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a b s t r a c t

Petroleum coke is the waste from the delay coking process during petroleum refining. It is urgent to solve
the problem of the effective and environmental utilization of high-sulfur petroleum coke. Chemical
looping gasification (CLG) is employed in the application of petroleum coke for syngas production and
sulfur recovery for the first time. The conventional steam gasification was for comparison to have a better
understanding of the chemical looping process of petroleum coke. The presence of hematite improved
the carbon conversion efficiency to 70.13%, although the fraction of the effective syngas decreased
slightly. Experiments are conducted to evaluate the effects of temperature, steam flow rate and the sizes
of fuel and hematite on the conversion of carbon and sulfur in a batch fluidized bed. The data shows that
the effective syngas accounts for 83.51% and the molar fraction of H2S/SO2 is about 2, when the fuel size
was 0.1e0.3mm, and the hematite size was 0.3e0.4mm at the steam flow rate of 1 g/min at 900 �C.
Moreover, that condition is advantageous to the further utilization of the flue gas stream for sulfur re-
covery via Claus process. The size of oxygen carrier has a significant influence on distribution of sulfur
species releasing. The high-content sulfur in the petroleum coke did not remain on the surface of he-
matite and the oxygen carriers were not poisoned. As a consequence, chemical looping gasification with
hematite as oxygen carrier is an excellent technique for petroleum coke conversion coupled with sulfur
recovery.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Petroleum coke is the waste from the delayed coking process in
the petroleum refining industry with high calorific value and low
ash content. It is classified to high and low sulfur petroleum coke
depending on the sulfur content. The low sulfur one can be used in
many fields such as fuel, anode and electrode. However, the high
sulfur petroleum coke faces a great challenge to be utilized because
of the pollution [1,2]. Moreover, the production yield of high sulfur
coke is overstockedwith a high increasing rate, while the low sulfur
one is in short supply [3]. Therefore, the utilization of high sulfur
petroleum coke in a benign environmental and effective method is
being solved urgently [4].

Gasification is considered as a cleaner and economic process to
convert solid fuels in comparison with combustion [5e7]. When
petroleum coke is used in the gasification technology, the sulfur
compounds in the raw gas product would be converted into
elemental sulfur in the Claus plant. But the gasification reactivity of
petroleum coke is rather low due to its carbon structure and low
combustibility [8,9]. Chemical looping gasification (CLG) is a
promising gasification technology to produce syngas, sharing the
same principle with chemical looping combustion (CLC) [10].
Generally, the system involves two reactors, a fuel reactor and an air
reactor, with the oxygen carrier circulating between the two re-
actors as shown in Fig. 1. The oxygen carrier transfers lattice oxygen
and heat to achieve the fuel partial oxidation and gasification in the
fuel reactor, while the reductive oxygen carrier is transported for
regeneration in the air reactor.

Compared with the traditional gasification technology, CLG has
several advantages [11,12]. The regeneration of oxygen carrier can
supply heat for gasification, thus balancing the heat in the system
with less extra energy input. The oxygen carrier provides lattice
oxygen in order to reduce the costs associated with pure O2
requirement which is the main expenditure for the traditional
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Fig. 1. Schematic diagram of chemical looping gasification process.

Table 1
Properties of the natural hematite oxygen carrier.

Natural Hematite

Chemical composition (wt.%)
Fe2O3 83.21
Al2O3 5.35
SiO2 7.06
MgO 1.92
TiO2 0.1
P2O5 0.38
CaO 0.23
others 1.75
BET surface area (m2/g) 2.96
Bulk density (kg/m3) 1.7
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gasification. For traditional gasification, many kinds of catalysts
were used to improve the gasification rate, but the catalyst cannot
be recycled [4,13,14]. The recycled oxygen carrier is also considered
as catalyst which improves the gasification reactions and has an
excellent reactivity at a lower reaction temperature.

Currently, CLG is widely used to deal with solid fuels such as coal
and biomass [11,12,15e19]. Guo et al. [11] have found that the car-
bon conversion efficiency of coal increased by 25.26% with
increasing O/C ratio, and indicated that the reactions in the CLG
would include three stages: the gasification of coal char; the
complex CLC reactions involving oxygen carrier, coal char, and
steam; and the reduction of Fe3O4 to FeO. Huang et al. [17] claimed
that the lattice oxygen from oxygen carrier played the similar role
as gasification agent for biomass gasification, but the reactivity of
lattice oxygen was lower than steam. Additionally, the adequate
and stable oxygen carrier is the key to the development of chemical
looping process. Metal oxides are always supported by inert ma-
terials with high melting temperature such as SiO2, Al2O3 or ZrO2
synthetically to improve the lifetime, and stability of oxygen carrier
significantly [20e22]. Among the different types of materials, Fe-
based oxygen carrier have been examined as the proper one for
CLG process [11,18,23]. Additionally, Fe-based compounds are
considered as attractive catalysts for gasification of petroleum coke
[4]. In particular, iron ore is a potential natural oxygen carrier to
reduce the cost of manufacturing. It composes of active phase
(Fe2O3) and inert materials (SiO2 and Al2O3) which can inhibit
sintering and improve the durability of oxygen carrier [24]. With
the advantages of sufficient source, low cost and non-toxicity, iron
ore is suitable to use in large-scale system for CLG process despite
the fact of its poor oxygen transport capacity.

