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The combination of catalytic decomposition of ammonia and in situ separation of hydrogen holds great promise
for the use of ammonia as a clean energy carrier. However, finding the optimal catalyst – membrane pair and
operation conditions have proved challenging. Here, we demonstrate that cobalt-based catalysts for ammonia
decomposition can be efficiently used together with a Pd-Au based membrane to produce high purity hydrogen at
elevated pressure. Compared to a conventional packed bed reactor, the membrane reactor offers several oper
ational advantages that result in energetic and economic benefits. The robustness and durability of the combined
system has been demonstrated for>1000 h on stream, yielding a very pure hydrogen stream (>99.97 % H2) and
recovery (>90 %). When considering the required hydrogen compression for storage/utilization and environ
mental issues, the combined system offers the additional advantage of production of hydrogen at moderate
pressures along with full ammonia conversion. Altogether, our results demonstrate the possibility of deploying
high pressure (350 bar) hydrogen generators from ammonia with H2 efficiencies of circa 75% without any
external energy input and/or derived CO2 emissions.

1. Introduction
Over the last decades, the term ‘hydrogen economy’ has gained
increasing significance [1–3 4,5]. Hydrogen is an environmentally
friendly, COx-free, energy vector [6] with a high gravimetric energy
storage density [7]. However, other properties such as its low energy
volumetric density (1.5 kWh/L for liquid H2 and 0.8 kWh/L for gas H2)
or its high flammability are not desirable characteristics for a fuel
[8–10]. Overall, the scientific community agrees that hydrogen will be
key for the decarbonization of our current energy system, although very
important challenges related to production, distribution and storage
need to be addressed [11].
Ammonia is a promising energy carrier in the hydrogen economy.
This chemical offers a couple of advantages in terms of storage potential:
it has a volumetric energy density of 3 kWh/L and a 17.8 wt% hydrogen

capacity [12,13]. Already since its discovery by J. Priestley at 1774
[14,15] and its following industrial synthetic production in 1908 by the
famed Haber-Bosch process [16,17], ammonia is one of the most pro
duced chemicals in the world in terms of volume [18,19]. This is because
NH3 is an important raw material for the manufacture of different
products such as fertilizers, pharmaceuticals, plastics, refrigerants, nitric
acid or explosives, among others [9,18,20]. But not only its production is
mature, the distribution and transport of ammonia through pipelines is
already available in countries such as USA, Russia or Ukraine, while
trucks, trains and ships are used worldwide for the distribution of this
important commodity. For instance, the global maritime trade is 18⋅106
tones per year [21]. Furthermore, liquefaction of ammonia is costaffordable and possible through compression to 10 bar at room tem
perature or by cooling to –33 ◦ C at atmospheric pressure. Additionally,
working with liquified ammonia provides a volumetric hydrogen den
sity 45% higher than liquified hydrogen [8,22,23]. Lastly, this chemical
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Nomenclature
Da
Pe
ΔHr
ΔHvap
CpNH3
ΔT
LHVH2
LHVNH3
MWH2
MWNH3

ηC
ηH2-rec
ηheat-rec

Damkohler number
Peclet number
ammonia decomposition reaction enthalpy (kWh/kg NH3)
ammonia evaporation enthalpy (kWh/kg NH3)
ammonia specific heat (kWh/K/kg NH3)
temperature difference (K)
hydrogen Lower heating value (kWh/kg H2)
ammonia Lower heating value (kWh/kg H2)
hydrogen molecular weight (kmol/kg H2)
ammonia molecular weight (kmol/kg NH3)
ammonia cracker efficiency, (90–95%),
hydrogen recovery (permeated hydrogen) from the
cracked ammonia, (85–95%),
heat recovery from the retentate, (70–90%)
Fig. 1. Thermodynamic
different pressures.

is less hazardous in terms of flammability and explosion limits than
current fuels or even hydrogen [11,24]. In contrast, the toxicity of
ammonia is higher, being an important barrier for its implementation in
mobile applications. Despite its toxicity, scientists argue that ammonia
risks are acceptable and similar to current fuels, [25] placing NH3 as one
of the most important candidates for the decarbonization of the current
energy system [12,26].
As stated above, ammonia can be directly used as a COx-free fuel,
either in fuel cells [8,27] or through conventional combustion [24,28].
Main issues with the direct utilization are the high temperatures
required by ammonia fuel cells and the potential NOx emissions during
combustion. On the other hand, it can be also used as a hydrogen carrier
to obtain carbon-free H2, which can be directly combusted or used in
fuel cells [29,30]. Nowadays, different techniques such as plasma
[31,32] or photo-driven catalysis [33,34] are investigated to obtain H2
from ammonia, although electrocatalytic and thermocatalytic processes
are the most studied. The electrolysis of ammonia is not viable presently
due to insufficient energy efficiency of the process, formation of NOx,
and NH3 slip during the electro-oxidation [23,35,36]. Hence, the ther
mocatalytic decomposition of ammonia or ammonia cracking (Equation
(1))is the most promising method.
2NH3 ↔ 3H2 + N2

