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Complex formation of water-soluble iron(III)-porphyrin with humic acids
and their effects on the catalytic oxidation of pentachlorophenol
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Abstract

The effects of peat humic acids (HAs) on the enhancement of peroxosulfate oxidation of pentachlorophenol (PCP) by iron(III)-tetrakis(p-
sulfonatophenyl)porphyrin (Fe(III)-TPPS) were studied mechanistically. Eight types of cyclodextrins (CDs) were used as model compounds
for the polysaccharide moieties in the HAs, and their effects were compared with those for the HAs. The results indicate that the presence of
hydroxypropyl-�-CD (HP-�-CD), �-CD, HP-�-CD, �-CD and HAs were effective in suppressing the self-oxidation of Fe(III)-TPPS and resulted
in an enhanced PCP oxidation. The stabilization of the Fe(III)-TPPS catalyst can be attributed to complexation of the catalyst with non-ionic
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ydrophobic regions of HAs. The conditional formation constants (Kf ) for the complexes of Fe(III)-TPPS with CDs and HAs were evaluate
he changes in UV–vis absorption spectra of the Soret band of Fe(III)-TPPS. The logKf values increased with decreasing rate of self-oxidatio
e(III)-TPPS, showing that the complexation of Fe(III)-TPPS with CDs and HAs plays an important role in stabilizing Fe(III)-TPPS.1H NMR
tudies of D2O solutions of Fe(III)-TPPS, HAs and mixtures thereof showed that the hydrophobic regions of HAs contributed to the bind
ulfonatophenyl group in Fe(III)-TPPS. In addition, complexes of Fe(III)-TPPS with HAs were isolated by ultrafiltration.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Oxidative enzymes, such as peroxidase and lignase, are
ble to catalyze the oxidation of chlorophenols[1,2]. Iron(III)-
orphyrin complexes have been examined, in an attempt to
imic the enzymatic oxidation of chlorophenols[3,4]. Such
iomimetic catalysts have the potential to serve as clean reme-
ial processes for the removal of organic pollutants in soils.

n soil environments, humic acids (HAs) are ubiquitous and
lay important roles in the remediation of organic pollutants
ia a variety of interactions, including solubilization[5] and
lectron transfer[6]. However, HAs are heterogeneous com-
ounds and their physicochemical properties vary with the type
f soil. Therefore, we investigated the effect of HA type on

he catalytic oxidation of pentachlorophenol (PCP) by iron(III)-
etrakis(sulfonatophenyl)porphyrin (Fe(III)-TPPS) and KHSO5
7–10]. In these studies, the addition of peat HAs with a lower
ontent of oxygen-containing functional groups was found to

∗ Corresponding author. Tel.: +81 29 861 8786; fax: +81 29 861 8321.
E-mail address: m-fukushima@aist.go.jp (M. Fukushima).

be effective in enhancing PCP oxidation, when the Fe(
TPPS/KHSO5 catalytic system was used. However, the rea
why the addition of such HAs is effective in enhancing P
oxidation have not been elucidated. It has been reported th
addition of phenolic acids that are components of HAs are
ful in enhancing PCP oxidation in enzymatic oxidation react
[11]. However, the addition of phenolic acids was not effec
in the Fe(III)-TPPS/KHSO5 catalytic system[10].

Piccolo[12,13] recently proposed that HAs in solution a
supramolecular that relatively small molecules are loo
bound together by self-association, and that the intermole
hydrophobic interactions are major factors in this proces
this concept, HAs are created by the association of pred
nantly hydrophobic compounds (e.g., polymethylenic ch
fatty acids, steroid compounds), which are stabilized at ne
pH by hydrophobic dispersive forces (van der Waals,� �
and CH � bonding). This suggests that HAs have spe
hydrophobic domains. Therefore, HAs are able to asso
with PCP and/or phenyl-porphyrins, such as Fe(III)-TP
which have hydrophobic characteristics, and these int
tions may influence the reactivity of Fe(III)-TPPS tow
PCP.
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.09.051
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On the other hand, a number of reports on the formation
of inclusion complexes with phenyl-porphyrins[14–23] and
chlorophenols[24,25]with a hydrophobic core of cyclodextrins
(CDs) have been reported. Since HAs contain large amounts of
carbohydrate in the form of polysaccharides[26], such inter-
actions with CDs can be used as a model for peat HAs. In the
present study, in an attempt to elucidate the effects of HAs on
the enhancement of PCP oxidation in the Fe(III)-TPPS/KHSO5
catalytic system, the influence of peat HAs or CDs on the sta-
bility of Fe(III)-TPPS was examined. In addition, the formation
of complexes of Fe(III)-TPPS with HAs was investigated by
UV–vis spectrometry,1H NMR spectroscopy and an ultrafiltra-
tion technique.

