolvent (or surfactant). Solvents with a
relatively low polarity will cause the monomer-dimeguilibrium to favour the formation of the
monomeric species. Dilution of the phthalocyanindl also lead to the formation of the
monomeric species. Sequential dilution of the pbthanine complex, followed by
spectrophotometric analysis of the solution, isaperimental tool used to confirm aggregation
of the complex and determine the wavelength ohtlb@eomeric and dimeric species in a specific

solvent®®

1.4. Phthalocyanines as Photocatalysts

Quantum yields ®) are used to quantify the efficiency of a photaonleal or photophysical

process (EqQ. (1)). The process it defines is oaé llrgins with the absorption of a photon and
ends with either the disappearance of the moleguli,s deactivation to a non-reactive state.
Two quantities are required to determine quantustdgi namely the change in concentration of

the reactant (or product) and the number of phoatissrbed by the reactant (or proddgtf

_ No.of moleculeainit volune/unit timeundergoingaspecificprocess
No.of photongquanta)/mit volumeunit timeabsorbedy thesystem

(1)

Triplet quantum yields ®+) can be defined as a measure of the amount obpbwesitisers that

undergo the transition from the first excited se@igitate to the first triplet state;(S Ta).

The lifetime of a complex is defined as the amoaintime required to reduce the number of

molecules which populate an excited stated/m(i.e. 3.68 x 10) of its original value. The

16
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deactivation of the excited state is generallyrst for pseudo-first order process. Deactivation
can occur by means of a chemical reaction and/gsipal deactivatiori® The triplet lifetime of
a molecule ¢;) is therefore the amount of time required for thelecules populating the

excited triplet state to reduce their populatiod/® of their original value due to relaxation from

the excited triplet state to the ground singletes(®; - ).

1.4.1. Photocatalysis Mechanisms

There are two broad mechanistic pathways (Typell &pe Il reaction mechanisms) by which
photosensitisers, such as phthalocyanines, inrdmepce of light and singlet oxygen, can cause

the oxidation of a substraté®® The Type | reaction mechanism (Egs. (2)—(8)) ineshthe
formation of a radical specieSéns’ ) which is capable of reacting with groundestadygen to
generate a superoxide radical anio@;,(). The superoxide species is unstable and reactive

which results in the generation of hydroxyl radscalhe overall reaction is a photochemically

initiated autoxidation (Scheme 1.7).

Similarly, the Type Il reaction mechanism (Eqs—Q)J)) is initiated photochemically, where

excitation of the photosensitiser is induced bgdration with visible light, yielding the excited
singlet state photosensitiseéSend]). Intersystem crossing follows, resulting in tenfation of

an excited triplet state sensitiséseng]). Energy transfer froniSend]to ground state oxygen
(°0,, ’z;) results in active singlet oxygen'@,, ‘A ), which is capable of oxidising the
substrate (Sub). The energy transfers that occ@chreme 1.8 are illustrated in the Jablonski

diagram in Figure 1.5.
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Sens(™ - *Seng10 BF - *Send]
’Send+ *0, O P91 EMT, Sens” +0,"”
Sens$” + Subll - Senst+ Sub,,

O3 +H,0[ — OH™ + HO;

HO;, +HO; M - H,0, + 0,
H,0,+0; I -~ OH +OH™ +0,

Sub,,, HO;, HO, ,OH",Sub [ - furtherreactions

(2)
3)
(4)
(5)
(6)
(7)
(8)

Scheme 1.7.Type | reaction mechanism, where Sub represeis.4-

Sens™ - 'Send10 BF - 3Send]
3 3 1
Send + 0O, I - Senst “0O,

Sub+ 'O, I - products

(9)
(10)

(11)

Scheme 1.8.Type Il reaction mechanism, where ISC is intesystrossing*

g
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Figure 1.5. Jablonski diagram depicting the likely energysigions of photosensitiset&*3(IC

= internal conversionSC = intersystem crossiny,R = vibrational relaxation).
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Reports show that the dominant process in the pbxittation of environmental substrates is the

route via'O, . Side reactions may occur via the Type | reaati@ehanisni?

Ordinarily singlet-triplet transitions are spindhtdden, as the transition involves a change in the
relative orientation of the spins of the outermelgictrons in a complex, such as the transition
from an anti-parallel pair of electrons (singlet)at parallel pair of electrons (triplet). Coupliof

the spin and orbital angular momenta, known as-ggit coupling, relaxes the spin selection
rule***3*%* An interaction between the electron spin and tlegmetic field generated by the
orbital motion of the electron occurs, which blure distinction between states of different
multiplicities. In the case of spin-orbit couplintpe spin quantum number (S) and the orbital
angular momentum quantum number (L) are no longdependent, and as a result a new

quantum number (J), that incorporates both S ardefine the energy of states, is emplo$ed.

The major contribution in determining the energyodsitals of light atoms (including 3d and 4f
elements) is the relative orientation of the smhslectrons, followed by the relative orientation
of their orbital angular momenta. For heavier atof#d, 5d and 5f elements) the relative
orientation of the spin as well as the orbital dagmomenta of electrons are both important for
energy determinatioff. In general, spin-forbidden transitions are weattean spin-allowed
transitions. However, the intensity of spin-forbétdtransitions increases as the atomic number
of the atom in the complex increases, and as dtrdgs phenomenon is referred to as the
“heavy-atom” effect>** The “heavy-atom” effect can be quantified by conmm the
intersystem crossing rates for CIAIR¢Schloroaluminium tetrasulphonated Pc) ClGaPcS
(chlorogallium tetrasulphonated Pc) and ClinP@®loroindium tetrasulphonated Pc), which are
5.9 x 10, 1.8 x 16 and 2.4 x 1®s', respectively’® An increase in atomic number results in
increased contribution of the orbital angular motaen resulting in enhanced spin-orbit

coupling. Consequently the rate of intersystemstngsfrom the excited singlet state to the first
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triplet state and relaxation from the latter to gneund singlet state are affected. The amount of
singlet oxygen produced by transfer of energy framexcited triplet state photosensitiser to
triplet state oxygen will also be affected, i.exgdet oxygen quantum yielod{, - Eq. (12)), by

spin-orbit coupling?®

O = numberof 'O, moleculegormed/uni volume/uit time
A numberof quantaabsorbed/nit volume&unit time

(12)

1.4.2. Molecular Properties and Generation of Singlet @xyg

The degradation of phenols has been achieved hy dikelation in the presence of excited
singlet oxygen {0, ).* O, is ~1 V more oxidizing than oxygen in its triplgtound) state¥0,)

and as a result is more electrophilic thH4d, and therefore capable of reacting readily with

unsaturated carbon-carbon bonds. The oxidatiorhehgls occurs due to electron transfer from
the electron-rich phenol to electrophilic singletygen. The final degradation products are

generallyp-benzoquinones which form due to dehydration ofrbpdroxide intermediate’.

The ground state of oxygen is called a tripletests#cause, on exposure to a magnetic field, the
spins of the electrons can align in one of thregsiia

1) Both spins align up (oxygen deflects downwands magnetic field),

2) Both spins align down (oxygen deflects upwands magnetic field),

3) Spins are anti-parallel (oxygen passes ungetuthrough the magnetic field).

. . . 1w+
Dioxygen has two singlet excited states above tipéet state, denoted éss&g and"X . The

. . 1 . . 1 +
first singlet state,;A,, possesses an energy equivalent to 94 kJ/mol &2¥mol), while" X
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is higher in energy (132 kJ/mol or 31.5 kcal/mdfglure 1.6). The differences between the

energy states is evident from the orientation efdlectrons in therantibonding orbitals ;(fz]p) -

illustrated in Figure 1.7° Differences in stability betweem ; and*X} states can be confirmed

by comparing their radiative lifetimes, which aré®t 10° s and 18*- 10° s in solution,
respectively’® Singlet oxygen lifetimes are lower in aqueous recbmpared with organic

media, due to the dissipation of its energy as.ids energy dissipation is due to similarities in
energy between the first excited-state oxygéﬁg() and the oxygen-hydrogen stretching of

water?’

The first singlet state of oxygen is relatively dplived as the transition froﬁ'ng state t0° X
state is spin-forbidden. However, the second sirgjkge is short-lived due to the spin-allowed

transition fromlzg state tolAg state. The state of dioxygen that will be of dligance in this

study is the first singlet staté[(g),SO therefore, from this point on, any mention of theited

singlet state of oxygen refers to its first excig@dglet state as opposed to its second excited

singlet state.
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Figure 1.6. Potential energy curves for the three energestat dioxygeri®
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State Orbital Assignment

1Z+

OIS
OO

Figure 1.7. Electronic orientations of molecular oxygen ie tiutermost antibonding orbit&fs.

It is evident from Figure 1.7 that the electronghe outermost antibonding orbitals of ground
state oxygen comply with Hund'’s rule, as the outeshelectrons of the lowest energy state have
different magnetic quantum numbers and the sanre qqeantum number. The Pauli exclusion
principle is also obeyed, as the electrons, whiehret spin paired, are distributed in separate
orbitals (i.e. R and R antibonding orbitals). The interaction of grourtdts oxygen with an
excited triplet state photosensitiser leads tanarrision of the spin of one of these electrons. The
quantum numbers of the two electrons are now uniybheh allows them to pair up in the same

antibonding orbital leading to destabilisation ahg/gen?’

Once in its excited state dioxygen can be deaetivaia physical quenching (Eqg. (13)) or

chemical quenching (Eq. (14)):
1) Physical quenching: lO2 + A Of- 302 + A (13)

2) Chemical quenching: 1O2 + A 0O8- P (14)
Chemical quenching differs from physical quenchiag oxygen consumption and the formation
of products results from chemical quenching of Ehgxygen. The ability of destabilised
excited singlet oxygen to undergo chemical querglatows for the oxidation of substrates,

such as phenolic complexes, that are unaffectazkipgen in its triplet (ground) staf@.
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As previously mentioned, excited triplet state jpisensitisers are required to convia, (325)

to 'O, (*A,) through a radiationless transitibh.Therefore, in order to produc®, the

following are necessary: light of an appropriatev@angth to convert the photosensitiser to its
triplet excited state; oxygen; and a photosensitispable of absorbing and using the available
energy to excite oxygen to its singlet state. Hi¥ec photosensitisers should possess the
following characteristicg’

1) High absorption coefficient)in the spectral region of the light source
2) Excited triplet state energy equal to or higien that 01‘102 (i.e. B =94 kJ/mol)

3) High triplet quantum yieldsi; > 0.4) and long triplet lifetimes( > 1 us)

4) Resistance to photobleaching

As mentioned above the photostability of MPcs ipamant for the photocatalysis of phenols, as
photobleaching leads to reduced photocatalytiwiagti’ Photobleaching of the MPcs can occur
during irradiation of the complex with visible lighit has been proposed that an interaction
between the HOMO of the phthalocyanine and the LUMGexcited singlet oxygen occurs,

resulting in the formation of the correspondinghaiimide complex due to a chemical reaction

between energy-rich singlet oxygen and the phosigser (Scheme 1.9§:%°

Scheme 1.9.Photobleaching of metallophthalocyanines by exkcitinglet oxygef®*°
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1.4.3. Effect of Substituents and the Central Metal ontBtatalytic Activity

Non-transition metal ions, such as Al(lIl), Zn(dhd Si(IV), in the centre of the Pc ring result in
long triplet lifetimes ¢ ) and relatively high quantum yields for singletygen formation @, ),

as they possess closed p and d sfiElf&>* Conversely the presence of paramagnetic metal ions
results in short triplet lifetimes, for exampleneitetrasulphonated Pc (ZnRr8as a long triplet
lifetime (7, =245us), whereas copper tetrasulphonated Pc (CyPh8s ar, of 006us.*
Paramagnetic metal ions are, however, capableh#reing intersystem crossing, which leads to
relatively large® values>? as orbiting electrons generate a magnetic momemgoptional to

that of the angular momentum, which results in eeHaspin-orbit coupling®

The photocatalytic efficiency of Pcs can be optedisiot only by manipulation of the metal
centre, but also through the addition of substitsiem the benzene ring of the isoindole units.
The addition of substituents with large moleculaigits can increase the overall molecular
weight of the photosensitiser, and therefore ent@pm-orbit coupling due to the “heavy-atom”
effect, resulting in improvee values®® The substituents also influence the photostability

phthalocyanines depending on their electron-withviltg or electron-donating properties.

Electron-donating substituents destabilise the HOME3ulting in a reduction in the distance
between the HOMO and the LUMO, which shifts the gnhdb to longer wavelengths. The
opposite is true for electron-withdrawing groupseTresultant effect is greater photo-oxidative

stability of the MPc complexes on addition of etentwithdrawing substituents.

The presence of axial substituents, which is ptesd$dy the diamagnetic metals Si(IV), Ge(lll),
Sn(lV) and Al(lll), contributes to the photostabyliand the “heavy-atom” effect of the
photosensitiser, and reduces aggregation. Constguphthalocyanines containing axial

substituents have relatively high, values®
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MPcs can be employed in aqueous media as a réghk aclusion of peripheral sulph&Q;)

or carboxyl COO") groups, as these substituents are polar andntaract with polar water
molecules’ Anionic substituents also lead to relatively highand @ values due to their poor

ability to dissipate energy nonradiativéfyAnother advantage of Pcs with anionic substituents
that they are capable of immobilisation onto catioresins, such as AmberfftelRA-900,
leading to improved photostability of the photoseser*®>* (Figure 1.8). The disadvantage of
employing carboxylated MPcs is the possibility otreased aggregation between adjacent

complexes due to hydrogen bonditig.

[ ] ———» Amberlite® IRA-900 — | | y
+’L(R) +IL R ) R +N(R)3
! s ! R Electrostatic I
1 [ attraction C coo

00
R)aNi-=-00C @/coo-- NR— |
N\
N I
+ - N - +
—(R)sN—=-00C COO---N(R)7—|
N ‘oog (elole}

MN(R)s N(R)s

(a) (b)

Figure 1.8. Immobilisation of (a) sulphonated, and (b) cagdated MPcs onto Amberlife

IRA-900>*

1.4.4. Previous Photocatalytic Studies using MPcs as htdtysts

Some Pcs that have been employed prior to this mrkhe photocatalytic degradation of
phenolic complexes are listed in Table £5'°°In all cases the pH of the solution was buffered
to ensure that the phenolic complexes were presetite corresponding phenolate ion. Previous

reports have proven that the rate of degradatiophaiols is highest in the presence of the
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unprotonated phenolic complex as the phenolateisamore reactive towards singlet oxygen
than the neutral phenolic spectédll experiments, except those involving polynucl®as and
Zn{Pc(t-Bu)s}, were carried out in aqueous solution. Photogatal in the presence of the
polynuclear Pcs was carried out in a mixture ofevand ethano’ whereas a mixture of
acetonitrile and aqueous sodium hydroxide was eyepldor photocatalysis in the presence of
Zn{Pc(t-Bu)s}.*® The predominant degradation products obtainedterphenolic compounds
used in Table 1.5 are listed in Table 1.6. It wad possible to quantitatively compare
photocatalytic efficiencies of all MPcs listed, different experimental conditions were used in

Mmost cases.

