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Chemical-looping with oxygen uncoupling (CLOU) provides a novel route for CO, capture with low energy
penalty. In this paper, natural copper ore, known for its low cost and abundant supply, was examined
as an oxygen carrier material for CLOU in a batch fluidized-bed reactor. The relations between oxygen
release/uptake rates and reactor temperatures were first explored. It was found as a general trend that
both the oxygen release and uptake rates increase with the reactor temperature. The CLOU thermo-
chemical characteristics were further investigated comprehensively using a typical Chinese anthracite
(GaoPing coal) as fuel. The effects of reactor temperature, superficial fluidization velocity, oxygen carrier
to fuel ratio, coal particle size, and steam content in fluidization gas on carbon conversion rate, coal
combustion efficiency, and gas yields were investigated. It was found that the following factors would lead
to a higher carbon conversion rate: a higher reactor temperature, smaller superficial fluidization velocity,
smaller coal particle size, larger ratio of oxygen carrier to fuel, and higher steam volume concentration
in the fluidization gas. High combustion efficiency above 96% and CO, yield above 0.95 were attained in
these tests. The copper ore particles showed only slight agglomeration and sintering in the long-term

operation.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon capture and storage (CCS) has been widely accepted as
an important way to reduce anthropogenic emission of greenhouse
gas into the atmosphere (IPCC, 2008). However, current state-of-
the-art CCS technologies usually involve large-scale gas separation.
In the three approaches of CO, capture from coal-derived
power generation including pre-combustion capture technologies,
post-combustion capture technologies and oxy-combustion tech-
nologies, CO, and/or O, separation is required, which leads to a high
economic cost and energy penalty inherent to these CO, capture
approaches (Figueroa et al., 2008). Different from the combus-
tion principle (Lyon and Cole, 2000), chemical-looping combustion
(CLC) (Ishida and Jin, 1996) avoids completely any gas separation
and enables the production of a concentrated CO, stream through
circulating solid oxygen carrier (OC) particles (which supply active
lattice oxygen for fuel combustion) between air reactor (AR) and
fuel reactor (FR).

In the in situ gasification chemical-looping combustion (iG-CLC)
(Adanez et al., 2012; Fan et al., 2012), the FR is usually fluidized by
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steam, CO, or mixtures of these gases. The fluidization gas also
acts as a gasifying agent to gasify the remaining char in the iG-CLC
system. The OC reacts with volatiles and gas products from coal
pyrolysis and gasification. However, the char gasification in this
system is usually a rate-limiting step. If the residence time of char
particles in the FR is not sufficiently long, the char particles will pass
to the AR, reducing the CO, capture efficiency and coal combustion
efficiency (Berguerand and Lyngfelt, 2008; Leion et al., 2009a; Shen
et al., 2009).

Recently, chemical-looping with oxygen uncoupling (CLOU) was
proposed as a new CLC technology, in which a special OC was used
torelease gaseous O, in the FR to avoid the rate-limiting gasification
stepinthe iG-CLC process (Mattisson et al.,2009a). The schematic of
CLOU process is presented in Fig. 1. In the FR, several reactions (i.e.
reaction (R1)-(R4)) take place nearly simultaneously (Adanez et al.,
2012). Since the FR is a high-temperature and oxygen-deficient
environment, some oxidized OC (for example, CuO, Mn;03, Co304,
and some perovskite-type oxides) decomposes into the reduced
OC and gaseous O,. At the same time, coal devolatilizes to produce
char and volatiles. Then these combustibles are burnt immediately.
It is worth noting that in the CLOU system coal does not have to
gasify first in the FR since the oxygen release of OC and the com-
bustion of char are usually far faster than the gasification of char.
Thereby, a higher overall reaction rate in the FR is attained, leading
to much less OC inventory and lower circulation rate, and much
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Fig. 1. The schematic of CLOU system.
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higher carbon conversion, CO, capture efficiency and combustion
efficiency.

MeOy <> 2MeOy_1 + 0,(g) (R1)
Coal — char + volatiles(g) + H,0(g) (R2)
Char + 05(g) — COy(g) (R3)
Volatiles(g) + 01(g) — COy(g) + H,0(g) (R4)

In the CLOU technology, the OC has to decompose to release
gaseous oxygen in the FR and regenerate itselfin the AR at tempera-
tures of interest for combustion (800-1200 °C). The CLOU concepts
have been demonstrated in the batch-operating laboratory-scale
fluidized-bed reactors (Arjmand et al., 2012; Gayan et al., 2012;
Shulman et al., 2009) and continuously operating interconnected
fluidized-bed reactors (Abad et al.,2012; Adanez-Rubio et al.,2013)
using synthesized metal oxides systems (CuO/Cu,0, Adanez-Rubio
et al,, 2011, 2012a; Leion et al., 2009b; Mattisson et al., 2009b;
Moldenhauer et al., 2012; Mn;03/Mn30g4, Azimi et al., 2011; Ryden
et al,, 2011a; Shulman et al., 2011; and perovskite-type oxides,
Leion et al., 2009c; Ryden et al., 2011b) as OC and methane,
kerosene, coal or petroleum coke as fuel. Among these OCs, Cu-
based oxides have received a great deal of attention due to the
advantages of high reactivity, high oxygen transport capacity, and
suitable oxygen equilibrium partial pressure. The Cu-based oxides
are also favored for their stable recyclability of oxygen release and
uptake, exothermicity for fuel combustion in the FR and environ-
mental friendliness relative to Co-based OC.

