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Abstract

The essentially complete mineralization (>95% total organic carbon elimination) of 2,4,6-trichlorophenol by a CWO is reported at a very mild
operating conditions (120 ◦C, PO2 = 10 bar), with the use of a nanocasted Mn–Ce-oxide catalyst. This unique catalyst was prepared by fabrication
of a thin nanometric layer of Mn–Ce oxides inside the tubular mesopores of SBA-15 silica using internal gelation of corresponding metal chlorides.
Crystallization of this oxide layer at 700 ◦C, followed by removal of silica matrix, yielded a nanostructured mixed-oxide catalyst with surface
area up to 316 m2/g. It demonstrated superior textural, structural, and surface oxygen properties compared with a reference co-precipitated bulk
Mn–Ce-oxide catalyst. This is a result of reduction and equalization of the crystal size of both oxide-phases Mn2O3 and CeO2 at the level of
2–3 nm, providing the full availability of their surface for reacting molecules. The performance measured with the novel catalyst indicates a major
improvement in the efficient application of CWO processes for complete purification of complex waste streams.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Chlorophenols (CPs) constitute a particular group of “pri-
ority pollutants” listed in the US EPA’s Clean Water Act [1,2]
and European Decision 2455/2001/EC [3] as being highly toxic
and barely biodegradable. The world market for CPs is fairly
stable at ca. 100 kt per year [4]. CPs are introduced into the en-
vironment from their wide use as biocides, wood preservatives,
and intermediates or raw materials in many industrial processes.
Consequently, there is now an urgent need for efficient meth-
ods that can eliminate CPs from industrial wastes and polluted
groundwater. Various technologies, including hydrodechlorina-
tion [5] and so-called “advanced oxidation processes” (photol-
ysis, H2O2, and O3 treatment) [6] have been successfully devel-
oped for this purpose. However, their implementation is limited
because of the use of consumable chemicals, the need for addi-
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tional separations, and the insufficient half reaction times, as in
the case of photocatalytic oxidation [6].

Catalytic wet oxidation (CWO) by molecular oxygen with a
solid catalyst that is free of the aforementioned shortcomings
[7,8] can be a viable tool for detoxication of CP-contaminated
wastewater. However, a proper catalyst is needed to achieve
complete mineralization of CPs (conversion to CO2, H2O, HCl)
or oxidative dechlorination forming nontoxic biodegradable or-
ganics at mild conditions. It presupposes water processing in a
continuous mode at low temperature (<150 ◦C) to avoid evap-
oration at relatively low pressure, low residence time, and high
catalyst stability [9]. The only two publications related to CWO
of CPs in water at the time of this writing [10,11] demon-
strated the feasibility of this method for CP abatement. The co-
precipitated Mn–Ce mixed-oxide catalyst yielded >95% con-
version of 2,4-dichlorophenol (200 mg/L) at 170 ◦C, PO2 =
1.0 MPa, and LHSV up to 40 h−1 [10]. However, only 68% con-
version of total organic carbon (TOC) was achieved at LHSV of
∼7 h−1. Commercial vanadia–titania catalysts yielded full con-
version of 2,4,6-trichlorophenol (TCP) at substantially higher
temperatures (220–250 ◦C) in a gas-phase fixed-bed reactor
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[11]. Those data showed that a major improvement in catalytic
materials is needed to reach complete CP combustion at lower
temperatures and shorter space-times.

Mn–Ce mixed-oxide materials displayed the highest activity
in CWO of various organic contaminants in water, including
phenol [7,9,16], acetic acid, n-butylamine, polyethylene gly-
col, pyridine [12], ethylene glycol [13], acrylic acid [14], and
formaldehyde [15]. The co-precipitated Mn–Ce catalyst yielded
>90% removal of organic contaminants in CWO of phenol
conducted in a batch reactor at 80 ◦C [16], a much lower tem-
perature than that reported for CWO with any other catalyst.
The Mn–Ce mixed-oxide system has thus proven attractive for
further development. The first synthesis by co-precipitation of
the Mn–Ce mixed-oxide material from an aqueous solution of
corresponding metal chlorides followed by calcination at opti-
mal temperature of 350 ◦C, characterization, and application in
a CWO process was reported by Imamura et al. in 1985 [17].
A synergistic effect with a maximum activity in CWO of dif-
ferent substrates at Ce/(Mn + Ce) = 0.25–0.7 with increasing
ceria content, while the total surface area of the mixed ox-
ide material raised continuously from pure manganese oxide
to pure ceria was observed [7,10,17,18].

The CWO on metal oxide catalysts is assumed to proceed
through homogeneous–heterogeneous routes, including forma-
tion of free-radical intermediates at the catalyst surface that
react partially in the liquid phase [8,12,19,20]. Actually, highly
reactive surface lattice oxygens or oxygen-containing ionic sur-
face groups that act as strong inhibitors for radical-chain ox-
idation [21,22] react with C–C and/or C–H bonds [8,23]. In
all cases, the redox ability of metal ions is critical as one-
electron oxidants of substrate molecules for free-radical forma-
tion, RH → R· [12], or for liberation of lattice oxygen as a
result of metal cation reduction with the organic substrate [23].

The selected co-precipitated Mn–Ce mixed-oxide system
is diphase. At the optimal Mn/Ce ratio of 1.5, it consists of
Mn5O8 (or Mn3O4) and CeO2 phases with monoclinic (or
Hausmanite) and fluorite structures, respectively, depending on
the conditions of final thermal treatment: calcination in air or
vacuum [9]. The crystal domain sizes are 10–25 nm for MnOx

and 4–5 nm for CeO2, and the surface area was 90–130 m2/g
[9,24,25]. The interaction of Mn and Ce in composite oxide
enhances lattice oxygen lability at low temperatures to a level
substantially beyond that observed in pure oxide components
[24]. The dynamic function of ceria in this composite catalyst
is to provide oxygen to Mn ions at low temperatures [12,19]
with an electron transfer from Ce to Mn ions [7], improving
the redox ability of the Mn-oxide phase [7,12,19]. Further-
more, interaction of ceria with the Mn-oxide phase increases
ceria’s reducibility, improving its oxygen storage function [19,
26]. Therefore, there is significant potential for further improve-
ment of the Mn–Ce composite catalyst in the CWO of water
pollutants by increasing the amount of metal and oxygen ions
available at the surface per catalyst weight unit, increasing the
bulk density, surface area of the composite, interface, and redox
ability of both oxide phases. In the present work, we adopted a
nanocasting strategy for preparing the Mn–Ce-oxide composite
by implementing the mesostructured silica SBA-15 as a scaf-
folding matrix in an effort to achieve these targets.

