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A sol-gel method was applied for the preparation of silica membranes with different
average pore sizes. Ammonia (NH3) permeation/separation characteristics of the silica
membranes were examined in a wide temperature range (50—400°C) by measurement
of both single and binary component separation. The order of gas permeance through
the silica membranes, which was independent of membrane average pore size, was as
follows: He > H, > NH; > N,. These results suggest that, for permeation through
silica membranes, the molecular size of NH; is larger than that of H», despite previous
reports that the kinetic diameter of NH; is smaller than that of H,. At high tempera-
tures, there was no effect of NHs adsorption on H> permeation characteristics, and
silica membranes were highly stable in NH; at 400°C (i.e., gas permeance remained
unchanged). On the other hand, at 50°C NHj; molecules adsorbed on the silica
improved NHsz-permselectivity by blocking permeation of H, molecules without
decreasing NHz; permeance. The maximal NH3/H, permeance ratio obtained during bi-
nary component separation was ~30 with an NH; permeance of ~10~" mol m 2 s~'
Pa~" at an H, permeation activation energy of ~6 kJ mol~'. © 2009 American Institute
of Chemical Engineers AIChE J, 56: 1204-1212, 2010
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Introduction

Recovery of ammonia (NH;) produced by the Haber pro-
cess, from mixtures of N,, H,, and other inert gases, is a
critical unit operation in NHj synthesis plants. During the
synthesis of NHj, the reaction of N, and H, is conducted at
450°C and 14 MPa using an iron-based catalyst. The produc-
tion streams in the reactor, which are ~16% NHj;, are cooled
to 60°C. In conventional NHj synthesis, these streams are
subsequently cooled to 38°C to condense additional NHj.
This process requires a large amount of energy to both cool
the product and reheat the unreacted H, and N,, which are
recycled, to 450°C. Membrane-based separation is an attrac-
tive alternative, as it is a simple and energy-conserving
method. Membrane separation has many advantages, espe-
cially for gas separation with no phase change. If NH; can
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be selectively separated from the production stream at high
temperatures using NHj-permselective membranes, then sim-
ple methods for the synthesis of NH; that use much less energy
are feasible. The key to realization of such novel methods is
the development of NHj3-permselective membranes that have
high thermal and chemical stability and excellent NH; separa-
tion performance (permeance and selectively).

Only a few studies have examined the NHj; permeation
properties of organic or inorganic membranes because mea-
surement of NH3 permeance is difficult."™ Tricoli and Cuss-
ler? reported that organic membranes, such as perfluorosul-
fonic acid and polyvinylammonium thiocyanate, are highly
NHs/H,-selective at 25-60°C. However, utilization of or-
ganic polymer membranes during high-temperature synthesis
of NHj is limited by the poor thermal stability of organic
polymer networks. Compared with organic polymer mem-
branes, inorganic membranes have potential for application
in high-temperature, gas separation processes because of
their high thermal stability. There are two types of NHj-
permselective inorganic membranes: molten salt membranes®
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and porous inorganic membranes, such as silica or zeolite.*
In 1992, Burban and coworkers® first reported the NH; per-
meation behavior of molten LiNO3 and ZnCl, membranes.
Molten LiNO; and ZnCl, membranes showed an NH; per-
meance of ~107°—10 % mol m 2 s~ ' Pa~' with a high NH/
N, selectivity of 80—1000 at 250-300°C. However, NH3 sep-
aration performance (permeance, NH3/N, selectivity) was
highly dependent on the partial pressure of the NHj; feed,
that is, both NH; permeance and NH3/N, selectivity
decreased drastically as NH; feed partial pressure increased.
A plausible explanation for this observation is chemically
facilitated transport with lithium ammoniate complexes,
Li(NH3) ™", as the carrier species.

