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a b s t r a c t

The earth-abundant transition metal manganese (Mn) has been shown to activate dinitrogen (N2) and
store nitrogen (N) as nitride for subsequent chemical reaction, for example, to produce ammonia
(NH3). Chemical looping ammonia synthesis (CLAS) is a practical way to use Mn nitride by contacting
nitride with gaseous hydrogen (H2) to produce ammonia (NH3). Here, the dynamic process of N atoms
penetrating into solid Mn has been investigated. Nitride layer growth was modeled to quantitate and pre-
dict the storage of activated N in Mn towards designing CLAS systems. The N diffusion coefficient (DN)
and reaction rate constant K for the first-order nitridation reaction were estimated at 6.2 ± 5.5 � 10-11

m2/s and 4.1 ± 3.5 � 10-4 1/s, respectively, at atmospheric pressure and 700 �C. Assuming spherical par-
ticles of Mn with a diameter of < 10 lm, about 56.8 metric tons of Mn is sufficient to produce a metric ton
of NH3 per day using CLAS.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Affordable synthetic ammonia (NH3) is emerging as a renew-
able energy carrier besides the fact that about 180 million metric
tons of NH3 are synthesized annually to enable the production of
nearly half of the food that we eat. Traditional Haber-Bosch type
processes based on natural gas or coal, and steam reforming to
obtain hydrogen may have to be modified if the fossil carbon diox-
ide (CO2) footprint of about 2.5% of global annual fossil CO2 emis-
sion is to be reduced by shifting to renewable energy (Pfromm,
2017). The Haber-Bosch process can be modified with renewable
hydrogen from electrolysis. However, intermittently available
renewable hydrogen and more remote locations may call for an
alternative to the high temperature/high pressure Haber-Bosch
approach. An alternative method to produce NH3 at atmospheric
pressure and elevated temperature is chemical looping ammonia
synthesis (CLAS). As reported elsewhere (Aframehr et al., 2020;
Aframehr and Pfromm, 2021) this method consists of converting
the bulk of a fixed bed of solid manganese (Mn) particles to Mn
nitrides by contacting with N2 gas at atmospheric pressure and ele-
vated temperature. Then by switching the gas from N2 to H2 over
the nitrided Mn, NH3 is produced at atmospheric pressure and ele-
vated temperature. The looping process is completed by again
nitriding the now partially N depleted Mn (Aframehr et al.,
2020). The rationale for the choice of Mn as the solid for CLAS is
that a balance must be struck between the activation of dinitrogen
and absorption of N into the solid, and the subsequent activation of
dihydrogen at the solid surface, and release of N atoms from the
solid to produce NH3. Thermodynamic considerations to arrive at
the choice of Mn can be found in previous publications
(Michalsky et al., 2015c; Michalsky et al., 2015a; Michalsky and
Pfromm, 2012).
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In this study, phenomenological modeling of nitride formation
from solid Mn and gaseous N2 via splitting of N2 at the gas/solid
interface followed by simultaneous diffusion of N atoms into the
solid and reaction with Mn is attempted. The ultimate goal is to
provide design parameters for a CLAS system.

Nitridation of metals in general and in particular of iron is well
known and thoroughly described (Hekker et al., 1985; Jespersen
et al., 2016; Lengauer et al., 1997; Van Wiggen et al., 1985) while
nitridation of Mn has attracted much less attention in the pub-
lished literature. This might be expected due to the numerous
applications of iron and iron-containing materials and their inter-
actions with nitrogen. This dearth of information is especially true
for the non-steady state processes such as nitridation progressing
from the solid–gas interface into the depth of metals in general,
and Mn in particular, as will be discussed in the brief literature
review below.

A study regarding modeling of nitriding in the Fe-M binary sys-
tem (M being a placeholder for metals) is available as an example
of the significant interest in Fe (Tomio et al., 2016a). In this study,
alloy nitride precipitation during nitriding is developed and mod-
eled for the Fe-M system. Number density, average radius, and vol-
ume fraction of alloy nitrides as a function of depth from the
surface and nitriding time can be predicted by the model (Tomio
et al., 2016a). Here we are adapting some of this work to Mn.

