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Goethite, hematite, magnetite and synthesized iron oxide are used as catalysts for Fenton-type oxidation of

phenol. The synthesized iron oxides were characterized by X-ray diffraction (XRD), BET, X-ray photoelectron

spectroscopy (XPS), and electron paramagnetic resonance (EPR). The catalytic activity of these materials is

classified according to the observed rate of phenol oxidation. The effectiveness of the catalysts followed the

sequence: ferrous ion > synthesized iron oxide >> magnetite hematite > goethite. According to these results,

the most effective iron oxide catalyst had the structure similar to natural hematite. The surface oxidation state

of the catalyst was between magnetite and hematite (+2.5 ~ +3.0). Phenol degraded completely in 40 min at

neutral pH (pH = 7). Soluble ferric and ferrous ions were not detected in the filtrate from Fenton reaction

solution by AAS. The formation of hydroxyl radicals was confirmed by EPR.
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Introduction

Advanced oxidation processes (AOPs) show potential for

the treatment of toxic contaminants in waters and waste-

waters. Hydrogen peroxide is safe, efficient, easy to use and

suitable for wide usage on contamination prevention.1

However, it is not an efficient oxidant for most organic

substances of interest because its catalyzed rate of reaction

with most organics is too slow. Accordingly, hydrogen

peroxide is often applied in combination with UV light, iron

salts or ozone to produce hydroxyl radicals which react with

most organics in diffusion controlled rates.2,3

In the Fenton reaction, ferrous salts such as FeSO4·H2O

are reacted with hydrogen peroxide (H2O2) to generate

OH•.4-11

Fe2+ + H2O2  →  Fe3+ + OH• + OH− (1)

Fenton's reagent (generally, a mixture of reduced metal

ions + H2O2 in modern usage) is an effective and simple

oxidant for various types of organic contaminants. Contami-

nants may be oxidized into biologically degradable matter

by adding hydrogen peroxide, and oxygen produced from

hydrogen peroxide enhances the decomposition abilities of

microorganisms. The main reactions of the Fenton system:4-11

Fe2+ + H2O2   →  Fe3+ + OH• + OH− (1)

Fe3+ + H2O2   →  Fe2+ + HO2• + H+ (2)

Fe3+ + HO2•   →  Fe2+ + O2 + H+ (3)

OH• + H2O2   →  HO2• + H2O (4)

OH• + contaminants  →  products (5)

Because ferrous ions are often found in groundwater, this

method has recently been applied to treat contaminated

soil.12,13 Watts et al. applied the Fenton reaction to oxidize

pentachlorophenol-contaminated soils (using ferric ions as

the catalyst instead of ferrous ions).14 In doing so, hydroxyl

radicals were produced and pentachlorophenol was oxidiz-

ed. The most effective pH range for Fenton reaction was pH

3-5.15,16

Drawbacks of the Fenton process include (1) the exacting

pH requirement; and (2) ferric ions produced under Fenton

treatment generate a significant amount of ferric hydroxide

sludge that requires further separation and disposal.17,18

Many researchers have recently reported on the use of

heterogeneous catalysts with hydrogen peroxide as an

alternative.14-17 Valentine et al. investigated the feasibility of

applying metal oxides, particularly iron oxides as H2O2

activation catalysts.5 They observed an accelerated decom-

position of hydrogen peroxide, and the concentration of a

model contaminant, quinoline, decreased at neutral pH.

Sandy aquifer material has also been employed as a H2O2

activation catalyst to study the degradation of quinoline.13

Goethite has been used in the investigation of heterogeneous

catalytic oxidation of chlorophenols by hydrogen peroxide.19

A disadvantage of using a heterogeneous catalyst is that

the decomposition rate of organic contaminants is slower

than in classic Fenton reaction using ferrous ions at acidic

conditions (pH = 3-5).