ammonia

conversion

versus

temperature

at

H2-selective membranes with catalytic systems in packed-bed catalytic
membrane reactors (PBCMR) can lead to overcoming equilibrium con
straints and speed up reaction kinetics [67,69,70]. The thin Pd layers
used as H2 selective membranes present restrictions in terms of working
temperature. At low temperature (T < 400 ◦ C), apart from the low
hydrogen permeation due to the limitation in the endothermic diffusion
of hydrogen through the membrane, the integrity of the membrane is
compromised due to hydrogen embrittlement. Meanwhile, at higher
temperatures T > 550 ◦ C, cracking at the ceramic–metal interface might
occur due to a mistmatch in thermal expansion. In constrast, PdAu
membranes offer improvements in terms of H2 permeation at low tem
perature and higher resistance to embrittlement [71,72] In this spirit,
we selected PdAu alloy membranes as the most adequate to be combined
with our recently reported barium promoted cobalt-cerium catalyst.
[73]
Apart from purity requirements, hydrogen should be supplied or
stored at high pressure. Therefore, in order to avoid additional
compression costs [74–76] and derived emissions (estimates are about
6.0 kWh/kg for compression of H2 to 70 MPa, which leads to approxi
mately 1.3 kg of CO2/kg of hydrogen) [77], high pressure in the
permeate side of a PBCMR would be desirable.
Here, we demonstrate the very efficient production of hydrogen by
combining our recently developed Co-based catalyst and a state-of-theart H2-selective membrane. The membrane dramatically enhances con
version over the catalyst, proving the ability of the PBCMR to both,
accelerate the kinetics and overcome equilibrium constraints. A full
process optimization with the objective of minimizing energy re
quirements has been performed. The system offers the possibility of
utilizing the energy of the hydrogen in the retentate to cover the thermal
requirements for the process, developing in such a way a stand-alone
system with a H2 efficiency of ~ 78%. Furthermore, the possibility of
producing the H2-permeate stream at moderate pressure results in
enormous energy savings and prevents further efficiency losses, and also
decreases CO2 emissions associated to the compression step. Last but not
least, we demonstrate the industrial potential of the system by running
the membrane reactor for over 1000 h.

(1)

Ammonia decomposition is an endothermic reaction thermody
namically limited at low temperatures. Accordingly, higher tempera
tures than 400 ◦ C are needed to achieve equilibrium conversions above
99% at atmospheric pressure, and even higher temperatures if the
working pressure is higher (Fig. 1) [37,38].
When it comes to catalyst design, ruthenium is the most active metal
for the decomposition of ammonia [6,39–50]. However, the high cost
and availability of this metal make its industrial implementation
doubtful [51]. Besides, when targeting 100% conversion to avoid any
ammonia slip, thermodynamic limitations become more important than
kinetics, making the use of Ru less desired (still almost 500 ◦ C are
needed for full ammonia decomposition at 1 bar [38,52,53]). Other
authors have looked at more abundant and cost-effective elements and
their combinations (i.e. Co, Ni, Mn, Ir or Fe) supported in different
materials [22,51,54–63].
In general, next to thermodynamic limitations, the considerable
endothermicity of the reaction,[6] the inhibitory effect of the produced
hydrogen,[64] and the high purity H2 required for most applications
(higher than 99.97% [22]), they all point at the in situ removal of
hydrogen as the most feasible strategy to efficiently decompose
ammonia.[65–68] Specifically, the combination of membranes and
catalytic ammonia decomposition allows to separate high purity H2 in
situ. Various authors have already demonstrated that the combination of

2. Result and discussion
2.1. Benchmarking the membrane reactor configuration
To elucidate the benefits of incorporating a H2-selective membrane
to a packed-bed catalytic reactor (PBCR), the catalytic activity was
2
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firstly evaluated in the membrane module with the permeate stream
opened (PBCMR) and closed (PBCR). In the second case, the reaction
mixture goes exclusively through the retentate or catalytic chamber,
mimicking a PBCR. The evolution of ammonia conversion using both
approaches (PBCR and PBCMR) at different temperatures, contact times
and pressures was analyzed (Fig. 2). The comparison of both experi
ments at different conditions reveals a significant improvement (10–30
%) in ammonia conversion when the PBCMR was employed, in agree
ment with previous studies [69,70]. The presence of hydrogen has an
inhibitory effect on the kinetics of the reaction according to the TemkinPyzhev mechanism [78,79]. Therefore, the removal of H2 from the
retentate chamber improves ammonia conversion. This effect can be
seen only at temperatures higher than 400 ◦ C, minimum temperature to
attain H2 transport through the Pd-Au membrane (Supplementary
Figure S5).
The purity of the recovered hydrogen in all the PBCMR experiments
was 99.97 ± 0.03 %, demonstrating the absence of defects in the
membrane (see Figures S6-S8). Minor N2 impurities can be observed at
pressures higher than 9 bar (Supplementary Table S2), in agreement
with previous studies [64,67]. Overall, ammonia conversion increases
when temperature (250 – 500 ◦ C), contact time (2.7 – 16.3 g h mol− 1)
and pressure (4 to 15 bar) are increased. A similar trend can be observed
in both reactor configurations in the case of temperature and contact
time. In contrast, higher pressures are only beneficial in case of the
PBCMR [40,70]. This negative effect in the PBCR, when pressure is
increased, is the result of the previously mentioned inhibitory effect of
hydrogen on the reaction kinetics and of the strong thermodynamic
limitations. [80 78 80 81] Finally, the PBCMR without catalyst did not
present any significant ammonia conversion, demonstrating no catalytic
activity of the membrane (Supplementary Table S1).

