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Abstract CaSO4 oxygen carrier is considered to be a potential oxygen carrier (OC) for Chemical Looping
Combustion because of its high oxygen capacity and low price. But its reactivity is lower than the main
metal oxide oxygen carriers, and it deactivates due to sulfur loss as well as sintering at high reaction
temperatures above 920 °C. To improve the performance of CaSO4-based oxygen carrier, small amounts
of CuO particles were mixed mechanistically with CaSO4 particles to use as combined oxygen carrier in
this work. The reduction reactions of CaSO4 oxygen carrier, CuO oxygen carrier and CaSO4-CuO
combined oxygen carrier under CO atmosphere were investigated. The effects of reaction factors
including reaction temperature, the oxygen-carrying ratio of CuO to CaSO4 and mass of oxygen carrier,
on the reductions have been investigated in this study. XRD, SEM-EDS, BET and gas analyses were
performed to investigate the variations of solid phase, element compositions in solid residual and sulfur
release with reaction time. The results show that the addition of CuO increases the reactivity of the
CaSO4-based oxygen carrier while also suppressing the release of the gas sulfur. For the individual
reduction of CaSO4 by CO, with the increase of CaSO4 mass (500 - 1200 mg), CO- yield also increases
until 1000 mg stops and SO released rises remarkably; An increase in the reaction temperature
aggravated the SO2 emission. The carbon dioxide generation efficiency also increases with an increase
in temperature, but decreases when the temperature exceeds 950 °C'due to sintering of the oxygen carrier
particles; With respect to the reaction of CuO with CO, CO yield does not change significantly with
increasing temperature, due to the sintering of the CuO oxygen carrier in a high temperature reaction
environment;For the combined oxygen carrier: a.As the reduction reaction temperature increases, the
reduction reaction performance of the combined oxygen carrier is enhanced within the reaction
temperature range of 750~900 °C. b. CaO the use of CuO additives not only improves the CO conversion
rate, but also inhibits the release of gas sulfide. As the oxygen carrying fraction of CuO increases, SO>
released is reduced and the SO- release time is delayed. What’ more, the solid products after reduction
reaction mainly contain CaS, CaO, CuO, Cu.O and CaSOs, and no copper sulfide is detected. c. When
the oxygen-carrying ratio of CuO to CaSOs is increasing from 15% to 20%, CO: yield increases greatly.

Keywords: Chemical Looping Combustion; Reduction reaction; CO, capture; CaSOa4 oxygen carrier;
CuO oxygen carrier, SO release

1. Introduction

As CO; is one of the main components of greenhouse gases, it is urgent to reduce its emissions.
Chemical-looping combustion (CLC) is different from traditional combustion. It uses oxygen atoms in
the oxygen carrier to carry out a combustion reaction with the fuel, and only CO, and H»O are produced
in the combustion product. A high concentration of CO- can be obtained by simple condensation, thereby
achieving energy-free capture of CO2 [1,2]. In the CLC system, the performance of the oxygen carrier
directly determines whether the Chemical-looping combustion technology can enter the practical
application of industrialization [3].
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At present, the study of oxygen carriers in the CLC is still mainly concentrated on metal oxide oxygen
carriers, mainly including oxides of transition metals such as Ni [4-6], Fe [7-10], Cu [11,12], Co [13]
and Mn [14-17] and their composite metal oxides. At the same time, extensive studies have been
conducted on these metal oxygen carriers. The metal oxygen carrier has a high reaction rate and high
temperature resistance. But their shortcomings are also obvious, such as expensive raw materials, heavy
metal pollution and sulfur poisoning. For further large-scale commercial use, the low-cost materials also
raise a growing concern.

CaS04 oxygen carrier has abundant reserves, low price and high oxygen carrier capacity (0.46) [18-
20], so it has great potential for further large-scale commercial application of CLC.