Regarding the use of copper oxides for CLOU process, most of the
investigations were concentrated on synthesized Cu-based OCs. In
Sweden, Mattisson et al. (2009a, 2009b) first investigated the reac-
tion between the CuO/ZrO, OC synthesized by freeze granulation
and petroleum coke in a fluidized-bed reactor. It was found that the
average reaction rate of petroleum coke is accelerated 50 times in
the CLOU in comparison to the reaction rate of the same fuel with
an iron-based OC in the CLC. Leion et al. (2009b) further investi-
gated the oxygen release ability of the CuO/ZrO, OC and its CLOU
reactivity with six different solid fuels. In addition, Moldenhauer
et al. (2012) demonstrated for the first time the CLOU of liquid fuel
(kerosene) using manganese-based and copper-based OC mate-
rials in a 300 W circulating fluidized-bed laboratory reactor and
Arjmand et al. (2011) investigated the reactivity of CuO/Al, 03 and
CuO/MgAl,04 in the CLOU using methane. In the research group
of ICB-CSIC, a comprehensive screening study reviewing 25 differ-
ent Cu-based OCs was carried out by Adanez-Rubio et al. to select
suitable materials for CLOU process (Adanez-Rubio et al., 2011;
Gayan et al., 2012). The OCs with 60 wt% of CuO on MgAl,04 and
with 40 wt% of CuO on ZrO, from mechanical mixing following

by pelletizing by pressure were identified as suitable materials for
CLOU process. Based on this, Abad et al. (2012) and Adanez-Rubio
et al. (2012a) investigated the reaction between bituminous coal
and CuO/MgAl,04 OC synthesized by spray drying in a 1.5 kWth
continuously operated CLOU system. Coal combustion efficiency
of nearly 100%, high carbon capture efficiency (above 0.97), high
char conversation in the FR (above 0.94), and fast char conversion
rate (7-33%/s) were obtained under a wide range of operating con-
ditions. Then, Adanez-Rubio et al. (2012b, 2013) identified three
CLOU operational regions for this CuO/MgAl,0,4 OC with differ-
ent OC to coal mass ratios (higher than 50, in the range 50-25,
below 25) and investigated the relation between the coal rank
and the performance of the CLOU process using the CuO/MgAl,04
OC. In our previous experiments, Mei et al. (2013a, 2013b) pre-
pared the CuO/CuAl, 04 OC with high copper contents (60 wt% CuO)
by sol-gel and investigated its oxygen release/uptake character-
istics and CLOU reactivity with three typical Chinese coals with
different coal ranks in a batch fluidized-bed reactor. It was found
that the higher the coal rank was, the lower the reaction rate
was.

According to the studies reviewed above, the synthetic Cu-based
OCs exhibited excellent performances in various reactors for dif-
ferent fuels, which are attributed to their controllable chemical
composition and physical structure. However, the synthetic OCs
also have a number of disadvantages such as high preparation cost,
long preparation period, and small preparation batch. As known,
for a continuously operated CLOU system with a carbon separa-
tion system of 90% efficiency to reach a CO, capture efficiency of
95%, it requires 45, 85, 140 and 490 kg OC particles per MW ther-
mal power when using lignite, medium volatile bituminous, low
volatile bituminous and anthracite, respectively (Adanez-Rubio
et al., 2013). Manufacturing OC prepared by pure chemicals results
in too high cost to be used in the large-scale chemical-looping
plants. On the contrary, the preparation process may accompany
considerable pollutant emission. For example, when preparing the
CuO/CuAl,04 OC by sol-gel (Mei et al., 2013b), the copper nitrate
and the aluminum isopropoxide were used as precursors for Cu and
Al elements in the OC. The considerable pollutant emission of NOy
will be produced in the process of calcination in the air-atmosphere
which cannot ignore during the production of this synthetic OC. In
comparison to the synthetic CuO-based OCs, natural copper ore has
the advantages of low cost and rich reserves as the materials used
in CLOU system. However, copper ore with complicated composi-
tion may exhibit relatively low reactivity. Up to date, there are very
few works in the literature for CLOU process dealing with the use
of copper ore.

Recently, only Wen et al.(2012)investigated three kinds of natu-
ral copper ore particles in terms of cyclic oxygen release and uptake.
The copper ores were tested in a thermogravimetric analyzer (TGA)
and fluidized bed rector to explore their reactivity, stability and
agglomeration behavior. It was found that the natural copper ore
particles with alow Cu content (only 5.82 wt% CuO) did not agglom-
erate during the first 20 cycles at a very high temperature of
980 °C.However, serious agglomeration was observed in copper ore
particles with higher Cu content (63.25 wt% and 87.28 wt% CuO).
Therefore, special attention should be paid to the agglomeration
and sintering of copper ore particles at high temperatures.

Considering that there is no publication on the study of nature
copper ore with coal, this study focuses on the feasibility of natural
copper ore with moderate Cu content as OC in the CLOU process.
The oxygen release and uptake of the copper ore particles and the
CLOU reactivity of low-volatile anthracite were explored in a batch
fluidized-bed reactor. The effects of reactor temperature, super-
ficial fluidization velocity, OC to fuel ratio, coal particle size, and
steam content in fluidizing gas on coal conversion rate, coal com-
bustion efficiency, and gas yields were examined.
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Table 1
Copper ore compositional characterization.

