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ABSTRACT

In this work, a new process for achieving the recovery of elemental sulfur by utilizing a fluidized catalytic
cracking (FCC) riser reactor for SOy treatment (FCC-DeSOy) is proposed. The process leverages the high
temperatures and hydrocarbon concentrations in the FCC riser reactor to convert SOy into H»S. Subse-
quently, HS, along with the cracked gas, is processed downstream to produce sulfur. Thermodynamic
analysis of the key reduction reactions in the FCC-DeSOy process revealed that complete conversion of
SOy to HS is feasible in the dry gas (hydrogen-rich) prelift zone, as well as the upper and lower zones of
the riser, upon achieving thermodynamic equilibrium. Experimental studies were conducted to replicate
the conditions of these reaction zones using a low concentration of hydrogen gas as the reducing agent.
Through process optimization, investigation of the minimum reaction time, and kinetic studies, the
potential of this method for the complete reduction of SOy was further confirmed.

© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

Fluid catalytic cracking (FCC) is the primary process used to
refine heavy and crude oils and produce light olefins in the petro-
leum industry (Corma et al., 2017; Alotaibi et al., 2018; Xu et al,,
2021; Oloruntoba et al., 2022; Stratiev et al., 2023). In the FCC
reaction-regeneration process, sulfur in the feedstock partially
enters the coke and is deposited on the catalyst in the reactor,
subsequently the coke on the catalyst is burned in the regenerator
to generate SOx-containing flue gas, elemental sulfur in the FCC flue
gas accounts for 5%—15% of the total sulfur in the feedstock (Hu,
2012). The SOy concentration in the FCC regeneration flue gas
reaches 0.015—0.3 v% (Li, 2017), and its SOy emissions reach 10—420
thousand tonnes/year, which is a significant contributor to sulfur
oxide (SOx) emissions in refining industry (Chen and Xu, 2015;
Gong, 2020; Luan et al., 2020). As the quality of FCC feedstocks
decreases, the amount of SO, in the flue gas increases (Cheng et al.,
2009; Li and Yuan, 2014; Wu, 2021; Li et al.,, 2022). Efforts have
been made to develop FCC flue gas desulfurization technology to
efficiently remove SOx (Chen and Weng, 2005; Feng et al., 2016).
Typical flue gas desulfurization technologies such as sodium
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hydroxide, calcium carbonate or amine absorption method, are
based on acid-alkali absorption principles, but often overlook the
potential resource utilization of SOy (Chen et al., 2020; Li et al.,
2020; Liu et al., 2020; Nie et al., 2020; Wang et al., 2020; Gong,
2022). By achieving emission reduction of industrial waste and
effectively utilizing SOy resources through process technology
innovation, we can not only meet stringent Chinese SOy, emission
standards (GB 31571-32015), but also generate significant eco-
nomic benefits (Magnabosco, 2007; Zhao et al., 2022; Ge et al.,
2023; Huang, 2023).

The ultimate goal in resource utilization is to convert SOy into
sulfur (Zhou, 2020; Li, 2023), an easily storable compound that
serves as a primary feedstock for various products. Every refinery
requires a sulfur recovery unit to extract H,S from FCC cracked gas.
Effectively converting SO, to H,S from FCC flue gas can enhance the
feedstock supply for the sulfur unit and improve overall economic
efficiency.

In response to the technical challenges faced in reducing SOy
emissions in FCC flue gas, numerous scholars have investigated the
use of sulfur transfer agents (Polato et al., 2008; Baillie, 2019). These
agents facilitate the sulfate formation during the regeneration of
FCC catalysts, which are subsequently reduced to H,S by hydro-
carbons in the FCC reactor. H,S can then be directed to the Claus
unit to produce sulfur (Polato et al., 2005; Jiang et al., 2011; Feng
et al., 2014; Gaudin et al.,, 2016; Jiang et al., 2016; Yi and Ma,
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2019). However, the sulfur transfer agent is alkaline and it reduces
heavy oil conversion, so it is below 5 wt% of the FCC catalyst usage,
which results in less than 80% SO, removal rate of FCC flue gas.
Other scholars have explored various catalysts for SOy reduction in
FCC flue gas, Al,Os-loaded transition metal sulfides, rare-earth
oxides, and chalcocite-type catalysts, to reduce SO, to HyS and
sulfur (Mirhoseini and Taghdiri, 2016; Zhang et al., 2016; Hou et al.,
2017; Miao and Dutta, 2017; Xia et al., 2017; Ge et al., 2018; Mousavi
et al., 2018). Nevertheless, these catalysts still face challenges such
as poor resistance to oxygen and rapid deactivation, which hinder
the development of desulfurization technology for oxygenated FCC
flue gas.

To address these challenges and achieve efficient utilization of
SOy in FCC flue gas, we propose a novel process called FCC-DeSOy,
which utilizes an FCC riser reactor. As illustrated in Fig. 1, the flue
gas undergoes pretreatment, such as flue gas purification with
activated carbon (Olson et al., 2000; Humeres et al., 2002; Bejarano
et al., 2003; Zawadzki and Wisniewski, 2007), the key reactions of
flue gas pretreatment are shown in Table 1, the process removes
NO,, fine catalyst particulates, and oxygen, furthermore convert
SOs3 to SOy, resulting in SOx-rich gas (SO,/SO3 molar ratio>100). By
further utilizing the FCC riser reactor, along with a prelift of dry gas
(rich in hydrogen), a high reaction temperature, and high concen-
trations of hydrogen or hydrocarbons, SO,-rich gas can be reduced
to HaS. The resulting H,S is then directed to downstream processes
to generate sulfur products, thereby achieving the goal of treating
SOy waste gas using existing units and ensuring the recovery of
sulfur from the sulfurous gas.

This paper investigates the limitations imposed by thermody-
namic equilibrium on the reduction reactions between SO, and SO3
with petroleum hydrocarbons, hydrogen, and catalysts during the
FCC process. By comparing the thermodynamic equilibrium con-
centrations of various reactions, the equilibrium limitations in
reducing SOy to H,S are determined, providing theoretical support
for process development. Subsequently, a feasibility study is con-
ducted, which includes process optimization, exploration of the
shortest reaction time, and kinetic modeling using a small tubular
reactor to simulate the catalytic cracking environment in the riser.
The feedstock consists of a mixture of SO, and N5, with a low
concentration of hydrogen (H) serving as the reducing gas.