Figure 1 shows a diagram of the CO-fueled CLC process based on CaSO40xygen carrier. The general
reaction method is as follows. In the fuel reactor, CaSOa is reduced to CaS by CO:

%CaSOA +CO > %CaS +CO, AHZ, . =—42.76kJ / mol (R1)

In the air reactor, the CaS is then oxidized by air into CaSO4 and the molecular oxygen of O in air
is transferred to lattice oxygen in CaSOa.

CaS+20, —»CaS0, AHY, .. =-960.89kJ / mol (R2)

In addition to the usual reactions, the following side reactions may occur:

CaSO,+CO—Ca0+C0O,+S0,  AHSY, ,5=219.19k] /mol (R3)
CaS0,+CO—CaC0O;+S0, AHS,q s=40.39k] /mol (R4)
2CaS0,+;CaS—Ca0+S0,  AHfyq 5=261k] /mol (R5)
CaS+3C0,—Ca0+3CO+S0,  AHSq s = 390.2k] /mol (R6)

As the above-mentioned side reactions, SO> gas is generated, and in addition, other sulfide gases
are generated. This not only leads to a decrease in the oxygen capacity of CaSO4 and reduces its
reactivity, but also the release of the gas sulfur is extremely harmful to the environment.

N>,0: CO, H,O

Fuel

Eeactor 98 Eeactor

Air Carbonaceous fuel
Figure 1. Schematic illustration of a chemical
Looping combustion with a dual fluidized bed

In order to increase the reactivity of CaSQOjs, an active transition metal oxide is added, and this has
been studied intensively. Among them, there are many studies on Fe>Os. Due to the synergistic effect of
CaS0O4 with the added Fe.O3, it was found that the reactivity of CaSO4-Fe>O3 combined OC with gaseous
fuel and different grades of coal was greatly improved [21,22]. In our previous studies, the addition of
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CaO not only achieved high CO> production efficiency, but also inhibited the side reaction of CaSO4
and prevented the emission of gaseous sulfur [23]. Wang et al. [24] reported to use the CaSOs-CuO as
an mixed OC for the coal-fueled CLC and confirmed its feasibility. They found that the reactivity of this
mixed OC is greatly improved, and it has a good fixing ability to the sulfur produced from the side
reaction of CaSO4. Compared with Fe-Oz, CuO has higher reactivity and its affinity capacity to sulfur is
stronger. In addition, the reaction of CuO with fuel is an exothermic reaction. Therefore, CuO-CaSO4
combined oxygen carrier should be a good choice to simultaneously promote the reactivity of CaSO4
and inhibit gaseous sulfur emissions.

Herein, we report a OC by combining CaSO4 and CuO to improve the performance of CaSO4 as an
oxygen carrier for CLC of CO. Experimental study on reduction reaction of CaSO4-CuO combined
oxygen carrier was undertaken in a small horizontal fixed reaction bed in this paper. The effects of
reaction temperature, oxygen carrier mass, and oxygen carrying ratio of CuO to CaSO4 on sulphur
emission and CO. generation efficiency are taken into account. The results indicate that the addition of
the CuO additive increases the reactivity of the calcium-based oxygen carrier while suppressing the
release of the sulfurized gas.

2. Materials and methods
2.1. Preparation of oxygen carriers

The preparation of oxygen carriers is similar to our previous studies [23]. The analytical CaSO4
(Tianjin Fuchen Chemical Factory) and the analytical CuO (Guangdong Guanghua Science and
Technology CO., Ltd.) particles were used in this work. CaSO4 was dried at 170°C for 12 h and CuO
was dried at 80°C for 12 h. The dried CaSOg is pressed to tablets under a pressure of 5 Mpa for 10 min
and then crushed and sieved to particles with a particle size range of 80—100 mesh. The dried CuO is
pressed to tablets under a pressure of 15 Mpa for 10 min and then crushed and sieved to particles with a
particle size range of 80—100 mesh. Finally, the CaSO4-based oxygen carrier and CuO-based additive
mixed mechanically in various proportions and were ready for experiments.

