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Abstract

Blast furnace gas (BFG) is an important by-product energy for the iron and steel industry and has been widely used for heating or electricity
generation. However, the undesirable contaminants in BFG (especially H,S) generate harmful environmental emissions. The desulfurization of
BFG is urgent for integrated steel plants due to the stringent ultra-low emission standards. Compared with other desulfurization materials,
zeolite-based adsorbents represent a viable option with low costs and long service life. In this study, an ammonia-induced CuO modified 13X
adsorbent (NH;—CuO/13X) was prepared for H,S removal from simulated BFG at low temperature. The XRD, H,-TPR and TEM analysis
proved that smaller CuO particles were formed and the dispersion of Cu on the surface of 13X zeolite was improved via the induction of
ammonia. Evaluation on H,S adsorption performance of the adsorbent was carried out using simulated BFG, and the results showed that NH;—
CuO/13X-3 has better breakthrough sulfur capacity, which was more than twice the sulfur capacity of CuO/13X. It is proposed that the enhanced
desulfurization performance of NH;—CuO/13X is attributed to an abundant pore of 13X, and combined action of 13X and CuO. This work
provided an effective way to improve the sulfur capacity of zeolite-based adsorbents via impregnation method by ammonia induction.
© 2024 Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Blast furnace gas (BFG) from iron and steel enterprises is
an important source of energy and used mainly for heating and
electricity generation [1,2]. The volume of BFG in integrated
steel plants is very huge and 1200-2000 Nm® of BFG will
produce per ton of metal. However, BFG also contains various
pollutants (including sulfur compounds) and generates harm-
ful environmental emissions, which hinder its utilization. The
total sulfur content in BFG typically ranges from 100 to

* Corresponding authors.

200 mg Nm . Carbonyl sulfide (COS) and hydrogen sulfide
(H,S) are the main sulfur components, accounting for 70%
and 30%, respectively [3]. These sulfides in BFG can cause
corrosion of industrial equipment, poisoning of catalysts, or
environmental pollution [4-6]. COS emission into atmosphere
can form SO, and accelerate photochemical reaction, which
will transform into sulfate aerosols finally. Therefore, effective
desulfurization of BFG is of great significance for iron and
steel companies. Compared with the desulfurization (of SO,)
of flue gases resulted from the burning of BFG at its different
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application sites, the desulfurization of BFG itself not only
reduces the costs, but also avoids corrosion and environmental
pollution. To make full use of the heat and pressure power
generation from BFG, the desulfurization unit should be
placed after the top recovery turbine (TRT) unit. Normally, the
BFG pressure significantly decreases after TRT and the tem-
perature drops from 150 °C to ca. 60 °C [7].

COS is usually converted into H,S through catalytic hy-
drolysis and subsequently removed [8—12]. Thus, developing
an efficient approach for H,S removal is crucial to reduce the
total sulfur content in BFG. Currently there have four tech-
nologies for H,S removal, including adsorption, amine
scrubbing, Claus process and selective catalytic oxidation [13—
15]. Due to its easy operation, low cost and long service life,
the adsorption method (especially solid adsorbent) is the most
promising method, which is also convenient for practical
application. The sulfur-containing gas after adsorption process
can be piped to sintering furnace for combustion and then be
disposed centralizedly. Therefore, solid adsorbents with high
sulfur capacity and long service life is essential for effective
H,S removal from BFG.

Different zeolite (such as, natural zeolite, LTA zeolite, MFI
and FAU zeolite) have been used for H,S removal, and 13X
zeolite demonstrates a good desulfurization performance [16—
19]. However, the sulfur capacity of zeolite is relatively low
and needs to improve. The addition of transition metal (such as
Cu, Zn, Fe, Co, and Ag) on zeolite can enhance the sulfur
capacity of zeolite-based adsorbents [20-26]. CuO is a po-
tential candidate for low-temperature desulfurization due to its
favorable thermodynamic properties [27-31]. Generally,
active metal is loaded on zeolite via impregnation method in
order to facilitate large-scale preparation. However, metal
particles will agglomerate during calcination and large metal
particles will form. The large metal particle may increase the
gas diffusion resistance in adsorbent and inhibit the desulfur-
ization performance [32-37]. Therefore, minimizing the metal
particles on zeolite with a high loading is the key for the
preparation of a high sulfur capacity adsorbent.

