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HIGHLIGHTS

« Fluidized bed reactor study of coal/CuO-Fe,03-Aluminia (OC) is reported.

« TPR showed increased rates of gasification/combustion of coal in the presence of OC.

« Reduced OC promoted the water gas shift reaction in the presence of steam.

« Partially reduced OC promoted H; and CO, production in the presence of coal/steam.

« Increase in steam content negatively affected the chemical looping oxygen uncoupling.

ARTICLE INFO ABSTRACT
Article history: This paper presents data on conversion of two different coals with a chemical looping oxygen carrier,
Received 1 June 2016 CuO-Fe,03-alumina, and over a range of conditions including steam and various levels of reduction of
Received in revised form 30 August 2016 the oxygen carrier.

Accepted 17 September 2016 Reactions of coal/steam/CuO-Fe,03-alumina oxygen carrier and coal/steam/partially reduced CuO-

Fe,0s3-alumina oxygen carrier were investigated with Wyodak coal and Illinois #6 coal in a fluidized
bed reactor. Temperature programmed reaction studies indicated that the oxygen carrier enhanced the
steam gasification/combustion rates of both coals. Rates of gasification/combustion were higher with
Wyodak coal (sub bituminous) than that with Illinois #6 coal (bituminous). In addition to the increase
in reaction rates, the total moles of carbon that were gasified and combusted from coal/steam increased
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Fluidized bed in the presence of the oxygen carrier. The reduced oxygen carrier promoted the water-gas shift reaction
Chemical looping combustion reactions when reacted with synthesis gas in the presence of steam, but the reverse water gas shift reaction was
Coal volatiles observed when steam was not present. The partially reduced oxygen carrier enhanced the production

of H, from coal/steam, which was different from the observations with un-reduced oxygen carrier.
Water splitting reaction to produce H, was also observed with the reduced oxygen carrier. CuO-Fe,05-
alumina reacted with coal during the temperature ramp to 850 °C even in the absence of steam due to
the chemical-looping oxygen uncoupling (CLOU) reaction. Fourier transform infra-red (FTIR) analysis
indicated the presence of volatile aromatics during the temperature ramp and these may have also con-
tributed to the reactions with the oxygen carrier in the absence of steam. Increasing steam concentration
had a negative effect on the CLOU reaction.

Published by Elsevier Ltd.

1. Introduction transport oxygen from the air to the fuel, thereby avoiding direct
contact between fuel and air. The significant advantage of CLC over
Chemical-looping combustion (CLC) is a novel combustion tech- conventional combustion is that CLC can produce a storage-ready

nology [1-8] that utilizes an oxygen carrier, such as metal oxide, to carbon dioxide (CO,) stream—not diluted by nitrogen (N,)—with-
out expending any major energy required for the separation of
CO,. The overall CLC process, in which the metal oxide cycles
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The concept of CLC with solid fuels such as coal has been inves-
tigated extensively in the past [9-15], and progress of the CLC
technology for solid fuel combustion has been presented in various
review articles and books [16-21]. Recent research work in coal
CLC include oxygen carrier development [22-27] and pilot-scale
demonstrations [28-41].

Fluidized bed reactor tests have been conducted to understand
the reaction performance of coal CLC with various oxygen carriers.
Steam is generally used to promote the initial coal gasification
reaction. It is usually assumed [17] that reactions proceed through
indirect reduction with the aid of gaseous intermediates. It has also
been reported that coal volatiles or synthesis gas produced by
steam gasification of coal may initiate the reaction with metal oxi-
des [13,17].

Other researchers [42-47] have proposed a mechanism known
as the chemical-looping oxygen uncoupling (CLOU) process as a
method to utilize oxygen from the metal oxide decomposition for
combusting solid fuel. The CLOU process was designed at temper-
atures at which there is substantial equilibrium partial pressure of
oxygen due to decomposition of the metal oxide. The CLOU process
has been demonstrated experimentally at temperatures above
800 °C.

All of the above mentioned reaction mechanisms involve gas
phase intermediates. We have shown that solid-solid reactions
can occur with coal and oxygen carriers when there are significant
contacts between the oxygen carrier and coal [48]. When CLC is
conducted in a fluidized bed reactor, the contribution from the
solid-solid interaction may not be significant.

Even though several reaction mechanisms for coal CLC in a flu-
idized bed reactor are reported, the proposed reaction mechanisms
are speculative. In addition, the oxygen carrier is continuously
reduced during the reaction with coal, and the effect of partially
reduced oxygen carrier on the coal/steam reaction has not been
reported.