utilization of both components. In this line, we investigated the effect of
space velocity over membrane reactor performance (Fig. 4). The flow
rate of ammonia was modified in the range 50–300 N mL min− 1, varying
the weight hourly space velocity (WHSV) in the range 300–1800 ml gcat1 − 1
h . At low WHSV, full conversion and maximum hydrogen recovery
are achieved. Under these conditions, the membrane is capable of
permeating the produced H2 until similar PH2 are reached at both both
sides of the membrane. In contrast, at WSHVs higher than 1000 ml gcat1 − 1
h , the membrane is not able to permeate all produced hydrogen,
resulting in recovery rates below the maximum value. At higher WSHVs,
full conversion cannot be achieved and some NH3 slip is observed in the
retentate.
Additional experiments at increasing pressure in the retentate were
performed. As shown in Fig. 5, upon increasing the pressure in the
retentate chamber and consequently the driving force for permeation of
H2 through the membrane, full ammonia conversion with much higher
recovery rates can be achieved. This is the result of a much more effi
cient use of the membrane that, in addition, strongly suppresses the
well-known inhibition of H2 on kinetics and further brings the reaction
far from equilibrium limitations [53,64,67,81]. The positive effect of
increasing the pressure on ammonia conversion and hydrogen re
coveries is particularly interesting at higher space velocities (Supple
mentary Figure S9).
2.2. Production of pressurized H2
A sets of experiments were conducted at 485 ◦ C and 200 ml NH3
min− 1, keeping constant the pressure in the permeate chamber at 1, 3, 5,
10 and 15 bar, and increasing the pressure in the retentate chamber from
1 to 50 bar. To the best of our knowledge, this is the first example in the
open literature reporting the production of hydrogen from ammonia at
pressures higher than atmospheric. Similarly, we could not find any
publication reporting experiments at >6 bar in the retentate.
As observed in Fig. 6, the pressure ratio retentate/permeate even
tually determines hydrogen recovery and productivity. However,
reaching full ammonia conversion at higher permeate pressures be
comes more difficult and may lead to undesirable ammonia slip (Sup
plementary Figures S10-S12), together with the increase in the
impurities in the hydrogen permeate stream (Supplementary Table S3).
In addition, similar experiment were carried out at lower temperatures
(450 ◦ C) demonstrating similar trends at lower conversion and H2 re
covery values (Supplementary Figure S14). These results however,
demonstrate the great potential of this configuration and offer a great
degree of flexibility for the optimization of the full process (vide infra).

2.1.1. Optimizing operation in the PBCMR
Fig. 3 shows the effect of temperature in ammonia conversion,
hydrogen recovery, and composition of the permeate and retentate, as
well as the measured flows, when pressure in the retentate is fixed to 4
bar (ΔP = 3 bar). As described above, both ammonia conversion and
hydrogen recovery increase with the reaction temperature, reaching
total conversion and almost 80% H2 recovery at 500 ◦ C. Under these
conditions, pure hydrogen is obtained in the permeate. However, not all
produced hydrogen can permeate through the membrane after partial
pressures of this gas (PH2) are equalized at both sides of the membrane
(see maximum recovery, that would correspond to similar PH2 in both
permeate and retentate). Indeed, in membrane separation processes, the
flow of the permeable gas is a function of the driving force (expressed as
difference in chemical potential) across the membrane.
Matching the permeation properties of the membrane and the ac
tivity of the catalyst is of primary importance to ensure the full

Fig. 2. Effect of the reaction conditions (T, W/F and P) using PBCR (blue) and PBCMR (red). 0.5%Ba-CoCe catalyst: 2 g (350–500 μm) diluted with 10 g of SiC ~ 680
μm. Fixed conditions are ammonia flow rate 100 N mL min− 1, T = 485 ◦ C , Pretentate = 4 bar and Ppermeate = 1 bar. In each graph one variable was varied: Temperature
250 – 500 ◦ C (left), ammonia flow rate 50–300 N mL min− 1 (center), and Pretentate = 4–15 bar (right). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Effect of the reaction temperature in the ammonia conversion and hydrogen recovery (left), the molar composition and retentate flow (right-up) and molar
composition and permeate flow (right-down). Reaction conditions: 0.5%Ba-CoCe catalyst: 10 g (350–500 mm) diluted with 20 g of SiC ~ 680 mm. Ammonia flow
rate = 200 N mL min− 1, WHSV = 1200 ml gcat-1h− 1, T = 400–500 ◦ C, Pretentate = 4 bar; Ppermeate = 1 bar.

Fig. 4. Effect of the weight hourly space velocity in the ammonia conversion and hydrogen recovery (left), the molar composition and retentate flow (right-up) and
molar composition and permeate flow (right-down). Reaction conditions: 0.5%Ba-CoCe catalyst: 10 g (350–500 μm) diluted with 20 g of SiC ~ 680 μm. Ammonia
flow rate = 50–310 N mL min− 1, WHSV = 300–1860 ml gcat-1h− 1, T = 485 ◦ C, Pretentate = 4 bar; Ppermeate = 1 bar.

