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Magnetite catalysts doped by five common transition metals (Ti, Cr, Mn, Co and Ni) on a similar level were
prepared by a precipitation-oxidation method and characterized by chemical analysis, XRD, TG-DSC, BET
surface area and XANES. The effects of substituting metal species on the photocatalytic performance of
magnetite were investigated and compared through the UV/Fenton degradation of tetrabromobisphe-
nol A (TBBPA). The substitution of above metals improved the heterogeneous UV/Fenton degradation of
TBBPA, and the improvement extent increased in the following order: Co < Mn <Ti~ Ni < Cr. Fewer inter-
mediate product species were detected in the systems with higher degradation efficiency. The distinct
effects of these substituting metals on the UV/Fenton catalytic activity of magnetite were discussed in
terms of reaction mechanism and surface property varieties. The substituting cations participated in the
H,0, decomposition through Haber-Weiss mechanism and enhanced separation and transfer efficiency
of the photo-generated electrons and holes, both of which improved the generation of *OH free radicals.
Furthermore, with larger specific surface area and higher surface hydroxyl amount, substituted magnetite
exhibited stronger catalytic activity for TBBPA degradation.
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1. Introduction

With the merits of strong catalytic activity, great reserves and
excellent environmental compatibility, magnetite has been widely
applied in environmental remediation in these years [1-5], and its
role in environmental self-purification also has become a research
hotspot [6,7]. In the natural world, partial iron ions in the inverse
spinel structure of magnetite are isomorphously replaced by some
transition metal ions, e.g. Ti** [8], Cr3* [9], Mn2* [10], Co?* [11],
and Ni%* [10]. Previous studies have investigated the effect of
above substitutions on the heterogeneous Fenton catalytic activ-
ity of magnetite, which was greatly dependent on the occupancy,
nature and amount of substituting metals [12-14]. For example, the
catalytic activity relied on the octahedral cations rather than the
tetrahedral ones, as the octahedral sites were almost exclusively
exposed at the surface of inverse spinel structure [14]. Cr3*, Co2*
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and Mn?* obviously increased the *OH production for organic pol-
lutant degradation by Fenton reaction, while Ni2* and Ti**inhibited
this process [8,10]. This was ascribed to the fact that the former
cations accelerated the electronic transfer to produce the active
specie Fe2* for the Fenton reaction, but the latter ones were thermo-
dynamically unfavorable to reduce Fe3* to Fe2* [8-10]. However,
these tested magnetite catalysts were not prepared by the same
method, neglecting the influence of synthesis methods on the cat-
alytic activity of prepared samples.

Recently, photocatalysis of UV/Fenton by magnetite has
attracted great attentions, owing to the fact that the introduc-
tion of ultraviolet light into Fenton system obviously improved
the pollutant degradation and mineralization. Our recent study
has investigated the UV/Fenton catalytic activity of titanomag-
netite (Fe3_,TixO4) for tetrabromobisphenol A (TBBPA) degradation
[15]. TBBPA was a widely used brominated flame retardant, one
of persistent organic pollutants (POPs) with negative influence on
various aspects of mammalian and human physiology [16-19].
Ti** substitution in magnetite greatly improved the UV/Fenton
degradation of TBBPA on neutral pH condition, and the degrada-
tion efficiency increased with the increment of titanium content
[15]. Under the best condition, almost complete degradation of
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TBBPA was accomplished with the main degradation pathways of
sequential debromination and mineralization. With the advantages
of strong catalytic activity, easy recycle by magnetism and excel-
lent environmental harmony, titanomagnetite was considered as a
promising catalyst for TBBPA removal. However, to the best of our
knowledge, little attention has been paid to the effect of other sub-
stituted transition metals on the catalytic activity of magnetites for
POPs degradation (e.g. TBBPA). This is of high importance for well
understanding the role of natural doped magnetite in environmen-
tal self-purification and preparation of efficient catalysts for POPs
degradation.

