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(57) ABSTRACT 

In various embodiments, the present disclosure provides a 
method of fixing nitrogen. An amount of titania catalyst is 
provided and contacted with a feed stream that includes nitro 
gen. The titania catalyst is heated. The heated titania catalyst 
fixes nitrogen in the feed stream to form nitrogen products, 
Such as nitrates. The nitrogen products are then removed from 
the titania catalyst. In some examples, the titania catalyst is 
treated with a base. In further examples, the catalytic process 
is carried out in the absence of light for photochemically 
activating the titania catalyst. 
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NITROGEN FXATION BY TITANUM 
DOXDE 

CROSS REFERENCE TO RELATED 
APPLICATION 

0001. This application claims the benefit of, and incorpo 
rates by reference, U.S. Provisional Patent Application No. 
61/041,564, filed Apr. 1, 2008. 

STATEMENT OF GOVERNMENT SUPPORT 

0002. This invention was made with United States Gov 
ernment Support under a grant from the National Science 
Foundation, Grant No. EPS-0447416. The United States 
Government has certain rights in the invention. 

TECHNICAL FIELD 

0003. The present disclosure relates to materials, methods, 
and systems that can be used to fix nitrogen. In a particular 
example, heated titania is used to fix atmospheric nitrogen to 
produce nitrate. 

BACKGROUND 

0004 Biological nitrogen fixation contributes about 65% 
of the world's annual nitrogen fixation, and industrially pro 
duced nitrogen fertilizers, primarily produced by the Haber 
Bosch process, accounts for 25% of the total annual nitrogen 
fixation. The Haber-Bosch ammonia process is presently the 
only available non-biological technology that has been com 
mercially exploited. The Haber-Bosch process has a rela 
tively high operational cost, operates at relatively high tem 
peratures and pressures, and depends on non-renewable and 
depleting sources of energy. 
0005 Titanium dioxide (TiO), or titania, is common soil 
constituent and a semiconducting material that can be photo 
chemically stimulated by light energy. It is primarily 
extracted from sand deposits. Two active forms of TiO, are 
commonly known in heterogeneous photocatalytic reactions, 
rutile and anatase, with anatase generally being photocata 
lytically more active. 
0006. In 1977, Schrauzer and Guth reported a successful 
photocatalytic synthesis of ammonia from atmospheric nitro 
gen by illuminating iron-doped TiO, with ultraviolet (UV) 
light in the presence of water vapor. Since then, various 
attempts have been made to artificially fix elemental nitrogen 
using a variety of catalysts. Although some photocatalytic 
reactions fix nitrogen to a degree, none have been applied on 
an industrial scale, typically due to their low quantum yields. 

SUMMARY 

0007. In one embodiment, the present disclosure provides 
a nitrogen fixation system. The system includes a nitrogen 
Source. Such as air, air with an enhanced nitrogen content, or 
a pure nitrogen source mixed with oxygen. In a specific 
example, the system includes a feed stream concentrator. The 
feed stream concentrator is configured to increase the nitro 
gen content of a nitrogen-containing feed stream. 
0008. A reactor is fluidly coupled to the nitrogen source. In 
Some implementations, the reactor is at least Substantially 
opaque. In another example, the reactor does not include a 
light source for photochemically activating a titania catalyst. 
The reactor contains an amount of titania catalyst. Titania 
material used in the system have a Surface area suitable for 
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facilitating the fixation process. In some examples, the titania 
catalyst has a surface area of at least about 150 cm/g, at least 
about 500 cm/g, or between about 150 cm/g and at about 
500 cm. 
0009. The system also includes aheater thermally coupled 
to the reactor. The heater is configured to heat the catalyst in 
the reactor at a desired temperature. In one implementation, 
the heater includes a Solar energy heater. The Solar energy 
heater can be used to power the heater or to provide a source 
of heat for the heater. 

0010 A water supply is included in the system and is 
fluidly coupled to the reactor. The water supply is configured 
to provide water to wash reaction products from the titania 
catalyst. 
0011. The system also includes a water removal system, 
Such as an evaporator, a freeze dryer, or a membrane water 
removal unit. In some implementations, the system includes a 
water recycling unit. The water recycling unit is typically 
disposed between the water supply and the water removal 
system. Water produced by the water removal system is 
optionally recovered by the water recycling unit and is 
returned to the water Supply. 
0012. In some implementations, the system includes a 
Solid/liquid separator that may be used to separate the titania 
catalyst from the water. One Suitable separator uses a screen 
or filter to separate Solid and liquid components. Gravity 
separators, such as centrifugal separators, cyclones, or whirl 
pools, may also be used. A settling tank may be used to 
separate Solid catalyst from the water. 
0013. In one configuration, the system includes a catalyst 
recycling unit fluidly coupled to the reactor. According to one 
specific example, catalyst separated from water, or catalyst 
from the reactor, is regenerated using the catalyst recycling 
unit. For example, the catalyst recycling unit may include a 
comminutor for increasing the urface area of the catalyst. In 
another example, the catalyst includes aheater for heating the 
catalyst at a desired temperature to restore at least a portion of 
its catalytic activity. 
0014. In another embodiment, the present disclosure pro 
vides a nitrogen fixation method. According to the method, an 
amount of titania catalyst is provided. The titania catalyst is 
contacted with a feed stream comprising nitrogen. The titania 
catalyst, in the presence of the feed stream, is heated at tem 
perature sufficient to fix nitrogen from the feed stream and 
form nitrogen products. The nitrogen products are then 
removed from the titania catalyst. 
0015. In some examples, the nitrogen products include 
nitrates and/or nitrites. The reaction conditions, such as the 
concentration or type of base used, the temperature or dura 
tion of heating, can be selected to provide a desired result, 
Such as to increase reaction rates, favor a particular nitrogen 
product, etc. 
0016. In some implementations, the catalyst is heated at a 
temperature greater than the ambient temperature, Such as 
between about 40° C. and about 600° C., between about 150° 
C. and about 350° C., between about 200° C. and about 400° 
C., or between about 175° C. and about 275° C. In various 
examples, the catalyst is heated for a period of time sufficient 
to produce a desired amount of nitrogen products, such as at 
least about 1 hour, at least about 2 hours, at least about 4 
hours, at least about 6 hours, or at least about 24 hours. 
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0017. The reactor, in a particular configuration, is at least 
Substantially opaque. In another configuration, the reactor 
does not include a light source for photochemically activating 
the titania catalyst. 
0018. The method can include a variety of additional 
steps. For example, the method can include adding a base, 
Such as an alkali or alkaline earth metal hydroxide or oxides, 
or other salt, including Group I and II metal salts, such as a 
potassium salt, to the titania catalyst or the nitrogen products. 
As another step, the method can include converting Solar 
radiation into heat and using the heat so generated to heat the 
titania catalyst. The method can include enriching the nitro 
gen content of the feed stream. 
0019. In one implementation, removing nitrogen products 
from the titania catalyst includes contacting the titania cata 
lyst with water. The nitrogen products dissolve in the water. 
After dissolution of the nitrogen products, the water may be 
separated from the titania catalyst. For example, the separated 
water can be removed, such as by evaporation, to recover the 
nitrogen products. The removed water, in one implementa 
tion, is recycled and used to extract further nitrogen products 
from the titania catalyst. The separated titania catalyst is, in 
Some examples, regenerated and used to fix additional nitro 
gen from the feed stream. 
0020. There are additional features and advantages of the 
subject matter described herein. They will become apparent 
as this specification proceeds. 
0021. In this regard, it is to be understood that this is a brief 
Summary of varying aspects of the subject matter described 
herein. The various features described in this section and 
below for various embodiments may be used in combination 
or separately. Any particular embodiment need not provide all 
features noted above, nor solve all problems or address all 
issues in the prior art noted above. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0022 FIG. 1 is a block diagram of one disclosed embodi 
ment of a system for fixing nitrogen using a titania catalyst. 
0023 FIG. 2 is a schematic diagram of one disclosed 
embodiment of a system for continuously fixing nitrogen 
using a titania catalyst. 
0024 FIG. 3 is a graph of nitrate production (mg/kg) for 

rutile TiO, catalystheated at 200°C. for 2 hours in air, helium, 
and nitrogen atmospheres. 
0025 FIG. 4 is a graph of nitrate production (mg/kg) for 

