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ABSTRACT

The effect of phosphate on adsorption and oxidation of catechol, 1,2-dihydroxybenzene,
in a heterogeneous Fenton system was investigated. In situ attenuated total reflectance
infrared spectroscopy (ATR-FTIR) was used to monitor the surface speciation at the
nano-Fe;0,4 catalyst surface. The presence of phosphate decreased the removal rate of
catechol and the abatement of dissolved organic compounds, as well as the decompo-
sition of H,0,. This effect of phosphate was mainly due to its strong reaction with surface
sites on the iron oxide catalyst. At neutral and acid pH, phosphate could displace the
adsorbed catechol from the surface of catalyst and also could compete for surface sites
with H,0,. In situ IR spectra indicated the formation of iron phosphate precipitation at the
catalyst surface. The iron phosphate surface species may affect the amount of iron atoms
taking part in the catalytic decomposition of H,0, and formation of hydroxyl radicals,
and inhibit the catalytic ability of Fe;0, catalyst. Therefore, phosphate ions worked as
stabilizer and inhibitor in a heterogeneous Fenton reaction at the same time, in effect
leading to an increase in oxidation efficiency in this study. However, before use of phos-
phate as pH buffer or H,O, stabilizer in a heterogeneous Fenton system, the possible
inhibitory effect of phosphate on the actual removal of organic pollutants should be fully
considered.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

from contaminated waters and soils (Pignatello et al., 2006;
Li and Qu, 2009). Similar to the classic Fenton reaction, the

The heterogeneous Fenton reaction, as one of the advanced heterogeneous Fenton reaction of a Fe-containing solid catalyst

oxidation processes (AOPs), has drawn extensive attention due
to its unique advantages in the removal of organic pollutants

could generate hydroxyl radicals from H,O, (Pignatello et al.,
2006; Matta et al, 2008; Duan et al., 2014). The produced
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hydroxyl radicals have high ability and non-selectivity for
oxidation of organic substances. However, the mechanism of
H,0, catalytic decomposition and organic oxidation initiated by
the surface of the catalyst is still speculative, and the role of the
surface is not clear.

It has been observed that the degradation of organics in the
heterogeneous Fenton system is efficient at even near neutral
pH, and the rate of reaction is surface mechanism controlled
(Matta et al., 2008; Pham et al., 2009; Xue et al., 2009; Zhang et
al., 2009). Many investigations have proved that the interface
reaction of H,0, on the catalyst is the essential step for the
generation of hydroxyl radicals (Lin and Gurol, 1998; Xu and
Wang, 2012; Nie et al., 2015). Accordingly, the heterogeneous
Fenton oxidation of organics is much slower than the classic
Fenton reaction, although a higher degree of mineralization
can be accomplished by the heterogeneous reaction (Teel
et al,, 2001). One drawback for the heterogeneous Fenton
oxidation process is the nonproductive decomposition of H,O,
into H,O and O, (Lin and Gurol, 1998), which makes it less
efficient and more expensive. Previous studies have found
that some metal-complexing ligands, such as phosphate,
silicate, and some polycarboxylates, could stabilize H,0,
against nonproductive decomposition (Watts et al., 1999,
2007; Pham et al., 2012). However, the effect of these ligands
on organics removal has not been fully evaluated.

Phosphate, known as a strong ligand for iron oxide, is often
used as a pH-buffer solution and also exists as a ubiquitous
biogenic element in natural water. Therefore, the effect of
phosphate on heterogeneous Fenton oxidation must be
considered when it is used in water and wastewater treat-
ment as well as in soil remediation. In the present study,
catechol was chosen as a model organic pollutant, to explore
the effect of phosphate on the oxidation and interface
reaction in the heterogeneous Fenton oxidation process. The
chemical reactions occurring at the nano-Fe;O, catalyst
surface were monitored by in situ attenuated total reflectance
infrared spectroscopy (ATR-FTIR), to further elucidate the
surface speciation and mechanism of the heterogeneous
Fenton reaction.