A comparison can be drawn between degradation odtieéned for the degradation of phenol in
the presence of polynuclear Pcs and tetrasulphoiads, as the rate of oxygen consumption was
measured in both studies. In the presence of [ZDOCH),] yoy and [AIPC(COOH)] a1y the rates

of degradation are 98.0 and 31.0 melrfin/mol photosensitiser, respectivéfHowever, in the
presence of AlIPcSthe degradation rate was considerably higher (b6 O,/min/mol
photosensitiser). Degradation rates of phenol enpgitesence of GaPg8nd ZnPcswere lower

than that obtained for AIPG$18.8 and 92.0 mol £min/mol photosensitiser, respectivefy).

The trends in the photocatalytic activities of Bhes are described in Table 1.5 where possible. It
is evident from the trends in the degradation aft@ehlorophenol (PCP) that Zn(ll) as a central
metal results in more efficient degradation of F@fhe presence of a heterogeneous catalyst.

However, Al(lll) appears to be more effective ih@nogeneous systeth.
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Table 1.5. Photocatalysis of phenolic complexes in the presef phthalocyanine complexes containing diamtgoentral metals.
Phthalocyanines used Phase of catalyst Substrate fiefency Ref
ZnPcy, AIPcS,, ZnPcSix, AIPCShix, ZnNPcShix > AlIPcShnix > ZnPc(COOH) >
Homogeneous 4-chlorophenol 55
ZnPc(COOHjy, AIPc(COOH}) AlPcS, > AIPc(COOH} =~ ZnPcQ
AlIPcShnix, AIPCS,, ZnPcSiix, SiPCSix, _ AlIPCShix > ZnPcSix > AIPCS, > SiPcGix >
Homogeneous trichlorophenol 56
SnPc&ix SnPc&ix
AlIPcSyix, AIPCS,, ZnPcSiix, SIPCSix, AlIPcSyix > AIPcS, > SIPcSix > ZnPc&ix >
Homogeneous pentachlorophenol 56
SnPCcRiix SnPCRiix
AIPc(COOHY}), ZnPc(COOHy, AlPcS, ZnPc(COOH)> SiPcSiix > SnPc{ix >
ZnPcq, AlPcSyix, ZNPcSiix, GePCcKix, Heterogeneous pentachlorophenol ZnPcSix > GePc{ix > ZnPcQ> AlPcSix > 54
SiIPcShix, SNPCHix AIPc(COOHY} > AlPcS,
AIPc(COOHY}), ZnPc(COOHy, AlPcS,
ZnPcy, AIPcSnix, ZNPCcSix, GePcSix, Heterogeneous 4-, di-, tri-chlorophenol o 54
AlPcS,, ZnPcg, GaPc$ Homogeneous phenol AlIPgS GaPc%> ZnPcQ 42
AlPc phenol, 4-nitrophenol
Heterogeneous o _ 57
4-, di-, tri-chlorophenol
Zn{Pc(t-Bu)} phenol,
Homogeneous ) . 58
2-, 3-, 4-, tri-chlorophenol
[CoPc(COOH)]poly, ZNPc(COOH;,
ZnPc(COOH >> [AIPc(COOH >
AlOHPC(COOH), [ZnPC(COOHa]poly, Homogeneous phen0| [ ( MpOIy [ ( )‘]pOIy 59

[AIPC(COOH) ] poy

AIOHPC(COOH) > ZnPc(COOH)
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Table 1.6. Degradation products obtained for the phenolic dergs listed in Table 1.5.

Substrate Degradation products Ref
phenol 1,4-benzoquinone 42
2-chlorophenol 2-chloro-1,4-hydroquinone 58
3-chlorophenol 2-chloro-1,4-hydroquinone 58
4-chlorophenol 1,4-benzoquinone 54,55,58
dichlorophenol 2-chloro-1,4-benzoquinone 54
trichlorophenol 2,5-dichloro-1,4-benzoquinone ®,5
pentachlorophenol 2,3,5,6-tetrachloro-1,4-benzaojuen 54,56

The lack of similarities in trends in Table 1.5 iiep that the photocatalysis of phenols in the
presence of Pcs is relatively complex. As previpuskentioned, there are many factors that
influence the photocatalytic ability of phthalocyas such as aggregation, photostability, the
magnetic nature of the central metal, and the maand size of the peripheral and axial
substituents. As a result, no clear correlation loarfound between either one of these factors

and the photocatalytic activity of the Pc complexes

1.5. Adsorption Studies

1.5.1. Adsorption of 4-Np onto Bare Resin

The removal of 4-Np from wastewater has been regdart Table 1.4 using Amberlite XAD-7 as
the adsorberf. Amberlite XAD-7 is a non-ionic, highly porous resthat has a structural

backbone composed of a carboxylic ester. A 97 %meation efficiency was obtained for the

recovery of 4-Np from the surface of the resin, sghethanol was used as the regenerant. The

non-ionic resin and highly polar adsorbate intewé&tvan der Waals forcés.
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1.5.2. Adsorption of 4-Np onto Modified Resin

There are no reported studies on the modificatioin@ surface of the adsorbent for adsorption
of 4-Np from wastewater. The only reported studytbe modification of the surface of an
adsorbent is listed in Table 1.4, Section 1.2.his study Amberlite XAD-2 and XAD-4 resins
were modified with porphyrin complexes for the agision of phenol and chlorophendfs.
Higher recoveries were achieved for these modifiddorbents than underivatized adsorbents.
The increase in recovery yields is due to increaggmbrtunity forz-r interactions between the
adsorbent and adsorbate. More than 90 % recovesyaaiieved for all adsorbates used in this
study?* Pcs are employed in this study as they have a romplex macrostructure than

porphyrins, and should therefore allow a great@oojinity forz-z interactions than porphyrins.

Amberlite® IRA-900 was used as the adsorbent in this stutierd are two main reasons for
employing Amberlit€ IRA-900 for the removal of 4-Np from solution:

. Amberlite® IRA-900 has benzyltrialkylammonium functionalityhich allows for
electrostatic interaction between the ammonium ggown the adsorbent and
negatively-charged substituents attached to theafdityanine ring (Figure 1.85.

. Amberlite® IRA-900 has a large surface area for improved mudism of 4-Np, due to

its moderately high porosity and macroreticulammek.>*

1.6. Phthalocyanines Selected for Removal and Photocayais of 4-Np

The phthalocyanines that were selected for the quatalytic transformation of 4-Np can be
divided into two categories:
1) Homogeneous photocatalysts

2) Heterogeneous photocatalysts
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The phthalocyanines that were selected for the lggmeous photocatalysis of 4-Np includec
tetrasulphophthalocyanine (ZnRgSzinc octacarboxyphthalocyanine (ZnPc(COgHand a
sulphonated ZnPc containing a mixture of differgstiiphonated derivatives (ZnRgJ (Figure
1.9). All homogeneous photocatalysts possess ansufistituents to ensure water-solubility and

relatively highr, and ®; (and henceb, ) values®:*

The phthalocyanines that were selected for heteemes photocatalysis of 4-Np include
magnesium phthalocyanine (MgPc), zinc phthalocyani{ZnPc), chloroaluminium
phthalocyanine (CIAIPC), zinc tetranitrophthalocyen  (ZnPc(NQ),), zinc
tetraaminophthalocyanine (ZnPc(Bk), zinc hexadecafluorophthalocyanine (ZnRglnd zinc
hexadecachlorophthalocyanine (ZnPgCI(Figure 1.9). All photosensitisers selected hast
central diamagnetic metal necessary for high trifietimes3°>**>The axial ligand on CIAIPc
will have an influence on the degree of aggregatibthe MPc*® The inclusion of peripheral
substituents on the ZnPc photosensitisers shoaltl tie enhanced spin-orbit coupling, resulting
in large @ values® The attachment of electron-withdrawing substitadne. nitro, fluoro and
chloro groups) on the phthalocyanine ring shouttimiphotostability of these MPcs on exposure

to visible light*°

The phthalocyanines that were selected for the ficatlbn of the Amberlit& IRA-900 resin for
the removal of 4-Np from wastewater include irooba&lt and nickel tetrasulphophthalocyanine
(FePcS, CoPc3 and NiPcg, respectively) as well as the corresponding suipted MPcs
containing a mixture of differently sulphonated idatives, namely FePgR, CoPcKix and
NiPcSqix. Co and Fe, which are optically inactive, wereeseld as CoPc and FePc derivatives

readily undergo axial ligation. NiPc derivativesresselected for comparative purposes.
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i
)
=
MPcS;: M =Zn, Fe, R = SO Na* MgPc:
Co or Ni: 3
MPcS,ix: M = Zn, Fe, R'=SO. Na* or H* ClAlPc:
Co or Ni; O
ZnPc(NQ)s: M =2Zn R =NO, ZnPc:
ZnPc(NH)4;: M=12Zn R = NH, ZnPc(COOH;y:

ZnPckeg:
ZnPcClg:

R/IR°=H

RYR® = H; X =Cl

RR*=H
R=COOH; R=H
RIR*=F
R/R®=ClI

Figure 1.9. Molecular structures of selected Pcs for the @tetalysis and removal of 4-Np.

1.7. Summary of the Aims of the Study

Hence, the principle aims of this study include:

(1) Synthesis and characterisation of complexeailéetin Figure 1.9,
(i) Employ selected complexes for the homo- antkttegeneous photocatalysis of 4-Np,
ideally resulting in the formation of compoundatthre considerably less toxic than 4-Np.

(i)  Photodegradation of methyl paraoxon using gihotocatalyst that was most successful in

degrading 4-Np, in order to eliminate one of timflux sources of 4-Np into our

environment, and

(iv) Removal of 4-Np from wastewater using AmbeflitRA-900 modified with selected

MPc complexes, where removal efficiencies shouideed 90% for the system to be

effective.
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2. EXPERIMENTAL

2.1. Materials

Materials purchased from British Drug House (BDHhe@icals include:
= zinc acetate dihydrate (Zn(OOCgHK2H,0),

= 4-nitrophenol (4-Np),

= sodium nitrite (NaNG)

= methanol (MeOH) and acetonitrile Hiper84l

Chemicals purchased from Sigma-Aldrich include:

= urea,

= phthalimide,

= phthalonitrile,

* nitrobenzene,

= chloronaphthalene,

= tetrafluorophthalonitrile,

= tetrachlorophthalic anhydride,

= 4-sulphophthalic acid,

= cobalt phthalocyanine (CoPc), iron phthalocyankeR(c), nickel phthalocyanine (NiPc),
= t-octyl phenoxy-polyethoxyethanol (Triton X-100),

= benzene-1,2,4,5-tetracarboxylic dianhydride (pyrdititedianhydride),
» 1,4-diazabicyclo[2.2.2]octane (DABCO),

= 4-nitrocatechol (4-NC),

= Amberlite® IRA-900,

= sodium azide (Nay, and
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= acetonitrile
ZnPc, CIAIPc and MgPc were either synthesized usisigblished methotfe® or purchased

form Sigma-Aldrich.

Hydroquinone was obtained from May & Baker Ltd.

Potassium dihydrogen orthophosphate {#);) was purchased from ACE (Associated

Chemical Enterprises) Chemical Co. and used as/egte

PAL (Positive Associates Limited) were suppliersdgbotassium phosphate {H(PQ,)s) and

aluminium chloride (AIG)).

Saarchem were suppliers of the following solvents$ @agents:
» acids, including 55% HN§) 98% HSO, and 32% HCI,
= zinc chloride (ZnG)),

= ammonium molybdate (M#l24NgO.4),

= ammonium chloride (NECI), sodium chloride (NaCl),
» sodium sulfide nonahydrate (p29H0),

= magnesium chloride (Mg¢&)l

= silver nitrate (AgNQ),

= sodium hydroxide pellets (NaOH),

= dimethyl sulfoxide (DMSO),

» N,N-dimethylformamide (DMF),

= tetrahydrofuran (THF), and

= petroleum ether, toluene, chloroform, acetone,raathanol.
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Chemicals purchased from Merck include:
= potassium bromide (KBr),
= silica gel 60 (0.040 — 0.063 mm), and

= J-octanol.

Chemicals that were purchased from Fluka includ@edigzabicyclo[5.4.0Jundec-7-ene (DBU)

and tetrasodium—a’-(anthracene-9,10-diyl) bis(methylmalonate) (ADMA)

The PESTANAL® analytical standard, namely methyl paraoxon, watsined from Riedel de-

Haén and used as received.

Deiniosed water was employed for the purificatiérihe selected photocatalysts. The deioniser
that is used to generate deionised water condistsroxed-bed resin obtained from Permutit Co.

Ltd, Birmingham, New Jersey.

All kinetic reactions were performed in Milliporeater. The system for preparing Millipore
water is a Milli-Q Water System obtained from Miltire Corp., Bedford, Massachusetts.

Fuming sulphuric acid (30%0, ) was a gift from a chemical company based in ZviaNatal.

In order to prepare the buffer solutions two sejgasalutions of 0.1 M BH(PO,); and 0.1 M
KH,(PQy)3; were prepared. The pH of the 0.1 MH(PQO,); solution was monitored as the 0.1 M
KH2(PQy)s solution was added dropwise until the desired pab wbtained. Any necessary

adjustments were made using 0.1 M NaOH solution.
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2.2. Equipment

Characterisation of the selected Pcs was achidweddh the use of UV-vis spectrometry (Cary
500 UV-vis/INIR spectrophotometer) and infrared (I§pectrometry (Perkin-Elmer spectrum

2000 FTIR spectrometer). KBr pellets were usedHerlR analysis of the selected MPcs.

The photochemical setup that was employed for ti@qeatalysis of 4-Np consisted of a light
source (300 W/120 V General Electric Quartz limapggy, a 600 nm glass cut-off filter (Schott), a
water filter and the reaction vessel. A 1 cm patgte UV-vis spectrophotometric cell, fitted
with a tight-fitting stopper, was used as the neacvessel for the first study (i.e. homogeneous
photocatalysis) (Figure 2.1), whereas the reactessel that was employed for the second study
(i.e. heterogeneous photocatalysis) (Figure 2.2)sists of a reaction vessel surrounded by a
water jacket. The reaction vessel in Figure 2.2 thase ports — for sampling, introducing the
substrate and photocatalyst, and bubbling oxygeouth the reaction medium. The 600 nm
glass cut-off filter and water filter were used fitber off ultraviolet light and far infrared
radiation, respectively, so that only the phthabotge Q band is irradiated, avoiding direct
photodegradation of 4-Np by UV light. The intensifythe light reaching the vessel holding the
sample was measured using a power meter (LaseAhaed was found to be 4.1 x f0
photons & cm? for the setups in Figures 2.1 and 2.2. The pHhef buffer solutions was

measured using a WTW pH 330/SET-1 pH meter.