rutile TiO, catalyst calcined at 1000° C. for 16 hours and then 
heated at 200° C. or 400° C. for two hours for three Successive 
cycles. 
0026 FIG. 5 is a graph of nitrate production (mg/kg) ver 
sus temperature (C.) for rutile TiO2 catalyst heated in air for 
2 hours. 
0027 FIG. 6 is a graph of nitrate production (mg/kg) ver 
sus time (hours) for rutile TiO, catalystheated in air at 200°C. 
0028 FIG. 7 is a graph of nitrate production (mg/kg) ver 
sus time (hours) for anatase TiO, catalyst in airheated at 200° 
C. for 24 hours. 
0029 FIG. 8 is a graph of nitrate production (mg/kg) ver 
sus time (hours) for anatase TiO, catalyst heated at 125°C., 
140° C., and 200° C. 
0030 FIG. 9 is a graph of nitrate production (mg/kg) and 
pH versus time (hours) for rutile TiO, catalyst heated at 200° 
C. 
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0031 FIG. 10 is a graph of nitrate and nitrite formation 
(mg/kg) Versus the weight of sodium hydroxide (mg) added to 
a rutile TiO2 catalyst heated at 200° C. for 2 hours. 
0032 FIG. 11 is a graph of nitrate and nitrite formation 
(mg/kg) versus the weight of potassium hydroxide (mg) 
added to a rutile TiO2 catalyst heated at 200° C. for 2 hours. 
0033 FIG. 12 is a graph of nitrate and nitrite production 
(mg/kg) for rutile TiO, samples heated at 200° C. for 2 hours 
in the presence of calcium hydroxide, potassium hydroxide, 
or Sodium hydroxide and the gradual disappearance of nitrite 
upon Successive heating. 
0034 FIG. 13 is a graph of nitrate production (mg/kg) 
versus time (hours) when anatase TiO2 catalyst-NaOH mix 
tures and anatase TiO, catalyst alone were heated at 200°C. 
under ambient conditions for 75 hours. 
0035 FIG. 14 is a graph of nitrate production (mg/kg) 
versus time (hours) when rutile TiO, catalyst-NaOH mixtures 
and rutile TiO2 catalyst alone were heated at 200° C. under 
ambient conditions for 20 hours. 
0036 FIG. 15 is a graph of nitrate production (mg/kg) 
versus time (hours) for anatase TiO2 catalyst slurries acidified 
to a pH of 2 with hydrochloric acid followed by a thermal 
treatment at 200°C. in air over a period of 16 hours. 
0037 FIG. 16 is a graph of nitrate production (mg/kg) and 
nitrite decomposition (mg/kg) Versus time (hours) for anatase 
TiO2 catalyst films heated at a temperature of 200°C. in airfor 
16 hours. 
0038 FIG. 17 is a graph of nitrate production (mg/kg) and 
nitrite production for anatase TiO, catalyst films heated at a 
temperature of 200°C. in air for 16 hours. 
0039 FIG. 18 is a graph of nitrate production (mg/kg) 
versus catalyst plate area (cm/g) for rutile and anatase TiO, 
catalysts illustrating increased mass production with increas 
ing plate area. 
0040 FIG. 19 is a graph of nitrate production (mg/kg) on 
loose powder and films of anatase TiO, catalystheated at 200° 
C. for 2 hours under ambient conditions. 
0041 FIG. 20 is a graph of nitrate production (mg/kg) 
versus time (hours) for rutile TiO2 catalysts heated at 150° C. 
or 2009 C. 
0042 FIG. 21 is a graph of nitrate production (mg/kg) 
versus time (hours) for covered and uncovered rutile TiO, 
catalysts heated at 200° C. for 20 hours. 
0043 FIG. 22 is a graph of nitrate production (mg/kg) 
versus time (hours) for anatase TiO, catalystheated at 200°C. 
0044 FIG. 23 is a graph of nitrate production (mg/kg) 
versus number of thermal treatment cycles of heating rutile 
TiO, catalyst for 2 hours at 200° C. 
0045 FIG. 24 is a graph of cumulative nitrate production 
(mg/kg) versus number of thermal treatment cycles of heating 
rutile TiO, catalyst for 2 hours at 200°C. 
0046 FIG. 25 is a graph of nitrate production (mg/kg) 
Versus time (hours) for rutile and anatase TiO2 catalysts 
heated at 200° C. 
0047 FIG. 26 is a graph of nitrate production (mg/kg) for 
rutile TiO, catalyst heated at 100° C. for 4 hours and 200° C. 
for 2 hours. 
0048 FIG. 27 is a graph of nitrate production (mg/kg) for 
anatase TiO, catalyst heated at 100° C. for 4 hours and 200° 
C. for 2 hours. 
0049 FIG. 28 is a graph of nitrate production (mg/kg) for 
prewashed or precalcined soil samples from Pyramid Lake, 
Nev., when unheated or heated at 70° C. for 15 hours. 
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0050 FIG. 29 is a graph of nitrate production (mg/kg) 
versus number of successive thermal treatments of soil 
samples from Pyramid Lake, Nev., heated at 200° C. for 2-4 
hours. 

DETAILED DESCRIPTION 

0051. Unless otherwise explained, all technical and scien 
tific terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to which this 
disclosure belongs. In case of conflict, the present specifica 
tion, including explanations of terms, will control. The sin 
gular terms “a,” “an and “the include plural referents unless 
context clearly indicates otherwise. Similarly, the word 'or' 
is intended to include “and” unless the context clearly indi 
cates otherwise. The term “comprising means “including: 
hence, "comprising A or B' means including A or B, as well 
as A and B together. Although methods and materials similar 
or equivalent to those described herein can be used in the 
practice or testing of the present disclosure, Suitable methods 
and materials are described herein. The disclosed materials, 
methods, and examples are illustrative only and not intended 
to be limiting. 
0052 Generally the present disclosure provides a method 
for producing nitrogen compounds, such as nitrates or 
nitrites, using metal oxide catalysts, particularly titanium 
dioxide (also referred to as titania). Materials and systems 
useable for this method are also provided. Unless otherwise 
specified, the various aspects of the present disclosure may 
use any suitable source of TiO. Suitable sources of TiO2 can 
be selected for a particular embodiment of the method, such 
as based on parameters of a particular production system. 
Various factors that may influence the titania material used 
are discussed in more detail below. 