A few studies of Mn nitride are available (Heidlage et al., 2017a;
Kropp et al., 2012; Michalsky and Pfromm, 2011; Shan et al., 2018,
2020; Wang et al., 2019; Buc, 2016; Liu et al., 2018), however, none
of them focused on N diffusion in the solid and mathematical mod-
els of N penetration. Time dependent work is available on Mn nitri-
dation only for extended nitridation times (Zhang et al., 2008).
Although a kinetic model was developed for nitriding, N mass
transfer and nitride layer growth quantification is not covered. In
another study, Leineweber et al. investigated the crystal structures
of select regions of the Mn–N phase diagram (Leineweber et al.,
2004). Nevertheless, no detailed information was provided about
the nitride layer and N diffusion into the solid with the simultane-
ous reaction of N with Mn. Niewa and coworkers studied Mn com-
pounds, phases, and structures formed including structures,
properties of the compounds, intermediate phases in the binary
system Mn-N, and properties of ternary and higher Mn nitrides
(Niewa, 2002). However, N mass transfer and modeling of nitride
formation were not a target. Lassiri et al. focused on Mn nitride
based materials as nitrogen transfer reagents for nitrogen chemical
looping (Laassiri et al., 2018). Lattice nitrogen reactivity in different
Mn nitride compositions was investigated. Elsewhere, Mn nitride
was utilized for NH3 synthesis, where the molecular-level pathway
of the Mn nitride reduction was the subject (Shan et al., 2018).
Michalsky et al. studied the hydrogenation of Mn nitrides during
NH3 production (Michalsky et al., 2015c; Michalsky et al., 2015a),
and Heidlage et al. investigated the transformation of Mn nitride
phases as a function of time and temperature (Heidlage et al.,
2017a). To summarize, none of the studies above addressed the
non-steady state N mass transfer and modeling of nitride forma-
tion in bulk solid Mn.

In our previous study, a two-step chemical looping process
operating under relatively mild conditions to produce NH3 was
studied regarding Mn nitride phases and the particle surface mor-
phology and composition (Aframehr et al., 2020). The time and
temperature dependencies of Mn nitride layer growth and diffu-
sion zone growth (microstructural development) during nitrida-
tion were investigated (Aframehr and Pfromm, 2021). The work
presented here extends previous studies towards examining the
non-steady state nitridation process as an N diffusion/reaction pro-
cess and mathematical modeling of Mn nitride layer formation.

The overall goal of this work is to contribute to the understand-
ing and quantification of non-steady state nitride formation from
2

solid Mn and gaseous N2 via splitting of N2 at the gas/solid inter-
face, followed by simultaneous diffusion of N atoms into the solid
and reaction with Mn. This is the first step in a chemical looping
approach to synthesize NH3 by subsequently contacting Mn nitride
with gaseous H2 (Aframehr et al., 2020; Aframehr and Pfromm,
2021). This looping NH3 synthesis process is quite unique in that
N atoms emanating from the bulk nitride react with hydrogen from
the gas phase at the solid/gas interface. Reference experiments
where a mixture of H2 and N2 is contacted with Mn at identical
conditions showed, as expected, no NH3 formation. This demon-
strates that activation of dinitrogen by bulk nitride formation is
fundamentally different from the conventional heterogeneous
catalysis process where N2 and H2 are activated at the gas/solid
interface to react (Marakatti and Gaigneaux, 2020; Somorjal and
Zaera, 1982).

The present work aims to model the dynamic processes during
gas/solid Mn nitridation. Simultaneous N penetration and chemical
reaction taking place in the solid Mn are considered. Experimental
results are compared to an internal oxidation model, and a
Reaction-Diffusion model to predict storage of atomic nitrogen in
Mn as a function of time.
2. Materials and Methods:

Manganese metal (Mn) plates (No. 36215, 0.8–12 mm, 99.98%
pure (metals basis)) and Mn powder (No. 45089, average particle
size < 10 mm, 99.6% pure) were from Alfa Aesar (No. 36215, 0.8–
12 mm, 99.98% pure (metals basis)). Some inductively coupled
plasma (ICP) analyses of technical grade Mn used in nitridation
experiments revealed nickel (Ni) as a detectable low level impurity
(fraction of a milligram Ni per gram of as-received Mn). Scanning
electron micrographs (SEM) of as-received materials are shown
in Fig. 1. The experimental setup was used as shown and described
in our previous publication (Aframehr and Pfromm, 2021). A digital
flow controller (Teledyne Hastings Instruments HFC-D-302B(H),
Teledyne Hastings, Hampton, VA, U.S.A.) was used to control gas
flow, in addition, a bubble flowmeter was used to check the flow.
A tube furnace (Thermo Scientific Lindberg/Blue M, No.
STF54434C) with quartz tubes (inner diameter 45 mm, Technical
Glass Products Inc., No. 45X48) was used for running the thermo-
chemical process. Quartz tubes were customized via glass blowing
by narrowing on the inlet side to attach the gas feed and provided
with custom end caps. Compressed dinitrogen (N2, ultra-high pur-
ity) and helium (He, ultra-high purity) were supplied by A-L Com-
pressed Gases Inc. (99.999% purity, Spokane, WA, USA). All gas
handling manifolds were constructed from Swagelok stainless
steel fittings and tubing (1/8 in., Swagelok, S. Kent, Washington).

