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Abstract

Zn-Ti-based sorbents promoted with cobalt and nickel additive were prepared by simple physical mixing of single oxides.
Their capacities for removing4$ and NH simultaneously, emitted from coal gasifiers, were investigated in a micro-reactor
at 1 atm and 650C. NHs within the fuel gases did not affect the sulfur removing capacity of the Zn—Ti-based sorbent. The
additives, cobalt and nickel, were found to be active components indédomposition as well asj3 absorption, while
major components such as ZnO and Tifid not show any activity in the Nibdecomposition reaction. NHvas decomposed
over both oxide and sulfide forms of the additives, even though thedéidomposition ability of their sulfides dramatically
decreased in the presence of ¢ths owing to the equilibrium limitation of NdHdecomposition. In the case of oxide forms,
cobalt oxide showed excellent NHiecomposition capacity regardless of ebncentrations, while the capacity of nickel
oxide depended on thesHtoncentrations.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction precursors of acid rain and whose emission into the
atmosphere is limited by strict government regula-
The integrated gasification combined cycle (IGCC) tions. To remove hydrogen sulfide and ammonia from
is considered to be one of the most efficient and en- coal-derived gas, several metal oxide materials have
vironmentally acceptable technologies for generating been studied to develop regenerable sorbents in high-
power from coal. To use this technology, it is neces- and middle-temperature ranges under the highly re-
sary to remove the pollutants from the coal-derived ducing conditions of a gasifigi—25]. However, the
fuel gas. Among the pollutants, sulfur and nitrogen, roles of additives and supporters have not been clearly
which exist in the form of hydrogen sulfide £8) defined in these operating conditions because of the
and ammonia (Nk) under the highly reducing con- lack of identification of new active sites and their
ditions of a gasifier, must be removed from the hot mechanisms. In particular, the research for simultane-
coal gas because both species entering the gas turbin@usly removing HS and NH on regenerable sorbents
are converted to SOand NQ, which are known requires more effort. The major objectives of this
work were to identify any deleterious changes in the
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the simultaneous removal reaction op$Hand NH
under strong reducing condition at high temperature.

2. Materials and methods
2.1. Preparation of the sorbent

Zinc titanate (ZT) and modified (ZTC, ZTN) sor-

bents used in this study were prepared by physical

mixing. Zinc oxide, titanium dioxide, and cobalt or
nickel oxide, of which the particle size was about
200-300 mesh, were sufficiently mixed with an in-
organic binder, bentonite, for 1-2h. Next, a liquid
binder, ethylene glycol (EG), was added to the mixture
in order to make a slurry. An extruder was used to form
pellets with an outer diameter of 1 mm from the slurry.
These wet pellets were dried for 4 h to remove EG from
the material in a temperature range 250-300The
dried pellets were calcined in a muffle furnace for 12 h
at 700°C, and then ground to particle size in a range
250-300um in diameter. The ramping rate of the tem-
perature was maintained at@/min. The mole ratio of
Znto Ti and the amounts of additives added were fixed
at 1.5:1 and 20 wt.%, respectively. In addition, X-ray
diffraction (XRD) was performed to identify crys-
talline phases in the mixed oxides. A Philips XPERT
instrument using Cu K radiation was used to do so.

2.2. Apparatus and procedure
Multiple cycles of sulfidation/regeneration were

performed in a fixed-bed quartz reactor with a diame-
ter of 1 cm placed in an electric furnace. One gram of

Table 1
Experimental conditions for Zn-Ti-based sorbents
Sulfidation Regeneration

Temperature°C) 650 800
Pressure (atm) 1 5
Flow rate (ml/min) 50 50
Gas composition (vol.%)

HzS 1.0

Hz 11.7

CcO 9.6

CO 5.2

No Balance Balance

O, 3-5

shown inTable 1 When the HS concentration of the
outlet gases reached 10,000 ppm, the concentration
of HyS at the inlet stream of mixed gases, an inert
nitrogen gas without b5, was introduced to purge
the system until it reached the regeneration temper-
ature. Finally, nitrogen gas mixed with 3% oxygen
was introduced to regenerate the sulfurized sorbents
until the SQ concentration reached 200 ppm.