2.2. Experimental setup

The experiment was carried out using a CaSO4-CuO as an oxygen carrier in a laboratory fixed bed
reactor at atmospheric pressure. This is similar to our previous work [25]. Figure 2 shows a schematic
of the experimental setup. It mainly comprises a gas feeding system, a reactor, an electric heater, a cooler,
and a gas analysis system.

The reactor is a cylindrical fused-silica tube with inside diameter of 13 mm and the length of 600
mm. The OC particles were placed in the middle area while quartz sand was loaded on both sides to
reduce the residence time of the gas in the reactor. The temperature was measured with a K-omega
thermocouple. The flow rates of reaction gas and calibration gas (CO, CO2, Oz and N) provided by
Shanghai Weichuang Gas Co., Ltd. were all measured by mass flow controllers (MFC, Beijing Seven
Star Huachuang Electronics Co., Ltd.). A water cooler was used to cool the hot gas stream from the
tubular reactor. The exit gas from the cooler was sampled by syringes for analysis.

The exit gas was diluted by N. before measurement. Then, it was analyzed by an infrared flue gas
analyzer (York MGAD) to detect SOz and O». The oxygen carriers after reduction test were characterized
by an X-ray diffractometer (XRD, Rigaku Mini Flex 600) and a scanning electron microscope and
Energy Dispersive Spectroscope (SEM-EDS, NOVA NANOSEM 450).
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Figure 2. Schematic diagram of the experimental setup

2.3. Experimental procedure

The oxygen carrier reduction was also designed similarly to our previous work [25]. Details as
below. A sample of the CaSO4-CuO or CaSO4 was put in the reactor. In N2 atmosphere, it was then
heated to the desired reaction temperature. After the temperature has stabilized at the desired
temperature, the nitrogen was switched to a gaseous reactant. Soon afterwards, a gaseous reactant
was introduced and the experiment was started. When the reaction was complete, the gaseous
reactants were switched to a nitrogen purge and the heater is turned off. When the oxygen carrier
particles were cooled to room temperature, they were collected and stored for analysis. Table 1
shows the operation conditions concerning the oxygen carrier reduction.

Table 1. Experimental Conditions Concerning combined Oxygen Carrier Reduction
oxygen carrier analytical reagent CaSO4 and CuO partiles

(CuO/CaS0O4 oi?/g]g:?czrrying ratio=0) CaS04 1000 mg
(CuO/CaS0s ox;i;?r?-lgazrrying ratio=5%) CaS0.4 950 mg + CuO 117.5 mg
(CuO/CaS0s ox;ger::l?l;rsrying ratio=10%) CaS0. 900 mg + CuO 235 mg
(CuO/CaS0q4 oxjggr]f::z:lrying ratio=15%) CaS04 850 mg + Cu0 352.6 mg
(CuO/CaS0s oxiggflczrsrying ratio=20%) CaS0. 800 mg + CuO 470 mg
(CuO/CaS04 ox;gg;ﬁlciwerying ratio=50%) CaS0. 500 mg + CuO 1175.2 mg

sample 7

(CuO/CaS04 oxygen-carrying ratio=100%)

Cu0 2350.3 mg

pressure (atm)

1

reaction temperature (°C) 750 - 950
particle size (mesh) 80 - 100
reaction time (min) 60 - 120

reduction gas 5% CO
inert gas 99.999% N2
gas flow rate(ml/min) 200

2.4. Date evaluation
Both the CO2 yield 7., and the evolution rate of gas product ri were introduced to facilitate the

discussion on CO> generating and other gas emissions, and are calculated as follows:
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Nioutt IS the molar amount of i product gas species, within the time interval At in the gas bags,
whereas Nc ruel is the total molar amount of carbon added in the reactor. The cumulative amount of
gas product is the integral of the evolution rate.