For each nitridation experiment, about 1 g of solid Mn was
loaded into a combustion boat (Coorstek Inc. No. 65568). Samples
were always dried in an oven (Thermo Scientific Lindberg/Blue M,
No. VO1218A-1) at 100 �C for about 60 min in air. The dried loaded
boat was then placed in the center of the furnace tube after weigh-
ing (Mettler Toledo, No. MS204S/03, ± 0.00005 g). N2 gas (1 cm3(-
Standard Temperature and Pressure, STP)/s, STP: 1 bar, 0℃) was
directed over the sample at 100 �C for about 10 h as pre-process
in situ drying. The furnace tube was then purged with N2 gas at
a flow of 2 cm3(STP)/s and heated to 700 ℃. Cooldown was under
2 cm3(STP)/s N2 at the end of the experiment. All processing was at
atmospheric pressure. After nitridation, weight and SEM (with
EDX) were obtained. The possible impact of the size and shape of
the load in the boat was ruled out through reference experiments
with different loading in the boat (not shown).

The choice of 700 �C for this work is guided by previous work
where the impact of temperature on the different nitride phases



Fig. 1. As-received material: SEM images of Mn plate cross-section, (a), an overview image of Mn plate (b), and Mn powder (c).

W. Mohammadi Aframehr and P.H. Pfromm Chemical Engineering Science 252 (2022) 117287
that are formed was investigated (Aframehr et al., 2020; Heidlage
et al., 2017a)

Parasitic oxygen (O2) could enter the reactor with the sample,
the combustion boat, or through leaks. The strong tendency of
Mn to oxidize would lead to the formation of oxides on the Mn sur-
face. A reference experiment was therefore conducted with identi-
cal conditions as in nitridation, but helium (He) instead of N2. The
parasitic oxygen weight gain from a He purged experiment was
subtracted from the apparent nitridation weight gain. In 4-hour
nitridation experiments, the weight gain was in one example 0.0
1295 ± 0.00007 g/g Mn. However, reference experiments using
He showed that 0.00074 ± 0.00007 g/g Mn was due to parasitic
oxygen. The N weight gain was therefore calculated by difference
as 0.01221 ± 0.0001 g/g Mn.

The temperature as a set at the furnace controller exceeded the
actual temperature in the sample boat by a maximum of 17 �C as
determined using a thermocouple (Omega/CL3515R). Heat up
and cool down are described by Eq. (1) and (2) respectively (tube
furnace nitridation procedure shown in our previous work
(Aframehr and Pfromm, 2021)).
T ¼ 63:86tm þ 59:03 ð1Þ
T ¼ 698:58e�0:016tm ð2Þ
where T (℃) and tm (min) are furnace controller setpoint tempera-
ture and time, respectively.
Fig. 2. The EDX line spectra of Mn nitride cross-sectional view. Estimation of the
surface N content (wt%) in Mn plates during nitridation by assuming 1.22 ± 0.01 wt
% N weight gain, and that essentially all N is stored in the mid-layer. The N
concentration at the surface (CS

N) is estimated as 0.18 ± 0.06 wt%.

3

2.1. N Concentration on the top-layer (CS
N)

The N concentration on the exterior solid surface termed ‘‘top-
layer” (CS

N , wt%, Fig. 2) is important for the modeling of Mn nitrida-

tion. Due to the low N concentration in the surface, CS
N is not

directly and quantitatively measurable with the equipment and
methods used here. CS

N was therefore estimated relative to the
independently known (via mass uptake) N concentration and N
penetration depth in the mid-layer (Fig. 2). The total N mass
uptake of Mn plates was 1.22 ± 0.01 wt% determined by weighing
(Mettler Toledo, No. MS204S/03, ± 0.00005) of an Mn plate (about
1 g) before and after a representative nitridation experiment. Since
the surface of the plate consists largely of MnO (Aframehr et al.,
2020) and assuming all N essentially is stored in the mid-layer
for plate nitridation, one can estimate;

CS
N ¼ u=xð Þ � CM

N ð3Þ

where CS
N (wt%) is the N concentration in the top-layer (on the exte-

rior surface), u (count) is the measured count when scanning the
top-layer by EDX, and x (count) is the N count in the mid-layer
(see Fig. 2). The CM

