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ABSTRACT: Ammonia production is one of the most important industrial
chemical processes, but the synthesis reaction is strongly limited by chemical
equilibrium. This is commonly compensated by applying high pressures, but
large recycle ratios and purging losses are still unavoidable. Equilibrium
limitations can alternatively be evaded by sorption enhancement, where NH3 is
selectively removed from the reaction mixture by a solid sorbent material. One
material class commonly applied in this approach are metal halides like MgCl2,
as they typically show high NH3 capacity even at elevated temperatures. In this
study, a thermodynamic equilibrium model based on Gibbs energy
minimization is established that is able to predict the simultaneous NH3
synthesis and sorption equilibrium. After parametrization for metal chloride-
based sorbents, the model is used to estimate the potential effect of sorption enhancement on the NH3 synthesis in equilibrium. For
kinetic studies under realistic operating conditions, a reactor model was established using kinetics for both iron and ruthenium-based
catalysts. Simulations reveal that near-full conversion is possible in sorption-enhanced NH3 synthesis under a wide range of realistic
operating conditions. At thermodynamically unfavorable conditions, the process benefits from overstoichiometric amounts of
sorbent as this keeps the sorbent saturation low and thus increases the sorption driving force. The integration of a sorbent material
into the NH3 synthesis reaction was shown to result in increased conversion, but at the same time also allows for a higher NH3
formation rate. An increase in H2 conversion by up to 550% was found at 350 °C, 100 bar, 15,000 h−1 for twice the
stoichiometrically required sorbent. While it has been demonstrated experimentally before, these findings quantify and emphasize
the vast potential of sorption-enhanced NH3 synthesis under a wide range of conditions.
KEYWORDS: ammonia synthesis, sorption enhancement, equilibrium modeling, kinetic modeling, process intensification,
in situ product removal

1. INTRODUCTION
Ammonia (NH3) synthesis has attracted a lot of research
attention in the past decade due to the need for more sustainable
production pathways.1 The demand for NH3 is expected to
almost quadruple by 2050 since it is not only an important base
chemical mainly used for the production of fertilizers, but also
discussed as prospective carbon-free hydrogen (H2) carrier.

2,3

The-state-of-the-art method for NH3 production today is the
Haber-Bosch process with natural gas as the main H2 source.

1−3

Since NH3 synthesis (eq 1) is an exothermic reaction but also
exhibits a high energy barrier for breaking the N�N triple bond,
its industrial synthesis requires a catalyst as well as sufficiently
high temperatures (>400 °C) to ensure suitable reaction
rates.1,4−6

+ FN 3H 2NH2 2 3 (1)

Mainly promoted iron (Fe) oxide-based, but also ruthenium-
(Ru) based catalysts are used in industrial NH3 synthesis.

1,4−6

The Fe oxides commonly applied are magnetite (Fe3O4) or

wüstite (Fe1−xO) and promoters include oxides like K2O, CaO,
SiO2 or Al2O3.

1,6−8 The activity of NH3 synthesis catalysts
depends on their nitrogen adsorption energy in the form of a
volcano-shaped curve with the maximum activity at medium
nitrogen adsorption energy.9 The metals closest to this
maximum are Ru and Osmium (Os), while Fe is the third
closest.9 Both Os and Ru suffer from high cost though, which
often makes Fe catalysts more attractive in industrial use.1,9

Additionally, while Ru catalysts are commonly known for their
higher low-temperature and low-pressure activity as compared
to Fe, H2 inhibition, loss of support and shorter catalyst life are
further reasons why Ru catalysts are far less often applied
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industrially.7,10,11 Promising alternatives are for example Co−
Mo (cobalt molybdenum nitride) catalysts, where metals with
high (Co) and low (Mo) nitrogen binding energies are
combined to yield a composite even closer to the volcano plot
maximum than Ru.9,11

High temperatures shift the equilibrium toward the reactant
side, and high pressures of 100−400 bar are thus applied in
conventional NH3 synthesis to counteract, but the NH3 molar
fraction in the product gas is still limited thermodynamically to
20−25%.1,5 Depending on the applied space velocity (SV),
which typically ranges from 12,000 to 35,000 h−1, the NH3
content in the reactor outlet can be even smaller.6 After
separation of the produced NH3, usually achieved by
condensation, the remaining reactants are recycled4−6,12 with
part of the recycle stream being purged to avoid the
accumulation of impurities like argon (Ar) or methane (CH4)
in the process.6 Both the thermodynamically induced low
conversion and the resulting substantial need for reactant
recycling and purging can be tackled by the process
intensification strategy of sorption enhancement. In this
approach, also referred to as in situ separation, the product
NH3 is selectively removed from the gas phase by a sorbent
material.5,13 Since the equilibrium limitation is no longer given,
sorption-enhanced NH3 synthesis (SEAS) has the potential to
enable higher or even near-full conversion and thus to make do
without recycling and purging.5,13 Additionally, the synthesis
can be operated at lower pressures (≤100 bar) for this same
reason, allowing for a significant decrease in the specific energy
demand of NH3 production compared to the conventional
process.4,5 In contrast, ex situ separation describes the removal of
NH3 from the gas phase downstream of the reactor.

