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Abstract

The effects of peat humic acids (HAs) on the enhancement of peroxosulfate oxidation of pentachlorophenol (PCP) by iron(ll})-tetrakis(
sulfonatophenyl)porphyrin (Fe(lll)-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 c
hydroxypropylg-CD (HP{3-CD), 3-CD, HP+«y-CD, y-CD and HAs were effective in suppressing the self-oxidation of Fe(lll)-TPPS and resulted
in an enhanced PCP oxidation. The stabilization of the Fe(lll)-TPPS catalyst can be attributed to complexation of the catalyst with non-ionic
hydrophobic regions of HAs. The conditional formation constakit¥ for the complexes of Fe(lll)-TPPS with CDs and HAs were evaluated by
the changes in UV-vis absorption spectra of the Soret band of Fe(lll)-TPPS. Tkievalyies increased with decreasing rate of self-oxidation of
Fe(ll)-TPPS, showing that the complexation of Fe(lll)-TPPS with CDs and HAs plays an important role in stabilizing Fe(ll):FPW8R
studies of RO solutions of Fe(lll)-TPPS, HAs and mixtures thereof showed that the hydrophobic regions of HAs contributed to the binding of the
sulfonatophenyl group in Fe(lll)-TPPS. In addition, complexes of Fe(lll)-TPPS with HAs were isolated by ultrafiltration.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction be effective in enhancing PCP oxidation, when the Fe(lll)-
TPPS/KHS@ catalytic system was used. However, the reasons
Oxidative enzymes, such as peroxidase and lignase, amhy the addition of such HAs is effective in enhancing PCP
able to catalyze the oxidation of chlorophendg]. Iron(lll)- oxidation have not been elucidated. It has been reported that the
porphyrin complexes have been examined, in an attempt taddition of phenolic acids that are components of HAs are use-
mimic the enzymatic oxidation of chlorophend&4]. Such fulin enhancing PCP oxidation in enzymatic oxidation reactions
biomimetic catalysts have the potential to serve as clean rem§t1]. However, the addition of phenolic acids was not effective
dial processes for the removal of organic pollutants in soilsin the Fe(lll)-TPPS/KHS@ catalytic systenfil0].
In soil environments, humic acids (HAs) are ubiquitous and Piccolo[12,13] recently proposed that HAs in solution are
play important roles in the remediation of organic pollutantssupramolecular that relatively small molecules are loosely
via a variety of interactions, including solubilizatigf] and  bound together by self-association, and that the intermolecular
electron transfef6]. However, HAs are heterogeneous com-hydrophobic interactions are major factors in this process. In
pounds and their physicochemical properties vary with the typ¢his concept, HAs are created by the association of predomi-
of soil. Therefore, we investigated the effect of HA type onnantly hydrophobic compounds (e.g., polymethylenic chains,
the catalytic oxidation of pentachlorophenol (PCP) by iron(lll)- fatty acids, steroid compounds), which are stabilized at neutral
tetrakis(sulfonatophenyl)porphyrin (Fe(lll)-TPPS) and KHSO pH by hydrophobic dispersive forces (van der Waats;mr
[7-10]. In these studies, the addition of peat HAs with a lowerand CH-w bonding). This suggests that HAs have specific
content of oxygen-containing functional groups was found tchydrophobic domains. Therefore, HAs are able to associate
with PCP and/or phenyl-porphyrins, such as Fe(ll)-TPPS,
which have hydrophobic characteristics, and these interac-
* Corresponding author. Tel.: +81 29 861 8786; fax: +8129 8618321, tions may influence the reactivity of Fe(lll)-TPPS toward
E-mail address: m-fukushima@aist.go.jp (M. Fukushima). PCP.
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On the other hand, a number of reports on the formatiorthe solid phase, and the column temperature was maintained at
of inclusion complexes with phenyl-porphyrii$4-23] and  50°C. PCP was determined by UV absorption at a wavelength of
chlorophenol$24,25]with a hydrophobic core of cyclodextrins 220 nm. In addition, chloride ions (C), released during the oxi-
(CDs) have been reported. Since HAs contain large amounts alfation of PCP, were analyzed by means of ion chromatography
carbohydrate in the form of polysaccharid@§], such inter- (DX-500 type, Dionex) using an lonPac AS-11 column (4 mm
actions with CDs can be used as a model for peat HAs. In thed. x 250 mm, Dionex). All runs were conducted in triplicate.
present study, in an attempt to elucidate the effects of HAs on
the enhancement of PCP oxidation in the Fe(lll)-TPPS/KEISO 2.3. UV-vis absorption spectra
catalytic system, the influence of peat HAs or CDs on the sta-
bility of Fe(lll)-TPPS was examined. In addition, the formation =~ UV-vis absorption spectra of a buffer solution at pH 6
of complexes of Fe(ll)-TPPS with HAs was investigated by (0.02 M NaHPOy/NapHPOy/citrate), containing Fe(lll)-TPPS
UV-vis spectrometry*H NMR spectroscopy and an ultrafiltra- (5wM) and HAs or CDs, were obtained on a Jasco V-550 type

