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Catalytic decomposition of NHz with H,-selective microporous silica membranes for CO . -free hydrogen production was
studied theoretically and experimentally. The simulation study shows that NH; conversion, H, yield and H, purity increase
with the Damkohler number (Da), and their improvement is affected by the effect of H, extraction as well as NH; and N,
permeation through the membranes. The experimental study of NH; decomposition was carried out in a bimodal catalytic
membrane reactor (BCMR), consisting of a bimodal catalytic support and a H,-selective silica layer. Catalytic membranes
showed H> permeances of 6.2-9.8 x 10~7 mol m™> s~! Pa™", with H»/NH; and H>/N> permeance ratios of 110-200 and
200-700, respectively, at 773 K. The effect of operating conditions on membrane reactor performance with respect to NH;
conversion, H, yield and H, purity was investigated, and the results were in agreement with those calculated by the
proposed simulation model. © 2012 American Institute of Chemical Engineers AIChE J, 59: 168-179, 2013
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Introduction

A major obstacle to the use of hydrogen as a widespread
energy carrier is its storage, due to the low-volumetric den-
sity of gaseous hydrogen. Liquid hydrogen can have a high-
volumetric density of 70 kg m~>; its liquefaction, however,
requires an extremely low temperature, below 23 K, with a
loss of about 30% of the chemical energy of gaseous hydro-
gen.' This cryogenic process is, thus, not feasible for practi-
cal application. Ammonia, which is well-known as a raw
material for the nitrogenous fertilizer industry and has been
commercialized on a large scale using the Haber process,
was recently proposed as an ideal hydrogen carrier for the
purpose of hydrogen storage and delivery because of its
unique characteristics.”* NH; has a high-hydrogen storage
capacity (17.6 wt %), and can be readily stored as a liquid
under ambient temperature when a mild pressure of ~ 0.8
MPa is applied, producing a very high-hydrogen volumetric
density of 120 kg m > which is much higher than that of
liquid hydrogen. Importantly, NH; is carbon free at the point
of use, it produces CO,-free hydrogen after decomposition
requiring neither further processing to capture the CO, that
is mainly responsible for the greenhouse effect, nor selective
oxidation of CO that can poison the electrodes of proton
exchange fuel cells even at an extremely low concentration.
In addition, the infrastructure for NH; storage and delivery
has already been well-established world-wide, so massive
investments and technical efforts in the development of a
new system for hydrogen can be avoided. These great advan-
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tages make the use of NH;3 as a medium for hydrogen stor-
age and delivery extremely attractive. As a result of the
potential implementation of a NHjz-mediated H, economy,
NH; decomposition for COy-free H, production has, there-
fore, attracted tremendous attention in recent years.ﬁ_13

On the other hand, substantial progress in the area of
membrane science and technology has greatly promoted an
increasing interest in membrane reaction. Various types of
membrane reactors, such as Pd and Pd alloys,mf16 Z€eo-
lite,'”1® silica,””'°! etc., have been widely used in catalytic
reactions for enhanced catalytic performance. The applica-
tion of membrane reactors appears to be a very promising
route for the production of H, from NHj3 decomposition,
since the improved NHj conversion and purified H, can be
obtained simultaneously after H, extraction using a H,-selec-
tive membrane. However, only a few studies of NH; decom-
position in membrane reactors have been reported, and
costly Pd membranes were typically adopted since they are
only permeable for H,. Collins and Way16 reported the cata-
lytic decomposition of NHj in a packed-bed Pd membrane
reactor, in an attempt to reduce the trace amount of NHj
produced in the process of coal gasification, showing
enhanced NH; conversion compared with a conventional re-
actor. A study by Garcia-Garcia et al.’ investigated diluted
NH; decomposition in a packed-bed Pd membrane reactor
for CO,-free hydrogen production, and NH3 conversion that
exceeded the thermodynamic equilibrium limit was obtained
after H, extraction. Zhang et al.'® applied a packed-bed Pd
membrane reactor to pure NH; decomposition for the gener-
ation of CO,-free hydrogen, and found that the removal of
H, product from the reactor significantly improved the NHj
conversion. Although Pd membranes show an extremely
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Figure 1. Schematic diagram of the bimodal catalytic membrane reactor.
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high selectivity for hydrogen separation, taking the cost into
account, challenges still remain for their practical application
on a large scale.

We recently proposed a novel bimodal catalytic membrane
reactor (BCMR) for NH; decomposition.7 As shown in Fig-
ure 1, the BCMR consisted of a bimodal catalytic layer and
a Hy-selective silica layer. The bimodal structure was formed
by impregnation of y-Al,O; with mesopores into macropo-
rous o-Al,O; membrane supports, which was expected to
enhance the catalytic performance due to improved catalyst
dispersion by mesopores and fast-gas diffusion by macro-
pores.7’20’21 Moreover, silica membranes, compared with Pd
membranes, could greatly reduce the cost of membrane reac-
tor preparation. NH; conversion was highly enhanced from
45 to 95% in the membrane reactor after H, extraction at
723 K, and the BCMR showed excellent stability with
respect to catalytic activity and separation performance in a
NH; atmosphere.” However, additional theoretical and exper-
imental investigation is yet required in order to clarify the
details of the effects of various parameters, such as mem-
brane characteristics and operating conditions, on membrane
reactor performance.