5 Note that
in this study, the term “sorption” is used to describe either
“absorption” or “adsorption”. The difference between both
terms as used in the context of NH3 sorption is explained in
detail by Smith et al.14

Sorptive separation of NH3 can be achieved with different
solid materials. One important class that also allows for NH3
sorption at elevated temperatures are metal halide salts.5,15

Multiple studies have been conducted on ex situNH3 separation
most commonly applying MgCl2

16−21 or CaCl2,
14,19−23 both in

bulk form17,22,23 or impregnated onto a support material like
silica (SiO2)

16,18−21 or alumina (Al2O3).
17,19 In literature, the

NH3 sorption capacity of metal halides is typically described in
two different ways: The first and more commonly applied
method is based on the so-called equilibrium pressure, which is
calculated with the Van’t Hoff equation and represents the NH3
partial pressure required in the gas phase for any sorption to take
place.15,18,24 However, it has been observed during break-
through experiments at elevated temperature that before
saturation of the sorbent, the NH3 partial pressure in the gas
phase is significantly lower than the theoretical equilibrium
pressure and actually approaches 0, particularly when supported
metal halides are applied.12,17,19,25 The second method of
describing the NH3 sorption capacity considers this phenom-
enon and applies e.g. Langmuir-type isotherms to describe the
equilibrium sorbent capacity depending on the NH3 partial
pressure.26,27 One important difference is that in the latter
approach, the sorbent capacity changes continuously with the
NH3 partial pressure, while the former approach sees the
equilibrium pressure as cutoff criterion for NH3 sorption
regardless of the current sorbent saturation. Other than by
metal halides, NH3 can also by removed by porous solid

materials like zeolites,28 MOFs,15 SiO2
28 or activated carbon

(AC).28

First studies on in situ NH3 separation have proven that it is
possible to combine NH3 synthesis and sorptive removal in one
vessel.12,25,29−31 Movick et al. used zeolite 4A for in situ NH3
removal at temperatures up to 200 °C and 1 bar and showed that
the reaction rate over a Ru/CeO2 catalyst was significantly
enhanced even at low conversions.29 Rouwenhorst et al. found
that zeolite 4A is also applicable for in situ separation of NH3 in
plasma-based NH3 synthesis at 25 °C and atmospheric pressure,
where the removal of NH3 from the gas phase prevents it from
being decomposed.31 Smith and Torrente-Murciano used
MnCl2 supported on SiO2 as an in situ sorbent material and
obtained >95% conversion over a Ru/Cs/CeO2 catalyst at 20
barg and 220−400 °C.12 In a second study, they demonstrated
the applicability of a commercial Fe-based catalyst and MnCl2/
SiO2 for in situNH3 separation at 20 barg and 220−400 °C.30 In
our previous work, the combination of NH3 synthesis over a
commercial Fe-based catalyst and in situ NH3 separation with
MnCl2/AC was investigated for temperatures of 300−400 °C,
pressures of 45−80 barg and 5100 h−1.25

While sorption-enhanced NH3 synthesis has been demon-
strated experimentally by different research groups,12,25,29,30 the
study at hand focuses on evaluating the theoretical potential of
SEAS by both equilibrium and reactor modeling considering
MgCl2 as sorbent. Sorption-enhanced reaction processes are
known to shift the chemical equilibrium, yet investigations in
quantification of this equilibrium shift are actually still missing.
For this purpose, a nonstoichiometric model for calculation of
the simultaneous NH3 synthesis and sorption equilibrium is
developed and validated herein. Additionally, reactor simu-
lations using recently established kinetics for both modern Fe-
and Ru-based catalysts are performed to determine under which
conditions the shifted equilibrium can be approached and
thereby uncover meaningful process parameters for SEAS.

2. METHODS

2.1. Equilibrium Modeling
Chemical equilibrium can be calculated either stoichiometrically or
nonstoichiometrically: The stoichiometric approach (SM) involves
calculating the equilibrium constants of a set of independent reactions
and determining the equilibrium composition from a specified initial
composition and the equilibrium extents of the specified reactions.32,33

In the nonstoichiometric approach, commonly referred to as Gibbs
energy minimization (GEM) approach, the equilibrium composition is
determined by finding the one distribution of the initially available
atoms between the specified reactant and product molecules that has
the minimum overall Gibbs energy.32,33 Note that essentially, both
approaches minimize the Gibbs energy as shown by Smith et al.,33 but in
the nonstoichiometric GEM approach, this is implemented directly as
an objective function while the relation is more implicit in the
stoichiometric approach.

2.1.1. Gibbs Energy Minimization Model. The total Gibbs
energy of a system,Gt, is minimal at chemical equilibrium

34 and is given
by the sum of the product of each species’ molar amount, ni, and its
chemical potential at the given temperature T, pressure , solid (x) and
gas phase (y) composition (eq 2).

=G T x y n T x y( , , , ) ( , , , )
i

i it
(2)

The chemical potential of species i, �i, is calculated differently for
gaseous (m) and solid (n) species. For the solid species MgCl2 and
MgCl2·NH3 (solid species are denoted by index n), the chemical
potential consists of the standard chemical potential of the pure, ideal
solid and is corrected to a solidmixture by themolar fraction in the solid
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xn ( =x 1n n ) and to a nonideal mixture by the activity coefficient �n

(eq 3).35

= ° + +T x T RT x RT( , ) ( ) ln lnn n n n (3)

Here, however, the solid mixture is assumed to be ideal, so �n = 1.
Equation 3 thus reduces to

= ° +T x T RT x( , ) ( ) lnn n n (4)

The chemical potential of gaseous species (denoted by index m) is
corrected from a pure, ideal gas to a nonideal gaseous mixture by the

fugacity =
° °

f

f

ym

m

m m (eq 5).36 Here, ym is the molar fraction of species m

in the gas phase ( =y 1m m ), �m is its fugacity coefficient, is the total
pressure in bar and ° = 1 bar denotes the reference pressure.
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(5)
The fugacity coefficients are calculated using the Soave−Redlich−

Kwong equation of state37 as shown in detail in the Supporting
Information (section A). For both gaseous and solid species, the
standard chemical potential is the standard Gibbs energy of formation
(eq 6).36

° = °T G T( ) ( )i if (6)

The overall objective function Gt thus results to

= ° +
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°
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t f

(7)

