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Abstract

Interest in the direct use of solid fuel in chemical looping combustion (CLC) technology makes

the in-situ Gasification Chemical Looping Combustion (iG-CLC) an attractive approach for the

low-cost capture of CO,. Highly reactive material is required in iG-CLC in order to achieve a fast

reaction between the fuel and oxygen carrier. In this work, a material, Fe,O3/Al,O3 synthesized by

sol-gel, was evaluated in a fluidized-bed reactor by reaction with lignite. This is the first time

sol-gel-derived Fe,O3/Al,O3 material has been used in an iG-CLC process. Operation conditions,

including steam content in the fluidization gas, temperature and potential oxygen ratio were

investigated to explore their influence on combustion and char conversion. The results show that a

higher steam concentration can greatly enhance the rate of char gasification and hence the reaction

between the lignite and the oxygen carrier, whereas a negligible effect of the steam content was

noticed on volatile combustion. In addition, the use of the highly reactive Fe-based material

prepared by the sol-gel method significantly increased the char gasification rate as compared to

other previously evaluated materials. Moreover, the combustion efficiencies of volatiles and char

from the lignite, respectively, were studied. Using the Fe,O3/Al,O3; material enabled a low oxygen

carrier inventory of 600 kg/MWy4, to be reached in order to achieve 99% char combustion, which is

much lower than that reported in other works. These findings suggest that Fe,O3/Al,O3 prepared

by sol-gel is a highly reactive oxygen carrier for iG-CLC.
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1. Introduction

The concentration of CO; as a major contributor to the global warming has greatly increased of
its concentration in recent decades. The mean concentration of CO; increased to 395 ppm in 2013
! Based on the analyses performed by IPCC and IEA %3, carbon capture and storage (CCS) could
attribute something in the range of 15-55% to the cumulative worldwide carbon-mitigation effort
until 2100, at a reasonable cost. Based on the rationale of the production of pure CO, *,Chemical
Looping Combustion (CLC) is a promising technology for the low-cost capture of CO,, the
purpose for which the CLC concept was first proposed by Richter et al. °. CLC technology splits
traditional combustion into two separate steps: combustion of fuel through the utilization of the
oxygen inherent in metal oxide, and regeneration of the metal oxide. The most common form of

CLC operation is that of interconnected reactors, e.g., fluidized-bed combustor °.

Unlike the conventional CLC process in which gaseous fuel is used, iG-CLC utilizes an oxygen
carrier to react with the gasification products of solid fuels”® in order to overcome the low rate of
solid-solid reaction between coal and oxygen carrier particles **2. By using the iG-CLC process
for the combustion of coal, the overall reaction rate can be increased to reasonable levels, while
the cost of capturing CO, can be greatly reduced. A schematic layout of iG-CLC is shown in
Figure 1, in which coal and steam [H,O (g)] are introduced into the fuel reactor where the coal
decomposes into volatiles and char via R1. The volatiles react directly with oxygen carrier (here
denoted as MeO,) (R2), while the char is gasified into CO and H; by the steam via R3. The
gasification products (CO and H,) subsequently react with the oxygen carrier to produce CO, and

H,0 via R4 and R5. MeO, is reduced to MeO,_; in the series of reactions taking place in the fuel



reactor (R1-R5), producing only CO, and H,O at the fuel reactor outlet. Therefore, pure CO, can
ideally be obtained after removing the steam by condensation at low energy cost. The gasification
of the char may be slightly inhibited by the gasification products CO and H,, which are
maintained at low levels due to the presence of the oxygen carrier™*°. Even so, the char
gasification may be slow enough to allow complete conversion in a one-pass process in the fuel
reactor, which results in unconverted char mixing with the oxygen carrier at the fuel reactor outlet.
Therefore, the depleted oxygen carrier (MeOy.;) is afterward transferred into the carbon stripper to
recover and transfer the unconverted char to the fuel reactor to improve the overall char
conversion efficiency and CO, captureg. The MeOy., is then transported to the air reactor for
regeneration by capturing O, from the air via R6, leaving it ready for new cycles. Consequently,
iG-CLC is a very promising process for the capture of CO,, with its low energy penalty and low
environmental pollution.

Reactions in fuel reactor (R1-R5):

Coal —=T \/olatiles(CO,H,,CH,) + Char (R1)
Volatiles + MeO, —— MeO, , +CO, (g) + H,0(q) (R2)
Char + H,0(g) ——CO(g) + H, (g) + Ash (R3)
H,(g9) + MeO, ——>MeO, , + H,O(g) (R4)
CO(g) + MeO, ——>MeO, , + CO, () (R5)

Reaction in air reactor (R6):

Air(g) + MeO, , ——>MeO, + N, (g) +0O,(9) (R6)