The objective of the research work reported in this paper is to
identify the various reactions that could occur when coal/steam
are reacted with the oxygen carrier or the partially reduced oxygen
carrier in a fluidized bed reactor. The results here aim at determin-
ing which reactions are important to consider, noting that steam,
the coal type, the carrier type and the extent of carrier reduction
are all contributing factors. The oxygen carrier selected in this
study was CuO-Fe,0s-alumina, which has shown promising results
with both methane and coal in our previous studies [49-53]. A
large batch (180kg) of the oxygen carrier was produced for
demonstration testing in a 50-kWth chemical looping experiment,
and some promising results from the pilot-scale test have been
obtained. The reaction profiles of Illinois #6 coal or Wyodak coal
with and without CuO-Fe,03-alumina oxygen carrier over a range
of conditions including steam and various levels of oxygen reduc-
tion are reported in the current study.

2. Experimental
2.1. Oxygen carriers

CuO-Fe,03-alumina oxygen carriers [52] were prepared using
the commercial spray drying method at Nextech Inc. The composi-
tion of the oxygen carrier was 30 wt.% CuO, 30 wt.% Fe,03, and
40 wt.% alumina, and the particle size range was 74-250 um. The
material properties of the oxygen carrier are listed in Table 1.

2.2. Coal characterization

The compositions of the two coals, Wyodak and Illinois #6, are
listed in Table 2. Illinois 6 coal, which is a bituminous coal has the

Table 1

Physical properties of copper ferrite oxygen carrier.
Particle sphericity 0.79-0.94
Particle density 3.13 g/cm®
Bulk density (Fluffed) 1.32 g/cm®
Void fraction (Fluffed) 0.58
Bulk density (Packed) 0.24 g/cm®
Void fraction 0.53
Density measured by He Pycnometer 4.66 g/cm®
Tapped density 1.45 g/cm?
Particle size 74-250 pm

highest carbon value and lowest volatile matter. Wyodak coal is a
subbituminous coal and has higher volatile matter.

2.3. Temperature programmed reaction studies with coal in fluidized
bed reactor tests

Minimum fluidization velocities (MFV) of CuO-Fe,0s-alumina
oxygen carriers at various temperatures are listed in Table 3. The
temperature programmed reaction (TPR) studies were carried out
using a fluidized bed reactor manufactured by Autoclave Engineers
HR-160 Reactor Assembly (Model # 5010-2377/HR-160). The oxy-
gen carrier/coal bed height was 7.62 cm, and the diameter was
6 cm. The reactor column was made from Inconel SB-564 to with-
stand temperatures up to 900 °C. A ceramic porous plate with 15—
40 pm pores was used as the gas distributor. The setup is equipped
with three electrical heaters installed around the reactor to heat
the reactor to the target temperature of 850 °C. Prior to the tests,
10 g each of coal and 322 g CuO-Fe,0Os-alumina oxygen carriers
were mixed. Then the mixture was heated from 25 °C to 850 °C
at a heating rate of 4 °C/min in helium at a flow rate of 7.8 SLPM
(24 x MFV of Fe-Cu/alumina at 850 °C). Then the sample was
maintained at 850 °C for 0.5 h in helium. During the experiments,
30 vol.% steam was introduced either during the temperature ramp
beginning at 300 °C or after the isothermal dwell at 850 °C. After
the reducing reaction with coal, the sample was cooled to 750 °C
to initiate oxidation with air for 1.5 h. The reactor effluent was
monitored using a Pfeiffer Omnistar mass spectrometer. All the
experiments were repeated and reproducibility has been excellent.

2.4. Diffuse reflectance Fourier transform infrared spectroscopy

Prior to use, the as-received coal samples were ground into a
powder to maximize spectral quality via diffuse reflectance infra-
red Fourier transform spectroscopy (DRIFTS) analysis. For each test,
a coal sample of approximately 20 mg was charged to a DRIFTS
reactor cell (Thermo Electron product 0031-902). The DRIFTS cell
is a cold-walled reactor that features temperature control and ZnSe
windows for IR transmission within the 650-4000 cm™' range.
Helium was introduced to the coal sample to remove all the gases
from the cell. Then the Helium flow was stopped and sample was
heated from ambient to 800 °C. Infrared spectra were collected at
various temperatures with a Thermo-Nicolet Nexus 670 FTIR
instrument, which housed the DRIFTS reactor cell. Spectra were
collected at a resolution of 4 cm™! with 50 co-added scans using
a liquid N,-cooled MCT/A detector.

3. Results and discussion

When coal is reacted with an oxygen carrier in the presence of
steam, various reactions can take place and some possible reac-
tions are listed below.

e Coal gasification and subsequent gas reactions with oxygen
carrier:
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Table 2
Properties of coals.
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Coal type Particle size Class Ash (dry) S (dry) C (dmmf) H (dmmf) V.M. (dmmf) kJ/kg (dmmf)
Wyodak 74-300 pm hvCb 16.2 4.52 81.8 5.7 43.8 33,857
Illinois #6 74-300 pm subB 7.6 043 76.2 6.2 48.1 30,789

Table 3 It has been reported [55-58] that the properties of the char can

Minimum fluidization velocity of the copper ferrite oxygen carrier with temperature
dependence.