2. Experimental

2.1. Materials

Fe(III)-TPPS (Na3C44H25N4O12S4Fe·2H2O, FW 1090.79)
was prepared according to the method of Kawasaki et al.
[27], and KHSO5 was purchased from Merck. PCP (99.0%
purity) was purchased from Aldrich, and a stock solution
(0.01 M) was prepared by dissolving it in acetonitrile. D2O,
D3PO4 (85%) and NaOD (40%) for the1H NMR stud-
ies were purchased from ISOTEC, Inc. In the1H NMR
measurements, 3-(trimethylsilyl)propionic acid-dsodium salt
( as
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the solid phase, and the column temperature was maintained at
50◦C. PCP was determined by UV absorption at a wavelength of
220 nm. In addition, chloride ions (Cl−), released during the oxi-
dation of PCP, were analyzed by means of ion chromatography
(DX-500 type, Dionex) using an IonPac AS-11 column (4 mm
i.d.× 250 mm, Dionex). All runs were conducted in triplicate.

2.3. UV–vis absorption spectra

UV–vis absorption spectra of a buffer solution at pH 6
(0.02 M NaH2PO4/Na2HPO4/citrate), containing Fe(III)-TPPS
(5�M) and HAs or CDs, were obtained on a Jasco V-550 type
spectrophotometer (Japan Spectroscopic Co.) with a quartz cell
(1 cm× 1 cm) at 25◦C. Measurements of the kinetics of decol-
orization of Fe(III)-TPPS were also performed at 25◦C. A
37.5�l aliquot of aqueous 0.01 M KHSO5 was added to 3 ml
of the aqueous solution in a 1 cm× 1 cm quartz cell, which
contained Fe(III)-TPPS (5�M) and HAs (50 mg l−1) or CDs
(2.0 g l−1) at pH 6, with stirring. The decrease in absorbance was
then monitored at 394 nm for periods of up to 120 s by using the
kinetic mode of the spectrophotometer. No blank decolorization
of Fe(III)-TPPS by only light at 394 nm was observed, even after
5 min of irradiation.

2.4. 1H NMR spectra
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TMSP), which was purchased from Aldrich, was used

reference compound for determining the chemical s
As, derived from Shinshinotsu (SHA) and Bibai (BH
eat soils, were extracted and purified according to the

ocol of the International Humic Substances Society[28].
ight types of CDs were used in the present study:�-CD,
-CD and�-CD (Nacalai Tesque); hydroxypropyl-�-CD (HP-
-CD), HP-�-CD, HP-�-CD and �-CD sulfate (SO4-�-CD)

Aldrich); carboxymethyl-�-CD (CM-�-CD) (Fulka). To com
are the formation constants for the complexes of Fe(III)-T
ith HAs or CDs, a tetrakis(sulfonatophenyl)porphyrin (TP
44H30N4O12S4·4H2SO4·4H2O), purchased from Dojind
aboratory (Kumamoto, Japan), was used.

.2. Assay for PCP oxidation

A 2 ml aliquot of 0.02 M NaH2PO4/Na2HPO4/citrate buffer
t pH 6 containing 50 mg l−1 of HAs or 2.5 g l−1 of CDs was
laced in a 20-ml L-shaped test tube. A 10�l aliquot of 10 mM
CP in acetonitrile and a 200�l aliquot of aqueous Fe(III)-TPP

200�M) was then added to the buffer solution. Subseque
25�l aliquot of aqueous 0.01 M KHSO5 was added, and th

est tube was allowed to shake in a Monosin IIA type ther
tatic shaking water bath (TAITEC) at 25± 0.1◦C. After 60 min
eaction period, 1 ml of 2-propanol was added to the test
ion. To analyze the level of PCP in the test solution, a 2�l
liquot of the mixture was injected into a JASCO PU-980 t
PLC pumping system. The mobile phase consisted of a

ure of 0.08% aqueous H3PO4 and methanol (20/80, v/v), and t
ow rate was set at 1 ml min−1. A 5C18-MS Cosmosil packe
olumn (4.6 mm i.d.× 250 mm, Nacalai Tesque) was used
.