The oxygen carrier is the cornerstone of CLC technology. Presently, over 700 oxygen carriers



have been developed for this technology, among which Fe-based materials are highlighted for
being low cost and environmental friendly, with low agglomeration or attrition rates and stable
reactivity. In this context, some materials, including the synthetic oxygen carriers, natural ore and
industrial waste were investigated, with a focus on their reactivity with solid fuels ’. Natural ore
and industrial waste have attracted increasing attention recently due to their low cost. limenite has
been identified as a suitable material for use as an oxygen carrier in iG-CLC *° and has been
extensively analysed in units ranging from 0.5 to 100 kW *"°. Moreover, ilmenite can be

activated after a number of cycles with fuel gases *° or coal

, which is helpful for decreasing
oxygen carrier inventory in CLC systems. The availability and reasonable reactivity of natural iron
ores or Fe-derived waste products have been also highlighted for the iG-CLC process'??2. Thus,
improved performance was reached in a iG-CLC unit with these materials compared to ilmenite **
25'
With regard to synthetic materials, Fe,O3 is usually supported on inert material in order to
improve its active surface and mechanical properties. The mixing between active Fe,O3 and the
supports is typically conducted by means of chemical or physical synthesis, such as freeze
granulation, impregnation, spray drying, co-precipitation, mechanical mixing, etc. Fe,Oz/MgAl,O4
material was tested with several coals in a fluidized-bed reactor to demonstrate its availability in
iG-CLC *, in which satisfactory reactivity was achieved, similar to that of ilmenite particles.

Coal combustion in the CLC process has been carried out in several experimental units mostly
using minerals or waste products as the oxygen carrier ’. High CO, capture rates can be achieved

by using a highly effective carbon stripper unit %°. Other options for increasing char conversion,

and hence CO, capture, could include increasing the operating temperature and the steam



concentration in the fluidization gas **%*. Furthermore, higher gasification rates can be attained
with reactive solids, e.g. lignite or biomass fuel *” %%, Nevertheless, unconverted gases (e.g. CO,
H, and CH,) were found in all cases where a fluidized bed was used as fuel reactor.?® The use of
highly reactive materials, e.g. red mud or iron ore, has been found to be a good option in terms of
improving the reaction rate between oxygen carrier and the gasification products in order to
achieve high combustion efficiencies ** %,

The use of a highly reactive material as an oxygen carrier was identified as a key factor with
which to significantly increase the combustion efficiency of the iG-CLC process *°. Oxygen
carrier reactivity would depend on the metal oxide used and the preparation method. For the
iG-CLC process, iron-based materials based have received great attention because of their low
cost and resistance to sulphur *"*2. With regard to the structures of oxygen carrier particles
developed to date, three types of particles can be involved (see Figure 2). Depending on the
synthesis process, oxygen carrier particles can possess (a) a uniform structure with active oxide
and support being mixed at a molecular level; (b) a non-uniform distribution of active oxide and
support; (c) a uniform structure with active oxide and support distributed separately. Figure 2
shows that, in the case of particle type (b), e.g. impregnated particle, highly reactive materials can
be prepared but a high active oxide content is difficult to achieve owing to the limitation of the
pore volume of the support; in the case of particle type (c), e.g. prepared by mechanical mixing,
freeze granulation or spray drying, a high metal oxide content can be included, but reactivity is
lower than that of particles prepared by impregnation. However, these disadvantages can be
reasonably avoided in the case of particle (a), which can be produced by means of the sol-gel

technique.



Despite the large amount of research carried out on Fe-based oxygen carriers for iG-CLC, more
studies are necessary for new materials, for instance the sol-gel derived Fe,O3/Al,O3 in this work.
The sol-gel process is usually involved for the preparation of catalyst ** and sometimes for the
oxygen carriers used in CLC technology ***’. Particles prepared through the sol-gel technique
possess the structure of particle type (a), shown in Figure 2, which has the advantages of
controlled size and shape, molecular scale homogeneity, high purity and stoichiometry *.
Evidently, the sol-gel technique is very different to those used in published works, i.e. freeze
granulation, impregnation, spray drying, mechanical mixing, and some characteristics of the
sol-gel-derived Fe,O3/Al,O3 may be different from those of similar materials prepared through

other processes. Therefore, it is necessary to evaluate this material in the iG-CLC process.

The aim of this work was to evaluate the performance of a sol-gel-derived Fe,O3/Al,O3 oxygen
carrier for coal combustion with CO, capture in the iG-CLC process. This work is the first time
such sol-gel derived materials have been used . The experimental work was carried out in a batch
fluidized-bed reactor with coal. The iG-CLC process was simulated through successive reduction
with lignite and oxidation with pure air in a batch fluidized-bed reactor. Two consecutive steps
involved in the combustion of coal with the oxygen carrier were studied: the release and
combustion of volatiles, and char gasification and combustion. Special attention was paid to the
steam content in the fluidization gas, as regards its effects on volatile combustion, char
gasification and oxygen carrier conversion. The influence of reaction temperature on the

combustion efficiencies for volatiles and char was studied. The after-use particles of Fe,O3/Al,03



were characterized with respect to their physical properties. The potential oxygen ratio between
the oxygen carrier and coal, which is related to the solids inventory per thermal MW of fuel, was
considered to a factor influencing the combustion process. Oxygen carrier inventories for the
combustion of volatiles and char, respectively, were investigated.
2. Experimental
2.1 Particle materials