2.3. Controlling regimes

(
k0 exp −

In order to gain further insights into the controlling regimes during
membrane operation, we made use of two well known dimensionless
numbers in the field of membrane reactors: the Damkohler (Da) and the
Peclet (Pe) numbers. The definitons are equivalent to the ones proposed
by Gomez-garcia et al. [82] who modelled a similar shell-tube type
membrane reactor for ammonia decomposition. The choice of catalyst
mass in the Da definition arrives from the definition of k0 unlike the
original work, where volume based definition were employed. An
additional dimensionless number was introduced for the regimes eval
uation at higher pressures. This number was derived as the ratio be
tween the feed and the permeate pressures.

Da =

Ea
RT

)
W
P(a+b)
p

FNH3 ,0

Pe =

FNH3 ,0
JH2 APp

Pr =

Pf
Pp

Where k0 is the pre-exponential factor (8.2 × 107 mol kgcat− 1 s− 1);
Ea the activation energy (116.11 kJ mol− 1); a the ammonia reaction
order (0.73); b the hydrogen reaction order (-1.62); Pf and Pp are feed
4
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Fig. 5. Effect of the retentate pressure in the ammonia conversion and hydrogen recovery (left), the molar composition and retentate flow (center) and molar
composition and permeate flow (right). Reaction conditions: 0.5%Ba-CoCe catalyst: 10 g (350–500 μm) diluted with 20 g of SiC ~ 680 μm. Ammonia flow rate = 200
N mL min− 1, WHSV = 1200 ml gcat-1h− 1, T = 485 ◦ C, Pretentate = 4–9 bar, Ppermeate = 1 bar.

Fig. 6. Effect of the permeate pressure using different retentate pressures on conversion and H2-recovery. Reaction conditions: 0.5%Ba-CoCe catalyst: 10 g (350–500
μm) diluted with 10 g of SiC ~ 680 μm. Ammonia flow rate 200 N mL min− 1, T = 485 ◦ C , Pretentate = 4–50 bar, Ppermeate = 1–15 bar.

and permeate pressures respectively; W the catalyst mass (g); FNH3,0 is
the initial ammonia flow rate (mol s− 1); JH2 the hydrogen permeance
(1.17 × 10-7 mol m− 2 pa-1 s− 1) and A the membrane surface area
(0.00716 m2). The values of reaction parameters are estimated with
similar methodology followed by Sayas et al. [80]
Da compares the reaction rate against the convective mass transfer
rate, while the Pe number correlates the rates of two modes of mass

transfer: convection through the catalytic bed against diffusion through
the membrane. High Da values (obtained for either a high catalyst
loading or a low reactant feed flow) would indicate a fast reaction that is
close to equilibrium and will be controlled by the convective mass
transfer from the gas to the catalyst. Low Pe values would indicate
relatively faster diffusion through the membrane on account of high
permeability. As a consequence, a combination of high Da and low Pe
5
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Energy of the hydrogen recovered in the permeate − Net Energy requirements
Energy of the hydrogen recovered in the permeate

maximizes the potential of membrane reactors against their packed bed
counterparts. On the contrary, low Da along with high Pe values are
obtained for membrane reactors operating close to the performance of
packed bed reactors.
The Da and Pe numbers have been calculated using the equations
described in the supplementary information and the values of reaction
parameters have been estimated following a similar methodology as that
previously reported by Sayas et al. [80]. Fig. 7 collectively compares Da
and Pe values for various experiments performed in the packed bed
catalytic membrane reactor. In two instances where different catalyst
loadings have been used (2 g represented by rhombuses and 10 g by
stars). At high temperatures, Da values are sufficiently high to reach
almost full ammonia conversion, as noted experimentally in Fig. 2.
Simultaneously, the Pe values are constant and sufficiently low to pro
mote hydrogen permeation, resulting in high H2-recoveries on the
permeate side. Even at higher Pe numbers, such as in the case of 10 g
catalyst loading, the ammonia conversion and H2-recovery results are
still promising, due to the Da number values increasing roughly by an
order of magnitude when the catalyst amount is increased.
The effect of WHSV is shown in Fig. 7. At 485˚C and 2 g of catalyst
loading, when WHSV varies from 1800 to 9000 ml gcat-1h− 1 the Da and
Pe numbers change (represented by squares). The evaluated operating
conditions cover the low-to-moderate Pe range, and show conversions
higher than 80% and high (>80%) recovery as Pe decreases; in good
agreement with the experimental data reported earlier in Fig. 2. Simi
larly, at the same temperature, 10 g of catalyst loading and WHSV
ranging from 360 to 1800 ml gcat-1h− 1 (represented by circles) the re
sults cover the same Pe range but higher Da numbers; obtaining higher
conversions and higher recoveries, as expected (Fig. 4). In any case, both
experiments follow the same trend, where conversion and H2-recovery
increase as the ratio between Da and Pe increases. Lastly, the effect of
pressure ratio studied in Fig. 6 is further explored in terms of dimen
sionless numbers, symbolized by triangles. Both, Da and Pe numbers are
kept constant at different pressure ratios. This effect ban be better