3. Results and discussion
3.1. Structure identification

Fig. 1 shows the XRD results of various sorbents
before/after HS absorption at 650C. ZT sorbent be-
fore HbS absorption consists of a separated ZnO and
TiO, phase without the spinel structure like 04
owing to the low calcination temperature. Aftep$l

sorbent was packed into the reactor and the space ve-absorption, most of the separated ZnO was trans-

locity (SV) was maintained at 5000h to minimize

formed to ZnS and no unreacted ZnO was observed.

severe pressure drops and channeling phenomena. Allit was also found that Ti@did not participate in KIS

the volumetric flows of gas were measured at stan-

absorption. The XRD pattern of ZTN before>8l

dard temperature and pressure (STP) conditions. Theabsorption showed a separated ZnO, Jfi@nd NiO

temperature of the inlet and outlet lines of the reactor
was maintained above 12Q to prevent condensation

phase, but only ZnS and TiQwere observed without
nickel sulfides after KIS absorption. It has already

of water vapor in the sulfidation processes. The outlet been reported that the nickel sulfide formed afteBH
gases from the reactor were automatically analyzed absorption was amorphous pha$gk In the case of

every 8 min by a thermal conductivity detector (TCD)
equipped with an autosampler (Valco). The column

ZTC sorbent, CgO4 peaks were observed together
with the spinel structure in the XRD pattern before

used in the analysis was a 1/8in. Teflon tube packed H2S absorption. After KIS absorption, it was found

with Porapak T. The conditions of sulfidation and

that most of the metal oxides were transformed to the

regeneration and the composition of mixed gases areZnS/CaSg without unreacted oxides phases.
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Fig. 1. XRD patterns of various sorbents before/after sulfidation at65@a) ZT; (b) ZTC; (c) ZTN; @) ZnO; (V) Zn,TiO4; (¢) TiO>
(rutile); (@) TiO2 (anatase); M) CozO4; (A) NiO; () ZnS; (&) CoySs.

3.2. HS performance and Ngtemoval

Fig. 2 shows the HS breakthrough curves of var-
ious Zn-Ti-based sorbents in gas compositions with
5000 ppm of NH and 1% of BS at 650°C. The
X-axis and Y-axis indicate reaction time and»B
concentration emitted from the reactor, respectively.
The total sulfur removal capacity calculated from this
graph was higher than 25wt.%, which was similar
to the value previously reporte®]. This result in-
dicates that the Nklincluded in the mixed gas does
not affect the total sulfur removal capacity of the sor-
bents under our experimental conditioRgy. 3shows
NHz removing capacity of various sorbents with a
reaction time at 650C. The ZT sorbent without any
promoter showed very low N#Hdecomposition re-
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. 2. HS breakthrough curves of various sorbents at €50
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Fig. 3. Decomposition of Nkion various sorbents at 65C. Fig. 5. Thermal decomposition of NHwith various b concen-

trations in empty reactor.

activity (20-30% even at initial period). However,
in the case of the ZTC and ZTN sorbent, promoted
with cobalt and nickel, respectively, 100% of NH
decomposition was observed in the initial period and
the reactivity gradually decreased with reaction time.
In coal-derived gases, the decomposition of \th
these Zn—-Ti-based sorbents was not easy because the.
initial metal oxides were transformed to metal sulfides
during the BS absorption and $gas prevented the
NH3 decomposition due to the equilibrium limitation.

