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ABSTRACT: Synthesized ammonia exiting a reactor with hydrogen and nitrogen can be NH,
selectively absorbed by MgCl, for renewable absorbent-based Haber—Bosch for dispersed
ammonia manufacturing. Such separation can be more efficient even at elevated temperatures
compared to the condensation method used in the conventional Haber—Bosch process. To
determine the optimal conditions to capture and release the most ammonia per thermal cycle of
the sorbent salt, the sorbent capacity was measured with varying regeneration temperature,
regeneration time, and sweep rate under steady-state cycling conditions. In all cases, uptake was
limited to bed breakthrough, and cyclic steady state was achieved. By using a lower temperature
for MgCl, regeneration (200 °C), the working capacities were maintained comparable to those at
higher desorption temperatures (~400 °C), even without the use of inert sweep gas. Using a
sufficiently high regeneration temperature (~200 °C) allowed for sufficiently low sweep gas so that the product ammonia can exceed
72 mol % purity in a mixture of N, and H,. These results were achieved with a short regeneration time of 20 min or less, which is an
improvement from the hour-long regeneration time previously reported. These measurements identified new operating parameters
for more efficient absorber design to produce economical renewable ammonia at small scale.
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Bl INTRODUCTION compressors, high-pressure piping and vessels, and energy-
intensive external refrigeration equipment needed to enable
ammonia condensation. Ammonia separation by condensation
is also inefficient; the separator effluent gas mixture contains a

Ammonia is a key component in fertilizer required for global
food production’ as well as a variety of specialty chemicals
including electrolytes for batteries, food additives, analytical

reagents, and as a fuel for medium-to-long-term energy significant amount of ammonia (close to the saturation limit at
storage.' > Ammonia is considered an energy carrier and has the temperature in the separator) which is returned to the
a high capacity for hydrogen storage; liquid ammonia can be reactor and further decreases the equilibrium yield of ammonia
decomposed to provide hydrogen for fuel cells. It can also be synthesis.”'*
used directly as a fuel in internal combustion engines,” making To meet the goal of economical small-scale distributed
it a key storage medium for energy in a new decarbonized ammonia production, at the site of renewable energy sources,
energy economy. some research efforts have focused on ammonia synthesis
The Haber—Bosch process for synthesizing ammonia utilizes using catalysts that operate at lower temperatures.” Lower
coal or natural gas feedstock for hydrogen production, making temperature conditions would reduce the pressure required to
it the single largest source of industrial carbon dioxide achieve reasonable single-pass conversion, thus decreasing the
emissions.” Processing is also energy intensive as it accounts costs of compression work and minimizing the safety hazards
for about 1% of global energy demand.® This large energy associated with high-pressure hydrogen. The major challenge,
consumption along with greenhouse gas emissions and however, is the slow kinetics of ammonia synthesis at low
contribution to climate change of the Haber-Bosch process temperatures with the current state-of-the-art catalysts. Yet,
has motivated the search for an alternative sustainable others have investigated nontraditional reaction pathways in

ammonia process to meet the nutrition and energy needs of
a growing global population.” The use of renewable resources
like wind energy instead of fossil fuels for producing hydrogen
feedstock in the ammonia synthesis process has led to a more
sustainable approach to making this essential chemical.®
However, this low-carbon alternative ammonia production
process is expensive, especially at small scale.®

The high cost of renewable ammonia production is due in
part to the high reactor pressure required for increased single-
pass conversion and subsequent separation by condensation at
subzero temperatures.” This process requires expensive

biological systems and electrochemistry.®
In this work, the more expensive, traditional approach to
ammonia separation via condensation is replaced by reactive
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Figure 1. (A) Traditional condensation ammonia synthesis process compared to (B) the absorbent-enhanced ammonia-synthesis process.

absorption using supported metal halides as shown in Figure
1.7%" 71 Here, “absorption” refers to the process of
incorporating the target species, ammonia, into the lattice
structure of the absorbent material; alternatively, “adsorption”
refers to the binding of a target molecule onto the surface of a
solid sorbent. Absorption in salts is more selective than
adsorption and offers a larger volumetric separation capacity
than adsorption in zeolites or MOFs, even at higher
temperatures approaching those of ammonia synthesis
reaction.'”'® An advantage of the absorbent-enhanced
Haber—Bosch process (Figure 1B) is that it can remove
ammonia more completely than condensation while still
achieving production rates similar to that of the condenser
process at lower pressure.'” As a result, it requires less
compression work, lower capital costs, and less energy for
operation. In this way, the use of supported metal halides (e.g.,
MgCl,) to capture ammonia in an ammonia synthesis process
offers potential for a more sustainable and economical
renewable ammonia synthesis at a small production
scale 6101718