(
Net energy requirements = ΔHvap + CpNH3 × ΔT + ΔHr × ηC − LHVH2 ×

(2)

observed in Figure S15, where ammonia conversion and H2-recovery are
represented in terms of different pressure ratios. Once again, a signifi
cant rise in Da values overcomes the slight increase in resistance to
permeation due to increased Pe numbers and allows for a higher re
covery of hydrogen on the permeate side of the reactor. Overall, this
analysis shows that, under the studied reaction conditions, optimal
usage of both catalyst and membrane is possible and highlights the
importance of a good matching between both reactor components.
2.3.1. Efficiency of the process
Energy efficiency of the process is an issue of the utmost importance
in the field energy storage. The overall efficiency in this case was
calculated using Equation (2).[19,83,84 85]
The energy requirements include: (i) ammonia evaporation (ΔHvap),
(ii) energy required to reach the reaction temperature (400–500 ◦ C,
CpNH3 × ΔT), and (iii) the energy to convert ammonia into hydrogen in
the catalytic bed (ΔHr). The thermal energy losses in the system, or the
thermal energy that could be recovered from the reaction products
during the cooling step from the reaction temperature (400–500 ◦ C) to
room temperature are not considered here. [19]
The heat required for the ammonia decomposition in order to
maintain hydrogen production can be supplied by gas turbine, high
temperature fuel cell, or diesel power plants. However, for standalone
systems, a fraction of the hydrogen produced could be used to cover the
energetic demands of the whole process, for instance using the hydrogen
which is not recovered in the permeate. Thermodynamically, ammonia
decomposition requires around 15–20 % of the hydrogen calorific value
[84,86]. Therefore, with H2 recoveries around 80–85%, the energy
content of the retentate will be sufficient to satisfy the endothermic
requirement for NH3 decomposition. In such a stand-alone system, the
net energy requirements can be calculated according to Equation (3).

MWH2
MWNH3

)
× ηC × (1 − ηH2−

rec )

× ηHeat−

rec

− LHVNH3 × (1 − ηC ) × ηHeat−

rec

(3)

Fig. 7. Comparison of (a) ammonia conversion
and (b) hydrogen recovery as a function of Da
and Pe for various experimental conditions uti
lized in Figs. 2-4. (■) 2 g catalyst, 485 ◦ C, 1800
to 9000 ml gcat-1h− 1, Ppermeate = 1 bar and Pre
◦
tentate = 4 bar; (●) 10 g catalyst, 485 C, 360 to
1800 ml gcat-1h− 1, Ppermeate = 1 bar and Pretentate
= 4 bar; (◆) 2 g catalyst, 400 to 500 ◦ C, 3000 ml
gcat-1h− 1, Ppermeate = 1 bar and Pretentate = 4 bar;
(★) 10 g catalyst, 400 to 500 ◦ C, 1800 ml gcat1 − 1
h , Ppermeate = 1 bar and Pretentate = 4 bar; (▴)
10 g catalyst, 485 ◦ C, 1200 ml gcat-1h− 1, Ppermeate
= 1 to 45 bar and Pretentate = 1 to 15 bar.
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in terms of the available options to cover the energetic demand for the
whole process. If no external energy inputs are available, a maximum
recovery of ~ 70–75% would be the optimum value for an energy
neutral process.
Finally, an extra consideration could be added to the overall effi
ciency of the process by including the the energy requirements for the
compression of hydrogen produced in the permeate. Here we take 3
different examples: fuel cells (up to 10 bar), vehicles (up to 350 bar), and
hydrogen storage (up to 700 bar). Energy requirements for compression
of hydrogen for these three scenarios are depicted in Fig. 9 considering
hydrogen in the permeate is directly produced in a range between 1 and
20 bar. As it can be observed, there is a considerable difference in the
required energy as a function of the starting pressure of H2. This trans
lates into important energy savings and highlights the importance of
operating membrane reactors at elevated pressures, not only from a
productivity point of view. For example, in the case of producing
hydrogen in the permeate at 5 bar, this will reduce the energetic re
quirements to compress this hydrogen up to 350 bar, by circa a 30%
(compared to the case in which the compression was done from atmo
spheric pressure). The savings could reach up to almost 60% if hydrogen
was produced at 20 bar prior to compression at 350 bar.
Fig. 10 shows the efficiency of the process considering the energy
needed for compression. For example, if the hydrogen produced is
required to be compressed up to 350 bar, the efficiency would drop from
77.7% to ~ 68–73%, when hydrogen in the permeate is produced at
1–20 bar, respectively. Fig. 10 clearly reveals the benefits of producing
the hydrogen permeate stream a certain value above the atmospheric
pressure, if the hydrogen produced requires further compression. The
drop in efficiency is smaller when increasing the pressure in the
permeate (for all the scenarios considered here of compression up to 25,
350 or 700 bar). Only a 5% of efficiency loss is observed when the
permeate is produced at 20 bar and requires further compression to 350
bar, compared to the 12% loss in the case of producing the permeate at 1
bar.
Another benefit of producing hydrogen in the permeate at certain
pressure above the atmospheric pressure is an important decrease in CO2
emissions associated to the compression step (considering that these
compressors are ran by non renewable energy sources). Fig. 11 shows
smaller CO2 emissions when hydrogen permeate is directly produced at
increasing pressures in the permeate stream. A decrease in the CO2
emissions in the range of 30–60% would be achieved when hydrogen is
compressed up to 350 bar from 5 to 20 bar, with respect to the case in
which the hydrogen was produced at atmospheric pressure.
In the previous section we have demonstrated the possibility of
producing the permeate at several pressures by simply increasing further
the pressure in the retentate (Fig. 6). It is important to highlight that
hardly any compression work is required to conduct the reaction at

η

Fig. 8. Energetic analysis of the hydrogen production and purification process
by ammonia decomposition conducted in a membrane reactor.

