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1. Introduction

Ammonia, NHjs, is the second most produced chemical globally and accounts for 1.8% of global
CO, emissions [1]. The majority of ammonia is currently produced through the Haber-Bosch
process using fossil fuels as feedstock in centralised facilities. The decarbonisation of ammonia
production requires the use of renewable energy sources, which due to their intermittent nature
and general geographic isolation require a decentralised, small-scale and agile process. Because
of the high temperature and pressure requirements for the Haber-Bosch process, down-scaling
increases energy losses and the cost of ammonia production. Thus, there is a need for operation
in milder conditions to allow for intermittent operation and lower capital expenditures. [2] [3]

Non-thermal plasma is a promising technology for ammonia synthesis as it allows for operations
at low temperatures and pressures. However, the use of milder pressures requires the
replacement of the condensation step currently used in the Haber-Bosch process for ammonia
separation. An alternative is the use of adsorption for removal of ammonia from the reactor
effluent. Therefore, a new Power-to-X technology for decentralized ammonia production based
on sorption-enhanced plasma catalysis is being investigated in the DARE2X project.

Zeolites are categorized as aluminosilicates having a distinct crystalline structure. Al, Si, and O
are their three primary components. For a given framework, it is possible to tailor the properties
of the zeolite for a desired application, by varying the Si/Al ratio and the counterion. [4] Zeolite
materials are excellent adsorbents due to selectivity with respect to specific components in a
gas mixture. They exert strong interactions with NHs species and good shape-selectivity. [5] [6]

Work Package 3 of the DARE2X project is led by HB and involves the development of stable NH;
sorption materials for collection of NH; and enabling sorption-enhanced reactors. This report
summarizes the experimental work related to the sorption materials, their adsorption capacity,
kinetic behaviour, and cycle capacity.

This project has received funding from the European Union’s Horizon Europe research
and innovation programme under grant agreement No 101083905.
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2. EXxperimental

Na-zeolite 2 was prepared through incipient wetness method with NaOH (74.2g NaOH for 500.1g
Zeolite 2) and calcined at 400°C for 4 hrs. The other zeolite samples were used as received.

2.1 NHschemisorption

The total acidity of the adsorbents was determined with chemisorption using NHs as probing
sorbent. The evaluation was performed in a 3Flex instrument (Micromeritics®, Norcross, GA).
Samples between 0.1-0.5 g were analysed at 35 °C.

2.2 Temperature programmed desorption - TPD

The strength of adsorption was evaluated using TPD. The evaluation was done with NHs and
performed in a 3Flex instrument (Micromeritics®, Norcross, GA). Samples between 0.1-0.25g
were analysed from 50 °C to 700 °C (ramp 10 °C/min). The samples dosed with NHs for 15 min
at 50 °C, after which helium was used as gas (10 mL/min) during heating.

2.3 NHs physisorption

The textural properties of the adsorbents were evaluated (approx. 0.25 g) by determination of
the N, adsorption-desorption isotherms using a 3Flex instrument (Micromeritics®, Norcross, GA,
U.S). The specific surface area was determined using the Brunauer-Emmett-Teller (BET)
equation, and the pore characteristics (size and volume) were determined using the Barrett-
Joyner-Halenda (BJH) method [7] [8]. The samples were degassed under vacuum conditions at
90 °C for 30 min and subsequently at 250 °C for 220 min (ramp 10 °C/min) prior to the N,
physisorption analysis.

2.4 Dynamic adsorption

For the dynamic adsorption tests, the system used is depicted in Figure 1. The gas flows are
controlled by controlled by a Bronkhorst mass flow controller and the pressure is regulated by
a Bronkhorst pressure controller. The filling of the reactor bed is specified for each experiment.
The temperature is measured in the rector bed. The system is placed inside a furnace and heated
to the desired temperature. After the reactor, the gas is led to analysis, which is performed by
online measurements with a Bacharach ammonia gas monitor equipment.