It was noted that the researches always focused on the solid fuel
of good reactivity. But the low price, abundant supply, high calorific
value and low ash content make petroleum coke to be an attractive
fuel as well. Nevertheless, there is few work on the CLG based on
petroleum coke. It is the first time to utilize petroleum coke for
syngas production and sulfur recovery via the CLG process. It is
necessary to investigate the feasibility of the utilization of petro-
leum coke by chemical looping gasification. The work focuses on
the effects of the presence of hematite, reaction temperature, steam
concentration, and the size of hematite and petroleum coke on the
fuel conversion in the batch fluidized bed. The property of sulfur
conversion was first studied as well. Furthermore, we tried to find
out the optimum condition for sulfur recovery via Claus reaction.
The characteristics of oxygen carriers were also evaluated.
2. Experimental

2.1. Materials

Natural Australia hematite, provided by Nanjing Steel
Manufacturing Company, is selected as oxygen carrier. Before using,
it was crushed and sieved into particles ranging from 0.1 to 0.2mm,
0.2e0.3mm, 0.3e0.4mm. And the particles were calcined in a
muffle oven for 3 h at 950 �C. The chemical composition of hematite
was based on the X-ray Fluorescence (XRF) analysis. The Brunauer-
Emmett-Teller (BET) surface area of the particles in the size of
0.2e0.3mm was also measured, and the mechanical strength was
measured by FGJ-15 dynamometer. The results are summarized in
Table 1. The high content of Al2O3 and SiO2 in the hematite can be
considered as the inert carrier to inhibit sintering, improve heating
transform and stabilize the reactivity [24]. Quartz sand was
selected as the inert bed material for blank experiments because of
the excellent mechanical performance and heat transmission. The
size range of quartz sand was 0.2e0.3mm, and the bulk density
was 1.5� 103 kg/m3.

Petroleum coke supplied by Yangzi Petrochemical International
Trading Company is used as fuel. Prior to the experiments, the
petroleum coke was pulverized and sieved to get the particles in
the size range of 0.1e0.3mm, 0.3e0.45mm, 0.45e0.6mm. The size
ranges of fuel are different from hematite to separate the unreacted
fuel and used oxygen carrier easily. The size of petroleum coke is
bigger than that of hematite, because the density of fuel is lower.
The scanning electron microscope (SEM) image of petroleum coke
was shown in Fig. 2, and that of lignite coal is for comparison. The
surface of petroleum coke was dense without obvious opening
pores, while some cracks were observed on the coal surface. This
can explain why the reactivity of petroleum coke is weak [25]. The
respective proximate and ultimate analysis of petroleum coke were
summarized in Table 2.
2.2. Experimental apparatus and procedure

Tests are conducted in a laboratory-scale batch fluidized bed, as
illustrated in Fig. 3(a). The same systemwas frequently used in the
earlier studies on chemical looping based on variety of oxygen
carriers [26e31]. The major part is a reactor tube made of quartz,
whose length is 600mm and inner diameter is 32mm. The system
is heated by ovens. A porous distributor plate is installed in the
middle of the tube. It makes the inlet gas smooth and steady and is
also considered as the support of bed materials. There are two K-
type thermocouples to control the reaction temperature: one is
between the refractory insulating layer and reactor; another is
above the distributor plate in the central axis of the reactor. N2, O2
and steam are injected from the bottom of tube as the fluidizing
Mechanical strength (N) 3.2



Fig. 2. SEM images of petroleum coke and lignite coal.

Table 2
Proximate and ultimate analysis of petroleum coke.

Proximate analysis
(wt.%, ad)

Ultimate analysis (wt.%, ad)

M V FC A C H O N S

Petroleum coke 0.76 12.98 85.87 0.39 85.94 3.24 1.92 0.94 6.81
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gas, oxidizing agent and gasification agent, respectively. The steam
generator is composed of a TBP-50 A type constant flow pump and
a heater, and the steam flow is controlled precisely by adjusting the
mass flow of deionized water.

Experimental flowchart is displayed in Fig. 3(b). In the batch
tests, samples of bed materials with 36 g hematite are added into
the reactor by the chute and placed on the distributor place when it
reaches the desired reaction temperature at the atmosphere of N2
(2 L/min STP). The amount of bed materials is guaranteed to
maintain the same bed height after adding into the tube. Next, the
oxygen carrier is exposed in a mixture of O2 (100ml/min STP) and
N2 atmosphere, which could ensure the natural hematite fully
Fig. 3. Schematic layout of the laboratory se
oxidized before the petroleum coke is introduced. H2O preheated at
180 �C is injected to the bottom of the fluidized bed as gasification
agent together with N2 (1 L/min STP). Subsequently, petroleum
coke (0.75 g) is fed from the reservoir at the top of the reactor, and
the fuel is quickly introduced into the reaction zone by a valve. As
soon as the fuel particles fall in the reactor, the coke has an
intensive contact with the fresh oxygen carrier. The gaseous
product was collected by gas bags after a filter, a cooler and a drier
for offline analysis of H2, CO2, CO, and CH4 by a NGA2000 type gas
analyzer (EMERSON Company, USA). When the conversion of sulfur
was evaluated, the experiment was repeated and N2 (5 L/min STP)
was injected in the exhaust gas to dilute the concentration of H2S
and SO2. The gas flowed through a heating line of 120 �C and was
measured online by a VARIO PLUS type gas analyzer (MRU, Ger-
many). All the investigated cases are shown in Table 3. The un-
certainties of the instruments mentioned are shown in Table 4. To
ensure the validity of experimental results, six identical experi-
ments were conducted under the same condition, three of which
were used to analyze conventional gases (H2, CO2, CO, and CH4) and
three to detect the release of sulfur-containing gases (H2S and SO2).
tup (a) and experimental flowchart (b).