This study reports the development of a new heterogene-

ous catalyst (modified iron oxide) to increase the rate of

decomposition of organic contaminants. Phenol was chosen

as the probe compound in this study. Modified iron oxide

and other oxide catalysts were compared on their perfor-

mance in the rate of decomposition of hydrogen peroxide,

and oxidation of phenol under varying pH conditions. 

Experimental Section

Materials. Iron(II) sulfate heptahydrate (FeSO4·7H2O,

98%), sodium hydroxide (NaOH, 98%), hydrochloric acid

(HCl, 36.5%), perchloric acid (HClO4, 60%), hydrogen

peroxide (H2O2, 30%) and phenol (C6H5OH, 99%) were

obtained from Aldrich and used as received. Purified water
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was obtained by passing house-distilled water through a

Milli-Q (Millipore) water purification system. This purified

water (18 M Ω−1) was used for all experiments.

Catalyst preparation. A modified iron oxide catalyst was

developed in the following manner.

FeSO4·7H2O (5 g) was dissolved in water (50 mL). 3 M

aqueous NaOH was added dropwise, and the pH was

adjusted to 9.0. This solution was agitated for 40 mins. A

color change from red to reddish brown was observed. The

precipitate was filtered, washed with water to ensure

complete removal of the NaOH and sulfate ion (SO4
2−), and

air-dried. The products were placed in a furnace (in air) with

a temperature ramp of 2 oCmin−1 at 400, 600, 800 and 1000
oC. The products were heated at each temperature for 2 h.

The temperature was then decreased at the same ramp rate to

room temperature.

Analytical methods and catalyst characterization. The

concentration of phenol was analyzed using HPLC (Waters

600E) equipped with Waters 486 tunable Absorbance

Detector with a reverse phase Merck LiChropher® C-8

column (25 cm × 4 mm ID). The mobile phase was 60%

methanol (Fisher) and 40% deionized water. The flow rate

was 1.0 mL/min with an injection volume of 10 μL. The

phenol concentration was determined by using a calibration

curve obtained from solutions of known concentration.

The concentration of total ferric and ferrous ions was

determined with an Atomic Absorbance Spectrometer

(Perkin Elmer 5100PC). Surface area and average particle

size were measured by a N2-BET meter (Micromeritics

ASAP 2400) and a particle analyzer (Fritsch analysett 22)

respectively. The structure of the catalysts was determined

using a X-ray diffraction spectrometer (Rigaku DMAX-33).

An X-ray photoelectron spectrometer (Escalab 220i) was

used to measure surface oxidation state of catalyst. Hydro-

gen peroxide concentration was determined by a Merck-

quant® Peroxide Test (Merck), and hydroxyl radical gener-

ation was confirmed by electron paramagnetic resonance

(Bruker ER302 X-band spectrometer).

Experimental procedures. All experiments were con-

ducted at 25 oC. A solution of phenol and hydrogen peroxide

was prepared (initial concentration of phenol: 200 ppm and

H2O2: 400 ppm) at pHs of 3, 5, 7, 9 and 11 (using 1 M

HClO4 and 1 M NaOH). The solution was added to a 250

mL flask. Catalysts (goethite, hematite, magnetite, synthe-

sized iron oxides, and ferrous ion) were added to each

solution to initiate the reaction. Catalyst dosage was 0.1

wt%, with the exception of ferrous ion (ferrous ion: 0.13

mM). The hydrogen peroxide concentration was 400 ppm.

Specified above samples were taken in 5 min intervals and

filtered through 0.45 μm membrane filters to separate

catalyst particles from the solutions. The filtrate was then

analyzed for hydrogen peroxide, phenol and total ferric and

ferrous ions. The pH of the filtrate was also noted.

A solution of hydrogen peroxide and water were prepared

with an adjusted pH of 3 using 1 M HClO4 and 1 M NaOH.

The solution and 0.1 wt% catalyst were placed into the EPR

cell, and mixed well. Upon equilibration, the cell was placed

into the cavity immediately and spectra were acquired by

EPR at 77 K.

