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Abstract The scope of the present study is to describe the

cracking behavior of hydrocarbons and the reduction of

sulfur in gasoline in fluid catalytic cracking (FCC) process

using Zn–Mg–Al additives with varying the Mg/Al molar

ratios. Experiments have been carried out on a micro-

activity-test (MAT) reactor using high-sulfur vacuum gas

oil (VGO) feed and zinc impregnated Mg–Al spinels as

additive and the commercial cracking catalyst. It was found

that Zn–Mg–Al additives exhibited enhanced Lewis acidity

compared with the corresponding Zn-free Mg–Al spinels.

The MAT results indicated that the addition of additives

reduced the yields of liquid petroleum gas and coke at low

Mg contents but increased the coke yield at high Mg

contents. Overall, the additives improved the yields of

gasoline and diesel. It has also been shown that the rich

Lewis acidity had a positive effect on the conversion of

aromatic sulfur species of gasoline and the maximum

reduction of gasoline sulfur was achieved with Zn/

Mg4.0Al2O3 due to the synergistic effect of basicity and

Lewis acidity.

Keywords Fluid catalytic cracking � Gasoline sulfur

reduction � Acidity � Magnesium � Coke yield

Introduction

Environmental protection nowadays has been a general

consensus worldwide and the better quality of motor fuels

is required in the legislation of many countries [1, 2]. In

this sense, sulfur contents in gasoline and diesel are

expected to be reduced toward 10 and 50 ppm since the

year 2010, respectively [3, 4]. In the case of gasoline pool,

nearly 90 % of sulfur content comes from fluid catalytic

cracking (FCC) gasoline in China and about 33 % in USA.

Thus, an important effort of refineries is devoted to

effectively reduce the sulfur coming from FCC unit by

already existing technologies or developing more efficient

and economical methods.

Hydrotreating of FCC feedstock and hydrodesulfuriza-

tion (HDS) of FCC gasoline have been the commonly used

and most effective processes for removing sulfur com-

pounds [5]. However, they are limited by the high capital

investment and operation costs, particularly the loss of

octane number of gasoline in HDS process. Catalytic

technologies, named as sulfur reducing additives, have

been developed and should be the most economical and

easiest implement among many new approaches, such as

adsorption, oxidation, and extraction reactions for refiner-

ies [2, 6–8].

The additives, typically the Zn, Zr, Mn, etc. doped metal

oxides, can reduce the sulfur content in FCC gasoline by

10–30 % with less than 10 wt% of dosage in base FCC

catalysts [9, 10]. Generally, alumina supported zinc oxide

(ZnO/Al2O3) are the commonly used components of

additives and possess enhanced Lewis acidity which
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contributes to the adsorption and conversion of sulfur

compounds. This mechanism has been more widely adop-

ted [11]. However, recent research found that additives

with mixed metal oxides as supporter, expressed as

Mg(Al)O with the varying amounts of alkaline MgO, were

also valid for reducing sulfur content of FCC gasoline [10,

12, 13]. Myrstad et al. [12] found Zn/Mg(Al)O additive had

an inferior effect in reducing the sulfur content of naphtha

to Zn/Al2O3 in the same experimental conditions. In con-

trast, the former was found to be more effective for

reducing the sulfur of gasoline as reported by Andersson

et al. [10]. However, the composition of additives was not

given in both reports. Vargas-Tah et al. [13]. proposed that

the incremental substitution of Zn by Mg on Zn–Mg–Al

additives reduced the Lewis acidity of the materials. But

the correlation between acidity and sulfur reducing per-

formance of FCC gasoline were not provided. In addition,

the blends of additive and base catalyst usually caused the

decrease of the conversion of feedstock and the increase of

coke formation to a certain degree because of the dilution

effect of base catalysts and the enhanced Lewis acidity on

additives.

In this work, we studied the Lewis acidity of Zn–Mg–Al

additives with the varying Mg contents and its effects on

the performance of catalytic reactions of hydrocarbons and

sulfur reduction of FCC gasoline.