To examine both NHj; separation performance and NHj
permeation behavior of porous inorganic membranes, Camus
et al* fabricated MFI-type zeolite and methylated silica
membranes. At 80°C, MFI-type zeolite membranes showed a
high NH; permeance of 2.1 x 107" mol m 2 s~ ' Pa~! with
a NH3/H, selectivity of about 10, whereas the NH3 perme-
ance of the silica membranes was much greater, 7.6 X 1077
mol m™> s~ Pa~!, with a NHs/H, selectivity of ~7. The
NH3/H, selectivity for both silica and MFI-type zeolite
membranes increased with temperature as high as 80°C.
However, no published studies have examined the NHj per-
meation behavior of porous inorganic membranes in a wide
temperature range, especially at high temperatures. A more
thorough investigation is required to understand the charac-
teristics of NH; permeation through porous inorganic mem-
branes in greater detail. At high temperatures (under negligi-
ble adsorption atmosphere), NH3; molecules should be sepa-
rated from gaseous mixtures of NHjz, H,, and N, by a
molecular sieving mechanism, which might be highly de-
pendent on the relationship between the molecular size of
the permeating gases (NH;3, H,, and N,) and membrane pore
size. Reportedly, the order of the kinetic diameters for NHj,
H,, and N,, which were obtained using the Stockmayer
potential, is as follows: NHj3 (0.26 nm), H, (0.289 nm), and
N, (0.364 nm).” On the other hand, Leeuwen,® also using
the Stockmayer potential, determined the molecular size of
NHj3 to be 0.326 nm. If the molecular size of NH5 is 0.26
nm’ during permeation through porous inorganic mem-
branes, then NH3; molecules could be selectively separated
from gaseous mixtures of NH; and H, by molecular sieving.
By contrast, if the molecular size of NH; is 0.326 nm,6 then
the mechanism of selective NH; separation would be prefer-
ential adsorption of NH;3 and blocking of H, molecules. In
either case, the MFI-type zeolite structure, which contains
both a straight channel (0.54 nm x 0.56 nm) and a sinusoi-
dal channel (0.51 nm x 0.55 nm),” appears too large for sep-
aration of NH; molecules from gaseous mixtures of NH; and
H,. Under a negligible adsorption atmosphere (at high tem-
peratures), permeation behaviors should follow a Knudsen-
type mechanism because of a small ratio of kinetic diameter
of the diffusing gas (NH;: 0.26 nm, H,: 0.289 nm) to the ze-
olite channel size, /4 (:dm/afp).g’10

The NHj; separation performance of amorphous silica
membranes is expected to be superior to that of MFI-type
zeolite membranes because the pore size of silica mem-
branes relative to the size of the separation components can
easily be controlled. Sol-gel and chemical vapor deposition
methods have been applied to the preparation of silica mem-
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branes on porous substrates.'' % In general, sol-gel methods
have greater flexibility in the control of the size of the pores
in the silica membranes. Several research groups have
reported the preparation of various separation membranes
with controlled pore size in the range of 0.3-0.5 nm, for
example, H,/N,, CO,/CH,, C; isomers, Hy/C3Hg separation,
etc.'> 17192122 Thig article reports both the fabrication of
sol—gel-derived silica membranes with different average pore
sizes and the evaluation of gas permeation/separation behav-
ior (He, NH3, H,, N,, and SF¢) in a wide temperature range
(50400°C). Membrane stability in NH; at high temperatures
was also evaluated by determination of the time course of
gas permeance.

