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ABSTRACT: The Claus process is the most important sour gas
sweetening process to recover elemental sulfur from H,S, which is
present in raw natural gas and byproduct gases from crude oil
refineries. However, current methods for treating the tail gas of the
Claus process are expensive and often not environmentally friendly.
Various sorbents have been reported for H,S capture, but few reports
focus on the pellet design, formation, and testing. In this study, we
developed a pelletization method to prepare sorbent pellets with
high sulfur capacity and good regenerability for the removal of dilute
H,S from Claus process tail gas. The sorbent pellets consisted of
mixed metal oxides of Cu, Mg, and Al with fumed silica as the binder
and were characterized using various techniques, including X-ray and
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electron diffraction, N, sorption, and scanning and transmission electron microscopy. The H,S sorption capacity was evaluated by
breakthrough experiments at 150 °C in a gas stream consisting of 100 ppm of H,S in N,. The optimized sorbent pellets gave a stable
breakthrough sulfur capacity of ~5 mmol/g over three cycles of sulfidation and regeneration. They exhibited an average radial crush

strength of 154 + 40 N.

1. INTRODUCTION

Hydrogen sulfide (H,S) is commonly present in raw natural
gas. If natural gas is harvested from a reservoir and used
directly, H,S will cause detrimental effects to natural gas
liquefaction and storage facilities, such as corrosion of pipelines
and deactivation of catalysts."”” Natural gas processing starts at
the well where raw natural gas is collected on the ground, and
H,S as well as other impurities, such as H,O and CO,, are
removed.” Acidic gases including H,S and CO, are typically
removed using polymeric membranes or amine treatments.*”
Because of the economic value of sulfur, the mixture of H,S
and CO, is then collected and routed to the sulfur recovery
unit. The Claus process is by far the most widely used process
for sulfur recovery, in which H,S is converted to elemental
sulfur and is later used in various applications, such as
manufacturing of sulfuric acid, medicine, cosmetics, fertilizers,
and rubber products.®

The catalytic reaction of oxidizing H,S to sulfur is favored at
low temperature and is carried out between 190 and 210 °C in
the Claus furnace.® However, due to the equilibrium of the
conversion, the tail gas from the Claus process invariably
contains a few ppmv to ~1000 ppmv of unreacted H,S, which
is above the permissible emission level of H,S in the United
States.”® When combusted, H,S generates SO, and leads to
acid rain, causing human health problems and damage to
aquatic ecosystems.

Various processes have been established to remove this last
portion of H,S from the Claus process tail gas, including
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regenerative solvent-based methods (such as SCOT using
amines and LO-CAT II using an iron-chelated complex),” non-
regenerative solvent-based methods (DynaWave with NaOH
solutions),"’ and sorption-based methods (such as MOST with
V/Ce/Mg,AL O and Z-sorb with ZnO).'"'* Compared to
solvent-based processes, the use of solid sorbents has been
demonstrated to simplify the operation and process engineer-
ing of sulfur recovery units while generating less waste."” A
case study using Cu-exchanged zeolite Y sorbent indicated that
temperature-swing adsorption has the most economic out-
look."

Solid sorbents such as metal oxides,"’ activated
carbons,’! 7> zeolites,** ¢ and metal—organic frame-
works”””*® have been synthesized and tested for selective H,S
capture. Among them, metal oxides are better candidates,
especially for industrial-scale desulfurization, because they can
be prepared in large quantities. However, very little research
has focused on the pelletization process for practical
application of the materials. As an example of a metal-oxide-
based sorbent, we have demonstrated that a mixed metal oxide
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(MMO) consisting of CuO, MgO, and ALO; shows high
sulfur capacity (~7.5 mmol/g) and stability on the laboratory-
scale for capturing H,S at 100 and 1435 ppm levels.””
Moreover, the proposed sorption—regeneration process of the
sorbent is compatible with integration in the Claus process by
redirecting SO, formed during regeneration back to the Claus
furnace; it can, therefore, achieve both effective sulfur capture
and recovery (2H,S + SO, — 3S + 2H,0). The preparation of
the MMO involves the coprecipitation of Cu, Mg, and Al
nitrate solutions with Na,COj; solution and a calcination step,
which yields the final product as a fine powder that is highly
porous due to textural porosity.