Experimental section

Catalyst preparation

Mg–Al spinels were firstly prepared by the hydrothermal

treatment and post-calcination method. The mixed aqueous

solution of Mg(NO3)2 and Al(NO3)3 with different Mg/Al

molar ratios (0.25, 0.5, 1.0, and 2.0) and glucose as tem-

plate was titrated quickly with NaOH solution to com-

pletely precipitate the metal ions. The suspensions then

were hydrothermally treated in a stainless steel vessel at

100 �C for 24 h and followed by filtrating, drying, and

heating at 550 �C for 4 h. Thereafter, the prepared Mg–Al

spinels were impregnated with Zn(NO3)2 aqueous solution

of 0.8 mol/L at room temperature for 5 h. The catalysts

were finally prepared with 10 wt% of ZnO on Zn–Mg–Al

after calcination at 700 �C for 3 h.

Characterization

The crystalline phase of the synthesized samples was

determined by X-ray powder diffraction (XRD) patterns

with a Bruker Axs diffractometer (Germany) using Cu-Ka
radiation generated at 40 kV and 40 mA, scanning range

from 5 to 80� at a speed of 0.01o/s. N2 sorption

measurements at -196 �C were carried out in a Microm-

eritics TRISTAR 3000 analyzer. The samples were previ-

ously outgassed at 300 �C for 3 h. Specific surface area

(SBET) was calculated by the BET method using experi-

mental points at a relative pressure of P/P0 = 0.05–0.25.

The pore-size distribution was derived from the desorption

branch, using the BJH method [14]. Fourier transform

infrared (FTIR) spectra were recorded on a Nicolet 6,700

spectrometer with a wide-band mercury–cadmium–tellu-

ride (MCT) liquid-nitrogen-cooled detector and a KBr

beam splitter. The spectra of the samples were recorded by

accumulating 64 scans at 4 cm-1 resolution in the spectral

range of 500–4,000 cm-1. The samples were firstly dehy-

drated at 400 �C for 2 h under vacuum pressure and then

cooled to the room temperature. Then the pyridine vapor

was introduced for equilibrium adsorption and the system

then was treated at constant temperature of 120 �C and

\2 9 10-3 Pa for 2 h allowing the removal of physically

adsorbed pyridine.

Catalytic evaluation

Catalytic activity tests of catalyst and additive were per-

formed in an automated bench-scale micro-activity test

(MAT) unit. The catalytic reactions occurred at 500 �C for

75 s in a tubular stainless steel reactor with an inner

diameter of 13 mm and length of 180 mm and 1.048 g of

VGO feedstock (properties are shown in Table 1). Each

additive was blended with the industrial equilibrium FCC

catalyst labeled LVR-60R (properties were shown in

Table 1) with a mass ratio of 1:9. To change the conversion

of VGO, the catalyst-to-oil (CTO) ratio in the experiments

was varied from 3 to 6 by changing the amount of catalyst

usage.

The resulting cracking gases were collected and ana-

lyzed by a Varian 3800 gas chromatograph (GC) equipped

with two thermal conductivity detectors (TCD) and a flame

Table 1 The properties of vacuum gas oil (VGO) and industrial

equilibrium FCC catalyst (Ecat)

VGO properties Ecat properties

Density (20 �C), g/cm3 0.915 Molecular sieve type USY

Hydrogen (wt%) 12.41 Specific area (m2/g) 156

Sulfur (wt%) 3.07 Al2O3 (wt%) 48.2

Conradson carbon (wt%) 0.48 Abrasion index (%) 2.1

Nitrogen (wt%) \0.1 Bulk density (kg/m3) 730

Saturate 58.88 Size distribution (w), %

Aromatics 35.29 0–40 lm 12.0

Colloid 5.83 0–149 lm 95.6

Nickel (ppm) 33 Mean grain size (d), lm 76

Vanadium (ppm) 115
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ionization detector (FID). The liquid products were

weighed and analyzed by simulated distillation on a Varian

3800 GC according to the ASTM D2887 method. So the

mass percentage of gasoline (IBP-204 �C), diesel

(204–350 �C), and slurry ([350 �C) were quantified. The

Elemental Analyzer (Elementar Vario El III) was used for

measuring the weight of coke deposited on the spent cat-

alyst by analyzing the CO2 and CO quantities after com-

bustion. The conversion of VGO was defined as the weight

percentage of feedstock converted to dry gas, liquid

petroleum gas (LPG), gasoline, diesel, and coke. The

Elemental Analyzer was also used for measuring the

weight of total sulfur in liquid products. The sulfur mass

distribution in liquid products was analyzed by a gas

chromatograph (GC-450) with a pulsed flame photometric

detector (PFPD) for the detection of sulfur-containing

compounds.