Temperature (°C) Minimum fluidization velocity (SLPM)

25 3.16
624 0.8
750 0.63
800 0.4
900 0.25
C+H,0—-CO+H; AH —135741(—J (1)
2 2 800 = 7% ol
H, + Metal Oxide — Reduced Metal Oxide + H,0O (2)
CO + Metal Oxide — Reduced Metal Oxide + CO, (3)
C+cCO 2CO0 AHgy = 169.44 K 4
+ L0, 800 = “% ol (4)
e Chemical looping oxygen un-coupling (CLOU) mechanism:
k
4Cu0 — 2Cu;0+ 0, AHggp = 67.8 mig)l (5)
Cc+0 CO, AHggo = —395 N (6)
2 — (O 800 = mol

e Solid-solid interaction:
MeO + C — Me + CO, (7)

e Water-gas shift (WGS) reaction catalyzed by reduced oxygen
carrier:

CO +Hy0 — CO; +Hy;  AHgg = —33.07 k—J (8)
mol
e Reduced oxygen carrier oxidation by steam:
2FeO + H20 — F6203 +H; AHgg = -31.9 % (9)

3.1. Steam gasification of coal without an oxygen carrier with steam at
300-850 °C

In order to understand the coal gasification process with steam,
as shown in reaction (1), 30% steam was introduced during the
temperature ramp of coal without the oxygen carrier. Fig. 1 shows
the effluent gas concentrations during the temperature ramp of the
two coals with steam and a comparative plot of cumulative moles
of each gas produced. The comparative plot also displays the CO,
produced during the oxidation segment of the experiments (PO
CO,) which was also included in the cumulative carbon balances.
The steam gasification process appears to initiate around 600 °C
with concentration peaks around 850 °C with both coals. The rate
of steam gasification was significantly higher with Wyodak coal
than that with Illinois #6 coal as indicated by the CO and H, peak
maxima in Fig. 1. The H,, CO and CO, peaks for Illinois #6 coal were
very broad, slow continuous gas production was observed when
the temperature was maintained at 850 °C, which was different
from Wyodak coal. Wyodak coal, which is a sub-bituminous coal
had a higher rate of production of synthesis gas with steam than
Illinois #6 coal, which is a high rank coal as also shown in Fig. 1.

affect the combustion performance. The char produced by Illinois
#6 coal may have different properties than that produced by Wyo-
dak coal and may have contributed to the different reaction rates
and product distributions. Char porosity and surface area have
shown to play an important role on the gasification reaction
[57,58], and differences in char type affected the gasification rates
as seen in Fig. 1. It was reported that [57,58] Wyodak coal has ther-
moset type char while Illinois #6 has thermoplastic type. The plas-
tic coals like Illinois #6 are known to form chars with highly
cellular pore structure, while non-plastic coals do not undergo
drastic macro pore structural changes during the pyrolysis stage.
Scanning electron micrographs of Wyodak coal char and Illinois
#6 coal char are reported in Fig. 2 and it is clear that the surface
morphologies of the two chars are different. Char from Illinois #6
coal had a smoother surface with some voids while the char from
Wyodak coal appeared to have a rough surface. These differences
in the surface morphology may also have contributed to the differ-
ent char gasification rates. Even though the gasification rates were
different, the cumulative moles of gases produced during gasifica-
tion were very similar with the two coals, as shown in Fig. 1. Total
moles of carbon from steam gasification followed by oxidation for
Wyodak and Illinois #6 coals were 0.3 and 0.4, respectively. Illinois
#6 has a higher carbon value than Wyodak coal, thus the data is
consistent. In addition to the gasification products, the data indi-
cated that the type of coal plays a major role in the steam gasifica-
tion rates as well.

3.2. Effect of CuO-Fe;0s-alumina oxygen carrier on coal/steam (300-
850 °C) interactions

Fig. 3 shows effluent gas compositions when coal and CuO-
Fe,0s-alumina was heated in the presence of 30 vol.% steam from
300 to 850°C and cumulative moles of gas produced. Repeated
experiments characterizing the interaction between three compo-
nents, coal, steam, and oxygen carrier, showed excellent repro-
ducibility as also demonstrated in Fig. 3. In the experiments
containing Wyodak coal, steam, and oxygen carrier, repeated runs
reproduced the carbon dioxide peak concentrations by a difference
of 0.4%, the total carbon molar production by 1.2%, and the full
width half maximum of the major carbon dioxide peak concentra-
tions by 3.2% and 3.3%. For the interaction between Illinois #6,
steam, and oxygen carrier, repeated experiments reproduced the
carbon dioxide peak concentrations by a difference of 4.5%, the
total carbon molar production by 2.8% and the full width half max-
imum of the major CO, concentration peak by 2.8% and 11.0%. It
should be noted that all results reported in this paper were verified
by repeating the experiments, and all results were reproducible as
such.