Experimental
Fabrication of silica membranes using a sol-gel method

Silica colloidal sols were prepared as previously
described.?® Tetracthoxysilane (TEOS) was added to water
with nitric acid as a catalyst at molar ratios of TEOS/H,0/
HNO; = 0.1:11.5-23:0.016-0.033, and then the solutions
were hydrolyzed at room temperature for 12 h. To convert
the polymeric sols to colloidal sols, additional nitric acid and
water were added, and the solutions were boiled for an addi-
tional 8 h, keeping the total amount of solution constant.
The final sols contained 2.0, 1.5, and 1.0 wt % of TEOS
with colloidal diameters of 45, 30, and 18 nm, respectively,
as determined by laser diffraction methods (ELS800, Otsuka
Electric, Japan). It was found that the particle sizes of silica
colloidal sols could be controlled by the concentration of the
starting TEOS in the sol solution.”> Powdered samples of the
silica gels were prepared by dripping the colloidal sols onto
a platinum plate heated to 180°C, followed by calcination at
550°C in air for 30 min. Temperature programmed desorp-
tion (TPD) was conducted to evaluate the desorption of NHj
from the silica gel powder. After pretreatment at 500°C for
1 h under flow of He and subsequent cooling to room tem-
perature, the silica gel powder was exposed to NH; flow
(10 cc min’l) at room temperature for 1 h. TPD was con-
ducted at a ramping rate of 15°C min~', and the concentra-
tions of outlet gases released from the reactor were measured
by mass spectrometry in He using Ar gas as a standard.

Silica membranes were fabricated by coating porous sub-
strates with silica colloidal sols. Porous ¢-alumina tubes (po-
rosity: 50%, average pore size: 1 um) were used as the silica
membrane supports. After the formation of a silica-zirconia
(S8i0,-Zr0O,) intermediate layer, which reportedly has an av-
erage pore size of ~1-2 nm,**%° three kinds of silica colloi-
dal sols diluted to less than 0.5 wt % were coated the SiO,-
7ZrO, intermediate layer and calcined at 550°C in air for
30 min. The coating and calcination procedures were
repeated several times for each colloidal sol, from a sol with
large particle size to a smaller one to form a crack-free,
active silica layer for gas separation.

Measurement of gas permeation/separation of the
silica membranes

Figure 1 shows a schematic diagram of the experimental
apparatus used for the measurement of gas permeation/sepa-
ration. A single industrial-grade gas (He, H,, CO,, N,, and
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Figure 1. Schematic diagram of the experimental appa-
ratus used for gas permeation/separation.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

SF¢) was fed into the apparatus outside (upstream) of a cy-
lindrical membrane module at 200-300 kPa, while the down-
stream pressure was held constant at atmospheric pressure.
The temperature of the membrane cell was controlled using
an electric furnace and kept constant at a specified tempera-
ture between 50 and 400°C. The permeation rate was meas-
ured using a bubble film meter (Method 1). In the case of
NH; permeation, a sweep gas (Ar) was used (Method 2).
NH; was fed upstream at atmospheric pressure, whereas the
sweep gas (Ar, flow rate: 100 cc min~') was fed down-
stream at atmospheric pressure. The composition of the
retentate and permeate gases was analyzed by gas chroma-
tography with a TCD detector (column: Porapak N (GL Sci-
ence, Japan)). Gas flow rates were measured using bubble
film meters after removal of NH3 with HCI.

Results and Discussion

Gas permeation characteristics of porous
silica membranes

Figure 2 shows an SEM image of a silica membrane cross-
section. A thin, continuous silica separation layer can be seen
on top of the Si0,-ZrO, intermediate layer, while the thickness
of the active separation layer is clearly less than 1 ym.

The pore size distribution of the porous silica membranes
was estimated by measuring the permeance of several gases
at 200°C, at which temperature the effect of surface flow is
negligible. Figure 3 shows the gas permeance for the silica
membranes (Si-1, Si-2, and Si-3) at 200°C as a function of
kinetic diameter. It should be noted that there is no differ-
ence in gas permeance that was measured by Method 1
(closed symbols) compared with that measured using Method
2 (open symbols). The Si-1 membrane showed a high hydro-
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a-alumina layer

Figure 2. SEM image of a cross-section of a silica
membrane.

