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Abstract Fe–Co bimetallic oxides supported on meso-

porous zirconia (Fe–Co/ZrO2) was prepared using incipient

wetness co-impregnation method and characterized by

transmission electron microscopy, X-ray diffraction, X-ray

photoelectron spectroscopy and UV–vis diffuse reflectance

spectra. Compared with individual component Fe or Co

catalysts, Fe–Co/ZrO2 exhibited higher ozonation effi-

ciency for the degradation of the tested toxic pollutants, as

demonstrated with the herbicides 2,4-dichlorophenoxyace-

tic acid and pharmaceutical phenazone, diphenhydramine

hydrochloride in aqueous solution. Furthermore, the char-

acterization studies indicated that Fe–Co oxides were

highly dispersed on the surface of mesoporous zirconia with

multivalent oxidation states. The interfacial electron trans-

fer process was greatly enhanced due to the presence of two

redox couples (Fe3?/Fe2? and Co2?/Co3?) in Fe–Co/ZrO2,

which caused the higher catalytic reactivity for ozone

decomposition into •OH radicals, leading to the efficient

removal of toxic pollutants in aqueous solution. The cata-

lytic mechanism of pollutants degradation over Fe–Co/

ZrO2 with ozone was proposed on the basis of all infor-

mation obtained under different experimental conditions.
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1 Introduction

The increasing worldwide contamination of freshwater with

thousands of industrial and natural chemicals is a major

environmental problem facing humanity. Although most of

these compounds are present at low concentrations, many of

them raise considerable toxicological concerns, particularly

when present as components of complex mixtures [1]. The

ozonation has been used worldwide as an effective way to

achieve degradation of many contaminants during drinking

water treatment [2]. However, some compounds are rela-

tively refractory to ozonation treatment due to the selective

reactions of ozone. Heterogeneous catalytic ozonation was

then developed to enhance the production of hydroxyl

radicals (•OH) and overcome the limitations of ozonation

processes [3, 4]. Supported and unsupported metals and

metal oxides are the most commonly tested catalysts for the

ozonation of organic compounds in water [5–8]. Experi-

mental results indicate that the removal efficiencies of

pollutants are significantly enhanced in the presence of

catalysts compared to ozone alone.

Bimetallic nanoparticle catalysts occupy a position of

high prominence in modern heterogeneous catalysis. The

mixed oxides were capable of mutual interactions and the

activity was usually higher than that of their individual

components [9–11]. Published reports revealed that

enhance catalytic performance apparently arise from the

synergy between the component elements at the nanoscale

which is absent in solid solutions of the two bulk metals

[12, 13]. Although various combinations of bimetallic

nanoparticles have been widely used for reactions of pet-

rochemical significance (such as Fisher-Tropsch synthesis)

[14] and degradation chlorinated organic compounds [11,

15], catalytic ozonation of toxic pollutants in water using

these nanoparticles remains an unexplored area.
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Recently, evidence had been obtained that the dispersed

active species on support showed efficient catalytic per-

formance. It was reported that the outstanding activity of

CuO–MO/CeO2–Al2O3 was attributed to the formation of

well-dispersed and highly reducible metal oxides species

over the catalyst surface [16]. Liu [17] attributed the high

activity of CuO–CoOx/Ce0.67Zr0.33O2 to the synergistic

effect between the dispersed copper and cobalt oxide on the

surface of the support. The structure and dispersion of the

supported metal oxide depend primarily on the preparation

method, the nature of the support, and the type of precursor

itself. Ordered mesoporous materials, with their intrinsi-

cally high surface areas, are particularly suitable for this

purpose.

Herein, Fe–Co binary metal oxides supported on mes-

oporous zirconia was prepared via incipient wetness co-

impregnation method. The catalyst exhibited higher ozon-

ation efficiency for the degradation of the tested toxic

pollutants than that of monometallic Fe or Co catalysts.

This was mainly contributed to the multivalent oxidation

states, high dispersion of Fe–Co oxides and the enhanced

interfacial electron transfer process. The catalytic mecha-

nism of pollutants degradation over Fe–Co/ZrO2 with

ozone was also discussed based on all the experimental

results.