1. Materials and methods
1.1. Chemicals and materials

Magnetite nanoparticles (MNPs) were synthesized by
coprecipitation of Fe(ll) and Fe(lll) with 0.9 mol/L NH,OH
solution, based on the method described by Jolivet and Tronc
(1988). Part of the synthesized magnetite was freeze-dried and
stored in a desiccator under N, atmosphere for further
characterization and batch experiments. The crystal structure
of the synthesized magnetite was confirmed using powder
X-ray diffraction (XRD) analysis (X'Pert PRO MPD, Panalytical,
Netherland). The specific surface area of the synthesized
magnetite measured by Ny-adsorption BET analysis was about
80 m?%g, and the particle size was about 10 nm as measured
from a scanning electron microscope (SEM) images (Appendix A
Fig. S1). The point of zero charge (PZC) value of the synthesized
magnetite particles in 0.01 mol/L NaCl solution was measured
to be around 7.0.

Freshly prepared catechol (Merck) solution was used for
oxidation and adsorption experiments. NaH,PO, (Merck) was
used to prepare a 0.050 mol/L aqueous phosphate stock
solution. 30% (W/W) hydrogen peroxide solution (Merck) was
used to initiate the heterogeneous Fenton reaction. NaOH
and HCI solutions were used for pH adjustment. All chemical
reagents were of analytical grade and used as received. All
solutions were prepared using deoxygenated Milli-Q water.

1.2. Oxidation and adsorption experiments

Batch experiments were carried out in 50 mL polypropylene
centrifuge tubes using 0.01 mol/L NaNO; solution as back-
ground electrolyte, and the experiments were performed in
duplicate and at 25 + 2 °C in a shaker in the dark. Catalytic
oxidation experiments were carried out by addition of a
certain amount of 30% H,0, (W/W) after pre-adsorption of
catechol on magnetite with or without phosphate. The
suspensions were centrifuged and filtered through 0.22 um
syringe filters for analysis of the concentration of organics.

1.3. Analysis methods

The concentration of catechol was determined by high
performance liquid chromatography (HPLC) with a UV Detec-
tor and a C18 column (5 pm, 250 mm x 4.6 mm). The mobile
phase was water/acetonitrile (80:20, V/V) at pH 3 (adjusted
with phosphoric acid), and the flow rate of mobile phase was
set to 1.0 mL/min. The UV detector was operated at 275 nm.
The concentration of H,0, and phosphate was measured
using the titanium sulfate method and ion chromatography
(ICS-1500, Dionex, USA), respectively. The concentration of
released Fe in solution before and after catalytic reaction was
measured using inductively coupled plasma-optical emission
spectroscopy (ICP-OES) (Optima 2000, PerkinElmer, USA). The
reactive oxygen species (ROS) were identified by electron spin
resonance (ESR) spectroscopy (ESP 300E, Bruker, Switzerland),
operated at 3514 G center field and 9.85 GHz microwave
frequency. The .OH was measured by using 5,5-Dimethyl-1-
pyrroline-N-oxide (DMPO) as a spin trap agent.

1.4. ATR-FTIR measurements

The surface reaction of magnetite was monitored using the
in situ flow-cell ATR-FTIR technique (Hug, 1997; Peak et al.,,
1999; Yang et al, 2008). The magnetite particles were
deposited on one side of the ATR crystal by spreading the
diluted magnetite dispersion on the crystal surface. The
flow-cell ATR accessory consisted of a trapezoidal shaped
ZnSe crystal (45°, 50 mm x 20 mm x 2 mm, 25-reflection
total) and a 3 mL stainless steel flow-cell. Spectra were
collected on a Bruker IFS 66v/s FTIR spectrometer equipped
with a deuterated triglycine sulfate (DTGS) detector. All
spectra were recorded by averaging 256 scans at a resolution
of 4cm™?!. A small amount of NaH,PO, stock solution was
added to the catechol solution before addition of H,O,. The
reaction solution was argon gas purged and the pH was
controlled with a pH-STAT Titrator (T70, Mettler Toledo,
Swizerland) during the experiment. The reaction vessel and
the tube for transferring solution to the flow-cell were



JOURNAL OF ENVIRONMENTAL SCIENCES 39 (2016) 69-76

71

a
® With phosphate
O No phosphate

0.8

]

S o6f

= .

