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ARTICLE INFO ABSTRACT

Keywords: Chemical-looping gasification (CLG) is a novel technology to convert solid fuels like coal and biomass into
Chemical looping gasification combustible gases. Without the requirement of high-cost pure oxygen production, CLG utilizes lattice oxygen
CaO/Fe;03 from oxygen carrier (OC) for partial oxidation of fuels. In this work, the bimetallic CaO/Fe,05 oxygen carriers

Oxygen carrier
Promoting effect
Regulating effect

(OCs) prepared by the wet-impregnation method were tested in a batch fluidized bed reactor using coal (char) as
the fuel. The results indicate that increasing CaO addition tends to elevate the low heating value (LHV) of the gas
products, and the maximum H,/CO ratio of 4.6 was attained with coal when FeCa50 (the molar ratio of CaO to
Fe,03 is 0.5:0.5) was used as OC. It was found that the char gasification rate is closely dependent on both lattice
oxygen donation ability and catalytic activity of OCs. Ca,Fe,Os was determined as a catalytic substance, and the
catalytic effect on char gasification was shown to be prominent at the later stage of char gasification when the
lattice oxygen donation ability of OCs reduces. Moreover, the catalytic effect of partially reduced OCs on the
water-gas shift (WGS) and steam-iron reactions (which may regulate the quality of gas products) was also ex-
plored. Ca,Fe,Os, with the presence of oxygen vacancies, exhibits better catalytic activity to WGS for attaining
higher CO conversion and selectivity, as compared with CaFe;Os (moderate catalysis) and Fe;O, (weak cata-
lysis). However, CayFe;Os, with a poor reducibility, limits the hydrogen production during the iron-steam

process, but it indeed improves the hydrogen production rate owing to its active sites.

1. Introduction

It is urgent to demand efficient, clean, and low-carbon energy
technology for the utilization of fossil fuels (especially coal, which is
still the main primary energy in China, even in the coming decades).
Chemical looping gasification (CLG) is emerging as a novel technology
to convert solid fuels (such as coal and biomass) into higher-quality
gaseous fuels without the requirement of high-cost pure oxygen pro-
duction as in conventional gasification technology [1-3]. Indeed, CLG
utilizes lattice oxygen provided by oxygen carrier (OC) for partial oxi-
dation of solid fuels (in a fuel reactor). The reduced OC (re-OC) is re-
generated in an air reactor, meanwhile a large amount of heat is re-
leased. Therefore, OC is also the heat deliverer when circulating
between exothermic air reactor and endothermic fuel reactor, in such a
way that a large amount of heat needed in the gasification process is
factually supplied by the oxidation of re-OC (as well as the combustion
of a small amount of carbon residue in a real process), and then auto-
thermal operation is realizable. Obviously, OC plays a key role in the
CLG process. The development of high-quality OC (e.g., lattice oxygen
carrying capacity and donation ability, resistance to attrition/frag-
mentation/agglomeration/sintering at high temperatures, non-toxicity,
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low cost, etc.) is one of the main focuses in this field.

By now > 1000 OC materials have been studied for chemical
looping applications [4-6]. Single metal oxides or sulfates were con-
sidered firstly as the active components in the early development of OC
materials. Transition metal oxides such as Fe,O3 [7,8], CuO [9,10], NiO
[11,12], Mn,03 [13,14], and Co304 [15,16] have been highly favored
due to satisfying thermodynamic properties in the process of reduction
and oxidation. Interestingly, a liquid chemical looping gasification
concept is proposed by Sarafraz et al. [17,18], and the liquid metal
oxide implemented as oxygen carrier can avoid challenges such as ag-
glomeration and sintering that are typically associated with the solid
metal oxides. Recent researches have focused on the use of multiple
metal-based composite materials for improved and synergistic perfor-
mance. Wang et al. [19] proposed a novel bimetallic OC, which in-
tegrated Cu and Fe metals into one oxide matrix, with superior char-
acteristics over single metal oxide (e.g., higher reactivity than Fe,Os,
and improved resistance to sintering as compared to CuO [20]). When
the Cu—Fe metal oxides used as the OC during the biomass-derived CLG
process, it exhibited a high potential to decrease the yield of large
molecular compounds and promote the decomposition of small mole-
cular compounds in tar [21].
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With respect to the CLG of coal, the volatiles are firstly released
from coal pyrolysis reaction, then char is gasified by CO, and/or H,0. It
is well-known that char gasification is the rate-limiting step in com-
parison with volatiles/gasification products reacting with OC in che-
mical looping system. The OCs modification by alkali or alkaline earth
metal had been proved as an effective method to improve the solid fuel
conversion rate [22-24]. Bao et al. [25] investigated the effects of
different foreign ions (K*, Na*, and Ca2") on the reduction reactivity
of ilmenite and found that the addition of foreign ions significantly
promoted the reduction reactivity of ilmenite. Chen et al. [26] used the
red mud (a kind of alumina industrial solid waste) as OC to explore its
performance in coal char gasification and found that the existence of
alkali metal and alkaline earth metal improved the catalytic perfor-
mance of OC in coal char gasification and water-gas shift (WGS) reac-
tion. Deng et al. [27] proposed that the combination of the two types of
red muds (one with rich Fe,O3, the other with rich inert and alkaline
components) in an appropriate ratio could effectively improve the the
activity and stability of the OC than the single ones. CaO has been re-
ported to promote CO,, sorption and tar cracking in the CLG of biomass
[28]. Guo et al. [29] investigated synthesis gas generation from coal
CLG using surface Ca-doped iron-based OCs in a fluidized-bed reactor,
demonstrating that the addition of CaO increased the carbon conversion
efficiency and the gasification rate, and reduced the generation rate of
H,S. Ismail et al. [30,31] reported that the addition of CaO into Fe,O3
showed improvements in oxygen carrying capacity, cyclic stability and
reactivity over unmodified iron oxide. Additionally, Siriwardane et al.
[32] demonstrated that Ca-ferrite and Ba-ferrite presented high re-
activity with coal directly via solid-solid reaction but low reactivity
with synthesis gas, which is very attractive for the CLG of coal. Re-
cently, Zhang et al. [33] reported that CaFe,O, and Ca,Fe,Os per-
formed fast reaction rate, large lattice oxygen carrying capacity, high
CO selectivity, and good regeneration in the coal-derived CLG process.