Agilent 1100 series High Performance Liquid Chroogaaphy (HPLC) connected to a variable
wavelength UV-vis detector set at 210 nm, 230 nGfr nm was used to partly characterise the
MPcSnix complexes, monitor the degradation of 4-Np, deiteenthe degradation products of 4-
Np by spiking solutions with known standards, aepsasate the degradation products for further

analysis. The HPLC system was fitted with an ai@{tProdigy 5um ODS (150 x 4.6 mm)
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column and a mobile phase of 70:30 methanol:water used for the partial characterisation of
the MPc&.ix complexes. A semi-preparative LUNALODS C18 (250 x 10 mm) HPLC column
with a mobile phase of 85:15 water:acetonitrile wasd for the determination and separation of
the degradation products obtained as a result efddgradation of 4-Np in the presence of
heterogeneous photocatalysts. Different mobile ghagere employed as better separation was
achieved for the degradation products and charaatem of the MPcRx complexes using an

acetonitrile-water mixture and a methanol-watertari, respectively.

hy pr—

Light source 600 nm cut-off filter Water filter UV/vis cell

Figure 2.1.Photochemical setup for the photocatalysis of 4usipg homogeneous MPc catalysts.

out
—
Reaction
vessel
Water jacket
Light source 600 nm cut-off filter Water filter & reaction vessel

Figure 2.2.Photochemical setup for the photocatalysis of 4usipg heterogeneous MPc catalysts.

Liquid Chromatography coupled with Mass Spectrogc¢pC/MS) was used to identify
ionisable degradation products of 4-Np. Determorabf degradation products in the presence
of homogeneous photocatalysts was achieved usikghriigan LCQ-MS, with Electrospray
lonisation (ESI), coupled with an analytical Prodisn ODS (150 x 4.6 mm) column using a

mobile phase of 85:15 acetonitrile:water. The degtian products obtained for the degradation
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of 4-Np in the presence of heterogeneous photosasalvere determined by direct injection

using ESI-MS, of the fractions obtained using spmeparative HPLC.

Triplet lifetimes (r;) for the heterogeneous catalysts were obtainedgusn Nd-YAG laser

providing 400 mJ, 90 ns of laser light at 10 Hzmping a Lambda-Physik FL 3002 dye laser.
Pyridin 1 dye is employed. A 300 W xenon arc lamfpgrmo Oriel) provides the analysing light.
Kinetic curves are averaged over 256 laser pulsieg @ Tektronix TDS 360 digital oscilloscope
(Figure 2.3). Ther; values are obtained by fitting an exponential euxvthe kinetic data using

ORIGIN Pro 6.0.

— Focusing
mirror
hv hv
e - —
hv

Nd:YAG LASER Dye LASER

hv hv hv pr
E—— ——  E— '

Xenon lamp Conlie'”fr‘gting Sample cell Monochromator/Detector

Figure 2.3.Schematic representation of the in-house LASERghysis setup.

2.3. Photocatalytic Calculations

Quantum yields for the photodegradation of 4-Mp.(,— Eq. (15)) were calculated using Eq.
(16):

_ Amountof 4- Np produced/uit voluméunit time
No.of quantaof light consumed/ait voluméunit timeabsorbed

cl)4—Np (15)
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® __(Ct _CO)VNA
e St

(16)

| abs
whereV is the reaction volume (4.5 &n tis the irradiation timeN, is Avogadro’s constant
(6.022 x 16° mol™), andSis the irradiation area (1 &n Cy, andC; are 4-Np concentrations
before and after irradiation, respectively. Tharetion coefficient §) of 4-Np, determined to be
1.8 x 1d dn?® mor* cm* at 400 nm (pH = 9), was used to calculate the eaination of 4-Np at
timet. Ips(the intensity of absorbed light) from Eq. (16}he overlap integral of light intensity

of the source of radiation and the light absorptibthe sensitiser at 670 nth.

The rate constants that are of interest in thigys@re those involved in the Type Il reaction
mechanism (Section 1.4.1) for the photodegradadfofrNp. ky, kg andk; are the rate constants
for the decay ofO, in water, “physical” quenching dD, by the substrate (4-Np) and formation

of oxidation products, respectively. These aregspnted by Scheme 2.1 (Eq. (17)-(19)).

0,0 Iy ~30, 17)
4-Np+'0,0 K ~3%0, (18)
4-Np+'0, 08 - products (19)

Scheme 2.1. Reaction mechanisms responsible for the consemptf 'O, during

photocatalysis of 4-Np in the presence of a MPc

Eq. (17) to (19) can be used to derive Eq. f265:

" kg + (kg +k, )[4 = Np]

® 4o (20)

Where®, is the singlet oxygen quantum yield (defined ict®® 1.4.1).
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Eqg. (20) can then be rearranged to give Eq. (21):

1 _1 (kq+kr L K j 21)
Dypnp Pa k k. [4 - Np]

r

kq, the singlet oxygen decay rate constant in water beacalculated using Eq. (22):

kg =— (22)

where 7, the lifetime of singlet oxygen, is 3.09 x 18 (in HO and at 1 atmY’ thereforek is

3.24x 16 st

The rate constants & and k; + k) can be determined by plotting a graph o4, versus
1/[4-Np] using Eq. (21). The literature valuesdf for ZnPcSix, ZnPcQ and ZnPc(COOH)in
pH 10 buffer are 0.48, < 0.01 and 0.52, respeqtiVel° and were employed to calculate the rate

constantk, and &y + k).

2.4. Immobilisation Studies

Optimisation studies were carried out using varyoaglings of FePcSon Amberlit€ IRA-900,
while the concentration of 4-Np was kept constartt.@ x 106* mol dni®. The optimum loading
of FePc$ was determined by comparing the rates of 4-Np ratism onto the modified surface
of the adsorbent. On establishing the optimum FgR&gling, MPc-Amb resins were prepared
at this loading for the rest of the MPc complexasd the rate of adsorption of 4-Np was
compared for all modified adsorbents, using thesthagance relationship in Eq. (28f°

C,-C
(Co-C) 23)
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whereQ; is the amount of 4-Np adsorbed onto the resin (hgtipafter time tCo andC; are the
initial and final (after a known time) concentratoof 4-Np (mmol L[}), respectivelyV, is the
volume of aqueous solution (L) al is the mass of dry adsorbent (§)., Co and W were

maintained at 5 x TL, 1.0 x 10" mol dni® and 0.010 g, respectively, for all analyses.

The 1.0 x 1d mol dm® 4-Np solution was prepared in pH 9 buffer, as 4idipery soluble at
this pH (solubility = 1.73 mol t, calculated using Advanced Chemistry Development
(ACD/Labs) Software V8.14 for Solaris) and the mn@ghant species in solution is the phenolate
ion of 4-Np. The time “t” at whicl®); was determined was 30 min for all analyses. Adsmip

rates were monitored spectroscopically, by obsgrthie decrease in 4-Np absorption.

Regeneration of the modified adsorbent, followidgaption of 4-Np on MPc-Amb was carried
out using the optimum loading of FeRd&@s an example) on the macroreticular resin. AL5 m
solution of 1.0 x 13 mol dm® 4-Np was added to a known amount of FePs®b and left to
stir overnight in order to reach equilibrium. Thelsarption process was monitored
spectroscopically to determine the concentratiorl-0fp adsorbed onto the FeReSnb, by
recording the decrease in the intensity of the igdtsm of the 4-Np solution. Adsorption was
carried out until there were no spectral changestlie 4-Np solution, then the resin was
removed from the solution and washed with deionisater. Following this, 1 x T®mol dm?
nitric acid solution (5 mL) was used to remove 44Npn the surface of the resin to regenerate
the adsorbent and recycle the FeP&Bb. The FePcSAmb adsorbent was washed three times
with deionised water after removal of 4-Np with HN®@he rate of adsorption of a fresh solution

of 1.0 x 10* mol dm® 4-Np after regeneration of the FeR@8nb adsorbent was then calculated.
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2.5. Synthetic Methods

2.5.1. Synthesis of Water-soluble Metallophthalocyanines

Synthesis of Monosodium Salt of 4-Sulphophthali¢d& (1)

A mixture of 30% 4-sulphophthalic acid (12.3 g, h&ol) and NaOH pellets (0.60 g, 15 mmol)
was stirred for 24 hours, yielding a pink crystadliproduct. The product) was filtered, washed
with water and air driedrield: 3.7 g (92%)IR [KBr (vma/cmb)]: 3440, 3065, 2655 & 2536 (O-
H), 1745 & 1705 (C=0), 1595, 1574, 1496 & 1437 (;-8396, 1375, 1280, 1242 & 1175 (C-O

or O-H), 1070 (S=0), 832, 794 & 720 (C-H).

Synthesis of MPcSComplexe$* (Scheme 3.1a)

Some of the MPcScomplexes could be purchased, however they werthasgized in this work
to gain skills in synthetic methods. Following fa&ure method®’ a mixture of the monosodium
salt of 4-sulphophthalic acidl) (1.1g, 4.0 mmol), ammonium chloride (0.12 g, Bol),
excess urea (1.4 g, 24 mmol), ammonium molybda@ {0g, 0.015 mmol), and a metal salt (1.0
mmol) (zinc(ll) sulphate, iron(ll) chloride, cob@l) sulphate, or nickel(ll) acetate were used for
the synthesis of ZnPgSFePc% CoPc$ or NiPcS, respectively) were finely ground. The
ground solid was added to nitrobenzene (8 mL) &2@ °C in a three-necked round bottom
flask fitted with a thermometer and condenser @eeriod of 1 hour. The mixture was stirred
and maintained at 200 °C for 7 hours. The nitroeaezwas removed from the resulting dark
solid by Soxhlet extracting with methanol (250 mIhe solid product was then purified by
dissolving it in 25 mL HCI (1.0 M) saturated witraI| and boiling the solution for 10 min. The

solution was cooled to room temperature, filtedidsolved in 20 mL NaOH (0.1 M), heated to
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80 °C, and filtered to remove insoluble impuritié&aCl (10 g) was added to the filtrate to
precipitate the solid product. The slurry was heatehile stirring, to 80 °C and maintained at
this temperature until ammonia evolution ceased fdprecipitation process using NaCl was
repeated twice. The product was filtered and washkigiad 80% ethanol until the filtrate was
chloride-free (tested using AgND The product was then refluxed for 4 hours inohlie
ethanol (40 mL), after which it was cooled to rotamperature, filtered, then dried in an oven at

110 °C overnight.

ZnPcSy: Yield: 0.41 g (42%)IR [KBr (vma/cmi})]: 3412 (O-H), 1628, 1560 & 1517 (C=C),
1399 (C-N), 1320, 1187, 1140 & 1104 (C-H), 1028 @=907, 827, 743, 693 &
639 (C-H), 591 (C-C)UV-Vis [water, pH 7,Ama/nm (log €)]: 677 (4.54), 633

(5.05), 342 (4.94).

FePcS:  Yield: 0.44 g (45%)IR [KBr (vma/cmi})]: 3411 (O-H), 1640 & 1560 (C=C), 1441
& 1401m (C-N), 1189, 1143, 1106 & 1058 (C-H), 10&8-0), 927, 830, 746, 696
& 643 (C-H), 593 & 559 (C-C)UV-Vis [water, pH 7 Ama/nm (loge)]: 665 (3.62),

630 (4.31), 327 (5.22).

CoPcS:  Yield: 0.78 g (80%)IR [KBr (vma/cm})]: 1643 (C=C), 1457 & 1399 (C-N), 1185,
1145, 1109 & 1056 (C-H), 1028 (S=0), 829, 749, 89836 (C-H), 595 (C-C).

UV-Vis [water, pH 7 Ama/nm (loge)]: 657 (5.12), 628 (4.98), 315 (5.25).

NiPcS:  Yield: 0.72 g (74%)IR [KBr (vmadcm})]: 3420 (O-H), 1630 & 1526 (C=C), 1457
& 1401 (C-N), 1326, 1187, 1145, 1110 & 1058 (C-H)28 (S=0), 934, 830, 750,
698 & 638 (C-H), 595 (C-C)UV-Vis [water, pH 7\madnm (l0gs)]: 660 (4.46),

623 (4.62), 332 (4.56), 287 (4.71), 270 (4.74), p480), 207 (4.88).
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Synthesis of MPc$ Complexe$® (Scheme 3.1b)

The synthesis of MPgs complexes is a relatively straightforward procedufhe method

1% The unsubstituted metallated

described follows the procedure reported by Ambebza
phthalocyanine (c.a. 2.0 mmol) (i.e. ZnPc, FeP&€aor NiPc for ZnPcQx, FePcKix, CoPcSKiix
or NiPcSnix, respectively) was stirred and heated to 100 “@niRg sulphuric acid (5 mL

consisting of 30%50, ) was added dropwise to the MPc. The mixture stiaed rapidly and

maintained at 100 °C for 25 min. Quenching of théplsonation reaction was achieved by
pouring the mixture onto about 100 g crushed icg adjusting the pH to between 7.0 — 7.5
using NaOH (1.0 M). The neutral solution was evaped to dryness, and the resulting crude
solid was Soxhlet extracted using methanol (250 m\@rnight. On rotary evaporating the

solvent a sulphonated phthalocyanine mixture waaioéd.

ZNPcSm: IR [KBr (vma/cmid)]: 3223 (O—H), 1735, 1624 & 1566 (C=C), 1394 (C-Np28,
1166 & 1087 (C-H), 1026 (S=0), 985, 895, 741 & T€iH). UV-Vis [water, pH 7,

AmaXnm]: 673, 633, 335.

FePcSuc IR [KBr (vmadcmid)]: 3206 (O-H), 1730, 1636 & 1570 (C=C), 1401 (C-N368 &
1185 (C-H), 1038 (S=0), 860, 743 & 714 (C-W)V-Vis [water, pH 7 Amaynm]:

663, 638, 338.
CoPcSux: IR [KBr (vma/cmid)]: 1756, 1625 & 1560 (C=C), 1396 (C-N), 1167 & DIT-H),

1028 (S=0), 994, 919, 746 & 694 (C-H)V-Vis [water, pH 7 Amadnm]: 660, 595,

320.
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NiPCSnx: IR [KBr (vmadcml)]: 3244 (O—=H), 1726, 1629 & 1559 (C=C), 1399 (C-1}43, &
1089 (C-H), 1030 (S=0), 983, 899, 740 & 702 (C-M)-Vis [water, pH 7,

Ama/nm]: 665, 610, 335, 325, 285, 270.

Synthesis of Zinc Octacarboxyphthalocyanine (ZnPu0E)):*° (Scheme 3.2)

A mixture of pyromellitic dianhydride (benzene-#A-tetracarboxylic dianhydride®) (1.9 g,
8.5 mmol), excess urea (9.6 g, 0.16 mol), DBU (9.670.52 mmol) and zinc acetate (3.1 g, 17
mmol) were placed in a 100 mL two-necked rounddiotflask fitted with a reflux condenser
and a thermometer. The mixture was heated to 25@ndr reflux and maintained at this
temperature until the reaction mixture fused. Timetl product was then washed with deionised
water, acetone and HCI (6 M). The tetra-amide pcod8) was dried, then refluxed in 5 mL
H.SO, (20%) for 3 days to yield ZnPc(COOHhe resulting product was washed with 100 mL
portions of HSO, (5%), 50 mL portions of deionised water and acetand recovered using
centrifugation. After drying in air the product wpsarified by multiple chromatography on an
alumina column using a NaOH solution (2%) as tlerd. The green product was reprecipitated
after each separation using HCI (20%). The purdyebwas finally filtered and dried at 110 °C
for 4 hours.Yield: 0.22 g (11%)IR [KBr (vma/cm})]: 3393 (O-H), 3187 (C-H), 1698 (C=0),
1638, 1622, 1560 & 1446 (C-C), 1403 (C-N), 13046.& 1193 (C-O and/or O-H), 1076,
1059, 1017, 975, 905 & 725 (C-HYV-Vis [water, pH 10 ma/nm (logs)]: 685 (5.26), 653

(5.21), 358 (4.96).