2. Computational and experimental
2.1. Thermodynamic computational methods

The key to realizing the industrial application of FCC-DeSOyx
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technology is the complete conversion of SOy to HaS. Residual SOy
and H,S can react to form sulfur in high-temperature transport
pipelines, leading to clogged pipelines and plant shutdowns.
Additionally, SO3 can react with Al,03, the main component of the
catalyst, to form sulfate under the FCC reaction environment, which
can affect the catalyst's properties. Therefore, it is necessary to
study the thermodynamic equilibrium limits of the reduction re-
actions occurring between SO, and SO3; with petroleum hydrocar-
bons, hydrogen, and catalysts during the FCC process. This study
aimed to reduce the impact of the SOy reduction reaction on the
properties of FCC products and catalysts and to provide theoretical
support for process development.

The thermodynamic reaction network for the reduction of SOy
in the riser was calculated to obtain the free energy, equilibrium
constant, equilibrium conversion, and thermodynamic equilibrium
concentration variation rule with temperature for the reduction of
SO, to HyS or Sy under FCC conditions for different reductants.
Thermodynamic computational analysis was performed using HSC
Chemistry software, which includes thermodynamic data for more
than 20,000 substances. The calculations are based on the principle
of Gibbs free energy minimization, and the product distributions
are determined by minimizing the Gibbs free energy based on the
reactions involved in the reaction system. The equations for the
Gibbs free energy of the reaction (A;Gy,) and the reaction equilib-
rium constant (k) derived from the HSC Chemistry software are
shown as:

ArGm = Z nArGe (1)
k=exp (ﬁﬁ) (2)

Where A;Gris the standard molar Gibbs free energy of generation at
the reaction temperature, kj/mol; A;Gp, is the standard molar Gibbs
free energy of reaction at the reaction temperature, kj/mol,
respectively; p is the reaction stoichiometry; k is the standard
equilibrium constant of the chemical reaction; R is the gas constant,
J/(mol-K); and T is the reaction temperature, K.

2.2. Experimental procedure and product analysis

2.2.1. Feedstock and catalyst

Four types of standard gases were used in the SO reduction
experiments, include Hy (6.0 v% hydrogen), SO, (1.0 v% SO3), CHy
and CyHg (4.5 v% methane and 1.5 v% ethane), Hy, CH4 and C;Hg (6.0
v% hydrogen, 4.5 v% methane and 1.5 v% ethane) standard gases
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Fig. 1. Schematic diagram of the process of treating SOy in FCC flue gas with a riser reactor.
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Table 1
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Major removals and reactions of flue gas purification with activated carbon (Olson et al., 2000).

Items

Explanation

Activated carbon adsorption
Solid particles adsorbed by carbon
0,(g) = 20(ad)
SO,(g) + O(ad) + H,0(ad) = H,S04(ad)
SO5(g) + Hy0(ad) = HyS04(ad)
HyS04(ad) + 2NH;(g) = (NH4)2S04(ad)
NO(g) + O(ad) = NOz(ad)
2NO5(ad) + 2NH3(g) = 2Ny(g) + 3H20(g) + O (ad)
Activated carbon regeneration
(NH4)2504(ad) = SO3(ad) + Hx0(g) + 2NHj(g)
NH3(g) + 3503(ad) = SOx(g) + Na(g) + H20(g)

Removal of fine catalyst particulates
Removal of O,

Removal of O,

Conversion of SO3 to H,SO4
Conversion of H>SO4 to (NH4),S04
Removal of NO and O,

Removal of NO,

Degradation of (NH,4),SO4 to SO3
Reduction of SO3 to SO,

Note: (ad) = adsorbed state, (g) = gas phase.

diluted with N;. These standard gases were purchased from Beijing
Huatong Precision Chemical Gases Company. The FCC heavy oil
feedstock, FCC fresh catalyst and FCC equilibrium catalyst were
obtained from Sinopec Yanshan Petrochemical Company. The
detailed properties of the two FCC catalysts are shown in Table 2.
The properties of heavy oil feedstock are shown in Table 3.

2.2.2. Experimental procedure and product analysis

The aim of this study was to investigate the complete conversion
of SOy to H5S in a riser reactor under the influence of a dry gas
prelift. The prelift dry gas mainly contains H,, methane (CHg), and
ethane (C;Hg), which have relatively high H, contents. Therefore,
low-concentration reducing gases (Hy gas, CHg4 and C;Hg mix gas,
and H,, CH4 and C;Hg mix gas) were selected as typical reactants to
verify the feasibility of completely reducing SO in the riser.

As depicted in Fig. 2, a small tube reactor (STR) is employed to
simulate reduction reactions in the riser reactor. A mass flow
controller (MFC) is utilized to determine the gas flow. The gas en-
ters from the upper part of the reactor, which has an inner diameter
of 16 mm. The tube reactor is heated in three distinct zones, with
the middle zone serving as the catalyst loading zone. After the gas is
cooled in the condenser, a portion of the gas is analyzed online by a
sulfide content tester, while another portion is vented.

The typical experimental procedure follows: the reducing gas (6
v% H>) is introduced into the reducing gas line, which is controlled
by a gas mass flow meter. The SO, standard gas (1 v% SOy) is
introduced into the SO, gas line, which is also controlled by a gas
mass flow meter. Both lines are connected to the upper part of the
small tube reactor. The reaction is terminated by turning off the two
gas mass flow meters. The postreaction gases are then cooled by a
condenser, an ion chromatograph is used to analyze the water so-
lution in condenser, and a GC 5890 gas chromatograph is used to
analyze some of the gases. Five consecutive measurements are

Table 2
The properties of the FCC catalysts.

