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a  b  s  t  r  a  c  t

It  is  a challenge  to remove  mercaptans  as  well  as  to keep  octane  value  in  clean  gasoline  production.  In  this
work,  gas–liquid–solid  heterogeneous  base-catalyzed  oxidation  of  tert-butyl  thiol  by  molecular  oxygen
was  investigated.  The  reactivity  and  stability  of modified  MgO catalysts  were  studied.  The catalysts  were
further characterized  by XRD,  FT-IR,  CO2-TPD,  H2-TPD,  O2-TPD  and  EPR.  Compared  with  commercial
cobalt  phthalocyanine  catalyst  (CoPc  catalyst),  the  modified  MgO catalyst  displayed  an  enhanced  stability
to  the  oxidation  of  tert-butyl  thiol,  and  the  catalytic  lifetime  is  10 h longer  than  that  of  CoPc  catalyst
eywords:
asic centers
ctive oxygen species

so-mercaptan
weetening

at  3.0  h−1 of LHSV.  It was  found  that  the active  sites  of  the  catalysts  are  defects  and  basic  centers.  In
addition,  the  basic  sites  responsible  for the  reactivity  are  mainly  the  medium  and  strong  basic  centers.
It  is  interesting  that the  part of O2−

3C − Mg2+
3C provides  medium  basic  centers,  however,  the  other  part  of

it  supplies  as  strong  basic  centers.  It was  demonstrated  that  superoxide  anions  O−
2 served  as  the  active

oxygen  species.

ydrogenated gasoline

. Introduction

Hydro-desulfurization (HDS) of fluid catalytic cracking (FCC)
asoline is a promising process from the environmental point of
iew [1–5]. Octane-boosting olefins in FCC gasoline are often satu-
ated during the process of hydro-treatment, which was performed
nder the conditions of high pressure and high temperature, lead-

ng to the loss of the octane value of the gasoline [6]. Therefore,
t is challenging to keep a high octane value during the HDS of
CC gasoline under these harsh conditions. One of the solutions is
eep HDS should be performed under mild conditions. However, it
as also reported that under mild conditions of HDS, olefins could

orm thiols through recombination with H2S produced during HDS.
nfortunately, these new mercaptans were mostly iso-mercaptans
nd macromolecular thiols [1,7–10].

Mercaptans are adverse to environment because of the foul
dors and the SOx it produce. Moreover, the acidity of mercaptans
s corrosive to metals, which is harmful to storage and application
f hydrocarbons it contain. Therefore, mercaptans removal is nec-

ssary to clean fuel production. Generally, extracting or converting
re two ways used in mercaptans removal technology, and such
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processes are usually called sweetening in the petroleum industry
[11,12].

Cobalt phthalocyanine (CoPc) catalyst system was  successful to
catalyze the oxidation reaction of mercaptans to disulfides under
caustic conditions in the presence of molecular oxygen [13–17]. But
iso-mercaptans and macromolecular thiols cannot be easily oxi-
dized through conventional sweetening process by using CoPc as
catalysts.

Wallace et al. reported that an 18% yield of disulfide was
obtained in 120 min  during the oxidation of n-butyl mercaptan in
the absence of catalyst, with 98% mercaptan conversion in about
21 h; however, in the absence of base, no oxidation occurred over
24 h [18]. Therefore, the presence of a base was  essential. J. Zwart
et al. [19,20] and A. Ryzhikov et al. [21] also pointed out that in the
oxidation of mercaptans, the presence of additional base was  nec-
essary. Therefore, the base plays an important role in the catalysis
of the oxidation of the mercaptans to disulfides.

For the base catalysts, the oxidation mechanism of tert-butyl
thiol obeys base-catalyzed oxidation reaction mechanism, which
conforms to the mechanism proposed by Wallace et al. [22]:

2RSH + 0.5O2 + B� → RSSR + OH� + BH

where B� represents the base.

