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METHOD AND APPARATUS FOR REDUCING A 
NITROGEN OXIDE 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/389,866, ?led on Jun. 19, 2002, 
Which is incorporated in its entirety as a part hereof for all 
purposes. 

FIELD OF THE INVENTION 

[0002] This invention relates to methods and apparatus for 
reducing a nitrogen oxide. In particular, it relates to the use 
of a gas analyZer to obtain information related to the 
compositional content of a multi-component gas mixture 
that contains a nitrogen oxide for the purpose of assisting in 
the control of the reduction. 

TECHNICAL BACKGROUND 

[0003] Oxides of nitrogen (NOx) that are emitted by an 
emissions source, such as those formed as a result of 
combustion, are included among the main causes of the 
“acid rain” problem, the photochemical smog problem and 
the resulting damage to the environment. These harmful 
substances should therefore be eliminated to the greatest 
extent possible from the gases emitted by an emissions 
source, such as the exhaust from a combustion process, prior 
to their discharge into the atmosphere. 

[0004] One source of nitrogen oxides, in the form of NO2 
and mainly NO, are those formed by the combustion of coal, 
oil, gas, gasoline, diesel fuel or other fossil fuels. Combus 
tion of fossil fuels occurs, for example, in a stationary device 
such as furnace, Which is a device for the production or 
application of heat. A furnace may be used in connection 
With a boiler such as in a steam generator that drives a steam 
turbine in an electrical generating plant, in connection With 
an industrial operation such as in a smelter or chemical 
reactor, or in connection With supplying heat for human 
consumption. 
[0005] Fossil fuels are also combusted in a mobile device, 
including a device that supplies mechanical poWer such as 
an internal combustion engine in a vehicle for transportation 
or recreation, or in a piece of equipment for construction, 
maintenance or industrial operations; or in a gas turbine, 
Which is a turbine driven by a compressed, combusted ?uid 
(such as air), such as in the engine of a jet aircraft. Gas 
emitting devices such as an internal combustion engine or a 
gas turbine are also found in stationary applications, hoW 
ever. The exhaust gas emitted by devices such as those 
described above is a multi-component mixture of gases 
containing nitrogen oxides. Nitrogen oxides are also emitted 
by plants for the incineration of industrial or municipal 
Waste. In addition, carbon monoxide and hydrocarbons are 
also emitted by these sources. 

[0006] A problem exists With respect to the need for 
control of the injection of a reducing agent into a gas mixture 
containing nitrogen oxides. There is a desire to effect the 
reduction of as large a quantity of the nitrogen oxides 
present in the gas mixture as possible. For this purpose, What 
amounts to a stoichiometric excess of reducing agent, in 
terms of the quantity of nitrogen oxides present, is often 
injected into the gas mixture and thus into the nitrogen 
oxides. An excess of reducing agent is employed not so 
much by design but primarily because of the unavailability 
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of information related to the compositional content of the 
gas mixture sufficient to accurately calculate the stoichio 
metric equivalent of reducing agent needed. The composi 
tional content of a gas mixture containing nitrogen oxides 
often varies in an extremely unpredictable manner as it 
moves through a conduit from its emission source to the 
point of its ultimate destination, such as a point of discharge 
into the atmosphere. As a result, because of the desire to 
obtain reduction of a large percentage of the nitrogen oxides, 
an amount of reducing agent is injected that later proves to 
be an excess. Whether this results from calculations based 
on inaccurate or incomplete information, a strategy of 
employing an excess to be certain that too little is not 
employed, or incomplete reaction of Whatever the amount, 
the same undesired consequence is experienced—unreacted 
reducing agent is discharged to the atmosphere and becomes 
a pollutant itself. When ammonia is the reducing agent, this 
is knoWn as ammonia slip. In a gas mixture that is 
unscrubbed, or otherWise contains sulfur oxides, unreacted 
ammonia is also capable of reacting With the sulfur oxides 
to yield corrosive, sticky deposits of ammonium sulfate 
and/or ammonium hydrogen sulfate that foul the mechanism 
of the conduit. 

[0007] There is a need then for a method and apparatus for 
the reduction of a nitrogen oxide that provides control of the 
reaction of reduction, and in particular control of the injec 
tion of a reducing agent into the gas mixture containing the 
nitrogen oxide. In particular, there is a need for a method and 
apparatus that enables the calculation of the amount of 
reducing agent to be injected in relation to information about 
the compositional content of the gas mixture. 

[0008] This invention addresses those needs by providing 
a method and apparatus in Which analysis of the gas mixture 
is performed to furnish information related to the composi 
tional content thereof. In certain embodiments, the analysis 
is furnished by a gas analyZer that may be placed Within a 
conduit through Which the gas mixture is transported in 
positions that create an opportunity to develop useful infor 
mation about the gas mixture, and especially information 
related to the nitrogen oxide content thereof. In certain other 
embodiments, a gas analyZer is employed for this purpose 
that outputs a signal related to the content Within the gas 
mixture of an individual component gas therein and/or the 
collective content of a sub-group of gases therein. In certain 
other embodiments, the information is inputted into a deci 
sion making routine and/or a map, and may be used to 
calculate a desired amount of reducing agent to be injected 
into the gas mixture, and thus into the nitrogen oxides to be 
reduced. Other embodiments of the invention are as more 
particularly described beloW, or are as Would be apparent to 
the artisan in vieW of the description beloW. 

SUMMARY OF THE INVENTION 

[0009] One embodiment of this invention is an apparatus 
for reducing a nitrogen oxide contained in a multi-compo 
nent gas mixture emitted by a emissions source that involves 
(a) an exhaust conduit for transporting the gas mixture 
doWnstream from the emissions source, (b) an injector for 
injecting a reducing agent into the conduit, and (c) one or 
more gas analyZers located in the conduit doWnstream of the 
injector. 
[0010] Another embodiment of this invention is an appa 
ratus for reducing a nitrogen oxide gas emitted by a emis 
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sions source that involves (a) an exhaust conduit for trans 
porting the nitrogen oxide gas downstream from the 
emissions source, (b) an injector for injecting a reducing 
agent into the conduit, (c) a ?rst catalyst to catalyze the 
reduction of the nitrogen oxide, (d) a gas analyZer located 
doWnstream from the ?rst catalyst, and (e) a second catalyst 
to catalyZe the reduction of the nitrogen oxide located 
doWnstream from the gas analyZer. 

[0011] Another embodiment of this invention, in a multi 
component gas mixture that is emitted by a emissions source 
and contains a nitrogen oxide, Wherein a nitrogen oxide is 
reduced by injecting a reducing agent into the gas mixture 
and contacting the gas mixture With a catalyst, is a method 
of determining the amount of reducing agent to be injected, 
or of decreasing the amount or release of unreacted reducing 
agent, by determining information as to the compositional 
content of the gas mixture, and controlling the injection of 
the reducing agent in relation to the information as to the 
compositional content of the gas mixture. 

[0012] Another embodiment of this invention, in a multi 
component gas mixture that is emitted by a emissions source 
and contains a nitrogen oxide, Wherein a nitrogen oxide is 
reduced by injecting a reducing agent into the gas mixture 
and contacting the gas mixture With a catalyst, is a method 
of determining the amount of reducing agent to be injected, 
or of decreasing the amount or release of unreacted reducing 
agent, by determining information as to the compositional 
content of the gas mixture after the gas mixture contacts a 
?rst catalyst but before the gas mixture contacts a second 
catalyst, and controlling the injection of the reducing agent 
in relation to the information as to the compositional content 
of the gas mixture. 

DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 depicts an array of chemo/electro-active 
materials. 

[0014] FIG. 2 is a schematic of the pattern of interdigi 
tated electrodes overlaid With a dielectric overlayer, forming 
sixteen blank Wells, in an array of chemo/electro-active 
materials. 

[0015] FIG. 3 depicts the electrode pattern, dielectric 
pattern, and sensor material pattern in an array of chemo/ 
electro-active materials. 

