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ABSTRACT: Biochar stands out as an excellent carrier for low-
temperature SCR catalysts, but its synthesis is often time-
consuming and requires high temperatures and fossil fuels.
Therefore, sustainable and rapid synthesis methods are challenged.
This paper proposes a sustainable method for the rapid synthesis of
rice husk biochar by acid-catalyzed hydrolysis at ambient
temperature and pressure. The results showed that the surface of
the biochar synthesized by acid-catalyzed hydrolysis was smooth,
and also the SiO, powder byproduct with uniform particle size was
successfully obtained. Furthermore, a biochar carrier-based SCR
catalyst was developed. The product demonstrated exceptional low-
temperature denitrification performance with a denitrification
efficiency of 96.8% at 180 °C. Notably, the product synthesis
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required a shorter time and exhibited higher denitrification efliciency and a wider temperature range than the biochar prepared by
pyrolysis and chemical activation. Thus, acid-catalyzed hydrolysis proved to be a simple, low-energy, and sustainable method for

producing high-quality biochar.

1. INTRODUCTION

The synthesis and application of carbon materials have a long
history." Beginning with the discovery and application of
fullerenes” in 1985 and carbon nanotubes® in 1991, research
related to carbon materials has become a popular area with
potential applications, including catalyst carriers,” adsorbents,”
supercapacitors,” sensors,” and electrodes.”

According to the structural characteristics and component
features of the biocarbon precursors, different synthetic routes
should be adopted.” Plant- and animal-based precursors have
large molecular weights and generally follow a “top-down”
synthetic route, which requires a step to break down the
macromolecules during the synthesis process. The key process
is how to efficiently reduce the particle size of biomass through
physical and chemical means after carbonization. Carbohy-
drate-type biocarbon usually adopts a “bottom-up” synthetic
route, and the products present a smooth spherical structure
and excellent purity and uniformity but have a low pore size
distribution and specific surface area. Xu et al.'’ provided a
detailed review of the latest research progress in the synthesis
methods, energy consumption, and application of biomass
charcoal. In practical terms, synthesis methods of carbon
materials include chemical vapor deposition,'" arc discharge,"”
mechanical ball milling,"* and microwave-assisted pyrolysis,"*
which are mainly used to synthesize amorphous, porous, or
crystalline carbon with different sizes, shapes, and chemical
compositions. 15,16

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

However, the above-mentioned synthesis methods are
usually cumbersome and time-consuming and require the use
of organic solvents and post-treatment.'® Furthermore, these
processes often rely on expensive fossil fuels, metal catalysts,
and complex devices with high temperatures and pressures,
which are environmentally and economically unsustainable,
limiting the low-energy production and application of carbon
materials.'” To reduce energy consumption as well as the
environmental pollution generated by synthesizing carbon
materials, the current research direction tends to shift the
carbon source to environmentally friendly biomass resources,
including plants and animals,"® lignin," polysaccharides’
(cellulose, starch, and sucrose), and monosaccharides®!
(glucose, fructose, and xylose) and to replace high-energy-
consuming synthesis equipment with low-energy-consuming
equipment. For example, Wang et al.*” prepared biomass
carbon for gas separation and supercapacitors by combining
potassium hydroxide (KOH) activation with pyrolysis using
algae as a carbon source; Zhang et al.”* prepared heteroatom-
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Figure 1. (a) RSC synthesis; (b) synthesis mechanism of colloidal biochar.

doped biomass carbon to catalyze oxidative redox reactions by
using shrimp shells as a carbon source and using a mechanical
ball milling method + chemical activation; and Guo et al?
used pig blood as a carbon source and prepared biomass
carbon for catalytic oxidative redox reactions by pyrolysis
method with heat treatment at 350 °C for 6 h followed by ball
milling method. However, the synthesis of biomass carbon in
the above studies still has the disadvantages of a complicated
preparation process, slow speed, high energy consumption, and
the need for post-treatment.

Rice husk, which contains 30 wt % of cellulose and about
41% of elemental C, is considered as one of the potential raw
materials for activated carbon preparation. The current annual
global rice production is about 477 million tons, S making rice
husk a cheap and easily available biomass carbon source. The
commonly used methods to synthesize carbon materials from
biomass include pyrolysis,”® templating,”’” solvothermal,”® and
activation.”” Among them, acid-catalyzed hydrolysis belongs to
one kind of solvent method that possesses the advantages of
simple equipment, relatively fast synthesis, mild conditions
(ordinary temperature and pressure), and low energy
consumption. It is a method of biochar synthesis that is
worth further study.