Search for new solid bases for the sweetening catalysts is still in

progress. Magnesia is one of the strongest solid bases [23] and the
coordination numbers of magnesium atom and oxygen atom are
all 6. The low coordination of oxygen anion O2− is considered to

dx.doi.org/10.1016/j.apcata.2014.01.009
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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e responsible for its basicity. According to the proposal of Coluc-
ia and Tench, several MgO  ion pairs of other coordination numbers
xist on the surface of this MgO, such as the corners, edges and high
iller index surfaces of the magnesia crystal, and the coordination

umbers of the oxygen atom would be 3, 4 and 5 at these sites [24].
he crystal defects on the magnesia surface result in the imbal-
nce of electronic charge of O2− anion, leading to the formation of
trongly basic sites.

Gillespie et al. developed the solid solutions of metal oxides
gO/Al2O3 and NiO/MgO/Al2O3 for use as solid bases to catalyze

he oxidation of mercaptans to disulfides successfully [25].
A novel catalyst which has adequate basicity and defects may

olve the problems associated with desulfurization and octane
alue loss during the traditional gasoline hydro-desulfurization
rocess. It is possible to completely eliminated aqueous sodium
ydroxide by incorporating solid basic materials into the cata-

yst formation. Furthermore, the commonly used Merox process of
weetening is rather expensive since it involves expensive catalyst,
uch as CoPc, which is costly and cannot convert iso-mercaptans
fficiently. Thus, a CoPc-free sweetening process could result in
ignificant savings over the use of Merox process of sweetening.

The main objective of the present study was to find a lower-cost
nd more effective catalyst which has better stability capable of
olving over proof mercaptans in hydrogenated gasoline, a series
f solid-base catalysts with magnesia matrix were synthesized and
ested in gas-liquid-solid heterogeneous base-catalyzed oxidation
f mercaptans. Most of all, the critical factor that affects the con-
ersion of tert-butyl thiol, such as basic centers and active oxygen
pecies of solid-base catalysts were studied.

. Experimental

.1. Preparation of solid-base catalysts

The solid-base catalysts were prepared at ambient pressure
nd temperature. Light magnesia, NaOH, Cu(NO3)2·3H2O and
i(NO3)2·6H2O purchased from Sinopharm Chemical Reagent Co.
td were of analytical grade. A series of solid-base catalysts used
n this study were prepared via the protocol below: (1) prepara-
ion of sample A: the powders of 190 g light magnesia and 10 g
alygorskite were mixed in a 500 mL  beaker until the mixture
as homogenous. 80 mL  NaOH aq.  solution was then added into

he above mixture under constant stirring until the mixture was
niform. The concentration of NaOH solution of A is 3.3%. The mix-
ure was then extruded and the extrudate was dried at 120 ◦C for

 h and calcinated at 500 ◦C for 4 h. (2) Preparation of sample B
nd C: the powders of 190 g light magnesia and 10 g palygorskite
ere mixed in a 500 mL  beaker until the mixture was  homogenous.

0 mL  aq. solution of NaOH and Cu(NO3)2·3H2O or Ni(NO3)2·6H2O
as added into the above admixture under constant stirring until

he mixture was  uniform, and the concentration of solution of
aOH, Cu(NO3)2·3H2O and Ni(NO3)2·6H2O is 3.5%, 40.4% and 51.8%,

espectively; then the mixture was extruded and the extrudate
as dried at 120 ◦C for 3 h and calcinated at 500 ◦C for 4 h. (3)

reparation of sample D: the powders of 190 g light magnesia and
0 g palygorskite were mixed in a 500 mL  beaker until the mix-
ure was homogenous. 80 mL  solution of NaOH, Cu(NO3)2·3H2O and
i(NO3)2·6H2O was added into the above admixture under con-

tant stirring until the mixture was uniform, and the concentration
f solution of NaOH, Cu(NO3)2·3H2O and Ni(NO3)2·6H2O is 3.7%,
2.6% and 54.6%, respectively; then the mixture was  extruded and

he extrudate was dried at 120 ◦C for 3 h and calcinated at 500 ◦C
or 4 h.