The concentration peak of CO, was significantly higher than the
concentration peaks of H, and CO, with both coals indicating the
faster reaction of synthesis gas derived from coal with the oxygen
carriers to produce CO,. The concentration peak of CO, with Wyo-
dak coal was higher than that with Illinois #6 coal, indicating faster
reaction rate with Wyodak coal. The reaction with Wyodak coal
also takes place at a lower temperature than that with Illinois #6
coal which also indicated better reactivity of Wyodak coal. Cumu-
lative moles of gases produced during the temperature ramp, also
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Fig. 1. Product gas composition during the temperature ramp (RT-850 °C) of Wyodak and Illinois #6 coal in the presence of steam (300-850 °C), without an oxygen carrier (A)
H,, (B) CO, (C) CO,, (D) total molar production of gases.
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Fig. 2. Scanning electron micrographs of Wyodak (A, B) and Illinois #6 (C, D) coal chars at two different magnifications.
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Fig. 3. Reproducibility of product gas composition during the temperature ramp (RT-850 °C) of Wyodak or Illinois #6 coal in the presence of steam (300-850 °C) and copper

ferrite oxygen carrier (A) Ha, (B) CO, (C) CO,, (D) total molar production of gases.

shown in Fig. 3, indicated that the amount of CO, produced as well
as the total carbon gases (CO and CO,) formed were similar with
Illinois #6 coal and Wyodak coal. Thus, the total carbon combusted
with both coals by the oxygen carrier were similar even though the
rates of gasification and combustion were lower with Illinois #6
coal.

Comparative data on outlet gas concentrations during the tem-
perature ramps in the presence of steam at 300-850 °C with Wyo-
dak coal/steam/CuO-Fe,0s-alumina, and Wyodak coal/steam
(blank) are shown in Fig. 4. The CO, peak concentration was higher,
and the peak temperature was lower when the oxygen carrier was
present with coal/steam, which indicated that rate production of
CO, was faster when the oxygen carrier is present. The amount
of H, produced from steam gasification of coal was significantly
higher with blank Wyodak coal than that with coal/oxygen carrier
due to the consumption of H, by the oxygen carrier. During the
temperature ramp of Wyodak coal/steam/CuO-Fe,0s-alumina,
the decrease in peak intensity of H, was more significant than that
with CO indicating the faster consumption of H, from coal gasifica-
tion by the oxygen carrier.

The cumulative gas products formed are also shown in Fig. 4.
The total amount of CO and CO, produced with coal/steam/CuO-
Fe,0s-alumina was higher than that with coal/steam, indicating
that there was additional carbon oxide formation due to the pres-
ence the oxygen carrier. Since H,O formed was not measured dur-
ing the reaction, it was not possible to obtain an accurate
measurement of the amount of oxygen utilized from the oxygen
carrier for the reaction with hydrogen. A rough estimate was made
using the cumulative data in Fig. 3: The quantity of hydrogen pro-
duced during coal/steam gasification was 0.38 mol and it
decreased to 0.15 mol with coal/steam/oxygen carrier due to the
consumption of H, by the oxygen carrier. The consumption of H,
by the oxygen carrier was about 0.23 mol, assuming that there
was no additional H, formed when the oxygen carrier was present
with coal/steam and the consumption of CO was about 0.03 mol
and the increase in CO, was 0.18 mol. The increase in the CO, does
not correlate well with the decrease in CO, indicating that there
was additional CO, formed by the increase in gasification/combus-
tion due to the presence of the oxygen carrier. Thus, the presence
of the oxygen carrier not only improves the gasification rate, but
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Fig. 4. Product gas composition during the temperature ramp (RT-850 °C) of Wyodak coal in the presence of steam (300-850 °C) or the copper ferrite oxygen carrier (A) H,

(B) CO, (C) CO,, (D) total molar production of gases.

it also increases the total carbon gasified. Saucedo et al. [25]
reported that the presence of Fe,0O5 led to an increase in the rate
of gasification because of the rapid oxidation of CO by the oxygen
carrier to CO, within the mass transfer boundary layer surrounding
the char particle. This effect was most prominent when the surface
area of the char was at its maximum due to the accompanying
increase in porosity and pore size during the char gasification.
Other researchers [26,54] have also observed an increase in coal
gasification rates in the presence of oxygen carriers.

Comparative data on outlet gas concentrations during the tem-
perature ramps (steam 300-850 °C) with Illinois #6 coal/steam/
CuO-Fe;03-alumina, and Illinois #6 coal/steam (blank) are shown
in Fig. 5. When the oxygen carrier was present H, was consumed
at a faster rate, CO was produced at an increased rate and there
was a rapid increase in the CO, production rate. The total carbon
oxides produced was higher when the oxygen carrier was present
than that without the oxygen carrier, as also shown in Fig. 4, indi-
cating that there was more carbon gasification/combustion
(0.18 mol) when the oxygen carrier was present. The H, decreased

about 0.33 mol, CO, increased about 0.19 mol, while the change in
CO was insignificant (—0.01). Similar to the data above with Illinois
#6 coal, CuO-Fe,03 oxygen carrier promoted additional coal gasifi-
cation/combustion with Wyodak coal as well.