0053 
0054 Any form, or mixture of forms, of TiO, may be used, 
including anatase, rutile, brookite, and titanium dioxide (B) 
forms. In at least Some embodiments, anatase TiO produces 
higher amounts of nitrate than rutile forms. Thus, higher 
nitrate yields may be obtained under at least Some conditions 
using anatase TiO. However, anatase TiO, may be more 
expensive than other forms of TiO, Such as, for example, 
rutile TiO. Thus, cost considerations may suggest the use of 
rutile TiO in some operations. 
0055. The TiO2 can be provided in a variety of physical 
forms, such as powders, pellets, and granules. Such materials 
typically have an average cross sectional diameter of between 
about 0.05um and about 5 mm, between about 0.1 um and 
about 100 um, between about 0.5 um and about 10 um, 
between about 2 Lum and about 500 um, or between about 1 um 
and about 5um. 
0056 TiO, can also be provided as a coated material on a 
Support structure. Such as coated spheres, belts, screens, or 
honeycomb structures. Suitable Support materials are gener 
ally inert under the process conditions to which they will be 
Subjected, and include metals, glasses, polymeric materials, 
Such as plastics or rubbers, and ceramics. When catalysis is 
carried out Substantially in the Solid/vapor phases (a solid 
catalyst interacting with a vapor Substrate), the properties of 
the Support material may be selected to aid in those processes, 
Such as to facilitate separation of the catalyst and productor to 
facilitate catalyst regeneration. The properties of the Support 
material may also be selected to increase the durability of the 
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catalyst. For example, if air agitated particles are used as the 
catalyst, Support materials having a degree of elasticity may 
reduce catalyst degradation. 
0057. In a particular application, a thin, typically flexible, 
material is coated or impregnated with TiO. Suitable mate 
rials include plastic films. The TiO2 covered film may be 
placed proximate an area where nitrogen fixation products are 
desired. For example, the film may be placed by plants. Such 
as between plant rows in a garden or farm. Exposure to 
ambient light and temperatures results in nitrogen fixation. 
Precipitation or irrigation may be used to wash nitrogen prod 
ucts from the film and into Surrounding soil. 
0.058 When coated surfaces are used for catalysis, the 
TiO2 coating typically has a thickness selected to adequately 
cover the Support Surface with a coating having a sufficient 
mechanical durability. In some examples, the coating has a 
thickness of between about 0.1 um and about 5mm, between 
about 0.5 um and about 1 mm, or between about 1 um and 
about 100 um. Expressed another way, the loading of TiO, on 
the surface is between about 0.05 g/m and about 5,000 g/m, 
between about 0.1 g/m and about 1000 g/m, or between 
about 0.5 g/m and about 750 g/m. 
0059 For a given set of process conditions, higher catalyst 
Surface area typically results in higher nitrate yields. How 
ever, at Some point, certain high Surface area materials may be 
unsuitable for use in a given process. For example, decreasing 
particle size may increase the effective surface area of a given 
quantity of catalyst. However, particle sizes below a certain 
value may make the catalyst difficult to use. For example, 
Small particles may become difficult to separate from process 
streams, such as water. 
0060 TiO, materials, whether used alone or as a surface 
coating, may also take specialized forms having high Surface 
area. For example, TiO2 nanostructures, such nanorods and 
nanotubes, are known to have high Surface areas, and can be 
used in the disclosed embodiments of the present disclosure. 
0061 Catalysis Reaction Conditions 
0062. The catalytic process is typically carried out at a 
temperature between ambient temperatures and about 700° 
C., such as between about 20° C. and about 700° C., between 
about 25° C. and about 500° C., between about 50° C. and 
about 500° C., between about 75° C. and about 450° C., 
between about 50° C. and about 150° C., between about 75° 
C. and about 125°C., between about 100° C. and about 400° 
C., between about 150° C. and about 350° C., between about 
175° C. and about 225° C., or between about 150° C. and 
about 250° C. In specific examples, the temperature is about 
75° C., about 100° C., about 150° C., about 200° C., about 
250° C., about 300° C., about 350° C., or about 400° C. 
0063. The TiO, catalyst is typically heated for a period of 
time sufficient to produce a desired amount of nitrate. The 
period of time required to generate a particular amount of 
nitrate usually depends on the nature of the catalyst (such as 
its Surface area or form), the feed composition (Such as the 
amount of nitrogen in the feed), the amount of Salt or base 
added, the pressure, and the temperature of the process. For 
example, shorter reaction times can typically be used when 
higher temperatures are used. Typical average reaction times 
are between about 5 minutes and about 96 hours, between 
about 30 minutes and about 12 hours, between about 1 hour 
and about 10 hours, between about 2 hours and about 9 hours, 
between about 2 hours and about 8 hours, between about 4 
hours and about 8 hours, or between about 6 hours and about 
8 hours. For example, the reaction time may be about 2, 4, 5, 
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6,7,8,9, 10, 24, or 75 hours. Although the catalyst is typically 
heated at a constant temperature, ramped or stepped tempera 
ture regimes may be used. 
0064 Various additives may be added to the catalyst, sub 
strate, or other components of the catalytic process in order to 
improve various aspects of the nitrogen fixation process. Such 
as the rate of nitrate formation, the stability of the catalyst, or 
the amount of nitrate produced. One suitable additive is nitro 
gen. As the process is believed to involve fixation of nitrogen 
from vapor, increasing the nitrogen available to the catalyst 
can enhance nitrate formation. In at least Some embodiments, 
the nitrogen concentration is increased to levels above atmo 
spheric levels. Nitrogen may be added from an external nitro 
gen source. Such as a source of compressed nitrogen. Nitro 
gen may also be increased by filtration through a membrane. 
Suitable membrane filters are commercially available. In a 
specific embodiment, part of a feed source is passed through 
a membrane filter. Nitrogen from the filter is then recombined 
with the feed source, effectively increasing the level of nitro 
gen in the feed. 
0065. Although the catalytic process is typically carried 
out at ambient atmospheric pressures, the process may be 
carried out under higher pressures. Higher pressures may 
improve reaction rates or nitrate yields. However, the use of 
higher pressures can also increase operating costs and system 
complexity. 
0066. The pH at which the catalysis reaction occurs, such 
as the pH of the catalyst Surface, can affect nitrate production, 
as well as production of other materials, such as nitrite. 
Accordingly, the pH of the catalytic system can be adjusted, 
Such as by adding a base. Suitable bases include alkali or 
alkaline earth metal hydroxides or oxides, such as sodium 
hydroxide, potassium hydroxide, calcium hydroxide, or cal 
cium oxide. In one aspect, the amount of base added is an 
amount sufficient to maintain the pH of the catalyst above 
about 5, such as above about 5.3, above about 5.5, or above 
about 6.0. The amount and nature of the base can also be used 
to adjust the products formed from a particular catalytic pro 
cess, such as the ratio of nitrates-to-nitrites. 
0067. In some implementations, the nitrogen fixation 
products include liquid products, such as nitrate in the form of 
a nitric acid solution. The solution can be subjected to other 
processing steps, such as neutralization, concentration, or 
precipitation. For example, salts, such as basic salts, or bases, 
Such as alkali or alkaline earth metal hydroxides or oxides, 
can be added to the nitric acid solution. In a particular 
example, the salt is a potassium salt. Adding basic salts may 
serve to both neutralize the acidic product solution and form 
nitrate or other product salts. 
0068. In another example, the nitrogen fixation products 
are isolated directly as salts, such as nitrate or nitrite salts. For 
example, when base was added during catalysis, the cation of 
the base can serve as the cation of the product salt. 
0069 FIG. 1 is a block diagram of a system 100 useable to 
convert air 115 or another nitrogen source 120 to nitrates 
using titanium dioxide. The system 100 includes a catalysis 
reactor 110. The catalysis reactor 110 includes a quantity of 
titanium dioxide. The catalysis reactor 110 can be set up, in 
various aspects of the present disclosure, to operate in batch, 
semi-continuous, or continuous processes. Details of a Suit 
able system for a continuous process are described later in this 
disclosure. 
0070. In some examples, the catalysis reactor 110 is in 
communication with a nitrogen Source 120. The nitrogen 
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Source 120 may be any Suitable source, including air having 
an enhanced nitrogen concentration, pure nitrogen Sources, or 
mixtures thereof. When both air 115 and another nitrogen 
source 120 are used, the system 100 may include a mixing 
valve (not shown) or other component Suitable for achieving 
a desired feed stream composition for the reactor 110. 
0071. The catalysis reactor 110 is coupled to a heat source 
130. In one example, the heat source 130 is an oven surround 
ing the catalysis reactor 110. In other examples, the heat 
source 130 includes a heating element that is applied to at 
least a portion of the reactor 110, such as by a burner or a 
steam jacket. 
0072. In some examples, the heat source 130 is a source of 
ambient heat, or heat derived from ambient sources. For 
example, in hotter climates, ambient heat may be sufficient to 
operate the reactor 110. Similarly, in Sunnier climates, sun 
light may be used to generate heat, either actively or pas 
sively, to operate the reactor 110. 
0073. Various additives 140 may be added to the reactor 
110. Additives may be used to increase the rate of nitrate 
formation, increase the yield of nitrates, adjust the yield of 
competing products, or increase the stability of the catalyst. 
For example, bases, such as alkali or alkaline earth metal 
hydroxides, including calcium hydroxide, potassium hydrox 
ide, and sodium hydroxide, may be added to the reactor 110. 
As described elsewhere in this disclosure, the addition of 
bases to the titanium dioxide catalyst can increase the catalyst 
efficiency. 
0074 The system 100 also includes a power supply 150. 
The power supply 150 may be connected to reactor 110 or 
other components of the system 100. The power supply 150 
may be, for example, used to power elements of the reactor 
110, such as a blower or pump (not shown). The power supply 
150 may also be used to operate the heat source 130, such as 
when the heat source 130 is an oven. 
0075. In some implementations, the power supply 150 is 
coupled to a power grid. In other implementations, the power 
supply 150 is coupled to a local or independent power supply, 
Such as generator or a solar panel. Particularly when used in 
relatively Sunny climates, the use of solar power can increase 
the operating efficiency of the system 100. 
(0076. The system 100 also includes a controller 155 that 
can be used to monitor or control various aspects of the 
system 100. The controller 155 may be a specialized comput 
ing device or a general computing device, such as a personal 
computer, configured to operate one or more components of 
the system 100. For example, the controller 155 may be used 
to regulate the power supply 150, the heat source 130, the 
addition of additives 140, or control the flow of the nitrogen 
source 120 into the reactor 110. The controller 155 may also 
be used to control the operation of the reactor 110, or to 
monitor various parameters of the reactor 110, such as its 
temperature. 
(0077. The system 100 includes a water supply 170. The 
water Supply 170 may be used for removing products, such as 
nitrates, from the catalyst. For example, the products may be 
removed by rinsing the catalyst with water. The water can be 
removed in a separation unit 180. The separation unit 180 
may, for example, remove water by evaporation, distillation, 
ion exchange, freeze drying, or membrane processes. Typi 
cally, the separation unit 180 produces a solid nitrogen-con 
taining product, Such as a nitrate. In other examples, the 
separation unit 180 produces a nitrogen-containing solution, 
typically a concentrated solution, such as a concentrated 
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nitrate solution. Water removed via the separation unit 180 
may be recycled back into the water supply 170. 
0078. In one example of the system 100 being used in a 
batch process, the reactor 110 is a rotating drum or an air 
agitated drum containing the catalyst. Water is periodically 
passed through the drum in order to wash products from the 
catalyst particles. The reactor 110 can then be heated and 
more nitrogen fixed. The reactor 110 can include a screen or 
filter to allow the water to exit the reactor 110 while retaining 
the catalyst particles. 
0079 Although shown as a separate component connected 

to the reactor 110 in FIG. 1, additives 140 may be added to the 
catalyst or products in combination with other components of 
the system 110 or as a separate component in communication 
with other components of the system 110. For example, bases 
or salts can be added to the nitrogen fixation products by the 
water supply 170 or in the separator 180. 
0080 FIG. 2 is a schematic diagram of a system 200 that 
can be continuously operated to produce nitrate using tita 
nium dioxide catalyst. The system 200 includes a reactor 204 
having a quantity of titanium dioxide catalyst 208. In FIG. 2, 
the catalyst 208 is in a particulate form that is flowable within 
the reactor 204. However, the reactor 204 and system 200 can 
be designed to use other forms of catalyst, such as embedded 
catalysts. 
0081. The reactor 204 includes a feed stream inlet 212. 
Although shown at the bottom of the reactor 204, the feed 
stream inlet 212 may be placed elsewhere on the reactor 204. 
The reactor 204 also includes a standpipe 216, which can 
allow catalyst 208 to be removed from the reactor 204. 
Although shown at a bottom side of the reactor 204, the 
standpipe 216 may be located elsewhere on the reactor 204. In 
addition, the standpipe 216 is omitted in Some implementa 
tions of the system 200. For example, the standpipe 216 may 
be omitted when the system 200 is modified to run in batch or 
semi-continuous mode. 

