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(57) ABSTRACT 

A system for producing ammonia comprises a reactor con 
figured for receiving nitrogen feed gas and hydrogen feed gas, 
the reactor comprising a catalyst configured to convert at least 
a portion of the nitrogen gas and at least a portion of the 
hydrogen feed gas to ammonia to form a reactant mixture 
comprising the ammonia and unreacted nitrogen feed gas and 
unreacted hydrogen feed gas, an adsorbent configured to 
selective adsorb at least a portion of the ammonia from the 
reactant mixture, and a recycle line to recycle the unreacted 
nitrogen feed gas, the unreacted hydrogen feed gas, and unab 
sorbed ammonia to the reactor. 
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PROCESS FOR MAKING AMMONLA 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application claims the benefit of priority under 
35 U.S.C. S 119(e) to U.S. Provisional Application Ser. No. 
61/901,128, filed on Nov. 7, 2013, the disclosure of which is 
incorporated herein by reference in its entirety. 

BACKGROUND 

0002 Ammonia (NH) is one of the world's most impor 
tant chemicals. In addition to its primary use in fertilizers, 
ammonia can also be used as an efficient coolant or a clean, 
effective fuel. 
0003. Manufacturing ammonia has remained surprisingly 
unchanged for over a century. The Haber-Bosch process has 
been the predominant process for making ammonia since the 
early twentieth century. The Haber-Bosch process involves 
using high pressures and temperatures in large, capital-inten 
sive plants by combining nitrogen gas (N2) and hydrogen gas 
(H) over an iron-based catalyst. Although the Haber-Bosch 
process has undergone decades of optimization, ammonia 
production still remains limited by thermodynamics to less 
than 20% conversion in a single pass. In order for Haber 
Bosch plants to be economically viable, NH must be sepa 
rated from unreacted N and H, which must then be repres 
Surized, reheated, and recycled. This requires tremendous 
capital expenditures and a large amount of energy. Haber 
Bosch plants account for about 1.5% of global energy con 
Sumption. Moreover, the hydrogen gas is typically obtained 
by Steam reforming of natural gas, which releases additional 
CO into the atmosphere. 

SUMMARY 

0004. The present disclosure describes systems and meth 
ods for producing ammonia. The system can comprise a reac 
tor comprising a catalyst for converting nitrogen gas and 
hydrogen gas to gaseous ammonia. The system can further 
comprise an absorber comprising a magnesium chloride 
absorbent for the selective absorption of produced gaseous 
ammonia. The absorber can be downstream of the reactor to 
absorb ammonia from a reactor exit stream. The system can 
further include a recycle line for recycling the absorber exit 
gas, which can include unabsorbed ammonia and unreacted 
hydrogen and nitrogen gasses. The recycled absorber exit gas 
can be fed back into the reactor for further reaction of the 
nitrogen gas and hydrogen gas in the absorber exit gas. After 
absorption of the ammonia into the magnesium chloride 
absorbent is complete, the pressure in the absorber can be 
reduced to cause desorption of ammonia from the magnesium 
chloride absorbent. 
0005. In an example, the present disclosure describes a 
system for producing ammonia, the system comprising a 
reactor configured for receiving nitrogen feed gas (N2) and 
hydrogen feed gas (H2), the reactor comprising a catalyst 
configured to convert at least a portion of the nitrogen gas and 
at least a portion of the hydrogen feed gas to ammonia (NH3) 
to form a reactant mixture comprising the ammonia and unre 
acted nitrogen feed gas and unreacted hydrogen feed gas, an 
adsorbent configured to selective adsorb at least a portion of 
the ammonia from the reactant mixture, and a recycle line to 
recycle the unreacted nitrogen feed gas, the unreacted hydro 
gen feed gas, and unabsorbed ammonia to the reactor. 

May 7, 2015 

0006. In another example, the present disclosure describes 
a method for producing ammonia, the method comprising 
reacting at least a portion of a nitrogen feed gas (N2) and at 
least a portion of a hydrogen feed gas (H2) in the presence of 
a catalyst in a reactor to form ammonia (NH3), wherein 
unreacted nitrogen gas (N2), unreacted hydrogen gas (H2). 
and the ammonia (NH3) form a reactant mixture, selectively 
adsorbing at least a portion of the ammonia from the reactant 
mixture with an adsorbent, and following the selective 
adsorbing, recycling the unreacted nitrogen gas, the unre 
acted hydrogen, and unabsorbed ammonia to the reactor. 
0007. These and other examples and features of the 
present systems and methods will be set forth in part in the 
following Detailed Description. This Summary is intended to 
provide an overview of the present Subject matter, and is not 
intended to provide an exclusive or exhaustive explanation. 
The Detailed Description below is included to provide further 
information about the present systems and methods. 

BRIEF DESCRIPTION OF THE FIGURES 

0008 FIG. 1 is a schematic diagram of a system for pro 
ducing ammonia that includes an absorber with magnesium 
chloride absorbent. 
0009 FIG. 2 is a graph showing conversion data the sys 
tem of FIG. 1 compared to a control system where ammonia 
is not absorbed in a magnesium chloride absorbent. 
0010 FIG. 3 is a graph showing conversion data compar 
ing the conversion to ammonia based on recycle flow rate for 
various catalyst and absorbent loading. 
0011 FIG. 4 is a graph showing data from repeated mea 
Surements of ammonia synthesis and absorption with the 
reactor being operated at 400° C. and the absorber being 
operated at 200° C. 
0012 FIG. 5 is a graph showing data of reactor pressure 
versus the amount of absorbent. 
0013 FIG. 6 is a graph showing data from the reaction 
with minimal absorption. 
0014 FIG. 7 is a graph showing data from the reaction 
without absorption versus the pumping rate. 
0015 FIG. 8 is a graph showing data from the reaction 
with absorption versus time. 
0016 FIG. 9 is a graph showing data from absorption of 
ammonia without additional reaction. 
0017 FIG. 10 is a graph showing data from absorption in 
different beds. 
0018 FIG. 11 is a graph showing data on conversion with 
an MgCl adsorbent and without. 