N (wt%) is the N concentration in the mid-layer

equal to 1.22 ± 0.01 wt% as calculated from mass balance. CS
N is esti-

mated at about 0.18 ± 0.06 wt% using measured values of u = 10.
6 ± 1.5, and x = 70 ± 20 counts, respectively which is represented
in Fig. 2.
3. Results and discussion:

The diffusion coefficient of N in Mn will first be estimated after
discussing some definitions and assumptions. Two models will
then be applied to describe experimental data: the internal oxida-
tion model (Tomio et al., 2016a) and the Reaction-Diffusion (Fick’s
second law with irreversible first order reaction). The reaction rate
coefficient, k for the first-order reaction is estimated here. It will be
shown that mass transfer via diffusion of N in Mn is the limiting
process (see Fig. 8) in quantifying the extent of nitridation (nitrida-
tion depth) of solid Mn exposed to gaseous N2 at 700 �C and atmo-
spheric pressure.
3.1. Definitions and assumptions

Fig. 3 shows a snapshot of the dynamic process of N atoms pen-
etrating into solid Mn. This is an attempt to visualize the situation
in the solid at a given time of exposure of Mn to gaseous N2 at
700℃. This was accessed experimentally by cooling an Mn sample
after exposure to N2, followed by fracturing and imaging the inte-
rior cross-section (Aframehr and Pfromm, 2021). It is assumed that



Fig. 3. Simplified schematic of the Mn nitridation process which shows N
populations in a simplified Mn nitride lattice. N atoms are shown with different
sizes to facilitate identification. Immobile Mn oxide is shown at the Mn surface
(Aframehr and Pfromm, 2021).

Fig. 4. Schematic of one-dimensional N atom diffusion during Mn plate nitridation.
The schematic shows the physical characteristics and boundary conditions.
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N2 molecules are split at the solid surface and then migrate as N
atoms into the solid.

3.1.1. Nitrogen populations
The Mn is over time converted to nitrides when exposed to dini-

trogen at 700 �C and atmospheric pressure. Three different popula-
tions of N in Mn were postulated. This was supported via WAXD,
EDX, electron microscopy, and mass balance (Aframehr et al.,
2020; Aframehr and Pfromm, 2021):

Population 1: atomic nitrogen that is strongly bonded (for the
definition of ‘strong’ and ‘weak’ Mn-N interaction, see
(Mittemeijer and Somers, 2015)) to Mn. Evidence of strong bond-
ing is also that this N can not be harvested in the subsequent
hydrogenation step at 700 �C to produce NH3. Population 1 is about
57 atom % of the nitrogen present as nitrides based on the NH3 har-
vesting yield (24 h, 700 �C).

Population 2: atomic N that is bonded by a covalent/ionic
hybrid bond. As a result, population 2 can be harvested relatively
easily during exposure to H2 for NH3 harvesting.

Population 3: atomic N that does not bond to Mn. This popula-
tion resides in imperfections of the Mn lattice. Population 3 can dif-
fuse through existing nitride towards the bulk.

We have adopted general models to describe diffusion and the
reaction of N with solid Mn to make quantitative predictions of
N penetration in Mn. Generally, the dynamics of the moving reac-
tion/diffusion front as N penetrates into Mn are the result of the
competition between mass transfer in the gas phase and the solid,
adsorption and reaction (N2 splitting) at the solid/gas interface, and
reactions of N with Mn to form nitrides. However, N diffusion in
Mn governs the process in the case of Mn nitridation as will be
shown below. The reason is the low N diffusion coefficient even
at elevated temperatures (see Fig. 8).

3.2. Estimating the diffusion coefficient

The classical solution to the one-dimensional diffusion of a pen-
etrant through a solid matrix with a constant diffusion coefficient
is applied (Crank, 1975).

Qt ¼ D C1 � C2ð Þ t
L þ 2L

p2

P1
n¼1

C1 cos np�C2
n2 1� exp � Dn2p2t

L2

� �h i
4C0L
p2

P1
m¼0

1
ð2mþ1Þ2 1� exp � Dð2mþ1Þ2p2t

L2

� �h i þ ð4Þ

where, Qt (mol/m2) is the total amount of diffusing substance per
unit surface of a semi-infinite plate at time t (s), and C0;C1andC2

(mol/m3) are the initial, feed side, and permeate side concentrations
in the plate, respectively (Fig. 4). L (m), and D (m2/s), are the thick-
4

ness of the plate, and the diffusion coefficient, respectively (Crank,
1975).