tion technique. spectrophotometer (Japan Spectroscopic Co.) with a quartz cell
(1ecmx 1cm) at 25 C. Measurements of the kinetics of decol-

2. Experimental orization of Fe(ll)-TPPS were also performed at°Zs A
37.5ul aliquot of aqueous 0.01 M KHS Owas added to 3ml

2.1. Materials of the aqueous solution in a 1cmlcm quartz cell, which

contained Fe(lll)-TPPS (M) and HAs (50mgt?) or CDs

Fe(lll)-TPPS (NaCasHosN4012S4Fe2H,0, FW 1090.79) (2.0 g 1) atpH 6, with stirring. The decrease in absorbance was
was prepared according to the method of Kawasaki et athen monitored at 394 nm for periods of up to 120 s by using the
[27], and KHS@ was purchased from Merck. PCP (99.0% kinetic mode of the spectrophotometer. No blank decolorization
purity) was purchased from Aldrich, and a stock solutionof Fe(lll)-TPPS by only light at 394 nm was observed, even after
(0.01 M) was prepared by dissolving it in acetonitrilexd® 5 min of irradiation.
D3PO; (85%) and NaOD (40%) for théH NMR stud-
ies were purchased from ISOTEC, Inc. In thel NMR  2.4. 'H NMR spectra
measurements, 3-(trimethylsilyl)propionic acigl-sbdium salt
(TMSP), which was purchased from Aldrich, was used as A 'H NMR spectra of RO solutions of Fe(lll)-TPPS, HAs
a reference compound for determining the chemical shiftsand mixturesthereofwere obtained ona JEOL Lambda FT-NMR
HAs, derived from Shinshinotsu (SHA) and Bibai (BHA) spectrometer (Nippon Denshi) with a resonance frequency for
peat soils, were extracted and purified according to the protH of 500 MHz. To reduce the large water proton peak (HDO) at
tocol of the International Humic Substances Socif2g]. 4.76 ppm, the homogate decoupling mode was employed. The
Eight types of CDs were used in the present stughCD,  spectra were recorded by using a pulse angle 6@ a 5.0-
B-CD andvy-CD (Nacalai Tesque); hydroxypropgCD (HP- s pulse delay, with 1024 accumulated scans being collected. A
«-CD), HP$3-CD, HP<«-CD and 3-CD sulfate (S@-B-CD) 3.27 mg portion of Fe(lll)-TPPS powder was dissolved in 0.6 ml
(Aldrich); carboxymethylB-CD (CM-3-CD) (Fulka). To com-  of buffer solution at pD 6.0 (0.02 M §PO4/NaOD). For HAs,
pare the formation constants for the complexes of Fe(lll)-TPPS0 mg of HA was dissolved in 5ml of 0.02 M NaOD and then
with HAs or CDs, a tetrakis(sulfonatophenyl)porphyrin (TPPS,freeze-dried. Subsequently, the residue was redissolved in 5 ml
C44H30N4012S4-4H,SOy-4H,0), purchased from Dojindo of DO and then freeze-dried. The residue was dissolved in 5 mi