S

2 0 1 23

O 04+ Oxidation time (hr)
02
0.0k L L L il L 1 Og
0.0 0.5 1.0 1.5 2.0 25 3.0 35

Oxidation time (hr)

DOC removal (%)

8 08 —&—With phosphate
o —O— No phosphate
o=t
0.7
0.6 [
0.0 0.5 1.0 1.5 2.0 25 3.0 35

Oxidation time (hr)

Fig. 1 - Effect of phosphate on (a) catechol removal and (b) H,0, decomposition catalyzed by Fe;0, nanoparticles (MNPs).
[Catechol]p = 1 mmol/L, [H20,]o = 0.05 mol/L, [HoPO3]o = 0.1 mmol/L, [MNPs] = 1 g/L, pH, = 6.5. Inset in (a): DOC removal.

wrapped with Al-foil to keep the solution from light. IR
spectra were recorded at designated time intervals during the
reaction. All experiments were performed at ambient tem-
perature (22 + 1 °C).

2. Results and discussion

2.1. Effect of phosphate on catechol removal and H,0,
decomposition

As shown in Fig. 1, the removal of catechol in the Fe;0,~H,0,
system was restrained by phosphate in the first 1 hr.
However, almost all the catechol still could be removed after
3 hr despite the presence of phosphate. The experimental
data in Fig. 1a could be fitted by a 2nd-order kinetic equation,
and the fitted rate constant was 6.7 (mmol/L)""-hr * and 3.2
(mmol/L)~*hr ! without and with phosphate respectively. The
corresponding abatement of DOC decreased from 90% to 70% in
the presence of phosphate, reflecting the reduction in the
mineralization level of the heterogeneous Fenton oxidation
process. The complete removal of the catechol parent com-
pound may be attributed to its self-catalysis process through
electron transfer between the generated quinones (DuVall and
McCreery, 2000). Moreover, the decomposition of H,0, was also
inhibited significantly by phosphate (Fig. 1b). Only 10% of the
initial H,0, was decomposed in the presence of phosphate,
compared to 40% of H,0, was consumed without phosphate
after 3 hr of reaction when catechol was completely removed.
It is well known that phosphate strongly adsorbs onto
iron oxides and forms inner-sphere complexes at the surface
(Persson et al.,, 1996). Watts et al. (1999) found that the
decomposition rate of H,O, decreased in the monobasic
phosphate-stabilized goethite-H,0, system compared with
the unstabilized system, however the .OH production rate still
increased as measured by the nitrobenzene removal method.
Similarly, in the homogeneous Fenton reaction, the stability of
H,0, has also been found to be increased by phosphate, which
was attributed to the inactivation of iron ions as catalyst, due to
the complexation and precipitation of iron-phosphate species
(Watts and Dilly, 1996; Pignatello et al., 2006). Accordingly,
orthophosphate (H,PO3) was considered to be used as a H,0,
stabilizer in Fenton and Fenton-like reaction-based remediation

of contaminated soils (Kakarla and Watts, 1997; Vicente et al.,
2011). However, as revealed in the present work, the removal of
catechol was reduced initially and the DOC removal was clearly
inhibited in the presence of phosphate. Therefore, the use of
phosphate as pH-buffering reagent or H,0, stabilizer in the iron
oxide-catalyzed heterogeneous Fenton process may generally
reduce the mineralization of organic pollutants, although the
consumption of H,0, is significantly decreased. Therefore, the
oxidation efficiency was calculated to quantitatively evaluate
the effect of phosphate on organic removal by heterogeneous
Fenton oxidation.

