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Abstract
The synthesis of catalyst K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti for the oxi-

dation of black carbon was carried out. The composition was prepared by the

impregnation of an oxidized titanium surface with additionally modified sublayer

consisted of anatase nanoparticles by potassium hydroxide. The initial and com-

pletion temperature of the catalytic soot afterburning process lays in the range of

340–550 �C and is in good agreement with analogous catalysts used in practice. The

applied catalyst layer is resistant to adhesive and cohesive failure. It is characterized

by a satisfactory resistance to thermal shock and the action of inhibitors.
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Introduction

One of the methods of environment protection from incomplete fossil fuel

combustion products is the catalytic oxidation of exhaust gases from industrial

equipment, including internal combustion engines [1–3]. Nowadays, the most

studied and effective catalysts of carbon combustion are cerium-oxide systems: Hf–

Ce, La–Ce, Pr–Ce, Fe–Ce, Pt–Ce, Co–Ce, Mn–Ce, Cu–Ce and Sm–Ce [4–14].

Despite a number of the proposed catalyst advantages, their low thermal and

mechanical resistance is noted [15]. These disadvantages are partly offset by the

catalyst deposition to the layer [16] and/or their stabilization by the inclusion of

& P. G. Chigrin

pal_chig@mail.ru

1 Institute of Materials of Khabarovsk Scientific Centre, Far Eastern Branch of the Russian

Academy of Sciences, 153, Tikhookeanskaya Street, Khabarovsk, Russia 680042

2 Institute of Chemistry, Far Eastern Branch, Russian Academy of Sciences, 159, Prosp. 100-letya

Vladivostoka, Vladivostok, Russia 690022

3 Far Eastern Federal University, 8, Sukhanova Street, Vladivostok, Russia 690950

123

Reaction Kinetics, Mechanisms and Catalysis
https://doi.org/10.1007/s11144-018-1474-1(0123456789().,-volV)(0123456789().,-volV)

http://crossmark.crossref.org/dialog/?doi=10.1007/s11144-018-1474-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11144-018-1474-1&amp;domain=pdf
https://doi.org/10.1007/s11144-018-1474-1


ZrO2 to their structure [17]. However, the addition of zirconium dioxide

significantly reduces the catalytic activity of the suggested compounds. In addition,

an undoubted disadvantage hindering the wide use of oxide-cerium catalysts is their

low resistance to the influence of sulfur dioxide and water vapor [18, 19].

According to [6, 20–24], the inclusion of potassium ions to the structure of

widely known titanium oxide catalysts (for example, in the form of compounds such

as K6Ti4O11, K2Ti2O5, K2Ti4O9, K2Ti6O13) leads to a significant increase in

catalytic activity with simultaneous growth of thermal stability. Potassium titanates

are promising for application as catalysts for diesel emission afterburning [25–27].

Moreover, potassium titanates catalyze the oxidation of carbon under conditions for

both ‘‘loose’’ and ‘‘tied’’ contact and resistant to water vapor and SO2 [27]. Most

studies of potassium titanate catalytic properties are performed on powdered

samples. Meanwhile in practice, diesel particulate filters constructions contain the

supported catalysts. The activity of such catalysts remains unclear, as well as the

influence of catalytic poisons and effect of thermal and mechanical loads on the

composition and mechanical resistance of the deposited layers of potassium

titanates.

Catalyst carriers and methods for their preparation deserve separate discussion

and consideration [28, 29]. Ideally, such carriers should combine high thermal

stability and mechanical strength with a sufficiently high surface area and chemical

compatibility with catalytically active components. From this point of view, the

particular interest is the usage of corrosion-resistant metals as carriers. These

carriers should be treated in a special way to produce an intermediate oxide layer

with a high adhesion to the metal substrate, whose thickness, chemical composition

and porosity can be easily adjusted. Plasma electrolytic oxidation (PEO) method

[30–32] is one of the most technologically and environmentally friendly ways of

creating oxide layers on the surface of metals and alloys with controlled thickness,