The sol-gel-derived Fe,O3 /Al,O5 particles were tested for the first time as an oxygen carrier with
solid fuels in fluidized-bed reaction system. The sol-gel process had been previously described by

I. * and Mei et al. * for the preparation of Ni- and Cu-based oxygen carrier materials.

Zhao et a
Based on the previous research * the present work used 60 wt% Fe,O5 as the active oxide
supported on Al,O3 in order to provide stable conversion and good reactivity . With regard to the
preparation of the Fe,O3/Al,O3 material containing 60 wt% Fe,O3, stoichiometric ferric nitrate
[Fe(NO3)3-9H,0, Sinopharm Co., 99.9% purity] and aluminium isopropoxide [Al(C3H;0)s,
KESHI Co., 99.9% purity] were used, respectively, as precursors. The sol, mainly containing
y-AlOOH, was produced firstly by hydrolysis and ageing of the aluminium isopropoxide for 12 h,
where deionized water was used as the hydrolytic agent and 1 mol/L nitric acid was added up to
the ratio H*/AI**=0.07 to enhance the hydrolysis of aluminium isopropoxide. The gel was obtained
by dispersing the stoichiometric amount of ferric nitrate into the sol with a thorough stirring. After
drying the wet gel in a step-by-step manner, the dried gel was obtained. This was then subjected to
calcination in a muffle furnace at 500°C for 6 h and then at 1200°C for 12 h in air atmosphere. The

calcination steps were used to oxidize the Fe and Al elements to Fe,O3 and Al,Os, as well as to

increase the physical strength of products. The conglomerate obtained after calcination was



ground to small particles, which were then sieved to the diameter of 0.125-0.18 mm as the final
products. The main characteristics of the Fe,O3/Al,O3 particles are shown in Table 1. X-ray
diffractometer (XRD-7000, SHIMDZU Co.) tests showed that the calcined material was
composed of Fe,O3 and Al,O3, and no impurities were detected. The crushing strength of the
particles was 1.39 N, as measured by FGJ-5 (Shimpo Co.), which was the mean force required to
fracture the 20 randomly selected particles. According to the statement by Johansson et al. “°, the
crushing strength was sufficient for the cycle tests in a fluidized-bed system. The BET surface area
of the oxygen carrier particles was 1.39 m?/g, as measured by N, adsorption method (ASAP2020,
Micromeritics Co.). The real density of the oxygen carrier was 4653 kg/m®, which was determined
by a density analyser (AccuPyc 1330, Micromeritics Co.). The microstructure of the fresh and
used material was examined by an ESEM device (Quanta 200, FEI Co.). Oxygen transport
capacity is defined as the ideal fraction of oxygen available in the total mass of oxygen carrier,
which is calculated by Roc=(Mgx-Mreq)/Mox, Where mqy and myq denote the mass of oxygen carrier
in complete oxidation form and in fully reduced form, respectively. In this work, the oxidized and
the reduced forms of the oxygen carrier were determined as Fe,O3/Al,03 and Fe3O4/Al,O3,

respectively, see Table 1. Accordingly, the Roc for 60wt% Fe,O3 supported on Al,O3 was 2.0 %.

The solid fuel employed in this work was a type of lignite from Xiao Longtan, China. The lignite
was first dried in an oven for 12 h at 105°C , and then ground and sieved to 0.18-0.30 mm. This
diameter was larger than that of the oxygen carrier, which was helpful for the mixing of oxygen
carrier particles and fuel particles, considering the difference in their densities. A proximate and

ultimate analysis and the lower heating value (LHV) of the lignite are presented in Table 2.



2.2 Batch fluidized-bed system

The experimental tests for the iG-CLC were carried out in a batch fluidized-bed reactor with
lignite as solid fuel. An overview of the fluidized-bed system is presented in Figure 3. A detailed
description of this system can be found elsewhere * *!. The steam used in the tests was generated
in a heating sleeve located downstream of the water pump. The temperature of the sleeve was
controlled at around 250°C to prevent condensation of steam downstream, despite all the pipes
connected to the reaction tube being heated. The steam flow rate was controlled by the flow of
water through the pump. Steam and pure N, fluidization gases were mixed with different steam
contents (20-80 vol%) and fed into the reactor at 800 mL/min. The operation conditions for the
tests are summarized in Table 3. The reactor temperature was kept stable at between 900°C and
1000°C by an electric furnace surrounding the tube. Initially, 15 g of oxygen carrier particles were
fed into the reactor through the hopper located on the top of the tube and fluidized by pure air at
900°C for 30 min to assure thorough oxidation. 0.1-0.2 g lignite particles were inserted into the
hopper in stable conditions, and then pushed into the reactor by pressurized nitrogen gas.
Regeneration of the oxygen carrier was conducted by air at a flow rate of 800 mL/min at the same
temperature as the reduction. A filter located upstream of the condenser was used to separate the
fine particles from the reaction products. Gas products from the reduction and oxidation were first
removed from steam in a cooler and subsequently led to a gas analyser (Gasboard 3100) to
measure the concentration of CO,, CO, CH,, H, and O,. Concentration values were

instantaneously recorded by a data logger connected to the computer.
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3. Data evaluation

In the iG-CLC process, coal fed initially devolatilizes to produce volatiles and char via R1. The
volatiles mainly containing CO, H, and CH, then react with oxygen carriers via R2, whereas char
is first gasified to CO and H; via R3, subsequently reacting with oxygen carrier particles through
R4 and R5. As seen, two consecutive steps are involved in the coal combustion process: volatile
evolution and char gasification. As a result, in order to provide a better understanding of the two

steps, the evolution of coal, volatile and char conversion with time was calculated in this work.

