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Mass and heat transport limitations

Several experiments were performed in order to confirm the reaction rates provided along the manuscript
are not affected by diffusional heat and mass transport limitations.

The catalyst 3%Ru-10%K/CaO was used for the experiments. First, a set of experiments were performed
in order to discard intraparticle mass diffusional limitations by using different particle sizes of the catalyst,
while the rest of operating conditions were kept constant. 200 mg of catalysts were pelletized recrushed
and sieved into controlled size particles in three ranges: 1) between 100 um and 350 um, 2) between 350
pm and 500 um and 3) between 500 um and 700 um; the catalyst was diluted with 1g (500 um) of SiC for
all experiments. The catalytic performance was evaluated under similar reaction conditions: atmospheric
pressure, temperature in the range 250-450 °C and space velocity WHSV=9000 mL gt * h™* by using 30
mL min~* ammonia. Prior to the activity measurement, the catalysts were activated in situ with hydrogen
(25 mL min™') at 500°C for 3h. The results of ammonia conversion related to this set of experiments to
discard intraparticle mass transfer limitations, are shown in Figure S1.
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Figure S1. Experiments to discard intraparticle mass transfer
limitations. Ammonia conversion versus temperature for
3%Ru-10%K/Ca0 catalyst. Reaction conditions P=1 atm; T=250-
450°C; NH3 flow rate 30 mL min™1; WHSV: 9000 mL gth-t

Second, a set of experiments was performed in order to discard external particle mass transport
limitations by using different ammonia flow rates and catalyst loadings while keeping always the same
space velocity WHSV=9000 mL gt * h™*. The ammonia flow rate was modified in the range 15-75 mL
min~!, and the catalyst load accordingly, in the range 100-500 mg. The amount of SiC used in each



experiment was changed in order to always keep the ratio 10/2 of SiC/catalyst. The rest of operating
conditions were kept constant, with temperature in the range 250-450 °C. Prior to the activity
measurement, the catalysts were activated in situ with hydrogen (25 mL min™) at 500°C for 3h. The
conversion results of this set of experiments is shown in Figure S2.
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Figure S2. Experiments to discard external mass transfer
limitations. Ammonia conversion versus temperature for
3%Ru-10%K/Ca0O catalyst. Reaction conditions: P=1 atm;
T=250-450°C; NHj3 flow rate 30 mLmin™%; WHSV: 9000 mL g-th!

Third, a set of experiments was performed in order to discard heat transfer limitations by using different
ratios catalyst/SiC, while the rest of operating conditions were kept constant. Three different experiments
using 200/500, 200/1000 and 200/4000 for the ratio mg catalyst/mg SiC. The catalytic performance was
evaluated under same reaction conditions: atmospheric pressure, temperature in the range 250-450 °C
and space velocity WHSV=9000 mL ger ' h™* by using 30 mL min™ ammonia. Prior to the activity
measurement, the catalysts were activated in situ with hydrogen (25 mL min™) at 500°C for 3h. The
results of this set of experiments is shown in Figure S3.
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Figure S3. Experiments to discard heat transfer limitations.
Ammonia conversion versus temperature for 3%Ru-
10%K/CaO catalyst. Reaction conditions: P=1 atm; T=250-
450°C; NH3; flow rate 30 mL min™1; WHSV: 9000 mL g h1



The results from this set of experiments confirms that reported reaction data were obtained in the kinetic
regime and no mass or heat transfer limitation exist under the reaction conditions explored here.

For all these experiments, each set of conditions were kept at each temperature for 1 hour, and the
conversion shown in the graphs is the average obtained from the 20 chromatographic analysis.

Comparison Ru particle size observed by TEM and CO chemisorption.

Table S4. Ruthenium particle sizes for Ru-based catalysts.

Sample dp(nm) dp(nm)
CO chemisorption Average TEM
1%Ru10%K/CaO 6 -
2%Ru10%K/Ca0 6 -
3%Ru10%K/CaO 6 7
5%Ru10%K/Ca0 11 -
7%Ru10%K/Ca0 17 -
3%Ru/Ca0 9 9
3%Ru5%K/CaO 8 -
3%Ru15%K/Ca0 6 -

Kinetic studies

The Arrhenius plots for the Ru-K/CaO catalysts with different Ru and K loadings, are shown in Figures S4
and S5. The reaction rates were calculated from the ammonia conversion values assuming a differential
reactor. The activation energies were calculated from the slope of the In(rate) vs. 1/T plots.