Laboratory (Kumamoto, Japan), was used. of D,O again and the pD of the solution was then adjusted to
6.0 by adding a BPOy solution. A mixture of Fe(lll)-TPPS and
2.2. Assay for PCP oxidation HA was prepared by dissolving Fe(ll)-TPPS powder (3.27 mg)

in the DO solution of HA at pD 6 (0.6 ml). Before transferring

A 2ml aliquot of 0.02 M NaHPOy/NapHPQy/citrate buffer  the sample solutions to an NMR tube (5 nfit)) the solutions
at pH 6 containing 50 mgtf of HAs or 2.5g1* of CDs was  were passed through a Pasteur-pipette packed with glass wool.
placed in a 20-ml L-shaped test tube. AjdiGaliquot of 10 mM
PCP in acetonitrile and a 2@Qd aliquot of aqueous Fe(lll)-TPPS  2.5. Ultrafiltration technique
(200M) was then added to the buffer solution. Subsequently,
a 25pl aliquot of aqueous 0.01 M KHSwas added, and the To isolate complexes of Fe(lll)-TPPS with HAs, test solu-
test tube was allowed to shake in a Monosin IIA type thermo4ions containing Fe(lll)-TPPS (50M) and HAs (500 mgt?)
static shaking water bath (TAITEC) at 250.1°C. After 60min  at pH 6 (0.02 M NaHPOy/NaxHP Oy buffer) were filtered with
reaction period, 1 ml of 2-propanol was added to the test solusimple ultrafiltration filters (Millipore Ultrafree CL filters), hav-
tion. To analyze the level of PCP in the test solution, .20 ing a nominal cut-off of 5000, 30,000 and 100,000 Da. When
aliquot of the mixture was injected into a JASCO PU-980 typea 2 ml aliquot of the test solutions for Fe(lll)-TPPS + HAs or
HPLC pumping system. The mobile phase consisted of a mixFe(lll)-TPPS alone were fractionated by ultrafiltration, the iron
ture of 0.08% aqueousgPO, and methanol (20/80, v/v), and the concentrations in each fraction were measured by using an SPC
flow rate was set at 1 mlmirt. A 5C18-MS Cosmosil packed 3000S type ICP spectrometer (Seiko Instruments, Inc.). In addi-
column (4.6 mm i.dx 250 mm, Nacalai Tesque) was used astion, the absorbance at 280 nm and total organic carbon in each
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fraction were determined for samples of Fe(lll)-TPPS alonetion at pH 6, interactions with anionic HAs would be difficult
Fe(lll)-TPPS + HAs and HAs alone. due to electrostatic repulsion between the molecules. The rela-
tively lower effects of S@-B-CD and CMg-CD (Fig. 1a) can be
attributed to such electrostatic repulsions. These results suggest
that the enhancement could be attributed to interactions between
3.1. Enhancement of PCP oxidation in the presence of HAs HAs or CDS and PCP Or,Fe(”I)'TPPS,' It is well known that
or CDs CDs contain a hydrophobic core in their structures. In particu-
lar, B-CDs can form stable inclusion complexes with P@#].