Table 3
All investigated cases.

Experimental process Bed material Particle size (mm) Steam flow rate (g/min) Temperature (oC) Fuel size (mm)

Steam gasification Quartz sand 0.2e0.3 1.0 900 0.1e0.3
CLG Iron ore 0.2e0.3 1.0 900 0.1e0.3
CLG Iron ore 0.2e0.3 1.0 850 0.1e0.3
CLG Iron ore 0.2e0.3 1.0 950 0.1e0.3
CLG Iron ore 0.2e0.3 0.5 900 0.1e0.3
CLG Iron ore 0.2e0.3 1.5 900 0.1e0.3
CLG Iron ore 0.2e0.3 1.0 900 0.3e0.45
CLG Iron ore 0.2e0.3 1.0 900 0.45e0.6
CLG Iron ore 0.1e0.2 1.0 900 0.1e0.3
CLG Iron ore 0.3e0.4 1.0 900 0.1e0.3

Table 4
Uncertainty analysis.

Parameters control temperature N2 flow steam flow CO H2S H2

uncertainty ±1 �C ±0.1 L/min ±0.01 g/min ±0.01% ±5 ppm ±0.1%
parameters test temperature O2 flow CO2 CH4 SO2

uncertainty ±1 �C ±0.005 L/min ±0.01% ±0.01% ±5 ppm
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2.3. Data evaluation

The inlet molar flow rate of N2, fN2
, is settled and the outlet gas

(CO, CO2, CH4, and H2) concentrations are measured by the gas
analyzer, so the total molar flow rate, fout, is calculated by the N2
mass flow rate introduced:

fout ¼ fN2

1�P
Xi

(1)

where Xi (i¼ CO, CO2, CH4, and H2) is the molar fraction of CO, CO2,
CH4, and H2 in the outlet gas flow.

The relative fraction of each component, Wi (i¼ CO, CO2, CH4,
and H2) is defined by the molar fraction of the flow of CO/CO2/CH4/
H2 in the product gas.

Wi ¼

ðt
0
fout,Xi,dt

ðt
0
fout,

�
XCO þ XCO2

þ XCH4
þ XH2

�
,dt

(2)

The generation rate of gas including CO, CO2, CH4, and H2, qi, is
defined by the yield of each component per gram of petroleum
coke:

qi ¼

ðt
0
fout,Xi,dt

m
(3)

where m is the weight of petroleum coke adding in the reactor.
The carbon conversion efficiency, hC, is the ratio of carbon

consumed to the total carbon in the fuel and is computed by
dividing the molar content of carbonaceous gas in the flue by the
total molar content of carbon added into the reactor:

hC ¼

ðt
0
fout,

�
XCO þ XCO2

þ XCH4

�
,dt

nC;Fuel
� 100% (4)

where nC;Fuel is the molar content of carbon contained in the fuel.
The amount of substance in H2S or SO2, ns(s¼H2S and SO2), is

defined by:
ns ¼
ðt

0

Vout$Ys$dt (5)

where Ys(s¼H2S and SO2) is the concentration of sulfur-containing
gas.
3. Results and discussion

It is the first time to utilize petroleum coke by CLG process. It
was meaningful to study the differences of the carbon and sulfur
conversion between traditional steam gasification and CLG. More-
over, it was essential to evaluate the effect of different operating
conditions on the performance of the petroleum coke, such as
temperature, the flow rate of steam and the material size during
CLG process.
3.1. Steam gasification and chemical looping gasification

Steam gasification was conducted using quartz sand as bed
material in the same condition for comparison, to evaluate the ef-
fect of iron ore oxygen carriers on the gas releasing, carbon con-
version efficiency and sulfur emission in the CLG process at 900 �C.
The size of bed materials is 0.2e0.3mm, and that of fuel is
0.1e0.3mm. Fig. 4 shows the gas concentrations after water
condensation during steam gasification and chemical looping
gasification, respectively. As shown in Fig. 4(a), the petroleum coke
gasification was intense in the first minute. The concentrations of
H2 and CH4 reached maximum of 5.9% and 2.24%, and then
decreased rapidly. The H2 concentration fluctuated around 2%, and
CH4 decreased to zero. The first peak concentrations of CO and CO2
were 0.65% and 0.32%, followed by another slight increase. The
concentrations of H2, CO and CO2 were still 1.50%, 0.70% and 0.27%
at 60th minute, indicating that the reactions were not completed
within 60min. The process could be divided to two parts: the de-
volatilization reaction with high reaction rate and the char gasifi-
cation with rather low rate.

As shown in Fig. 4(b), the trends of the concentration of H2, CH4,
CO2 and CO in petroleum coke CLG process were similar to those
observed in the steam gasification. But the maximum concentra-
tions of each component were dramatically different with those in



Fig. 4. Gas concentration during traditional steam gasification (a) and chemical
looping gasification (b) at the fuel size of 0.1e0.3mm and the bed material size of
0.2e0.3mm at 900 �C.