To analyse the experimental results from the fluidized bed, mass balances to carbon, hydrogen
and oxygen were calculated from the concentrations of CO,, CO, CHy, H, and O, in the tests. The
rate of carbon conversion, rc(t) was calculated as eq. 1 where y; denotes the molar concentration
of gas i (CO,, CO and CHy) in the dry outlet stream with the flow rate F.

re(t) = (Yc:o2 Yot yCH4)F0ut (eq. 1)

The conversions of the coal (i=coal) and char (i=char), X;, were obtained by comparing the
carbon produced to that contained in the lignite (Nccoa) @nd in the corresponding char (Nc char),
which were calculated as eq. 2a and b. The time t; in eq. 2b corresponds to the end of coal

devolatilization and the beginning of the char gasification.

t
. (t)dt
Xeoal = 'LC— (eq. 2a)
NC,coaI
AL
Xchar =2 (t > tl) (eq 2b)
NC,char

11



The instantaneous conversion rates of volatiles (i=volat) and char (i=char), r;ns(t), were

calculated, respectively, by eq. 3a and b.
.
t

NC,voIat - .[O fe (t)dt

re(t)
t
NC,char - J‘H I (t)dt

rvolat,inst (t) = (t < tl) (eq 38.)

rchar,inst (t) = (t > tl) (eq Sb)

In the reduction step, the rate of oxygen transferred from the oxygen carrier to the volatiles and
char was denoted as ro j eq(t) where i=volat and char for volatiles and char, respectively. The
calculation method for rg jreq(t) is given in eq. 4.

AOE 2Fco, + Feo + Fijo = R0 — Foi (eq. 4)

where Fy0 g represents the molar flow of water fed to the experiments and Fq; refers to the
inherent oxygen in volatiles (i=volat) and char (i=char), respectively. The outlet flow of water
Fh20 was calculated by means of the hydrogen balance. The oxygen and hydrogen in coal, see
Table 2, were assumed to be reserved only in the volatiles, and thus Fo o =0 and Fy ¢y,=0 for the
char. The flow rate Fo yo1at, Was calculated by assuming the oxygen to be proportional to the

carbon in the volatiles, where fo,c vo12=0.89 for the volatiles from the lignite.

The conversion of oxygen transferred from the oxygen carrier reduction, Xo req, Was calculated
through the quotient between the oxygen used for coal combustion and the potential amount of

oxygen in the oxygen carrier.

1 t
XO,red = N—J‘O Mo,i red (t)dt (eq. 5)

0,0C
The evolution of oxygen carrier conversion with time for the reduction of the oxygen carrier was

12



calculated as Xoc = 1-Xo red-

For regeneration in air, the rate of oxygen transferred, ro ox(t), was calculated by the molar-flow
difference of O, between air and the outlet stream. Thus,, the conversion of oxygen transferred,

Xo,0x @nd the Xoc for the oxidation were calculated as eq. 6 and eq. 7, respectively.

1 t
XO,ox = N—‘L rO,ox (t)dt (eq 6)

0,0C

Xoc = Xocred T Xoox (eq.7)

In eq. 7, Xoc reg denotes the final value of Xqc after the reduction step.

The potential oxygen ratio, J, is defined as the oxygen mass potentially stored in oxygen carrier
per that needed for the complete combustion of coal, which is related to the solid inventory per
thermal MW of fuel and representative for the batch experiments.

Mo - Roc
m.. -

coal

0= (eq. 8)

coal *

where moc, Meoa are the mass of oxygen carrier and coal, respectively; Q.. denotes the

stoichiometric mass of oxygen to reach complete combustion per kg of coal.

The oxygen inventory parameter, mer ; (i=volat or char), was calculated by eq. 9, where C;
denotes the mass fraction of the carbon in the volatiles (i=volat) or char (i=char), and m¢; denotes
the mass of carbon in the volatiles (i=volat) or char (i=char) *.

m mOC

FRi — LHV (eq 9)

- . N o
C,ji 'Ci,inst
C

13



Combustion efficiency 7 ; for volatiles (i=volat) or char (i=char) is defined as the oxygen gained

by the fuel for its oxidation divided by the oxygen needed to fully oxidize the fuel.

