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An al ter na tive tech nol ogy for the re moval of gas pol lut ants at the
intergrated gasi fi ca tion com bined cy cle pro cess for power gen er a tion is the 
use of a cat a lytic mem brane re ac tor. In the pres ent study, am mo nia de com -
po si tion in a cat a lytic re ac tor, with a si mul ta neous re moval of hy dro gen
through a ce ramic mem brane, was in ves ti gated. A Ni/Al2O3 cat a lyst was
pre pared by the dry and wet im preg na tion method and char ac ter ized by the
in duc tively cou pled plasma method, scan ning elec tron mi cros copy, X-ray
dif frac tion, and N2 ad sorp tion be fore and af ter ac ti va tion. Com mer cially
avail able a-Al2O3 mem branes were also char ac ter ized and the
permeabilities and permselectivities of H2, N2, and CO2 were mea sured by
the vari able vol ume method. In par al lel with the ex per i men tal anal y sis, the
nec es sary math e mat i cal mod els were de vel oped to de scribe the op er a tion of 
the cat a lytic mem brane re ac tor and to com pare its per for mance with the
con ven tional re ac tor.
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Introduction

The de vel op ment of al ter na tive tech nol o gies for the re moval of gas pol lut ants at
the in te grated gasi fi ca tion com bined cy cle is con sid ered as an im por tant as pect for the
en vi ron men tal friend li ness of en ergy pro duc tion. Dur ing coal gasi fi ca tion, N2 con tained
in coal is con verted to NH3. As much as 50% of the am mo nia in the fuel gas can be con -
verted to ni tro gen ox ides (NOx) in the gas tur bine when the gas is combusted to pro duce
power. The de com po si tion of NH3 be fore it en ters to the gas tur bine is an ac cept able so lu -
tion. A sul fur tol er ant cat a lyst is needed for am mo nia de com po si tion, as hy dro gen sul fide 
is an other com po nent of the gasifier out let. High con cen tra tion of hy dro gen is also con -
tained at the gasi fi ca tion gas and in hib its am mo nia de com po si tion.

Sep a ra tion tech nol ogy plays an im por tant role in many pro cesses. The use of
mem brane tech nol ogy for dif fer ent kinds of gas sep a ra tion pro cesses is a strongly ex -
pand ing field, which showed a ma jor break through in the 1970’s due to the de vel op ment
of new poly meric mem brane ma te ri als. Cur rently, in dus trial ap pli ca tions of gas sep a ra -
tion poly mer mem branes are mainly fo cused to hy dro gen re cov ery from oil re fin er ies,
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nat u ral gas pu ri fi ca tion, and ox y gen sep a ra tion from air. How ever, many in dus tri ally im -
por tant gas sep a ra tion prob lems, like gas clean ing in coal up grad ing pro cesses, oc cur at
high tem per a tures, where poly meric ma te ri als are in suf fi cient. So, in the last two de -
cades, there was an im por tant di rec tion in re search and de vel op ment in the in or ganic
mem brane field. In or ganic mem branes have the ad van tage of a broad tem per a ture and
pres sure op er at ing range [1-3].

Fur ther more, the ap pli ca tion of in or ganic mem branes in so-called mem brane re -
ac tors, us ing cat a lyt i cally ac tive or pas sive mem branes, has proven to be very prom is ing
and an in creas ing re search ef fort in this field is ob served in the past few years. The idea of 
si mul ta neous re ac tion and sep a ra tion with a mem brane was first brought up by Mi chaels
in 1968. It was thought that higher con ver sions could be ob tained by us ing a mem brane,
as it would al low the se lec tive per me ation of one of the re ac tion prod ucts, lead ing to a
shift in the equi lib rium lim ited re ac tion [4]. Gobina et al. [5] re ported the po ten tial ap pli -
ca tion of in or ganic mem branes to coal gas clean up pro cesses.   Am mo nia de com po si tion
was in ves ti gated in the lit er a ture pri mar ily the o ret i cally [5-7]. The au thors con cluded
that mem branes with high hy dro gen selectivities are nec es sary to achieve high NH3 con -
ver sions. There fore, the re searches were mainly fo cused in me tal lic mem branes, be cause
of their high hy dro gen  se lec tiv ity.  Col lins  and Way [8] used a com pos ite pal la dium-
-ce ramic mem brane re ac tor and achieved con ver sions of over 94% at a tem per a ture of
600 °C and pres sure of 16 bar. A ce ramic mem brane re ac tor, which is in ves ti gated in the
pres ent study, could be an eco nomic al ter na tive op tion to pal la dium based mem brane re -
ac tors.