Fig. 5. Relative concentrations of outlet gas and carbon conversion efficiency during
the steam gasification and CLG process.
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the steam gasification process. The concentration of H2 during the
CLG process was much lower than that using quartz sand as bed
material, and then it declined to zero quickly. It was interestingly
noted that H2 was observed after 24min again. It may be ascribed
to the insufficient hematite in the later process. There were two
peaks for CO and CO2 concentrations. Themax concentrations of CO
and CO2 during the volatile releasing increased to 0.72% and 1.00%,
in accord with the findings that oxygen carrier improved the gen-
eration of CO and CO2 by Guo [12]. In the rest of the process, the
maximum CO and CO2 concentrations in the CLG process were
0.82% and 1.03%, higher than those in the steam gasification. It
indicated that the oxygen carriers improved the conversion of char
in petroleum coke.

Fig. 5 shows the relative concentrations of the outlet gas and
carbon conversion efficiency during the steam gasification and CLG
process within 60min. The main component in the steam gasifi-
cation were H2 and CO, in accord with Wu's results [32]. But the H2
concentration was lower than our results, because the steam
gasification did not consist of the pyrolysis process in which a large
amount of H2 generated. In our work, H2 accounted for 63.66% in
steam gasification, while it decreased to 29.80% in the CLG process.
A large portion of hydrogen was inevitably consumed by oxygen
carrier. The relative fraction of CO2 increased from 11.39% in the
steam gasification to 38.08%, and CO2 was the major product in the
outlet gas in the CLG process. The carbon conversion efficiency
reached 57.33% and 70.13% for the quartz sand and iron ore as bed
materials, respectively. Furthermore, it just took 90min to com-
plete the conversion of fuel until the concentrations of gases
declined to zero in CLG process, while it took 114min in the steam
gasification. So the oxygen carrier reduced the reaction time. These
results manifested that the presence of iron ore as oxygen carriers
enhanced the carbon conversion in the petroleum coke.

The differences between the traditional gasification and CLG
mostly depended on the respective reactions. During the steam
gasification, the main reactions involve the de-volatilization (R1)
and those between steam and char in the petroleum coke (R2-R5).
During the petroleum coke CLG based on iron ore, there are some
simultaneous reactions between the oxygen carriers and the syngas
as shown in (R6-R11) besides the reactions mentioned above. The
lattice oxygen supplied by iron ore reacts with the gaseous prod-
ucts (primarily H2, CO, CH4) to generate CO2 and H2O. It was the
reason why the relative fraction of H2 decreased and CO2 increased
conversely. Thus, the syngas content was 61.92% in the CLG process,
lower than that measured in steam gasification. The consumption
of CO and H2 improved the char gasification and further increase
the carbon conversion. It had been reported that the reaction rate of
H2 was higher than that of CO as fuel to reduce the oxygen carrier
[33]. So, compared with the case in steam gasification, the con-
centration of H2 in CLG was lower, while the concentration of CO
was slightly higher combining with the improvement of fuel con-
version during the CLG process. Interestingly, we detected
hydrogen again after the concentration became zero. The reductive
iron may have catalytic effects on the char gasification and the
water-gas-shift reaction. As the iron oxides phases in the atmo-
sphere of CO/CO2 and H2/H2O shown in Fig. 6, FeO exists when the
ratio of CO/(CO þ CO2) is in the range of 23e64% and H2/(H2þH2O)
in the range of 31e61% at 900 �C [19]. The reactions during the
process were complex. Therefore, Fe3O4 and FeO were the main
forms of iron oxides during the reactions in the reactor. With the
reactions in process, the amount of FeO would be accumulated.
According to the reaction H2Oþ3FeO ¼ Fe3O4þH2, hydrogen was
generated at the atmosphere of excess steam. Moreover, the deep
reduction to FeO or Fe is extremely difficult, so hydrogen may be
residual and not converted to H2O. In light of the changes of H2
concentration, the whole CLG process composes of three periods:



Fig. 6. Baur-Glaessner phase diagram of Fe oxides in the atmosphere of CO/CO2 and
H2/H2O.

�
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the volatile releasing, the char gasification coupled with the
oxidation of syngas and oxygen carriers, and the partial oxidation of
reductive iron.

Petroleum coke / char þ volatile (R1)

C (char) þ H2O 4 CO þ H2 (R2)

C (char) þ CO2 4 2CO (R3)

CH4 þ H2O 4 CO þ 3H2 (R4)

CO þ H2O 4 CO2 þ H2 (R5)

H2 þ 3Fe2O3 / 2Fe3O4 þ H2O (R6)

CO þ 3Fe2O3 / 2Fe3O4 þ CO2 (R7)

CH4 þ 12Fe2O3 / 8Fe3O4 þ CO2 þ 2H2O (R8)

H2 þ Fe3O4 4 3FeO þ H2O (R9)

CO þ Fe3O4 4 3FeO þ CO2 (R10)

CH4 þ 4Fe3O4 4 12FeO þ CO2 þ 2H2O (R11)

