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a b s t r a c t

We have modeled the formation kinetics of nitrogen-substituted (nitrided) zeolites HY and silicalite; we
have also modeled the stability of nitrided sites to heat and humidity. These kinetic calculations are based
on mechanisms computed from DFT-computed pathways reported in our previous work. Reactant
ammonia and product water concentrations were fixed at various levels to mimic continuous nitridation
reactors. We have found that zeolite nitridation — replacing Si–O–Si and Si–OH–Al linkages with Si–NH–
Si and Si–NH2–Al, respectively — proceeds only at high temperatures (>600 �C for silicalite and >650 �C
for HY) due to the presence of large overall barriers. These threshold temperatures are in good agreement
with experiments. Nitridation yields were found to be sensitive to water concentration, especially for sil-
icalite where nitridation is more strongly endothermic. As a result, overall nitridation yields in silicalite
are predicted to be much lower than those in HY. The stability of nitrided sites was investigated by mod-
eling the kinetics of nitridation in reverse, going back to untreated zeolite plus ammonia. Using 10 h as a
benchmark catalyst lifetime, nitrided silicalite and HY half-lives exceeded 10 h for temperatures below
275 and 500 �C, respectively, even at saturation water loadings. As such, our calculations suggest that
nitrided silicalite and HY zeolites require high temperatures to form, but once formed, they remain rel-
atively stable, auguring well for their use as shape-selective base catalysts.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

Acidic zeolites have proven to be effective and stable catalysts
for a variety of petrochemical and fine-chemical processes [1]. Ni-
trided zeolites — i.e., those with Si–O–Si and Si–OH–Al groups
substituted by Si–NH–Si and Si–NH2–Al — show promise as
shape-selective basic catalysts [2–5]. Such materials may find use
in carbon–carbon bond-forming reactions for biofuel production
[6], as well as in the fine-chemical, pharmaceutical and food indus-
tries [7–10]. However, for nitrided zeolites to be useful catalysts,
their stabilities to heat and humidity must be investigated and
understood. For example, Ernst et al. found that the presence of
water can influence the activity of nitrided zeolites [2]. To shed
light on this, we have applied molecular modeling to understand
the formation and decomposition kinetics of nitrided zeolites HY
and silicalite. In our previous work [11], we used DFT to compute
pathways and energetics of nitridation in these zeolites. In the
present paper, we apply these mechanisms to develop rate equa-
tions describing nitridation rates and yields. We also study the re-

verse processes to investigate the stability of these nitrided
materials to heat and humidity.

Our DFT calculations reveal two-step processes for nitridation
of HY and silicalite, but with very different intermediates [11].

The intermediate in silicalite involves a 4-ring BSi N
O

� �
SiB with

pentavalent Si, while nitridation in HY involves physisorbed
ammonia activated by release from the bidentate ammonium–zeo-
lite ion-pair complex. The overall barriers for nitridation were
found to be quite similar in HY and silicalite, around 340–360 kJ/
mol, indicating the need for high temperatures during nitridation.
However, the reaction energies from gas-phase ammonia to gas-
phase water are quite different: 29 kJ/mol for HY and 132 kJ/mol
in silicalite, indicating the possibility of higher nitridation yields
in HY. Now we turn to making these qualitative statements quan-
titative by developing kinetic equations that give overall rates and
yields.

Our kinetic model is inspired by experimental nitridation,
which is typically carried out under high flow rates of dried ammo-
nia at high temperatures (>500 �C) [5,12–14]. We have found in
our most recent experimental work that high ammonia flow rates
are crucial for generating high-quality nitrided zeolites, with sig-
nificant nitrogen substitution, good crystallinity and microporosity
[14]. The effect of high ammonia flow rates is to keep the concen-
tration of ammonia in zeolite pores high and the concentration of
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water low, hence pulling the endothermic equilibrium to nitrided
products by LeChatelier’s principle.