Experimental

Ni/Al2O3 cat a lysts were pre pared by the dry and wet im preg na tion method of the
g-alu mina sup port with the ap pro pri ate so lu tion vol ume and con cen tra tion of aque ous
Ni(NO3)2q6H2O so as to pre pare cat a lysts with ~10% Ni. In both cases, cat a lysts were dried at
110 °C for 15-18 h, cal cined in air at 500 °C for 3 h and fi nally ac ti vated by 30 cm3/min. H2, at 
500 °C for 3 h. A small heat ing rate of 2.5 °C/min. was used. Atomic Emis sion Spec tros copy
by the In duc tively Cou pled Plasma method (AES/ICP) was used for the cal cu la tion of the
metal con cen tra tion. Cat a lysts were char ac ter ized be fore and af ter their ac ti va tion by N2 ad -
sorp tion (BET), X-Ray Dif frac tion (XRD), and Scan ning Elec tron Mi cros copy/En ergy
Dispersive Spec tros copy (SEM/EDX). Cat a lytic ac tiv ity tests were car ried out in a ¼" out -
side di am e ter stain less steel packed bed. The gas prod ucts were ana lysed on-line by a mass
spec trom e ter. Ex per i men tal con di tions were: T = 300-700 °C, P = 2-6 bar, W = 0.3 g, Vre act =
= 0.5 cm3, F = 30 cm3/min. and 300 cm3/min. Feed gas con tained 3000 ppm NH3 in He.

The a-Al2O3 mem branes were pro cured by Eco-Ce ram ics and they have mean
pore di am e ter of 80 nm. The permeabilities of H2, N2, and CO2 were de ter mined by the
vari able vol ume method at pres sures 5-20 psig and tem per a tures 25-70 °C. The
permselectivities were cal cu lated as the ra tio of permeabilities.

For the math e mat i cal mod el ing of the cat a lytic mem brane re ac tor (CMR), the
rate of the dif fu sion of gases through the mem brane was in cluded in the dif fer en tial equa -
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tions that de scribe the mass trans fer phe nom ena in a con ven tional plug flow re ac tor
(PFR). The gen er ally ac cepted Temkin-Pyzhev mech a nism and the cor re spond ing rate
equa tion [6] were cho sen to de scribe the NH3 de com po si tion rate.

Results and discussion

Metal con cen tra tions and N2 ad sorp tion mea sure ments are shown in tab. 1.

Table 1.  Ni/Al2O3 catalysts metal concentration and physical characteristics before (BA)
and after (AA) their activation

Cat a lyst
Ni

[%]

Spe cific sur face area
[m2/g]

Pore vol ume
[cm3/g]

Mean pore size
[nm]

BA AA BA AA BA AA

Ni/Al2O3 dry 8.20 129.0 124.1 0.298 0.302 4.62 4.86

Ni/Al2O3 wet 8.25 133.8 129.9 0.320 0.326 4.78 5.00

XRD mea sure ments showed that no crys tal lite phases of NiO or Ni ex isted. The
metal con cen tra tion dis tri bu tion was cal cu lated by SEM/EDS and found to be 7-10% in
all sam ples. That dis tri bu tion did n’t change af ter cat a lysts ac ti va tion.

Cat a lytic ac tiv ity tests are shown in figs. 1 and 2. Wet im preg nated cat a lyst
showed better ac tiv ity than the dry im preg nated cat a lyst at lower tem per a tures (300-500
°C). In both cases, the con ver sion reached at 98% (~60 ppm NH3) at tem per a tures higher
than 500 °C.
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Figure 1. NH3 conversion with temperature
for 0.1 s residence time

Figure 2. NH3 conversion with temperature
for 1 s residence time



Permeance and permselectivity mea sure ments of the a-Al2O3 mem branes were
done for three gases, H2, CO2, and N2 and are shown in figs. 3, 4, and 5. The permeances
are in the range of 10–7-10–6 mol/m2sPa and the permselectivities are al most iden ti cal
with the the o ret i cal Knudsen val ues.

A com par i son of NH3 con ver sion in a con ven tional PFR and in a CMR with a mem -
brane that has Knudsen dif fu sion char ac ter is tics is shown in fig. 6. NH3 con ver sion in -
creases to more than 65% with the use of a CMR at 900 K and 15 bar feed pres sure as
com pared with 39% for the con ven tional PFR.