Mn and Ce oxides were stabilized in the pore system of
mesostructured silicas MCM-41 or SBA-15 against sintering at
the high temperatures required for phase crystallization, yield-
ing nanocrystals of <10 nm for MnOx [27–29] and CeO2
[30,31]. Maximum phase homogeneity inside the nanotubular
pores of SBA-15 silica was achieved by a co-gelation strat-
egy. The gelation was conducted in the mixed solution of Mn-
and Ce-chlorides filling the SBA-15 pores as a result of hy-
drolysis and subsequent condensation of hydrated metal cations
initiated by propylene oxide as a proton scavenger [32]. After
formation of Mn- and Ce-oxide phases from the mixed gel at
elevated temperature, the silica scaffold was removed, and the
resulting nanocomposite was characterized and tested in CWO
of 2,4,6-trichlorophenol in comparison with the co-precipitated
Mn–Ce-oxide catalyst as a reference material.

2. Experimental

2.1. Catalyst preparation

The reference mixed manganese–cerium oxide catalyst
(atomic ratio Mn/Ce = 1.5) was prepared by co-precipitation
from a mixed aqueous solution of manganese(II) chloride
(MnCl2·4H2O; Sigma) and cerium(III) chloride (CeCl3·7H2O;
Sigma) as described previously [17]. First, 100 mL of this so-
lution was poured at room temperature into 200 mL of 3 M
aqueous sodium hydroxide (NaOH, 97%, Aldrich), and the re-
sultant dense brown gel (after 30 min of aging) was separated
by filtration, washed, and dried in air at 100 ◦C for 16 h, fol-
lowed by calcination at 350 ◦C for 3 h in air.

The SBA-15 scaffold was prepared as described previ-
ously [33] via crystallization from an acidic aqueous solution
of poly(ethylene glycol)-block-poly(propylene glycol)-block
poly(ethylene glycol)-copolymer (Mavg = 5800) and TMOS.
This procedure was modified by increasing the duration of the
hydrothermal treatment to reduce the microporosity [34].

SBA-15-supported manganese–cerium oxides were pre-
pared by gelation of a mixed Mn–Ce salt solution inside the
pores of mesostructured silica. Three mixed solutions of man-
ganese(II) chloride (MnCl2·4H2O; Sigma-Aldrich) (1.675 M)
and cerium(III) chloride (CeCl3·7H2O; Fluka) in methanol
(Biolab) were prepared at Mn/Ce atomic ratios of 6.5, 8.6,
and 10.0 at a fixed 1.675 M concentration of Mn salt. Then
0.66 g of acetic acid (CH3COOH, 99.7%; Frutarom) was added
to every 10 g of Mn–Ce salt solution to control the gela-
tion time, after which 1 g of SBA-15 silica was added to
9 mL of this solution and mixed for 1 min. Propylene ox-
ide (C3H6O, Fluka) was added to the suspension (molar ratio
C3H6O/MnCl2·4H2O = 11:1) and stirred for 15 min. The solid
was separated by filtration, and the wet SBA-15 silica, the pores
of which were filled with a solution containing hydrated Mn–Ce
salts, acetic acid, and propylene oxide, was left for 16 h under
saturated pressure of methanol at 25 ◦C for intrapore gelation.
After gelation, the solid was washed with 500 mL of methanol
and separated by filtration. Then the sample was dried under
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vacuum (10 mbar) at 50 ◦C for 2 h, followed by calcination in
air at 350 ◦C for 3 h and at 500 and 700 ◦C for 2 h each (Mn–Ce-
SBA-700 ◦C). Three different supported MnxCeyOz/SBA-15
materials were prepared by this method using starting solutions
with Mn/Ce ratios mentioned above.

Nanocasted manganese–cerium oxides were prepared by
stirring 6 g of SBA-15-supported Mn–Ce oxide materials in
1.3 L of 1 M NaOH solution (volume ratio of ethanol/water =
1:1) at 50 ◦C for 1 h to remove the silica scaffold. The suspen-
sion was filtered and washed three times with 0.5 L of water.
The wet material was again exposed to 1 M NaOH solution for
1 h as described above, followed by filtration and washing, first
with water then with acetone, and drying at room temperature
for 16 h.

2.2. Catalyst characterization

Chemical composition analysis of the catalysts (average of
five data points at different locations of the solid) was measured
by energy-dispersive X-ray analysis spectroscopy (EDAX) us-
ing the JEOL JEM 5600 SEM link system AN-1000, equipped
with a Si–Li detector. Surface area and pore volume were de-
rived from N2 adsorption–desorption isotherms using conven-
tional BET and BJH methods. Samples were degassed under
vacuum for at least 2 h at 250 ◦C (reference and SBA-15 sup-
ported Mn–Ce oxides) or 70 ◦C (nanocasted Mn–Ce oxides),
depending on their thermal stability. Isotherms were measured
using a static–volumetric method at liquid nitrogen temper-
ature on a NOVA-2000 (Quantachrome, version 7.02). The
micropore surface area of the materials was estimated from
N2-adsorption isotherms using the t -plot method with a silica
standard.

Phase analysis of the Mn–Ce oxide materials was performed
by X-ray powder diffraction (XRPD). Data were collected in
the range of 2θ = 3◦–90◦ with a step size of 0.005◦ using a
Philips 1050/70 powder diffractometer (Bragg–Brentano geom-
etry) with a graphite monochromator on a diffracted beam pro-
viding Kα radiation (λ = 1.541 Å) and operating at V = 40 kV
at I = 30 mA. Phase identification was then performed us-
ing a Bede ZDS computer search/match program coupled with
the International Centre for Diffraction Data (ICDD) Pow-
der Diffraction File database (1999). The relative quantities
of CeO2 and MnOx phases were estimated by Rietveld re-
finement of the XRD profile using the DBWS-9807 program.
The diffraction lines were modeled by pseudo-Voigt functions;
the background, by a three-order polynomial. The following
parameters were refined: scale factor; background; specimen
displacement; specimen profile breadth parameters U and W ,
and lattice parameters for both oxides. The absolute quanti-
ties of Mn- and Ce-oxide phases were calculated from XRD
data based on the relative quantities of these phases and the
absolute content of SBA-15 silica. The latter was calculated as
CSBA-15 (wt%) = 100/[(I/I0)k+1], where I represents the in-
tegral intensities of all reflections corresponding to MnOx and
CeO2 phases and I0 represents the wide reflection correspond-
ing to amorphous silica and centered at 2θ = 23◦. The value
of the calibration coefficient (k) was derived from XRD pat-
terns recorded for a series of mechanical mixtures including
5–100% of SBA-15 and equimolar mixture of Mn2O3–CeO2
oxides purchased from Alfa Aesar. Rather than using the Ri-
etveld program estimation of half-widths for all of the reflec-
tions corresponded to MnOx and CeO2 phases, a more reliable
calculation of the crystal domain sizes was used from a single
reflection (220) for CeO2 (2θ = 48◦) and the most intensive re-
flection (222) for Mn2O3 (2θ = 32◦). The crystallite sizes for
MnOx and CeO2 phases were calculated using Sherrer’s algo-
rithm: h = Kλ/[(B2 − β2)0.5 cos(2θ/2)], where K = 1.000 is
the shape factor; λ = 0.1541 nm, β is the instrumental broad-
ening correction, and B is the (220) reflection broadening at
2θ = 48◦ (CeO2) or 32◦ (Mn2O3).