The combination of high pressure and temperature means that
pores are filled with very weakly adsorbed ammonia, which we
model as a kind of gas-phase or ‘‘free” ammonia at fixed concentra-
tion in zeolite pores. This ‘‘free” intrapore ammonia can evolve to a
more bound species of ammonia, ready to engage in nitridation
chemistry as described in our previous work [11], involving inter-
mediates, transition states, and eventually products, consisting of
the nitrided zeolite plus bound intrapore water. At the tempera-
tures and ammonia flow rates used in nitridation, this bound spe-
cies of intrapore water will itself evolve to a more ‘‘free” form of
intrapore water, whose concentration we will model in our kinetic
equations as being fixed to various low values. Because the concen-
trations of these ‘‘free” ammonia and water species inside zeolite
pores are not known during nitridation, we will investigate below
how varying these concentrations influences rates and yields of
nitridation. We will also determine how varying the concentration
of ‘‘free” water impacts stabilities of nitrided zeolites.

By modeling nitridation at fixed concentrations of free ammo-
nia and water, we consider the process at steady state with respect
to these weakly adsorbed species. To implement such a model, we
require rate constants describing the bimolecular process of bind-
ing free ammonia at zeolite Brønsted sites, and free water at zeo-
lite-nitrided sites. Such rate constants can be estimated using
gas-phase collision theory, but such a simple approach ignores
the nature of intrapore dynamics and diffusion. Molecular dynam-
ics simulations can in principle account for these effects, but such a
treatment is beyond the scope of the present work.

Below we find that nitridation yields are sensitive to free water
concentration, especially for silicalite where nitridation is more
strongly endothermic. Our calculations also suggest that nitrided
silicalite and HY zeolites require high temperatures to form, but
once formed, they remain relatively stable, auguring well for their
use as shape-selective base catalysts.

The remainder of this article is organized as follows: in Section
2 we set up the kinetic equations and give computational details
regarding their parameterization and solution; in Section 3 we give
results and discussion of both nitridation kinetics and product sta-
bility; in Section 4 we offer concluding remarks; and in A we detail
the set of kinetic equations solved in our study.

2. Calculation details

Here, we describe the kinetic equations used to model zeolite
nitridation and stability. Then, we discuss the computation of tem-
perature-dependent parameters for these kinetic equations.

2.1. Kinetic equations

As discussed above, zeolite nitridation is best carried out by
passing dried ammonia at high pressures in a fixed bed of zeolite
at high temperatures [14]. The ammonia flow rate is kept high to
maintain high concentrations of ammonia and to remove water
formed during nitridation. As such, the reactor can be modeled
as a semi-batch-reactive separator, analogous to a batch reactive-
distillation system [15], acting as a multifunctional reactor where
one of the products (water) is selectively removed.

For nitridation of both HY and silicalite, we posit the presence of
both ‘‘free” and ‘‘bound” species of reactant ammonia and product
water, as discussed in the Introduction. Also, for both HY and sili-
calite, nitridation was found to proceed via two-step mechanisms,
starting from bound ammonia and leading to bound water [11]. As
such, the full process beginning with free ammonia and ending
with free water is given by the following four-step mechanism:

Zeoþ NH3 �
k1

k�1

½Zeo . . . NH3� �
k2

k�2

Int �
k3

k�3

½NH� Zeo . . . H2O�

�
k4

k�4

NH� ZeoþH2O: ð1Þ

In mechanism (1), ‘‘Zeo” represents a possible nitridation site.
As discussed in our previous work [11], we have investigated
kinetics at the following possible nitridation sites: BSi—O—SiB at
oxygen O(13) in silicalite, and BSi—OH—AlB at O(1) in HY. The
designation ‘‘NH-Zeo” in mechanism (1) indicates the correspond-
ing nitrided sites, i.e., BSi—NH—SiB in silicalite and BSi—NH2—AlB
in HY. NH3 signifies extremely weakly adsorbed ammonia in silica-
lite and HY pores, while Zeo . . . NH3 indicates ammonia bound to
sites in silicalite and HY that we have considered for nitridation
in previous work [11]. Likewise, H2O signifies extremely weakly ad-
sorbed water in nitrided silicalite and HY pores, while
NH-Zeo . . . H2O indicates water bound to nitrided sites in silicalite
and HY. Finally, Int labels the nitridation intermediates discussed
in our previous work [11]; these are activated molecular ammonia

in HY, and a 4-ring BSi < N
O > SiB with pentavalent Si in silicalite.