It is seen that calcium ferrites have exhibited a high potential to be
used as OC in the CLG of coal. The above studies mainly focused on the
macroscopic performance of calcium ferrites, less getting involved in
the detailed analysis on the functionality of OC during the coal-derived
CLG process. With respect to the promoting effects of OC on char ga-
sification, on one side active lattice oxygen provided by the OC will
help to improve the char gasification rate; on the other side, the OC
could act as catalyst to accelerate the char gasification. It is necessary to
identify the two positive effects of OC on char gasification, especially
when considering OC may undergo complex crystal phase changes and
chemical valence changes during the CLG process. In addition, the OC
(including its reduced phases) may catalyze the WGS reaction, and the
iron-containing substance with low oxygen potential (e.g., the reduced
iron oxide and calcium ferrites) will be partially regenerated with steam
to produce hydrogen (typically the steam-iron reaction). The two kinds
of reactions are both tightly associated with gasification products dis-
tribution, that is to say, the OC may also be effective in regulating the
quality of CLG gaseous products, which certainly deserves further in-
vestigation.

In this paper, the mixed CaO/Fe,03 OCs with different molar ratios
of CaO to Fe,03 (0:1, 0.2:0.8, 0.5:0.5, and 0.7:0.3) are prepared and
investigated systematically in terms of the CLG of coal/char. The CLG
performance with these CaO/Fe,03 OCs is studied in a batch fluidized-
bed reactor using Shengli (SL) lignite coal (char) as the fuel. The gas
compositions, (instantaneous) rate of carbon conversion, and oxygen
loss rate are all obtained detailedly. The contribution of lattice oxygen
and catalytic substance in OCs for accelerating char gasification is
carefully analyzed and the effective catalytic component is determined.
In order to further understand the regulating effect of CaO/Fe,05 on the
CLG products, the WGS and steam-iron reactions with the addition of
the re-OC particles are conducted Furthermore, the porosity and spe-
cific surface area, crystalline phase and microstructure of fresh and
used bimetallic OCs are characterized by the Brunauer-Emmett-Teller
(BET) analysis (Micromeritics, ASAP-2020), X-ray diffraction (XRD,
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X'Pert PRO) and the energy dispersive X-ray spectroscopy (EDX) cou-
pled by environmental scanning electron microscope (ESEM, FEI
Quanta 200) to better evaluate the reactivity and functionality of the
OCs, as well as their resistance to agglomeration/sintering.

2. Material and methods
2.1. Material

Various CaO/Fe,O3 OCs are prepared as designed molar ratios of
CaO to Fe;O3 by the wet-impregnation method. Calculated amount of
Ca(NO3)2>4H,0 (purity > 98.5 wt%, Sinopharm, AR level) is first dis-
solved in deionized water, then Fe,O3; powder (particle size 1-75 pm,
Sinopharm, AR level) is dumped into the calcium solution along with
suitable citric acid (the complexing and burning agent). The mixed
solution is stirred continuously by a magnetic stirring apparatus within
a 90 °C water bath until the precursor is dewatered to be gelatinous.
Subsequently the impregnated samples as well as the pure Fe,O3 are
dried in a vacuum drying oven at 90 °C for 12h and at 120 °C for an-
other 12h, and then calcined in a temperature-programmed muffle
furnace from ambient temperature to 950 °C at 5K/min then pro-
ceeding to keep for 5h. As cooled down to room temperature, the
calcined samples are crushed then screened to the desired size range of
180-300 pm. The received OCs with four different molar ratios of CaO
to Fe,Os (0:1, 0.2:0.8, 0.5:0.5 and 0.7:0.3) are denoted as FeCaO,
FeCa20, FeCa50 and FeCa70, respectively.