Results and Discussion

Degradation of phenol with different iron oxides and

hydrogen peroxide. The initial pH for the reaction was 3

and the same concentration of 400 ppm hydrogen peroxide,

200 ppm phenol and 0.1 wt% iron oxides were used in these

experiments. The experimental observations are shown in

Figure 1. According to these results, the catalytic activity for

phenol decomposition followed the sequence: ferrous ion

(kobs = 5.19 × 10−1 min−1) > synthesized iron oxide (kobs =

3.94 × 10−1 min−1) >> magnetite (kobs = 1.21 × 10−1 min−1) >

hematite (kobs = 1.16 × 10−1 min−1) > goethite (kobs = 1 × 10−2

min−1). Magnetite was a more effective catalyst than goethite

or hematite. Modified iron oxide synthesized in lab and

calcined at 600 °C was a similar effectiveness to ferrous ion

at pH = 3.

Pseudo-first-order rate law with respect to the phenol

concentration is plotted versus initial reaction times, and rate

constants for the decomposition of phenol are determined

from Figure 2. The slope of these lines provides the

decomposition rate constant. In the presence of 0.1 wt%

goethite which has been used frequently as the catalyst of

Fenton-like reaction, phenol was degraded with the first

order rate constant (k) 1 × 10−2 min−1. In the case of the other

iron oxides hematite and magnetite, the decomposition rates

were 1.16 × 10−1 min−1 and 1.21 × 10−1 min−1, respectively.

However, a significant rate enhancement was attained from

the solution in the presence of 0.1 wt% modified iron oxide

calcined at 600 °C, synthesized in lab (kobs = 3.94 × 10−1

min−1). This corresponds to 3-40 times increase in decom-

position of phenol by comparing to other oxide (goethite,

hematite and magnetite).

The decomposition of phenol was also carried out with 0.1

Figure 1. Iron oxide synthesized from FeSO4 calcined at 600 °C
was more effective catalyst than other iron oxides. (Initial pH = 3,
Concentration of phenol and hydrogen peroxide is 200 and 400
ppm respectively).
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wt% modified iron oxides calcined at the other temperatures

(400, 800 and 1000 °C) for the comparison purpose under

otherwise identical conditions. It can be seen from Figure 2

that the decomposition of phenol with the most effective

catalyst calcined at 600 °C is 3-8 times faster than that with

catalysts that has been calcined at the other temperatures.

Because iron oxide calcined at 400 °C was ferric hydroxide

forms yet, the decomposition rate for phenol was slow. Iron

oxides calcined at 800, 1000 °C were hematite form and had

lower surface areas and larger particle sizes than commercial

hematite. Therefore, these iron oxides are expected to have

low decomposition rates for phenol. Phenol in the presence

of 0.13 mM ferrous ion a decomposition rate of 5.19 × 10−1

min−1 was determined.

Table 1 shows the surface area normalized rate constants,

ksuf

ksuf = kobs/SAν

where SAν = surface area per unit of water volume.

Accordingly to results, modified iron oxide calcined at 1000

°C has the highest surface area rate constant (4.4 × 10−1 min−1

(m2/L)−1), since this iron oxide has the smallest surface area.

Goethite has the largest surface area, so surface area rate

constant is 4.65 × 10−5 min−1 (m2/L)−1. The surface rate

constant of modified iron oxide calcined at 600 °C (the

highest rate constant, kobs = 3.94 × 10−1 min−1) has 3.05 × 10−2

min−1 (m2/L)−1.

Solution pH is a very important factor for the Fenton

reaction. It is well known that the most effective pH range

for the Fenton reaction is at pH 3-5.15,16 In order to overcome

the limitation of low pH in the classic Fenton reaction, the

experiments were carried out at several pH with a new

heterogeneous catalyst. Figure 3 shows the decomposition of

phenol with modified iron oxide calcined at 600 °C,

synthesized in lab and ferrous ion at several pH values (3, 5,

7, 9 and 11).