2.1.2. Equilibrium Model Parametrization. The model
considered for this study includes the components H2, N2, NH3, He,
Ar (all gaseous) as well as the unloaded (MgCl2) and loaded (MgCl2·
NH3) sorbent (both solid). Small amounts of the inert gas He are added
to prevent the gas phase from disappearing completely in case of full
conversion and stoichiometric H2/N2 reactant ratio. MgCl2 is chosen as
sorbent material in this work because it is one of the metal halides most
commonly considered as NH3 sorbent material in literature due to its
high sorption capacity. Besides, the availability of the necessary data for
modeling is sound which is not necessarily the case for other metal
halides. Although it is known that MgCl2 potentially decomposes to
form hydrogen chloride (HCl) at elevated temperature,12 this
decomposition of MgCl2 is not considered in the models presented
here. One the one hand, this is because it has recently been shown that
sorbents based on MgCl2 can be very stable if adequate support
materials and impregnation methods are applied.21 On the other hand,
this study aims at analyzing the potential of SEAS in an ideal case which
could in general also be transferred to other solid sorbent materials.
Note that in the models presented here only the first of three NH3
sorption steps15 (eqs 8−10) is considered due to the conditions
applied, i.e., 250−500 °C and 1−100 bar. At the lower of these
temperatures, the NH3 partial pressure can be high enough for the
second sorption step to occur as well, which might reduce the amount
of sorbent needed to achieve the same effect as compared to the results
presented here. In any case, considering only the first sorption step
results in calculating with the minimum sorbent capacity and thus
presents a conservative estimation of the effect of sorption enhance-
ment in the low temperature region. For all elements in their standard

states, i.e. H2, N2 and the inert gases He and Ar, ΔfGi°(T) = 0.36,38 The
standardGibbs energy of formation of NH3 andMgCl2 is obtained from
the NIST JANAF Thermochemical Tables38 in the temperature range
of 0−6000 and 0−900 K, respectively. A polynomial function of fifth
order (coefficients see Table S3 in the Supporting Information) is then
fitted to the tabulated values to obtain a function of ΔfGi°(T).
For the loaded sorbent MgCl2·NH3, however, data for the standard

Gibbs energy of formation could not be found in literature for
temperatures other than 25 °C. Since the temperature dependence of
the standard Gibbs energy of formation is crucial for the GEM model,

° ·G T( )f MgCl NH2 3
is obtained by fitting it to the sorption equilibrium

calculated with data from Neveu and Castaing39 as follows: eq 8 shows
the NH3 sorption reaction considered in this work and eq 11 the
corresponding law of mass action (LMA).

+ ·FNH MgCl MgCl NH3 2 2 3 (8)

+ · ·FNH MgCl NH MgCl 2NH3 2 3 2 3 (9)

+ · ·F4NH MgCl 2NH MgCl 6NH3 2 3 2 3 (10)

Note that the dimensionless molar fractions of the loaded and
unloaded sorbent are included in the LMAon purpose, as a dependency
of the NH3 sorption on the sorbent saturation is aimed for.

° =
·

°( )
K

x

x
p

p

sorp
eq,MgCl NH

eq,MgCl

2 3

2

eq,NH3

(11)

p
eq,NH3

denotes the equilibrium NH3 partial pressure in the gas phase in

Pa and p° = 1 Pa is the reference pressure. The sorption equilibrium
constant Ksorp° (eq 12) can be calculated from the sorption enthalpy
ΔHsorp� = −87.048 kJ mol−1 and entropy ΔSsorp� = −230.88 J mol−1 K−1

as given by Neveu and Castaing39 for the reverse reaction and the
reference pressure of p° = 1 Pa.
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°
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From the sorption equilibrium constant, the extent of the sorption
reaction in equilibrium, �sorp,eq, is calculated for a system only consisting
of NH3, He, MgCl2 and MgCl2·NH3 (details see Supporting
Information section B) using the root finding algorithm scipy.optimize.-
root40 to solve eq 13.

= °

° + +·

K p n n

p n n n

0 ( )( )

( )( )

sorp 0,MgCl sorp,eq 0,NH sorp,eq

0,MgCl NH sorp,eq 0,He 0,NH sorp,eq

2 3

2 3 3

(13)

With the extent of the sorption reaction, the molar amounts in
equilibrium, neq,i are calculated according to eq 14 with the
stoichiometric coefficient of species i in the sorption reaction, �i,sorp.

= +n ni i ieq, 0, ,sorp sorp,eq (14)

Then, the total Gibbs energy of the systemGt is calculated according
to eq 7. The target parameter ° ·G T( )f MgCl NH2 3

, which is the only
unknown in the system, is fitted in a way that Gt is minimal at the
calculated equilibrium composition, i.e. �sorp,eq. This procedure is
repeated for six temperatures (details see Table S2 in the Supporting
Information). With the obtained results, a function of ° ·G T( )f MgCl NH2 3

is developed by fitting a polynomial function the same way as described
above for NH3 and MgCl2.

2.1.3. Equilibrium Model Implementation. The GEM model is
implemented in Python 3.11 and the minimization problem is solved
using scipy.optimize.minimize41 with the method SLSQP,42 as it allows
to use both bounds and constraints. Bounds for each ni are defined
through the number of the respective elements that are present in the
system. Additionally, the element balance is implemented as an equality
constraint according to eq 15.
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= nB n B0 0 (15)

here, � (eq 16) and �0 (eq 17) are the vectors containing all current
and initial amounts of substance, respectively, and � is the element-
species matrix (eq 18).