The crystalline phase compositions of the fresh OCs are analyzed by
XRD, as shown in Fig. 1. It is clear to see that the fresh FeCa0 OC is
single-phase sample without impurities, only Fe;O3; contained. For
FeCa20, Fe,O3 is main component, but a small amount of CaFe,0, is
also formed. As the molar ratio of CaO to Fe,O53 being 0.5:0.5, CaFe,O4
becomes dominant. As the CaO loading further increases (for FeCa70),
the main phase in the sample changes into Ca,Fe,Os. Besides that some
remaining CaO not being combined is also found in the FeCa70 sample.
From above XRD analysis, only CaFe,04 and Ca,Fe,O5 are formed by
the combination of CaO and Fe,O3. The crystallite sizes of CaFe,O4 and
CayFe,05 (evaluated by Scherrer equation from the width at half-height
of the more intense and better deconvoluted ray of each phase) are
45.3nm and 31.8 nm, respectively. Note that the Ca,Fe,Os crystallite
have a smaller size than that obtained by Zamboni et al. [34] using the
same method, which indicates a better dispersion in this study.

The raw coal used as fuel is SL lignite from China. After crushed and
dried at 105 °C in a vacuum drying oven, the particles of 0.3-0.5 mm
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Fig. 1. XRD patterns of four fresh CaO/Fe,O3 samples. (A: Fe;O3, B: CaFe;0y4,
C: CayFe,0s, and D: CaO).
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Table 1
Proximate and ultimate analyses of SL coal/char.
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Solid fuel Proximate analysis (Wt%, ar) Ultimate analysis (wt%, daf)
Moisture Volatiles Ash Fixed carbon C H N S o?
Coal 4.36 45.96 11.61 38.07 57.79 4.14 0.85 1.57 19.86
Coal char 1.12 7.83 19.94 71.11 72.48 0.81 0.54 3.86 2.37
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Fig. 2. Schematic layout of the batch fluidized bed reactor unit.

are collected. While the coal char is obtained by the devolatilization
treatment of raw coal at 900 °C in a fixed bed within N, atmosphere.
Proximate and ultimate analyses of the raw coal and char are presented
in Table 1.

2.2. Fluidized bed setup and experimental procedure

The CLG tests with CaO/Fe,O3 OCs are investigated in a batch
fluidized bed reactor. The schematic of the reaction system is shown in
Fig. 2. The system mainly consists of a gas supplying unit, a fluidized-
bed reactor, flue gas clean-up unit and a gas analysis unit. The quartz
tube reactor with 26 mm inner diameter and 950 mm height is heated
by an electrical furnace. And the K type thermocouple is equipped to
monitor the real-time reaction temperature. A micro-porous distribu-
tion plate is located at 470 mm away from the bottom of the reactor. A
feeding tube, 8 mm inner diameter and 350 mm length, is extended
from a height of 10 mm above the distribution plate at a 45° direction,
from which the coal (char) is introduced into the reactor with the help
of high pressure N,.

As for a typical CLG test, the OC is first added into the reactor and
then the heating program is triggered. N, serves as the fluidization gas
at a flow rate of 1200 ml/min to prevent particle agglomeration during
the heating process. When the reactor temperature reaches the set
point, the fluidization gas is switched to 30 vol% steam balanced by N,
at a total flow rate of 1200 ml/min. Once the reaction atmosphere is
stabilized, the solid fuel is quickly introduced into the reactor through
passing high pressure N, from pulse solenoid valve. This operation only
lasts for a few seconds, then the pulse solenoid valve is quickly closed in
case of interfering the reaction zone flow state. The flue gas from the
reactor passes through a high-temperature filter to remove fine parti-
cles, an electric cooler to eliminate water vapor, then is introduced into
an online gas analyzer (Gasboard Analyzer 3100) to continuously detect
the gas compositions of CO, CO,, CH, and H,. In the oxidation process,
the fluidization gas is switched to air and the re-OC is regenerated to be
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ready for next test. To be noted, N, is used as purging gas for 5min
between oxidation and reduction.

2.3. CLG tests of coal (char) with various CaO/Fe;03 OCs

All of CLG tests of coal or char are performed in the batch fludized
bed reactor. The bed temperature is stabilized at 900 °C. 30 vol% steam
balanced by N, as gasification agent is introduced from the bottom of
the reactor. Each test has been repeated 3 times for accuracy concern.

The CLG test of raw coal is to gain a general knowledge of coal
gasification in the presence of various CaO/Fe;O3; OCs. To maintain
similar fludization environment, here the weight ratio of each OC to
coal is set as 15 g: 0.65 g. The carbon conversion, low heating value of
the gas products, and gas distribution are assessed. The CLG test of coal
char is to gain insight into the reactivity and functionality of the CaO/
Fe;03 OCs. The real-time gas compositions, carbon conversion rate as
well as oxygen loss rate are analyzed. Differently, the mass ratio of OC
to char is changed into 15g: 0.38 g. Furthermore, considering the
promoting effects of the partially reduced OCs on the char gasification,
the re-OCs are utilized again for the same char CLG experiment. This
series of char gasificartion test is to identify that the OC contribution to
char gasification is from lattice oxygen or catalyst.

The standard deviation of each gas composition is < 5%. For raw
coal, the maximum standard deviation is 3.45% for CO, when FeCa0 is
used as oxygen carrier (OC). For coal char, the maximum standard
deviation is 3.78% for H, when FeCa70 is used as OC. The relatively
small standard deviation can ensure the repeatability and reliability of
the collected data.