Samples Component analysis (wt%) Ultimate analysis (wt%)
CuO CuFe;04 Sio, CaS04 Al, 05 Cu Fe Si Ca S Al
Before calcination - - - - 35.49 25.44 3.22 0.53 34.22 1.12
After calcination 21.04 70.05 5.53 2.29 1.08 48.88 45.00 3.55 0.93 0.85 0.79
12000 - Table 2
Physical and chemical properties of the fresh copper ore particles.
A-CuFeS2
A B-CuS CuO content (wt%) 44.39
Qi Oxygen transport capacity, Roc (Wt%) 4.44
9000 C-Sis2 Specific surface area, BET (m?/g) 0.217
Particle size (mm) 0.125-0.180
Density (kg/m?) 5353
> Crushing strength (N) 1.53
@ 6000 XRD main phases CuO, CuFe;04
[}
E
Table 3
3000 4 c BA Proximate and ultimate analyses of GP coal.
N A
c B AE B A Proximate analysis (wt%, ad) Ultimate analysis (wt%, daf)
L.,..k - J o A
a Moisture 225 c 70.04
0 T T T T T T ] Volatiles matter 10.69 H 3.54
20 30 40 50 60 70 80 90 Ash 20.62 N 1.90
26 (°) Fix char 66.44 S 1.24
Low heating value (MJ/kg) 26.17

Fig. 2. XRD result of the copper ore after flotation.

2. Experimental
2.1. Preparation and characterization of copper ore OC particles

The natural copper ore from Zhongtiaoshan (China) was selected
as material for OC. The original copper oxide ores, which generally
have a lower copper content and are difficult for flotation, usu-
ally undergo the sulfuration reaction before the flotation process,
which changes copper oxide in the original ore to copper sulfide
and greatly improves the surface hydrophobicity (Xiong and Zheng,
2013). The sodium sulfide and xanthate are used as vulcanizing
and collecting agent, respectively, in the flotation process. The XRD
result (see Fig. 2) of the copper ore sample after the flotation shows
that this copper ore mainly consists of CuFeS,, CuS and SiS,, while
CuO or Fe, 03 phase is not found.

In order to generate desired CuO and CuFe,04, improve the
mechanical strength and eliminate the inherent sulfur in the ore,
the original ore was calcined for 5h at 500°C and then 10h at
1000°C in an air-atmosphere muffle oven. This procedure of calci-
nation has been verified by some experiments that it can eliminate
almost all of the sulfur in the ore. Ultimate analysis and compo-
sition analysis of the raw ore particles and the calcined ones were
performed by X-ray fluorescence (XRF) spectrometry (EDAX EAGLE
IlI), as shown in Table 1. It is shown that the raw ore contained a
large amount of sulfur before calcination but the amount of sul-
fur was greatly reduced after calcination. Therefore, the amount
of released SO, in calcination, which has an effect on environment,
should not be ignored and an additional process is needed to absorb
these SO,.

The calcined ore was then crushed and sieved to
0.125-0.180 mm to obtain the fresh OC particles. Table 2 shows the
physical and chemical properties of the fresh OC particles (after
calcination). The BET surface area of the particles was evaluated
by N,-absorption method (Micromeritics, ASAP2020). The real
density was measured by an automatic true density analyzer
(AccuPyc 1330). The crushing strength was determined by a crus-
hing strength apparatus (Shimpo FGJ-5) from 20 measurements.
The crystalline phases were determined by X-ray diffraction

(XRD, X'Pert PRO) analysis. It can be found that the OC is mainly
composed of CuO and CuFe,04 that can release gaseous oxygen
in the FR (Siriwardane et al., 2013; Wang et al., 2011). The ratio
of CuO/CuFe,0Q4 is about 0.3. The surface morphology of the OC
particles was examined in an Environment Scanning Electron
Microscope (ESEM, FEI Quanta 200).

2.2. Preparation and characterization of coal particles

Typical anthracite from GaoPing (GP coal) in China was used
as the fuel. The proximate and ultimate analyses of the anthracite
are presented in Table 3. The original coal was first dried at 105°C
for 10h and then ground and sieved to different diameter ranges
of 0.125-0.2 mm, 0.2-0.3 mm and 0.3-0.4 mm to obtain the fuel
particles.

2.3. Batch fluidized bed reactor and experimental procedures
All the tests were carried out in a batch fluidized-bed reactor, as

shown in Fig. 3, which is composed of a gas feeding unit, a fluidized-
bed reaction unit, and a gas detecting unit. The gas feeding unit

J—

Heating Sleeve

Furnace

Thermal
Couple

UOISAL U01IRIY

03 K
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Controller

J19SUIPUO))

C

Gas Analyzer

water

Fig. 3. An overview of the fluidized-bed reaction system.
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Table 4

Main operational conditions for experimental tests in the fluidized bed reactor.
Test Type (°C) Tie (°C) Qin.n, (ML/min) Qin.n,0 (mML/min) Moc (8) $20c (Meoal (8)) deoal (Mm)
Oxygen uptake and release experiments
URO1 600 900 600 - 30 - -
URO02 700 925 600 - 30 - -
URO3 800 950 600 - 30 - -
URO4 900 975 600 - 30 - -
URO5 950 1000 600 - 30 - -
CLOU experiments of GP coal
CLOUO1 - 900 800 - 40 2.7(0.3) 0.2-0.3
CLOUO02 - 850 800 - 40 2.7(0.3) 0.2-0.3
CLOUO03 - 950 800 - 40 2.7(0.3) 0.2-0.3
CLOUO4 - 900 600 - 40 2.7(0.3) 0.2-0.3
CLOUO5 - 900 700 - 40 2.7(0.3) 0.2-0.3
CLOUO6 - 900 800 - 40 4.0(0.2) 0.2-0.3
CLOUO7 - 900 800 - 40 2.0(0.4) 0.2-0.3
CLOUO0S8 - 900 800 - 40 2.7(0.3) 0.105-0.18
CLOUO09 - 900 800 - 40 2.7(0.3) 0.3-0.4
CLOU10 - 900 640 160 40 2.7(0.3) 0.2-0.3
CLOU11 - 900 480 320 40 2.7(0.3) 0.2-0.3
CLOU12 - 900 320 480 40 2.7(0.3) 0.2-0.3