DETAILED DESCRIPTION 

0019 References in the specification to “one embodi 
ment”, “an embodiment.” “an example embodiment, etc., 
indicate that the embodiment described can include a particu 
lar feature, structure, or characteristic, but every embodiment 
may not necessarily include the particular feature, structure, 
or characteristic. Moreover, Such phrases are not necessarily 
referring to the same embodiment. Further, when a particular 
feature, structure, or characteristic is described in connection 
with an embodiment, it is submitted that it is within the 
knowledge of one skilled in the art to affect such feature, 
structure, or characteristic in connection with other embodi 
ments whether or not explicitly described. 
0020 Values expressed in a range format should be inter 
preted in a flexible manner to include not only the numerical 
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values explicitly recited as the limits of the range, but also to 
include all the individual numerical values or Sub-ranges 
encompassed within that range as if each numerical value and 
Sub-range is explicitly recited. For example, a concentration 
range of “about 0.1% to about 5% should be interpreted to 
include not only the explicitly recited concentration of about 
0.1 wt.% to about 5 wt.%, but also the individual concentra 
tions (e.g., 1%, 2%. 3%, and 4%) and the Sub-ranges (e.g., 
0.1% to 0.5%, 1.1% to 2.2%, and 3.3% to 4.4%) within the 
indicated range. 
0021. In this document, the terms “a” or “an are used to 
include one or more than one and the term 'or' is used to refer 
to a nonexclusive 'or' unless otherwise indicated. In addi 
tion, it is to be understood that the phraseology or terminol 
ogy employed herein, and not otherwise defined, is for the 
purpose of description only and not of limitation. Further 
more, all publications, patents, and patent documents referred 
to in this document are incorporated by reference herein in 
their entirety, as though individually incorporated by refer 
ence. In the event of inconsistent usages between this docu 
ment and those documents so incorporated by reference, the 
usage in the incorporated reference should be considered 
supplementary to that of this document; for irreconcilable 
inconsistencies, the usage in this document controls. 
0022. In the methods described herein, the steps can be 
carried out in any order without departing from the principles 
of the invention, except when a temporal or operational 
sequence is explicitly recited. Recitation in a claim to the 
effect that first a step is performed, and then several other 
steps are Subsequently performed, shall be taken to mean that 
the first step is performed before any of the other steps, but the 
other steps can be performed in any Suitable sequence, unless 
a sequence is further recited within the other steps. For 
example, claim elements that recite “Step A, Step B, Step C, 
Step D, and Step E' shall be construed to mean step A is 
carried out first, step E is carried out last, and steps B, C, and 
D can be carried out in any sequence between steps A and E. 
and that the sequence still falls within the literal scope of the 
claimed process. A given step or Sub-set of steps can also be 
repeated. 
0023. Furthermore, specified steps can be carried out con 
currently unless explicit claim language recites that they be 
carried out separately. For example, a claimed step of doing X 
and a claimed step of doing Y can be conducted simulta 
neously within a single operation, and the resulting process 
will fall within the literal scope of the claimed process. 
0024 
0025. This disclosure describes systems and methods for 
ammonia production which can circumvent thermodynamic 
equilibrium and can provide for economical Small-scale pro 
duction. The systems and methods can utilize an adsorbent 
that can selectively adsorb ammonia (NH) as it is formed 
over the hydrogen gas (H2) and nitrogen gas (N) gas, such as 
magnesium chloride (MgCl), a relatively inexpensive and 
readily available salt, to selectively absorb NH. The terms 
“selectively adsorb’ or “selective adsorption, as used herein, 
can refer to the adsorbent having an affinity for one compound 
over another, in this case for NH over N gas or H gas. 
Therefore, “selective adsorption” of NH, such as with an 
MgCl2 adsorbent, can refer to adsorbing a Substantially 
higher proportion of the NH into the adsorbent while letting 
a Substantially higher proportion the N gas and the H gas to 
pass through the adsorbent. The absorbed ammonia can then 
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be easily and rapidly released from the adsorbent, for 
example by simply increasing the temperature or lowering the 
pressure. 

0026. The systems and methods of the present disclosure 
can combine traditional ammonia synthesis catalysts and the 
absorbent into a single system. As ammonia is produced in the 
catalytic reactor it can be selectively absorbed by the adsor 
bent, reducing the amount of free ammonia present, and driv 
ing the reaction to a higher conversion. The present inventors 
have discovered that it is possible to achieve greater than 90% 
conversion to ammonia in a single operation—much greater 
than the typical approximately 15%-20% conversion 
achieved in large Haber-Bosch commercial plants. The high 
conversion rate can reduce or eliminate the need for costly 
recycling streams, can provide for lower energy require 
ments, and can reduce capital costs. With this technology it 
may be possible to reduce the operating pressure and tem 
perature, thus further reducing the energy requirements and 
the environmental impact of ammonia production compared 
to current Haber-Bosch plants. 
0027. In addition, because the systems and processes of 
the present invention can be achieved on a small scale com 
pared to the Haber-Bosch process, it can be used to produce 
ammonia Substantially on demand at the site where the 
ammonia is to be used. For example, if ammonia is desired as 
a fertilizer, a system inaccordance with the present disclosure 
can be installed on or near a farm on which ammonia fertilizer 
will be used. The small-scale system of the present disclosure 
can, therefore, not only greatly reduce the capital and energy 
required to produce ammonia, as discussed above, but the 
system can also reduce or Substantially eliminate fertilizer 
transportation costs, further reducing the energy require 
ments and the environmental impact of ammonia production. 
0028 FIG. 1 shows a schematic diagram of an example 
system 10 for the production of ammonia (NH) product 
stream2 by reacting a nitrogen gas (N) feed 4 and a hydrogen 
gas (H) feed 6. The N feed 4 and the H feed 6 can be fed into 
the reactor 12 as two separate lines, as shown in FIG. 1, or as 
a single, common feedline (not shown). The N feed 4 and the 
He feed 6 can be fed into a catalytic reactor 12 comprising a 
catalyst bed 14. 
0029. The reactor 12 can be operated at conditions capable 
of providing for the conversion of N gas from the N feed 4 
and the H gas from the H feed 6 to NH. For example, the 
reactor 12 can operate at typical Haber-Bosch conditions 
using a typical Haber-Bosch catalyst 14. In an example, the 
catalystbed 14 can include, but is not limited to, an iron oxide 
based catalyst, such as magnetite (FeO) or wistite (Fel" 
O), or a ruthenium-based catalyst. The N feed 4 and the H. 
feed 6 can be fed into the reactor 12 at a H:N ratio of about 
1.5:1 to 3.5:1, such as a H.N. molar ratio of about 3:1 (e.g., 
the stoichiometric ratio for the production of NH). The reac 
tor 12 can be operated at typical Haber-Bosch conditions, for 
example with a residence time of the N feed 4 and/or the H. 
feed 6 of from about 1 second to about 20 seconds, a pressure 
of from about 50 bar (about 49 atmospheres (atm)) to about 
100 bar (about 98 atm), for example about 80 bar (about 79 
atm), and at a temperature of from about 350° C. to about 450° 
C., for example about 400°C. In an example, the catalyst bed 
14 can take up from about 10% to about 90% of the volume of 
the reactor 12, such as from about 12.5% to about 50% of the 
Volume of the reactor 12. In a small-scale example, the reactor 
12 has a volume of from about 0.1 L to about 0.5 L, such as 
about 0.25 L. 
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0030 The system 10 also includes an absorber 16 con 
nected downstream in series with the reactor 12, for example 
with a reactor exit stream 18 feeding the absorber 16. The 
absorber 16 can comprise magnesium chloride (MgCl) 
absorbent. The MgCl, absorbent can absorb ammonia pro 
duced in the reactor 12 from the reactor exit stream 18 accord 
ing to Reactions 1, 2, and 3. 

-> MgCl2+NH e-Mg(NH)Cl. 1. 

