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A structured catalyst has been fabricated by immobilizing cobalt phthalocyanine tetrasulfonate (CoPcS)
on a mixed metal oxide (denoted as MMO) film, which exhibits excellent activity, stability and
recyclability for mercaptan sweetening. Scanning electron microscopy (SEM) images show that the
structured catalyst is composed of MMO nanoflakes whose ab-plane is perpendicular to the Al substrate,
with desired mechanical strength and high adhesion to the substrate. In addition, in situ IR spectra and
carbon dioxide temperature programmed desorption (CO,-TPD) reveal that the moderate basic site is
overwhelming in the CoPcS/MMO structured catalyst, while the strong basic site predominates in the
corresponding CoPcS/MMO powder catalyst. It was found that the structured catalyst exhibits high
conversion (85.7%) for the oxidation of mercaptan to disulphide, markedly higher than that of the
corresponding powder catalyst (38.7%), as a result of the high exposure of active species as well as the
synergistic effect between the oxidation center (CoPcS) and the moderate basic site. In addition, the
structured catalyst shows superior catalysis-regeneration performance, which facilitates its repeatable and
cyclic usage over a long period. Therefore, this work provides a facile and effective method for the
fabrication of structured catalyst with high catalytic activity and stability, as well as recyclability, which
can be used as an eco-friendly catalyst for the sweetening process in the petroleum refining industry.

1. Introduction

Mercaptans, which exist in petroleum products, including
liquefied petroleum gas (LPG), naphtha, gasoline, kerosene, etc.,
are highly undesirable since they have a foul odor, a highly cor-
rosive nature, and lead to catalyst poisoning; it is therefore
necessary to remove them from the petroleum products.! In the
petroleum refining industry, the most commonly practiced
method is the Merox process of sweetening, whose first step is to
extract mercaptans from petroleum products with a caustic soda
solution and then oxidize them to disulfides with air in the
presence of cobalt phthalocyanine or its derivatives as catalysts.?
The mechanism of this reaction which has been widely accepted
is summarized in the following equations:’

RSH + OH™ RS~ + H,0 (1)

2C0*" + 0, 2 2C0°T 4 0,7 (2)
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+Electronic supplementary information (ESI) available: Photograph
(Fig. S1), SEM images (Fig. S2, Fig. S4-S6), XRD (Fig. S3 and S7).
Chemical compositions (Tables S1 and S2)]. See DOI: 10.1039/
c2gcl6462k

RS™ + Co*" — Co*" + RS’ (3)
2RS’ — RSSR (4)

1
0% +H,0 — 20H" +50 (5)

Overall reaction : 4RSH 4 O, — 2RSSR +2H,0  (6)

However, the use of a great amount of caustic soda solution in
this process leads to environmental and economic disadvantages
in the refinery because its disposal is becoming more difficult
and expensive due to the steady tightening of environmental
regulations worldwide.* Therefore, extensive studies have been
conducted on substitution of caustic soda by solid bases so as to
develop a more environmentally friendly and effluent-free
process for mercaptan sweetening.

Mg—Al mixed metal oxides (denoted as MMOs) derived from
the thermal decomposition of layered double hydroxide materials
(LDHs),” have been regarded as promising solid bases with con-
trollable basicity via changing their chemical composition and
thermal treatment parameters.” Recently, it was reported that
MgAl-MMO supported cobalt phthalocyanine (CoPc) catalysts,
which include an oxidation site (Co®") and basic site (MgAl-
MMO) with cooperative interaction, can effectively oxidize
mercaptans to disulfides.” However, the CoPc/MMO powder
catalysts generally suffer from deactivation, and their leaching
as well as separation in catalytic process remain unresolved.
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A feasible solution to this problem is to develop structured cata-
lysts in which a strong adhesion between catalyst and substrate can
suppress the leaching of active species and facilitate recycle usage.