Selective catalytic reduction (SCR) is an effective technol-
ogy to reduce NOy emissions, and ammonia (NH;)-SCR has
been widely used in domestic and international industries due
to its high activity efficiency and N, selectivity. Currently,
commercial catalysts such as vanadium pentoxide-based
titanium dioxide formulations (V,0,—WO,/TiO,, V,05—
MoO,;/TiO,, and V,0/TiO,) are widely used worldwide.
However, these catalysts suffer from high vanadium toxicity,
narrow activity temperature windows (300—400 °C), and poor
low-temperature SCR activity. This leads to problems such as
poor catalyst activity, easy clogging, and a shortened service
life. Therefore, simple removal of dust during synthesis can
avoid the clogging problem; in addition, Mn and Ce
synergistically increase the conversion rate of NO to NO,,
and the abundant pore structure present in the biochar can
support the above chemical reactions.

Therefore, acid hydrolysis was used to rapidly synthesize
structurally controllable rice husk biochar at ordinary temper-
atures and pressures in this paper. Meanwhile, SiO, powder
byproducts with a particle size of about SO ym were obtained.
Subsequently, the synthesized biochar was demonstrated to
have an excellent low-temperature denitration performance
through the preparation of low-temperature SCR catalysts and
performance characterization. In addition, it may be further
applied in the fields of catalysis, adsorption, and energy storage.

2. MATERIALS AND METHODS

2.1. Fast Synthesis of Biochar by Hydrolysis with Acid
Catalyst. The synthesis of biochar by hydrolysis with an acid
catalyst can be divided into two stages: hydrolysis solution and
biochar formation, as shown in Figure la. Step 1: dried rice
husk was mixed with 72% concentration of H,SO, solution at a
ratio of 1:10 (g/mL), stirred at SO °C for 10 min in a magnetic
stirrer, and then filtered to remove residual; after that, distilled
water was added to dilute the mixed resolution until the
concentration of H,SO, was 42%, obtaining hydrolysis
solution. Step 2: the hydrolysis solution was placed in a drying
oven after 6 h to undergo dehydration, condensation, and
carbonization process. Then, the above product was filtrated
and washed until neutral and dried at 80 °C to obtain the acid-
hydrolyzed biochar, recorded as RSC.

In addition, we list the time required to synthesize biochar
by different methods (pyrolysis + chemical vapor deposition,*’
ball milling + pyrolysis,”' hydrothermal,>* soft template
method,>® microwave-assisted pyrolysis,34 and this work), as
shown in Figure 2. It can be seen that even without counting
the time required for pretreatment, these methods require a
longer time for the synthesis process. Furthermore, both in
terms of experimental time and energy consumption as well as
operational steps, its cost is higher than that of the acid
hydrolysis method.

In the above synthesis process, the synthesis mechanism can
be divided into the following steps. ©® 72% concentration of
sulfuric acid hydrolyzed the rice husk to remove hemicellulose,
lignin, and metal impurities.?’5 ® The H' in the hydrolysis
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Figure 2. Time required to synthesize biochar was determined by
different methods.

solution breaks the glycosidic bonds in cellulose, converting it
to glucose and oligomers, and subsequently glucose is
converted to S-hydroxymethylfurfural (HMF) and a variety
of aromatic compounds.** @ As the reaction proceeds, the
concentration of nutrients continues to energize until the
energy barrier is breached and homogeneous nucleation occurs
to form carbon core, which further absorbs surrounding
nutrients for continued growth. The synthesis mechanism is

shown in Figure 1b, which shows that the process is a
recombinant carbonization of low-molecular-weight biomass,
which facilitates the synthesis of biochar with smaller particle
sizes.

2.2. Synthesis of Rice Husk Biochar by Further
Chemical Activation or Pyrolysis. To compare the
properties of biochar synthesized by different methods, two
other kinds of biochar were also synthesized by further
chemical activation or a pyrolysis method. Specifically, the
activation involves dissolving KOH in distilled water, mixing it
with RSC, then drying it, and placing it in a tube furnace at 750
°C; the product was recorded as RSCK-750, and the whole
process lasted for 9 h. The pyrolytic biochar was produced in a
tube furnace by heating the rice husk to 750 °C in an N,
atmosphere at a heating rate of 10 °C min~" and then milling it
into powder, denoted as RH-750. The whole process lasted for
8 h.