Fig. 1shows the influences of HAs or CDs on percent pcpor oxidation systems including CDs, the formation of inclu-
conversion and the concentration of Qleleased as a result sion complexes between aromatic substrates and CDs results in

of oxidation by the Fe(lll)-TPPS/KHSExatalytic system. No & higher selectivity for substrate conversii9,30] In addi-
significant effects were observed for the PCP oxidation in thdio, hydrophobic interactions between PCP and HAs have also
presence 0&-CD, HP«-CD and SQ-B-CD. However, in the been reportefB1]. However, the stability constants for an inclu-

presence of HAs, HB-CD, HP+-CD andB-CD, the percent sion compllex of PCP with HB-CD (7031 mof? atpH 3 and
PCP conversion increased by more than 20%, compared to tHe3! Mo 1at pH 7) were smalltir than those with CBACD
absence of additiveig. 1a, none). In particular, more than 80% (/891mol™~atpH 3and 367 Imol”at pH 7)[24]. These results

of the PCP disappeared in the presence of34€D and HAs.  ar€ inconsistent with the finding that HRCD was a more effec-
The number of chlorine atoms released from PCP was estimatdf€ additive than CMB-CD. Therefore, interactions between
at 1.6-2.0 in the presence of HAs. However, in the presencgCP and CDs or HAs are not crucial factors in enhancing PCP

of HP-B-CD, the PCP completely disappeared after a 60 mirPXidation in the Fe(ll)-TPPS/KHSOsystem. _
reaction period, and the number of chlorine atoms released was Qnthe cher hand, |tha§ been reported thatthe IOSS_ of catalytic
increased to approximately 5. These results indicate thggHP- 2ctivity of iron(lil)-porphyrins can be due to aggregation or the
CD is the most effective additive for the degradation of PCp, Intermolecular self-oxidation of the cataly$&2,33} Bonchio

The reason why PCP oxidation might be enhanced by th_@t al.[34] showed_ that the ph(_)tocatalytlc ac_t|V|ty of TP_PS was
addition of HAs and CDs is atopic of interest. In general, becausinProved by forming aninclusion complexwith the CD, in terms

PCP and Fe(lll)-TPPS are negatively charged in aqueous solﬁ’f the photooxidation af-methionine methyl ester. This finding
suggests that hydrophobic interactions between Fe(lll)-TPPS

and CDs or HAs are factors in enhancing the catalytic activ-
ity of Fe(lll)-TPPS. Thus, we hereafter focused on interactions
between Fe(lll)-TPPS and HAs, and compared the findings to
cases of CDs.

3. Results and discussion

3.2. Effects of HAs and CDs on the self-oxidation of
Fe(1ll)-TPPS

The deactivation of Fe(lll)-TPPS may be due to aggrega-
tion and intermolecular self-oxidation. It has been reported that
the aggregation of Fe(lll)-TPPS can yigldoxo species, O-
(Fe(llN-TPPS), which are produced in higher concentration of

0 20 40 60 80 100

(a) %PCP Conversion Fe(lll)-TPPS and at a higher g&7]. In our experimental condi-

. . ' . tions (5uM Fe(lll)-TPPS, pH 6), the wavelength corresponding
sHA 1 .to the absorption maximum for Fe(lll)-TPPS (394 nm) was sim-
BHA Y77 1 ilar to that at pH 2, where aggregauon coulq nc_)t occur. However,

HP-+CD Y7 — 1 at pH 7 the wavelength shifted to 406 nm, indicating the forma-
HP-5-CD ¥ G tion of O-_(Fe(lll)-TPPSﬁ specieg27]. These resu_lts sh_O\_N that
HP-0.-CD Y ] aggregatl_on does not cause the loss of catalytic activity l_Jnder
0 7 ] our experimental _conqmons. Therefore, we focused on the inter-
4-CD | ’ 7 ] molecular self-oxidation of Fe(lll)-TPPS.
o-cb T ] The self-oxidation of Fe(lll)-TPPS can be conveniently mon-
none Y 1 itored by measuring the decolorization of the catdly&}. Fig. 2
shows the kinetic curves for the decolorization. The decay curves
0 50 100 150 200 250 could be treated as biphasic kinetics, as reported by Nappa and
(b) [CI]/uM Tolman[32]. Because the rate constants in the second part of