Property FCC fresh catalyst FCC equilibrium catalyst
Pore volume, cm?/g 0.32 0.28
Specific surface area, m?/g 148 135
Micro-reactivity index 77 58
Chemical composition, wt%
Al,05 54.4 53.32
SiOy 42.79 41.95
P205 2.24 2.20
MgO 0.22 0.22
Zn0 0.31 0.31
MnO 0.04 0.04
Fe,05 0 0.59
NiO 0 0.98
V,05 0 0.39

9

Table 3
The properties of heavy oil feedstock.
Items Value Items Value
Feedstock density (20 °C), g-cm 3 0.8986 Aromatics 18.9
Residual carbon value, wt% 3.01 Resins 124
Elemental content, wt% Asphaltenes <0.1
C 86.12 Boiling range, °C
H 13.15 Initial boiling point 302
S 0.35 10 wt 420
N 0.36 30 wt% 475
Hydrocarbon group composition, wt% 50 wt% 515
Saturates 68.7 70 wt% 543

averaged with an error of less than 2%.

The definitions of SOy conversion and H,S selectivity in the
experimental and thermodynamic computations are shown as
follows:

SOy Conversion = | 1 _ Munconverted sox | . 100% (3)
MSOX in feed
P Msulfur in H,S product
H,S Selectivity = x 100% (4)

Msulfur in SO4feed

In order to examine the heavy oil FCC performance with FCC
equilibrium catalyst before and after SO, reduction in detail. The
heavy oil FCC experiments were carried out in a fixed fluidized bed
reactor, the schematic diagram is shown in Fig. 3, and the experi-
mental conditions were: Temperature was 550 °C, catalyst/oil mass
ratio was 12, and weight hourly space velocity (WHSV) was 10 h—.
Additional details of the operation of this device are given in the
literature (Yang et al., 2023).

2.2.3. Product analysis

The SO, content in the exit gas samples at each experimental
point was analyzed. While the simulation experiment aims to
determine whether SO, is completely converted to HsS, only the
H,S content in the exit gas samples is analyzed when the SO,
conversion reaches 100%. A GC 5890 gas chromatograph with a
flame photometric detector (FPD) was used to analyze various
sulfide fractions (including H,S, sulfur, and SO,) in the exit gas
samples from the small tube reactor. The chromatographic data
were analyzed using an N(VI) 3000 chromatographic workstation.
For the experimental points with 100 percent H,S yield, the sulfate
and sulfite of the water solution in condenser was analyzed using
an ion chromatograph (ICS-1100, Thermo Dionex), the results show
that these ions were not exist in the water, suggesting that SO, is
completely converted to H;S.
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Fig. 2. Schematic diagram of experimental SO, reduction in a small tubular reactor.
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Fig. 3. Schematic diagram of fixed fluidized bed experimental reactor.

The FCC gas product was defined as cracked gas (Hy and C;—Cy4
hydrocarbons). The hydrocarbon percentage of cracked gas was
analyzed by Agilent 6890 chromatography, the sulfur content of
cracked gas was obtained from GC 5890 gas chromatograph. The
liquid product was classified into gasoline (C5-200 °C), diesel
(200—350 °C) and slurry oil (Initial boiling point >350 °C), and a
small distillation setup was used to cut out gasoline, diesel and
slurry oil, more details of this device are given in the previous
literature (Wang, 2006). The sulfur content of gasoline, diesel and
slurry oil were analyzed by an RPP200S UV Fluorescence Sulfur
Analyser. The hydrocarbon composition of the gasoline was ob-
tained by another Agilent 7890 chromatography. The coke and
sulfur content on the catalyst was determined by an infrared carbon
and sulfur analyzer.

The micro-activity of the catalyst was determined using a WFS-

912

1D automatic micro inverse activity tester from Sinopec Research
Institute of Petroleum Processing. The structural groups on the FCC
equilibrium catalyst were detected using a Nicolet Magma-IR 560
ESP FTIR spectrometer manufactured in the USA. The Bruker D8
Advance equipment with Cu Ko radiation was used to test X-ray
diffraction (XRD) patterns of catalysts. The specific surface area and
pore volume of the catalysts were measured using a Quadrasorb-SI
multifunctional adsorber manufactured in the USA, using high
purity nitrogen as the adsorbent. The BET equation was used to
determine the specific surface area, and the t-plot method was used
to calculate the pore volume.
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3. Results and discussion
3.1. Reaction system analysis for the reduction of SOy in riser

The FCC-DeSOy process revolves around the solid reduction
environment in the riser and the action of the prelift dry gas (Ha-
rich). Through process innovation, the efficient recovery and con-
version of sulfur resources in FCC flue gas can be achieved, signif-
icantly increasing the treatment capacity of FCC flue gas. The
reduction process of SOy is divided into three reaction zones based
on the relative concentration of reactants, temperature, and resi-
dence time in different zones of the riser. Please refer to Table 4 for
the detailed conditions.

A schematic representation of a typical process flow for the
reduction of SOy in a riser reactor is presented in Fig. 4. SOy gas,
combined with prelift dry gas, enters the prelift reaction zone
(reaction zone 1). In this zone, the mixed gas is brought into contact
with the high-temperature FCC catalyst to facilitate a reduction
reaction, resulting in the reduction of SO,. Subsequently, the mixed
gas, along with the high-temperature catalyst, move upward into
the riser zone. In the lower zone (reaction zone 2) of the riser,
petroleum hydrocarbons, mixed gas, and catalyst come into con-
tact, leading to the formation of a mixture of materials. During this
contact, the SOy is primarily reduced through the FCC liquid phase
products. The resulting mixture then enters the upper zone (reac-
tion zone 3) of the riser, where further reduction of SOy occurs
through the FCC cracked gas. After undergoing reduction in these
three reaction zones, the SOy is fully reduced to HS.

The H,S-rich FCC product is then guided through a fractional
distillation tower, an absorption stabilization unit, and a dry gas
refining device. These components collectively facilitate the pro-
duction of H,S with high purity and increase the availability of raw
materials for the sulfur unit. Additionally, it is possible to feed SOy
into different zones within the riser reactor, ensuring complete
conversion to H,S after undergoing reduction reactions in reaction
zones 1 to 3. If SOy is only fed into reaction zone 3, the residence
time is minimized, thereby reducing its impact on the FCC product.