In present work, an ammonia-induced copper-modified 13X
zeolite (NH;—CuO/13X) adsorbent was prepared. By intro-
ducing ammonia, Cu®>" metal complexes can form and adsorbs
on 13X zeolite during impregnation process and then be con-
verted into CuO in subsequent calcination process. The amino
groups effectively inhibit the agglomeration of CuO particles
and therefore prevent the pores of zeolite from being blocked,
which is certainly beneficial for the diffusion of H,S in desul-
furization process and hence capable of improving H,S
adsorption rate and sulfur capacity of adsorbent. The sulfur ca-
pacity of NH;—CuO/13X-3 is more than twice that of CuO/13X
(without ammonia introduced). In addition, ammonia induction
was also successfully applied to the preparation of other kind of
zeolite adsorbents. It was found that the performance of these
adsorbents was also significantly improved, indicating the
versatility of the induction of amino groups for the preparation of
H,S adsorbents via impregnation method.

2. Experimental section
2.1. Preparation of sorbent

Materials: The 13X zeolite is a commercial material
(powder, Si/Al = 1.13, 2~3 pm, Jiangxi Xintao Technology
Instrument Co., Ltd.), and the element content of 13X zeolite
was shown in Table S1. Copper nitrate (Cu(NO3),+3H,0, 99
%) was purchased from Xilong Chemical Co., Ltd. Ammonia
(NH3-H,0) was obtained from Guoyao Chemical Reagent
Co., Ltd. All reagents were of analytical grade and used as
received from the suppliers without further purification.

Synthesis of adsorbents: All tested adsorbents were pre-
pared using an improved impregnation method, as illustrated
in Fig. la. Initially, 5.6 g of copper nitrate was dissolved in
80 mL of water under ultrasound to form a homogeneous
solution. Then, NH;3-H,O was added dropwise into the solu-
tion under a vigorous stirring condition until the precipitate
dissolves to form a stable blue tetra-ammonium copper com-
plex ion. Subsequently, 10 g of 13X zeolite was added to the
above solution and the mixture was stirred for 12 h. After
stirring, the mixture was evaporated in a water bath at 80 °C
and dried in an oven at 105 °C. Finally, the dried sample was
ground and calcined at 250 °C for 4 h in a muffle furnace, and
the resulting sample was named NH3;—CuO/13X-3. It had a Cu
loading of approximately 12.84 wt%. NH3;—CuO/13X-1, NH5—
CuO/13X-2 and NH3—CuO/13X-4 were synthesized similarly
with different mass ratios of 13X zeolite to copper nitrate
(10:2.8, 10:4.2, and 10:7), resulting in Cu loadings of
approximately 6.86 wt%, 9.95 wt%, and 15.55 wt%, respec-
tively. CuO/13X and NH3/13X adsorbents were prepared using
the same method for comparison. Additionally, to verify the
universality of this ammonia induction method, NH;—CuO/
NaX and CuO/NaX were prepared by the same procedure.
After desulfurization tests, the spent adsorbents were labeled
with “Ex” (e.g., NH3—CuO/13X-3-Ex), and the corresponding
regenerated adsorbents were labeled with “R” (e.g., NH3—
CuO/13X-3-R).

The methods used for the characterization of all adsorbents
included XRD, H,-TPR, BET, SEM, TEM, XPS, TG-DTG,
ICP-OES and FTIR and the detail procedures are described in
Supporting Information.

2.2. Adsorption experiments

The test system for the performance of adsorbents is
depicted in Fig. S1 (Supporting Information). Typically, H,S
from a gas cylinder was diluted with a simulated BFG (CO,
19.68 vol%, O, 0.30 vol%, CH,4 0.50 vol%, H, 4.49 vol%, CO
24.02 vol%, N, 51.01 vol%) to required concentrations (C
(H,S): 300 ppm/417.18 mg m ). The total flow rate of the gas
(Q) and the mass of adsorbent (m) were fixed at 100 mL min
and 0.65 g (30-50 mesh granules were prepared by pressing
tablets and sieving), which corresponded to a gas volume
space velocity (GHSV) of 6000 h™'. The H,S adsorption
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Fig. 1. (a) Schematic illustration for the synthesis of NH;—CuO/13X. (b) XRD patterns and (c) N, adsorption/desorption isotherms of 13X, NH;—CuO/13X-3 and

CuO/13X.

performance of the adsorbent with water vapor was studied by
introducing a certain amount of water vapor into the reactor
through branch dilution gas. The temperature of the water
vapor generator was kept at 60 °C, and the water vapor was
introduced into the reactor through 8 mL min~"' branch dilu-
tion gas. The total water vapor content was 1.6 vol%.