While capturing ammonia using metal halides can be more
economical and eflicient compared to the condensation
approach,'”*’ the use of absorbents presents other challenges.
In most ammonia absorbents, the equilibrium absorption of
ammonia in the solid salt absorbent (as represented by
absorption isotherms) is nonlinear with varying temperature.
This means that the amount of ammonia absorbed by the solid
cannot be described by a simple model such as Henry’s law,
where the concentration of the target sspecies in the solid varies
linearly as the pressure of ammonia.”'*'® Rather, the ammonia
reacts with the solid with specific stoichiometry similar to the
equilibrium behavior for the formation of a hydrated salt.” For
example, the Mg(NH,),Cl, salt forms four equilibrium
compounds at varying ammonia pressures and temperatures,
where n can be 0, 1, 2, or 6."'*** The discrete stoichiometric
values represent different saturation levels as ammonia is
incorporated into the crystal lattice of the salt and are reflected
by discrete steps in absorption isotherms.® While transitions in
levels of metal-salt ammonia saturation have been observed,”!
the curvature in experimental absorption isotherms is a result
of kinetic limitations in achieving equilibrium absorption
capacities.' Ammonia uptake is highly exothermic, and the
removal of heat is slow due to the poor thermal conductivity of
MgCl,. Alternatively, the desorption of ammonia is controlled
by ammine decomposition and diffusion of ammonia from the
solid to the gas phase.>** The kinetic limitations associated
with mass and heat transfer during ammonia absorption and
desorption underscore the need for optimized operating
conditions to improve the absorbent-enhanced Haber-Bosch
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process, especially at a small scale. Here, we take “absorption”
to mean uptake and “desorption” to mean release or
regeneration.

The optimal design of small-scale Haber—Bosch processes
remains to be determined, including the selection of the best
method of separating ammonia (condensation, adsorption, or
absorption) and associated operating conditions for ammonia
capture. Even though there have been some studies on
ammonia absorption and desorption using metal halides, these
past efforts consist of process conditions that make absorbent-
enhanced ammonia synthesis less practical compared to the
traditional condensation process.”'”**** These studies utilized
absorption and desorption conditions including uptake times
past breakthrough (greater than 50% of breakthrough),”'”*>**
high regeneration temperature (400 °C),%** excess sweep
gas,”'”?*** and prolonged times (at least an hour)'”** for
absorbent regeneration. Operating absorbers under these
conditions of uptake and release alongside an ammonia
synthesis process could prove costly and difficult to implement
at small production scales.

The focus of this work is to determine the process
conditions that make absorbent-enhanced Haber—Bosch
more practical at small scale (<100 tonnes per day).
Specifically, we address four key questions: Can the absorbent
be effectively regenerated with a lower temperature than 400
°C? Can the absorbent bed be regenerated with minimal or no
sweep gas to eliminate a secondary separation step? Can the
duration of desorption of ammonia be optimized at a given
regeneration temperature? Because previous efforts have used
long uptake times, we aim to verify if the salt crystals have
higher ammonia loading when uptake is prolonged beyond
breakthrough.

To answer these questions, we first evaluated how working
capacity was impacted when limiting ammonia uptake for a
duration just slightly short of breakthrough (90% of break-
through) for a range of uptake temperatures. Next, we
investigated the performance of the absorbent with variations
in regeneration temperature and time. Lastly, we examined the
impact of regeneration temperature on the sweep rate and
product purity. All of these studies were performed while
keeping the absorbent bed size and ammonia partial pressure
during uptake constant as in previous studies.”** The findings
from this study will drive process design based on minimal
utility and less rigorous regeneration conditions required to
maintain the comparative cost advantage of the absorbent
enhanced process.
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B EXPERIMENTAL METHODS

Materials. Anhydrous ammonia (99.9% purity), nitrogen
(99.9995%), and argon (99.999%) were used as received. In
order to make the absorbent, anhydrous magnesium chloride
(MgCl,, 98%, Sigma-Aldrich), and silica gel (SiO,, 60 A pore
size, 70—230 mesh, Sigma-Aldrich) were utilized. Ethanol
(99.99%) and methanol (99.98%) were dried with molecular
sieves before being used.

Sample Preparation. The procedure for making the
absorbent material is briefly provided here, however, a more
detailed description can be obtained in the previous
literature.'”** A round-bottom flask was purged with N,
before adding 30 mL of ethanol and 30 mL of methanol,
along with 6 g of anhydrous MgCl, (98%, Sigma-Aldrich). This
solution was then refluxed for 1 h under a N, purge. Also, 9 g
of silica gel (SiO, 60 A pore size, 70—230 mesh, Sigma-
Aldrich) was pretreated to remove residual water. This
pretreatment involved heating the sample to 450 °C (ramping
at 10 °C/min), maintaining this temperature for 10 min,
before cooling the sample. After cooling, the sample was
immediately added to the MgCl, solution. The salt and silica
mixture was further refluxed for another 1 h, after which the
solvent was removed using vacuum evaporation, while the solid
absorbent was dried in a vacuum oven overnight at a
temperature of 150 °C.

Experimental Apparatus. The experimental apparatus
used to evaluate ammonia absorption and desorption was built
with stainless steel 316 tubing and fittings from Swagelok. The
absorber column had an inner diameter of 1.3 cm and a length
of 4.8 cm. Heating tape was wrapped around this metal tube to
provide heat as needed. An Omega controller (CN7800) was
used to control the temperature during the uptake and
regeneration cycles. The control thermocouple was placed in
the absorber bed, and a second thermocouple was attached to
the outer wall of the metal tube to measure the column wall
temperature. Mass flow controllers (model SLAS8050S,
Brooks Instruments) regulated the flow of nitrogen, argon,
and ammonia gases through the absorption column. The
pressure in the system was controlled by an Equilibar dome
back pressure regulator (model LFOSVNI12B) that was
connected to an Equilibar electronic pressure transducer
(model QPVIMANEEZ). System pressure was measured
with a pressure transducer (model A-10, WKA) positioned
upstream of the absorption column. LabVIEW (National
Instruments) software monitored and controlled the process
variables in an automated fashion. All instruments and
controllers were connected through a NI CRIO-9075 (Na-
tional Instruments) interface.” The composition of the gas
mixture exiting the absorber bed was analyzed with a mass
spectrometer (SRS RGA 100) which was located further
downstream of the absorption column. Further details of the
experimental setup can be found in our previous study.’