= ·n n n n n n n n( )H N NH He Ar MgCl MgCl NH2 2 3 2 2 3 (16)

= ·n n n n n n n n( )0 0,H 0,N 0,NH 0,He 0,Ar 0,MgCl 0,MgCl NH2 2 3 2 2 3 (17)

=

·
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k

jjjjjjjjjjjjjjjjjjjjjjjjjjjjjj

y
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zzzzzzzzzzzzzzzzzzzzzzzzzzzzzz

B

2 0 0 0 0
0 2 0 0 0
3 1 0 0 0
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3 1 0 0 1

H

N

NH

He
Ar

MgCl

MgCl NH
H N He Ar MgCl

2

2

3

2

2 3
2 (18)

Note thatMgCl2 is considered as one single element in this case since
it cannot be separated in this model. For higher likelihood of
convergence and finding of the global minimum, the basin-hopping
algorithm scipy.optimize.basinhopping43 is applied with “temperature”
parameter of −1000 and the minimizer keyword arguments maxiter of
100 and ftol of 10−6.
2.2. Kinetic Reactor Modeling

2.2.1. Reactor Model and Synthesis Kinetics. For the kinetic
modeling, a reactor model as described by Nikacěvic ́ et al. is set up.44 In
this kind of model, the solid sorbent MgCl2 is assumed to flow through
the reactor together with the gas phase, while the catalyst is fixed in the
reactor, as shown in Figure 1. This way, steady-state can be assumed,

while computing time remains low and the model considers the
maximum possible potential of the sorbent addition. Like in the
equilibriummodel, He is added as an inert component in the gas phase,
which otherwise consists of H2, N2 and NH3. The solid sorbent phase
consists of unloaded (MgCl2) and loaded (MgCl2·NH3) sorbent. Both
Fe- and Ru-based catalysts are considered for this study.
The reactor model used for this study is a one-dimensional, steady-

state, pseudohomogeneous plug flow model that does not consider any
changes in pressure or temperature (isothermal, isobaric). Influences of
mass transfer limitations as well as axial dispersion are neglected in this
study in order to analyze the theoretical potential of SEAS in an ideal
boundary case. Considering both the NH3 synthesis and the NH3
sorption reaction with their respective stoichiometric coefficients, �i,syn

and �i,sorp, the resulting mass balance for species i is given in eq 19.

= +
n

z
r

m

L
r

m

z

d

d

d

d
i

i i,syn syn
cat

R
,sorp sorp

sorbent

(19)

Themass of sorbent per differential length of the reactor is calculated
from the mass flow rate of MgCl2, the gas flow rate Vgas and the
differential gas volume dVgas as shown in eq 20. Note that since it is a
solid, the sorbent is assumed to not contribute to the volume or
volumetric flow rate of the flowing phase, which are thus defined as
those of the gas phase.

=
+
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( )
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2 2 3 2

2 2 3 2

(20)

AR describes the cross-sectional area of the reactor and �g is the void
fraction. The dimensionless axial reactor coordinate is defined as the
ratio of the axial coordinate z and the reactor length LR (eq 21).

=
z

LR (21)

NH3 synthesis kinetics for both an Fe- and a Ru-based catalyst are
implemented, which have been obtained specifically for NH3 synthesis
at mild conditions, i.e. temperatures of up to 450 °C and pressures
below 100 bar.10 The rate equations for the Fe-based and the Ru-based
catalysts are shown in eqs 22 and 23, respectively.
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Details on the parameters and the activity calculation can be found in
the Supporting Information (section C).

2.2.2. Sorption Kinetics. Literature kinetics for NH3 sorption
using metal halides commonly consist of a temperature-dependent rate
constant kabs, a term describing the dependency on the sorbent
saturation � and a function f describing the dependency on pressure,
temperature and sorbent saturation as shown in eq 24.15 k0, Ea and
are constants.

=
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The sorbent saturation � is expressed here as themolar fraction of the
loaded sorbent in the solid (eq 25).
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The function f is given here by the NH3 partial pressure: The NH3
absorption rate, i.e. the forward reaction rate in eq 8, is defined to have a
first order dependence on both the NH3 partial pressure in the gas
phase as well as the free absorption capacity ( = x1 MgCl2

) as shown
in eq 26, meaning = 1. However, since the NH3 sorption is an
equilibrium reaction, the backward reaction, i.e. the desorption, needs
to be considered additionally. The desorption or backward reaction rate
is defined to have a first order dependence on the sorbent saturation (eq
27).

= =r k p k y p(1 ) (1 )abs abs NH abs NH3 3 (26)

=r kdes des (27)

Since no reliable kinetic data for NH3 sorption using MgCl2 could be
found in literature, the absorption rate constant is arbitrarily set to

=k 10 mols Pa kgabs
5 1 1

sorbent
1 in order to make the sorption rate fast

compared to the synthesis kinetics. This assumption reflects
observations from breakthrough experiments reported in literature,

Figure 1. Schematic of the reactor model, “cat” means catalyst and can
be either Fe or Ru.
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where the NH3 molar fraction is close to zero until the breakthrough
occurs, indicating that NH3 sorption is at least as fast as syn-
thesis.12,17,19,25 In this work, the temperature dependence of the rate
constant is neglected, leaving kabs as a constant. The reason for this
simplification is that since the sorption rate is assumed to be faster than
the synthesis rate, a temperature-dependent increase of the sorption
rate constant would not have any effect on the simulation results.
Besides, as the sorption rate constant is chosen arbitrarily, a
temperature dependence is not known and would also have to be
arbitrarily defined. In dynamic equilibrium, rabs = rdes, and the
desorption rate constant can thus be expressed as

= =

= =
°

°

r r k p k

k k p k k
p

K

(1 )

1

abs des abs eq,NH des

des abs NH des abs
sorp

3

3 (28)

This is achieved by including the NH3 sorption equilibrium constant
(eq 11). The overall NH3 sorption rate is thus given by

= =r r r k p k(1 )
Nsorp abs des abs H des

3 (29)

2.2.3. Reactor Model Implementation and Simulation. The
kinetic model is implemented in Python 3.11 as well and the mass
balance equations are solved using the initial value problem solver
scipy.integrate.solve_ivp.45 In the following simulations, parameters as
shown in Table 1 are used unless otherwise stated.

The reactant ratio 	 and the sorbent ratio 
 are calculated as given in
eqs 30 and 31, respectively.
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The sorbent ratio 
 describes the ratio of the available sorbent
capacity and the amount of NH3 that can be produced by the synthesis
reaction in case of full H2 conversion. The space velocity is calculated
using the gas phase inlet volumetric flow rate at standard conditions
(TSTP = 273.15 K and pSTP = 105 Pa) and the catalyst bulk density �b
provided by Cholewa et al.10 as shown in eq 32.
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The H2 conversion and the NH3 formation rate obtained from the
simulations are calculated according to eqs 33 and (34), respectively.
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3
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Note that the NH3 formation rate includes the molar flow rates of
both NH3 and the loaded sorbent, as the latter also contains one mol of
NH3 that has been formed inside the reactor.