At infinite time, and assuming that the initial concentration in
the solid is equal to zero (C0 ¼ C2 ¼ 0) Eq. (4) takes the form;

Qt ¼ DC1=Lð Þt � LC1=6ð Þ ð5Þ
By plotting experimental data for Qt vs. t (Aframehr and Pfromm,
2021) for nitridation of Mn, D can be derived from the slope (Eq.
(6)).

Qt ¼ ð9� 10�5Þt � 0:221 ð6Þ
Applying Eq. (6), the slope is 0.00009 (mol/m2) by considering the
nitrogen concentration on the feed side as surface concentration
(C1). The nitrogen diffusion coefficient (DN) is about 6.2 ± 5.5 � 10-
11 (m2/s). This appears reasonable compared to similar systems
(Bobadilla and Tschiptschin, 2015; Zhang et al., 2010).

The diffusion coefficient DN will now be used to model simulta-
neous N transport and reaction in Mn.

3.3. Gas-solid nitridation

Consider a general gas–solid nitridation at elevated tempera-
ture and atmospheric pressure:

MnðsÞ þ N2ðgÞ !K MnaNbðsÞ ð7Þ
where a and b depend on nitride phases as identified based on XRD
(Aframehr et al., 2020). K is the reaction rate coefficient and s and g
indicate solid and gas, respectively.

Eq. (8) describes simultaneous reaction–diffusion (Kuttler,
2011):

ut ¼ DDuþ f ðuÞ ð8Þ
where u ¼ uðx; tÞ is a state variable and describes the concentration
of the diffusing substance, at position xðmÞ and at time tðsÞ. D and D
denotes the Laplace operator and diffusion coefficient. The first
term on the right hand side describes the diffusion while the second
term, f ðuÞ is a smooth function f: r ! r that describes processes
such as production or consumption via a chemical reaction.

The reaction–diffusion equation (Eq. (8)) in one dimension (dif-
fusion/reaction into an infinite plate) is investigated here for Mn
nitridation at elevated temperature and atmospheric pressure.

3.4. Diffusion occurring with a first-order reaction

The reaction of N with Mn is assumed to be an irreversible first-
order reaction (King et al., 2018; Vasquez et al., 1986). Diffusion



Fig. 5. (a) The EDX line spectra of Mn nitride (4 h nitridation at 700 �C) cross-
sectional view. N atom trace shows the increase in N detected (top-to-mid-layer)
and a decrease in N detected (mid-layer through transition-layer to unchanged Mn
towards the interior of the plate, (see Fig. 6)). (b) concentration (atom%) profile
schematic of N and Mn during Mn nitridation at 700 �C and atmospheric pressure
based on EDX result (Fig. 6).
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occurring with an irreversible first-order reaction can be described
by (Crank, 1975);

@C
@t

¼ D
@2C

@x2
� KC ð9Þ

where K (1/s) is a first-order rate constant for the reaction, and C is
the concentration (mol/m3). In general, Eq. (9) cannot be solved
analytically, however, numerical solutions can be obtained
(Biology and Cobi, n.d.; Page, 2007). The Crank-Nicolson method
(Page, 2007) is applied here to solve Eq. (9) and the result is plotted
in Fig. 8.

3.5. Diffusion only

Simplifying in one dimension and focusing on the diffusion of N
only;

@C
@t

¼ D
@2C

@x2
ð10Þ

Analytical and approximate solutions of this equation are avail-
able (Crank, 1975; Rezzolla, 2020).

3.6. Diffusion with absorption

By considering absorption, the amount of diffusing N absorbed
in a unit volume of solid Mn is proportional to its free concentra-
tion. If S is the concentration of immobilized N and R is the con-
stant of proportionality (Crank, 1975), so that S ¼ RC, then the
diffusion equation (Crank, 1975);

@C
@t

¼ D
@2C

@x2
� @S

@t
ð11Þ

By substituting S with RC, this equation can be rearranged to the
same form as the basic equation for free diffusion but with an effec-

tive diffusion coefficient Dmod
N given by (Crank, 1975);

Dmod
N ¼ D

1
Rþ 1

ð12Þ
3.7. Internal oxidation model applied to nitridation of Mn

The internal oxidation model by Lightfoot and Jack (Lightfoot
and Jack, 1975; Tomio et al., 2016a) was selected to predict the
depth of the nitride layer in solid Mn with time. In this model,
the following assumptions are considered:

1. The diffusion of Mn atoms is neglected.
2. The atomic nitrogen concentration at the dinitrogen gas/solid

interface is constant.
3. The Mn solid is uniform.
4. The N diffusion coefficient (DN) is constant.