The composition and physical properties of samples are shown
n Table 1.
General 473 (2014) 125– 131

2.2. Characterization methods

The hydroxyl groups of the catalysts were identified by FT-IR
using a Nicolet 750 spectrometer (the resolution of spectrome-
ter is 0.125 cm−1) in the range of 4000–3000 cm−1 at a resolution
of 4.0 cm−1 using the KBr pellet technique. The structure of CO2
chemisorbed on samples was also determined by FT-IR, the method
of catalysts pretreatment corresponded to previous literatures
[26,27].

X-ray diffraction (XRD) technique was used to characterize the
crystal structure. A D8 ADVANCE X-ray diffractometer equipped
with Ni-filtrated Cu-K� radiation source (40 kV, 40 mA)  was  used.
Samples were analyzed with the continuous scan mode at 2 ◦/min
over a 2� range of 5–80◦.

Temperature programmed desorption (TPD) of oxygen, CO2 and
H2 was carried out on a FINESORB-3010 apparatus; the samples
were treated at 400 ◦C for an hour in oxygen (or CO2 or H2) and
cooled to room temperature in the same atmosphere then swept
with helium at a rate of 30 mL/min until the chromatogram has
steadied. Finally, the sample was heated at a rate of 20 ◦C/min in
helium for recording the TPD spectra.

The electron paramagnetic resonance (EPR) spectra were
obtained at room temperature by a JEOL JES FA200 machine. The
concentration of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) radical
trap was  1 mol/L.

2.3. Catalytic test for oxidation of tert-butyl thiol

Tert-butyl thiol was considered as the model compound repre-
sentative of iso-mercaptans in hydrogenated gasoline [28]. It was
dissolved in n-hexane, air was used as the oxidizing agent.

The catalytic performance of the solid-base samples were com-
pared to a commercial CoPc catalyst. A conventional fixed bed flow
reactor (1.2 in. i.d.) was used for the catalysts performance tests.
6 mL  of catalyst was  crushed to particles of 40–60 mesh and packed
in the reactor. Liquid stream and the catalyst were in neat contact
with each other as the liquid stream flowed upwardly through the
catalyst. Contact time was  equivalent to a liquid hourly space veloc-
ity (LHSV) of 3.0 h−1 or 1.0 h−1. Air, at flows of 6 mL/min, passed
through the reactor at 40 ◦C. The apparatus was consisted of ther-
mostat water bath maintained by recycling water with a pump. A
static mixer was  placed in front of the reactor to extensively mix
acid hydrocarbon with air.

The feedstock was  tert-butyl thiol dissolved in n-hexane with
the initial mercaptan-type sulfur content of 75 weight ppm; when
the treating time reached 6 h, the mercaptan-type sulfur content
was 1513 mass ppm. When the conversion rate of tert-butyl thiol
decreased to a level of 80% or below, the catalysts were thought to
be inactive and the evaluation tests were ceased.

The contents of mercaptan-type sulfur were measured by poten-
tiometric titration according to ASTM D3227-83. Products were
identified with GC–MS.

3. Results

3.1. Measurement of sweetening reactivity

In order to clarify the property of the catalyst specific to cat-
alyze the oxidation of tert-butyl thiol, the catalytic performances
of synthesized solid-base catalysts were compared with that of
a commercial CoPc catalyst. The conversions are shown in Fig. 1.

According to the analysis result of GC–MS, the oxidation product
of the tert-butyl thiol is disulfide whose figure of mass spectrum
is as shown in Fig. 2, which is consistent with the base-catalyzed
oxidation reaction mechanism of tert-butyl thiol mentioned above.
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Table  1
Characterization of solid-base catalysts.

Catalyst ID Type NaOH (wt.%) BET surface
area (m2/g)

Pore volume
(cm3/g)

Pore diameter at the
maximum (nm)

A NaOH/MgO 1.3 39.8 0.30 23.2
B  CuO/NaOH/MgO 1.3 1
C  NiO/NaOH/MgO 1.3 2
D  CuO/NiO/NaOH/MgO 1.3 2

F

3
m
T
t
t
d
a
m
D
t
w

basic sites (asymmetric O C O stretching at 1630 cm−1) on sample
ig. 1. tert-Butyl thiol oxidation activity over developed and commercial catalysts.

