Development of intermetallic catalysts for the neutralization of carbon-containing components of gas emissions into the atmosphere
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Abstract - The aim of the work is the development of scientific technical solutions to protect atmospheric air from emissions that contain carbon monoxide and hydrocarbons. In the work were carried out comparative tests using the developed and existing catalysts for neutralization of the exhaust gases from the kiln. Tests for effectiveness of the catalysts were conducted in a stream of exhaust gases of kilns on the laboratory-scale installation at a temperature from 100 °C to 500 °C and volumetric flow rate (W) ranging from 30·103 to 120·103 m3/m3·hr. Application of the developed composition of the catalyst allowed to increase the degree of gases purification to 99.9%.
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Introduction
The annual increase tendency of harmful emissions from industrial enterprises (by an average of 3-7%) is observed. Analyses show that about 10 million tons of harmful chemicals are released into the atmosphere annually; moreover, about 70% belong to the waste of stationary sources. This problem is particularly relevant to regions with a significant concentration of industrial enterprises. This fact underlines the urgency of solving the problem of health protection of population, which live in the industrially loaded territories [1, 2]. 
The most common pollutants are dust, sulfur compounds, nitrogen oxides, carbon monoxide and hydrocarbons, which are the main reasons of ecologically dependent diseases and states.

Power plants, internal-combustion engines, and industrial plants are the sources of the environment pollution with carbon monoxide (CO) and hydrocarbons (CmHn). Chemical and biological properties of CO and CmHn and their significant volumes in gaseous emissions increase environmental hazard around the facilities emitting them. 

The concentration of CO and CmHn in the emissions produced by most of these sources does not meet the established standards and is a factor of intensive deterioration of the air quality [1]. In order to achieve the established standards, enterprises have to optimize their technological processes, introduce re-equipment and new technologies. The high environmental hazard of toxic organic substances determines the importance of the introduction of treatment technologies [1, 2].

Theoretical basics

One of the most effective ways of abatement of carbon oxide (CO) and hydrocarbons (CmHn) is the catalytic method. The catalytic process of neutralization of combustion products runs, as a rule, at temperatures above 300°C and under short contact times, due to the high flow rate of industrial emissions. The main advantages of the catalytic process in comparison with thermal afterburning consist in its technological and operational characteristics, namely: high efficiency and economy, the absence of harmful side effects.

The tightening of sanitary standards on environmental conditions requires searching for efficient catalysts for neutralization of exhaust gases of industrial plants [3].

For the catalytic elimination of CO and CmHn both metal and oxide catalysts can be used. However, upon utilization of the oxide catalysts, the sufficiently high speed of the contact process can be achieved only at relatively high temperatures (300-400° С). The oxides of some metals may be arranged in the following sequence by the specific catalytic activity value [4]:

TiO2 < V2O5 < Cr2O3 < ZnO < Fe2O3 < NiO < CuO < Co3O4

(1)

The specific catalytic activity of the mentioned oxides at the temperature of 300°C differ by more than five orders of magnitude. Oxides of cobalt, copper, nickel and iron have the highest catalytic activity.

Metal catalysts have higher activity in the reaction with CO and CmHn than oxide catalysts. The metals may be arranged in the following sequence by the specific catalytic activity at the temperature of 180° C [4]:

V < Cr < Mn < Cu < Ag < Au < Fe < Co < Ni < Pd < Pt


(2)

Among the basic metals, the highest catalytic efficiency values belong to nickel, cobalt, and iron. What is more, by the specific catalytic efficiency nickel is superior to cobalt by 2.1 times and iron by 16 times. Platinum and palladium have the best properties for catalytic oxidation of CO and CmHn. However, platinum and palladium are slightly better than nickel by the specific catalytic efficiency: platinum is 6 times more efficient than nickel, and palladium is 5 times more efficient. On the other hand, nickel is much more active than oxide catalysts. The specific catalytic efficiency of nickel at the temperature of 180° C is 3 orders of magnitude higher than that of cobalt oxide, and 6 orders of magnitude higher than that of zinc oxide at 300° C. Thus, as low-temperature catalysts for CO and CmHn oxidation, nickel and cobalt catalysts make the most sense. Taking into account the higher activity and lower cost and scarcity of nickel as compared with cobalt, the choice of nickel catalysts for commercial use is the most rational. Thus, among the most effective catalysts are materials containing intermetallic compounds of nickel because of the ability to transfer active oxygen involved in the oxidation process. In this regard, it seems promising to study the properties of the intermetallic compounds of these metals as catalysts.

Experimental research

To reduce the emissions of CO and CmHn, an intermetallic catalyst was developed. It consists of nickel and aluminum with additions of copper, cobalt and manganese. The compound was produced by self-propagating high-temperature synthesis (SHS). Experimental-industrial tests of the developed intermetallic catalyst were carried out to neutralize the waste gases from the kilns at an electrode manufacturing plant. 