Throughout the SOy reduction process, the elemental sulfur in
SOy may be reduced directly by hydrocarbons into HyS or sulfur,
and SO, or H,S may also combine with hydrocarbon to form organic
sulfides (mercaptans, thiophenes, benzothiophenes, and coke),
therefore, in this paper, the thermodynamic theoretical calculations
are examined for the reduction of SO, to form H,S and the reaction
to form organic sulfides. For the reduction of SO, by hydrocarbons
to form HsS or sulfur, a selection of compounds, including Hy, CHy,
C,Hg, ethylene (C;Hy), propane (CsHg), propylene (C3Hg), 1-butene
(n-C4Hg), and n-butane (n-C4Hqg), were chosen to represent FCC
cracked gas. Additionally, n-heptane (n-C;Hig), 1-heptene (1-
C7Hy4), methylcyclohexane (Cyc-C;7Hy4), methylbenzene (C;Hg)
and Phenanthrene (Cy4H19) were chosen to represent FCC liquid
products. Heptazethrene (CygH1s) was chosen to represent poly-
cyclic aromatic hydrocarbon (PAH) in FCC coke. For typical organic
sulfides generated during the FCC process, heptanethiol (C7HgS),
propylthiophene  (C;H10S), 2,5-dimethylthiophene (CgHgS),

Table 4
The reduction reaction zones of SO, in the riser reactor.
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Fig. 4. Schematic diagram of the process for reducing SO in a riser apparatus.

benzothiophene (CgHgS) were chosen to represent sulfide in FCC
liquid products, a sulfur-containing polycyclic aromatic hydrocar-
bon (S-PAH) CagH20S was chosen to represent sulfide in FCC coke.

It is important to note that under FCC conditions, the catalyst
remains in a solid state, while all other reactants are gaseous.
Furthermore, the molar ratio of SO, to SO3 in SOy is maintained at
100:1, and the reduction products of SOy are either H,S or S,. To
exemplify the reactions involved in reducing SO,, Table 5 provides
an overview of the central zones and typical reaction equations in
the riser reactor. The main reactions associated with the catalyst are
shown in reactions 1—7, including the reaction of alumina (the main
component of the FCC catalyst) with SOy to form sulfate or sulfite,
and the reduction of sulfate or sulfite by hydrogen or hydrocarbons
to sulfide salts, oxides, and similar byproducts. Since the catalysts
are distributed throughout the reactor, these reactions are taken
into account in all three reaction zones, for the prelift zone and the
upper zone of the riser, the sulfate reduction is mainly H; in the H;-
rich cracked gas (n = 0 in the relative reaction equation), and for the
lower zone of the riser, the sulfate reduction is mainly with the
C5—Cy2 hydrocarbons, n-heptane (n-C7Hyg) is chosen in this study.

Name Reaction zone 1 Reaction zone 2 Reaction zone 3
Position Pre-lift zone Lower zone of the riser Upper zone of the riser
Temperature, °C 600—650 500—600 450-550

Residence time, 0-3 1-3 1-3

s
Main reactant
catalyst

Prelift dry gas (Ha, CH4, CoHg) and catalyst FCC liquid products (>Cs hydrocarbons) and

FCC cracked gas (H, and C;—C,4 hydrocarbons) and
catalyst
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Table 5
Summary of main SO,-reduced reactions in riser reactor.
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Number Reaction equations Reaction zone
1 ALO3(S) + 3503= Aly(SO4)s(s) 1-3
2 Al,05(s) + 3S0,= Aly(S03)5(s) 1-3
3 AIQ(SO4)3(S) + 12CHopy2 = Aleg(S) + 12H,0+ 12C,Hy, 1-3
4 Al(S04)3(5) + 12 CuHons2 = Al Os(S) + 9H,0+ 3HaS+ 12C,Han 1-3
5 Al(S03)3(5) + 9 CaHany2 = AlxSs(s) + 9H20+ 9C,Han 1-3
6 Alz(SOg)j;(S) + 9 CHopio = Aleg(S) + 6H0+ 3H,S+ 9C,Ha, 1-3
7 ALSs(s) + 3H,0= Al,05(s) + 3H,S 1-3
8 3H,+ SO, = HyS+ 2H,0 1

9 3J4CH4+ SO, = HoS + 1/2H,0 + 3/4C0, 1
10 3/7CHg + SO2 = HyS + 2/7H,0 + 6/7C0; 1

11 2Hy+ SO, = 1/25,+ 2H,0 1
12 1/2CHa+ SO, = 1/2S,+ H0+ 1/2C05 1
13 2/7CHe+ SO = 1/2S,+ 6/7H,0+ 4/7CO, 1
14 3n-C;Hyg + SO = HuS + 31-CyH14+ 2H,0 2
15 3n-C7H;6 + SO2= HyS + 3C4Hg +3C3He+ 2H0 2
16 1-C7H14 + SOz = H,S + C7Hg + 2H,0 2
17 Cyc-C7H14 + SO= H2S + C;Hg + 2H,0 2
18 2C,Hg + SO, = HoS + CiaH1o+ 2H,0 2
19 0.5C7Hg + 0.51-C7H14 + SOz =H3S + 0.5C14H;0 + 2H0 2
20 3C14H10+S0,=H5+2H,0+1.5CsH 13 2
21 2n-C;H1s + SO5 = 1/2S; + 21-CyH1a+ 2H20 2
22 2n-C7H;6+ SOz = 1/2S; + 2C4Hg +2C3Hg + 2H,0 2
23 2/31-C7Hq4 +SO, = 1/2S;, + 2/3C7Hg + 2H20 2
24 2/3 Cyc-CsHi4 + SOp = 1/25, + 2/3C7Hg + 2H,0 2
25 4/3C;Hg + SO, = 1/2S; + 2/3C14H 0+ 2H,0 2
26 1/3C;Hs + 1/31-CsH 4+ SO3 = 1/2S + 1/3C1aH10 + 2H,0 2
27 4C14H 0 + SO, = 1/2S; + 2H,0 + 2CasH13 2
28 1-CgHy + SO; — CgHgS + 2H,0 2
29 1-C7H14 + SO, = C7H10S+ 2H,0 2
30 1/2 1-CgHrg +50; — 1/2CgHeS + 1/2H,5+ 2H,0 2
31 3/10C14H10 + SO2 + 3/5C;H14 = 2H20+7/10H,S +3/10C25H00S 2
32 1-C7H14 + HuS = CG7H6S 2
33 ]9/]0C14H10+ HaS + 1/5]-C7H14 = CogHy0S + ]9/10“2 2
34 C7H1a + HaS = C7H10S + 3Hs 2
35 1-CgH1g + HaS = CgHeS + 6Ha 2
36 3H+ SOz = HpS+ 2H,0 3
37 3/4CHa+ SO, = HoS + 1/2H,0 + 3/4CO, 3
38 3/7C3Hg + SO2 = HyS + 2/7H,0 + 6/7C0, 3
39 1/2C3H4 + SO, = H,S + CO, 3
40 3/10C3Hg+ SO= H,S+ 9/10CO,+ 1/5H,0 3
41 1/3CsHe+ SO2= H,S + CO; 3
42 3/13n-C4Hqp+ SO,= H,S+ 12/13C0O2+ 2/13H,0 3
43 1/4n-C4Hg+ SO,= H,S + CO, 3
44 2Hy+ SO, = 1/25,+ 2H,0 3
45 1/2CHa+ SO, = 1/2S,+ H0+ 1/2C0, 3
46 2/7CHg+ SO, = 1/2S5+ 6/7H,0+ 4/7C0, 3
47 1/3C,Hat SO5 = 1/2S5+ 2/3C02+ 2/3H0 3
48 1/5C3Hg+ SO, = 1/2S5+ 3/5C05+ 4/5H,0 3
49 2/9C3Hg+ SO, = 1/2S,+ 2/3C0,+ 2/3H,0 3
50 2/13n-CaH1o+ SOz = 1/2S5+ 8/13CO5+ 10/13H,0 3
51 1/6n-CaHg+ SO5 = 1/25,+ 2/3C0x+ 2/3H,0 3