In Figure S4, no significative change in the activation energies is observed for the catalysts with different
Ru loading; while for the catalysts with different K loading, clearly the activation energy decreases upon
increasing K loading. Figure S5 shows no effect of the operating pressure in the activation energy in the
range 1-40 bar explored here.
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Figure S4. Arrhenius plots in the temperature range 250-400 °C for RuK/CaO catalysts; effect of Ru and K loadings.
Reaction conditions: Patm, NH3 flow rate 30 ml/min and WHSV: 9000 mL g* h*?
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Figure S5. Arrhenius plots in the temperature range 250-400 °C for 3%Ru-10%K/CaO catalyst; effect of Pressure in
the range 1-40 bar; NH; flow rate 30 ml/min and WHSV: 9000 mL g* h'?

The kinetic analysis was performed for the samples with and without potassium, 3%Ru-10%K/CaO and
3%Ru/Ca0, respectively. Figure S6 shows the activation energies for both catalysts, the reaction orders
with respect to ammonia and hydrogen and the relationship between conversion and space velocity in
the range WHSV=9000-30000 mL get * h™?, changing the ammonia flowrate in the range 30-100 mL min™2.
The reaction rates were calculated from the ammonia conversion values considering a differential reactor.
Different partial pressures of both reactant and products were used in order to obtain the reaction orders
for NHs, H, and N3, the results are plotted in Figure S6. The reaction conditions used are a total flow rate
of 30 ml min~* of mixed gas (NHs, N,, H,, Ar), at atmospheric pressure and 350°C. The reaction order with
respect to NHsz was obtained by changing the flow rate in the range 5-30 ml min™ and Ar balance. For the
H, order, the NHs flow rate was 7.5 ml min™* kept constant, and the flow rate of H; in the range 5-22.5 ml
min~ with Ar balance. For the N, order, the NHs flow rate was 22.5 ml min™! (kept constant), and the flow
rate of N, in the range 1-7.5 ml min™ with Ar balance. Reaction order for nitrogen was found to be zero
for both catalysts explored (not shown).



A o B oo
# 3%Ru-10%K/Ca0
~ 0,
2 ‘ E,=75kimol! -0.5 " 3%Ru/Ca0
TA 2 _
R0 NH; order = 0.53
. T . -1.0 A R?=0.983
T 4 \ h Z .. e
3 e, o I s - e
ERr S < ¢
E,=96k mol’\f\.\ 2.0 4
& 1 * 3%Ru/Ca0 R*=0.9998 NH; order = 0.77 .- -
. 25 | R2=0.999 IS
A 3%Ru-10%K/Ca0 » . JEPUCE Ly
.
'10 T T T 1 _30 . . . . ,
0.0012 0.0014 0.0016 0.0018 0.002 1.0 08 06 0.4 0.2 0.0
C YT D In Pyus
-1 4 @ 3%Ru-10%K/Ca0 30 ~
-#-3%Ru-10%K/Ca0
® 3%Ru/Ca0 *
*-- 25 A . -#-3%Ru/Ca0
2 e
H, order =-1.18 IR S \‘
. R2=0.952 T _. 207
? S .
2 -
c o3 2 15 | ¢ Y
£ > N =
. H, order = -1.94 10 4
4 = R?=0.975
.
5 -
h ]
u-
-5 T T T T 0 T ;.—x ————— .;.v"“”-;"-.““v _______ .x 1
-1.0 0.8 0.6 0.4 0.2 0 0 10000 20000 30000
In Py, WHSV (mLg~th-1)

Figure S6. Kinetic parameters of the Ru-K/CaO catalysts. (A) Arrhenius plots in the temperature range 250-400 °C, at
atmospheric pressure. Dependences of NH3-decomposition rate on the partial pressures of NHsz (B) and H, (C) and
Conversion vs. contact time (D) at 350 °C Pam. Reaction Rate (—ryu3) in mol g™t h™,

Kinetic analysis of ammonia decomposition in an integral reactor

The main goal is to develop a reliable kinetic model able to predict the performance obtained using integral reactors,
under relevant reaction conditions for the industrial application of this process, when almost complete NH;
conversion is achieved and high hydrogen concentrations at the exit of the reactor are obtained. The operating
conditions, mainly the gas composition, are very different along the reactor, and the temperatures needed to attain
such large conversions are usually high.