[0016] FIG. 4 is a schematic layout of the How of a gas, 
such as the combustion exhaust from a boiler, through an 
SCR system. 

[0017] FIG. 5 is a schematic layout of the How of a gas, 
such as the combustion exhaust from a boiler, through an 
SCR system. 

[0018] FIG. 6 shoWs the placement of a catalyst or a 
catalyst bed in an SCR system. 

[0019] FIG. 7 is a schematic layout of the How of a gas, 
such as the combustion exhaust from a boiler, through an 
SCR system containing a gas analyZer. 

[0020] FIG. 8 is a schematic diagram of an internal 
combustion engine shoWing the placement of a gas analyZer. 

[0021] FIG. 9 is a schematic diagram of an internal 
combustion engine shoWing the placement of a gas analyZer 
in connection With an SCR system. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0022] Nitrogen oxides may be reduced by contact With a 
reducing agent in the absence of a catalyst at a temperature 
of about 850 to about 1200° C., preferably about 900 to 
about 1100° C. This is usually referred to as selective 
non-catalytic reduction. The most common Way of provid 
ing a temperature high enough to perform the reduction is to 
inject the reducing agent into the gas mixture that contains 
the nitrogen oxides in or near the source, such as a source of 
combustion, from Which the nitrogen oxides are being 
emitted. The nitrogen oxides are predominantly transformed 
by the high temperature of the source of emissions to 
molecular nitrogen, Which is nontoxic. Ammonia (e. g. anhy 
drous ammonia) is a reducing agent typically used, but urea 
is an alternative choice as a reducing agent. Three to four 
times as much reducing agent is required in a non-catalytic 
reduction, as compared to a catalytic reduction (described 
beloW), to achieve the same extent of reduction. 

[0023] More common, then, is selective catalytic reduc 
tion, in Which diminution of the nitrogen oxide emitted by 
an emissions source, such as a source of combustion, takes 
place through contact of the nitrogen oxide and the reducing 
agent With a catalyst. In order to ensure an optimal utiliZa 
tion of the needed reducing agent, selective catalytic reduc 
tion processes are preferred for the removal of nitrogen 
oxides from emissions sources such as a combustion exhaust 
because of the oxygen content in the exhaust gas. As a 
reducing agent, ammonia gas (e.g. anhydrous ammonia) has 
proven itself to be suitable because it reacts easily With 
oxides of nitrogen in the presence of an appropriate catalyst 
for the reaction, but only to a slight extent With the oxygen 
present in the gas. Urea is an alternative choice as a reducing 
agent. 

[0024] For the selective reduction of the nitrogen oxides 
contained in combustion exhaust gases, for example, it is 
knoWn to feed into the exhaust gas stream vaporous ammo 
nia (NH3) under pressure, or ammonia dissolved in Water, 
Without pressure, While an effort is made, by means of a 
mixing section With appropriate baf?ing Within the adjoining 
conduit gas passages, to achieve a streamer-free distribution 
of ammonia and temperatures in the How of exhaust gas. The 
gas mixture emitted from a furnace ?ue may contain, for 
example, 1-20 percent by volume O2, 40 to 2000 ppm by 
volume nitrogen oxides, and 10 to 5000 ppm by volume SO2 
and S03. The catalytic reduction of the nitrogen oxides by 
use of ammonia as a reducing agent typically proceeds 
according to one or more of these reactions: 

[0025] As shoWn in FIG. 4, in a typical combustion 
process, ?ue gases emerging from a furnace (1) pass through 
a pipe (20) into a hot operating electro?lter (2) Where they 
are freed of dust. An ammonia/air-mixture is then introduced 
into contact With the gases through injector (3), and is 
distributed homogeneously in the How of the exhaust gas 
doWnstream from the ?lter The mixture is then fed 
through pipe (22) into a catalytic reduction reactor 
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[0026] It is shown in FIG. 4 that the catalyst (7) in the 
reactor (4) may be a vertical array of catalyst beds, a ?rst 
series of beds (5) being positioned above a second series of 
beds It is possible, if desired, to position a gas analyZer 
betWeen individual catalyst beds, or betWeen the ?rst and 
second series of beds 5, 6. The catalyst may be in the form, 
for example, of monolithic, ceramic honeycomb catalysts 
disposed one behind the other to obtain the catalytic reduc 
tion of nitrogen oxide in the exhaust gas. There is a broad 
range for the permissible distances betWeen the catalysts, or 
betWeen the individual catalyst beds, located in the reactor 
(4). The dimensions of the spacing arrangement of the 
catalysts or catalyst beds are determined to insure the 
production of a turbulent transverse movement of gas in the 
conduit and avoidance of local mixing or “channeling”. 

[0027] From the reduction reactor (4), the gas mixture 
may, if desired, be transported through pipe 24 to a sulfur 
oxide scrubber (8) Wherein sulfur oxide is reacted With Water 
or dilute aqueous sulfuric acid to form concentrated H2504. 
The completely puri?ed exhaust gas leaving the scrubber (8) 
may then be transported by pipe (26) to chimney (9) for 
discharge into the atmosphere. In FIG. 4, the exhaust is 
emitted from its source, the furnace (1), and is transported 
through piping and other components to its ultimate desti 
nation, the chimney (9), for discharge into the atmosphere. 
The direction of How from the furnace (1) to the chimney (9) 
is considered to be doWnstream, and the opposite direction 
is considered to be upstream. The piping and other compo 
nents through Which the exhaust gas mixture is transported, 
and in Which the reaction of reduction occur, together 
provide a conduit for the ?oW, transport, handling and 
disposition of the gas mixture. A gas analyZer, or the gas 
sensing component(s) thereof, can be positioned at any 
location along this conduit, Whether in a pipe or Within a 
component such as the catalyst (7) located in reactor 4. 
Multiple catalyst beds are illustrated in the apparatus of 
FIG. 4, and in similar fashion, the apparatus may contain a 
plurality of catalysts as Well. 

[0028] Alternatively, as shoWn in FIG. 5, a dust ?lter (2) 
may be located doWnstream from a catalyst In a further 
alternative, as shoWn in FIG. 6, a gas mixture to be 
denitri?ed may pass horiZontally through a reactor 30 con 
taining one or more catalysts or catalyst beds. As described 
above, multiple catalysts and/or catalyst beds may be 
employed in this horiZontal con?guration, and one or more 
gas analyZers may be located betWeen each of the catalysts 
and/or catalyst beds. 

[0029] In the method according to the invention, essen 
tially all catalysts may be used Which are suitable for the 
selective reduction of nitrogen oxide. Examples of these are 
activated carbon, or catalysts that are mixtures of the oxides 
of iron, titanium (eg a manganese-based TiOZ), tungsten, 
vanadium and molybdenum (see, for example, DE 24 58 
888, Which is incorporated in its entirety as a part hereof for 
all purposes) or catalysts formed of natural or synthetic 
aluminum silicates, for example, Zeolites (ZSM-S), or cata 
lysts Which contain precious metals of the platinum group. 
For example, a ?ue gas stream containing nitrogen oxides 
and sulphur oxides may be passed through a catalyst bed 
containing a catalyst consisting essentially of 3 to 15% by 
Weight vanadium pentoxide (V205) on a carrier consisting 
of titanium dioxide (TiOZ), silica (SiOZ), and/or alumina 
(A1203)~ 
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[0030] The catalyst for nitrogen oxide reduction may be of 
any geometrical shape, such as in the form of a honeycomb 
monolith or in pellet or particulate form. HoWever, a catalyst 
shape resulting in a large void and With parallel gas channels 
in the catalyst bed, such as a honeycomb catalyst, is pre 
ferred since the conduit gas often contains considerable 
amounts of dust Which otherWise might clog the catalyst 
bed. The honeycomb form offers loWer back pressure and a 
simpler possibility for cleaning off dust. A denitri?cation 
catalyst could be made for example as a carrier catalyst 
consisting of mullite honeycomb bodies of the dimensions 
150 m2m><150 mm><150 mm length With a cell density of 
16/cm and a Zeolite coating of the mordenite type. Amoving 
bed is typically used for granular activated carbon. 