The as-prepared sorbent is a powder consisting of
nanometer- and micrometer-sized particles, which take up
large volumes of space and can easily become electrostatically
charged. In order to use the sorbent on a bulk scale, such as in
an adsorption tower or adsorption bed, one essential step is to
prepare the sorbent material in pellet form. Otherwise, the
powder is likely to be lost in the gas stream and may cause
reactor clogging and overheating. Pellets have several
advantages over powders. They have much greater mechanical
strength than powders, making the pellets resistant to collapse.
They are also easier to store and transport, reducing the cost of
processing labor work and time and the maintenance cost of
the operating plants. Therefore, pelletization is an important
process for any downstream industrial application of the
sorbent, and it requires the sorbent to be prepared in pellet
form in such a way that it maintains its sorption properties and
remains regenerable.

Here, we demonstrate an efficient approach of sorbent
pelletization that can maintain a high sorption capacity for the
pellets, and we examine the performance of the prepared
pellets using a bench-scale setup with 100 ppm of H,S (to
conform to the safety regulations of the laboratory). Whereas
direct pelletization of the MMO powder results in a significant
loss of breakthrough capacity, incorporation of fumed silica as
an additive overcomes this problem. Fumed silica proves to be
a good binder and helps to improve the sulfur capacity and
stability of the sorbent pellet. With uniform mixing of fumed
silica binder and MMO powder, the sorbent pellet shows a
stable sulfur capacity of ~5 mmol/g for three cycles. The
regeneration conditions were optimized so that the activity of
the sorbent pellet can be restored under economically viable
conditions using a combination of air and CO,/N, at 650 °C.

2. EXPERIMENTAL METHODS

2.1. Materials. The chemicals used in this study were
obtained from the following sources: copper nitrate trihydrate
(ACS reagent, >99%), magnesium nitrate hexahydrate (ACS
reagent, >98%), and aluminum nitrate nonahydrate (ACS
reagent, >98%) from Sigma-Aldrich; sodium carbonate
anhydrous (powder/certified ACS) from Fisher Chemical;
untreated fumed silica (CAB-O-SIL M-S) from Cabot; quartz
wool (fine, 4 ym) from Acros Organics; air, N,, He, CO,, and
100 ppmv H,S in N, from Matheson; and 5% O, in N, from
Praxair. Deionized water purified to a minimum resistivity of
18.2 MQ-cm with a Milli-Q PLUS reagent-grade water system
was used in all experiments.

2.2. Synthesis of the Solid Sorbent. The sorbent was
synthesized from a mixed solution containing 120 mL of
Cu(NO;),, 60 mL of Mg(NO;),, and 20 mL of AI(NO;),,
each of which had a concentration of 1.25 mol/L before
mixing. A plastic syringe was loaded with 200 mL of the mixed

metal nitrate solution. A separate 2000 mL polypropylene
bottle was filled with 400 mL of deionized water and heated
using an oil bath at 70 °C under vigorous stirring. The mixed
metal nitrate solution was added to the polypropylene bottle at
a rate of 20 mL/min using a syringe infusion pump. The pH of
the entire reaction mixture was maintained at 7 by manual in
situ addition of 1.25 mol/L Na,COj solution. Upon complete
addition of the mixed metal nitrate solution, the reaction
temperature was increased to 80 °C and kept there for 1 h
under continuous stirring to age the mixture. The resulting
precipitate was filtered and washed several times with
deionized water until the pH of the filtrate was 7. The filter
cake was then transferred into a Petri dish, dried at 70 °C for
12 h, and then calcined at 500 °C for S h in air flowing at a rate
of ~100 mL/min. Approximately 13 g of final product was
obtained as a loosely packed powder.

2.3. Sorbent Pellet Formation. 2.3.1. Pellet Formation
without Binder. The MMO powder obtained after calcination
was transferred and ground to a fine powder using a mortar
and pestle. Approximately 500 mg of the powder was then
placed in a 13 mm die set and pressed using a hydraulic press
at 10 tons. The obtained solid pellet had a round cylindrical
shape with a thickness of ~1.08 mm and a density of ~3.50 g/
cm®. The pellet was crushed and sieved to 40—80 mesh for the
sorption test.

