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Co3O4/TiO2 hetero-structure for methyl orange dye

degradation

Mahabubur Chowdhury, Sarah Kapinga, Franscious Cummings

and Veruscha Fester
ABSTRACT
Advanced oxidation processes based on sulphate radical generated by peroxymonosulphate (PMS)

activation is a promising area for environmental remediation. One of the biggest drawbacks of

heterogeneous PMS activation is catalyst instability and metal ion leaching. In this study, a simple

organic binder mediated route was explored to substitute Ti4þ ions into the Co3O4 host lattice structure

to create a Co-O-Ti bond to minimise cobalt leaching during methyl orange degradation. The catalyst

was characterised by X-ray diffraction, and scanning and transmission electron microscopy. The as-

prepared catalysts with Co3O4:TiO2 ratio of 70:30 exhibited minimal leaching (0.9 mg/L) compared to

other ratios studied. However, the pristine Co3O4 exhibited highest catalytic activity (rate constant¼
0.41 min�1) and leaching (26.7 mg/L) compared to composite material (70:30 Co3O4:TiO2). Interestingly,

the morphology of the composite and leaching of Co2þ ions were found to be temperature dependent,

as an optimum temperature ensured strong Co-O-Ti bond for prevention of Co2þ leaching. The classical

quenching test was utilised to determine the presence and role of radical species on methyl orange

degradation. The fabricated catalyst also exhibited good catalytic activity in degrading mixed dyes and

good recyclability, making it a potential candidate for commercial application.
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INTRODUCTION
The expansion of industries such as textiles, polycarbonates,

nylon, cleansers, herbicides, resin paint, wood, paper and
pulp, and pharmaceuticals has brought about significant
water pollution issues due to the release of organic pollu-
tants into the water body (Fleeger et al. ). A large

portion of these organic toxins are carcinogenic; hence
water treatment is of significant importance. Hydroxyl rad-
ical (•OH) based advanced oxidation processes have

received much consideration due to their high efficiency
compared to other chemical, physical and biological pro-
cesses for the removal of recalcitrant and harmful organic

contaminants (Wei et al. ). Recently sulphate based rad-
icals (SO4•�) have been shown to be a promising alternative
over hydroxyl radicals in light of the fact that SO4•� has a

higher reduction potential (2.5–3.1 V) compared to •OH
(1.8–2.7 V) (Yang et al. ). Sulphate radicals are gener-
ally generated by both homogeneous and heterogeneous
activation of peroxymonosulphate (PMS). PMS activation

via homogeneous routes is usually more efficient compared
to heterogeneous catalysis (Miyamura et al. ). Various
transition metals such as Co(II), Ru(III), Fe(II), Ce(III),
Mn(II), Fe(III), and Ni(II) have been used to activate PMS

for SO4•� generation in homogeneous systems, with Co(II)
the best activator for PMS (Anipsitakis & Dionysiou ).
A Co2þ based PMS activation reaction follows the mechan-

ism given in Equation (1) below (Chan & Chu ):

Co2þ þHSO�
5 ! Co3þ þ SO��

4 þHO� (1)

It must be noted that Co2þ ions are toxic and hence

Co2þ based heterogeneous catalysts, i.e. Co3O4, are of inter-
est. Pristine Co3O4 and Co3O4 supported on various metal
oxide supports have been studied as a heterogeneous
catalyst for PMS activation for degradation of organic
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pollutants (Chen et al. ; Shukla et al. a, b;

Zhang et al. ; Liang et al. ; Muhammad et al. ;
Saputra et al. ; Saputra et al. a; Chowdhury et al.
a). Incorporation of Co ions into the support structure

to form a bond is the most important factor in Co2þ leaching
during the PMS activation reaction (Yang et al. ; Zhu
et al. ). Among various supports, titanium dioxide
(TiO2) exhibited stronger cobalt-support interaction (Yang

et al. ). One-dimensional Co3O4 nanomaterials have
attracted special interest due to their promising application
in rechargeable lithium ion battery materials as anode material