[0031] The catalyst can consist completely of a catalyti 
cally active mass (solid catalyst), or the catalytically active 
substance can be deposited on an inert, ceramic or metallic 
body, Which optionally can be coated in addition With a 
surface area enlarging oxide layer (carrier catalyst). For 
example, the catalyst may be in the form of a solid-bed 
reactor With a How directed preferably vertically doWnWard. 
The reactor may contain a honeycomb structure, Which has 
a crystalline vanadium-titanium compound as the catalyti 
cally active substance. The pressure loss in the solid-bed 
reactor is taken into account in establishing the siZe of the 
conduit gas bloWer. The vertically doWnWard How in the 
reactor is intended to combat the depositing of solid impu 
rities Within the catalyst or keep them Within acceptable 
ranges. The incrustation that occurs is removed discontinu 
ously by blasting With compressed air or steam. 

[0032] The catalytic reaction, preferably carried out in a 
single reactor, may be operated in the temperature range of 
about 250-550° C., preferably about 350-450° C., and more 
preferably about 380-420° C. The temperature should not be 
so high that the reducing agent is degraded (as in the 
conversion, for example, of ammonia into NOx and Water), 
or so loW that the reducing agent does not fully react With the 
emitted NOX, is released into the atmosphere and becomes 
a pollutant itself. The molar ratio of reducing agent to 
nitrogen oxides is typically in the range of about 0.6-1.8, and 
preferably about 1.0-1.4. In the case of a full load operation 
in a facility containing a combustion source such as an 
electrical generating plant, a ?ue gas temperature of 350 
400° C. may be easily reached, and these are temperatures 
at Which denitri?cation catalysts can be utiliZed. In the case 
of a variable load operation, the ?ue gas temperature drops 
as a rule beloW the minimum required for the operation of 
the catalyst in the partial load area, so that a bypass 
connection system is typically necessary for the branching 
off of ?ue gas before the last step of heat removal in the 
boiler in order to maintain the reaction temperature. 

[0033] Operations that are carried out in the Zone of high 
dust lead, moreover, to catalyst abrasion by the conduit dust, 
and may cause deposits and thus plugging up of the catalyst 
channels or pores. To prevent such complications, a cleaning 
by bloWing off With (for example) hot steam is required at 
relatively short time intervals. It is preferred, hoWever, that 
the reduction step be carried out using an exhaust gas Which 
has little dust content or from Which the dust has been 
largely removed because the mechanical and thermal load of 
the catalyst is considerably less. For the removal of the dust, 
the use of a high temperature electro?lter is particularly 
suitable. A ?lter of this type requires slightly higher invest 
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ments in comparison to a cold operating electro?lter, but 
reheating measures and problems Which are connected With 
the catalyst abrasion are avoided. Both embodiments in 
addition have the advantage that the removal dust is not 
contaminated With reducing agent. 

[0034] To obtain an efficient decrease in the content of the 
nitrogen oxides in a ?ue gas, one approach as noted above, 
has been to add reducing agent in excess of the stoichio 
metric amount needed according to reactions I-V. If the 
reducing agent is not completely converted in the denitri? 
cation reaction, hoWever, and a small quantity of it (desig 
nated as “ammonia slip” if the reducing agent is ammonia) 
is present in the exhaust gas after it is emitted into the 
atmosphere, the usual goal of limiting the content of reduc 
ing agent in treated ?ue gas to an acceptable level, such as 
5-10 ppm by volume, Will not be met. The alternative of 
utiliZing less than stoichiometric amounts of reducing agent, 
and compensating by the use of increased volumes of 
catalyst, Will increase the catalyst costs. The efficiency of the 
denitri?cation process Will, moreover, be decreased as the 
absence of a stoichiometric amount of reducing agent Will be 
the limiting factor in the reaction, and reduction of nitrogen 
oxides at an acceptable level Will not occur. The methods 
and apparatus of this invention are used to furnish informa 
tion about the compositional content of the gas mixture 
being subjected to denitri?cation to enable determination of 
the correct amount of reducing agent to be injected into the 
gas mixture, thereby decreasing the release of unreacted 
reducing agent. 

[0035] For the purpose of controlling the denitri?cation 
reaction, it is also desirable to evaluate the success of the 
reaction by determining information about the composi 
tional content of the gas mixture before it is emitted into the 
atmosphere. This type of determination may be made, for 
example, at one or more positions after the gas mixture has 
passed the point of injection of the reducing agent, if the 
reaction is uncatalyZed, or after the gas mixture has passed 
doWnstream from a reducing reactor if the reaction is 
catalyZed. Alternatively, if an oxidation catalyst is provided 
to oxidiZe unreacted reducing agent, the compositionally 
related information may be determined at one or more 
positions after the gas mixture has passed doWnstream from 
the oxidation catalyst. 

[0036] When such an oxidation catalyst is employed, and 
the reducing agent is for example, ammonia, ammonia is 
oxidiZed to nitrogen and Water according to the folloWing 
reaction: 

[0037] Typical oxidation catalysts for this purpose are 
based on transition metals, for example those containing 
oxides of copper, chromium, manganese and/or iron. A 
catalyst consisting essentially of about 2 to 7% by Weight 
vanadium promoted With at least one alkali metal in a 
vanadium to alkali metal atomic ratio in the range from 
about 1:2 to about 1:5 on a silica carrier is advantageously 
employed since this catalyst gives a high degree of conver 
sion according to the reaction VI. The alkali metal employed 
is preferably potassium. 

[0038] One example of the manner in Which the methods 
and apparatus of this invention can be used to control the 
reduction of a nitrogen oxide is to control the injection of the 
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reducing agent into the nitrogen oxide, such as by control 
ling the injection of the reducing agent into a gas mixture 
that contains a nitrogen oxide. In the case of nitrogen oxide 
that is emitted by a source of combustion, control of the 
reduction reaction may be effected in terms of the compo 
sitional content of the stream of exhaust gas given off by the 
combustion. Information may be obtained that is related to 
the compositional content of the exhaust gas at points in time 
both before and after a reducing agent has been injected into 
the nitrogen oxide. 

[0039] Information related to the compositional content of 
a gas mixture containing a nitrogen oxide may be obtained 
from a gas analyZer that is exposed to the gas mixture. This 
is most conveniently done by placing one or more gas 
analyZers in a conduit in Which the mixture containing the 
nitrogen oxide is transported from its source of emission to 
its eventual destination, such as discharge into the atmo 
sphere. In the case of exhaust gas emitted from a source of 
combustion, this represents a challenge because combustion 
exhaust gases reach high temperatures that Will degrade the 
materials and instrumentation from Which many analytical 
devices are made. A gas analyZer as used in this invention is 
one that is not degraded by, or does not malfunction as a 
result of exposure to, a gas or gas mixture having a tem 
perature of about 300° C. or more. Preferably the analyZer 
is not degraded or does not malfunction at even higher 
temperatures such as about 400° C. or more, about 500° C. 
or more, about 600° C. or more, about 700° C. or more, 
about 800° C. or more, about 900° C. or more, or about 
1000° C. or more. The gas analyZer used in this invention, 
including the reactive or gas sensing components thereof, 
may thus be positioned in a gas mixture having a tempera 
ture as described above, and may thus be located in the same 
conduit in Which the reducing agent is injected to effect the 
reduction reaction. Although the analyZer as it is installed In 
the conduit is connected to conductors that transmit signal 
outputs of the analyZer elseWhere for further processing, the 
only contact betWeen the analyZer and the nitrogen oxide to 
be reduced, or the gas mixture containing the nitrogen 
oxides occurs in the conduit in Which the nitrogen oxides are 
transported from their source to their eventual destination. 
The analyZer is not operated by WithdraWing gas from the 
conduit for analysis in a separate chamber that is outside of 
the conduit. 