The oxidation efficiency E was calculated by Eq. (1) (Xue
et al, 2009), where A[Ccatechol] (mol/L) and A[H,O,] (mol/L)
represent the concentration variation of catechol and H,0,
after 3 hr of oxidation. The E value increased from 0.052 to 0.198
in the presence of phosphate due to the reduced consumption
of H,0,. Since almost all the catechol was eliminated after 3 hr
of oxidation, the variation of DOC removal may better reveal the
efficiency of oxidation and activity of the catalyst. Therefore, a
modified oxidation efficiency value, mineralization efficiency E’
(calculated as Eq. (2)) is proposed to evaluate the efficient
utilization of H,0, for organic pollutant removal.

_ A[Ccatechol]
= A[H, 0] “
, ADOC]

a A[HQOQ] '

2)

In Eq. (2), A[DOC] (g/L) is the variation of DOC concentration
and A[H,0,] (g/L) is H,0, consumption. After 3 hr of oxidation,
the E’ of catechol in Fe;0,-H,0, only increased from 0.11 to
0.29 in the presence of phosphate. Apparently, the oxidation
efficiency and mineralization efficiency both increased when
H,0, consumption was inhibited.

Meanwhile, the concentration of phosphate in aqueous
solution was rapidly decreased to 50% of the initial amount
within the first hour of the oxidation reaction (Appendix A
Fig. S2). After 1 hr of oxidation, the concentration of phos-
phate dropped and remained at ca. 0.05 mmol/L, which is
closely consistent with the concentration variation of H,O,. The
consumption of phosphate could have resulted from the
sorption of phosphate on magnetite and possible reaction
with radicals produced in the redox processes. Both of the
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reactions would lead to an inhibitory effect on organic oxidation
in the heterogeneous Fenton process. However, the reaction
rate constant of phosphate with .OH was reported to be less
than 2 x 10* (mol/L)™* sec™® (Lipczynskakochany et al., 1995;
Watts and Dilly, 1996), much lower than the rate constants for
the reaction of .OH with organic molecules, which usually are in
the range of 10° and 10" (mol/L)* sec™ . Therefore, the sorption
of phosphate contributed to the reduction in both the decom-
position rate of H,O, and removal efficiency of organics.

In the heterogeneous Fenton system, the interface reactions
of organics, H,0,, possible ligands and H* with the catalyst are
crucial to the decomposition of H,0, and oxidation of organics
(Xue et al., 2009; Hu et al,, 2011; Xu and Wang, 2012), although
the mutual interaction between these reactions is very difficult
to precisely evaluate. Therefore, the competitive adsorption of
catechol and phosphate on Fe;04 and surface species changes
during oxidation were carefully studied to reveal the effect and
interface mechanism of phosphate on H,0, decomposition and
organic pollutant removal.

2.2. Adsorption of catechol and phosphate on Fe304

Fig. 2 shows the adsorption kinetic and isotherm curves of
catechol on MNPs at pH 4.5, 6.5 and 8.0. The pseudo-2nd order
kinetic equation qi[: kzlqg +qie could fit the kinetic experi-
mental data well (Fig. 2a). The fitting parameters are listed in
Appendix A Table S1. The kinetic results suggested that at least
90% of adsorption was accomplished within 1 hr at pH 8.0 and
was favored at higher pH. At lower pH, the adsorption rate was
reduced and about 65%-70% of the maximum amount of
adsorption was achieved after 1 hr. The Langmuir adsorption
equation (q= ﬁt*;id) could fit the isotherm experimental data
well (Fig. 2b). Under the studied conditions, about 51% of
catechol was removed from 0.2 mmol/L solution by adsorption
at pH 8.0, while at pH 6.5 and 4.5 the corresponding adsorption
amount of catechol was reduced to 40% and 38%, respectively.
All the fitting results are summarized in Appendix A Table S1.
The adsorption of catechol increased with pH and initial
concentration, which is consistent with the kinetic results
and previous studies (Kummert and Stumm, 1980; Yang et al.,
2012). However, there are also investigations showing that the