In the present study, magnetites substituted by different tran-
sition metals (Ti, Cr, Mn, Co and Ni) to a similar extent were
prepared by a precipitation-oxidation method [20]. The effects of
these substitutions on the UV/Fenton catalytic activity of magnetite
were compared through a series of TBBPA degradation experi-
ments, and the reaction mechanisms were discussed. The obtained
results are of great significance for the application of magnetite
group minerals in the UV/Fenton degradation of TBBPA and helpful
for us to well understand the environmental fate of TBBPA in the
natural world.

2. Experimental
2.1. Synthesis and characterization of catalysts

All the chemicals and reagents used in this study were of
analytical grade and were used as received. The magnetite sam-
ples Fes_yMx04 (M=Fe, Ti, Cr, Mn, Co and Ni) were synthesized
by a precipitation-oxidation method as described in literatures
[8,15,21]. The concentration ratio between iron and substituting
metal (Fe:M) was about 2:1 in the initial acid solution.

The contents of Fe and substituting metals (M) in the synthetic
samples were determined by using Varian Vista inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES). Powder X-ray
diffraction (PXRD) patterns were recorded between 10° and 80°
(260) at a step of 1° per minute on a Bruker D8 advance diffractome-
ter with Cu K, radiation (40kV and 40 mA). BET specific surface
area was measured on the basis of N, physisorption capacity at 77 K
on an ASAP 2020 instrument, after degassed at 433K for 12 h. X-
ray absorption near-edge structure (XANES) spectra were obtained
on the new Wiggler beamline BL14W1 of Shanghai Synchrotron
Radiation Facility (SSRF). The storage ring was operated at 3.5 GeV
electron energy and 150-300 mA beam current. The BL14W1 was a
focused X-ray beamline, using a Si (11 1) double crystal monochro-
mator. The K-edge absorption spectra of all the samples were
recorded in the transmission mode. Thermogravimetric and differ-
ential scaning calorimetry (TG-DSC) analyses were synchronously
performed on a Netzsch STA 409 PC instrument. Approximately
10 mg of finely ground sample was heated in a corundum crucible
with a heating rate 10°C min~! under N, atmosphere. The leaching
Fe ion concentration during TBBPA degradation was analyzed on a
PE-3100 flame atomic absorption spectrophotometer (FAAS).

2.2. UV/Fenton degradation of TBBPA

TBBPA degradation through heterogeneous UV/Fenton reaction
was carried out in a home-made photo-reactor with a 6W UV-light
tube (A =365nm) [22]. Methanol was chosen as the hydrotropic
agent to increase the solubility of TBBPA, which was propitious
to observe the TBBPA transformation process. The volume ratio
of methanol to water was optimized at 2:3 in the preliminary
experiment. Before degradation, the suspension containing mag-
netite sample (0.5gL~1) and TBBPA (20mgL-1) was stirred for
60 min in dark to make the particles and TBBPA well dispersed.
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Fig. 1. X-ray diffraction patterns of synthetic Fe;_yM04 samples.

The degradation was initiated by simultaneously adding H,0, and
turning on the UV light. At given intervals, the reaction solution
was sampled for TBBPA concentration analysis and intermediate
product identification.

The TBBPA concentration was analyzed by a Shimadzu LC-
20A high performance liquid chromatography (HPLC), equipped
with an Inertisil ODS-SP column (150 mm x 4.6 mm, 5 pm par-
ticles). The mobile phase was a mixture of methanol and 0.2%
glacial-acetic-acid solution at a volumetric ratio of 4:1. The flow
rate was set at 0.8 mLmin~! and the wavelength of UV detec-
tion was set at 222 nm. The degradation products of TBBPA were
analyzed by gas chromatographic mass spectrometry (GC-MS),
equipped with a Rxi-5ms fused silica capillary column (DB-5MS,
30m x 0.25mm x 0.25 wm). The oven temperature program was
initiated at 80°C for 1 min, raised at a rate of 5°Cmin~! to 300°C
and then held for 10 min. Helium was used as the carrier gas at a
flow rate of 1 mLmin~!. Mass spectra were recorded in the elec-
tron ionization mode with electron energy of 70eV and the ion
source and MS interface temperature were maintained at 250 and
280°C, respectively. The inlet was held isothermally at 260 °C and
injections were set in the split mode of 10:1.