0082. The reactor 204 includes a separation device 220, 
Such as a cyclone. In the embodiment shown, the separation 
device 220 includes a dip leg 224 extending into abaffle 228, 
such as a tube or boot shaped device. The separation device 
220 and baffle 228 allow gas to be removed from the reactor 
204. In other implementations, the separation device 220, dip 
leg 224, or baffle 228 are omitted. For example, the reactor 
204 can include a screened outlet that allows air to exit the 
reactor 204 but retains the catalyst 208. 
I0083. A transport line 232 connects the baffle 228 and the 
feed stream inlet 212. A transport line 236 connects the sepa 
ration device 220 and the feed inlet stream 212. The transport 
line 236 is also connected to exhaust 240. However, the sys 
tem 200 can be plumbed in a different manner than that shown 
in FIG. 2. 

0084. The feed inlet stream 212 is in fluid communication 
with a feed source 244. The feed source 244 may be, for 
example, the air. The feed inlet stream 212 is also in commu 
nication with a nitrogen source 248. In other implementa 
tions, one of the feed source 244 and nitrogen Source 248 is 
omitted. For embodiments where both are used, the feed 
Source 244 and the nitrogen source 248 may be in communi 
cation with a mixing valve 252. 
0085. The feed inlet stream 212, feed source 244, and 
nitrogen source 248 are optionally heated using a pre-heater 
256. The preheater 256 is omitted in some implementations of 
the system 200. 
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I0086. The standpipe 216 is connected to a valve 260. The 
valve 260 is connected to a transfer line 264. In some con 
figurations, the valve 260 is omitted and the standpipe 216 is 
directly connected to the transfer line 264. The transfer line 
264 is sized to allow transport of catalyst 208 from the reactor 
204. Accordingly, the size of the transfer line 264 may vary, 
Such as based on the size, density, or other properties of the 
catalyst 208. 
0087. The transfer line 264 is connected to a mixer 268. 
The mixer 268 is in communication with a water source 272. 
The mixer 268 is connected to a separator 276. One suitable 
separator 276 uses a screen or filter to separate solid and 
liquid components. Gravity separators, such as centrifugal 
separators, cyclones, or whirlpools, may also be used. A 
settling tank may be used to separate Solid catalyst from the 
water. Solid from the separator 276 is transferred to a heater 
280. From the heater 280, the solid passes into a comminu 
tator 284. The comminutator 284 is also in communication 
with the feed stream inlet 212. In other configurations, the 
comminutator 284 is in communication with the reactor 204 
other than through the feed stream inlet 212. In yet further 
configurations, one or both of the heater 280 and the commi 
nutator 284 is omitted. 
I0088. The separator 280 is also in communication with an 
extractor 288. The extractor 288 may be, for example, an 
evaporator or a distillation device, a freeze dryer, or a semi 
permeable membrane. The extractor 288 is in communication 
with a product storage unit 292. The extractor 288 is also in 
communication with the water source 272. 
I0089. In operation, a feed, such as air, passes from the feed 
source 244 into the mixing valve 252. Nitrogen from the 
nitrogen Source 248 also optionally enters the mixing valve 
252. The mixing valve 252 is set to produce a desired feed 
stream composition. 
(0090. The feed stream 212 from the mixing valve 252 
passes into the preheater 256, where it is heated to a desired 
temperature, typically Substantially the same temperature as 
the reactor 204. Preheating the feed stream can reduce tem 
perature fluctuations in the reactor 204. Such preheating can 
also reduce the heating load for the reactor 204, or allow more 
types of heating to be used with the reactor 204, as large scale 
temperature adjustments are less likely to be needed. 
0091. The preheated feed stream passes from the preheater 
256 into the reactor 204. The reactor 204 includes a quantity 
of catalyst 208. The catalyst 208 is free flowing and typically 
is agitated by the feed stream passing through the feed inlet 
212. The catalyst 208 reacts with the feed stream to produce 
nitrogen-containing products, such as nitrates. 
0092. The gas inside the reactor 204 exits through the 
baffle 228, dip leg 224, and separator 220. The baffle 228 
helps prevent catalyst 208 from entering the dip leg 224. Gas, 
likely still with particulate matter in it, passes into the sepa 
rator 220. The separator 220 separates vapor phase materials 
from solid materials. The solid material, such as catalyst 208, 
is returned to the reactor 204. The vapor phase materials pass 
out of the separator 220 into the transfer line 236. 
0093. Depending on the conditions of the system 200, all 
or a portion of the vapor in the transfer line 236 may pass out 
of the system 220 as exhaust 240. However, all or a portion of 
the vapor in the transfer line 236 may be returned to the 
reactor 204 through the feed inlet 212. Typically, the catalyst 
208 does not use all of the nitrogen in the feed stream. There 
fore, the vapor in the transfer line 236 may be combined with 
fresh feed from the preheater 256 to produce a desired com 



US 2009/0247391 A1 

position for the reactor 204. Recycling feed stream from the 
transfer line 236 back into the reactor 204 can be beneficial, as 
the recycled feed may not require any, or as much, heating, 
potentially reducing the power consumption of the system 
2OO. 
0094. In FIG. 2, product is obtained from the reactor 204 
as follows. A portion of the catalyst 208 passes into the 
standpipe 216 and then into the transfer line 264. When the 
valve 260 is included, the valve 260 can be used to help 
regulate the amount or rate of catalyst 208 entering the trans 
fer line 264. 
0095. The catalyst 208 is carried in the transfer line 264 to 
the mixer 268. In the mixer 268, water from the water supply 
272 is combined with the catalyst 208. Product nitrates, and 
potentially other products, on the catalyst 208 dissolve in the 
water. The combined water/catalyst 208 stream is passed to 
the separator 276. 
0096. In the separator 276, the solid catalyst 208 is sepa 
rated from the water. The catalyst 208 is then transferred to a 
heater 280. The heater 280 heats the catalyst 208 to a desired 
temperature for desired period of time, such as to dry the 
catalyst 208 or otherwise regenerate the catalyst 208. 
0097. From the heater 280, the catalyst passes to the com 
minutor 284. Prior treatments may have increased the particle 
size, and thus decreased the surface area, of the catalyst 208. 
The comminutor may grind, crush, pulverize, or otherwise 
comminute the catalyst 208 to reduce the particle size or 
increase the surface area of the catalyst 208. The catalyst 208 
is transferred from the comminutor 284 to the feed inlet 212, 
where it mixes with the feed stream and is returned to the 
reactor 208. Typically, the rate of catalyst 208 leaving the 
reactor 204 through the standpipe 216 is selected to be at least 
approximately equal to the rate at which catalyst 208 is 
returned to the reactor 204 through the feed inlet 212. 
0098. From the separator 276, water, with the particle level 
at least reduced, is transferred to the extractor 288. In the 
extractor 288, water is removed to obtain purified water, 
which may be returned to the water supply 272, and product 
material 292. 
0099 Bases or salts, such as to increase nitrogen fixation, 
alter product distribution, or provide cations to the products 
may be added at one or more stages of the system 200. For 
example, a source of these materials can be connected to the 
reactor 204, such as to the feed inlet 212 or via a separate inlet. 
The base or salts may be added, for example, as a fluid spray 
that is mixed with the catalyst 208. Base or salts may also be 
added in the extractor 288, to the water supply 272, or to the 
catalyst 208 after it is separated from water in the separator 
276. 