2.3. Synthesis of Biochar Carrier-Based SCR Catalysts.
Our previous studies showed that the optimum loading of Mn
transition metal oxides on the surface of biochar is 10 wt %.*”
The RSC, RSCK-750, and RH-750 were impregnated in a
mixed aqueous solution of Mn(NO;), and Ce(NO;); (molar
ratio = 2:1) and then were ultrasonically oscillated with power
of 400 W and frequency of 40 kHz for 3 h at ordinary
temperature and dried at 80 °C for 24 h. Finally, the dried
samples were placed in a tube furnace and heated to 500 °C at
a rate of 10 °C min~! under N, conditions for 2 h. The SCR

(2)

Figure 3. SEM images of different rice husk biochars: (a)RSC; (b)RSCK-750; and (c)RH-750.
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Figure 4. (a) N, adsorption—desorption isotherms and (b) pore size distribution of different catalysts.

Table 1. Physical Characteristics of the Rice Husk Biochar

sample BET surface area/(m?/g)
RSC 382
RSCK-750 715.17
RH-750 400.09

pore diameter/(nm) pore volume/(cm®/g)

7.4 0.091
2.82 0.269
2.54 0.128

catalysts were labeled as Mn—Ce/RSC, Mn—Ce/RSCK-750,
and Mn—Ce/RH-750, respectively.

2.4. Characterization. The surface morphology of the
experimental samples was observed by a scanning electron
microscope; the isotherms of the products were determined by
nitrogen adsorption—desorption instrument, and the physical
composition of the samples was scanned by X-ray diffrac-
tometer.

For testing the catalytic activity, 0.2 g of the catalyst was
weighed and placed in a fixed bed reactor. A flue gas mixture
consisting of NO, NHj;, and O, was used as a simulated flue
gas with a total gas stream of 130 mL min~" (400 ppm of NO,
400 ppm of NHj, S vol % O,, equilibrated with N,). The test
temperature range was from 80 to 260 °C, and the gas time-
space velocity (GHSV) was 15000 h™'. The denitrification
efficiency of the catalyst was expressed in terms of NO
conversion and was calculated using the following formula
C,—-C
—— X 100%

Co

NO conversion(%) =

where C, represents the inlet NO gas concentration (ppm) and
C represents the outlet NO gas concentration (ppm).

3. RESULTS AND DISCUSSION

3.1. Morphology. RSC, RSCK-750, and RH-750 were all
made from rice husk as the carbon source, and their
morphologies are shown in Figure 3. It shows that RSC has
a smooth blocky surface without pore structure, while RSCK-
750 exhibits a homogeneous and dense spongy pore structure,
and RH-750 has a rippled surface with a uniformly distributed
raised structure; no pore structure was observed.

The analysis of Figure 4 indicates that the prepared biomass-
derived carbon material exhibits typical hierarchical micro-
porous—mesoporous structure characteristics. The adsorption
capacity rapidly increases in the low-pressure region (P/P, <
0.1), showing a type I curve feature, which indicates that the
material has abundant micropores; a type H4 hysteresis loop
appears in the medium-pressure region (P/P, = 0.4—0.8) with
a relatively high closing pressure, confirming the existence of
well-ordered mesopores in the carbon material. This unique
microporous—mesoporous composite pore structure not only
provides a large specific surface area but also forms efficient
mass transfer channels, endowing it with potential application
advantages in the field of catalysis. Furthermore, the specific
surface area and pore structure parameters are shown in Table
1.