2.3.2. Pellet Formation with Binder. In one experimental
setup, the MMO powder obtained after calcination was ground
into a fine powder using a mortar and pestle and mixed with
fumed silica with an 85:15 mass ratio (MMO/silica). The
powder mixture was ball-milled for 10 min in order to obtain a
uniform mixture. After that, approximately 300 mg of the
mixture was compacted using a hydraulic press at 10 tons. The
pellet prepared this way had a thickness of ~0.69 mm and a
density of ~3.30 g/cm’ In another experimental setup, a
mixture with a mass ratio of MMO to fumed silica equal to
85:15 was ball-milled for 60 min, and approximately ~600 mg
of powder was used for preparing the sorbent pellet. The
powder mixture was pressed at S tons and also yielded solid
pellets. The bulk density of the pellet was ~3.08 g/cm? and
the thickness was ~1.47 mm. The obtained solid pellet was
ground and sieved to 40—80 mesh for the sorption tests. The
different methods of pellet formation are summarized in Table
1.

Table 1. Preparation Methods and Compositions of
Different Sorbent Pellets

MMO (wt fumed silica (wt  ball-milling time pressure
%) %) (rnin% (tons)
pellet 1 100 0 0 10
pellet 2 85 15 10 10
pellet 3 85 15 60 S

2.4. H,S Sorption. The experimental setup for sulfidation—
regeneration studies was constructed from stainless steel 316
tubing and connections from Swagelok. The amounts of
sorbent and quartz diluent used in each experiment are
summarized in Table 2. Pellet 2 was tested under two different
conditions, labeled as pellet 2A and pellet 2B. Typically, the
sieved sorbent particles (mesh 40—80) were sandwiched
between quartz wool plugs in a U-shaped quartz tube with a 4
mm inner diameter. Sorbents were activated under a 40 mL/
min N, flow at 300 °C for 12 h and then exposed to an H,S
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Table 2. H,S Sorption Conditions for Different Samples

sorbent quartz sorbent bed
mass diluent 100 ppmv H,S/N,  residence time
(mg) (mg) flow rate (mL/min) (s)
MMO 5.0 100.0 40 0.15
powder
pellet 1 200.0 0 10 0.71
pellet 2A 200.0 0 10 0.83
pellet 2B 200.0 0 40 0.21
pellet 3 150.0 50.0 10 0.75

stream (100 ppmv in N,, Matheson) at 150 °C and 1 atm. The
sulfur species concentration at the reactor exit was monitored
using a gas chromatograph (Agilent 7890A) equipped with an
Agilent DB-1 column and a sulfur chemiluminescence detector
(SCD). This setup allowed detection of both H,S and SO,.
Breakthrough capacity was determined at an exit H,S
concentration equal to 5% of the inlet concentration. For
pellet 2B and pellet 3, the sulfidation and regeneration were
carried out consecutively for three cycles, and the correspond-
ing regeneration conditions are shown in Table 3. The
regeneration conditions were modified each time in search of
the optimum. The reactor was flushed with N, for at least 15
min between cycles as a safety precaution. The flow rates were
calibrated using a soap film flowmeter.

2.5. Characterization. Powder X-ray diffraction (XRD)
patterns of the materials were obtained using a PANalytical
X'Pert Pro diffractometer outfitted with an X’'Celerator
detector and a Co anode (Ka radiation, A = 1.789 A)
operating at 45 kV and 40 mA. Scanning electron microscopy
(SEM) was performed on a JEOL-6500 field emission scanning
electron microscope with an accelerating voltage of 5.0 kV. All
samples were coated with a SO A platinum film prior to SEM
imaging. Nitrogen sorption experiments were performed on a
Quantachrome Autosorb-iQ, analyzer. All samples were
degassed under a dynamic vacuum (~0.003 mTorr) at 120
°C for 12 h before analysis. Brunauer—Emmett—Teller (BET)
surface areas were evaluated from the adsorption isotherms in
the relative pressure range 0.05—0.35. Barrett—Joyner—
Halenda (BJH) pore volumes were calculated using the
adsorption branch of the isotherms. Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
experiments were performed on a Netzsch STA 409 instru-
ment. Samples were heated in air at a ramp rate of 5 °C/min.
Transmission electron microscopy (TEM) images were
obtained using a FEI Tecnai T12 transmission electron
microscope with a LaBg filament at an accelerating voltage of
120 kV. TEM samples were prepared by dispersing the
materials on a carbon-coated Cu grid. Single pellet crush

strength was measured following the ASTM D4179 protocol*’
using an Instron 5966 universal testing system with a 10 kN
load cell and compression plates, at an increasing force rate of
4.4 N/s. Eighteen samples were tested for the calculation of the
average crush strength and its uncertainty at the 95%
confidence level. The end-point of the test was taken to be
the first point at which the resistance decreased as the load
continued to increase.

