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ABSTRACT

Chemical looping combustion (CLC) is a new area of research for clean energy generation from coal. Although
the process has advantages of extracting thermal energy with pure CO, stream for sequestration, several problems
are reported making the technology development slow e.g. development of novel oxygen carrier materials and
high temperature in reactor systems. This proposed work is aimed at developing a CLC process system using
available oxygen carrier materials and commercially available catalysts that are easy to operate and can
demonstrate the underlying phenomena. Studies presented here are based on optimum operating parameters of
a fixed bed system which have been obtained by thermodynamic modeling.
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1. Introduction

Global warming and climate change are linked to the
increasing concentration of the greenhouse gas Carbon
dioxide (CO,) in the atmosphere. Over the last few
years, combustion of fossil fuels for power generation
has been questioned because of the associated
emissions of carbon dioxide and its detrimental effects
on environment. Hence, it is necessary to reduce these
emissions in order to preserve public acceptance for
this type of power generation. Additionally, the
consumption of fossil fuels is predicted to increase
further in the coming decades, particularly due to the
rapid development of populous countries such as India
and China. Therefore, it is imperative to develop and
implement processes that avoid the emission of
anthropogenic CO, as per Imtiaz er al [1]. The
increasing demands for energy and concern of global
warming are inter-twined issues of critical importance.
With the pressing need for clean, efficient, and cost-
effective energy conversion processes, the chemical
looping combustion strategy has evolved as a
promising alternative to the traditional carbonaceous
fuel conversion processes. Chemical looping processes
utilize oxygen carrier particles to indirectly convert
carbonaceous fuels while capturing CO, for

sequestration and/or utilization as mentioned by Tong
et al [2].

Chemical looping combustion (CLC) is a novel
combustion technology with inherent separation of
CO,. Extensive research has been performed on CLC
in the last decade with respect to oxygen carrier
development, reaction kinetics, reactor design, system
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Fig. 1 Chemical-looping Combustion
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olllwicncivs. and prototype testing. Tmnsition metal
oxides, such as Ni, Fe, Cu, and Mn onddes, have been
reported as reactive species in the oxypen eartler
particles as reported by Fang eral |3),

I'he main principle ofchemical-looping combustion s
based on two separated reactors, an nir and a luel
n-:wh.frus showniin Fig, 1, Here, combustion oxygen is
transterred from the combustion air to the gascous fuel
by means of an oxygen carrier, The fuel and the
x'm\ilnlmsliun airare never mixed, and the gases from the
oxidation of'the fuel, CO, and H,0, leave the system
as a separate stream, The 1,0 can easily be removed
by condensation and pure CO, is obtained without any
loss of energy for separation ﬁ:pm‘lud by Lynglelt ¢t al
[4]. Between these two reactors oxygen is transported
by an oxygen carvier, which most often is a metal oxide.
This arrangement prevents mixing of'N, from the air
with CO, from the combustion, The combustion gases
consist almost entirely of CO , and H,0. Therefore, the
technique reduces the energy penalty that normally arises
from the separation of C O, from other flue gases, hence,
CLC may make capture of CO, cheaper as per Leion
eral [5]

Use of various oxygen carriers in CLC has been
investigated by number of workers. Saha et al [6]
investigated CLC with respect to size of hematite
particles as oxygen carrier with respect to temperature
over five multiple re-dox cycles under CO, gasification
environment. Bao er al [7] studied reactivity of oxygen
carriers related to segregation effect and corresponding
CO conversion. Sundqvist et al [8] tested the effect of
SO, on oxygen carrier and proposed that SO, had a
negative effect on the reactivity of the oxygen carrier
because of formation of CaSO, Cormos et al [9]
evaluated pre- and post-combustion capture based on
various chemical looping options to increase carbon
capture and proposed that hydrogen and power co-
generation as potential way lo increase energy
efficiency of coal gasification plants. It was suggested
by Quadrat et al [10] that CLC technology with solid
fuels can lead to energy production with high CO,
capture efficiencies. Wang ef a/[11] studied the kinetics
of catalytic reaction between oxygen carrier NiO with
CH,, H,, and CO in a fluidized bed reactor. Ryu e a/
[12] investigated Syngas combustion characteristics of
various oxygen carrier particles in a fluidized bed
reactor and showed that inherent CO, separation, NOx-
free combustion, and long-term operation without
reactivity decay of oxygen carrier particles are possible.