— rO,i,red (t)
2r.(t) + 0.5F,; — Fo,

Mei (eq. 10)

4. Results and discussion

Figure 4 describes the progression of a typical reaction, in which gas concentration profiles were
obtained after correction with the deconvolution method used in a previous work *® and taking into
account the residence time distribution of the gas in the system *. The progression began with the
release of CO, CH,4 and H, from the volatiles in the coal (see the close-up of gas concentration
profiles in Figure 4(b)). Some of the volatiles exited the reactor without having reacted with the
oxygen carrier because of the effects of bubbling, which led to low contact efficiency between
volatiles and oxygen carrier particles. Following the appearance of CO, the CO, was detected. In 3
seconds CO, concentration reached peak value, ~40 vol.%, which suggests the dramatic reduction
of the sol-gel-derived Fe,03/Al,03 in iG-CLC using the lignite. This fast reduction led to a rapid
decrease in oxygen carrier conversion and a fast increase in coal conversion. Combustion of the
lignite was accomplished in 150 s. The final values for Xo req and X¢oa Were 0.59 and 0.91,
respectively, which were attributable to the excessive use of oxygen carrier and remaining fine
lignite particles from the reactor. As can be seen in Table 1, only a fraction of Fe,O3 in the oxygen
carrier was reduced to FezO4 by the lignite, owing to the excessive use of oxygen carrier.
Oxidation was performed after purging with N, for ~400 s. It is remarkable that no

carbon-containing gases were detected in the oxidation. In the duration of 120 s, the oxygen

14



carrier was fully recovered by reacting with air at 900°C.

For the same reduction process as shown in Figure 4, the X and dXgeq/dt is plotted in Figure 5
to identify the volatile evolution and the char gasification steps. As seen, X¢.a can be identified as
three parts: 0< Xgoa <=0.06, 0.06< X 0a <=0.58 and 0.58< X .4 <=0.91, which is related to the
different reaction processes and agrees well with the content of volatiles from proximate analysis,
see Table 2. The behaviour of coal in iG-CLC involves the release of volatiles, the reaction
between volatiles and oxygen carrier particles, the gasification of char and the simultaneous
reaction of gas products with the oxygen carrier. During the part 0< X, <=0.06, volatiles were
released more and more quickly as the coal particles were heated. After contact between the
volatiles and the oxygen carrier particles, 0.06< X <=0.58, the coal conversion rate decreased,
which was attributable to the decrease in the volatile content in the coal during devolatilization.
The conversion rate of coal for 0.58< X, <=0.91 was lower than that of the previous part owing
to the slow gasification of char. In this respect, it is evident that char gasification is the most
important step in the iG-CLC process to achieve a high CO, capture rate. Consequently, the
combustion of the lignite can be divided into two zones by X.,4=0.58, and this is significant for

accelerating char gasification .

In a practical system, the steam content varies along the height of the fuel reactor, which might

lead to different rates of reactions 2 *°

. Therefore tests were subsequently conducted at 900°C
under different steam contents (20-80 vol%) in order to evaluate the effect of steam on the

reaction processes. The effects of steam content are gathered in Table 4 for the oxidation of

15



volatiles and char. The conversion degree of oxygen in the oxygen carrier for the oxidation of
volatiles barely changed under various steam contents. A oxygen carrier conversion of 0.21 (not
shown in Table 4) was achieved under different steam concentrations varying between 20 and 80
vol%, which indicates that the combustion efficiency of volatiles and gasification products was at
the same level for all the cases. With regard to the cases using 20 and 40 vol% steam contents, a
similar volatile combustion efficiency was reached, around 0.62. These findings are related with
the low contact efficiency between oxygen carrier particles and volatiles in the volatile plume,
similar to that observed by Cuadrat et al. *°. Moreover, a constant rate of volatiles conversion
could be observed when 20 or 40 vol% steam was used, and therefore the calculated oxygen
carrier inventory in the fuel reactor for the combustion of volatiles was scarcely changed.
Consequently, low relevance of volatile combustion with the steam concentration was noticed.

In the case of the conversion for char, Figure 6 shows the instantaneous rates of char conversion
Fehar.inst(t) @S @ function of char conversion Xcn,r. Unlike volatile evolution, char conversion
exhibited high relevance with the steam concentration in the reactor. Higher rates of char
conversion can be observed in Figure 6 and Table 4, which are attributable to the higher rates of
char gasification with higher steam content. It should be noted that a constant rate of char
conversion can be reached when using 80 vol% H,0O. Indeed, as shown in Table 4, the char
conversion rates can be ranked to 204 %/min in 80 vol% H,O, which is much higher than those
reported by Mendiara et al. using a low-cost haematite as an oxygen carrier “°. Moreover, the
steam contents also show their effects on the conversion of oxygen carrier, as depicted in Figure 7.
Avrise in the rate of oxygen transferred could be found for higher steam content both in reduction

and oxidation, which was related to the faster char conversion and the higher evolution rate of

16



gasification products. As a consequence, a lower oxygen carrier inventory was calculated in the
case of higher steam concentrations for the gasification of char, see Table 4. It is important to
observe that the oxygen carrier was able to be totally recovered in the oxidation in Figure 7 for all

the cases.