3. RESULTS AND DISCUSSION

3.1. Performance Evaluation of MMO Powder. The
MMO powder consists of CuO, MgO, and Al,O; with
composition Cuy,Mg;,,AlO; determined by elemental
analysis, where CuO is the only crystalline phase in the
sample as shown in the XRD pattern (Figure S1). The average
grain size of CuO was calculated to be 14 nm on the basis of
the XRD pattern (Table S1). CuO is the active species in the
sorbent that can react with H,S during sorption. Reaction 1
shows the typical reaction between CuO and H,S at 150 °C
with a stoichiometry of 1:1, which results in the formation of
CuS. Theoretically, if all of the CuO in the MMO powder
reacts with H,S by this pathway, the sulfur capacity will be 11.2
mmol/g.

CuO + H,S = CuS + H,0 (1)

The long-term stability of MMO powder was studied via
multiple sorption-regeneration cycles. Once a H,S sorption
step was completed, desorption was carried out at 600 °C for 6
h with 5% O,/N,, during which CuS was oxidized to CuSO,,
CuO-CuSO,, and CuO after all the sulfur species had been

desorbed. Reaction 2 shows the simplified overall reaction.

CuS + 1.50, = CuO + SO, @)

Figure 1 shows the sulfur capacity of the MMO powder for 10
cycles, which stabilized at ~7.5 mmol/g, corresponding to a
reaction efficiency of 67%. This indicates that the CuO in the
MMO powder is highly reactive during cycling, even though its
grain size has increased from 14 to 93 nm after the first
regeneration (Figure S1 and Table S1).

3.2. Structural Characterization of Pellet 1 and Pellet
2A and Their H,S Sorption Performance. High pressure
was applied when preparing pellet 1 and pellet 2, where for
pellet 1, only the MMO powder was pressed at 10 tons to
obtain a self-sustaining pellet, whereas for pellet 2, fumed silica
was added as the binder before pressing the pellet. As shown in
Figure S2, the nitrogen sorption isotherm of MMO indicates
that it contains mainly mesopores and macropores with a BET
surface area of 52 m*/g. The isotherm has a type H3 hysteresis
loop, which can usually be found in nonrigid aggregates of

Table 3. Regeneration Conditions for Sorbent Pellets at Different Stages

pellet 2B (sorbent weight: 200 mg) temperature
stage 1
stage 2
pellet 3 (sorbent weight: 150 mg, quartz  temperature
diluent: SO mg)
stage 1
stage 2

first regeneration
25—600 °C, 5 °C/min,
hold at 600 °C

5% O,/N,, 100 mL/min,
~17.5h

He, 40 mL/min, ~47.5 h

25-650 °C, § °C/min,
hold at 650 °C

5% O,/N,, 100 mL/min,
~14 h

N,, 40 mL/min, ~31 h

18445

second regeneration
25—-600 °C, S °C/min,
hold at 600 °C

5% O,/N,, 100 mL/min,
~16.5 h

He, 40 mL/min, ~46 h

25-650 °C, $ °C/min,
hold at 650 °C

air, 100 mL/min, ~8 h

third regeneration

25—-650 °C, 5 °C/min, hold at 650 °C
5% O,/N,, 100 mL/min, ~14 h

He, 40 mL/min, ~24 h
25—650 °C, 5 °C/min, hold at 650 °C

air, 100 mL/min, ~8 h

CO,/N, = 1:1, 40 mL/min,
~24 h

CO,/N, = 1:1, with ~6000 ppmv H,O(g),
40 mL/min, ~32 h
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Figure 1. Summary of the sulfur sorption capacity of the MMO
powder, pellet 2B, and pellet 3 over multiple cycles.

plate-like particles, corresponding well with the morphology of
the MMO particles (Figure S3). After the high-pressure
treatment at 10 tons, particles in the pellets are in closer
contact with each other compared to the MMO powder,
leading to a decrease of the macropores, as indicated by the
decrease of the isotherm steps between the ~0.9—1.0 relative
pressure range, which is representative of the macropores
(Figure S2). At the same time, more mesopores appear as a
result of compression, as shown in the hysteresis of type IV
isotherms of pellet 1 and pellet 2 within the ~0.35—-0.95
relative pressure range, as well as the change in mesopore
volume percentage compared to the original MMO powder
(Table S2).