[0040] A gas analyZer that is exposed to a gas mixture 
containing a nitrogen oxide is used to provide information 
related to the compositional content of the gas mixture for 
the purpose of controlling the reduction reaction. The infor 
mation is used, in particular to control the injection of the 
reducing agent into the nitrogen oxide, such as by control 
ling the injection of the reducing agent into the gas mixture 
containing the nitrogen oxide. Information as to the com 
positional content of the gas mixture obtained before the 
reducing agent has been injected, or before the gas mixture 
has contacted a catalyst (if a catalyst is used), may be used 
to assist in the calculation of a stoichiometrically correct 
amount of reducing agent. This “stoichiometrically correct” 
amount is an amount that is sufficient to react With all 
nitrogen oxides present in the mixture Without providing an 
excess of reducing agent that Will be transported doWn 
stream With the mixture as a pollutant itself. Information as 
to the compositional content of the gas mixture obtained 
after the reducing agent has been injected may be used to 
evaluate the accuracy of the calculation by Which the 
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stoichiometrically correct amount of reducing agent is deter 
mined. If it appears that the calculation is not accurate 
because the gas mixture doWnstream from the injector, and 
doWnstream from the catalyst if a catalyst is used, contains 
more nitrogen oxide than desired or more reducing agent 
than desired, adjustments can be made to the calculation in 
vieW of such information obtained doWnstream from the 
position of the reduction reaction. 

[0041] FIG. 7 shoWs a schematic layout of one possible 
placement of a gas analyZer both upstream 40 and doWn 
stream 42 from the position of a reduction reactor 44 in 
Which a catalyst is employed, also upstream 46 from the 
point of injection of the reducing agent. By conductors 48, 
50 and 52, information about the compositional content of 
the gas mixture is fed to a reducing agent control system 54. 
In addition to a pump for injecting the reducing agent, the 
reducing agent control system may contain a decision 
making routine and/or a map. Information from gas analyZer 
46 may be fed forWard to control system 54 to assist in 
performing a ?rst calculation of the amount of reducing 
agent to be injected into the gas mixture. Information from 
gas analyZer 40 may be fed back to control system 54 to 
evaluate Whether the reducing agent is in place in the gas 
mixture to the extent and With the distribution as desired, 
and, in vieW of such ?nding, to also assist in performing 
adjustments as needed on the original calculation of the 
amount of reducing agent to be injected into the gas mixture. 
Information from gas analyZer 42 may be fed back to control 
system 54 to evaluate Whether nitrogen oxide and the 
reducing agent are both absent from the gas mixture to the 
extent desired, and, in vieW of such ?nding, to also assist in 
performing adjustments as needed on the original calcula 
tion of the amount of reducing agent to be injected into the 
gas mixture. 

[0042] The gas source 56 could be a stationary source of 
combustion, such as a furnace or a boiler for a steam turbine; 
a source of combustion that can be stationary, mobile or 
self-propelled such as a gas turbine or an internal combus 
tion engine; or a chemical reaction that does not involve 
combustion such as an industrial process. Although ammo 
nia is shoWn as the reducing agent, other reducing agents 
such as urea are also useful. 

[0043] To control the operation of the reducing agent 
injector, the reducing agent control system performs certain 
decision-making routines about various operating character 
istics of the reaction of reduction. The gas analyZers provide 
information to the control system about operating charac 
teristics such as the amount and rate of injection of the 
reducing agent, about the presence of the reducing agent in 
the gas mixture before the reaction occurs, and about the 
success of the reaction in terms of the extent of presence of 
nitrogen oxide and/or reducing agent in the gas mixture after 
the reaction is completed. The reducing agent control system 
controls the injection of reducing agent by calculating an 
initial amount of reducing agent needed in vieW of the 
amount of nitrogen oxide determined to be present in the gas 
mixture, and by adjusting that calculation depending on the 
extent to Which the reducing agent is successfully incorpo 
rated into the gas mixture before the reaction occurs, and 
depending on the extent to Which nitrogen oxide has been 
reacted out of the gas mixture Without reducing agent slip. 

[0044] The decision-making routine in the reducing agent 
control system is run by a microprocessor chip, and applies 
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one or more algorithms and/or mathematical operations to 
that information to obtain a decision in the form of a value 
that is equivalent to a desired state or condition that should 
be possessed by a particular operating characteristic. Based 
on the result of a decision-making routine, instructions are 
given by the reducing agent control system that cause a 
change in the rate or amount of injection of reducing agent 
thus moving the reduction reaction as close as possible to 
ideal performance, Which is characteriZed by minimal 
residual nitrogen oxide and minimal reducing agent slip. In 
a preferred embodiment of this invention, a gas mixture that 
contains a nitrogen oxide that is reduced is, after the 
reduction reaction, free or substantially free of nitrogen 
oxide, and/or is free or substantially free of reducing agent. 

[0045] In performing a decision-making routine, the 
reducing agent control system may, and preferably does, 
employ a map. A map resides in a read-only memory, and is 
an electronic collection of information about various oper 
ating characteristics of the reaction of reduction. In one 
embodiment, a range of quanti?ed values may be set forth 
Within the map With respect to a particular operating char 
acteristic. This could be, for example, a range of temperature 
betWeen 350 and 750° C., divided into 25° C. increments. 
With respect to each individual value of the parameter or 
operating characteristic in the range set forth, the map may 
then associate an acceptable value for one or more other 
operating characteristics, or a factor to be used in a decision 
making routine. A map can be established in the form of a 
relational database, and can be accessed by look-up instruc 
tions in a computer program. 

[0046] In the performance of a decision-making routine to 
control the operation of the reaction of reducing a nitrogen 
oxide, a value, such as the siZe of an electrical signal, that 
is representative of the state or condition of operating 
characteristicAmay be inputed to the reducing agent control 
system. In one example of hoW the signal can then be 
utiliZed by a decision-making routine, the microprocessor 
chip determines a value representative of the state or con 
dition each of operating characteristics B and C, and reads 
the map to determine, in vieW of the values for B and C, a 
target value D for operating characteristic A. The target 
value could be a preselected value that is recorded in the 
map as such, or could be a value that is calculated by the 
reducing agent control system by a mathematical operation 
recorded in the map, With the calculation to specify D being 
made only on the occasion When the values for B and C are 
determined. For example, a determination may be made of 
the absolute value of the difference betWeen A and B, and 
this absolute value, When added to C, becomes the target 
value D. 

[0047] The value of operating characteristicAis compared 
to target value D, and if A is in a desired relationship to D, 
the reducing agent control system does not instruct that any 
adjustment in operations be made. If A is not in a desired 
relationship to D, the decision-making process could, in 
further alternative embodiments, read the map to determine 
a desired value or range of values for A in terms of values 
for operating characteristics E and F; or calculate a desired 
value for Aby reading the map to determine coef?cients to 
be used in performing a mathematical operation on E and F. 
The values for E and F could be determined at the time of 
making the decision, or could be preselected values stored in 
the map. In either case, once the desired value for A is 
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determined, the reducing agent control system instructs the 
necessary operating characteristics of the reaction of reduc 
tion to be adjusted in the manner necessary to obtain the 
desired value for A. This may be done by adjusting operating 
characteristic A itself, or adjusting other operating charac 
teristics that can in?uence the state or condition of A. For 
example, the reaction of reduction may be controlled by 
adjusting the amount or frequency of injection of reducing 
agent, by adjusting the timing of injection by injectors in 
different locations, by heating or cooling the gas mixture or 
a reduction catalyst, and/or by adjusting the operation of the 
emissions source such as by adjusting the fuel to air ratio in 
a combustion reaction. 