In this study, NH; decomposition in a BCMR was pro-
posed for CO,-free hydrogen production. A mathematical
model was formulated for the simulation study of NHj
decomposition in a cocurrent configuration membrane reac-
tor, and the effect of Damkohler number (Da), permeation
number (6), and membrane selectivity on membrane reactor
performance was discussed theoretically. In addition, an ex-
perimental study was conducted to investigate the effects of
operating conditions (e.g., reaction temperature, NH; feed
flow rate and sweep flow rate) on membrane reactor per-
formance in terms of NHj3 conversion, H, yield and H, pu-
rity, and the results were compared with those predicted by
the proposed simulation model.

Simulation

The simulation study of NH; decomposition in catalytic
membrane reactors was performed based on the following
assumptions (1) steady-state operation, (2) plug flow in both
feed and permeate streams, (3) an isothermal reaction, which
only occurs over the catalyst on the feed side, (4) negligible
pressure drop along the axial direction of the membrane re-
actor, and (5) no concentration polarization effect for gas
permeation through the membrane. A schematic model for
membrane reactor simulation is shown in Figure 2.
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For a plug-flow type membrane reactor, the molar flow
rate for each component in the feed and permeate streams

can be expressed as follows'??%:
Feed stream
dF;
7’ = ViRWear — SPi(xipn — yipi) (1)
z
Permeate stream
dQ;
= sPi(xipn — yi 2
5, = SPitxipn = yipi) 2

where F; and Q; are the flow rates of the i-th component in the
feed and permeate streams, and the corresponding mole
fractions are indicated as x; and y;, respectively. z indicates the
axial direction along the membrane, P; is the permeance of the
i-th component through the membrane, v; is the stoichiometric
coefficient of the i-th component, w., and s represent the
catalyst weight and membrane area per membrane unit length,
and, p, and p; indicate the total pressure of the feed and
permeate streams, respectively. R is defined as the reaction
rate of NH; decomposition, which can be expressed by the
Temkin-Pyzhev model* based on the following reaction
equation

NH; = 0.5N, + 1.5H,» 3)
B (1-p)
p12VH PN, P?i
R=k||52) -5 52 )
P, Keq PNy
where
—E,
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Figure 2. Schematic model for membrane reactor
simulation.
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Table 1. Dimensionless Numbers Used in the Simulation

Dimensionless number Symbol Definition
Damkéhler number Da Da = R™W .4 / Fnm, o
Permeation number 0 0 = Py, sLpy / Fnty 0
Reaction rate ratio R* R* = R/R™*
Pressure ratio Pr Pr=p1/Ph
Permeance ratio O, /i oty i = P, [ Pi
Axial position 14 { =z/L
and
1.5 0.5
p Hzﬁc’qp Na.eq
Ky = 2t ©)
PNH; eq

k is the reaction rate constant; K., is the equilibrium constant
for the NH; decomposition reaction based on the equilibrium
partial pressure of each component, and can be calculated by
thermodynamic analysis. ko and E, indicate the pre-exponen-
tial factor and activation energy of the catalyst for NHj
decomposition, respectively. f§ is the exponential constant
related to reaction order depending on the catalyst used. For an
alumina-supported Ru catalyst, Prasad et al.'* obtained f§ =
0.27, E, = 117 kJ mol™ %, and ko = 6.0 x 10% s~! (turnover
frequency) under atmospheric pressure, which were used for
the calculations in this simulation study.

With the aid of dimensionless numbers, as listed in Table
1, Egs. 1 and 2 can be further expressed as dimensionless
equations:

Feed stream

df; 0(xi — yip,
& prpg — i =2 %)
d{ OH, /i
Pei‘meat@ Stream
dqi _ 0(xi — yipr) ®

d¢ op, i

where f; and ¢; are the dimensionless flow rates of the i-th
component normalized by the NHj; feed flow rate in the feed and
permeate streams, respectively. R* and p, are the dimensionless
reaction rate and pressure, which correspond to the ratio of
reaction rate R to the maximum reaction rate R™ based on the
inlet feed composition, and the pressure ratio of permeate stream
to feed stream, respectively. The Damkdhler number, Da, is
defined as the ratio of the arithmetic product of the maximum
reaction rate R™ and catalyst weight of membrane module W,
to the inlet NH5 feed flow rate, which can serve as a measure of
space velocity in the membrane reactor. A high Damkohler
number can be obtained when either a high-catalyst loading or low
NHj; feed flow rate is adopted, and the higher the Damkdhler
number, the closer the reaction is to equilibrium conversion. The
permeation number, 0, is defined as the ratio of the maximum H,
permeation flow rate to the inlet NH; feed flow rate, which can act
as a measure of the H, extraction effect. A higher permeation
number indicates that more H, can be removed from the
membrane reactor. Since membrane reactor performance is
determined by the overall effect of catalytic activity, membrane
performance, and operating conditions, the use of the two
independent dimensionless numbers, Da and 0, makes quantita-
tive insight into the influence of each parameter on membrane
reactor performance much easier and more convenient.
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The simulation of pure NH; decomposition was conducted
in concurrent configuration membrane reactors at 723 K,
with silica membranes showing H,/NHj selectivities over a
wide range (10-c0), under feed and permeate pressures of
100 kPa and 5 kPa, respectively. The large molecules, NH;
and N,, were assumed to mainly permeate through the large
pores in the silica membranes, showing Knudsen selectivity
for the gas pair of NH3-N, based on a Knudsen diffusion
mechanism. The Damkdhler number, permeation number,
and membrane selectivity were adopted as parameters to
study their effect on membrane reactor performance in terms
of NH; conversion, H, yield and H, purity. It should be
noted that the initial reaction rate would be infinite accord-
ing to the Temkin-Pyzhev model when the feed is pure NHj,
since the H, partial pressure is in the denominator. To solve
this kind of problem, it has been suggested that a small
amount of H, was added in the feed for simulation studies
of methane steam reforming.'”?** In this study, the same
technique was used and the partial pressure ratio of H, to
NHj; in the feed was set in the range of 107> =10 as the
initial conditions for simulation, which showed almost the
same NHj; conversion.