composition was not observed until 580 and above
600°C, gradually increased with temperature. 80% of
the NH; was decomposed at 80G. Considering that
most experiments were carried out at 680 about
40% of the NH was removed by thermal decompo-
sition. Because the decomposition of pNEenerates
N2 and H, the presence of ¢in the reactant mixture
was believed to prevent NHgas from decompos-
ing. Thermal decomposition of NHwvas investigated
. with various K concentrations in an empty reactor at
3.3. Thermal decomposition of Ntand the 650°C. As shown inFig. 5, thermal decomposition of
effect of product gas NH3 decreased with increasingtéoncentration and
. o was not observed at Hconcentrations higher than
Fig. 4 shows NH decomposition in the empty  >qo4 Considering that 10% of Hwas contained in
reactor as a function of reactor temperature.zNid- our mixed gas, 10% of the NHvas decomposed only
by thermal reactionkig. 6 shows the NH decompo-
100 sition of various sorbents before;H absorption with
o 1y various H concentrations. The NfHHdecomposition
—e— 2nd of ZT sorbent showed 0—-40% with,Htoncentrations,
which was similar to the results observed in the empty
reactor. At that time, KIS was not included with gas
compositions. Considering that the ZT sorbent has a
separated ZnO and Tihase as shown Fig. 1(a), it
was found that both ZnO and TiQ@lid not participate
in NH3 decomposition at this experimental condition.
NH3 decomposition of the ZTN sorbent showed 100%
o450 0 S50 o0 oo 700 7% o0 amo W?EEO-Ut Ho, b;tuthe reat;ti\/ti_ty glraotlrlially decrfe;iecd
o with increased Kl concentration. In the case o
Temperature ('C) sorbent, 100% Nkl was decomposed in anaHton-
Fig. 4. Thermal decomposition of NHwith increasing tempera-  Centration less than 10%, gradually decreasing with
tures in empty reactor. reaction time at K concentrations higher than 20%.
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Fig. 6. NHs decomposition of various sorbents with various H
concentrations: (a) ZT; (b) ZTN; (c) ZTC.
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Fig. 7. NHz decomposition of various sulfurized sorbents with

various b concentrations: (a) ZT; (b) ZTN; (c) ZTC.

time, as shown irFFig. 3, could be explained by de-

From these results, it was concluded that the cobalt activation due to the formation of metal sulfides and
oxide within ZTC sorbent was a better catalyst for the the effect of hydrogen in the mixed gas.

NH3 decomposition reaction than the nickel oxide in
the ZTN sorbentFig. 7 shows the NH decomposi-
tion of various sorbents at differenbloncentrations
after sulfidation with HS. The NH decomposition
of ZT sorbent showed 0-40% withoHoncentration
which was similar to the results observed in the empty
reactor. This result indicates that ZnS did not partic-
ipate in NH; decomposition. NBEl decomposition of
ZTN and ZTC sorbents was 100% at the initial period
and then rapidly dropped with reaction times in the
presence of bl even though it showed 100 and 75%
in the absence of fland did not decrease with reac-
tion times. Considering that most of the metal oxides
were transformed to metal sulfides after sulfidation, it
was thought that the NdHdecomposition over metal

3.4. Reduction of sorbent

Fig. 8shows the effect of hydrogen on the blHe-
composition of ZTN and ZTC sorbents in the presence
of HS. As expected, the total sulfur removal capacity
of both sorbents did not change. The Ndecom-
position of the ZTC sorbent was 100% at the initial
period without H. However, as time proceeded, they
decreased until 75% which was maintained for a long
time, as shown irFig. 7. This result indicates that
cobalt oxides reacted with the,B and were gradu-
ally transformed to cobalt sulfides. In the case of the
ZTN sorbent, 100% of the Nilwas decomposed at
initial period and did not change with reaction time.

sulfides was less than that over metal oxides. Metal When 10% of the Kl was introduced into the reactor,

sulfide was affected more severely by Eompared
with metal oxides. The decrease in the Nékecom-
position over ZTN and ZTC sorbents with reaction

the NHg decomposition over ZTN sorbent suddenly
dropped to 20%, while that of the ZTC sorbent in-
creased to 100% and then dropped to 20%. In addition,
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was decomposed completely on the reduced ZTC sor-
bent and the removal capacity was maintained until
breakthrough point of 350 min. The increase in the
removal capacity from 100 min of oxide sorbent to
350 min of reduced sorbent could be explained by the
transformation of cobalt oxides with ZTC to a new
reduced phase which could decompose sNiore
effectively than unreduced oxides, even though the
phase was not clearly defined. As showrFig. 8, it

was concluded that the temporal increase of;Ndid-

100

NH3 Removal (%)
5 8 8

N
(=]

11% Hp out
0 - composition on the ZTC sorbent when 11% hydrogen

0 100 200 300 400 500 600 o X .
was injected is due to the phase transformation of the