2.4. Experiments of the WGS and steam-iron reactions

The WGS experiments with four partially reduced samples (each
with 1g) from the char gasification tests are performed in a fixed bed
with the temperature range of 600-950 °C. These experiments are
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designed for exploring the catalytic effect of partially re-OCs on the
WGS reaction. In each test, 10 vol% CO balanced by N, at a total flow
rate of 300 ml/ min, together with steam of 124 ml/min, is employed as
reactive gas. And the flue gas concentration is monitored by the gas
analyzer in real-time until it keeps relatively steady concentration (with
a fluctuation range of + 5%) for 5 min.

The deep reduction of these OCs during the CLG process may occur,
where FeO or even Fe phase may be generated. They are easy to be
oxided by steam to produce hydrogen (typically the steam-iron reac-
tion), which affects the distribution and quality of the gas products in
the coal gasification process. Thus, it is necessary to conduct individual
experiments to study the steam-iron reaction based on different OCs
after deep reduction. These fresh OCs are reduced by simulated
synthesis gas, which contains 20 vol% CO, 10vol% H,, 10 vol% CO,
and 5 vol% CHy, balanced by N,. The steam-iron tests with the presence
of four deeply reduced OCs (dre-OCs, initially 5 g Fe,O3 contained in all
fresh samples) are carried out in the batch fluidized bed reactor at
900 °C, and the steam concentration in each test is always maintained at
30 vol% (balanced by N, at a flow rate of 840 ml/min). Meanwhile, the
real-time H, concentration is monitored for subsequent evaluation.
Additionally, to recover fully oxided state of these dre-OCs for cyclic
test, after steam oxidation they are re-oxided by air at a flow rate of
840 ml/min.

2.5. Characterization of CaO/Fe;03 OCs

The XRD (X'Pert PRO) is used to identify the crystalline phases on a
Empyrean X-ray diffraction meter with Cu Ko radiation (k = 1.5418 A)
in the 20 range of 10-90° with a rate of 5°min~* at 30 kV and 30 mA.
And the morphological and structural changes of the OCs are analyzed
by the ESEM with the accelerating voltage of 20.0 kV. The magnifica-
tion level of 2500 X is chosen for both fresh and used OCs. Moreover,
the EDX coupled by ESEM is employed to investigate the elemental
distribution on the surface of OC particles. In addition, the surface area
and pore characteristics of the samples were measured by the BET
method. The crushing strength of the OCs is measured by a digital
dynamometer (Shimpo FGJ-5). For accuracy concern, each strength
measurement is repeated for 5 times.

2.6. Date evaluation

The data evaluation methods adopted in this work are presented in
Table 2.

t: reaction time; gg: the gas volumetric flow rate at the outlet of the
reactor under standard conditions; y;: the molar fraction of each com-
ponent i in outlet stream; i: H,, CO, CO, and CHy, respectively; Miotar:
the mass of solid fuel in each test; V; is the total volume fraction of gas i
in the total gas; mc(t): the total amount of carbon converted into gas
phase during time t; Myoar the total amount of carbon in the fuel; qg
the volumetric flow rate of feeding gas in the fixed bed; yco: the molar
fraction of CO in the feeding gas.

3. Results and discussion
3.1. The CLG of coal with various CaO/Fe;03 OCs

For a coal-derived CLG process, the main reactions involved are as
follows:

Coal + heat — Char + volatile (CO, Hy, CO5, CHy, C,Hy,) (R1)

C + Hy0 — CO + Hy AHggp:c = 135.71 kJ/mol (R2)

C + CO3 — 2CO AHggpc = 168.84 kJ/mol (R3)

CO + Hy0 — CO, + Hy AHggpc = — 33.13 kJ/mol (R4)

CH4 + H,0 — CO + 3H, AHgggec = 225.70 kJ/mol (R5)

CH,4 + OC(oxidation) — CO(CO,) + Hy(H,0) + OC(reduction) (R6)
CO(H,) + OC(oxidation) — CO,(H,0) + OC(reduction) (R7)
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Table 2
The summary of evaluation formulas.
Items Formulas Number
Gas volume fraction, % Ve S aeyide (€]
' /0[ qf CO +YC0O, +YHy +YCHy )t
Syngas yield, Nm®/kg JEar0CO +YCH, +VHp)dt 2
O =" Mom
total
Ratio of H,/CO Yu,/Yco 3)
Low heating value 12.64 X Vco + 35.88 X Vep, + 10.79 X Vy, “
(LHV) of gas
products, MJ/Nm®
Carbon conversion, % _ mc@® (O]
~ miotal
Carbon conversion rate, dXc/dt 6)
s 1
Instantaneous rate of ro = Pe/dt @)
carbon conversion, 1-Xc
s1
Oxygen loss rate from 16 (2yc0, +YCO ~YHp) ®)
oC [26], g/s Toxygen = 24
CO conversion for the Xeo = qf’yéq 4150 o 1009 9
WGS reaction, % qfyco
Selectivity for the WGS Seo = —¥Co2 (10
reaction 9£YCo ~ 4fyco
H, yield for the steam- [ o'qyn,dt @an
iron reaction, ml
H, production rate for qmu, 12)