X-ray photoelectron (XPS) spectra were measured with a
PHI 549 SAM/AES/XPS ultra-high-vacuum (10−9 Torr) appa-
ratus with a double-cylindrical mirror analyzer (CMA) and a
MgKα (1253.6 eV) X-ray source. Powder samples of the cata-
lysts were pressed on the indium-plated grid to a thin layer. The
spectral component of the O signal was found by fitting a sum
of single-component lines to the experimental data by means
of nonlinear least squares curve-fitting. The single-component
lines were assumed to have the shape of a sum of a Cauchy
and Gaussian line shapes, and the deconvolution was done as
described previously [35]. To correct for charging effects, all
spectra were calibrated relative to a carbon 1s peak positioned
at 284.6 eV.

Temperature-programmed oxidation (TPO) and tempera-
ture-programmed reduction (TPR) experiments were carried
out using an AMI-100 Catalyst Characterization System (Zeton-
Altamira) equipped with a thermal conductivity detector and a
mass spectrometer for outlet component identification (Ame-
tek 1000). First, 0.2 g of catalyst was loaded and treated in a
5% O2–He mixture (TPO) or a 10% H2–Ar mixture for TPR
measurements. The spectra were recorded for as-synthesized
catalysts activated at conditions identical to that used in the
CWO testing experiments. The gas flow was 25 cm3/min, and
the temperature was increased from ambient temperature to
400 ◦C at 5 ◦C/min.

High-resolution scanning electron microscopy (SEM) was
done with a JEOL JSM 7400 FESEM microscope operated at
3 kV with a working distance of 2.6–8 mm and a resolution
up to 1 nm. The samples were coated with chromium to avoid
charging effects and improve the image quality. High-resolution
transmission electron microscopy (TEM) was performed with a
JEM 2010 microscope operated at 200 kV and equipped with
linked EDS. The samples for HRTEM were prepared by de-
positing a drop of ultrasonicated ethanol suspension of solid
catalyst on the carbon coated copper grid. The grid was dried in
vacuum and mounted on a specimen holder.

2.3. CWO testing

The catalysts were tested in an experimental rig described
elsewhere [9]. The rig consisted of a trickle-bed reactor (11 mm
i.d. × 20 cm long) heated in an electric oven equipped with a
thermowell. Oxygen from a cylinder flowed through a Brooks
mass flow rate controller in parallel with the water fed by a SSI
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HPLC series II isocratic pump. The liquid and gas were sepa-
rated in a separator, from which liquid was drained periodically.
The temperature was controlled with an Eurotherm controller
and measured along the catalyst bed.

Catalyst powder was pressed in pellets and crushed to 425–
500 µm. Then 1 g diluted with 425–850 µm of silica (Davi-
cat, SP 550–10015) at a catalyst:SiO2 volume ratio of 1:2 was
loaded to the reactor. An inert bed (glass rashing rings, 10 cm
long followed by silica, SA3135 Norton, 1.5 mm pellet size,
3 cm long), loaded on top of the catalyst bed, functioned as a
heat exchanger and gas–liquid mixer. Preliminary experiments
demonstrated that the temperature in the bed was uniform, and
the results were independent of the catalyst bed length.

The reaction conditions were 2,4,6-TCP (C6H2Cl3OH, 99%,
Aldrich) inlet concentration, 100 mg/L; oxygen pressure,
10 bar; reaction temperature, 60–140 ◦C; and liquid hourly
space velocity [LHSV, defined as LHSV = Fliqρcat/(mcat), h−1,
where Fliq—volumetric liquid feed flow rate, ρcat—catalyst
bulk density and mcat—catalyst mass] was 6–20 h−1. The oxy-
gen flow was 50 mL/min STP, ensuring the operation at partial
catalyst wetting conditions.

The liquid effluent was analyzed by HPLC to determine the
TCP concentration using a C18 reverse-phase column (Inertsil
ODS-2). The flow rate of the fluent phase containing acetoni-
trile:distilled water:acetic acid (52:47:1 vol) was 1 mL/min.
The UV absorbance of 2,4,6-TCP was detected at a wave-
length of 290 nm. A standard was injected to correct devia-
tions of the retention time. Total organic carbon (TOC), de-
fined as the amount of carbon bound in organic compounds
in the water sample, was measured using an Apollo 9000
(PC-controlled) TOC combustion analyzer (Tekmar Dohmann),
equipped with a nondispersive infrared (NDIR) detector. The
samples were diluted with distilled water (1:10 volume) be-
fore injection. Conversion of 2,4,6-TCP or TOC was defined
as %Xi = (1 − [i]outlet/[i]inlet) × 100, where [i] is TCP or TOC
concentration at the trickle-bed reactor inlet and outlet, respec-
tively. Biochemical oxygen demand (BOD) served as a simple
means of assessing the biodegradability and toxicity of TCP ox-
idation products, being based on the activity of microorganisms
exposed to the process effluents. It was estimated by a stan-
dard method (5210) according to the APHA [36] using sludge
from a local sewage treatment plant. Cl− concentration, indicat-
ing the degree of dehalogenation (i.e., the type of intermediates
and/or endproducts of the reaction), was determined by the Ar-
gentometric method (4500) according to the APHA [36]. The
percent of dehalogenation = ([Cl−]outlet/[Cl−]calculated) × 100;
where [Cl−]outlet was the measured amount of Cl− ions in the
outlet stream and [Cl−]calculated was the calculated amount of
Cl− ions, assuming that all of the present chlorine atoms were
released from the organic molecules to the aqueous solution in
the form of anions.