For the reduction of SO, by H; or hydrocarbons, the prelift zone
includes reactions 8—13, involving the H,, CH4 and C,Hg reduction
of SO, to HyS or Sy. Reactions 14—35, taking place in the lower zone
of the riser, reactions 14—27 show the reduction of SO, by FCC
liquid products, primarily alkanes undergoing direct dehydroge-
nation or cracking dehydrogenation, olefins undergoing cyclization
and aromatization dehydrogenation, cycloalkanes being dehydro-
genated, and aromatics participating in condensation with olefins
or other aromatics to facilitate dehydrogenation. Reactions 28—31
depict the formation of thiophene and benzothiophene compounds
from olefins and SO, and the generation of S-PAH from aromatics,
olefins and SO,. In the upper zone of the riser, reactions 36—51
involve the reduction of SO, by FCC cracked gas, resulting in the
generation of COy, H3S, or S as the primary products.
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3.2. Thermodynamic analysis of SOy reduction in riser

3.2.1. Thermodynamic equilibrium of the reactions

Upon entering the riser, SOy undergoes a reduction in the 1-3
reaction zones. This study calculates the Gibbs free energy (AG) and
thermodynamic constants (k) for typical reactions 1-51 based on
the information presented in Table 5. The variations in —AG and log
k with reaction temperature for different reactions are illustrated in
Fig. 5(a)—5(h). Notably, the log k values for all reduction reactions,
except for the dehydrogenation of alkanes to reduce SO, to Sy,
exceeded 5. This suggests that when thermodynamic equilibrium is
achieved, SO, can be completely reduced. Moreover, when the
reduction product is HS, the values of —AG and log k are more
pronounced than when the product is Sy, sulfur-containing salts,
thiophene or S-PAH. Consequently, it becomes more difficult for Sy,
sulfur-containing salts, thiophene or S-PAH to form, and SO; is
thermodynamically more inclined to be reduced to H,S in the 3
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reaction zones. For the reactions of H,S with olefins and aromatics
to form sulfur-containing hydrocarbons, the formation of thiols or
thiophenes’ log k is less than 3, the log k of the sulfur-containing
coke formation exceeds 5. Considering the susceptibility of thio-
phenes to condensation to form S-PAH, H»S is thermodynamically
likely to increase the sulfur content of coke.

As depicted in Fig. 5(a)—5(b), in the three reaction zones

(450—650 °C), the log k for the generation of sulfate or sulfite
significantly decreases as the temperature increases. On the other
hand, the log k for the generation of aluminum sulfide from the
hydrogen or hydrocarbons reduction of alumina sulfate increases,
while the log k for other reduced sulfur-containing species only
slightly decreases. These observations indicate that higher reaction
temperatures are favorable for the conversion of SO, to HS in the

Table 6
Typical FCC conditions and product distribution of heavy oil in riser.
Items Value Items Value
Feedstock density (20 °C), g-cm™> 0.8986 Gasoline composition, wt%
Sulfur content, wt% 0.35 Paraffin 27.27
Temperature, °C Olefin 34.56
Pre-lift zone, °C 660 Naphthene 6.90
Lower zone of the riser, °C 570 Aromatics 31.27
Upper zone of the riser, °C 550 Cracked gas composition, wt%
Residence time, s 1.24 Hydrogen (H;) 1.61
Mass ratio of catalyst to oil 15 Methane (CHg4) 3.71
Distribution of products, wt% Ethane (C;Hg) 2.39
Cracked gas (H»-C4) 22.57 Ethylene (CoHy4) 5.81
Gasoline (Cs-200 °C) 39.63 Propane (C3Hg) 3.57
Diesel (200—350 °C) 18.64 Propylene (C3Hg) 30.39
Slurry oil (>350 °C) 11.66 Butanes (C4H1o) 16.2
Coke 7.49 Butenes (C4Hg) 36.32
Table 7
The molar quantity of initial reducing reactants in the riser reactor.
Name Molar quantity Name Molar quantity
SOy gas C;Hsg 0.249
SO, 1.000 Al,03 43.000
SO3 0.010 Upper zone of the riser
Pre-lift zone H, 3.000
H, 3.000 CH4 0.865
CHy 0.865 CoHg 0.297
CoHg 0.297 CoHy 0.775
AlL03 43.000 CsHs 0.303
Lower zone of the riser CsHg 2.702
C7H16 0.200 C4H1o 1.043
1-C7H14 0.259 C4Hs 2422
Cyc-C7Hg 0.052 Al,03 43.000

Note: The molar quantity of SO, in the table are baseline 1 mol, and other species are based on SO,.
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Table 8
The initial molar ratio of reactants in the experiment.
Item Value Item Value
SO, reduced by H, SO, reduced by H,, CH4 and C;Hg
Initial H,/SO,, mol/mol 8:1 Initial H,/SO,, mol/mol 8:1
SO, reduced by CH,4 and C,Hg Initial CH4/SO2, mol/mol 9:1
Initial CH4/SO,, mol/mol 9:1 Initial C;Hg/SO,, mol/mol 3:1
Initial C;Hg/SO,, mol/mol 3:1 / /

riser.