composition and surface morphology. The adjustable anodic oxidation of a metal

electrode in an electrolyte medium due to the energy of plasma electrical discharges

lays in the basis of this method. It is shown that the PEO is a promising method for

both the preparation of metal oxide supports of catalytically active compounds and

the synthesis of oxide catalysts on metal bases [33–37]. In particular, CuMoO4/

TiO2 ? SiO2/Ti composites were formed using a combination of PEO and metal

extract mixture pyrolysis methods [38]. Carbon black oxidation process begins at

temperatures above 270 �C with a maximum burning rate at 410 �C under ‘‘loose’’

contact conditions. The addition of 30–50 nm solvothermal synthesized anatase

nanoparticles layer on the PEO coating have a result in a decrease in the size of the

copper molybdate particles, an increase in the mechanical stability of the CuMoO4/

TiO2/TiO2 ? SiO2/Ti composites and a decrease in the temperature of the

maximum burning rate by * 50 �C [39].

Thus, the goal of this work is the formation of coating containing potassium

titanates on titanium substrate preliminarily treated with PEO method and

subsequent addition of solvothermal synthesized anatase nanoparticles and to study

their catalytic ability to burn soot, thermal stability, resistance to mechanical loads

and inhibitors.
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Experimental

Preparation of PEO coatings

The PEO coatings TiO2 ? SiO2/Ti on wire samples of technical titanium VT1-0

([ 99% Ti) were formed in the galvanostatic mode at i = 0.2 A/cm2 for 10 min in a

silicate electrolyte containing 0.05 mol/L Na2SiO3 and 0.05 mol/L NaOH [32]. The

thickness of the formed coatings was * 10–12 lm.

Synthesis of potassium titanate coatings

Before the synthesis of potassium titanate coatings, the oxidized titanium was

treated with a colloidal suspension previously obtained by hydrothermal synthesis

[40] and containing anatase nanoparticles (30–40 nm). The suspension was applied

by dipping, and then the surplus was removed by putting the samples on a filter

paper. Afterwards, they were subjected to a stepwise heat treatment at temperatures

of 120, 350 and 550 �C for 2 h.

Alkaline synthesis [41] was used to form the catalytic compositions K2Ti2O5

? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti [34]: the PEO coating doped with TiO2 nanopar-

ticles (TiO2/TiO2 ? SiO2/Ti composition), kept for 10 min in a 40% KOH solution.

After impregnation, the samples were placed on a filter paper to remove solution

excess. Then they were subjected to a subsequent heat treatment in Ar medium for

2 h at a temperature of up to 900 �C. This method allows the synthesis of titanate

phases with high speed at relatively low temperatures in an inert atmosphere,

without destroying the titanium base.

The excess potassium hydroxide and silicate were removed from the K2Ti2O5

? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti samples by washing with distilled water until a

neutral reaction of the eluate. The samples were then dried in an oven at 150 �C for

1 h and have transferred to a vacuum desiccator, where they were stored at room

temperature.

Study of soot combustion

Catalytic combustion of the carbon black was examined on a NETZSCH STA 449

F3 scanning thermogravimetric apparatus in an air flow (50 mL/min) at a heating

rate of 5 �C/min on DSC sample carrier with 200 ± 10 mg sample mass.

Composites K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti were coated with soot

(‘‘loose’’ contact) in the burner flame during the combustion of diesel fuel (RF

State standard: GOST 305-82) until their mass increased up to 0.15 ± 0.03%. The

temperature of the onset of combustion of carbon black (To) was determined from

the thermogravimetric (TG) curves, the temperature of the maximum combustion

rate (Tmax) was determined from the extremes of the differential calorimetric (DSC)

curves, with an accuracy of ± 2 �C.
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Surface morphology and composition of samples

The structure of the coatings was investigated using a DRON-7 X-ray diffractome-

ter in Cu Ka radiation. The morphology and elemental composition of the samples

were examined by scanning electron microscopy (SEM) (EVO 40 microscope

equipped with a Rontec energy dispersive spectrometer, with a refinement of the

element content on a 35-SDS JEOL wave dispersion spectrometer). The molar ratio

of K:Ti in the potassium titanate phases was calculated on the basis of the element

atomic concentrations determined using energy-dispersive analysis.