Results and discussion

The XRD patterns of the prepared Mg–Al spinels are

observed in Fig. 1. The Mg-free sample had pure crystal-

line phase of the reflections of gamma alumina (ICDD,

PDF 01-075-0921). With increasing Mg amounts, the c-

Al2O3-type crystalline phase was gradually transformed

into the MgAl2O4 spinel phase at Mg/Al molar ratio of 0.5

and into a solid solution with overlapped characteristic

peaks of Mg(Al)O periclase-type and MgAl2O4 spinel-type

phases at a Mg/Al molar ratio of 2.0 [15, 16].

After impregnation of Zn, the ZnAl2O4 phase (ICDD,

PDF 01-077-0732) was observed obviously which shielded

the reflections of c-Al2O3 crystalline phase although only

10 wt% of zinc oxide doping on c-Al2O3 supporter

(Fig. 2). It was ascribed to the similar 2h positions of the

reflections of ZnAl2O4 and c-Al2O3. At the Mg/Al molar

ratio of 0.5, the reflection intensities of ZnAl2O4 increased,

however, it decreased accompanied with the appearance of

another crystalline phase of ZnO (ICDD, PDF 01-070-

2551) when the Mg/Al molar ratio was up to 2.0. In view of

the excess Mg rendered the Al atoms existing in the form

of MgAl2O4, the ZnO was easily separated out even at a

low dosage.

To give an insight into the textural properties of addi-

tives, N2 adsorption and desorption isotherms and pore-size

distribution for the samples are shown in Fig. 3. All pre-

pared samples had type IV isotherms with pronounced H2

hysteresis loops (Fig. 3a), which were the characteristics of

many mesoporous materials [17]. Taking Zn/Al2O3 sample

for example, the N2 adsorption jump at the relative pres-

sures of 0.4–0.8 was attributed to the capillary condensa-

tion in the mesopores [18]. The BJH pore-size distribution

(Fig. 3b) demonstrated that all samples except Zn/

Mg1.0Al2O3 exhibited the narrow pore-size distribution at

about 3–7 nm.

For all samples, the specific surface areas (Table 2)

decreased gradually from 199 to 128 m2 g-1 at first upon

increasing the Mg/Al molar ratio from 0 to 0.5 and

increased gradually with the increase of Mg/Al molar ratio

from 0.5 to 2.0. However, the pore volume and average

pore width demonstrated the reverse trends and their values

firstly increased and then decreased with the increase of

Mg/Al molar ratio. The biggest pore size might be attrib-

uted to the good atomic compatibility of MgAl2O4

supporter.

The acidity properties of all samples were determined by

pyridine FT-IR spectra (Fig. 4). The pyridine IR spectra

showed that all samples had only the Lewis acidic sites

(LAS) with the characteristic band at *1,445 cm-1 [19].

In addition, the associated shoulder band at higher wave
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number of 1,450 cm-1 was assigned to the LAS with

stronger acidity strength [20, 21]. The results indicated that

the amounts of LAS for Mg–Al spinels decreased with the

increase of Mg/Al molar ratio. Although the content of

alkaline MgO increased, the LAS amounts decreased firstly

and then increased slightly for Zn–Mg–Al additives with

the minimum acidity amount for Zn/Mg1.0Al2O3 (Table 2).

It is noteworthy that both Mg2? and Al3? can be the LAS;

therefore, at low Mg content, the LAS could be attributed

to Al3? sites while at high Mg content it should be

attributed to Mg2? sites [22]. The MgAl2O4 spinel phase at

the Mg/Al molar ratio of 0.5 possessed the lowest amount

of LAS because of the good atomic compatibility. Addi-

tionally, all Zn–Mg–Al additives had higher acidity

amounts than the corresponding Mg–Al spinels, indicating

that the LAS on Mg–Al spinels were enhanced so that the

pyridine was easier to be adsorbed on them. More impor-

tantly, the Lewis acidity strength was also enhanced with

the appearance of a shoulder band at 1,450 cm-1.

MAT conversion versus CTO ratio for base FCC cata-

lyst (Ecat) and its blends with additive are shown in Fig. 5.

The CTO ratio represents the average activity of catalysts

that contact oil vapor. Therefore, the higher CTO ratio

means the improvement of the contact opportunities

between the active centers of catalysts and the hydrocarbon

molecules. Generally, a higher CTO ratios are needed for

blends with additive to achieve the same conversion

compared with Ecat alone. It can be attributed to the dilu-

tion effect of additives which possess a much lower

cracking activity for hydrocarbons compared with Ecat.

