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Selective removal of sulfur compounds in city-gas by adsorbents
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Abstract—Silver nitrate impregnated on beta zeolite (BEA), mesoporous silica MCM-41 and SBA-15 (AgNO,/BEA,
AgNO;/MCM-41, AgNO,/SBA-15) were prepared to remove sulfur compounds selectively in city-gas, which contains
tetrahydrothiophene and terz-butylmercaptane. Sulfur adsorption capacity was determined when the sulfur concentra-
tion of effluent gas in breakthrough test reached 0.1 ppm, which is acceptable sulfur concentration for hydrogen pro-
duction in a reformer for fuel cells. As the AgNO, concentration in AgNO,/BEA, AgNO,/MCM-41, and AgNO,/SBA-
15 increased, their sulfur adsorption capacities also increased. Although microporous zeolite BEA has smaller pore
volume and lower surface area than those of mesoporous silica MCM-41 and SBA-15, the sulfur adsorption capacity
of AgNO,/BEA was higher than those of AgNO;/MCM-41 and AgNO,/SBA-15. Adsorbed sulfur molecules per im-
pregnated silver nitrate and the shape change of breakthrough curves depending on the adsorption temperature showed
that not only chemisorption but also physisorption was involved in sulfur compounds adsorption on AgNO; im-

pregnated adsorbent.
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INTRODUCTION

Considering polymer electrolyte fuel cells as house-unit power
generating devices, city-gas, which can be used in steam reforming,
seems to be a promising candidate for hydrogen source because
the infrastructure for city-gas has been well established in Korea
and Japan. Generally, sulfur compounds, such as tetrahydrothiophene
(THT), tertiarybutylmercaptane (TBM) and so on, are added to city-
gas for the easy detection of gas leakage. Although, the sulfur con-
centration of city-gas in Korea was 3.8 ppm, it must be reduced to
less than 0.1 ppm prior to reforming process in order to protect re-
forming catalysts and fuel cell electrodes [1]. There are two basic
approaches for the desulfurization of city-gas: selective catalytic
oxidation and selective adsorption. Selective catalytic oxidation has
attracted attention due to its lower maintenance costs and smaller
facility size. However, it does require higher up-front capital invest-
ment for additional oxygen supply unit and fuel heating unit [2].
On the other hand, selective adsorption uses zeolites, metal impreg-
nated carbons, and alumina as adsorbent at ambient temperature
[3]. Thus, its simple facility set-up requires only a small amount of
capital investment in reformer design. Adsorptive desulfurization
has been widely applied not only for city-gas, but also for transpor-
tation fuel and synthetic gas [4-6]. In previous reports, silver ion
exchanged Y zeolite (Ag/Y) has attracted major attention as the ad-
sorbent for selective adsorption of sulfur compounds in city-gas [7-
9]. These reports claimed that high adsorption capacity (42.4 mg
S/g adsorbent) and selectivity of Ag/Y for sulfur compounds are
mainly attributed to acid sites and silver ion incorporated in Y zeolite.
Herein, we prepared adsorbents, which selectively adsorb sulfur com-
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pounds in city-gas, by impregnation of silver nitrate on beta zeo-
lites (AgNOy/BEA) and mesoporous silica SBA-15 and MCM-41
(AgNO,/SBA-15 and AgNO;/MCM-41). The sulfur adsorption ca-
pacity of each adsorbent was measured by breakthrough test with
the simulated city-gas containing THT and TBM. Sulfur adsorp-
tion amount per one unit of AgNO; molecule and its dependency
on adsorption temperature showed that the adsorption of sulfur com-
pounds on adsorbents was controlled by physisorption in addition
to chemisorption.

EXPERIMENTAL

1. Preparation of Adsorbent

MCM-41 and SBA-15 were synthesized by methods reported
elsewhere [10,11]. Ammonium type beta zeolite (NH,-BEA) (CP-
814E, Si/Al=50) was obtained from Zeolyst. NH,-BEA was cal-
cined in oxygen environment at 823 K to produce hydrogen type
beta zeolite (H-BEA). On these substrates (H-BEA, MCM-41, SBA-
15), silver nitrate (AgNO;), purchased from Junsei, was impregnated
by incipient wetness method. Silver nitrate impregnated substrates
(AgNO,/BEA, AgNO,/MCM-41, AgNO,/SBA-15) were dried at
303 K in an oven for 4 hours. Then, the resulting samples were stored
in air-tight container for further use. AgNO; loading of each sample,
confirmed by inductively coupled plasma atomic emission spec-
troscopy, was 4.8, 9.1, 16.7 wt%.
2. Breakthrough Test and Sulfur Concentration Measurement