_ _ the kinetics were too small, we compared the rate constants in
Fig. 1. Influence of HAs and CDs on the percent PCP conversion (a) and

on . .. .
the concentration of Cl released from PCP (b) by the Fe(lll)-TPPS/KHSO ﬂ’]e initial part kons)- Thekopsvalues are Summa”ZEdTrable, 1
catalytic system. PCP 5(M, Fe(ll)-TPPS 5uM, KHSOs 125uM, HAs Thekops value for HPB-CD was the largest of all the additives
50mgl?, CDs 2.5g1?, pH 6. tested, and this corresponded to the largest effect on PCP oxi-
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dation. In addition, the addition of HAs and HRED, which
were effective in enhancing PCP oxidation, led to larkss
values, by one order of magnitude, compareddg in their
absence (“none” imable J). However, the addition o&-CD,
HP-«-CD, CM-3-CD and SQ-B-CD, which failed to enhance
PCP oxidation, also did not result in an increasggip value.

Absorbance

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

1 " 1 " 1 " 1 " 1

Itis possible that the suppressive effects on the self-oxidation %% 475 400 425 450 475 500
of the catalyst might be related to complexation between HAs (b) Wavelength / nm
or CDs and Fe(lll)-TPPS. The formation of inclusion com-
plexes between CDs and porphyrins or metalloporphyrins ha

léig. 3. UV-vis absorption spectra of Fe(lll)-TPPS in the presenge @D (a)

. . ! d BHA (b). Fe(lIl)-TPPS &M, pH 6.
been reportedil4—23] The formation of such inclusion com- an (b)- Fe(lll M.

plex could be detected as a decrease in absorption at the Sogetectra were also observed. However. in the casesid. HP-
band of porphyrins and metalloporphyrins. To further investi- P ' ' '

gate possible complexation between CDs and Fe(lll)-TPPS, W%BED’(;:M;B'CDisn%S?'g_i% axgﬁqd—;h\l:lt 'rn tgets?rﬁitﬁb arr]]?
firstinvestigated variations in the Soret band of Fe(lll)-TPPS 10 @ decrease In absorption maximum were not signiticant.
The degree of decrease in absorption maximua)(corre-

th n nd presen f CDs. UV-vi rption tra in . .
e absence and p esence o CDs U. s absorptio spec asponds to the concentration of complex species of Fe(lll)-TPPS
the presence of a variety concentration3Be€D are shown in

Fig. 3a. Inthese absorption spectra of Fe(lll)-TPPS, asignificr:m\fvIth CDs and can be calculated as follows:
red-shift was observed with increasing concentrations of CDsp 4 = (absorption at 394 nmin the absence of CDs)
as reported in previous studi§ss,18,19] In the presence of

v-CD, HP+-CD and HPB-CD, similar variations in absorption — (absorptionat 394 nmin the presence of CDs at
arbitary concentration) (1)

Table 1

Thekops values for Fe(lll)-TPPS self-oxidation Assuming a 1:1 complexation of porphyrins (Por) with CDs

Additives Kops (5°1) according to Mosinger et gR0], the complexation equilibrium
and conditional formation constamks) can be written as fol-

None (1.6£0.1)x 1071 lows:

«-CD (1.4£0.1)x 107 )

B-CD (1.1+0.1)x 10t N

y-CD (1.3£0.1)x 107t Por+ CD = Por (2)

HP--CD (1.5+£0.2)x 101 [Por— CD] 3)

HP-CD (4.3£0.7)x 1073 f= ==

HP-y-CD (4.8+0.4)x 10°2 [Por][CD]

SOs-p-CD (2.6+0.1)x 107 The total concentrations of Por and COppr andCcp) can be

CM-B-CD (2.6+£0.2)x 101 d as foll .

