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ABSTRACT: In this work, iron-containing sludge is used to
prepare iron-based catalysts for efficient H,S selective catalytic
oxidation. First, the effect of calcination temperatures on the
catalytic activities of H,S selective oxidation is carried out and it
can be found that S-500 calcined at 500 °C performs excellent
catalytic activity. Then, the catalytic performance of the S-500
catalyst is further optimized using alkaline treatment with different
concentrations of NaOH solution. The results indicate that S-
500(2.0) treated with 2 M NaOH solution has the highest catalytic
activity of H,S selective oxidation. Next, various characterization methods are used to analyze the structure and physical-chemical of
the sludge-based catalysts. N,-Brunauer—Emmett—Teller (N,-BET) and X-ray photoelectron spectroscopy analyses show that the S-
500(2.0) catalyst has the smallest average particle (11.17 nm), the biggest ratio of S./Smicro(17.98) with bigger external specific
surface area (49.09 m*g™'), a higher proportion of Fe®* species (50.88%), and surface adsorbed oxygen species (48.07%).
Meanwhile, O,-TPD and CO,-TPD analysis indicates that the S-500(2.0) catalyst has a bigger value of the O,3/Org ratio
(50.56%) and (COL) (weaksmoderate) / (CO,)rota ratio of (31.41%), indicating that there are much more oxygen vacancies and weak
alkaline sites. As a result, the excellent catalytic performance of H,S selective oxidation can be attributed to its outstanding physical—
chemical properties.
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1. INTRODUCTION

In recent years, with the increase in the use of chemical raw
materials and industrial additives in chemical synthesis, it has
become increasingly difficult to treat industrial wastewater.'
Faced with the raised emission standards, traditional secondary
biochemical treatment can no longer meet the new emission
requirements. Therefore, it is necessary to add some advanced
treatment to meet the new high-standard emission require-
ments.”> Among them, Fenton oxidation technology was widely
used in deep treatment.’ After the oxidation reaction is
completed, alkali is added to neutralize the coagulated iron
ions to remove pollutants. Therefore, after long-term operation
of the combined Fenton oxidation-biochemical treatment of
industrial wastewater, residual activated sludge would be
produced and a large amount of iron-containing sludge would
also be accompanied.”® According to the literature, the average
mud production of iron-containing sludge is 4.1 g/ L.’ While the
direct leak of untreated sludge leaks into water or soil will result
in environmental pollution, it can increase the risk of disease
transmission.'* Therefore, reasonable disposal techniques must
be adopted to reduce the potential hazards of sludge.

At present, traditional treatment and disposal methods of
sludge mainly include incineration, landfill, and composition of
building materials.' However, traditional technologies are
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mainly focused on the dehydration, reduction, or transfer of
pollutants. Therefore, it is urgent to develop high-value-added
and resource-utilization technology of sludge.'"'* Based on the
fact that the main components of dried sludge after high-
temperature calcination are SiO,, AlO,, FeO,, and some organic
functional groups, it is reasonable to prepare some catalysts
using these active substances in the sludge and can be used for
the catalytic degradation of organic matters in sewage,
desulfurization, and denitrification.”"'™"* Since the catalyst is
a high-value-added product, harmful solid waste can be widely
used as an efficient catalyst of pollutant degradation after
appropriate treatment.' "

Hydrogen sulfide (H,S) is a typical malodorous gas with a
wide range of sources such as crude oil processing, coal gas
generation, and coal-fired power plants."> In addition, H,S can
be easily oxidized into SO, and secondary pollutants such as acid
rain can be formed, which can cause serious pollution to the
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environment.'®"” Therefore, many researchers have paid much
more attention to developing eflicient treatment technology of
H,S.'”"® At present, the main treatment methods for H,S can be
divided into absorption, adsorption, biotrickling filtration, and
catalytic oxidation method.'®"** Among them, most of the
absorption and adsorption methods cannot be applied to the
precise removal of H,S in different concentrations. By
comparison, the catalytic oxidation method has the advantages
of large-capacity gas processing, high performance of desulfur-
ization, wide applicability, and less secondary pollution."*™>°
The principle of the catalytic oxidation method is the catalytic
oxidation of H,S into sulfur in the presence of oxygen. The
reaction formula is as follows:

1 1
H,S + 20, = ~Sn + H,0
n

Metal oxide-based catalysts are widely used in the removal of
H,S by catalytic oxidation. Common catalysts include Fe,O3,
CuO, ZnO, rare earth metal-based, and various composite
metal-based catalysts.zo’zg”24 In addition, activated carbon, SiO,,
Al,O;, TiO,, and other materials with large specific surface areas
and good porous materials are used as carriers to improve the
structural disadvantages of metal oxides and prevent sintering
and ag§regation, thereby improving its catalytic perform-
ance.””” Due to the presence of iron-based active compounds,
the sludge can be used to prepare the catalysts of H,S selective
oxidation. At the same time, the porous materials such as SiO,
contained in sludge may improve the specific surface areas of the
catalysts.23 Therefore, in this work, the iron-containing sludge
and remaining sludge produced in the treatment of industrial
wastewater are selected as the research object, and iron-based
catalysts are prepared by calcining treatment and alkaline
treatment. First, the effects of different calcination temperatures
and alkali concentrations on the catalytic performance of H,S
degradation on the sludge-based catalysts are investigated.
Then, the catalytic evaluation in an atmosphere with water vapor
and without water vapor is carried out to evaluate the catalytic
stability of the optimized catalyst. At last, the composition,
surface morphology, and physical—chemical properties of the
catalyst were characterized. Moreover, the structure—activity
relationship between the catalysts and their catalytic activities of
H,S oxidation are explored.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. The sludge used in this work
was obtained from a renewable energy plant in Shanghai, China,
and the dewatered sludge was used as the raw sludge. All other
reagents used in this work were analytical grade and no further
treatment was operated.

2.2, Catalyst Preparation Calcined with Different
Temperatures. First, a series of catalysts calcined at different
temperatures (300, 400, 500, 600, and 700 °C) using the dried
sludge as a precursor are synthesized and the specific method is
as follows. A certain amount of dried sludge sample was taken
and placed in the muffle furnace at a heating rate of § °C-min™"
to the target temperature and maintained for 3 h. After cooling,
the samples were ground and sieved again to obtain a sludge-
based catalyst with 40—60 mesh samples. Based on the
corresponding calcined temperature, the obtained catalysts are
marked S—T (T = 300, 400, 500, 600, and 700) catalysts.

2.3. Catalyst Preparation Treated with NaOH Solution.
In order to explore the effect of alkali modification on their
catalytic activities of H,S oxidation, a series of catalysts treated

using different concentrations of NaOH solution were prepared.
First, a certain amount of S-500 was impregnated into 10 mL of
NaOH solution with different concentrations for 8 h. Then, the
above mixture was filtered, washed, and dried in the oven at 105
°C overnight. Next, the dried samples were raised to 500 °C ata
heating rate of S °C-min~" in a muffle furnace and kept for 3 h.
After cooling, grinding, and sieving again, the catalysts with 40—
60 mesh were obtained and the catalyst was named S-500(C), C
= 0.1, 0.5, 1.0, 2.0, and 4.0 catalyst according to the alkali
concentration.

2.4. Desulfurization Performance Test. The test system
of desulfurization performance includes a gas distribution
system, reaction system, and detection system. Among them,
the gas simulation experiment is composed of the mixed gas of
N,, H,S, and O, through the mass flow control, and the inlet and
outlet concentrations of H,S are analyzed by gas chromatog-
raphy. Then, 0.2 g of sample is loaded into a quartz tube reactor,
fixed with quartz wool to prevent the catalyst from being blown
away. The reaction temperature is adjusted and controlled
through a temperature controller. In this work, the flow rate and
the inlet concentration of H,S are controlled at 50 mL-min~"
and 200 mg-m~>, respectively. The stable experiment with H,O
and without H,O is terminated until the outlet concentration of
H,S exceeds 20 mg:m™>. H,S was analyzed on Agilent-7890B
(FPD detector) gas chromatography. The water content is
analyzed by a portable hygrometer and the concentration of O,
is analyzed by a Haixin GC-950 (TCD detector) gas
chromatography. H,S removal efficiency and S selectivity were
defined according to the following equations:

[H,S], — [H,S]
[HZS]in

out % 100%

H,S removal efficiency =

¢ _ [H,S], — [H,8]

selectivity —

out [SOZ]
[H,S],, — [H,S]

Ut % 100%

out

[H,S],, and [H,S],,; are the inlet and outlet concentrations of
H,S (ppm), respectively. where [SO,],, is the outlet
concentration of SO, (ppm).