According to these results, the significant decomposition

of phenol with ferrous ion was not observed except at pH =

3. Phenol disappeared in 20 mins by Fenton treatment with

ferrous ion at pH = 3. As pH of the solution increased, ferric

hydroxide ([Fe(OH)2]
+) was formed.20 Ferric hydroxide is an

obstruction of Fenton treatment and does not decompose

hydrogen peroxide effectively. Eventually ferrous ion does

not produce hydroxyl radical and does not degrade organic

compounds, while modified iron oxide synthesized in lab

can degrade phenol at neutral pH (pH = 7). Since synthesized

Figure 2. Phenol degrades much more quickly in the over presence
of ferrous ion (Fe2+) or iron oxide calcined at 600 °C than any other
condition. (Initial pH = 3, Concentration of phenol and hydrogen
peroxide is 200 and 400 ppm respectively).

Table 1. Decomposition rate constants of phenol and hydrogen peroxide in presence of iron oxides at pH 3.0 (Initial concentration of phenol
and hydrogen peroxide is 200 and 400 ppm respectively)

Catalyst kobs (min−1) kH2O2 (min−1) ksuf (min−1(m2/L)−1) kH2O2/kobs

Modified iron oxide calcined at 400 °C 1.192 × 10−1 1.2 × 10−2 2.5 × 10−3 1 × 10−1

Modified iron oxide calcined at 600 °C 3.94 × 10−1 1.96 × 10−1 3.05 × 10−2 4.97 × 10−1

Modified iron oxide calcined at 800 °C 8.6 × 10−2 8 × 10−3 3.91 × 10−2 9.3 × 10−2

Modified iron oxide calcined at 1000 °C 4.4 × 10−2 5 × 10−3 4.4 × 10−1 1.14 × 10−1

Ferrous ion 5.19 × 10−1 2.32 × 10−1 − 4.47 × 10−1

Goethite 1 × 10−2 2 × 10−3 4.65 × 10−5 2 × 10−1

Hematite 1.16 × 10−1 1.1 × 10−2 − 9.5 × 10−2

Magnetite 1.21 × 10−1 1.5 × 10−2 − 1.24 × 10−1

Figure 3. Ferrous ion degraded phenol below pH = 3 while
synthesized iron oxide calcined at 600 °C degraded phenol up to
pH = 7. (Concentration of phenol and hydrogen peroxide is 200
and 400 ppm respectively).
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iron oxide is essentially insoluble ferric hydroxide is not

formed. Therefore, this catalyst can degrade phenol effec-

tively up to neutral pH. However, above neutral pH this

catalyst could not degrade phenol. We speculate hydroxyl

radicals react with hydroxide ion (OH −) or hydrogen

peroxide (H2O2) faster than organic compounds above

neutral pH, and then the decomposition rate for phenol is

decreased.21

Fenton treatment uses hydrogen peroxide as an oxidant.

The decomposition rate for hydrogen peroxide by a catalyst

is very important factor.13 Figure 4 shows the decomposition

of hydrogen peroxide using different iron sources. Decom-

position of hydrogen peroxide was consistent with degrada-

tion of phenol. The decomposition rates for hydrogen

peroxide with ferrous ion and synthesized iron oxide were

much higher than those of other iron sources (goethite,

hematite and magnetite). As the decomposition of hydrogen

peroxide increased, the degradation of phenol increased.

kH2O2/kobs of modified iron oxide calcined at 600 °C and

ferrous ion is 0.497 and 0.447. These materials were more

efficient than other iron oxides (goethite, magnetite,

hematite). Previous researchers reported sequential addition

of H2O2 would provide a more efficient and economical way

of treatment.22

Characterization of catalyst. Crystallographic characteri-

zation was performed with XRD. According to the XRD

patterns in Figure 6, the two syntheses gave either hematite

or amorphous structures. The sample calcined at 400 oC was

amorphous form, and samples calcined at 600, 800 and 1000
oC were hematite forms. The most effective catalyst for

degradation of phenol is iron oxide calcined at 600 oC. This

catalyst has a hematite structure, but a peak intensity is

lower than commercial hematite (from Aldrich).