By comparing the magnitudes of —AG and log k for SO, reduc-
tion of different hydrocarbons in the prelift, lower and upper zones
of the riser (450—650 °C), as shown in Fig. 5(c)—5(h), we can obtain
the following information: hydrocarbon aromatization, condensa-
tion dehydrogenation, and cleavage dehydrogenation for SO;
reduction are strong, suggesting that SO, is more likely to be
reduced by hydrogen during these reactions, during the aromatic
condensation process, the combination of aromatics with SO; to
form S-PAH is also significant. Consequently, elemental S is more
prone to form coke or cracked gas when thermodynamic equilib-
rium is reached. Compared with alkanes, olefins possess a greater
ability to reduce SO,. Therefore, the content of olefins in FCC
cracked gas may decrease after SO, passes into the upper zone of
the riser. Furthermore, after the reaction reaches thermodynamic
equilibrium, higher temperatures and a greater number of hydro-
carbon carbons favor the reduction of SO,.

3.2.2. Calculation of thermodynamic equilibrium concentration

To further investigate the thermodynamic equilibrium concen-
tration of the reduction system, a pre-evaluation was first per-
formed, as shown in Table 6 (Wang, 2006), the heavy oil feedstock
sulfur content is 0.35 wt%, even if all the S in feedstock enters the
FCC flue gas, the SOy entering the riser is theoretically at most
0.9 wt% of the heavy oil mass, at this point, the molar ratio of FCC
product H; to SO, has exceeded 16. In the SOy reduction process, we
can increase the SO, concentration by improving the SOy flow. In
the SOy reduction thermodynamic equilibrium calculations, we set
the reduced SOy concentration larger than the theoretical value 16
to enhance the persuasiveness of the process in dealing with larger
SOy concentrations.

We made the following assumptions. First, we set the SO,/SO3
molar ratio in the SO, gas to 100 in all three reaction zones. Second,
considering that at least 3 mol of H; are required for the complete
reduction of 1 mol of SO, to H,S, we set the H,/SO, molar ratio to 3
in the prelift zone and the upper zone of the riser, and set the C;H1g/
SO, molar ratio in the lower zone of the riser to 0.2. Then, for the
prelift zone, as shown in Table 6 and if all H; is derived from the FCC
product, the yield is approximately 0.36 wt%. With a catalyst-oil
ratio of 15 and an Al,03 content of approximately 50%, the Al,O3/
H, molar ratio was 41. Finally, for the two reaction zones of the riser,
the molar amounts of other reductants were calculated based on
the composition of cracked gas and gasoline data from a typical FCC
product distribution, as presented in Table 6. The calculated molar
amounts of the initial reactants are displayed in Table 7.

The thermodynamic equilibrium compositions at different
temperatures in the three reaction zones are illustrated in Fig. 6.
Fig. 6(a)—6(c) indicates that Al,Ss3, Alx(SO4)3, and Aly(SO3)3 are not
produced after reaching thermodynamic equilibrium. This signifies
that the catalyst remains unaffected during the reduction of SOy in
the riser. Once thermodynamic equilibrium is reached, SOy can be
fully converted to H,S at prelift zone and upper zone of the riser,
H,S selectivity exceeded 99.98% and sulfur-containing aromatics
selectivity was less than 0.02% in the lower zone of the riser. This
implies that SOy is almost completely converted to H,S in all three
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reaction zones of the reactor, only traces of S-PAHs are generated in
the lower zone of the riser.

As shown in Fig. 6(b), after attaining thermodynamic equilib-
rium, the hydrocarbon products primarily consisted of CygHjg,
C7Hsg, C14H10 and C3—C4 olefins, S-containing products were mainly
H,S (about 30.5 wt%), with traces of S-PAH generated (0.01—0.03 wt
%). This suggests that the reduction of SO, by the FCC liquid prod-
ucts is mainly achieved through condensation dehydrogenation,
aromatization dehydrogenation, and cracking dehydrogenation. As
demonstrated in Fig. 6(b)—6(c), the reaction temperature decreases
with the height of the riser, resulting in a gradual decrease in C;—Cy4
olefins and a gradual increase in C;—Cy4 alkanes, toluene and poly-
cyclic aromatics. This implies that alkane cracking dehydrogenation
reactions and the reduction of SOy with C;—C4 alkanes are hin-
dered, while the reduction of SO, with C;—C4 olefins, the aroma-
tization reaction to produce toluene and the aromatics
condensation reaction are promoted. From a thermodynamic
perspective, the consumption of olefins in the cracked gas may
occur as the reaction temperature decreases or the residence time
of SOy increases. Moreover, SOy reduction may result in slightly
higher yield and sulfur content in coke.

3.3. Simulation of hydrogen reduction of SO in riser

3.3.1. Preliminary experimental investigations

Thermodynamic equilibrium concentration calculations indi-
cate that SOy gas can be completely transformed into H,S when
introduced into the prelift zone, lower zone, and upper zone of the
riser. Consequently, the primary objective in the industrial process
of achieving complete reduction of SOy to H,S involves increasing
the reaction rate or prolonging the reaction time to ensure that the
reaction reaches thermodynamic equilibrium as quickly as possible.
This can be accomplished by elevating the reaction temperature
and employing catalysts to increase the reaction rate. In this study,
an STR was utilized to simulate the riser reactor, for reducing SO,
using H; gas, CH4 and C;Hg mixed gas, Hy, CH4 and C,;Hg mixed gas,
respectively. The initial reactants’ molar ratio is shown in Table 8.
Fig. 7 illustrates the conversion of the simulated reduction of SO,.