Where ηC is the ammonia cracker efficiency, (90–95%), ηH2-rec is the
hydrogen recovered (permeated hydrogen) from the cracked ammonia,
(85–95%) and ηheat-rec is the heat recovered from the retentate,
(70–90%). LHVi and MWi represent the lower heating value and the
molecular weight of the components, respectively. All the energetic
terms in Equations 2–3 are expressed in kWh per kg of ammonia. The
energy of the hydrogen recovered in the permeate is given by Equation
(4)
(

Energy of the hydrogen recovered in the permeate = LHV H2 ×
)
MW H2
MW NH3 × ηC × ηH2− rec (4)

Fig. 8 summarizes the parameters considered to determine the effi
ciency of the process. According to equations 2–4, the overall efficiency
for the hydrogen production-purification system would be 77.8 %, when
considering the use of the H2 in the retentate (and eventually the nonconverted NH3) to provide a large part of the energy needs; for an
85% H2-recovery and 95% the efficiency of the cracker. It has to be
stressed that this overall efficiency considers that the rest of the required
energy to drive the process is provided by waste streams, something that
may not be realistic in case of stand-alone systems. Indeed, the optimum
H2-recovery for such stand-alone units would depend on their location

Fig. 9. Energy requirements for hydrogen compression from 1 to 20 bar in the permeate up to 700 bar (left), and the energy savings resulting from the production of
a pressurized permeate streams in the range 5–20 bar (right).
7
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Fig. 10. Efficiency and efficiency loss when including the energetic compression requirements up to higher pressures in the range 25–700 bar, for the cases in which
the permeate is produced at 1–20 bar (80% H2-recovery was used for the calculation).

Fig. 11. CO2 emission associated to the compression step of the hydrogen produced in the permeate.

elevated pressure, because pressurizing liquid ammonia is simple and
cheap.

power savings in the membrane-based process are found due to the
absence of the PSA and the higher pressure of the final H2 stream after
the reactor (Supplementary Table S4). As a result, a 31% utility cost
savings could be achieved. Moreover, we also need to point out that, due
to the difficulty of achieving 100% conversion in standard reactors and
despite the NH3 recovery unit that works at − 100 ◦ C, close to 500 ppm of
NH3 slip is observed in the PSA scenario (stream S9, in supplementary
Scheme S2). This will most likely imply the need for an additional NH3
slip reaction unit (ASC) [89] as, apart from being one order of magni
tude higher than the Permissible Exposure Limit (50 ppm), small traces
of NH3 can compromise the performance of the PSA and compression
units [90]. Furthermore, Fuel Cells require NH3 concentrations below
0.1 ppm[91]. As a result, extra energy requirements will be needed in
the conventional scenario for this ASC unit. On the other hand, in our
membrane system, the H2 stream directly comes out virtually free of
NH3 (see Fig. 3), revealing another important advantage of our system.
Moreover, the retentate stream still rich in H2, and could be used in a
cogeneration cycle to generate 3 MW of the electric power needed to run
the plant, reducing further the energy consumption and utility costs
(Supplementary Scheme S4).
Following, we evaluated the accuracy of the above estimations of
energy efficiency for an energy stand-alone membrane system by per
forming additional simulations with 85% and 75% H2 recovery in the
membrane. While reducing the recovery will lessen the hydrogen pro
duction rate, it will result in higher H2 content of the retentate stream for
the cogeneration cycle and, at the same time, higher pressures in the
permeate stream (see Fig. 6), both aspects being beneficial for the standalone energetic operation of the plant. The results can be observed in the
Supporting Information at Table S4 and, indeed, lowering the H2

2.3.2. Hydrogen purification technologies: Membrane reactor versus
conventional pressure swing Adsorption.
The feasibility of the ammonia decomposition process to produce
high purity hydrogen has been additionally investigated by comparing
the membrane reactor to a conventional pressure swing adsorption
(PSA) technology using Aspen plus simulations. Here we compare the
energy consumption for the two hydrogen purification technologies
(Supplementary Table S4).
The conventional process uses an equilibrium reactor (GIBBS), fol
lowed by an NH3 recovery unit, a PSA purification unit and a H2
compression unit (Supplementary Scheme S2). The GIBBS reactor
operates at 20 bar and 500 ◦ C in the reactor. The PSA adsorption is
simplified as a theoretical separator with 90% H2 recovery and 0.1% N2
slip [87]. The energy consumption of the vacuum pump (0.5 bar) and
the further recompression are considered the main energy inputs for this
technology [88]. On the other side, the membrane reactor is modeled as
a combination of a GIBBs equilibrium reactor and a theoretical separator
with 95% recovery (Supplementary Scheme S3). No PSA unit is needed
in this case. The reaction conditions for the membrane reactor are
selected from experimental data, in particular 20 bar of feed, 3 bar of H2
permeate, and 95% H2 recovery with 99.97% purity (see Fig. 6).
The hydrogen purification technology coupled to the NH3 decom
position was successfully modeled with Aspen plus for the membrane
reactor and the conventional PSA, delivering the target 99.9% H2 purity.
The initial case study has been considered at 20 bar and 500 ◦ C in the
reactor, with H2 delivery also at 20 bar. Interestingly, 51% electric
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Fig. 12. Composition and flow at
retentate (a), ammonia conversion and
H2 recovery (b) and composition and
flow at permeate (c) at long-term sta
bility test with Pd-Au membrane module
Reaction conditions: 0.5%Ba-CoCe cata
lyst: 10 g (350–500 μm) diluted with 20
g of SiC ~ 680 μm; Ammonia flow rate
= 170 N ml min− 1; T = 485 ◦ C, Pretentate
= 4 bar; Ppermeate = 1 bar. Ammonia
conversion, H2 recovery and H2 purity of
the permeate (d) using the same condi
tions in cycles of heating/cooling.