EXAMPLE 

0100 Example Details: 
0101 Materials: 
0102 Different titanium dioxide products (anatase and 
rutile) were used without modification other than exhaustive 
rinsing with deionized water: anatase, 99.9% (metals basis), 
–325 Mesh powder, density 3.9 (Alfa Aesar); rutile, 99.5% 
(metals basis), 1-2 um average particle size, density 4.23 
(Alfa Aesar); TiO, 99.9+% (metals basis), powder, density 
3.9 (Aldrich); and TiO, 99.8% (metals basis), powder, den 
sity 3.9 (Aldrich). 
(0103 Chemicals were used as received: NaOH 97+%, 
pellets (Acros Organics); CaO 96+% powder (Fisher Scien 
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tific); KOH 85+%, pellets (Sigma-Aldrich); Helium gas, ultra 
high purity (Airgas Inc); and nitrogen gas (Airgas Inc). 
0104 All solutions were prepared with nanopure water 
(18.3 MS2.cm). 
0105 Equipment: 
0106. The instrument used to determine nitrate and nitrite 
was a Dionex ICS-1000 Ion Chromatograph System with 
conductivity detection. A Dionex AS18 4x250 mm column 
and a Dionex ASRS Ultra II 4 mm suppressor were used with 
23 mM NaOH eluant (prepared from 50% w/w NaOH). The 
flow rate was 1.0 mL/min and the sample loop volume was 25 
LL. The concentration of nitrate and nitrite were calculated 
using 6-point external standard calibration curves. Thermal 
treatments were carried out in standard laboratory ovens 
using either 15 mm diameter Petri dishes with borosilicate 
covers, or 100-500 ml volumetric flasks (5-10 mm diameter) 
with glass stoppers. 
01.07 Methods: 
I0108 Aqueous suspensions of TiO, 0.1-10g of 
either anatase or rutile titanium dioxide, were prepared in 
10-30 ml of nanopure water (18.3 MS2) and added to the Petri 
dishes or flasks and evaporated under vacuum or ambient 
temperature to form thin films. TiO films were exposed to 
heat treatment (from 50° C.-400° C.) in He, N, or ambient 
atmospheres in a conventional laboratory oven for varying 
times (2-24 hours). Following thermal treatment, TiO, 
samples were extracted with 15-35 mL of deionized water, 
Sonicated for 5 minutes, shaken for 2-3 hours, and centri 
fuged. The Supernatant was filtered through a 0.45 um filter 
and analyzed by ion chromatography. 
0109 For isotopic labeling studies, anatase powder was 
repeatedly washed to remove background nitrate and slurries 
were prepared in deionized water and placed in 100 mL 
flasks. Aqueous Suspensions of anatase were vacuum-dried 
and tightly sealed with rubber septa. 5 mL of air were replaced 
by 5 mL of labeled nitrogen at atmospheric pressure and 
flasks were placed in a laboratory oven and heated at 200° C. 
for 2.5 hours. An equal number of samples were also ther 
mally treated in the normal atmosphere at 200° C. for 2.5 
hours. Nonlabeled 'N samples were heated under ambient 
conditions at the temperature and time mentioned above. 
0110. In other studies, anatase was initially heated in 5 mL 
of 'N gas at 200° C. for 50 hours in the presence of NaOH, 
then repeatedly washed. Pretreated anatase materials were 
used to prepare Suspensions in deionized water, poured into 
100 mL containers or petri dishes and NaOH (6.45 mg) was 
added to some samples. 100 mL containers were dried in a 
vacuum, Sealed with rubber septa and exposed to thermal 
treatment in 5 mL of 'N tracer at 200° C. for 50 hours. Petri 
dishes (177 cm) containing anatase were heated under ambi 
ent conditions. The isotopic signature of nitrates was ana 
lyzed by USGS laboratory in Reston, Va. The process 
involved a bacterial denitrification of the nitrate to nitrous 
oxide, NO. The mass spectrometric method assigns a mass 
of 44 as 'N on both nitrogens and 'O on the oxygen. Mass 
45 indicates one 'N present, and mass 46 is assigned as one 
Opresent. However, as discussed later in this Example, this 

may also be the result of two 'N atoms in the NO, which 
could have arisen by oxidation of an 'N to an intermediate 
product with both heavy atoms present, followed by a deni 
trification that produced 'N), also with a mass of 46. 
0111 Sand samples, collected from Pyramid Lake, Nev., 
were used in the native state without grinding or other treat 
ment affecting the surface of the minerals present. Natural 
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soils/sands were further characterized for grain size distribu 
tion, organic content, extractable metals (particularly tita 
nium, iron, and other major metals). After prewashing, 15 g of 
sand/soil of different grain sizes were placed in the Petri 
dishes or volumetric flasks and thermally treated as described 
above. 

0112 Results and Discussion 
0113 Synthesis of Nitrate via Thermal Fixation of N on 
TiO: 
0114. The thermal conversion of nitrogen to nitrate in the 
presence of TiO, and air or pure nitrogen gas and in the 
absence of light was investigated by analyses of more than 
500 samples under varying conditions. As Summarized in 
Table 1, thermally treated TiO films (both anatase and futile) 
were significantly higher in nitrate than those of the unheated 
or air-dried samples. Elevated concentrations of nitrate were 
observed when the TiO, films were heated at 50° C.-400° C. 

TABLE 1. 

The effect of heat treatment of rutile and anatase TiO2 films on the 
atmospheric fixation of N2 to nitrate, (5g of TiO, 

plate area = 177 cm 

NO t(s) T(::) 
Sample name mg/kg hour o C. n(***) 

R, air-dried, not pre-washed 1.06 O.10 O RT 4 
R, unheated, not pre-washed 1.04 O.09 O O 4 
R, unheated, pre-washed O.800.11 O O 4 
R, pre-washed 1.69 0.04 5 SO 4. 
R, pre-washed 1.89 O.OS 3 70 4 
R, pre-washed 4.18 O.10 2 2OO 4 
R, pre-washed 4.OOO16 2 400 6 
A, unheated, not pre-washed 151. O.12 O O 6 
A, not pre-washed 2.04 O.14 5 50 6 

R: Rutile, 
A: Anatase. 
(***Length and temperature of heat treatment. 
(***Number of samples. 
RT: Room Temperature. 

0115 TiO, Heated in N. Air, and He Atmospheres: 
0116 Aqueous suspensions of rutile TiO, (6 TiO, plate 
area 19.5 cm, volume 500 mL. n=4 for each column) heated 
at 200° C. for 2 hours in an atmosphere of pure nitrogen 
exhibited an 18% increase in nitrate concentration compared 
with samples heated in the normal atmosphere. However, 
when rutile TiO, was heated in He gas under identical experi 
mental conditions, little or no nitrate was observed (FIG. 3). 
Furthermore, nitrate production in unheated TiO, samples 
purged with nitrogen gas did not exceedbackground levels. 
These results demonstrate that nitrate observed on heated 
TiO2 surfaces was formed by thermal fixation of atmospheric 
nitrogen. Under the conditions used in this Example, both 
nitrogen and oxygen are used in the fixation process. Nitrogen 
gas is Supplied from air and oxygen comes either from air, 
dissociation of water (ambient water vapor or pre-adsorbed 
water on TiO), or hydroxyl groups from the TiO. 
0117 To remove background nitrate, the materials were 
either calcined at 1000°C. for 16 hours or vigorously washed 
with deionized water prior to heat treatment. However, varia 
tions in background nitrate levels were still observed and may 
have resulted from a TiO pre-washing process which was 
inconsistently implemented. The materials were repeatedly 
pre-washed from 3 to 15 times for 90-120 minutes for each 
washing step. 
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0118. The process of annealing at 1000°C. was expected 
to remove any nitrate originally contained in the TiO, mate 
rial, however, traces of nitrate ranging from 0.8-1.0 mg/kg 
were consistently detected in rutile samples calcined at 1000 
C. for 16 hours. This residual nitrate may result from the 
gradual cooling of rutile TiO, and, once at a temperature 
range of 50° C.-400° C. (the region of elevated nitrate pro 
duction) and in the presence of ambient water vapor, the 
catalytic activity of the surface layer of the material was 
restored and fixed nitrogen. 
0119 This assumption is consistent with data obtained 
when rutile TiO, samples (9 g, plate area 177 cm, n=3 for 
each column) were pre-calcined at 1000° C. for 16 hours, 
washed, and subsequently heated at 400° C. and 200°C. for 3 
consecutive heating cycles. In every heat treatment cycle, the 
rutile samples were exposed to heat for 2 hours and then 
washed. As shown in FIG.4, rutile materials pre-calcined at 
1000° C. had restored surface activity and continued to fix 
nitrogen to nitrate at both temperatures tested with slightly 
higher production observed at 200° C. 
I0120 Differences in thickness and mass of various TiO, 
thin films may affect the TiO-atmosphere interaction, result 
ing in varying levels of nitrate production under similar 
experimental conditions. The films also occasionally crack 
and peel while heated, changing the plate area of the film. 
I0121 Effect of Temperature and Time Variables: 
0.122 The effects of varying the temperature at which the 
TiO, materials (4 gTiO, plate area 177 cm, n=4 for each 
time point) were heated are illustrated in FIG. 5. As the 
temperature of heat treatment on rutile TiO, samples was 
increased from 50° C.-200° C. in ambient atmosphere, the 
nitrate concentrations increased, with all samples treated for 
2 hours. This observation supports that the rate of nitrate 
fixation is related to temperature at least in the temperature 
range of 50° C.-200° C. 
(0123 FIG. 6 shows the concentration of nitrate versus the 
duration of heat exposure for various TiO, materials (4 g 
TiO, plate area 177 cm, n=3 for each time point). With heat 
maintained at about 200° C. over a period of about 4 hours, 
nitrate production onrutile TiO2 surfaces increased with time. 
Prolonged thermal exposure of anatase (5 gTiO, plate area 
177 cm, n=4 for eachtimepoint) in air at 200°C. for 24 hours 
demonstrated that nitrate yields were maximized at 4 hours, 
as shown in FIG. 7. On further thermal treatment, nitrate 
yields decreased, either due to a reduction in the ability of the 
anatase to produce nitrate, or the rate of nitrate production 
approximated the rate of nitrate loss. 
0.124. To examine the simultaneous effects of time and 
heat, aqueous Suspensions of anatase TiO (5 gTiO, plate 
area 177cm, n=3 for eachtime point) were heated at 125°C., 
140°C., and 200° C. over a period of 4 hours. The results of 
these tests are shown in FIG. 8. Nitrate formation reactions 
initially proceeded at similar rates at all temperatures tested, 
but as heat treatment continued, the rates varied with tem 
perature. Nitrate yields were higher at 200°C. than at 140°C. 
or 125°C. Thus, this Example demonstrates that nitrate for 
mation, at least when atmospheric nitrogen is used as the 
substrate, is affected by both the temperature of the material 
and the duration of reaction. 