In recent years, extensive studies have been focused on the
immobilization of LDH films or coatings on different substrates
for the purpose of obtaining monolithic catalysts® and adsor-
bents.” Several ways have been reported for the fabrication of
LDH films, including the dip-coating method,'® electrophoretic
deposition,'" solvent evaporation,'? in sifu growth' and a layer-
by-layer technique.'* For instance, Lii et al. reported that the
film catalyst prepared by the calcination/rehydration process of a
MgAI-LDH film showed high catalytic performance in the aldol
condensation of acetone.® MgAl hydrotalcite (HT) thin films pre-
pared by the electrophoretic deposition (EPD) method can be
used as selective adsorbents for heavy metal ions'> and CO,."°
However, studies on MMO films as structured catalysts or adsor-
bents, to the best of our knowledge, are rather rare. Therefore,
this inspired us to fabricate the structured catalyst, cobalt phtha-
locyanine supported on a MgAI-MMO film, for the oxidation of
mercaptan. Compared with traditional powdered catalysts, the
structured catalyst may possess the following advantages: (1) the
effective combination of the active species (CoPc) and a high
dispersion of MMO microcrystals is beneficial to increase the
catalytic activity; (2) strong adhesion and mechanical stability of
the structured architecture can significantly improve the manipu-
lation and facilitate its regeneration.

In this work, we report the preparation of structured catalysts
by supporting cobalt phthalocyanine tetrasulfonate (CoPcS) onto
a mixed metal oxide (MMO) film resulting from calcination of
LDH precursor, which was used for mercaptan sweetening
process via the oxidation of I1-octanethiol to corresponding
disulfide as a model reaction. The SEM image shows that the
structured catalyst is composed of MMO nanoflakes with
ab-plane perpendicular to the Al substrate. /n situ IR spectra and
CO,-TPD demonstrate that three species of basic sites (weak,
moderate and strong) exist on the surface of the CoPcS/MMO
powder catalyst. In the contrast, moderate basic site predominates
in the structured catalyst, which is a key factor for the catalytic
reaction. The CoPcS/MMO structured catalyst exhibits much
higher conversion, more stable regeneration and recyclability as
well as convenient manipulation compared with the correspond-
ing powder catalyst, owing to the high exposure of active species
as well as the synergistic effect between the oxidation center
(CoPcS) and the moderate basic site. By virtue of the incorpo-
ration of catalytic active species and moderate basicity of the
immobilized MMO microcystals, the CoPcS/MMO structured cat-
alyst in this work can be prospectively applied as an eco-friendly
catalyst for sweetening of oil in petroleum refining industry.

2. Experimental
2.1 Materials

Tetrasodium salt of cobalt(i1) 4',4",4"",4""-tetrasulfophthalocya-
nine (Co()Pc(SO;Na),, denoted as CoPcS) and 1-octanethiol
(purity >97%) were provided by J&K Chemical Ltd. The pure
aluminum substrate (purity >99.99%; thickness 0.2 mm) was
purchased from Beijing General Research Institute for Non-
Ferrous Metals. The following analytical grade chemicals were

used without further purification: ethanol, NaOH, (NH,),CO,
Mg(NOs3),:6H,0. Deionized water was used in all the experi-
mental processes.

2.2 Fabrication of the structured catalysts

The MgAI-LDH films were prepared by in situ crystallization on
the pure aluminum substrate. The substrate was cleaned with
acetone, ethanol and deionized water in sequence before use.
In a typical procedure, 0.032 mol Mg(NOs),'6H,O and
0.194 mol (NH,),CO were dissolved in deionized water to form
a clear solution with a total volume of 600 ml. The Al substrate
(28 cm x 15 cm) was rolled into tubular shape and immersed
vertically in the solution, which was heated at 70 °C for 12, 24,
36 and 48 h, respectively. Afterwards, the substrate was with-
drawn, rinsed with deionized water and dried at room tempera-
ture. The as-prepared MgAl-LDH film was heated at 500 °C for
4 h (heating rate: 2 °C min~"), and then cooled to room tempera-
ture to obtain the MgAI-MMO film.

The structured catalysts, as shown in Fig. S1,T were prepared
by immersing the fresh MMO film in an anhydrous methanol
solution containing Co(11)Pc(SO;Na), of different concentrations
(10, 20, 30, 40, and 50 ppm, respectively) with a dry N, flow at
25 °C for 1 h, followed by drying under vacuum at 50 °C for
2 h. The resulting structured catalysts (denoted as CoPcS/MMO-
film) typically contain 0.68—1.52 mg CoPcS per 140 cm? alumi-
num substrate in this work. The catalysts of two comparison film
samples, CoPcS/LDH-film and CoPcS/Al-film, were prepared
by a similar procedure. Powder samples of CoPcS/LDH
and CoPcS/MMO were prepared according to the reported
method.'” Before use, all these catalyst samples were stored free
of moisture and air.