In order to carry out the performance evaluation in a
miniaturized fixed bed reactor, the round pellets were crushed

and sieved to 40—80 mesh (Figure 2a and 2c), after which
sieved particles stayed intact without obvious cracks on the
exterior. According to the higher magnification SEM images in
Figure 2b and d, no significant differences were found between
pellet 1 (no silica) and pellet 2 (silica added) in terms of the
surface textural details and morphologies. This indicates that
the added fumed silica in the latter sample was uniformly
mixed with the MMO powder.

Even though pellet 1 contained 100% MMO prepared from
the MMO powder with a theoretical sulfur capacity of 11.2
mmol/g, the breakthrough capacity was calculated to be only
1.2 mmol/g from the breakthrough curve in Figure S4. With a
total capacity of 1.4 mmol/g, the reaction efliciency of pellet 1
was only 12.3%. The breakthrough curve leveled out at the
end, indicating that the reaction between CuO and H,S had
stopped, and thus the majority of the pellet was inactive.
Compared to the MMO powder, which had a stable sulfur
capacity of ~7.5 mmol/g for 10 cycles, the utilization of pellet
1 was much lower even for the fresh material.

The reaction between CuO and H,S belongs to the category
of noncatalytic gas—solid reactions. Hoffman et al. proposed
that for the reaction between H,S and metal oxides, H,S first
adsorbs at exposed metal centers at the surface of a metal
oxide, forming a thin layer of metal sulfide, followed by
diffusion of S*~ through the metal sulfide layers.”" The unit cell
of CuS (a=3.792 A, c = 16.344 A, V= 203.53 A%, hexagonal, Z
= 6 formula units (fu.), p = 4.68 g/cm?) is much larger than
that of CuO (a =4.653 A, b =3425 A, c=5.129 A, V= 80.63
A monoclinic, Z = 4 fu., p = 6.55 g/cm?), which corresponds
to a volume expansion of 68%. The inevitable volume change
leads to the increased mass transfer resistance in the dense
pellet that prevented further reactions between CuO and H,S.

Figure 2. SEM images of the sieved sorbent pellet 1 (without silica, a and b) and pellet 2 (with added silica, c and d).
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Figure 3. SEM images of the MMO powder after regeneration for 6 h at 600 °C (a) and pellet 2A after regeneration for 48 h at 600 °C (b).

To address these limitations, pellet 2A contained a mixture
of MMO and fumed silica with a mass ratio of 85:15. The
surface area of pellet 2A was 77 m*/g, which was higher than
that of pellet 1 because of the added fumed silica with a high
specific surface area (200 m’/g). The fumed silica works very
well as a binder to maintain the shape of the pellet (Figure S5),
and it also stabilizes the fragments obtained from pelletized
particles after grinding and sieving (Figure 2c). The content of
active material was less than in the undiluted material, and
therefore, the theoretical capacity of the mixed metal oxide/
silica pellet was slightly lower (9.5 mmol/g). Nonetheless, as
shown in Figure S6, the breakthrough capacity of pellet 2A was
7.6 mmol/g, with a reaction efficiency of 80%. This clearly
indicates that fumed silica helps with the reaction between
CuO and H,S and facilitates the diffusion of H,S into the
pellet particles. According to the XRD pattern of pellet 2A,
after the first sulfidation step (Figure S7), CuS was the
dominant phase with some minor Cu,S contribution, which
suggests that all of the CuO in the sorbent had been
consumed, leading to a high utilization of pellet 2A. The
average grain size of CuS in pellet 2A after sulfidation,
estimated from the XRD pattern, was 61 nm, close to that of
the MMO powder (65 nm). This indicates that CuO in pellet
2A and in MMO powder behaved in a similar way during
sulfidation (Figure S7 and Table S3). We hypothesize that the
branched and chain-like fumed silica acts as a spacer that
isolates MMO particles during pressing, promoting H,S
diffusion, and allowing the expansion from CuO to CuS
during H,S sorption, thus leading to a high reaction efliciency
that is comparable to the MMO powder.

