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bstract

Photodegradation of 4-nitrophenol (4-Np) in the presence of zinc tetrasulfophthalocyanine (ZnPcS4), zinc octacarboxyphthalocyanine
ZnPc(COOH)8) and a sulfonated ZnPc containing a mixture of differently sulfonated derivatives (ZnPcSmix), as photocatalysts is reported.
nPcS is the most effective catalyst in terms of a high quantum yield for 4-Np degradation and the stability of the catalyst. However ZnPc(COOH)
mix 8

egrades readily during the catalysis, but it has a higher quantum yield (Φ4-Np) for 4-Np degradation than the rest of the complexes. The Φ4-Np

alues were closely related to the singlet oxygen quantum yields ΦΔ and hence aggregation. The rate constants for the reaction with 4-Np were
r = 0.67 × 106 mol−1 dm3 s−1 for ZnPcSmix and 2.8 × 108 mol−1 dm3 s−1 for ZnPc(COOH)8.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Nitrophenols are of interest due to their inclusion as priority
oxic pollutants by agencies such as the United States Environ-

ental Protection Agency. Nitrophenols are employed for the
ynthesis of many products and are also the degradation prod-
cts of pesticides such as parathion and nitrofen. The interest
n nitrophenols is due to their high stability and solubility in
ater as well as their resistance to traditional methods of water
urification. Microbial degradation of nitrophenols is a time-
onsuming process [1]. 4-Nitrophenol (4-Np) was selected for
tudy in this work since it is produced in high quantities world-
ide [2].
Metallophthalocyanines (MPcs) containing non-transition

etals are efficient photocatalysts for many pollutants includ-
ng phenols. The most accepted reaction mechanism for the
hotodegradation of phenolic compounds involves the interac-
ion of the excited triplet MPc sensitiser (3MPc*) with ground

tate oxygen to produce active singlet oxygen (1O2), through the
o-called type II mechanism. This occurs via the triplet–triplet
nergy transfer process, Eqs. (1)–(3), Scheme 1 [3].

∗ Corresponding author. Fax: +27 46 622 5109.
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The other possible route involves the participation of a super-
xide radical through the so-called type I mechanism, Eqs.
4)–(9), Scheme 2 [4,5].

Non-transition MPcs are effective for photocatalysis since
hey produce singlet oxygen (essential for type II mechanism)
n high quantum yields. Water-soluble MPcs are required for
hotodegradation to occur in aqueous media, and they may
e formed by substitution of the Pc ring with negatively or
ositively charged substituents. In this work, three water sol-
ble ZnPc complexes are employed. These are the zinc tetra-
ulfophthalocyanine (ZnPcS4), zinc octacarboxyphthalocyanine
ZnPc(COOH)8) and a sulfonated ZnPc containing a mixture of
ifferently sulfonated derivatives (ZnPcSmix), Fig. 1. The pho-
osensitizing effectiveness of MPc complexes is substantially
educed by aggregation of these complexes [6,7]. The excited
riplet state is quenched in aggregated MPc complexes and the
uantum yield for singlet oxygen production is decreased sig-
ificantly. However, the degree of aggregation of the MPcSmix
pecies depends on the synthetic method and on the degree
f sulfonation [8]. In this work we compare the photosen-
itizing abilities of ZnPc complexes towards the photodegra-

ation of 4-Np. Even though there have been several reports
n the use of MPc complexes for the photodegradation of
hlorophenols [9–12], nitrophenols have not received much
ttention.

mailto:t.nyokong@ru.ac.za
dx.doi.org/10.1016/j.molcata.2006.07.055
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Fig. 1. Molecular structure of ZnPcSn

Scheme 1. Type II mechanism. Where subs-represents 4-nitrophenol. ISC is
intersystem crossing.
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mined to be 1.8 × 104 dm3 mol−1 cm−1 at 400 nm (pH 8.2) and
Scheme 2. Type I mechanism.