The reaction characteristics of petroleum coke are unique and
different from coal and biomass, although the CO2 concentration
increased in the presence of oxygen carrier no matter what fuel is
used. Guo [11] evaluated the CLG performance of Beisu bituminous
coal based on Fe2O3 and found the CO2 concentration had two
peaks, but the second one was much lower than the first one. Ge
[19] reported that there was only one peak for CO2, but two peaks
for CO, and the first CO peak was rather high compared to the
second during the biomass CLG experiments. However, when pe-
troleum cokewas chosen as fuel, the tendencies of CO and CO2 both
had two peaks, and there were not great disparities between the
two peak values, shown in Fig. 4(b). The coal and biomass
mentioned above had 38.27%, 65.07% of volatile and 53.55%, 16.13%
of fixed carbon. The petroleum coke has muchmore fixed carbon of
85.87% and less volatile of 12.98%. It can be explained by the larger
amount of fixed carbon and smaller amount of volatiles in petro-
leum coke than that in coal and biomass. In addition, the fixed
carbon was quite difficult to react in contrast to volatiles.
Fig. 7 displays the concentration changes of sulfur-containing
gases (primarily H2S and SO2) during the steam gasification and
CLG process within 2000 s at 900 �C. And to distinctly check the
differences, the curves were enlarged for the initial 60 s. During the
steam gasification, SO2 was just detected in the first 30 s due to the
volatile releasing from petroleum coke, while H2S could be
observed in the whole process. The concentrations of SO2 and H2S
reached the maximum of 119 ppm and 916 ppm, respectively. The
H2S concentration sharply decreased to approximately 200 ppm
and kept decreasing with a slower rate. Subsequently, it had a slight
rise. H2S was the main sulfur-containing component in steam
gasification process. When iron ore was used as bed material, the
maximum concentrations of SO2 and H2S were 1355 ppm and
428 ppm. Both of the H2S and SO2 concentrations appeared two
peaks, and one was narrow and thin for the initial stage, while
another was broad and lower than the first one. The second peak of
SO2 concentrationwas 141 ppm. Unlike steam gasification, SO2 was
the dominant component from the sulfur of petroleum coke in CLG
process in the current case. The sum of SO2 and H2S concentrations
during CLG was higher than that during steam gasification. The
results indicated that iron ore improved not only the conversion of
carbon but also the conversion of sulfur.

Besides the volatile sulfur releasing, H2S also existed in the rest
of the steam gasification process as a result of the gasification of
sulfur in the char of petroleum coke. The form of sulfur is divided to
organic and inorganic including pyritic and sulphate sulfur. Organic
sulfur may interact with H in fuel releasing H2S [34]. When the
atmosphere is in H2 during steam gasification, most sulfur is hy-
drogenated to H2S according to R12 [35]. Pyritic sulfur, mainly Fe2S,
and then it was decomposed to Fe(1-x)S. H2S was the product of the
gasification of steam and Fe(1-x)S, according to R13. When using
iron ore as bed material, the formation of H2S in the CLG process
was similar to that in the steam process, with two peaks, due to the
volatile sulfur releasing and the gasification of sulfur mentioned
above. The gasification product of sulfur H2S was oxidized to SO2 by
the oxygen carriers as shown in R14 and R15. That can explain the
occurrence of the second peak of SO2 concentration and the
transformation of dominant component from H2S to SO2. In addi-
tion, themajor product CO2 in the CLG process is an active oxidizing
agent to improve the SO2 generation from H2S [36]. Therefore, SO2
was the dominant sulfur form in CLG process. Furthermore, the
presence of SO2 had a positive influence on the gasification re-
actions of solid fuels [37,38]. Compared with steam gasification, the
higher amount of SO2 releasing was another reason for the
enhancement of carbon conversion in the chemical looping
Fig. 7. Sulfur conversion during steam gasification and CLG process at 900 C.
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gasification.

S þ H2 /H2S (R12)

Fe(1-x)S þ H2O / Fe3O4/FeO þ H2S (R13)

9Fe2O3þ H2S / 6Fe3O4 þ SO2 þ H2O (R14)

3Fe3O4þ H2S / 9FeO þ SO2 þ H2O (R15)
Fig. 9. Effect of temperature on the molar fraction of syngas and carbon conversion.
3.2. Effect of reaction temperature on the carbon and sulfur
conversion in the CLG process

Experiments were carried out where the temperature was set to
850, 900, and 950 �C. And the size of iron ore was 0.2e0.3mm and
petroleum coke was 0.1e0.3mm when using steam as gasification
agent at a rate of 1 g/min. Fig. 8 displays the generation rates of CO,
CO2, CH4 and H2 as a function of temperature during the reduction
period. Except for CH4which did not have significant difference, the
generation rates of CO, CO2, and H2 increased with the temperature
in the range of 850e950 �C. The increasing generation rates of
those component from 850 �C to 900 �C were dramatic, whereas
those increasing rates declined from 900 �C to 950 �C. The H2 yield
increased seven times in the first interval of 50 �C, and just
continued increasing by less than 10% in the next temperature in-
terval. Similarly, the CO yield first increased by 66%, and then the
increase slowed down to 2%. The decline of the increasing rate of
CO2 yield from the first 50 �C to the second 50 �C was not as sig-
nificant as those of CO and H2. Those results indicated that the
increasing temperature from 850 �C to 900 �C mainly affected the
petroleum coke conversion, and the temperature from 900 �C to
950 �C led to the reactivity improvement of oxygen carrier. The
gasification of char (R2) was endothermic, favored by the increasing
temperature. Thus, the yields of CO and H2 were enhanced. Addi-
tionally, the increasing temperature enhanced the reductive reac-
tivity of iron ore (R6-7, R9-10), resulting in generating more CO2
and H2O with the consumption of CO and H2 in the second interval
of 50 �C. In terms of the yield, CO was the dominant component at
850 �C, but CO2 took the place of CO at 900 and 950 �C.