3.3. Regeneration of MMO Powder and Pellet 2A.
During sulfidation, CuO in the sorbent reacts with H,S and is
converted to CuS. In order to reuse the sorbent, oxidation is
required to convert CuS back to CuO. A study of the
thermodynamics of the Cu—O—S system indicated that there
is no direct conversion from CuS to CuO during oxidation,
and several intermediates, including CuSO, and CuO-CuSO,,
appear before the material is fully converted to CuO.”
Another study focusing on the thermal oxidation of bulk CuS
in air showed that at least 653 °C is needed to fully convert
CuS to Cu0.”

We carried out the regeneration of MMO powder at 600 °C
using 5% O,/N, for 6 h, and the XRD data showed that all the
sulfur-containing species had been converted under these
conditions (Figure S1), leaving only CuO with a grain size of
93 nm (Table S1). However, the oxidation of CuS in pellet 2A

was much slower. As shown in Figure S8, after 6 h at 600 °C,
the sample consisted of a mixture of CuO, CuO-CuSO,, and
CuSO,. This different composition compared to the MMO
powder was caused by the increased mass transfer resistance
that had slowed down the process for O, to diffuse into the
pellet and SO;, a decomposition product of CuO-CuSO,, to
diffuse out. The regeneration time was prolonged to 48 h, after
which some impurity peaks, possibly from CuO-CuSO,, at
~28° 20 could still be observed in the XRD pattern (Figure
S8).

Prolonged heat treatment is not desirable as it causes more
sintering of the pellet compared to the MMO powder, not to
mention that particles are already in close vicinity in the pellet,
which further promotes the sintering process. In the MMO
powder after regeneration, most particles have sizes of ~1 ym;
in contrast, due to the sintering and prolonged heating, large
particles with size ~5 pm can be seen in the SEM image of
pellet 2A (Figure 3). These large particles not only make it
more difficult to fully regenerate the sorbent but also further
slow down the reaction between CuO and H,S during the next
cycle. In fact, as shown in Figure S9, more than 5% SO, was
detected during the second sulfidation of pellet 2A, suggesting
that the sample was not fully regenerated, as CuO-CuSO,
oxidized H,S to SO,, leading to a low reaction efficiency.

3.4. Stability of Pellet 2B over Three Cycles. With a
residence time of 0.83 s of the sorption bed for pellet 2, it took
over a month to finish a single cycle. In order to study the
performance of the pellet over multiple cycles, we increased
the flow rate of H,S/N, from 10 mL/min to 40 mL/min while
testing pellet 2 (labeled as pellet 2B), focusing on capacity
changes over multiple cycles. Figure 4 shows the breakthrough
curves of pellet 2B for three cycles, where the sulfur capacity
stabilized at ~3.3 mmol/g. Only a negligible amount of SO,
was formed during sorption, which would not affect the
practical use of the sorbent pellet. As summarized in Table S4,
the reaction efficiency of pellet 2B in the first cycle was lower
compared to the sorption carried out with a slower H,S flow
rate, which was due to the shorter residence time that led to
the earlier breakthrough of the sorption bed. However, the
performance over three cycles indicates that pellet 2 can yield a
stable sulfur capacity under appropriate regeneration con-
ditions.

The regeneration conditions were further studied while
monitoring the SO, concentrations in the effluent for pellet 2B.
For the first regeneration, the temperature was increased from
25 to 600 °C with a heating rate of 5 °C/min. As shown in
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Figure 4. Breakthrough curve for pellet 2B. The sulfidation conditions
were as follows: sorbent weight, 200 mg; sulfidation temperature, 150
°C; gas, 100 ppmv H,S in N,; flow rate, 40 mL/min. The
regeneration conditions are summarized in Table 3.