Fig. 1 shows that the initial conversion of tert-butyl thiol at
.0 h−1 of LHSV was 100% of all catalysts; the sweetening perfor-
ance of the solid-base catalysts is in the order: D>B>CoPc>C>A.

he results show that the stability of sample D is 10 h longer than
he commercial catalyst CoPc at 3.0 h−1 of LHSV. Fig. 1 also shows
he conversion of tert-butyl thiol at 1.0 h−1 of LHSV and the results
emonstrate that under lower LHSV, i.e., longer contact time of cat-
lysts and tert-butyl, the lifetime of catalysts increased sharply. And
oreover, the sweetening performance of the solid-base catalyst
 was much better than that of CoPc catalyst. When ran to 140 h,
he conversion of tert-butyl thiol on CoPc catalyst reduced to 50.6%
hereas the conversion of tert-butyl thiol on the solid-base catalyst

Fig. 2. Mass spectrum of dis
7.8 0.09 30.9
4.8 0.14 33.5
0.1 0.12 34.0

D was 95.7%. Obviously, the sweetening performance of the modi-
fied MgO  is much better than that of the commercial CoPc catalyst.

3.2. Basicity analysis of solid-base catalysts

As mentioned above, the first step of mercaptan oxidation is
the formation of mercaptide ion, so the basicity of the catalyst
has a significant impact on the catalytic performance in mercaptan
oxidation reactions.

3.2.1. FT-IR
The hydroxyl groups on the surface of the solid also act as basic

sites and have been shown to promote basic reaction. OH  groups of
MgO  are also involved in basic reactivity, with an even higher cat-
alytic reactivity than that of oxide ions [29–32]. It has been reported
that different types of OH groups are present on the surface of mag-
nesium oxide, which do not disappear completely at calcination
temperatures below 900 ◦C [33,34]. Fig. 3 shows the FT-IR spec-
trums of the samples in the range of 4000–3000 cm−1. The most of
hydroxyl groups on catalysts are OH groups associated through H-
bonding, represented by a broad peak in range of 3000–3600 cm−1.
And some isolated OH groups were also observed on samples, as
indicated by a narrow band around 3700 cm−1.

The chemical state of surface oxygen bonded to adsorbed CO2
species gives an indication of basic site structure and strength.
Three species of carbonates could be formed, the unidentate car-
bonate, the bidentate carbonate and the bicarbonate [35].

The FT-IR spectrums of the pre-adsorbed CO2 on samples A to
D are shown in Fig. 4. It can be seen that there are only medium
A. Furthermore, when CuO and NiO were doped, some of medium
basic sites became strong basic centers (symmetric O C O stretch-
ing at around 1384 cm−1).

ulfide of di-tert-butyl.
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Fig. 3. FT-IR spectra 

.2.2. CO2-TPD
Fig. 5 depicts the TPD profiles of CO2 adsorbed on solid-base cat-

lysts. Fig. 5 shows that there are different types of basic centers
n solid-base catalysts. Combine the results of FT-IR, the CO2 des-
rption peaks (TCO2 ) below 400 ◦C can be assigned to weak basic

◦ ◦
enters, the CO2 desorption peaks between 400 C and 700 C can
e assigned to medium basic centers and the CO2 desorption peaks
bove 700 ◦C represents strong basic centers.
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Fig. 4. FT-IR spectra of pre-adsorbed CO2 on the solid-base catalysts.
Wave Number (cm-1 )

 solid-base catalysts.