2 Experimental

2.1 Materials

Zirconium oxychloride, iron nitrate nonahydrate, cobalt

nitrate hexahydrate were purchased from the Yili Com-

pany. Triblock copolymer (EO)20(PO)70(EO)20(P123) was

purchased from Sigma-Aldrich. 2,4-dichlorophenoxyacetic

acid (2,4-D), phenazone (PZ), diphenhydramine hydro-

chloride (DP) were purchased from Acros. All reagents

used in this work were analytical grade and used without

further purification. All solutions were prepared with

deionized water. The solution pH was adjusted by a diluted

aqueous solution of NaOH or HCl.

2.2 Catalyst Preparation

According to a previous work [18], mesoporous zirconia

(ZrO2) was prepared via solid-state reaction using the struc-

ture-directing method. The bimetallic Fe–Co and monome-

tallic Fe, Co catalysts supported on ZrO2 were prepared by

incipient wetness co-impregnation method. Aqueous solution

of Fe(NO3)3�9H2O and/or Co(NO3)2�6H2O with different

Fe/Co atomic ratio was added into dry ZrO2 powder. After

impregnation for 24 h, the sample was dried at 383 K for

several hours and then cooled and washed with deionized

water. The sample was dried at 383 K for several hours and

finally calcined in a muffle furnace (exposed to static air) at

623 K for 2 h at a heating rate of 5�/min. The resulting cata-

lysts were labeled as Fe–Co/ZrO2.

2.3 Catalyst Characterization

TEM images of the catalyst were examined using a TEM

Hitachi H-7500. The X-ray powder diffraction (XRD) pat-

terns of the catalysts were recorded on a Scintag-XDS-2000

diffractometer with Cu Ka radiation (k = 1.54059 Å). The

X-ray photoelectron spectroscopy (XPS) data were taken on

an AXIS-Ultra instrument from Kratos using monochro-

matic Al Ka radiation (225 W, 15 mA, 15 kV) and low-

energy electron flooding for charge compensation. To

compensate for surface charge effects, the binding ener-

gies were calibrated using the C1s hydrocarbon peak at

284.80 eV. UV–vis diffuse reflectance spectra of the sam-

ples were recorded on a UV–vis spectrophotometer (Hitachi

UV-3900) with an integrating sphere attachment for their

reflectance in the range of 200–800 nm and BaSO4 was the

reflectance standard.

In situ ATR-FTIR spectroscopy. To prepare an ATR

sample, a desired amount of Fe–Co/ZrO2 was added into

water or ozone solution with/without PO4
3- and then

sonicated. A short time before running the spectra, the

samples were centrifuged; half of the supernatant was used

as reference, the solid resuspended in the other half was

used as the sample. This procedure yielded a solid con-

centration of 100 g L-1. The ATR-FTIR spectra were

recorded using a Tensor 27 infrared spectrometer with a

DLaTGS detector and a ZnSe horizontal ATR cell. Infrared

spectra over the 4,000–650 cm-1 range were obtained by

averaging 32 scans with a resolution of 4 cm-1 at room

temperature. The spectrum of Fe–Co/ZrO2 in suspension

was the result of subtracting the spectrum of the superna-

tant (reference) from the spectrum of the slurry (sample).

The cell remains in place throughout the running of every

single-beam spectra of the empty cell, reference, and

sample so that its transmittance and average angle of

incidence are constant.

2.4 Procedures and Analysis

Batch experiments were carried out with a 1.2-L reactor.

The reaction temperature was maintained at 20 �C. In a

typical experiment, 1 L of aqueous suspensions (pH = 7.0)

of pollutants and 2.0 g of catalyst powders were placed in

the reactor. The suspension was continuously magnetically

stirred and 30 mg gaseous O3/L oxygen-ozone was bub-

bled into the reactor through the porous plate of the reactor

bottom at a 12 L h-1 flow rate. The ozone was generated
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by a 3S-A5 laboratory ozonizer (Tonglin Technology,

China) and pumped into the reactor. Samples were taken at

given time intervals (the residue O3 was quenched by the

addition of an aliquot of 0.1 M Na2S2O3) and filtered

through a millipore filter (pore size 0.45 lm) to remove

particles. The filtrates were analyzed by TOC removal with

a Phoenix 8000 TOC analyzer. The gas ozone was deter-

mined by KI method (iodometry method). The aqueous

ozone concentration was determined with the indigo

method [19].