3. Results and discussion
3.1. Characterization of magnetite samples

From the chemical analysis results, the chemical formulae
of magnetite samples were Fe30g4, Fe;0>Tiggg04, Fe; 04Crgos04,
Fe2,15Mn0_85 Oy, F62.19C00'91 O4 and Fe, Ni04, labeled as M, Ti-M, Cr-
M, Mn-M, Co-M and Ni-M, respectively. The iron content decreased
after the incorporation of transition metals, indicating that these
metals have replaced iron in the inverse spinel structure. The molar
ratio between iron and substituting metal was close to 2:1, suggest-
ing that these samples were on a similar substitution level.

The PXRD patterns (Fig. 1) of magnetite samples well corre-
sponded to the standard card of magnetite (JCPDS: 19-0629). For
substituted magnetite samples, both the broadening of diffraction
lines at ca. 28-39° and the shift of peaks at ca. 35.5° toward lower
diffraction angle indicate the incorporation of substituting metals
into inverse spinel structure, which is resulted from the difference
in ionic radii between iron and substituting metal cations (Table 1).
For Ni-M, its PXRD pattern suggested the presence of magnetite
with slightly poor crystallinity and another phase of iron chloride
hydroxide (JCPDS: 49-0095, not shown) with the weak reflections
at 11.4°, 23.0°, 33.4° and 37.5°, respectively. From the electron
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Table 1

The valence and occupancy of substituting cations in magnetite.
Substituted cations Valence lonic radius (A) Occupancy
Ti +4 0.60 Octahedron
Cr +3 0.63 Octahedron
Mn +2 0.80[23] Tetrahedron

+3 0.65 [24] Octahedron

Co +2 0.74 [23] Octahedron
Ni +2 0.70[23] Octahedron

probe analysis results (not shown), chlorine content in Ni-M
was less than 0.1%, indicating that the presence of iron chloride
hydroxide phase could be ignored.

XANES results (Table 1) showed that the substituting cations
(Ti**, Cr3*, Mn3*, Co%*, and Ni2*) mainly occupied the octahedral
sites of magnetite while Mn%* occupied the tetrahedral ones. The
detailed discussion of XANES results obtained in this study has been
presented elsewhere [21]. According to the isomorphous replace-
ment principle, Ti** replaced Fe3* with the same amount of Fe3*
changed to Fe2* for electrovalence equilibrium [25]. For Cr3* and
bivalent cations, e.g. Co%* and NiZ*, they mainly substituted Fe3*
and Fe?*, respectively, without any iron oxidation or reduction. But
for Mn, Mn cations coexisted as Mn2* and Mn3*, and occupied the
tetrahedral and octahedral sites, which was consistent with the
previous study by Denecke [26].

The specific surface areas of M, Ti-M, Cr-M, Mn-M, Co-M and Ni-
Mwere 18.9,57.1,110.0,21.4,9.2and 52.8 m2 g1, respectively. The
isomorphous substitutions obviously changed the specific surface
area of magnetite. The introduction of Ti, Cr, Mn and Ni increased
the specific surface area whereas there was a dramatical decrease in
the case of Co. Among these samples, Cr-M had the largest specific
surface area, followed by Ti-M and Ni-M.