However, the conversion of mixture with Zn/Al2O3 was

slightly higher than that of Ecat at the same CTO ratio as

reported previously [2]. It might be attributed to its highest

acidity amount on all additives as described in this work

(Table 2). It is noteworthy that Zn/Mg4.0Al2O3 had a

lowest MAT conversion at the same CTO ratio although it

had a relatively higher Lewis acidity than Zn/Mg1.0Al2O3

(Table 2). It might be attributed to the increased basicity of

additive with the increase of alkaline MgO. Therefore, the

catalytic activity of hydrocarbons associated with both the

acidity and the basicity of additives [12, 23].

Figure. 6 shows the product yields of LPG, gasoline,

diesel, and coke as a function of MAT conversion for Ecat

without and with additive. The yields of LPG and coke

formation increased with increasing the MAT conversion.

Specifically, LPG yields were lower at conversion levels

less than 78 % for additive-added catalysts compared with

Ecat alone. However, it increased rapidly with increasing

conversion for additive-added catalysts. In contrast, gaso-

line yield increased with increasing conversion for Ecat

alone and it was lower than that with additive addition at

the same conversion less than 80 %. At the same conver-

sion for all blends with additives except Zn/Al2O3, diesel

yields were a slightly higher than that for Ecat alone while

the coke yields for all blends with additives except Zn/

Al2O3 were slightly higher than that for Ecat alone. The

highest coke yield of Zn/Mg4.0Al2O3 at the same
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Fig. 3 N2 sorption curves and pore-size distribution of Zn–Mg–Al additives

Table 2 The textural properties and Lewis acidity of Zn–Mg–Al

additives

Sample SBET

(m2 g-1)

Pore volume

(cm3 g-1)

Average

pore width

(nm)

Band area

(K–M

method)

Zn/Al2O3 199 0.339 4.8 0.506 (0.458)a

Zn/Mg0.5Al2O3 197 0.361 5.2 0.460 (0.310)

Zn/Mg1.0Al2O3 128 0.385 8.6 0.061 (0.076)

Zn/Mg2.0Al2O3 148 0.283 5.5 0.195 (0.040)

Zn/Mg4.0Al2O3 152 0.254 4.8 0.153 (0.037)

a data in the brackets represents the Zn-free Al2O3 or Mg–Al spinels

332 Appl Petrochem Res (2014) 4:329–336

123



conversion demonstrated that basic sites on it led to higher

coke formation in spite of the existence of LAS.

Table 3 shows the MAT reaction data obtained for Ecat

alone and its blend with additive at a constant VGO con-

version of 77 wt%. Compared with Ecat alone, the CTO

ratio decreased firstly and then increased with the increase

of Mg/Al molar ratio to achieve the same conversion level.

The LPG yield decreased firstly with the increase of Mg/Al

molar ratios from 0 to 0.5 and increased thereafter from 0.5

to 2.0, but a reverse trend was observed for gasoline yield.

However, with the increase of Mg/Al molar ratio diesel

yield showed an upward tendency, but slurry yield showed

a downward tendency. Because gasoline was typically

susceptible to secondary reaction and undergoes over-

cracking to produce LPG [8, 24], therefore, the Lewis

acidity of Zn/Al2O3 additive enhanced the pre-cracking of

slurry to form gasoline and diesel but reduced the sec-

ondary cracking of gasoline to form LPG [25].

Here, a coefficient of the hydrogen transfer parameter

(CHT) was proposed to quantitatively analyze the degree of

the hydrogen transfer reaction as reported in a few open

literatures in which the CHT was defined as the ratio of the

weight percentages between paraffin and olefin in LPG [3,

26]. Higher CHT indicated lower secondary cracking

activity of liquid products especially gasoline and gasoline

yields. Although the LAS amount was reduced after Mg

doping when Mg/Al molar ratio was less than 1.0, the pre-

cracking of VGO was enhanced due to the decreased

activity of nonselective hydrogen transfer reactions which

was reflected in the low yield of coke. In addition, the basic

sites of MgO exhibited high hydrogen capacity that con-

tributed to the adsorption and desorption of hydrogen [12,

27]. However, the Zn/Mg0.5Al2O3 had a higher CHT of 0.74

than that of Zn/Mg1.0Al2O3 (CHT = 0.62) although the

latter had higher Mg content. Therefore, the analysis of

comparative results of Zn/Mg0.5Al2O3 and Zn/Mg1.0Al2O3

indicated that only combining with the Lewis acidity could

the high activity of hydrogen transfer be achieved [2, 11].