2.3 Catalytic oxidation of mercaptan

The catalytic properties of the catalysts were tested in the oxi-
dation reaction of 1-octanethiol, which was performed in a ther-
mostatted double-walled glass flask equipped with a high-speed
stirrer.'”'® The structured catalyst (with the substrate area of
140 cm?) containing 0.68—1.52 mg of CoPcS was rolled into a
cylinder and placed into the reaction flask. After the injection of
1.40 ml of 1-octanethiol (containing 1000 ppm mercaptan sulfur
in synthetic feed), the reaction occurred at 25 °C under constant
oxygen pressure (1.0 atm). The catalytic behavior of powder cat-
alysts containing the same content of CoPcS was evaluated
under the same conditions. The reaction products were analyzed
by GC-MS, and it was found that the disulfide (CgH;7;SSCgH;7)
was the only product, indicating a 100% of selectivity. No H,O,
accumulation was detected. Therefore, the conversion of 1-octa-
nethiol proceeds according to the following equation: 4CgH;;SH
+ O, — 2CgH;7SSCgH;7 + 2H,0. The recycling test was per-
formed by withdrawing the structured catalyst and then injecting
new reactants.

2.4 Characterization

X-Ray diffraction (XRD) patterns of samples were obtained on
a Shimadzu XRD-6000 diffractometer, using Cu Ko radiation
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(4 =0.154 nm) at 40 kV, 30 mA, a scanning rate of 5° min~', a
step size of 0.02° s™', and a 26 angle ranging from 3 to 70°. The
morphology and the thickness of the films were investigated by
using a scanning electron microscope (Zeiss Supra 55) combined
with energy dispersive X-ray spectroscopy (EDS) for the deter-
mination of metal composition. The accelerating voltage applied
was 20 kV. All samples were sputtered with platinum. Trans-
mission electron microscopy (TEM) images were obtained using
a JEOL JEM-2100 transmission electron microscope. Elemental
analyses for Mg, Al and Co were performed with a Shimadzu
ICPS-7500 inductively coupled plasma spectroscopy (ICP)
instrument on solutions prepared by dissolving the powders
scraped from the films in dilute HNO; (1:1). Conversion was
detected on Shimadzu 2010 GC-MS instrument using an
HP5790 series mass selective detector with a silicone capillary
column (DB-5, poly (5% diphenyl-95% dimethylsiloxane),
25 m x 0.2 mm, 0.33 pum film thickness). The specific surface
area determination, pore volume, and size analysis were per-
formed by BET and BJH methods using a Micromeritics ASAP
2020 analyzer. Prior to the measurements, samples were
degassed at 200 °C for 6 h.

The structure of CO, chemisorbed on hydrotalcite derived
samples was determined by the Nicolet AVATAR 360 FT-IR
spectrophotometer equipped with vacuum system and home-
made transmission cell with ZnSe window. The activation of
catalysts was carried out by heating to 500 °C in muffle furnace
for 4 h before measurement. The activated catalysts were heated
to 500 °C at high vacuum (10_4 Pa) for 1 h, and then cooled to
room temperature. Data were recorded after CO, adsorption at
room temperature and sequential evacuation at 50, 100, 150,
200, 250 and 300 °C. Typically, 64 scans in the range of
4000-1000 cm™" were accumulated for each spectrum (resolu-
tion = 0.9 cm™"). The absorbance scales were normalized to
20 mg pellets.

CO,-TPD of the catalysts was conducted on a TPDRO 110
series of Thormo. Before analysis, catalysts were heated to
500 °C for 4 h in order to remove interference gases adsorbed on
the catalysts surface. Catalysts (100 mg) were treated in N, at
500 °C for 1 h and exposed to CO, stream at room temperature
until a saturation coverage was obtained. Weakly adsorbed CO,
was removed by flushing with He at 80 °C for 0.5 h. The temp-
erature was then increased at a linear rate of 5 °C min~" from 50
to 500 °C.