The temperature (T) for adsorption was set within the range
of 20 °C—80 °C. The H,S concentration in the outlet gas was
measured by a SP-6802 trace sulfur gas chromatograph
(Shandong Lunanhongrui Chemical Instrument Co., Ltd.,
China), equipped with a flame photometric detector (FPD).
The FPD detector temperature was set at 120 °C. The H,S
concentration was measured until the concentration of H,S in
outlet gas reached 15 ppm, that is, the penetration rate reached
5%. This threshold was used to catalculate the breakthrough
sulfur capacity of all adsorbants. The exhaust gas is passed
into KMnOy, solution to mitigate its environmental impact.

Concretely, the breakthrough H,S capacity of adsorbents
was calculated by integrating the area of the breakthrough

curve using equation (1):
t
f1-
0

where Myy,s is the molar mass of H,S gas (34 g mol™1), mg is
the initial mass of fresh adsorbents (0.65 g), V is the total flow
rate (100 mL min~ '), 22.4 is the volume of gas per mole (L
mol_l) at 0 °C, C;, is the H,S concentration (ppm) in inlet gas,
Cout 18 the H,S concentration (ppm) in outlet gas, and t rep-
resents the desulfurization test time (min).

7MHZS X V x Cin
 my x 224

Cout
Cin

H,S capacity (mgg™') }dt (1)

2.3. Regeneration of adsorbent

The regeneration experiments of the spent adsorbents were
carried out at 200 °C under different atmospheres (simulated
BFG or air) and GHSV of 600 h™!. Once there was no sulfur-
containing species to be detected from exhaust gas, the sample
was naturally cooled down to room temperature.

3. Results and discussion
3.1. Characterization of adsorbents

XRD measurements were performed to identify the phase
composition and crystallographic structure of adsorbents
(13X, NH3—CuO/13X-3 and CuO/13X). As the NH;—CuO/
13X-3 adsorbent had the highest H,S adsorption performance
among difference NH3;—CuO/13X (see Section 3.2), it was
preferentially subjected to characterization. A series of typical
characteristic peaks (Fig. 1b and Fig. S2) ascribed to 13X
(26 = 6.1, 10.0, 11.7, 154, 23.2, 26.6, 30.4, 31.0, 32.1 and
33.7°, PDF#89-8235) were observed for all samples [13,38],
suggesting that the loading of Cu does not significantly change
the crystal structure of 13X. Typical characteristic diffraction
peaks assigned to CuO were detected for NH;—CuO/13X-3
and CuO/13X samples (26 = 32.5, 35.4, 38.9, 48.8, 58.2, and
61.3°, PDF#48-1548) [39,40]. No other Cu-related diffraction
peaks were found, indicating that the precursor copper com-
plex was completely converted into CuO after calcination. The
full width at half maxima (FWHM) of CuO diffraction peak
for NH3;—CuO/13X-3 was larger than that of CuO for CuO/
13X, indicating the formation of smaller CuO particles in
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NH;—CuO/13X-3. Calculated by Scherrer's equation, the di-
ameters of CuO nanoparticles in NH;~CuO/13X-3 and CuO/
13X-3 are 4.92 nm and 5.83 nm, respectively. The NH;—CuO/
13X-3 and CuO/13X were also analyzed by H,-TPR, and the
results are presented in Fig. S3. The main reduction peak at
215 °C can be attributed to the reduction of small CuO
nanoclusters to Cuo, and the peak centered at 266 °C be
assigned to the reduction of large CuO particles to Cu’
[41-43]. Compared with CuO/13X, NH3;—CuO/13X-3 has a
peak at 215 °C with a larger area, indicating that NH;—CuO/
13X-3 has more small CuO nanoclusters. It may be owing to
the induction of ammonia, which increases the dispersion of
CuO.