3. Results and discussions
3.1. Reaction of CaSO4 and CO
3.1.1. Effects of CaSO4 oxygen carrier mass
The effects of CaSO4 oxygen carrier mass on CO> generating and evolutions of SO, during the
reaction process are shown in Figure 3. The reactions were carried out with 5% CO concentration at 900
°C. As the mass of the oxygen carrier increased, the concentration of CO in the tail gas produced by the
reaction decreased and the concentration of CO; also increased. However, when the mass of the CaSO4
oxygen carrier was 1000 mg and 1200 mg, the CO2 concentration did not change much. This may be
due to the fact that when the mass of the oxygen carrier was 1000 mg, the lattice oxygen provided was
sufficient to react with CO to form CO.. When the mass of the oxygen carrier was 1000mg, the CO>
yield was the highest, up to 9.2. SO released rose remarkably with rising the mass of the oxygen carrier.
It is because the increase in the amount of oxygen carrier promoted the occurrence of side reactions (R4),
(R5) and (R6). The following study was centered on 1000mg CaSOa4 with respect to CO2 generation and
gas sulfide releases.
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Figure 3. Gas products distributions variation with oxygen carrier mass
for CaSO4 reduction by 5% CO concentration at 900°C
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3.1.2 Effects of reaction temperature

The effects of reaction temperature on CO> generating and evolutions of SO, during the reaction
process are shown in Figure 4. The reactions were carried out with 5% CO concentration and with CaSO4
oxygen carrier mass of 1000mg. As the reaction temperature increased, the CO> production first
increased significantly and then decreased slightly. The decrease in CO2 generation at 950°C is attributed
to the thermodynamic limitations of CaSO4 reduction. The release of SO increased remarkably with the
increase of reaction temperature. It is due to the increase in temperature, which promotes the occurrence
of competitive side reactions and increases the amount of sulfide released. Considering the CO: yield
and the release of SO, the following study was centered on 900°C.
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Figure 4. Gas products distributions variation with reaction temperature
for CaSO4 reduction by 5% CO concentration
3.2. Reaction of CuO and CO
3.2.1. Effects of Reaction Temperature

The effects of reaction temperature on CO> generating during the reaction process are shown in
Figure 5. The reactions were carried out with 5% CO concentration and with CuO oxygen carrier mass
of 2350.3 mg.

When the reduction reaction temperature was lower than 850°C, the CO concentration in the exhaust
gas does not change significantly with the increase of the reduction temperature. When the temperature
was raised to 900°C, the CO concentration in the flue gas was significantly higher than that in other
reaction temperatures. As the reaction temperature increased, the CuO oxygen carrier occurred sintering
in the high-temperature reaction environment, which hindered the reaction between CO and CuO,
thereby increasing the concentration of CO. This also led to a low CO: yield.

Rev. Chim., 72(3), 2021, 122-135 127 https://doi.org/10.37358/RC.21.3.8443


https://revistadechimie.ro/
https://doi.org/10.37358/Rev

®
©

Revista de Chimie
https://revistadechimie.ro
https://doi.org/10.37358/Rev.Chim.1949

st N Ll . —— 7500
—— 7500 y | "_"I-I,.rf{.ra-"‘ b L= - 8000
--0-- BOOO o - 2500
4 8500 sk 500
8000 - - 2000
3 -t 3
Z A = | H\'al
- rd S
b & -
e j,ﬁ :
- 1k L
...... et ok
BoImoeromoE # 0 10 0 30 40 30 &0 7O E0 80 100 110 10
time (mim) time (min)
{2)C0 concentration bC0s concentration
10k S o
"‘“"n.h:q
L
os | i
= . ] Ca
2 \“ Figure 5. Gas products distributions
=N o P . .
= variation with reaction temperatures
S sl —o— 7500 for CuO reduction by 3% CO
-t - 8000 -
3500 coticentration
az | 2000
QoL@

i} ]::I l::l E::I -1:3 0 S-III ™ i::l '?I':I ]':IEI ]Zi':l 10
time {min)
(€)COx(COr+CO)