2.5. Catalyst Characterization. In this work, the
physicochemical properties of the prepared catalyst were
characterized using relevant instruments. X-ray fluorescence
spectroscopy (XRF) is used to investigate the types and relative
contents of elements in the samples; the X-ray diffraction
(XRD) pattern of the catalyst is obtained using the Shimazu
XRD-6100 diffractometer to analyze the phase structure of the
catalyst; N, adsorption—desorption isotherms of the catalyst is
carried out using TriStar IT 3020 to obtain the specific surface
area and pore size distribution of the catalyst; the Brunauer—
Emmett—Teller (BET) and the t-plot method was used to
calculate the specific surface area (Sggr), the surface area (Sgyr)
and micropore volume (Vy,,), respectively. Scanning electron
microscopy (SEM) is completed to observe the surface structure
of the catalyst using the FEI Quanta 400 FEG; inductively
coupled plasma atomic emission spectrometry (ICP-AES) is
tested to obtain the detailed content of metal elements in the
sample; X-ray photoelectron spectroscopy (XPS) is carried out
to get the surface elemental composition of the catalyst using
Thermo ESCALAB 250XI instrument equipped with mono-
chromatic Al Ka; temperature-programmed desorption testing
with CO,/0, as the attached gas is used to analyze the types of
surface bases and oxygen species of catalysts using AutoChem II
2920 chemical adsorption instrument.
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Figure 1. Desulfurization performance on the catalysts prepared at different calcination temperatures (A, B); the catalysts prepared treated with
different concentrations of alkali (C, D); catalytic stability with water and without water (E).

3. RESULTS AND DISCUSSION

3.1. Desulfurization Performance. To investigate the
effect of calcination temperature on the catalytic performance of
H,S selective oxidation on the sludge-based catalysts prepared at
300, 400, 500, 600, and 700 °C, a series of tests were carried out
and the results are shown in FigurelA, B. The results showed
that the catalytic activities increased with the increase of
calcination temperature during 300—600 °C, while the catalytic
performance of the catalyst calcined at 700 °C had a significant
decline. Among them, the activity of S-600 prepared at 600 °C
was similar to that of S-500 prepared at 500 °C. Overall, the
descending order of H,S removal efficiency was as follows: S-
(600) > S-(500) > S-(400) > S-(700) > S-(300). Moreover,
worse S selectivity around 75% can be seen on the S—T catalyst.
Therefore, 500 °C was selected as the optimized calcination
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Figure 2. XRD spectra of sludge-based catalysts obtained by different
calcination temperatures (A) and treated with different concentrations

of alkali solution (B).
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Figure 3. N, adsorption—desorption isotherms (A) and pore size
distribution (B) of sludge-based catalysts.

temperature with lower energy consumption and used as a
representative for subsequent acid and base modification.

In order to further improve the catalytic performance of H,S
selective oxidation on the S-500 catalyst, the influence of alkali
concentrations (0.1—4 mol/L) on their catalytic performance
was investigated as shown in Figure 1C, D. By comparison, it was
found that the S-500(2.0).

The catalyst treated with 2 mol/L NaOH solution performed
the best performance of H,S selective catalytic oxidation, while
the $-500(0.1) catalyst treated with 0.1 mol/L NaOH solution
had the worst catalytic activity. It can be seen that compared
with the untreated catalysts, the performance of the sludge-
based catalysts impregnated with NaOH solution had been
improved to varying degrees. In addition, a 2 M HCI solution
was used to treat the S-500 catalyst to make a comparison with S-
500(2.0), and the S-500(2.0 HCI) catalyst performed worse
performance than that of $-500(2.0). Among them, the H,S
removal efficiency of S-500(1.0), S-500(2.0), and S-500(4.0)
can reach 100% at 100 °C of reaction temperature, while S-500
catalyst needed above 140 °C to reach 100% removal efficiency.
The H,S removal efficiency of $-500(2.0) can still reach above
90% at 80 °C of reaction temperature. More importantly, the S
selectivity of S-500(C) catalysts except for S-500(0.1) had raised
to 100% and the S selectivity of S-500(0.1) is significantly
improved compared to the S-500 catalyst.