The corresponding set of coupled differential equations is given
in Appendix A. In these rate equations, we use concentration units
of numbers of molecules or sites per unit cell volume. We note that
rate equations for free ammonia and water are not present in Appen-
dix A because we hold these concentrations fixed, hence making a
steady-state approximation for these species. We also note that
the sum of rate equations in Appendix A vanishes, enforcing conser-
vation of mass of the zeolite during nitridation. We solve these rate
equations with two different initial conditions to model two distinct
experiments. In the first case, we model the nitridation process (de-
noted ‘‘formation”) by starting with a certain concentration of Zeo, a
fixed high concentration of free ammonia, and various fixed concen-
trations of free water. In the second case, we model the stability of
nitrided catalyst (denoted ‘‘stability”) by starting with a certain con-
centration of NH-Zeo, various fixed concentrations of free water, and
no free ammonia. This second case investigates the use of nitrided
zeolites as catalysts in the presence of various amounts of water.

For formation calculations, we report saturated free ammonia
concentrations in mmol per gram zeolite, the typical units of
experimental adsorption measurements. For all calculations, we
report free water concentrations in molecules per unit cell to indi-
cate whether the system is near water saturation or is relatively di-
lute. For silicalite nitridation at O(13), we assume an initial Zeo
concentration of 7.4 sites per unit cell, obtained by dividing the
192 oxygens per MFI unit cell into the 26 crystallographically dis-
tinct oxygen locations [16]. The free ammonia concentration in sil-
icalite was fixed at its saturation value of 1.5 mmol/g silicalite (16
molecules per unit cell) [17]. As a point of reference, we note that
ammonia becomes saturated at a pressure of 9.8 atm at 25 �C. Free
water concentrations for nitridation of silicalite were fixed at val-
ues in the range 10�6—10�4 molecule per unit cell. As a reference
point, these loadings correspond at 800 �C to equilibrium water
partial pressures of 4� 10�7 and 4� 10�5 atm, respectively. These
values were obtained by calculating Henry’s law coefficient at
300 �C in the Henry’s law regime [18], and extrapolating to
800 �C using the van’t Hoff equation. Although drying zeolites so
thoroughly is generally difficult, the conditions studied herein of
very high temperatures coupled with high flow rates of ammonia
make these water concentrations relevant. Nitridation of silicalite
was studied at temperatures in the range 700–1000 �C. For both
silicalite and HY, calculated nitridation yields are reported as %
substitution = ([NH-Zeo]t/[Zeo]0) � 100%, for consistency with our
recent experimental studies [5,14].

For HY nitridation at O(1), we assume an initial Zeo concentra-
tion of 13.5 sites per unit cell, derived as follows. Our recent nitrid-
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ation experiments on HY involved a Si:Al ratio of 6.1 [5], corre-
sponding to 27 Brønsted sites (Si–OH–Al) per unit cell. Preferential
siting of Brønsted sites in HY at O(1) and O(3) as determined by
neutron diffraction [19] and calculations [20] suggests spreading
these 27 sites evenly at O(1) and O(3), giving 13.5 sites per unit cell
at O(1) before nitridation. The free ammonia concentration in HY
was fixed at its saturation value of 2.5 mmol/g HY (35 molecules
per unit cell, ammonia partial pressure unknown) [21]. Free water
concentrations for nitridation of HY were fixed at values in the
range 10�5—10�3 molecule per unit cell. The partial pressures of
equilibrium water could not be determined due to difficulty in
resolving the adsorption isotherm of water in HY in the Henry’s
law regime. The best estimate of these loadings correspond at
800 �C to equilibrium water partial pressures of 3� 10�4 and
3� 10�2 atm, respectively [22]. Nitridation of HY was studied at
temperatures in the range 700–1000 �C. As stated above, such
low concentrations are relevant at high temperatures and high
ammonia flow rates.

Stability calculations for nitrided silicalite and HY were initiated
with NH-Zeo concentrations of 5% and 30% substitution, respec-
tively. The stability of nitrided silicalite was modeled with temper-
atures in the range 250–325 �C, and free water concentrations
fixed at values in the range 1–15 molecules per unit cell, the upper
limit corresponding to water saturation in silicalite [18]. The stabil-
ity of nitrided HY was modeled at temperatures in the range 450–
550 �C, and with free water concentrations fixed at values in the
range 1–200 molecules per unit cell, the upper limit in this case
corresponding to water saturation in HY [22]. As a point of refer-
ence, we note that water vapor becomes saturated at a pressure
of 0.031 atm at 25 �C [18].