However, the excess Mg on additives suppressed the sec-

ondary cracking of gasoline and diesel when Mg/Al molar

ratio was more than 1.0. Hence, the higher CTO ratio was

needed to achieve the same conversion level that led to

higher coke yield and yields of gasoline and diesel.

The distribution of sulfur species in FCC gasoline cut

obtained at the VGO conversion of 77 % for Ecat alone and

its blend with additive are displayed in Table 4. The sulfur

reducing abilities was determined by the differences of

sulfur contents in gasoline cuts between Ecat alone and

3 4 5 6
65

70

75

80

 Ecat
 Zn/Al2O3

 Zn/Mg0.5Al2O3

 Zn/Mg1.0Al2O3

 Zn/Mg2.0Al2O3

 Zn/Mg4.0Al2O3

V
G

O
 c

on
ve

rs
io

n 
(w

t%
)

CTO ratio (g/g)

Fig. 5 Effect of CTO ratio on conversion of VGO

1800 1700 1600 1500 1400 1300

1445

K
-M

Wavenumbers (cm-1) Wavenumbers (cm-1)

Mg1.0Al2O3

Mg4.0Al2O3

Mg2.0Al2O3

Mg0.5Al2O3

Al2O3

1800 1700 1600 1500 1400 1300

1450

K
-M

Zn/Mg4.0Al2O3

Zn/Mg2.0Al2O3

Zn/Mg1.0Al2O3

Zn/Mg0.5Al2O3

Zn/Al2O3

1445
Fig. 4 FTIR spectra of Mg–Al

spinels and Zn–Mg–Al

additives after pyridine

adsorption

Appl Petrochem Res (2014) 4:329–336 333

123



68 70 72 74 76 78 80 82
0

5

10

15

20

 Ecat
 Zn/Al2O3

 Zn/Mg0.5Al2O3

 Zn/Mg1.0Al2O3

 Zn/Mg2.0Al2O3

 Zn/Mg4.0Al2O3

L
PG

 y
ie

ld
 (

w
t%

)

VGO conversion (wt%)

68 70 72 74 76 78 80 82

15

20

25

 Ecat
 Zn/Al2O3

 Zn/Mg0.5Al2O3

 Zn/Mg1.0Al2O3

 Zn/Mg2.0Al2O3

 Zn/Mg4.0Al2O3

G
as

ol
in

e 
yi

el
d 

(w
t%

)

VGO conversion (wt%)

68 70 72 74 76 78 80 82
20

25

30

35

40

45

 Ecat
 Zn/Al2O3

 Zn/Mg0.5Al2O3

 Zn/Mg1.0Al2O3

 Zn/Mg2.0Al2O3

 Zn/Mg4.0Al2O3

D
ie

se
l y

ie
ld

 (
w

t.%
)

VGO conversion (wt.%)
68 70 72 74 76 78 80 82

0

2

4

6

8

10

 Ecat
 Zn/Al2O3

 Zn/Mg0.5Al2O3

 Zn/Mg1.0Al2O3

 Zn/Mg2.0Al2O3

 Zn/Mg4.0Al2O3

C
ok

e 
yi

el
d 

(w
t%

) 

VGO conversion (wt%)
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Table 3 The product distribution of FCC MAT reactions using different additives at a constant conversion of 77 %, the hydrogen transfer index

is calculated by CHT = (C3
0 ? C4

0)/(C3
= ? C4

=)

Catalysts Ecat ?Zn/Al2O3 ?Zn/Mg0.5Al2O3 ?Zn/Mg1.0Al2O3 ?Zn/Mg2.0Al2O3 ?Zn/Mg4.0Al2O3

CTO 4.35 4.25 3.97 3.94 5.29 5.91

Yields (wt%)