In order to confirm that the dispersion of Cu species on
zeolite, 13X, NH;3;—CuO/13X-3 and CuO/13X were subjected
to N, adsorption/desorption isotherms measurement. The re-
sults are presented in Fig. Ic and Fig. S4. The high specific
surface area of 13X zeolite can be attributed to its microporous
structure. The specific surface areas of NH;—CuO/13X-3 and
CuO/13X decreased after Cu impregnation. The specific sur-
face area of NH;—CuO/13X-3 is higher (461.5 m*> g~') than
that of CuO/13X (378.7 m> g '). Pore size distribution

analysis showed that the total pore volume of NH;—CuO/13X-
3 adsorbent decreased less after Cu loading compared with
CuO/13X (Table S2). The reason may be that the introduction
of ammonia inhibited the agglomeration of Cu particles and
reduces the blockage of the pores of 13X zeolite and allowed
more N, molecules to enter the channels. Preservation of more
accessible channels certainly favors the reduction of gas
diffusion resistance [34], and therefore is beneficial to the
diffusion of H,S in adsorbent.

SEM images in Fig. S5 illustrate that the surface of 13X
changes from smooth to rough after Cu impregnation. As can
be seen from the TEM images of NH;—CuO/13X-3 and CuO/
13X (Fig. 2a and b and S6), a large number of Cu nano-
particles are scattered on the surface of 13X. The average
particle diameter of Cu in NH3;—-CuO/13X-3 is 5.01 nm
(Fig. 2b), which is smaller than that of Cu nanoparticles
(5.75 nm) in CuO/13X (Fig. S6b). In Fig. 2c, the distinct
lattice fringes with d spacing of 0.23 nm assigned to CuO
(111) planes can be observed. The EDX analysis (Fig. 2d)
indicated the Cu content on the surface of zeolite in NH;—
CuO/13X-3 is 11.69 wt%, which is close to the content of
impregnated Cu (12.84 wt%), indicating that most of Cu on

Mean size: 6.01 nm

Fig. 2. (a-b) TEM images of NH;—CuO/13X-3, (c) HRTEM image and (d-e) EDX elemental mapping images of NH;—CuO/13X-3. The inset in (b) is the cor-

responding diameter distribution of CuO nanoparticles on 13X zeolite.
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Fig. 3. (a) High-resolution Cu 2p spectra and (b) O 1s spectra of NH;~CuO/13X-3 and CuO/13X.

the surface of 13X zeolite. Furthermore, the Cu content in
NH;—CuO/13X-3 adsorbent was measured by ICP-OES. The
Cu content in NH;—CuO/13X-3 is 12.83 wt%, which is close
to the feeding amount. Besides, the other elements (O, Si, Al
and Na) are also distributed uniformly within its framework
(Fig. 2e).

The surface chemical and valence states of 13X, NH3—
CuO/13X-3 and CuO/13X were investigated by XPS (Fig. 3
and Fig. S7). The peaks attributed to Cu species appeared in
the XPS spectra of NH;—CuO/13X-3 and CuO/13X, in addi-
tion to Al, Si, Na and O signals (Fig. S7a). The valence states
of Cu and O were investigated via high-resolution spectrum
analysis. Fig. 3a shows the high-resolution Cu 2p core-level
XPS spectra of NH3;—CuO/13X-3 and CuO/13X. It can be seen
that the 2p spectra of Cu for two adsorbents are basically the
same, indicating that the introduction of ammonia did not
affect the valence state of Cu. The pair of peaks at 934.8 and
954.8 eV arising from the spin—orbit doublet of Cu 2p are
indexed to Cu’" [44,45]. The satellite peaks centered at
942.6 eV and 962.6 eV are also corresponds to Cu®". Fig. 3b
shows the O 1s XPS spectra of NH3;—CuO/13X-3 and CuO/
13X. Compared with the case of 13X (Fig. S7c), the oxygen in
NH;-CuO/13X-3 and CuO/13X has a distinct peak at
529.8 eV, which is corresponding to lattice oxygen (O,)
(Fig. 3b and Fig. S7d) [46]. Peaks centered at 531.9 eV and

40
a +NH3-CuOI13X-3
_ 60
3 —— NH,/13X
301 Lo ——13X
E % 20
=% 2
220 7,
w NH,-CuO/13X-3 CuO/13X NH,13X 13X
=
: /
3 10-
-t
-
o /
0 FR—
T T T T T
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1200

532.8 eV can be assigned to chemically adsorbed oxygen (Og)
and adsorbed water (O,) [47], and the peak centered at
531.2 eV is attributed to oxygen in zeolite structure.