The micro-kinetic model leads to a set of simultaneous differen-
tial equations. Because of the wide separation in rate constant val-
ues (see below), these equations form a ‘‘stiff” set of differential
equations; this problem arises when some variables change rapidly
with time while others change more slowly. For dynamical stabil-
ity in the solution of the differential equations, the step size must
be selected according to the most rapidly changing variable. To in-
crease efficiency, we have used a variable step-size algorithm [23].
In general, the equations were solved to an absolute tolerance of
10�6 molecules/cm3.

2.2. Kinetic parameters

All the rate constants in mechanism (1) are unimolecular except
for k1 and k�4, which are bimolecular because of the independent
concentrations of Zeo/NH-Zeo and NH3/H2O. In general, we as-
sumed that the rate constants obey the Arrhenius temperature
dependence:

k ¼ Ae�DV=RT
; ð2Þ

where A is a pre-exponential factor, DV is the activation energy and
T is the absolute temperature of the reaction. In our previous work
[11], we computed the activation energies for all the unimolecular
processes in mechanism (1); these are listed below in Table 1. The
unimolecular pre-exponential factors are attempt frequencies that
can be computed using, e.g., classical harmonic transition state the-
ory (TST) [24] if the frequencies are known. (Classical TST was ap-
plied because of the high temperatures studied.) The TST attempt
frequency calculation was possible for HY, but not for silicalite, be-
cause of computational details discussed in our previous work [11].
In particular, the electronic structure calculations on HY were
essentially unconstrained, leading to the correct number of real fre-
quencies at the reactant and transition states. In contrast, the DFT
calculations on silicalite had to be constrained to maintain the cor-
rect pore structure, leading to incommensurate numbers of real fre-

quencies at reactant and transition states, precluding the
application of TST. As such, for the unimolecular processes in silica-
lite, we made the standard assumption of A ¼ 1013 s�1 [25]. For the
same processes in HY, we applied TST to compute A according to:

ATST ¼
x1

2p
YF

n¼2

xreac
n

xzn
; ð3Þ

where fxg are vibrational frequencies, F is the number of degrees of
freedom in the cluster model of HY, ‘‘reac” represents the reactant
state, and z represents the transition state. The TST-computed
pre-exponentials for HY are listed in Table 1; we note that they take
values of order 1013 s�1 as was assumed for silicalite nitridation.

To complete the parameterization of the kinetic equations, we
need to specify the rate constants controlling the zeolite binding
of free water and ammonia ðk1 and k�4Þ, and those controlling
the release of bound water and ammonia ðk�1 and k4Þ. The release
processes are analogous to desorption, with rate constants that are
also unimolecular. Here we assume pre-exponential factors equal
to 1013 s�1, and barriers given by the desorption energies com-
puted in our previous work [11], and tabulated below in Table 1.

The binding processes of free water and ammonia are analogous
to adsorption, with bimolecular rate constants describing collisions
between very weakly adsorbed guest molecules and intrapore zeo-
lite-binding sites. We assumed these processes to be barrierless
ðDV ¼ 0Þ as is typical for adsorption. In general, a rate constant
describing adsorption from the gas-phase to an adsorbed site re-
quires an entropy correction due to translational and rotational de-
grees of freedom [26–28]. However, in our case, the weakly
adsorbed molecules have already lost their translational and rota-
tional degrees of freedom by virtue of being in a densely filled pore.

The bimolecular pre-exponential factors have units of volume
per time ðcm3 s�1Þ. Using gas-phase collision theory [29], one can
estimate the bimolecular pre-exponential factor according to:

A ¼ hvri � hvi � hri; ð4Þ

where hvi is the average thermal speed =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8RT=pM

p
; M is the

molecular mass of ammonia (formation) or water (stability), and
hri is a binding cross section. If one assumes a ‘‘sticking probability”
of unity, the binding cross section is simply the geometrical area
presented by a zeolite oxygen- or nitrogen-binding site, denoted
rsite. We estimated rsite as pd2, where d is the Si–Si distance in zeo-
lites, of order 3 Å. One thus obtains a gas-phase pre-exponential fac-
tor of order 10�10 cm3 s�1 at 298 K (25 �C). In what follows we
prefer to indicate the temperature dependence explicitly; the gas-

Table 1
Kinetic parameters for various steps of nitridation in HY and silicalite zeolite.