Experimental Procedure. About 1.0 g of the absorbent
was loaded into the absorber tube. Two stainless-steel plugs
were placed at either end of the tube, sandwiching the
absorbent to prevent its escape from the column. The
absorbent consists of 40 wt % MgCl, and 60 wt % SiO,.

During the pretreatment phase, the absorbent bed was
heated to 400 °C at atmospheric pressure under an N, purge
(4S standard cubic centimeters per minute, sccm) for 1 h. This
was immediately followed by cooling the absorbent to the
target absorption temperature (30—200 °C in this study). An
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example of the data obtained from the automated cyclic
sorption apparatus is shown in Figure 2. After pretreatment,
the beginning of the ammonia absorption half-cycle is at point
A.

DA B C
——NH,

DA B

—N,

Flowrate
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8
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Pressure Temperature
(psig)

Mol Fraction
(effluent)

100 300
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Figure 2. Process variables during absorption and desorption cycles
(flow rates, set bed temperature, set column gauge pressure, and mole
fraction of effluent gas) showing example data from the automated
sorption apparatus. A, B, C, and D represent the start of the uptake
half-cycle, the start of the desorption half-cycle, the end of the
desorption half cycle, and the end of the bed cooling period,
respectively. Demonstrates cyclic steady state by the 2nd cycle.

During the absorption phase, the temperature was held
constant at the specified absorption temperature; the column
pressure was increased to the set pressure (14.5—44.S psia in
this study); the breakthrough experiment began by simulta-
neously increasing the flow rate of NH; and Ar to 15 sccm
each while decreasing the N, flow to 0 sccm. This low flow rate
of NH; and Ar is different from the 30 sccm used in our
previous paper.’ The reduced flow rate was selected to ensure
a broad time window for NH; uptake. Ar flow was used to
measure the retention time of a noninteracting or inert gas
through the system under all experimental conditions. The
partial pressure of NH; during absorption was about 23 psi
absolute (1.5 bar), which is estimated to be the partial pressure
of NHj; exiting an ammonia synthesis reactor for equilibrium
conversion achieved at 290 psi absolute and at 400 °C.”> The
system was maintained at these conditions for a period of time
just before breakthrough (an initial experiment was run under
the same conditions to determine breakthrough before
performing the rerun for a specified time just before the
predetermined breakthrough, about 90% of the breakthrough).
By preventing breakthrough in this way, NH; did not elute the
column until during the desorption stage.

During the desorption phase, the flow rates for Ar and NH;
were turned off while that of N, was increased (between 0 and
60 sccm in this study). The desorption half cycle begins at
point B as shown in Figure 2. The pressure in the column was
also released to atmospheric pressure while the system was
purged with N,. After equilibrating for 2 min, the bed
temperature was increased to the preset desorption temper-
ature (75—200 °C in this study) for the specified desorption
time (5—60 min). Readings from the thermocouple inserted
inside the absorber column were used to determine the time
required for the absorbent bed to reach the specified

https://doi.org/10.1021/acs.iecr.3c04351
Ind. Eng. Chem. Res. 2024, 63, 5608—5617


https://pubs.acs.org/doi/10.1021/acs.iecr.3c04351?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c04351?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c04351?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c04351?fig=fig2&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c04351?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

temperature. At the end of the specified desorption time, the
desorption half-cycle ends and the absorber begins to cool
down as indicated by point C in Figure 2.

During the cooling phase, the absorber eventually reaches
the absorption temperature (50 °C) in preparation for the next
uptake half-cycle. At the end of the cooling phase, there is a
two min wait period before the start of another NHj
absorption phase. Point D in Figure 2 indicates the end of
the cooling phase.

Three replicate cycles were performed for specific uptake
and regeneration conditions before moving on to a new set of
variables. Although the process variables change when
switching from absorption to desorption, cyclic steady state
is achieved by the second cycle as shown in Figure 2 (the area
under the curve for NH; mole fraction is identical for cycles 2
and 3). The working capacities published in this report reflect
those of the third replicate cycle.

Calculation of Working Capacity. In this study, we
report measurements of working capacities under different
processing conditions. The working capacity is defined as the
difference between the capacity of the absorbent after
absorption and the capacity after regeneration under operating
conditions. The working capacity of the absorbent was
calculated by first measuring breakthrough times (time taken
for the gas to elute the absorber column) for each absorption
cycle. Breakthrough times are defined as the period between
the onset of the absorption half cycle and the time points when
the partial pressures of Ar and NHj reach 0.75% and 1%,
respectively. To correct for the system’s retention time, the
breakthrough for Ar was subtracted from that of NH;. Next,
we evaluated the amount of NH; absorbed before break-
through by multiplying the corrected NH; breakthrough with
the flow rate of NH; absorbed during absorption. This value
was then divided by the appropriate absorbent mass. Unless
otherwise stated, NH; absorption was limited to uptake times
that were near breakthrough for any given set of operating
conditions. This experimental process ensured that the
absorbent bed was not fully saturated with ammonia, thus
reducing the possibility of ammonia returning to the reactor in
an actual ammonia synthesis process.