The amount of surface hydroxyl in magnetite samples was
determined by TG-DSC analysis. As shown by the TG curves, two
mass losses were observed from ca. 30°C to 500 °C, correspond-
ing to the dehydration and dehydroxylation processes (Fig. 2a).
For sample M, its mass loss in dehydroxylation process was 0.48%,
with peak centered at 271 °C on the derivative thermogravimetry
(DTG) trace (Fig. 2b). For samples Ti-M, Cr-M, Mn-M, Co-M and
Ni-M, their DTG peaks related to dehydroxylation were centered
at ca. 156, 246, 231, 391 and 271 °C, with mass losses of 4.40%,
6.59%, 1.27%, 1.65% and 7.87%, respectively. Co substitution greatly
increased the dehydroxylation temperature, while other metals
showed a reverse effect. But all the substituting metals obviously
increased the surface hydroxyl amount. Ni-M had the highest sur-
face hydroxyl amount and was followed by Cr-M and Ti-M.
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Fig. 3. Kinetic process of TBBPA degradation in UV/Fenton reaction catalyzed by
Fes_xM,O4. Inset: Fitted by pseudo-first-order equation (TBBPA: 20 mg L', H,0,:
10 mmol L, catalyst: 0.50gL~'; 500 mL, pH: 6.5, 25°C).

Table 2

The kinetic parameters of TBBPA UV/Fenton degradation.
Samples kapp (x10~3 min—1) t12 (min)
M 5.1 93.0
Ti-M 14.0 36.7
Cr-M 18.7 18.2
Mn-M 10.5 50.2
Co-M 52 79.6
Ni-M 11.7 35.1

3.2. TBBPA degradation

The UV/Fenton catalytic activity of magnetite samples was
investigated in the degradation of TBBPA (Fig. 3). All the degra-
dation processes were well fitted by the pseudo-first-order rate
equation (Eq. (1)) with correlation coefficient higher than 0.96
(Fig. 3).

—ln% = Kappt (1)
where Cy and C; were the TBBPA concentrations at the initial time
and different reaction time ¢, mg L~1. kapp was the apparent pseudo-
first-order rate constant, min—!.

Table 2 shows the rate constant kapp and half-life t;;, for TBBPA
degradation in Fig. 3. Among these processes, TBBPA degradation
catalyzed by Cr-M was the fastest. The kapp was 0.0187 min~1, 3.7
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Fig. 2. TG (a) and DTG (b) curves of the synthetic Fes_yM;04 under N, atmosphere.



32 Y. Zhong et al. / Journal of Molecular Catalysis A: Chemical 372 (2013) 29-34

times more than that by M. On the contrast, kapp for Co-M catalyzed
process was much lower, 0.0052 min~!, quite close to that for M
contained system.

Compared to rate constant kapp, the t;, value was more evident
to show the difference in catalytic activity among substituted mag-
netites (Table 2). For magnetite M, about 93.0 min was needed to
degrade 50% of TBBPA in reaction solution. For substituted sam-
ples, the t1;, for TBBPA degradation was fewer than that by sample
M, indicating that the incorporation of these transition metals
improved catalytic activity of magnetite in UV/Fenton reaction.
Among these substituted samples, Cr-M had the strongest cat-
alytic activity for TBBPA degradation, with the minimum value of
ty2 (18.2 min). Although the kapp for Co-M catalyzed process was
close to that by sample M, the t;; for Co-M containing system
was 79.6 min, obviously shorter than that for M containing sys-
tem (93.0 min). According to the t;, value, the improvement extent
of these substituting metals on the UV/Fenton catalytic activity of
magnetite increased in the following order: Co<Mn<Ti~Ni<Cr.
After 240 min degradation, the pH of degradation systems catalyzed
by all magnetites were in the range of 6.7-7.8, suggesting that
TBBPA degradation by these substituted magnetites was mainly
dominated by the heterogeneous UV/Fenton process [27].