I0125. As can be seen from Table 1 and FIG.4, TiO, heated 
for 2 hours at 200°C. in air and in the absence of light yielded 
relatively higher nitrate than TiO, heated at 400°C. Thus, it 
appears that, between 200° C. and 400° C., the nitrate pro 
duction rate declines slightly. Above 400°C. the nitrate pro 
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duction rate is presumed to decrease fairly quickly. Tempera 
tures above 400° C. show lower yields of nitrate, presumably 
due to either slower nitrate formation or degradation of 
nitrate. Therefore, it appears that 200° C. provides better 
results with these samples than 400° C. 
0.126 Effect of Base and Acid: 
0127. As the temperature of thermal treatment was raised, 
nitrate yields increased and the Surface acidity gradually 
increased. The gradual accumulation of acid on the Surface 
layer in the course of thermal treatment of TiO, and subse 
quent nitrate formation decreased the rate of nitrogen fixation 
and resulted in lower yields. 
0128. As observed in FIG.9, both nitrate levels and acidity 

initially increased when a rutile TiO, sample (5 gTiO, plate 
area 177 cm, n-6 for each nitrate point and 3 for each pH 
point) was heated at 200° C. for 20 hours. Up to 8 hours, 
catalytic activity remained unaffected. As heating continued, 
Surface layers became more acidic and nitrate levels declined. 
These results evidence that high Surface acidity, Such as a pH 
lower than about 5.5, can be detrimental to nitrate formation. 
Above a certain level of acidity, overall, surface reactions are 
dominated by degradation reactions. 
0129. TiO, materials exhibited an enhanced reactivity 
when treated with alkaline hydroxides (KOH and NaOH). As 
illustrated in FIGS. 10 and 11, for TiO2 surfaces (5 gTiO, 
plate area 177 cm, n=3 for each point) heated at 200° C. for 
2 hours, an increase in hydroxide concentration gave a pro 
portional increase in nitrate production. The nitrite formation 
rate was directly proportional to increasing amounts of 
hydroxide. It was also found that nitrite gradually disap 
peared upon successive heat treatment of the TiO-hydroxide 
mixture. The TiO, materials may become slightly acidic with 
extended exposure to heat and the acid-neutralizing effect of 
hydroxide gradually become less effective. The tendency of 
TiO-hydroxide to form nitrite along with nitrate can be 
understood in terms of the formation of two pH regions on 
same Surface film; slightly acidic sites catalyze nitrate pro 
duction whereas basic sites promote the formation of nitrite. 
0130. The reactivity of the mixture of hydroxide-TiO, 
depends on the type of hydroxide added, as shown in FIG. 12. 
When equivalent molar weights of NaOH, Ca(OH), or KOH 
were added to TiO heated at 200° C. for 2 hours (5 gTiO, 
plate area 177 cm, n=2 for each column), nitrate generation 
increased, particularly with the addition of NaOH. 
0131 The improvement in production when base is added 
may be due to the acid-neutralizing effect of base on the TiO, 
surface. Accordingly, when TiO, Suspensions used to create 
Surface films were made basic and underwent prolonged heat 
ing at 200° C. in the normal atmosphere, nitrate yields sub 
stantially increased. As can be seen in FIG. 13, thermal treat 
ment of anatase-NaOH (6.45 mg NaOH, 0.2-0.4 gTiO, plate 
area 23 cm, n=5 for each time point) mixtures at 200° C. for 
75 hours resulted in a continual production of nitrates 
whereas much lower nitrate yields were observed when only 
anatase was heated. Similar effects were also observed when 
rutile (0.3 gTiO, plate area 177 cm, n=3 for each time point) 
was heated at 200° C. for 20 hours in the presence of NaOH 
(FIG. 14). 
0.132. As shown in FIG. 15, slurries of anatase (0.54 g 
TiO, plate area 177 cm, n=3 for each time point) acidified to 
pH 2 with hydrochloric acid followed by thermal treatment at 
200°C. in air over a period of 16 hours exhibited a decrease 
in nitrate production. This decreased nitrate production Sup 
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ports that acidification of the Surfaces inhibits nitrate genera 
tion. Nitrite was not formed when the TiO, HCl mixture 
was heated. 
0.133 Except when base was present, little or no nitrite 
was consistently observed on heated TiO, Surfaces, suggest 
ing that if formation of nitrite occurs, it is rapidly oxidized to 
nitrate. To investigate whether the thermal production of 
nitrate occurs via a precursor mechanism involving the for 
mation and Subsequent oxidation of nitrite, nitrites (as 
NaNO) were added to TiO films (0.54 gTiO, plate area 177 
cm, n=3 for each time point) and thermally treated at 200° C. 
under ambient conditions. The results are presented in FIG. 
16 and demonstrate that all quantities of nitrite added to 
anatase surfaces were rapidly decomposed during the initial 
stage of thermal treatment and that the loss of nitrite was not 
equal to the yields of nitrate. Following four hours of heating, 
nitrate concentrations continued to increase while no changes 
in nitrites were observed. FIG. 17 also shows that under the 
same condition employed, anatase (0.54 gTiO, plate area 
177 cm, n=3 for each time point) generated similar yields of 
nitrates when no nitrite was added. The data Suggest that 
decomposition of nitrite does not proceed to nitrate and that 
the reaction mechanism of nitrate on heated TiO, Surfaces is 
independent of nitrite formation. 
0.134 Plate Area and Mass of Catalyst: 
0.135 The amount of nitrate thermally generated using 
various amounts of TiO2 at the nitrogen/air-TiO interface 
indicates that atmospheric nitrogen fixation is a surface phe 
nomenon. It was determined that the thinner the TiO film, the 
higher the nitrate production rate, on a per TiO, weight basis. 
0.136. It was found that increasing the mass of catalyst 
does not have a measureable effect on the rate of nitrate 
formation, under the conditions used, and that the portion of 
TiO2 involved in the thermal nitrogen fixation process is only 
the material at the TiO-atmosphere interface, not the entire 
mass of catalyst. The results presented in Table 2 demonstrate 
that when a TiO, mass, pre-heated at 200° C. for 2 hours, was 
split quantitatively into 3 portions per sample and then ther 
mally treated at 200° C. for 2 hours, the sum of nitrate con 
centrations of all fractions was almost three times higher than 
was generated in the original unsplit sample. The results 
indicate that nitrogen fixation is more plate area dependent 
than mass of catalyst dependent. 

TABLE 2 

The effect of the amount of heated rutile TiO2 on 
nitrate production (plate area = 177 cm, 

heated at 200° C. for 2 hours). 