Experimental
Preparation and characterization of silica membranes

Porous «-Al,O3 tubes (porosity: ~ 50%; average pore size: 1
um; outer diameter: 10 mm; inner diameter: 8 mm; length: 10
cm) were used as supports for membrane preparation. Briefly,
each support was first sealed with glass tubes at both ends, and
then one of the ends was sealed as a dead-end. A boehmite sol
solution (10 wt % Nissan Chemical Industries, Ltd., Japan) was
impregnated into the support. After drying at room temperature,
the support was calcined at 823 K for 1 h to convert the sols
impregnated in the macropores of the support into y-Al,Os3,
resulting in a y-AlLO5/0-AlLL,O; bimodal support. Then, the sup-
port was soaked in a Ru(NO)(NOs); solution (1.5 wt % based
on Ru, Sigma-Aldrich) followed by drying at room temperature
overnight and calcination at 823 K for 1 h to bimodal catalytic
support. After the preparation of an «-Al,O5 particle and SiO,-
ZrO, intermediate layer on the outer surface of the obtain
bimodal catalytic support, polyhedral oligometric silsequioxane
(POSS)-derived silica sols were coated on the support, subse-
quently dried at 573 K, and calcined at 773 K for 30 min to
form a homogeneous (HOMO)-POSS-derived silica membrane.
Details of the preparation of HOMO-POSS-derived silica sols
and membranes were shown in a previous study.”®

Gas permeation tests of single components of He, H,, NHj
and N, were used to evaluate the HOMO-POSS-derived silica
membranes. The measurements were conducted at 473-773
K, under the feed and permeate pressures of 200 and 100
kPa, respectively. Prior to the measurement, all the mem-
branes were kept in a He flow of 3.72 x 10> mol s ' at 473
K to remove the adsorbed water from the membranes. The
gas flow rate from the permeation cell was measured directly
by a bubble flow meter, with the exception of the measure-
ment of NH;. For the NH; permeation test, 7.44 x 10~ mol
s ! sweep gas was applied to the permeate side, and the gas
composition of the permeate stream was analyzed by a gas
chromatograph  (GC) instrument (GC-14B, Shimadzu)
equipped with a thermal conductivity detector (TCD) and a
Porapak N column using N, as a carrier gas. The membrane
morphology and thickness were examined by scanning elec-
tron microscopy (SEM) (JCM-5700, JEOL). A schematic
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Figure 3. Experimental apparatus for single gas permeation tests and NH; decomposition.
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diagram of the experimental apparatus for single gas permea-
tion tests and NHj3 decomposition is shown in Figure 3.

NH 3 decomposition in catalytic membrane reactors

Pure NH; decomposition was performed in BCMRs at
663-743 K, with both feed and permeate streams kept at
atmospheric pressure. Prior to the membrane reaction, the
catalytic membranes were reduced in situ in the membrane
reactor under a H, flow of 3.72 x 107 mol s~! at 773 K
for 3 h, and then 3.72 x 10~ mol s~ N, flow was intro-
duced to flush the experimental apparatus for 30 min. Feed
NH; was introduced to the dead-end zone of catalytic mem-
branes through a stainless steel tube inside the membrane
tubes with a flow rate that ranged from 7.44 X 107%-3.72 x
107° mol s~ '. N, sweep gas was applied to the shell side of
the membrane reactors in order to remove H, from the per-
meate stream to maintain the H, partial pressure difference
between retentate and permeate sides, resulting in a driving
force for H, permeation through the membranes. The gas
composition of both retentate and permeate streams was ana-
lyzed by GC, and the flow rate was measured after leading
the gases through a 1.0 M HCI aqueous solution. NH3 con-
version (X), H, yield (Y), and H, purity (G) (excluding
sweep gas), obtained in the membrane reactor after H,
extraction with sweep, were defined as follows

~ Fnuyo — Fyusr — Onis L

X Q)
Fnwy 0
20m,L

Y = 2L 10

3F N, 0 (o)

On, L (1n

 Owisr 4+ Onyr + Ot

The following definitions were used when no sweep was
applied to the membrane reactor
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Results and Discussion
Simulation study of membrane reactors