The gases used were: N; from Strandmoéllen and 5 mol% NHs in N2 from Nippon Gases.

This project has received funding from the European Union’s Horizon Europe research
and innovation programme under grant agreement No 101083905.
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4—{ Acid wash }—'NHG analyserl I

Figure 1. Experimental set-up for the dynamic adsorption tests.

The samples for the dynamic adsorption tests were prepared by mixing the zeolites with 20% wt
alumina dispersion (Nyacol® AL20), calcined at 500°C, milled and sieved to the particle size of
10-20 mesh (0.85-2.0 mm).

Test parameters for each experiment are detailed in Table 1. The adsorbent was loaded in the
reactor and then dried for at least 2hr at 120°C under N, flow of 5nL/h for removal of adsorbed
water. Then the system’s temperature and pressure were adjusted, under N, flow, as
determined by initial parameters for each experiment. Once the correct temperature and
pressure were reached, gas flow with NH; and logging of its concentration after the reactor were
started. The measurements were performed continuously to observe the breakthrough, i.e. the
first NH3 measurements above the baseline. Once the maximum capacity of the analyser, 1000
ppm, was reached, the adsorption cycle was considered finished, whether the adsorbent was
saturated or not, and the NHs; flow was stopped. The system parameters, such as N, flow,
temperature and pressure were adjusted for the desorption cycle. Logging of NH3 concentration
was not possible when it exceeded 1000 ppm, but once it reached 0 ppm the desorption cycle
was considered finished. For each adsorbent and reactor loading, the amount of
adsorption/desorption cycle run is specified. Once the experiment was finished, logging was
stopped, and temperature and pressure set back to atmospheric. The used adsorbent was
removed from the reactor and a new test started.

This project has received funding from the European Union’s Horizon Europe research
and innovation programme under grant agreement No 101083905.
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Table 1. Test parameters for dynamic adsorption experiments.

Weight Reaction Total

nuE\)w(Eer TYCF:tOf Adsorbent | adsorbent | {Number of ([FI)\lpHnsﬁ]) gas flow ("-[3) (bz r)
(g) cycles) (nL/h)
1 PSA  Zeolite 1 2.31 322 g; 10'(? » igg 38 i
2 PSA  Zeolite 2 2.32 /Szz g; 10’8 % 28:2 38 i
3 PSA  Zeolite 1 2.32 /Szz g; 10’8 % 28:2 188 i
4 PSA  Zeolite 2 2.32 /Szz g; 10’8 % 28:2 188 i
5 TSA  Zeolite 2 2.32 /Szz g; 10’8 > ;8:2 23000 1
6 TSA  Zzeolite 1 2.32 /Szz g; 10’8 > ;8:2 63000 1
7 PSA  Zeolite 1 2.32 /Szz g; 10000 28:2 38 i
8 TSA  Zeolite 1 2.32 /Szz 8; 10000 28:2 63000 1
9 PSA  Zeolite 1 2.32 /Szz g; 10000 28:2 38 i
10 PSA Zeolite 5 3.32 g:z g; 10000 38: 38 i
11 PSA  Zeolite 5 3.33 gzz g; 10000 ;8:: 188 i
12 :\L‘?r‘:g Zeolite 5 3.33 322 g; 10000 38:: 38 1
13 TSA Zeolite 5 3.32 g:z g; 10000 38: 33000 1

This project has received funding from the European Union’s Horizon Europe research
and innovation programme under grant agreement No 101083905.
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3. Results and Discussion

3.1 NHs chemisorption

The total acidity of the adsorbents was determined using NH; as the probing sorbent, Table 2
and Figure 2. The results of the experiments are given as the total ammonia adsorption capacity,
which is the sum of the physisorption and chemisorption.