In these experimental sets, when the SO, conversion reached
100%, H3S selectivity was 100%. As depicted in Fig. 7(a), it is evident
that the conditions required for complete conversion of SO, to HaS
are a reaction time of 5.4 s and a temperature above 600 °C when
no FCC catalyst is utilized. The conversion of SO, to H,S can be
achieved by Hj in the dry gas (Ha-rich) prelift zone (600—650 °C,
2.7 s, FCC fresh or equilibrium catalyst) and the riser zone (>475 °C,
2.7 s, FCC equilibrium catalyst). In the presence of FCC fresh cata-
lyst, SO, can be entirely converted to H,S when the reaction tem-
perature exceeds 550 °C. Similarly, with the FCC equilibrium
catalyst, SO, can be completely converted to H,S at a reaction
temperature above 475 °C.

By comparing the minimum reaction temperature required for
the complete conversion of SO, to H,S, it is observed that the FCC
equilibrium catalyst requires a temperature 75 °C lower than that of
the FCC fresh catalyst. This discrepancy can be attributed to the fact
that the FCC equilibrium catalyst may contain higher
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concentrations of Fe, Ni, and V, some studies have shown that, these
metals on the catalyst can promote the dissociation of hydrogen
and facilitate the reduction of SO, (Doumani et al., 1944; Hu et al.,
2002; Li and Hung, 2003; Wang et al., 2019). Consequently, the FCC
equilibrium catalyst exhibits superior hydrogenation performance
and is more conducive to the H, reduction of SO,.

As shown in Fig. 7(b), the CH4 and C;Hg mixed gas was used to
reduce SO,, and the SO, conversion below 30% all along, they are
less efficient than H; in the SO, reduction. Fig. 7(c) further com-
pares the reduction of SO, by H; or a mixture of Hy, CH4 and CHg,
there is no difference in the SO, conversion, or H,S yield between
the two gases at the same temperature. It proves that SO; can be
completely reduced to H,S with dry gas (Hz, CH4 and C;Hg mixed
gas) above 475 °C. However, the introduction of CH4 and C;Hg has
no improvement on the SO, conversion and H,S yield, and Hy in the
dry gas plays a primary role in the SO, reduction. Thus, the
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following study will focus on the reaction pattern of H, reduction of
SO, under FCC conditions.

3.3.2. Effect of conditions on the reduction of SO, by H

The preceding results demonstrate that the reduction of SO, in
the riser is influenced by both the kinetic reaction rate and the
reaction time. The conversion of SO, can be controlled by adjusting
the reaction temperature, H>/SO, molar ratio, and reaction time.
Notably, the reaction temperature has a significant impact on the
reaction rate. The influence of the H,/SO, molar ratio is more
intricate. When the amount of SO, in the riser is held constant and
the Hy/SO, molar ratio is increased, the corresponding reaction
time decreases, thereby enhancing the contact between H, and SO,
within a given timeframe. However, reducing the reaction time
does not favor an increase in the conversion. To investigate the
conversion behavior of SO, under different conditions, the
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influence of the H,/SO; molar ratio and reaction time on SO, con-
version and HjS selectivity was examined at different reaction
temperatures using an FCC equilibrium catalyst.

There are three main successive parallel reactions involved in
the reduction of SO, by H,: SO, reacts with H, to form H3S, SO,
reacts with H,S to form sulfur, and sulfur is further reduced to H,S
by Hy (Larraz, 2002). As illustrated in Fig. 8, prolonging the reaction
time by 1-1.7 s decreases the minimum temperature required for
the complete reduction of SO, to H,S by 25—75 °C when the H,/SO>
molar ratio remains constant. This extension of the reaction time
promotes the complete conversion of both SO, and sulfur into H5S.
Furthermore, it is noteworthy that the minimum temperature for
the complete conversion of SO, to H,S is slightly higher than the
temperature for the complete conversion of SO, alone, indicating
that higher reaction temperatures are favorable for enhancing H,S
selectivity.

By increasing the H,/SO, molar ratio from 11 to 25, the reaction
time for SO, reduction decreased from 1.8—3.5 s to 1-2 s. The
reduction effect of SO, initially increases and then decreases, sug-
gesting that the optimal conversion of SO, can be achieved by
matching the appropriate H,/SO, molar ratio and reaction time. In
this case, the optimal molar ratio was 16, the reaction time was
1.3—2.7 s, and the temperature for the complete conversion of SO,
to H,S ranged from 450 to 475 °C.

3.3.3. Catalyst evaluation

FCC equilibrium catalyst before (E-catB) and after SO,
reduction(E-catA) were characterized. E-catA was the post-SO,
reduction (the H,/SO, was 16 and H,S yield was 100%) FCC

equilibrium catalyst, and SO, reduction experiments were per-
formed continuously for 5 h before characterisation. As shown in
Fig. 9(c), the infrared absorption peak at 1083 cm™! was attributed
to the bidentate sulfate 0O=S=0 covalent group (S03 ) (Abdulhamid
et al., 2006; Chen et al., 2011; Li et al., 2021), indicating that the
equilibrium catalyst contains sulfate. As depicted in Fig. 9, the
surface area, pore volume, XRD pattern, infrared spectra and micro-
activity of the FCC equilibrium catalyst remain unchanged before
and after the SO, reduction. It demonstrated that no new group
structures were produced on the catalyst after the SO, reduction.

Further examining the heavy oil FCC performance with E-catB
and E-catA in detail. As depicted in Fig. 10, the product distribu-
tions, cracked gas composition, gasoline PONA composition, and
product sulfur content were the same with two catalysts, indicating
that the FCC equilibrium catalysts' catalytic cracking performance
was unchanged after SO, reduction.

3.4. Lower limit of reaction time and kinetic modeling

3.4.1. Lower reaction time limit

During the reduction of SO, it is essential to minimize the re-
action time in the riser to minimize its effect on the FCC reactions of
petroleum hydrocarbons. To achieve this, the shortest reaction time
for the complete reduction of SO; to H,S by H, was investigated.
The SO, conversion was examined at reaction times ranging from
0.1 to 0.7 s while maintaining a H,/SO, molar ratio of 16. Addi-
tionally, the H,S selectivity was evaluated when the SO, conversion
reached 100%.