. Experimental

.1. Materials

4-Nitrophenol (4-Np) was obtained from BDH. 4-
itrocatechol (Aldrich) and hydroquinone (May and Baker)
ere of reagent grade, and were employed as standards for
igh performance liquid chromatography (HPLC). ZnPcS4 was
ynthesized, purified and characterised according to Weber and
usch method [13]. ZnPcSmix, was synthesised from ZnPc,
sing fuming sulphuric acid (30% SO3) according to litera-
ure procedures [14]. ZnPc(COOH)8 was prepared, purified and
haracterised according to the reported procedure [15]. ZnPc
as either purchased from Aldrich or synthesized, purified and

haracterized using literature methods [16]. Ultra-pure water
Milli-Q Water System, Millipore Corp., Bedford, MA, USA)
as used for all experiments and analyses. pH 8.2 phosphate

uffer solutions, were prepared using reagent grade potassium
ihydrogen orthophosphate (ACE) and dipotassium phosphate
PAL Chemicals).

u
i
a

and ZnPc(COOH)8 complexes.

.2. Photochemical studies

Irradiation in the visible region was carried out with a Gen-
ral Electric Quartz line lamp (300W). A 600 nm glass cut off
lter (Schott) was used to filter off ultraviolet light, so that only

he phthalocyanine Q band is irradiated, avoiding direct pho-
odegradation of 4-Np by UV light. The light intensity was

easured with a power meter (Lasermate/A) and was found
o be 4.1 × 1016 photons s−1 cm−2. The pH of the buffer solu-
ions were measured using the WTW pH 330/SET-1 pH meter.
xperiments were performed where 4-Np and the ZnPc com-
lexes were photolysed (in the visible region) individually, and
n the presence of one another. The photocatalysis products
ere monitored in two ways: spectroscopically using Cary 500
V–vis/NIR spectrophotometer or using high perfomance liq-
id chromatography (HPLC). We employed a Quad-Gradient
gilent 1100 series HPLC fitted with an analytical Prodigy
�m ODS (150 mm × 4.6 mm) column connected to a vari-
ble wavelength UV–vis detector. The UV–vis detector was set
t 230 nm. The photocatalysis products were identified using
PLC by comparing retention times and by using fragmentation
atterns as obtained from a liquid chromatograph connected to
mass spectrometer (LC/MS). Mass spectra were recorded with
innigan LCQ-MS coupled with analytical Prodigy 5 �m ODS
150 mm × 4.6 mm) column. A mobile phase consisted of 70:30
ethanol:water mixture.

.3. Treatment of data

Quantum yields for the photodegradation of 4-Np (Φ4-Np)
ere determined from the initial linear part of the kinetic curve

or photo-oxidation of 4-Np, using Eq. (10):

4-Np = − (Ct − C0)VNA

IabsSt
(10)

here V is the reaction volume (4.5 cm3), t the irradiation time,
A Avogadro’s constant, S the irradiation area (1 cm2), and C0
nd Ct are 4-Np concentrations before and after irradiation,
espectively. The extinction coefficient (ε) of 4-Np was deter-
sed for calculation of 4-Np concentrations. Iabs from Eq. (10)
s the overlap integral of light intensity of the radiation source
nd the light absorption of the sensitiser at 670 nm [17].
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Fig. 2. Electronic absorption spectral changes observed during the photolysis
of 1.0 × 10−4 mol dm−3 4-Np in the presence of 400 mg dm−3 ZnPcSmix in pH
8.2 buffer solution.

F
o
(

(visible light) in the absence of the photosensitizer. No spectral
changes (or changes in HPLC traces) were observed showing
that the transformation of 4-Np occurred only through photo-
catalysis under visible light radiation.
Scheme 3.

The rate constants of interest are those involved in singlet
xygen mechanism (type II) for the photodegradation of 4-Np.
d, kq and kr are the rate constants for the decay of 1O2 in water,
physical” quenching of 1O2 by the substrate (4-Np) and forma-
ion of oxidation products, respectively, according to Scheme 3
Eq. (11)–(13)).

Eq. (11)–(13) can be used to derive Eq. (14):

4-Np = ΦΔ

kr[4-Np]

kd + (kr + kq)[4-Np]
(14)

here ΦΔ is the singlet oxygen quantum yield.
Eq. (14) can then be rearranged to give Eq. (15):

1

Φ4-Np
= 1

ΦΔ

(
kr + kq

kr
+ kd

kr[4-Np]

)
(15)

d, the singlet oxygen decay rate constant in water, can be cal-
ulated using Eq. (16):

d = 1

τΔ

(16)

Δ, the lifetime of singlet oxygen, is 3.09 × 10−6 s, therefore kd
s 3.22 × 105 s−1 [18].