Considering the inhibition of the decomposition rate by the hydrogen produced, an integral reactor that considers
the hydrogen concentration at different conversion levels along the catalytic bed must be considered in this case.

Apart from the power law given by eq. S1, and eq S2 that consider the approximation to the equilibrium, other
kinetic models have been considered based on the reaction mechanism and assuming different rate determining
steps.

(—rumz) = k x. Pﬁygpgz eq.S1
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All details on the development of the kinetic equations explored here can be found in the Armenise work on
ammonia decomposition in an integral reactor.?

Ammonia decomposition is known to proceed by ammonia chemisorption on the catalyst surface followed by
stepwise dehydrogenation. Then, recombination of two N or two H to form N; and H,, respectively, followed by
desorption of the reaction products. It is assumed that the surface sites are energetically homogeneous and the
adsorption of all the species follows the Langmuir isotherm. This mechanism can be described according to the
following sequence of elementary reactions:

(I) NH3 <—>NH3*

(II) NHs*e NHy* +H*
(iii) NH,* e NH* +H*
(iv) NH* e N* +H*
(v) 2N*o N, +2*

(vi) 2H*o Hp+2*

In spite of the research developed over decades into this reaction, there is no agreement about which step(s) are
the RDSs, or even whether there is a single RDS, and about the surface species that are kinetically relevant. Reviewing
the literature, the RDS commonly considered for this process are:
e (Case A: the reaction rate is controlled by the desorption of adsorbed nitrogen atoms, and the remaining
steps are in equilibrium
e C(Case B: the first dissociation of adsorbed NH3; with scission of the N-H bond is the controlling step

For the case A, the reaction rate would be given by equation S3.
(—rwms) = k[N*1%- K’y Pna [*]? eq.S3

For the case B, the reaction rate would be given by equation S4.

(—rwms) = kilNH3*][*] - K’i [NH2*] [H*]? eq.54

where k, and kj are the kinetics constants of the direct and reverse (k’y and k’;;) reactions of the steps (v) and (ii), in
the sequence of the elementary steps provided above.

In order to obtain the kinetic equations, one step is considered to be the RDS and the rest are assumed to be in
equilibrium. The kinetic models developed from this sequence of elementary step, are based on the Langmuir
isotherm, and consider that all the adsorbed species can be kinetically relevant, and that the slow step can be
partially reversible, and that the surface is considered ideal and energetically uniform.

Case A (RDS: desorption of adsorbed nitrogen), the reaction rate is given by eq. S5. A simplified equation (eq.S6)
can be further developed by considering N* and H* as the most relevant species.

kK% 2 PE
(—rnmz) = NH3TNH3 _ eq. S5
3/2.3/2 JRuzPhz(, ,JKHzPHz(, . JKH2PH2
(KHZ Py (1+\/KH2PH2)+KNH3PNH3<1' Ks \1- P
kK% 2 PR
(—rumz) = ANH3 _NH3 eq.S6

2
3/2,3/2
(KNH3PNH3+KH/2 PH/Z (1+y KHZPHZ))

case B (RDS: first dissociation of adsorbed NH3 with scission of the N-H bond) the reaction rate is given by eq. S7. A
simplified equation (eq.S8) can be further developed by considering NHs* N* and H* as the most relevant species.
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The dependence with the temperature of the rate constants and adsorption constants in the previous kinetic
equations is considered by the Arrhenius and Van’t Hoff laws, given by eq. S9 and S10, respectively.

ki = ki,o exp (—Ea/RT) eq. S9
K= Ki,o exp (-Qi/RT) eq. S10
The net reaction rates have been calculated by introducing the term into the previous equations (eq.S5 - €q.S8), that

considers the approximation to the thermodynamic equilibrium (eq. S11) and accounts the reverse reaction
contribution.

3
Net Rate: (—ryns) ><<1 - L <M>> eq.S11

2
Keq \ Pin3

The equilibrium constant, Keq, of the ammonia decomposition reaction, can be calculated (eq. S12) from the
thermodynamic data,’? The values of AG can be estimated using eq. S13 for the operation temperature.