3. Results and discussion

3.1 Structural and morphological study of the structured
catalyst

Fig. 1 illustrates the XRD patterns of the LDH film, MMO film,
CoPcS/MMO film as well as the corresponding powder samples
scraped from the film for comparison. For the LDH film
(Fig. la), a rather weak reflection was observed at 26 35.1,
which can be attributed to the [012] reflection of the LDH phase;
three strong reflections (marked with asterisk) appear originating
from the Al substrate. The XRD pattern of the powder material
scraped from the LDH film (Fig. 1d) shows a series of reflections
at 11.7°, 23.5°, 61.0° and 62.5°, corresponding to the [003],
[006], [110] and [113] reflections of an LDH phase, respectively.
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Fig. 1 XRD patterns of the (a) LDH film, (b) MMO film, (c) CoPcS/
MMO film, (d) the LDH powder material scraped from the LDH film,
(e) the MMO powder material scraped from the MMO film and (f) the
CoPcS/MMO powder material scraped from the parent film. The asterisk
symbol indicates reflections from the Al substrate.

Moreover, the basal spacing for the LDH material immobilized
on Al substrate is ~0.78 nm, close to the value reported for
COs-containing LDHs,'” which demonstrates the formation of
an MgAI-LDH film on the Al substrate. The characteristic [012]
reflection in Fig. la is indicative of a well-oriented assembly of
LDH crystallites with their ab plane perpendicular to the sub-
strate. In the case of the MMO film obtained by calcination of
LDH film (Fig. 1b), only one reflection of the Al substrate was
observed. However, the characteristic reflections [200] and [220]
belonging to crystalline MgO phase®® were detected for the
powder material scraped from the MMO film (Fig. le), indicat-
ing the occurrence of phase transformation from LDH to MMO.
After loading CoPcS onto the MMO film (Fig. 1c), no obvious
change can be found; the scraped material (Fig. 1f) also displays
the MgO reflections similar to Fig. le. Therefore, it can be con-
cluded that an MgO phase was formed after calcination of the
LDH film, and the subsequent loading of CoPcS did not change
the structure of the MMO film.

The morphology of structured catalyst and its precursor
revealed by SEM is shown in Fig. 2. Top-view and side-view of
the LDH film (Fig. 2A and 2B) show uniform hexagonal plate-
like microcrystals with diameter of 1.0-1.5 um and thickness of
100-200 nm, whose ab-plane is perpendicular to the substrate.
This is consistent with the XRD results in Fig. 1. Calcination of
the LDH film leads to its transformation to MMO film, and the
SEM images of the resulting product (Fig. 2C and 2D) show
that it inherits the original hexagonal morphology of the LDH
precursor with a little shrink in the size of hexagonal microcrys-
tals (0.9—1.3 um in diameter and 100-200 nm in thickness) com-
pared with the parent LDH. Moreover, high dispersive MMO
microcrystals interlaced with each other were observed, which is
favorable to provide a high specific surface area. After loading
CoPcS (Fig. 2E and 2F), no significant change in the mor-
phology of CoPcS/MMO film was observed in comparison with
the MMO film. The adhesion of the CoPcS/MMO film to the
aluminum substrate was tested according to a reported method,?'
and the result is shown in Fig. S2.1 No significant peeling of the
CoPcS/MMO layer was found after cross-cutting through the
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Fig. 2 SEM images for top-view and side-view of the LDH film (A,
B), MMO film (C, D) and CoPcS/MMO film (E, F).

01-10
-1100  }

Fig. 3 TEM images of the (A) LDH, (B) MMO, and (C) CoPcS/MMO
sample.

film, indicating a strong adhesion between the CoPcS/MMO film
and the substrate.

The structure of the as-prepared LDH, MMO and CoPcS/
MMO film was further investigated by TEM, which are shown
in Fig. 3. Fig. 3A displays one piece of the hexagonal LDH
platelet, and the corresponding SAED pattern (inset) exhibits
hexagonally arranged bright spots, confirming its single-crystal
nature of an LDH phase. Fig. 3B shows the TEM image of the
MMO platelet, and the SAED pattern (inset) can be indexed as
the [111] zone axis of a cubic MgO. Furthermore, it was found
that the structure of the CoPcS/MMO (Fig. 3C) did not change
compared with MMO, which is in accordance with the results of
XRD and SEM.