Meanwhile, the stable experiment of H,S selective catalytic
oxidation was completed at 100 °C of reaction temperature, as
shown in Figure 1E. The activity of H,S removal efficiency on
the S-500(2.0) catalyst began to decrease after 250 min in an
atmosphere with water vapor, and the H,S removal efficiency
dropped below 90% after 360 min. While the performance of
H,S efficiency on S-500(2.0) began to decline after about 90 min
without water vapor, and the removal efficiency decreased below
90% after about 130 min. It can be seen that the presence of
water vapor contributed to improving the desulfurization
performance of H,S selective catalytic oxidation on the S-
500(2.0) catalyst. This result is also in line with the recognized
mechanism of H,S selective catalytic oxidation, which is a
liquid—solid—gas three-phase reaction. In the presence of water
vapor, the gas phase of H,O is first adsorbed on the surface of the
catalyst and a layer of water film is formed. Then, H,S and O,
molecules are dissolved into the water film, and they are
dissociated into HS- and active oxygen atoms, respectively.

3.2. XRD Analysis. Figure 2A shows the XRD diffraction
patterns of sludge-based catalysts prepared at different
calcination temperatures. There are some diffraction peaks at
20 =20.9, 26.8, 36.6, 39.5, 40.4, 42.8, and 50.3, 59.9, and 68.2°
belong to the SiO, phase [PDF# 79-1906] on the S—T samples
below 500 °C. As the calcination temperature increased from
300 to 500 °C, the intensity of these diffraction peaks gradually

29694

Table 1. Specific Data of XRF, N,-BET, and XPS Result on the Sludge-Based Catalysts

XPS result

N,-BET

XRF result

Ca

dBJH SpET Skxt Shicro Viotal Sext/ Smicto Fe Si

K

Ca

Si

Fe

wt %

m mz-g‘l mz-g‘l mz-g‘l Cms_gA
12.22
20.04
11.17

23.06
13.25

wt %

sample

S-500

48.13

0.67
0.77
0.92
0.90
0.98

2.65
2.95
6.02
6.32
1.29

8.62
12.84
6.85
6.61
10.09

5.39
6.04
7.34
5.96
10.85

1.85
2.66
341
4.16
2.69

2.40
4.66
17.98

0.194
0.200
0.173
0.092
0217

21.09

50.67

71.76
43.05

90

1.

8.96
8.68

6.71
6.33
2.98
3.10

2.

9.99
1091
11.05
1091

12.71

52.19

7.61
2.73

2.30

35.44
49.09

1.72
1.49
1.55
1.61

12.38
13.73
15.77

14.81

$-500(0.1)

57.17

51.82
16.09

59.16

9.659
10.509

$-500(2.0)

58.14

6.00
15.20

13.79
§55.51

$-500(4.0)

57.64

3.65

87 2.379

6.93

$-500(2.0 HCI)
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Figure 4. SEM images of S-500 (A), S-500(0.1) (B), $-500(2.0) (C), S-500(4.0) (D), S-500(2.0 HCI) (E), element overlay of S-500 (F, f), S-500(2.0)

(G, g) and EDS of S-500(2.0).