amount of catechol adsorbed onto metal oxides, such as TiO,
(PZC 6.5), Fe,05 (PZC 6-7), MnO, (PZC 3) and Cr,05 (PZC 6-9), is
almost independent of pH in the pH range 3-8 and decreases
at pH values larger than 8.5 for TiO, (Gulley-Stahl et al., 2010;
Rodriguez et al., 2011). Fully protonated species (H,Cat) are
predominant in the catechol aqueous solution below pH 8.0
(PKa1,catechol = 9.2) (Martell and Smith, 1977), while the mag-
netite surface is positively charged in the acidic pH range and
becomes negatively charged at pH >7 (PZC). The negative
charges of catechol species and magnetite surface both increase
with pH. Therefore, the increased adsorption of catechol with
PH observed in the present work precludes the electrostatic
adsorption mechanism, indicating a chemical interaction
between phenyl-hydroxyl groups of catechol and functional
groups on the surface of magnetite particles. Moreover, an
insignificant ionic strength effect on adsorption (Gulley-Stahl
etal.,, 2010; Yang et al., 2012) further confirmed the inner-sphere
surface complexation between catechol and oxide surface via
ligand exchange or hydrogen-bonding.

By using the flow-cell ATR-FTIR technique, in situ IR spectra
were recorded to acquire molecular information about the
surface species formed on magnetite particles. Fig. 3 shows
the ATR-FTIR spectra of catechol in solution and adsorbed
onto magnetite at different pH values with and without
phosphate. The spectral features of adsorbed catechol species
(Fig. 3b) are different from the spectra of unsorbed species
in solution (Fig. 3a). The spectra of adsorbed catechol
were dominated by two peaks at 1480 and 1257 cm™?, and
the intensities of the two peaks decreased with pH, in
accordance with the macroscopic experimental results that
more catechol is adsorbed at higher pH. Compared with
spectra of the [Ti(Cat)s]*~ complex (Lana-Villarreal et al., 2005),
in which catecholate is known to chelate the central Ti(IV) ion to
form a dianionic species, the similar spectral features in Fig. 3b
indicated a similar structure of adsorbed catechol species.
Moreover, the spectra in Fig. 3b are similar for adsorption spectra
recorded at different pH values and catechol concentrations (data
not shown), indicating a similar molecular configuration of
adsorbed catechol species in the pH range 4.5-8.5 and different
surface loadings. The frequencies and assignments of the
spectral peaks are summarized in Table 1. Therefore, all these
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Fig. 2 - Adsorption kinetics (a) and adsorption isotherms (b) of catechol on MNPs at different pH. Solid lines in Figure (a) and (b)
are pseudo-2nd order kinetic fitting and Langmuir fitting, respectively. [catechol], = 0.1 mmol/L for kinetics experiments,

[nano-Fe;04]o = 1 g/L, [NaNO;] = 0.01 mol/L.
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Fig. 3 - In situ attenuated total reflectance infrared spectroscopy (ATR-FTIR) spectra of (a) catechol solution, (b) catechol adsorption on
Fe30y,, (c) competitive adsorption of catechol and phosphate at different pHs, (d) evolution of spectra upon addition of phosphate after
pre-adsorption of catechol on Fe;0, at pH 6.5. [Catechol], = 0.2 mmol/L, [Phosphate], = 0.05 mmol/L.

spectral changes upon adsorption of catechol onto magnetite
strongly indicate the formation of chelates where catechol
species were bound to the surface via a five-atom ring

configuration with Fe atoms on the magnetite surface. However,
a bidentate binuclear complex and minor contribution from a
monodentate H-bonded structure cannot be excluded.