Because Fenton-like treatment using heterogeneous cata-

lysts is a surface reaction, the surface oxidation state of the

catalyst is very important. In order to confirm the surface

oxidation state of synthesized iron oxide, the surface oxida-

tion state of catalyst was measured by X-ray photoelectron

spectrometer (XPS). Figure 7 shows XPS spectra of differ-

ent iron oxides (goethite, magnetite, hematite, synthesized

iron oxide). Binding energies of iron (2P1/2, 2P3/2) in goethite

and hematite are 724.9 eV and 711.4 eV; and binding

energies of iron in magnetite are 722.3 eV and 708.2 eV.

According to these results, we observed that binding ener-

gies of iron in synthesized iron oxide in lab (the most

effective catalyst) shifted to low energy states. These bind-

ing energies were between those of hematite (or goethite)

and magnetite.

The oxidation state of iron in goethite and hematite is +3

and that of iron in magnetite is +2. Therefore, the surface

oxidation state of synthesized iron oxide in lab is between

Figure 4. Decomposition of hydrogen peroxide at different iron
oxides. (Initial pH = 3, Concentration of phenol and hydrogen
peroxide is 200 and 400 ppm respectively).

Figure 5. H2O2 decomposes much more quickly in the over
presence of Ferrous ion (Fe2+) or iron oxide calcined at 600 °C than
any other condition (Initial pH = 3, Concentration of phenol and
hydrogen peroxide is 200 and 400 ppm respectively).

Figure 6. X-ray diffraction patterns of modified iron oxide. (arrows
show hematite peaks.)
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+2 and +3 (ca. +2.8). Many researchers reported that

magnetite is a more effective catalyst for Fenton-like treat-

ment than goethite and hematite.12,22-24 Magnetite has a

combination of +2 iron and +3 iron atomics giving an

average oxidation state of +2.5. The combination of oxida-

tion states +2 and +3 in magnetite aids to increase

decomposition of hydrogen peroxide, and enhance decom-

position of organic contaminants.22,23 Average surface oxida-

tion state of synthesized iron oxide in lab was halfway

between +2.5 and +3.0. It was speculated that mixing the

oxidation states (average surface oxidation state was ca.

+2.8) of the catalyst surface enhanced the efficiency of

Fenton-like treatment.

Table 2 shows surface areas and particle sizes of iron

oxides calcined at several temperatures. As the temperature

of calcination increased, BET surface area decreased and the

size of particle increased. Lu reported that the most effective

goethite catalyst had 215 m2/g surface area and 44-74 μm of

diameter.19 The most effective catalyst synthesized in the lab

has 12.9 m2/g surface area and 50.7 μm diameter. This

catalyst has similar size but smaller surface area than

goethite used by Lu.25 These phenomena indicate that this

catalyst is less porous than goethite used by Lu.

Previous researchers evaluated different iron oxides under

the same conditions, but found differences in the degrada-

tion rates of hydrogen peroxide and contaminants.12,14,22,26-28

Valentine et al. proposed the surface area of the iron oxide

accounts for the difference in reaction activity.5 Huang et al.

showed the decomposition rates of hydrogen peroxide by

goethite, ferrihydrite, and hematite were all relatively similar

when normalized to surface area.29 However, the decom-

position of phenol and hydrogen peroxide using synthesized

catalyst (surface area was smaller than goethite) was much

better than goethite (Figure 1, 4). Therefore, in the case of

synthesized iron oxide, this mechanism cannot be adopted.

If the surface area of this synthesized iron oxide increased

(more porous or less particle size) but its structure and

surface oxidation state were kept constant, the degradation

rate of organic contaminants will be enhanced. Currently, a

more porous, smaller particle size, and larger surface area

catalyst is being developed.