became weakened, and a weak diffraction peak at 26 = 26.8° can
be seen on the S-500 catalyst, indicating that the SiO, crystals in
the S-500 catalyst may be in an amorphous state. As the
calcination temperature further increased, the diffraction peaks
belonging to SiO, began to become stronger again, and some
diffraction peaks at 20 = 33.2 and 35.8° assigned to Fe,O; [PDF
# 89-8104] began to appear. This indicated that other
components are highly dispersed on the surface of SiO, in the
catalysts prepared at lower calcination temperatures. With the
calcination temperature increase, metal oxides such as Fe,O;
began to appear on the surface of the samples. Figure 2B shows
the XRD spectrum of the sludge-based catalysts treated with
different concentrations of alkali solution. It can be seen that the
modification of the alkali solution had no obvious effect on the
crystal structure of the catalysts. The intensity of diffraction
peaks on the $-500(2.0) catalyst impregnated with 2 M NaOH
solution was higher than that of other concentrations of alkali
solution, indicating that alkaline impregnation is beneficial for
the crystallization of SiO,. Overall, it can be seen that the main
crystal phase of the sludge-based catalysts is mainly composed of
SiO, and Fe,0;.

3.3. N, BET and Surface Morphology. From Figure 34, it
can be seen that all N, adsorption—desorption isotherms on
sludge-based catalysts exhibited typical Type IV with the
hysteresis loop, indicating that sludge-based samples are typical
of mesoporous materials.' "> From Table 1, it can be seen that
the specific surface area of S-500, S-500(0.1), S-500(2.0), S-
500(4.0), and $-500(2.0 HCI) was 71.76, 43.05, 51.82, 16.09,
and 59.16 m* g~', respectively. It can be seen that the alkali or
acid treatment can result in the decrease of the specific surface
area on the sludge-based catalysts. High concentration of NaOH
solution can lessen the Sgpy value of S-500(4.0) to 16.09 m* g™".
In addition, the external specific surface area of S-500, S-
500(0.1), $-500(2.0), S-500(4.0), and $-500(2.0 HCI) was
50.67, 35.44, 49.09, 13.79, and 55.51 m? g_l, respectively.
Moreover, the S../S.i Vvalues of S-500, S-500(0.1), S-
500(2.0), S-500(4.0), and S-500(2.0 HCI) are 2.40, 4.66,
17.98, 6.00, and 15.20, respectively. By comparison, S-500(2.0)
has the biggest value of S,/ S i.ro and the bigger external specific
surface area was in favor of the adsorption and diffusion of H,S
molecules, resulting in the improvement of H,S selective
catalytic oxidation on $-500(2.0). In addition, the total pore
volume of S-500(2.0) decreased from 0.194 to 0.173 cm’-g~’,

while the value of S-500(2.0 HCI) increased from 0.194 to 0.217
cm®-g ™", The possible reason is that alkaline impregnation may
block the pores. From Figure 3B, it can be seen that the S-
500(2.0) catalyst has a smaller average particle size than those of
$-500, $-500(0.1), S-500(4.0), and S-500(2.0 HCl). Further-
more, from Table 1, it can be found that the average particle size
of $-500, $-500(0.1), $-500(2.0), S-500(4.0), and S-500(2.0
HCI) was 12.22,20.04, 11.17,23.06, and 13.25 nm, respectively.
In general, the surface of the catalyst with the smaller particles
was beneficial to the enrichment of more active sites, resulting in
the enhancement of the catalytic activity of H,S oxidation.

In order to further analyze the surface microstructure of the
sludge-based catalysts, SEM characterization was performed and
Figure 4 shows the surface morphology of S-500, S-500(0.1), S-
500(2.0), S-500(4.0), and S-500(2.0 HCI) catalysts. Figure 4A,
B shows that the surface morphology of S-500 and S-500(0.1)
catalysts was irregular and their surface pore structure is poor.
From Figure 4C, it can be observed that particles are evenly
distributed and dispersed on the surface of the S-500(2.0)
catalyst. As shown in Figure 4D, nonuniform particles with
obvious agglomeration can be observed on the surface of the S-
500(4.0) catalyst. As for the S-500(2.0 HCI) catalyst, loose and
indistinct blocky substances can be seen on its surface. In order
to further determine the elements and content on the surface of
the S-500 and S-500(2.0) catalyst, energy spectrum analysis was
performed, as shown in Figure 4 and Table 2. It can be seen that
the elements including Fe, Si, Al, Ca, K, and O were present on
the surface of S-500 and S-500(2.0) catalysts. As shown in Table
2, the weight ratios of Fe (12.76%), Si (14.44%), and Ca
(13.49%) on the S-500(2.0) catalyst are higher than those of Fe
(8.87%), Si (13.19%), and Ca (10.78%) on S-500 catalyst, while
the weight ratio of Al (18.57%) on the S-500(2.0) catalyst is
lower than that of Al (11.12%) on the S-500 catalyst. This result
was in line with the XRF, ICP, and XPS analysis, indicating that
the treatment of NaOH solution can improve the amount of Fe,
Si, and Ca and lessen the number of Al