3.2 Preparation of the structured catalysts for the oxidation of
mercaptan

Influence of the LDH precursor. LDH films on aluminum
substrates with different growth time (¢ = 12, 24, 36 and 48 h)
were successfully prepared, which was confirmed by XRD
(Fig. S37). The signal intensity of characteristic reflection [012]
increases gradually as the growth time of the LDH film
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Fig. 4 Catalytic activity of the CoPcS/MMO-¢ structured catalysts for
1-octanethiol oxidation at room temperature and atmospheric pressure
(a:t=12h;b: t=24 h;c: =36 h; d: t =48 h).

increases, and the [003] reflection appears after 48 h, indicating
an enhancement in the LDH crystallinity. SEM images
(Fig. S47) display the morphology of the LDH films with differ-
ent growth times (12—48 h) and their corresponding MMO films.
It was found that the size of LDH microcrystals becomes larger
and the stacking is more compact upon prolonging the growth
time from 12 to 36 h (Fig. S4a—ct), while a decrease in size as
well as serious aggregation of LDH microcrystals are observed
as the time reaches 48 h (Fig. S4d). Moreover, the correspond-
ing MMO films show a similar change to the LDH films, which
was confirmed by Fig. S4a,—d;.T

Structured catalysts were prepared by calcination of these
LDH films mentioned above and then immersing them into a
CoPcS methanol solution (30 ppm) for 1 h, which are repre-
sented as CoPcS/MMO-¢ (¢ denotes the growth time of LDH
film precursor). Table S17 lists the corresponding chemical com-
position of these catalysts, from which it can be seen that both
the content of magnesium and CoPcS increase with the increase
of ¢. Catalytic activity evaluation of the CoPcS/MMO-# (¢ = 12,
24, 36, 48 h) structured catalysts for oxidation of mercaptan was
performed, and the results are shown in Fig. 4. It can be seen
that the activity of the structured catalyst increases at first to a
maximum and then decreases along with the increase of crystal-
lization time of LDH precursor. The CoPcS/MMO (¢ = 36 h,
Fig. 4, curve c¢) film exhibits the highest conversion (85.7%) of
mercaptan than other samples (Fig. 4, curves a, b and d). The
results indicate that the size and stacking density of MMO micro-
crystals may impose influence on the specific surface area and
pore size distribution of the structured catalyst, which will be dis-
cussed in the next section.

Influence of the loading amount of CoPcS. Structured cata-
lysts represented as CoPcS/MMO-c (c stands for the concen-
tration of CoPcS methanol solution) were prepared by
immersing the MMO film into CoPcS methanol solution with
different concentrations (¢ = 10, 20, 30, 40 and 50 ppm respect-
ively) for 1 h. An increase in the CoPcS content of these cata-
lysts along with the increase of concentration was found based
on the results of elemental analysis (Table S2+), and their cataly-
tic behavior for the oxidation of mercaptan is shown in Fig. 5.
The conversion of mercaptan increases at first to a maximum
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Fig. 5 Catalytic activity of the CoPcS/MMO-c structured catalysts for
1-octanethiol oxidation at room temperature and atmospheric pressure
(a: ¢ = 10 ppm; b: ¢ = 20 ppm; c: ¢ = 30 ppm; d: ¢ = 40 ppm; e:
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Fig. 6 Oxidation of mercaptan with the presence of various catalysts.

and then decreases as the concentration of CoPcS increases
(Table S2t). The CoPcS/MMO catalyst (¢ = 30 ppm) displays
the highest conversion (85.7%, curve c¢) among these structured
catalysts. The gradual enhancement in the catalytic activity of
CoPcS/MMO (¢ = 10, 20 and 30 ppm) is attributed to the
increase of CoPcS content; while the decrease in the activity
(¢ = 40 and 50 ppm) probably results from the aggregation of
CoPcS. Therefore, it can be concluded that the architecture of
support as well as the loading amount of CoPcS are key factors
in determining the catalytic activity of the structured catalysts.

3.3 Catalytic oxidation of mercaptan with different catalysts

The catalytic performance of structured catalysts (CoPcS/MMO
film) for the oxidation of mercaptan was studied, accompanied
with the CoPcS/Al film, CoPcS/LDH film, CoPcS/LDH powder
and CoPcS/MMO powder for comparison. The catalytic activity
of these catalysts was tested (Fig. 6), and the results are listed in
Table 1. No conversion was observed for the CoPcS/Al sample
(Fig. 6a), indicating that Al substrate does not contribute to the
reaction of mercaptan oxidation. The CoPcS/LDH catalysts (both
film and powder) show rather low conversion levels, i.e., 5.9%
(Fig. 6b, film) and 10.2% (Fig. 6¢, powder), owing to their weak
basicity which will be discussed in the next section. In the

Table 1 Chemical composition, BET specific surface areas and
conversion of mercaptan for various catalysts