3.2. Adsorbents performance

The performance of different adsorbents for H,S removal
was evaluated in a quartz tube reactor at 80 °C. The break-
through curves and breakthrough sulfur capacity of various
adsorbents are presented in Fig. 4. For each adsorbent, H,S
adsorption performance gradually declined with desulfuriza-
tion time and eventually the H,S concentration in outlet gas
reached the breakthrough point (>15 ppm, 5% penetration
rate). The 13X zeolite have low capacity (1.9 mg g ') to
remove H,S completely and low breakthrough sulfur capacity
(11.5 mg g~ "). The introduction of ammonia slightly enhances
the performance of 13X zeolite. The complete removal and
breakthrough sulfur capacities of NH3/13X are 7.1 and
16.8 mg g ', respectively. Among the adsorbents, NH;~CuQ/
13X-3 exhibited the highest capacity (63.8 mg g~ ') for the full
removal of H,S and the highest breakthrough sulfur capacity
(74.4 mg g~ "), which is more than twice the values of CuO/
13X (23.3 and 33.1 mg g "). It indicates that the H,S
adsorption performance of CuO-based adsorbents could been
improved significantly via ammonia induction during the
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Fig. 4. (a) Breakthrough curves and (b) breakthrough sulfur capacity of NH;.CuO/13X-3, CuO/13X, NH3/13X and 13X. The inset in (a) is the sulfur capacity of

different adsorbents to remove H,S completely.
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Fig. 5. (a) Breakthrough curves and (b) breakthrough sulfur capacity of NH;—CuO/13X-3 adsorbent at different adsorbent temperatures.

impregnation process. The H,S adsorption capacity of NH;—
CuO/13X-3 in our work exceeds most previously reported
zeolite-related adsorbents (Table S3). The content of Cu in
NH;—CuO/13X has an effect on the performance of H,S
removal (Fig. S8). The breakthrough sulfur capacity of NH;—
CuO/13X was continuously improved when the content of Cu
was increased from 6.86 to 12.84 wt%. However, the break-
through sulfur capacity of NH;—CuO/13X decreased when the
content of Cu further increased to 15.55 wt%. That is, NH3—
CuO/13X-3 exhibited the highest H,S removal performance
among all tested NH3;—CuO/13X samples. Thus, NH;—CuO/
13X-3 was selected to further investigate the effect of calci-
nation temperature on its sulfur capacity (Fig. S9). It can be
seen from Fig. SO that calcination temperature had no signif-
icant effect on the sulfur capacity of NH3;—CuO/13X-3,
demonstrating that the adsorbent could exhibit high thermal
stability and the induction of ammonia can effectively inhibit
the agglomeration of metal particles at high temperature.

In order to study the effect of H,S adsorbing temperature on
the desulfurization performance, H,S removal of NH;—CuO/
13X-3 was evaluated over a temperature range of 20-80 °C.
As shown in Fig. 5, the performance of H,S adsorption
increased with the increase of H,S adsorbing temperature. The
H,S removal capacities of NH;—CuO/13X-3 at different
adsorbing temperatures (20, 40, 60 and 80 °C) were 20.6, 31.4,

—s— Without Water
—— 1.6% Water

.30+

£

Q

=

0 20

ju

- »

Kl

S 104

(o]

0 T T L) T T
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39.9 and 74.4 mg g~ ', respectively. This phenomenon can be
explained since H,S molecules may gain energy and overcome
the kinetic limitation as the reaction temperature increasing
[48,49]. The NH5—CuO/13X-3 adsorbent exhibited the excel-
lent desulfurization performances in low temperature range
(less than 80 °C), demonstrating its suitability for H,S removal
from BFG at practical conditions.