Figure 4 shows the axial profiles of H, partial pressure nor-
malized by feed pressure, and each component flow rate nor-
malized by feed NH; in the membrane reactor at 723 K under
both a Damkéohler number, Da, and a permeation number, 0, of
30 with a Hy/NH; permeance ratio of 200. In retentate stream,
the normalized flow rate of NH; gradually decreases along the
axis while it increases for N,, because the catalytic decomposi-
tion of NH; occurs over the catalysts. The normalized flow
rate of H initially increases and then decreases along the axis
due to the change in the rates of both H, generation and per-
meation along the axial direction, and it is much lower than
that of N, at the outlet of the reactor. On the other hand, in per-
meate stream, the normalized H, flow rate greatly increases to
1.38 at the outlet of the membrane reactor, which was much
higher than that of retentate side. The normalized N, and NH;
flow rates are very small at any axial position. This is because
the membrane is highly permeable for H, over N, and NHj,
and thus most of the H, produced can easily permeate through
the membrane from the reaction side to permeate side due to
the H, partial difference across the membrane, but permeation
is greatly retarded for N, and NHj. Although the presence of
NHj; is observed in permeate stream, the concentration of NHj
can be easily reduced to less than 200 ppb by leading the gas
mixture through a suitable adsorber.®!'"
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 5 shows the effect of Damkohler number on NH;
conversion, H, yield, and H, purity as a function of permea-
tion number. NH3 conversion increases with increasing Da,
due to the decreased space velocity, which can be achieved
by using a large catalyst loading or a small NH; feed flow
rate. When the Da is 5, NH; conversion gradually increases
as the 0 increases from 0.1 to 100. At Da values of 30 and
100, NH3 conversion initially increases and then decreases
with increasing 0. When the Da is increased to 300, NH;
conversion increases to approximately 100% regardless of 0.
These differences in the dependence of NH; conversion on
the permeation number can mainly be ascribed to the total
effect of H, extraction and NHj3 reactant loss on membrane
reactor performance, since the silica membrane is permeable
for both H, and NH;3 molecules. Generally, the selective H,
extraction contributes to the improvement of NH; conversion
due to the increased reaction rate.” On the other hand; the
loss of NHj reactant adversely affects NH; conversion
because less reactant participates in the decomposition reac-
tion, which only occurs on the catalysts on the feed side of
the membrane reactor. At a low Da of 5, which corresponds
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to a low-catalytic activity, H, extraction improves catalytic
performance as the 0 increased due to the increased H,
extraction. On the other hand, at a high Da of 300, NH; con-
version proceeds at an extremely high reaction rate, resulting
in NH; conversion that almost approaches equilibrium con-
version, that is, almost 100% at 723 K and the effects of H,
extraction and NHj loss were not important. Therefore, NH3
conversion is almost 100%, regardless of 0. The maximum
NHj; conversion for Da values of 30 and 100 can be mainly
attributed to balance of the effect of H, extraction and NH;
loss as 0 increases.

The H, yield, defined as Eq.10, is determined by both the
amount of H, produced from NHj3 decomposition and the H,
extraction from the reaction side in the membrane reactor.
As shown in Figure 5, H, yield increases with an increase in
Da, which can be ascribed to improved NH; conversion. For
a given Da of 5, the H, yield increases gradually with
increasing 0 since more H, can permeate from the reaction
side to permeate side. However, a maximum H, yield is
observed for the Da values of 30 and 100, for the same rea-
son as for the maximum NH; conversion previously
explained. The H, purity obtained in permeate stream
decreases as the 0 increases from 0.1 to 100 for any value of
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Figure 5. Effect of Damkoéhler number on NH; conver-
sion, H, yield, and H, purity as a function of
permeation number (T = 723 K; p, = 100
kPa, pr = 5 kPa; %H,/NH; = 200, ANH;/N, =
Knudsen selectivity).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Da. Since an increase in 0 causes a larger amount of H, per-
meation from the reaction side to permeate side, which
greatly increases the partial pressure of NH; and N, on the
reaction side, the increased driving force for NH; and N,
permeation through the membrane leads to a decrease in H,
purity as the 0 increases. Moreover, the H, purity increases
as Da increases for any given 0, because enhanced NHj;
decomposition on the reaction side increases H, partial pres-
sure. It should be noted that the dependence of H, purity on
the permeation number is almost the same when the value of
Da is more than 30, due to enough H, production rate.
These results reveal that an increase in Da is not an efficient
route to substantial improvement in H, purity in the mem-
brane reactor.