the steam-iron
reaction, ml/s

Among these reactions, R2 and R3 are the basic steps to gasify solid
carbon into carbonaceous gases, while R4 to R7 are tightly associated
with the ultimate distribution of the gas products. The carbon conver-
sion and gas LHV are shown in Table 3. There shows an obvious gas
LHV upward trend with the increase of CaO addition. And the highest
carbon conversion of 90.67% is achieved when using FeCa0 as OC,
which is slightly higher than that of FeCa50. However, the gas LHV of
6.29 MJ/Nm® in FeCa0 is significantly lower than 9.17 MJ/Nm® in
FeCa50. Actually, the addition of CaO implies a decrease in the pro-
portion of active lattice oxygen carried by per unit weight of OC, which
means the syngas concentration will be potentially higher and CO,
concentration will be lower in the gas products with the increase of CaO
addition. This can also be validated by gas distribution shown in Fig. 3.
The combustible gases consist mainly of CO and H,, and less CH, is also
observed. As known, CO and H, have the potential to exihibit a gasi-
fication inhibitation for R2 and R3 [35]. This can be the main reason
why lower carbon conversions are attained in the cases of FeCa20 and
FeCa70. Nevertheless, the carbon conversion in FeCa50 does not pre-
sent an obvious decline compared to FeCa0, which may be attributed to
the action of catalytic substance in FeCa50.

Fig. 3 compares the gas compositions during the coal-derived CLG
process with different OCs. As seen, the H, concentration is always
maintained at the highest level, except in the FeCa0 case where more
active lattice oxygen available combusts pyrolysis/gasification products
to generate the highest CO, concentration. It is no wonder that the H,
concentration presents an overall upward trend with the decrease of
active content in the OC, and the trend is just opposite for CO,. Ob-
viously, a higher active content per unit weight of OC means a larger
amount of syngas consumption during the CLG process. Meanwhile, an
obvious rise of CO concentration in FeCa70 also reveals an insufficient
lattice oxygen supply. In all tests, the CH4 concentration does not
change a lot.

To exhibit a more accurate evaluation on the gas production gen-
erated at various OCs, the gas yield and H,/CO ratio are plotted in
Fig. 4. As seen, the decreasing Fe,O3 content in OCs is favorable for an
increase of syngas yield, nevertheless, the increase is mainly due to
more H, generated when OCs used changes from FeCa0 to FeCa50.
Additionally, the H,/CO ratio does not present a regular change. As for
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Table 3
Effect of OCs on carbon conversion and gas LHV with SL coal.
ocC FeCa0 FeCa20 FeCa50 FeCa70
Carbon conversion (%) 90.67 * 1.23 83.87 + 0.97 89.73 + 1.55 86.67 + 1.08
Gas LHV (MJ/Nm®) 6.29 + 0.14 6.75 + 0.14 8.01 + 0.19 9.17 + 0.10
70 the distribution of gas concentration, entire process can be roughly
i0ee CO c-0-- CO divided into two stages: the first stage is a rapid rising process for each
60 gas component, which can reach respective peak value in a short time.
o CH, e H, Tt - Higher CO, concentration lasting for a longer time means that there co-
@ 504 5 ) exists stronger combustion reaction (R7). From this perspective, the
< R combustion process is gradually weakened with the decrease of active
0 o . . . .
g 404 o lattice oxygen content in OCs. Note that a highest CO, concentration
E= peak is presented in FeCa50, which is mainly attributed to its excellent
3 30- LNy lattice oxygen release characteristics compared to other three OCs,
g‘ _ while the sharp pattern of CO, peak means a shorter duration mainly
8 20+ =3 due to relative lower active content in FeCa50. On the other side, the
a 1 — second stage presents a slow decreasing process, where each gas com-
O 104 Lo T = ponent declines slowly and the duration is longer.
4 T For FeCa0, the CO, concentration exhibits a peak value of 5.4% at
T e 180, which is close to the time when the maximum oxygen loss rate is
0 ; i,c S J.I achieved. Moreover, this peak is significantly higher than that of CO
FeCa0 FeCa20 FeCa50 FeCa70 (1.5%) and H, (2%) near 100s, and this phenomenon results from rich
ocC lattice oxygen comsuming more CO and Hj to form CO and H;O. While

Fig. 3. Effect of OCs on total gas compositions with SL coal. (Mass of OC: 15 g;
coal: 0.65 g; temperature: 900 °C; steam concentration: 30 vol%.)

2.0 6
—s— Syngas yield
——H, yield
—e—H,/CO ratio -5
2
=< 151
£ L4 &
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©
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FeCa0 FeCa20 FeCa50 FeCa70
ocC

Fig. 4. The gas yield and H,/CO ratio at different OCs with SL coal. (Mass of
OC: 15 g; coal: 0.65 g; temperature: 900 °C; steam concentration: 30 vol%.)