3.2. Structure of Biochar Carrier-Based SCR Catalysts.
To investigate the effect of biochar on the physical phase
structure of the catalyst components, catalysts were subjected
to X-ray Diffraction (XRD) tests. As shown in Figure S, the
diffraction peaks of the samples at 26.6 and 42.5° correspond
to the (002) crystallographic plane and (100) crystallographic
plane of graphite (PDF#99—0057). After loading Mn—Ce
metal oxides, the catalysts have similar characteristic peaks
corresponding to Mn,0O; (PDF#33—0900), MnO, (PDF#39—
0375), CeO, (PDF#34—0394), and Ce,O, (PDF#49—1458),
respectively. Mn—Ce/RSC and Mn—Ce/RH-750 have narrow
diffraction peak widths, indicating that the active components
of the metal oxides are unevenly distributed and internally
agglomerated and that the crystal structure is dominant. After
KOH activation, except for the diffraction peak of CeO,, the
diffraction peaks of the other metal oxides in Mn—Ce/RSCK-
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Figure S. XRD spectra of biochar carrier-based SCR catalysts.

750 were relatively weakened, which indicated that the active
components were dispersed internally or existed in an
amorphous structure, and carrier of RSCK-750 was not
conducive to the dispersion of CeO,. In addition, the
diffraction peak intensities belonging to both the (002) and
(100) crystal planes were significantly weakened compared to
RSC after loading Mn—Ce oxides, indicating that the doping of
metal oxides affects the graphite microcrystalline structure,
which may split it into small, irregular graphite flakes, thus
leading to the changes in the peak intensities of the (002) and
(100) crystal planes.*®

3.3. Characterization of Catalysts. 3.3.1. Functional
Groups on the Surface of Acid-Hydrolyzed Biochar Carrier-
Based SCR Catalysts. Fourier transform infrared spectroscopy
(FTIR) tests were carried out on the three catalysts, as shown
in Figure 6a. All of the catalysts have similar FTIR spectra; the
adsorption bands around 3434 cm™! were attributed to O—H
stretching vibration, indicating the presence of carboxylic acid
and hydroxyl group,” the adsorption bands around 1633 cm™
belong to C=C stretching vibration,”” and the adsorption
bands around 1081 cm™' belong to C—O stretching
vibration.”' After KOH activation, the intensity of peaks
belonging to the polarizing group of O—H at 3434 cm™ for
Mn—Ce/RSCK-750 is larger than that of inactivated Mn—Ce/
RSC and Mn—Ce/RH-750, and the peaks belonging to C=C
and C—O at 1633 and 1081 cm™, respectively, are not
significantly changed, indicating that KOH activation of acid-
hydrolyzed biochar would introduce more O—H groups but
has no obvious effect on the other two groups. This may be
due to the fact that in the process of KOH-activated pyrolysis,

KOH first reacted with oxygen-containing species in the
biomass such as C=0, O—H, and C—O groups, releasing a
large number of free radicals or hydrogen protons to form a
large number of vacancies, and then —OH in KOH combined
with these vacancies and formed new oxygen-containing
groups in rice husk biochar.*”

3.3.2. Compositional Valence of Elements on the Surface
of Biochar-Based Carrier SCR Catalysts. The valence and
composition of the elements on the surface of the biochar
carrier-based catalysts were evaluated by X-ray photoelectron
spectroscopy (XPS) testing, and the obtained profiles of the
three catalyst samples are shown in Figure 6b. The presence of
the elements Mn, Ce, and O was detected in the profiles of the
three catalyst samples, and in order to determine the valence of
each element on the surface of the catalyst samples, fine
spectral scans were performed on Mn, Ce, and O, respectively.

The Mn 2p profile of the catalyst is shown in Figure 7, and
the peak near 641.5 eV corresponds to the Mn 2p;,,. The three
peaks obtained after the split-peak fitting process were Mn**
(645.3 eV), Mn** (642.1 eV), and Mn** (640.5 eV), indicating
that the Mn mainly exists in the form of MnO,, Mn,O;, and
MnO." The relative atomic weights of Mn*"/Mn™, Mn®*/
Mn™, and Mn**/Mn"™ in the catalyst samples are shown in
Table 2. After KOH activation and pyrolysis, the Mn** content
on the surface of Mn—Ce/RSCK-750 (23.2%) increased
compared to that of Mn—Ce/RSC (20.4%), which could be
attributed to KOH activation and pyrolysis, and the increase of
SSA of the carbon material was favorable for the generation of
Mn*". Mn*" improved the adsorption of reactive gases on the
active sites, and since it has a low temperature, Mn* could
improve the adsorption of reactive gases at the active sites, and
due to its good catalytic oxidation performance at low
temperatures, it can promote the oxidation of NO and
improve the denitrification activity of the catalyst."*