[0048] In this invention, information about the composi 
tional content of the gas emitted by a chemical reaction, such 
as the exhaust gas of a source of combustion, may be used 
as an input to a decision-making in the reducing agent 
control system. In the example described above, information 
about combustion exhaust gas could be used as the repre 
sentative value that is inputed With respect to any one or 
more of operating characteristics A, B, C, E or F, or could 
be used as a coefficient in a operation that the decision 
making routine causes to be performed. Information about 
the gas composition is inputed to the decision-making 
routine, in this invention, in the form of one or more signals 
that is or are related to the individual concentration Within 
the emitted gas stream of a particular individual component 
gas therein, or a particular subgroup of some but not all of 
the component gases therein, or both an individual compo 
nent and a subgroup. The relationship may be a mathemati 
cal relationship, such as a monotonic relationship, involving 
for example a log, inverse or scaled value. This is accom 
plished by exposing a gas analyZer, such as an array of 
chemo/electro-active materials, to the emitted gas stream to 
generate that may be, for example, an electrical or optical 
signal. 

[0049] The ability to furnish information about the indi 
vidual concentration Within an emitted gas stream of a 
particular component gas or subgroup therein makes it 
possible to calibrate a map. When building a map before a 
reaction or device to be controlled is put into service, values 
representative of a variety of parameters or operating char 
acteristics must be determined by systematically operating 
the reaction or device under a large enough sample of 
different conditions to approximate all the conditions 
expected in actual service. A gas analyZer, such as an array 
of chemo/electro-active materials, can be used to analyZe the 
composition of the emitted gas stream to furnish information 
based on the concentration of individual components or 
subgroups therein to be recorded in the map in relation to 
values of other parameters or operating characteristics mea 
sured under the same operating conditions. 

[0050] If preferred, hoWever, this ability to furnish infor 
mation related to the concentration of individual compo 
nents or subgroups in an emitted gas stream can be used to 
calibrate or re-calibrate a map in real time While the reduc 
tion reaction is in service. For example, a relationship could 
be established in a map betWeen a value representative of the 
concentration of an individual gas component or subgroup, 
and values representative of various parameters or operating 
characteristics, With the value for the gas concentration to be 
supplied in real time. This might take the form of a decision 
making routine involving a mathematical operation in Which 
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a value representative of the concentration of an individual 
gas component or subgroup is used as a factor or coefficient. 
The value representative of the concentration of an indi 
vidual gas component or subgroup could remain undeter 
mined until the time that the mathematical operation is 
performed in the execution of the decision-making routine to 
make the decision. The value representative of the concen 
tration of an individual gas component or subgroup is 
determined and supplied to the decision-making routine only 
on the occasion of making the decision, and the decision 
thus need not be made based on information that may not be 
currently accurate at the time the decision is made. Amap in 
Which one or more parameters or operating characteristics is 
related to information about the concentration of an indi 
vidual gas component or subgroup, With the information 
about the gas concentration being furnished in real time 
While a reaction or device is in service, clearly then has 
substantial value because it is possible to essentially reca 
librate the map continually in real time. 

[0051] In this invention, information about an emitted gas 
composition may be supplied to a map from a a gas analyZer 
employing one or more chemo/electro-active materials that 
furnishes an analysis of the emitted gas stream. Responses 
generated by the gas analyZer are then used as inputs, 
optionally along With the input from other sensors such as a 
temperature sensor, in the operation of algorithms that 
control the reaction of reduction. 

[0052] In the case again of an engine, there are several 
Ways in Which a gas analyZer, such as an apparatus contain 
ing one or more chemo/electro-active materials, can be 
incorporated into the operation of a reducing agent control 
system to control the injection of reducing agent and to 
control, ultimately, the reaction of reduction. The chemo/ 
elctro-active materials may be constructed as an array of 
sensors that have sensitivity to individual gaseous compo 
nents or subgroups of gases in a multi-component gas 
mixture, such as a stream of exhaust. Such sensors can be 
fabricated from semiconducting materials that respond 
uniquely to individual gases or gas subgroups that have 
common characteristics such as similar oxidation potential, 
electronegativity, or ability to form free radicals. These are 
properties of interest When characteriZing combustion. 

[0053] Typical examples of individual gases and sub 
groups of gases Within an exhaust stream from a combustion 
reaction include oxygen, carbon monoxide, hydrogen, sulfur 
dioxide, ammonia, CO2, HZS, methanol, Water, a hydrocar 
bon (such as CHHZMZ, and as same may be saturated or 
unsaturated, or be optionally substituted With hetero atoms; 
and cyclic and aromatic analogs thereof), a nitrogen oxide 
(such as NO, N02, N20 or N204) or an oxygenated carbon 
(CO, CO2 or C503). The responses of an array of chemo/ 
electro-active materials to the multi-component mixture of 
such gases formed by a stream of exhaust can thus be used 
to determine What type of control over a reaction of reduc 
tion is needed to execute a reaction in Which nitrogen oxide 
content is decreased to the greatest extent possible Without 
engendering unacceptable reducing agent slip. 

[0054] As an example, FIGS. 8 and 9 shoW several 
possible locations of a gas analyZer, such as an array of 
sensor materials, in the exhaust system of a vehicular 
internal combustion engine. The engine in FIGS. 8 and 9 
contains a mass airflow and outside temperature sensor 60, 



US 2004/0126286 A1 

an idle air valve 62, a throttle position valve 64, an exhaust 
gas recycle valve 66, an air temperature sensor 68, a pressure 
sensor 70, an air intake 72, an intake manifold 74, fuel 
injectors 76, spark plugs 78, a crank position sensor 80, a 
cam position sensor 82, a coolant temperature sensor 84, a 
pre-catalytic converter 86, an emissions control device (such 
as a catalytic converter and/or a device for the storage or 
abatement of NOx) 90, and a temperature sensor 92. The 
temperature sensor shoWn in FIGS. 8 and 9 need not be 
located adjacent the emissions control device 90 or the SCR 
catalyst 104, or additional temperature sensors may be 
located elseWhere along the exhaust conduit. FIG. 8 shoWs 
three possible locations 94, 96, 98 for a gas analyZer, Which 
may be upstream or doWnstream from the emissions control 
device. The arroWs indicate the locations Where it Would be 
possible, if desired, to provide for the How of information 
to/from an engine control unit to/from one or more sensors 
or acctuators. 

[0055] A gas analyZer at position 94 is located close to 
engine and responds directly to the exhaust from individual 
cylinders. Because of its proximity and fast response, the 
array in this location can be used to obtain information from, 
or to control the operation of, each individual cylinder. An 
array in this location is exposed to very high exhaust 
temperatures for Which semiconducting sensor materials are 
very suitable. A gas sensor in position 96 in FIG. 8 operates 
cooler and is exposed to gasses that have already been 
modi?ed in composition by the precatalyst. HoWever, the 
gas stream at this point still contains much chemical infor 
mation that can be used for control the reduction of nitrogen 
oxides. This is also a suitable location to employ feed 
forWard control by using an array of sensor materials to 
control operation of the catalytic converter, Which catalyZes 
the completion of the oxidation of unburned fuel. Position 
98 is a location that can be used to monitor engine emissions 
and the current state of the catalytic converter. Based on 
information from gas analyZer at this location, the catalytic 
converter can be regenerated or otherWise controlled 
through feedback process control. 

[0056] FIG. 9 shoWs an SCR catalyst 104 and the deploy 
ment of gas sensors in a control system in Which a reducing 
agent is injected into the exhaust conduit at position 110. 
Reducing agent is supplied from a reservoir 102 and is 
passed through reducing agent control system 100 for injec 
tion into the exhaust conduit. Reducing agent control system 
100 includes the necessary pump to inject the reducing into 
the exhaust conduit, and is connected to the microprocessor 
chip for the passage of signals to and from the micropro 
cessor chip to control the injection of reducin agent. A gas 
analyZer, such as a gas sensor, can in this arrangement be 
used either for feed-forWard (position 106) or feedback 
(position 108) control. The gas sensor is responsive to a 
variety of gases that may be present in a combustion exhaust 
stream such as ammonia, nitrogen oxide, carbon monoxide, 
oxygen, hydrocarbons and Water. The reducing agent control 
system, and the injection of reducing agent, may be con 
trolled by information obtained from a gas analyZer that is 
positioned both upstream and/or doWnstream from a reduc 
tion catalyst and, optionally, upstream and/or doWnstream 
from the reducing agent injector. Information about the 
compositional content of the gas mixture containing a nitro 
gen oxide is provided to a decision-making routine and/or 
map in the microprocessor chip for processing into signals 
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routed to the reducing agent pump, to the engine itself or to 
heating or cooling devices for the purpose of controlling the 
reaction of reduction. 