gen permeance of 2.16 x 107° mol m 2 s~' Pa~' with a
high H,/SF¢ permeance ratio of 1600 and low H,/N, perme-
ance ratio (~30) at 200°C. On the other hand, the H, perme-
ance of the Si-3 membrane was one order of magnitude less
than that of the Si-1 membrane with a high H,/N, perme-
ance ratio of 1000. It should be noted that the permeance of
SF¢ through the Si-3 membrane was less than 107" mol
m s ! Pa~', which is the detection limit of this gas perme-
ation system. For the Si-2 membrane, He permeance was
comparable to that of the Si-1 membrane. The Si-2 mem-
brane had a H,/N, permeance ratio of ~100 and a H,/SFg
permeance ratio of 2500; thus, the selectivity of the Si-2
membrane was higher than that of the Si-1 membrane, but
lower than that of the Si-3 membrane. The average pore size
of the Si-1 membrane was estimated to be ~0.5-0.6 nm,
whereas that of the Si-3 membrane was ~0.3 nm and that of
the Si-2 membrane 0.4-0.5 nm. These results suggest that a
high H,/N, permeance ratio can be obtained by use of mem-
branes with an average pore size of 0.3 nm, whereas high

He HaCalls SFs

10

Permeance [mol'm-2s1Pa’]

ig® |

10'10 1 1 1
0.2 03 0.4 0.5 0.6
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Figure 3. Gas permeances for the silica membrane
(Si-1, Si-2, and Si-3) at 200°C as a function of
kinetic diameter.

(Closed symbols: gas permeances obtained by Method 1;
open symbols: gas permeances determined using Method 2).
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Figure 4. Temperature dependence of gas permeances for the Si-1 membrane (a) and the Si-3 membrane (b) in the

temperature range of 50-400°C.

H,/SFs permeance ratios can be achieved using membranes
with a much larger average pore size. The average pore size
of the silica membranes was successfully controlled by using
colloidal sols with different colloidal diameters.

Figure 4 shows the temperature dependence of gas perme-
ance for both the Si-1 membrane (a) and the Si-3 membrane
(b) at temperatures ranging between 50 and 400°C. For the
Si-1 membrane, He and H, permeances were independent of
temperature, whereas those for the Si-3 membrane increased
markedly with temperature, because of the activated permea-
tion mechanism. For the Si-3 membrane, NH; permeation
was maximal at 200°C. N, permeance through the Si-1 and
Si-3 membranes showed Knudsen-type permeation behavior:
permeance increased slightly with decreasing temperature.
The permeance of SFg through the Si-1 membrane also
exhibited Knudsen-type permeation behavior.

The difference in He and H, permeation behavior between
the Si-1 and Si-3 membranes can be attributed to the differ-
ences in average pore size and pore size distribution. It is
known that sol—gel-derived silica membranes are composed
of both pores in the silica particles, which form by amor-
phous silica networks, and interparticle pores, which are
formed by spaces between gel particles.'® Small molecules,
such as He and H,, permeate both the silica networks and
the interparticle pores, whereas slightly larger molecules,
such as N, and SFg, can only permeate through the interpar-
ticle pores. Because the size of the pores in the silica net-
works is similar to the molecular size of He and H,, these
molecules permeate through the silica networks by the acti-
vated permeation mechanism. For translocation through
interparticle pores, He and H, molecules permeate by the
Knudsen mechanism because the interparticle pores are
much larger than the He and H, molecules. Permeation
behavior is thought to be governed by the balance between
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activated and Knudsen permeation. Therefore, the flow rate
through interparticle pores of the Si-3 membrane by Knud-
sen permeation is much less than that of the Si-1 membrane
because the average pore size of the Si-3 membrane is less
than that of the Si-1 membrane. The maximum point of NH;
permeance can be explained as follows: the number of
adsorbed molecules decreases with increasing temperature
(above the maximum), whereas at low temperatures, espe-
cially below the critical temperature of NH; (<130°C), the
mobility of adsorbed molecules decreases because of the lig-
uid-like diffusion of the pore-filling molecules.”” The TPD
curve of silica gel powder after exposure to an NHj3 atmos-
phere is shown in Figure 5. The amount of desorbed NHj
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Figure 5. Temperature programmed desorption (TPD)
curve of a silica gel powder after exposure to an
NH; atmosphere (ramping rate: 15°C min™").
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Figure 6. Time course of gas permeance (H,, N2, and NH3) at 400°C (a) and 50°C (b).