-

-

-

A 1H NMR spectra of D2O solutions of Fe(III)-TPPS, HA
nd mixtures thereof were obtained on a JEOL Lambda FT-N
pectrometer (Nippon Denshi) with a resonance frequenc
H of 500 MHz. To reduce the large water proton peak (HDO
.76 ppm, the homogate decoupling mode was employed
pectra were recorded by using a pulse angle of 90◦ and a 5.0
pulse delay, with 1024 accumulated scans being collect
.27 mg portion of Fe(III)-TPPS powder was dissolved in 0.
f buffer solution at pD 6.0 (0.02 M D3PO4/NaOD). For HAs
0 mg of HA was dissolved in 5 ml of 0.02 M NaOD and th

reeze-dried. Subsequently, the residue was redissolved in
f D2O and then freeze-dried. The residue was dissolved in
f D2O again and the pD of the solution was then adjuste
.0 by adding a D3PO4 solution. A mixture of Fe(III)-TPPS an
A was prepared by dissolving Fe(III)-TPPS powder (3.27

n the D2O solution of HA at pD 6 (0.6 ml). Before transferri
he sample solutions to an NMR tube (5 mm∅), the solutions
ere passed through a Pasteur-pipette packed with glass

.5. Ultrafiltration technique

To isolate complexes of Fe(III)-TPPS with HAs, test so
ions containing Fe(III)-TPPS (50�M) and HAs (500 mg l−1)
t pH 6 (0.02 M NaH2PO4/Na2HPO4 buffer) were filtered with
imple ultrafiltration filters (Millipore Ultrafree CL filters), ha
ng a nominal cut-off of 5000, 30,000 and 100,000 Da. W

2 ml aliquot of the test solutions for Fe(III)-TPPS + HAs
e(III)-TPPS alone were fractionated by ultrafiltration, the
oncentrations in each fraction were measured by using an
000S type ICP spectrometer (Seiko Instruments, Inc.). In

ion, the absorbance at 280 nm and total organic carbon in
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fraction were determined for samples of Fe(III)-TPPS alone,
Fe(III)-TPPS + HAs and HAs alone.

3. Results and discussion

3.1. Enhancement of PCP oxidation in the presence of HAs
or CDs

Fig. 1 shows the influences of HAs or CDs on percent PCP
conversion and the concentration of Cl− released as a result
of oxidation by the Fe(III)-TPPS/KHSO5 catalytic system. No
significant effects were observed for the PCP oxidation in the
presence of�-CD, HP-�-CD and SO4-�-CD. However, in the
presence of HAs, HP-�-CD, HP-�-CD and�-CD, the percent
PCP conversion increased by more than 20%, compared to the
absence of additives (Fig. 1a, none). In particular, more than 80%
of the PCP disappeared in the presence of HP-�-CD and HAs.
The number of chlorine atoms released from PCP was estimated
at 1.6–2.0 in the presence of HAs. However, in the presence
of HP-�-CD, the PCP completely disappeared after a 60 min
reaction period, and the number of chlorine atoms released was
increased to approximately 5. These results indicate that HP-�-
CD is the most effective additive for the degradation of PCP.

The reason why PCP oxidation might be enhanced by the
addition of HAs and CDs is a topic of interest. In general, because
P solu

F
t
c
5

tion at pH 6, interactions with anionic HAs would be difficult
due to electrostatic repulsion between the molecules. The rela-
tively lower effects of SO4-�-CD and CM-�-CD (Fig. 1a) can be
attributed to such electrostatic repulsions. These results suggest
that the enhancement could be attributed to interactions between
HAs or CDs and PCP or Fe(III)-TPPS. It is well known that
CDs contain a hydrophobic core in their structures. In particu-
lar, �-CDs can form stable inclusion complexes with PCP[24].
For oxidation systems including CDs, the formation of inclu-
sion complexes between aromatic substrates and CDs results in
a higher selectivity for substrate conversion[29,30]. In addi-
tion, hydrophobic interactions between PCP and HAs have also
been reported[31]. However, the stability constants for an inclu-
sion complex of PCP with HP-�-CD (703 l mol−1 at pH 3 and
153 l mol−1 at pH 7) were smaller than those with CM-�-CD
(789 l mol−1 at pH 3 and 367 l mol−1 at pH 7)[24]. These results
are inconsistent with the finding that HP-�-CD was a more effec-
tive additive than CM-�-CD. Therefore, interactions between
PCP and CDs or HAs are not crucial factors in enhancing PCP
oxidation in the Fe(III)-TPPS/KHSO5 system.