(Hui et al. ; Tan et al. ). With the surge in usage of
mobile and handheld devices, large amounts of Co3O4 waste
materials are to be produced in future. However, a wet impreg-

nation method is mostly used in literature to synthesise TiO2

supported Co3O4 material (Yang et al. , ; Zhu et al.
). This technique might not be useful when utilising the
waste Co3O4 from battery materials, to create TiO2 supported

Co3O4 material, for obvious reason.
In this study, we have used an organic binder mediated

route to synthesise TiO2/Co3O4 hetero-structure catalyst

from separate Co3O4 and TiO2 material instead of the wet
impregnation method. This will allow an application to be
found for waste Co3O4 produced from battery materials in

future.
EXPERIMENTAL METHOD

Chemicals and materials

PMS – commercially known as oxone – methyl orange

(MO), absolute ethanol (C2H6O; EtOH), tert-butyl alcohol
(C4H10O, TBA), urea (CH4N2O), maleic acid (C4H4O4),
cobalt chloride (CoCl2) and TiO2 (anatase) were purchased

from Sigma Aldrich South Africa. All reagents were of
analytical grade and used without further purification.

Synthesis of Co(OH)2

Cobalt hydroxide Co(OH)2 was synthesised using a pre-
viously reported method (Wang et al. ). In a typical
synthesis procedure, 18 g of CoCl2.6H2O was dissolved in
300 mL of deionised water by stirring at room temperature.

In another beaker 0.09 g of urea was dissolved in 300 mL
water. The urea solution was then added dropwise to the
CoCl2 solution while stirring. The mixed solution was

moved into a Teflon-lined autoclave. The autoclave was
kept at 105 �C for 6 h and afterwards was permitted to cool
om http://iwaponline.com/wst/article-pdf/79/5/947/618265/wst079050947.pdf
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at room temperature. The resulting pink-coloured precipitates

were separated by centrifuging, followed by washing with dis-
tilled water and absolute ethanol for several times, followed
by drying in an oven at 60 �C for 24 h. The role of urea was

to release OH� ions at elevated temperature and pressure
in the reactor, which reacts with Co2þ to precipitate
Co(OH)2. Decomposition of urea produces NH3 and CO2 fol-
lowed by the release of OH� (Ibupoto et al. ).

Synthesis of TiO2/Co3O4 hetero-structure material

An organic linker mediated route was used to create a chemi-
cally bonded interface between TiO2 and Co3O4. The method
of synthesis was adopted from our previous studies (Ogheno-

chuko et al. ; Chowdhury et al. b, ). Seven
different ratios (wt%) of Co3O4/TiO2 composite, namely
98:2, 95:5, 90:10, 85:15, 80:20, 70:30 and 60:40, were pre-

pared. In a typical synthesis Co(OH)2 and TiO2 (anatase)
were independently suspended in 30 mL of ethanol (labelled
as suspension A and B respectively); then 10 mL of 0.1 mol/L
maleic acid was added to suspension A. The suspensions

were stirred at room temperature for around 5 h. Suspension
A was then added to suspension B and the mixture was stir-
red for 24 h at room temperature. The role of maleic acid

was to anchor the TiO2 on the Co(OH)2 surface through its
dicarboxylic functional group (Kim et al. ). The resulting
catalyst was collected by centrifuging and washing with dis-

tilled water and absolute ethanol for a few times and dried
in a vacuum oven at 60 �C overnight. After the anchoring pro-
cess the dried powder was annealed at elevated temperature
of 600 �C in air for 4 h. Catalytic activity data reported in this

study were obtained from the catalyst synthesised at 600 �C
unless otherwise stated.

Evaluation of catalytic activity

The system was made out of a 250 mL jacketed glass reactor

containing 200 mL of MO (40 mg/L). A specific amount of
Co3O4/TiO2 catalyst was dispersed via sonication in the
MO solution. The solution was left under stirring for

30 min to reach adsorption equilibrium. A certain amount
of oxone was added to the solution. A 2 mL sample of the
solution was regularly withdrawn from the reactor. The
withdrawn sample was immediately diluted with equivalent

volume of EtOH to quench ongoing catalytic reaction. After-
wards the collected sample was centrifuged to remove any
solid catalyst. The concentration of MO without catalyst

was analyzed by UV–Vis spectrophotometry (Shimadzu
UV-2550) at the maximum absorption band (486 nm).
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Characterisation