It can be seen from Fig. 5 that doping of CuO and NiO to the cat-
alyst contributes to the formation of basic centers. Metal ions with
ionic radii similar to that of Mg2+ can easily replace Mg2+ in the
MgO  crystalline lattice. The replacement results in a deformed crys-
talline lattice and imbalanced electron charge distribution, thereby
increasing the basicity. Among transition metal ions, copper ion is
the most effective while nickel ion ranks second [36]. Furthermore,
the interaction between copper ions and nickel ions can produce
more defects, which result in lower coordination number of O2−

and more unsaturated oxygen atoms.
According to the aforementioned experimental observations,
it became evident that the oxidation of tert-butyl thiol is closely
related to the base strength and the basic sites with stronger
strength appeared to be the active sites for the oxidation of tert-
butyl thiol.
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Fig. 5. CO2-TPD profiles of the solid-base catalysts.
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The CO2-TPD plots of fresh sample D and deactivated D are
hown in Fig. 6. As it is shown in Fig. 6, it can be seen that weak
asic center TCO2 = 314.7◦C, medium basic center TCO2 = 592.3◦C
nd strong basic center TCO2 = 779.8◦C all disappeared after deacti-
ation. This clearly suggested that all of the three different types of
asic centers participated in the reaction. Furthermore, the strength
f medium basic center CO2 desorption peak at 515.5 ◦C weakened
o 499.4 ◦C after deactivation. These observations lead us to con-
lude that the basic sites responsible for the sweetening reactivity
f the catalysts being studied are mainly the medium and strong
asic centers. The more amount and the stronger strength of basic
enters, the higher catalytic reactivity of catalysts.

.2.3. H2-TPD
Hydrogen adsorption on active sites of MgO  surfaces was  used

o estimate intrinsic surface states of coordinatively unsaturated
ons at imperfect surface sites. And the active sites for hydrogen
dsorption have a common basic structure of O2−

LC − Mg2+
LC (a sub-

cript denotes a low coordination state). A pair of O2−
LC and Mg2+

LC in
ighly coordinative unsaturation forms the active site. Approaching
his pair site, H2 is forced to polarize into H+ H− by the cooperative
ctions of the electron-donor (or Lewis basicity) and electron-
cceptor (or Lewis acidity) activities of O2−

LC and Mg2+
LC , respectively,

nd finally heterolytic dissociation takes place. A proton adsorbed
n O2−

LC becomes OH− and a H− ion is stabilized on Mg2+
LC . Besides,

t predicts a remarkable increase in the electron-donor (namely,
asic) property of O2−

LC with a decrease in the coordination number,
hile the electron-acceptor (namely, acidic) property of Mg2+

LC is

emarkably lowered with a decrease in the coordination number
37–39].

W2 and W3 species on the H2-TPD spectra of the solid-base cat-
lysts, as shown in Table 2, were determined to be O2−

4C − Mg2+
3C , W4

able 2
nalysis-results of H2-TPD of the solid-base catalysts.

Desorption temperature (◦C)

W2 W3 W4 W5 W6 W7 W8

A 70.8 122.6 172.6 254.8 606.5 653.0 679.8
B  70.8 120.8 149.4 172.6 554.8 672.6 738.7
C  70.8 128.0 160.1 183.3 570.8 – 695.8
D  70.8 122.6 154.8 172.6 547.6 611.9 699.4

he superoxide anions and basic sites result from surface defects play an important
ole  in conversion of iso-mercaptans.
Temp.  ( C)

Fig. 7. H2-TPD profiles of fresh sample D and deactivated D.

and W5 species were determined to be O2−
3C − Mg2+

4C , and W6–W8

species were determined to be O2−
3C − Mg2+

3C in various coordinative
environments (a subscript denotes a coordination number) [37].

Because it predicts a remarkable increase in the electron-donor
(namely, basic) property of O2−

LC with a decrease in the coordination
number, while the electron-acceptor (namely, acidic) property of
Mg2+

LC is remarkably lowered with a decrease in the coordination
number [38,39]. Therefore, the W8 species is the strongest basic
center.