3. RESULTS & DISCUSSION

3.1. Thermodynamic Analysis
3.1.1. Gibbs Energy of Formation Data Fitting. Table 2

shows the results of the data fitting of the Gibbs energy of
formation of the loaded sorbent MgCl2·NH3 at different
temperatures. At the reference temperature of 298 K, the
Gibbs energy of formation is additionally calculated using a
group contribution method presented by Mostafa and Eak-
man.46 Since the relative deviation of the fitted value to the one
obtained by the group contribution method is well below 1%,
the fitting procedure can be assumed to yield reliable results.

3.1.2. Model Validation. Figure 2a shows a parity plot of
the gas phase NH3 molar fraction, y

NH3
, calculated by both the

model presented in this study (GEM) and the stoichiometric
approach using Shomate equations (SM), which is described in
previous work,47 compared to experimental NH3molar fractions
obtained by Larson and Dodge48 and Larson49 for NH3
synthesis (
 = 0). In this limiting case of NH3 synthesis only,
the agreement between both calculation methods and the
experimentally obtained molar fractions is excellent for
pressures up to 100 atm, which is the range relevant in this
study. Besides, at 300 atm, the GEMmodel presented here is still
in accordance with the experimental data, while the results
obtained from the stoichiometric calculation method deviate
more severely. Above 100 atm, the deviations of both models
from the experimental results and each other become more
pronounced, as shown in the Supporting Information (section
D) and previously observed for the stoichiometric method.47

One possible reason for the more pronounced differences in the
two models at higher pressures is the fact that the GEM model

Table 1. Simulation Parameters: Reactor Geometry and
Catalyst Mass are Based on the Kinetic Study of Cholewa ��
���,10 Operational Parameters are Chosen to Cover a Wide
Range of Possible Operating Points

parameter symbol unit value

reactor cross-sectional area A m2 4.98 × 10−5

reactor length LR m 0.363
catalyst mass mcat kg 0.01
void fraction �g 1 0.5
temperature T °C 250−500
pressure bar 1−100
reactant ratio 	 1 3
helium dilution 1 0.025
sorbent ratio 
 1 0−1000
space velocity GHSV h−1 5000−45,000

Table 2. Gibbs Energy of Formation of the Loaded Sorbent MgCl2�NH3, ° ·Gf MgCl NH2 3
for Various Temperatures, �, as Obtained

from Data Fitting and Group Contribution Calculation According to Mostafa and Eakman46

T/K 298.15 400 500 600 700 800

° ·G / kJmolf MgCl NH
1

2 3
(data fitting) −655.2 −614.3 −574.0 −533.6 −493.3 −453.1

° ·G / kJmolf MgCl NH
1

2 3
(group contribution46) −659.5 (298 K)
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does consider real gas behavior through the incorporation of the
activity coefficients, while ideal gas behavior is considered in the
SM model as it is used here.47 However, pressures that high are
not relevant for the scope of this study and thus not shown here.
For the simultaneous equilibrium of NH3 synthesis and

sorption, no experimental data could be obtained for validation
of the model. Thus, the NH3 partial pressure as obtained from
the GEM model is compared to the NH3 equilibrium pressure

calculated from experimental data for the sorption equilibrium
constant39 in Figure 2b. The deviations are low (<10% in most
cases) for pressures up to 300 atm. Besides, there is no
observable trend in the deviation with pressure, temperature or
sorbent ratio. It is thus confirmed that the data fitting of the
Gibbs energy of formation of the loaded sorbent is successful
and that the model presented here adequately calculates the

Figure 2. (a) Parity plot of calculated (yeq,calc,NH3
, using both the GEMmodel presented in this study and the stoichiometric calculation method (SM))

and experimentally determined48,49 (y )
eq,exp,NH3

gas phase NH3 molar fractions at 10−300 atm and 325−500 °C for NH3 synthesis (no sorption) and
(b) parity plot of NH3 partial pressure as obtained with the GEM model presented in this study (p

eq,GEM,NH3
) and NH3 equilibrium pressure as

calculated based on literature data for the NH3 sorption equilibrium
39 (p

eq,NH3
) for NH3 synthesis and sorption. Figures showing the relative and

absolute errors can be found in section D of the Supporting Information.

Figure 3. Equilibrium gas phase composition (yeq,i, red), H2 conversion (Xeq,H2
, blue) and sorbent saturation (�eq, green) at 10 bar, initial reactant ratio

of 	0 = 3, initial He dilution of 2.5% and sorbent ratio of (a) 
 = 0, (b) 
 = 2, (c) 
 = 10 and (d) 
 = 1000 as a function of temperature (T).
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simultaneous NH3 synthesis and sorption equilibrium over the
desired pressure and temperature range.
In summary, it is possible to calculate the NH3 synthesis

equilibrium by both the stoichiometric and the GEM method,
but the latter is in better accordance with experimental data,
especially at higher pressures. Since this method can also
describe theNH3 sorption equilibrium to a sufficient extent once
the missing thermodynamic data is fitted, GEM is chosen as the
method of choice for equilibrium calculations throughout this
work.