(Open symbols: gas permeances for the Si-1 membrane; closed symbols: gas permeances for the Si-3 membrane).

increased drastically at temperatures less than 130°C, which
is the critical temperature, and decreased at temperatures
greater than 130°C. The TPD results are highly consistent
with the characteristics of NH; permeation through silica
membranes.

Reportedly, the order of kinetic diameter for He, H,, NHj3,
and N, is as follows: He (0.26 nm), NH3 (0.26 nm), H,
(0.289 nm), and N, (0.364 nm).’ By contrast, the order of
gas permeance for the silica membranes, which was inde-
pendent of average pore size, was He > H, > NH; > N..
Both silica membranes showed permselectivity for H, over
NH;: the H,/NH; permeance ratio for the Si-1 membrane at
200°C was 6, whereas the ratio for the Si-3 membrane at
200°C was 40 and at 400°C was 178, due to activated per-
meation of H, molecules. For spherical and nonpolar mole-
cules, such as He, H,, and N,, the Lennard-Jones potential
was used to obtain the kinetic diameter, which is defined as
the shortest possible intermolecular distance between two
approaching molecules.” For polar molecules, such as H,O
and NHj, the Stockmayer potential, which considers both
electric dipole interactions and the Lennard-Jones potential,
is widely used for calculation of molecular size. The param-
eters for both potentials were determined from second virial
coefficients or gas viscosity data by considering adsorption
by zeolite.” When NH; molecules permeate an amorphous
silica structure with a pore diameter of 0.3-0.5 nm at high
temperatures, the interaction between NH;3; molecules and
amorphous silica is dominant, that is, the interaction between
NH3;-NH; molecules (mean free path: 220 nm, 500°C, 101.3
kPa) is weaker than that between NH; molecules and amor-
phous silica. Therefore, the concentration of NH; molecules
in a membrane is thought to be quite low due to both the
mean free path of the NH3 molecules (220 nm: 500°C, 101.3
kPa) and the positive activation energy of NH; permeation.
This suggests that the electric dipole interaction between
NH; molecules can be neglected because of the low concen-
tration of NHj. Thus, it is possible that the actual molecular
size of NHj is much larger than 0.26 nm because of the
reduced electric dipole interaction. Leeuwen® determined the
molecular size of NH; to be 0.326 nm using a Gibbs ensem-
ble Monte Carlo simulation technique, taking into account
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the derivation of the Stockmayer potential parameters. Stock-
mayer parameters were derived by relating the critical tem-
perature and one liquid density point of the real fluid to
those of a corresponding Stockmayer fluid, resulting in a
reduced dipole moment. A molecular size of 0.326 nm
seems reasonable for NHj3 during permeation of silica. This
finding explains the difficulty associated with selective sepa-
ration of NH; molecules from H,—NH; gas mixtures using a
molecular sieving mechanism.

Effect of NH; permeation on membrane performance

Figure 6 shows the time course of gas permeance through
the Si-1 and Si-3 membranes at 400°C (a) and 50°C (b).
Before NH; permeation through the silica membranes, N,
and H, were fed to silica membranes for 30 min, confirming
the constant permeances of N, and H, and the thermal sta-
bility of the amorphous silica structure at 400°C. Then, NH3
was fed to silica membranes for about 3 h, followed by N,
and H, measurement, to examine the effect of NH3; on mem-
brane performance. For both membranes, NH; permeance
was constant for up to 180 min. At 400°C, the permeances
of N, and H, after NH3 permeation were similar to values
measured before NH; permeation. This result suggests that,
at 400°C, exposure to an NHj atmosphere does not alter the
membrane structure, that is, the silica membrane is highly
stable in NH;3 at 400°C. The same experiment was conducted
at 50°C (Figure 6b). After NH; permeation at 50°C for 180
min, the permeances of H, and N, were ~90 and 40% of
their initial values for the Si-1 and Si-3 membranes, respec-
tively. The Si-1 membrane, which had a larger average pore
size, showed a greater decrease in permeance than the Si-3
membrane, probably because of greater NH; adsorption by
the silica (amorphous silica networks and interparticle
pores). These results suggest that NH3 adsorption by silica
can significantly affect the separation of NH; from H, gase-
ous mixtures.