The experimental set-up of the breakthrough test for the simu-
lated city-gas is shown in Fig. 1. The weight of adsorbent loaded
on the stainless steel tube was 0.3 g. The pellet size of adsorbent
was around 300 mesh. Gas flow was controlled by a mass flow meter
and the flow rate was 200 sccm. Before breakthrough test, AgNO,/
BEA, AgNO,/MCM+41, AgNO,/SBA-15 were activated in nitrogen
environment at 373 K for 2 hour with the same flow rate. Sulfur
concentration of effluent gas was measured by a total sulfur analyzer
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Fig. 1. Schematic diagram of experimental apparatus used in this study.
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Fig. 2. Breakthrough curves for simulated city-gas: The change
of breakthrough time depending on the loading of AgNO,
on adsorbent (The weight of each sample was fixed for 0.3
2): (@) BEA, (%) 4.8 wt% AgNO,/BEA, (V) 9.1 wt%
AgNO,/BEA, (+) 16.7 wt% AgNO,/BEA.

(Antek 9000LLS). 734A gas sampler was attached on the Antek
9000LLS for sampling feed gas and effluent gas treated by adsor-
bents.
3.Feed Gas Composition

Simulated feed gas was provided by the Ri-gas. The total sulfur
concentration of simulated gas was 80 ppmv (volume/volume): 56
ppmv THT, 24 ppmv TBM, and balanced methane.

RESULTS AND DISCUSSION

Fig. 2 shows the sulfur compounds breakthrough curves with
H-BEA and AgNO,/BEA as adsorbents with different AgNO; con-
centration. In this experiment, we tried to separate sulfur compounds
and methane using the difference of adsorption strength between
adsorbent-methane and adsorbent-sulfur compounds. In the break-
through curves as shown in Fig, 2, sulfur concentration in effluent
gas, treated by adsorbent, changed according to the breakthrough
time. There were negligible changes of sulfur concentration in the
initial part of the breakthrough curves. However, they increased ab-
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Fig. 3. The change of sulfur adsorption capacities depending on

the concentration of AgNO, and sorts of substrates: ()
AgNO,/BEA, (@) AgNO,/SBA-15, (A ) AgNO,/MCM-41.

Table 1. Surface area and pore volume of each substrate obtained

by N, adsorption at 77 K
Substrate Surface area (m*/g) Pore volume (cm’/g)
H-BEA 556 0.355
MCM-41 720 0.950
SBA-15 671 1.080

ruptly at certain points. These points, where sulfur concentration of
effluent gas reached 0.1 ppmv, were defined as breakthrough points,
and sulfur adsorption capacities were calculated based on these points.

Fig. 3 displays the change of sulfur adsorption capacity depend-
ing on the concentration of AgNO; and sorts of substrates. The sulfur
adsorption capacities of pristine substrates, such as H-BEA, MCM-
41, SBA-15 were very low, in spite of their high surface areas (more
than 550 m%g), as shown in Table 1. For all samples, the increase
of AgNO; concentration enhanced the sulfur adsorption capacity.
It indicates that AgNO;, impregnated on substrates, plays an im-
portant role in sulfur compounds adsorption. The highest adsorp-
tion capacity among adsorbents prepared in this experiment, 41.1
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mg S per one gram of adsorbent (mg/g) by 16.7 wt% AgNO,/BEA,
was comparable to the reported highest value (42.4 mg/g) using
silver ion exchanged Y zeolite as adsorbent [8,9].

Although the surface area and pore volume of H-BEA are smaller
than those of MCM-41 or SBA-15, sulfur adsorption capacity of
AgNOy/BEA is higher than that of AgNO,/MCM-41 or AgNO,/
SBA-15 in all the range of AgNO; concentration shown in this ex-
periment. At low AgNO, concentration of 4.8 wt, AgNO,/BEA shows
much higher sulfur adsorption capacity than that of AgNO,/MCM-
41 or AgNO,/SBA-15. It mainly comes from the chemical envi-
ronment of the AgNO; located inside the substrates. On mesopo-
rous silica substrates, such as MCM-41 and SBA-15, AgNO; is dis-
persed as small size crystallites. So, sulfur adsorption capacity is
linearly dependent on AgNO, concentration. On the other hand, BEA
has ion exchange sites (Si/Al=50). Thus, some portion of AgNO;
molecules are initially distributed on BEA as Ag" ion on H sites at
lower AgNO, concentration. As the concentration of AgNO; in-
creases, however, ion exchange sites are fully occupied by Ag" and
excess amount of AgNO, dispersed on BEA as crystallites. So the
sulfur adsorption capacity is not linearly dependent on the concen-
tration of AgNO,. Based on these results, H-BEA seems to be a
better substrate to accommodate AgNO; for the sulfur adsorption
than MCM-41 and SBA-15, especially at low concentration.