3.4. 0,-TPD/CO,-TPD Analysis. The catalytic activity of
H,S selective oxidation is closely related to its activated ability of
oxygen on the sludge-based catalysts. O,-TPD technology was
carried out to determine the desorption amount of different
oxygen species in the catalysis, as shown in Figure SA. It is
generally believed that oxygen can be activated through the
conversion process of O, = O0,” — 0,”~ = 0~ = 0>".Dueto
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the fact that O,, 0,7, and O, species desorbed at similar

S ngagas temperatures, it is difficult to distinguish them based on their
oﬁ e - desorption temperature. Therefore, the desorption peak at low
temperatures can be attributed to the desorption of chemically
. o o+« adsorbed oxygen (O,q,, including O,, O,, and 0,>”) species,
& 23S 2 R while the desorption peak at medium to high temperatures and
high temperatures can be assigned to the desorption of surface
= lattice oxygen (Oy,), and bulk lattice oxygen, respectively.'”*°
L a=283]3 From Figure SA, it can be observed that the sludge-based
2 © FTRELR catalysts were composed of three oxygen desorption peaks. The
E desorption peaks at 30—300 and 300—500 °C were due to the
‘5 & desorption of surface adsorbed oxygen species (O,4) and
§ f § § § i\ surface lattice oxygen (Oy,), while the desorption peaks above
& 500 °C were due to the desorption of bulk lattice oxygen species
in the sludge-based catalysts. Meanwhile, the related desorbed
4 NS amount of oxygen species including O,4 and Oy, on the
i S9TFd catalysts is listed in Table 3. Moreover, the value of O,4;/Ogg
- (Orotal = Ougs + Ojae) ratio was calculated and the ratios of S-500,
X - w6 o $-500(0.1), S-500(2.0), and S-500(4.0) were in the descending
 §EEid order of $-500(2.0) (50.56%) > S-500(4.0) (43.52%) > S-
500(0.1) (26.79%) > S-500 (25.44%). It can be seen that the S-
500(2.0) sample has the biggest ratio of adsorbed oxygen on its
- § ‘i surface, suggesting that there are mgch more oxygen va‘cancies
¥ < on the S-500(2.0) catalyst, which is consistent with its best

catalytic activity of H,S selective oxidation.
9 e £ According to the reports, the alkaline sites on the surface of
a = the catalyst play a crucial role in the selective catalytic oxidation
of H,S."” In general, the H,S molecule needed to be dissociated
. ©® @ into HS™ on the alkaline sites before it can be further oxidized,
- © S 9 while alkaline sites can promote this dissociation reaction, thus
% 2 promoting its desulfurization performance.'””® Moreover, the
2 L large amount of elemental S generated during H,S selective
Mg 2 catalytic oxidation contributed to increasing the colliding and
- merging probability of S atoms with each other, making it easier
2 to form cyclic or chain-shaped S8 structures, which can be easily
= = 2 I precipitated. As a result, it can be avoided to further oxidize into
= = 2 SO,, thus improving the S selectivity of the catalyst. In order to
_g analyze the surface alkalinity of the sludge-based catalyst, CO,-
] ~ o TPD characterization was performed on S-500, S-500(0.1), S-
a i 2 9 500(2.0), and S-500(4.0) catalysts treated with different
& concentrations of NaOH solution, as shown in Figure SB. As
E v e e shown in the figure, the peaks below 300 °C can be defined as a
“ 5, o A T weakly alkaline site, which was related to the presence of
< - hydroxyl groups on the surface of the catalyst. The desorption
g peaks located at 300—500 °C and above 500 °C belong to the
P 5 ] 8 ¥ moderately alkaline position and the strong alkaline sites,
S R respectively.'”*° In general, weak or moderate alkaline sites were
é—“ = beneficial to the adsorption and dissociation of H,S, and the
»w £z 3238 5 3 desorption of sulfur product; strong alkaline sites may have an
@ 5 - adverse effect on the desorption of sulfur product, further
= resulting in the generation of sulfate byproducts. In addition, the
g _ B T desorbed amount of CO, and the (CO,)(yeakimoderate)/
g s e (CO,)1ota ratios are listed in Table 3. By comparison, the S-
23] 500(2.0) catalyst treated with a 2 M NaOH solution had the
8 . 2 © g biggest. ratio of (CO,) (yeakrmoderate)/ (COZ)TOml‘ with 31.41%,
= B Y B indicating that S-500(2.0) had a larger proportion of weak or
5] moderate alkaline sites on its surface, which was conducive to
:: - the adsorption/dissociation of H,S and the desorption of sulfur.
2 . g 3.5. XPS Analysis. In order to further determine the
~ E EECNONS elemental composition and valence state on the surface of
% A R-R-N-1-1 sludge-based catalysts, X-ray photoelectron spectroscopy (XPS)
= A testing was performed on the samples. The binding energies
= (BEs) of other elements were calibrated using the peak of C 1s at
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Figure §. O,-TPD(A) and CO,-TPD(B) of $-500, $-500(0.1), $-500(2.0), and S-500(4.0).