3. Results and discussion

3.1. Synthesis and characterization of the reference and
SBA-15-supported Mn–Ce mixed-oxide materials

After surfactant removal by calcination in air at 500 ◦C, the
SBA-15 silica displayed surface area of 800 m2/g, a pore vol-
ume of 1.2 cm3/g, a uniform pore size distribution of about
6 nm (desorption branch of the N2-adsorption isotherm), and
a micropore surface area of 8 m2/g. Its crystals had a cylin-
drical form of 3–4 µm diameter and 5–15 µm length compris-
ing parallel cylindrical fibers, 300–500 nm in diameter (SEM).
Based on the amount of openings per 1000 nm2 observed at the
microfiber cross-sections on HRTEM micrographs, each fiber
contained about 2000 parallel nanotubular pores with 4–5 nm
walls. The small-angle XRD patterns included a high intensity
peak (111) with a d-spacing of 10.3 nm and two less-intensive
reflections with d-values consistent with a hexagonal arrange-
ment of the pores and 11.9 nm between their axes, in agreement
with the HRTEM data.

The chemical, phase composition, and texture characteristics
of the reference and SBA-15-supported Mn–Ce mixed-oxide
materials are listed in Table 1. The chlorine was effectively
removed during the washing preparation steps, so that its con-
Table 1
Properties of supported and nanocasted Mn–Ce materials

Material
(#)

Mn–Ce
material

Calcination
temperature
(◦C)

Chemical
composition (at%)

Mn/Ce
ratio

Total surface
area
(m2/g)

Micropore
surface area
(m2/g)

Phase
composition
(XRD)

Crystal size
(nm)

Pore
diameter
(nm)

Bulk
density
(g/cc)Mn Ce Si MnOx CeO2

1 Reference bulk
co-precipitated
material

350 24.4 15.7 – 1.5 125 0 Mn3O4·2CeO2 10 4 12.0 0.82

2 Supported
Mn–Ce/SBA

350 3.9 2.2 33.4 1.8 497 81 CeO2; SiO2 – <2 5.6 0.35

3 Supported
Mn–Ce/SBA

700 4.1 2.2 34.6 1.8 319 62 Mn2O3·1.1CeO2·
14SiO2

2.5 2 5.0 0.35

4 Nanocasted
Mn–Ce

700 18.7 12.3 4.5 1.5 145 110 Mn2O3·1.3CeO2·
0.5SiO2

2 2 2.9 1.03

5 Nanocasted
Mn–Ce

700 22.5 11.8 3.2 1.8 316 78 Mn2O3·1.1CeO2·
0.3SiO2

2.5 2 3.4 1.00

6 Nanocasted
Mn–Ce

700 25.8 10.1 5.0 2.3 260 39 Mn2O3·0.85CeO2·
0.4 SiO2

3.0 2 6.3 0.97



M. Abecassis-Wolfovich et al. / Journal of Catalysis 247 (2007) 201–213 205
(1)

(2)

Scheme 1.
Fig. 1. X-ray diffractograms of reference co-precipitated Mn–Ce-1 material (1),
SBA-15 supported Mn–Ce-oxides (Mn/Ce = 1.8): Mn–Ce-2 (2) and Mn–Ce-3
(3) calcined at 350 and 700 ◦C, respectively, and nanocasted Mn–Ce-5 catalyst
(4).

tent in the materials did not exceed 0.2 wt%. Only the oxide
phases where detected and characterized in all of the samples.
The X-ray diffractogram of the reference co-precipitated cata-
lyst (Mn–Ce-1) shown in Fig. 1 shows relatively narrow peaks
of Mn3O4 (ICDD powder diffraction file 08-0017) and CeO2
(ICDD powder diffraction file 34-0394) phases, correspond-
ing to the crystal domain sizes of 10 and 4 nm, respectively.
The surface area of this reference catalyst was 125 m2/g. The
Mn/Ce ratio in the reference material was 1.5 (Ce/Mn = 0.67),
optimal for CWO [7,12,19]. The weight ratio of phases esti-
mated from XRD data was Mn3O4:CeO2 = 1.0. Taking into
account the material chemical composition that matched full
crystallization of Mn and Ce oxides in corresponding Hausman-
ite and fluorite-type structures.
As was found in preliminary experiments, the loading of
Mn–Ce oxides in SBA-15 silica should be >15 wt%, prefer-
ably >30 wt%, to maintain the integrity of the material mi-
croparticles needed for their efficient separation by filtration
and washing after removal of silica scaffold. Another problem
encountered was the fixation of Mn- and Ce-oxide precursors
at the drying step after their insertion inside the tubular meso-
pores of SBA-15. An “internal gelation” method analogous to
that implemented previously [37] for fixation of the nanoparti-
cles of nickel oxide inside the SBA-15 channels was found to
be most appropriate. The gelation strategy was based on using
the propylene oxide as a proton scavenger for the hydrolysis
of hydrated metal cations in methanolic solution, followed by
condensation of hydrolysis products [32] (Scheme 1), where M
represents cations of Ce and/or Mn metals. The use of chloride
salts here is essential, because they are better nucleophils than
water molecules (in contrast to NO−

3 ions) so that the ring open-
ing yielding chloropropanol according to reaction (1) strongly
increases the pH of the solution [32]. The metal cation hydrol-
ysis when using the hydrated Mn and Ce chlorides does not re-
quire the addition of free water, and hydroxylated metal species
undergo condensation according to reaction (2). In contrast to
the NiCl2 solution, where gelation time was more than 2 h [37],
the gelation time of mixed Mn–Ce chloride solution at salt con-
centrations required to achieve the required metals loading did
not exceed several minutes. Acetic acid (0.066 g/g solution)
was added to increase the gelation time to about 30 min so as to
provide sufficient time to fill the pores of SBA-15 and separate
the solution excess.