Mg(NH3)Cl+NH, Mg(NH3)Cl. 2 

Mg(NH3)2C144NH, RMg(NH3)4C1, 3) 

0031. The uptakeofammonia into MgCl, is selective, e.g., 
He gas and N gas are not absorbed by the absorbent, and in 
this system the MgCl, acts to only absorb NH. The uptake of 
ammonia is also rapid. In addition, MgCl2 forms stable gas 
solid complexes with the NH. The MgCl2 is also robust, 
stable, and inexpensive. The absorption of NH into MgCl, is 
described in some detail in Huberty et al., AIChE Journal, Vol. 
58, No. 11, pp. 3526-32 (November 2012), the disclosure of 
which is incorporated herein by reference as if reproduced in 
its entirety. 
0032 Reactions 1, 2, and 3 are temperature depen 
dent. For example, Reaction 1 generally occurs attempera 
tures above 250°C., Reaction2generally occurs attempera 
tures from about 170° C. to about 230° C., and Reaction 3 
generally occurs attemperature below about 150°C. Thus, a 
first temperature (e.g., a low temperature) can be applied to 
the gas and the absorbent to allow NH to absorb into the 
absorbent, and a second temperature (e.g., a high tempera 
ture) can be applied to the gas and the absorbent to allow the 
NH to desorb from the absorbent. 
0033 Reactions 1, 2, and 3 can also be pressure 
dependent, e.g., with Reaction 1 dominating at pressures 
around atmospheric pressure, with Reaction2 beginning to 
dominate at higher pressures, and with Reaction3 becoming 
the dominant mechanism at even higher pressures. Therefore, 
a first pressure (e.g., a higher pressure) can be applied to the 
gas and the absorbent can be applied to the gas and the 
absorbent to allow NH to absorb into the absorbent (e.g., 
because Reactions 2 and 3 dominate), and a second pres 
Sure (e.g., a lower pressure) can be applied to the gas and the 
absorbent to allow the NH to desorb from the absorbent (e.g., 
so that Reaction 1 dominates and so that it is driven to release 
NH). 
0034. In other examples, both pressure and temperature 
can be used to affect adsorption and desorption of NH. For 
example, the absorber 16 can be subjected to a first set of 
conditions selected to provide for adsorption of NH, e.g. a 
first relatively low temperature and a first relatively high 
pressure, until a predetermined desired amount of NH has 
been adsorbed. Then, the absorber 16 can be subjected to a 
second set of conditions selected to provide for desorption of 
the NH from the adsorbent, e.g., a second relatively high 
temperature and a second relatively low pressure. 
0035. In an example, the system 10 can include an 
absorber temperature control system (not shown) an absorber 
pressure control system (not shown), or both, for controlling 
one or both of the temperature or the pressure that is applied 
to the adsorbent in order to control adsorption or desorption of 
NH from the adsorbent during operation of the system 10. As 
will be understood by a person of ordinary skill in the art, a 
temperature control system can include a temperature sensor 
(not shown) for measuring a temperature of the absorber 16 or 
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the adsorbent, such as by measuring an exit temperature at an 
absorber exit stream 20, and a temperature controller that can 
control aheater or cooler, or both, (not shown) for controlling 
the temperature of the absorber 16, such as by controlling 
heating or cooling of the gas within the reactor exit stream18. 
As will also be understood by a person of ordinary skill in the 
art, a pressure control system can include a pressure sensor 
(not shown) for measuring a pressure within the absorber 16, 
and a pressure controller that can control a compressor or 
pressure release (or both) for controlling the pressure within 
the absorber 16, Such as by controlling the pressure of the gas 
entering the absorber 16 via the reactor exit stream 18. 
0036. In an example, the absorber 16 can have a residence 
time of from about 1 second to about 20 seconds. In a small 
scale example, the absorber 16 can have a volume of 0.1 L to 
about 0.5 L, such as about 0.25 L. The absorber 16 can be 
operated at a pressure of from about 50 bar (about 49 atm) to 
about 100 bar (about 98 atm), for example about 80 bar (about 
79 atm). The absorber 16 has been shown to provide for 
similar absorbing performance in a first, lower temperature 
range of from about 170° C. to about 270° C. and in a second, 
higher temperature range of from about 300° C. to about 400° 
C. In an example, the absorber 16 is operated at a temperature 
of about 200° C. and at a pressure of about 80 bar (79 atm). 
0037. In the example system 10 shown in FIG. 1, the 
absorber 16 is shown as being separate from and downstream 
of the reactor 12. In another example, not shown, the reactor 
can include an absorber component incorporated within the 
reactor so that the absorber and the reactor are integrated 
together. The integrated reactor can include a catalyst bed 
module comprising the catalyst and an absorber module com 
prising the adsorbent, e.g., the MgCl, for the absorption of 
produced NH. 
0038. It is believed that the operating temperatures and 
pressures of the reactor 12 and the absorber 16 described 
above can be reduced due to optimization to provide for 
reduced energy requirements while still providing compa 
rable conversion performance of the system. 
0039. At least a portion of the absorber exit stream 20 from 
the absorber 16 can be recycled back into the reactor 12 via a 
recycle line 22, for example using a recirculation pump 24. 
The removal of NH from the reactor exit stream 18 via 
absorption into the absorbent, e.g., an MgCl adsorbent, can 
increase the concentration of N gas and H2 gas in the recycle 
line 22, which in turn can increase the concentration of Nagas 
and H2 gas in the reactor 12. The concentration increase of H 
and N in the reactor 12 can act to drive the forward reaction 
toward NH rather than the reverse reaction from NH toward 
N gas and H2 gas. In an example, the recycle flow rate can be 
from about 10% and about 500% of the combined flow rate of 
the N feed 2 and the H feed 4, such as about 50% or 100%. 
In a small-scale example, the flow rate of recycled gas in the 
recycle line 22 can be from about 0.25 standard liters per 
minute (SLPM) to about 10 SLPM. 
0040. The system 10 can operate by the following method: 
N and H are fed to the reactor 12, e.g., via the feed lines 4, 
6, where they react, via a reaction catalyzed by the catalyst in 
the catalyst bed 14, to form NH. Unreacted N and H and 
produced NH flow from the reactor 12 to the absorber 16, 
e.g., through the reactor exit stream 18, where at least a 
portion of the NH can absorbed by an adsorbent, such as a 
MgCl2 absorbent. The gasses exiting the absorber 16, e.g., via 
the absorber exit stream 20, can include unreacted N and H 
and unabsorbed NH, and can be recycled back to the reactor 
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12, Such as via the recycle line 22. The gasses can be allowed 
to Substantially continuously flow and cycle through the sys 
tem 10 for a period of time until the absorbent becomes 
Substantially saturated with NH (e.g., the MgCl, reaches a 
predetermined percentage of its absorbed NH capacity, 
which can be determined, for example, by the pressure within 
the system. The predetermined percentage can be 100% of the 
theoretical absorption capacity of the adsorbent (for example, 
as determined based on the mass of MgCl, absorbent and 
Reactions 1-3), or some Smaller percentage. Such as from 
about 50% to about 99% of the absorption capacity, for 
example from about 70% to about 95%, such as about 71%, 
about 72%, about 73%, about 74%, about 75%, about 76%, 
about 77%, about 78%, about 79%, about 80%, about 81%, 
about 82%, about 83%, about 84%, about 85%, about 86%, 
about 87%, about 88%, about 89%, about 90%, about 91%, 
about 92%, about 93%, about 94%, about 95%, about 96%, 
about 97%, about 98%, about 99%, about 99.5%, or about 
99.9%. After the predetermined percentage of absorption 
capacity is reached, the gas feeds 2, 4 can be ceased, the 
recycle can be ceased, e.g., by shutting off the recirculation 
pump 24, and the pressure in the system 10 can be reduced 
(e.g., using a pressure release valve and/or a vacuum pump) to 
desorb the NH from the MgCl2 absorbent in the absorber 16 
and withdraw the NH from the system 10, e.g., via the NH 
product line 2. 
0041 As shown below with reference to the Examples, the 
combined production of NH and subsequent absorption of 
the NH can allow the system 10 to surpass typical equilib 
rium conversion values, which typically peak at about 15% 
for the Haber-Bosch process. In examples, the system 10 can 
provide for conversion to ammonia of at least about 50%, 
such as at least about 55%, for example at least about 60%, 
such as at least about 65%, for example as at least about 70%, 
such as at least about 75%, for example at least about 80%, 
such as at least about 85%, for example at least about 86%, 
87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, or 95%. As 
noted below in the examples, the system 10 of the present 
description can provide for conversion as high as 95%. Such 
that the system 10 can provide for a conversion that is 5 times 
or more than that which has been typically possible in even 
the most efficient Haber-Bosch plants. 
0042. Such a high conversion can allow the system 10 to 
be on a much smaller scale than Haber-Bosch plants such that 
the system 10 can be a small-scale system that can be installed 
on-site where the ammonia is to be used. This can essentially 
eliminate NH transportation costs. Moreover, operation on 
the small scale of the system 10 can have much lower energy 
requirements thana Haber-Bosch plant. In addition, because 
of the high conversion, the H feed gas can be provided via 
methods other than steam reforming of natural gas, further 
reducing the energy requirements of the system 10. For 
example, the H feed 6 can be provided, for example, via 
electrolysis of water, which is not practical on very large 
scales, but which can be economically viable on Small scales 
such as system 10. The N feed 4 can be provided, for 
example, using selecting membranes to separate nitrogen gas 
from air. 