Evaluation of adhesion and cohesion resistance

The evaluation of the supported layer resistance to adhesive and cohesive failure

was carried out by gravimetric method, weighing the samples before and after

ultrasonic (US) exposure in an aqueous medium (generator power 100 W, sound

frequency 35 kHz), the detailed procedure is reproduced elsewhere [38]. The failure

nature of exposed coatings was evaluated by visualization of SEM images. The

ultrasonic treatment of prepared samples was carried out under isothermal

conditions at 25 �C. The mass of the samples was determined on the NETZSCH

STA 449 F3 balance with an accuracy of 10-6 g. The initial mass of the coating m0

was determined from the difference in mass of the coated wire and the same wire

mechanically cleaned from the coating to metallic titanium. The mass of the

degraded coating Dm was evaluated by weighing the sample before and after the

ultrasound exposure, then drying at 150 �C and cooling to room temperature. The

duration of individual ultrasound treatments varied from 1 to 20 min, with the total

duration of the ultrasound at all the cycles per sample being 30 min.

Evaluation of chemical stability, resistance to heat shock

The chemical stability of potassium titanates in the supported layer to sulfur dioxide

(contact time 4 h) and water vapor (1 h) at 400 �C was evaluated by comparing the

catalytic properties of the samples before and after inhibiting. Tests on the effect of

reaction gases were carried out in a SNOL tube furnace. The total flows of SO2 and

H2O were 0.14 and 10 g/min, respectively.

The resistance of the samples to heat shock was evaluated on the basis of the

decrease in the mass of the samples after one heating–cooling cycle, comparing the

catalytic ability of the samples before and after the tests, and changing the

morphology of the surface. Heating to a predetermined temperature (800 �C) was
carried out in an induction furnace at a rate of 60 �C/min. The creation of a high-

temperature gradient was achieved by chilling the samples to 0 �C on a pre-cooled

massive metal plate. The cooling rate of the samples was * 100–150 �C/s.
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Results and discussion

Composition, structure, and catalytic activity of coatings

Fig. 1a shows the SEM image of the anatase particle-modified surface of the PEO

coating, after its treatment with KOH solution. There are two main types of sites in

the picture. The first is represented by the fine-crystalline phase uniformly

Fig. 1 SEM image of the surface of the K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti catalytic composite.
a Initial coverage (1 and 2 are the main types of sites), b US exposed for 30 min in water, c after thermal
shock
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distributed over the surface (1 in Fig. 1a). The second one shows flat crystals of

triangular shape up to 5 lm in size and 0.5–1 lm thick (2 in Fig. 1a). According to

the energy dispersive analysis, in the first site, the ratio of potassium and titanium

ions corresponds to the phase of K2Ti2O5, in the second site—K2Ti4O9 (Table 1).

It should be noted that the content of silicon is significantly reduced in

K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti composition with respect to both the

initial TiO2 ? SiO2/Ti and modified anatase nanoparticles of PEO-layers TiO2/

TiO2 ? SiO2/Ti (Table 1). This may be interpreted by the sample washing after

exposure to alkali. Thus, soluble potassium silicates are removed together with the

eluate. According to XRD analysis, PEO treatment of titanium leads to the

formation of rutile and anatase modification of TiO2 (Fig. 2a). Moreover, some

amount of titanium dioxide is present in the amorphous phase. After deposition of

TiO2 nanoparticles, the fractions of the amorphous phase and anatase increase on

the sample surface (Fig. 2b). After alkali impregnation and annealing, K2Ti2O5 and

K2Ti4O9 phases are formed on the surface of TiO2/TiO2 ? SiO2/Ti composite

(Fig. 2c).