On the other hand, it has been reported that the loss of catalytic
activity of iron(III)-porphyrins can be due to aggregation or the
intermolecular self-oxidation of the catalysts[32,33]. Bonchio
et al.[34] showed that the photocatalytic activity of TPPS was
improved by forming an inclusion complex with the CD, in terms
of the photooxidation ofl-methionine methyl ester. This finding
s PPS
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ig. 1. Influence of HAs and CDs on the percent PCP conversion (a) and on
he concentration of Cl− released from PCP (b) by the Fe(III)-TPPS/KHSO5

atalytic system. PCP 50�M, Fe(III)-TPPS 5�M, KHSO5 125�M, HAs
0 mg l−1, CDs 2.5 g l−1, pH 6.
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uggests that hydrophobic interactions between Fe(III)-T
nd CDs or HAs are factors in enhancing the catalytic a

ty of Fe(III)-TPPS. Thus, we hereafter focused on interact
etween Fe(III)-TPPS and HAs, and compared the findin
ases of CDs.

.2. Effects of HAs and CDs on the self-oxidation of
e(III)-TPPS

The deactivation of Fe(III)-TPPS may be due to aggr
ion and intermolecular self-oxidation. It has been reported
he aggregation of Fe(III)-TPPS can yield�-oxo species, O
Fe(III)-TPPS)2, which are produced in higher concentration
e(III)-TPPS and at a higher pH[27]. In our experimental cond

ions (5�M Fe(III)-TPPS, pH 6), the wavelength correspond
o the absorption maximum for Fe(III)-TPPS (394 nm) was s
lar to that at pH 2, where aggregation could not occur. How
t pH 7 the wavelength shifted to 406 nm, indicating the for

ion of O-(Fe(III)-TPPS)2 species[27]. These results show th
ggregation does not cause the loss of catalytic activity u
ur experimental conditions. Therefore, we focused on the
olecular self-oxidation of Fe(III)-TPPS.
The self-oxidation of Fe(III)-TPPS can be conveniently m

tored by measuring the decolorization of the catalyst[32].Fig. 2
hows the kinetic curves for the decolorization. The decay cu
ould be treated as biphasic kinetics, as reported by Napp
olman[32]. Because the rate constants in the second pa
he kinetics were too small, we compared the rate consta
he initial part (kobs). Thekobsvalues are summarized inTable 1.
hekobs value for HP-�-CD was the largest of all the additiv

ested, and this corresponded to the largest effect on PC
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Fig. 2. Influence of HAs and CDs on the kinetics of decolorization of Fe(III)-
TPPS. Fe(III)-TPPS 5�M, KHSO5 125�M, HAs 50 mg l−1, CDs 2.0 g l−1, pH
6.

dation. In addition, the addition of HAs and HP-�-CD, which
were effective in enhancing PCP oxidation, led to largerkobs
values, by one order of magnitude, compared tokobs in their
absence (“none” inTable 1). However, the addition of�-CD,
HP-�-CD, CM-�-CD and SO4-�-CD, which failed to enhance
PCP oxidation, also did not result in an increase inkobs value.

3.3. Influence of HAs and CDs on the UV–vis absorption
spectra of Fe(III)-TPPS

It is possible that the suppressive effects on the self-oxidation
of the catalyst might be related to complexation between HAs
or CDs and Fe(III)-TPPS. The formation of inclusion com-
plexes between CDs and porphyrins or metalloporphyrins has
been reported[14–23]. The formation of such inclusion com-
plex could be detected as a decrease in absorption at the Soret
band of porphyrins and metalloporphyrins. To further investi-
gate possible complexation between CDs and Fe(III)-TPPS, we
first investigated variations in the Soret band of Fe(III)-TPPS in
the absence and presence of CDs. UV–vis absorption spectra in
the presence of a variety concentration of�-CD are shown in
Fig. 3a. In these absorption spectra of Fe(III)-TPPS, a significant
red-shift was observed with increasing concentrations of CDs,
as reported in previous studies[15,18,19]. In the presence of
�-CD, HP-�-CD and HP-�-CD, similar variations in absorption

T
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Fig. 3. UV–vis absorption spectra of Fe(III)-TPPS in the presence of�-CD (a)
and BHA (b). Fe(III)-TPPS 5�M, pH 6.

spectra were also observed. However, in the cases of�-CD, HP-
�-CD, CM-�-CD and SO4-�-CD, a red-shift in the Soret band
and a decrease in absorption maximum were not significant.