0043. The flow rates, volumes, and other values described 
above with respect to the system 10 are not intended to be 
limiting and are simply added to provide context. The values 
can be scaled up or down by a person of skill in the art 
depending on the desired output of the system 10. 
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EXAMPLES 

0044) The embodiments of the present invention can be 
better understood by reference to the following example 
which is offered by way of illustration. The present invention 
is not limited to the example given herein. 

Example 1 

0045 Nitrogen gas (N) and hydrogen gas (H) are fed 
into a 0.25L reactor 12 that has been pre-heated to about 400° 
C. The reactor 12 includes a wistite (Fel'O) catalyst reactor 
bed 14. The N gas is fed to the reactor at a rate of about 0.5 
SLPM and the H gas is fed to the reactorata rate of about 1.5 
SLPM. A trace amount (e.g., about 0.1-0.3 SLPM) of argon 
gas (Ar) is also fed to the reactor for gas chromatograph (GC) 
analysis, as described below. Reaction product gas (e.g., 
ammonia (NH)) and unreacted N and H2 gas are allowed to 
flow into a 0.25 L absorber 16 with a bed of magnesium 
chloride (MgCl) operating at the 200° C. bed until the pres 
sure within the system has reached 80 bar. A recirculation 
pump 24 is then turned on to recycle the absorber outlet gas, 
which includes unabsorbed NH and unreacted N and H. 
back to the reactor 12. The flow rate of the recycled gas can be 
from about 0.25 SLPM to about 10 SLPM. The gasses are 
allowed to proceed through the system (e.g., from the reactor 
12, to the absorber 16, and through the recycle 22 back to the 
reactor 12) for a designated amount of time of from about 5 
minutes to about 60 minutes, such as about 30 minutes. After 
the designated about of time, the pressure in the system is 
released. Such as via a gate valve, which causes ammonia to 
desorb from the MgCl2. 
0046 Ammonia conversion in the reactor and ammonia 
absorption in the absorbent bed can be monitored using an 
electric pressure transducer to measure changes in System 
pressure and a gas chromatograph (GC) to measure gas phase 
chemical composition. Pressure changes measured by the 
transducer can be used to calculate anticipated chemical com 
positions. 1 mL gas samples are obtained from a needle bleed 
valve downstream of the absorber. The gas samples are 
injected into an Agilent Plot Q column for GC analysis for 
confirmation on these calculations. The GC column can be 
held at-60° C. for 3 minutes and then ramped up to 160° C. 
over eleven minutes, and helium is used as carrier gas. Peaks 
corresponding to hydrogen, nitrogen, and argon (a trace 
amount is used as an inert Standard) are seen between 1 and 3 
minutes while ammonia is seen after 10 minutes. 

0047. As shown in FIG. 2, the data series 50 for when 
MgCl2 absorbent is present indicates an increase in ammonia 
conversion and the conversion rate compared to data series 52 
when the MgCl, absorbent is not present. As shown by data 
series 52, when no MgCl, is present the reaction only 
achieves about 13% conversion in 20 minutes, and a final 
equilibrium conversion of about 16.3%. As shown with data 
series 50, when the MgCl, absorbent is present, 70% of the 
available nitrogen and hydrogen have been converted to 
ammonia after 20 minutes. If the reaction is allowed to run to 
completion, conversions of >95% were obtained. 
0048 FIG.3 shows the relationship between NH conver 
sion and the recycle flow rate within the system. FIG.3 plots 
the percent conversion after about 5 minutes on the Y-axis 
Versus the inverse of pumping speed of the recycle pump 24. 
which is directly related to the recycle flow rate produced by 
the recirculation pump 24. 
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0049. Data series 60 in FIG.3 shows the resulting data for 
a first arbitrary amount of catalyst in the reactor 12, in this 
case about 1.5 g of catalyst, and a first arbitrary amount of 
MgCl, absorbent in the absorber 16, in this case about 1.5g of 
MgCl, absorbent. Data series 62 shows the resulting data for 
the same first arbitrary amount of catalyst in the reactor 12, 
e.g., 1.5 g of catalyst, but with a larger, second arbitrary 
amount of MgCl2 absorbent in the absorber that is 10 times 
greater than the first arbitrary amount of MgCl, absorbent, 
e.g., about 15 g of absorbent. A comparison of data series 60 
and data series 62 shows that increasing the amount of MgCl, 
absorbent in the absorber seems to have little to no effect. 
Data series 64 shows the resulting data for a second arbitrary 
amount of catalyst in the reactor 12 that is 10 times greater 
than the first arbitrary amount of catalyst, e.g., about 15 g of 
catalyst, and for the second arbitrary amount of MgCl2 absor 
bent in the absorber 16 that is 10 times greater than the first 
arbitrary amount of MgCl, absorbent, e.g., about 15 g of 
MgCl2 absorbent. A comparison of data series 62 and data 
series 64 shows that increasing the amount of catalyst in the 
reactor 12 by a factor of 10 increases conversion to NH by a 
factor of about 2. 

Example 2 

Theory 

0050. In order to better describe the systems described 
herein, Such as system 10, the following theory regarding the 
mechanism of conversion to NH and adsorption of NH will 
be described. Because the reaction reduces the number of 
moles in the system as shown in Reaction4, there is a change 
in total pressure in the system over time. 