3.1.3. Thermodynamic Potential of Sorption-En-
hanced NH3 Synthesis. First, the thermodynamic potential
of SEAS is analyzed by applying the equilibrium model for
simultaneous NH3 synthesis and sorption to determine the
thermodynamically achievable H2 conversion and sorbent
saturation under given operating conditions, i.e. temperature,
pressure, reactant ratio and sorbent ratio. Figure 3 shows the gas
phase composition, H2 conversion and sorbent saturation for
different sorbent ratios and temperatures at a total pressure of 10
bar. The conventional NH3 synthesis equilibrium gas phase
composition and H2 conversion is shown in Figure 3a (
 = 0, no
sorbent). Due to Le Chatelier’s Principle,50 the equilibrium is on
the product side at low temperatures and thus results in a
decrease in conversion with increasing temperature. Overall, the
conventional NH3 synthesis equilibrium shows the well-known
low conversion, with values of less than 10% at temperatures

over 400 °C. The gas phase molar fraction of the dilution gas
helium can be interpreted as a measure of the molar amount of
the gas phase: At high conversion, the total molar amount
decreases, inducing a higher molar fraction of He, whose molar
amount is constant.
At a sorbent ratio of 
 = 2 (Figure 3b), the influence of the

NH3 sorption on the synthesis equilibrium becomes prominent
at low and moderate temperatures: Toward the left of the graph,
near-full H2 conversion is reached and the sorbent is half-
saturated, which represents themaximum sorbent saturation at 

= 2 by definition. In this region, one can infer from the He molar
fraction that almost the entire gas phase vanishes, as most of the
reactants are converted to NH3, which, in turn, is largely being
absorbed. Since higher temperatures are unfavorable for both
the NH3 synthesis and sorption, both the sorbent saturation and
the H2 conversion decrease and only a small NH3 molar fraction
in the gas phase remains. Toward the right of the graph, the
difference to the conventional equilibrium thus fades.
Further increasing the sorbent ratio to 10 (Figure 3c)

intensifies the effects described above: the maximum sorbent
saturation at low temperatures drops to 0.1 and the temperature
region allowing for near-full H2 conversion is extended to higher
temperatures. In comparison to the conventional case, the
equilibrium H2 conversion is >90% at 400 °C. These results
indicate that the region of near-full conversion can be extended
to higher temperatures by adding more sorbent to the system,

Figure 4. Equilibrium H2 conversion (Xeq,H2
) as a function of temperature (T) and pressure (p) at initial reactant ratio of 	0 = 3, initial He dilution of

2.5% and sorbent ratios of (a) 
 = 0 (no sorbent), (b) 
 = 2, (c) 
 = 10 and (d) 
 = 1000.
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which also becomes apparent from Figure 3d at a sorbent ratio of
1000. Here, however, the sorbent saturation approaches 0
emphasizing the trade-off between high sorbent usability and
high H2 conversion. This can be explained by the sorption
driving force, which is lower at high sorbent saturations, but on
the other hand crucial for achieving an impact on the synthesis
equilibrium.
The dependency of the equilibrium H2 conversion on both

temperature and pressure is shown in Figure 4 for the same
sorbent ratios as in Figure 3. In conventional NH3 synthesis, full
or near-full H2 conversion is not possible in the operating range
investigated here, i.e. 1−100 bar and 250−500 °C. In fact, at
temperatures relevant for acceptable reaction rates, the
equilibrium conversion stays well below 50%. This changes
drastically when a sorbent is added to the system (Figure 4b−d):
The equilibrium H2 conversion significantly increases over
almost the entire temperature and pressure range already at 
 = 2
and even further at higher sorbent ratios. Solely at high
temperature and low pressures, or the very bottom right corner,
the equilibrium conversion stays unaffected by the sorbent up to

 = 10. At these conditions, neither the synthesis nor the
sorption reaction are thermodynamically favored and thus an
unrealistically high amount of sorbent would be required to shift
the equilibrium toward high conversion anyway. Generally, the
higher the sorbent ratio, the wider is the pressure and
temperature range in which H2 conversions close to unity are

thermodynamically possible. It is particularly interesting when
this area expands to temperatures above 400 °C, which are likely
to be high enough to enable sufficient reaction rates.
As stated above, the high sorbent ratios shift the NH3

synthesis equilibrium more than the lower ones, even though
stoichiometrically, 
 = 1 would be sufficient to absorb all NH3
produced at full conversion. The reason for this behavior is that
the sorption equilibrium is dependent on the sorbent saturation
(eq 11). The corresponding sorbent saturations are thus shown
in Figure 5 (note that results for 
 = 1 are displayed Figure 5a. By
definition, themaximum sorbent saturation is 
−1 and reached at
full conversion and total NH3 sorption. Hence, the maximum
sorbent saturation decreases with increasing 
. At the same time,
the maximum sorbent saturation is approached under a wider
range of conditions at higher sorbent ratios, since it can only be
reached at full H2 conversion. These two parameters, i.e. H2
conversion and sorbent saturation, are thus strongly inter-
connected. Values close to unity are desirable for both, but both
is only possible at 
 = 1. However, if high conversion is desired at
kinetically relevant temperatures, higher sorbent ratios are
necessary, which inevitably lead to a lower saturation of the
sorbent. In other words: Low pressures and high temperatures−
conditions not thermodynamically favorable for both NH3
synthesis and absorption−require a low sorbent saturation
(and thus a high sorbent ratio) as a sufficient driving force to
overcome the unfavorable thermodynamic conditions.

Figure 5. Equilibrium sorbent saturation (�eq) as a function of temperature (T) and pressure (p) at initial reactant ratio of 	0 = 3, initial He dilution of
2.5% and sorbent ratios of (a) 
 = 1, (b) 
 = 2, (c) 
 = 10 and (d) 
 = 1000.
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3.2. Kinetic Potential of SEAS

While the thermodynamic analysis of SEAS confirms the
feasibility of near full conversion over a wide range of operating
conditions, the actual applicability of this concept further
depends on the kinetic potential. In this section, the kinetically
achievable H2 conversion and NH3 formation rate are thus
determined dependent on the operating conditions temper-
ature, pressure, reactant ratio, sorbent ratio and GHSV using
kinetics for both Fe- and Ru-based catalysts. Figure 6 shows axial
profiles for both catalysts with and without sorbent. At the
conditions applied here, the Fe catalyst is muchmore active than
the Ru one, leading to much higher conversions in the
conventional as well as the SE case. Similar behavior in the
conventional case has been observed by Cholewa et al.,10 who
derived the kinetics used in this work.
The equilibrium H2 conversion for these conditions is around