FeCa50, the syngas yield is 1.4 Nm®/kg and its H,/CO ratio attains the
maximum value of 4.6. Although FeCa70 exhibits the highest syngas
yield of 1.7 Nm?3/kg, the H,/CO ratio of 2.7 is relatively lower, which is
unfavorable to obtain rich hydrogen product. However, we should note
here that a smaller active content in OC will increase the OC inventory
per unit thermal power of coal during the CLG process. In this sense, a
balance between gas quality and active content in OC should be eval-
uated comprehensively when turning to industrial application.

3.2. The promoting effect of CaO/Fe;03 OCs on the char gasification

3.2.1. Gas distribution and evolution during the CLG of char with various
CaO/Fe;03 OCs

Fig. 5 shows the gas compositions and oxygen loss rate versus time
based on various OCs during the char gasification process. As seen from
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for FeCa20, the CO, concentration reaches its peak value of 3.9% at
100s, which is lower than that in FeCa0. It can be attributed to the
decreasing oxygen loss rate due to the declining active content in
FeCa20, which can be reflected straightfowardly from the total oxygen
loss percentage (total oxygen loss amount/theoretical oxygen loss
amount from Fe,O3 to Fe30,4) as well as the maximum oxygen loss rate.
As listed in Table 4, the total oxygen loss percentage and the maximum
oxygen loss rate drop from 76.0% and 1.1 x 102 in FeCa0 to 47.9%
and 7.0 x 10~ *g/s in FeCa20, respectively. During this process, the H,
concentration maintains the highest relative to CO, and CO. For
FeCa50, it exhibits a shorter oxygen loss time due to the relatively
lower active content contained. Nevertheless, it is interesting to find
that its oxygen loss rate receives the maximum value of 1.2 X 10~ 3g/s
at 80s compared to other three OCs and the total oxygen loss percen-
tage is 70.2%, only slightly lower than that of FeCa0. It indicates the
CaFe,04 phase in FeCa50 possesses a better oxygen transfer char-
acteristics. In addition, the oxygen loss rate in FeCa70 exhibits a fluc-
tuation around 0. It can be attributed to the good thermodynamic sta-
bility of Ca,Fe;Os (the main active phase in FeCa70). To be noted, a
negative oxygen loss rate is found in FeCa70, which implies that a small
amount of reduced phase is oxidized by steam, presenting an oxygen
acquisition in the oxygen loss curve. To facilitate the comparison, the
detailed data about oxygen loss are listed in Table 4.

To evaluate the char gasification performance with these OCs, the
gas distribution, gas yield and H,/CO during the CLG of coal char are
shown in Fig. 6 and Fig. 7. The results suggest that rich active content
favors fuel gas combustion, explaining why the lowest and highest
syngas yields are obtained in FeCa0 and FeCa70, respectively. Similar
to the coal-derived CLG process, the evolution of H; yield follows ba-
sically that of the syngas yield. Furthermore, similar gas compositions
between FeCa20 and FeCa50 can be attributed to approximative total
oxygen loss amount, as counted in Table 4. For FeCa50, the highest Hy/
CO ratio is achieved, which is consistent with the results when using
coal as fuel, further demonstrating that the FeCa50 possesses a potential
ability to obtain rich hydrogen production.

3.2.2. The effect of various CaO/Fe;03 OCs (and their partially reduced
samples) on the char gasification rate

The (instantaneous) rate of carbon conversion of four OCs with coal
char are shown in Fig. 8. Both FeCa0 and FeCa50 can achieve higher
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Table 4
The oxygen loss at various CaO/Fe,03 OCs with SL coal char.
OCs FeCa0 FeCa20 FeCa50 FeCa70
Maximum oxygen loss 1.1 x107%® 7.0x107* 1.2x107%® 23x107*
rate (g/s)
Time (s) 160 100 80 20
Total oxygen loss amount 0.38 0.22 0.26 0.03
&
Total oxygen loss 76.0 47.9 70.2 10.9
percentage (%)
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Fig. 6. Effect of OCs on gas compositions with SL coal char. (Mass of OC: 15 g;
char: 0.38 g; temperature: 900 °C, steam concentration: 30 vol%.)
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carbon conversion rate peaks compared to FeCa20 and FeCa70. Ad-
ditionally, the instantaneous carbon conversion rates with these four
OCs are presented in Fig. 8(b). In particular, to avoid any possible effect
of the back-mixing at the beginning or mathematical errors introduced
at the end of the period when the concentrations or remaining char are
too low [36], only the instantaneous rate of carbon conversion at steady
state (0.1 < Xc < 0.85) is considered as a representative of the pro-
cess. As observed from the steady pattern, FeCa0 and FeCa50 perform
better promoting effect on char gasification than FeCa20 and FeCa70.
As Xc is lower than 0.37, the instantaneous carbon conversion rate in
FeCaO is higher than that in FeCa50, which can be attributed to that
rich lattice oxygen weakens the coal char gasification inhibition from
CO and H,. However, When X: > 0.37, the instantaneous carbon
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Fig. 9. XRD patterns of various re-OCs from coal char test in fluidized bed re-
actor.

conversion rate in FeCa50 was in turn higher than that in FeCa0, which
can be ascribed to the effect of catalytic substance. To be noted, FeCa20
also performs the lowest carbon conversion, which can be explained by
moderate oxygen loss rate (see Table 4) and the absence of catalytic
substance (see Fig. 9). By comparison with the results of coal as fuel, it
is noted that FeCa50 always behaves better conversion characteristics
regardless of coal or char.