Previous researchers reported that ferrous ions are pro-

duced from the reductive dissolution of goethite as shown in

(6).19,30 Lu et al. reported that as goethite dissolution was

increased, decomposition of organic compounds was

increased.25

In order to account for the reason why synthesized iron

oxide was a more effective catalyst than other iron oxides

(goethite, hematite, magnetite), measurements of the

concentrations of iron ions in the reaction solution were

attempted. As shown in Table 3, no ferrous ions or ferric

ions were detected in the filtrate (reaction time: 60 min). The

detection limit of AAS used for this experiment was 0.1

ppm. When the synthesized iron oxide was used as the

catalyst, phenol was degraded totally in 60 min. These

Figure 7. XPS spectra of Iron oxides.

Table 2. BET surface area and mean diameter of iron oxides
calcined at several temperatures

Calcined temperature 

(oC)

BET surface area

 (m2/g)

Mean diameter 

(um)

Raw

400

600

800

1000

Goethite19

59.0

46.8

12.9

2.2

0.1

215

18.9

36.3

50.7

95.2

166.1

44-74

Table 3. Generation of soluble iron (ferrous and ferric ions) from
Iron oxides system. Detection limit: 0.1 ppm, reaction time: 60
min, N. D.: Not Detectable

Catalysts Soluble iron (ppm)

Goethite

Hematite

Magnetite

Synthesized iron oxide

N.D.

N.D.

N.D.

N.D.

Figure 8. EPR spectra of synthesized iron oxide at 298 K. (a)
addition of water (b) addition of hydrogen peroxide.
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results were different from our prediction (iron ions could be

detected). Reasoning for why synthesized iron oxide in lab

was a more effective catalyst compared to other iron oxide

(goethite, hematite, magnetite) could not be accounted for.

Rather, these results may imply that the structure and the

surface oxidation state of iron oxide are important factors.

Figure 8 and 9 show the EPR spectra of synthesized iron

oxide. Before hydrogen peroxide was added, broad peaks

due to iron oxide were observed. However, after the addition

of hydrogen peroxide, 6 equally spaced peaks and a peak

with the g-value of 2.008, which is attributed to superoxide

radical anion, were observed.31-35 Superoxide radical anion

was generated from hydroxyl radical. Hydroxyl radical was

confirmed indirectly. The intensity of these peaks increased

as the concentration of hydrogen peroxide increased.

OH• + H2O2  →  HO2• + H2O (7)

The hyperfine splitting constant of these peaks is 9.5 mT, a

value much larger than those of usual organic radicals. The

hyperfine splitting constant (aH) of OH• and OOH• radical is

1.47 mT and 1.17 mT, respectively. Therefore, the large

hyperfine splitting constant is assigned to the hyperfine

interaction between the electron spins of iron (Fe2+ or Fe3+)

and the nuclear spin of adjacent hydrogen atom (I = 1/2).

Since the iron does not have an isotope with a nuclear spin

of I = 1/2, the isotropic hyperfine structure with 6 equally

spaced peaks can arise from the hyperfine interaction of

Fe(III) (S = 5/2) and adjacent H atom in the presence of zero

field splitting. These results suggest that these peaks are

caused by FeOOH that is formed on a synthesized iron oxide

surface when hydrogen peroxide is added to iron oxide.

Also, these results may imply that Fe(II) exists on the

surface of the iron oxide catalyst in coincident with XPS

results. Hydrogen peroxide reacts with Fe(II) on the iron

oxide catalyst to produce Fe(III); hydroxyl radical, hydr-

oxide ion and Fe(III) may react with hydroxide to form

FeOOH. Since no Fe2+ or Fe3+ ions were detected in the

reaction solution mentioned previously, it is concluded that

soluble iron ions do not contribute to the hyperfine splitting

when hydrogen peroxide is added.
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