We tested the catalyst of known composition (52% Al + 48% Ni), the catalyst containing 0.2 %wt of platinum which was spread on alumina and the new catalist which we have developed previesly with optimum composition of 30 % Ni + 10 % Co + 11 % Mn + 2 % Cu + 47 % Al [3-5].
The installation presented in fig. 1 [6] has been developed for studying the catalytic properties of intermetallid.

The catalysts activity tests were conducted in the waste gas flow of the furnace on the laboratory-scale installation at a temperature from 100 °C to 500 °C and volumetric flow rate (W) ranging from 30·103 to 120·103 m3/m3·hr. The concentration of hydrocarbons in the industrial emissions was measured by gas chromatography using the device “Crystal 2000 M”. The concentration of carbon monoxide was measured by means of the gas analysis instrument “Palladium-3”.
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Fig.1. Installation for catalyst testing: 1 - reactor; 2 - catalyst bed; 3 - heating jacket; 
4 - thermocouple; 5 - branch pipe for gas supply; 6 - branch pipe for gas removal; 
7 - chromatograph; 8 - a rotameter; 9 - a balloon with a model mixture of gases; 10 - control thermocouple; 11 - reactor temperature maintenance unit; 12 - the regulator of the expense of a gas mix

The tests results conducted in the exhaust gases flow showed that the efficiency of the new proposed catalyst and the catalyst containing 0.2 %wt. of platinum differ slightly (Fig. 2, a, b). The highest degree of cleaning at a lower temperature was observed in both cases. In the flow with W = 30·103 m3/m3·hr, under the influence of the catalysts the degree of CO neutralization reached 99.9 % at the temperature of 200°C. The same degree for CmHn was reached under 300 °C.
The catalyst with the 52 % Al + 48 % Ni composition showed significantly lower activity. The oxidation of CO and CmHn was carried out in the flows with different volumetric flow rates. The results showed that with the increase of the volumetric flow rate from 30·103 to 120·103 m3/m3·hr at the temperature of 300°C the degree of oxidation of CO and CmHn decreases from 99.9 to 95 % in case of using the new catalyst and the catalyst containing 0.2 %wt of platinum. For the 52 % Al + 48 % Ni catalyst the decrease was from 98 to 75 %.
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Fig. 2. Catalytic effect of the catalysts under review: a – in the oxidation of СО, %; b – in the oxidation of CmHn, %; 1 – Pt-catalyst; 2 – 30 % Ni + 10 % Co + 11 % Mn + 2 % Cu + 47 % Al; 
3 – 52 % Al + 48 % Ni
The catalyst with the composition of 52 % Al + 48 % Ni worked stably over 450 hours, after which the degree of gas purification reduced sharply to 85 %. The new catalyst worked for 720 hours. The degree of purification reduced to 99%. As the exhaust gases from kiln contain SO2, the activity of the catalyst with the composition of 52 % Al + 48 % Ni in the oxidation of CO and CmHn decreased after 10–20 hours of work because of poisoning; it appeared unstable towards SO2. Over the new catalyst and the catalyst promoted with Pt, the presence of SO2 causes a significant shift (by 200°C) of the curves of oxidation to the higher temperature region.
Complete oxidation of CO and 95 % CmHn in the presence of SO2 was observed at temperatures of 450 °C, using new catalyst, and 400–420 °C, using Pt-catalyst at W = 50·103 m3/m3·hr. New catalyst had been working for 600 hours.
The comparison of the results showed that in the conditions of thermal autoignition the new catalyst has substantial advantages with respect to the contacting temperature since it allows for temperatures of the process to lower by ≈80 °C. Its working duration in 1.6–1.7 times longer than the catalyst with the composition of 52 % Al + 48 % Ni, and its catalytic properties are equal to those of the catalysts containing noble metals. Based on the results we can propose the catalyst for industrial using [3-6].

For neutralization of kiln exhaust gases, we recommend the two-step cleaning scheme, according to which the first step is the cleaning of the gas by C-type electrostatic precipitator from resinous substances and the second step is the elimination of carbon monoxide in the catalytic reactor.
Using of the new catalyst ensures complete neutralization (99.9 %) of CO and CmHn in the kiln exhaust gas at the temperature of 300° C with the volumetric flow rate of 32000 h-1, which ensures low energy consumption of the process.

Conclusions
To reduce emissions of CO and CmHn, an intermetallic catalyst of the composition 30% Ni + 10% Co + 11% Mn + 2% Cu + 47% Al was developed. Application of the developed composition of the catalyst allowed to increase the degree of gases purification to 99.9%. The results of comparative tests showed that the developed catalyst has a working life of 1.6-1.7 times greater than the known nickel catalysts. The catalyst of the developed composition can be used at the most diverse enterprises for CO and CmHn cleaning.
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