The system involves three rates: that of reaction, that of 
absorption, and that of convection, i.e., that due to the pump. 
The reaction making ammonia is, under practical conditions, 
controlled by nitrogen absorption on the catalyst. Under 
many important conditions, the rate ry, of nitrogen consump 
tion per reactor Volume is given by the Temkin-Pyzhev equa 
tion, shown as Equation5: 

where p, is the partial pressure of component “i’, k and k. 
are forward and reverse reaction rate constants, and a is a 
parameter close to one half. While this equation often suc 
cessfully correlates experimental data, it is less Successful at 
low partial pressures of ammonia. That is the case studied 
here. In this limit, an alternative expression is shown in Equa 
tion 6: 

where k, K, and B are different kinetic constants. The inven 
tors have assumed that in experiments absorption keeps the 
ammonia pressure low, providing for simple linear kinetics 
on the extreme right of Equation6. 
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0051 Experiments have shown that the absorption rate per 
absorbent volume rvi, of pure low pressure ammonia by 
magnesium chloride can be explained at Small times by the 
penetration theory of mass transfer according to Equation 7: 

D. He 

NH3 W RT 

where D is the diffusion coefficient of ammonia in solid 
MgCl, t is the time, a is the absorbent area per bed volume, 
and H is a partition coefficient between solid and gas. In 
system 10, ammonia can be adsorbed from a high pressure 
mixed gas, ammonia concentration gradients may exist both 
in the solid and in the mixed gas. Therefore, the inventors 
have postulated that the rate per absorbent volume rvi, can 
also be defined by Equation8: 

(7) 

where k is an overall mass transfer coefficient for absorption 
and a is the absorbent area per absorbent volume. The effec 
tive equilibrium partial pressure may be high if the amount of 
absorbent is so limited that it is saturated. 
0.052 Next, these rate processes and the flow through the 
recycle 22 can be combined to find the overall rate of the 
process. In experiments, such as in the Examples below, the 
gas flow rates have been about 2L/min, and the entire equip 
ment volume has been about 0.3L, so the cycle times is under 
10 sec, much shorter than the total time of the experiments. 
Thus, a single cycle is near steady state, even though the total 
experiments are unsteady. 
0053 A mass balance on the ammonia in the reactor can be 
performed, where it is assumed that the reactor is well-mixed 
due to its relatively small size, which is represented by Equa 
tion 9: 

where p, and p, are the inlet and outlet partial pressures of 
species 'i'. Q is the flow rate, V is the reactor volume, and K 
is an apparent equilibrium constant for the ammonia synthe 
sis reaction. A similar balance on the ammonia in the absorber 
can also be performed, where again it is assumed that the 
absorber is well mixed, represented by Equation 1: 

0–9(pNH-pyri)+kaa Va(pNH-p'NH) 10 

where p, and p, are now the outlet and inlet pressures, V is 
the solid absorbent volume, and pz, * is the ammonia pres 
sure which would be in equilibrium with the solid. There can 
also be a stoichiometric constraint, represented by Equation 
11 

2(PN-PN"). PNH, PNH, 11 
By combining Equations 9, 10, and 11, and assuming a 
pseudo-steady state approximation on ammonia gas—e.g., 
that ammonia produced equals ammonia absorbed—allows 
for the elimination of py' and pz, to provide Equation 12: 

PNHs + (+5)+... - PVH,) 12 PN = K O K 2 2k RVR PNH3 - PNH 

0054. At longer times and after many cycles, an unsteady 
state balance on nitrogen in the full system Volume, that is, 
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both reactor and absorber, can be performed. The overall 
nitrogen atom gas balance, continuing the pseudo-steady 
state assumption on ammonia gas occurring after the short 
transient buildup of ammonia, shows that twice the moles of 
nitrogen gas converted to ammonia gas equals the moles of 
ammonia absorbed by the Solid, which can provide Equation 
13: 

(VR + VA) dip N 13 
RT cit = -ka a VA (pNH, - PH,) 

Combining Equations 12 and 13 produces Equation 14: 

(VR + VA) PN2. PN, -ph, / K 14 
RT it 1 1 ( i 2kV, * Kikay, “K 2)O 

0055 As will be appreciated, the apparent rate constant for 
the reactor loop can increase with absorber rate and capacity, 
and it can also increase with flow rate. Both trends reflect 
improved removal of product ammonia from the reactor, 
thereby suppressing the reverse reaction. When absorption 
and pumping are fast enough, and the absorbent affords a low 
equilibrium ammonia partial pressure, Equation 14 Suggests 
the best case where the rate observed approaches the forward 
reaction rate. 
0056. In most examples, pseudo-steady-state ammonia 
gas partial pressure can be assumed, producing Equation 15: 

dp 5 d PN: 15 
T2 . 

Neglecting the transient as the ammonia partial pressure 
builds up to the pseudo-steady-state value, which can be 
approximated as Equation 16: 

p-po-5/2 (PNPN) 16 

This the reactor loop transient in terms of the total pressure p 
is approximated according to Equation 17 

17 dip 
-- = -k(p - p. cit (p-pi) 

where p is the final equilibrium pressure, and k is an overall 
rate constant for these experiments, equal to the reciprocal of 
the product of V and the quantity in square brackets in 
Equation 14. 
0057 Equation 17 can be used to analyze the data pre 
sented in the EXAMPLE below, merits some discussion. 
First, the final value of p, or p includes both the effects of 
reaction equilibrium (as K) and absorption equilibrium (as 
pi*). Second, the three rate processes involved are har 
monically averaged in k as resistances in series. The resis 
tance of the reaction kinetics is 1/k. The resistance of 
absorption is V/Kk aV; note this varies with reaction 
reversibility (as K) and with the amount of absorbent (as V). 
The resistance also depends on the size of the absorbent 
particles, for a equals (6/d) where d is the adsorbent particle 
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size, the diameter for spheres or the side for cubes. The 
resistance of the pump, that is, the delay in moving the ammo 
nia from the reactor to the absorber, is represented by the term 
containing the flow Q. We will use these approximate expec 
tations as a basis for discussing our experiments, described 
neXt. 