Physisorption involves the physical bonding of gas molecules with the solid surface and the
forces involved are intermolecular forces (van der Waals forces). Chemisorption, on the other
hand, involves a chemical reaction between the adsorbate and adsorbent. [9]

In order to achieve bulk gas separation by adsorption, the adsorbent must be used repeatedly,
i.e. regenerated between the adsorption cycles. The desorption step takes a rather long time if
thermal desorption is employed due to poor thermal conduction in the adsorbent packed bed.
A solution is to employ low pressure desorption where the time constant of desorption is of the
same order of magnitude as that of adsorption or even smaller. Thus, the separation is achieved
by repeating adsorption at higher pressure and desorption at lower pressure, a type of operation
called PSA (Pressure Swing Adsorption). [10]

Due to weaker interaction energy involved, physisorption is an easily reversible process and
therefore more appropriate choice for an adsorption unit that needs to be regenerated several
times. This regeneration can be achieved through the faster pressure swing method, instead of
using thermal desorption, which would be necessary for the chemisorption. The most promising
materials were, therefore, the ones which showed highest adsorption capacity, particularly if
due to physisorption.

Table 2. Amount of NH:s physisorbed and chemisorbed by each adsorbent.

Quantity adsorbed (ml/g) Total adsorption capacity
Adsorbent o
Physisorption Chemisorption Total (mg NHs-g™ sorb)
Zeolite 1 38.7 37.1 75.8 56.8
Zeolite 2 89.2 4.6 93.8 70.3
Na-Zeolite 2 84.4 30.8 115.2 86.4
Zeolite 3 43.6 12.4 56.0 42.0
Zeolite 4 100.7 0.6 101.3 76.0
Zeolite 5 100.4 0.0 100.4 75.3
Zeolite 6 74.2 18.0 92.2 69.1
Zeolite 7 105.9 7.2 113.1 84.8
This project has received funding from the European Union’s Horizon Europe research
and innovation programme under grant agreement No 101083905.
- UK Research . . . . .
% and Innovation Part of this project has also received funding from UK Research and Innovation.
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Figure 2. Isotherm plots for each adsorbent.

3.2 Temperature programmed desorption — TPD

The strength of adsorption of the zeolite materials was evaluated by TPD, Figure 3. It shows the
temperature needed for the desorption of ammonia from the material. If thermal desorption
were to be used as a way to regenerate the adsorbent, the lower temperature observed for the
peak in the curve, the lower temperature would be needed in the desorption step. Most
materials evaluated show a peak around 200°C, with the exception being Zeolite 1, at around
600°C.

Temperature Programmed Desorption

Temperature (°C)
-0,75

0 L 100 200 300 400 500 600 700 800

Signal (a.u.)

-1,1

-1,15
1,2

Zeolite 3 Zeolite 4

Zeolite 2

Zeolite 1 Zeolite 5 Zeolite 6 Zeolite 7

Figure 3. Spectra from NHz-TPD analysis of all adsorbents.

This project has received funding from the European Union’s Horizon Europe research
and innovation programme under grant agreement No 101083905.
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3.3 NHs physisorption

The textural properties of two adsorbent materials were evaluated, Table 3. Key parameters,
such as the specific surface area, the pore volume and the pore diameters are listed. As
expected, the surface areas are high, with the zeolite 2 coming in at the highest value. Please
keep in mind that these are values with 20% alumina binder in the material. The pore volumes
and diameters also reflect the high surface area.

Table 3. Textural properties of Zeolite 1 and Zeolite 2 adsorbents.

BET surface area BJH desorption BET pore
Adsorbent 3 .
(m?*/g) pore volume (ml/g) diameter (nm)
Zeolite 1 325.1 0.23 9.35
Zeolite 2 414.7 0.19 9.04

3.4 Dynamic adsorption

The zeolites that showed highest amount physisorption and lowest desorption temperature
were considered the most promising and had their kinetic adsorption behaviour in the dynamic
adsorption tests, Figure 4. The results from these experiments show the dynamic adsorption
capacity, kinetic behaviour, breakthrough time and cycle stability for the zeolite materials.