Fig. 9 shows the XRD patterns of the re-OCs, which are derived from
above coal char CLG test. As seen, Fe;0, is the common phase detected
in the re-FeCa0, re-FeCa20 and re-FeCa50. Differently, minor Fe;04
phase in the reduced Ca-containing samples is derived from the re-
duction of CaFe,O,4, which can be deduced from the crystal phase
change in the FeCa50 between fresh and reduced. In addition, Ca;Fe,Os5
is also detected in the re-FeCa50, and it is still the major phase in re-
FeCa70 and remains unchanged.

To further identify the catalytic substance, the re-OCs are then
utilized for the same char CLG experiment. The instantaneous carbon
conversion rate of various re-OCs are shown in Fig. 10. During this
process, the lattice oxygen contribution to char gasification is re-
markably weakened, conversely, the catalytic effect is highlighted. And
this may be the main reason why the instantaneous rate of carbon
conversion in re-FeCa70 is obviously higher than that in re-FeCa20,
which is opposite to the case presented in Fig. 8(b). Therefore we de-
duce that CayFe,Os, the major phase in the re-FeCa70, is exactly the
catalytic substance on the char gasification.
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Fig. 10. The instantaneous rate of carbon conversion at various re-OCs with
coal char. (Mass of char: 0.38g; temperature: 900 °C, steam concentration:
30vol%.)

Combining Fig. 8 and Fig. 10, we deduce that the char gasification
rate depend on both lattice oxygen donation ability and catalytic ac-
tivity of OCs. For all CaO/Fe,03 OCs, the early contribution relies more
on active lattice oxygen donation, while the catalysis is prominent at
the later stage of char gasification when the OCs' lattice oxygen deno-
tion ability reduces and/or the catalytic substances emerge.

3.3. The regulating effect of various CaO/Fe;03 OCs on the coal
gasification products

3.3.1. The catalytic effect of partially re-OCs on the WGS reaction

The WGS reaction (R4), being reversible and exothermic moder-
ately, is an important step for the regulation of gas products during the
CLG process. In view of the fact that H,O activation is a rate-limiting
step for the WGS reaction, different bimetallic catalysts [37-40] had
already been investigated to improve the CO equilibrium conversion
and the selectivity. Some common characteristics of WGS catalysts are
available oxygen vacancies, activity for the dissociation of water [41].
Fe304 was reported to be the active phase for WGS catalysis, which is
initially presented as Fe,O5 before the fuel gas reduction [42]. Boreskov
et al. [43,44] had demonstrated that magnetite-based catalysts can be
highly effective for the complete dissociation of H,O into H, and adsorb
oxygen under high temperature WGS reaction condition. Thermo-
dynamically, high temperature is not conducive to forward reaction but
indeed causes high reaction rate. The exploring temperature of
600-950 °C is selected based on a practical CLG process.

The equilibrium CO conversion is calculated by [45]
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where Xco is the CO conversion under thermodynamic equilibrium
state; A is the molar ratio of H,O to CO; A and T are the parameter and
thermodynamic temperature, respectively.

Fig. 11(a) shows the variation of CO conversion in the presence of
different re-OCs. As seen, the CO conversion presents elevated trend
with the increase of reaction temperature from 600 to 800 °C, which
may be attributed to the activation of OCs' catalytic ability beyond the
effect of thermodynamic limitation. And this is favorable for ap-
proaching to the theoretical thermodynamic equilibrium. However, the
CO conversion presents slight decline from 800 to 950 °C in the re-
FeCa50 and re-FeCa70, which may result from further enhancement of
the thermodynamic limitation. Note that, increasing CaO content also
leads to the elevation of CO conversion. On the one hand, the in-
corporation of CaO can form more oxygen vacancies, which in turn
enhances the oxygen mobility in catalysts [46]. On the other hand, CaO
addition likely improves the adsorption strength of CO molecules as
well as inhibits excess water molecules from covering active sites ef-
fectively, which is possibly similar to the role of Cu dopants in the
Fe304 surface [47]. The CO conversion attains the highest value of 77%
in the re-FeCa70 at 800 °C among four samples. Keeping the chemical
components of various partially re-OCs (identified in Fig. 9) in mind, we
deduce that both Ca,Fe,Os and CaFe;Os own a better catalytic activity
than Fe304, while these two Ca—Fe phases have similar activities be-
tween 600 and 700 °C by comparing the CO conversion at Ca-con-
taining samples in Fig. 11(a). Moreover, there shows the higher CO
conversion in re-FeCa50 and re-FeCa70 than that in re-FeCa20 above
700 °C, which proves the stronger catalytic activity of CayFe,Os than
CaFe30s5 (see the XRD analysis for the substance identification). In
addition, both the CO conversions in the re-FeCa50 and re-FeCa70 are
quite close to the thetheoretical value above 800 °C, which is conducive
to guiding the H,/CO regulation based on the thermodynamic calcu-
lation.