The DSC curve corresponding to the catalytic burning of soot (Fig. 3, curve 1)

has one peak of symmetrical shape. So, the process takes place in a single-stage

Table 1 Elemental composition of coatings

Coating Composite Elemental composition of outer layer, at.%

K Ti Si S

PEO coating SiO2 ? TiO2/Ti – 15.4 18.7 –

TiO2-modified PEO coating TiO2/SiO2 ? TiO2/

Ti

– 20.3 12.4 –

TiO2-modified PEO coating

impregnated with KOH (1

type site)

K2Ti2O5/TiO2/

TiO2 ? SiO2/Ti

10.6710.7 12.2712.3 3.773.9 –

TiO2-modified PEO coating

impregnated with KOH

(2 type site)

K2Ti4O9/TiO2/

TiO2 ? SiO2/Ti

14.0714.5 27.3727.9 8.378.8 –

TiO2-modified PEO coating

impregnated with KOH

after ultrasonic action for

30 min

K2Ti2O5 ? K2Ti4O9/

TiO2/

TiO2 ? SiO2/Ti

7.277.6 18.1718.3 11.4711.8 –

TiO2-modified PEO coating

impregnated with KOH

after thermal shock

K2Ti2O5 ? K2Ti4O9/

TiO2/

TiO2 ? SiO2/Ti

5.976.1 11.0711.6 7.477.6 –

TiO2-modified PEO coating

impregnated with KOH

after water vapor action

K2Ti2O5 ? K2Ti4O9/

TiO2/

TiO2 ? SiO2/Ti

8.278.6 20.5721.5 9.079.6 –

TiO2-modified PEO coating

impregnated with KOH

after sulfur dioxide

poisoning

K2Ti2O5 ? K2Ti4O9/

TiO2/

TiO2 ? SiO2/Ti

6.877.2 14.1714.7 8.078.4 0.9-2.1
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mode, the temperature of the beginning of the process is 340 �C, the temperature

corresponding to the maximum speed is 390 �C. The results of relatively high

catalytic activity for the composition K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti

are confirmed by literature data for powders of perovskites corresponding to the

xK2O�yTiO2 general formula [42].

Evaluation of coating resistance to adhesive and cohesive failure

Under working conditions, the catalytic active part of the coating can be peeled off

according to cohesive and adhesive failure due to various mechanical loads

(vibration, gas jet impacts, etc.). In this paper, the stability of the obtained

composites was evaluated for these types of destruction by the mass decreasing of

the sample under the influence of ultrasound [38]. The effect of US on catalytic

compositions K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti (Table 2) is observed

only after 5 min of exposure with mass loss of the sample * 0.2% in comparison

with the beginning of the test. The maximum loss of coating weight of 0.3% is

Fig. 2 X-ray diffraction patterns of composites: (a) TiO2/SiO2 ? TiO2/Ti; (b) TiO2/SiO2 ? TiO2/Ti;
(c) K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti; (d) K2Ti4O9/TiO2/TiO2 ? SiO2/Ti after thermal shock;
(e) K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti after sulfur dioxide poisoning

123

Reaction Kinetics, Mechanisms and Catalysis



Fig. 3 DSC (solid) and TG (dotted lines) curves of carbon black oxidation in the presence of
K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti 1—Original compositions; 2—US exposed for 30 min in
water; 3—after thermal shock

Table 2 Effect of ultrasonic exposure time on the relative mass loss for the K2Ti2O5 ? K2Ti4O9/TiO2/

TiO2 ? SiO2/Ti composite

s, min 1 2 3 5 10 30

Dm/m0 9 100%

(%)

0 0 0 0.2 0.3 0.3

123

Reaction Kinetics, Mechanisms and Catalysis



achieved after 10 min of ultrasonic action, with no further reduction in the mass of

the sample even after half-hour ultrasonic treatment. Apparently, a slight decrease in

the mass of the composite occurs due to the detachment of a part of potassium

titanates and unreacted nanoparticles of the anatase sublayer.