Operating temperature determines the reaction kinetics between oxygen carrier and fuels.
However, the amount of oxygen carrier and fuel influences the efficiency of combustion.
Therefore, this section focuses on the influence of operating temperature and potential oxygen
ratio (6) on combustion performance. It is worth noting that the char gasification rate was
enhanced by the decrease in the H, content of reacting gases in the presence of the oxygen carrier.
This fact has been observed in previous works ** *® 4" Reactivity does not have a direct effect on
the char gasification rate, as the solid-solid reaction between oxygen carrier and carbon in char
particles has little influence on char gasification in a fluidized bed reactor *®. Hence, the effect was
due to the actual H, concentration in the reacting atmosphere, as described above. Thus, as
gasification products were completely converted to CO, and H,O, gasification was the only step
limiting the process, which meant that the evaluation of oxygen carrier reactivity could not be
properly conducted. In order to evaluate the effect of oxygen carrier reactivity on the char
conversion, experimental conditions must be chosen in order to produce incomplete combustion of
gasification products.

Table 5 gathers the values of instantaneous conversion of char renarinst, and char combustion
efficiency 7. cnar, at different variable pairs, i.e. temperature and potential oxygen ratio (6). When a

fixed potential oxygen ratio was used, e.g. 0=1.77, the operation temperature showed a positive

17



influence on the fast and efficient combustion of char; as seen, the values of rcparinst aNd 77¢ char Were
increased at higher temperatures. This was mainly attributable to the faster gasification of char at
higher temperatures. For the cases using 0.15 and 0.2 g coals at 1000°C, i.e. 5=1.18 and 0.88,
combustion efficiency decreased greatly at lower potential oxygen ratios. To this end, the oxygen
carrier should be sufficient for the combustion of the intermediate from char gasification to
achieve higher combustion efficiencies with regard to the sol-gel-derived Fe,03/Al,0; material
and the lignite fuel.

No agglomeration or defluidization was found for oxygen carrier particles during operations at
temperatures higher than 900°C . The BET surface area for the after-use oxygen carrier particles
was 1.31 m?/g, which were barely changed with respect to the fresh particles (see Table 1).
Furthermore, the morphology analysis, as shown in Figure 8, offers proof for this statement. Some
larger grains seem to emerge in the after-use particles, albeit no obvious change in microstructure
were found in the ESEM pictures. Sintering was avoided in the multiple tests with lignite for

iG-CLC, since a porous structure was kept.

As mentioned, the sol-gel-derived Fe,O3/Al,O3 oxygen carrier exhibited higher reactivity than
the low-cost haematite studied by Mendiara et al. “°. It is also significant to compare its reactivity
with respect to other synthetic Fe,O3/Al,03 materials. The Fe,03/Al, O3 oxygen carriers prepared
by mechanical mixing and impregnation, which were recently reported by Guo et al. *°, are
included for the purpose of comparison. The same reactor, lignite and reaction conditions used in
the present work and the previous work * eliminate the influence of operating conditions. It can

be observed from Figure 9(a) that the sol-gel derived Fe,O3/Al,03 material leads to faster char
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gasification than the other materials prepared by mechanical mixing and impregnation. This is a
result of the higher combustion efficiency for the sol-gel material (see Figure 9(b)). Thus, the
inhibiting effect of H, on steam gasification is minimized. In this sense, the sol-gel-derived
Fe,03/Al,O3 oxygen carrier has higher reactivity than the ones synthesized by mechanical mixing
and impregnation, which should improve the CO, capture rate and the combustion efficiency of

the iG-CLC process.

It was considered of interest to compare the presented material with the reported Fe-based ones.
The method presented by Abad et al. ** was used in order to properly compare data obtained with
different oxygen carrier to char mass ratio values. Thus, the oxygen carrier to char mass ratio was
related to a solids inventory value in the fuel reactor, and combustion efficiency values obtained
during the experimental campaign were compared. This part gives an intuitive comparison of
oxygen carrier inventory with the results reported by other researchers. As shown in Figure 10, a
larger oxygen carrier inventory led to higher combustion efficiency 7 char, Which showed a similar
trend to that observed by Abad et al.** With regard to the significance of char gasification in the
iG-CLC process, the oxygen carrier inventory required for the oxidation of char in this work was

13,4250 i1y which ilmenite, a haematite-based mineral,

compared with that in the published works
bauxite waste and a synthetic material were used. As shown in Figure 10, an oxygen carrier
inventory >1500 kg/MWy, was required in order to achieve the complete combustion of char in the
published works, despite some materials having high reactivity, e.g. mineral and synthetic Fe,O3

materials. In contrast, the combustion of char from the lignite required an extremely low oxygen

carrier inventory when the sol-gel-derived Fe,Os/Al,O3 oxygen carrier was used; the lowest
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oxygen carrier inventory to achieve combustion efficiency #c cna=0.99 was 600 kg/MWy,.
Consequently, the use of the sol-gel derived Fe,O3/Al,03 leads to a lower oxygen carrier inventory

in fuel reactor, which is beneficial for lowering costs throughout the iG-CLC system.