[0057] An internal combustion engine, in Which nitrogen 
oxide reduction is controlled by the methods and apparatus 
of this invention, can be used for many different purposes 
including, for example, in any type of vehicle for transpor 
tation or recreation such as a car, truck, bus, locomotive, 
aircraft, spacecraft, boat, jet ski, all-terrain vehicle or snoW 
mobile; or in equipment for construction, maintenance or 
industrial operations such as pumps, lifts, hoists, cranes, 
generators, or equipment for demolition, earth moving, 
digging, drilling, mining or groundskeeping. 

[0058] Although this invention has been described in 
detail With respect to the control of the reduction of nitrogen 
oxides generated by combustion, ie the oxidation of a fossil 
fuel, it is equally applicable to the reduction of nitrogen 
oxides that may be found in a gas mixture generated by any 
other type of chemical reaction. It is also equally applicable 
to the reduction of nitrogen oxides that are not in a mixture 
With other gases, Where, for example, a gas analyZer is used 
to determine information related to the relative concentra 
tion Within the group of nitrogen oxide of each individual 
nitrogen oxide. It is also equally applicable to reducing 
agents in addition to ammonia and urea. 

[0059] It Will thus be seen that, in various embodiments of 
this invention, as there may a plurality of reducing agent 
injectors, one or more gas analyzers may be located in the 
conduit upstream or doWnstream from each reducing agent 
injector. If a dust ?lter is used, it may be located upstream 
from a reducing agent injector and/or one or more gas 
analyZers. 
[0060] If a catalyst is present, the catalyst may be located 
upstream or doWnstream from one or more gas analyzers. A 
?rst catalyst may be located upstream from one or more gas 
analyZers, and a second catalyst may be located doWnstream 
from one or more gas analyZers, particularly Where the 
catalyst is a plurality of vertically arranged catalyst beds. A 
?rst gas analyZer may be located upstream from a catalyst, 
and a second gas analyZer may be located doWnstream from 
the catalyst. One or more gas analyZers may be located 
betWeen ?rst and second catalysts. One or more gas ana 
lyZers may be located at the point of destination of a ?oWing 
stream of a gas mixture, such as at a point of discharge to the 
atmosphere. 
[0061] If a gas analyZer outputs a signal to a decision 
making routine, a gas analyZer that is upstream from all 
catalyst, a gas analyZer that is doWnstream from a ?rst 
catalyst and upstream from a second catalyst, and/or a gas 
analyZer that is doWnstream from all catalyst may each 
output a signal to a decision-making routine. A gas analyZer 
may output at least one signal that is related to the individual 
concentration Within the gas mixture of an individual nitro 
gen oxide component therein, and/or may output at least one 
signal that is related to the collective concentration Within 
the gas mixture of all nitrogen oxide components therein. 
The gas analyZer may in turn output a signal to a map. The 
gas analyZer may also output a signal to a decision-making 
routine that controls the injection of reducing agent, such as 
by calculating an amount of reducing agent to be injected. 

[0062] Information as to the compositional content of a 
gas mixture may be determined before the injection of 
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reducing agent, and/or before the gas mixture contacts any 
catalyst. Information as to the compositional content of a gas 
mixture may also be determined after the gas mixture 
contacts a ?rst catalyst but before the gas mixture contacts 
a second catalyst, or after the gas mixture has contacted all 
catalyst. For example, a gas analyZer that is upstream from 
all catalyst, and a gas analyZer that is doWnstream from all 
catalyst may each output separate signals to a decision 
making routine. 

[0063] The injection of the reducing agent may be con 
trolled in relation to such information as to the composi 
tional content of the gas mixture, such as by determining the 
amount of reducing agent to be injected into the gas mixture. 
The information as to the compositional content of the gas 
mixture may be an output of one or more gas analyZers, and 
may be related to the individual concentration Within the gas 
mixture of an individual gas component therein (such as a 
nitrogen oxide), and/or related to the collective concentra 
tion Within the gas mixture of a subgroup of the component 
gases therein (such as all nitrogen oxides). 

[0064] In the present invention, an array of chemo/electro 
active materials is used for directly sensing one or more 
analyte gases in a multi-component gas system under vari 
able temperature conditions. By “directly sensing” is meant 
that an array of gas-sensing materials Will be exposed to a 
mixture of gases that constitutes a multi-component gas 
system, such as in a stream of flowing gases. The array may 
be situated Within the gas mixture, and more particularly 
Within the source of the gas mixture, if desired. Alterna 
tively, although not preferred, the array may reside in a 
chamber to Which the gas mixture is directed from its source 
at another location. When gas is directed to a chamber in 
Which an array is located, the gas mixture may be inserted 
in and removed from the chamber by piping, conduits or any 
other suitable gas transmission equipment. 

[0065] A response may be obtained upon exposure of the 
gas-sensing materials to the multi-component gas mixture, 
and the response Will be a function of the concentrations of 
one or more of the analyte gases themselves in the gas 
mixture. The sensor materials Will be exposed simulta 
neously (or substantially simultaneously) to each of the 
analyte gases, and an analyte gas does not have to be 
physically separated from the multi-component gas mixture 
to be able to conduct an analysis of the mixture and/or one 
or more analyte components thereof. This invention can be 
used, for example, to obtain responses to, and thus to detect 
and/or measure the concentrations, of combustion gases, 
such as oxygen, carbon monoxide, nitrogen oxides, hydro 
carbons such as butane, CO2, HZS, sulfur dioxide, halogens, 
hydrogen, Water vapor, an organo-phosphorus gas, and 
ammonia, at variable temperatures in gas mixtures such as 
automobile emissions. 

[0066] This invention utiliZes an array of sensing materials 
to analyZe a gas mixture and/or the components thereof to, 
for example, obtain a response to, detect the presence of 
and/or calculate the concentration of one or more individual 
analyte gas components in the system. By “array” is meant 
at least tWo different materials that are spatially separated, as 
shoWn for example in FIG. 1. The array may contain, for 
example, 3, 4, 5, 6, 8, 10 or 12 gas-sensing materials, or 
other greater or lesser numbers as desired. It is preferred that 
there be provided at least one sensor material for each of the 
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individual gases or subgroups of gases in the mixture to be 
analyZed. It may be desirable, hoWever, to provide more than 
one sensor material that is responsive to an individual gas 
component and/or a particular subgroup of gases in the 
mixture. For example, a group of at least 2, 3, 4, 5, 6, 7, 8, 
9, 10, 11 or 12 sensors could be used to detect the presence 
of, and/or calculate the concentration of, one or more 
individual component gases and/or one or more subgroups 
of gases in the mixture. Groups of sensors, Which may or 
may not have members in common, could be used to obtain 
a response to an analyte that is an individual gas component 
or a subgroup of gases in the mixture. A subgroup of gases 
that is, as the subgroup, an analyte may or may not contain 
as a member an individual gas that is itself also an analyte. 