Physical Description of the Absorbent. As shown in
Figure 3, the silica support (shards) was observed to be
generally larger than the salt particles (gray and grainy) even
after subsequent absorption and desorption cycles on the
material. We observe the support covered by a salt layer as well
as some loose salt particles. It is unclear if the bulk of the
sorbent capacity is due to the salt micro crystals which are well

Figure 3. Absorbent material (magnesium chloride on silica support)
used for ammonia capture in the absorbent-enhanced ammonia
synthesis process after multiple cycles of ammonia uptake and release.
(A) Magnification 330X (B) magnification 80X. An SEM micrograph
was collected after NH; uptake at 50 °C and regeneration for 20 min
at 200 °C. Column pressure was 30 and O psig during NH; uptake
and regeneration, respectively.
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spaced within the pores of the support or the salt layer
covering the support or the free salt particles lying outside of
the support material. However, since the support materials are
generally larger in size than the salt crystals, the salt could still
be confined to the interstitial spaces between adjacent silica
particles; this promotes the separation of the salt crystals in
addition to the space separation attained within the pores of
the support, which improves vapor-phase mass transfer.

B RESULTS

Equilibrium versus Cyclic Steady State Process. Here,
we are interested in process conditions that allow for the
largest amount of ammonia per time to be absorbed during
uptake and subsequently released with regeneration, as it might
be in a small absorbent-enhanced Haber-Bosch plant. It is
desirable that such conditions are not only compatible with a
low-pressure Haber-Bosch synthesis process but also that they
help improve the economic viability and productivity of the
absorber-enhanced process compared to the condenser-based
one at small scale.

Due to kinetic limitations for ammonia uptake and release
using MgCl, supported on SiO,, it is difficult for the ammonia
absorbent to achieve equilibrium with the flowing gas and
vapors. For example, at 50 °C and ammonia pressure above 1.5
bar, the equilibrium capacity is 6 mol NH; absorbed per mole
of MgCl,. At 200 °C and ammonia pressure below 1 bar, the
equilibrium capacity is 2 mol NH; per mole of MgCl,. Thus,
the difference in equilibrium capacity is 4 mol NH; per mole of
MgCl,. In our experiments described here, the working
capacity was more typically ~2.0 mol NH; per mole of
MgCl,. Of course, any absorptive separation requires a design
trade-oft between working capacity and process time. The
disparity in the capacity measurement results from the long
time required to reach equilibrium ammonia absorption in the
salt. For these reasons, we designed our experiments to reflect
nonequilibrium conditions by operating our absorbent bed in a
cyclic steady state.

Effect of Uptake Temperature on Working Capacity.
To understand the relationship between uptake temperature
and the working capacity of the absorbent material, several
experiments were conducted where the uptake temperature
varied from 30 to 200 °C. For each uptake temperature
studied, the regeneration temperature, time, and sweep rate
were fixed at 200 °C, 20 min, and 60 sccm, respectively. Based
on equilibrium data in Figure 4, a regeneration temperature of
200 °C was chosen, because it was sufficiently high to ensure
the “6—2” stoichiometry transition (Mg(NH;)Cl, to Mg-
(NH;),CL,), for which the equilibrium transition temperature
is 150 °C at 1.5 bar ammonia pressure. Moreover, prior studies
by Kale and co-workers showed that above 250 °C
regeneration, there was no further increase in the working
capacity of MgCl, when uptake was fixed at 50 °C and 1.5 bar
ammonia pressure.” For the “After BT” results, the absorbent
was exposed to ammonia for uptake times that were
significantly longer (>50%) than the breakthrough time for
each absorption temperature. For the “Before BT” results, the
absorbent was exposed to ammonia for uptake times that were
90% of the breakthrough time for each absorption temper-
ature.

The measured working capacities are plotted in Figure 5. We
also show the working capacities for previous studies
conducted by Kale et al. and Hrtus et al., which use longer
absorption (uptake of ammonia was past breakthrough, >50%)

https://doi.org/10.1021/acs.iecr.3c04351
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Figure 5. Working capacity for: Kale study® with long uptake (60
min), higher regeneration temperature (400 °C), and long
regeneration time (60 min); present study with long uptake (30
min), lower regeneration temperature (200 °C), and shorter
regeneration time (20 min); and present study with short uptake
(less than BT time), lower regeneration temperature (200 °C), and
short regeneration time (20 min). Data was collected with a sweep
rate of 60 sccm (for the duration of regeneration 20 min), and column
pressure of 30 and O psig during NH; uptake and regeneration,
respectively. Hrtus study”® used long uptake past BT (SO min), less
salt at 25 °C, long regeneration of 45 min, and sweep rate of 50 sccm
for 3 min. Note: Only specific data from Hrtus et al. that matched our
experimental conditions were selected for comparison in this work.