The analysis of the SEM images of the initial samples (Fig. 1a) and the samples

US-exposed for 30 min (Fig. 1b) revealed no significant changes in the surface

morphology of the catalytic layer before and after treatment. The thermal analysis of

the soot combustion curves (curves 1 and 2 in Fig. 3) also showed the identity of the

catalytic properties of the compared samples. The oxidation of soot in both cases

starts from 340 �C and proceeds in a single-stage mode, the values of Tmax of

carbon black combustion and the process termination temperature are comparable

too.

Thus, it can be concluded that the catalytic compositions K2Ti2O5 ? K2Ti4O9/

TiO2/TiO2 ? SiO2/Ti have sufficient resistance to adhesive and cohesive failure of

catalytically active part of the coating.

Investigation of heat shock resistance

Analysis of the SEM images of K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti samples

showed that after heating to 800 �C with subsequent abrupt cooling to 0 �C, the
coating remains solid without visible fractures and cracks (Fig. 1c). At the same

time, the morphology of the surface changes. It is mainly covered with flat crystals

of triangular shape up to 5 lm in size and 0.5–1 lm thick corresponded to second

type site of initial covering. As it shown in Fig. 2d, all titanium dioxide in the

coating is presented in the amorphous phase and rutile modification and there are no

XRD reflexes corresponded to K2Ti2O5 titanate. So on the surface, K2Ti2O5 is

replaced by K2Ti4O9. This assumption is confirmed by energy-dispersive analysis

(Table 1). According to Rudnev et al. [43, 44], up to a temperature of about 700 �C,
there is no active penetration of oxygen through the PEO coating to titanium, and no

oxidation of the thin metal/coating transition layer is observed. At temperatures

above* 750 �C, the diffusion of titanium and oxygen along the cracks and pores to

the surface (titanium) and into the depth of the coating (oxygen) begins. The surface

is enriched in titanium, the oxidation of the latter occurs, up to the formation of

rutile crystals. In the case of the investigated coatings in these temperature

conditions, the diffusion of potassium ions deep into the oxide-titanium layer also

leads to a decrease in the potassium concentration on the surface. The complete

replacement of K2Ti2O5 by K2Ti4O9 in the catalytic layer reduces catalytic activity,

which is marked in an increase of the temperature interval for the combustion of

carbon black for 70 �C (Fig. 3). This agrees with Wang et al. [42], the authors

explain the mechanism of catalytic soot oxidation process in presence of potassium

titanates by the formation of surface carbonate intermediates on K? ions. So, the

decrease in the mole fraction of potassium in a sample of perovskites powders

corresponding to the general formula xK2O�yTiO2 leads to an increase of the

maximum burning rate temperature.

The thermogravimetric study of the K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti

catalyst oxidation by the oxygen of the air is shown in Fig. 4. The slow oxidation of

123

Reaction Kinetics, Mechanisms and Catalysis



the titanium base begins at 600 �C. The phase transition of low-temperature a-Ti to
high-temperature b-Ti is fixed at 882 �C. Further heating leads to an abrupt increase

in the rate of the titanium base oxidation at 900 �C with subsequent catalyst

destruction. So, the data obtained in the present paper does not contradict with

conclusions reached in [36, 37] on the high-temperature behavior of ‘‘PEO-coating/

Ti’’ composites.

Thus, heating to 800 �C followed by an abrupt cooling of the composition

K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti to 0 �C leads to partial oxidation of the

metal base, which is accompanied by a K? ion surface concentration decrease and,

as a consequence, a decrease in the catalytic activity of the coating. It should also be

noted that this exposure does not affect to the continuity of the coating (Fig. 1c).

Influence of inhibitors

Influence of water vapor on the catalyst K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti

has no significant effect on the oxidation of black carbon. XRD analysis reveals no

significant changes in the phase composition of the coating in comparison with the

initial one. The maximum temperature value of 389 �C (curve 1 in Fig. 5) is close to

the value for the initial catalyst (curve 1 in Fig. 3). A small difference lies within the

error of the instrument. The elemental analysis of the surface composition did not

reveal a significant reduction of the potassium proportion in the coating composition

as compared with the initial (Table 1). This fact explains the permanence of

catalytic activity characteristic of coated K2Ti2O5 and K2Ti4O9 titanates. Thus,

noticeable change in the composition, morphology, and catalytic activity is not

revealed within prolonged exposure to water vapor on K2Ti2O5 ? K2Ti4O9/TiO2/

TiO2 ? SiO2/Ti.