Table 3. Desorbed Amount of O, and CO, on the Sludge-Based Catalysts

0,-TPD CO,-TPD
30—-300 °CSi 300—500 °C Ca 30—-300 °C Si 300—500 °C Ca 500—900 °C
(O Olage 0.4/ OTotal (CO,) veak (COL) moderate (CO,)strong (CO,) (weaksmoderate) /(CO2) ot
sample mmol/g % mmol/g %

S-500 0.361 1.058 25.44 0.053 0.067 0.636 15.87
$-500(0.1) 0.176 0.481 26.79 0.160 0.405 2.665 17.49
$-500(2.0) 0.403 0.394 50.56 0.278 0.294 1.249 31.41
$-500(4.0) 0.457 0.593 43.52 0.387 0.828 4.649 20.72
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Figure 6. XPS survey (A); O 1s spectra (B); Fe3/2 2p spectra (C); Ca 2p spectra (D); Si 2p spectra (E) and Al 2p spectra (F).
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284.8 eV and the XPS spectrum is illustrated in Figure 6. From
Figure 6A, it can be seen that the peaks of Fe, Si, Al, Ca, K, and O
elements are accurately identified in the full scan of the XPS
spectrum, and the approximate content of the elements is shown
in Table 1, indicating that the sludge-based catalysts were
composed of multi-elements. As shown in Figure 6B, the fine
spectrum of O 1s mainly includes surface lattice oxygen species
(Ope) at BE = 530.9 eV, surface-adsorbed oxygen species (O,q,)
at BE = 531.7 eV, hydroxy oxygen species at BE = 533.1
eV.!7?%%7 According to the literature,'” surface-adsorbed
oxygen with high mobility is the most active species in selective
catalytic oxidation of H,S, and the number of surface-adsorbed
oxygen means the rich surface oxygen vacancies. Generally,
oxygen molecules in the reaction are activated by the abundant
oxygen vacancies on the surface of the catalyst. Therefore, a high
content of adsorbed oxygen species will increase the catalytic
activity of the catalyst. As shown in Table 2, the percentage of
0,4./Op was 1.15, 0.99, 1.65, 1.19, and 1.10 on S$-500, S-
500(0.1), $-500(2.0), S-500(4.0), and S-500(2.0HCI), respec-
tively. By comparison, the S-500(2.0) catalyst treated with 2 M
NaOH solution has the highest proportion of surface-adsorbed
oxygen species.

Furthermore, Figure 6C shows that the asymmetric peak of Fe
2p3/2 XPS and the peaks located at binding energies of 711.5,
714.8, and 718.5 €V can be attributed to Fe?*, Fe** species and
the satellite peaks of Fe®* species on the surface of sludge-based
catalysts, respectively.'””**” The integrated peak area of Fe**
and Fe** was calculated, as shown in Table 2. In comparison to
other sludge-based catalysts, S-500(2.0) had the biggest molar
percentage of Fe>* species with 50.88%, which played a vital role
in the adsorption of H,S molecules.