and hotter desorption (regeneration of the bed was performed
at a high temperature of 400 °C for an hour).® All four curves
showed a similar trend as uptake temperature increased; higher
working capacity when ammonia was absorbed at lower
temperatures. This trend was exgected due to the exothermic
nature of ammonia absorption.”**

Effect of Reducing Regeneration Temperature: 200
°C versus 400 °C. While Figure S shows that absorbent
capacity increases as the ammonia absorption temperature
decreases, it was previously not certain whether this behavior is
independent of the regeneration temperature varying from 400
or 200 °C. In addition, Figure 5 shows that the working
capacities measured for experiments with 200 °C regeneration
are comparable with those at 400 °C. For example, Kale and
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co-workers measured a working capacity of about 240 mg
NH;/g MgCl, for a 50 °C uptake and 400 °C regeneration
while we report a working capacity of about 215 mg NH;/g
MgCl, for similar conditions except for a lower regeneration
temperature of 200 °C. These new results show that the
working capacity can be maintained at a lower regeneration
temperature of 200 °C (compared to regeneration at 400 °C)
for a whole range of uptake temperatures.

Effect of Limiting Uptake Time to Breakthrough
Time. Figure 5 shows experimental trials where the uptake
times were significantly longer than the breakthrough times for
the selected absorption conditions. One disadvantage of
operating ammonia uptake past breakthrough is the potential
for residual ammonia to be recycled back to the reactor, which
would decrease equilibrium yield.'® With regard to a potential
ammonia leak for long uptake times, we then examined
whether prolonged ammonia absorption actually increased the
absorptive capacity of our absorbent. To evaluate this, the
breakthrough times for each individual set of absorption
parameters were first determined, and then subsequent
ammonia uptake cycles were conducted with uptake times
that were 90% of the predetermined breakthrough time. Figure
S shows that by prolonging ammonia absorption past
breakthrough there is no significant increase in the ammonia
loading.

Results from other studies show comparable findings and
further support our conclusions on minimal additional
ammonia loading into the salt when using prolonged uptake
times past breakthrough. For example, Hrtus et al. show a
trend similar to our results when using analogous operating
conditions as shown in Figure 5. They reported the working
capacity for MgCl, supported on SiO, as 2.5 mol NH;/mol
MgCl, for uptake and regeneration at 25 and 400 °C,
respectively, when uptake was well past breakthrough.”® The
working capacity measured by Hrtus and co-workers was lower
than our result primarily because the absorbent used was 33 wt
% MgCl, rather than 40 wt %, which was utilized in the Kale
and Onuoha studies (their shorter sweep time should not
affect their capacity much as described below with Figure 10).
Also, the temperatures reported are nominal set point
temperatures; slight changes in how the absorber column
was heated during regeneration could shift the breakthrough
curve (this means that ammonia elutes the column at a slightly
longer or shorter time). Even though Hrtus and co-workers
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absorbed ammonia for a longer time and regenerated the
absorbent at a higher temperature, their reported loading of
NH; into the salt is still, however, comparable to our measured
capacity when the difference in salt fraction is taken into
consideration.

Effect of Further Reducing Regeneration Temper-
ature. The cost versus benefit of regenerating our absorbent
material at a much lower temperature of 200 °C poses a
question about the lowest temperature regeneration limit at
which the performance of the absorbent material significantly
decreases, resulting in a lower overall working capacity of the
absorbent bed. To find this lowest regeneration threshold
temperature, we examined lower regeneration temperatures of
130 and 75 °C while keeping all other experimental parameters
constant.

As shown in Figure 6, the data suggest that with the
desorption temperature well below the expected equilibrium
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Figure 6. Working capacity for previous study with long uptake (60
min), high regeneration temperature (400 °C), and long regeneration
time (60 min) to present study with short uptake (less than
Breakthrough), short regeneration time (20 min), and lower
regeneration temperature (200, 130 and 7S °C). Data were collected
with a sweep rate of 60 sccm and column pressure of 30 and 0 psig
during NH; uptake and regeneration, respectively.

transition temperature, the accessible working capacity now
decreases. The capacity for 200 °C regeneration was almost the
same as the 400 °C regeneration because the reduction in the
desorption driving force (due to a decrease in regeneration
temperature) was not significant enough to affect working
capacity. However, further dropping the regeneration temper-
ature below 200 °C does reduce the driving force enough to
lower the working capacity.

Effect of Shortening Desorption Time. The regener-
ation temperature fixes the equilibrium pressure of the
ammonia in the absorbent bed. Although the partial pressure
of ammonia relative to this equilibrium pressure determines
whether ammonia is absorbed or released, it does not say how
long uptake or release would last. Since working capacity close
to the equilibrium capacity could only be achieved at extremely
long absorption and regeneration times, it is necessary to
investigate the influence of desorption time on the capacity of
our absorbent when we operate under cyclic steady state.
Regenerating our absorbent for much longer than necessary
could result in an extended process time and higher operating
costs. The influence of regeneration time on the working
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capacity and production capacity of the absorbent was studied
and the results are shown in Figures 7 and S2 respectively.