Figure 6 shows the effect of Hy/NHj selectivity on NHj
conversion, H, yield, and H, purity as a function of the per-
meation number. For comparison with porous silica mem-
branes, the infinite H,/NHj3 selectivity, which corresponds to
a Pd membrane, is included in this figure. For porous silica
membranes with H,/NHj; selectivities ranging from 10 to
500 under a Da of 30, the maximum NHj; conversion is
observed with increasing 0 due to the total effect of H,
extraction and NHj reactant loss. A highly selective mem-
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brane gives a high maximum NHj conversion, since the loss
of NHj3 reactant is less under the same reaction conditions.
For the Pd membrane, NH; conversion increases with 6, and
then almost reaches a constant level under high values of 6.
A decrease in NH3 conversion is not observed, since there is
no NHj3 permeation through the Pd membrane regardless of
0. Tt should be noted that all porous silica membranes show
almost the same dependence of NH; conversion on the per-
meation number as the Pd membrane before reaching the
maximum NHj3 conversion, regardless of silica membrane se-
lectivity. This is because the amount of lost NH3 reactant is
not large enough to effectively affect NH3 conversion, and
the H, extraction effect, thus, controls the reaction perform-
ance. The H, yield shows very similar tendencies as a func-
tion of permeation number, since H, obtained in the perme-
ate stream mainly depends on the NHj conversion under the
same 0. Interestingly, although NH;3 conversion obtained in
silica membrane reactors is slightly lower that of the Pd
membrane reactor before reaching the maximum NH; con-
version, the corresponding H, yield obtained in silica mem-
brane reactors is slightly higher than that of the Pd mem-
brane reactor. This phenomenon is much more obvious for
the membrane with the lowest selectivity. This can be
ascribed to the increased H, partial pressure difference
caused by NHj3 and N, permeation for silica membranes,
resulting in an increased H, flux compared with that for the
Pd membrane.

As reflected in the aforementioned discussion, the
improvement of Pd membrane reactor performance under a
given Da is decided only by the H, extraction effect; the
higher the permeation number, the better the membrane reac-
tor performance, since no other gas can permeate through
the dense Pd membrane. However, for a porous silica mem-
brane that allows N, and NH; permeation along with H,, the
effects on membrane reactor performance of H, extraction
and N, and NHj; permeation should be considered simultane-
ously, which makes the system much more complicated than
the Pd membrane reactor. Therefore, the simulation study is
very important in order to predict the required membrane
performance and optimize reaction conditions for a target
membrane reaction, such as NHj; conversion, H, yield and
H, purity. For autothermal decomposition of NH; in a mem-
brane reactor, the operation can be achieved by combustion
of the residual NH; and H, from retentate stream after it is
flowed out from the membrane reactor to provide the
required heat for NH; decomposition. Complete oxidation of
1 mol NH;3 can generate enough heat for decomposition of
5.7 mol NH3,%” which means that a maximum H, yield of
85% can be obtained in the permeate stream via the auto-
thermal operation. To achieve autothermal decomposition of
NH; with a target H, yield of 85%, the simulation analysis
shows that a silica membrane with a H,/NHj; selectivity of
100 is theoretically high enough in an appropriate range of 0
under the simulation conditions, as shown in Figure 6.

Gas permeation properties of catalytic membranes

Figure 7 shows an SEM image of a bimodal catalytic
membrane. The membrane consisted of 3 typical layers: a
bimodal catalytic layer, an a-Al,O3 particle and SiO,-ZrO,
intermediate layer, and a SiO, separation layer. The continu-
ous, uniform SiO, top layer for H, separation had a thick-
ness of less than 300 nm. The bimodal catalytic structure of
the membrane reactor effectively improved the catalytic
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activity and stability for supported metallic catalysts, due to
improved catalyst dispersion by impregnating y-Al,O5; with
mesopores.7’20’21 A decrease in membrane separation per-
formance caused by the concentration polarization effect has
been widely reported in various membrane processes.”®>? It
should be noted that the catalytic membrane configuration,
in addition to being compact, allows a shorter diffusion
length from catalyst to membrane surface compared with the
packed-bed membrane reactor, and, thus, is expected to
reduce the concentration polarization effect during the mem-
brane reaction,”® resulting in efficient H, extraction.

Figure 8 shows the gas permeance of silica membranes as
a function of molecular diameter at 773 K. The BCMR-1
showed a H, permeance of 6.2 x 107’ mol m~ 2s ! pa !,
with H,/CO, and H,/N, permeance ratios of 510 and 720,
respectively, while the BCMR-2 had a looser amorphous
silica structure than the BCMR-1, with a higher H, permeance
of 9.8 x 107" mol m 2 s' Pa~! and lower Hy/CO, and Hy/
N, permeance ratios of 160 and 200, respectively. The high
H,/CO, and H,/N, permeance ratios indicated that both mem-
branes had small average pore sizes, which should be larger
than the molecular size of H,, but much less than that of CO,
and N,, due to the molecular sieving effect. In a previous
report the kinetic diameters of NHj, H,, CO,, and N, were
determined using the Stockmayer potential as follows: He
(0.26 nm), NH; (0.26 nm), H, (0.289 nm), N, (0.36 nm).>
However, based on the Stockmayer potential, Leeuwen
reported the molecular size of NH3 to be 0.326 nm,>* which
was quite close to the kinetic diameter of CO, (0.33 nm). Pre-
viously, our group reported NH; permeation characteristics
through amorphous silica membranes at temperatures of 323—
673 K, and found that the order of gas permeance at high
temperatures was as follows: He > H, > NH; > N2.35 A
similar trend in gas permeance was also observed in this
study, and the H,/NH; permeance ratios for BCMR-1 and
BCMR-2 were 200 and 110, respectively. Since the adsorp-
tion effect of NH; on silica could be negligible at high tem-
peratures > the difference in the gas permeances of each com-
ponent through a silica membrane with small average pore
size should be due to the difference in their molecular sizes,
that is, the larger the molecular size, the lower the gas perme-
ance. Therefore, the high H,/NHj; permeance ratios suggest
that the actual kinetic diameter of NH; was much larger than
that of H,, and it is more likely that 0.326 nm is the molecu-
lar size of NH; for a reasonable explanation of NH; permea-
tion behaviors through silica membranes.®> These results con-
firmed the selective extraction of H, from H,-NHj3-N, gas
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mixtures in principle based on the molecular sieving effect,
which is crucial for construction of silica membrane reactors
for NH3; decomposition.