2.5.2. Synthesis of Water-insoluble Metallophthalocyanines

ZnPc, CIAIPc and MgPc were either purchased fromdridh or synthesized according to

established proceduré%®®
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Synthesis of 4-Nitrophthalimid® (5) (Scheme 3.3)

4-Nitrophthalidmide, which was synthesized accagdio reported procedurdSwas used for
the synthesis of ZnPc(Nf2 and ZnPc(NH),. After slowly adding 55% HN©(20 mL) to 98%
H,SO, (100 mL), the mixture was left to cool to 15 °Can ice bath. Phthalimidd) (21 g, 0.14
mol) was added in portions to the,$0,/HNO; mixture while stirring and maintaining the
temperature between 10 and 15 °C. The temperatasetien increased to 35 °C and stirred at
this temperature for 1 hour. After cooling the mie to 0 °C the clear pale yellow slurry was
poured slowly over crushed ice (c.a. 1 kg), whilering the ice mixture vigorously. The
resulting suspension was filtered, washed thorguglith cold water and dried at 110 °C for 4
hours to yield5. Yield: 19 g (71%).IR [KBr (vma/cmi)]: 3430 (N-H), 1778, 1717 (CO-NH-

CO), 1538 (NQasym), 1342 (N@sym).

Synthesis of Zinc Tetranitrophthalocyanine (ZnPcgNIF’ °®(Scheme 3.4)

%" and Metzet

The synthesis of ZnPc(Nf is based upon the methods developed by Aeha
al.?® The synthetic method employed in this study fer $ignthesis of ZnPc(Ng involved the
use of5. Zinc chloride (1.8 g, 13 mmol), 4-nitrophthalirei@) (9.6 g, 50 mmol), ammonium
molybdate (0.23 g, 0.20 mmol), ammonium chlorid® @, 25 mmol) and excess urea (15 g, 250
mmol) were finely ground and slowly added to a 280 round-bottom flask containing 14 mL
nitrobenzene between 160-180 °C. The mixture wHsxed between 180-190 °C for 5 hours.
The product was washed with methanol and air-dii&ée. remaining nitrobenzene was removed
by Soxhlet extracting the complex in methanol (280). Purification of the crude product was
achieved over a number of steps. Firstly, the prodas washed with 125 mL HCI solution (1.0

M) saturated with NaCl, boiled for 5 min, cooledrtmm temperature and centrifuged to obtain

the solid product. The next step involved washihg solid with 125 mL NaOH (1.0 M)
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containing 50 g NaCl, heating the solution to 90 a@d stirring the solution for 1 hour while
maintaining the solution temperature at 90 °C. Afieparating the solid by centrifugation, the
product was treated with HCI| (1.0 M), centrifugagten treated with NaOH (1.0 M) and
centrifuged. The acid/base purification cycle wapeated twice, after which the product
(ZnPc(NQ),4) was neutralised using deionised water, centridusyed dried at 110 “Cield: 3.7

g (39%).IR [KBr (vma/cm™)]: 3080 (C-H), 1517 (N@asym), 1331 (N@sym), 1132, 1082,
1048, 927, 846 & 754 (C-HJJV-Vis [DMSO, Ama/nm (log €)]: 678 (4.88), 643 (4.66), 352

(4.79).

Synthesis of Zinc Tetraaminophthalocyanine (ZnPchEi’ (Scheme 3.4)

ZnPc(NQ)4 (1.5 g, 2.0 mmol) was finely ground and added@amlL deionised water. Sodium
sulphide nonahydrate (M&a.9H0) (7.0 g, 29 mmol) was added to the slurry, whiets then left
to stir at 50 °C for 5 hours. The reaction mixtwas centrifuged to obtain the solid product,
which was then treated with 120 mL HCI (1.0 M). Tadid was recovered using centrifugation,
added to 80 mL NaOH (1.0 M) and stirred for 1 hdure product (ZnPc(N§J,) was neutralised
with several washes of deionised water and drieghimven at 110 °C for 4 houpgield: 1.2 g
(94%). IR [KBr (vma/cm)]: 3337 (NH asym), 3178 (Nkisym) 1607 (NH def), 1400 (C-C),
1334, 1299 & 1250 (C-N), 1126, 1087, 1049, 935, &5, 742 & 729 (C-H)UV-Vis [DMSO,

Ama/NM (10gE)]: 713 (4.75), 647 (4.40), 357 (4.75).

Synthesis of Zinc Hexadecafluorophthalocyanine €Fg:*°"°(Scheme 3.5)

The synthesis of ZnPgFwas achieved using the reported proced®®&Dried, anhydrous zinc
acetate (0.092 g, 0.50 mmol) and tetrafluorophtitrite (6) (0.52 g, 2.6 mmol) were added to 8

mL chloronaphthalene. The mixture was refluxed 24r hours. The crude compound was
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purified using a short column of silica gel, witbetone as the eluent. The purified compound
(ZnPchg) was then dried under vacuultield: 0.37 g (85%)R [KBr (vma/cmY)]: 2589, 1641,
1617 & 1517 (C=C), 1484 & 1447 (C-N), 1312 & 126D-C), 1142 (aryl-F), 1068, 956, 928,
834, 746, 653 (C-H), 596 (C-CWV-Vis [THF, Ama/nm (log¢)]: 670 (5.17), 640 (4.70), 608

(4.51), 350 (4.69), 316 (4.61).

Synthesis of Zinc Hexadecachlorophthalocyanine ¢iR):**"*"(Scheme 3.6)

ZnPcClg was prepared by combining urea (6.0g, 100 mmetjachlorophthalic anhydridg’)
(9.7 g, 34 mmol), zinc chloride (1.1 g, 8.0 mmahdaammonium molybdate (0.047 g, 0.040
mmol). The mixture was finely ground and added fon2L nitrobenzene. The mixture was
heated to between 180 and 190 °C and maintainddnwthis range for 4-5 hours. The reaction
mixture was cooled and filtered. The nitrobenzerses wemoved from the product by Soxhlet
extraction with methanol (250 mL) overnight. Theoguct was then washed by boiling it in
aqueous HCI (1.0%), followed by washing with bajliaqueous NaOH (1.0%). The acid/base
washing cycle was repeated twice, after which tloelyct was neutralised using deionised water.
Further purification was achieved by washing thedpct with acetone and ether. The solid
product (ZnPcGk) was obtained by filtration and oven-dried foraubs at 110 °CYield: 1.9 g
(21%).IR [KBr (vmad/cmi})]: 1609 & 1557 (C=C), 1462 (C-N), 1387, 1314, 1298272 (C-C),
1136 (aryl-Cl), 1098, 935, 768, 746 & 668 (C-H)V-Vis [DMF, Ama/nm (loge)]: 687 (4.38),
648 (4.39), 340 (4.22). [1-methyl-2-pyrrolidinong,a/nm (loge)]: 696 (4.54), 654 (4.41), 386

(4.28), 344 (4.32).
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2.6. Immobilisation of Sulphonated Phthalocyanines

The sulphonated MPc complexes (i.e. MPaBd MPc&,x), which are negatively charged, were
selected for immobilisation onto AmberfitdRA-900. Immobilisation was achieved using the
reported literature proceduf®A 0.01 g sample of the resin was weighed and atl@d40 mL
solution of the sulphonated MPc dissolved in watstonitrile (1:1). Changes in absorbance
values before and after immobilisation were momeiorusing a Cary 500 UV-vis/NIR
spectrophotometer in order to calculate the nunatbenoles of MPc that immobilize onto the
surface of the resin. The MPc loadings are reptedems “mol MPc/g Amb” for the
tetrasulphonated complexes, and as “g MPc/g AmbtHfe MPc&,x complexes. After 48 hours
of gentle stirring the modified resin was isolatbyg filtration and washed with 40 mL
water:acetonitrile (3:1) solution, followed by larguantities of deionised water. No MPcs were
detected in the filtrate. Finally, the resin wasdried at room temperature and then oven-dried
at 65°C overnight. Diffused reflectance spectra wereamied for the solid MPc-Amb resins
using a Cary 500 UV-vis/NIR spectrophotometer toftco immobilisation of the selected MPcs

onto Amberlit€ IRA-900.
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3. RESULTS AND DISCUSSION

The results presented and discussed in these rsedimve been published in or submitted to
peer-reviewed journals. The details of these adidre listed below and are not referenced

within the text:

1) E. Marais, R. Klein, E. Antunes, T. NyokorRjiotocatalysis of 4-nitrophenol using zinc

phthalocyanines]. Mol. Catal A: Chen261 (2006) 36.

2) E. Marais, T. NyokongAdsorption of 4-nitrophenol onto AmberfitéRA-900 modified

with metallophthalocyanines. Hazard. Mater. (200%) press, Corrected Proof

3) E. Marais, E. Antunes, T. NyokonBhotocatalytic transformation of 4-nitrophenol in
aqueous media using suspended water-insoluble Imghdhalocyanine complexes.

Mol. Catal. A: ChemSubmitted

The results obtained in this study are presentéree sections:
1) Synthesis and characterisation of photocatalys
2) Homogeneous photocatalysis of 4-Np using wsdduble zinc Pc complexes.
3) Heterogeneous photocatalysis of 4-Np usingesusdpd MPc complexes.

4)  Adsorption of 4-Np onto AmberlitdRA-900 modified with MPcs.
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3.1. Synthesis and Characterisation

The structures of the complexes that were selefdedhe heterogeneous and homogeneous
photocatalysis of 4-Np as well as the modificatmhAmberlite® IRA-900 are presented in

Figure 3.1 below.

Tl
!
=
MPcS;: M=2Zn,Fe, Rr'-g0O: Nat MgPc: M=Mg;, R/IR’=H
Co or Ni: 3
MPCSni: M=2Zn,Fe, Rgi-g0; Na* or H*|| CIAIPC: M=Al;, RIR’=H; X=Cl
Co or Ni;
ZnPc(NQ)s: M =2Zn R = NO, ZnPc: M=2Zn;, RR®=H
ZnPc(NH)s: M =2Zn R = NH, ZnPc(COOH) M=Zn; R=COOH; R=H
ZnPchg: M=zZn FRIR’=F
ZnPcClg: M=Zn RIR*=Cl

Figure 3.1. Molecular structures of selected Pcs for the @tetalysis and removal of 4-Np.

3.1.1. Synthesis of Water-soluble MPc Complexes

MPcS, and MPc&ix complexes were synthesized according to the regpgnocedures (Scheme
3.1)%*% MPcS, complexes are synthesized in relatively high yweks evidenced by the values
reported in the Experimental section. The charatierS=0 vibrations are observed within the
1030-1040 crit IR range for the MPcSand MPc$ix complexes. MPcSand MPc$ix
complexes are soluble in water and alcohol-watetures.
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SO3Na
N —N
COOH metal salt, urea, | \N
(a) ammonium molybdate | X i X
. > NaOzS—— N—M—N ——SO3Na
nitrobenzene, P i =
NaO;S COOH ammoniun chloride | /N
N —N
1 —_—
\
\, / MPcS,
SO3Na
R
N —N N—K. —N
| Ny N | N N
| ~ oleum | i ~=
N—M—N —_ = R_I N—M—N —R
| ! _— 7~ a NP
N N
N—Z = N— =N

Scheme 3.1Synthetic routes for the preparation of sulphamhatethalocyanine®:®> (M = zn?*,

Fe*, C*, or NF"; R =SO; Na* or H).

The synthesis of ZnPc(COOH)Scheme 3.2) resulted in a low synthetic yield,iclhis
characteristic of octacarboxyphthalocyanine comgsé&The O-H, C=0 and C-O bands were
obtained at 3393, 1698 and 1193 Gmespectively, in the IR spectrum for ZnPc(CO@H)
ZnPc(COOHj] is soluble in water at high pH values as deprdionaof the carboxyl group

occurs in basic media, which results in a chargeder-soluble species.
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20% H,S0,
HOOC

N— Zn N
HOOC

COOCH

COCH

ZnPc(COOH)g

COOH

NZnN

Scheme 3.2Synthetic route for the preparation of water-st#nPc(COOH).*°

3.1.2. Synthesis of Water-insoluble MPc Complexes
Substitution of phthalimide4) was achieved using concentrated HN& the reagent and
concentrated 80, as the acid catalyst (Scheme 3.3). The synthé&tid yvas relatively high

(71%), which is consistent with literature val{@s.

i /
c. HNO;, 2N [
NH —— NH
c. H,S0,
\ \
4 O g O

Scheme 3.3Synthetic route for the preparation of 4-nitrogtitmide *°
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The synthesis of ZnPc(Nf was achieved using 4-nitrophthalimids) @s the phthalocyanine
building block (Scheme 3.4). The reported methodlsmdich the synthesis of ZnPc(N® is
based make use of 4-nitrophthalic 4&idi-nitrophthalonitrile or 4-nitrophthalic anhydefd as
the starting reagent. Attempts were made to syibenPc(NQ), with the reagents used in
literature, however the desired product was natiabt, as a result 4-nitrophthalimide was used.
The bands for the —NOsymmetric and asymmetric stretches were obtainedB31 and 1517
cm?, respectively, in the IR spectrum of ZnPc()O The reduction of the NOgroups on
ZnPc(NQ), in order to form ZnPc(Nb, was achieved using NaS.9B1°” The disappearance of
the —NQ bands at 1331 and 1517 ¢monfirmed reduction of the nitro groups. Charastir
bands for —NH asymmetric and symmetric stretching vibrations evebserved at 3337 and

3178 cnt', respectively.

NO,
(e}
O,N / ammonium
molybdate =X
NH + ZnCl, —Zn— ——NO,
nltrobenzene — P
\ urea
(e}
5
NHz NaS.9H,0 \ ‘ Vi
ZnPc NOz 4
% NO, ( )
I X X
H2N_I _NHZ
ZnPC(NH 2)4

Scheme 3.4Synthetic route for the formation of ZnPc(B9and ZnPc(NH),.6"%®
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The synthesis and purification of ZnRgRwas relatively straightforward (Scheme 3.5) and
resulted in high synthetic yields of the desireddorct’®’® The hexadecachlorinated species
(ZnPcClg) required numerous purification steps before olgi a product of reasonable purity
(Scheme 3.65”"""2 The synthetic yield was also considerably loweanttthat obtained for
ZnPchge, which is consistent with literature values. TRespectra for both species showed aryl-
halogen stretching bands at 1142 cfor ZnPchkg and 1136 cifl for ZnPcCle. Both complexes
are soluble in DMF. ZnPgFis soluble DMSO, whereas ZnPgglis sparingly soluble in DMSO.

Fluorination of ZnPc renders it soluble in most coom organic solvents (e.g. acetone, THF).