Content of Content

Mg/Al  CoPcS of MMO/ SBET Conversion
Catalyst ratio  (mg) LDH (mg) (m’g™") (%)
Al substrate 0.23 0.0
CoPcS/ 2.13 1.20 36.6 5.9
LDH-film"
CoPcS/ 2.11 1.31 36.6 19.8 10.2
LDH-powder
CoPcS/ 2.11 1.12 32.9 269.2 38.7
MMO-powder
CoPcS/MMO- 2.13 1.00 32.9 85.7
film*

“ Area of the film catalyst: 140 cm?.
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Fig. 7 Nitrogen adsorption—desorption isotherms and corresponding
pore size distribution curves (inset) of (A) CoPcS/LDH-powder sample,
(B) CoPcS/MMO-powder sample, (C) CoPcS/LDH-film, (D) CoPcS/
MMO-film.

contrast, the CoPcS/MMO structured catalyst shows the highest
conversion (85.7%, Fig. 6e), markedly superior to that of the
corresponding CoPcS/MMO powder catalyst (38.7%, Fig. 6d).
It was reported that both active species and basic site are necess-
ary for the oxidation reaction of mercaptan.’? In this work, a
synergistic effect between active CoPcS and basicity of MMO
was observed based on the above results. In addition, for the
CoPcS/MMO structured catalyst, a high dispersion of MMO
microcrystals provides porous structure for the immobilization of
CoPcS, which is beneficial to the diffusion and transfer of the
reactant.

3.4 Sorption analysis of the structured catalysts

The nitrogen sorption measurements were preformed to shed
light on the textural and pore size distribution for the structured
catalyst. Fig. 7 shows the N, adsorption—desorption isotherms
and pore size distribution curves for the CoPcS/LDH-powder,
CoPcS/MMO-powder, CoPcS/LDH-film and CoPcS/MMO-film
respectively, and the specific surface area are summarized in
Table 1. All these samples exhibit intermediate isotherm

This journal is © The Royal Society of Chemistry 2012
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Scheme 1 IR bands of adsorbed CO, surface species (Ref. 27a).

between type II (absence of a plateau at high p/pg) and type IV
adsorption (small N, adsorption at lower p/py) according to
Groen’s report.”> An H3-type hysteresis loop without any limit-
ing adsorption at higher p/p, was observed for the two powder
samples, indicating the existence of macropores.>* This is further
confirmed by the corresponding wide distribution of pore size in
the inset of Fig. 7A and 7B (4-120 nm; 3—-160 nm), resulting
from the aggregation of LDH or MMO particles.*” In the case of
the CoPcS/LDH and CoPcS/MMO film samples (Fig. 7C and
7D), an abrupt closure of the hysteresis loop at ca. p/py = 0.43
was observed in the desorption isotherm. This phenomenon is
indicative of the tensile strength effect (TSE),>> which indicates
the creation of mesopores <4 nm. However, taking into account
the existence of TSE, the pore size distribution derived from the
adsorption branch was applied for the film samples. A mixture
of H2-H3 hysteresis loop was observed for the two film
samples, indicating the presence of slit-shaped and maybe ink-
bottle pores in the whole mesopore network.>* The pore size dis-
tribution for the CoPcS/LDH and CoPcS/MMO film samples
(2-120 nm) is attributed to the homogeneous morphology of
LDH or MMO microcrystals and their oriented stacking on the
substrate (Fig. S57). As for the specific surface area however, the
CoPcS/MMO material scraped from the substrate which retains
its original morphology (Fig. S61) shows a much lower value
(15.5 m* g7') than that of the CoPcS/MMO powder sample
(269.2 m* g~"). The result indicates that the specific surface area
of the catalyst is not a key factor in determining its activity,
while the effective exposure of active sites is more crucial.