recovery in the membrane results in higher energy produced in the
coreneration cycle with lower electricity needed for the final compres
sion stem. While in neither of the cases we generate enough electric
power for a stand-alone operation, we need to stress that the power cycle
of Scheme S4 (Supplementary Information) is solely designed for elec
tric power generation and, in our particular case, we could omit the
second turbine with the water-steam cycle and used instead the heat of
the low pressure hot gas (Supplementary Scheme S4, 18.25 MW in
HEATX for a 75% H2 recovery) to provide the required energy for the
reactor (19.1 MW). In this case, the first turbine will provide more than
enough power (8.5 MW) for the rest of the utilities, effectively reaching
the desired energy and stand-alone operation.

several cooling /heating cycles were conducted. The membrane module
was purged with inert gas (Ar, 100 N mL min− 1 for 1 h), and kept under
Ar to protect the H2-selective membrane and to prevent the reoxidation
of the Co-based catalyst. Then, cooling and heating ramps were set at
1 ◦ C min− 1 to prevent the stress between membrane and ceramic sup
port. The cooling /heating cycles were followed by the ammonia reac
tion at the same operating conditions as in the long-term stability test,
for 24 h each cycle. The catalytic performance for six cycles (Fig. 12 and
Supplementary Figure S17,) clearly showed the stability of the mem
brane, with no significant differences in conversion and recovery.
Overall, the total working time of the system under several reaction
conditions reached ~ 1000 h (when including the long term and addi
tional experiments performed with the same membrane module and
catalyst).

2.3.3. Stability of the PBCMR
Last but not least, the stability of the system was further analyzed,
since it could become one of the limiting steps to the development of this
technology [83,92]. Fig. 12 shows the catalytic performance over the
reaction time for the long-term stability test conducted. No detrimental
effects were observed on ammonia conversion, hydrogen recovery,
composition or flow rates of the permeate and retentate. From the cat
alytic point of view, no ammonia was detected in the chromatographic
analysis of the retentate, neither in the permeate stream. To uncover any
unreacted ammonia under the detection limit of the chromatographs
(detection limit 0.01–0.02 %vol.), a sulfuric acid trap (0.5 M) was
installed to capture ammonia at the ppm level (in the permeate and
retentate sides). Aliquots of the sulfuric acid trap were daily analyzed
following the indophenol blue protocol [93]. We can unequivocally
assure that no ammonia was detected in any of the exhausts of the
system, even at the ppm level.
In order to validate the robustness of the PBCMR, the system was set
at the maximum operating conditions specified by the supplier, 500 ◦ C
and 16 bar for 24 h. After that, the conditions were set back to the
previous long-term stability test for 24 extra hours. The results (Sup
plementary Figure S16) were almost identical to the previous ones,
corroborating the stability and the robustness of the PBCMR. Finally,

3. Conclusions
The production of high purity H2 from NH3 using packed bed
membrane reactors holds great promise. The robustness and durability
of such system has been demonstrated for >1000 h on stream, yielding a
very pure hydrogen stream (>99.97 % H2) and H2 recovery (>90 %). In
situ separation of hydrogen results in faster cracking kinetics and helps
overcome equilibrium limitations. However, a good match between the
properties of catalyst and membrane needs to be achieved: Pd based
membranes are very effective in a relatively narrow operation window
(namely 400 to 550 ◦ C), implying that the use of catalysts active and
selective in this temperature range is mandatory and that productivity of
membrane an catalysts need to be well matched. This is the case for the
combination studied in this work.
When considering NH3 as potential H2 carrier, efficiency of the
cracking has to account for the final application of the produced H2,
including compression to the desired pressure and important environ
mental aspects such as potential NH3 slip. Our work demonstrates that
nearly thermodynamic efficiencies can be achieved when the appro
priate membrane reactor is employed. Indeed, using this technology, we
9

J.L. Cerrillo et al.

Chemical Engineering Journal 431 (2022) 134310

have demonstrated that stand alone systems with a H2 efficiency of circa
75% can be achieved in the production of H2 at 350 bar. We expect our
results to pave the way towards the the development of this tehcnology
in a scalable manner through parallelization, enabling a pathway for
distributed use of hydrogen from ammonia for a wide range of
applications.

Additional experiments were performed using 10 g of BaCoCe and SiC in
a 1:2 ratio. The effect of the operational conditions (P, T and WHSV) on
ammonia conversion, hydrogen recovery and productivity were evalu
ated using the PBCMR. Long-term stability tests were carried out for
>1000 h, including heating/cooling cycles and diverse operational
conditions to determine the robustness of the membrane and the sta
bility of the catalyst. Preliminary experiments to evaluate the hydrogen
permeability and capability of the membrane module (Supplementary
Figures S1-S4).

