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ABSTRACT

This work presents an improved thermodynamic model, an equilibrium model, and a unified kinetic
model for ammonia synthesis. The thermodynamic model accurately describes the non-ideality of
the reaction system up to 1000 bar using a modified Soave-Redlich-Kwong Equation-of-State. The
developed Langmuir-Hinshelwood kinetic model accurately describes ammonia synthesis on iron-
based catalysts by incorporating N* and H* surface species, whereas H* species are mainly rele-
vant below 400°C. The model fits an extensive dataset across diverse conditions (251-550°C, 1-
324 bar, Hz2/N2 ratios 0.33-8.5, and space velocities of 1-1800 Nm?3 kg-cat™h-") and accounts for
catalyst activity variations through a Relative Catalytic Activity factor.
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INTRODUCTION

Ammonia, with a global demand of 185 Mt in 2020
[1], serves as both a crucial fertilizer component and a
promising zero-carbon fuel and hydrogen carrier [2, 3].
Its production via the Haber-Bosch process (Equation 1)
relies on iron-based catalysts operating at 350-500°C
and 100-300 bar [4]. These catalysts, derived from mag-
netite (Fes04) or wistite (Fei-xO) precursors, incorporate
electronic promoters (K,0) and structural promoters
(Al,0s, MgO, SiO,, Ca0) to enhance activity and stability
[5, 6].

3H, + 1N, & 2NH; with AH, = —92k]/mol (1)

While various kinetic models exist for ammonia syn-
thesis [7-10], they are typically based on single-catalyst
datasets. This work introduces a comprehensive kinetic
model applicable across commercial catalysts at diverse
conditions (251-550°C, 1-324 bar), utilizing 11 datasets
[7, 8, 10-14] spanning both magnetite and wiistite pre-
cursors. The model assumes that despite varying active
site densities, the underlying reaction mechanism

https://doi.org/10.69997/sct.128811

remains the same across catalysts, with differences in
activity addressed through a Relative Catalytic Activity
(RCA) correction factor.

Several optimization algorithms were evaluated to
fit the kinetic parameters, including Particle Swarm Opti-
mization (PSO), Differential Evolution (DE), Nelder-Mead,
compact Genetic Algorithm (cGA), Cobyla, and Powell.
The Covariance Matrix Adaptation Evolution Strategy
(CMA-ES) proved superior, being the only algorithm to
consistently converge to the global minimum across mul-
tiple initialization points, likely due to its mechanism to
escape local minima in the complex parameter landscape
of the kinetic model.

The datasets include various H2/N: ratios and space
velocities, making it particularly relevant for renewable
ammonia plants with fluctuating hydrogen feedstock. In
addition to the kinetic model, a simplified Arrhenius-type
equilibrium description is presented for industrial tem-
perature ranges (300-550°C), employing a modified
Soave-Redlich-Kwong Equation-of-State with the Ma-
thias alpha function using a polarity correction factor of
0.2368 for ammonia.
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THERMODYNAMICS

At high pressures, accurate ammonia synthesis
thermodynamics requires an Equation of State (EoS) to
account for gas non-ideality [15]. While the Soave-Red-
lich-Kwong (SRK) EoS is widely used, it poorly describes
the polarity of molecules like ammonia at high pressures
[16]. This work employs a modified SRK with a polarity
correction factor, based on the Mathias alpha function
[17], to overcome this limitation.

Existing alternatives to describe the non-ideality,
such as Dyson and Simon's polynomials [18] or other EoS
[19, 20], lack universal applicability because they are ei-
ther difficult to implement in commercial flowsheeting
software or are inaccurate at high pressures. To address
this, a nested fitting method was developed to determine
the polarity correction factor in the Mathias alpha func-
tion for the SRK EoS. The method was applied to equilib-
rium data in the range of 300-1100 °C and up to 1000 bar
from multiple literature sources.

The resulting equilibrium expression uses a second-
order polynomial for reaction enthalpy, simpler than pre-
vious higher-order approaches. For practical implemen-
tation in software like Aspen HYSYS, we also derived a
simplified Arrhenius-type equation valid for 300-550 °C:

In(Ky) = (33415 - = _105781n(r) ) (2)
-5.1110-10%
Kr = 1.3632- 10_6e<_ W) (3)
1 (_1.02224105)
— =5.3809-10te\" T (4)
Kf

The fitting procedure employs the COBYLA algo-
rithm [21] to optimize the polarity correction factor by
minimizing Mean Squared Error, with convergence de-
fined as no improvement beyond the 10th decimal place

after 10 iterations.
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Figure 1. Schematic for the nested fitting method to
obtain the polarity correction factor for NH3 and to fit the
parameter values of the temperature-dependent
equilibrium constant correlations.