Rate
constanta

Silicalite HY

Ab DV (kJ/mol) Ab DV (kJ/mol)

Unimolecular (s�1)
k�1 1013 41 1013 111

k2 1013 314 6:2� 1013 118

k�2 1013 114 4:0� 1013 2

k3 1013 143 0:49� 1013 244

k�3 1013 185 1:0� 1013 262

k4 1013 15 1013 43

Bimolecular formation (cm3 s�1)
k1 1:0� 10�11 ffiffiffi

T
p

0 1:0� 10�11 ffiffiffi
T
p

0

k�4 9:8� 10�11 ffiffiffi
T
p

0 1:6� 10�11 ffiffiffi
T
p

0

Bimolecular stability (cm3 s�1)
k1 9:8� 10�11 ffiffiffi

T
p

0 1:6� 10�11 ffiffiffi
T
p

0

k�4 1:0� 10�11 ffiffiffi
T
p

0 1:0� 10�11 ffiffiffi
T
p

0

a k ¼ Ae�DV=RT .
b The units of A are same as the corresponding kinetic constant.
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phase pre-exponential factor thus becomes 1:0� 10�11 ffiffiffi
T
p

cm3 s�1,
where the units of absolute temperature are already included in
cm3 s�1. This is our reference expression for further discussion.

This base-case treatment ignores the intrapore dynamics of
mixtures. For example, we consider the effect of ammonia loading
on the back reaction: decomposition of nitrided sites. The back
reaction begins with unbound intrapore water binding to a ni-
trided site in the presence of high ammonia loading. Our present
rate expression for this process is independent of ammonia load-
ing, which is our base-case approximation. Although the presence
of ammonia may inhibit binding of water to a nitrided site, the
same ammonia may inhibit the dissociation of a water-nitrided-
site complex. Assuming that these effects cancel is our base-case
model. The model properly describes the fact that the rate of bimo-
lecular association of a particular guest is proportional to guest
loading and to the fraction of active zeolite surface area. Going be-
yond this approximation will require molecular dynamics simula-
tions, the subject of a forthcoming publication.

3. Results and discussion

Here, we discuss the results of modeling nitridation kinetics in
HY and silicalite. We also present the results of modeling the sta-
bilities of nitrided sites in HY and silicalite.

3.1. Kinetics of formation

We studied the effect of water concentration and temperature
on nitridation yields in HY first to compare with experimental data
on this system [5,14]. We then used this approach to predict nitrid-
ation yields in silicalite.

Fig. 1 shows the effect of water concentration on nitridation
yields in HY. We have modeled the effect of water concentration
at 800 �C and for 24-h reaction time, typical values for nitridation
chemistry [2–5,13,14,30–34]. The yields are plotted as the percent-
age of O(1) sites present initially, which we have taken as 13.5 sites
per unit cell. For a water concentration of 10�3 molecules per unit
cell, a steady-state yield of 5% is obtained, which grows to �50% for
5� 10�4 waters per unit cell. This yield can be pushed to 100% for a
concentration less than 5� 10�6 waters per unit cell (data not
shown). This suggests that nitridation yields are sensitive to water
concentration, in qualitative agreement with experiments which
require ultrapure ammonia [14].

Our recent experiments and modeling of nitridation yields
using NMR has shown that, at this temperature for HY

(Si:Al = 15.0), all the acid sites are nitrided and even non-acid sites
participate in nitridation [14]. Our present modeling results sug-
gest that this will happen for water concentrations as low as
5� 10�6 molecules per unit cell, indicating that only a trace
amount of water was present during the nitridation syntheses
[14]. Although such low concentrations of water are very difficult
to achieve experimentally in a zeolite under typical conditions, at
very high temperatures and high ammonia flow rates these low
water concentrations become relevant.

Fig. 2 shows the effect of water concentration on nitridation in
silicalite at 800 �C. Yields are plotted as the percentage of O(13)
sites present initially (7.4 sites per unit cell). We observe that for
10�3 waters per unit cell, only 0.5% sites are substituted. This yield
can be pushed to 5% for 10�5 waters per unit cell, and to 10% for
5� 10�6 waters per unit cell. Fig. 2 shows that even a trace amount
of water can inhibit nitridation in silicalite. This can be explained
by the fact that nitridation in silicalite is more endothermic
(132 kJ/mol) than it is in HY (29 kJ/mol), as shown previously
[11]. This also accounts for the fact that nitridation yields com-
puted for silicalite are generally lower than those for HY. In princi-
ple, silicalite nitridation can be driven to completion by removing
all the water; however, this is difficult to achieve in practice, even
for a hydrophobic material such as silicalite.