Figure S10, a high concentration of SO, was detected during
the first 2 h before the temperature reached 600 °C, which was
likely due to reaction 3 and reaction 4 shown below.”” After
the temperature reached 600 °C, the SO, concentration
became steady but slowly decreased, because of the slow
decomposition of CuO-CuSO, (reaction S) and the equili-
brium reaction 6. After ~15 h, the gas stream was switched
to He, at which time a sudden increase in the SO,
concentration was seen (Figure S10). On the basis of this
observation, it is clear that after changing the gas stream to He,
the O,-free atmosphere shifted reaction 6 to the right and
facilitated the decomposition of CuO-CuSO,, leading to the
spike of SO, shown in Figure S10. Therefore, for the practical
regeneration of the pellet, a two-stage regeneration using an O,
atmosphere followed by an O,-free atmosphere is better than

after three cycles. XRD confirmed the presence of Cu,O in the
lower part of the bed, which produced this red color (Figure
S12). The phase stability diagram of the Cu—S—O system
suggests that at 650 °C and at relatively low O, partial
pressure, Cu,O forms preferentially over CuO (Figure S13),
which is likely the reason for the formation of Cu,O at the
lower end of the sorbent bed that corresponds to the front of
the regeneration stream. Cu,O possibly formed during the He
purge of regeneration, which leads to the conclusion that even
though O, is not necessary during the decomposition of CuO-
CuSO, (reaction 5), some amount of O, must be present to
guarantee that CuO is not being reduced to Cu,0. Cu,O has a
lower sulfur capacity than CuO, and its formation has a
detrimental effect on the sorption capacity. However, in
practice, this issue can be avoided by dosing He with O, to
maintain an O, level above 10 ppm in the regeneration stream.
3.5. Stability of Pellet 3 over Three Cycles. We
developed another way of forming pellets that required less
pressure. For pellet 3, the mixture of MMO and fumed silica
was ball-milled for 1 h before compressing at 5 tons. As shown
in Figure S15a, the resulting pellet remained self-supporting.
The average radial crush strength of pellet 3 was measured to
be 154 + 40 N (95% confidence interval, Figure S16),
comparable to some other values reported in the literature
(Table SS). The N, sorption isotherm indicated that pellet 3
contained mainly macropores, with much less N, uptake
compared to pellet 1 and pellet 2, possibly because the long
ball-milling time had already made the powder mixture very
dense before pressing the pellet, thus leading to a low BET
surface area and lower BJH total pore volume (Table S2).
The H,S sorption was carried out with a slow flow rate of 10
mL/min, and the residence time of the sorbent bed was ~0.75
s. The breakthrough curves for the three cycles shown in
Figure S indicated that pellet 3 had a stable sulfur capacity

simply using O,-containing gas streams.

2CuS + O, =2 Cu,$ + SO, 3)
Cu,S + 150, 2 Cu,0 + SO, (4)
CuO-CuS0, = 2Cu0 + SO, (5)
250, = 250, + O, (6)

The regeneration was carried out at 650 °C during the third
cycle. As shown in Figure S10, the overall time needed for the
third regeneration was much shorter compared to the previous
two regenerations performed at 600 °C. The SO, level reached
1 ppm after ~32 h, which indicated that the temperature was
an important factor that dominates the regeneration process.
By increasing the regeneration temperature, the overall
regeneration time was shortened to ~1 day.

After three complete sulfidation—regeneration cycles, the
packed sorbent bed was removed from the furnace for analysis.
As shown in Figure S11b, the upper part of the sorbent bed
was similar in appearance to that of the fresh one, with the
typical black appearance from CuO. A comparison of SEM
images of pellet particles before sorption (Figure 2c,d) and
after one or three sorption—regeneration cycles (Figure S14)
shows that particles remained similar in size and surface texture
during these processes. Although some grain growth is seen at
higher magnification, only a few cracks are formed on the
surface. However, the lower part of the sorbent bed turned red
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Figure S. Breakthrough curves for pellet 3. The sulfidation conditions
were as follows: sorbent weight, 150 mg; quartz diluent, 50 mg;
sulfidation temperature, 150 °C; gas, 100 ppmv H,S in N,; flow rate,
10 mL/min. The regeneration conditions are summarized in Table 3.

using the regeneration conditions summarized in Table 2. The
reaction efficiency of the first cycle was 70.5%, comparable to
that of pellet 2A. This demonstrates that both approaches for
preparing the sorbent pellets yield satisfactory outcomes with
high reactivities and stable sulfur capacities (Table S6).
Because a high temperature can promote the overall
regeneration process, for pellet 3, all three regenerations
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were carried out at 650 °C. The first regeneration was
performed at 650 °C with 5% O,/N, for 14 h before switching
the gas stream to N,. As shown in Figure S17, a sudden
increase of SO, concentration was observed when changing the
gas to N,. The SO, behavior was similar to the regeneration of
pellet 2B when switching from 5% O,/N, to He. This result
further confirmed that an O,-free environment is essential for
the full decomposition of CuO-CuSO, As N, is more
economical and more abundant than He, the combination of
0O, and N, can further lower the total cost of regeneration.