Conclusions

This work performed the first use of sol-gel-derived Fe,O3/Al,O3 as an oxygen carrier in the
iG-CLC process. A type of lignite from China was used as the combustion agent, which exhibited
satisfactory performance in the combustion processes involved in this work. Steam content had
little influence on the combustion of volatiles, whereas it exhibited important effects on the
gasification process of char from the lignite. The increase in steam content led to faster
gasification and thus higher reaction rates between the coal and the oxygen carrier. The reduced
oxygen carrier was able to be fully recovered with a reasonable reaction rate during subsequent
oxidation by pure air at the same temperatures as those of reduction. Char gasification determined
the reaction rate in the fuel reactor, and this process could be enhanced by using higher operating
temperatures. The combustion efficiency of char was highly dependent on the oxygen carrier
inventory; the higher the oxygen carrier inventory, the higher the combustion efficiency. In
comparison with the published works, an extremely low oxygen carrier inventory, 600 kg/MWy, at
900°C, was required for 99% combustion of char with the sol-gel-derived Fe,03/Al,03. No
agglomeration or defluidization was found in any of the experiments, and no change in the porous
microstructure was observed. The findings in this work suggest that the sol-gel-derived

Fe,03/Al,O3 material is a highly reactive oxygen carrier for iG-CLC. By using this oxygen carrier,
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an extremely low oxygen carrier inventory in the fuel reactor can be achieved.
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Nomenclature

I:H,char

Fr20 fed

I:O,i

FOUt

fO/C,volat

LHV

Mc,i

Meoal

MeR,i

Mass fraction of the carbon of volatiles (i=volat) or char (i=char) in the coal

Molar flow of gas i (CO,, CO, CHy4, Hy, H,0, N,, O,, air) in the reaction products

(mol/s)

Molar flow of H in char entering into the fuel reactor (mol/s)

Molar flow of water fed into the reactor (mol/s)

Molar flow of oxygen in volatiles (i=volat) or char (i=char) (mol/s)

Molar flow of the outlet gas for reduction (mol/s)

Oxygen to carbon ratio in the volatiles from coal (-)

Lower heating value of coal (MJ/kg)

Mass of carbon in volatiles (i=volat) or char (i=char)

Mass of coal (kg)

Oxygen carrier inventory for the combustion of volatiles (i=volat) and char (i=char)
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Moc

Mox

Mreq

Ncii

NO,OC

re(t)

r'i,inst(t)

rO,ox(t)

rO,i,red(t)

ROC

ty

Xcoal

XOC

XOC,red

XO,ox

XO,red

Xo,if

Yi

Mass of oxygen carrier (kg)

Mass of oxygen carrier in complete oxidation form (Fe,Os/Al,Og, in this work) (kg)

Mass of oxygen carrier in complete reduction form (Fe3O4/Al,Og, in this work) (kg)

Moles of carbon contained in the coal (i=coal), volatiles (i=volat) or char (i=char)

(mol)

Moles of potential oxygen in the oxygen carrier (mol)

Rate of carbon conversion (mol/s)

Instantaneous conversion rate of carbon in volatiles (i=volat) or char (i=char)

(%/min)

Rate of oxygen transfer in oxidation process (mol/s)

Rate of oxygen transfer in reduction with volatiles (i=volat) or char (i=char) (mol/s)

Oxygen transport capacity of oxygen carrier (-)

Time (s)

Time for the beginning of char gasification (s)

Conversion of coal (-)

Conversion of oxygen carrier in redox (-)

Final value of Xoc after the reduction step

Conversion of oxygen for oxidation (-)

Conversion of oxygen for reduction (-)

Final conversion of oxygen for reduction (i=red) or oxidation (i=0x) (-)

Molar concentration of gas i (CO,, CO, CHy, H,, H,0, N,, O,) in the products (-)

Potential oxygen ratio, defined as the potential oxygen stored in oxygen carrier per
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that required for the complete combustion of fuel (-)

N Combustion efficiency for volatiles (i=volat) or char (i=char) (-)
Qcoal Stoichiometric mass of oxygen to convert per kg of coal (-)
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Figure Captions

Figure 1 Schematic layout of iG-CLC process

Figure 2 Three types of structure for the oxygen carrier particles developed through different
techniques

Figure 3 An overview of the fluidized-bed reactor

Figure 4 (a) Profiles of gas concentration, conversion of oxygen carrier (Xoc) and conversion of
coal (Xcoa) in a typical reduction-oxidation cycle at 900°C; (b) Close-up of the gas concentration
profiles for the first 100 seconds, t=t; shows the beginning of char gasification; 0.1 g lignite and
40 vol % H,0 were used

Figure 5 dXa/dt changes as a function of X..y at 900 °C; 0.1 g lignite and 40 vol% H,O were
used

Figure 6 Instantaneous rate of char conversion, reninst(t), as a function of the char conversion
during the gasification period at 900°C; fluidization gases with 20-80 vol% steam were used; 0.1 ¢
lignite was used

Figure 7 Final conversion of oxygen transferred in reduction and oxidation processes as a function
of steam content; tests were carried out at 900°C fluidized with 20-80 vol% steam; 0.1 g lignite
was used

Figure 8 Morphology analysis of the fresh oxygen carrier particles (left) and the after-use particles
(right), in the vision of 10000x, the bar corresponds to the length of 5 um

Figure 9 Comparison of char gasification rate, renar.inst, 2nd char combustion efficiency, #char, for
the combustion of lignite with different Fe,Os/Al,O3 oxygen carriers prepared by sol-gel (SG),