A mass balance of N over the transition layer is (Tomio et al.,
2016a);

nC0
Mn

@x
@t

¼ DN
@CN

@x
ð13Þ

where CN and C0
Mn are the N and Mn concentrations in atom% (see

Fig. 5). n is the ratio of N over Mn atoms. Based on WAXD, n is taken
as 0.426 since Mn6N2.56 is the most abundant phase for Mn nitrided
at 700℃ and atmospheric pressure (Aframehr et al., 2020).

3.7.1. Boundary conditions
At the dinitrogen gas–solid interface, local equilibrium between

the gas and the solid surface where dinitrogen is being dissociated
5

will be assumed. A nitrogen concentration of zero is assumed for
the interior of the solid beyond the transition-layer. The Mn plate
is considered semi-infinite so that nitridation is assumed to pro-
ceed from the surface towards the interior only.

Assuming a linear gradient of nitrogen in the near-surface top-
layer

nC0
Mn

@x
@t

¼ DN
CS
N

x
ð14Þ

where CS
N (atom%) is the N concentration at the surface of Mn. Inte-

grating Eq. (14), and rearranging yields;

xðtÞ ¼ 2CS
NDNt=nC

0
Mn

� �1=2
ð15Þ

It seems impractical to assume that all Mn (Populations 1 and 2)
is bonded instantaneously upon the arrival of N atoms. However,
after some time, the dissolved N (Population 3) will likely reach
its saturation level (see Fig. 5 and 6 mid-layer), and the maximum
amount of N is now bonded to Mn (Populations 1 and 2). The
nitriding front in the transition-layer advances further towards
the interior of the Mn. In this study, the data from EDX and the
total amount of N absorbed in the solid were used to predict the
nitridation depth. The calculation of the concentration of N at the
surface (CS

N about 0.51 ± 0.30 atom%) is explained in detail in the
materials and methods section.

Based on the EDX results (Aframehr and Pfromm, 2021), Fig. 5
shows the assumed profile of N and Mn concentration in the solid.
The N concentration changes with distance from the surface. Four
different zones are identified (Fig. 5 and 6): top-layer (local equi-
librium with the dinitrogen gas/nitrogen atoms at the gas/solid
interface labeled CS

N , increasing to CN at depth a), mid-layer (con-
stant overall nitrogen concentration CN , thickness d-a),
transition-layer (decreasing nitrogen concentration, thickness e),
and sub-layer (N is non-detect in EDX, Mn concentration C0

Mn rep-
resenting solid a-Mn). It should be noted that a driving force for
diffusion into the bulk Mn obviously exists since N uptake contin-



Fig. 6. The EDX line spectra of the solid Mn cross-sectional view after 4 h
nitridation at 700 �C and atmospheric pressure. Nitridation produces two additional
morphologies, coinciding with an increase of N detected (top-to-mid layer) and a
decrease of N detected (mid-layer through transition-layer to unchanged Mn
towards the interior of the plate). For more details about morphologies see previous
work (Aframehr and Pfromm, 2021).

Fig. 7. The nitriding depth as a function of nitridation time, for (a, black circles with
error bar) experimental data of a solid Mn plate, nitrided at 700℃ and atmospheric
pressure, (b, red line) predicted by the internal oxidation model (Eq. (15)), and (c,
green line) predicted by the Reaction-Diffusion model (Eq. (19)) using the same
diffusion coefficient estimate from mass uptake measurements, and estimating a
first-order rate constant K for the nitridation reaction. The models are afflicted with
errors based on the experimental data used to specify them. (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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ues with time. The concentration increase from the top-layer to the
mid-layer may seem to indicate that mass transfer should proceed
from the mid-layer to the top-layer but the chemical potential dif-
ference as the underlying driving force for diffusion may well have
the opposite direction due to the different properties of the top-
layer (containing Mn oxide) and the bulk Mn and later Mn nitride
in the deeper layers.

The diffusion coefficient DN can then be used to attempt a fit of
Eq. (15) to our experimental data.

3.8. Reaction-Diffusion model applied to nitridation of Mn

In the Mn nitridation process, a reaction will occur between N
and Mn in addition to N diffusion. By applying the Reaction-
Diffusion model, the depth of the nitride layer in solid Mn with
time can be predicted under the following assumptions:

1. The reaction of dissolved nitrogen atoms with lattice Mn yields
Mn nitrides and it is the only reaction.

2. Nitridation occurs at the interface between the nitrided and the
non-nitrided regions.

3. The atomic nitrogen concentration at the dinitrogen gas/solid
interface is constant.

4. The Mn solid is uniform.
5. The diffusion of Mn atoms is neglected.
6. N diffusion coefficient (DN) and reaction rate (K) are constant.