The H2-TPD plots of fresh sample D and deactivated D are shown
in Fig. 7. As shown in Fig. 7, it can be seen that there is no obvi-
ous change in the spectra of W2–W5 species on fresh sample D
and deactivated D. However, the temperature of desorption peak
of W6 decreased after deactivation (from 547.6 ◦C to 538.7 ◦C), the
desorption peak of W7 disappeared after deactivation, which is in
consistent with the CO2-TPD results that one of the medium basic
centers disappeared and the basic strength of the other weakened
after deactivation. Furthermore, the temperature of desorption
peak of W8 also decreased after deactivation (from 699.4 ◦C to
676.2 ◦C), which is also in consistent with the CO2-TPD results
that strong basic center disappeared after deactivation. These facts
support the view that the active sites of W2–W5 for hydrogen
adsorption are weak basic centers, W6 and W7 are medium basic
centers, and W8 are strong basic centers. It is, therefore, reason-
able to expect that the pairs of O2−

4C − Mg2+
3C and O2−

3C − Mg2+
4C afford

weak basic centers, part of O2−
3C − Mg2+

3C provide medium basic cen-
ters while the other part of O2−

3C − Mg2+
3C supply strong basic centers

based on the difference in coordination numbers of O2−
LC and Mg2+

LC
and the difference in coordination number of the next nearest ions
around O2−

LC and Mg2+
LC [37].

3.3. Crystalline phase

As shown in Fig. 8, XRD patterns of all samples revealed the
main characteristic peaks of magnesia, and peaks of NiO or CuO are
not observed. This proved that the NiO and CuO phase were spread
on the surface of the MgO  support in amorphous form or a solid
solution is formed.

3.4. Studies on the active oxygen species
3.4.1. EPR
The solid-base catalysts were dispersed in dimethyl sulfoxide

to simulate the environment of sweetening, with DMPO as radical
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Fig. 8. XRD patterns of the solid-base catalysts.

rap. The EPR spectra of radical trap of the catalysts are given in
ig. 9. The signal of g = 2.0023, aN = 1.461 mT,  aH� = 1.404 mT  and
Hˇ = 0.094 mT  can be assigned to superoxide anions, O2

−. It is
learly shown that the amount of superoxide anions of different
amples is different from each other, and the amount of superox-
de anions on catalysts is in the sequence: D>B>C>A, which is in
ccordance with the sequence of the reactivity of the catalysts. It
xplicitly indicates that the active oxygen species in favour of catal-
sis oxidation of tert-butyl thiol are superoxide anions. The more
mount of superoxide anions on the surface of catalysts, the better
eactivity of the catalysts.

.4.2. O2-TPD
Catalytic oxidation is one of the most interesting reactions in

eterogeneous catalysis. For an understanding of it, it would be
ery important to know the adsorption state of oxygen [40].

Fig. 10 shows the TPD profiles of oxygen for the solid-base cata-
ysts. There exists three desorption peaks of oxygen (TO2 , denoted
y �, � and � respectively) on samples. According to the literature
41] and on the basis of the results of FT-IR, the � peak in a tem-

◦ ◦
erature range of 100 C < TO2 < 400 C could be assigned to the
ydroxyl oxygen (O−).

Combined with the results of FT-IR and ESR, the � oxygen des-
rption peaks on sample B, C and D in the temperature range of
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Fig. 9. EPR spectra of radical trap of the solid-base catalysts.
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Fig. 10. TPD profiles of oxygen for the solid-base catalysts.

490◦C < TO2 < 520◦C could be assigned to the adsorbed oxygen
(O2

−). Moreover, the order of the mobility of adsorbed oxygen
in different solid-bases could be given below: D(TO2 = 492.3◦C) >
B(TO2 = 503.0◦C) > C(TO2 = 504.8◦C), and there is no obvious �
oxygen desorption peak on sample A, which is in agreement with
the sequence of sweetening reactivity of catalysts. This confirmed
once more that the active oxygen species for catalysis oxidation of
tert-butyl thiol are superoxide anions, O2

−.
Besides, there are also desorption peaks of lattice oxy-

gen O2− (denoted by �) located between the temperature
range of 605–705 ◦C on samples, and the sequence of the
mobility of � oxygen on different solid-bases is as fol-
lows: D(TO2 = 606.5◦C) > B(TO2 = 626.2◦C) > A(TO2 = 653.0◦C) >
C(TO2 = 701.2◦C). The weaker the adsorption of � oxygen on the
catalyst is, the larger the mobility of lattice oxygen is. The smaller
mobility of lattice oxygen in sample C may  be ascribed to the for-
mation of NiO–MgO solid solutions.