Table 1-Peak position and assignments for infrared spectra of catechol in aqueous solution, catechol adsorbed on

magnetite, and species adsorbed in Fenton-like reaction.

Catechol aqueous solution Adsorbed catechol Fe;04-H,0, system Assignment
species
H,CAT H,CAT+ HCAT™ 0.2 mmol/L 0.2 mmol/L. 0.2 mmol/L +P 1 mmol/L
pH46 pH6S5 pH 9.2 pH45 pH65 pHSS5 pH 6.5 pH 6.5 pH 6.5
1601 v(CC), 5(CH)
1568 (CC), 5(CH)
1532 1532 1532vs v(CO0)
1516vs 15165 1516 1503 v(CC), 5(CH)
1488vs 1480vs 1480vs 1480vs 1487vs 1485vs 1484 1(CC)
1472s 1472 1472sh 1457sh 1451 1461 v(CC), 6(CH)
1425sh 1430sh 1430sh 1430s v(CQ)
1387 1387 1387m »(COO)
1375s,b 1375b 1375b 5(OH)
1310 1310 1312 1310sh 1310sh 1316 »(CO) + v(CC)
1278vs 1278vs 1281s 1(CO)
1280sh  1280sh  1280sh 1277 1278 1275s v(COC)
1259vs 1259vs 1258s 1257vs 1257vs 1257vs 1260vs 1259 1261vs v(CO)
1226sh 1226sh 1226 5(OH)
1210sh 1219 1218 1219
1200s 1200 1200 1197 1195 1198 5(OH)
1180 1181 1180
1138 1158 1154
1103s 1103 1103 1103 1103 1103 1103 5(CH)
1077b »(PO)
1034 1034 1034 1024 1024 1024 1027 5(CH)

vs: very strong; s: strong; sh: shoulder; b: broad.
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When phosphate was added, competitive adsorption
between catechol and phosphate ligands occurred. As shown
in Fig. 3c, when pH was decreased from 8.5 to 4.5, the intensity
of bands assigned to the adsorbed catechol species (centered
at 1480 and 1257 cm™?) decreased, and new bands assigned to
adsorbed phosphate species appeared in the range of 1150-
1000 cm™*. This is because the favorite adsorption pH for
phosphate on iron oxide was in the acidic range and in the
basic pH range for catechol. In addition, as can be seen in
Fig. 3d, phosphate could displace the pre-adsorbed catechol
from the surface at pH 6.5, and there was no interaction
between the adsorbed catechol and phosphate surface species.

2.3. Surface speciation during oxidation of catechol

The formation and changes of surface species during the
oxidation of catechol were monitored by ATR-FTIR spectros-
copy. As can be seen in Fig. 4a and 4b, the spectral intensity
increased significantly with time between 1200 and 1600 cm™*
after addition of H,0, without phosphate. For 0.2 mmol/L
catechol solution (Fig. 4b), all the spectra were still dominated
by the bands of adsorbed catechol at 1480 and 1260 cm™,
although the bands were shifted ca. 5 cm™ to higher wave-
number, and new bands at 1532, 1430, and 1387 cm™* could be
resolved and grew with time. Upon increase of catechol
concentration to 1 mmol/L (Fig. 4a), the spectral intensity
increased almost 10-fold after 4 hr of reaction compared with
the corresponding spectrum of catechol adsorption, and the
line shape also changed significantly. By analysis of the second
derivative spectra, besides the bands at 1480 and 1260 cm™?,
new bands at 1601, 1568, 1532, 1430, 1387, 1349, 1275 and
1219 cm™* were resolved and grew in intensity. The bands at
1532 and 1387 cm™* were assigned to asymmetric and symmet-
ric vibrations of carboxyl groups, indicating the formation of
carboxylates upon addition of H,O,. The rapid growth of the
absorbance at 1267 cm™! in Fig. 4a could be resolved into two
bands at 1275 and 1261 cm™' by second derivative spectral
analysis. The strongband at 1261 cm™* was assigned to v(CO) of
adsorbed catechol species, and the band at 1275 cm™! was
assigned to the combination of an ether C-O-C stretch between
aromatic rings and the O-H bending vibration (Dubey et al,
1998; Lana-Villarreal et al., 2005), suggesting the formation of
polymeric catechol species during the oxidation. The IR results