The re sults of the pres ent study in di cate that phys i cal and chem i cal char ac ter is tics of
the pre pared cat a lysts were fated. N2 ab sorp tion mea sure ments (tab.1) showed slight dif -
fer ences at the phys i cal char ac ter is tics of the pre pared cat a lysts that were al most un -
changed af ter ac ti va tion. Also, the N2 ad sorp tion di a grams showed a mesoporous struc -
ture of the pre pared cat a lysts.
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Figure 3. Permeance of H2, CO2, and N2 with
pressure for the a-Al2O3 membranes

Figure 4. Permeance of H2, CO2, and N2 with
temperature for the a-Al2O3 membranes

Figure 5. Permselectivities
of the a-Al2O3 membrane
compared with theoretical
Knudsen values



XRD and SEM/EDS char ac ter iza tion re sulted to the as sump tion that metal or
metal ox ide were very well dis persed, form ing an amor phous spinel-like NiAl2O4 struc -
ture on the sur face of the cat a lyst. This phase is ac com mo dated by tet ra he dral co or di -
nated nickel ions that are hard to re duce. That for ma tion re quires high tem per a tures
(>600 °C) for the com plete re duc tion be cause of the very strong in ter ac tion be tween the
metal and the sup port [9].

Cat a lytic ac tiv ity tests showed that re ac tion fa vored by higher tem per a ture and
res i dence time and lower pres sure (figs. 1 and 2). Wet im preg nated cat a lyst showed
better ac tiv ity than the dry im preg nated cat a lyst, prob a bly due to smaller in ter ac tion be -
tween the metal and the sup port. The use of cat a lysts with higher metal load ing is es ti -
mated that will im prove cat a lysts ac tiv ity. Fur ther more, cat a lytic ac tiv ity tests with a
sim u lated gasi fi ca tion gas will help to de ter mine the cat a lyst per for mance and sta bil ity at
re al is tic op er at ing con di tions. 

The mem branes tested pre sented high tol er ance and re peat abil ity. The mass
trans port through the mem brane seems to be gov erned by Knudsen dif fu sion as ex pected
for po rous ma te ri als with 80 nm mean pore di am e ter. Permeance of the gases is in de pend -
ent of pres sure (fig. 3) and de creases with tem per a ture (fig. 4). In ad di tion, the permeance 
of a gas de creases as the mo lec u lar weight of the gas in creases. The permselectivities are
iden ti cal with the the o ret i cal Knudsen ones and equal to the square root of their in verse
mo lec u lar weight ra tio (fig. 5). This in di cates that the mem branes are crack free and in
com bi na tion with their smooth sur face (sur face ir reg u lar i ties <0.1 mm, as pro vided by the 
man u fac turer) they seem to be ap pro pri ate for fur ther de po si tion of se lec tive sil ica lay ers. 
a-Al2O3 mem branes seem to be ap pro pri ate for fur ther de po si tion of se lec tive sil ica lay -
ers which will lead to a sig nif i cant in crease in hy dro gen se lec tiv ity of the mem brane.
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Figure 6. NH3 conversion with dimensionless length for a
PFR and a CMR



Cat a lytic mem brane re ac tor mod el ing in di cates that am mo nia de com po si tion
in creases at any case. The in crease in NH3 con ver sion is caused by the dif fu sion of hy dro -
gen through the mem brane, which shifts the equi lib rium of the de com po si tion re ac tion.
How ever, NH3 is not con verted com pletely be cause of some NH3 per me ation through the
mem brane.

By us ing all the in for ma tion ob tained by cat a lytic ac tiv ity and mem brane se lec -
tiv ity tests, the op ti mal re ac tion con di tions should be in ves ti gated.

Conclusions

Wet im preg nated Ni/Al2O3 cat a lysts with low metal load ing led to 98% con ver -
sion of di luted con cen tra tions of am mo nia at tem per a tures higher than 500 ºC.

a-Al2O3 permeabilities and permselectivities were ac cord ing to Knudsen dif fu -
sion as ex pected for po rous ma te ri als with 80 nm mean pore di am e ter.

NH3 con ver sion in creases to more than 65% with the use of a CMR at 627 °C
and 15 bar feed pres sure as com pared with 39% for the con ven tional PFR.

For the achieve ment of higher con ver sions, mem branes with greater H2 se lec tiv -
ity are nec es sary. 
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