F F
F F
F
F CN Zn(OAc)2
1- chloronaphthalene N——Zn N
F CN
E N
6 F F
ZnPcF 46
FooF

Scheme 3.5Synthetic route for the formation of ZnRgf*"°

Cl Cl
Cl Cl
Cl o | Cl
al / urea, ZnCl,, al
ammonium molybdate,
(0] -
nitrobenzene —
Cl \ Cl
Cl o Cl
7 Cl
ZnPcCl 16
Cl

Scheme 3.6Synthetic steps for the preparation of ZnRg&"™"
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3.1.3. Absorbance Spectra of MPc Complexes

3.1.3.1. Water-soluble MPcs

The formation of aggregates in MPcS complexes eadterized by band broadening in the
visible region of the spectrum and the presenca ¢dw energy band near 630 nm due to
sandwich-type dimer formatiori.At the concentration employed for photocatalysishis work

all photosensitisers were aggregated. Disaggregatas achieved using the non-ionic surfactant
Triton X-100 (Figure 3.2), except for ZnPc(COQH)where DMSO was employed as a
disaggregating agent, as complete disaggregatian ne& achieved using Triton X-100. The

percentage aggregation values of the water-sokfgeies were determined using Eq. (24):

Aq (Triton X =100 — A, (solven)
Aq (Triton X =100

% Aggregatia = ( ] x100% (24)

whereAq is the maximum absorbance of the Q-band in theesblAq(solvent)) and on addition
of Triton X-100 to the solutionAg(Triton X-100)). For ZnPc(COOH)DMSO replaces Triton

X-100 in Eq. (24).

O‘IECHZ—CHZ—O] _H

Figure 3.2. Structure of Triton X-100, a non-ionic surfactant.

Figure 3.3 shows that adequate monomerization Wwtsned for ZnPc§ ZnPcS,ix, but not for

ZnPc(COOH} on addition of Triton X-100.
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@ (ii)

Relative absorbance

550 600 650 700 750 800
Wavelength (nm)

Relative absorbance

550 600 650 700 750 800
Wavelength (hm)

(© (i) 0 (ii)

Abs

0)

550 650 750
Wavelength (nm)

Relative absorbance

560 610 660 710 760
Wavelength (nm)

Figure 3.3. Spectral changes observed on addition of TritorOB-b solutions of (a) ZnPgy,
(b) ZnPcS, and (c) ZnPc(COOH)(Inset: complete disaggregation of ZnPc(CO®H$ing

DMSO). (i) Buffer only, and (ii) Buffer and TritoX -100. pH of buffer = 8.2.
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The Q-band absorbance maxima, as well as the defr@ggregation (% aggr) of the MPcs in
water, are listed in Table 3.1. The NiPcS and ZnPa®plexes in Table 3.1 are both highly
aggregated in water (> 70%), while the CoPcS corggl@nd ZnPc(COOKare aggregated to a
lesser extent (54%, 37% and 42% for CoRP€Pc%ix and ZnPc(COOH) respectively). The
high degree of aggregation for ZnRchd ZnPcgix is significant, as it will have a negative
influence on their ability to photocatalyse 4-Npccording to literature both MPgSand
MPcSnix are known to exist as aggregates in equilibriurtihihe monomeric species, with the
equilibrium favouring the aggregated species. Tégreke of aggregation of MPggcomplexes
decreases with an increase in the fraction of nmaglly sulphonated species in the mixture,
therefore the degree of aggregation in water irs@gawith lipophilicity’® The percentage
aggregation of ZnPc(COOEkIhas been reported to be 0% (i.e. it exists agnhi@omeric species)
in pH 10 buffer*°® which is inconsistent with the data expressed abl@ 3.1, which shows
ZnPc(COOHj to be 42% aggregated in pH 8.2 buffer. The foramatf aggregates in this study
may be due to differences in the composition offdyu$olutions used in literature and in this

study.

Table 3.1. Amax Values and percentage aggregation of water-soMBles in water at pH 7 (pH

8.2 for ZnPc(COOH). Disaggregation achieved using Triton X-100, @tder ZnPc(COOH)

Q-band hmax (Monomer)  Q-band Amax (dimer)

Complex () (nm) % aggr
ZnPcS 678 633 72
CoPcS 667 627 54
NiPcS 668 623 77

ZnPCcSix 666 633 82

CoPcSix 660 625 37

NiPCShix 665 610 79

ZnPc(COOHy 684" 648 42

®Disaggregation achieved using DMSO.
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The absorption spectra for FeRgSand FePcSare relatively complex, as it is possible for the
iron ions (in the +3 oxidation state) of adjacemeaes to formu-oxo specied?’ The nature of
the species in solution (i.e. 'FRcS,x or F€'PcSyx) was confirmed by chemically reducing a
solution of FePcfix in 3:1 CHCN:H,O. Reduction of the complex using NaBkd to the
formation of a monomeric species with a Q band58né1 and loss of the charge-transfer band
at 500 nm (Figure 3.4). A shift in the Q band teharter wavelength (i.e. from 661 nm to 653
nm as in Figure 3.4) is characteristic of the réidncof F€'Pc to F&Pc?®™ therefore the
complexes prepared in this study aré'Pes. Due to the complexity of the spectra assatiate

with the FePcS complexes, their percentage aggoegats not calculated in Table 3.1.

(ii)

0

Relative absorbance

350 450 550 650 750
Wavelength (nm)

Figure 3.4. Spectral changes of (i) BecS.x in 3:1 CHCN:H,0O on addition of NaBk

resulting in (i) FEPCcSnix.
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3.1.3.2. Water-insoluble MPcs

The absorbance spectra of the water-insoluble MReshown in Figures 3.5 and 3.6. Figure 3.5
shows that AlPc, ZnPc and MgPc are monomeric agedidoy the narrow Q-band and the
absence of a non-vibronic band at a higher eneetgtive to the Q-band. The absorption
spectrum for ZnPc(Nh,4 in Figure 3.6a shows that the species is alstivelg disaggregated in
DMSO while ZnPc(NQ)4 (Figure 3.6b), ZnPc¢k (Figure 3.6d) and ZnPcgl(Figure 3.6¢) are
relatively highly aggregated with peaks due to diggregated species observed at 643, 638 and
653 nm (Table 3.2), respectively, and those dub@éanonomeric species were observed at 680,
663 and 727 nm (Table 3.2), respectively. Q-bapng values were determined directly from
Figures 3.5 and 3.6 for all monomeric species drd?c, MgPc, CIAIPc and ZnPc(N)d). For

the aggregated species (i.e. ZnPcgNOZnPchs and ZnPcGk) sequential dilution of the
complex in DMSO resulted in a decrease in the sitgnof the dimer peak relative to the
monomer peak (Figure 3.7), confirming aggregatidntliese complexes in DMSO. The
difference in Q-band.x values for the monomeric species of ZnPcgNlnd ZnPc(NQ)4 can

be explained by considering the electron-donatimg @lectron-withdrawing nature of Nknd
NO,, respectively. The electron-donating Nroup shifts ZnPc(NE4 to the red region (i.e.
lower energy) of the spectrum relative to ZnPcfN@ue to destabilisation of the HOMO of
ZnPc(NH). by the NH group?® The same principle can be applied to the diffeeeincQ-band
Amax Values for ZnPcfs and ZnPcGk. F is more electronegative than Cl, and hence more
electron-withdrawing than CI. As a result of iteosig electron-withdrawing ability relative to Cl,

F shifts ZnPck to the blue region (i.e. higher energy) of thecspen relative to ZnPcGd.*
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Figure 3.5. Spectra obtained for the unsubstituted Pc complexe DMSO. (a) CIAIPc

(7.9 x 10° mol dm®), (b) MgPc (1.9 x 18 mol dm®), and (c) ZnPc (6.5 x 10mol dm®).
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Figure 3.6. Spectra obtained for the substituted zinc Pc cergd in DMSO. (a) ZnPc(Nhi,

(b) ZnPc(NQ),, (c) ZnPcCis, and (d) ZnPck.
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dimer peak

* monomer peak

Relative absorbance

500 550 600 650 700 750 800
Wavelength (nm)

Figure 3.7. Determination ofknax Values for the monomeric and dimeric species &?cky by

sequential dilution in DMSO.

Table 3.2. Amax Values obtained for the water-insoluble MPcs in &M

. Q-band Amax (Monomer)  Q-band Amax (dimer)
Phthalocyanine

(nm) (nm)
MgPc 673 -
ZnPc 672 -
CIAIPc 677 -
ZnPc(NQ)4 680 643
ZnPc(NH), 713 -
ZnPchg 663 638
ZnPcClg 727 653

3.1.4. HPLC Characterisation of MPg&nd MPc&,x Complexes

MPcShix complexes containing a mixture of sulpho (mona-, ti- and tetra-) substituents are

important to study (as mixtures) since AIRgS for example, is already in use as a
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photosensitiser for medical purposes, i.e. for B®T.It is known that MPcS, preparations
consisting of the least number of isomeric speshesn a greater tendency to form aggregates,
whereas the more complex preparations consistirgglogher number of differently substituted
compounds show less aggregatidrhe degree of aggregation increases with lipogityli*
hence, as stated above, the more sulphonatedofnadre less aggregated. The HPLC traces for
MPcSyix complexes, using the analytical Prodigurs ODS (150 x 4.6 mm) column, are shown
in Figure 3.8. It is expected that the most highujphonated component will be the first to elute
from the chromatographic column, and so give theeki retention time. Therefore the least
sulphonated fractions will give the highest retentiimes®® For the MPc&ix samples, the HPLC
signals with the lowest retention times are assigtee the tetrasulphonated fractions, using
tetrasulphonated phthalocyanines (MPc8s a reference (Figure 3.8). Thus, NiReSand
ZnPcS,ix consisted mostly of the tetrasulphonated With minute amounts of the less
sulphonated derivatives detected. Conversely, RgPcBntained very little of FePgSand
CoPcSiix consisted of mainly two components with an almexpial amount of CoPg3n the
mixture. The predominance of the ZnReSomer in Figure 3.8a is contrary to previous HPLC
analyses which showed ZnRgSto consist of the less sulphonated fractitf§ This confirms
the observation that the composition of the prepdecS,ix complexes may vary from batch to

batch.

@

Relative intensity

Retention time (min)
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(b)

Relative intensity

CoPcS.,.
1.30 min

_

2 3

Retention time (min)

©

FePcS,;
1.30 min

Relative intensity

Retention time (min)

(d)

NiPCS4;
1.30 min

Relative intensity

L 2 3

Retention time (min)

Figure 3.8. HPLC traces of (a) ZnPgR, (b) CoPcSKix, (c) FePcgix, and (d) NiPcSix.
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3.2. Homogeneous Photocatalysis of 4-Np using Water-sdlie Zinc Pc Complexes

Zinc was used as the central metal for this stuglyt @ evident from literature that zinc Pc

derivatives are good photocataly3ts*>°

3.2.1. Catalyst Loading an®,_,,, Optimisation

Studies for the photocatalysed degradation of 4whpe carried out at pH = 8.2, as the pKa
value for 4-Np is 7.1%’ It has been proven that the phenolate/phenoxiddAoO~), which is
the predominant species at about 1 pH unit abogepta of the phenolic complex, is more
easily oxidised than the corresponding protonaetises (ArOH)>°° Figure 3.9 shows the
absorption spectral changes observed on photobfs&Np in the presence of the optimum
concentration of ZnPgg (i.e. 400 mg/L). A peak due to 4-Np was observed(® nm and
disappeared with time with the formation of pealis tb degradation products at ~280 Wy,
values were calculated using Eq. (16) by determitie initial rate of disappearance of 4-Np at
400 nm. Data from Figure 3.9 was used to generagitaof absorbance versus time (Figure
3.10), which was used to determine initial degraatates. The optimum amount of each ZnPc
complex (using ZnPG% as an example) needed for the photodegradation-Np 4vas
determined by plottingPsnp Versus the concentration of ZnRgS(Figure 3.11). The curve
levelled off after 400 mg/L. Using the optimum centration of ZnPcgy (i.e. 400 mg/L), the
concentration of 4-Np to give the high@iy, value was determined (Figure 3.12). Figure 3.12

shows that th€@,.np value peaked at 1.5 x “fonol dm? for the photodegradation of 4-Np.
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Experiments were performed whereby 4-Np was phséalyn the absence of the photosensitiser.
No spectral changes (or changes in HPLC traces) wleserved, showing that transformation of

4-Np occurred only through photocatalysis in thespnce of the photosensitiser.

Relative absorbance

250 300 350 400 450 500
Wavelength (nm)

Figure 3.9. Electronic absorption spectral changes observedgitite photolysis of 1.0 x 10

mol dm® 4-Np in the presence of 400 mg/L ZnRgSn pH 8.2 buffer solution.
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Figure 3.10. Plot of absorbance versus time to determine thmlimate of 4-Np degradation in

the presence of ZnPg$. ([4-Np] = 1.0 x 10 mol dm?®, ZnPcS,x = 400 mg/L, pH = 8.2).
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Figure 3.11 Plot of ®4.\, versus concentration of ZnRgosto determine the optimum

concentration of ZnPG% for the phototransformation of 4-Np (1.0 x 1ol dm?), pH = 8.2.
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Figure 3.12. Plot of ®,4.np versus [4-Np] for its phototransformation in thesence of ZnP G

(400 mg/L), pH = 8.2.
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3.2.2.  Comparison of the Photocatalytic Activities of thac Pc Sensitisers

Figure 3.13 shows the decrease in [4-Np] with tidoging irradiation in the presence of the
various photosensitisers at pH 8.2. The disappearah 4-Np was monitored using UV-vis
spectrophotometry. The results show that photodxidaof 4-Np occurred faster when
ZnPc(COOHy was used as the sensitiser, as judged by thévediatarge slope in Figure 3.13
and Table 3.3. ZnPgShowed the least activity towards the photooxatadf 4-Np. Values of
®4.np at 400 mg/L for the photosensitiser and 1.0 X @l dmi® for 4-Np were 7.9 x 1) 1.5 x
10* and 6.5 x 18 for ZnPcS.ix, ZnPcS and ZnPc(COOH) respectively (Table 3.3). Similarly,
the values ofP4.np for 4-Np photosensitized oxidation at 200 mg/L dm@l x 10" mol dm?® 4-Np
were 7.4 x 10, 1.2 x 10" and 1.8 x 18 for ZnPcS,x, ZnPcS and ZnPc(COOH) respectively
(Table 3.3). Two main factors determine photosesgsitactivity: efficiency of singlet oxygen
sensitization and photodegradation of the sensitdePc(COOHy has the larges®, value
(Table 3.3), hence it is expected to be the bestgoatalyst based on the assumption that the
trend in®, values in pH 10 buffer will be the same as thedran pH 8.2 buffer. In terms of
aggregation (aggr), this complex was aggregatetieatoncentrations employed in this work,
even though it is known to be less aggregated #r#PcS and ZnPcSi.>> ZnPcSix has a

slightly lower ®, value compared to ZnPc(COQJ1and hence a lower photocatalytic activity
is expected. The; values of photocatalysts (Table 3.3) also infleepatalytic activity. Even
though ther; values listed in Table 3.3 were determined in DM8@y give a relative
indication of the activities of the MPcs. The largee 7; value, the higher the probability of
encounters of Pc withO, to form*0, . However,r; values are relatively similar, and as a

result the®, values provide a more accurate indication of ptatlytic activity.
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Figure 3.13. Plot of [4-Np] versus time for (a) ZnPgR (b) ZnPcS, and (c) ZnPc(COOH)

MPc =200 mg/L, pH = 8.2.