From Eq. (15), a plot of 1/Φ4-Np versus 1/[4-Np] will result
n the determination of kr and (kr + kq). The values of ΦΔ for
nPcSmix, ZnPcS4 and ZnPc(COOH)8 are 0.48, <0.01 and 0.52,

espectively, Table 1, in pH 10 buffer [19], and were employed
o calculate the rate constants.

. Results and discussion

.1. Optimization

Studies for the photocatalysed degradation of 4-Np were car-
ied out at pH 8.2 since the pKa value for 4-Np is 7.15 [20]. Fig. 2
hows the absorption spectral changes observed on photolysis
f 4-Np in the presence of optimum ZnPcSmix concentration of
00 mg/L. A peak due to 4-Np was observed at 400 nm and it
isappeared with time with the formation of peaks due to degra-
ation products at ∼280 nm. Φ4-Np values were calculated from
he data in Fig. 2 using Eq. (10), by determining the initial rate of
isappearance of the 4-Np peak at 400 nm. The optimum amount
f ZnPc complexes (using ZnPcSmix as an example) needed for
he photodegradation of 4-Np was determined by plotting Φ4-Np
ersus [ZnPcSmix], Fig. 3. The curve leveled off after 400 mg/L.

sing the optimum ZnPcSmix concentration, the amount of 4-
p which gives the highest Φ4-Np value was determined. Fig. 4

hows that the �4-Np value peaked at 1.5 × 10−4 mol L−1 for
-Np photocatalysed oxidation.

F
t

ig. 3. Plot of Φ4-Np vs. concentration of ZnPcSmix to determine the
ptimum concentration of ZnPcSmix for the phototransformation of 4-Np
1.0 × 10−4 mol/L); pH 8.2.

Experiments were performed whereby 4-Np was photolysed
ig. 4. Plot of Φ4-Np vs. concentration of 4-Np for its phototransformation in
he presence of ZnPcSmix (400 mg/L); pH 8.2.
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Table 1
Photosensitization data for 4-Np transformation in the presence of the various sensitizers (400 or 200 mg L−1) under visible light irradiation (for 10 min). pH 8.2;
[4-Np] = 1.0 × 10−4 mol L−1

ZnPc complex Φ4-Np (400 mg/L MPc) Φ4-Np (200 mg/L MPc) ΦΔ
a Degradation of MPc complex (%) Degree of aggregation (%)

ZnPcSmix 7.9 × 10−4 7.4 × 10−4 0.48 15 49
Z −4 −4 <0
Z 0
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nPcS4 1.5 × 10 1.2 × 10
nPc(COOH)8 6.5 × 10−3 1.8 × 10−3

a From Ref. [12] in pH 10 buffer.

.2. Comparison of the photocatalytic activities of the
nPc sensitizers

Fig. 5 shows the decrease of the concentration of 4-Np with
ime during irradiation in the presence of the various photo-
ensitizers at pH 8.2. The disappearance of 4-Np was moni-
ored with UV–vis spectrophotometer. The results show that
hotooxidation of 4-Np occurred faster when ZnPc(COOH)8
as used as the sensitizer. ZnPcS4 showed the least activity

owards the photooxidation of 4-Np. Values of quantum yields,
4-Np, for 4-Np photosensitized oxidation at the concentration

f the photosensitizer of 400 mg L−1 and 1.0 × 10−4 mol L−1

f 4-Np were 7.9 × 10−4, 1.5 × 10−4 and 6.5 × 10−3 for
nPcSmix, ZnPcS4 and ZnPc(COOH)8, respectively (Table 1).
imilarly, the values of Φ4-Np for 4-Np photosensitized oxi-
ation at lower concentrations of the catalyst (200 mg/L) and
.0 × 10−3 mol L−1 4-Np were 7.4 × 10−4, 1.2 × 10−4 and
.8 × 10−3 for ZnPcSmix, ZnPcS4 and ZnPc(COOH)8, respec-
ively (Table 1). Two main factors determine photosensitizer
ctivity: efficiency of singlet oxygen sensitization and sensitizer
hotodegradation. ZnPc(COOH)8, has the largest singlet oxy-
en quantum yield (Table 1) hence it is the best photocatalyst. In
erms of aggregation, this complex was aggregated at the con-
entrations employed in this work, even though it is known to
e less aggregated than ZnPcS4 and ZnPcSmix [19]. ZnPcSmix
as a slightly lower singlet oxygen quantum yield compared to
nPc(COOH)8, hence a lower photocatalytic activity. Because

f the very low rate of photodegradation of 4-Np in the presence
f ZnPcS4, this complex was not employed any further for the
tudy of rate constants. The reason for the low activity of this
omplex is its low singlet oxygen yield, Table 1.