Figure 8 shows the Ce 3d maps of these three catalyst
samples. After processing by split-peak fitting, the profile
consists of eight parts: the peaks labeled u’ and v’ correspond
to Ce®", and the remaining six peaks are attributed to Ce*".*
The elemental valence percentages of Ce in the catalyst
samples are listed in Table 3. The Ce** content on the surface
of Mn—Ce/RSC without KOH activation is 26.3%, which is
higher than that of Mn—Ce/RSCK-750 after KOH activation
(14.9%), indicating that the use of KOH-activated pyrolyzed
RSCK-750 as a carrier was not conducive to the generation of
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Figure 6. (a) FTIR spectra of rice husk biochar carrier-based SCR catalysts; (b) XPS spectrum of acid-hydrolyzed biochar carrier-based SCR

catalysts.
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Figure 7. Mn 2p spectra of biochar carrier-based SCR catalysts: (a) Mn—Ce/RSC; (b) Mn—Ce/RSCK-750; and (c) Mn—Ce/RH-750.

Table 2. Relative Percentage of Valence Distribution of Mn
Element in Biochar Carrier-Based SCR Catalysts

sample Mn**/Mn"* Mn**/Mn"* Mn?*/Mn"*
Mn—Ce/RSC 20.4% 61.5% 18.1%
Mn—Ce/RSCK-750 23.2% 38.4% 38.4%
Mn—Ce/RH-750 25.7% 55.3% 19%

Table 3. Relative Percentage of Valence Distribution of Ce
Element in Biochar Carrier-Based SCR Catalysts

sample Ce’* Ce*t
Mn—Ce/RSC 26.3% 73.7%
Mn—Ce/RSCK-750 14.9% 85.1%
Mn—Ce/RH-750 18.7% 81.3%

Ce’*. The increase in the content of Ce®* facilitates the
enhancement of the number of unsaturated chemical bonds
and the promotion of oxygen vacancy formation, which can
enhance the oxygen migration ability, promote NO oxidation,
and accelerate the process of the reaction.*

The O 1s profile of the catalyst was fitted to three peaks, as
shown in Figure 9. The oxygen species with binding energy
located around 530.1 eV corresponds to the catalyst surface
lattice oxygen O,, the oxygen species located near 531.7 eV is
attributed to the catalyst surface chemisorbed oxygen Op, and
the oxygen species around 533.5 eV is the water adsorbed on
the catalyst surface, which is noted as O%47 The relative
percentages of oxygen species are listed in Table 4, and the
Mn—Ce/RSC surface Oy content is 47.3%, which is higher
than 34.6% for Mn—Ce/RSCK-750 and 27.6% for Mn—Ce/
RH-750. Combined with the Ce 3d mapping, the higher
percentage of Ce®" on the surface of Mn—Ce/RSC may be
responsible for the increase in its surface Op content.*® The Oy
on the catalyst surface has a strong migration ability and thus
higher activity and oxidation capacity than O, and O,, which
can promote the activation of NH; as well as the oxidation of
NO and accelerate the reaction process.*’

3.4. Denitrification Performance of Biochar Carrier-
Based SCR Catalysts. The denitrification performance of the
three biochar-based carried SCR catalysts was tested, and the
results are shown in Figure 10. The maximum denitrification
efficiency of 96.8 and 97.3% were obtained at 180 and 220 °C

for Mn—Ce/RSC and Mn—Ce/RSCK-750, respectively,
whereas the denitrification efficiency of the unactivated Mn—
Ce/RH-750 at 240 °C was only 49.5%. Among them, Mn—
Ce/RSC has a wider temperature window than Mn—Ce/
RSCK-750 and Mn—Ce/RH-750 and achieves more than 90%
denitrification efficiency in the range of 160—260 °C.
Combined with the characterization results, the wider
temperature window of Mn—Ce/RSC may be related to the
increased content of Ce>" and Oy; for Mn—Ce/RSCK-750, the
higher denitrification efficiency than that of Mn—Ce/RSC in
the range of 80—120 °C may be attributed to the large SSA
and uniform mesoporous structure of Mn—Ce/RSC after
KOH activation, which can promote the adsorption of reactive
gases on the surface and the adsorption of Mn—Ce/RSCK-750
and Mn—Ce/RH-750 on the surface. The lowest denitrifica-
tion efliciency of Mn—Ce/RH-750 is related to the uneven
distribution of chemical components and the low Ce** and Oy
contents on the surface. Therefore, compared with the biochar
synthesized by pyrolysis, acid-catalyzed hydrolysis synthesized
biochar, on the one hand, has the characteristics of simple
operation and low energy consumption, and likewise in
denitrification, it can achieve comparable effects with alkali
activation treatment of acid-hydrolyzed biochar, which proves
that acid hydrolysis is a promising and innovative synthesis
method.