Fig. 9 shows the carbon conversion efficiency together with the
sum of molar fractions of CO, H2, and CH4 at different temperatures.
Fig. 8. Effect of temperature on the generation rates of outlet gases in the CLG process.
The carbon efficiency increased from 36.91% at 850 �C to 70.13% at
900 �C and 81.98% at 950 �C, respectively. However, after the slight
rise in the sum of molar fractions of flammable gases, the molar
fraction had a drop when the temperature continued increasing to
950 �C. The molar fraction of syngas and the carbon conversion
efficiency also exhibited increasing tendency with temperature
from 750 �C to 900 �C in the CLG process with biomass [19].
Although the high temperature accelerated the conversion of pe-
troleum coke, the additional part of CO, H2, and CH4 was consumed
by the lattice oxygen from iron ore because the reactivity of oxygen
carriers was promoted by the increasing temperature. The results
verified the inferences that the limited factor was the gasification of
petroleum coke at the temperature below 900 �C, while the tem-
perature above 900 �C brought more impact on the reactivity of
oxygen carriers.

Fig. 10 presents the effect of temperature on the average con-
centration of SO2 and H2S during the reduction period of CLG
process. The average of SO2 concentration at 900 �C was as 2.6
times as that at 850 �C. At 950 �C, the SO2 concentration was 5%
more than that at 900 �C. It was obvious that the SO2 concentration
increased with the increasing temperature, and it reached
110.55 ppm at 950 �C. In light of the H2S concentration, it was
highest at 900 �C. The H2S concentration declined slightly when the
temperature was up to 950 �C because R13 and R14 were
Fig. 10. Effect of temperature on the sulfur conversion.



Fig. 12. Effect of steam flow rate on the molar fraction of syngas and carbon
conversion.
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endothermic reactions. Moreover, the oxygen carriers exhibited
better reactivity at the higher temperature. More H2S was oxidized
to SO2, thus the amount of H2S decreased. The significant increase
of the sum of average concentrations of SO2 and H2S from 850 �C to
900 �C was ascribed to the enhancement of the char gasification of
petroleum coke. When the temperature was set to more than
900 �C, the sum of sulfur gases maintained increasing but the in-
crease extent was smaller.

3.3. Effect of steam flow rate on the carbon and sulfur conversion in
the CLG process

Fig.11 displays the generation rates of each component (CO, CO2,
CH4 and H2) during the reduction period when the flow rate of
steam was 0.5, 1, and 1.5 g/min as gasification agent, respectively.
The CH4 generation rate was the lowest among the outlet gases
measured, and it fluctuated between 0.0283 and 0.0356 Nm3/kg.
The CO2 generation rate kept steady and stable growth with the
increasing flow rate of steam. H2 visibly increased by 0.3183 Nm3/
kg as the steam flow rate increased from 0.5 g/min to 1 g/min, and
continued slightly increasing to 0.5287 Nm3/kg at the steam flow
rate of 1.5 g/min. The increasing H2 and CO2 yields with steam flow
rate were consistent with the performance of biomass in the CLG
process [19]. The generation rate of H2 largely depended on the
amount of steam injected into the reactor. The high flow rate of
steam not only improved the difficult gasification of petroleum
coke, but also reduced the residence time of hydrogen which
reacted with oxygen carrier. The steam flow rate of 0.5 g/min was
not sufficient for petroleum coke gasification. On the contrary, the
CO generation rate decreased when the steam flow rate increased
from 1 g/min to 1.5 g/min. The excessive concentration of steam
strengthened the positive reactions of R2 and R5, which resulted in
a decrease of CO, and increases of H2 and CO2.

The sum of molar fractions of syngas at different flow rate of
steam is shown in Fig. 12 along with the carbon conversion effi-
ciency. The carbon conversion efficiency increased by 6.45% at
steam flow rate of 1 g/min, and 9.93% at that of 1.5 g/min, as
compared with the case at steam flow rate of 0.5 g/min. When the
flow rate of steam rose from 0.5 to 1 g/min, the sum of molar
fractions of effective gases (CO, H2 and CH4) increased from 56.09%
to 61.92%. Instead, there was not a visible increase when the steam
flow rate continued increasing to 1.5 g/min. The reason for this was
most likely explained by the comprehensive consequence of the
Fig. 11. Effect of steam flow rate on the generation rates of outlet gases in the CLG
process.
improvement of gasification of char in the petroleum coke and the
increasing yield of CO2 from the water-gas shift reaction (R5).
Therefore, 1 g/min was the suitable flow rate of steam for the CLG
process based on iron ore with petroleum coke as fuel in this work.

The different flow rates of steam made the volumes of outlet
gases significantly different. It was more reasonable to describe the
distribution of H2S and SO2 via the amounts of substance in them
and the molar fraction of H2S to SO2 during the CLG process at
different steam flow rate, as shown in Fig. 13. The amounts of
substance in H2S and SO2 increased with the increasing flow rate of
steam, but the molar fraction of H2S to SO2 was around 0.2, which
was not greatly influenced by the amount of steam. The flow rate of
steam improved the gasification of sulfur and carbon in the char of
petroleum coke in the CLG process. Sequentially, the gasification
product H2S was oxidized to SO2, so the sum amount of substance
of sulfur-containing gases increased. However, the flow rate of
steam had weak effect on the molar fraction of H2S to SO2.
3.4. Effect of material size on the carbon and sulfur conversion in
the CLG process

3.4.1. Effect of the size of petroleum coke particles
Fig. 14(a) displays the main components of conventional gas and
Fig. 13. Effect of steam flow rate on the sulfur conversion.