The adsorption capacity for each experiment was calculated through integration of the area
below the adsorption curve until the first breakthrough of ammonia or until saturation of the
adsorbent, Table 4. The test parameters, temperature, pressure ammonia concentration and gas
flow rates, were chosen with consideration to parameters from the plasma reactor that
synthesizes ammonia, physical constraints of the test rig and information needed for the upscale
of the adsorption unit.

This project has received funding from the European Union’s Horizon Europe research
and innovation programme under grant agreement No 101083905.
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Figure 4. Dynamic adsorption curves.

Table 4. Adsorption capacities based on dynamic adsorption experiments.

Exp Type of [NH3] Adsorp tion
number test Adsorbent " Cycle T(°C) P (bar) capacity (mg Comments
NHs/g ads)
Ads 1 30 5/1 39.69
1 PSA Zeolite 1 10,000 Ads 2 30 5/1 21.36 Until breakthrough
Ads 3 30 5/1 24.20
Ads 1 30 5/1 28.12
2 PSA Zeolite 2 10,000 Ads 2 30 5/1 18.15 Until breakthrough
Ads 3 30 5/1 15.48
3 PSA Zeolite 1 10,000 2:: ; 133 iﬁ 2133 Until breakthrough
. Ads 2 100 5/1 36.13 Until breakthrough
4 PSA Zeolite 2 10,000 Ads 3 100 5/1 24.56
Ads 1 30/200 1 61.40
5 TSA Zeolite 2 10,000 Ads 2 30/200 1 59.26 Until breakthrough
Ads 3 30/200 1 59.98
Ads 1 30/600 1 44.85
6 TSA Zeolite 1 10,000 Ads 2 30/600 1 47.52 Until breakthrough
Ads 3 30/600 1 49.83
7 PSA Zeolite 1 1000 232 ; zg iﬁ iggg Until saturation
) Ads 1 30/600 1 30.66 . .
8 TSA Zeolite 1 1000 Ads 2 30/600 1 34.67 Until saturation
9 PSA Zeolite 1 1000 232 ; 38 gﬁ iggg Until saturation
Ads 1 30 5/1 79.39
10 PSA Zeolite 5 1000 Ads 2 30 5/1 48.43 Until saturation
Ads 3 30 5/1 43.76
Ads 1 100 5/1 4.80
11 PSA Zeolite 5 1000 Ads 2 100 5/1 4.40 Until saturation
Ads 3 100 5/1 10.11
Flow Ads 1 30 1 40.81
12 swing Zeolite 5 1000 Ads 2 30 1 35.44 Until saturation
Ads 3 30 1 39.29
Ads 1 30/300 1 42.44
13 TSA Zeolite 5 1000 Ads 2 30/300 1 59.34 Until saturation
Ads 3 30/300 1 59.08
This project has received funding from the European Union’s Horizon Europe research
and innovation programme under grant agreement No 101083905.
gr',(dﬁiie;,r:gon Part of this project has also received funding from UK Research and Innovation.
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Some results for the dynamic adsorption tests are grouped for easiness of analysis, Figure 5. It is
possible to see that the adsorption capacity during PSA experiments is higher in the first cycle
but then is stable during the other cycles due to the amount of ammonia that is chemisorbed
during the first cycle but is not able to be regenerated through pressure swing. Therefore, this
is not observed during the TSA experiments, where the adsorption capacity actually increases
after the first cycle, since not only all ammonia, both physisorbed and chemisorbed, is desorbed
but also water is released from the zeolite pores, increasing the volume available for adsorption
in the next cycle.

Zeolite 5 showed the highest adsorption capacity of the tested adsorbents, but it was very
dependent on the temperature, being approximately 10x larger at 30°C than 100°C.

When looking at the different operating modes for the Zeolite 5 adsorbent, it can be seen that
the use of a higher pressure, 5 bar, during adsorption increased its adsorption capacity, being
higher than the flow swing experiment, 1 bar, which was, otherwise, performed in the same
conditions.