The degree of decrease in absorption maximum (�A) corre-
sponds to the concentration of complex species of Fe(III)-TPPS
with CDs and can be calculated as follows:

�A = (absorption at 394 nm in the absence of CDs)

− (absorption at 394 nm in the presence of CDs at

arbitary concentration) (1)

Assuming a 1:1 complexation of porphyrins (Por) with CDs
according to Mosinger et al.[20], the complexation equilibrium
and conditional formation constant (Kf ) can be written as fol-
lows:

Por+ CD � Por (2)

Kf = [Por− CD]

[Por][CD]
(3)

The total concentrations of Por and CD (CPor andCCD) can be
represented as follows:

CPor = [Por] + [Por− CD] (4)
able 1
hekobs values for Fe(III)-TPPS self-oxidation

dditives kobs (s−1)

one (1.6± 0.1)× 10−1

-CD (1.4± 0.1)× 10−1

-CD (1.1± 0.1)× 10−1

-CD (1.3± 0.1)× 10−1

P-�-CD (1.5± 0.2)× 10−1

P-�-CD (4.3± 0.7)× 10−3

P-�-CD (4.8± 0.4)× 10−2

O4-�-CD (2.6± 0.1)× 10−1

M-�-CD (2.6± 0.2)× 10−1

HA (6.6± 0.5)× 10−2

HA (5.7± 0.3)× 10−2
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CCD = [CD] + [Por− CD] (5)

The�A is related to the concentration of complex species and
molecular extinction coefficient (ε):

�A = [Por− CD] · ε (6)

To compare theKf for a variety of CDs,CCD was normalized to
molar concentration of dissolved organic carbon in CDs (CDOC)
by the following equation:

CDOC = %C/100× CCD(g 1−1)

12.011
(7)

Combining Eqs.(3)–(7), the following relationship between�A
andCDOC can be derived:

�A = ε

2
×


(

CPor + CDOC + 1

Kf

)

−
{(

CPor + CDOC + 1

Kf

)2

− 4CPorCDOC

}1/2

 (8)

The symbols inFig. 4a represent the data set for�A andCDOC
for the CDs. TheKf values can be calculated by a non-linear
least square regression analysis of the data points.

In the cases of HAs, the spectra of the mixture of HA and
F , as

F
s
o

Table 2
Conditional formation constants (Kf ) for complexation between Fe(III)-TPPS
or TPPS and HAs or CDs

Additives logKf for Fe(III)-TPPS logKf for TPPS

�-CD 1.54± 0.07 1.45± 0.14
�-CD 0.64± 0.08 0.87± 0.02
HP-�-CD 3.59± 0.02 3.27± 0.03
HP-�-CD 1.89± 0.06 2.23± 0.14
BHA 2.16± 0.03 1.94± 0.07
SHA 1.87± 0.06 1.64± 0.02

described in a previous study[10]. The subtracted spectra of
BHA are shown inFig. 3b. The absorbance at 394 nm for Fe(III)-
TPPS decreased with increasing BHA concentration and the
Soret band for Fe(III)-TPPS alone was slightly shifted to higher
wavelength, showing that BHA can bind Fe(III)-TPPS via any
interactions. TheKf values for the HAs were also calculated
from the relationships between�A andCDOC by curve-fitting,
as shown inFig. 4b. The calculated logKf values are summa-
rized inTable 2. TheKf values for HAs and CDs were negatively
correlated tokobsvalues (r2 = 0.882). This indicates that Fe(III)-
TPPS is stabilized by the complexation with HAs or CDs.
e(III)-TPPS were subtracted from those for HA alone
ig. 4. Relationship betweenCDOC and �A for CDs (a) and HAs (b). The
ymbols and solid lines represent experimental data and calculated curves bas
n Eq.(8).

F
p
5

ed
ig. 5. 1H NMR spectra of Fe(III)-TPPS in the absence and presence of BHA.
D 6 by 0.02 M D3PO4/NaOD, (a) 5 mM Fe(III)-TPPS, (b) 10 g l−1 BHA, (c)
g l−1 BHA + 5 mM Fe(III)-TPPS and (d) 10 g l−1 BHA + 5 mM Fe(III)-TPPS.
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3.4. Confirmation of complexation between Fe(III)-TPPS
and HAs