ig. 5. Plot of [4-Np] vs. time for: (a) ZnPcSmx, (b) ZnPcS4 and (c)
nPc(COOH)8; [MPc] = 200 mg L−1.
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.01 2 78

.52 23 29

MPcSmix complexes containing a mixture of sulfo (mono-, di-
tri- and tetra) substituents are important to study (as mixtures)
ince AlPcSmix for example, is already in use as a photosen-
itizer for medical purposes (for photodynamic therapy, PDT
21]). It is known [8] that MPcSmix preparations consisting of
he least number of isomeric species show a greater tendency to
orm aggregates, whereas the more complex preparations con-
isting of a higher number of differently substituted compounds
how less aggregation. The degree of aggregation increases with
ipophilicity [8]. HPLC chromatogram for ZnPcSmix using an
nalytical column is shown in Fig. 6. It is expected that the most
ighly sulphonated component will be the first to be eluted from
he chromatographic column, and so gives the lowest retention
ime and that the least sulphonated fractions give the highest
etention times [22]. Fig. 6 shows that the most intense chro-
atogram peaks are at low retention times, suggesting that
nPcSmix consist mainly of the more sulfonated derivatives. This

s contrary to previous HPLC analysis which showed ZnPcSmix
o constist of the less sulphonated fractions [23,24]. This goes
o confirm the observation that the composition of the prepared

PcSmix complexes may vary from batch to batch.
The formation of aggregates in sulfophthalocyanines is char-

cterized by broadening in the visible region of the spectra and
he presence of a low energy band near 630 nm due to sand-
ich type dimer formation. At the concentration employed for
hotocatalysis in this work, all the sensitizers were aggregated.
he degree of aggregation was determined from the increase in

he Q band intensity in the presence of Triton X-100, and tabu-
ated in Table 1. Fig. 7 shows that adequate monomerization was
btained for ZnPcS4 and ZnPcSmix, but not for ZnPc(COOH)8
n addition of Triton X-100. Even addition of DMSO did not

isaggregate the latter. Thus the percent aggregation values in
able 1 for ZnPc(COOH)8 are not an accurate representation.

The fate of the photocatalyst is important. A stable photo-
atalyst which also results in high degradation rate of 4-Np

Fig. 6. HPLC chromatogram for ZnPcSmix.
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Fig. 7. Spectral changes observed on addition of Triton X-100 to solutions of:
(
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3
ZnPc(COOH)8
a) ZnPcSmix, (b) ZnPcS4 and (c) ZnPc(COOH)8. (i) Buffer only and (ii) buffer
nd Triton X-100.

ould be preferred. Fig. 8 shows the spectroscopic changes
bserved for ZnPcSmix, ZnPcS4 and ZnPc(COOH)8 during pho-
ocatalytic oxidation of 4-Np. ZnPcS4 showed good stability
uring the catalysis, (Fig. 8a). ZnPcS4 showed minimal degra-
ation (only∼2%, Table 1). However due to the minimal value of
inglet oxygen quantum yield, ZnPcS4 was not an efficient pho-
ocatalyst. As has been reported before [25] for photooxidation
f 4-chlorophenol (4-Cp), ZnPc(COOH)8 showed significant
egradation during the photolysis process in this work. How-
ver, this complex gave the best photocatalytic activity for 4-Np
ompared to the other two. This is unlike for the photocataly-

is of 4-Cp [25] where it gave poor catalytic activity compared
o ZnPcSmix, and the poor catalytic activity was attributed to
igh degree of degradation. Fig. 8 shows that during degrada- u
ig. 8. Spectral changes observed for: (a) ZnPcSmix, (b) ZnPcS4 and (c)
nPc(COOH)8 during the photocatalytic oxidation of 1.0 × 10−4 mol/L 4-Np;
H 8.2.

ion of ZnPc(COOH)8, the monomer peak at 684 nm decreases
aster than the dimer peak at 648 nm. It is expected that it
s the monomer which is involved in photocatalysis, thus the
onomer is used up at the expense of the aggregate. Increased

ggregation could also result from the decarboxylation of the
nPc(COOH)8. However this would result in unsymmetrically
ubstituted derivatives hence an additional splitting of the Q
and, which was not observed. Thus we believe decarboxy-
ation is not likely. Phthalocyanine molecules in general pho-
odegrade oxidatively via attack by the singlet oxygen they
enerate.