[0067] This invention is useful for detecting those gases 
that are expected to be present in a gas stream. For example, 
in a combustion process, gases that are expected to be 
present include oxygen, nitrogen oxides (such as NO, N02, 
N20 or N204), carbon monoxide, hydrocarbons (such as 
CUHZMZ, and as same may be saturated or unsaturated, or be 
optionally substituted With hetero atoms; and cyclic and 
aromatic analogs thereof), ammonia or hydrogen sul?de, 
sulfur dioxide, CO2, or methanol. Other gases of interest 
may include alcohol vapors, solvent vapors, hydrogen, Water 
vapor, and those deriving from saturated and unsaturated 
hydrocarbons, ethers, ketones, aldehydes, carbonyls, bio 
molecules and microorganisms. The component of a multi 
component gas mixture that is an analyte of interest may be 
an individual gas such as carbon monoxide; may be a 
subgroup of some but not all of the gases contained in the 
mixture, such as the nitrogen oxides (NOX) or hydrocarbons; 
or may be a combination of one or more individual gases and 

one or more subgroups. When a subgroup of gases is an 
analyte, a chemo/electro-active material Will respond to the 
collective concentration Within a multi-component gas mix 
ture of the members of the subgroup together. 

[0068] The analyte gas(es) contained in the mixture to 
Which the chemo/electro-active material Will be exposed can 
be a single gas, a subgroup of gases together, or one or more 
gases or subgroups mixed With an inert gas such as nitrogen. 
Particular gases of interest are donor and acceptor gases. 
These are gases that either donate electrons to the semicon 
ducting material, such as carbon monoxide, HZS and hydro 
carbons, or accept electrons from the semiconducting mate 
rial, such as O2, nitrogen oxides (commonly depicted as 
NOX), and halogens. When exposed to a donor gas, an n-type 
semiconducting material Will have a decrease in electrical 
resistance, increasing the current, and it, therefore, Will shoW 
an increase in temperature due to IZR heating. When 
exposed to an acceptor gas, an n-type semiconducting mate 
rial Will have an increase in electrical resistance, decreasing 
the current, and therefore Will shoW a decrease in tempera 
ture due to IZR heating. The opposite occurs in each instance 
With p-type semiconducting materials. 

[0069] Obtaining information related to the compositional 
content of a gas mixture using these sensor materials, such 
as measurement of gas concentrations, can be based on a 
change in an electrical property, such as AC impedance, of 
at least one, but preferably each and all, of the materials 
upon exposure of the materials to a mixture containing one 
or more analyte gases. Analysis of a gas mixture can also be 
performed in terms of extent of change in other electrical 
properties of the sensor materials, such as capacitance, 
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voltage, current or AC or DC resistance. Change in DC 
resistance may be determined, for example, by measuring 
change in temperature at constant voltage. The change in 
one of these illustrative properties of a sensor material is a 
function of the partial pressure of an analyte gas Within the 
gas mixture, Which in turn determines the concentration at 
Which the molecules of the analyte gases become adsorbed 
on the surface of a sensor material, thus affecting the 
electrical response characteristics of that material. By using 
an array of chemo/electro-active materials, a pattern of the 
respective responses exhibited by the materials upon expo 
sure to a mixture containing one or more analyte gases can 
be used to simultaneously and directly detect the presence 
of, and/or measure the concentration of, at least one gas in 
a multi-component gas system. The invention, in turn, can 
be used to determine the composition of the gas system. The 
concept is illustrated schematically in FIG. 1 and is exem 
pli?ed beloW. 

[0070] To illustrate, consider the theoretical example 
beloW of the exposure of a sensor material to a mixture 
containing an analyte gas. Where a response is obtained, the 
event is depicted as positive (+), and Where no response is 
obtained, the event is depicted as negative Material 1 
responds to Gas 1 and Gas 2, but shoWs no response to Gas 
3. Material 2 responds to Gas 1 and Gas 3, but shoWs no 
response to Gas 2, and Material 3 responds to Gas 2 and Gas 
3, but shoWs no response to Gas 1. 

Material 1 Material 2 Material 3 

Gas 1 + + — 

Gas 2 + — + 

Gas 3 — + + 

[0071] Therefore, if an array consisting of Materials 1, 2 
and 3 gives the folloWing response to an unknoWn gas, 

Material 1 Material 2 Material 3 

Unknown Gas + — + 

[0072] then the unknown gas Would be identi?ed as Gas 2. 
The response of each sensor material Would be a function of 
the partial pressure Within the mixture of, and thus the 
concentration of, an analyte gas or the collective concentra 
tion of a subgroup of analyte gases; and the response could 
be quanti?ed or recorded as a processible value, such as a 
numerical value. In such case, the values of one or more 
responses can be used to generate quantitative information 
about the presence Within the mixture of one or more analyte 
gases. In a multicomponent gas system, chemometrics, 
neural netWorks or other pattern recognition techniques 
could be used to calculate the concentration of one or more 
analyte gases in the mixture of the system. 

[0073] The sensing materials used are chemo/electro-ac 
tive materials. A“chemo/electro-active material” is a mate 
rial that has an electrical response to at least one individual 
gas in a mixture. Some metal oxide semiconducting mate 
rials, mixtures thereof, or mixtures of metal oxide semicon 
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ductors With other inorganic compounds are chemo/electro 
active, and are particularly useful in this invention. Each of 
the various chemo/electro-active materials used herein pref 
erably exhibits an electrically detectable response of a 
different kind and/or extent, upon exposure to the mixture 
and/or an analyte gas, than each of the other chemo/electro 
active materials. As a result, an array of appropriately 
chosen chemo/electro-active materials can be used to ana 
lyZe a multi-component gas mixture, such as by interacting 
With an analyte gas, sensing an analyte gas, or determining 
the presence and/or concentration of one or more analyte 
gases or subgroups in a mixture, despite the presence therein 
of interfering gases that are not of interest. Preferably the 
mole percentages of the major components of each gas 
sensing material differs from that of each of the others. 

[0074] The chemo/electro-active material can be of any 
type, but especially useful are semiconducting metal oxides 
such as SnO2, TiO2, WO3 and ZnO. These particular mate 
rials are advantageous due to their chemical and thermal 
stability. The chemo/electro-active material can be a mixture 
of tWo or more semiconducting materials, or a mixture of a 
semiconducting material With an inorganic material, or 
combinations thereof. The semiconducting materials of 
interest can be deposited on a suitable solid substrate that is 
an insulator such as, but not limited to, alumina or silica and 
is stable under the conditions of the multi-component gas 
mixture. The array then takes the form of the sensor mate 
rials as deposited on the substrate. Other suitable sensor 
materials include single crystal or polycrystalline semicon 
ductors of the bulk or thin ?lm type, amorphous semicon 
ducting materials, and semiconductor materials that are not 
composed of metal oxides. 

[0075] The chemo/electro-active materials that contain 
more than one metal do not have to be a compound or solid 
solution, but can be a multi-phase physical mixture of 
discrete metals and/or metal oxides. As there Will be varying 
degrees of solid state diffusion by the precursor materials 
from Which the chemo/electro-active materials are formed, 
the ?nal materials may exhibit composition gradients, and 
they can be crystalline or amorphous. Suitable metal oxides 
are those that 

[0076] i) When at a temperature of about 400° C. or 
above, have a resistivity of about 1 to about 106 
ohm-cm, preferably about 1 to about 105 ohm-cm, 
and more preferably about 10 to about 104 ohm-cm; 

[0077] ii) shoW a chemo/electro response to at least 
one gas of interest; and 

[0078] iii) are stable and have mechanical integrity, 
that is are able to adhere to the substrate and not 
degrade at the operating temperature. 

[0079] The metal oxides may also contain minor or trace 
amounts of hydration and elements present in the precursor 
materials. 