Iron leaching was quite important for the application of mag-
netite as reusable catalyst. According to previous study [15], though
Ti-M had good stability and reusability, its dissolved iron con-
centration was proportional to the reaction time, which slightly
decreased the catalytic activity of magnetite. In the present study,
the concentration of leaching iron was also tracked. The final con-
centration of dissolved iron in Cr-M contained system was below
the detection limit, also indicating that TBBPA degradation by Cr-M
was mainly the heterogeneous process. Compared to Ti-M, Cr-
M exhibited higher catalytic activity and overcome the drawback
of leaching iron. From this point of view, Cr-M may be a more
promising catalyst for the treatment of TBBPA wastewater through
heterogeneous UV/Fenton reaction.

3.3. Transformation products of TBBPA

To further compare the catalytic activity of substituted mag-
netites in heterogeneous UV/Fenton reaction, the degradation
products of TBBPA in three systems catalyzed by M, Ti-M and Cr-M
were identified by GC-MS.

The concentrations of detected degradation products were
semiquantitatively determined by comparing their relative peak
area response to that of TBBPA. Our previous study has pro-
posed the degradation pathways of TBBPA in heterogeneous
UV/Fenton reaction catalyzed by titanomagnetite (Fes_,TixO4)
[15]. TBBPA underwent the sequential debromination to form
tribromobisphenol A (TriBBPA), dibromobisphenol A (DiBBPA),
monobromobisphenol A (MonoBBPA) and bisphenol A (BPA), and
pB-scission to generate seven brominated compounds (Products
2-13 in Fig. 4 and Table 3). In the system containing M (Fig. 4),
eight intermediate products were found after 240 min degrada-
tion. About 40% (relative percentage composition) of TBBPA were
undegraded and about 45% of the products were TriBBPA, sug-
gesting that the dominant degradation pathway of TBBPA in this
system stayed in the stage of releasing the first bromine. Com-
pared to M and Ti-M, only six products were found in the system
containing Cr-M (Fig. 4). Obviously, TBBPA degradation in Cr-M
contained system was more complete than other two systems,
which also indicated the higher catalytic activity of Cr-M. The
six residual products in Cr-M catalyzed system were identified
as phenol (94, 62.98%) (molecular weight, relative peak area of
the products), 4-(2-hydroxyisopropyl)-2,6-dibromophenol (310,
6.14%), 4-isopropyl-2,6-dibromophenol (294, 2.00%), MonoBBPA
(308, 9.32%), DiBBPA (386, 8.34%) and TriBBPA (464, 11.22%). It is
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Fig. 4. The residual products composition of TBBPA degradation in heterogeneous
UV/Fenton reaction catalyzed by substituted magnetites after 240 min (The direction
of arrow shows the sequence of peaks in GC-MS, the number 1 represents TBBPA,
2-13 represents the products).

noteworthy that these products can be finally mineralized in the
reaction system.

3.4. Effect of substitution on TBBPA degradation

In the present study, the presence of transition metal cations,
i.e. Ti**, Cr3*, Mn?*/Mn3*, Co?* and Ni?*, in the inverse spinel
structure obviously enhanced the catalytic activity of magnetite
in TBBPA degradation. From previous studies, the titanium sub-
stitution improved the electron transfer process in inverse spinel
structure and the crystal properties of magnetite, e.g. formation
of defects, dislocation and oxygen vacancies [28,29]. These vari-
eties accelerated the generation of hydroxyl free radical (*OH),
thereby increasing the TBBPA degradation efficiency. Moreover,
some substitutions changed the surface properties of magnetite,
e.g. specific surface area and surface hydroxyl amount [21]. This
enhanced the adsorption of organic pollutants and H,0,, which
also accelerated the degradation process. Therefore, in the present
study, the distinct effects of studied substitutions on the catalytic
activity of magnetite were interpreted in terms of both catalytic
mechanism and surface properties.