A mass balance of N over the transition layer assuming a con-
stant diffusion coefficient can then be described as ((Tomio et al.,
2016a));

nC0
Mn

@C
@t

¼ DN
@2C

@x2
þ KC ð16Þ

n is taken as 0.426 since Mn6N2.56 is the most abundant phase,
based on WAXD. The terms in Eq. (16) represent from left to right,
accumulation, diffusion, and reaction.

3.8.1. Boundary conditions
At the dinitrogen gas–solid interface, a local equilibrium

between the gas and the solid surface where dinitrogen is being
dissociated will be assumed. A linear gradient of N at the gas–solid
interface is assumed. A nitrogen concentration of zero is assumed
6

for the interior of the solid beyond the transition-layer (Fig. 5).
Again, the Mn plate is considered semi-infinite so that nitridation
is assumed to proceed from the surface towards the interior only.

By assuming a linear gradient of nitrogen at the gas–solid inter-
face (@C=@x ¼ C=x)

nC0
Mn

@C
@t

¼ DN
@

@x
C
x

� �
þ KC ð17Þ

which can be solved to arrive at;

nC0
Mn

@C
@t

¼ C K � DN

x2

� �
ð18Þ

Integrating Eq. (18), and rearranging yields

xðtÞ ¼ DNt= Kt � nC0
MnlnC

S
N

� �� �1=2
ð19Þ

where CS
N (atom%) is the N concentration at the surface of Mn

(Fig. 5). In the reaction–diffusion case of nitridation at elevated tem-
perature and atmospheric pressure, it seems reasonable to simplify
steps occurring in the overall process (see Fig. 3):

1) Diffusion of N2 from the bulk of the nitrogen gas to the inter-
face between the gas and the solid.

2) The N2 molecules are split into N atoms at the surface of the
solid.

3) Diffusion of N within the solid.
4) Thermochemical reaction (N consumption) within the solid.

After some time, the dissolved N (Population 3) will likely reach
its saturation level because of the reaction between N and Mn (see
Fig. 5, mid-layer). The maximum amount of N is now bonded to
Mn. However, because of the low DN , diffusion dominates the nitri-
dation process compared to chemical reaction (K). A kinetic reac-
tion rate constant K for the first-order reaction can be estimated
as 4.1 ± 3.5 � 10-4 1/s comparing the reaction–diffusion equation
(Eq. (19)) with the experimental results (Fig. 7).

3.9. Comparison of models

Table 1 shows the comparison of both internal oxidation and
Reaction-Diffusion models boundary conditions, assumptions,
advantages, and disadvantages. The listed parameters that occur
in both models are of identical numerical value.



Fig. 8. Concentration profile at the transition-layer (where N encounters available
Mn for the first time), (a) when reaction and diffusion occurs, and (b) when only
diffusion occurs. Concentration profiles in both diffusion only and reaction–
diffusion are similar since diffusion in the solid governs the Mn nitridation process.
The profile was plotted based on the Crank-Nicolson method (Page, 2007) to solve
the equation for diffusion occurring with a first-order reaction (Eq. (9)). D and K
were utilized to plot based on calculations in this study.

W. Mohammadi Aframehr and P.H. Pfromm Chemical Engineering Science 252 (2022) 117287
3.10. Models versus experimental data

Fig. 7 compares experimental data with the internal oxidation
and Reaction-Diffusion model using the diffusion coefficient calcu-
lated from the mass uptake of Mn at 700℃ and atmospheric pres-
sure. The models appear to represent the data reasonably well. The
internal oxidation model shows a somewhat superior fit. This sup-
ports the notion that diffusion controls the nitriding depth as a
function of time rather than the chemical reaction taken in account
for the Reaction-Diffusion model.

The somewhat increased nitriding depth relative to the experi-
mental result could be attributed to

1. The presence of oxides in the top-layer (see previous work
(Aframehr and Pfromm, 2021)) may result in a low amount of
N population 3 at the beginning of nitridation (see Fig. 3).

2. The validity of some of the assumptions.

3.11. Modified Damköhler number (DaII) to describe the mass transfer
as the limiting issue

Both reaction and mass transport play an important role in Mn
nitridation. Here the second Damköhler number (DaII) is estimated
to quantify which process is dominant, and to allow predictions if
other materials are to be nitrided.