Table 3.3. Photosensitisation data for 4-Np transformatiothim presence of the water-soluble
photosensitisers (400 mgdt 200 mg/L) under visible light irradiation (10 my (pH = 8.2, [4-

Np] = 1.0 x 10" mol dmd).

DNy Dy Tt 1Pk % deg
Complex P, g _ % aggr
(400 mg/L MPc) (200 mg/L MPc) (us) (Mmin=)" (10 min)
ZnPcS,x 7.9 x 10 7.4 x 10 0.48 530 1.3 15% 82%
ZnPcS 1.5 x 10* 1.2 x 10 <0.01 47¢ 0.22 2% 72%
ZnPc(COOH) 6.5 x 10° 1.8 x 10° 0.52 480 3.2 23% 42%

®From reference [54] in pH 10 bufféErom reference [31] in DMSOErom reference [80] in DMSO,
YObtained from the slopes of the curves in Figut83.

The fate of the photocatalyst is important. A stgithotocatalyst which also results in a high rate
of 4-Np degradation would be preferred. Figure 3hdws the spectroscopic changes observed

for ZnPcSix, ZnPcQ and ZnPc(COOH) during photocatalytic transformation of 4-Np.
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ZnPcS,ix showed good stability during the catalysis (Fig@ré4a). ZnPc§ (Figure 3.14b)
showed minimal degradation (only ~2%, Table 3.3wver, due to its small singlet oxygen
quantum yield, ZnP¢Svas not an efficient photocatalyst. ZnPc(CO@fHgure 3.14c) showed
significant degradation during the photolysis psgcm this work, which is in agreement with the
degree of degradation that has been observed dtirenghotooxidation of 4-chlorophenol (4-
Cp)>° However, this complex gave the best photocatalgtitivity for 4-Np compared to the
other two. This is contrary to the photocatalysis4eCp>° where ZnPc(COOH)gave poor
catalytic activity compared to ZnPgsg which was attributed to its high degree of degteh
due to attack by the singlet oxygen they genefatpre 3.14 shows that during degradation of
ZnPc(COOHjy, the monomer peak at 684 nm decreases fastethbatimer peak at 648 nm. It
Is expected that the monomeric species is respensis the photocatalysis of 4-Np. On
comparing the data for the phototransformation oNp4 with that reported for the
phototransformation of chlorophenols (i.e. 4-Cphifiorophenol and pentachlorophenol) in the
presence of ZnPgx (Table 3.4), it is evident that 4-Np is more r&si$ to photocatalysis due to

stability brought about by resonance stabilisatibthe phenolate ion.

Relative absorbance
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69



Results and Discussion

o (b)
[S]
c
@
=
(@]
(D]
Q0
@©
(8]
=
©
)
14
550 600 650 700 750 800
Wavelength (nm)
)
(&)
C
IS
=
(@)
(%]
Q
[
[¢]
=
ks
)
@
550 600 650 700 750
Wavelength (nm)

Figure 3.14. Spectral changes observed for (a) ZnRe¢$b) ZnPcS, and (c) ZnPc(COOH)

during the photocatalytic oxidation of 1.0 x“Lthol dm?* 4-Np, pH = 8.2.

Table 3.4. Comparison of photosensitisation data obtained tfee transformation of

chlorophenols and the transformation of 4-Np inghesence of ZnPgR.

Substrate D bsirate % degradation® Ref
4-Np 7.9 x 1¢ 7.2% —

4-Cp 1.4 x 16 35% 55
trichlorophenol 1.1x 16 21% 56
pentachlorophenol 3.9 x f0 32% 56

éAfter 270s of irradiation. Note that the % degraufatn Table 3.3 was at a longer time (i.e. 10 min)
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3.2.3. Determination of Rate Constants of ZnRg&nd ZnPc(COOH)

Due to the low rate of 4-Np photodegradation in pnesence of ZnPgSdue to its lowd ,
value (< 0.01) (Table 3.3), this complex was nopkayed for the determination of rate constants.
Figure 3.15 shows the linear plot ofPL/n, versus 1/[4-Np], using ZnPg& and ZnPc(COOH)

as photosensitisers. Both plots are obtained abphiemum concentration of ZnPgS (400 mg/L)
and ZnPc(COOHR)(200 mg/L). The slope, from Eq. (21), is equakdfsb,k;, wherekq = 3.22 x

10° s* (Eq. (22)) andp, = 0.48 in pH 10, thereforg = 0.67 x 16 mol* dm® s* (Table 3.5) for
ZnPcSnix. The intercept G+ k)/ @, k) in Figure 3.15a = 896.5. Using the valuesbafandk,
(0.48 and 0.67 x fomorl* dn?® s, respectively), K; + k) was calculated to be 2.9 x®1ol*
dm®s™ for ZnPcS,x. For ZnPc(COOH,) the values ofk;+ k) andk. are 2.8 x 1®dmol* dn?® s*

and 7.7 x 10 mol* dm® s*, respectively. The values oky(+ k) for both ZnPcg and
ZnPc(COOHjy are 400 and 40 times greater thalthe rate constant for photo-oxidation alone),
respectively, which indicates that most of the Ehgxygen that is generated is scavenged by a
quenching process. 4-Np therefore quenches singhggen faster than it reacts with it. This
situation has been observed for many phetfol$he k and ks + k) values for the
phototransformation of 4-Cp in the presence of ZyRchave been reported to be 2.8 X ol
Ldm® st and 12.5 x 1D mor* dm® s?, respectively (Table 3.5f. Thus 4-Cp also quenches
singlet oxygen faster than it reacts with singleygen, as Ky + k;) is 5 times greater thaq.
However, on comparing the values obtained for 4-Cp and 4-Np it is evident #h&p reacts
with singlet oxygen to a greater extent than 4-Wpe high stability of 4-Np, due to electron
delocalisation within the compléxaccounts for its resistance to photodegradatiorsibglet

oxygen.

71



Results and Discussion

22 A
(@
21 A ¢
y=0.973x + 8.965
2 20- R*=0.962
z
S
NF' 19 4
o
—
18 A
17 4
L)
16 T T T T T
7.5 8.5 9.5 10.5 11.5 12.5
107 1/[4-Np] (MY
(b)
16 -
147 y=0.807x + 0.698
2 R®=0.985
Q 12 4
—
©
—
10 +
8 T T T T T 1
9 11 13 15 17 19 21
107 1/[4-Np] (M"Y

Figure 3.15. Plot of 1/b4.np Versus 1/[4-Np] for the phototransformation of #-IN the presence

of (a) ZnPc$ix (400 mg/L), and (b) ZnPc(COO (200 mg/L), pH = 8.2.
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Table 3.5. Comparison ok, and k; + k) values obtained for selected photosensitisers.

Sub Compl H  ®,° 10k, 10° (kg *+ ki)
ubstrate ompiex
P P 8 (mol*dnfsy)  (mol* dm®s?)
ZNPCcShix 8.2 0.48 0.67 2.9
4-Np
ZnPc(COOH;} 8.2 0.52 7.7 2.8
4-Cp ZnPCShix 10° 0.48 286 12.8

*From reference [54From reference [55]

3.2.4. Mechanism for the Photodegradation of 4-Np usinghegeneous Photosensitisers

The involvement of singlet oxygen in the photooss mechanism was confirmed by
performing photocatalysis experimeimsair and in the presence of Ngids NaN is an oxygen
scavenger?° Figure 3.16 shows faster kinetics for 4-Np inaid slower kinetics on addition
of NaNs, hence confirming the involvement of oxygen. Thedoicts for the photodegradation of
4-Np were determined either by LC/MS (see Figude’ 3or the mass spectrum obtained for 4-
nitrocatechol), or by comparing retention times sfandards, i.e. 4-nitrocatechol and
hydroquinone. The mass spectrum (Figure 3.17) shtives molecular ion peak for 4-
nitrocatechol at 156.63 amu. The presence of hydnomge was confirmed by spiking samples
for injection into the reverse-phase HPLC, as hgdnesone could not be detected using MS, as it

did not ionise under the conditions employed.
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Relative absorbance
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Figure 3.16. Effect of addition of Nahl(an oxygen scavenger) on the rate of 4-Np degradat
in the presence of ZnPgS (a) no NaN, (b) NaN; added. ([4-Np] = 1.0 x I mol dm?,

ZnPcShix = 400 mg/L, pH = 8.2).
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Figure 3.17. Mass spectrum obtained for 4-nitrocatecholz= 155 amu) fraction using ESI-

MS (retention time = 1.75 min).
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Mechanisms that have been proposed in literaturetife formation of 4-nitrocatechol and
hydroquinone are shown in Scheme $.These reactions occur via the Type | mechanism
described in Scheme 1.7, Section I'#ie formation of 4-nitrocatechol from 4-nitrophenol
occurs via a dihydroxynitrocyclohexadienyl radispkcies, which forms as a result of addition
of a hydroxyl grouportho to the phenol functional group. The formation gélfoquinone results
from loss of thepara nitro group of 4-Np and reduction of the resultintermediate to form

hydroquinone.

OH OH

OH
OH OH
+ HOe — » .
NO, NO,

NO,

4-nitrophenol dihydroxynitro-

cyclohexadieny! radical 4-nitrocatechol

OH [ OoH ]
+ HZO
_> _>
-HNo2
+
NO, NO, NO,’
4-nitrophenol hydroquinone

Scheme 3.7.Proposed mechanisms for the phototransformatiahdp via the Type | reaction

mechanism.

However it was proven, using the oxygen scavengeliusn azide (Figure 3.16), that the

degradation of 4-Np occurs via a Type Il mechanistmch includes the involvement of singlet

oxygen (Scheme 3.8).
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znPc O, znPpcO O BY- 3znPcO (25)
%0, + *ZnPc0 [ - ZnPc+ 'O, (26)
'0, + 4-Np 0 -~ Products (27)

Scheme 3.8.Transformation of 4-Np by singlet oxygen mechanism.

The disadvantages associated with the study invgl¥he photodegradation of 4-Np in the

presence of homogeneous zinc Pc catalysts include:

1) The difficulty of isolating the catalyst for re®i and separating the degradation products
from the unreacted substrate.

2) The relatively rapid degradation of the mosteetive catalysts in this study, namely
ZnPcShix and ZnPc(COOH) during the photodegradation of 4-Np.

3) Formation of degradation products that are tes& than 4-Np, but are still hazardous to
the environment and human health (ORL-RAT spDralues for 4-nitrocatechol and
hydroquinone are 260 mg k@nd 320 mg kg, respectively, whereas that for 4-Np is 202

mg kg").®

3.3. Heterogeneous Photocatalysis of 4-Np Using SuspedddPc Complexes

In this section the MPc complexes were suspendeth iaqueous, buffered solution containing
4-Np. Photocatalysis was carried out in the sehgws in Figure 2.2 for 100 min, after which
the solution was filtered for analysis of the delgitéon process and determination of degradation
products using HPLC. The MPcs employed in thistug ZnPc, CIAIPc and MgPc derivatives

which contain diamagnetic metals which are knowartbance photocatalytic behavidtr®>*
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3.3.1. Identification of Degradation Products

Figure 3.18 shows the HPLC traces for 4-Np degraddbllowing photolysis for 100 min in the
presence of suspended ZnPc@NHas an example), followed by filtering of the dau. Inset
shows the HPLC trace for 4-Np before photolysise Pphoducts were identified by LC/MS and
by spiking the solution with standards. The finabgucts were 4-nitrocatechol (4-NC) and
fumaric acid (FA), with the latter being the maj@roduct. Benzoquinone (BQ) and
hydroquinone (HQ) were observed as intermediatelynts as they were formed initially and
their peaks decreased with time as the peaks dBA nd 4-NC increased. Mass spectral peaks
obtained for the final products are provided inUf&3.19, showing molecular ion peaks for FA
and 4-NC at 117.1 and 153.8 amu, respectively.dBgeadation products were separated using a
semi-preparative column attached to a reverse-phH#eC before injecting the separated

fractions directly into the mass spectrometer.
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Figure 3.18.HPLC traces of the reaction mixture after photalyais of 4-Np for 100 min using

ZnPc(NH),, [4-Np] = 1.0 x 16 mol dm?, pH = 9. Inset: HPLC trace of 4-Np before photislys
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Figure 3.19. Fragmentation patterns obtained for (a) = 116 amu) and (b) 4-NGn{z=

155 amu) using ESI-MS (direct injection) ([4-NpJl= 10° mol dni?, pH = 9).
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The complexes that correspond to the peaks obtamdéke mass spectra in Figure 3.19 are
provided in Table 3.6. The peak obtained for FAan& = 89.5 amu would correspond to loss of
one of the carbonyl groups (C=0) of FA, howeves tilsi not possible as it would also result in
loss of the hydroxyl group, therefore it is propbgbat the peak ahfz = 89.5 amu is due to
hydrogen bonding between two carboxyl radicals Wwhiere cleaved from FA to form the
complex atm/fz = 73.4 amu. The peaks obtained for 4-NC corredpo-NC at 153.8 amu and
4-Np at 135.3 amu. The peak at 135.3 amu may bealtiee formation op-nitrophenol om-
nitrophenol, however the major complex that woudhf is thepara isomer as it is more stable

than themetaisomer due to steric and resonance effécts.

Table 3.6. Mass fragments obtained for fumaric acid and 4endtechol using ESI-MS.

Degradation product m/z Fragment structure
O O/H
135.7 HOJ%(O\H/ Ny
O
O
117.1 HOJWOH
. . (0]
Fumaric acid 5
Vi
o C H
89.5 oy
Ce
/
O
O
84| )K/CHZ
OH
1538 | °
4-Nitrocatechol NO,
HO
s | L
NO,
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The oxidation of 4-Np was performed by maintaindabjlp at a constant concentration (1.0 x 10
®> mol dm®) and varying loadings of the catalyst (ZnPc insthistance). After 100 min of
irradiation with visible light, the solution wasltéred and analysed using the HPLC system
described. A linear increase in the formation @f tmajor degradation product (i.e. fumaric acid)
was observed on plotting the average peak heighthef degradation product versus the
concentration of ZnPc (Figure 3.20). The straigme-Iplot obtained in Figure 3.20 passes close
to the origin, indicating that the catalyst is riggd for the photocatalysis of 4-Np. A plot of log
(peak height) vs. log ZnPc loading results in adinrelationship, with a slope value close to one,

indicating that the degradation of 4-Np is firsther with respect to ZnPc (Figure 3.51).
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ZnPc loading (g/L)

Figure 3.20. Average peak height versus loading of ZnPc terdane the effect of ZnPc on the

phototransformation of 4-Np to FA. [4-Np] = 1.0 &1mol dm®, pH = 9.
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Figure 3.21. Plot of log (peak height) versus log (ZnPc loaditoyyletermine the reaction order

with respect to ZnPc.

3.3.2. Comparative Degradation of 4-Np

Triplet lifetimes (7;) were determined for the MPc complexes in DMSOravalues are an

indication of the likelihood of energy transfer3t®2 to formloz, where complexes with longer
7+ values have a higher probability of energy tranffam the triplet statd' Aggregation is not
desired in MPc complexes since it results in reduce values. The triplet lifetime values
obtained for the water-insoluble MPcs are listedable 3.7. Unfortunatelyp, literature values
listed in Table 3.7 are in different media, howevervalues were measured in the same media

for a more comprehensive comparison of the relagwergy transfer efficiencies of the
heterogeneous photocatalysts. Even though theettrifietime values were determined in
solution (DMSO), and the MPc complexes are in thledsstate for the photocatalysis of 4-Np,

they provide an indication of the relative lifetimef the complexes. Triplet lifetimes were
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determined using the method described in Secti@n Phe triplet decay curve of ZnPc is

provided as an example of the data obtained usRIsON Pro 6.0 (Figure 3.22).