In addition, it can be observed from the Ca 2p spectrum
(Figure 6D) that the peak after alkaline treatment became
significantly stronger, while the peak after acid treatment
weakened significantly. The possible reason was that acid
treatment can cause the washing of Ca on the surface of the
material, while alkaline treatment can convert Ca into hydroxide
and form calcium oxide on the surface of the material after
calcination. Meanwhile, an obvious signal of Si 2p and Al 2p can
be observed in Figure 6E, F.

3.6. Structure—Activity Relationship. The surface
morphology, structure, physical—chemical properties, and
surface chemical state of elements on the surface of the catalysts
have a significant impact on their catalytic performance of H,S
selective oxidation. For sludge-based catalysts, the S-500 (2.0)
catalyst treated with a 2 M NaOH solution has a larger
proportion of external specific surface area and the smallest
average particle size, which is beneficial for promoting the
oxidation reaction of H,S selective catalytic oxidation by
enhancing the adsorption/activation sites of H,S molecules;
the surface adsorption oxygen on the catalyst is the main active
oxygen species in the catalytic reaction of H,S selective
oxidation. Combined with the results of XPS and O,-TPD, it
can be seen that compared with the S-500 catalyst, the S-
500(2.0) catalyst has much more oxygen vacancies and
abundant surface adsorbed oxygen species, which is conducive
to the conversion of HS™. This may be one of the reasons that
the S-500 (2.0) catalyst exhibits better catalytic performance of
H,S selective catalytic oxidation; in addition, from the XPS
analysis results, it can be obtained that the S-500(2.0) catalyst
has much more Fe** species, which is in favor of the adsorption
and dissociation of H,S, which may also be the reason for its
higher catalytic activity; moreover, the S-5S00 (2.0) catalyst has a

larger proportion of weak alkaline sites on its surface, which is
conducive to the adsorption/dissociation of H,S and the
desorption of sulfur products. This is also considered to
significantly improve the catalytic activity of the catalyst. Based
on the characterization results and analysis, the excellent
catalytic performance of H,S selective oxidation on the S-500
(2.0) catalyst can be attributed to its larger external specific
surface area, smaller average particle size, abundant oxygen
vacancies, much more active oxygen species, more Fe**species,
and a larger proportion of weakly alkaline sites.

4. CONCLUSIONS

1. In this work, a series of sludge-based catalysts are
successfully prepared by adjusting the calcination temper-
ature and the concentration of NaOH solution. Their
application of H,S selective catalytic oxidation is carried
out. Evaluation results show that S-500 calcined at S00 °C
performs better catalytic performance. S-500 treated with
2 M NaOH solution can obtain good H,S removal
efficiency while the catalytic performance of S-500 treated
with 2 M HCI solution significantly decreased, indicating
the important influence of acidity and alkalinity.

2. N,-BET shows that S-500(2.0) has the biggest value of
Sext/ Smicro and the bigger external specific surface area is in
favor of the adsorption and diffusion of H,S molecules,
resulting in the improvement of H,S selective catalytic
oxidation on S-500(2.0); moreover, S-500(2.0) has the
smallest average particle size of 11.17 nm, which is
beneficial to the enrichment of more active sites, resulting
in the enhancement of catalytic activity of H,S selective
oxidation; O,-TPD implies that S-500(2.0) has the
biggest value of O,4,/Orq With 50.56%, suggesting that
there are much more oxygen vacancies on S-500(2.0);
CO,-TPD indicates that the $-500(2.0) catalyst has the
biggeSt (COZ)(weak+moderate)/(COZ)Total ratio of 31.41%,
indicating that S-500(2.0) has a larger proportion of weak
alkaline sites on its surface, which is conducive to the
adsorption/dissociation of H,S and the desorption of
sulfur products; XPS indicates that the S-500(2.0) catalyst
has the highest proportion of adsorbed oxygen species
and the biggest molar percentage of Fe®* species with
50.88%.
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