3.3. Effect of steam on the interaction of synthesis gas derived from
steam gasification of coal with CuO-Fe;0s-alumina oxygen carrier

When the synthesis gas derived from steam gasification (reac-
tions (2) and (3)) of coal reacts with the oxygen carrier, the reac-
tion performance may be affected by the presence of steam. In
order to understand this effect, synthesis gas was reacted with
the oxygen carrier in the presence of various concentrations of
steam. Simulated synthesis gas composition was H,: 7.6%
(36.8 mmol/min), CO,: 1.88% (9.1 mmol/min), CO: 1.58%
(7.7 mmol/min) in helium. Steam concentrations of 0, 15 and 30%
were introduced to the synthesis gas during the temperature
ramps with the oxygen carrier, and effluent gas compositions were
measured.



1556
2 1000
A Blank/Ill #6/ [
184 900
Steam [ - et
L4
1.6 > - 800
X J £ L
c 14 . 700 =
S 124 ,-’ L6003
O . ]
s o -500 o
g ag =
g 05 - CuFe/Ill #6/ a0 &
o .’ Steam =
o~ 06 s L300 2
I o
04+ K - 200
s’
024 , r 100
(E= - : - - - - 0
0 50 100 150 200 250 300
Time (Minutes)
a- c - 1000
a5 900
CuFe/lll #6/Steam .+ = = = = = - -
.’ - 800
® 34 .’
c s F700 —
* Blank/1ll #6/Steam o
5 4 +*7 " Blank/ill #6/ g
E
24 o
S 154 2
3 Ks)
O 1 e
‘I
os4{ .7
’
o r
0 50 100 150 200 250 300

Time (Minutes)

CO Concentration %

Amount of Products (moles)

R. Siriwardane et al./Applied Energy 183 (2016) 1550-1564

1- - 1000
B CuFe/Ill #6/
09 - I 900
Steam e e - nae]
08 - ,° I 800
07 g L 700 —
: Blank/Ill #6/Steam
06 P K/l #6/ 600 -%
. [¢]
05 N L 500 ©
oz S ¥ £
04 - g F400 o
03 - K L300 2
.'
0.2 A R4 + 200
4
014 L 100
0 y T T T T T 0
0 50 100 150 200 250 300
Time (Minutes)
1 -
D B CuFe/Ill #6/30% Steam 300-850C (C/300)
08 mBlank/Ill #6/30% Steam 300-850C (B/300)
0.6 -
0.4 1
0.2
0 N

H2 co

€02

Fig. 5. Product gas composition during the temperature ramp (RT-850 °C) of Illinois #6 coal in the presence of steam (300-850 °C) or the copper ferrite oxygen carrier (A) Hp,
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The outlet gas compositions during the reaction of synthesis gas
and CuO-Fe,0s-alumina oxygen carrier are shown in Fig. 6. The
data indicated that CO and H, were consumed and CO, was gener-
ated during the temperature ramp due to the reaction of synthesis
gas with the oxygen carrier. Steam has a significant effect on the
reaction. After the initial reduction of the oxygen carrier, the
effluent concentrations of the gases were strongly affected by the
concentration of steam. When steam was present, CO concentra-
tion was lower than the initial concentration while H, and CO,
were higher. The data indicated that the water-gas shift reaction
(8) was catalyzed by the reduced oxygen carrier when steam was
present to consume CO to produce CO, and H,. Since steam is also
consumed by the coal to produce synthesis gas, it is difficult to
estimate the extent of the water-gas shift reaction by the reduced
oxygen carrier in the coal/steam/oxygen carrier system since
steam is also consumed for the coal gasification reaction.

It was also interesting to note that when steam was not present,
after the initial reaction with oxygen carrier the CO concentration
was higher than the initial concentration while the H, and CO,
were lower. It appears that the reduced oxygen carrier was pro-
moting the reverse water gas shift reaction (10) when steam was
not present.

CO, + H, — CO + H,0 (10)

The increase in CO when steam was not present could also be
due to the reaction of CO, with the reduced oxygen carrier (M)
to form CO as shown in reaction (11)

Me + CO, — CO + MeO (11)

In order to understand this reaction, the oxygen carrier was
reduced first with synthesis gas (CO, 2.02%, CO 6.41%, H2 10.24%,
and He 81.22), and then 28% CO, in helium was introduced at
800 °C. Formation of CO (results not shown) was not observed indi-

cating that the reverse water-gas shift reaction (10) is the most pos-
sible explanation for the formation of additional CO when steam was
not present. Repeated experiments showed similar results.