—

Zheng, ef al |13] also investigated _lhu reduction
charneteristics of Cu-based oxygen carrier with H,, €0
and CH but using i fixed bed reactor. Sharma e/ g/
[14] recommended use of methane as [I'rllc| and Iron
oxlde-based oxypen carriers becnuse of 18 non-toxjg
nature, low-cost, and wide availability, They pointed
out that the residence time of bed materinl in the ajr
and fuel reactor reduces with increase in (he
temperature ol the air reactor. Mullilssnn elal [15)
investigated the feasibility of using NiO as an oxygen
carrier, with CH, as fuel and in the temperature range
700-1200°C during chemical-looping combustion and
suggested that with increase in temperature the yield
decreases, Carbon deposition is not expected as long
as suflicient metal oxide is supplied to the fuel reactor,
Luo ef al [ 16] carried out an experimental investigation
into direct CLC using coal and biomass with CuO as
oxygen carrier and proved that CuO-based oxygen
carrier are suitable for CLC of solid fuels. Azimi et al
[17] carried out experiments in a batch fluidized bed
reactor using oxygen carrier particles of Mn and Fe. It
was found that OC particles readily release gas phase
oxygen at 850°C, and was capable to oxidize CH,
completely and also convert wood char rapidly to CO,
during. The particles were able to release oxygen
corresponding to more than 3% of their mass in less
than 40 seconds. Linderholm ef al [18] evaluated the
performance of spray-dried nickel-based oxygen-
carrier particles with a methane as fuel and showed
that stable operation and better fuel conversion can be
attained by using mixtures of two or three different
oxygen-carrier particles. Kempegowda et al [19]
carried out thermodynamic analysis of gasification of
biomass using air, steam, and mixed air/steam for
determination of the optimum conditions that can
maximize the yield of hydrogen rich gas with low
energy consumption.

In this research work, evaluation of performance of
three different oxygen carrier metal oxides viz. NiO
(25%), CuO (97%), and NiO (65%) in chemical
looping combustion of coal with available resources
is carried out through experimental investigations. A
fixed bed reactor has been used to carry out CLC and
thermal stability of these oxygen carrier metal oxides
has also been verified through number of
experimental runs to check how long these particles
can sustain the reduction-oxidation cycles which will
decide the effectiveness of these materials.
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2. Experimental Work

2.1 Chemical Reaction
Compared to normal combustion, in CLC the fuel is
not burnt in air, instead the oxygen carrier supplies the
necessary oxygen for conversion of the fuel. The carrier
is then re-oxidized in a separate air reactor and is
ready for the next cycle. The advantage is given by the
prevention of nitrogen mixing with the CO, from the
fuel, Thus, the flue gases from the fuel reactor ideally
consist of only CO, and water steam, from which pure
CO, is obtained after condensation of water. The
chemical reaction in the fuel reactor is either
endothermic or exothermic depending on the fuel and
the oxygen carrier, while the oxidation in the air reactor
is strongly exothermic. The occurring reactions are as
follows:
(1). (2n+m]Me=0y+ CH, — (2n+m)MeIOy_]+
nCO,+ mH,0
(2). ZM".OH +0, -—>2Me,0,

By combining the reduction reaction given by reaction
(1) with the oxidation reaction given by reaction (2),
the resulting overall reaction is identical with
conventional combustion process, which shows that
the CLC process does not entail any direct energy
penalty for CO, separation.

Fig. 2. Schematic representation of fixed bed reactor

2.2 Experimental Setup

A fixed bed reactor is used for redox operation of
chemical looping combustion, schematically shown in
Fig. 2, whereas Fig. 3 shows actual experimental
set-up of fluidised bed rector being used in this
proposed work. Three different easily available oxygen
carrier materials C-11NK (NiO=25%), CuO (97%) and
Ni on silica/alumina (Ni0O=65%) have been selected
to carry out this work. Nitrogen gas (99%) is used for

reactor,

flushing purpose, Oxygen gas (99%) is used for
regeneration purpose, Air from compressor for
regeneration purpose, Hydrogen gas (99%) is used for
reaction with metal oxide.