Figure 9 shows the temperature dependence of gas perme-
ance for the BCMR-1 and the BCMR-2 in the temperature
range of 473-773 K. The permeance of He and H, through
both silica membranes increased with increasing temperature.
However, the permeance of N, through both silica mem-
branes appeared to be independent of temperature. Gas per-
meation behaviors through porous silica membranes have
been known to be strongly dependent on the average pore
size and on the pore size distribution of the amorphous net-
works.?®*33 Generally, when the average pore size of a
silica membrane is close to the molecular sizes of He and
H,, the He and H, permeance increases with increasing tem-
perature, which corresponds to the activated diffusion mech-
anism. However, when the average pore size of a silica
membrane is much larger than the sizes of He and H, mole-
cules, the He and H, permeance decreases with increasing
temperature, which corresponds to the Knudsen diffusion
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Figure 8. Molecular diameter dependence of gas per-
meance for the BCMR-1 and the BCMR-2 at
773 K.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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mechanism. Therefore, based on the temperature dependen-
ces, the He and H, permeation in this study seems to be
mainly dominated by the activated diffusion mechanism,
indicating that both the BCMR-1 and the BCMR-2 have
small pores that are close to the sizes of He and H, mole-
cules. The N, permeation behavior appears to show the
Knudsen diffusion mechanism, since N, is only assumed to
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Figure 10. Time course of NH; decomposition in the
BCMR-1 with and without sweep (T = 723
K; p, = 100 kPa, p; = 100kPa; Fny,0 = 7.44
x 107° mol s7'; Qgyeep,o = 744 X 107° mol
s ay,/nm, = 180, ay, y, = 700).
[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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permeate through the large pores of a membrane, such as
pinholes. The average pore size of a microporous membrane
relative to the H, molecular size can be reflected by the acti-
vation energy of the H, permeation through the membrane;
the larger the activation energy, the smaller the average pore
size. The calculated activation energies for H, permeation
through the BCMR-1 and BCMR-2 were as high as 11.4 and
10.4 kJ mol™', respectively. These values were within the
reported range for silica H, separation membranes, depend-
ing on preparation methods and conditions (~8-20 kJ
mol1),2%73% further confirming that the silica networks
had a small average pore size, which was necessary for H,
separation.

Time course of NH3 decomposition in membrane
reactors

Figure 10 shows the time course of NH; decomposition
up to 120 h using BCMR-1 at 723 K with a NH; feed flow
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Figure 11. Stability of gas permeation properties of the
BCMR-1 during the membrane reaction (T =
773 K; p, = 200 kPa, p, = 100 kPa; 0-30 h
and 65-120 h: without sweep for NHj3;
decomposition, 30-65 h: with sweep for NH3;
decomposition).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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rate of 7.44 x 107° mol s™'. When no sweep gas was
applied to the membrane reactor during the initial 30 h, no
gas flow was detected on permeate side due to the lack of a
driving force for gas permeation through the membrane.
However, a steady H, flow of 5.2 x 107° mol s ' was
obtained in retentate stream, indicating the decomposition of
NHj; occurred on retentate side in a stable manner. The cor-
responding NH3 conversion was 45%, which was much
lower than the equilibrium conversion of approximate 100%.
The H, yield and H, purity defined in retentate were 45 and
47%, respectively. When 7.44 x 107> mol s~ ' sweep gas
was applied to permeate side, a steady H, flow of 1.0 x
10~ mol s~! was obtained in the permeate stream, while a
much smaller H, flow of 5.2 x 10~/ mol s~ was detected
in retentate stream. This suggests that most H, generated in
retentate stream had permeated to the permeate side after
using sweep gas. This caused a drastic increase in NH; con-
version to 95%, with H, yield and purity defined in permeate
as high as 90 and 94%, respectively, after the H, extraction.
After stopping the sweep gas at 65 h, the NH3 conversion,
H, yield, and H, purity retuned to the initial values, which
stayed almost the same in the additional 55 h of test time,
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indicating the membrane reactor was stable for as long as
120 h under the reaction conditions employed.

During the time course of NH; decomposition, the reaction
was periodically stopped for a small interval to examine the
single permeation properties of the membrane. Prior to the
measurement, the experimental apparatus was flushed with N,
and the test temperature was increased to 773 K. As shown in
Figure 11, no obvious changes were observed in gas perme-
ance during the membrane reaction, suggesting the silica
membrane of the membrane reactor had good stability for gas
permeation in a NH3 atmosphere at high temperatures.