3.4. Interaction of coal/steam with reduced CuO-Fe;0s-alumina
oxygen carrier

During the reaction of the oxygen carrier with coal/steam, the
oxygen carrier is continuously reduced. The reduced carrier may
have an effect on the initial coal gasification reaction with steam
(reaction (1)). In order to understand how the reduced carrier
affects the reaction, the CuO-Fe,0s-alumina oxygen carrier was
reduced to various reduction states with methane and then the
reduced oxygen carrier was mixed with coal, and temperature
ramp was performed in the presence of steam.

Oxygen transfer capacities were calculated using equation (12).
Experimental oxygen transfer capacity is based on the effluent gas-
eous products and the theoretical oxygen transfer capacity is based
on the corresponding chemical reaction.

[Mol CO; x 2Mol O + Mol H,0 + 1Mol O] x 1898
Mass Oxygen Carrier

Oxygen Transfer Capacity =
(12)

The reduced states of the oxygen carrier estimated from the
percentage of oxygen transfer during the reaction with methane
are listed in Table 4. The gas compositions during the temperature
ramp with Wyodak coal/reduced oxygen carrier/steam and com-
parative data with the unreduced oxygen carrier are shown in
Fig. 7. The CO, concentration peak was highest and both CO and
H, concentration peaks were lowest with the unreduced oxygen
carrier, indicating the highest rate of combustion because more
oxygen atoms are available for the reaction with coal or synthesis
gas. With increased reduction of the oxygen carrier, the rate of CO,
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Table 4
Reduction states of copper and iron at various reduction times.
Reduction Experimental Reduction reaction Theoretical
time oxygen transfer oxygen transfer
capacity capacity
5.5 min 5.5% 4Cu0 + CH4 — 4Cu 6.0%
+CO0, + 2H,0
7 min 7.0% 3CuO + 3Fe;03 + CHy — 7.0%
3Cu + 2Fe304 + CO, + 2H,0
12 min 8.0% 3CuO + Fe,03 + CHy — 9.0%

3Cu + 2Fe0 + CO2 + 2H,0

production decreased and rate of CO and H, production increased
since less oxygen atoms are available for the reaction with synthe-
sis gas. Repeated experiments showed similar results.

The cumulative moles of gases produced are also shown in
Fig. 7. It is interesting to note that amount of H, continuously
increased with increased reduction of the oxygen carrier while
there was no significant changes in the amounts of CO and CO-.
The cumulative carbon oxides (CO + CO,) produced were similar
with the reduced and un-reduced oxygen carriers. Even after
reduction there were oxygens still available from the oxygen car-
rier for the reactions. However, it appears that total production
of CO to CO, was not greatly affected by the oxygen carrier reduc-
tion, but the production of H, was affected.

A comparison of the effluent gas compositions of coal/steam
without the oxygen carrier, with the unreduced oxygen carrier,
and reduced oxygen carrier (12 min) are shown in Fig. 8. It is inter-
esting to note that both CO and H; concentration peaks were high-
est with the reduced carrier/coal/steam than that with coal/steam
without an oxygen carrier. It should also be noted that the concen-
tration peaks of both CO and H, with reduced carrier/coal/steam

were shifted to a lower temperature than that with coal/steam
without the oxygen carrier. The data indicated that the reduced
oxygen carrier was either promoting the coal gasification reaction
rate or changing the reaction pathway. It has been reported that
coal gasification reaction can be promoted by reduced iron oxide,
but it is not clear how the reduced oxygen carrier promotes the
gasification reaction in the fluidized bed reactor. Alkali incorpo-
rated Fe,O3 also has shown improved gasification of coal [22] in
a fluid bed reactor but the reason for the improvement is not
known. The cumulative product gas yields are also shown in
Fig. 8. It is clear that the H, yield was higher with the reduced oxy-
gen carrier/coal/steam than that with coal/steam, indicating that in
addition to improving reaction rates, total moles of H, were also
higher with the reduced oxygen carrier/coal/steam. Total CO pro-
duced with the reduced oxygen carrier/coal/steam was similar to
that with coal/steam but the amount of CO, formed was higher
with the reduced oxygen carrier. However, the increase in H,
(0.33 mol) was higher than the increase in CO; (0.13 mol).

If the water-gas shift reaction is promoted by the reduced oxy-
gen carrier there should be a corresponding increase in CO, similar
to the H, increase and a decrease in the amount of CO. A small
increase in CO, was observed with oxygen carrier/coal/steam as
compared to that with coal/steam, but the change in the amount
of CO was insignificant, indicating that the increase in H, with
reduced oxygen carrier/coal/steam cannot be explained by the
water-gas shift reaction. Since steam is consumed for the coal gasi-
fication reaction, the remaining steam concentration in the gas
stream may not be adequate for promoting the water-gas shift
reaction.

It is possible that in addition to the reaction (1), H, formation
facilitated by the water splitting reaction (9) may also be occurring
in the presence of reduced oxygen carrier.
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3.5. Interaction of reduced CuO-Fe;0s-alumina carrier with steam

In order to understand the H,O splitting reaction by the reduced
oxygen carrier to produce H, by reaction (9), the oxygen carrier
was first reduced with methane for 5.5 min., 7 min. and 12 min.
to obtain different oxidation states, and then a temperature ramp
was conducted in the presence of 30% steam without coal.