provides air, or nitrogen, or gas mixture of nitrogen and steam to
simulate the AR or FR atmosphere, respectively. The fluidized-bed
reaction tube has a length of 890 mm and an inner diameter of
26 mm, whichis surrounded by an electrical furnace. A porous plate
was placed in the tube at a distance of 400 mm from the bottom.
The temperature of the reactor was measured with K-type thermo-
couples located 10 mm above the porous plate. Particle materials
including coal and OC were introduced to the reaction tube from
the hopper located on the top of the reactor. The off gas from the
top of the reactor was first introduced into a filter to remove par-
ticulate matter carried by gas, and then into an electric cooler to
remove the steam. The gas was then led to an on-line gas analyzer
(Gasboard Analyzer 3100) to measure the concentrations of CO,,
Co, CH4, Hj and 02.

The reactor was operated first to investigate the oxygen
uptake/release characteristics of the copper ore and then to sim-
ulate the CLOU process. The operation conditions for oxygen
uptake/release and CLOU tests are presented in Table 4. The OC to
fuel ratio, £2oc was defined as the ratio of the oxygen provided by
OC to the oxygen required for the full combustion of coal. A value of
$20c =1 corresponds to the stoichiometric flow of CuO and CuFe;04
needed to fully convert coal to CO, and H, O, being CuO and CuFe; 04
reduced to Cu;0 and CuFeO,. Thus, £2oc was calculated with the
following equation:

Rocmoc
Roc=z—" (1)
¢coalmc0al

Moc and mcy, are the mass of OC and coal added into the reactor.
D oal is the stoichiometric kilogram of oxygen to convert 1kg of
coal to CO, and H,0.

For investigating the oxygen release process, the reactor was
first heated to the set-point temperature in N, atmosphere. Then,
30g completely oxidized OC were added into the reactor by the
hopper to investigate the oxygen release of the OC. The oxygen
uptake process occurs as the fluidization gas was switched from
N, to air. Then, the reduced OC absorbed oxygen from air and
finally the oxygen concentration of the fluidization gas increased
to 20.95%, which marked the end of the oxygen uptake process.
With regard to the CLOU process, 40 g OC and 0.2-0.4 g anthracite
were used. The copper ore particles were first exposed to air for
30min at a set-point temperature to ensure complete oxidation.
Then, the fluidization gas was rapidly switched to N, or the mix-
ture of N, and steam, which led to a quick drop of the O, partial
pressure in the reactor. When the O, partial pressure dropped
below the corresponding equilibrium partial pressure of the OC at

the set-point temperature, copper ore particles began to release
gaseous oxygen. Once a stable oxygen concentration was achieved,
the coal particles were added into the hopper and pushed into
the reactor by a pressurized purging nitrogen gas. The fuel was
assumed to be completely burnt out until no CO, was detected in
the exhaust gas. Afterwards, the fluidization gas was switched to
air to regenerate the reduced OC. The influences of the following
factors on the thermo-chemical performance of this copper ore in
the CLOU process were investigated: reactor temperatures ranged
between 850 and 950°C, fluidization flows ranged between 600
and 800 mL/min, OC to fuel ratio within 2-4, coal particle sizes
with different diameter ranges and steam concentration in the
fluidization agents from 0% to 60%.

3. Data evaluation

The OC conversion rates (X;.q4 for oxygen release and X« for oxy-
gen uptake) were calculated by measuring the mole concentrations
of O, leaving the reactor:

t
de:/ Qou:’OZ,out de )
t )
‘1
XOX:/ 7(Qiny02,in—Qouty02,out)dt (3)
t, 102

Here, Q;, is the inlet flow rate and Qo is the molar flow rate of the
exhaust gas leaving the reactor; yo, in and yo, out are the Oy con-
centrations in the fluidizing and exhaust gases, respectively; t; and
teq are the start time and end time of the oxygen release process,
tp and tox are the start time and end time of oxygen uptake process;
and no, is the moles of molecular oxygen that can be released from
the fully oxidized OC.

In a real interconnected fluidized reactor, there may be not pos-
sible for the OC to absorb and release oxygen completely in the
reactors. Therefore, the average OC conversion rates in the oxygen
uptake (until the conversion rate reaches 95%) and release (until the
conversion rate reaches 65%) processes were, respectively, defined
as Egs. (4) and (5), which was used to evaluate the conversion rates
of OC in a real CLOU unit.

0.95
X0.95, upt = ——— — x 100% (4)
’ t0.95, upt — £2
Xo.65, 1ol = —— 0> % 100% (5)
’ to.65, rel — f1
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Here, to.95,upt and to e5 re represent the points in time when the OC
conversion rates reach 95% (for oxygen uptake) and 65% (for oxygen
release), respectively.

In the CLOU process, the conversion rate of combustible carbon
in reduction period, X¢comb, and average conversion rate, Xggsc,
were calculated as follows:

t
fro Faus(Yco +Yco, +Ycn,) dt

XC, comb = frotal (6)
fto Faus(Yco +Yco, +Ycn,)dt
X0.95,C = 09 x 100% (7)
to.95,c — to

Here, yco, Yco, and ycy, are the molar fraction of CO, CO, and CHy
in the gas products, Fg,s is the molar flow rate of the gas in the
outlet, determined by N, balance between the inlet and the outlet
of the reactor. ty, tyra and togs c represent the start time, the end
time and the pointin time when the carbon conversion rate reaches
95%, respectively.