The crystal structures of the synthesised products were
determined using X-ray diffraction (XRD); a Phillips

PW 3830/40 Generator with Cu-Kα radiation was used.
The structure of the catalysts was studied using a Tecnai
G220 field emission gun transmission electron microscope
(TEM) operated at 200 kV in bright-field mode. A Fischione

high angular annular dark-field detector (HAADF) was
used to collect dark-field scanning transmission electron
microscopy (STEM) micrographs of the catalysts. A Gatan

GIF-2001 electron energy spectrometer was used to collect
electron energy loss spectroscopy (EELS) data, whereas
all selected area electron diffraction (SAED) patterns were

obtained by using a 200 nm diameter aperture. Energy
dispersive X-ray spectroscopy data were collected in
STEM mode, using an EDAX liquid nitrogen cooled Si(Li)
detector.
RESULTS AND DISCUSSION

Structural evaluation of the catalyst

Temperatures of 350 and 600 �C were used to evaluate the
role of temperature in the formation of Co3O4/TiO2 compo-
site material. Figure 1(a) shows the bright-field TEM image

of the TiO2/Co3O4 sample synthesised at 600 �C. Unlike
the case when synthesised at 350 �C (Figure S1, supplemen-
tary information, available with the online version of this
paper), the TiO2 and Co3O4 do not exist as separate

materials; instead, as shown, the nanostructures form rods
of individual nanoparticles. It can be postulated that at
higher temperature individual particles diffuse together to

form rod-like structures. A graphical illustration of the rod-
like structure formation is presented in the supplementary
information (Figure S2, available online). The high-

resolution micrograph of Figure 1(b) shows a uniform lattice
fringe size (d-spacing) for the individual nanoparticles con-
stituting the nanowires. The energy dispersive X-ray

spectroscopy (EDS) spectrum of Figure 1(c), however,
shows the elemental presence of Ti, Co and O in the nano-
wires, suggesting that at 600 �C the TiO2 exists as a possible
dopant in the Co3O4 matrix or forms a TiO2/Co3O4 ‘alloy’

or hybrid material. The SAED pattern of Figure 1(d) suggests
the latter, as the diffraction pattern once more exhibits both
the cubic crystal structure of Co3O4 and the tetragonal crys-

tal phase of anatase TiO2. From the analysis of this pattern,
the lattice constant of Co3O4 matrix is determined as a¼
://iwaponline.com/wst/article-pdf/79/5/947/618265/wst079050947.pdf
0.852 nm, with the lattice constants of the tetragonal TiO2

determined as a¼ 0.292 nm and c¼ 0.923 nm. It was
observed that there is an increase in the lattice constant of
the cubic Co3O4 matrix synthesised at 600 �C compared to

the case at 350 �C (a¼ 0.820 nm), accompanied by a
decrease in the a and c axes (0.346 and 0.943 nm, respect-
ively) of the tetragonal TiO2 lattice. This implies that
during the synthesis process at 600 �C, the TiO2 lattice

experiences a compressive stress in all three lattice axes,
thereby inducing a smaller unit cell volume, which ulti-
mately promotes the diffusion process.

HAADF-STEM coupled with EDS analysis was used to
further confirm the inter-diffusion of TiO2 and Co3O4

(Figure 2). The STEM-EDS spectral image of Figure 2(b)

was collected from the boxed area indicated in Figure
2(a); the spectral image was collected using image pixels
of 20 × 20 nm2, each collected for 50 ms. Figure 2(d)–2(f)
show the Ti, Co and O maps extracted from Figure 2(b).

From these maps it becomes evident that the formation of
hybrid TiO2/Co3O4 is complete at 600 �C unlike catalyst
synthesised at 350 �C (Figure S3, supplementary infor-

mation, available online). XRD patterns of the pristine
Co3O4, TiO2 and TiO2 supported Co3O4 prepared at
600 �C is presented in Figure S4 (supplementary infor-

mation, available online). XRD patterns of the pristine
Co3O4 and TiO2 match the JCPDF card no: 42-1467 and
86-1156 respectively. Both pristine TiO2 and Co3O4 peaks

could be observed in the XRD patterns of the composite
structure. This complements the observation from EDS
and SAED as discussed above.