4.0 T T T T
= ---0--- Regen@200°C, Osccm
o B R 130°C, 0 L
% 35 ] egen@ sccm | 0.25 s
S g
O 3.0 =1
gm 0.20 %
L 254 ]
E @, P ° E
S L0.15 &
£ 204 <
> )
£ ] =
g 15 010 T
w
T o)
O 104 =
I Q
s 1 IR = - 0.05 )
5 054 - N
=
0.0 T T T T 0.00
0 5 10 15 20 25

Regeneration Time (minutes)

Figure 7. Working capacity for uptake just before breakthrough at
different regeneration times and temperatures in the presence and
absence of sweep gas. Data were collected at an uptake temperature of
50 °C, and column pressure of 30 and O psig during NH; uptake and
regeneration, respectively.

From Figure 7, regeneration at 200 °C shows no time
dependence as the bulk of ammonia is released within a short
time (<S min) regardless of whether the regeneration cycle
lasts for S or 20 min. This observation is different when we
lower the desorption temperature to 130 °C. At a lower
regeneration temperature, a longer cycle time is needed for
ammonia to desorb from the salt crystals before an appreciable
working capacity is reached, which is indicative of a slower
desorption rate at a lower regeneration temperature. This is
not surprising since at a lower desorption temperature, the
distance from equilibrium is smaller than what it would be at a
higher temperature assuming all other process variables remain
constant. A smaller thermodynamic driving force at a lower
regeneration temperature results in a slower desorption rate.

Effect of the Regeneration Sweep Rate. Although
temperature plays an important role in the absorption and
desorption of ammonia in MgCl, by fixing the equilibrium
pressure, another important factor is the introduction of sweep
gas during desorption, which helps to increase the local
desorption driving force. All the results up to this point have
used a sweep gas rate of 60 sccm. We investigated the impact
of sweep gas when desorption occurs at a reduced column
pressure (&1 atm) for different regeneration temperatures.

As shown in Figure 8, we see that sweep gas has minimal
impact on working capacity at a high regeneration temperature
(200 °C) as the desorption driving force is large. Lowering the
regeneration temperature to 130 °C decreases the working
capacity by about three-fold, but the working capacity rises
significantly when some sweep gas is used to purge the
absorber bed. Reducing the regeneration temperature even
further to 75 °C results in very minimal desorption such that
even with a large sweep, the desorption rate is still slow
resulting in a low working capacity.

Purity and Working Capacity. Apart from working
capacities and ammonia production yields, the performance
of our absorbent bed under different process conditions was
evaluated based on the purity of the final ammonia product
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Figure 8. Effect of sweep gas rate on working capacity of absorbent
material at different desorption temperatures Data were collected at
an uptake temperature of S0 °C, regeneration time of 20 min and
column pressure of 30 and O psig during NH; uptake and
regeneration, respectively.

stream. We studied the impact of the regeneration sweep rate
and time on ammonia purity.

In Figure 9A, we see that the purity of our ammonia product
decreased from 72 to 39 mol % for a 200 °C regeneration
under a continuous supply of sweep gas during regeneration,
whereas for a 75 °C regeneration purity decreased from 47 to
18 mol % when regeneration time was increased from 5 to 20
min. This result highlights the need to limit the duration of
sweep gas if used at all because more ammonia is not
necessarily being pushed out of the absorbent material. Figure
9B also shows the impact of the sweep rate on ammonia purity,
where the results shown are for the same experimental trials
shown in Figure 7. We see that the purity of ammonia
decreased dramatically from 100 to 18 mol % for a 200 °C
desorption and from 100 to 7 mol % for a 75 °C desorption
when a sweep rate of 60 sccm was used. This result further
underscores the complementary role sweep gas plays in the
release of ammonia from decomposing amminated MgCl,
crystals. Figure 10 above shows a comparison between a
study conducted by Hrtus and co-workers and our own
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Figure 10. Working capacities of our study (Onuoha) where uptake
at 50 °C, just before BT, regen at 200 °C, 20 sccm sweep 40 wt %
MgCl,—SiO, and Hrtus study where uptake at 25 °C past BT,
regeneration at 200 °C, 50 sccm sweep for 3 min and 20 sccm sweep
for 1 min, 33.3% wt % MgCl,—SiO,.

experiments. The working capacities reported by Hrtus and co-
workers are lower than our own values for reasons previously
discussed (differences in absorbent composition and regener-
ation heat rate). When the amount of salt was accounted for
between the two studies, the working capacities were
comparable. From both results, we can see that for
regeneration at 200 °C, the working capacity was close to
190 mg NH;/g MgCl, of absorbent with a purity level of over
72 mol %. Thus, when the regeneration temperature is
sufficiently high, we can get not only a high ammonia capacity
yield but also a purer product.

B DISCUSSION

The uptake temperature of the sorbent significantly affected
the working capacity. All of the data sets in Figure S show a
higher working capacity when ammonia is absorbed at lower
temperatures. Although this trend is expected due to the
exothermic nature of ammonia absorption,”*” it was previously
not certain whether this behavior depended on the
regeneration temperature, especially when regenerating the
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Figure 9. Absorption column effluent purity level for uptake at SO °C lasting just before BT (A) for a sweep rate of 20 sccm at different
regeneration times (B) for different sweep rates at a regeneration of 20 min.
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absorbent at a significantly lower temperature (compared to
400 °C used in previous studies; for consistent comparison,
data were collected in the same uptake time of about 1 h).>**
It is worth noting though that for the 200 °C regeneration
curve, as the uptake temperature falls below S0 °C, the
observed increase in bed capacity becomes less sensitive to
temperature. This lower sensitivity at low temperatures might
be due to the onset of a kinetic limitation associated with a
slower recrystallization rate of hexa-ammine salt. The lowest
sorbent bed ammonia uptake temperature one would try to use
while avoiding process chilling is 50 °C.