Figure 7 shows the temperature dependence of gas perme-
ances for the Si-2 membrane at temperatures ranging
between 50 and 400°C. Before binary component gas separa-
tion (H,~NHj3, N,—NHj3 gas mixture), the permeances of H,
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(Open symbols on broken line: gas permeances obtained by
single gas permeation; closed symbols on solid line: gas
separation obtained by binary component separation). The
conditions of the binary separation experiments were as fol-
lows: feed gas composition, NH3/H, = 1:1 (circle symbols),
NH3/N, = 1:1 (square symbols); Pgeeq, 100 kPa, Ppermeates
100 kPa; and sweep flow rate, 100 cc min "

and N, were measured using single gas permeation (open
symbols on broken line). For single gas permeation, the per-
meance of H, increased with increasing temperature,
whereas that of N, increased slightly with decreasing tem-
perature (the same trend as in Si-3 membrane). There was
no difference in NH3 permeance measured by separation of
H,-NH; mixtures (closed circle symbols) or of N,—NH;j
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mixtures (closed square symbols), because NH; permeance
was independent of the presence of other molecules. For the
Si-2 membrane, NH3; permeance was maximal between 100
and 150°C. The Si-3 membrane showed a similar trend with
a maximum at ~200°C (in Figure 4b). The difference in
NH; permeance maxima can be explained as follows.
Because of the difference in average pore size (Si-2 > Si-3),
it is expected that NH3 molecules can easily plug pores in
the Si-3 membrane at higher temperatures.

A large difference between H, and N, permeation was
observed; this difference was especially pronounced at tem-
peratures below 200°C. At less than 200°C, H, permeance
obtained by separation of H,—NHj; mixtures was markedly
less than that obtained by single gas permeation. This is
probably because blocking by NHj adsorption is enhanced at
lower temperatures. The permeance of N, obtained by sepa-
ration of N,—NHj3 mixtures was also less than that deter-
mined by single permeation because of the increased block-
ing effect at lower temperatures. This result suggests that
adsorbed NHj3 molecules in a membrane improve NHj-perm-
selectivity by blocking the permeation of other molecules,
such as H, molecules, without decreasing NH; permeance.

NHj; separation performance measured by binary
component gas separation

Binary separation of NH; and H, gases was conducted
using the Si-1 membrane. Figure 8 shows the gas permeance
of H, and NH;3 through the Si-1 membrane as a function of
the mole fraction of NH; in the feed at 400°C (a) and 50°C
(b). At 400°C, H, and NH; permeances were constant and
independent of the mole fraction of NH; in the feed. At high
temperatures, adsorption of NHj; by silica was negligible,
such that H, molecules freely permeated the silica mem-
branes. For binary component separation of NH; and H, at
50°C, however, the permeance of H, decreased drastically
even when the mole fraction of NH; in the feed was less
than 0.4, whereas NH; permeance remained constant when
the mole fraction was greater than 0.4. As shown in Figure
4, the Si-1 membrane shows H,-permselectivity during sin-
gle gas permeation (H,/NHj; permeance ratio: ~10) because
the molecular size of H, is less than that of NH;. On the
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Figure 8. H, and NH; permeances for the Si-1 membrane as a function of the mole fraction of NH; in the feed at

400°C (a) and 50°C (b).
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Table 1. Single and Binary Component Separation for the Si-1, Si-2, and Si-3 Membranes at 50 and 400°C