Figure 3 shows the EELS spectra of the Co3O4-TiO2

structures annealed at 350 and 600 �C in comparison to
that of pristine Co3O4 and TiO2 at 350 �C. Figure 3(a) com-
pares the energy loss near edge fine structure (ELNEFS) of

the Co L3,2 edges of a pristine Co3O4 specimen to that of
the hybrid TiO2/Co3O4 materials synthesised at 350 and
600 �C. The Co3O4 spectrum shows two sharp peaks at

789 eV (L3) and 804 eV (L2), which corresponds to the Co
2p3/2 and Co 2p1/2 spin–orbit peaks of the Co3O4 spinel struc-
ture (Hagelin-Weaver et al. ). The L3/L2 ratio is widely

considered a fingerprint method for determining the Co
valence state. From Figure 5(a) an L3/L2 ratio of 1.59, 1.46
and 1.49 is calculated for Co3O4, TiO2/Co3O4 @350 �C and
TiO2/Co3O4 @600 �C, respectively. From these values it can

be deduced that the pristine Co3O4 exists in the Co3þ oxi-
dation state, typical of the Co3O4 electronic structure
(Wang et al. ). Upon incorporation of the TiO2 into the

Co3O4 matrix it can be seen that the L3/L2 ratio decreases
for the structures synthesised at both 350 �C and 600 �C.



Figure 1 | (a) and (b) TEM bright field micrographs of sample, (c) EDS spectrum and (d) SAED pattern (sample prepared at 600 �C).
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This suggest a re-coordination of the Co valency, caused by
the TiO2 diffusion into the Co3O4 matrix, resulting in the

re-coordination of the Co valency due to the introduction of
the Ti4þ ion. This successfully highlights the incorporation
of TiO2 into the Co3O4 lattice structure.

Figure 3(b) compares the ELNEFS of the Ti-L3,2 edges of
pure anatase TiO2 to that of the TiO2/Co3O4 synthesised at
350 and 600 �C. Unlike the case of the Co-L3,2 ionisation
edge, the L3 and L2 edges are separated by ∼2.5 eV, with

the L2 edge more intense than L3. At closer inspection it
can be seen that both the L2 and L3 edges exhibit shoulders
on the lower energy side of the peaks. This is typical of the

anatase TiO2 crystal structure caused by crystal-field splitting
of the unoccupied, antibonding t2 g and eg orbitals which
om http://iwaponline.com/wst/article-pdf/79/5/947/618265/wst079050947.pdf
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contain mostly titanium d character (Brydson et al. ).
From these line shapes it becomes obvious that the TiO2

structure undergoes no discernible change in lattice at
either 350 or 600 �C and remains anatase. From the SAED
results of Figure 1(d) it was shown that the TiO2 unit cell

volume decreases, which makes it favourable for diffusion
into the Co3O4 lattice. The oxygen K edge at 532 eV exhibits
three peaks at approximately 546, 552 and 566 eV. The first
peak at 538–546 eV is indicative of lattice oxides (Abu-Zied

et al. ) and hence the reshaping of this peak indicates a
re-coordination in the lattice of the oxides. From Figure
3(b) it can be seen that the oxygen K edge becomes more pro-

nounced at 600 �C due to the presence of the TiO2 in the
Co3O4 lattice, unlike the case at 350 �C. This confirms,



Figure 2 | (a) HAADF STEM micrograph of the composite Co3O4-TiO2 material, (b) STEM-EDS spectral image of the area indicated in (a), (c) overlayed EDS map, (d)–(f) Co, Ti and oxygen

maps extracted from the STEM-EDS spectral image of (b).