Fig. 14. Effect of the size of petroleum coke particles on (a) carbon conversion and (b)
sulfur conversion.

Fig. 15. Gas releasing during the CLG process with different sizes of oxygen carrier (a)
conventional gases (b) sulfur-containing gases.
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the carbon conversion efficiency when the size of hematite was
0.2e0.3mm and that of petroleum coke was respectively
0.1e0.3mm, 0.3e0.45mm, and 0.45e0.6mmwithin 60min during
the reduction period. The CO2 concentration increased steadily as
the size of petroleum coke enlarged. Instead, the H2 concentration
decreased. The trends of CO and CH4 presented an apparent in-
crease following with a decline. The gasification of the small size of
petroleum coke was faster. The increasing yields of gases made the
residence time shorter and the gas-solid contact worse. The rest of
unreacted H2 was much more. Similarly, the slow gasification rate
of the fuel particles in a large size was the reason of the opposite
tendency of CO and CO2 in comparison with those in medium size.
The gasification rate was much slower than the oxidization rate
with oxygen carrier. A large size led to an increase in carbon con-
version efficiency from 70% to 75%. The average concentrations of
SO2 and H2S with different fuel sizes within 2000 s are presented in
Fig. 14(b), as well as the molar ratio of H2S to SO2. With the
increasing size of fuel, not only the concentration of SO2 but also
that of H2S decreased, though the decreasing magnitude was
reducing. The larger size of fuel had contributed to a low conversion
of sulfur. Moreover, the molar fraction of H2S to SO2 also decreased
with the increasing size of fuel, and it was always less than 2.
3.4.2. Effect of the size of oxygen carrier particles
Fig. 15(a) displays the gases releasing within 60min during the

CLG process using different sizes of hematite of 0.1e0.2mm,
0.2e0.3mm and 0.3e0.4mmwhen the size of petroleum coke was
0.1e0.3mm. When the hematite size was 0.1e0.2mm or
0.2e0.3mm, the main component was CO2, accounting for
approximately 38%. However, the major constituents were CO and
H2 rather than CO2 when the oxygen carrier size was 0.3e0.4mm.
CO accounted for 40.6% and H2 accounted for 40.8%. The larger size
of oxygen carrier was conducive to the production of effective
syngas. The oxygen carrier size of 0.3e0.4mmwas appropriate for
the carbon conversion during the CLG process. Fig. 15(b) presents
the molar fraction of H2S/SO2, and the average concentrations of
SO2 and H2S within 2000s using the hematite oxygen carrier in the
small, medium and large size. The sum concentrations of SO2 and
H2S, as well as the average concentration of SO2, decreased with the
increasing size of oxygen carrier. As compared to the case with
hematite oxygen carrier in small and medium size, the distribution
of sulfur-containing gas had changed when oxygen carrier was
used in a large size, because the hematite particles in large size
provided a small amount of lattice oxygen. The decreasing con-
centration of CO2 is another reason for the decline of SO2 and rise in
H2S [35,36]. Themolar fraction of H2S/SO2 was 0.2 when the oxygen
carrier size was 0.1e0.2mm. And the molar fraction was about 2
when the size was 0.3e0.4mm, which met the requirement of the
Claus process for sulfur recovery. Therefore, the suitable size of
hematite oxygen carrier particles was 0.3e0.4mm for the effective
syngas production and sulfur recovery during the chemical looping
gasification based on petroleum coke in this work.

The Claus process was the most widely employed and mature
technology for sulfur removal and recovery from gaseous H2S and
SO2. It was first proposed in 1883, according to R15 [39,40]. And
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I.G.Farben improved the process to a two-step oxidation [41]. In the
first thermal step, hydrogen sulfide in the stream is burnt to form
SO2 using air, as shown in R16. The product further undergoes Claus
reaction between H2S and SO2 like R17. In addition, the unreacted
H2S reacts with SO2 to form elemental sulfur in fixed bed reactors in
the catalytic step. The reaction is the same as R17 [42,43]. In the
chemical looping gasification process, the oxygen carrier provides
lattice oxygen to take place of the oxygen from air. If the molar
fraction of H2S/SO2 is 2, the mixture stream can be introduced in
the Claus plants directly for sulfur recovery simplifying processes.
In this way, petroleum coke was used to produce syngas and
recover sulfur based on chemical looping gasification technology.
The molar fraction of H2S/SO2 can be adjusted by changing the
reaction conditions. It achieved the requirement, when the petro-
leum coke size was 0.1e0.3mm and the hematite oxygen carrier
was 0.3e0.4mmat 900 �C, which was optimum in the work.