)
on

1 mmol/L. Catechol
No phosphate

!

were consistent with the results from previous work in which
the formation of carboxylates, alcohols and dimers of
catecholate  species, such as 2-furanglycolic acid,
1,2-benzendicarboxylic acid and formic acid, oxalic acid, maleic
acid and succinic acid, was identified for the oxidation of
catechol by Fe30,-H,0,, by GC-MS (Gas Chromatography-Mass
Spectrometer), ESI-Q-TOF-MS and ion chromatography analysis
(He et al., 2014).

As shown in Fig. 4c, the most striking effect of phosphate in
the oxidation process was the rapid increase in the absorbance
centered at 1056 cm™'. This spectral feature is similar to the
spectra of FePO, (Guo et al., 2015). Actually, this peak could
be resolved into several bands in the wavenumber range of
1150-900 cm™* by second derivative analysis, viz. bands at 950,
1001, 1028, 1048, 1063, 1073, 1087, 1097 cm™*. The band in the
range of 1019-1033 cm™' could be assigned to symmetric
stretching modes of (PO,)*~ tetrahedra in the Q° structure (Lu
et al,, 2015), and the band in the range of 1063-1087 cm™* could
be assigned to the stretching vibration of the Fe-O-P bond (Kim
et al, 2010). Therefore, the spectral results suggested the
formation of iron phosphate precipitation at the surface of
catalyst, considering the low solubility product for iron phos-
phate. In addition, it is also implied that the concentration of
iron ions in the mineral-aqueous interface region may increase
at the initial stage upon addition of hydrogen peroxide.
Accordingly, the reaction of the catalyst with H,O, may cause
dissolution of iron atoms from the surface, though the Fe
concentration in the solution was rather low. Therefore, the
precipitation of iron phosphate may affect the amount of iron
atoms taking part in the catalytic decomposition of H,0, and
formation of hydroxyl radicals, and then inhibit the catalytic
ability of the magnetite surface.

2.4. Effect of phosphate on heterogeneous Fenton reaction
mechanism

As shown in Fig. 5, the pH of the solution dropped from 6.5 to
below 4 after 1 hr of reaction, regardless of the presence of
phosphate ions. The low concentration of phosphate was
insufficient to buffer the pH. Meanwhile, the leaching of
iron increased with time when phosphate was not added.
However, when phosphate was introduced, the concentration
of iron increased only in the initial first hour of reaction

0.2 mmol/L Catechol
No phosphate

0.2 mmol/L Catechol
With phosphate

©
S
S
-—
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Z

1800 1600 1400 1200 1000 800 1800 1600 1400
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1800 1600 1400 1200 1000 800
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Fig. 4 - In situ ATR-FTIR spectra of 1 mmol/L catechol solution at pH 4.5 (a), 0.2 mmol/L catechol solution without phosphate (b)
and with phosphate (c) at pH 6.5 in Fe;0,-H,0, system. Spectra of pre-adsorbed catechol are shown as red lines, blue line in
panel (a) is the second derivative spectrum of 240 min spectrum (the top spectrum in (a)). [Phosphate], = 0.05 mmol/L,

[H202]o = 0.05 mol/L.
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Fig. 5 - Variation of pH (left Y-axis, black symbols) and
dissolved Fe concentration (right Y-axis, blue symbols)
during the oxidation of catechol catalyzed by MNPs.
[Catechol]p = 1 mmol/L, [H20,]o, = 0.05 mol/L,

[H,PO3]o = 0.1 mmol/L, [MNPs] = 1 g/L, pH, = 6.5.

and maintained a relatively low level (<0.25 mg/L). The ESR
spectra in Fig. 6 shows the typical four-line signal of DMPO-OH
(an = ag = 15.0 G), indicating the formation of .OH. Addition of
phosphate to the solution and pre-adsorption of phosphate
on Fe;0,4 catalyst both inhibited the production of .OH from
H,0, decomposition.