Normally, the water vapor content of BFG after dust
removal is ca. 1.6 vol%. Therefore, evaluation the H,S removal
performance of adsorbent in simulated BFG with water vapor
becomes essential. The H,S adsorbent performance of NH;—
CuO/13X-3 was tested in simulated BFG containing 1.6 vol%
water vapor at 80 °C. The breakthrough curve and H,S
adsorption capacity are shown in Fig. 6. The introduction of
water vapor in simulated BFG resulted in a measurable
reduction of breakthrough time and H,S adsorption capacity
for NH3—CuO/13X-3. It can be attributed to the competitive
adsorption of H,S and H,O on the adsorbent due to similar
structure and polarity of H,S and H,O molecules. Nevertheless,
the breakthrough sulfur capacity of NH;—CuO/13X-3 still
maintained high at 56.7 mg g~ with 1.6 vol% water vapor,
demonstrating that this adsorbent is sufficiently effective for
the desulfurization of realistic BFG.

To demonstrate the universality of the ammonia induction
method for the preparation of highly-efficiency H,S removal

b
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Fig. 6. (a) Breakthrough curves and (b) breakthrough sulfur capacity of NH;—CuO/13X-3 adsorbent in simulated BFG with/without water.
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Fig. 7. (a) Breakthrough curves and (b) breakthrough sulfur capacity of NH;—CuO/NaX and CuO/NaX.

adsorbent, two adsorbents based NaX zeolite (NH;—CuO/
NaX and CuO/NaX) were also prepared by the same pro-
cedure with ammonia induction (Fig. 7). Compared with
CuO/NaX adsorbent (20.5 mg g~ '), the breakthrough sulfur
capacity of NH;—CuO/NaX was nearly doubled, reaching a
level of 37.6 mg g '. It suggests that ammonia induction
may offer a universal method for the preparation of H,S
adsorbents with high sulfur capacity via impregnation met
hod.

3.3. Regeneration performance of NH3;—CuO/13X-3-Ex
adsorbent

The thermogravimetric curve in air of used adsorbent
(NH;—CuO/13X-3-Ex) was presented in Fig. S10. The weight
loss in temperature range of 46—200 °C should be attributed to
the desorption of H,O and H,S adsorbed in the spent sample.
The small weight increasement at 200-350 °C is possibly due
to the formation of sulfur oxides such as SOj 2. Therefore, the
regeneration of NH;—CuO/13X-3-Ex was studied at 200 °C in
air and then subjected to simulated BFG to evaluate its sulfur
capacity (Fig. 8). The breakthrough capacity of the regener-
ated NH3;—CuO/13X-3 was 17.3 mg g_1 (Fig. 8a). After the
second regeneration cycle, the sample became fully inert for
H,S adsorption, indicating that the regeneration of NH;—CuO/
13X-3-Ex in air is not viable. Fig. 8b presents the break-
through curve and sulfur capacity of NH;—CuO/13X-3-Ex
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regenerated in simulated BFG. The breakthrough sulfur ca-
pacity of NH;—CuO/13X-3 after first regeneration cycle was
25.3 mg g ', and it still remained a relatively high level of
19.0 mg g after second regeneration cycle. Clearly the
breakthrough sulfur capacity of the adsorbent regenerated in
simulated BFG has a smaller drop than that of the adsorbent
regenerated in air. From the results of the specific surface area
and pore size distribution of NH3—CuO/13X-3-Ex and NH3—
CuO/13X-3-R after regeneration in BFG (Fig. S11), it can be
seen that the specific surface area and pores of the adsorbent
after regeneration in BFG have been well restored (Fig. lc, S4
and S11). In addition, the regeneration of NH;—CuO/13X-3-Ex
at higher temperature (350 °C and 450 °C) was also carried out
(Fig. S12). It can be seen that the sulfur capacity of NH;—CuO/
13X-3 after regeneration at higher temperature decreases, no
matter in air or BFG.