3 Results and Discussion

3.1 Catalytic Ozonation Efficiency of Different

Catalysts

The catalytic activities of Fe–Co/ZrO2 with different Fe/

Co atomic ratio were evaluated by catalytic ozonation of

2,4-D at neutral pH. As shown in Fig. 1, only 19 % of

TOC was removed at a reaction time of 20 min in the

presence of ozone alone, while the TOC removal

increased greatly with the addition of different catalyst.

Moreover, with the amount of iron oxide in Fe–Co/ZrO2

increasing, the TOC removal efficiency increased and

reached a certain value at Fe/Co atomic ratio = 1:1 and

the TOC content of the 2,4-D solution was rapidly and

greatly reduced by 94 %. And the TOC removal effi-

ciency decreased at Fe/Co atomic ratio = 2:1. The results

suggested that the Fe/Co atomic ratio existed an optimum

value and the synergistic effect between Fe–Co oxides

played a crucial role in the enhancement of Fe–Co/ZrO2

catalytic activity. Fe–Co/ZrO2 (Fe/Co = 1:1, the actual

value was 3:1 in the catalyst by EDX analysis) was then

used for all the experiments unless otherwise specified.

Moreover, the maximum amount of Fe3? and Co2? in

solution during the ozonation process was 0.042

and 0.015 mg/L by ICP technique. This indicated that

Fe–Co/ZrO2 was stable enough and was appropriate for

use as a heterogeneous ozonation catalyst.

3.2 Characterization of Fe–Co/ZrO2

TEM images (Fig. 2) suggested that iron and cobalt oxide

was successfully supported on the surface of ZrO2 and

ZrO2 still had an ordered meso-structure. Figure 3 showed

the XRD patterns and BET analysis of ZrO2 and Fe–Co/

ZrO2. In comparison with ZrO2, no XRD diffraction peaks

of iron and cobalt oxide were observed in the sample.

There was also no significant change of BET area and

distribution of pore diameter whether the iron and cobalt

were introduced or not. The results indicated that iron and

cobalt oxide was incorporated in the structure of ZrO2 with

high dispersion and smaller particle sizes.

Fe–Co/ZrO2 was further characterized by XPS and

UV–vis DRS to affirm the metallic state of iron and cobalt.

As shown in Fig. 4, the peaks at 711, 718, and 725 eV

represented the binding energies of Fe2p3/2, shake-up

satellite Fe2p3/2, and Fe2p1/2, respectively, suggesting the

existence of Fe2O3 or FeOOH [20, 21]. The metallic state

of Co could not be confirmed by XPS measurement may be

due to its lower content and high dispersion [22]. However,

the metallic state of Co could be measured semiquantita-

tively by UV–vis DRS. As shown in Fig. 5 (inset), Fe–Co/

ZrO2 exhibited a great light absorption due to the color of

the catalyst, indicating the presence of iron or cobalt oxide.

The relative UV–vis absorption spectrum of Fe–Co oxides

was different spectrum from that of Fe–Co/ZrO2 and ZrO2.

The peaks at 287 and 459 nm were attributed to cobalt in

octahedral environment, in which the former could be

assigned to charge transition and the latter to 5T2g ? 5Eg

transition [23, 24]. The absorption shoulder between 300

and 400 nm was attributed to electronic transition of Co3?

in disordered tetrahedral environment [23]. Moreover, the

peak at 425 nm also indicated that Co3O4 was formed in a

very small amount [25]. The results indicated that iron and

cobalt oxide mainly existed as multivalent mixtures on the

surface of ZrO2.

3.3 Performance of Fe–Co/ZrO2 Under Different

Conditions with Ozone

Figure 6 showed the TOC removal of different pollutants

in Fe–Co/ZrO2 suspensions with ozone. Both DP and PZ

were degraded efficiently as 2,4-D and the TOC removal

ratio followed the order 2,4-D [ PZ [ DP. The results

indicated the Fe–Co/ZrO2 catalyst was highly effective for
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Fig. 1 Degradation of 2,4-D (50 mg/L) with ozone over Fe–Co/ZrO2

with different Fe/Co atomic ratio (pH = 7.0, catalyst = 2.0 g/L, gas

ozone concentration = 30 mg/L)
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the mineralization of different pollutants in the aqueous

solution.