Figure 3 | Electron energy loss spectra comparing the energy loss near edge fine structures (ELNEFS) of the (a) Co-L3,2 ionisation edge and (b) Ti-L3,2 and O-K ionisation edges (ELNEFS) of

the structures grown at 350 and 600 �C to that of pure Co3O4 and TiO2 particles respectively.
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Figure 4 | Effect of Co3O4/TiO2 ratio on (a) degradation kinetics of MO and (b) Co leaching; comparison of (c) degradation kinetics and (d) co-leaching for 70:30 Co3O4/TiO2 catalyst

synthesised at various temperatures (0.03 g/L catalyst load, 0.03 g/L oxone, 40 mg/L MO and 298 K)
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once more, the analysis of the TEM and SAED results of
Figures 1 and 2.

Catalytic activities and leaching of TiO2 supported
Co3O4 material

Figure 4(a) demonstrates the kinetic curves of heterogeneous
PMS activation for the degradation of MO, while using
pristine Co3O4 and various Co3O4 and TiO2 ratios. Degra-

dation of MO using PMS alone was also investigated to
evaluate the role of PMS self-oxidation on the degradation
of the dye. It can be seen that pristine Co3O4 exhibits the

highest rate constant (k; 0.41 min�1) while PMS on its own
exhibits the lowest rate constant (k¼ 0.049 min�1). It is inter-
esting to note that the rate constant for the composite

materials, in the range of 98:2 Co3O4/TiO2 to 70:30 Co3O4/
TiO2 remains almost similar (k¼∼0.11 min�1), however
lower compared to pristine Co3O4. This suggests that by intro-
ducing the TiO2 as a support the quantity of Co3O4 utilised

could be diminished (cobalt leaching is undesirable and
Co2þ is toxic) while the catalytic activity could be maintained.
Further reduction of Co3O4 amount in the Co3O4/TiO2 com-

posite material (60:40 Co3O4/TiO2) resulted in higher
catalytic activity (k¼ 0.17 min�1) compared to other ratios
om http://iwaponline.com/wst/article-pdf/79/5/947/618265/wst079050947.pdf
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studied in this study. Cobalt leaching is highlighted in
Figure 4(b). It can be seen from Figure 4(b) that the cobalt

leaching decreased with increasing TiO2 amount in the com-
posite material, up to a ratio of 70:30 Co3O4/TiO2. A leaching
amount of 1.9 and 26.7 mg/L was reported for 70:30 Co3O4/
TiO2 and pristine Co3O4. This highlights that by introducing

TiO2 as a support the amount of cobalt leaching can be
reduced significantly. However, any further increase in
TiO2 amount in the composite structure increased the

cobalt leaching. This is due to the fact that, when too much
TiO2 is used, a proper hetero-structure cannot form and
leads to higher cobalt leaching. This results in a higher MO

degradation rate constant as was observed in the case of
60:40 Co3O4/TiO2 catalyst (Figure 4(b)). The 70:30 Co3O4/
TiO2 ratio was used as the optimum ratio as this catalyst

exhibited minimum leaching. Removal of MO due to adsorp-
tion on the surface of Co3O4 and TiO2 and interaction
between TiO2 and oxone was insignificant (Figure S5, sup-
plementary information, available online; removal efficiency

of MO in the presence of TiO2 and oxone was lower than
PMS self-oxidation). The effect of calcination temperature
on the catalytic activity as well as on the cobalt leaching is

shown in Figure 4(c) and 4(d). It can be seen that, with
increasing calcination temperature catalytic activity decreases



Figure 5 | (a) Comparison between homogeneous and heterogeneous PMS activation,

(b) effect of quenching agent on MO degradation kinetic and (c) Arrhenius plot

to determine the activation energy (0.03 g/L catalyst load, 0.03 g/L oxone,

40 mg/L MO and 298 K).
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(Figure 4(c)), while the cobalt leaching first decreases with
the increase of temperature (Figure 4(d)) in the range of
350–600 �C, but increases for catalyst calcined at 700 �C.
This highlights a change in catalyst structure with tempera-

ture as was demonstrated earlier from the TEM analysis.
Hence it can be postulated that there is a formation of a
strong Co-O-Ti bond in the temperature range of 350–

600 �C. This is due to the substitution of Ti4þ ions into
Co3O4 host lattice as was previously confirmed from the
://iwaponline.com/wst/article-pdf/79/5/947/618265/wst079050947.pdf
ELNEFS study. Hence, a reduction of cobalt leaching was

observed for that temperature range. However, cobalt
oxide reduces to metallic cobalt at high temperature. It is
well known that Co0 can release Co2þ (Shi et al. ).