The polarity correction factor for NHz was fitted to -
0.2368 while the polarity factor of the other molecules
were kept at zero.
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Figure 2: Equilibrium constant prediction by the polynomial (fitted to 300-1100 °C data) and Arrhenius type
equation (fitted to 300-550 °C data) without (left) and with (right) polarity correction.
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KINETIC MODELLING

Model derivation

The dissociation of surface-adsorbed dinitrogen to
atomic nitrogen (Reaction 2 in Table 1) is the rate-deter-
mining step for ammonia synthesis on iron-based cata-
lysts [22-24].

Table 1: The microkinetic reactions for ammonia synthe-
sis.

Microkinetic reactions
N3(g) +*o Ny *

Ny * + xo 2N *

N+ +H x> NH * + *

NH x +H xo NHp * + *
NHy x +H v NH3 * + *
NH; x& NH3(g) +*
Hy(g) + 2 < 2H *

Number

Nooab~howhN -

Molecular nitrogen dissociation (reaction 2 in Table
1) was taken as the rate-determining step, and N* and H*
were taken as the most abundant surface species on the
active sites of the catalyst [25]. A correction factor (bcat)
for activity differences between different catalysts was
implemented. The derived kinetic model is given in Equa-
tion 5,

Dy [Kafi)
(5)

where f; stands for the fugacity of a component which is
calculated using the modified SRK with the unit bar. K; is
the equilibrium constant calculated using Equation 3. And
Tyn, IS expressed in mol kg™ s™. Ky and K, are adsorption
constants for the N* and H* surface species. The adsorp-
tion constants and kyy, follow an Arrhenius relationship
and contain, thus, two parameters each.

1 fiu
TNH; = bcatkNHngz ( - K_fm) (

Modelling procedure

11 datasets found in Refs. [7, 8, 10, 11, 13, 14, 26]
with a total of 1019 data points were fitted to the model
in Equation 5, over a wide range of temperatures (251-
550°C), pressures (1-324 bar), space velocities (1-1800
Nm?3 kg-cat’h" at NTP (25 °C and 1 atm)), and H2/N2 ra-
tios (0.33-8.5). Only the gas-hour space velocity data
were reported for the Fixed Nitrogen No. 660, Temkin &
Phyzev, and Fixed Nitrogen Cat. A catalysts. Therefore,
the density of those catalysts was assumed to be 3 gcm-
3

The reactor was modelled as an isothermal plug-
flow reactor. Due to the wide range of conditions and dif-
ferent orders in magnitude in measured NHz molar frac-
tions, a type of normalisation was applied to the objective
function. The objective function for the fitting is defined
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in Equation 6 and 7.

o 2
2 _y. [ YNH3,j"YNH3,j
X ZJ:I O'J ( yll\ing,max ) (6)
q-:NinwithjeNn 7)

Where stimg,max is the maximum value of the molar
fraction in the dataset. Datasets were equally taken into
account by calculating a weight (o;) so that the sum of all
the weights in a sub-dataset (N,,) was equal to 1. There-
fore, there is no bias towards larger datasets.

To improve the predictive capabilities of the model,
5-fold cross-validation was applied. Furthermore, the
cross-correlation between parameters was reduced by
applying the reference temperature approach by
Schwaab et al. [27, 28].

Optimization algorithm selection

Various optimization algorithms were tested to fit
the kinetic parameters, including Particle Swarm Optimi-
zation (PSO), Differential Evolution (DE), Nelder-Mead,
the compact Genetic Algorithm (cGA), COBYLA, and
Powell. Among them, the Covariance Matrix Adaptation
Evolution Strategy (CMA-ES) with a scale factor of 2.5
demonstrated superior performance, consistently con-
verging to the global minimum across multiple initializa-
tion points. This performance is due to its ability to es-
cape local minima in the complex parameter landscape of
the kinetic model. The settings for the other algorithms
followed the default configurations provided by the Nev-
ergrad [29] optimization package from Meta Inc.