H2 0.19 0.04 0.05 0.05 0.10 0.10

Dry gas 1.81 1.44 1.38 1.03 1.08 1.16

CHT 0.73 0.66 0.74 0.62 0.92 0.77

LPG 15.11 13.92 9.89 9.69 9.77 10.77

Gasoline 18.78 21.97 24.11 23.93 21.39 19.28

Diesel 35.17 33.59 35.79 36.92 37.71 37.55

Slurry 17.23 17.08 15.86 16.26 15.20 14.61

Coke 6.13 6.09 5.82 5.48 7.06 8.24
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additive-added blends. The sulfur contents in gasoline were

drastically reduced by the blends adding with additives

except Zn/Mg1.0Al2O3. The reduction efficiency of additive

decreased firstly and increased with the increase of Mg/Al

molar ratio and Zn/Mg4.0Al2O3 exhibited the highest effi-

ciency of sulfur reduction to 21.66 %. Specifically, Zn/

Al2O3 additive possessed the lower contents of thioethers,

part of aromatic sulfur-containing compounds such as thi-

ophene (Th)/tetrahydrothiophene (THT), and some

unknown aliphatic sulfur species compared with Ecat. In

contrast, Zn/Mg4.0Al2O3 additive reduced the content of

aliphatic sulfur species instead of aromatic sulfur species.

However, the contents of all sulfur species except some

unknown sulfur species increased by Zn/Mg1.0Al2O3 addi-

tive, resulting in the increase of sulfur content of gasoline.

The detailed mechanisms for the sulfur removal reac-

tions are not completely known yet, however, it is widely

recognized that the LAS are the active sites for adsorbing

sulfur-containing compounds onto the additive and/or base

FCC catalyst and then cracking them at least the aliphatic

sulfur species to form H2S [11]. An abundant of results in

the open literatures suggested that there were two different

reaction sequences accounting for the reduction of sulfur in

FCC gasoline [28, 29]. The aromatic sulfur species were

saturated by hydrogen transfer reactions and thereafter

cracked to form H2S into gas phase, or the sulfur species

could be transformed into heavier sulfur species which

existed in other distillates out of gasoline boiling ranges.

The results of sulfur distribution by Zn/Al2O3 additive in

this work agreed well with the above conclusion. However,

Zn/Mg4.0Al2O3 additive had an increased content of aro-

matic sulfur species but a decreased content of aliphatic

sulfur species compared with Zn/Al2O3 additive. In com-

bination with the Mg/Al molar ratio and Lewis acidity

(Table 2), it was not hard to find that the reduced Lewis

acidity of Zn/Mg4.0Al2O3 additive was not effective for

adsorbing and cracking aromatic sulfur species. However,

the rich basic sites were effective for absorbing aliphatic

sulfur compounds especially the mercaptans which had a

nature of acid and providing enough hydrogen to crack

them [11, 30]. Therefore, the reduction of sulfur species in

gasoline using Zn–Mg–Al type additive was attributed to

the synergistic effect of LAS and basic sites on the additive

[11, 12, 27].

Conclusion

Through this work, it has been shown that Zn–Mg–Al

additives with the varying Mg contents and Lewis acidity

made by impregnating Zn on Mg–Al spinels were able to

give a significant impact on the conversion of VGO feed,

coke formation, and sulfur reduction of FCC gasoline in the

MAT experiments when blending with base FCC catalyst.

The results have shown that the additive exhibited a posi-

tive effect on the conversion of VGO into gasoline and

diesel, but gave unwanted decrease of the production of

LPG. The excess Mg on additives gave unfavorable

increase of coke formation. Additionally, it has been shown

that the LAS played a key role in reducing the sulfur

content of FCC gasoline following the similar ways as

previously reported; however, the addition of excess Mg

had a better effect on sulfur reduction particularly on ali-

phatic sulfur species due to the synergistic effect of basic

sites and LAS on additives.
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Table 4 The distribution of sulfur species in FCC gasoline cut at a constant conversion of 77 %

Catalysts Ecat ?Zn/Al2O3 ?Zn/Mg0.5Al2O3 ?Zn/Mg1.0Al2O3 ?Zn/Mg2.0Al2O3 ?Zn/Mg4.0Al2O3

Sulfur (ppm)

Thioethers 26 17 25 20 18 0

Mercaptans 182 306 288 320 200 81

Disulfides 23 36 43 49 38 4

Unknowna 394 230 262 296 244 203

Th/THT 106 94 108 133 120 126

C1-Th 112 137 133 191 152 153

C2-Th 124 113 167 271 147 109

C3-Th 101 83 133 477 105 125

C4-Th 75 97 113 118 104 95

S in gasoline 1,145 1,023 1,081 1,786 1,039 897

Reduction of S in gasoline Ref. 10.66 % 5.59 % -55.98 % 9.26 % 21.66 %

a Undetermined aliphatic sulfur species within the boiling points of gasoline
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