Also, high calcination temperature might increase the
Co3O4 grain size, thus reducing the contact area to the sur-
face of the TiO2 support. As a result, catalysts calcined at
higher temperature are susceptible to leaching (Yang et al.
). Thus there was an increase of cobalt leaching when
the catalyst was calcined at 700 �C. Catalyst (70:30 Co3O4/
TiO2) synthesised at 600 �C exhibited the lowest amount

of leaching (0.9 mg/L) and was used further in this study
unless otherwise stated.

Homogeneous experiments using dissolved cobalt con-

centrations (1.9 mg/L), higher than that leached (0.9 mg/L)
from Co3O4/TiO2 composite/hybrid, were performed to dis-
tinguish the role of homogeneous/heterogeneous catalysis in
the degradation of MO. It can be seen from Figure 5(a) that

the heterogeneous catalysis is more effective than the homo-
geneous catalysis. This implies that the Co3O4/TiO2 catalyst
calcined at 600 �C activated PMS via the heterogeneous

route as a minimum of around 1 mg/L of dissolved Co is
required to achieve the same extent of degradation via
homogeneous PMS activation (Anipsitakis et al. ).

The role of reactive species (•OH and SO4
•�) in the degra-

dation of MO was evaluated by a quenching test using
EtOH and TBA as quenching agent. It has been established

previously in literature that both •OH and SO4
•� could be

generated from the PMS activation reaction (Anipsitakis &
Dionysiou ; Saputra et al. b). It can be seen from
Figure 5(b) that in the presence of EtOH (various volumes

added as can be seen from Figure 5(b)) notable decrease in
reaction rate constant (k) occurred. Two different volumes
of TBA (25 and 50 mL) were used to evaluate the role of
•OH in the MO degradation process. There was no signifi-
cant decrease in rate constants in the presence of 25 and
50 mL TBA. However, a slight decrease in the reaction

rate constant (k¼ 0.08 min�1) in the presence of 50 mL
TBA compared to virgin solution (k¼ 0.1 min�1) was
observed. This implies that SO4

•� is the dominant reactive

species that was generated by activating the PMS. The
mechanism of PMS activation is given below (Wang et al.
):

Co2þ þHSO�
5 ! Co3þ þ SO��

4 þHO� (2)

Co2þ þHSO�
5 ! Co3þ þ SO2�

4 þ�OH (3)

�OHþSO��
4 þMO!severalsteps!CO2þH2OþSO2�

4 (4)
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The effect of reaction temperature on the degradation

kinetics of MO was investigated. Reaction rate constants
increased significantly with increasing reaction tempera-
ture. Reaction rate constants of ∼0.09, 0.16, 0.28 and

0.52 min�1 were obtained for temperatures of 20, 25, 30
and 40 �C respectively. This phenomenon is due to the
rupture of the O-O bond and generation of SO��

4 (Shi
et al. ; Deng et al. b). A higher reaction tempera-

ture also translates to a lower activation energy barrier.
The activation energy (Ea), can be calculated with the
classical Arrhenius equation as shown in Figure 5(c).

The activation energy for 70:30 Co3O4/TiO2 was found
to be 66 kJ/mol. The Ea value is in the range (41–70 kJ/
mol) of other reported Ea values for Co3O4 based systems

(Saputra et al. b; Deng et al. a), and is higher than
the activation energy required for diffusion-controlled
reactions, which typically ranges from 10 to13 kJ/mol.
This means that the MO removal was catalyst surface

controlled.
Figure 6 | (a) Recyclability of the as-prepared catalyst, (b) effect of initial dye concentration on

removal efficiency of the prepared catalyst.

om http://iwaponline.com/wst/article-pdf/79/5/947/618265/wst079050947.pdf
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Recyclability, effect of dye concentration and chemical
oxygen demand removal efficiency of the catalyst