2.3 Process description

In this work numbers of runs were performed using
Hydrogen gas (99%) as a fuel. For each run, collected
water value is compared with theoretical value of water
expected for each oxygen carrier. The main oxygen
carriers used are C-11NK NiO (25%), CuO (97%) and
Ni on silica/alumina (65%). For runs using C-11NK
NiO (25%), 200g of C-11 NK containing 25% NiO
was taken in the fixed bed reactor. The entire system
was flushed with nitrogen for 15 minutes to remove
all the oxygen present in it followed by hydrogen
through the system at a fixed flowrate for respective
oxygen carrier. Reaction is carried out at fixed
temperature and time. Hydrogen oxidizes to water due
to metal oxide and this water generated is collected
through the cyclone separator. For regeneration purpose
oxygen is passed through the system for different time
interval to re-oxidize the metal oxide. After completion
of the reaction, fixed bed reactor is flushed again by
nitrogen to remove all hydrogen present in a system.

3. Results and discussion

Prior to experimental work, thermodynamic modelling and
analysis is carried out to determine the optimumn reaction
parameters, using thermodynamic equilibrium, mainly
temperature and amount of oxygen carrier which has been
reported by Monga et al [20] and based on those values
experimental runs have been carmied out in this work.
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After flushing the system with nitrogen for 15 minutes to
remove all the oxygen from the system, the hydrogen is
passed through the system at a Flowrate of 30 ml/min.
Data in Table 1 is for Run no. 1 and 2 in which 200 gm of

OXygen carrier C-11NK containing 25% NiO was taken
inthe fixed bed reactor.

Table 1: C-11NK (25% NiO) metal oxide at
different temperature

Run | Temp [ Time Quantity of Re | Oxidation | Te
q-
| (O | () water oxidizing | Duration | exotherm
obtaimnod| epected | melium | (k)
{m (mD
1 | 300 4 6.7 12 Aur 10 Not obeerved
d 600 4 i 12 Air 10 ot observed

Inrun land 2 the system is maintained at 500°C and 600°C
respectively for 4 hours (reaction time is kept constant).
After 4 hours the system is again flushed with nitrogen for
15 minutes to remove all the hydrogen present inside the
reactor. For regeneration purpose air is passed through
the system to re-oxidize the metal oxide for 10 hours.

Table 2 shows Data for Run nos. 3,4,5,6,7,8,9and
10. In this case 500g of CuO 97% was taken in the
fixed bed reactor and after flushing with nitrogen,
hydrogen is passed through the system at a Flowrate
of 80 ml/min. Amongst runs 3, 4, 5 the temperature of
system is varied at 500°C, 600°C and 700°C
respectively. Whereas for runs 6, 7, 8 the temperature
of the reactor is maintained constant at 500°C, while
the duration of oxidation varied from 1 to 3 hours but
in case of run 8, oxidation was maintained at 500°C.
During runs 9 and 10 the temperature of system is
maintained constant at 500°C but the oxidation was
maintained at 600°C. Water generated due to CuO, has
been collected and compared to theoretical value of
water expected. In all these experimental runs the
system is maintained at respective temperatures for 4
hours (reaction time is kept constant). After 4 hours
the system is again flushed with nitrogen for 15 minutes to

Table 2. CuO (97%) metal oxide at different

temperature
Runm [Temp| Time Quantity of Re- Oxidation| Temp,
mo. (k) water oxidizing | Dumtion | exotherm
obtained | expected | medi [LL)] ]
(ml) {ml)
3 500 4 o0 110 Oxygen 1 494-577
4 600 4 70 110 Onygen 1 3625
5 | 700 4 40 110 O ygen 1 560-619
6 500 4 30 110 Owypen 3 478-534
7 Js00] 4 25 110 Oxygen 3 430,555
3 [so0] 4 7] 110 Oxvgen 3 443-505
9 500 4 20 110 Dr'rnﬂl 5 493550
10 | 50| 4 28 110 OxEEN 5 490-530

——

remove all the hydrogen, For regeneralion purpose ajr jg
passed through the system (o re-oxidize the metal oxjde
for 1 to § hours to see the extent of oxidation in terms f

quanlity of water obtained.