40% and >99% for the conventional and the SE case,
respectively. Using the Fe catalyst, equilibrium is approached
under these conditions, particularly in the SE case, as indicated
by the NH3 synthesis reaction rate approaching zero toward the
outlet of the reactor. At the same time, the activity of the Ru
catalyst is too low to reach comparable conversion. Because of
the low activity obtained by using the Ru kinetics, further
investigations are only performed with the Fe kinetics.
Comparing the conventional and the SE cases, one can observe
that adding the sorbent causes a significant increase in the NH3
synthesis reaction rate over the entire reactor length for both
catalysts. Besides the beneficial effect on the chemical
equilibrium, sorption enhancement can also enhance the

reaction in the kinetic regime by removal of the potentially
inhibiting product, as has been confirmed for the case of
methanation in our previous work.51 This particularly holds for
the Fe-based catalyst which is primarily inhibited by NH3.

25

In Figure 7, the H2 conversion reached in the reactor
simulation is plotted against the equilibrium conversion. Some
general trends are observable here:

• With increasing temperature, the system approaches
equilibrium, but the equilibrium itself is less favorable due
to the exothermic synthesis and sorption reactions. This
effect is particularly prominent in the conventional case
(Figure 7a) at low pressures.

• The maximum conversion at the same pressure and
GHSV is often, but not always, reached at the medium
temperature. This applies to all cases where the system is
in the equilibrium regime, typically at the lower GHSVs.
For high GHSVs, i.e., when the system is in the kinetic
regime, the conversion increases with increasing temper-
ature due to higher reaction rates and irrelevant
equilibrium limitations.

• Both the equilibrium and the kinetically obtained
conversion generally increase with increasing pressure,
as expected from the volume consuming reactions
involved.

• As long as equilibrium is not reached in all cases, the H2
conversion increases with increasing residence time, i.e.,
decreasing GHSV.

In all SE cases, the equilibrium conversion is close to unity
over a wide range of pressures and temperatures. At 
 = 2, the

Figure 6.Axial (coordinate �) profiles of gas phase molar fractions (yi, red), H2 conversion (XHd2
, blue) andNH3 synthesis reaction rate (rsyn, orange) at

400 °C, 100 bar, 15,000 h−1, reactant ratio of 	in = 3, inlet He dilution of 2.5% and (a) Fe catalyst, 
 = 0, (b) Fe catalyst, 
 = 2, (c) Ru catalyst, 
 = 0 and
(d) Ru catalyst, 
 = 2. Reactor profiles for 
 = 10 and 
 = 1000 are provided in the Supporting Information (section D).
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only exceptions are at low pressure, but in many cases the
equilibrium conversion is not reached at low temperatures or
high GHSVs. With increasing sorbent ratio, the equilibrium is
further shifted toward full conversion and it is also approached
under a wider range of conditions. Finally, at the near-infinite
sorbent ratio of 
 = 1000, the near-full equilibrium conversion is
reached under all conditions, with the exception of 350 °C, 20
bar and high GHSV. The possibility of reaching near-full single-
pass conversion poses a major advantage of SEAS, as it might
enable a process that does not require recycling of reactants and
evades purging losses. On top of that, the recycle periphery, e.g.,
compressors and heat exchanges, can be omitted.
Besides the high H2 conversion, which is an important

objective due to the possibility of reducing the need to recycle,
the NH3 formation rate is another important key performance
indicator. However, high conversion and high formation rate do
not always coincide and thus pose a two-objective maximization
problem.52 This work does not represent an attempt to solve this
optimization problem, but to discuss the complex interplay of
different operating parameters in SEAS. In Figure 8, sets of
solutions are depicted, where each set is derived at constant
pressure, temperature and sorbent ratio, leaving the GHSV as
variable. They all show a curved course from the bottom right
toward the top left with increasing GHSV.
For a given space velocity and conversion, the NH3 formation

rate is fixed as indicated by the GHSV lines. At low GHSV,
equilibrium is approached the closest and high conversions can

often be reached. Due to the small throughput, however, the
NH3 formation is also low. On the other hand, high GHSVs
enable a higher formation rate due to the increased throughput,
which often comes at the cost of lower conversion. Increasing
pressure generally leads to a shift toward both higher NH3
formation rate and higher conversion. Yet, this effect is evidently
more prominent in SEAS than in conventional NH3 synthesis. In
both cases, the NH3 synthesis reaction is positively influenced by
higher pressure, but in SEAS, the NH3 sorption is additionally
favored. The temperature effect is ambiguous: At high GHSVs
far away from equilibrium, a temperature increase leads to higher
conversion as well as higher NH3 formation rate. Toward the
equilibrium, however, higher temperatures can be detrimental as
the equilibrium is shifted to lower conversion. This can be
observed mostly at 5000 h−1, where different solution sets
intersect.
Similar to the effect observed for increasing pressure, a higher

sorbent ratio also generally increases both the conversion and
the NH3 formation rate. Nonetheless, at high enough temper-
atures and pressures, increasing the sorbent ratio to more than
ten is not meaningful, as near-full conversion is already reached.
Figure 8 additionally indicates how sorption enhancement

can significantly increase the NH3 formation rate while
simultaneously enhancing the conversion:

• The highest NH3 formation rate obtained in the
conventional synthesis under the conditions studied

Figure 7.H2 conversion (XHd2
) reached in reactor simulation vsH2 conversion in equilibrium (Xeq,H2

) at (a) 
 = 0, (b) 
 = 2, (c) 
 = 10 and (d) 
 = 1000
with a reactant ratio of 	in = 3, initial He dilution of 2.5% and using the Fe catalyst for various pressures (indicated by color), temperatures (symbols)
and GHSVs (line styles).
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here is 24 �mol s−1 gcat−1 at 450 °C, 100 bar, 45,000 h−1

and a H2 conversion of 22%.
• Under the same conditions, this can be more than tripled
to 80 �mol s−1 gcat−1 using a sorbent ratio of two, while
boosting the H2 conversion to 75%.