As shown in Fig. 9, H, concentration increased with increasing
reduction of the oxygen carrier but the H, concentration was
below 0.12 vol.%. Repeated experiments show similar results. The
increase in H, production rate and total moles with the reduced
oxygen carrier/coal/steam in Fig. 8, cannot be fully explained by
this water splitting reaction since the contribution is low. The reac-
tion of steam with the reduced Fe®/Fe*? is favorable [19], while it is
not favorable with Cu®. Thus, the contribution may be only due to
the iron component in the oxygen carrier. However, this reaction
may be enhanced when the coal is present due to the consumption
of oxygen by carbon to form CO,.

3.6. Effect of addition of steam at 850 °C on the reaction of CuO-Fe;0s3-
alumina with coal

In order to understand the effect of steam addition temperature,
Wyodak coal/CuO-Fe,0s-alumina was heated to 850 °C without
steam and 30% steam was added at 850 °C. The results are shown
in Fig. 10. For comparison, the data with Wyodak coal/CuO-Fe,03-
alumina/steam addition at 300 °C and a blank data of Wyodak
coal/steam addition at 850 °C without the oxygen carrier are also
shownin Fig. 10. During the initial temperature ramp of coal without
steam to 850 °C, only minute amounts of H,, CO, and CO, were

observed but high concentration peaks of H,, CO, and CO, were
observed when steam was introduced at 850 °C. The H,, CO, and
CO, concentration peaks when steam was introduced at 850 °C to
coal were higher than that when steam was introduced at 350-
800 °C (Fig. 1),indicating fast gasification rates at 850 °C as expected.

The product gases when Wyodak coal/CuO-Fe,03-alumina was
heated in the absence of steam up to 850 °C and during steam addi-
tion at 850 °C are also shown in Fig. 10. It is interesting to note that
the CO, concentration peak was high during the temperature ramp
even in the absence of steam. This is possibly due to coal directly
reacting with the oxygen released from the CuO via CLOU reactions
(5) and (6). The CO, peak solely due to the reaction of coal with
oxygen from CLOU reaction was at a higher temperature than that
with Wyodak coal/CuO-Fe,03-alumina/steam 300-850 °C, indicat-
ing that synthesis gas from coal steam gasification react with the
oxygen carrier at a lower temperature than the CLOU oxygen/coal
reaction temperature. There was also a CO peak during the temper-
ature ramp without steam. The concentration peaks of both CO,
and CO for Wyodak coal/CuO-Fe,0s-alumina/steam at 850 °C, were
lower than that with Wyodak coal/CuO-Fe,0s-alumina/steam at
300-850 °C because some coal has already reacted with the oxygen
released from the oxygen carrier via CLOU reaction prior to the
introduction of steam at 850 °C. The best CO, production rate
and the highest CO, amounts were observed when steam was
introduced at 300 °C during the temperature ramp due to the com-
bination of CLOU and gasification/combustion/CLOU reactions
occurring simultaneously at 700-800 °C.

Comparative data on outlet gas concentrations during the tem-
perature ramps with Illinois #6 coal/steam at 300-850 °C/
CuO-Fe,03-alumina, Illinois #6 coal/steam at 850 °C base line,
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and Illinois #6 coal/CuO-Fe,0s-alumina-with steam at 850 °C are
shown in Fig. 11. When steam was introduced at 850 °C to Illinois
#6 coal, the production of H, and CO was not complete after
90 min. When the oxygen carrier was present with coal/steam at
850 °C, both CO and CO, peak concentrations increased, indicating
faster gasification of carbon and rapid reaction of CO to produce
CO, in the presence of the oxygen carrier. During the temperature
ramp of Illinois coal/CuO-Fe,03-alumina without steam, the CO,
peak was low, indicating minimal contribution from the CLOU
reaction of CuO-Fe,03 oxygen carrier with Illinois #6 coal, which
was different from the observations with Wyodak coal. Oxygen
released from the oxygen carrier was not able to react readily with
Illinois #6, which is not a sub-bituminous coal like Wyodak coal.

The differences in coal char properties of the two coals may have
contributed to the differences in reactivities with oxygen. When
steam was present during the temperature ramp, there was a sig-
nificant increase in CO, and some increase in CO indicating that
CuO-Fe,03-alumina oxygen carrier promoted both carbon gasifica-
tion and subsequent reaction to form CO,.