3.3. Reaction of CaSO4-CuO combined oxygen carrier and CO
3.3.1. Effects of the Oxygen-Carrying Ratios

The effects of the oxygen carrying ratios of CuO to CaSOj4 on the evolutions of CO. and SO during
reaction processes are shown in Figure 6. The reactions were carried out with 5% CO concentration at
900°C. Table 2 shows time required for complete reaction of CuO at different the oxygen carrying ratio
of CuO to CaSOs. CuO additive evidently enhanced CO- yield. With the increase of the oxygen carrying
ratio of CuO to CaSOs, less SO, released decreased. On the one hand, the mass of CaSOs carrier
decreased, and the amount of SO released decreasesd. On the other hand, the addition of CuO increased
the selectivity of CaSO4 to CaS conversion and the reduction performance of the oxygen carrier
decreased, thereby reducing the release of sulfide. Table 3 shows Conversion rate of CaSO4 to CaO and
CaS at different the oxygen carrying ratio of CuO to CaSOas. With the increase of the oxygen carrying
ratio of CuO to CaSOs, the conversion rate of CaSO4 to CaO decreased, indicating that CuO additive
reduced the selectivity of competitive side reactions, thereby reducing the release of sulfides and the
deactivation of oxygen carriers. The following experimental study was carried out at the oxygen carrying
ratio of CuO to CaSOs of 20%.
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Table 2. Time required for complete reaction of CuO at different the oxygen
carrying ratio of CuO to CaSO4

The oxygen carrying ratio of CuO to Time required to Time required to generate
CaS0q4 generate Cu2O/min Cu /min
0% 0 0
5% 1.67 3.33
10% 3.29 6.58
15% 4.90 9.80
20% 6.58 13.16
50% 16.45 32.90
100% 32.9 65.8
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Figure 6. Gas products distributions
variation with oxygen carrying ratios
of CuO to CaSO; for the combined
oxygen carrier reduction by 5% CO
concentration at 900°C

Table 3. Conversion rate of CaSO,4 to CaO and Cas at different the oxygen-carrying
ratio of CuO to CaSO4

The oxygen-caggng:atlo of CuO to Conversion rate of CaSO4 to CaO Conversion rate of CaSO4 to CaS
0% 0.250084453 0.357933184
5% 0.207033734 0.296134248
10% 0.096304514 0.292408464
15% 0.05659807 0.407922633
20% 0.03076291 0.559474312
50% 0.020252313 0.56972393

3.3.2. Effects of Reduction Temperature

The effects of reduction temperature on the reaction performance of combined oxygen carrier CaSOs-
CuO with the oxygen carrying ratio of 20% are shown in Figure 7. The reactions were carried out with
5% CO concentration and with CaSO4 oxygen carrier mass of 800mg and CuO additive mass of 470mg.
Within the reaction temperature of 750 - 900°C, as the temperature of the reduction reaction increased,
the concentration of CO gradually decreased, and the yield of CO- gradually increased. With the increase
of the temperature of reaction, more SO> released. It is because as the temperature of the reduction
reaction increased, the selectivity of the competitive side reaction increased, resulting in more SO>
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3.4. Characterization and analysis of oxygen carriers

Solid residual was selected for X-ray diffraction analysis. The XRD diagram of the oxygen carrier
with different oxygen carrying ratio after reduction are respectively shown in Figure 8. The solid
products after the reduction of the combined oxygen carrier CaSO4-CuO mainly contained CaS, CaO,
CuO, Cu20 and CaSO4 which did not participate in the reaction, and no Cu sulfide was detected. In
addition, there were Cu20 and elemental Cu in the product, but no CuO and other copper compounds
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were found. This indicates that CuO was completely reduced to Cu.O and Cu, and does not react with
other substances.