Furthermore, the catalyst exhibited high efficiency for

the degradation of 2,4-D at pH 4.0–7.0 (inset of Fig. 7). As

Fig. 2 TEM images of Fe–Co/ZrO2
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shown in Fig. 7, Fe–Co/ZrO2 exhibited the lowest

adsorption capacity of 2,4-D and the highest activity for

catalytic ozonation of TOC removal at neutral conditions.

The results suggested that the 2,4-D degradation at neutral

pH values should only come from the reaction with free

oxygen radical species in solution. While the TOC removal

at pH = 4.0 should be attributed to the adsorption of 2,4-D

onto Fe–Co/ZrO2.

Figure 8 showed the effect of co-existing anions on the

ozonation efficiency of 2,4-D over Fe–Co/ZrO2. The

results indicated that the ozonation efficiency was greatly

inhibited in the presence of anions (curve e) compared with

that when anion was absent or present alone. Moreover,

PO4
3- inhibited the catalytic activity of Fe–Co/ZrO2 more

significantly than HCO3
- and SO4

2-. It seems that some

interaction between the catalyst and anions occurred, which

suppressed the ozone decomposition into oxygen radical

species.

3.4 Catalytic Ozonation Mechanism

It is necessary to investigate the catalytic mechanism of

pollutants degradation over Fe–Co/ZrO2 with ozone. Cat-

alytic ozonation could decompose ozone more effectively

than ozonation alone (Fig. 9). Moreover, the ozone

decomposition rate was accelerated in the presence of

PO4
3-. Since 40 % of PO4

3- was adsorbed on the surface

of Fe–Co/ZrO2 and PO4
3- was a harder Lewis base [2], the

existence of PO4
3- could poison the catalyst (the active

sites in Fe–Co/ZrO2 was Lewis acids). As shown in

Fig. 10, there was no significant difference between the

spectra of catalyst suspensions with/without ozone. How-

ever, the absorption band of hydrogen-bonded MeO–H

disappeared in the presence of PO4
3-, while two new peaks
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at 1,010 and 1,100 cm-1 belonging to PO4
3- vibrations

appeared. The studies of in situ ATR-FTIR supplied direct

evidences for the presence of PO4
3- on the surface of Fe–

Co/ZrO2.

PO4
3- in solution then played two roles in influencing

the reactivity of Fe–Co/ZrO2. One is that PO4
3- held the

surface Lewis acid sites on the catalyst, which prevented

the chemisorption of ozone, leading to the lower efficiency

of ozone decomposition into oxygen radical species.

Besides, the decomposition of ozone belonged to the chain

reaction, producing free radicals, which could be scav-

enged by anions and organic [2, 26], thus accelerating the

ozone decomposition. The other role of PO4
3- was then to

trap oxygen radical species by competing with pollutant.

Therefore, the presence of PO4
3- would result in the

decrease of TOC removal efficiency (Fig. 8).

According to the above experiments and previous lit-

erature [2, 3], a possible mechanism for the catalytic

ozonation of pollutants over Fe–Co/ZrO2 was proposed.

The chemisorbed ozone was catalytically transformed into
•OH by Fe–Co oxides, which react with non-chemisorbed

organic molecule in water. The interfacial electron transfer

was involved in the catalytic decomposition reaction of

ozone. The multivalence of Fe–Co oxides have two redox

couples (Fe3?/Fe2? and Co2?/Co3?) to form galvanic cells

and enhance the electron transfer, resulting in higher

activity for the mineralization of toxic pollutants. There-

fore, the dispersion and multivalent oxidation state of the

supported Fe–Co oxides were crucial factors for the high

efficiency of the catalytic ozonation.

4 Conclusions

Fe–Co oxides were highly dispersed on the surface of

mesoporous zirconia with multivalent oxidation states by

incipient wetness co-impregnation method. Compared with

individual component Fe or Co catalysts, Fe–Co/ZrO2

exhibited higher ozonation efficiency for the degradation of

the tested toxic pollutants such as 2,4-D, PZ and DP in

aqueous solution. The multivalent oxidation states, high

dispersion and the synergistic effect of Fe–Co oxides in the

catalyst enhanced the interfacial electron transfer process,

which caused the higher catalytic reactivity for ozone

decomposition into �OH radicals, leading to the efficient

removal of toxic pollutants in aqueous solution.
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