In order to further study the CLOU process, gas yields of each
component exiting the reactor, y; were calculated as follows:

[y Fays] dt
0 (8)
t otal
ftot “N(yco + Yco, + Yeu, )Faus] dt

Vi=

Here, y; is the molar fraction of the component i (include CO,, CO,
CH4 or Hy) in the product gas. Especially, yy, could be understood
as the ratio of hydrogen to carbon in the flue gas.

Finally, the coal combustion efficiency in the reactor, 7es, was
used to measure the utilization degree of the heat of the anthracite.
In Eq. (9), CHg, CO and H; in the flue gas are considered as thermal
loss.

Netf =1~

it ¢ ¢
Heo Jtotota] McoFfusyco dt + Hey, ftototal My, Fausycn, dt + Hi, ftomm M, Fausyn, dt

12 - —S
-‘:"”; The second stage i’ 4+ The first stage
1 Ay S
10 5 3}
= 5
& 54 g2
]
8 O 1t s
= o A .
O 6 0
= 20 30 40 50 60 70
9 The first stage Time (s)
8 44 = -+ -900°C
(@] - = 925°C
ON P \ 950°C
- —-=975°C
> —1000°C
0 1 T T T T T T T I. Faa M I v
0 10 20 30 40 50 60
Time (min)

Fig. 4. Oxygen concentrations at different temperatures in oxygen release tests.

further identify the first oxygen release period. The experimental
procedure is as follows: the reactor is first heated to 900°C in a
N, atmosphere; then 30g completely oxidized OC is added into
the reactor by the hopper; after about 90s, turn off the electri-
cal furnace and the temperature of the reactor decreases rapidly;
when the O, concentration decreases to zero, it is assumed that
this experiment is finished. Afterwards, the copper ore particles
were analyzed by XRD to identify the crystalline phases. It can be

mcoachoal

Here, Hco, He,» Hu, and Heoy are the lower heating value of CO,
CHy, Hy and coal, respectively; Mco, Mcy, and My, represent the
molar mass of CO, CH4 and H>.

4. Results and discussions
4.1. Oxygen uptake and release of copper ore

Reactor temperature and equilibrium oxygen partial pressure
are the main influencing factors for the oxygen uptake/release of
OCin the CLOU (Mattisson et al., 2009a). Here, we first investigated
the effect of reactor temperature on the performance of the oxygen
uptake/release of the natural copper ore.

4.1.1. Oxygen release

In this section, the oxygen release experiments were conducted
at five set-point temperatures ranged in 900-1000 °C, as shown in
Table 4 (URO1-URO0S5). Fig. 4 shows the O, concentration profiles at
different temperatures. A small amount of O, was released within
20-50s and a lower O, concentration was observed at a higher
temperature. Following the small peak of oxygen concentration,
the major concentration peak of O, emerged. With the increase
of temperature, the major O, concentration peak first increased
obviously (900-950°C) and then decreased slightly (950-1000 °C).
This is attributed to the occurrence of sintering or agglomeration
of copper ore particles at a higher temperature of more than 950°C
(which inhibits the reactivity of OC particles).

However, it is still unknown that which component (CuO or
CuFe,04) caused the first stage of the oxygen release. Thus, an addi-
tional experiment in the fluidized-bed reactor was carried out to

(9)

found in the XRD pattern (see Fig. 5) that a small amount of Cu,0
was observed after the experiment and no CuFeO, or Fe,03 was
observed in the particles. This result indicates that the CuO com-
ponent in the surface of the copper ore particles released oxygen
faster than the CuFe,04 when the copper ore was added into the
reactor, and the first peak of the oxygen concentration was caused
by the oxygen release of the external CuO of the particles. More-
over, the difference of the peak oxygen concentration for the first
stage may be attributed to the sintering of CuO which easily occur
in the high temperature. The higher the temperature was, the more

3500 | B A-CuO
] B-CuFe204
3000 - C-Cu20
E D-Si02
2500 E-CaS04
> ]
@ 2000
c
Q 4
£ 1500
1000 -
500
T T T T T T T T T T T T T T T 1
10 20 30 40 50 60 70 80 90

Fig. 5. XRD result of the copper ore particles after the additional oxygen release
experiment.
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Fig. 6. Effect of the oxygen release temperature on the reactivity of OC.

serious sintering occurred for the CuO phase. Therefore, a lower O,
concentration was observed at a higher temperature. As shown in
Table 1, it can be seen that the CuO content is about 21% in the fresh
OC. But, it is obviously found in Fig. 4 that the amount of the oxy-
gen released by the first peak was far smaller than the theoretical
amount of oxygen from CuO decomposition. Therefore, the second
peak of the oxygen concentration could be caused by the oxygen
released of the interior CuO and CuFe,04 of the particles.

Fig. 6 shows the effects of the reactor temperature on the OC con-
version, the characteristic time £y g5 1] and the average conversion
rate Xggs rel]- As shown in Fig. 6a, a higher temperature generally
led to a higher conversion rate (see Xggsre and toes in Fig. 6b),
except that the conversion rate at 1000 °C was slightly lower than
that at 975°C. As the reactor temperature increased from 900°C
to 1000°C, tg g5 decreased gradually from 14.7 min to 6.3 min. It is
found that when the reactor temperature is higher than 925 °C t g5
tends to be steady. 925-975 °C could be selected as the temperature
operation window for the oxygen release process.

4.1.2. Oxygen uptake

The oxygen uptake experiments (marked as URO1-URO5 in
Table 4) at different temperatures ranged in 600-950 °C were then
carried out. Fig. 7 shows the effects of the reactor temperatures
on oxygen uptake process. With the temperature increasing from
600°C to 950°C, the characteristic time tg g5 yp: for oxygen uptake
decreased from 40.2min to 21.6min, and the corresponding
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Fig. 7. Effect of the oxygen uptake temperatures on the reactivity of OC.

average OC conversion rate xggspt increased from 2.4%/min to
4.4%|min. A peak value of 5.1%/min for Xgg5upr Was observed at
800°C, i.e. it took less than 19 min for the OC conversion rate to
reach 0.95. However, when the reactor temperature was higher
than 700°C, the variation of OC conversion rate was very slight.
Accordingly, temperatures from 700 °C to 950 °C were appropriate
for the oxygen uptake processes.