We also examined the effect of decreasing the sorption bed
regeneration temperature. In Figure S5, we showed that
regenerating the absorber bed at 200 °C resulted in a working
capacity comparable to that obtained using 400 °C. However, a
regeneration temperature of 75 °C resulted in much smaller
working capacities as shown in Figure 6. The data of Figure 4
explain why desorption at 75 °C is no longer favored to
sufficiently drive out ammonia resulting in lower working
capacity; the equilibrium pressure of ammonia for a “6 to 2”
ammoniated salt transition increases sharply with temperature,
so there is a larger desorption driving force for desorption at
400 or 200 °C compared to 75 °C. The driving force for
ammonia transfer into and out of the sorbent is proportional to
the vertical distance from each state in Figure 4 (fixed
ammonia pressure and temperature). With the sweep gas rate
used here, we expected the bulk partial pressure of ammonia to
be much less than 0.1 bar. Here, the driving force for ammonia
released at 75 °C was extremely low. Desorption is no doubt
enabled only by the use of sweep gas removing the ammonia,
reducing its partial pressure in the absorbent bed. Desorption
might also be assisted by the higher-than-bulk-equilibrium
partial pressure afforded by small-dispersed salt particles and
by small temperature excursions by the controller over the
nominal temperature.

Figure 4, however, challenges us to explain why 400 °C
desorption does not perform even better than the measured
sorbent bed performance. It suggests that using a regeneration
temperature of 400 °C could, at equilibrium, completely
regenerate the absorbent (Mg(NHj;)Cl, to MgCl,) and yield a
capacity of about 420 mg NH;/g MgCl,, but we and others
report only about 240 mg NH;/g MgCl, even with a large
sweep rate and long desorption time. Given that the working
capacity we observe for a 200 °C regeneration is similar to that
for a 400 °C regeneration, we infer that achieving full
desorption to ammonia-free MgCl, is likely kinetically (mass
diffusion) limited. This idea is supported by other experiments
which report no additional ammonia desorbed at temperatures
above 325 °C.° The difficulty in completely regenerating the
absorbent (Mg(NH;)4Cl, to MgCl,) might be a result of the
lower driving force for ammonia desorption as the absorbent
approaches the fully ammonia-free form.'®

Being able to regenerate the MgCl, absorbent as well at a
lower temperature of 200 °C as opposed to 400 °C has
significant benefits for the absorbent-enhanced renewable
ammonia process. Palys et al. have shown that high-
temperature regeneration (>400 °C) accounts for about 80%
of the operational cost of the absorbent enhanced process at
small scale and slows the use of the absorbent bed with
excessive bed temperature swing.” Although not included in
this report, a techno-economic analysis (TEA) would be
needed to balance the benefits of lower utility cost savings and
time needed to heat the column to the set point against the
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loss of working capacity below 200 °C. For our current study,
we will continue with 200 °C regeneration, since it is a
sufficiently high temperature to desorb ammonia and yield
high working capacities.

Before proceeding to other sorbent bed operating
parameters, we note that we found that it does not matter
much to the measured working capacity if the uptake time
exceeds the breakthrough time. In practice, the absorber would
be operated with an uptake time just short of breakthrough to
avoid permitting ammonia return to the synthesis reactor. But
in many studies, uptake times routinely exceeded break-
through; our current concern is whether the extra uptake time
used in our previous work might have allowed so much time
for extra ammonia absorption (e.g, reaching less accessible
salt), thus increasing the working capacity beyond one that can
be achieved practically in a real process. It is reassuring,
though, as shown in Figure 5, that stopping short of
breakthrough produces no significant decrease in the working
capacity for the 200 °C regeneration. Data presented in Figures
7—9 use only uptake times limited to the measured
breakthrough time.

There are several factors that might explain why prolonging
ammonia absorption past breakthrough does not increase the
ammonia loading into the absorbent material. The uptake
reaction is exothermic, so there will always be small
temperature increases at the absorption front as it moves
down the bed; therefore, one possibility is that the uptake is
spontaneous (the exothermicity of ammonia uptake raises the
temperature and ensures there is enough energy to overcome
the activation barrier for recrystallization of amminated salt) at
the reaction front, helping ensure a sharp breakthrough.
Further ammonia uptake after breakthrough does not benefit
from this thermal acceleration and might only increase the net
absorbed amount slowly. On the other hand, full uptake of the
sorbent with ammonia requires the sorbent to swell to a
substantially larger volume (the hexamine form requiring more
volume),”” so it is also possible that some of the salt remains
inaccessible; this would also limit any capacity increase with
further uptake time.