3.5. Byproducts of Acid-Hydrolyzed Rice Husk. During
the acid hydrolysis process, except for the biochar, the filtered
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Figure 8. Ce 3d spectra of biochar carrier-based SCR catalysts: (a)Mn—Ce/RSC; (b)Mn—Ce/RSCK-750; and (c)Mn—Ce/RH-750.
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Figure 9. O 1s spectra of biochar carrier-based SCR catalysts: (a) Mn—Ce/RSC; (b) Mn—Ce/RSCK-7S; and (c) Mn—Ce/RH-75.

Table 4. Relative Percentage of O Species in Biochar
Carrier-Based SCR Catalysts

sample 0,
Mn—Ce/RSC 27.1%
Mn—Ce/RSCK-750 37.2%
Mn—Ce/RH-750 20.6%

Oﬂ OV
47.3% 25.6%
34.6% 28.2%
27.6% 51.8%
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Figure 10. Denitrification performance of biochar carrier-based SCR
catalysts.

residue is burned in a muffle furnace, which yields particles
with a particle size of about 50 pm, named as RSF-800. To
further determine the main composition of this byproduct
RSF-800, the EDS energy spectrum of RSF-800 was scanned,
as shown in Figure 11ab.The EDS results showed that the
main components of RSF-800 were Si and O elements. In
order to further analyze the physical phase composition of
RSF-800, it was tested and analyzed by XRD, as shown in
Figure 1lc. The XRD spectrum of RSF-800 showed a
diffraction peak with a narrow peak width at 21.9°,

corresponding to SiO, (PDF#29—0085), and no diffraction
peaks of other species were detected, which indicated that the
main composition of RSF-800 is SiO,. SiO, powder has
excellent high-temperature resistance, optoelectronic proper-
ties, and light transmittance and can be used in circuits, optical
fibers, photovoltaics, and aerospace,so Thamri®' et al.
fabricated silicon solar cells using nickel oxide films on porous
silicon and silicon substrates. SiO, was added as a carrier
selective-passivation layer for porous silicon. The power
conversion efliciency of the solar cell was as high as 19.52%.

4. CONCLUSIONS

In this work, biochar was successfully synthesized by acid-
catalyzed hydrolysis at ordinary temperatures and pressures in
a shorter time. Then, the biochar serves as a carrier for
denitrification, yielding products with superior denitrification
properties at low temperatures. The main conclusions are
drawn as follows.

(1) Compared with pyrolyzed and further chemical-
activated biochar, acid-catalyzed hydrolysis biochar was
obtained in as little as 6 h, which enhances the overall
reaction rate and achieves rapid synthesis of the product.
In addition, the byproduct SiO, powder was obtained.
Both Mn—Ce/RSC and Mn—Ce/RSCK-750 showed
remarkable denitrification performance, reaching 96.8
and 97.3% at 180 and 220 °C, respectively, while that of
Mn—Ce/RH-750 at 240 °C was only 49.5%. Further-
more, the Mn—Ce/RSC showed the widest working
temperature range and the best activity at low temper-
atures.

The wider temperature window of Mn Ce/RSC may be
attributed to the increased content of Ce’* and Oy
content. For Mn—Ce/RSCK-750, its superior denitrifi-
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Figure 11. Acid hydrolysis of rice husk biochar byproduct RSF-800: (a, b) EDS energy spectra; (c) XRD spectra.
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cation efficiency within the 80—120 °C range compared
to Mn—Ce/RSC can be ascribed to its larger specific
surface area (SSA) and a uniform mesoporous structure,
which was achieved post-KOH activation. This enhance-
ment facilitates the adsorption of reactive gases on its
surface. Conversely, the lowest denitrification efficiency
of Mn—Ce/RH-750 is associated with the uneven
distribution of active components and the scarcity of
surface Ce®* and Oy content.
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