Recyclability or reusability of a heterogeneous catalyst is

very important both from practical and economical points
of view. It is always desirable to have a catalyst that can
be reused without significant catalytic performance loss in
industrial applications. The heterojunction catalyst was

readily recycled just by centrifuging it from the solution
and used in another batch for experiment without prior
drying or calcination. The catalyst was recycled up to four

times without any significant loss of catalytic activity as
can be seen from Figure 6(a). In the first cycle 94% MO
was removed after 30 min of reaction compared to 88%

MO removal after 30 min in the fourth cycle. The effect of
dye concentration on the catalytic activity of the catalyst
was studied from 20 mg/L to 200 mg/L. It can be seen
(Figure 6(b)) that the rate constant decreases with increases

in initial dye concentration. Hence, it can be postulated that
MO degradation kinetics, (c) degradation kinetics of simulated dye bath water and (d) COD



Figure 7 | Effect of PMS (a) and catalyst dosage (b) on the degradation of MO.
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the dye concentration is a rate limiting step in the Co3O4/
TiO2-PMS oxidation reaction in this study. Synthetic dye
bath effluent was prepared as an equal-amount mixture of

three different dyes (60 mg/L total dye concentration),
namely MO, golden yellow (GY) and methyl red (MR).
This was done to evaluate the potential applications of the

composite material in treating real industrial effluent. It
can be seen from Figure 6(c) that the Co3O4/TiO2 composite
effectively decoloured the mixed dye. After 30 min of reac-

tion a degradation of 95% was achieved for MO, 89% for
MR and 86% for GY. Figure 6(c) shows the degradation kin-
etics of the mixed dye bath. Interestingly no significant

difference in rate constants was observed for the three differ-
ent dyes in the mixed bath. This implies that the catalyst has
potential in degrading various dye types. The synthetic dye
bath became colourless after 60 min of reaction (inset

Figure 6(c)). From the environmental point of view, degra-
dation of any organic pollutant, such as MO, is only the
first step. It is well known that many intermediate com-

pounds are formed during the degradation of MO.
Chemical oxygen demand (COD) was measured to quantify
the amount of organics present in the solution. It can be

seen from Figure 6(d) that 57% of COD was removed after
60 minutes of catalytic reaction. This highlights the potential
of the prepared material in practical wastewater treatment
application.

Effect of PMS and catalyst dosage on MO degradation

Experiments were carried out to explore the effects of PMS

and catalyst loading on the MO degradation in the oxidation
of Co3O4/TiO2. An increase in PMS loading from 0.7 to
1.1 mM and increase in catalyst loading from 0.01 to 0.05 g/L

increased the MO degradation efficiency respectively (Figure
7(a) and 7(b)). However, a further increase in PMS and
://iwaponline.com/wst/article-pdf/79/5/947/618265/wst079050947.pdf
catalyst dosage to 1.3 mM and 0.08 g/L respectively did not
enhance the MO degradation efficiency. When PMS and cat-
alyst are present in excess dosage it might result in less

availability of SO4
•� due to the quenching mechanism. Huang

and co-authors (Huang et al. ) showed, using EPR (elec-
tron paramagnetic resonance) technique, that when the PMS

and catalyst are in excess it promotes the formation of nitrox-
ide radicals and decreases the formation of •OH and SO4•�

radicals. This results in lower degradation of the substrate.
CONCLUSION

This study investigated the heterogeneous PMS activation by
TiO2 supported Co3O4 catalyst. An organic binder mediated

route was explored to create alloying/hybridisation between
Co3O4 and TiO2. Calcination temperature played an impor-
tant role in controlling the catalyst morphology and Co-O-Ti

bond. The pristine Co3O4 showed significantly higher
removal efficiency of MO compared to TiO2 supported
Co3O4. However, TiO2 supported Co3O4 resulted in signifi-

cantly lower leaching than pristine Co3O4 material. This was
due to the successful substitution of Ti4þ into the Co3O4 host
lattice as was observed from the ELNEFS study, creating a

strong Co-O-Ti bond. The 70:30 Co3O4/TiO2 (calcined at
600 �C) exhibited the lowest amount of leaching. The as-
prepared material also exhibited very good recyclability up
to four cycles.
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