Based on the information outlined above, a possible reaction
mechanism of the oxidation of catechol in Fe;0,~H,0, heteroge-
neous system with the presence of phosphate is proposed in
Fig. 7. Phosphate could compete with catechol and H,0, for the
surface sites of the catalyst, resulting in a reduction of organic
removal and H,0, decomposition. Moreover, the formation of
iron phosphate species or precipitation on the catalyst surface
could reduce the iron leaching, following a restrained homoge-
neous Fenton catalytic oxidation. Therefore, the removal of DOC
was largely restrained by the presence of phosphate, although
the consumption of H,0O, was significantly reduced at the same
time. Before using phosphate as a pH buffer or H,0, stabilizerin a

f\ A Fe,0,+ H,0, + H;PO,

Fe,0, @H,PO, + H,0,

Fe,0,+ H,0,

3460 3480 3500 3520 3540 3560 3580
Oxidation time (hr)

Fig. 6 - ESR spectra of DMPO-OH in aqueous dispersion.
Experiments in each graph were conducted under identical
instrument parameters.

H,0,

H,0 + 0,
Fe—O( @
i ROS

~_ Catechol DOC, COZ, HZO

Fe-Q<+——

Fe—Oh“('* Fe2+ /Fe3+
H*

Fig. 7 - Schematic diagram of the inhibition mechanism of
phosphate on heterogeneous Fenton reactions.

heterogeneous Fenton system, the possible inhibitory effect
of phosphate on the mineralization level of organic pollutants
should be fully considered.

3. Conclusions

The effect of phosphate on adsorption and oxidation of catechol
in a heterogeneous Fenton system consisting of magnetite
nano-particles and H,O, was investigated. The presence of
phosphate decreased the removal rate of catechol and the
abatement of DOC, as well as the decomposition of H,0,. The
oxidation and mineralization efficiency were increased slightly
due to the decreased consumption of H,O, in the presence of
phosphate. At neutral and acidic pH, phosphate could displace
the adsorbed catechol from the surface of catalyst and also
could compete for surface sites with H,0,. In situ ATR-FTIR
spectra indicated the formation of iron phosphate precipitation
at the catalyst surface, considering the low solubility product for
iron phosphate. The competition among phosphate, catechol
and H,0, for the surface sites of the Fe;0, catalyst contributed
to the reduction in both decomposition rate of H,O, and
removal of organics. Therefore, the presence of phosphate
may affect the amount of iron atoms taking part in the catalytic
decomposition of H,O, and formation of hydroxyl radicals.
Phosphate ions thus worked as a H,0, stabilizer and oxidation
inhibitor in the heterogeneous Fenton reaction at the same
time by inhibiting the catalytic ability of Fe;04, due to the strong
surface affinity with iron oxide. Before using phosphate as a pH
buffer or H,0, stabilizer in a heterogeneous Fenton system, the
possible inhibitory effect of phosphate on the actual removal of
organic pollutants should be fully considered. The presence of
ligands such as phosphate and silicate that tend to form
precipitates on the catalyst will inhibit the reactivity of the
catalyst. However, when the efficient utilization of H,0, for
organic pollutant removal is critical in heterogeneous Fenton
oxidation, phosphate could be used as a H,0, stabilizer. In most
cases, a pH buffer may not be needed due to the relatively high
pH tolerance of the heterogeneous Fenton oxidation.
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