SHA (6.640.5)x 102 represented as follows:

2
BHA (5.7+£0.3)x 10~ Cror = [POr] + [Por— CD] (@)
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Ccp = [CD] + [Por— CD] (5) Table 2

Conditional formation constant&{) for complexation between Fe(lll)-TPPS
The AA is related to the concentration of complex species andr TPPS and HAs or CDs

molecular extinction coefficient}: Additives logk for Fe(lll)-TPPS logk; for TPPS
AA = [Por—CD]- ¢ (6) p-cD 1.54+0.07 1.45£0.14
, ) ~y-CD 0.64+0.08 0.87£0.02
To compare th&j for a variety of CDsCcp was normalizedto  ppg.cp 3.59+ 0.02 3.27+0.03
molar concentration of dissolved organic carbon in COsdc) HP-y-CD 1.89+0.06 2.23:0.14
by the following equation: BHA 2.16+0.03 1.94:0.07
. o SHA 1.87+0.06 1.64+0.02
%C/100x Ccp(g 1
Cboc = 12011 @
Combining Eqs(3)—(7), the following relationship betweerA described in a previous studg0]. The subtracted spectra of
andCpoc can be derived: BHA are shown irFig. 3b. The absorbance at 394 nm for Fe(lll)-
TPPS decreased with increasing BHA concentration and the
e 1 Soret band for Fe(ll1)-TPPS alone was slightly shifted to higher
AA =35 X (CP0r+ Cboc + Kf) wavelength, showing that BHA can bind Fe(ll)-TPPS via any
interactions. Thek; values for the HAs were also calculated
9 1/2 from the relationships betweemA and Cpoc by curve-fitting,
— <Cpor+ Cboc + 1) — 4CpoiCpoc as shown irFjgy 4b. The calculated lo§ values are summa-
Ky rized inTable g Thek; values for HAs and CDs were negatively

correlated topsvalues (2 = 0.882). This indicates that Fe(l1l)-

The symbols irFig. 4a represent the data set a1 andCpoc  TPPS is stabilized by the complexation with HAs or CDs.
for the CDs. TheK; 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 HDO

Fe(lll)-TPPS were subtracted from those for HA alone, as
03— ' ' ' ' ' TMSP
A p.CD
¢ CD
®  HP-B-CD
R e @ o |09
<
= |
N
O
cbs | (©) © 1A <> Ju/kuf\'\,,
0 100 200 300 200 500
(a) C DOCI mM
0.100
0.075 | i
(b) //\_&/\J
[ — L
< 0.050 - i
O
0.025 - . O
(a) A A‘ L_j\ i
0.000 - ] T T T T T T T 1 T
4 12 10 8 6 4 2 0
(b) cDocl mM 3 ppm