The O2-TPD plots of fresh sample D and deactivated D are shown
in Fig. 11. As shown in Fig. 11, it can be seen that the quantity of �
was also weakened significantly (from TO2 = 492.3◦C to 511.9◦C).
This again confirms that the active oxygen species for catalysis
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Fig. 11. TPD profiles of oxygen for fresh sample D and deactivated D.
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xidation of tert-butyl thiol are superoxide anions, the larger the
obility and the more amount of � oxygen, the higher catalytic

eactivity of catalysts.

. Discussion

The synthesized solid-base catalysts displayed better stabil-
ties compared with the commercial sweetening catalyst CoPc.
he incorporation of transition metal ions with MgO  results in a
eformed crystalline lattice and an imbalanced electron charge
istribution. This creates a large number of electron rich centers
nd other electron-trapping structural defects on the surface of
he MgO. When these traps are close enough to the surface, the
rapped electrons can react with electron acceptor oxygen O2 forms
dsorbed superoxide anions [42]. In addition, the electron removal
s assisted by metal atoms or clusters deposited on the surface of
he particles.

Based on the above argument, it became evident that the active
ites responsible for the sweetening reactivity of the catalysts being
tudied are defects and basic centers. The active oxygen species
or catalysis oxidation of iso-mercaptans are superoxide anions.
he doping of Cu2+ and Ni2+ not only enhances basicity, but also
ncreases electron deficiency, improves the efficiency of electron
ransfer, leading to higher reactivity of catalyst because of steric
indrance of iso-mercaptans.

Based on our best knowledge, the present study is the first to
eport that the active oxygen species for catalysis oxidation of iso-
ercaptans are superoxide anions, O2

−, the larger the mobility and
he more amount of O2

−, the higher catalytic reactivity of cata-
ysts. In addition, the basic sites responsible for the reactivity are

ainly the medium and strong basic centers. The more amount and
he stronger strength of basic centers, the higher catalytic reactiv-
ty of catalysts. Furthermore, the active sites of O2−

4C − Mg2+
3C and

2−
3C − Mg2+

4C afford weak basic centers, part of O2−
3C − Mg2+

3C provide
edium basic centers while the other part of O2−

3C − Mg2+
3C supply

trong basic centers based on the difference in coordination num-
ers of O2−

LC and Mg2+
LC and the difference in coordination number of

he next nearest ions around O2−
LC and Mg2+

LC .

. Conclusion

A novel sweetening catalyst was explored for gas–liquid–solid
eterogeneous base-catalyzed oxidation of iso-mercaptans in
ydrogenated gasoline. Compared with the commercial catalyst
oPc, the catalyst explored in this paper showed better stabil-

ty.
The present study found that the active oxygen species for

atalysis oxidation of iso-mercaptans are superoxide anions, O2
−.

oreover, it is found that the basic sites responsible for the reactiv-
ty are mainly the medium and strong basic centers. As a result, it is
ound that in the gas–liquid–solid heterogeneous oxidation reac-

ion, the reactivity of a catalyst is not only correlated to basicity,
ut also to the electronic effect and steric effect. The active sites
f O2−

4C − Mg2+
3C and O2−

3C − Mg2+
4C afford weak basic centers, part of

2−
3C − Mg2+

3C provide medium basic centers while the other part of

[

[
[
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O2−
3C − Mg2+

3C supply strong basic centers based on the difference
in coordination numbers of O2−

LC and Mg2+
LC and the difference in

coordination number of the next nearest ions around O2−
LC and Mg2+

LC .
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