4.2. CLOU performance of GaoPing anthracite

The CLOU process was carried out in the fluidized bed reactor
using the copper ore as OC and GP anthracite as fuel. The possi-
ble influencing factors including the FR temperature, superficial
fluidization velocity, OC to fuel ratio, coal particle size, and steam
contentin fluidization gas were studied, and their effects on the coal
conversion rate, coal combustion efficiency, and gas yields were
investigated. In addition, successive reduction-oxidation cycles
were carried out at 900°C to study the potential cyclic stability
of the natural copper ore in CLOU of anthracite.

4.2.1. Redox cycle test

It was reported that in the CLC processes using iron ore as OC and
coal as fuel, the reactivity of iron ore is not stable in the first several
redox tests (Adanez et al., 2010; Cuadrat et al., 2012). The unstable
performance of natural iron ore may be attributed to its unstable
physical structures such as pore structures and its unstable chem-
ical components. Five reduction-oxidation cycles were carried out
in a batch fluidized-bed reactor to analyze the stability of the nat-
ural copper ore. The operation conditions of CLOUO1 are presented
in Table 4, and the total operation time was about 10 h.

As shown in Fig. 8, the average carbon conversion rate, xo.gsc,
dropped from 4.1%/min in the first reduction period to about
3.3%/min in the second reduction, and tended to be stable in the
rest of reduction processes. It can be concluded that only one redox
cycle is required to stabilize the copper ore OC. Factually, when
the fresh OC particles were utilized in the CLOU, their specific sur-
face area, which largely determined the reactivity of the OC, was
reduced probably because of the blocking of fly ash generated in
the coal combustion process and a slight sintering in the OC particle
surface. More physiochemical characterizations will be presented
in Section 4.3 to support the argument.

During the five redox tests, the yield of CO, was the highest
(above 0.97), followed by CO (about 0.02), CH4 and H;, suggesting
that a nearly full conversion of coal to CO, was achieved. As aresult,
high combustion efficiency (above 96%) was also obtained. The
gas yields were relatively stable, while the combustion efficiency
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Fig. 8. Average carbon conversion rate, yields of gases and combustion efficiency
for different cycle numbers.

decreased slightly with the cycle number, suggesting that the reac-
tivity of the copper ore OC decreased slightly in the redox tests.
Generally, it is observed that the cycle number has little influence
on the thermo-chemical performance of the CLOU once the copper
ore particles are stabilized after the first redox, which demonstrates
that the copper ore is potentially suitable for long-term use in the
CLOU process.

4.2.2. Effects of reactor temperature

A group of experiments (CLOU01-CLOUO03, see Table 4) operat-
ing at temperatures of 850 °C, 900 °C and 950 °C were carried out in
the fluidized-bed reactor. Typical gas concentration profile of the
reduction and oxidation processes in the CLOU is shown in Fig. 9,
where the reactor temperature is 900 °C. The OC was first exposed
in air atmosphere to ensure full oxidation. After switching the flu-
idization gas from air to Ny, the oxygen partial pressure decreased
rapidly from 20.95% to a value close to the equilibrium partial pres-
sure. When the oxygen concentration decreased to about 5%, the
coal particles were added into the reactor. The combustion of the
coal led to a rapid increase of CO, concentration, rising up to its
maximum of 6.1% within 40 s. Because of the insufficient residence
time of combustible gases in the reactor, a small amount of CO,
H, and CH4 from coal pyrolysis escaped from the reactor before
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Fig. 9. Gas concentration profile for a redox cycle at 900 °C.
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Fig. 10. Average carbon conversion rate, yields of gases and combustion efficiency
at different temperatures.

combustion, which was considered as a thermal loss. The time
required for the whole reduction process was about 40 min. Follow-
ing the reduction, there was still some gaseous oxygen detected in
the outlet, which indicated that excessive amount of OC was used.
The reduced copper ore OC was then exposed to air to regenerate
itself for a new cycle. No carbon-containing gas was detected in the
reactor outlet during the oxidation process, suggesting that all of
the coal particles were converted and no carbon deposited on the
surface of OC particles in the reduction process.

The effects of reactor temperature on carbon conversion, gas
yields, and combustion efficiency are shown in Fig. 10. The aver-
age carbon conversion rate, X 95 ¢, increased significantly with the
increase of temperature. A higher coal combustion rate can be
achieved at a higher temperature, which should be attributed a
higher oxygen release rate of natural copper ore OC at a higher
temperature (see Fig. 5). At 950 °C, X g5 c was higher than 12%/min,
i.e. it took less than 10 min to burn out 95% of the coal. With
respect to the yields of Hy, CHy and CO, higher values can be
obtained at higher temperatures, meaning that more combustible
gases were not utilized at higher temperatures. As a result, the
CO,, yield and combustion efficiency decreased slightly as the reac-
tor temperature increased. This problem could be overcome in a
continuously operating CLOU unit which is capable of ensuring a
sufficient amount of residence time for the volatiles for complete
utilization (Adanez-Rubio et al., 2013).

However, it is noted that a certain degree of sintering was
observed on the surface of the used OC at 950°C. Factually, the
reduction between copper oxide and carbon is exothermic, which
results in an increase of real reactor temperature that favors more
severe sintering of copper ore particles. Therefore, the set-point
temperature of 900 °C was selected in the remaining CLOU tests.