Fig. 4 shows the relationship between Sulfur/AgNO; (number of
sulfur molecules per one AgNO,) and AgNO, concentration depend-
ing on the substrates. For all the adsorbents, the increase of AgNO,
concentration decreases Sulfur/AgNO;. 4.8 wt% AgNO,/BEA shows
the highest Sulfur/AgNO, of 3.54, among all the adsorbents. Al-
though the AgNO; concentration of adsorbent increases to 16.9 wt%,
Sulfur/AgNO,; is even higher than 1. In previous studies, sulfur com-
pounds adsorptions on various types of adsorbents were mainly ex-
plained by chemisorption, because sulfur adsorption capacity was
related with number and strength of acid sites or ion exchange ratio
of Ag" inside Y zeolite [7-9]. If chemiosprtion is the only adsorp-
tion mechanism, the Sulfur/AgNO; of AgNO,/BEA should not ex-
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Fig. 4. The change of molar ratio between sulfur per AgNO; (Sul-
fur/AgNO;) according to the AgNO, concentration and
kinds of substrates: (ll) AgNO,/BEA, (@) AgNO,/SBA-
15, (A) AgNO,/MCM-41.
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Fig. 5. The change of breakthrough curves for simulated city-gas
depending on the adsorption temperature (The weight of
each sample was fixed for 0.3 g): (%) 4.8 wt% AgNO,/BEA
at 25°C, (V) 9.1 wt% AgNO,/BEA at 25°C, (P>) 4.8 wt%
AgNO,/BEA at 80 °C, (9) 9.1 wt% AgNO,BEA at 50°C.

ceed 0.5, because the stable reaction product between Ag and S is
Ag,S. But, Fig. 4 shows that Sulfur/AgNO, of all adsorbents has
higher than 1. Unexpected high values of Sulfur/AgNO; suggests
that multi-layer adsorption on AgNO, occurred.

In order to get further insight on the adsorption mechanism of
AgNO,/BEA, breakthrough curves for AgNO,/BEA with different
AgNO; concentration were obtained depending on the adsorption
temperature. As shown in Fig. 5, when 4.8 wt% AgNO,/BEA was
used as adsorbent, the increase of adsorption temperature from 25 °C
to 80 °C reduced sulfur adsorption capacity by 28%. In case of 9.1
wt% AgNOyBEA, smaller temperature increase from 25 °C to 50 °C
reduced sulfur adsorption capacity by 28%. In addition to break-
through time, the increase of adsorption temperature changed the
shape of breakthrough curves. The breakthrough curve of 9.1 wt%
AgNO,/BEA at 25 °C indicates that most of the sulfur compounds
in city-gas were completely removed by the adsorbent before the
breakthrough time. However, the sulfur compounds affinity of ad-
sorbent decreased at 50 °C so that a small portion of sulfur com-
pounds already passed through the adsorbent before the breakthrough
time. It means that the bonding between adsorbent and sulfur com-
pound became relatively weak even with small temperature increase.
If the adsorption of sulfur compound on the adsorbent is mainly
governed by chemisorption, which originates from the strong inter-
action between sulfur compounds and acid sites or Ag" ion, the sul-
fur adsorption capacity would not be affected by that much. Based
on these experimental results, physisoprtion appears to be involved
in the sulfur compounds adsorption mechanism in addition to chem-
isorption.

CONCLUSIONS

Silver nitrate impregnated on substrates, such as beta zeolite, mes-
oporous silica MCM-41, and SBA-15 was used as adsorbent to re-
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move sulfur compounds in city-gas. The sulfur adsorption capacities
of AgNO,/BEA, AgNO,/MCM-41 and AgNO,/SBA-15 increased
as the concentration of AgNO; increased. Among these adsorbents,
AgNO,/BEA showed the highest sulfur adsorption capacity. The
temperature-dependent sulfur adsorption capacity and unexpected
high Sulfur/AgNO, values strongly suggest that the driving force
for sulfur compounds adsorption on AgNO,/BEA, Ag/MCM-41,
Ag/SBA-15 is not only chemisorption but also physisorption.
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