Implementation of the internal gelation method is essential
for fixation of the Mn–Ce oxide precursors inside the SBA-15
pores. Impregnation of the SBA-15 material with a methano-
lic solution of Mn and Ce chlorides (1.675 M MnCl2; Mn:Ce
= 1.8) without addition of propylene oxide yielded, after dry-
ing and calcination at 700 ◦C, a composite material containing
50 nm crystallites of Mn2O3 and 6 nm crystallites of CeO2
phase according to XRD estimation. This is a result of mo-
bile precursors solution moving out of pores to the external
surface of SBA-15 crystals by capillary forces created at the
drying step [38]. After gelation and calcination at 350 ◦C, the
XRD patterns of the Mn–Ce-2 material (Mn/Ce = 1.8; Fig. 1),
along with a wide reflection centered at 2θ = 23◦ and corre-
sponding to the amorphous silica phase, displayed very wide
reflections belonging to <2 nm nanocrystals of the CeO2 phase.
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The absence of reflections characteristic of the Mn-oxide phase
is evident for its negligible percentage of crystallinity in this
sample. After calcination at 700 ◦C for 2 h, both CeO2 and
Mn2O3 phases became visible at the X-ray diffractogram of the
Mn–Ce-3 material (Fig. 1). The weight ratio of these phases
(Mn2O3:CeO2 = 45:55) and the total content of [Mn2O3 +
CeO2] of 30 wt% estimated from XRD data after diffractogram
deconvolution were consistent with the chemical composition
of Mn–Ce-3 material measured by EDS (Table 1). The cor-
respondence of the phase composition to the total formula of
Mn2O3·1.1CeO2·4SiO2 is evident for the complete crystalliza-
tion of both metal oxides into phases with similar crystal sizes
of 2–3 nm detectable by XRD. Full crystallization of Mn2O3
and CeO2 phases after treatment at 700 ◦C was also obtained
for MnxCeyOz/SBA-15 materials synthesized with Mn/Ce ra-
tios of 1.5 and 2.3, varying this ratio in the starting solution
from 6.5 to 10.0. The parameters of cubic unit cells for both
Mn2O3 (bixbyite) and CeO2 (cerionite) phases in materials with
an Mn–Ce ratio of 1.5–2.3 varied in ranges of 9.58–9.63 Å and
5.40–5.42 Å, respectively. These correspond to the unit cell pa-
rameters in the crystal frameworks of pure oxides [9.411 Å
(Mn2O3) and 5.411 Å (CeO2)] being evident for negligible
“bulk” interactions between metal oxide components with for-
mation of solid solutions.

The N2 adsorption–desorption isotherms of the parent SBA-
15 and MnxCeyOz/SBA-15 material (Mn/Ce = 1.8) calcined
at 350 and 700 ◦C (Mn–Ce-2 and Mn–Ce-3) shown in Fig. 2
reflect the filling of scaffold pores with metal oxides and the ef-
fect of calcination temperature on their assembling mode. The
adsorption–desorption isotherm of the parent SBA-15 matrix
is of type IV with an H1-type hysteresis loop characteristic
of hexagonal cylindrical channel mesoporous material. Inser-
tion of Mn–Ce oxides followed by calcination at 350 ◦C and
further calcination at 700 ◦C did not change the shape of the
isotherm and the position of the hysteresis loop, significantly
decreasing the amount of adsorbed nitrogen. It reflects a lower-
ing of the pore volume from 1.2 to 0.7 and then to 0.4 cm3/g,
respectively, with no significant change in pore diameter (Ta-
ble 1). Calculation of normalized surface area according to [39]
as NSA = SA/(1 − y) · SASBA, where SA and SASBA are the
surface areas of Mn–Ce/SBA-15 composite and parent SBA-15
and y is the weight fraction of Mn–Ce oxides in the compos-
ite, gave values of 0.88 and 0.56 for SBA-supported Mn–Ce-2
and Mn–Ce-3 materials, respectively. The decrease in NSA af-
ter calcination at 700 ◦C reflects significant blocking of SBA-15
mesoporous channels due to Mn2O3 phase crystallization. Nar-
rowing of the pore size distribution of silica matrix with shifting
to low PD values after insertion of Mn–Ce components and
calcination at 350 ◦C (Fig. 2) is a result of a thin (∼1 nm)
layer of CeO2 nanocrystals and amorphous MnOx that covered
the SBA-15 pore walls with minimal blocking of their volume.
Crystallization of Mn2O3 and growing of nanocrystals of CeO2
during calcination at 700 ◦C produces aggregates that plug part
of the mesopores, rendering them inaccessible for nitrogen ad-
sorption. This is reflected by the strong reduction of the pore
size distribution peak’s intensity with only a slight shifting of
its position (Fig. 2).
This was confirmed by HRTEM micrographs taken from the
parent SBA-15 and supported Mn–Ce-2 and Mn–Ce-3 materi-
als at the side and frontal views of microfibers (Fig. 3). After
insertion of Mn–Ce oxides and calcination at 350 ◦C, widening
of pore walls from 4–5 to 6–7 nm and narrowing of the channel
diameter from 7–8 to 5–6 nm can be observed. The front view
displays a clear contrast “grid” corresponding to a 1–2 nm thick
Mn–Ce oxide layer being a result of stronger electron scat-
tering at Mn–Ce oxides compared with silica, consistent with
N2-adsorption measurements. Such behavior of guest phases
was previously observed [40] for yttrium and europium ox-
ides strongly interacting with the walls of SBA-15 silica, as the
“grid” effect at the TEM micrographs demonstrates.

Calcination at 700 ◦C changed the morphology of embed-
ded Mn–Ce oxides (Fig. 3c). Crystallization of the Mn2O3
phase and growth of CeO2 particles formed 5–6 nm aggre-
gates consisting of 2–3 nm nanocrystals of metal-oxide phases
(XRD) clearly visible on the micrographs. The aggregates
reach the size of nanotubular mesopores in the SBA-15 ma-
trix and are uniformly distributed along the pores (Fig. 3c,
side view), thus plugging them (Figs. 3a and 3c, front view)
in agreement with the results of N2-adsorption measurements.
Based on these observations, a low catalytic performance of
the SBA-15-supported composite material Mn–Ce-3 can be ex-
pected. Playing the role of an efficient scaffold that prevents
sintering and growth of the nanocrystals of Mn- and Ce-oxide
phases at high temperature, the silica matrix screens them due
to plugging of the nanotubular pores inside the microfibers with
aggregates of oxide nanocrystals (Fig. 3c). Therefore, the full
crystallization of Mn2O3 phase achieved at 700 ◦C makes a
large part of the surface of active phases inaccessible. This ne-
cessitates the removal of SBA-15 matrix from Mn–Ce-3 com-
posite and SBA-supported Mn–Ce oxides prepared at Ce/Mn
ratios of 1.5 and 2.3, providing the surface of active phases
for catalytic applications and increasing the active-phase load-
ing.

3.2. Nanocasted Mn–Ce mixed oxide composites

Treating the SBA-15-supported Mn–Ce oxides with NaOH
at Mn–Ce ratios in the range of 1.5–2.3 after crystallization
of both components at 700 ◦C removed >95% of the silica
scaffold according to the elemental analysis (Table 1). This
is consistent with the lack of the wide reflection centered at
2θ = 23◦ corresponding to the amorphous silica phase in the X-
ray diffractogram of the sample Mn–Ce-5 (Fig. 1). Importantly,
according to XRD data, treatment with NaOH solution did not
change the Mn/Ce ratio or the phase composition and crys-
tal size in the nanocasted materials compared with the SBA-
supported Mn–Ce oxides (Fig. 1). This means that nanocrys-
talline Mn and Ce oxides were stable during the silica extraction
process.