4.2.3. Effects of the superficial fluidization velocity

Tests CLOU04-CLOUO5 were carried out under different N,
flow rates ranging from 600 mL/min to 800 mL/min (correspond-
ing to the superficial gas velocities in m/s as 0.0741 m/s, 0.0865 m/s
and 0.0988 m/s, which lead to ufu,f=3.3-6.9, 3.9-8.0, 4.4-9.2,
where ur is the minimum fluidization velocity) to investigate the
effects of the fluidization velocity. As shown in Fig. 11, a signifi-
cant decrease in xg g5 ¢ from 3.85%/min to 3.46%/min was observed
with the increase of the N, flow rate. When the N, flow rates was
800 mL/min, higher yields of combustible gases including CHg4, H,
and CO were achieved, which on the contrary led to the decrease of
CO, yield as well as combustion efficiency. The effects of the super-
ficial fluidization velocity can be mainly attributed to two factors:
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(1) the larger bubbles formed under higher gas velocities reduced
the contact area between fuel and gaseous oxygen, thereby lead-
ing to a lower reaction rate; (2) combustible gases escaped much
faster from the reactor under higher gas velocity due to a shorter
residence time in the reactor. The effects of superficial fluidization
velocity found in this work agree well with the results of Son and
Kim (2006) and Abad et al. (2010).

4.2.4. Effects of OC to fuel ratio

The OC to fuel ratio, £2o¢, was defined as the ratio of oxygen
provided by OC to the oxygen required for the full combustion of
coal. The effects of £2oc on the CLOU performance were evaluated
in tests CLOUO1, CLOUO6 and CLOUOQ7, where the corresponding
20c are about 2.7, 4.0 and 2.0, respectively.

As shown in Fig. 12, the Xggs¢ increased linearly with the
increase of §2pc. It means that less time is required for the
complete conversion of the carbon in anthracite at higher £2oc.
Furthermore, when using less coal, lower yields of CO, CH4 and H,
were observed. Thereby, an increasing trend of the yield of CO, and
combustion efficiency was found. However, in the CLOUO7 test with
20c 0of 2.0, there was some CO, detected in the following oxidation
process. The reason is that the oxygen provided by this OC was not
enough for the complete combustion of the coal under the circum-
stance, resulting in some residual chars in the reduction period.
Therefore, £2oc should be carefully selected to improve CO, purity
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in the exhausts and enhance the combustion efficiency of coal
in the FR.

4.2.5. Effects of coal particle size

The effects of the coal particle size were studied in CLOUOS,
CLOUO1and CLOUQ9, where the diameter ranges of coal parti-
cles were 0.105-0.2 mm, 0.2-0.3 mm and 0.3-0.4 mm, respectively.
Fig. 13 shows the average carbon conversion rate, gas yields and
combustion efficiency for different sizes of coal particles. The car-
bon conversion rate is highly dependent of the particle size. The
Xp.95¢ coal conversion rates for particle ranges of 0.105-0.2 mm
and 0.2-0.3 mm were nearly the same (about 3.3%/min). However,
it decreased sharply to 1.7%/min for particle range of 0.3-0.4 mm. It
can be concluded that large coal particles do not favor the combus-
tion of char of high-rank anthracite due to limited contact between
the gaseous oxygen and fuel particles. With the increase of coal
particle size, more combustible gases were detected at the outlet.
Thereby, a decreasing trend of the CO, yield was found. It is noted
that a small amount of CO, was detected in the following oxidation
process when using large coal particles of 0.3-0.4 mm, which was
mainly ascribed to the slow reaction rate in the reduction. Still, high
combustion efficiency (above 0.96) for the three tests was observed.

4.2.6. The effect of steam content

In the CLC processes, steam is usually used as a gasification
agent reacting with solid fuel to improve the reaction rate (Leion
et al., 2009a). In the CLOU processes, as the carbon conversion of
anthracite is a little slow, steam was also introduced to acceler-
ate the coal gasification and enhance the overall reaction rate in
the reduction period. Three tests including CLOU10-CLOU12 with
different steam contents in the fluidization gas were organized to
examine the factor.

Compared with the experimental results obtained in test
CLOUO1 which did not use steam, the average carbon conversion
rate significantly increased from 3.46%/min with steam volume
concentration of 0-5.33%/min with steam volume concentration of
60%, as shown in Fig. 14. Obviously, the steam as a gasification agent
can accelerate the conversion of solid char to gaseous CO and Hy,
and these gasification products can more easily react with gaseous
oxygen released by the OC. By increasing the steam content, the
gasification reaction of the char was further enhanced. Meanwhile,
more combustible gases escaped from the reactor, reducing CO,
yield and combustion efficiency. These results suggest that it is
effective to improve the reaction rate of the char by introducing
steam into the CLOU reactor. Factually, in a real CLOU system, the
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steam could be produced by using the waste heat which can reduce
the energy cost/penalization. It is worth noting that the steam con-
tent used in this technology is not necessarily too high as required
in the iG-CLC. On the contrary, we also noted here a carbon sepa-
ration system could increase the residence time of the anthracite
char particles and therefore increase char conversion.

4.3. Characterization analysis of fresh and used copper ore OC

In this work, different batches of natural copper ore OC were
used for different tests, and the longest time for continuous opera-
tion of a batch OC was about 10 h. For each batch of fresh copper ore
OC, three redox cycles were completed to achieve its stable reactiv-
ity. The used OC particles in the oxygen uptake/release and CLOU
tests were characterized by different techniques.