The amounts of gases produced are also shown in Fig. 11. Total
carbon produced during steam gasification at 850 °C was 0.37 mol,
which is lower than (0.45 mol) when oxygen carrier was present,
indicating that the oxygen carrier promoted more gasification of
carbon. The CO, produced during the temperature ramp to
850 °C with oxygen carrier was about 0.17, moles which is possibly
due to the oxygen release from CuO.
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3.7. Diffuse reflectance infrared spectroscopic analysis (DRIFTS) from CLOU. When the two coals were heated in a thermogravi-
metric analyzer (TGA) from ambient to 900 °C, in Argon weight

During the temperature ramp even without steam, the oxygen losses (data not shown) were observed with both coals. The
carrier reacted with coal to produce a substantial amount of CO,. TGA weight loss from ambient to 500 °C with Illinois #6 coal
This production is more pronounced with Wyodak coal than with and Wyodak coal were 25.72 wt.% and 37.88 wt.%, respectively.
Illinois #6 coal. In addition to the reaction of gaseous oxygen These weight losses may be due to coal devolatilization and are
produced by CLOU from the oxygen carrier, it is also possible that consistent with the data obtained during the fluidized test. Dur-
other volatile hydrocarbons were produced during the heating of ing the TGA temperature ramp from 500 to 850 °C, weight loss
the coals that reacted with either the oxygen carrier or the O, with Illinois #6 was 11.48 wt.%, while it was 13.63 wt.% with
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Wyodak coal. Even though there was weight loss at 500-850 °C,
H, and CO was not detected in this temperature range when coal
was heated without steam during the temperature ramp in the
fluidized bed.

Diffuse reflectance infrared spectroscopic (DRIFTS) analysis was
conducted to understand the formation of these gaseous species/
volatiles during the temperature ramp with both Wyodak and
Illinois #6 coals. A Coal/quartz sample was placed in the DRIFTS
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cell, and the system was flushed with helium to remove any resid-
ual air. Then the helium flow was terminated, and the sample was
heated in helium remained in the cell while recording FTIR spectra
at various temperatures.

The results with Wyodak coal at various temperatures are
shown in Fig. 12. Peaks corresponding to aromatic C-H stretching
at 2850, 2921 and 3014 cm™! appeared around 325 °C and contin-
ued to grow when the temperature was increased to 625 °C. The
data indicated that other volatile hydrocarbon species continued
to form when the temperature was increased. The CO, peaks that
were observed when Wyodak coal was heated with CuO-Fe-Al car-
rier may also be due to these hydrocarbons reacting with the oxy-
gen carrier in addition to the reaction of oxygens directly with coal.
However, it is difficult to quantify the hydrocarbon yields and the
extent of the reactions with the oxygen carrier. Similar observa-
tions were observed with Illinois #6 coal as shown in Fig. 13.

3.8. Effect of steam on CLOU

In order to understand how the oxygen uncoupling reaction
from the/CuO-Fe,03-alumina oxygen carrier was affected by the
presence of steam, a temperature ramp was conducted with
CuO-Fe,03-alumina oxygen carrier in the presence of 0%, 15%
and 30% steam and the oxygen concentration from the effluent
gas stream was analyzed during the temperature ramp.

As shown in Fig. 14, with increasing steam concentration, ion
current corresponding to oxygen decreased, indicating a decrease
in oxygen production with increasing steam concentration. The data
indicated that presence of steam is not favorable for the oxygen un-
coupling process, which is consistent with the data reported previ-
ously [59]. Steam has also been reported to be unfavorable for the
reaction of synthesis gas with the oxygen carriers [60].

Based on the data reported in this paper, the reactions that
occur during the temperature ramp with coal/CuO-Fe,03-alumina
oxygen carrier/steam are summarized in Fig. 15.

4. Conclusions

The steam gasification/combustion rates of both Wyodak and
Illinois #6 coals were faster in the presence of the CuO-Fe,03-
alumina oxygen carrier. In addition to the increase in reaction
rates, the total moles carbon oxides (CO + CO,) formed from coal/
steam were higher in the presence of the oxygen carrier. Gasifica-
tion/combustion rates were faster with the sub-bituminous Wyo-
dak coal than that with bituminous Illinois #6 coal. Reactions
with simulated steam derived synthesis gas indicated that reduced
oxygen carrier promoted the water-gas shift reaction when steam
was present, while reverse water-gas shift reaction was promoted
when steam was not present. The total amount of hydrogen pro-
duction and rate of H, production increased when the partially
reduced oxygen carrier reacted with coal/steam compared to
either coal/steam or coal/steam/oxidised oxygen carrier. The main
products with reduced oxygen carrier/coal/steam were H, and CO,,
which were different from the observations with un-reduced oxy-
gen carrier. Water splitting reaction to produce H, was also
observed with the reduced oxygen carrier. When steam was added
at 850 °C, the coal gasification rates were faster than when steam
was added at 300 °C. CuO-Fe,0s-alumina reacted with coal during
the temperature ramp to 850 °C even in the absence of steam due
to the CLOU reaction. CLOU reaction was found to be negatively
affected by the increasing steam concentration. FTIR data indicated
that volatile aromatic and aliphatic hydro carbons continued to
increase during the temperature ramp from 325 to 625 °C.
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