TiO2 weight NO generated 
Sample name 9. mg/kg 

R 6.OO 1.67 
R 2.00 1.73 
R2 2.15 1.55 
R3 1.85 1.84 

R: Unsplit Rutile Sample. 
R: Split Rutile, Fraction 1 

0.137 Plotting the yields of nitrate production versus plate 
area of both heated rutile and anatase TiO (n=147), shown in 
FIG. 18, indicated that the nitrate production rate is propor 
tional to the ratio of the plate area to the weight of TiO. These 
ratios demonstrate that very thin films can be used for active 
nitrate production and that reactivity is increased by increas 
ing the plate area of the catalyst. 
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0138 Nitrate production on fine loose powder of anatase 
was compared with thin films (after thermal evaporation of 
anatase slurries). FIG. 19 shows that the hard surface films of 
anatase (0.6-9 g TiO, plate area 177 cm, n=3 for each 
column) have produced largeryields of nitrate compared with 
powdered anatase, despite the larger plate area for the pow 
dered anatase. 
0139 Effect of Prolonged Heating: 
0140 Prolonged heating of TiO, demonstrated that nitrate 
production tends to a limiting yield in some examples. In 
these and Subsequent examples where samples were taken 
over time, the production of nitrate appeared to increase to a 
maximum followed by a slight reduction in yield and then 
additional production of nitrate was not observed. These data 
also suggest that thermal nitrogen fixation at the TiO-air 
interface may be governed by Surface decay-formation reac 
tions that are dependent on the Surface film conditions, in 
particular, acidity and availability of active sites. 
0141. Upon heat treatment, the initial reactions on the 
TiO2 surface film generally produce nitrate in a linear fashion. 
Without intending to be bound by theory, the system may 
reach a steady state, or slightly favor nitrate degradation, 
when: (1) surface active sites are effectively occupied (by 
achieving maximal Surface coverage); or (2) acidity of the 
TiO2 catalytic surface increases, as shown in FIG. 9. Both 
effects likely operate concurrently. 
0142 FIG.20 illustrates the effect of prolonged heating on 
nitrate formation. When rutile TiO, (5 gTiO, plate area 177 
cm, n-6 for each 200° C. point and 4 for each 150° C. point) 
is heated at 200°C. in a first stage (the time interval from 0-8 
hours), the amount of nitrate formed gradually increases, with 
a maximum concentration achieved at about 8 hours. After 
that stage, there was slight decrease in yield. This decreased 
amount remained relatively constant with continued heating. 
0143 A similar pattern was observed when rutile TiO, 
was heated at 150° C. As can be observed from FIG. 20, an 
increase in nitrate was observed up to about 15 hours of heat 
treatment. When the highest production rate was reached, 
further heating resulted in decreased nitrate yields, indicating 
that the degradation reactions become more predominate. 
0144. While degradation reactions may take place even 
during periods of net nitrate production, it appears that the 
Surface decay reactions of nitrate become more significant 
after nitrate production has reached its maximum level. At 
preceding times, the rate of nitrate formation exceeds the 
degradation rate, resulting in net overall nitrate production. 
0145 A nitrate stability study, the results of which are 
presented in FIG. 21, demonstrated the instability of nitrate 
on TiO, (5 g TiO, plate area 177 cm, n=3 for each time 
point) at elevated temperature. When nitrate was added as a 
salt (NaNO) to TiO, and the treated TiO, heated at 200° C. 
for 20 hours, only a decrease in nitrate was observed. 
Although additional nitrate may have formed, any amount 
formed was less than the amount degraded. Following 10 
hours of heat exposure, about 70% of the nitrate added to the 
uncovered plates was lost. However, the degradation reac 
tions slowed, resulting in a balanced nitrate concentration. 
This balance is likely achieved by degraded amounts being at 
least partially offset by newly formed nitrate. 
0146. Using covered samples with the same procedure, 
about 70% of the nitrate decayed after 20 hours of heat treat 
ment. It is possible that the equilibrium reaction between 
nitrate and the gaseous products was maintained for a longer 
period of time as these gases have not immediately evacuated 
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the containers. After 20 hours, it is presumed that nitrate 
decay will balance with nitrate formation in a similar manner 
as observed with the uncovered samples. Little to no nitrate 
formation was observed accompanying nitrate decomposi 
tion. 

0147 Prolonged thermal exposure of anatase TiO in air at 
200° C. for 24 hours demonstrated that nitrate yields were 
maximized at 4 hours, as shown in FIG. 22. On further ther 
mal treatment, nitrate yields decreased, either due to a reduc 
tion in the ability of the anatase TiO2 to produce nitrate, or the 
rate of nitrate production approximated the rate of nitrate loss. 
0148 
0149 Successive cycles of heating and extraction of the 
same rutile TiO, fractions (10 gTiO, plate area 177 cm) at 
200° C. for 2 hours, and up to 14 cycles of heat treatment, 
produced nearly constant yields for nitrate production in each 
cycle. Data for these studies is presented in FIGS. 23 and 24. 
The production of consistent yields suggests that nitrate for 
mation is not a result of oxidation or release of nitrate that 
may have been contained in the TiO prior to heating. These 
consistent, reproducible yields also highlight the industrial 
importance of this process, as a small mass of TiO2 catalyst 
can be exploited to generate large quantities of nitrate through 
repeated production cycles with little change in Surface reac 
tivity. These results also suggest that aqueous removal of the 
nitrate and acidity restores the surface activity of TiO. 

Successive Heat Treatment of Rutile TiO: 

0150 Comparison of Surface Reactivity of Anatase and 
Rutile TiO, 
0151. The rates of nitrogen fixation on aqueous suspen 
sions of rutile and anatase TiO, Surfaces were compared. The 
data presented in FIG.25 indicates that the relative increase in 
nitrate production as a function of time for heated anatase 
TiO, (5 gTiO, plate area 177 cm, n=3 for each time point) 
was slightly higher than that of rutile TiO FIGS. 26 and 27 
demonstrate that anatase TiO, (FIG. 26: 0.61 grutile TiO, 
plate area 177 cm; FIG. 27: 0.71 ganatase TiO, plate area 
177 cm; both FIGS. n=3 for each column) heated at 100° C. 
for 4 hours produced higher nitrate quantities than Samples 
heated at 200°C. for 2 hours. However, under similar experi 
mental conditions, rutile TiO, heated at 100° C. for 4 hours 
yielded lower amounts of nitrate compared to rutile TiO, 
samples heated at 200°C. for 2 hours. Accordingly, the selec 
tion of optimal catalytic conditions depends on the form of 
TiO2 catalyst used. 
0152 'N Isotopic Studies 
(O153 ''N labeling studies were performed to trace the 
Source of nitrogen involved in nitrate production. In these 
studies, TiO, catalyst (anatase) was heated in 'N and in 
non-enriched atmospheric nitrogen either in the presence or 
absence of NaOH (NaOH was added to increase the yields of 
nitrate). The results of 'N isotope values of nitrate generated 
on anatase following thermal treatments at 200° C. for 2.5 
hours and at 200° C. for 50 hours are shown in Tables 3 and 4. 
The 'N measurements of nitrate produced on anatase 
showed d'N values that are larger than that of the back 
ground nitrate isotopic values, indicating that the 'N tracer 
was incorporated into nitrate. Except for unlabeled anatase 
heated at 200° C. at for 2.5 hours, all d'N values of thermal 
nitrate are larger than that of atmospheric N. Anatase heated 
in labeled 'N gas showed high 'N signatures compared with 
unlabeled samples. 
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0154 Also observed were what appeared to be highly 
elevated 'O isotopes in the 'N experiments, which is not 
possible, since the only isotope delivered was "N. The meth 
ods used for determining both the 'Nand'Oisotopes from 
nitrate may provide a rationale for why the elevated 'O 
isotopes were reported. When the nitrate isotopic signature is 
determined, the samples are treated microbially to produce 
NO (mass 44) for mass spectrometric determination. For 
naturally occurring nitrate, denitrification was found to be 
convenient and unambiguous, since the probability of having 
two 'N atoms from the atmosphere is small and can be 
effectively ignored. One Natom in NO gives a mass of 45 
('N'N'O). A mass of 46 indicates the presence of O. 
Even if the sample has been isotopically enriched with 5% 
N, the chances of having two 'N derived from nitrate are 
effectively 5% of 5%, or an enhancement of a fraction of 
0.0025. However, if 'N is fixed in some oxidation state as 
'NO, and is not further altered to separate the two nitrogen 
atoms, the molecule will contain both of the 'N atoms, and 
when converted to NO, will have a mass of 46, which is the 
same mass as 'N'O. This isotopic enhancement will be 
reported as O. 
0155. It is reasonable to assume that the above explanation 
accounts for the observance of elevated 'O data. This may 
also suggest a mechanism for formation of nitrate in these 
surfaces. Because of the workup of the samples, the 'O 
values are probably variable, since the samples are exposed to 
the atmosphere prior to the denitrification, and the fixed nitro 
gen compounds would need to be fairly non-volatile to be 
retained in the aqueous fraction during workup. However, the 
samples are elevated in the M' mass (assumed to be 'O, but 
almost certainly two 'N atoms) and the total fixation of 
nitrogen remains uncertain. However, the presence of the 
enhanced 'N indicates unambiguously that nitrogenis being 
fixed in these systems, and is probably also generated due to 
the m/e 46 observed, which was assigned as 'O. 