Table 3 gives data for Runs “.‘ 12, 13, 14, and |5,
Here, 100g of Ni on silica/alumina 65% was taken i,
the fixed bed reactor. The entire system was flusheq
with nitrogen for 15 minutes to remove all .lhe OXygen
from the system, followed by h}fdmgen inlet to the
system at a Flowrate of 80 ml/min. In all these rupg
the temperature was maintained constant at 600°C fo,
3 hours. After 3 hours of reduction the system is agaip,

Table 3. NiO (65%) metal oxide at constant

temperature
- Gtyol  |Reoxdizing] Ondaton] Temp:

i 'r“g’ T;,',' e wida | Dusthe s

wbiaimel | expected @ | (0

(mD | __(mD
ulewl 3 17 15.66 Arr 10 | Netobserved
D] 3| 1 15,66 A 0| 6
Blew]| 3 | 0 % A 0 |Notobwne
14 enl 3 7 15.66 Arx 10 602611
T Ten 3 3 1566 A 0| enen

flushed with nitrogen for 15 minutes to remove all the
hydrogen followed by regeneration or re-oxidization
of metal oxide by air for 10 hours.

Table 1, 2 and 3 gives summary of experimental runs
showing various reaction parameters for metal oxide
oxygen carriers namely C-11 NK (NiO 25%), Cu0O
(95%) and Ni on Silica/Alumina respectively. In all
runs the metal oxides, oxidizes the hydrogen and
converts it into water. These Tables also show quantity
of water collected due to reaction and expected
theoretical value of quantity of water. In the runs from
3 to 9, the water yield decreases compared to runs |
and 2. But in case of run 10, the water yield has
increased. In runs from 11 to 15, the water yield
decreases. In all the cases mentioned above except case
2 and 10 water yield decreases, the main reason for
decrease in water quantity has been incomplete
oxidation of metal oxide which in turn results into
lesser reduction of hydrogen and consequently
decreased in water yield. The increase in water yield
for case 2 and 10 is mainly because of proper oxidation
of metal oxides.

Fig. 4 shows the abstract representation of various runs in
terms of quantity of water obtained in number of runs as
per Table 1,2 and 3. It can be seen that maximum water is
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the centre of reactor where they are exposed (o high
lemperature.

The CO, concentration goes on increasing and reaches
the maximum value and again comes back to 0% which
indicates that the complete carbon is consumed, Once
the CO, percentage in the stream reaches zero, air is
passed through the reactor for regeneration of metal-
oxide and the temperature exotherms are recorded and
are shown in Fig, 6. Table 4 shows various oxygen carrier
metal oxides used in this work and their state before and
afler the reaction.

Table 4. Various metal oxides used and its state
before and after the reaction

Metal oxide used

C-11 NK (Ni0=25%)

FA3 61 JEO0IP ATE-334 450533 505243 495350 490.330 631662 02611 612831
Temperwiure Exotheym ("C)

Fig. 5. Temperature Exotherm (metal oxides)
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Figure 6: Temperature Exotherm (Activated
charcoal + Metal oxide)

obtained in runs 3 to 10 which indicates that CuO (97%)
as an metal oxide oxygen carrier material should be
preferred over other two materials viz. C-11NK (25%
NiO) and NiO (65%) tested in this work. However, Fig.
5 shows the temperature exotherms, for various runs where
exotherms have actually been observed, and the
corresponding time duration that is observed which
clearly indicates the oxidation reaction taking place.

Furthermore, reaction of metal oxide with coal is
investigated. In this particular case weighed quantity
of metal-oxide (CuO and Ni on silica and alumina) is mixed
with weighed quantity of activated charcoal and placed at

CuO (@5%)

Ni oo silica/alumin (65%)

4. Conclusions

Although plenty of work has been reported in the literature
based on use of metal oxides as oxygen carriers in CLC
process, an attempt has been made to investigate the use
of commonly available metal oxide catalysts as an Oxygen
carrier. Effect of various reaction parameters and the effect
of quantity of these materials have also been investigated.
Experimental work has been carried out using three
different metal oxides (NiO (25%), CuO (97%), and NiO
(65%)). It has been noted that for a metal oxide to be
thermally stable, it should sustain for 4-5 reduction-
oxidation cycles. It has also been found that CuO (97%)
and NiO (65%) showed better results as an Oxygen
carriers as they convince the above condition of recycling.
On the other hand, NiO (25%) showed meager results as
the metal-oxide and could not sustain 4 to 5 cycles.
Exotherms have also been studied in case of metal
oxides and metal oxides mixed with activated charcoal
to understand the extent of reaction. Therefore, it is
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recommended to use CuO (97%) over NiO (65%) as
former oxygen carrier metal oxide shows better results
than later. Also these oxygen carriers are readily
available in the market and it saves the procedure and
expenses for synthesizing rather new catalyst as an
OXygen carrier,
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