3.4.1. Effect of substitution on UV/Fenton catalytic activity of
magnetite

In the UV/Fenton reaction catalyzed by magnetite, organic pol-
lutants were degraded mainly by *OH radicals, the most active
oxidant with a quite high redox potential. *OH radical was gener-
ated by the reaction between =Fe!l on magnetite surface and H,0,
through the Haber Weiss mechanism (Eq. (2)) and the photolysis
of H,0, (Eq. (3)).

Fe?™ + H,05 — Fe3* +°*OH + OH~ (2)
H,0, +hv— 2°0OH (3)

Previous studies indicated that some substituting cations on
magnetite surface participated in the generation of *OH radicals

(Eq. (4)) [30]:
=M"t + H,0, > =M"*1 4+ 2°0H (4)

where =M™ donated the transition metal cations on magnetite
surface. In a thermodynamic point of view, not all the cations in
this study participated in Eq. (4), ascribed to their distinct oxida-
tion potentials (Egs. (5)-(9)). For Co?* substitution, the oxidation
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Table 3
The transformation products of TBBPA [15].

Products RT (min) WM Proposed name
1 31.76 544 TBBPA
2 27.64 464 TriBBPA
3 26.48 430 Dibromo-4-[2-(4-hydroxy phenyl)] isopropoxy benzoic acid
4 26.17 430 Dibromo-4-[2-(4-hydroxy phenyl)] isopropoxy benzoic acid
5 26.05 386 DiBBPA
6 23.03 386 DiBBPA
7 21.24 308 MonoBBPA
8 17.90 358 2-(2,4-cyclopentadienyl)-2-(3,5-dibromo-4-hydroxyphenyl) propane
9 12.19 294 4-isopropyl-2,6-dibromophenol
10 11.61 310 4-(2-hydroxyisopropyl)-2,6-dibromophenol
11 10.59 228 BPA
12 9.67 292 4-isopropylene-2,6-dibromophenol
13 8.03 94 Phenol
potential value of redox pair Co%*/Co3* (1.81V) was higher than " 100
that of H,0, (1.776V) [31], resulting in the Fenton-like process 120 - — \. o [t
catalyzed by Co?* thermodynamically unfavorable (Eq. (9)). In con- 1 A — T 20
trast, Ti**, Cr3*, Mn2* and Ni2* with redox pairs Ti3*/Ti** (—0.099 V), 400 S 909_-2
Cr2*/Cr3* (0.408 V), Mn2*/Mn3* (—1.51V), and Ni2*/Ni3* (-1.74V), 1 I i—; r g
respectively, displayed oxidation potentials lower than that of 'TU,BD' -15’9‘ -80-2
H,0,, illustrating that they could initiate the Fenton-like process “e 60; E.. | ua:‘_l
and produce *OH radicals (Egs. (5)-(8)). For example, the Cr sub- E | A " o
stitution improved the electron transfer process between Crg, 3" @ a0l— o -10@ r703
and Feg 2" to form Crg,2* [9], which had the highest activity in e o 2 5
*OH generation among the studied substitutions (Eq. (6)). Such an 204 & / \. 5 Lgo
effect made Cr-M more efficient for *OH generation than other sub- o \.
stituted magnetites. With lower potential difference value (Egs. 04 / . I r
(5)—-(8)), the catalytic activity of samples Ti-M, Ni-M and Mn-M " : . . - —r0 50
Fe Ti Cr Mn Co Ni

in UV/Fenton degradation of TBBPA was weaker than that of Cr-M.
However, the decrease trend of catalytic activity does not com-
pletely follow their potential difference. For example, although the
*OH generation process was thermodynamically unfavorable for
Co-M, Co substitution improved the catalytic activity of magnetite.
This implies that another improvement mechanism may exist for
these substitutions.