The adsorption capacity was stable in the second and third cycles for all the different desorption

modes.
This project has received funding from the European Union’s Horizon Europe research
and innovation programme under grant agreement No 101083905.
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Figure 5. Comparison of adsorption capacity for the dynamic experiments.

KPI5, to find an adsorbent material capable of adsorbing more than 150 mgNHs.g?* at 30°C and
1 bar and retain this capacity for 20 cycles, was not achieved, Table 5. It was deemed to take a
disproportionate amount of time and resources to optimize the adsorption capacity and instead
the need for higher adsorption capacity will be bypassed through the process design for the
adsorption unit.

The pilot unit will be designed for a specific amount of time in each cycle with the current
adsorption capacity and showcase a proof-of-concept. In the eventual upscale, several
adsorption columns will be used in parallel in different staged of the adsorption/desorption cycle
and the system will be able to function continuously without demanding much higher costs or
space despite the lower adsorption capacity.

This project has received funding from the European Union’s Horizon Europe research
and innovation programme under grant agreement No 101083905.
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Table 5. Comparison of KPI5 and best performing adsorbent.

Adsorption capacity Capacity retention

KPI5 >150 mgNHs.g'sorb at 30°C and 1bar =~ 99% after 20 cycles
Best performing adsorbent =~ 79.39 mgNHs.g'sorb at 30°C and 1bar  75% after 3 cycles

3.5 Adsorbent upscaling

When moving from the laboratory scale to industrial scale, the modus operandi of the
production has to be more rational. HB has for more than a decade been actively developing
methods for the production of catalysts and adsorbents in ton scale. The recipe developed in
the laboratory scale, for the zeolites with binders, has been proven to be straightforward to
scale. The most suitable method of production is extrusion. In extrusion, the powder and binders
are mixed with water and other additives, e.g. agents to slow cracking on drying and fibres to
enhance the stability of the extrudates. The mixture of powder, binder and additives has the
consistency of a paste and is thoroughly mixed via kneading before extrusion. In the extruder,
the paste is pushed through a die and into the desired shapes by selecting the die.

HB possesses own extruding capabilities, Figure 6, and has prepared extrudate samples in
different sizes, Figure 7. Due to size limitations in the design of the adsorber pilot unit, i.e. to
minimize pressure drop in the column but still guaranteeing enough adsorbent particles in the
width of the column, the particle size of 1.6 mm was chosen for upscaling.

As it is required by the pilot unit, samples of Zeolite 5 adsorbent will be prepared by HB in the
correct amount and size. They will also be dried for water removal and be ready to use as

delivered.
This project has received funding from the European Union’s Horizon Europe research
and innovation programme under grant agreement No 101083905.
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Figure 6. Extruder at HB production with capacity for 3kg/batch.

Figure 7. Extrudate simples at 1.6 mm (left) and 3 mm (right).
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4. Conclusions

The zeolites that showed the highest amount of physisorption and the lowest desorption
temperature were considered the most promising for the adsorption system. Since
physisorption is an easily reversible process, it is more adequate for an adsorption unit that
needs to be regenerated several times, and this regeneration can thus be achieved though PSA.

The kinetic adsorption behaviour of the most promising materials was evaluated in the dynamic
adsorption tests. Zeolite 5 had the highest adsorption capacity after the 1° cycle of the tested
adsorbents, 48 mg NHs/g ads, at 30°C, 5/1 bar and 1000 ppm NH; concentration. The results
from the dynamic adsorption tests were also useful to the design of the pilot unit since it
determined not only the best operating conditions for the adsorbent but also the adsorber
dimensions and expected cycle times.

The chosen adsorbent, Zeolite 5, was also prepared in larger scale in the desired shape and size
to be used in the pilot adsorber unit.

This project has received funding from the European Union’s Horizon Europe research
and innovation programme under grant agreement No 101083905.
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