3.5 Alkaline effect of MMO

It is reported that basicity of catalysts is an essential factor in the
catalytic oxidation of mercaptan.”® Therefore, in situ FT-IR
was applied to measure the basic site strength by analyzing
the structure of CO, chemisorbed on basic sites of catalysts.
It has been reported that three species of adsorbed CO, were
detected, reflecting three different types of surface basic sites
(Scheme 1).?” Unidentate carbonates corresponding to strong
basic sites exhibit a symmetric and asymmetric O—C-O stretch-
ing at 1360—1400 cm ' and 1510-1560 cm ' respectively; biden-
tate carbonates formed on moderate basic sites show symmetric

50°C
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300°C

Transmittance/ %
Transmittance/ %

1700 1600 1500 1400 1300 1700 1600 1500 1400 1300
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Fig. 8 In situ infrared spectra of CO, adsorbed on (A) CoPcS/MMO
powder sample and (B) CoPcS/MMO film sample upon increasing eva-
cuation temperature: 50 °C, 100 °C, 150 °C, 200 °C, 250 °C, 300 °C.

and asymmetric O—C—O stretching vibration at 13201340 cm '
and 1610-1630 cm™ ' respectively; bicarbonate species on weak
basic sites on catalyst surface involve hydroxyl groups, display-
ing C—OH bending mode at 1220 cm ™" as well as symmetric and
asymmetric O-C—O stretching at 1480 and 1650 cm™,
respectively.

In this work, Fig. 8 shows in situ infrared spectra obtained on
the CoPcS/MMO powder and CoPcS/MMO film sample after
CO, adsorption at 50 °C and sequential evacuation at 100, 150,
200, 250 and 300 °C. Three broad infrared bands were observed
for the CoPcS/MMO powder sample (Fig. 8A) after the CO,
adsorption at 50 °C, which are attributed to the superimposition of
unidentate carbonates (1560-1510 cm™' and 1400-1360 cm™),
bidentate carbonates (1630-1610 cm ' and 1340-1320 cm™)
and bicarbonates (1650, 1480 and 1220 cm ). As the tempera-
ture increases to 100 °C, the intensity of two absorption
bands attributed to unidentate and bidentate carbonates
(16001500 cm ™" and 1400-1300 cm ') decreases gradually and
the band at 1650 cm ™' assigned to bicarbonate species disap-
pears. Upon further increasing temperature, the bidentate and
unidentate carbonates disappear at 250 °C and 300 °C respec-
tively. In the case of the CoPcS/MMO film sample (Fig. 8B), the
inconspicuous band at 1650 cm ' owing to bicarbonate species
was found at 50 °C, indicating the present of a few weak basic
sites for the film sample; two relatively narrow absorption bands
at 1600-1550 and 1450-1400 cm™' were observed, which are
assigned to asymmetrical and symmetrical stretching vibration of
bidentate carbonates, respectively. A strong and broad band at
16501300 cm ' is attributed to the remaining CO5> species
after the calcination of precursor LDH. The intensity of all these
absorption bands decreases with the enhancement of tempe-
rature. As the temperature reaches to 200 °C, the bidentate carbo-
nate species can be hardly detected. Therefore, it can be
concluded that the CoPcS/MMO powder sample provides three
kinds of basic sites — weak, moderate and strong; whereas few
weak basic sites and predominant moderate basic sites exist in
the CoPcS/MMO film catalyst.

The rate of CO, evolution as a function of sample temperature
is shown in Fig. 9. The CO,-TPD profile on the CoPcS/MMO
powder sample (curve a) can be deconvoluted in three desorption
peaks, reaching maximum desorption rate at ~100, 170 and
350 °C which are attributed to weak, moderate and strong basic
site, respectively, in agreement with the results of in situ FT-IR
(Fig. 8A). However, only one CO, desorption peak at 170 °C for
the CoPcS/MMO film sample (curve b) was observed, indicating
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Fig. 9 TPD profiles of CO, on the (a) CoPcS/MMO powder sample
and (b) CoPcS/MMO film sample.

the domination of moderate basic site. This is in approximately
accordance with the results of in situ FT-IR (Fig. 8B). The per-
centage and number of CO, adsorbed on each basic site were
calculated by integration, and the results are presented in
Table S3.% Liu e al.'” reported that strong basic site leads to
weaker adsorption and activation of mercaptan on the oxidation
center of catalyst; while moderate basicity is favorable for the
mercaptan oxidation. The moderate basic site on the surface of
CoPcS/MMO powder sample accounts for 45.4% of the total
basic sites; whereas the contribution of the moderate basic site is
~100% for the CoPcS/MMO film sample. In addition, the
number of moderate basic sites for the CoPcS/MMO film is
much larger than that of the CoPcS/MMO powder sample,
accounting for the excellent catalytic activity of the structured
catalyst.