Time (min) active sites, cobalt oxides and sulfides, to a new phase.
Fig. 8. The effect of hydrogen on the NHiecomposition of ZTN In the case of ZTN sorbent, as showrfiig. 10 NH3
and ZTC sorbents. decomposition of reduced ZTN sorbent showed 60%

removal capacity even at initial period and the value
gradually decreased into 20% with reaction time.
Considering that Ngldecomposition of ZTN sorbent
did not depend on the reduction states of the sorbent
under gas compositions without,8 as shown in
Fig. 9, this result could be explained by the following
reason: The oxygen within ZTN lattice would be con-
sumed during reduction of sorbent and this reduced
ZTN sorbent produces ZnS ang@ through reaction
between ZnO and 6 under gas compositions with
H>S. At that time, if the oxygen within ZTN lattice is
not enough, HO cannot be produced and ldecom-
posed from HS hinders NH from decomposing to
N2 and H due to equilibrium limitation. In addition,
this phenomenon was not critical over ZTC sorbent,
which can be explained that NHlecomposition of
ZTC sorbent was less effective in the presence pf H
than ZTN sorbent as shown Fig. 6.

when the addition of 10% of flwas stopped, it was
also observed that Nd-lecomposition of the ZTC sor-
bent was recovered up to 75%, while that of the ZTN
sorbent was not completely recovered. To explain the
difference in the recovery of the NfHlecomposition,
the NH; decomposition on the ZTC and ZTN sor-
bents reduced with Hat 650°C were investigated.
NH3; was decomposed completely in gas composi-
tions without B whether the sorbents were reduced
or not. In the case of the sulfurized sorbent, as shown
Fig. 9, ZTC sorbent showed higher reactivity than that
of unreduced one, while ZTN sorbent showed 100%
decomposition ability regardless of reduction state.
Fig. 10 shows the NH decomposition over reduced
ZTC and ZTN sorbent in the presence 031 NHg

= - 10000 100
X 80 g_ —a— reduced ZTN sorbent =
S S 8000 —v— reduced ZTC sorbent 80
I - SV
3 60 S IS
g & 6000 60 3
Dc:o O reduced ZTN § 4000 = 40 dg:
T —— un-reduced ZTN 5 o
Z 20| —— reduced ZTC & 2000 0 Z
—v— un-reduced ZTC g —o— HoSbreakthrough curve
0 0 0
0O 20 40 60 80 100 120 140 160 0 100 200 300 400 500
Time (min) Time(min)

Fig. 9. NHs decomposition of the sulfurized ZTN and ZTC sorbent  Fig. 10. S breakthrough curve and NHlecomposition of re-
after various treatments in gas compositions withoptadd HS. duced ZTC and ZTN sorbent at gas compositions withogt H
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Fig. 11. Simultaneous removal of;8 and NH with H, concen-
trations.

3.5. Simultaneous removal obH and NH

Fig. 11 shows the HS breakthrough curve and
NH3 decomposition of the ZTC sorbent various H
concentrations. The N decomposition decreased
with increasing H concentrations. As shown in the
previous results, this could be explained by the fact
that NHs decomposition was related with the phases
(oxide or sulfides) of the sorbent, the reduction of
sorbent, and the effect of product gases such as H
In the desulfurization process of the IGCC system
using fluidized absorption and regeneration beds, if
a half-spent sorbent was moved to the regeneration
bed, the NH decomposition was 100 and 60% in gas
compositions with 6 and 10% # respectively. As
a result, we concluded that it was possible to simul-
taneously remove $6 and NH gases under strong
reducing gas compositions of coal-derived gases.

4. Conclusions

NHs in fuel gases did not affect the sulfur removal
capacity of Zn-Ti-based sorbents. The additives,
cobalt and nickel, were found to be active components
in the NHs decomposition as well asi3 absorption,
while major components such as ZnO and JFifid
not show any activity in the Ngldecomposition re-
action. NH; was decomposed over both oxide and
sulfide forms of the additives, even though the NH
decomposition ability of their sulfides dramatically
decreased in the presence of lgas owing to the
equilibrium limitations of NH decomposition. In the

Today 87 (2003) 3-10

case of oxide forms, cobalt oxide showed an excel-
lent NHz decomposition capacity regardless op H
concentrations, while the capacity of nickel oxide
depended on the Hconcentrations.
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