3.4. Desulfurization mechanism of NH;—CuO/13X-3
adsorbent

The FT-IR and XPS spectra of the spent adsorbents (NH;—
CuO/13X-3-Ex) were used to reveal the main reaction and
deactivation mechanism. Compared with the FT-IR spectra of
NH;—CuO/13X-3 (Fig. 9a), a new band at 620 cm ™' appeared
in the spectrum of NH;—CuO/13X-3-Ex, which could be
attributed to Cu—S vibration [46,50]. This indicates that copper
sulfides formed in the spent sample.
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Fig. 8. Breakthrough curves and breakthrough sulfur capacity of NH;—CuO/13X-3-Ex after regeneration in (a) air and (b) simulated BFG at 200 °C.
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Fig. 9. (a) FT-IR spectra of NH;—CuO/13X-3 and NH;—CuO/13X-3-Ex; (b) High-resolution S 2p spectra of NH;—CuO/13X-3-Ex and NH;—CuO/13X-3-R, (c)
High-resolution O 1s spectra of NH;—CuO/13X-3-Ex and NH;—CuO/13X-3-R, (d) Cu 2p spectra of NH;—CuO/13X-3-Ex and NH;—CuO/13X-3-R. The inset in (b)

is a diagram of S content in NH;—CuO/13X-3-Ex and NH;—CuO/13X-3-R.

Fig. S13 and Fig. 9b-9d present the XPS spectra of NH;—
CuO/13X-3-Ex. The XPS spectra of NH;—CuO/13X-3-Ex
(Fig. S13) confirmed the co-presence of Al, Si, Na, Cu, S and
O elements. The XPS S 2p spectrum of NH;—CuO/13X-3-Ex
(Fig. 9b) can be fitted with five peaks. The three peaks
centered at 161.0 eV (S 2p), 162.0 eV (S 2p3/2) and
163.1 eV (S 2pl/2) are attributed to the standard binding en-
ergy of metal sulfide (CuS) [44,51]. The two peaks centered at
164.1 eV and 169.4 eV are ascribed to S and sulfate, respec-
tively [52,53]. The formation of S and sulfate may be due to
the catalytic oxidation of adsorbed H,S co-promoted by 13X
zeolite and CuO. The framework of 13X is similar to that of vy-
Al,O3, which is a common catalyst used in Claus process to
covert H,S into S [38]. In order to verify this, XPS analysis
was performed for the H,S-adsorbed 13X zeolite (Fig. S14).
The sulfur components did exist in the forms of S and sulfate,
which is consistent with results reported in literature [38]. By
comparing the XPS peak areas related to sulfur, it was found
that the sulfur species in NH;—CuO/13X-3-Ex are mainly
present as CuS (Fig. 9b). As shown in Fig. 9c, the O 1s XPS
spectrum of NH;—CuO/13X-3-Ex can be deconvoluted oxygen
in zeolite structure (531.3 eV), chemical adsorbed oxygen
(531.9 eV, Og) and adsorbed H,O (533.0 eV, O,), respectively.
Compared with NH;—CuO/13X-3, the signal of lattice oxygen
(0,) of NH3—CuO/13X-3-Ex is not detectable, suggesting that
no Cu in the NH;—CuO/13X-3-Ex existed in the form of CuO.
For confirmation, Cu 2p XPS spectrum of NH;—CuO/13X-3-

Ex is given in Fig. 9d. No CuO peak is observed, and the two
peaks centered at 932.1 eV and 952.1 eV are attributed to a
coordination of unsaturated Cu®* and CuS, respectively [54].

Since the better regeneration performance of NH;—CuO/
13X-3-Ex was achieved in the simulate BFG, XPS analysis
was conducted for NH;—CuO/13X-3-R regenerated in simulate
BFG to explore the regeneration mechanism. The XPS spectra
of NH3;—Cu/13X-3-R confirmed the presence of Al, Si, Na, Cu,
S, and O elements (Fig. S13). The S content in NH3—CuO/
13X-3 before and after regeneration was 8.0% and 1.2%
(Fig. 9b), indicating that most of sulfur was removed after
regeneration. The XPS of S 2p spectrum for NH;—CuO/13X-3-
R (Fig. 9b) can be fitted with three peaks centered at
161.9 eV (S 2p3/2), 163.0 eV (S 2p1/2) and 169.4 eV (SO 7).
The former two peaks are attributed to non-regenerated CuS or
Cu,S produced in the regeneration process [55]. The peaks
centered at 169.4 eV is ascribed to sulfate. The peak intensity
attributable to SO42* has increased after regeneration, and
most of sulfur in CuS has been removed, resulting in an in-
crease in the relative intensity of SO, . The XPS spectrum of
O 1s for NH3—CuO/13X-3-R (Fig. 9¢) can be fitted into five
peaks, corresponding to oxygen in zeolite structure
(531.3 eV), chemisorbed oxygen (531.9 eV, Opg), adsorbed
H,O (533.0 eV, O,), SO42_ (532.5 eV), and lattice oxygen
(529.8 eV, O,). The presence of lattice oxygen confirms the
formation of CuO. The Cu 2p XPS spectrum of NH3;—CuO/
13X-3-R (Fig. 9d) exhibits obvious Cu®" peaks, indicating
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Fig. 10. H,S removal and regeneration mechanism of NH3—CuO/13X-3 adsorbent.