H2S þ 0.5O2 / (1/n)Sn þ H2O (R15)

2H2S þ 3O2 / 2SO2 þ 2H2O (R16)

2H2S þ SO2 / (3/n)Sn þ 2H2O (R17)

The fuel gas, electricity and deoxidized water were the top en-
ergy consumption in the Claus processes. Simultaneously, the
Clause processes also produced energy including steam and sulfur.
If the molar fraction of H2S to SO2 is 2 in the flue gas of CLG process,
the combustion furnace could be omitted. The steam required as
gasification agent can be provided by the condensation of H2O in
the flue gas or the high-pressure steam from waste heat boil. And
the gas required for CLG process could be preheated by the high-
temperature steam to recycle heat. Moreover, oxygen was
Fig. 16. SEM images of (a,c) fresh
provided by oxygen carrier in CLG process, so the energy con-
sumption of air separators reduced. In addition, the presence of
oxygen carrier improved the carbon conversion efficiency, and the
petroleum coke consumption decreased, as compared with the
traditional steam gasification. In conclusion, the integration of CLG
and Claus processes exhibits high energy efficiency and low energy
consumption with good environmentally friendly and economic
performance.
3.5. Characterization of oxygen carriers

Gu [44] had found that the sulfuration of iron-ore oxygen carrier
happened during the chemical looping combustion and resulted in
an imperforate surface and a decrease in reactivity. Arabczyk [45]
had also reported that iron catalyst was easily poisoned by sulfur.
Special attention should be paid to the properties of hematite after
the chemical looping process. Fig. 16 displays the surface
morphology of the fresh and reacted hematite at lowmagnification
(5000� ) and high magnification (40000� ), characterized by
scanning electron microscope (SEM). The reacted oxygen carrier
produced porous structure in yellow circles, while the surface of
fresh oxygen carrier seemed to be dense. The number and size of
pores increased significantly. For the reacted hematite, the sharp-
edged particle margins were polished and disappeared as marked
in green rectangles, but there was no obvious sintering. And Energy
Dispersive X-ray Detector (EDX)was used tomeasure the elemental
compositions on the surface of fresh and reacted oxygen carrier in
the blue square. In Fig. 17, no element sulfur was detected on the
surface, indicating that the sulfur in the petroleum coke did not stay
on the hematite surface in the sulfur migration when chemical
looping gasification proceeded. The oxygen carrier was not
poisoned by the high sulfur petroleum coke. The main components
and (b,d) reacted hematite.



Fig. 17. EDX analysis of fresh and reacted hematite.
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in the reacted hematite were Fe, O, Al and Si, which were the same
as the fresh hematite. The EDX results of the atomic weight fraction
were summarized in Table 5. The weight fraction of Fe to O
increased to 3.4, between 2.6 and 3.5, so it was suggested that the
forms of Fe were Fe3O4 and FeO after the reduction stage.
4. Conclusion

Chemical looping gasification with hematite is an attractive and
alternative method for high-sulfur petroleum coke conversion and
sulfur recovery via Claus reaction due to its high heating value, low
ash content and high sulfur content. Hematite is regarded as
oxidant to provide lattice oxygen for gasification and the first step
of Claus process. Experiments were conducted in a batch fluidized
bed to evaluate the feasibility and performance of petroleum coke
chemical looping gasification. The main conclusion are as follows:

The presence of hematite oxygen carrier had an effect on the gas
releasing distribution. CO2 and SO2 replace H2 and H2S to be the
main product in the CLG process. Although the molar fraction of
syngas decreased inevitably, the carbon conversion efficiency
increased by 12.8%. And the sulfur conversionwas improved. Unlike
the two stages of conventional steam gasification, the CLG process
can be divided to three parts: the rapid volatile releasing, the slow
char gasification coupled with the oxidation of syngas and oxygen
carriers, and the partial oxidation of reductive iron in light of the
trend of H2 concentration.

The increasing temperature contributes to the conversion of
carbon and sulfur. The generation rates of gases increased as the
temperature raised, especially CO2. However, the steam flow rate
had a complex effect on the generation rates of different gas. The
molar fraction of the effective syngas reached 61.92% when the
temperature was 900 �C at a steam flow rate of 1 g/min. Consid-
ering about the slow gasification reactions and the distribution of
Table 5
Elemental compositions on the surface of fresh and reacted hematite (wt%).

Fresh hematite Reacted hematite

O 27.94 22.12
Fe 69.65 75.63
Al 0.88 0.79
Si 1.53 1.46
Fe/O 2.5 3.4
SO2 and H2S, the sizes of petroleum coke and hematite should be
set to 0.1e0.3mm and 0.3e0.4mm, respectively. And the outlet
stream with the molar fraction of H2S/SO2 of 2, could be directly
used to produce element sulfur via Claus reaction.

Additionally, sulfur in the petroleum coke did not stay on the
hematite surface in the sulfur migration of CLG process, indicating
that the oxygen carrier was not poisoned by the high sulfur pe-
troleum coke.
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Nomenclature
Abbreviations
CLG Chemical looping gasification
CLC Chemical looping combustion
XRF X-ray Fluorescence
BET Brunauer-Emmett-Teller
SEM Scanning Electron Microscope
EDX Energy Dispersive X-ray Detector

Notation list
fN2

inlet molar flow rate of N2 [mol/min]
fout total molar flow rate of outlet [mol/min]
Xi molar fraction of component i [�]
Wi relative fraction of component i [�]
qi generation rate of component i [Nm3/g]
M weight of petroleum coke [g]
hC carbon conversion efficiency [�]
nC;Fuel molar content of carbon in the fuel [mol]
ns amount of substance in H2S or SO2 [mol]
Ys concentration of H2S or SO2 [ppm]
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