The crystalline phase compositions of the fresh copper ore OC
samples, used OC after the oxygen uptake/release test and used OC

A-CuO

1500 A A

Fig. 15. XRD results of the fresh OC (a), used OC in the oxygen uptake and release
experiments (b), and used OC in the CLOU experiments (c).

after the CLOU test were examined with XRD, as shown in Fig. 15.
The major phases of all of the three samples were CuO and CuFe;04.
It seems that the CuFe,04 was generated by CuO and Fe, O3 at high
temperatures when the OC was calcined in muffle oven. No obvious
change in the chemical composition of OC was observed. However,
in the used OC after the CLOU tests, the phases SiO, and CaSO,4 were
not observed in the XRD pattern (see Fig. 15c¢), as they might have
interacted with the mineral composition of the coal ash.

Fig. 16 shows the SEM images of the fresh OC, used OC after
the oxygen uptake/release experiments and used OC after the
CLOU experiments. The fresh OC particles presented approximately
spherical. Because of the attrition or slight agglomeration between
larger particle and smaller fragment in the reaction, the used
OCs exhibited obvious structural variation and were changed to
irregular particles. To observe their surfaces, all the particles were

Fig. 16. SEM images of the fresh OC (a), used OC in the oxygen uptake and release experiments (b), and used OC in the CLOU experiments (c).
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Table 5
Pore structure analysis of the OC particles.

Samples BET area (m?/g) Pore volume (cm?/kg) Average pore diameter (nm)
Fresh OC 0.217 0.46 8.68
After UR test 0.146 0.32 8.47
After CLOU test 0.115 0.31 10.70

| 2 S

c:\edax32\genesis\genmaps.spc 17-Sep-2013 11:05:51
LSecs: 50

1.0 - Fe

cu Cu
0.7

KCnt|

0.5 o

10‘.00 12‘.00 14I\.OO 16‘.(]

~ 0.00 2.00 4.00 6.00 8.00
Energy - keV

Fig. 17. SEM-EDX analysis of the used copper ore particles after CLOU test.

further enlarged to observe the porous structures in high resolu-
tion. By comparing the surface of the used particles with the fresh
particles, the surface of the used samples was a little smoother than
the fresh samples. This indicates that only slight sintering occurred
for the particles after the tests. It is emphasized that no defluidiza-
tion was observed in the fluidized bed reactor.

The results of BET analysis for the fresh OC and used OCs are
shown in Table 5. The specific surface area of the fresh OC is
0.217 m?/g, which is higher than the areas of used OCs. This is prob-
ably due to the slight sintering of the OC particles or the blocking of
fly ash generated in the coal combustion process, leading to slight
decrease of the reactivity of the particles. The reason for blocking
of pores by fly ash has been verified by an EDX analysis. As shown
in Fig. 17, there were some Mg and K occurred at the surface of
the used particles, which were not detected in the fresh particles.
However, the mass fractions of Mg and K are both less than 1%.
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Fig. 18. Crushing strength as a function of operation time.

This result indicates that some coal ash was really absorbed on the
surface of the particles in the test, and the blocking of pores by
fly ash has effect on the decrease of the BET area, but the effect is
very limited. Moreover, it is noted that the specific surface areas
for all samples (fresh and used ones) are all relatively low, but the
reactivity of the OC particles was satisfactory in the tests. This can
be explained by the fact that the release of oxygen is a nucleation
and nuclei growth process (Hossain and de Lasa, 2010) (implying
that the release of oxygen is not solely influenced by the surface
structure of the particles). Fig. 18 shows the crushing strength of
used OCs for different operation time. The mechanical strength was
kept well during the continuous operation, and the average crus-
hing strengths in all tests were higher than 1N, which was hard
enough for operation in the fluidized bed.

5. Conclusions

In this study, the natural copper ore as OC of the CLOU pro-
cesses was evaluated. Compared to the synthetic OC, natural copper
ore has advantages such as low cost and rich supply. The oxy-
gen uptake/release tests with different reactor temperatures were
first carried out. It was found as a general trend that both the
oxygen release and uptake rates increase with the reactor tem-
perature. At a temperature ranging from 900°C to 950°C, the OC
may operate with fast oxygen release and uptake with a slight
agglomeration/sintering which easily occur for the copper ore.

The copper ore is potentially suitable for long-term use in the
CLOU process of anthracite. Its reactive performance stabilizes
after the first redox test. The effects of reactor temperature,
superficial fluidization velocity, OC to fuel ratio, coal particle size,
and steam content in fluidization gas on the coal conversion rate,
coal combustion efficiency, and gas yields were then investigated
in a batch-operating CLOU unit. It was found that the reaction rate
increased with the fuel-reactor temperature. The reactor temper-
ature of 900 °C was selected as the appropriate CLOU temperature
as a slight agglomeration/sintering occurred at 950°C. The car-
bon conversion rate decreased with the increase of superficial
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fluidization velocity partially due to fast, large bubbles rising
through the reactor; on the contrary, the conversion rate increased
with the OC to fuel ratio. For coal particle size, it was found that
the reaction rate decreased notably when coal particle diameter
exceeded 0.3 mm. When steam was introduced into the fluidiza-
tion gas, reaction rate was accelerated significantly, which may be
attributed to the fast gasification of coal char reacting with steam.
In addition, although the combustion efficiency and yield of CO,
varied considerably in different series of the tests, high combustion
efficiency (more than 95%) and CO, yield (more than 0.96) were
attained.

During the oxygen release tests and CLOU tests under appro-
priate experimental conditions, only slight agglomeration and
sintering of the OC particles were observed. According to the XRD
analysis, CuO and CuFe,04 were the main phase composition of
the OC in both of fresh and used OCs. No serious decrease of the
crushing strength of the particles was observed during the 10-h
operation.
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