0058. Materials 
0059 Reagent grade anhydrous magnesium chloride 
(MgCl), purchased from Sigma Aldrich, was used without 
further purification. 1.5g of a pre-reduced magnetite (Fe-O) 
catalyst, sold under the trade name AmoMax-10 from Slid 
Chemie, was used for each experiment. Both the MgCl, and 
catalyst were stored in an inert nitrogen environment. The 
gases N. H. Ar, and He (ultrahigh purity; 99.9995%) were 
purchased from Matheson Trigas. Brooks 0-5 VDC mass flow 
controllers were used to control gas Supply from the pressur 
ized cylinders. Liquid nitrogen was purchased from Mathe 
son Trigas in 160 L dewars. 
0060 Apparatus 
0061. A lab-scale apparatus, similar to that shown sche 
matically in FIG. 1, was built using Swagelok 316 stainless 
steel tubing. The reactor and absorbent vessels were of 1 inch 
diameter tubing. The catalytic reactor, 4 inches long and 
containing the magnetite catalyst, was positioned upstream 
from an absorbent vessel containing the MgCl2 crystals. One 
of two absorbent vessels was used: the smaller was 2 inches 
long, and the larger was 5.5 inches long. Both the catalyst and 
MgCl2 were Supported on quartz wool. Heating tapes con 
nected to Variacs were used to control the temperatures in the 
reactor and the absorbent vessel, which were measured by 
Omega KMTIN-032U-12 thermocouples within the vessels. 
A Micromega CN77000 programmable PID controller was 
used to maintain the temperature within the catalystbed in the 
reactor. A WIKIA pressure transducer (Model #8392476) 
mounted directly before the reactor, and a US Gauge 0-2000 
psig analog pressure gauge, placed after the absorbent bed, 
were used to measure system pressure. The system was oper 
ated as a circulating batch system with a variable speed piston 
pump (Model PW2070N, PumpWorks, Minneapolis, Minn.) 
powering the flow of gases through the system. An Agilent 
6890 gas chromatograph was used to analyze gas phase com 
position. A Hewlett-Packard Plot Q 30 mx0.32 mm 20 um 
capillary column HP 19091 P-Q04 was used to analyze 1 
mL gas samples for hydrogen, nitrogen, and ammonia. Both 
the reactor and absorbent vessel could be isolated for detailed 
experiments. National Instruments Labview software was 
used to control and record data from the mass flow control 
lers, actuator, and pressure transducer. 
0062 An Agilent 6890 gas chromatograph with a Hewlett 
Packard Plot Q 30 mx0.32 mm 20 um capillary column (HP 
19091P-Q04) was used for analysis of gas compositions. 
Helium was used as an inert carrier at constant makeup rate. 
A trace amount of argon was added to the reaction system 
with the nitrogen and hydrogen for use as an inert in GC 
analysis. A Swagelok SS-4BMW bleeder valve installed 
downstream of the absorbent vessel was used to obtain small 
gaseous samples periodically. One ml of each sample was 
injected into the column for analysis. The column was held at 
-60° C. for three minutes during which time H, N, and Ar 
exited the column. The column was then heated at a rate 20° 
C. per minute for twelve minutes to elute the ammonia. Thus 
fourteen minutes were required to elute all four gases. The 
system took roughly four minutes to cool for the next injec 
tion. Since the amount of argon in the system remained con 
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stant, it was used to determine the response factor RF of the 
other gases according to Equation 18 

RF - Fes: finer - sis ( 
Agas Ainert Finert 

Ainert 18 
Agas 

where F is the flow of the gas of interest, and A is the area 
under the peak. Once the response factors for N.H., and NH 
based on Ar were calculated, they were used to determine the 
amount of the gas of interest. System conversion was then 
calculated based on N and H measurements. The average of 
these two values was reported as percent system conversion, 
as shown in Equations 19 and 20: 

N - Ngitial 19 
% Convy, = 23: 100: Ngitial 

2 H2 - Hgitial 20 
% Convi = 3. : 100: gial 

Agilent ChemStation software was used to control and record 
data from the gas chromatograph. 
0063 Procedure 
0064. To ensure that the catalyst was properly reduced, the 
catalyst was pretreated before any ammonia experiments 
were begun. New catalyst was added to the reactor and the 
reactor sealed. Stoichiometric nitrogen and hydrogen were 
flowed through the reactor vessel while slowly heating the 
reactor to 400° C. over 16 hours. The reactor was then held at 
400° C. for 24 hours while flowing nitrogen and hydrogen to 
ensure the protective coating was burned off and the catalyst 
fully reduced. During the entire reduction, the system pres 
sure was held at 8 MPausing a CPU-controlled actuator at the 
system exit. 
0065 For each experiment, the reactor vessel was pre 
heated to 400° C. over two hours and held at that temperature 
for one hour before the experiments began. If the absorbent 
vessel was used during the experiment, it was preheated to 
200° C. over two hours and held at that temperature for one 
hour as with the reactor. Before the first experiment, the 
system was flushed with N at 1 SLPM for 30 minutes. A 
similar flushing was performed for 15 minutes following each 
experiment. All system contents were flared to exhaust during 
the N flushing and when emptying the system after each 
experiment. 
0066. To pressurize the system, the system exit valve was 
closed. Most experiments used either the reactor alone or the 
reactor and the absorbent vessel. Mass flow controllers were 
then used to feed N and Hinto the system at a molar ratio of 
1:3, along with a trace amount of Ar to assist in chromato 
graphic analysis. The recirculating pump, when used, was 
turned on at the beginning of system pressurization. The 
recirculation rate was varied from 0.5-6 SLPM. Once the 
system reached the operating pressure of 80 bar, the feed 
valve to the system was closed and the mass flow controllers 
turned off. The system was allowed to react for at least 45 
minutes Small gas samples were pulled from the system using 
the bleeder valve every ~20 minutes for analysis. Once the 
experiment was complete, the system exit valve was opened, 
the system contents completely emptied and flared to exhaust, 
and N flushed through the system for 15 minutes. 
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0067 Experiments focusing on strictly the absorption of 
NH by MgCl, were operated in a slightly different manner 
First, the system consisting of the reactor and recycle line 
only was reacted to equilibrium, which took roughly three 
hours. This resulted in a NH gas phase mole fraction of 
15.6+0.3. The three-way valves were then quickly operated in 
a way to introduce the gases produced into the empty, pre 
heated absorbent vessel. The pressure in the absorbent vessel 
was monitored. This allowed the absorption kinetics of the 
MgCl, to be studied at higher total pressures than possible 
using pressurized NH cylinders. 
0068 Results 
0069. The conversion rate of nitrogen and hydrogen to 
ammonia via the Haber-Bosch process is a function both of 
catalyst activity in gases and of diffusion in Solid magnesium 
chloride. The rates and the mechanism for this conversion are 
the focus of the experiments reported herein. 
0070 Data illustrating the reproducibility of these experi 
ments are shown in FIG. 4. Normally, the key measurement is 
of the systems total pressure as a function of time. The 
system is initially charged with stoichiometric amounts of 
nitrogen and hydrogen to an initial temperature of 400° C. 
Two groups of Such experiments, shown in FIG. 4, used 1.5g 
catalyst with either 15 or 35 g MgCl2 absorbent. The systems 
pressure p, normalized with its initial pressure of 80 bar, 
decays with time as shown with a reproducability of +3%. 
This is typical of all our measurements. 
(0071. The betterconversion effected by the presence of the 
absorbent MgCl2 is illustrated in FIG. 4. Each of these groups 
of experiments used 1.5 g catalyst; all but one also used 
magnesium chloride in the amounts shown. The conversion at 
a given time is dramatically improved by adding absorbent. 
Only 1.5g of absorbent increases conversion by 12 times. 15 
and 35 g MgCl adsorbent increase conversion 13 and 18 
times, respectively. 
0072 The reasons for these increases in conversion vary, 
as suggested by the theory Summarized by Equations 14 and 
17 above. If Equation 17 is integrated for small conversion, 

it produces Equation21: 