Single Gas permeation

Binary component separation®

H, Permeance NH; Permeance

H, Permeance NH; Permeance

Temperature H,/NH; Permeace NH;/H, Permeace
[°C] [107 mol m2 s~! Pa™!] Ratio [10 ¥ molm2s ! Pa!] Ratio
Si-1 50 134 124 10.8 0.355 10.2 28.7
400 143 - - 126 10.4 0.083
Si-2 50 22.1 1.12 19.7 1.65 1.68 1.02
400 66.5 1.31 50.8 63.5 1.17 0.018
Si-3 50 1.31 0.0843 154 0.168 0.0521 0.31
400 16.7 0.0938 - - -

*Feed gas composition: NH3H, = 1:1.

other hand, during binary component separation, the Si-1
membrane showed NH;-permselectivity because of NH;j
blocking of H, permeation (NHz/H, permeance ratio: 30).
Table 1 summarizes the results of the single and binary com-
ponent separation for the Si-1, Si-2, and Si-3 membranes at
50 and 400°C. It should be noted that, based on the results
of the single gas permeation experiment, the Si-3 membrane
was expected to show a H,-permselectivity of 178 relative to
NH; during binary separation.

The effect of NH; adsorption to silica on H, permeation
of a membrane is highly dependent on the pore size of the
silica membranes. In this study, NH; separation performance
was examined by conducting binary component separation
using several silica membranes that differed in average pore
size. The activation energy of H, permeation (E;) was
obtained by regressing Eq. 1?® with the experimental single
permeation data at temperatures above 200°C.

p—_to exp(—%) (1)

where kq is a characteristic constant of the porous membrane,
such as membrane thickness, porosity, or tortuosity, M is the
molecular weight of the permeating gas, R is the gas constant,
and T is the temperature. When H, molecules permeate
through amorphous silica structure by activated permeation,
they have to overcome the energy barrier imposed by the
amorphous silica structure. Because the activation energy of
H, permeation (Ep) is determined by pore size and by the
interactions between H, molecules and the pore wall in a
membrane, E, is suitable for determination of the pore size
that permits permeation of H, molecules, that is, activation
energy increases as pore size decreases because of the larger
repulsive force. 310237262930 At the same time, pore size
distribution of silica membranes strongly affects the magni-
tude of activation energy because of the balance between
Knudsen and activated permeation mechanisms.

Figure 9 shows the NH3/H, permeance ratio obtained by
binary component separation (feed gas composition: NH3/H,
= 1:1) at 50°C as a function of the activation energy of H,
permeation. The upper part of this figure shows H, and NH;
permeances obtained by binary component separation. The
permeances of H, and NHj decreased with increasing activa-
tion energy of H, permeation because of the decrease in the
pore size of the silica membranes. The NH3/H, permeance
ratio reached a maximum at an H, permeation activation
energy of ~6 kJ mol™'. In the case of membranes with acti-
vation energy greater than 10 kJ mol ', the NHs/H, perme-
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ance ratio decreased with increasing activation energy. This
result occurs because at a higher activation energy, which
corresponds to a smaller average pore size, NH; molecules
can no longer permeate through the pores, whereas the
smaller H, molecules can permeate the membrane. As a
result, the blocking effect of NH; adsorption on H, permea-
tion is reduced. If there are no pinholes in a membrane, the
NH;/H, permeance ratio will approach zero (no flow of
NHs3). On the other hand, when average pore size is large
4 < E, < 10 KJ mol_l), adsorbed NH; molecules
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Figure 9. NH3;/H, permeance ratio obtained by binary
component separation (feed gas composi-
tion: NHs/H, = 1:1) at 50°C as a function of
the activation energy of H, permeation.
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effectively prevent permeation of H, molecules, thereby
increasing the NH3/H, permeance ratio. In the case of mem-
branes with a much larger average pore size (activation
energy < 4 kJ mol ™), adsorption of NH3 molecules no lon-
ger blocks permeation of H, molecules, and NH3/H, selec-
tivity is reduced. Oyama and coworkers® calculated activa-
tion energy for permeation of H, and He molecules through
silica membranes using an ab initio calculation. H,,Si,O,
(n = 4-8) planar silica n-membered rings, corresponding to
the pore size of amorphous silica networks, were used to cal-
culate activation energy. There was a good -correlation
between activation energy and the distance from the center
of the ring to the oxygen atoms (pore size of silica n-mem-
bered rings), that is, activation energy increased as the num-
ber of silica-membered rings decreased.”® The pore size of
amorphous silica networks with an activation energy of H,
permeation of ~6 kJ mol ™!, which had a maximal NHs/H,
permeance ratio of 30, was obtained from the correlation
curve.’® The effective pore diameter of amorphous silica net-
works was calculated using Eq. (2)