Another process variable explored was the sorbent bed
regeneration time, which at a given breakthrough time will set
the cycle time and influence the net throughput rate of the
cycling absorbent bed. An optimal absorption—desorption
process might involve fast cycling of the absorbent bed to take
advantage of a faster initial desorption rate experienced early in
the regeneration half-cycle.’”*® As shown in Figure 7,
decreasing the regeneration time from 20 to S min at a
regeneration temperature of 200 °C resulted in the same
working capacity. The bulk of ammonia was released within
the first few minutes of the start of the desorption cycle, with
only a small amount desorbing after 5 min. However, when the
regeneration temperature was lowered to 130 °C, ammonia
release was slower; therefore, longer regeneration times were
required to obtain reasonable working capacities. A high
regeneration temperature has the advantage of a higher
thermodynamic driving force for ammonia release and a
higher rate of diffusion, so faster cycling was possible. Using a
shorter regeneration time can increase the production capacity
(ammonia processed per unit absorbent and per unit
production time) and so can allow for the use of smaller
columns (which can also be heated and cooled faster). Smaller
beds can be used to cycle faster multiple times resulting in
higher ammonia product yield; they can also avoid the capital
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cost and heat transfer difficulties presented by larger beds.” On
the other hand, excessively high regeneration temperatures can
add unnecessarily long wait times and utility costs (to heat and
cool between cycles). Figure S2 (in the Supporting
Information) shows that the production output using 50 °C
uptake and 200 °C regeneration can be increased up to 4-fold
when decreasing the regeneration from 20 to 5 min. These
results are significant as fast cycling can be a useful design
strategy (balancing, of course, the added complexity of faster
cycling including temperature and pressure swings).

The fourth process variable is the rate of sweep gas used
during regeneration of the absorbent, which can increase the
working capacity. The convective flow provided by the sweep
gas decreases the partial pressure of ammonia in the bulk gas,
providing additional driving force for ammonia desorption.'®
However, this same dilution of the bulk gas requires further
purification of the product stream. In seeking an optimum
process, the absorbent would be regenerated using minimal
sweep gas to prevent the need for a secondary separation unit
for this absorbent-enhanced process. As shown in Figure 8, the
benefit of sweep gas depends on the regeneration temperature.
Using 200 °C as regeneration temperature, a large working
capacity can be obtained with no sweep gas at all; using 130 °C
would require a large sweep rate to yield high capacity, and for
75 °C even larger sweep rates cannot produce the expected
working capacity. At 200 °C, there is sufficient driving force to
drive ammonia out of the absorbent, so the rate of desorption
benefits little from the sweep gas (as shown in Figure 8).
Others have also shown (using similar absorbent and uptake
temperatures) that there is little benefit to using much sweep
gas when using sufficiently high regeneration temperature
(greater than 200 °C)?® and have attributed the benefit of high
desorption temperature to the formation of nanopores within
the salt particles which creates a transport pathway to the bulk
gas."!

Since there is an additional cost of usin§ excess sweep and a
need for a secondary purification unit,” it is favorable to
regenerate the absorbent material at the lowest temperature
that practically eliminates the need for sweep. For this reason,
200 °C would likely be selected in a practical design, and a
complete process design and economic analysis should give full
consideration for this design trade-off, and its economic impact
will inform a suitable process path.

We also emphasize that optimizing the operation should
take into account the purity of the regeneration stream. Figure
10 shows that the absorbent bed can be regenerated without
sweep gas (if the temperature is high enough), which would
yield the purest product. If the absorbent bed can be
regenerated with little or no sweep gas (by using a sufficiently
high regeneration temperature) this would avoid any need for
purification from the sweep gas. It is helpful to use a
regeneration temperature that is adequately high to avoid the
need for excessive sweep, but not necessarily any higher.

B CONCLUSIONS

The research described here aims to enable distributed
ammonia to be synthesized more efficiently by using the
standard Haber—Bosch catalyst with an improved ammonia
separation method using a cyclically operating high-temper-
ature ammonia absorber. If operated efficiently, this can allow
ammonia to be made at a lower pressure'”'® and lower capital
cost; it may also be more suitable for smaller-scale production
than the conventional large-scale process.

In this work, we experimentally evaluated the impact on
absorber performance of the following variables: ammonia
uptake temperature, uptake time, regeneration temperature,
regeneration sweep gas rate, and regeneration time. Here, we
show that absorbent regeneration using very high temperatures
(>400 °C) is unnecessary and may be inefficient in terms of
utility cost and wait time to reach target temperatures.” The
cost and energy efficiency of the absorbent-enhanced process is
further complicated when a significant flow rate of inert sweep
gas is used. Here, we show that while a large rate of sweep gas
such as nitrogen can be useful to drive the desorption of
ammonia from the absorbent material, in practice too much
sweep is unnecessary and would necessitate a secondary
purification step to obtain a pure ammonia product. Finally, we
show that unnecessarily long desorption times become less
effective at separating ammonia and will limit the number of
separation cycles that can be operated, resulting in less
ammonia produced per unit of production time.’

Our understanding of the impact of these process variables
will guide process optimization, improving the economic
viability of this process especially at smaller production scales.’
Further work is needed to explore the effect of the scale of the
process such as the impact of using larger absorbent beds. In
addition, a process design and economic analysis will be able to
utilize the operational parameter evaluation to optimize the
economic and production potential of an ammonia processing
facility using an ammonia absorber.
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