The high-resolution SEM (HRSEM) micrographs of Mn
and Ce oxide microcrystals in the SBA-15 matrix (Mn–Ce-3
material), before and after NaOH-treatment, are shown in
Fig. 4. The different magnifications display the entire particles
(×5000–19000) and the details of their surface morphology
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Fig. 2. N2 adsorption–desorption isotherms and pore size distributions measured for parent SBA-15 scaffold X2.5 (1), SBA-15 supported Mn–Ce-oxides
(Mn/Ce = 1.8): Mn–Ce-2 X2.0 (2) and Mn–Ce-3 X1.5 (3) calcined at 350 and 700 ◦C, respectively, and nanocasted Mn–Ce-5 catalyst (4).
(×75000–80000). No Mn–Ce oxide particles was detected on
the external surface of the SBA-15 microcrystals. After ex-
traction of silica scaffold, the material preserved the integrity
and shape of the SBA-15 microcrystals that underwent signif-
icant shrinkage; the diameter of the nanofibers decreased from
300–500 to 170–220 nm, and the diameter of the microcrys-
tals decreased by a factor of 2–3. Retaining the integrity of
nanocasted Mn–Ce particles facilited separation by regular fil-
tration and removal of impurities.

The nanocasted material did not show XRD diffraction pat-
terns at small angles, characteristic of hexagonal ordering of
the tubular mesopores. After silica removal, the pore size distri-
bution was shifted to the smaller PD values of 2–4 nm, the N2

adsorption–desorption isotherm changed its shape, and the pore
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Fig. 3. HRTEM micrographs of parent SBA-15 scaffold (a) and SBA 15-supported Mn–Ce-oxides (Mn/Ce = 1.8): Mn–Ce-2 (b) and Mn–Ce-3 (c) calcined at 350
and 700 ◦C, respectively (side view—upper row; frontal view—lower row).
Fig. 4. SEM micrographs of SBA-15 supported Mn–Ce-oxide material (Mn/Ce = 1.8) before (Mn–Ce-3) (a) and after (Mn–Ce-5) (b) removal of silica scaffold
matrix.
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Fig. 5. HRTEM micrographs of nanocasted Mn–Ce-oxide materials: Mn–
Ce-5 (a) and Mn–Ce-6 (b).

volume decreased to 0.27 cm3/g. The hysteresis loop changed
from type H1 to H4 (Fig. 2), characteristic of pores built by
aggregates of particles with different shapes, including platy
particles as Mn2O3 nanocrystals (Fig. 5).

After matrix removal, the surface of shrinked microfibers
was rough, in contrast to the flat surface of pure silica (Fig. 4).
This reflects a transition of the microparticle structure from 5 to
6 nm aggregates of small 2–3 nm nanocrystals of Mn2O3 and
CeO2 oxide phases encapsulated in tubular mesopores of sil-
ica scaffold to 170–220 nm microrods formed as a as result of
the dense packing of these aggregates. This was confirmed by
HRTEM micrographs taken from nanocasted Mn–Ce oxide ma-
terials (Fig. 5). The hexagonal ordering of the matrix mesopores
disappeared in nanocasted Mn–Ce oxides. Their microrods con-
sisted of globular 2.5–3 nm nanocrystals of CeO2 and elongated
2–3 nm wide nanocrystals of Mn2O3 phase with 2–4 nm voids.
This structure of the nanocasted materials with mesopore size
distribution was consistent with that measured by N2 adsorption
(Fig. 2). Parallel fringes across the Mn and Ce oxide nanopar-
ticle images (Fig. 5) had periodicities of 4.70 Å (elongated
platy crystals) and 2.70 Å (globular crystals). These correspond
to planes (200) with d-spacings equal to d200 = 4.7001 Å in
cubic Mn2O3 and to planes (200) with d-spacings equal to
d200 = 2.7056 Å in cubic CeO2 structure, respectively. After
conversion by Fourier transform, the observed fringes period-
icities into electron diffraction patterns, the diffraction spots
exhibited Mn2O3 bixbyite or CeO2 cerionite unit cell parame-
ters.

The surface area of the nanocasted materials varied in range
of 145–316 m2/g depending on the Mn/Ce ratio (Table 1).
At Mn/Ce = 1.8 (Mn–Ce-5), the measured surface area of
nanocasted material (316 m2/g) was close to the theoretical
value of 350 m2/g calculated based on the chemical compo-
sition, crystal sizes, and theoretical densities of Mn and Ce
oxide components [SAMeOx

(m2/g) = 6000/(ρ ·D), where ρ—
density (g/cm3) and D—crystal size (nm)]. Therefore, the sur-
face of primary particles in Mn2O3–CeO2 nanocrystal aggre-
gates was almost fully accessible. Removal of the silica scaffold
at this Mn/Ce ratio did not change the total surface area of the
material (Table 1). But before the elimination of SBA-15, it was
attributed mainly to the silica matrix. Increasing the Mn/Ce
ratio in nanocasted Mn–Ce oxide materials reached a maxi-
mum total surface area at Mn/Ce = 1.8 (Table 1). This can
be explained as changing the packing mode of the nanocrys-
tals of Mn and Ce oxides (Fig. 6) with changes in their relative
amounts in the composite. This is consistent with a decrease in
micropore surface area from 110 m2/g (76% of the total surface
area) to 39 m2/g (15% of the total surface area) with increasing
Mn/Ce ratio in nanocasted materials from 1.5 to 2.3 (Table 1).
The dense packing mode and lower size of nanocrystals of Mn
and Ce oxide phases in nanocasted Mn–Ce oxide composites
yielded a significant increase of the materials bulk density by
a factor of 1.22 relative to the reference catalyst prepared by
co-precipitation (Table 1).

3.3. Catalytic wet oxidation of 2,4,6-trichlorophenol

Mild operating conditions (temperature range, 60–140 ◦C;
oxygen pressure, 10 bar) and low residence time (3–10 min)
corresponding to LHSV = 6–20 h−1 were used. Preliminary
experiments were performed in the reactor packed with quartz
pellets to estimate the contribution of thermal reaction. At the
upper temperature limit, TCP conversion was <5%.