P - P 21 

A plot of the logarithm of the left hand side of Equation 21 
should be linear intime, which is confirmed in the data shown 
in FIG. 6. As shown in FIG. 6, the initial slopes of the data for 
0.0 and 1.5 g absorbent are substantially the same, even 
though the degree of conversion shown in FIG. 5 is different. 
From these slopes, it can be inferred that the catalyst activity 
is about 0.38 kg NH/hr kg catalyst. This agrees with values 
in the literature, which range for 0.3 to 0.4 and average 0.35 in 
the same units. This difference between FIGS. 5 and 6 largely 
reflects the altered overall equilibrium, even while the appar 
ent initial rate is almost the same. This implies that under 
these conditions, the overall rate constant k is almost inde 
pendent of the amount of MgCl, because so little of it is 
added. 
0073. The resistances of chemical kinetics and of flow 
both matter, as shown by the experiments without any MgCl, 
absorbent, shown in FIG. 7. In FIG. 7, the conversion is 
plotted vs. the reciprocal of flow rate: the line showing nitro 
gen conversion equals (16.8-6.1 (pumping rate)). Low flow 
rates can result in low conversion because the reaction is 
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slowed by the reverse reaction as the ammonia produced is 
allowed to stay longer and reach higher concentration in the 
reactor, and the empty absorber isn't helping except by dilut 
ing the product. 
0074 The kinetics for larger amounts of absorbent also fit 
the first order kinetics of Equation21, as shown in FIG. 8. 
However, the rates, which include the effect of equilibria 
lowered by ammonia absorption, show a clear effect of the 
absorbent amount, e.g., more absorbent raises the apparent 
rate constant. This is consistent with Equation 14, which 
Suggests that in the limit of high absorption rate and flow rate, 
one could achieve a forward reaction rate dominated by 
chemical kinetics. 
0075. A difficulty remaining in this analysis is demon 
strated, however, by a somewhat different set of experiments 
where the system is started and run until Some ammonia has 
been made. Then, the absorber is isolated from the reactor by 
closing inlet and outlet valves, and the absorber pressure is 
measured as a function of time. The results do not show the 
variation suggested by Equation 21, which is log linear in 
time. Instead, the logarithm of pressure varies with the square 
root of time, as shown by the results in FIG. 9. Such behavior 
is a common characteristic of a diffusion-controlled process, 
in particular where the data is consistent with the penetration 
theory of mass transfer. This is true both when absorption 
occurs from the N. H. NH mixtures used here and from 
pure ammonia, as demonstrated in the literature. However, 
the details of the rate-limiting step in the literature are not 
completely clear. The ratio of the slopes of the lines shown in 
FIG. 9 is 5.3:1. If mass transfer were the only concern, the 
ratio of the slopes should be the ratio of the absorbent surface 
areas, which is (35/1.5), or 8.2:1. The reason for this dis 
crepancy is not clear, but may reflect altered absorbent geom 
etry. In addition, the partition coefficient measured here at 
200° C. was 0.0367 g NH/atm cm MgCl2. The average 
earlier value in the literature between 172 and 235° C. was 
similar but smaller, 0.012 in the same units. 
0076 While the results in FIG.9 imply that absorption can 
be controlled by diffusion only in the solid, the inventors are 
not sure whether this is always completely true. In one 
attempted redesign of the absorber, 15 g. MgCl, was diluted 
with a roughly equal Volume of glass beads. As shown in FIG. 
10, absorption rates in this diluted bed are 1.8 times faster 
than those in the undiluted bed, strongly indicating diffusion 
in the gas adjacent to the particles is important. In particular, 
the data in the Small bed—the pentagons—have a slope of 
0.0066: but the results for the diluted bed the triangles— 
have a slope is 0.0117, or a ratio of 1.77. This suggests that the 
mass transfer coefficients are larger when the bed is diluted, 
indicating a mass transfer resistance in the gas phase as well 
as in the solid. 

0077. The theory and experiments above show how the 
conversion of nitrogen and hydrogen into ammonia can be 
increased with a solid ammonia selective absorbent Ammonia 
synthesis is exothermic, and so occurs spontaneously at ambi 
ent temperature and pressure. However, the rate can be very 
slow, in some examples so slow that practical amounts of 
ammonia are not produced. To overcome this, Haber 
famously used a catalytic reaction at high pressure and tem 
perature. The high pressure enhanced ammonia conversion 
because the number of moles in the reaction decreases. The 
high temperature increased the reaction rate, but at the 
expense of reducing the equilibrium conversion. Commercial 
reactors are currently run at high pressure and temperature 
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with only perhaps 20% conversion, which necessitates cool 
ing the product gases, separating the ammonia, and recycling 
the unreacted hydrogen and nitrogen. 
0078. The data in this Example suggests one way of poten 

tially removing the need for nitrogen and hydrogen separa 
tion and recycling. It shows that an ammonia-selective absor 
bent, such as MgCl, can dramatically increase the 
conversion. In the simplest case studied here, shown in FIG. 
11, the conversion is increased from around 20% to over 95%. 
If larger amounts of adsorbent are used, even higher conver 
sion may be possible. 
0079. However, this conclusion can be clouded by the 
interaction of kinetics and equilibria. The kinetics includes 
those of chemistry, of flow, and of absorption, as Summarized 
by Equations 14, 17 and 21. The equilibria involve those 
of both reaction and absorption. These can complicate the 
interpretation of the data. 
0080. To illustrate this, consider the kinetics shown in 
FIG. 5, which shows the changes in total pressure as a func 
tion of time. The pressure changes for catalyst without absor 
bent may first appear to be less than those caused by catalyst 
plus absorbent, at least at larger times. But, according to 
Equations 14 and 17 this cannot be true at very small 
times. Specifically, when additional kinetic resistances from 
flow or from absorption are added, then the rates cannot be 
faster than that expected for the reaction alone. To be sure, the 
rate of absorption shown in FIG. 6 is initially extremely fast, 
but even this would just make the initial overall rates of the 
two processes have the same, kinetically-limited speed. How 
ever, the experiments described in this Example could not 
reliably be made at such small times that no sort of equilib 
rium affects the measurements. When the data like those in 
FIG. 5 is examined, it should be remembered that conversion 
can be affected by both kinetics and equilibria. 
I0081. This complexity can influence strategies about how 
to reduce the time required for high conversion, which FIG. 
11 shows can be much higher when the absorbent is present. 
In particular, for the conditions shown, the conversion with an 
absorbent can takes about forty times longer than that with 
catalyst alone. It is believed that the absorbent kinetics can be 
increased in at least three ways: by increasing the absorbent 
volume, by decreasing the absorbent particle size, or by fre 
quently regenerating the absorbent. 
I0082 To increase the absorbent kinetics forty times, e.g., 
to account for the longer time required to achieve conversion 
with the adsorbent, the volume of the adsorbent particles 
could simply be increased by forty times. This will reduce the 
resistance to Solid diffusion by forty times by changing the 
term (Kk aV) in Equation 14. This should conceivably 
work for the conditions in FIG. 11, but the further increase in 
absorbent volume will have less effect because the rate of 
ammonia production will now more nearly be controlled by 
chemical kinetics. But, because it appears there will already 
be enough capacity for ammonia from the results in FIG. 11, 
it can result in considerable excess capacity in the larger 
absorber. However, the absorbent is inexpensive. 
I0083. Alternatively, smaller absorbent particles can be 
used to provide a larger Surface area and get similar results. 
For example, if four times more volume of 20 um particles 
were used (instead of 200 um particles), it would, theoreti 
cally, result in the same change in the term (Kkak). Such 
Smaller particles are often used in separation processes to get 
faster mass transfer rates, though these particles will risk 
higher pressure drops through a packedbed in an absorber. To 
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get both fast kinetics and low pressure drop, absorbent par 
ticles 20 or Smaller could be used that are Supported on 
200 um glass beads. 
0084. A third method of accelerating the absorption step is 
to regenerate the absorbent frequently. The gain in doing this 
can depend on the fact that the chemical kinetics is first order 
in time, but that the absorption varies with the square root of 
time (see, for example, FIGS. 6 and 9). Thus, absorption is 
fastest at Small times, always faster than kinetics. Better con 
version can be achieved if frequent regeneration of the absor 
bent particles is performed. A variety of cycle times for doing 
So were considered, recognizing the strong parallels with 
pressure Swing adsorption, but the process has not been stud 
ied sufficiently to provide a basis for intelligent choice 
between these. We do want to emphasize, however, that this is 
still another way to accelerate absorption. 
0085. The inventors have also considered whether the 
catalyst and the absorbent can function better in a separate 
reactor and absorber, or whether they can work better in one 
combined piece of equipment. In most chemical syntheses, 
the reaction and separation are better carried out in two sepa 
rate pieces of equipment because each process can be opti 
mized via the specific conditions used. Some of this optimi 
Zation has been performed in this Example, e.g., running the 
reactor at 400° C. and the absorber at 200° C. The higher 
reactor temperature can give faster kinetics; and the lower 
absorber temperature can give more favorable absorber equi 
librium. In addition, separate equipment can provide for 
easier separation and regeneration of a loaded absorber with 
out changing the conditions in the reactor. Thus, the reactor 
can continue to operate at what is basically a steady state, 
even while different absorbers are cycled in and out of the 
system. The idea of a separate reactor and absorber can also 
offer the chance of effective heat integration in larger scale 
systems. While both the reaction and absorption is exother 
mic, the desorption needed for MgCl, salt regeneration is 
endothermic. The obvious process improvement is to use 
reactor heat to regenerate the MgCl adsorbent. 
I0086. At the same time, the prospect of putting catalyst 
and absorbent particles in the same piece of equipment is 
intriguing because it would simplify the process, for example 
because there would be no need for a recycle line, a recircu 
lation pump, or any extra heat exchange equipment, which 
could result in a very simple ammonia synthesis process 
Suited for distributed manufacture. In Such manufacture, a 
single site. Such as a farm, could potentially make its own 
fertilizer. However, in preliminary experiments, it was found 
that mixing catalyst and absorbent gave poor results. Without 
wishes to be bound by any theory, the inventors suspect that 
the MgCl, as received may contain small amounts of water, 
especially since this salt does form a variety of stable 
hydrates. The water in these hydrates would be expected to 
spoil Haber process catalyst. It could be possible to fuse the 
absorbent and then grind it under dry conditions to insure that 
no water is present, but experiments to these effects were not 
conducted at this time. 