4. Experimental details
The barium promoted cobalt-cerium catalyst (BaCoCe, 80/20 M ratio
Co/Ce) was synthesized by coprecipitation followed by the addition of
barium as promoter using incipient wetness impregnation (0.5 wt%. Ba).
Experimental details of the synthesis procedure and characterization of
the catalyst can be found in our previous work [73]. Prior to the ex
periments, the catalyst was reduced under pure hydrogen (at atmo
spheric pressure) at 485 ◦ C for 8 h.
The membrane reactor (PBCMR) was supplied by GaoQ Functional
Materials Co. (Nanjing, China). The reaction system consists of a Pd-Au
alloy membrane (i.d., 8 mm; o.d, 12 mm; effective membrane area, 70
cm2; thickness, 8 µm; Au content, 15 wt%) in a stainless-steel module.
The thin Pd-Au alloy layer is supported on the external surface of a
porous ceramic tube. The shell and tube sides are the retentate and
permeate chambers, respectively. The catalyst (2–10 g) is incorporated
in the annular space (retentate chamber) together with SiC in a catalyst:
SiC weight ratio of 1:2.
The ammonia decomposition tests were performed using a PID
Microactivity Reference system. The experimental setup is shown in
Scheme S1 in the Supplementary Information. The original furnace has
been replaced with a longer one to ensure isothermal operation in the
membrane reactor. The experiments were carried out at different tem
peratures (300 to 600 ℃), pressures (1 to 25 bar) and WHSV (300–1800
gcat mL-1h− 1) using different amounts of catalyst (2 to 10 g) diluted with
SiC in diverse ratios (catalyst: SiC = 1:10 and 1:2). Each set of experi
mental conditions was kept for two hours. The flow rates of NH3, H2, N2
and Ar were carefully fixed by mass flow controller in order to explore
those different reaction conditions. Gases from the two chambers were
analyzed online by two Micro-GC in an online gas chromatograph
(3000A Micro-GC gas analyzer, Agilent) equipped with thermal con
ductivity detectors and using He as internal standard (2 ml min− 1). One
channel equipped with a PLOT-U precolumn, followed by a Molsieve
column using Ar as the carrier gas was used for detection of N2 and H2; a
second channel with a PLOT-U column and He as the carrier gas, was
used for NH3 detection.
The experimental setup is designed to feed liquified ammonia with
the possibility of performing reactions at high pressure. This feature of
the system enables high-pressure experiments and could potentially be
used to generate pressurized pure hydrogen on the permeate side.
Experimental verification of the concept was done at feed pressure up to
50 bar and permeate pressure up to 20 bar.
During heating, both the tube/retentate side and the shell/permeate
side of the module were fed with Ar to avoid hydrogen embrittlement of
Pd membrane at low temperatures. The temperature was carefully
raised with 1–2 ◦ C/min.
The maximum flow rate was limited by the system’ s ability to
maintain a constant catalyst bed temperature, as the high flow rate and
endothermic reaction may result in a significant temperature gradient
across the catalyst bed.
The use of a sweep gas could decrease the partial pressure of
hydrogen in the permeate side, thereby, increasing the driving force for
permeation, but for hydrogen-production applications, dilution by a
sweep gas is, in principle, not desired. Because of this, all experiments
were conducted without sweep gas to obtain pure hydrogen in the
permeate.
A set of experiments was carried out using 200 mg of pelletized
BaCoCe between 300 μm and 500 μm and diluted with 2 g of SiC,
mimicking the experimental conditions reported in our previous work.
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D.S. Su, Structure–function correlations for Ru/CNT in the catalytic decomposition
of ammonia, ChemSusChem: Chemistry & Sustainability Energy & Materials 3 (2)
(2010) 226–230.
K. Nagaoka, T. Eboshi, N. Abe, S.-I. Miyahara, K. Honda, K. Sato, Influence of basic
dopants on the activity of Ru/Pr6O11 for hydrogen production by ammonia
decomposition, International journal of hydrogen energy 39 (35) (2014)
20731–20735.
X. Duan, J. Ji, G. Qian, C. Fan, Y. Zhu, X. Zhou, D.e. Chen, W. Yuan, Ammonia
decomposition on Fe (1 1 0), Co (1 1 1) and Ni (1 1 1) surfaces: A density functional
theory study, Journal of Molecular Catalysis A: Chemical 357 (2012) 81–86.
J.P. Collins, J.D. Way, Catalytic decomposition of ammonia in a membrane reactor,
Journal of membrane science 96 (3) (1994) 259–274.
F.R. García-García, Y.H. Ma, I. Rodríguez-Ramos, A. Guerrero-Ruiz, High purity
hydrogen production by low temperature catalytic ammonia decomposition in a
multifunctional membrane reactor, Catalysis Communications 9 (3) (2008)
482–486.
G. Lanzani, K. Laasonen, NH3 adsorption and dissociation on a nanosized iron
cluster, International journal of hydrogen energy 35 (13) (2010) 6571–6577.
H. Muroyama, C. Saburi, T. Matsui, K. Eguchi, Ammonia decomposition over Ni/
La2O3 catalyst for on-site generation of hydrogen, Applied Catalysis A: General
443-444 (2012) 119–124.
C. Plana, S. Armenise, A. Monzón, E. García-Bordejé, Ni on alumina-coated
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