In reacting systems with interphase diffusion (mass transfer),
the Damköhler number is the ratio of the characteristic mass trans-
Table 1
The boundary conditions, assumptions, advantages, and disadvantages of the internal oxid

Model Parameter Boundary Condition Assumption

Reaction-Diffusion CN
S x = 0 C = CN

S for t � 0
x = 0 oC/ox = C/x for t � 0
x = L C = 0 for t = 0
0 < x < L C = 0 for t = 0

1) N + Mn = Mn
DN 2) Nitridation oc

the nitrided and
K 3) CN

S is constant
t 4) Mn solid is un
n 5) The diffusion o
CMn
0 6) DN and K are c

Internal oxidation CN
S x = 0 C = CN

S for t � 0
x = 0 oC/ox = C/x for t � 0
x = L C = 0 for t = 0
0 < x < L C = 0 for t = 0

1) CN
S is constant

2) Mn solid is un
3) The diffusion o
4) DN is constant

DN

t
n
CMn
0

7

fer time (tm ¼ 1=ðkmarÞ) and the characteristic reaction time

(tr ¼ 1=ðkrCs
0
j�1Þ) (Die et al., 1936; Kashid and Renken, 2015);

DaII ¼ reaction rate
diffusive mass transfer rate

¼ mass transfer time
reaction time

ð20Þ

DaII ¼ tm
tr

¼ krC
s
0
ðj�1Þ

kmar
¼ krAC

s
0
ðj�1Þ

DN
¼ krA

DN
ð21Þ

where kr and km are the first-order reaction rate constant (1/s) and
the mass transfer coefficient (m/s), respectively, for homogeneous
and quasi-homogeneous materials. j, ar , and A are the reaction
order, specific interfacial area per volume (m2/m3), and the interfa-
cial area (m2), respectively.

Based on estimated DN and kr and using the interfacial area (A)
of the solid Mn, DaII can be estimated as 2.97 � 103 which demon-
strates that Mn nitridation at elevated temperature and atmo-
spheric pressure is mass transfer limited.

3.12. CLAS scale-up

The results for micrometer-scale Mn powder (<10 lm, Fig. 1, C)
nitridation show that after 4 h nitridation at 700 �C and atmo-
spheric pressure, N weight gain is about 92.5 ± 9.3 kg N metric
ton Mn�1. Analyses in this paper and our previous study
(Aframehr and Pfromm, 2021) confirm that of 100 stored N atoms
in Mn as Mn nitride, about 17 N atoms are converted to NH3, with
57 N atoms remaining as a process deadload and the remainder
lost as N2. After 20 h hydrogenation at 700 �C and atmospheric
pressure in the CLAS, 17.6 ± 1.1 kgNH3 metric ton Mn�1 day�1

could be harvested. As reported previously a reactor (see Figure 16,
(Aframehr and Pfromm, 2021)) with about 1.68 m3 net volume of
Mn as < 10 lm Mn particles could be used for the CLAS to produce
about 17.6 ± 1.1 kg NH3 per day. These particles could be depos-
ited, for example, on the walls of a multichannel monolithic cera-
mic carrier, or deposited in a ceramic foam. An Mn monolith with
multiple channels would be another geometry that might be
explored since Mn is rather inexpensive.

4. Conclusions

The dynamic process of N atoms penetrating into solid Mn was
described based on different N populations (Fig. 3). After estimat-
ing the diffusion coefficient of N in Mn based on experimental data,
two phenomenological mathematical models were used to
describe N penetration into a semi-infinite Mn plate. Diffusion
and simultaneous reaction–diffusion were modeled.

Both the internal oxidation and Reaction-Diffusion model pre-
dict the nitridation depth as a function of time at 700 �C and atmo-
spheric pressure well. Mass transfer of N was found to be the
limiting process demonstrated by a calculation of the second
ation and Reaction-Diffusion models.

Advantage Disadvantage

nitride, is the only reaction. Consider reaction in
nitridation

More assumptions
applycurs at the interface between

the non-nitrided regions.
.
iform.
f Mn atoms is neglected.
onstant.
.
iform.
f Mn atoms is neglected.
.

Does not need additional
parameters to apply

Neglect reaction
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Damköhler number. Particle size is therefore the most important
parameter to minimize cycle time for chemical looping of Mn to
synthesize ammonia via the nitride route. The CLAS process is
easily optimized by adjusting the Mn particle size while reactor
design should focus on exposing the particles to the various gases
perhaps in microchannels known from catalytic converters, or
other supporting structures such as foams.
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