Now, comparing the kinetics of nitridation in silicalite and HY,
we find that steady states in silicalite are generally attained much
more rapidly than those in HY, for the same water concentration
and temperature. This is because, as reported in our previous work
[11], the overall barrier for nitridation in silicalite (343 kJ/mol) is
lower than that for HY (359 kJ/mol). This difference, 16 kJ/mol, is
still significant at 800 �C, which corresponds to thermal energy
(RT) of 8.9 kJ/mol.

The effect of temperature on nitridation yields in HY at 10�4

waters per unit cell and silicalite at 10�5 waters per unit cell are
shown in Figs. 3 and 4, respectively. We find that temperatures
above 650 �C for HY, and above 600 �C for silicalite, are required
to form nitrided zeolites, a result in broad agreement with nitrida-
tion experiments on Y [3,5,13,14] and silicalite [31–34]. We find
that increasing temperature increases the nitridation yields for
the same water concentration during the simulation. Increasing
the temperature in HY from 700 �C to 900 �C, increases the nitrid-
ation yields from 1% to 85% for the period of 24 h. For silicalite,
increasing the temperature from 700 �C to 900 �C increases the
nitridation yields from 1% to 20% for a 2-h period.

To summarize, high nitridation yields are predicted by our mi-
cro-kinetic model at sufficiently high temperatures and low water
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concentrations. Although such high temperatures can cause signif-
icant damage to zeolite frameworks, our combined theoretical and
experimental studies have shown that nitrided zeolites can still
show well-ordered framework structure [5,14]. Nonetheless, find-
ing effective nitridation processes that operate at lower tempera-
tures is desirable because of the need to reduce both framework
damage and energy costs.

3.2. Kinetics of stability

We modeled the stability of nitrided zeolites by integrating the
kinetic equations with relatively high water loadings, and with
essentially no free ammonia, to simulate the use of nitrided zeo-
lites as catalysts in contact with various concentrations of water.

We begin by discussing the effects of temperature and water
concentration on the stability of nitrided sites in HY, as shown in
Figs. 5 and 6, respectively. The decomposition of nitrided sites is
plotted as %NH sites present relative to the initial number of
O(1) Brønsted sites in HY (taken as 13.5 sites per unit cell). For
the temperature study in Fig. 5, we fixed water concentration at
200 molecules per unit cell, which corresponds to saturation water
loadings in HY [22]. Fig. 5 shows that for a period of 10 h, the ni-
trided sites in HY are quite stable for temperatures less than
450 �C, even for saturation water loadings. The nitrided sites com-
pletely decompose in this time period at 550 �C or higher, indicat-

ing that stability is very sensitive to temperature above a threshold
temperature. Ten hours is predicted to be the half-life of nitrided
HY at 500 �C.

Such threshold temperatures can be increased by lowering
water concentration, as shown in Fig. 6 for a fixed temperature
of 525 �C. We found that nitrided sites decompose from 30% to
2.4% in a period of 10 h for a water concentration of 200 molecules
per unit cell. At one water per unit cell, the stability improves fall-
ing only to 7.5% after 10 h. Such stabilization also arises at 515 �C
and saturation water loadings.

In Figs. 7 and 8 we show the effects of temperature and water
concentration, respectively, on the decomposition of nitrided sites
plotted as %NH sites present relative to the initial number of O(13)
sites in silicalite (taken as 7.4 sites per unit cell). For the tempera-
ture study in Fig. 7, we fixed water concentration at 15 molecules
per unit cell, which corresponds to saturation water loadings in
silicalite [18].

We found that for a period of 10 h, the nitrided sites in silicalite
are quite stable for temperatures of less than 250 �C, even for sat-
uration water loadings. The nitrided sites completely decompose in
this time period for temperatures of 300 �C or higher, again indi-
cating sensitivity to heat. For comparison, we note that higher tem-
peratures (>525 �C) are required for decomposing nitrided sites in
HY as compared to those in silicalite (>300 �C), within our standard
10-h time frame. One can explain this on the basis that the reaction
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barrier for decomposition of nitrided sites is lower for silicalite
(185 kJ/mol) as compared to HY (262 kJ/mol), as reported in our
previous work [11].