[0080] The sensor materials may optionally contain one or 
more additives to promote adhesion to a substrate, or that 
alter the conductance, resistance or selectivity of the sensor 
material. Examples of additives to alter the conductance, 
resistance or selectivity of the sensor material include Ag, 
Au or Pt, as Well as frits. Examples of additives to promote 
adhesion include frits, Which are ?nely ground inorganic 
minerals that are transformed into glass or enamel on 
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heating, or a rapidly quenched glass that retains its amor 
phous quality in the solid state. Frit percursor compounds 
are melted at high temperature and quenched, usually by 
rapidly pouring the melt into a ?uid such as Water, or by 
pouring through spinning metal rollers. The precursor com 
pounds usually are a mechanical mixture of solid com 
pounds such as oxides, nitrates or carbonates, or can be 
co-precipitated or gelled from a solution. Suitable precursor 
materials for frits include alkali and alkaline earth alumino 
silicates and alumino-boro-silicates, copper, lead, phospho 
rus, titanium, Zinc and Zirconium. Frits as additives may be 
used in amounts of up to 30 volume percent, and preferably 
up to 10 volume percent, of the total volume of the chemo/ 
electro-active material from Which the sensor is made. 

[0081] If desired, the sensor materials may also contain 
additives that, for example, catalyZe the oxidation of a gas 
of interest or promote the selectivity for a particular analyte 
gas; or contain one or more dopants that convert an n 

semiconductor to a p semiconductor, or vice versa. These 
additives may be used in amounts of up to 30 Weight percent, 
and preferably up to 10 Weight percent, of the chemo/ 
electro-active material from Which the sensor is made. 

[0082] Any frits or other additives used need not be 
uniformly or homogeneously distributed throughout the 
sensor material as fabricated, but may be localiZed on or 
near a particular surface thereof as desired. Each chemo/ 
electro-active material may, if desired, be covered With a 
porous dielectric overlayer. 

[0083] The chemo/electro-active materials used as sensor 
materials in this invention may, for example, be metal oxides 
of the formula M1OX, MlaMzbO or MlaMzbM3 OX; or 
mixtures thereof, Wherein 

[0084] M1, M2 and M3 are metals that form stable 
oxides When ?red in the presence of oxygen above 
500° C.; 

[0085] M1 is selected from Periodic Groups 2-15 and 
the lanthanide group; 

[0086] M2 and M3 are each independently selected 
from Periodic Groups 1-15, and the lanthanide 
group; 

[0087] M1 and M2 are not the same in MlaMzbOx, 
and M1, M2 and M3 are not the same in 

M1aM2bM3cOX; 
[0088] a, b, and c are each independently in the range 

of about 0.0005 to about 1; and 

0089 x is a number suf?cient so that the ox en Yg 
present balances the charges of the other elements 
present in the chemo/elelctro-active material. 

[0090] In certain preferred embodiments, the metal oxide 
materials may include those in Which 

[0091] M1 is selected from the group consisting of 
Ce, Co, Cu, Fe, Ga, Nb, Ni, Pr, Ru, Sn, Ti, Tm, W, 
Yb, Zn, and Zr; and/or 

[0092] M2 and M3 are each independently selected 
from the group consisting of Al, Ba, Bi, Ca, Cd, Ce, 
Co, Cr, Cu, Fe, Ga, Ge, In, K, La, Mg, Mn, Mo, Na, 
Nb, Ni, Pb, Pr, Rb, Ru, Sb, Sc, Si, Sn, Sr, Ta, Ti, Tm, 
V, W, Y, Yb, Zn, and Zr; 
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[0093] but in Which M1 and M2 are not the same in 
MlaMzbOx, and M1, M2 and M3 are not the same in 
M1aM2bM3cOX. 
[0094] In certain other preferred embodiments, the metal 
oxide materials may include those in Which 

[0095] MlOX is CeOX, CoOX, CuOX, FeOX, NaOX, 
NbOX, NiOX, PrOX, RuOX, SnOX, TaOX, TiOX, TmOX, 
WOX, YbOX, ZnOX, ZrOX, SnOX With Ag additive, 
ZnOx With Ag additive, TiOX With Pt additive, ZnOX 
With frit additive, NiOX With frit additive, SnOX With 
frit additive, or WOX With frit additive; and/or 

[0096] MlaMzbOX isAlaCrbOX,AlaFebOX,AlaMgbOX, 
AlaNibOX, AlaTibOX, AlaVbOX, BaaCubOX, BaaSn 
bOX, BaaZnbOX, BiaRubOX, BiaSnbOX, BiaZnbOX, 
CaaSnbOX, CaaZnbOX, CdaSnbOX, CdaZnbOX, CeaF 
ebOX, CeaNbbOX, CeaTibOX, CeaVbOX, CoaCubOX, 
CoaGebOX, CoaLabOX, CoaMgbOX, CoaNbbOX, 
CoaPbbOX, CoaSnbOX, CoaVbOX, CoaWbOX, CoaZn 
bOX, CraCubOX, CraLabOX, CraMnbOX, CraNibOX, 
CraSibOX, CraTibOX, CraYbOX, CraZnbOX, CuaFebOX, 
CuaGabOX, CuaLabOX, CuaNabOX, CuaNibOX, Cu, 
PbbOX, CuaSnbOX, CuaSrbOX, CuaTibOX, CuaZnbOX, 
CuaZrbOX, FeaGabOX, FeaLabOX, FeaMobOX, FeaN 
bbOX, FeaNibOX, FeaSnbOX, FeaTibOX, FeaWbOX, 
FeaZnbOX, FeaZrbOX, NaaLabOX, NaaSnbOX, NeaN 
bbOX, NeaTibOX, InaSnbOX, KQNbbOX, MnaNbbOX, 
MnaSnbOX, MnaTibOX, MnaYbOX, MnaZnbOX, 
MnaPbbOX, MoaRbbOX, MoaSnbOX, MoaTibOX, 
MoaZnbOX, NbaNibOX, NbaNibOX, NbaSrbOX, NbaTi 
bOX, NbaWbOX, NbaZrbOX, NiaSibOX, NiaSnbOX, 
NiaYbOX, NiaZnbOX, NiaZrbOX, PbaSnbOX, PbaZn 
bOX, RbaWbOX, RuaSnbOX, RuaWbOX, RuaZnbOX, 
SbaSnbOX, SbaZnbOX, ScaZrbOX, SiaSnbOX, SiaTi 
bOX, SiaWbOX, SiaZnbOX, SnaTabOX, SnaTibOX, 
SnaWbOX, SnaZnbOX, SnaZrbOX, SraTibOX, TaaTi 
bOX, TaaZnbOX, TaaZrbOX, TiaVbOX, TiaWbOX, TiaZ 
nbOX, TiaZrbOX, VaZnbOX, VaZrbOX, WaZnbOX, 
WaZrbOX, YaZrbOX, ZnaZrbOX, AlaNibOX With frit 
additive, craTibOX With frit additive, FeaLabOX With 
frit additive, FeaNibOX With frit additive, FeaTibOX 
With frit additive, NbaTibOX With frit additive, NbaW 
bOX With frit additive, NiaZnbOX With frit additive, 
NiaZrbOX With frit additive, SbaSnbOX With frit addi 
tive, TaaTibOX With frit additive, or TiaZnbOX With 
frit additive; and/or 

[0097] M1,,M2bM3cOX is AlaMgbZncOX, AlaSibVcOX, 
BaaCubTiCOX, CaaCebZrcOX, CoaNibTicOX, 
CoaNibZrCOX, CoaPbbSncOX, CoaPbbZncOX, 
CraSrbTiCOX, CuaFebMncOX, CuaLabSrCOX, FeaN 
bbTicOX, FeaPbbZnCOX, FeaSrbTicOX, FeaTabTicOX, 
FeaWbZrcOX, GaaTibZncOX, LaaMnbNacOX, LaaMn 
bSrCOX, MnaSrbTiCOX, MoaPbbZnCOX, NbaSrbTicOX, 
NbaSrbWcOX, NbaTibZn O NiaSrbTi O SnaW 
bZn O c X, SraTibVcOX, SraTibZn O or TiaWbZrcOX. 

[0098] In certain other preferred embodiments, the metal 
oxide materials may include those that are in an array of ?rst 
and second chemo/electro-active materials, Wherein the 
chemo/electro-active materials are selected from the pair 
ings in the group consisting of 

[0099] the ?rst material is M1OX, and the second 
material is MlaMzbOx; 
