.3. Determination of rate constants using ZnPcSmix and
Fig. 9 shows the linear plot of 1/Φ4-Np versus 1/[4-Np],
sing ZnPcSmix and ZnPc(COOH)8 sensitizers. From Eq. (15),
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Fig. 9. Plot of 1/Φ4-Np vs. 1/[4-Np] for the phototransformation of 4-Np
in the presence of: (a) ZnPcSmix (400 mg dm−3) and (b) ZnPc(COOH)8
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200 mg dm−3); pH 8.2.

he slope is equal to kd/ΦΔkr, where kd = 3.22 × 105 s−1 (Eq.
16)) and ΦΔ = 0.48, therefore kr = 0.67 × 106 mol−1 dm3 s−1.
he intercept ((kq + kr)/ �Δ kr) in Fig. 9a = 896.5. Using the val-
es of ΦΔ and kr (0.48 and 0.67 × 106 mol−1 dm3 s−1, respec-
ively), (kq + kr) was calculated to be 2.9 × 108 mol−1 dm3 s−1.
or ZnPc(COOH)8, the values of (kq + kr) and kr were
.8 × 108 mol−1 dm3 s−1 and 7.7 × 106 mol−1 dm3 s−1, respec-
ively. The values of (kq + kr) for both ZnPcSmix and
nPc(COOH)8 are 400 and 40 times greater than kr (the rate con-
tant for photo-oxidation alone), respectively, which indicates
hat most of the singlet oxygen that is generated is scavenged by

quenching process. 4-Np therefore quenches singlet oxygen
aster than it reacts with singlet oxygen. This situation has been
bserved for many phenols [1]. The reported kr and (kq + kr)
alues for the phototransformation of 4-chlorophenol (4-Cp) in
he presence of ZnPcSmix were 2.8 × 108 mol−1 dm3 s−1 and
2.5 × 108 mol−1 dm3 s−1, respectively [25,26]. Thus (4-Cp)
lso quenches singlet oxygen faster than it reacts with singlet

xygen, as (kq + kr) is five times greater than kr. However it is
vident from comparing the kr values obtained for 4-Cp and 4-
p that 4-Cp reacts with singlet oxygen to a greater extent than
-Np.
ig. 10. Effects of addition of sodium azide (an oxygen scavenger) on the rate
-Np degradation in air: (a) no NaN3; (b) NaN3 added. Catalyst = ZnPcSmix.

.4. The mechanism for the photodegradation of 4-Np

The products for the photodegradation of 4-Np were deter-
ined either by LC/MS, or comparison of retention times of

tandards: 4-nitrocatechol and hydroquinone.
The involvement of singlet oxygen in the photocatalysis

echanism was confirmed by performing photocatalysis exper-
ments in air and in the presence of NaN3, as NaN3 is an oxygen-
cavenger. Fig. 10 shows faster kinetics for 4-Np in air hence
onfirming the involvement of oxygen. No spectral changes were
bserved on addition of NaN3 to solutions of ZnPcSmix hence
onfirming that the observed changes are due to singlet oxygen
ot deactivation of the catalyst.

The proposed mechanism for the photodegradation of 4-Np
n the presence of ZnPc photosensitizers is as follows:

nPc
hν−→1ZnPc∗ ISC−→3ZnPc∗ (17)

O2 + 3ZnPc∗ → ZnPc + 1O2 (18)

O2 + 4-Np → products (19)

ossible mechanisms for the formation of 4-nitrocatechol and
ydroquinone are as follows [1].
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. Conclusions

Water soluble phthalocyanine complexes ZnPcSmix, ZnPcS4
nd ZnPc(COOH)8 have been employed for the photocatalytic
egradation of 4-Np. ZnPcSmix is the most effective catalyst in
erms of the rate of 4-Np degradation and the stability of the cat-
lyst. ZnPc(COOH)8 degrades readily during the catalysis. But
t has a higher quantum yield (Φ4-Np) for 4-Np degradation than
he rest of the complexes. The Φ4-Np values were closely related
o the singlet oxygen quantum yields ΦΔ and hence aggrega-
ion. The products of photodegradation were hydroquinone and
-nitrocatechol.
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