deffeclive = 2rp — 0o (2)

where 1, is the distance from the center of the ring to the
oxygen atoms and o, is the diameter of an oxygen atom
(0.27 nm).>! The effective pore diameter was ~0.35 nm,
which is close to the molecular size of NH; (0.326 nm)® during
permeation through an amorphous silica structure.

Conclusions

A sol-gel method was applied to the preparation of silica
membranes with different average pore sizes. The average
pore size of the silica membranes was successfully con-
trolled by using colloidal sols with different colloidal diame-
ters. NH; permeation/separation characteristics of the silica
membranes were examined in a wide temperature range (50—
400°C) by measurement of both single and binary compo-
nent separation. Membrane stability in NH3 at high tempera-
tures was also evaluated by determination of the time course
of gas permeance.

(1) The order of gas permeance for silica membranes was
He > H, > NH; > N,, which was not consistent with the
order of kinetic diameter (He: 0.26 nm, NH3: 0.26 nm, H,:
0.289 nm, Nj: 0.364 nm), but was independent of average
pore size. This result suggests that the molecular size of
NH; is larger than that of H, in the case of permeation
through an amorphous silica structure.

(2) For binary component separation, silica membranes
showed H, permselective behavior under a negligible NH;
adsorption atmosphere, for example, H,/NH; permeance ra-
tio: 150 at 400°C. On the other hand, at low temperature
silica membranes showed NHj-permselectivity because NH3
molecules adsorbed by silica efficiently blocked permeation
of H, molecules, resulting in an NH3/H, permeance ratio of
30 at 50°C. Moreover, silica membranes were quite stable
under an NH; atmosphere at 400°C.

(3) The effect of NH3 adsorption by silica on H, permea-
tion was highly dependent on the size of the pores in the
silica membranes. In the case of membranes with activation
energy greater than 10 kJ mol ™', the NH;/H, permeance ra-
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tio decreased with increasing activation energy. By contrast,
when the average pore size was increased (4 < E, < 10 kJ
mol "), adsorbed NH; molecules effectively prevented per-
meation of H, molecules, resulting in an increase in the
NH3/H, permeance ratio (~30). In the case of membranes
with a much larger average pore size (activation energy < 4
kJ mol™Y), adsorption of NH; molecules no longer blocked
permeation of H, molecules, and NH3/H, selectivity was
reduced.

Based on the above conclusions, NH; molecules can be
selectivity separated from gaseous mixtures of NH; and H,
by use of amorphous silica membranes with a pore size of
~0.35 nm. Further improvements in NHj separation using
amorphous silica membranes are as follows: precise control
of average pore size and pore size distribution, as well as
the enhanced interactions between NH3 molecules and silica
surfaces modified with functional groups and/or metal
doping.

Notation

deffective = effective pore diameter of amorphous silica networks, m
d,, = kinetic diameter of molecules, m
E, = activation energy for permeation, J mol ™!
ko = geometrical coefficient, defined by Eq. 1
M = molecular weight, g mol '
P = permeance, mol m2s ' pa!
Piecq = feed (upstream) side pressure, Pa
Ppermeaie = permeate (downstream) side pressure, Pa
rp = distance from the center of the ring to the oxygen atoms, m
R = gas constant, J mol ' K~!
T = absolute temperature, K

Greek letters

A = the ratio of kinetic diameter of the diffusion molecule to the
zeolite pore diameter, dimensionless
0, = diameter of an oxygen atom, m.
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