The trend in triplet lifetime values for the selttphthalocyanine complexes is as follows:
CIAIPc > MgPc > ZnPc > ZnPgk= ZnPc(NH)4 > ZnPc(NQ)4 > ZnPcCls. The high triplet
lifetimes obtained for the unsubstituted MPcs caratiributed to their monomeric character in
DMSO (Figure 3.5), as previously discussed. Thesstubed phthalocyanines, excluding
ZnPc(NH)4, are highly aggregated in DMSO (Figure 3.6). Taktively low triplet lifetime
value obtained for ZnPg¢k compared to that obtained for ZnPc, can be adedufor by
considering the “heavy-atom” effect of fluorineshiah is expected to increase triplet quantum
yields, but lower triplet lifetime value. The “heavy-atom” effect of ZnPcGlleads to its

inability to remain in the excited triplet state Bomeasurable amount of time.

Table 3.7. Triplet lifetime (71 ) and singlet oxygen quantum yiel@#4) values obtained for the

selected water-insoluble MPc complexes in DMSOesslotherwise stated (references in square

brackets).
Photocatalyst Q-b?nnr:)kmax T (us) d,°
MgPc 673 400+ 4.3 0.40°[41]
ZnPc 672 320+ 5.6 0.67 [31,82]
CIAIPc 677 470+ 3.5 0.29 [31]
ZnPc(NQ). 680 60+ 2.7 0.11 [82]
ZnPc(NH). 713 150+ 2.9 0.11 [82]
ZnPchg 663 150+ 8.1 0.13 [31]
ZnPcClg 727 Not detected —

®Singlet oxygen quantum yieldbg) represents the amount of singlet oxygen genempéecjuanta of light
absorbed?SoIvent = pyridine{Solvent = acetone.
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Figure 3.22. First order triplet decay curve obtained for ZiP®MSO using ORIGIN Pro 6.0.

The degree to which each phthalocyanine complexoghtalyses 4-Np was determined by
comparing the HPLC trace obtained for 1.0 x°Ifiol dm® 4-Np solution before and after
photolysis in the presence of individual photooatt. Irradiation of the solution with visible
light proceeded for 100 min. The results obtainedthe percentage degradation of 4-Np are
shown in Figure 3.23. The trend in the photodegradaf 4-Np by the selected phthalocyanine

complexes is as follows: CIAIPc (898.4 %) > ZnPcks (75% 4.8 %) > ZnPc(Nk)4 (54 £ 2.2 %)

> ZnPc (53t 6.3 %) > ZnPc(NQ)4 (45 3.3 %) > MgPc (2% 4.5 %) > ZnPcGk (23+ 0.62 %).
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Figure 3.23. Percentage degradation of 4-Np by selected Pc ex@pl([4-Np] = 1.0 x I1®mol

dm?, pH = 9, irradiation time = 100 min).

The use of CIAIPc as a heterogeneous photocatabstlted in the highest percentage
degradation of 4-Np due to a number of charactensbperties of CIAIPc that contribute to its
effectiveness as a photocatalyst. CIAIPc is monamear DMSO (Figure 3.5), which reduces
guenching of the triplet state, leading to effitiéransfer of energy from triplet state MPc to
triplet oxygen®® However, the rate of transfer of energy from th@dwriplet state to triplet
oxygen will be substantially reduced in water,taenergy is dissipated as heat, thereforerthe
values will be substantially lower for all Pcs th#ose presented in Table 3/7Aluminiun is a
diamagnetic metal and therefore contributes to drapitersystem crossing of the MPc
complex®*31°%3tleading to relatively high triplet (hence singtetygen) quantum vyields. The
axial chlorine substituent also contributes to neyetem crossing by enhancing spin-orbit
coupling due to the “heavy-atom” efféttin CIAIPc. However, based on singlet oxygen
guantum vyield values (Table 3.7), ZnPc would beeetgd to perform better as a photocatalyst

since it has a largapb, value than CIAIPc in the same solvent. Table 3dgwshthat CIAIPc has
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the longest lifetime which could be contributingit® effectiveness as a catalyst, as the number
of diffusional encounters between the triplet staté the MPc and ground state molecular

oxygen increases with triplet state lifetime.

The degree of degradation of 4-Np obtained for Zafis relatively high compared to the other
complexes in Figure 3.23 (excluding CIAIPc). Therefthe high degree of degradation of 4-Np
using ZnPcks can be attributed to its triplet lifetime and te lnigh stability due to the presence
of electron-withdrawing substituerits®® ZnPcCle, like ZnPchs is stable, but has an
insignificant triplet lifetime hence is less effeet compared to ZnPgk The ability of
ZnPc(NH), to degrade 4-Np to a large extent is unexpectedamaino groups are known to
quench singlet oxygeif. However Figure 3.23 shows substantial photodegj@dability of
ZnPc(NH)4 which is comparable to ZnPc. This suggests thatsihglet oxygen mechanism
(Type Il) may not be the only mechanism involvedha photocatalysed transformation of 4-NP
in the presence of the selected MPc complexes uhd&rogeneous conditions. It is thus
possible that the Type | mechanism is also invalNedrder to determine the degree to which
singlet oxygen is involved in the degradation di@- photocatalytic degradation of 4-Np in the
presence of a singlet oxygen scavenger, namely DAB@s carried out (using ZnPc(Mklas

an example). In order to determine the degree Mp4legradation in the presence and absence
of DABCO the relative amounts of degradation pragddormed are compared (Figure 3.24). It
is evident from Figure 3.24 that the Type Il medhanis not the only means of 4-Np

degradation, since there is still considerable aeagion of 4-NP in the presence of DABCO.
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Figure 3.24. Comparison of the degree of formation of degraggpimducts in the presence and
absence of a singlet oxygen scavenger (DABCO),gudit g/L ZnPc(NH)s. ([4-Np] =

1.0 x 10° mol dm®, pH = 9, irradiation time = 100 min).

3.3.3.  Mechanism for the Photodegradation of 4-Np usingéiesoluble MPcs

In order to confirm singlet oxygen involvement thimglet oxygen scavenger, ADMA, was
monitored spectroscopically to confirm that singitdte oxygen 1(02, 1Ag) forms on visible-

light irradiation of the suspended MP’@* The sample, which consisted of CIAIPc as the
photocatalyst and 6.9 x ?amol dni®* ADMA, was irradiated with visible light, centrifeg and
decanted into the UV/vis cell in order to determite absorbance of the solution. After
determining the absorbance of the sample the dedution and separated CIAIPc were
recombined for further irradiation. Figure 3.25 wisespectral changes that occur on exposure of
ADMA to visible light in the presence of CIAIPc. &rabsorbance of CIAIPc is not observed as
the MPc complex is a heterogeneous catalyst. Thagehin absorbance of ADMA shows that

singlet oxygen is formed on photolysis of solid MiActhe presence of ADMA. The singlet
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oxygen generated will therefore be involved in tiegradation of 4-Np. As mentioned above,

radical ions (Type | mechanism) are also involvethe degradation of 4-Np (Figure 3.24).

As previously stated, the final degradation produbat were obtained include FA and 4-NC.
Reaction intermediates that were detected inclu@eaBd HQ. FA as the final degradation
product for 4-Np is significant since the toxiciy FA is considerably lower than that of 4-Np:

the ORAL-RAT LDs value for 4-Np is 202 mg Kg while that of FA is 9 300 mg K¢’

The proposed mechanism for the phototransformatigikNp into FA follows a number of steps.
The first step is the interaction of 4-Np with adhyxyl radical generated from the Type |
mechanism to form HQ, followed by the oxidation l8) by oxygen to form BQ. Further
oxidation of BQ leads to the formation of FA (Sclee9). The hydroxyl radical in this reaction
mechanism is the reaction initiator. The additidnaohydroxyl radicalortho to the phenol

functional group of 4-Np results in the formatiohtle dihydroxynitrocyclohexadienyl radical

intermediate, which leads to the formation of 4-({8¢heme 3.10%

The proposed mechanism for the photodegradaticftMdp in the presence of water-insoluble

photosensitisers via the Type Il mechanism wilthesame as that described in Scheme 3.8.
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Figure 3.25. Electronic absorption spectral changes of ADMA dgrits visible light photolysis

in the presence of CIAIPc ([ADMA] = 6.9 x Fanol dni®).

OH OH
+ OH —_— ij —_— + i N02
NO, NO, OH OH
l 1/2 0,

0O
further oxidised products _ + H,0
(i.e. fumaric acid)
0

Scheme 3.9. Proposed mechanism for the phototransformatiod-Np to BQ and FA in the

presence of water-insoluble MPc photocatalysts.
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oH OH OH
OH OH
+ HOe —» —
NO NO, NO,
4-nitrophenol dihydroxynitro- 4-nitrocatechol
cyclohexadienyl radical

Scheme 3.10.Proposed mechanism for the phototransformatighp to 4-NC in the presence

of water-insoluble MPc photocatalysts.

3.3.4. Practical Application of Water-insoluble MPcs

Due to the successful degradation of 4-Np to aaromatic, less toxic species (i.e. fumaric acid),
the water-insoluble metallophthalocyanines weresmered for the degradation of methyl
paraoxon, a non-systemic insecticidehe most effective MPc employed for the degradatib
4-Np, namely CIAIPc, was selected for the photdgais of methyl paraoxon. The
photocatalytic reaction proceeded for 100 min usiregsetup illustrated in Figure 2.2. Complete
conversion of methyl paraoxon resulted from itstpbatalysis in the presence of CIAIPc (Figure
3.26). Using LC/MS, it was determined that the madjegradation product of methyl paraoxon is

4-nitrocatechol, as a molecular ion peak was obthatm/z= 157.8 amu using ESI-MS.
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Figure 3.26. HPLC traces of 1.0 x 10 mol dm® methyl paraoxon solution (a) before
photocatalysis, (b) after photocatalysis in theeabs of CIAIPc, and (c) after photocatalysis in

the presence of CIAIPc, pH = 9.

3.4. Adsorption of 4-Np onto Amberlite® IRA-900 Modified with MPcs

As was previously mentioned, improved photostgbdit MPcs with anionic substituents can be
achieved by immobilisation of these MPcs onto catizesins such as Amberfft¢RA-90072 It

is also possible to employ cationic resins for igmation of the photocatalyst for reuse after
degradation of the substrate. MRgSor MPcS complexes can be immobilised onto the

aforementioned resin using the method detaileceotiGn 2.6.

The resin used in this work, i.e. AmberfitéRA-900 ion-exchange resin, is a strongly basic,
macroreticular resin of moderately high porositythwbenzyltrialkylammonium functionality.
The solvent mixture of acetonitrile:water, whichsa@mployed as the solvent for immobilising

the MPcS complexes, was chosen so as to ensursuipdtonated MPc complexes are in their
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monomeric state in solution, since these complaxesotoriously aggregated in agueous media
and organic solvents break the aggregat@he concentration of MPc immobilised onto the
resin was calculated by measuring the decreasebsorildance of the Q band following
immobilisation onto a known amount of resin. FigBt87 shows the decrease in absorbance of

CoPcSiix (as an example) during its immobilisation onto riegin.

Initially attempts were made to degrade 4-Np in pnesence of immobilised ZnPc complexes
(i.,e. ZnPcQix, ZnPcQ, ZnPc(COOHg), using visible light. However, on addition of the
modified resin to a solution of 4-Np rapid adsavptof 4-Np onto the modified surface occurred
(Figure 3.28), due to the interaction between tgatively-charged oxygen on the nitro group of
4-Np and the positively-charged ammonium groupshenAmberlit€ resin. Due to adsorption

of the substrate onto the resin the degradationgscannot be monitored and the degradation
products cannot be determined. A similar study iving the degradation of chlorophenols using
immobilised sulphonated and carboxylated Pcs on étite® IRA-900 was a viable study as

there was minimal adsorption of the substrate dmanodified resin?

The immobilisation of a negatively-charged MPc omto ion-exchange resin was explored
further, by testing numerous resins available ie Eboratory. There is limited information
available for the many resins that were used, and eesult a “trial and error” approach was
adopted. The resins were subjected to eliminaggéstin an effort to obtain the most effective
resin. Resins were first placed in a solution & £.10* mol dmi® 4-Np. Resins that did not
adsorb 4-Np onto their surface were then testedldtermine whether they were able to
immobilise the photocatalyst (ZnRgoin this case). Those that successfully interacteld the
photocatalyst were then tested to assess theiogfadility on exposure to visible light. The

results obtained from the series of tests are suinethin Table 3.8.
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Figure 3.27. Electronic spectral changes with time duringithenobilisation of CoPcgx onto

Amberlite® IRA-900 resin in a mixture of 1:1 GBN:H,O. Starting concentration of CoRgS=

2.5 x 10° mol dm®. Mass of resin = 1.0 g. (i) 0 min, and (ii) 15 nefimmobilisation.
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Figure 3.28. Adsorption of 4-Np onto AmberlifelRA-900 modified with ZnPcSy. ([4-Np] =

1.0 x 10" mol dm®, pH = 8.2).
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Table 3.8. Effect of selected resins on the adsorption of 4aNg@ immobilisation of ZnPG&.

Resin Adsorbs 4-Np Immobilises ZnPc{x
Amberlite MB-3
Amberlyst 15
Amberlyst A26
Dowex 1-X
Amberlite IR-120
Amberlite IRA-93
Amberlite IRA-400
Amberlite CG-50
Amberlite IR-100-H
Amberlite XAD-7
Amberlite XAD-11
Amberlite XE-268
Zeo-Karb 225

X
X

Amberlite MB-3 and Amberlyst 15 were not tested floeir ability to immobilise ZnPgs« as
these resins are acidic and led to the formatiopratonated 4-Np (ArOH), which reacts poorly
with singlet oxygen. Two resins, namely AmberliteADX-7 and Amberlite XAD-11, were
successful in immobilising the photocatalyst withadsorbing 4-Np onto their surface, however,
the photocatalyst on the surface of each resinpatocatalytically unstable. The degradation of
the photocatalyst on exposure to visible light waslent from a change in colour of the surface
of the modified resin from blue/green due to thenimbilised MPc to the original colour of the
bare resin. The degradation of ZnRgSvas possibly due to weak interactions betweendbm
and the photocatalyst, when compared with the ivelst strong electrostatic interaction that

occurs between AmberlitdRA-900 and ZnPcSy (Figure 1.8).

The rapid adsorption of 4-Np onto the surface ofb&nlite® IRA-900, which was unsuccessful
in improving the stability of the ZnPc complexes fihe photodegradation of 4-Np, was

exploited in this study in order to determine tiifeet of modifying the surface of Amberlite
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IRA-900 with MPcQ and MPc&ix complexes on the rate of adsorption of 4-Np. Tle¢ats used

for the MPcQ and MPc&ix complexes include Fe, Co and Rar these studies photocatalysis
was not important, but axial ligation could be wsetherefore MPc derivatives chosen include
CoPc and FePc which readily coordinate ligafidsyt are photochemically inactive. NiPc was

included for comparison even though it does nanfaxially-ligated complexes.