At LHSV of 20 h−1 and T � 120 ◦C, the reference co-
precipitated catalyst yielded complete TCP conversion and de-
halogenation but with low TOC conversion, as shown in Ta-
ble 2. The relatively high BOD values (38–78 mg/L) and high
BOD/TOC ratios (1.2–2.8) reflect the biodegradability of these
organic residuals and their low toxicity for microorganisms.
On the other hand, at low temperatures (�100 ◦C), very low
TOC conversion (<10%) and partial dehalogenation (73–84%)
were obtained. The resulting effluent mixture had a very low
BOD (<5 mg/L) and BOD/TOC ratios (<0.15), indicating



210 M. Abecassis-Wolfovich et al. / Journal of Catalysis 247 (2007) 201–213
(a)

(b)

Fig. 6. TCP conversion to organic products and carbon dioxide in CWO with
reference (Mn–Ce-1) and nanocasted (Mn–Ce-5) catalysts: (a) T = 120 ◦C,
LHSV = 20 h−1; (b) Mn–Ce-5 catalyst, LHSV = 20 h−1.

nonbiodegradability and potential toxicity of the organic prod-
ucts of TCP conversion obtained at these conditions. Thus, the
main limitation of CWO of TCP with co-precipitated Mn–Ce
catalyst at selected conditions is low conversion (<25%) of or-
ganic substrate and its oxidation intermediates to full oxidation
products (CO2/H2O). This means that additional treatment for
complete mineralization of process residuals is needed. How-
ever, to apply a conventional (least-costly) biological treatment,
the preliminary CWO process should be carried out at relatively
high temperatures (�140 ◦C) to produce biodegradable organ-
ics amenable for biological treatment.

The SBA-15-supported Mn–Ce material with an Mn/Ce ra-
tio of 1.8 after calcination at 350 ◦C displayed substantially

Table 2
Performance of the co-precipitated reference Mn–Ce-1 catalyst in CWO of TC
as a function of temperature (LHSV = 20 h−1, PO2 = 10 atm, [TCP]in =
100 mg/L)

Temperature
(◦C)

Testing results

TCP conver-
sion (%)

Dehalogen-
ation (%)

TOC conver-
sion (%)

BOD
(mg/L)

BOD/
TOC

80 75 73 4 <5 <0.15
100 87 84 10 <5 <0.15
120 98 96 14 38 1.2
140 99 98 23 78 2.8
lower activity than the reference catalyst. TCP conversion at
120 ◦C was <25%, with only about half of the converted sub-
strate transformed to CO2 (Table 3). The surface area of Mn–Ce
oxide phases in Mn–Ce-2 forming a layer on the walls of SBA-
15 tubular mesopores was accessible; therefore, the low activ-
ity can be attributed to the amorphous character of Mn-oxide
phase that was not crystallized at 350 ◦C due to strong inter-
actions with silica and ceria. Crystallization of Mn2O3 phase
in SBA-15-supported Mn–Ce oxide material at 700 ◦C (Mn–
Ce-3) yielded only a slight increase of the TCP conversion,
while the selectivity (of the converted TCP) to CO2 reflected by
the TOC conversion increased to 70% (Table 3). This could be
a result of two opposing effects. The crystallization of Mn2O3
at 700 ◦C (Fig. 1) increased the activity of the mixed-oxide sys-
tem. However, accessibility was diminished due to blocking of
the surface of Mn–Ce oxides as a result of encapsulation inside
SBA-15 mesopores after calcination at 700 ◦C. After removal
of the SBA-15 scaffold, the catalytic activity of the material
increased significantly. Specifically, TOC conversion measured
with the Mn–Ce-5 catalyst was far higher than that measured
with Mn–Ce-1 (Table 3), approaching complete mineralization.
Thus, a threefold increase of the loading of active metal oxides
and the exposure of most of the surface of mixed Mn–Ce oxides
with the fully crystallized Mn2O3 phase for reacting molecules
significantly increased the performance of Mn–Ce-5.

The Mn/Ce ratio of nanocasted mixed Mn–Ce oxide dis-
played a maximum in activity and selectivity, as the data in
Table 4 show. All materials were calcined at 700 ◦C before re-
moval of silica matrix. Those results are apparently a function
of the surface area of the materials (Table 1).

TCP conversion (i.e., removal of at least one chlorine anion)
was very high for all operating conditions measured with op-
timized Mn–Ce-5 material, as illustrated in Table 5. This was
expected because even the much less active Mn–Ce-1 cata-
lyst displayed high conversion under those conditions. How-

Table 3
Performance of reference Mn–Ce catalyst and nanocasted Mn–Ce-materials
(Mn/Ce = 1.8) in CWO of TCP (120 ◦C, LHSV = 20 h−1, 10 atm, [TCP]in =
100 mg/L)

Mn–Ce material #
according to Table 1

TCP conversion
(%)

Dehalogenation
(%)

TOC conversion
(%)

Mn–Ce-1 98 96 14
Mn–Ce-2 23 21 13
Mn–Ce-3 29 24 20
Mn–Ce-5 98 96 94

Table 4
Effect of Mn/Ce ratio in nanocasted Mn–Ce-oxide catalysts on CWO of TCP
(LHSV = 20 h−1, PO2 = 10 atm, [TCP]in = 100 mg/L)

Mn/Ce Testing temperature (◦C)

80 100

TCP conver-
sion (%)

TOC conver-
sion (%)

TCP conver-
sion (%)

TOC conver-
sion (%)

1.5 78 70 87 75
1.8 87 78 95 88
2.3 83 71 92 81
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Table 5
Effect of temperature and LHSV on the TCP conversion and selectivity mea-
sured with Mn–Ce-5 (PO2 = 10 atm, [TCP]in = 100 mg/L)

Temperature
(◦C)

LHSV

(h−1)

Testing results

TCP conver-
sion (%)

Dehalogen-
ation (%)

TOC conver-
sion (%)

60 6 94 61 50
80 6 96 89 87

100 6 99 96 96
80 20 87 74 47

100 20 95 93 88
120 20 98 96 94
140 20 99 99 98

ever, more critical were the extent of TCP dehalogenation and
TOC removal, where Mn–Ce-5 was distinctly much more ac-
tive. Thus, removal of >95% of organic carbon and chlorine
achieved at 100 ◦C and LHSV = 6 h−1 demonstrates the out-
standing performance of the nanocasted catalyst. The relatively
high TOC conversions obtained with the Mn–Ce-5 catalyst re-
sulted in low levels of organic residuals that limited use of the
standard BOD measure to characterize the biodegradability and
potential toxicity of the treated solutions. Therefore, low BOD
values obtained (not shown) actually represent low organic con-
tent and not potential toxicity.

The dramatic difference between the reference and nanocas-
ted catalysts is illustrated in Fig. 6, which shows that very
different CO2 (based on TOC conversion values) and organic
product contributions. This stresses the fact that TOC conver-
sion, not TCP conversion, is the key performance parameter
because of the rather easy removal of the chlorine anion. This
is also in agreement with the low BOD values measured with
nanocasted Mn–Ce catalysts.