To confirm complexation between Fe(III)-TPPS and HAs,
1H NMR spectra were recorded.Fig. 5 shows the1H NMR
spectra of Fe(III)-TPPS, BHA and a mixture thereof. In the spec-
trum of Fe(III)-TPPS (Fig. 5a), sharp peaks at 8.2 and 10.4 ppm,
which corresponds to theortho- andmeta-protons in the sul-
fonatophenyl group of Fe(III)-TPPS[35], were observed. In the
spectrum of BHA alone (Fig. 5b), broad peaks at around 1–2.5,
3–4.5 and 7 ppm are observed, corresponding to methyl, car-
bohydrate and aromatic protons, respectively. Focusing on the
variations in theortho- andmeta-protons in Fe(III)-TPPS (©
in Fig. 5), we notice that these peaks were largely reduced and
disappeared with an increase in the concentration of BHA. In
the case of SHA, the same spectral changes were also observed.
These results clearly demonstrate the occurrence of complexa-
tion between Fe(III)-TPPS and HAs. In addition, the broad peak
for the aromatic protons in BHA at around 7 ppm (♦ in Fig. 5)
disappeared in the presence of Fe(III)-TPPS. This indicates that
the sulfonatophenyl groups in Fe(III)-TPPS are mainly bound
to aromatic regions of the HAs via hydrophobic interactions.

If Fe(III)-TPPS was mainly bound to HAs by hydrophobic
interactions with the sulfonatophenyl groups in the porphyrin,
complexation would also be observed in the case of a non-

F
B

metal porphyrin, such as TPPS. For�-CD and HP-�-CD, some
reports on the complexation between these CDs and TPPS have
been reported[20,23,34]. Consistent with these reports, spec-
tral change in TPPS by the addition of�-CD was observed,
as shown inFig. 6a. TheKf values were evaluated by�A at
a maximum wavelength of 414 nm for TPPS using Eq.(8). In
the case of BHA (Fig. 6b), the spectrum of TPPS was signifi-
cantly shifted to a higher wavelength region, and similar spectra
were obtained for SHA. These results indicate the occurrence of
complexation between TPPS and HAs. TheKf values for TPPS
were evaluated by curve-fitting to the data set of�A andCDOC
(Table 2). The Kf values for TPPS were positively correlated
to those for Fe(III)-TPPS (r2 = 0.935). These results support the
view that sulfonatophenyl groups in porphyrin contribute to the
complexation with HAs or CDs.

To isolate complexes of Fe(III)-TPPS with the HAs, test
solutions containing Fe(III)-TPPS and HAs were filtered by
ultrafiltration.Fig. 7 shows the molecular weight distributions
of Fe(III)-TPPS and the absorptivity at 280 nm (e280). To avoid
large changes in the complexation equilibrium, the concen-
trated fractions on the filter were not further washed with buffer
solution. Thus, in the presence of Fe(III)-TPPS alone, 75%
of the Fe(III)-TPPS was found in the fraction below 5000 Da.
For Fe(III)-TPPS + BHA and Fe(III)-TPPS + SHA, the percent-
ages of Fe(III)-TPPS in the fractions below 5000 Da decreased
to 25–31%, and 64–74% of the Fe(III)-TPPS was found in
t and
1 s of
ig. 6. UV–vis absorption spectra of TPPS in the presence of�-CD (a) and
HA (b). TPPS 2�M, pH 6.

F
2
H

he higher molecular weight fractions (30,000–100,000 Da
00,000 Da and more). The molecular weight distribution
ig. 7. Molecular weight distribution of Fe(III)-TPPS (a) and absorptivity at
80 nm (b) for Fe(III)-TPPS alone, Fe(III)-TPPS + HAs and HAs alone. pH 6,
As 500 mg l−1, Fe(III)-TPPS 50�M.
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Fe(III)-TPPS inFig. 7a were similar to those of thee280 val-
ues inFig. 7b. In addition, the molecular weight distributions
of thee280 values for Fe(III)-TPPS + HAs were also similar to
those for HAs alone (Fig. 7b). These results clearly demonstrate
complexation between Fe(III)-TPPS and HAs.

4. Conclusions

The results reported here lead to the conclusion that the com-
plexation of Fe(III)-TPPS with CDs or HAs play an important
role in suppressing the intermolecular self-oxidation of the cat-
alyst and this results in an enhanced peroxosulfate catalyzed
oxidation of PCP. In the free species of Fe(III)-TPPS, random
collisions between catalyst molecules would occur in aqueous
solution, leading to self-oxidation. However, with complexation,
the collision between the Fe(III)-TPPS molecules would be sup-
pressed, thus preventing or inhibiting self-oxidation. Therefore,
the complexation of Fe(III)-TPPS with HA or CD contributes
to the stabilization of the catalyst, resulting in an enhancement
in PCP oxidation.
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