_ Pn2Pi, _ (_ A_G)
Keq _<_P13H3 )eq =exp(— - eq. S12
AG =95117 —193.67T - 0.035293T2 + 9.22 x107°T* eq.S13

The integration of the eq. S14 allows the calculation of the ammonia conversion for an integral reactor, where the
reaction rate (—rnu3), is given by the kinetic models given by eq. S2, and eq. S5-S8. The calculated values of the
ammonia conversion can be compared with the experimental ones, in order to optimize the parameters of each
kinetic model by minimizing the sum of the squared residuals (SSR), given by eq. S15. The variance of the error for
each model was also calculated according to the eq. S16, the best model will be the one that provides the lower
value of the Variance of error.

X dXNH3
W/F = [ —=NHS eq. S14
/ fo (=TNH3) , g
SSR=min RiZ(Xyih — X53s eq. 515
Var (SSR) = % eq. 516

The parameters for the kinetic models (eq. S5-S8), including the power-law model (eq S2), were obtained by fitting
the experimental values of the ammonia conversion at atmospheric pressure in a wide range of reaction conditions
(T, W/F and PNH3s, PH>), in order to minimize the SRR.

The available data of ammonia conversion at in a wide range of operating conditions, used for the fittings, was
described above in the present document (shown in Figure S6) to explore the effect of the temperature, partial
pressure of reactants and products and contact time or space velocity.

The parity plots comparing the experimental and calculated ammonia conversion values with all the kinetic models
selected in this work is shown in Figure S7. Tables S4-S8 show the all parameters obtained for the different kinetic



models (eq. S5-S8), including the power-law model (eq S2). The table includes the values of the parameters for each
kinetic model, and the statistical parameter Var(SRR) used to compare them, and the regression coefficient (R?) to
evaluate the linearity of the parity plots in Figures S7-S8.

The excellent correspondence between the experimental and calculated values shows that models given by egs. S2,
S5 and S7, are very robust to predict low and high conversion levels, in a wide range of reaction conditions of T and
W/F.

From the figures, is observed that the power law is as good as the models that took into account mechanistic
considerations. While, in contrast with the mechanistic models, the power law-based equation is by far the simplest
one.

Another observation based on the results shown in the Figure S7, is that when considering mechanistic-based models
it is much better to assume that all the species present at the catalyst surface are kinetically relevant, and that the
assumption that there are few species considered as the most abundant ones (such as egs. S6 and S8), is not a good
simplification.

The above results indicate that using mechanistically based models to fit the experimental kinetic data, is not
providing enough evidence to draw conclusions related to the limiting step, since very similar fittings are obtained
with the models considered here assuming different rate determining steps. The ability to fit experimental data does
not constitute rigorous evidence to support a proposed reaction mechanism or kinetic model. That is the main
reason why, in spite of the research over decades in this reaction, there is no agreement about which is the limiting
step or the kinetically relevant surface species.

In order to check the validity of this models to predict the catalytic performance of ammonia decomposition reaction
at high pressure, the different kinetic models with the parameters obtained as describe above, were used to
calculate the conversion at high pressure and different temperatures. In the Figure S8, the parity plots comparing
the experimental and calculated values. In red is shown the values for the conversion of ammonia at high pressure
(those values were not used for the fitting in order to get the values of the parameters). The Figure S8 shows that
models given by eqs. S2, S5 and S7, are very robust to predict data at high pressure. Specially the power law fitting
here is slightly better than the mechanistic models even.

The equation considering that all the species can be relevant fit better the experimental results at high pressure. Of
course, this would be even much more important at high pressure. So, the simplified eqgs. S6 and S8 are the worst
models, especially when intending to predict data at high pressure.
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Figure S7. Parity plots comparing experimental vs. calculated ammonia conversion for 3%Ru-10%K/CaO catalyst
using the kinetic models given by eq. S2, and eqs.S5-S8.
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for high pressure ammonia decomposition over 3%Ru-10%K/CaO catalyst. In red the values for the conversion of
ammonia at high pressure (not used for the fitting). In black values of conversion at atmospheric pressure used for

the fitting to get kinetic parameters.