Tigur>" +Hy0p — Tigyet +°0OH + OH™, AE= 1.677V (5)
Crouf?™ +Hy05 — Croyst +°OH + OH™, AE= 2.184V (6)
Mngy 2t +HpOy — Mgyt +°OH + OH™, AE= 0.266V  (7)
Nigyrr2* +Hp03 — Nigye>* +*OH + OH™, AE= 0.036V (8)

COgyrf?t +Hp0p — Cogyee>t +°OH + OH—, AE= —0.0346V  (9)

The possible mechanism for the active substitution is their
inhibitory effect for the combination of photo-induced electrons
(e7) and holes (h*). Under UV irradiation, the electrons (e~) and
holes (h*) quite easy to be generated on magnetite surface, but
they were unstable and recombined quite quickly within a few
nanoseconds [32]. From previous researches [30,33], some substi-
tuting cations created the oxygen vacancies [28,29], which were
shallow traps to inhibit the recombination of photo-generated elec-
trons and holes (Eq. (10)), and thus prolonged the lifetime of charge
carriers [34,35].

M™ 4 ze~ — M2+ (10)

where M represented transition metal cations.

3.4.2. Effect of substitution on surface properties of magnetite
Specific surface area greatly affected the catalytic activity of
magnetite [36], as the contact frequency between magnetite and
reactant molecules quickened with the increase of specific surface
area of catalyst. In this study, the degradation efficiency of TBBPA
by magnetites was well positively correlated to their specific sur-
face area (Fig. 5). Among the substituted magnetite samples, Cr-M

Substituted ions

Fig. 5. Effect of specific surface area and surface hydroxyl amount of the substituted
magnetites on the degradation efficiency of TBBPA.

with the strongest catalytic activity for TBBPA degradation showed
the largest surface area of 110.0 m2 g1, while Co-M with the lowest
catalytic activity had the smallest surface area of around 9.2 m? g~1.
The variation tendency of catalytic efficiency was quite similar to
that of specific surface area, suggesting that the difference of spe-
cific surface area was an important reason for the distinct effect of
the studied substitutions on catalytic activity of magnetite.

The surface hydroxyl groups are functional groups of iron oxides,
due to its vital role in surface adsorption [37], photocatalysis [38]
and surface acidity (Brensted acid) [39]. The incorporation of sub-
stituting metals resulted in a slight distortion of magnetite lattice
and accordingly increased the surface hydroxyl amount [40]. The
superficial hydroxyl groups can directly accept photo-generated
holes [41,42] and adsorb H,0, to produce *OH simultaneously
[43,44]. As shown in Fig. 5, the variation tendency of TBBPA degra-
dation efficiency by substituted magnetites corresponded roughly
to that of surface hydroxyl amount. Sample Cr-M with the high-
est surface hydroxyl amount displayed strongest catalytic activity
in TBBPA degradation. The surface hydroxyl amount of Co-M was
about 2% in mass, a bit higher than that of M, below 0.5% in mass,
which should be the possible reason for the higher catalytic activity
of Co-M than that of M.

Based on the above discussion, the difference in surface prop-
erty variety should be another reason for the distinct effects of the
studied substitutions on the catalytic performance of magnetite in
TBBPA degradation.

4. Conclusions

The heterogeneous UV/Fenton degradation of TBBPA catalyzed
by transition metal substituted magnetites Fes_yMxO4 (M=Ti,
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Cr, Mn, Co and Ni) was investigated. The incorporation of the
investigated cations improved the UV/Fenton catalytic activity of
magnetite, and the improvement extent increased in the follow-
ing order: Co<Mn < Ti~ Ni<Cr. All the degradation processes were
well fitted by the pseudo-first-order equation in kinetics. The sub-
stituting cations enhanced the UV/Fenton catalytic activity mainly
by directly participating in the Fenton-like reaction to produce
*OH radicals and increasing the specific surface area and sur-
face hydroxyl amount. The above results are of high importance
for well understanding the effect of isomorphous substitution on
the UV/Fenton catalytic activity of magnetite, and prospecting the
development of magnetite minerals for environmental purification
application.
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