0087. The terms and expressions which have been 
employed are used as terms of description and not of limita 
tion, and there is no intention that in the use of Such terms and 
expressions of excluding any equivalents of the features 
shown and described or portions thereof, but it is recognized 
that various modifications are possible within the scope of the 
inventive subject matter claimed. Thus, it should be under 
stood that although the embodiments of the present invention 
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have been specifically disclosed by examples and optional 
features, modification and variation of the concepts herein 
disclosed may be resorted to by those of ordinary skill in the 
art, and that Such modifications and variations are considered 
to be within the scope of the subject matter of the present 
invention as defined by the appended claims. 
What is claimed is: 
1. A system for producing ammonia, the system compris 

ing: 
a reactor configured for receiving nitrogen feed gas (N2) 

and hydrogen feed gas (H), the reactor comprising a 
catalyst configured to convert at least a portion of the 
nitrogen gas and at least a portion of the hydrogen feed 
gas to ammonia (NH) to form a reactant mixture com 
prising the ammonia and unreacted nitrogen feed gas 
and unreacted hydrogen feed gas; 

an adsorbent configured to selective adsorb at least a por 
tion of the ammonia from the reactant mixture; and 

a recycle line to recycle the unreacted nitrogen feed gas, the 
unreacted hydrogen feed gas, and unabsorbed ammonia 
to the reactor. 

2. The system of claim 1, wherein the adsorbent has a 
selective affinity for adsorbing ammonia that is higher than its 
affinity for adsorbing nitrogen gas or hydrogen gas. 

3. The system of claim 1, wherein the adsorbent comprises 
magnesium chloride (MgCl2). 

4. The system of claim 1, further comprising at least one of 
a temperature control system for controlling a temperature of 
the adsorbent or a pressure control system for controlling a 
pressure at the adsorbent. 

5. The system of claim 4, wherein the temperature control 
system can be configured to control the adsorbent to a first 
temperature configured to provide for adsorption of ammonia 
into the adsorbent and to a second temperature configured to 
provide for desorption of adsorbed ammonia from the adsor 
bent. 

6. The system of claim 4, wherein the pressure control 
system can be configured to control pressure applied to the 
adsorbent to a first pressure configured to provide for adsorp 
tion of ammonia into the adsorbent and to a second pressure 
configured to provide for desorption of adsorbed ammonia 
from the adsorbent. 

7. The system of claim 1, wherein overall conversion of the 
nitrogen feed gas and the hydrogen feed gas to ammonia for 
the system is at least about 50%. 

8. The system of claim 1, wherein overall conversion of the 
nitrogen feed gas and the hydrogen feed gas to ammonia for 
the system is at least about 70%. 

9. The system of claim 1, wherein overall conversion of the 
nitrogen feed gas and the hydrogen feed gas to ammonia for 
the system is at least about 80%. 

10. The system of claim 1, wherein overall conversion of 
the nitrogen feed gas and the hydrogen feed gas to ammonia 
for the system is at least about 90%. 

11. A method for producing ammonia, the method com 
prising: 

reacting at least a portion of a nitrogen feed gas (N2) and at 
least a portion of a hydrogen feed gas (H) in the pres 
ence of a catalyst in a reactor to form ammonia (NH), 
wherein unreacted nitrogen gas (N), unreacted hydro 
gen gas (H), and the ammonia (NH) form a reactant 
mixture; 

selectively adsorbing at least a portion of the ammonia 
from the reactant mixture with an adsorbent; and 
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following the selective adsorbing, recycling the unreacted 
nitrogen gas, the unreacted hydrogen, and unabsorbed 
ammonia to the reactor. 

12. The method of claim 11, wherein the adsorbent has a 
selective affinity for adsorbing ammonia that is higher than its 
affinity for adsorbing nitrogen gas or hydrogen gas. 

13. The method of claim 11, wherein the adsorbent com 
prises magnesium chloride (MgCl). 

14. The method of claim 11, further comprising at least one 
of controlling a temperature of the adsorbent or controlling a 
pressure at the adsorbent. 

15. The method of claim 11, wherein overall conversion of 
the nitrogen feed gas and the hydrogen feed gas to ammonia 
from the method is at least about 50%. 

16. The method of claim 11, wherein overall conversion of 
the nitrogen feed gas and the hydrogen feed gas to ammonia 
from the method is at least about 70%. 

17. The method of claim 11, wherein overall conversion of 
the nitrogen feed gas and the hydrogen feed gas to ammonia 
from the method is at least about 80%. 

18. The method of claim 11, wherein overall conversion of 
the nitrogen feed gas and the hydrogen feed gas to ammonia 
from the method is at least about 90%. 

k k k k k 