TABLE 3 

Isotopic signatures of nitrate thermally generated on anatase 
heated at 200° C. for 2.5 hours in 'N labeled 

nitrogen and non-labeled gas (0.45 g of anatase). 

NO, 8 IN 8, 18O** 'N enrichment 
Sample name mg/kg permil (%o) % 

Labeled 

Anatase 3.19 --125.05 --2856 O.92 
Anatase 2.58 +1.46 +62.96 O.O2 
Anatase 2.97 --29.32 --92.77 O.22 
Non-labeled 

Anatase 2.35 -1.33 +35.10 
Anatase 3.10 -2.40 +36.42 

*These experiments were carried out in tubes with an area of 23 cm. 
**See discussion. For the 'N enriched experiments, these values probably 
represent dually labeled 'N, rather than O. 

0156 While the apparent yields of nitrate were signifi 
cantly increased in the presence of NaOH, addition of base 
showed variable effects on the isotopic composition depend 
ing on whether anatase was heated in labeled or unlabeled 
nitrogen. When anatase was heated in air at 200° C. for 50 
hours, 'N values were slightly lowered and the 'O signature 
of nitrate was affected by the addition of base and showed 
negative values. 
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TABLE 4 

The d'N and d'O values and the yields of nitrate produced 
on anatase following thermal treatments at 200° C. for 50 hours 

in 'N labeled nitrogen and non-labeled atmospheres 
0.26-0.88 g of anatase). 

NO 8 IN 8 IO*** IN enrichment 
Sample name mg/kg permil (%o) % 

Labeled 

Anatase 10.85 33.79 +43.62 O.25 
Anatase + NaOH 5.47 -75.99 +43.40 O.S6 
Anatase + NaOH 7.45 --56.68 +22.99 O.42 
Anatase + NaOH 57.80 --147.94 --130.61 1.09 
Non-labeled 

Anatase 14.00 +2.98 +14.14 
Anatase 11.74 +2.04 -12.50 
Anatase + NaOH 66.10 --O.33 -11.40 
Anatase + NaOH 145.31 +2.64 -8.60 
Anatase + NaOH 62.OO +1.00 -9.19 
Background 
(control) 

Anatase -O.30 +7.54 
Anatase + NaOH -0.40 +7.13 

*, *These studies were carried out in tubes with an area of 23 cm and 
dishes with 177 cm respectively. 
**See discussion. For the 'N enriched experiments, these values probably 
represent dually labeled 'N, rather than O. 

O157. Thermal treatment of anatase in either labeled 'N 
or unlabeled gas at 200°C. for 50 hours showed larger yields 
of nitrate and were less enriched in 'N compared with heat 
ing anatase at 200° C. for 2.5 hours. A similar effect was 
observed on heated Pyramid Lake soils. This may be due to 
'N fractionation as a result of prolonged heating. 
0158. An enriched 'N value of 147.94%0 (the highest 'N 
ratio of nitrate) means that about 1.1% of the 5 mL of 'N was 
enriched into nitrate produced on anatase Surface heated in 
unenriched atmosphere. The 'N signature of nitrates is con 
sistent with thermal fixation of atmospheric nitrogen to 
nitrate on TiO, Surfaces. 
0159) 
(0160 Thermal formation of nitrate was also observed on 
certain arid lands soils. FIG. 28 illustrates nitrate production 
from soil samples obtained from Pyramid Lake, Nev. Soil 
samples (sieved through 0.5 mm) were initially pre-calcined 
at 1000° C. for 24 hours or repeatedly washed to remove 
background nitrate. Following pre-treatment, the Soils under 
went thermal treatment at 70° C. for 15 hours. Nitrate pro 
duction was observed for both the precalcined and washed 
samples, although the rate of production was generally lower 
in the case of soils pre-calcined at 1000°C. The lower rate of 
the pre-calcined samples may be due to alteration of the soil 
properties during exposure to high temperature. 
0.161 Successive heat treatment and aqueous extraction of 
the same soil sample over 6 cycles resulted in continual nitrate 
yields in each cycle throughout the course of study. FIG. 29 
illustrates that soil samples heated in normal atmosphere at 
200° C. for 2-4 hours form nitrate during each cycle. The 
repeated formation of nitrate Suggests that nitrate formation is 
not a result of oxidation or release of nitrate that may have 
been contained in the soils. Under the same experimental 
conditions, soils mixed with NaOH exhibited increased 
nitrate production. 

Thermal N. Fixation on SoilSurfaces: 
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0162 Summary and Conclusion: 
0163 A novel process for non-biological fixation of nitro 
gen to form nitrate has been identified, based on thermal 
treatment of titanium dioxide (TiO), both anatase and rutile 
forms, in the presence of air or pure nitrogen gas. TiO heated 
in a He atmosphere showed little or no nitrate. As the studies 
in this example were carried out in the absence of light; 
photocatalytic reactions are not involved. 
0164. Nitrate was produced over the temperature range of 
50° C.-200° C. following 2 hours of heating and gave yields 
that were linear with increasing temperature. Under the con 
ditions employed, the yield of nitrate was a function of the 
plate area of the TiO. The thinnest films produced over 40 mg 
nitrate/kgTiO, following 2 hours of thermal treatment at 200° 
C. Attemperatures greater than 400°C., nitrate formation was 
also observed, although thermal degradation of nitrate tended 
to reduce the observed yields. Formation of minor amounts of 
nitrite was also observed. Nitrate production was time depen 
dent. 
0.165 Successive heat treatment and aqueous extraction of 
the same TiO, sample over 14 cycles resulted in effectively 
identical yields for each cycle, Suggesting that this process is 
not a result of oxidation or release of nitrate that may have 
been contained in the TiO. The pH of the final extracted TiO, 
Suspensions was lowered to approximately 3-5, depending on 
the amount of nitrate produced, consistent with the formation 
of nitric acid. Addition of stoichiometric amounts of alkali or 
alkaline earth metal hydroxides, such as sodium, potassium, 
or calcium hydroxide, increased the amount of nitrate 
observed. 
0166 It is to be understood that the above discussion pro 
vides a detailed description of various embodiments. The 
above descriptions will enable those of ordinary skill in the art 
to make and use the disclosed embodiments, and to make 
departures from the particular examples described above to 
provide embodiments of the methods and apparatuses con 
structed in accordance with the present disclosure. The 
embodiments are illustrative, and not intended to limit the 
Scope of the present disclosure. The scope of the present 
disclosure is rather to be determined by the scope of the 
claims as issued and equivalents thereto. 
What is claimed is: 
1. A nitrogen fixation method, comprising: 
providing an amount of titania catalyst; 
contacting the titania catalyst with a feed stream compris 

ing nitrogen; 
heating the titania catalyst to fix nitrogen from the feed 

stream to form nitrogen products; and 
removing the nitrogen products from the titania catalyst. 
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2. The nitrogen fixation method of claim 1, whereinheating 
the catalyst comprises heating the catalyst at a temperature of 
between about 40° C. and about 600° C. 

3. The nitrogen fixation method of claim 1, wherein heating 
the catalyst comprises heating the catalyst at a temperature of 
between about 150° C. and about 350° C. 

4. The nitrogen fixation method of claim 1, whereinheating 
the catalyst comprises heating the catalyst at a temperature of 
between about 175° C. and about 275° C. 

5. The nitrogen fixation method of claim 1, further com 
prising treating the titania catalyst with a base. 

6. The nitrogen fixation method of claim 1, wherein heating 
the titania catalyst is carried out at least Substantially in the 
absence of light for photochemically activating the titania 
catalyst. 

7. The nitrogen fixation method of claim 1, wherein heating 
the titania catalyst is carried out in a reactor, the reactor being 
at least Substantially opaque. 

8. The nitrogen fixation method of claim 1, wherein heating 
the titania catalyst is carried out for an average time of at least 
about 2 hours. 

9. The nitrogen fixation method of claim 1, wherein heating 
the titania catalyst is carried out for an average time of at least 
about 4 hours. 

10. The nitrogen fixation method of claim 1, wherein heat 
ing the titania catalyst is carried out for an average time of at 
least about 6 hours. 

11. The nitrogen fixation method of claim 1, further com 
prising converting Solar radiation into heat to heat the titania 
catalyst. 

12. The nitrogen fixation method of claim 1, further com 
prising enriching the feed stream in nitrogen. 

13. The nitrogen fixation method of claim 1, wherein 
removing nitrogen products from the titania catalyst com 
prises contacting the titania catalyst with water, the nitrogen 
products dissolving in the water. 

14. The nitrogen fixation method of claim 13, further com 
prising separating the water from the titania catalyst. 

15. The nitrogen fixation method of claim 14, further com 
prising removing the water to recover the nitrogen products. 

16. The nitrogen fixation method of claim 13, further com 
prising regenerating the separated titania catalyst. 

17. The nitrogen fixation method of claim 1, wherein the 
nitrogen products are formed in an amount proportional to the 
ratio of the surface area to the weight of the titania catalyst. 
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