As with HY, we find again with silicalite that decreasing water
concentrations pushes stability temperatures to higher values, as
shown in Fig. 8 at 300 �C. For example, nitrided sites that were
decomposed almost completely within 10 h at water saturation
are decomposed only halfway for a water concentration of 2 mol-
ecules per unit cell.

To summarize, both heat and humidity are detrimental to ni-
trided sites in HY and silicalite. We find that site stability is very
sensitive to temperature above threshold temperatures (>500 �C
for HY and >275 �C for silicalite).

4. Concluding remarks

We have modeled the formation kinetics of nitrogen-substi-
tuted (nitrided) zeolites HY and silicalite; we have also modeled
the stability of nitrided sites to heat and humidity. We have per-
formed these kinetics calculations on the basis of mechanisms
from DFT-computed pathways reported in our previous work. In
order to mimic continuous flow reactors used for nitridation, reac-
tant ammonia and product water concentrations were fixed at var-
ious levels. We have found that zeolite nitridation proceeds only at
high temperatures (>600 �C for silicalite and >650 �C for HY) due to

the presence of large overall barriers computed in previous work.
These threshold temperatures are in broad agreement with
experiments.

Nitridation yields were found to be sensitive to water concen-
tration, especially for silicalite where nitridation is more strongly
endothermic. As a result, overall nitridation yields in silicalite are
predicted to be lower than those in HY. The stability of nitrided
sites was investigated by modeling the kinetics of nitridation in re-
verse, going back to untreated zeolite plus ammonia. Using 10 h as
a benchmark catalyst lifetime, nitrided silicalite and HY half-lives
exceed 10 h for temperatures below 275 and 500 �C, respectively,
even at saturation water loadings. As such, our calculations suggest
that nitrided silicalite and HY zeolites require high temperatures to
form, but once formed, they remain relatively stable, suggesting
that these materials may be useful as shape-selective base
catalysts.

Future work includes measurements of base strength in ni-
trided zeolites and measurements of site stability to test the
predictions made herein. Ultimately, work on determining mecha-
nisms of reactions catalyzed by nitrided zeolites will be crucial for
rational design of these shape-selective base catalysts.
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Appendix A. Kinetic equations

The complete micro-kinetic model of mechanism 1 would in-
volve rate equations for seven species: Zeo, Zeo. . .NH3, Int, NH-
Zeo. . .H2O, NH-Zeo, NH3, and H2O. However, the experiments we
are modeling effectively keep [NH3] and [H2O] at constant levels
because of high ammonia flow rates involved. This kind of steady
state reactor condition is denoted as a semi-batch-reactive separa-
tor, because the zeolite remains in the reactor (semi-batch), while
the H2O is removed under NH3 flow (separator). The equations for
this reactor are as follows:

d½Zeo�
dt

¼ �k1½Zeo�½NH3� þ k�1½Zeo . . . NH3� ðA:1Þ

d½Zeo . . . NH3�
dt

¼ k1½Zeo�½NH3� � ðk�1 þ k2Þ½Zeo . . . NH3�

þ k�2½Int� ðA:2Þ
d½Int�

dt
¼ k2½Zeo . . . NH3� � ðk�2 þ k3Þ½Int�

þ k�3½NH� Zeo . . . H2O� ðA:3Þ
d½NH� Zeo . . . H2O�

dt
¼ k3½Int� � ðk�3 þ k4Þ½NH� Zeo . . . H2O�

þ k�4½NH� Zeo�½H2O� ðA:4Þ
d½NH� Zeo�

dt
¼ k4½NH� Zeo . . . H2O� � k�4½NH� Zeo�½H2O� ðA:5Þ

Concentration units are numbers of molecules (ammonia or
water) or sites (Zeo or NH-Zeo) per unit cell volume. The sum of
the rates above vanishes, enforcing conservation of zeolite mass.
We solve these rate equations forward to model nitridation (de-
noted ‘‘formation”) and backwards to model catalyst ‘‘stability”.
This micro-kinetic model leads to a set of ‘‘stiff” differential equa-
tions, because some concentrations vary much more rapidly than
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others. To increase efficiency, we have used a variable step-size
algorithm [23], solving the equations to an absolute tolerance of
10�6 molecules/cm3.
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