The diffuse reflectance UV-vis spectra, Figure 329 the six modified Amberlif& IRA-900
adsorbents were obtained in order to verify immsaition of the MPcs and qualitatively
determine the relationship between the monomerid dimeric species of each MPc on
attachment to the resin. The broadness of the QsianFigure 3.29 is due to Davydov splitting,
a phenomenon that hinders good resolution of tHeQ when the MPc is characterised in its
solid staté®> In general, dimerisation or aggregation is appafem the presence of a high-
energy band near 620 nm (for NiPc and CoPc deves)i and near 640 nm (for FePc
derivatives). The low-energy band at 670 nm or &igis due to the monomeric specie&
Figure 3.29 (a) shows that FeRciBmobilised onto Amberlif® IRA-900 is aggregated as
evidenced by a peak at 641 nm, with a small ampregent in the monomeric form. FeRgSs
adsorbed in its monomeric form, where the broadoésise Q band is due to Davydov splitting.
Both the NiPcS and CoPcS complexes in Figure 32@urtd (c), respectively, are immobilised
in the monomeric form, with a small degree of aggt®n occurring in all cases. The
similarities in the reflectance spectra of NiRg&nd NiPc$ are not surprising considering the
HPLC results discussed in Section 3.1.4, which stbavpredominance of the NiRdSomer for
NiPcShix. CoPc&Kix and CoPc$Salso have similar reflectance spectra even thanghHPLC
traces showed that the latter is not the only carepbof the former. The effect of increasing the
amount of FePcSloaded onto Amberlife IRA-900 was determined using diffuse reflectance
(Figure 3.30). On increasing the amount of immebii FePcSthere is broadening of the

monomer peak accompanied by an increase in itssityerelative to the dimer.
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Figure 3.29. Diffuse reflectance spectra of (a) FePcS, (b) BiRmd (c) CoPcS complexes after

immobilisation onto Amberlit® IRA-900. (—— MPc$ ------ MPCShix)-
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Figure 3.30. Diffuse reflectance spectra of FeR&8nb showing the effect of increasing the

amount of immobilised FePgSa) 1 x 10, and (b) 3 x 10 mol FePc$g Amb.

3.4.1. Optimisation of MPc Loading and pH of 4-Np Solution

FePc3 was employed as an example for these studiessfdwtral changes observed during the
adsorption of 4-Np onto FePg8mb are similar to that shown in Figure 3.28. $amspectral
changes were observed on other MPc-Amb resins andbave Amberlitd8 IRA-900. The
adsorption of 1.0 x IOmol dm?® 4-Np onto bare AmberlifelRA-900 was compared with that
obtained when the same concentration of 4-Np wasradd onto FeP¢g&mb adsorbent. The
rates were 2.8 x 10and 4.1 x 18 mol dni® min?, respectively for bare AmberlfteRA-900
and FePcSAmb, showing an almost two-fold increase in 4-Ngs@bed on MPc-modified

Amberlite® IRA-900.

The optimum loading of the MPc complexes onto AriteSt IRA-900 was established by

determining the rate of 4-Np adsorption with vasidoadings of FePgYFigure 3.31a). Rate
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studies were not carried out on resins modifiechudgdings greater than 3 x 4@ FePc%g
Amb, as the immobilisation of FePc®ecame time-consuming, i.e. 3-4 days above the
aforementioned loading. A loading of 1 x 3@ FePc$g Amb gave the highest rate of
adsorption compared with the other loadings in FegBi31a. This loading was then employed
for further studies and for all the MPc complexesler investigation. There was a decrease in
the rate of 4-Np adsorption going from 1 x>0 1 x 10° g FePc$g Amb, followed by a rise in
adsorption rate of 4-Np after the latter loadingeTncrease in 4-Np adsorption rate beyond 1 x

102 g FePc$¥g Amb may be accounted for by the formation of enttran one layer on the resin.

The dependence of the rate of 4-Np adsorption omwasidetermined by varying the pH of a 1 x
10* mol dm?® solution, Figure 3.31b. The adsorption rate reacheaximum after pH 9, which
correlates with the pH at which 4-Np is highly ddkj and the predominant species in solution is

the phenolate ion of 4-Np. This pH was employedatbsubsequent studies.
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Figure 3.31.(a) Plot of initial adsorption rate versus FePkfading to determine the optimum
amount of FePcSimmobilised onto Amberlif& IRA-900 for the adsorption of 1.0 x fanol

dm* 4-Np, pH = 9. (b) Plot of initial adsorption ratersus pH, for the adsorption of 1.0 X*10

mol dm® 4-Np onto 1 x 18 g FePc$g Amb.

3.4.2. Comparison of 4-Np Adsorption Rates on MPc-modifiedberlite® IRA-900

The rate and amount of 4-Np adsorption was compfareall MPc complexes with a loading of
1 x 10° g MPc/g Amb (Figure 3.32). It is evident from FiguB.32a that the initial rate of 4-Np
adsorption is faster for the MPg£8omplexes than the corresponding MRg¢8omplexes. The

FePc complexes gave the fastest rate (Figure 3.82d)highest amount (Figure 3.32b) of
adsorbed 4-Np compared with the other MPcs, wiéhhighest rate of adsorption obtained for

FePc9, and the highest amount of adsorption obtainedFEPcSix. CoPcK.ix gave both the

lowest amount and rate of 4-Np adsorption.
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Figure 3.32. Plots of (a) initial rate of 4-Np adsorption andl @ (time = 30 min) for each MPc

complex used to modify AmberlfdRA-900 ([4-Np] = 1.0 x 13 mol dni®, pH = 9).
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3.4.3. Regeneration of the Modified Resin

These studies were carried out in order to detexmihether the resin modified with adsorbed
MPc could be used repeatedly for removal of 4-Npak been reported that Amberlite XAD-7,
a weakly polar polymeric ion-exchange resin, cobkl regenerated using ethanol as the
regenerant for the removal of 4-KpThe use of ethanol as a regenerant was unsuctistfis
work. Its ineffectiveness may be due to differenteshe interaction of 4-Np with Amberlite

XAD-7 compared with modified AmberlifelRA-900.

The phenolate ion of 4-NpAfO ™) is relatively stable in solution due to the preseof apara
nitro group, which results in electron delocalisatiwithin the complex and the formation of a
corresponding quinonoid compl&The equilibrium that exists between the phendiateand
the neutral 4-Np species is affected by the pthefdolution. As a result, dilute nitric acid (1 x
10° mol dm®) was used to regenerate the MPc-modified resimefose in 4-Np adsorption. The
nitric acid causes a shift in the equilibrium, faviog the formation of the protonated 4-Np

species (ArOH), resulting in desorption of 4-Npnfrthe surface of the adsorbent.

The regenerated FePeSmb was reused for further adsorption of 1.0  b@ol dm?* 4-Np. The
rate of adsorption of 4-Np after regeneration eftisin increased from 4.9 x 4ol dni® min™

(for original resin) to 6.9 x I®mol dni® min™ (after the first wash) and 6.1 x Mol dm® min

! (after the second wash). Thus, the rate of 4-Nymudion was increased by a factor of 1.4 and
1.2 after the first and second washing with HN@spectively, relative to the initial rate of
adsorption. The effect of dilute HNGolution on FePcSmmobilised on Amberlit® IRA-900

is shown in Figure 3.33. After washing with Hi&ePc%becomes more monomeric, as judged
by an increase in the intensity of the low energgich The presence of a monomeric MPc may

account for the increase in 4-Np adsorption, asnile¢al centre is more readily available to
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undergo axial ligation to the negatively-chargee@mpdiate ion, thereby increasing the rate of 4-

Np adsorption.

It can be seen from Figure 3.33 that on washingakm with HNQ a new species (Withmax =
317 nm) with a different spectrum from 4-Npngx = 400 nm) was obtained. In order to
determine the nature of the new species, the spettd-Np in acidic and basic media were
compared, Figure 3.34a. The spectra matched tHoservaed in Figure 3.33 following washing
of 4-Np from MPc-Amb with HN@ Thus the new spectrum wityax = 317 nm is due to the
acidic form of 4-Np. The formation of 4-Np incredseith immersion time of resin in acid as
shown in Figure 3.34b. The absorbance values daata@t 317 nm were used to calculate the
percentage 4-Np recovery after 150 minutes of 4dNgorption (Figure 3.34b, inset). The total

amount of 4-Np recovered after using 1 2 Ifiol dm® HNO; for 150 min was 76 %.

400 nm

Relative absorbance

280 380 480 580 680 780
Wavelength (nm)

Figure 3.33. Diffuse reflectance spectral changes observed feiPcB—Amb (a) before
adsorption of 4-Np, (b) after adsorption of 4-Npdégc) following removal of 4-Np from (b)

using dilute HNQ. [4-Np] = 1.0 x 1¢ mol dm?, pH = 9.
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Figure 3.34. Electronic absorption spectra (a) of 4-Np in (iijdag; and (ii) basic media, and (b)
observed with time (total = 150 min) on immersidnFePcQ-Amb containing 4-Np in HN@
Inset: Percentage 4-Np recovery versus time follgwwmmersion of FePgSAmb with adsorbed

4-Np in HNQ; solution. [HNQ] = 1 x 10° mol dm®.
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3.4.4. Spectroscopic Study of the Interaction of 4-Np WitRcs

As mentioned previously, possible methods of attemft of 4-Np to the MPc-modified
Amberlite® IRA-900 resin includer-n interactions with the resin and MPc, and ionic dmn
formed between the ammonium groups of AmbétIIRA-900 and the hydroxyl group of 4-Np.
Another interaction that is possible is due to bkgmation between the metal centre of the MPc
and a phenolate ion, as the metals employed arenrkro be redox active. The interaction
between the MPc metal centre and 4-Np was detethtig@dding 4-Np to each MPc in aqueous
solution and recording the UV-vis spectra with tifiegure 3.35). There was a shift in the
wavelength of the Q band for CoRc&d CoPcgix (Figure 3.35a). Such small changes are
associated with axial ligation in MPc comple&%\n increase in the amount of monomeric
species was observed for FeRPethd FePcHx on addition of 4-Np (Figure 3.35b), again
suggesting monomerisation due to attachment ofl #igends. There was no change observed
for NiPcS, and NiPc$ix (figure not shown), merely a degradation of the cMMth time.
Therefore, it is hypothesized that the metal centfeboth the CoPcS and FePcS species undergo

axial ligation to unprotonated 4-Np.

° ()i
Q
c
I
£
o
2
[
Q 2
c 8
o 2
b~ T T T
o
8 640 650 660 670
© Wavelength (nm)
O]
=
e}
o
[}
@

350 400 450 500 550 600 650 700 750
Wavelength (nm)

103



Results and Discussion

Relative absorbance
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Figure 3.35. Spectral changes of (a) CoRc&nd (b) FePcSon addition of 1.0 x Z&mol dni®
4-Np, pH = 9. (Inset: (i) First, and (ii) last scalbtained for the Q band of (a) CoRcé&nd (b)

FePc3in the presence of 4-Np).

3.4.5. Langmuir-Hinshelwood Kinetic Model (LHKM)

The LHKM model (Eg. (28)) describes the competitiadsorption of substrates, reaction

intermediates and phenol oxidant prod{ées.

—_— (28)

wherek; is the rate constant for the adsorption of 4-Rf, is the initial concentration of the

substrate (in this case 4-Na.q, the adsorption coefficient, represents the dopillim between

the rate of adsorption and desorption of the satestt Table 3.9 shows the kinetic parameters

obtained from the plots dfrate versus]/CSub. A relatively high degree of linearity was
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obtained withR? values greater than 0.9 for all adsorbents, thezefocan be deduced that the
adsorption of 4-Np is dependent on 4-Np concewtnailhe MPcS complexes adsorbed 4-Np in
the following order: (according to thie values) CoPc&x > NiPcS > NiPcSix > FePc$ >
FePc$ix > CoPc$. Adsorption ratekf) was lowest for bare AmberlfdRA-900. The highk,

for the NiPcS complexes shows that axial ligat®nat the predominant means of adsorption of
4-Np on MPc-Amb. As expected, adsorption was fagduover desorption, hend€,y was

greater than unity in all cases.

Table 3.9. The LHKM parameters obtained for the adsorption4eflp onto MPc-Amb

adsorbents, [4-Np] = 1.0 x Tanol dni®

- 2 Kr Kad

Modifier R value 4 4
(min™) (mol~ L)
FePc$S 0.9952 7.47 x 10 5.25 x 10
CoPcS 0.9331 5.86 x 10 7.25x 16
NiPcS, 0.9876 1.36 x 16 3.39x 16
FePcSix 0.9934 5.88 x 10 7.23x 16
CoPCShix 0.9283 7.72 x 16 5.76 x 10
NiPcShix 0.9362 9.07 x 10 6.24 x 16
Amberlite® IRA-900 0.9249 3.21x 10 1.06 x 18
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4. CONCLUSION

The water-soluble phthalocyanine complexes ZpiReEnPcS and ZnPc(COOH) as well as
the water-insoluble complexes (suspended in aqusolugion of 4-Np) MgPc, CIAIPc, ZnPc,
ZnPc(NQ)4, ZnPc(NH)4, ZnPchg and ZnPcGk, have been employed for the photocatalytic
degradation of 4-Np as homogeneous and heteroger@mtocatalysts, respectively. Of the
homogeneous photocatalysts ZnRg$ most effective with regards to the quantumdyied 4-

Np degradation®,.np) and the stability of the catalyst. ZnPc(CO@#ggrades readily during
the catalysis, but has the highe®t.n, value compared with the other homogeneous
photocatalysts. Th@,.np Values were closely related to the singlet oxygeantum yields®,)

and aggregation. CIAIPc is the most successfulrbgémeous photocatalyst, with 898.4 %
degradation of 4-Np achieved after 100 min. Thedsiypercentage degradation was obtained for
ZnPcClg and MgPc. The low degradation yields are due tortstriplet lifetimes for both
complexes and aggregation and the “heavy-atomteiifiethe case of ZnPcgl The products of
photodegradation of 4-Np were hydroquinone and teboatechol for the homogeneous
photocatalysts and fumaric acid and 4-nitrocateclool the heterogeneous photocatalysts.
Reaction intermediates detected include hydrog@nand 1,4-benzoquinone for the

heterogeneous photocatalysts.

CIAIPc, the most effective photocatalyst for theofatransformation of 4-Np, was successfully
employed for the photodegradation of the non-systgrasticide, methyl paraoxon. Complete

degradation of the pesticide was achieved aftemiid0of irradiation with visible light.

The chemically modified polymeric adsorbents, MRol# were employed for the solid phase
extraction of 4-Np from aqueous solution. Fastesoggtion rates were achieved for the modified

MPc-Amb adsorbent compared with bare AmbetiRA-900, with the fastest rates obtained for
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FePcgAmb at pH 9. The resin was regenerated using alihutric acid, resulting in 76 %
recovery of 4-Np after 150 minutes. MPc-modified Berlite® IRA-900 can be effectively

applied as an adsorbent for the removal and regmfet-Np from aqueous solution.
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