Fig. 4 TG (dotted line) and DSC (solid) curves of the K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti
catalyst oxidation in the air atmosphere
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The impact of sulfur dioxide on the catalyst compositions leads to a significant

increase in the temperature interval of a catalytic combustion of black carbon. The

reaction initiation temperature is shifted to 50 �C at higher temperatures (curve 2 in

Fig. 5). This indicates a decrease in the catalytic activity of the compositions. It

should be noted that the average content of sulfur dioxide in the diesel exhaust is

80 ppm [18] that corresponds to the feed rate of sulfur dioxide 0.076 g/min at the

exhaust stream * 300 L/min. The flow of SO2 in our case was 0.14 g/min, the

exposure time was 240 min.

Regarding the initial composition, the X-ray diffraction pattern of the K2Ti2O5

? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti catalyst after treatment with sulfur dioxide has

lower intensities of the reflections of the K2Ti2O5 ? K2Ti4O9 titanate phases

(Fig. 2e). The elemental analysis of the catalyst surface showed the presence of

chemisorbed sulfur in an amount of 1–2 at.% (Table 1). Apparently, sulfur dioxide

is able to form significantly stronger compounds with potassium than carbon

dioxide, so the formation of carbonate intermediates on the surface becomes less

possible. However, it should be noted that cerium dioxide CeO2, commonly used as

a carbon black afterburning catalyst, endures a significantly greater reduction in

activity when exposed to sulfur dioxide gas at a concentration more than 3 times

lower. Namely, the treatment of cerium catalysts with a stream of pure SO2 for

40 min at a rate of 0.043 g/min leads to the growth of the maximum rate

temperature of carbon black catalytic combustion by 111 �C [19].

Thus, it can be concluded that investigated composition exhibits a significantly

higher resistance to sulfur dioxide than the currently used cerium dioxide catalysts.

Fig. 5 TG (dotted line) and DSC (solid) curves of carbon black oxidation in the presence of
K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti, subjected to 1—exposure to water vapor; 2—inhibiting
effect of sulfur dioxide
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Conclusions

1. K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti catalysts were synthesized for the

first time using a combination of plasma electrolytic oxidation, deposition of

anatase nanoparticles sublayer and alkali method. The process of catalytic

burning of soot over these catalysts takes place in a single-stage mode, the

temperature of the beginning of the process is 340 �C, and the temperature

corresponding to the maximum speed is 390 �C.
2. The surface of catalytic composite contains the sites of two types, which are

presented by the fine-crystalline phase uniformly distributed over the surface

and the flat crystals of triangular shape up to 5 lm in size and 0.5–1 lm thick.

The molar ratio of potassium and titanium ions in these sites corresponds to the

phases of K2Ti2O5 and K2Ti4O9, respectively.

3. It was experimentally established that the catalysts are resistant to ultrasonic

treatment, which means a high mechanical resistance and good adhesion of the

catalytically active layer to metal substrate.

4. After thermal shock tests, the coatings remain solid, but partially lose their

catalytic activity due to the diffusion of titanium onto the surface and

replacement of K2Ti2O5 by K2Ti4O9.

5. The catalysts are resistant to the action of water vapor, but partially poisoned by

sulfur dioxide. The poisoning of the K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti

composite with sulfur dioxide at 400 �C is accompanied by an increase in the

temperature of the maximum rate of carbon black catalytic combustion by

* 50 �C. Such decrease in catalytic activity is caused by chemisorption of SO2

preventing the formation of carbonaceous intermediates. However, these

composites are significantly more resistant to SO2 than commonly used cerium

dioxide catalysts.

6. Thus, the K2Ti2O5 ? K2Ti4O9/TiO2/TiO2 ? SiO2/Ti composition appears to be

a promising catalyst for carbon black afterburning among modern catalysts used

in this field.
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