The particles of the CaSO4-CuO combined oxygen carriers after reactions were analyzed by SEM-
EDS. Figure 9 shows the scanning electron micrograph of the combined oxygen carrier reduction
reaction under different the oxygen carrying ratio of CuO to CaSOa. Figure 9(a), (b), (c) and (d) shows
scanning electron micrographs of CaSOs-CuO oxygen carrying ratios of 0%, 10%, 20%, and 50%
combined oxygen carriers, respectively. As shown in Figure 9(a), the surface consists of particles of
similar size. The particle distribution is not uniform, and there are some agglomerates of particles. As
shown in Figure 9(b), the particle distribution is relatively uniform and the surface of the oxygen carrier
is loose and porous. The particle size distribution of the oxygen carrier shown in Figure 9(c) is uneven,
and the particle size tends to become larger than those of 9(a) and 9(b). No sintering phenomenon is
observed in the particles. 9(d) shows a sintering phenomenon on the surface of the oxygen carrier,
resulting in a smaller specific surface area of the oxygen carrier particles, which may be due to sintering
of CuO at a high temperature.
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Figure 9. Scanning electron microscope (SEM) spectra of the reduction reaction
of combined oxygen carrier at different oxygen carrying ratios of CuO to CaSO4

Rev. Chim., 72(3), 2021, 122-135 132 https://doi.org/10.37358/RC.21.3.8443


https://revistadechimie.ro/
https://doi.org/10.37358/Rev

Revista de Chimie @ @

https://revistadechimie.ro
https://doi.org/10.37358/Rev.Chim.1949

Table 4. Structure of sample particles after reaction at different the
oxygen carrying ratio of CuO to CaSOg4

The oxygen carrying ratio of Specific surface Total pore volume Average aperture (nm)
CuO to CaSO4 area m?%/g (cm®/g)
0% 11.372 1.609¢-02 1.09721e+01
10% 17.750 2.592¢-02 5.84168e+00
20% 12.763 1.753e-02 5.49547e+00
50% 3.506 5.624e-03 6.41559e+00

The sample particles after the reaction of the combined oxygen carrier at different oxygen carrying
ratio were analyzed by nitrogen adsorption method, and the changes of specific surface area, total pore
volume and average pore diameter of the sample were obtained, as shown in Table 4. After the addition
of CuO, the specific surface area, total pore volume and average pore diameter of the oxygen carrier
increased. Due to the high activity of CuO, the produced CO> left more pores on the surface of the
particles, and the micropores and micropores aggregate to form mesopores. When the amount of CuO
continues to increase, the specific surface area and the total pore volume decreased, and the average pore
diameter increased, which was caused by the sintering phenomenon of the oxygen carrier. This is
consistent with the phenomenon observed in Figure 9.
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(No. YNWR-QNBJ-2019-209).

4. Conclusions

CaS04-CuO reduction by CO have been investigated in the present work. Chemical looping
combustion experiments of CO were carried out by fixed-bed reactor, Gas Chromatograph and Flue Gas
Analyzer for quantitive analysis. The effects of oxygen carrier mass (500-1200 mg), reaction
temperature (800 - 950 °C), CuO/CaSO4 oxygen carrying ratio (0-100%) on sulfur migration and CO-
generation were discussed. XRD, SEM-EDS, BET and gas analyses were performed to investigate the
variations of solid phase change, microscopic morphology and sulfur release with reaction time. Some
results are achieved as follows:

- when the mass of CaSQOa carrier is 1000 mg, the reduction performance of CaSOs carrier is better
than that of other masses;

- the addition of CuO additive promotes the reduction reaction of CaSQOa, improves the conversion
rate of CO, and has a certain inhibitory effect on the release of sulfide. This is mainly because CuO
additive reduces the selectivity of competitive side reactions;

- with the increase of oxygen-carrying ratio of CuO, the reduction performance of combined oxygen
carrier is enhanced. When the oxygen-carrying ratio is 20%, the reduction performance of combined
oXxygen carrier increases greatly;

- in the experiment of different reduction reaction temperature when CuO/CaSO4 oxygen-carrying
ratio is 20%, the reduction reaction performance of combined oxygen carrier is enhanced with the
increase of reduction reaction temperature.

In summary, the addition of the CuO additive increases the reactivity of the calcium-based oxygen
carrier while suppressing the release of the sulfurized gas.
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