The nanocasted Mn–Ce oxide catalysts were stable for more
than 200 h on stream. The pH of effluent water at high TOC
conversion was 4.5–5.0. This can be explained by partial de-
halogenation of bound organic chlorine into free chloride (HCl)
and partial conversion of organic carbon to carboxylic acids.
The theoretical pH value for complete dehalogenation of TCP
into fully dissociated HCl is 2.8. The extent of metals leaching
in CWO of TCP runs was insignificant. Sporadic ICP analy-
ses detected low levels (<1 mg/L) of both metals. The water
effluents remained clear.

Calculation of the rate constants of TOC conversion at
80 ◦C for Mn–Ce-1 and Mn–Ce-5, assuming first-order reac-
tion, yielded 0.9 and 12.5 h−1, respectively. Accounting for the
higher bulk density (factor of 1.2) and surface area (factor of
2.5) of Mn–Ce-5 (Table 1), the expected ratio of the two rate
constants would be 3. The much higher ratio of the two rate
constants indicates a substantially higher promotion effect of
ceria due to its stronger interaction with manganese oxide in
nanocasted catalyst resulting from an increased contacting in-
terface and homogeneity of crystalline phases, probably due to
their similar small crystal size. Further characterization of the
nanocasted catalyst is needed to identify its special features.

The TPO and TPR spectra were recorded in separate exper-
iments with fresh as-prepared Mn–Ce-1 and Mn–Ce-5 materi-
(a)

(b)

Fig. 7. Temperature-programmed oxidation (a) and temperature-programmed
reduction (b) profiles recorded with as-prepared co-precipitated Mn–Ce-1 (1)
and nanocasted Mn–Ce-5 (2) materials.

als. The integral intensities of the two peaks in TPO spectra
of the nanocasted Mn–Ce-5 centered at 140 and 230 ◦C com-
pared with 170 ◦C for Mn–Ce-1 (Fig. 7a) are evident for about
four times greater oxygen consumption by nanocasted mater-
ial. A similar trend was seen in the TPR experiments (Fig. 7b),
where the amount of hydrogen consumed by nanocasted Mn–
Ce-5 was greater by a factor of 1.6. A visible shift of the
peaks to lower temperatures and a changed shape of the spectra
may be evident for higher mobility of oxygen at the surface of
nanocasted Mn–Ce oxide material and alteration of oxidation
state of surface metal ions. Thus, the effect of improvement of
redox ability of Mn-oxide phase detected in Mn–Ce oxide cata-
lysts as a result of electron transfer from Ce-oxide phase [7,12,
19] is significantly enhanced in the nanocasted Mn–Ce oxide
material.
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The basis for increased mobile surface oxygen in nanocasted
Mn–Ce oxide material compared with the reference co-precipi-
tated catalyst was further elucidated from XPS spectra of these
materials recorded in the core level of the O1s region. It is
generally accepted that in metal-oxide oxidation catalysts, the
active sites include nucleophilic surface lattice oxygen ions,
whereas the surface hydroxyls of low redox reactivity do not
contribute to the catalytic cycle [41]. The XPS peaks desig-
nated OI (BE 529–532 eV), OII (BE 532–535 eV), and OIII (BE
535–539 eV) detected in the reference and the nanocasted Mn–
Ce catalysts (Fig. 8) are characteristic of lattice oxygen (OI),
hydroxyl groups, defect oxide, and strongly adsorbed H2O and
CO2 molecules (OII, OIII) [7,42,43]. The superior performance
of nanocasted catalyst is a result of a combination of higher
surface area with an increased surface concentration of mobile
oxygen ions (Table 1, Fig. 7). The final calcination step needed
for conversion of co-precipitated Mn–Ce hydroxides to corre-
sponding oxides was carried out at 350 ◦C [12]. It yields high
surface area of 125 m2/g but is not sufficient for efficient de-
hydroxylation of the oxides surface and removal of strongly ad-
sorbed species. The contribution of surface lattice oxygen to the
total surface oxygen atoms is relatively low, ∼10% (Fig. 8a).
As we found in our experiments, a higher calcination tempera-
ture enhances the contribution of OI surface oxygen (from 10 to
31%; Fig. 8b) but decreases the surface area of co-precipitated
catalyst by a factor of about four. Along with a decreased Mn
and Ce oxides interface as a result of their significant sintering
at 700 ◦C, this gives a catalyst with very low activity. The silica
scaffold protected Mn–Ce oxides from sintering at the temper-
ature of 700 ◦C required for crystallization of Mn2O3 phase.
The intensive dehydroxylation of the Mn–Ce oxides surfaces
and desorption of oxygen-containing species proceeded at this
temperature. Thus, after removal of SBA-15 silica, the lattice
oxygen displayed a majority (72% OI; Fig. 8c) of surface oxy-
gen atoms in nanocasted Mn–Ce oxides. This is an additional
feature besides higher surface area, bulk density, and Mn–Ce
oxide contacting interface that renders the nanocasted Mn–Ce
oxide material active in complete oxidation of TCP in CWO at
low temperatures.

4. Conclusion

The Mn–Ce oxide layer fabricated inside tubular mesopores
of SBA-15 silica by internal gelation of corresponding metal
chlorides is an efficient precursor of nanocrystalline Mn–Ce ox-
ide catalyst for CWO of chlorinated phenol. Crystallization of
this oxide layer at 700 ◦C, followed by removal of silica matrix,
yielded a mixed oxide material with 2–3 nm crystals of both
oxide phases and surface areas up to 316 m2/g. A more than
one order of magnitude increase in activity of nanocasted Mn–
Ce oxide catalyst in TOC conversion relative to co-precipitated
material is a complicated phenomenon associated with several
important characteristics, including increased bulk density, total
surface area, extent of surface dehydroxylation, and Mn–Ce ox-
ide contacting interface. Implementation of nanocasted Mn–Ce
oxide catalyst at moderate operation conditions (100–140 ◦C,
LHSV = 20 h−1) may allow an efficient single-stage treatment
(a)

(b)

(c)

Fig. 8. XPS spectra of the core level of O1s region recorded with co-precipitated
Mn–Ce-1 material calcined at 350 ◦C (a) and 700 ◦C (b) and with nanocasted
Mn–Ce-5 material calcined before removal of the SBA-15 scaffold at
700 ◦C (c).

of complex organic compounds without the need for further
biological treatment. It will also make CWO a practical and
accessible technology in industrial waste management.
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