==  Cobyla
== 1 Nelder-Mead
PSO
cGA
DE
Powell
— CMA

0 5 10 15 20 25
Iteration number (103)
Figure 3. Progression of the optimization algorithms. The
displayed error represents the lowest error found up to
and including the corresponding iteration number.

Overall fitting results

The calculated parameters for kyy,, Ky and Ky for
the kinetic model are listed in Table 2. And the parame-
ters for the Relative Catalytic Activity factors are found in
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Figure 4.

Table 2: Calculated parameters with 95% confidence in-
terval for the kinetic model.

Parameter Value + 95% CI Unit
knu,a mol kg-
cat™' bar!
2.215E+13  7.624E+13 s

knhy5 1.007E+05  7.876E+03  J mol”
Ky, 2.455E-08  6.474E-08  bar?©s

Ky g -1.795E+04 3.365E+03  J mol"’
VKua 3.276E+02  4.271E+02  bar?®
JKus -4.948E+03 4.887E+03  Jmol”

assumes only N* species, it closely aligns with the model
proposed by Nielsen et al. [7]. Substituting partial pres-
sures for fugacities, as implemented by Sehested et al.
[8], reduces the fit quality by approximately 20%.

Table 3: Statistical results for the fitted models.

A parity plot comparing the experimental and pre-
dicted NH3 mole fractions, based on the kinetic model in
Equation 5 and the parameters from Table 2, is presented
in Figure 4 (Left). This plot incorporates data from 11 da-
tasets featuring different metal oxide precursors, includ-
ing magnetite and wustite. The strong agreement be-
tween experimental and predicted NHz mole fractions
supports the hypothesis that all iron-based catalysts re-
ported in literature exhibit similar behavior under opera-
tional conditions with respect to temperature and pres-
sure. The primary variations arise from differences in the
density of active sites and the effectiveness of promot-
ers, which can be accounted for using a correction factor
beat for catalytic activity.

Multiple models were fitted using the same proce-
dure, and their fitting quality metrics are presented in Ta-
ble 3. The modified Temkin model, as described by Dy-
son and Simon [18], features the fewest parameters but
exhibits the lowest fit quality, making it more suitable for
a narrow operating range. When the model in Equation 5

Model Surface MSE X2
species

Temkin 2.55E-04  3.75E-03
(modified) ’ ’
Thiswork N 1.27E-04 1.67E-03
This work

(partial N, H 4.83E-05 7.77E-04
pressure)

Thiswork N, H 4.05E-05 6.11E-04

CONCLUSION

The modified Soave-Redlich-Kwong Equation-of-
State, incorporating a polarity correction factor of -
0.2368 for NHs, effectively accounts for polarity effects
at high pressure and accurately describes equilibrium up
to 1000 bar. The developed Arrhenius-type equilibrium
model and the unified Langmuir-Hinshelwood Kkinetic
model are easily implemented in all commercial flow-
sheeting software.

The kinetic model successfully describes all availa-
ble data using a single rate expression and a Relative
Catalytic Activity factor per catalyst, capturing variations
in active site density and promoter effects. This suggests
that ammonia synthesis follows a highly similar mecha-
nism for all iron-based catalysts, regardless of precursor,
promoter, or preparation method. The model accurately
predicts ammonia synthesis across a broad range of
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5 0.251 e | - 20% dev. = v
B S &7 1 o Clariant AmoMax 10 (2024) Fry T
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%0_154 /_3;]5" 7 Topsoe KM1R (1999) g 014 .- x
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Figure 4: Left: Parity plot of the experimental NHs mole fraction in the outlet from Refs. [7, 8, 10, 11, 13, 14, 26]
versus predicted NHs mole fraction for the same conditions using the model in Equation 5. Right: The calculated
Relative Catalytic Activity (b.,;) for various datasets. The regression line excludes the Temkin & Pyzhev catalyst
because this was the only non-promoted iron catalyst.
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conditions (251-550 °C, 1-324 bar, H,/N, ratios of 0.33-
8.5, and space velocities of 1-1800 Nm? kg-cat™ h”"). The
inclusion of H* surface species are necessary to extrap-
olate to lower temperatures (<400 °C).

To optimize kinetic parameters, various algorithms
were tested, with CMA-ES outperforming others by con-
sistently converging to the global minimum due to its abil-
ity to escape local minima in the complex parameter land-
scape.

This work consolidates over a century of equilibrium
and kinetic data for ammonia synthesis using iron-based
catalysts with improved and more robust thermodynamic
and kinetic models.
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