Effect of operating conditions on membrane reactor
performance

Figure 12 shows the NH; conversion, H, yield and H, pu-
rity as a function of the NH; feed flow rate both with and
without sweep in the BCMR-2. As the feed flow rate of NH;
increased in the reactor, NH; conversion decreased both
with and without sweep, due to the increased space velocity.
A similar tendency was also observed in the H, yield with
an increase in the NH; feed flow rate. Only a slight decrease
in the H, purity was observed when sweep was applied,
although there was a big decrease in NH3 conversion and H,
yield. For example, when the NH; feed flow rate increased
from 7.44 x 107% t0 3.72 x 107> mol s~ !, NH; conversion
and H, yield decreased from 85 and 83% to 47 and 35%,
respectively, while the H, purity only decreased from 89 to
83%. This is because the change in Da did not effectively
affect the H, purity in the permeate stream, which was con-
firmed by the simulation study of membrane reactors, as
shown in Figure 5. It should be noted that, after H, extrac-
tion with sweep, the membrane reactor performance was
much superior to that without H, extraction in all NH; con-
version, H, yield and H, purity. This confirmed that NHj
decomposition for CO,-free H, production was greatly
enhanced by H, extraction using membrane reactors.

Figure 13 shows the NH; conversion, H, yield and H, pu-
rity as a function of reaction temperature both with and
without sweep in the BCMR-2. NHj conversion increased
with increasing reaction temperature both with and without
sweep. Since the equilibrium conversion under the condi-
tions employed was approximately 100%, the greatly
increased NH; conversion as the reaction temperature
increased could be mainly ascribed to the improved reaction
rate under high temperatures, but not to the thermodynamics.
However, NH; conversion decreased at low temperatures
due to an insufficient reaction rate, which was more notable
in the case without H, extraction. NH; conversion decreased
much more slowly with sweep to permeate side, due to the
contribution of the H, extraction effect on reaction perform-
ance, i.e., to achieve the same NH; conversion for both
cases, with and without H, extraction, the required tempera-
ture could be lower with H, extraction when the other reac-
tion conditions were identical. This suggests that the mem-
brane reactor has the potential to reduce the reaction temper-
ature for NHj; decomposition, which would be very
important in order to lower the energy requirement for COy-
free H, production in a practical application.

Figure 14 shows the NH; conversion, H, yield and H, pu-
rity as a function of sweep flow rate both with and without
sweep in the BCMR-2. The membrane reactor performance
strongly depended on the sweep flow rate. When the sweep
flow rate increased from 7.44 x 107° to 7.44 x 107> mol
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s~1, the NH; conversion increased from 58 to 85%, the H,
yield increased from 34 to 82%, and the H, purity increased
from 71 to 91%. It is clear that the improvement of mem-
brane reactor performance increased as the sweep flow rate
increased. Under the given reaction conditions, membrane
reactor performance is mainly determined by the amount of
selective H, extraction removed from the reactor. H, perme-
ation through the membrane is driven by the H, partial pres-
sure difference between retentate and permeate streams.
Therefore, a higher sweep flow rate can produce a lower H,
partial pressure in the permeate stream, resulting in increased
NH; conversion by increasing the driving force for H, per-
meation through the membrane.

The experimentally obtained membrane reactor perform-
ance was compared with that obtained by theoretical simula-
tion under various operating conditions. The catalyst loading
in the membrane module W,, was adopted as a single fit-
ting parameter in the theoretical calculation, while the other
parameters related to membrane characteristics (length,
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diameter and permeance), catalytic properties (activation
energy, pre-exponential factor and exponential constant)'?
and operating conditions (temperature, pressure and flow
rate) were given parameters. The value of catalyst loading in
the membrane module W., was obtained by fitting experi-
mental NH3 conversion as a function of the NH; feed flow
rate. As shown in Figure 12, NH; conversion decreased as
the NH; feed flow rate increased due to increased space ve-
locity, and the fitted curve was in good agreement with the
experimental results with a fitted Ru catalyst amount of 4.7
x 1072 g, which was in the rational loading range compared
with the actual Ru catalyst weight of 3.0 x 107% g.

As shown in Figures 12-14, the simulated curves using a
single fitting parameter Wy, fixed at 4.7 x 1072 g show a
reasonable agreement with the experimental results in terms
of NHj3 conversion and H, yield and purity with and without
H, extraction under different operating conditions, which
indicated that the proposed simulation model is applicable to
the prediction of NH; decomposition performance in mem-
brane reactors under various conditions. Note in Figure 13
that the simulated H, yield with sweep is lower than that
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without sweep above 723 K, which was mainly caused by
the different definition of H, yield, as shown in Eq. 10 and
Eq. 13. Generally, the shift of the dehydrogenation reaction
in a membrane reactor after H, extraction could be ascribed
to improved thermodynamics, such as methane steam
reforming.">'**!%* However, since the equilibrium conver-
sion of NH; decomposition was nearly 100% under the con-
ditions used in this study, the decomposition of NHj3 was,
thus, not equilibrium-limited, and the highly enhanced NHj;
decomposition in the membrane reactor after H, extraction
could not be attributed to improved thermodynamics. NH;
decomposition kinetics can reportedly be expressed by the
Temkin-Pyzhv model,® as shown in Eq. 1 used in this simu-
lation. Compared with the forward reaction, the backward
reaction, NH; synthesis, was too small in this study based
on the thermodynamic analysis. Therefore, the Temkin-
Pyzhev model could be simplified as follows

p

2
R = k2 (15)
Pu,

Equation 15 clearly reveals that the NH; decomposition
rate was strongly inhibited by the presence of H,, that is, the
higher the H, partial pressure, the lower the NH; decomposi-
tion rate. This H, inhibition phenomenon was confirmed
experimentally by several research groups under similar con-
ditions.' 13 Therefore, the enhanced NH3 decomposition in
the membrane reactor after H, extraction in this study could
be mainly ascribed to the increased reaction rate, which was
different from the ordinal mechanism of improved thermody-
namics in most catalytic membrane reactions.