The results above indicate that the oriented structure and high
dispersion of MMO microcrystals result in the high exposure of
moderate basic sites for the structured catalyst. A topotactic trans-
formation from the hexagonal structure of LDH to the hexagonal
MgO phase is believed to occur during the structural evolution of
the LDH phase upon calcination. It has been reported that the
moderate basic site is attributed to the Mg®>*—0* pair with high
coordination, while the strong basic site corresponds to O ion
with low coordination derived from the surface defects of
MgO.?® For the CoPcS/MMO powder sample, the existence of
three kinds of basic sites is related to the formation of abundant
defects during the phase transformation of LDH precursor par-
ticles. In the contrast, the high crystallinity of the LDH film leads
to a low degree of surface defects of MgO phase during the struc-
tural evolution. This accounts for the domination of moderate
basic site (Mgthz* pair) in the structured catalyst. In addition,
the anchoring and orientation of MMO microcrystals effectively
avoid their aggregation. As a result, it can be concluded that the
synergistic effect between the moderate basic site and active
species (CoPcS) in the structured catalyst plays a key role for its
largely enhanced activity for the oxidation of mercaptan.

3.6 Recycling lifetime and regenerability of the structured
catalyst

Since the recycling lifetime of catalysts is very essential for their
practical application, the regeneration and recycle usage of the
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7 b 2th
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60 <

Conversion/ %
Conversion/ %
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Time/ h
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Fig. 10 (A) The catalytic capability of the CoPcS/MMO film catalyst
for the oxidation of mercaptan. (B) Conversion of mercaptan vs. regener-
ation cycle.

structured catalyst were carried out. Fig. 10A shows the catalytic
lifetime of structured catalyst performed with four cycles. It was
found that the conversion of mercaptan decreased gradually
(from 85.7% to 70.8%, Fig. 10A, curve a—c) in the first three
cycles; obvious decrease in conversion (43.2%) was observed in
the fourth cycle (Fig. 10A, curve d), indicating the inactivity of
the structured catalyst. The regeneration of the structured catalyst
was carried out by washing with acetone—dimethylsulfoxide
solvent (1:1, v/v) followed by calcination (at 500 °C) and
loading CoPcS. The consecutive catalysis-regeneration cycles of
the structured catalyst were performed five times, and the results
are shown in Fig. 10B. No significant decrease in the conversion
of mercaptan was observed even in the fifth cycle. Moreover, the
structure and morphology of the CoPcS/MMO film catalyst
remained unchanged after five catalysis-regeneration cycles,
which was revealed by XRD and SEM (Fig. S7%). In addition,
the recycling lifetime and regeneration cycles of the powder cata-
lyst were performed for comparison (Fig. S87). A short recycling
lifetime was observed (Fig. S8AT), and only 10.8% of conver-
sion was maintained after the second regeneration cycle
(Fig. S8BT), owing to the leaching of CoPcS as well as the
aggregation of powder sample. Therefore, the results above indi-
cate that the structured catalyst exhibits high catalytic activity,
stability and regenerability, which is a promising catalyst for the
sweetening process.

4. Conclusion

A structured catalyst based on a CoPcS supported MMO film
was prepared, which shows high catalytic activity, high stability
as well as good recyclability for the mercaptan sweetening
process. The structured catalyst is composed of MMO nanoflakes
whose ab-plane is perpendicular to the Al substrate, and its
desired mechanical strength and high adhesion to the substrate
were observed. In addition, the basicity and number of basic
sites for catalysts were revealed by in situ IR spectra and CO,-
TPD, respectively. The results show that the powder catalyst pro-
vides three species of basic sites, i.e., weak, moderate and strong
basic site; while the moderate basic site is predominant in the
structured catalyst. This is related to the reason that the structured
catalyst is comprised of high crystalline MMO with less surface
defects, resulting in the absence of a strong basic site. The struc-
tured catalyst CoPcS/MMO exhibits the highest conversion of
mercaptan in comparison with other catalysts, which is attributed
to the abundant moderate basic sites, high dispersion and
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appropriate pore size distribution. More significantly, the syner-
gistic effect between moderate basic site and oxidation center
(CoPcS) plays a key role. The regeneration and recycle usage of
the structured catalyst were also demonstrated. Therefore, the
structured catalyst in this work exhibits the advantages of high
catalytic activity and stability, good recyclability as well as con-
venient manipulation. It is expected that the CoPcS/MMO film
can be potentially used as an eco-friendly catalyst for the sweet-
ening process in oil refinery.
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