In order to develop a more economical regeneration process,
we proposed to use air during the initial stage of regeneration,
and we also explored the possibility of carrying out the second
stage of regeneration with CO,/N,. The tail gas of the Claus
process usually contains H,S ranging from a few ppmv to 0.1%
and other gaseous components, such as CO, (20%); CO (1—
2%); water vapor (20—25%); inert gases such as N, (50—
60%); and ppmv levels of Ar, O,, H,, and hydrocarbons such
as methane and ethane. Thus, the tail gas can possibly be used
as the gas stream for regeneration with abundant N, after H,S
has been removed. Therefore, after the second sulfidation,
which gave a reaction efficiency of 54.7%, we studied the
second regeneration with air and CO,/N,. As shown in Figure
S17, when air was used during the first 8 h and the gas stream
was then changed to CO,/N,, the second regeneration was
finished in ~32 h. In fact, the third sulfidation gave a
satisfactory breakthrough capacity of 5.6 mmol/g (Table S6),
suggesting that air and CO,/N, are certainly suitable
combinations for practical regeneration of the sorbent pellet.

During the third regeneration, H,O vapor was added to the
regeneration stream of CO,/N, with the aid of a gas bubbler.
As shown in Figure S17, the concentration of SO, reached zero
after ~22 h, which was much faster than in the case of the first
and the second regeneration steps. We hypothesized that SO;
and SO, reacted with H,O from the stream (reaction 7 and
reaction 8) and then cooled down and condensed as liquid
H,SO, and H,SO; after leaving the hot zone of the reactor.
Liquid H,SO, and H,SO; remained inside the tubing, so that
SO, was no longer detected, but this cannot be used as an
indication that the regeneration had finished. However, this
issue can be addressed in a practical way by keeping the entire
reactor at 650 °C during regeneration, as H,SO, decomposes
at 340 °C and reaction 7 and reaction 8 are only favored at a
low temperature. The regeneration was continued for ~40 h.
On the basis of the XRD data, all sulfate phases had
decomposed after regeneration (Figure S1).

SO, + H,0 = H,S0, ?)
SO, + H,0 = H,S0, (8)

A new sorbent bed was prepared following the same conditions
as for the previously used sorbent bed. As shown in Figure S18,
the fresh cycle gave a reasonable sulfur capacity of 5.1 mmol/g,
demonstrating the reproducibility of the sorption performance.
Regenerations were carried out with air for 8 h and then
changed to O,/N,/H,0(g) for 14 h at 650 °C. From Figure
S18, the breakthrough capacities of the second and the third
cycles were 2.7 mmol/g and 3.5 mmol/g, respectively. SO,
detected in the effluent during regenerations showed a pattern
similar to that of the first run of pellet 3 (Figure S19), where
three different regeneration conditions were applied. It appears
that when water vapor was added into the regeneration stream,
the sulfur capacities were not as high as with the dry

regeneration stream. However, considering the additional step
needed to remove the water vapor, the combination of air and
CO,/N,/H,0(g) can be a suitable alternative for regenerating
the sorbent pellet.

4. CONCLUSIONS

We developed a pelletization method to prepare sorbent
pellets from a MMO powder with high sulfur capacity and
good regenerability for the removal of dilute concentrations of
H,S. With the addition of fumed silica as the binder, the
prepared sorbent pellet shows a stable sulfur capacity of ~5
mmol/g under 100 ppmv H,S in N, for three successive
sorption—regeneration cycles at 150 °C. After the pellet was
sulfidated, it could be regenerated by an economic method
with a combination of air and CO,/N, at 650 °C in ~1 day.

For the pelletization procedure, we discovered that fumed
silica is an important component that helps to increase the
reaction efficiency of the sorbent pellet. At the same time, it
slows down the sintering of the pellet while maintaining its
sulfur capacity. These findings provide practical guidelines for
the preparation of similar sorbent pellets with complex
compositions.
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