As depicted in Fig. 11(a), at a temperature of 600 °C and a
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reaction time of more than 0.1 s, complete conversion of SO, to H,S
can be achieved, with H,S selectivity reaching 100%. Fig. 11(b)—11(f)
shows that as the reaction temperature ranged from 485 to 500 °C,
the shortest reaction time required for the complete conversion of
SO, to H,S decreased gradually from 0.7 to 0.4 s. This indicates that
the conversion of SO, to H,S is fast and that the reaction temper-
ature plays a crucial role. From these findings, it can be inferred that
when H; is used in the prelift zone (>600 °C), complete conversion
of SO, to H,S can occur in more than 0.1 s, and the reaction time is
not a limiting factor. In the riser zone (485—500 °C), complete
conversion of SO, to H,S can be achieved in a reaction time of more
than 0.7 s.

3.4.2. Kinetic modelling

Based on the experimental data presented in Fig. 11, it is evident
that in the riser zone (475—500 °C), the complete conversion of SO,
to HyS by Hy within a short reaction time is challenging. Therefore,
it becomes necessary to explore the kinetic conversion character-
istics and determine the conversion law within this operating
range. This information is crucial in guiding the maximization of
SO, conversion to H,S. As a result, kinetic modeling of the reduction
of SO, by Hj in the riser zone (475—500 °C) was conducted. During
the reduction of SO, by Hj, H,S or sulfur can be generated. Hence,
the total reaction equation is expressed as:
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(2 +X)Hy + SOy = xH,S + (1 —X)S + 2H,0 (5)

Considering that the molar amount of H; is significantly greater
than that of SO,, the concentration of H; in the kinetic equation is
treated as a constant. Consequently, the reaction can be considered
a first-order reaction. The corresponding kinetic mathematical
equation can be expressed as:

dc
d_tA: —KCy (6)
Ca=Cao(1—=Xa) (7)

Where Cp is the mass concentration of SO, t (s) is the reaction time,
K (s’l) is the reaction rate constant, Cag is the initial mass con-
centration of SO, and X; is the conversion of SO,. Transform the
above equations:

In CA —In CAO = —Kt

1
In (ﬁ) =Kt

The curves of In (1/(1—X,))-reaction time are shown in Fig. 12.
The corresponding R? values for the relevant indexes are all greater

(8)

9)
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Fig. 11. SO, conversion and H,S selectivity at reaction times of 0.1-0.7 s. (a) SO, conversion at different temperature, (b) SO, conversion and H,S selectivity at 475 °C, (c) SO,
conversion and H,S selectivity at 485 °C, (d) SO, conversion and H,S selectivity at 490 °C, (e) SO, conversion and H,S selectivity at 495 °C, (f) SO, conversion and H,S selectivity at

500 °C.

than 0.98. The data points in the graph exhibit a significant linear
relationship, suggesting that the reaction aligns more closely with
the first-order kinetic reaction model. Consequently, the reduction
of SO, by Hj in the riser zone (475—500 °C) can be viewed as a first-
order reaction. The kinetic rate constants k and the corresponding
indices at different temperatures are tabulated in Table 9, with k
increasing as the temperature increases.

By utilizing the Arrhenius formula, it is possible to determine
the average activation energy (E,) for the reduction of SO, by H; at
475—500 °C. The curve of In K-1000/T is depicted in Fig. 13. The
calculations indicate that the E, of the reaction within the tem-
perature range of 475—500 °C is 263 k]/mol. Based on the literature,
the E, for the reduction of SO, subsequent to the dissociation of H;
into free radicals is 413.6 kJ/mol. Hence, it can be inferred that the E,
for the reduction of SO, by hydrogen with an FCC equilibrium
catalyst is lower than 413.6 kJ/mol, indicating that the reduction
reaction is more favorable when employing an FCC equilibrium
catalyst.
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4. Conclusion

In this study, a novel process called FCC-DeSOy, is proposed for
the treatment of SO, using an FCC riser reactor. By utilizing dry gas
(rich in Hy), high temperatures, and abundant hydrocarbons in the
riser, complete conversion of SOy to H3S is achieved. The resulting
H,S, along with the cracked gas, is then subjected to downstream
processes to obtain sulfur products. Thermodynamic analysis
revealed that the two reaction zones—dry gas prelift and upper
zone of the riser—can totally convert SOy to H,S, in the lower zone
of the riser, H,S selectivity over 99.98% and sulfur-containing coke
selectivity less than 0.02%. The reaction does not affect the catalyst
once it reaches thermodynamic equilibrium. However, an increase
in SO, residence time in the riser may lead to the consumption of
olefins in the cracked gas and the introduction of elemental sulfur
into aromatic rings or coke. A comparison of the magnitudes of the
thermodynamic equilibrium constants indicates that higher hy-
drocarbon carbon numbers and reaction temperatures promote the
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Table 9
SO, conversion rate constants in the FCC riser zone (475—500 °C).

1

Temperature, °C Rate constants, s~ Relevant index R?

475 6.22 0.987
485 10.56 0.999
490 15.08 0.995
495 20.65 0.996
500 22.75 0.997
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|
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=
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Fig. 13. Arrhenius plots for the SO, reduction.

reduction of SOy to H>S.

To validate the findings, a simulated experimental investigation
on the dry gas reduction of SO, was carried out. The results
demonstrate that with FCC equilibrium catalyst, 100% H,S yield
could be obtained above 475 °C and over 2.7 s with a reducing gas
of Hy, CH4 and C;Hg mixture or Hy. Hy in the dry gas plays a major
role in the SO, reduction, while CH4 and C;Hg do not improve the
SO, conversion or HS yield. For the reduction of SO, by H;, FCC
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equilibrium catalyst exhibits superior H,S yield compared to fresh
FCC catalyst. Process optimization further revealed an optimal Hy/
SO, molar ratio of 16 when using the FCC equilibrium catalyst. And
there was no change in the specific surface area, pore volume and
FCC performance of the FCC equilibrium catalysts before and after
SO, reduction.

Moreover, a study was conducted to investigate the minimum
reaction time required for the complete conversion of SO, to HyS
under optimal H/SO, molar ratio conditions. In the dry gas prelift
zone, when the reaction temperature exceeds 600 °C, complete
reduction of SO, to HyS can be achieved within 0.1 s using H,. In the
riser zone, complete conversion of SO, to HyS occurs more than
0.7 s at reaction temperatures above 485 °C. Based on these ob-
servations, a kinetic model was developed for the reduction of SO,
by Hj, which followed first-order kinetics and had a reaction acti-
vation energy of 263 kJ/mol.
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