The term included to calculate the net reaction rates that considers the approximation to the thermodynamic
equilibrium (eq. S10) is evaluated at different pressure and temperatures in the Figure S9.
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Figure S9. Values of the approximation to the thermodynamic equilibrium term that accounts the reverse reaction
contribution. A) P= 1bar, B) P=10 bar, C) P=20 bar and D) P=40 bar.

Summary of the kinetic parameters for the models given by equations S2 and S5-S8, in the Tables S4-S8.

Table S5. Kinetic parameters for the power law model (eq S2).

(—rwms) = k. PEysPh, <1 - KL (szzpfzz»
eq \ PNH3

parameters Ru-K/CaO

ko (mol geat > 57%) 8584.8

E. (k) mol™) 110

° 0.5

2 -1.2

SSR 02

Var (SSR) 5031

i 0.99




Table S6. Kinetic parameters for the model that considers desorption of nitrogen as the rate determining step (eqS5)

RDS: N, desorption

(= o) = kaKRn3Pins .
(K,?,/ZZP,?,/ZZ (1+m+KNH3PNH3<1 | ‘/K*,’(Z:Hz(l : ‘/Kf;(zzp”z(l : ‘/Kf;{zlp”z)»)
parameters 3%Ru-15%K/Ca0 catalyst
kao (Mol geat *s7Y) 53656.9
Ea (k) mol™) 82.9
Knuso(atm™)x1073 38.0
Quws (k) mol™) 130.2
Kiz,0 (atm™') x1073 11.6
Qu; (k) mol™) 93.7
Ky (atm™) x1073 70.7
Qi (k) mol™) 58.3
Kz0 (atm™) x1073 5.2
Q; (k) mol™) 6.2
Kz (atm™*) x1073 91.7
Qs (k) mol™?) 100.4
SSR 266
Var (SSR) 0.047
R2 0.98

Table S7. Kinetic parameters for the model that considers desorption of nitrogen as the rate determining step, and
N* and H* as the most abundant species. (eq S6)

RDS: N, desorption, and N* as the most abundant species

2 2
kaKnu3Pins

(—rumz) =

2
3/2 .,3/2
(KNH3PNH3+KH/Z P3l? (1+JKu2Prz ))

parameters 3%Ru-15%K/Ca0 catalyst
kao (mol geat™ ' 577) 267.1

Ea (k) mol™) 81.3
Kniz,o(atm™) x1073 8.4

Qunz (k) mol™) 123.3

Kh2,0 (atm_l) x1073 0.0

Qw2 (k) mol™) 62.7

SSR 1099

Var (SSR) 0.078

R? 0.94




Table S8. Kinetic parameters for the model that considers ammonia dissociation as the rate determining step. (eqS7)

RDS: NH; dissociation
(= i) = kp KnH3PNH3 _
(1+ KnusPis+\KuzPrz+ Knz2Pna (1 pKH2T IR \/K’LZZPHZ)»

parameters Ru-K/CaO

Kg,o (Mol geat * s7%) 28649.6

Ea (k) mol™) 50.2

Knus,o(atm ™) x1073 48.6

Quws (k) mol™) 77.1

Kiz,o (atm™) x1073 30.7

Qu; (k) mol™) 36.4

Knz,o (atm™) x1073 35.6

Qu: (k) mol™) 31.7

Kz (atm™) x1073 77.3

Q; (k) mol™) 70.3

Kso (atm™) x1073 19.3

Qs (kJ mol™?) 42.7

SSR 219

Var (SSR) 0.042

R 0.98

Table S9. Kinetic parameters for the model that considers ammonia dissociation as the rate determining step, and
NHs*, H* and N* as the most abundant species. (eq. S8)

RDS: NH; dissociation, and NHs;*, H* and N* as the most abundant species
_ kg KNH3PNH3
(—=rwms) = z
(1+ KnusPNH3+ VKu2PH2+ /KN2PnN2)

parameters Ru-K/CaO

Ks,o (mol geat ' 57) 16817.1

Ea (ki mol™) 75.1
Kyuzo(atm™) x1073 24.7

Quws (k) mol™) 28.9

Kh2,0 (atm‘l) x1073 44.6

Quz (kI mol™) 2.0

Knz,o (atm™) x1073 37.1

Qw2 (k) mol™) 82.0

SSR 353

Var (SSR) 0.046

R? 0.97
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