that CuS was converted into CuO during the regeneration
process. Via in-situ analysis of the exhaust gas, COS was
detected during the regeneration of NH3;—CuO/13X-3 in
simulate BFG over 150 °C. As BFG contains CO, S will react
with CO to generate COS. In order to determine the formation
of COS during the regeneration process, NH;—CuO/13X-3-Ex
adsorbent was regenerated by 24 vol% CO/N,. It was found
that only a small amount of COS was formed during the
regeneration process. In addition, the performance of NH;—
CuO/13X-3-Ex after CO regeneration was also carried out
(Fig. S15). It can be seen that the breakthrough sulfur capacity
of NH;—CuO/13X-3-Ex regenerated by CO is only
6.1 mg g, which is far lower than that of NH;—CuO/13X-3-
Ex regenerated by simulated BFG, indicating that COS mainly
comes from the reaction between CuS and CO,. It proves that
CuS was converted into CuO and COS in the regeneration
process with CO,-containing simulated BFG, which is
consistent with the report in literature [32]. After adsorption of
H,S onto NH3;—CuO/13X-3-R-Ex, the peaks of CuO in XPS
spectra disappeared and the peaks corresponding to unsatu-
rated Cu?" emerged (Fig. S16), indicating that the CuO
formed during regeneration process served as active site for
H,S adsorption.

Based on above analysis and reported literature
[32,38,44,56], the possible H,S adsorption and regeneration
mechanism over NH;—CuO/13X-3 is shown in Fig. 10. For the
fresh adsorbent, its main adsorption site is CuO, and the
possible adsorption processes are as follows:

H,S¢) — HoSaas 2)
H,S(aas) + CuO — CuO + HS (oqs) + HY 3)
CuO + HS (uqs) — CuO + S* (uag) + HT )
CuO + $* (uas) — CuS + O°~ (5)
0> +2H" —» H,0 (6)

Due to the presence of adsorbed oxygen, partial catalytic
oxidation of H,S occurs, and the possible oxidation process is
given below:

HoSads) + O*aasy = Scadsy + HaO(aas) @)

The main reactions that occur during regeneration involve
the reaction of CuS and CO, to form CuO and COS, and the
possible desorption process is as follows:

CuS + COZ(g) — CuO + COS(g) (8)

4. Conclusions

In brief, a high-performance H,S adsorbent (NH3;—CuO/
13X) is successfully prepared by simple and low-cost
impregnation method with ammonia-induced. The introduction
of ammonia inhibits the agglomeration of Cu particles and the
average particle diameter of Cu in NH3;—CuO/13X-3 is smaller
than that of Cu nanoparticles in CuO/13X, which not only
improves the dispersion of CuO (the active site for H,S
adsorption), but also inhibits the blockage of zeolite pores. The
latter effect is beneficial to the diffusion of H,S in adsorbent.
For the simulated BFG with 300 ppm H,S and at 80 °C, the
NH;-CuO/13X adsorbent exhibits a H,S removal rate close to
100% and maintains for over 900 min. The breakthrough sulfur
capacity of NH;—CuO/13X reaches 74.4 mg g ', which is
more than double that of CuO/13X prepared without NH3 in-
duction and surpasses most reported adsorbents. The enhanced
desulfurization performance of NH;—CuO/13X is attributed to
the abundant pore of 13X and good dispersion of CuO.
Ammonia induction offer a versatile method for the preparation
of zeolite-based adsorbents with an enhanced sulfur capacity.
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