Mechanical mixing (MM) and impregnation (IMP); Condition: 0.1g lignite, 80 vol% H,0, 1000°C
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Figure 10 Char combustion efficiency, #c cnar, as a function of the oxygen carrier inventory in fuel
reactor, Meg char, COMpared with the published values for different oxygen carriers and coal chars

collected from published works ** ** *°: the temperature is 900°C
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Figure 1 Schematic layout of iG-CLC process
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Figure 2 Three types of structure for the oxygen carrier particles developed through different
techniques
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Figure 3 An overview of the fluidized-bed reactor
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Figure 4 (a) Profiles of gas concentration, conversion of oxygen carrier (Xoc) and conversion of
coal (Xcoa) in a typical reduction-oxidation cycle at 900°C; (b) Close-up of the gas concentration

profiles for the first 100 seconds, t=t; shows the beginning of char gasification; 0.1 g lignite and

40 vol%H,0 were used
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Figure 5 dXa/dt changes as a function of X, at 900°C; 0.1 g lignite and 40 vol% H,0O were used
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Figure 6 Instantaneous rate of char conversion, rengrinst(t), as a function of the char conversion

during the gasification period at 900°C; fluidization gases with 20-80 vol% steam were used; 0.1 ¢

lignite was used

2509 e 20% H20
——40% H20
——80% H20
200
=
E 150
2
5 100+ .
t.u
50 -
0 T T T T T T T T
0.0 0.2 0.4 0.6 0.8

I 1.0
)

char

34



Figure 7 Final conversion of oxygen transferred in reduction and oxidation processes as a function
of steam content; tests were carried out at 900°C fluidized with 20-80 vol% steam; 0.1 g lignite
was used
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Figure 8 Morphology analysis of the fresh oxygen carrier particles (left) and the after-use particles

(right), in the vision of 10000x, the bar corresponds to a length of 5 um
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Figure 9 Comparison of char gasification rate, renar.inst, 2nd char combustion efficiency, #char, fOr
the combustion of lignite with different Fe,Os/Al,O3 oxygen carriers prepared by sol-gel (SG),

Mechanical mixing (MM) and impregnation (IMP); Condition: 0.1g lignite, 80 vol% H,0O, 1000

°Cc
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Figure 10 Char combustion efficiency, #c cnar, as a function of the oxygen carrier inventory in fuel

reactor, Meg char, COMpared with the published values for different oxygen carriers and coal chars

collected from published works ™ ***°: the temperature is 900°C
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Table Captions

Table 1 Main characteristics of the sol-gel derived Fe,O3/Al,03

Table 2 A proximate and ultimate analysis of the lignite

Table 3 Main operating data for the fluidized-bed tests

Table 4 Effect of steam content on the reaction performance, 900°C, 6=1.77

Table 5 Effects of oxygen potential oxygen ratio ¢ and temperature on the char combustion, steam

content 80 vol%
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Table 1 Main characteristics of the sol-gel-derived Fe,O3/Al,O3

XRD phases Oxidized: Fe,03, Al,O3

Reduced: Fe;04, Fe,03, Al,O4

Weight fraction of Fe,O3 (Wt%) 60

Particle size (mm) 0.125-0.180
Real density (kg/m°) 4653
Mechanical strength (N) 1.39

BET surface area (m%/g) 1.39
Oxygen capacity, Roc (%) 2.0
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Table 2 A proximate and ultimate analysis of the lignite

Proximate analysis (Wt%, dry basis) Ultimate analysis (wt%, dry basis)
Moisture  Volatiles Ash  Fixcarbon C H N S o? LHV® (MJ/kg)
4.56 47.08 8.64 39.21 57.42 4.57 1.70 1.47 21.64 20.47

2 Oxygen to balance, ® Lower heating value
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Table 3 Main operating data for the fluidized-bed tests

Parameter

Description

Oxygen carrier

Operating temperature

Mass of oxygen carrier (g, Moc)

Solid fuel

Mass of the fuel (g, Mcoa)

Potential oxygen ratio (5)

Gasification agent

Flow rate (mL/min, S.T.P), reduction

Purge

Oxidation agent

Flow rate (mL/min, S.T.P), oxidation

60 wt% F6203/A|203

900-1000°C

15

Xiao Longtan lignite

0.1-0.2

0.88-1.77

20-80 vol% H,O/N,

800

100% N,

100% air

800
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Table 4 Effect of steam content on the reaction performance, 900°C, 6=1.77

Variables

Parameters

H,0%

(vol%o)

20

40

80

Fchar,inst

(%/min)

84

204

204

43

MER char

(kg/MWy)

840

350

350



Table 5 Effects of oxygen potential oxygen ratio ¢ and temperature on the char combustion, steam

content 80 vol%

Variables Parameters
Temperature o Icharinst e, char
(°C) Q] (%/min) Q)
900 1.77 | 204 0.96
950 1.77 | 204 0.97
1000 1.77 | 288 0.97
1000 1.18 | - 0.91
1000 0.88 | - 0.86
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