• With 
 = 10 or 
 = 1000, the NH3 formation rate is more
than quadrupled to 107 �mol s−1 gcat−1 at near full
conversion. Additionally, the pressure can be reduced to
80 bar (
 = 10) or even to 20 bar (
 = 1000), and the
temperature can be reduced to 400 °C at 
 = 1000 as well.

The conversion gain between the conventional NH3 synthesis
and SEAS with 
 = 2 observed here lies between 43% (400 °C,
20 bar, 45,000 h−1) and even 550% (350 °C, 100 bar, 15,000
h−1). Hence, almost full conversion per pass becomes feasible
with reasonable amounts of sorbent. The maximum NH3
formation rate is limited by the reactant gas flow, i.e., the
GHSV. Concerning the high sorbent ratios, however, the results
in Figure 8 hint at much higher possible formation rates if the
GHSV was further increased. While a sorbent ratio as high as 10
or even 1000 seems challenging for technical implementation,
these results show that high conversion and high NH3 formation
rate do not necessarily contradict each other.

4. CONCLUSIONS
A Gibbs energy minimization model capable of predicting the
simultaneous NH3 synthesis and absorption equilibrium has
been developed, validated and applied to study the thermody-
namic potential of sorption-enhanced NH3 synthesis using
MgCl2 as a sorbent. For this purpose, the standard Gibbs energy
of formation of the loaded sorbent, MgCl2·NH3, has been

obtained by data fitting to the sorption equilibrium. The
thermodynamic analysis revealed that sorption enhancement
using MgCl2 significantly shifts the NH3 synthesis equilibrium
toward higher conversion and allows for near-full conversion
under a wide range of operating conditions, including moderate
pressures and temperatures high enough for sufficient reaction
rates.
For kinetic analysis of the concept, a steady-state,

pseudohomogeneous reactor model was developed and both
Ru and Fe kinetics were implemented. The model was applied
for a simulation study in a broad range of operating conditions
typical for NH3 synthesis with emphasis on the desired range for
the sorption-enhanced process version (pressure range: 20−100
bar, temperature range: 350−450 °C, GHSV range 5000−
45,000 h−1). Under these conditions, the Fe-based kinetics
showed much higher activity than the Ru one. The near-full H2
conversion predicted with the equilibrium model could be
approached under a wide range of realistic operating conditions.
Sorption enhancement generally allows for a higher NH3
formation rate, while the H2 conversion is increased at the
same time. Already at a sorbent ratio of two, the H2 conversion
and theNH3 formation rate can be boosted by up to 550% at 350
°C, 100 bar, 15,000 h−1 compared to the conventional process,
indicating the vast potential of sorption-enhanced NH3
synthesis.
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Figure 8.NH3 formation rate (nNH ,formed3
) vs H2 conversion (XHd2

) at (a) 20 bar, (b) 50 bar, (c) 80 bar and (d) 100 bar with a reactant ratio of 	in = 3,
inlet He dilution of 2.5% and using the Fe catalyst for various sorbent rations (indicated by color), temperatures (symbols) and GHSVs (line styles).
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In the Supporting Information, we provide details on
calculation of fugacity coefficients, the fitting of the
standard Gibbs energy of formation, the kinetics as well as
additional results regarding validation of the equilibrium
and the kinetic model plus additional reactor profiles
related to Figure 6 (PDF)
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■ NOMENCLATURE LATIN LETTERS GREEK LETTERS
SUPERSCRIPTS SUBSCRIPTS
A cross-sectional area in m2
a activity in 1
� element-species matrix
Ea activation energy in J mol−1
f fugacity in bar

exponent in reaction rate equation in 1
G Gibbs energy in J mol−1
Gt total Gibbs energy of the system in J
GHSV gas hourly space velocity in h−1

H enthalpy in J mol−1
K° thermodynamic equilibrium constant in 1
Keq thermodynamic equilibrium constant of NH3 syn-

thesis in 1
K adsorption equilibrium constant in 1
k rate constant (variable unit)

k0 pre-exponential factor (variable unit)
L length in m
M molar mass in kg mol−1

exponent in sorption rate equation in 1
m mass in kg
n amount of substance in mol
� vector containing all amounts of substance in mol
ṅ molar flow rate in mol s−1
nNH ,formed3

NH3 formation rate in �mol s−1 gcat−1

p pressure in Pa
pressure in bar (1 atm = 1.01325 bar)

p° 1 Pa (reference pressure)
° 1 bar (reference pressure)

R universal gas constant, R = 8.314 J mol−1 K−1

r rate
S entropy in J mol−1 K−1

T temperature in K
V volume in m3
V̇ volumetric flow rate in m3 s−1
X conversion in 1
x molar fraction in solid phase in 1
y molar fraction in gas phase in 1
z reactor axial coordinate in m

■ GREEK LETTERS

 exponent in reaction rate equation in 1
� activity coefficient in 1
Δ difference
�g void fraction in 1
� dimensionless axial reactor coordinate in 1
� sorbent saturation in 1
	 reactant ratio in 1

 sorbent ratio in 1
� chemical potential in J mol−1
� stoichiometric coefficient in 1
� reaction extent in mol (equilibrium model) or mol s−1
(reactor model)

�b bulk density in kg m−3

� fugacity coefficient in 1

■ SUPERSCRIPTS
° at standard pressure (1 bar)

■ SUBSCRIPTS
abs absorption
calc calculated
cat catalyst
des desorption
eq in equilibrium
exp experimental values
f formation
gas gas phase
GEM calculated with Gibbs energy minimization model
i species index (all species)
in inlet (reactor model)
m species index (gaseous species)
n species index (solid species)
out outlet (reactor model)
r reaction
R reactor
sorbent sorbent
sorp sorption
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STP standard temperature (273.15 K) and pressure (1 bar)
syn synthesis
0 initial (equilibrium model)
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