Conclusions

NH; decomposition in catalytic membrane reactors for
CO,-free hydrogen production was studied theoretically and
experimentally. A mathematical model was formulated for a
simulation study of cocurrent configuration membrane reac-
tors with Hj-selective silica membranes showing H,/NHj
permeance ratios over a wide range of 10 — co. Two dimen-
sionless parameters, the Damkohler number (Da) and the
permeation number (0), were used to examine their effects,
as well as that of membrane selectivity, on membrane reac-
tor performance with respect to NH; conversion, H, yield
and H, purity. The experimental study of pure NH; decom-
position was conducted under temperatures of 663-743 K
with NH; feed flow rates of 7.44 x 107°-7.44 x 10> mol
s~'. The effects of various operating conditions on mem-
brane reactor performance were studied, and the results were
compared with those calculated by the proposed simulation
model.

(1) The simulation study of membrane reactors for NHj
decomposition showed that the NHj conversion, H, yield
and H, purity increased with increasing Da, and their
enhancement was strongly dependent on the H, extraction,
as well as NH; and N, permeation, through the membrane.
H,/NH; selectivity of 100 was high enough for a silica
membrane to achieve autothermal decomposition of NHj
with a target H, yield of 85% in the permeate stream, in an
appropriate range of 0 under the simulation conditions.

(2) The bimodal catalytic membrane reactor (BCMR) con-
sisted of a bimodal catalytic support and H,-selective silica
membrane. Silica membranes were prepared by the sol—gel
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method, and showed H, permeances of 6.2-9.8 x 10~ mol
m 2 s7' Pa~! with Hy/NH; and Hy/N, permeance ratios of
110-200 and 200-700, respectively, at 773 K. The high H,/
NH; permeance ratios indicated that the NH;3 has an actual
molecular size that is much larger than that of H,. The tem-
perature dependence of gas permeance suggested that the He
and H, permeation behavior through both silica membranes
was governed by the activated diffusion mechanism. The
calculated activation energies for H, permeation were as
high as 11.4 and 10.4 kJ mol ! for BCMR-1 and BCMR-2,
respectively, indicating that both membranes had small pore
sizes.

(3) NH; conversion was significantly enhanced from 45 to
95% in the BCMR-1 after selective H, extraction at 723 K.
The membrane reactor performance was stable during the
test time of 120 h with respect to the catalytic activities and
gas permeation properties, indicating that the membrane re-
actor had good stability in the NH; atmosphere at high tem-
peratures.

(4) The effect of operating conditions, reaction tempera-
ture, NH; feed flow rate, and sweep flow rate on NHj3 con-
version, H, yield, and H, purity in the BCMR-2, was inves-
tigated. The membrane reactor performance after selective
H, extraction was very superior to that of cases studied with-
out H, extraction under the same reaction conditions, which
can be mainly ascribed to the improved kinetic reaction rate,
rather than to thermodynamics. The experimental results
were in reasonable agreement with those calculated by the
proposed simulation model using catalyst weight Wy, as a
single fitting parameter.

Notation

Da = Damkohler number, dimensionless

E, = activation energy, J mol ™'

f = dimensionless feed-side flow rate, dimensionless
F = feed-side molar flow rate, mol !

G = purity of hydrogen, dimensionless

k = reaction rate constant, mol kg—Ru71 s 'pa’

ko = pre-exponential factor, mol kg-Ru ™' s~ pa~’

K., = equilibrium constant, Pa
L = membrane reactor length, m
p = partial pressure, Pa

pn = feed-side pressure, Pa
= permeate-side pressure, Pa
p, = pressure ratio, dimensionless
= gas permeance, mol mZs ' Pa!
g = dimensionless permeate-side flow rate, dimensionless
= permeate-side molar flow rate, mol st
R = reaction rate, mol kg—Ru’1 s7!
, = ideal gas constant, J mol ' K!
R™* = maximum reaction rate, mol kg-Ru™' s~
= dimensionless reaction rate, dimensionless

s = membrane area per unit membrane axial length, m* m~
= absolute temperature, K
Wear = catalyst weight per unit membrane axial length, kg-Ru m™
Wear = catalyst weigh of membrane module, kg-Ru
x = feed-side mole fraction, dimensionless

= conversion of ammonia, dimensionless
y = permeate-side mole fraction, dimensionless

1

1

1

Y = yield of hydrogen, dimensionless
z = axial coordinate, m
Greek letters
o = permeance ratio, dimensionless
f = exponential constant, dimensionless
0 = permeation number, dimensionless
v = stoichiometric coefficient, dimensionless
{ = dimensionless axial coordinate, dimensionless
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Subscripts

0 = inlet of the membrane reactor
eq = equilibrium

H, = hydrogen

i = species i
L = outlet of the membrane reactor

N, = nitrogen

NH;

ammonia
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