Fig. 4. Relationship betwee@poc and AA for CDs (a) and HAs (b). The  Fig. 5. 'H NMR spectra of Fe(lll)-TPPS in the absence and presence of BHA.
symbols and solid lines represent experimental data and calculated curves bagsil 6 by 0.02 M 3PO;/NaOD, (a) 5mM Fe(lll)-TPPS, (b) 10 gt BHA, (c)
on Eq.(8). 5g1~1 BHA +5mM Fe(ll)-TPPS and (d) 10 gt BHA +5mM Fe(lll)-TPPS.
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3.4. Confirmation of complexation between Fe(Ill)-TPPS metal porphyrin, such as TPPS. D and HPB-CD, some
and HAs reports on the complexation between these CDs and TPPS have
been reported0,23,34] Consistent with these reports, spec-
To confirm complexation between Fe(ll)-TPPS and HAs,tral change in TPPS by the addition pfCD was observed,
IH NMR spectra were recordeffig. 5 shows the!H NMR as shown inFig. 6a. TheK; values were evaluated byA at
spectra of Fe(lll)-TPPS, BHA and a mixture thereof. In the speca maximum wavelength of 414 nm for TPPS using B8). In
trum of Fe(lll)-TPPSFig. 5a), sharp peaks at 8.2 and 10.4 ppm, the case of BHAFig. &b), the spectrum of TPPS was signifi-
which corresponds to therrho- andmera-protons in the sul-  cantly shifted to a higher wavelength region, and similar spectra
fonatophenyl group of Fe(lll)-TPP[35], were observed. Inthe were obtained for SHA. These results indicate the occurrence of
spectrum of BHA aloneKig. %), broad peaks at around 1-2.5, complexation between TPPS and HAs. Tievalues for TPPS
3-4.5 and 7 ppm are observed, corresponding to methyl, cawere evaluated by curve-fitting to the data setdf andCpoc
bohydrate and aromatic protons, respectively. Focusing on th@able 3. The K; values for TPPS were positively correlated
variations in thenrtho- andmeta-protons in Fe(lll)-TPPS©O to those for Fe(lll)-TPPS£ = 0.935). These results support the
in Fig. 5), we notice that these peaks were largely reduced andiew that sulfonatophenyl groups in porphyrin contribute to the
disappeared with an increase in the concentration of BHA. Irtomplexation with HAs or CDs.
the case of SHA, the same spectral changes were also observed.To isolate complexes of Fe(lll)-TPPS with the HAs, test
These results clearly demonstrate the occurrence of complexaelutions containing Fe(lll)-TPPS and HAs were filtered by
tion between Fe(lll)-TPPS and HAs. In addition, the broad peakiltrafiltration. Fig. 7 shows the molecular weight distributions
for the aromatic protons in BHA at around 7 ppfi6 Fig. 5 of Fe(lll)-TPPS and the absorptivity at 280 neadp). To avoid
disappeared in the presence of Fe(lll)-TPPS. This indicates thédrge changes in the complexation equilibrium, the concen-
the sulfonatophenyl groups in Fe(lll)-TPPS are mainly boundrated fractions on the filter were not further washed with buffer
to aromatic regions of the HAs via hydrophobic interactions. solution. Thus, in the presence of Fe(lll)-TPPS alone, 75%
If Fe(ll)-TPPS was mainly bound to HAs by hydrophobic of the Fe(lll)-TPPS was found in the fraction below 5000 Da.
interactions with the sulfonatophenyl groups in the porphyrinFor Fe(lll)-TPPS + BHA and Fe(lll)-TPPS + SHA, the percent-
complexation would also be observed in the case of a norages of Fe(lll)-TPPS in the fractions below 5000 Da decreased
to 25-31%, and 64-74% of the Fe(ll)-TPPS was found in
the higher molecular weight fractions (30,000—-100,000 Da and
1.2 ' 1 - 100,000 Da and more). The molecular weight distributions of

| 4 ]
Fe(lll)-TPPS + BHA r/

Fe(lll)-TPPS + SHA

Absorbance

CER|
Fe(lll)-TPPS alone W///

0.0 0 10 20 30 40 50 60 70 80
373 400 425 450 475 @) Fe(lll)-TPPS found, %

1.2 v T g T ™ T

1.0+ 1) .
0.8 i [BHA]/mg1™ E
0.6

0.4

Absorbance

1 (b) 0 5 10 15 20 25 30
€50/ | cm™gof Carbon

| <5K %7 sk-30K [ ] 30K-100K [N 100K <

Fig. 7. Molecular weight distribution of Fe(lll)-TPPS (a) and absorptivity at
Fig. 6. UV-vis absorption spectra of TPPS in the presencg-GD (a) and 280 nm (b) for Fe(lll)-TPPS alone, Fe(lll)-TPPS + HAs and HAs alone. pH 6,
BHA (b). TPPS 2uM, pH 6. HAs 500 mgt?, Fe(lll)-TPPS 5Q.M.

0.2

0.0
375 400 425 450 475

(b) Wavelength / nm
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Fe(lll)-TPPS inFig. 7a were similar to those of thegg val- [7] M. Fukushima, H. Ichikawa, M. Kawasaki, A. Sawada, K. Morimoto,
ues inFig. 7b. In addition, the molecular weight distributions K. Tatsumi, Environ. Sci. Technol. 37 (2003) 386.

of the ego values for Fe(III)-TPPS+ HAs were also similar to [8] M. Fukushima, A. Sawada, M Kaw:?\saki, H. Ichikawa, K. Morimoto,
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