Except for the catalytic activity, the selectivity is another vital index
of a catalyst. In addition to the H, and CO, production, CO may be
partially converted into CH,4, methanol or other organic compounds.
Tanaka and Iizuka [48] reported that the formation of CH, appeared to
occur through the WGS reaction over supported rhodium catalysts,
followed by the hydrogenation of carbonaceous species formed by the
dissociation of CO or CO,. Additionally, II'in et al. [49] found that
methyl acetate and methanol were the most abundant by-products at
330-360 °C when calcium ferrite used as a catalyst. Therefore, the
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production selectivity based on four re-OCs is also investigated, as
presented in Fig. 11(b). Both the increase of CaO content and tem-
perature can improve the selectivity to R4, which presents similar
regularity in terms of the CO conversion. And the selectivity increases
from 0.85 to 0.93 in re-FeCa0 and 0.94 to 0.98 in re-FeCa70 when in-
creasing temperature from 650 to 950 °C. Similarly, by combining with
the phase patterns in Fig. 9, the ultimate selectivity order of the cata-
lytic phase is determined as Ca,Fe,Os (strong), CaFe;05 (moderate) and
Fe;0,4 (weak).

3.3.2. The dre-OCs reacting with H,O to produce H,

The propensity of metallic iron or low-valent iron oxides being
oxidized by steam to produce hydrogen at high temperatures is well
known. Nevertheless, the unmodified FeCaO is easy to deactivate
quickly when it is reduced as deeply as the Ca-containing materials.
Since the addition of CaO forming ferrites alters the equilibrium oxygen
fugacity for the phase transitions [31], this section will examine the
effect of CaO on the phase transitions between steam oxidation and
deep reduction.

The phase distributions of these dre-OCs are presented in Fig. 12. As
seen, the FeO is main low-valence iron oxide in dre-FeCa0 and dre-
FeCa20, which is also the dominant hydrogen producer due to the
thermodynamic limitation of steam oxidation of Fe;04. Nevertheless,
the Fe phase is found in dre-FeCa50 and dre-FeCa70, which has an
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Fig. 12. XRD results of various dre-OCs from deep reduction. (Synthesis gas
used for deep reduction: 20 vol% CO, 10 vol% Ha, 10 vol% CO, and 5 vol% CHy,
balanced by N»).
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Fig. 14. The H, production rate at various dre-OCs in the fifth cycle.

advantage over FeO in hydrogen production.

Fig. 13 shows the H; yield of four dre-OCs in the cyclic test. As seen,
the dre-FeCa20 always presents the highest H, yield in five cycles,
which is opposite to the dre-FeCa70. Clearly, the H; yield of the dre-OC
is related to the components of iron-containing substance with low
oxygen potential (e.g., the reduced iron oxide and calcium ferrites) as
well as its oxidation characteristics. Together with Fig. 12, it can be
deduced that the forming Ca,Fe,Os, with a poor reducibility due to its
low equilibrium po, thermodynamically, leads to the decrease of re-
ducible component. And this necessarily limits the H, yield, which is
closely dependent on the reduced phase. Additionally, the main re-
duced phase of FeCa50 is CaFe30s, which generates a rather lower H,

Table 5
The physical characterization of the fresh and used CaO/Fe;O3 OCs.
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yield compared to the deeper reduced phase FeO in FeCa0 and FeCa20.

Fig. 14 depicts the H, production rate in the fifth steam oxidation
operation, in the presence of different dre-OCs. Obviously, the H,
production rate depends not only on crystalline phase and its reduction
level, but also on the the kinetics of steam oxidation reaction and the
diffusion process [50]. Noting that the hydrogen is mainly yielded
within 200 s, and the H, production rate peaks in dre-FeCa20 and dre-
FeCa50 are 2.82ml/s and 2.95ml/s, respectively, both larger than
2.67 ml/s in dre-FeCa70 and 1.96 ml/s in dre-FeCa0. Together with the
XRD analysis in Fig. 12, we deduce that the significant rate difference
between dre-FeCa0 and dre-FeCa20 can only result from Ca,Fe;Os,
which is able to provide active sites to enhance the adsorption strength
and the numbers of adsorbed water molecules, as confirmed by the
higher rate peak in dre-FeCa70 (even small amount of reduced phase
available). The highest rate peak acquired in dre-FeCa50 should be
attributed to both the forming reduced phase (especially Fe) and the
contribution by CasFe,Os.

3.4. Characterization of CaO/Fe;03 OCs

The morphological and structural changes for the fresh and used
(after air oxidation, which are the ones after char CLG test) CaO/Fe,03
OCs are shown in Table 5. The specific surface area of the fresh OCs
increases gradually with the increase of CaO content, and that is op-
posite to the mechanical strength. Therefore, the addition of CaO is bad
for particle strength even though some Ca—Fe phases can be formed.
Nevertheless, it is still able to meet the requirements of chemical
looping process in fluidized beds (> 1 N). Moreover, the pore size of all
fresh OCs is similar, but the pore volume of the FeCa70 sample is almost
twice as large as others, which may cause a sharp drop in particle
strength. As for the used samples, both the specific surface area and
pore volume decrease obviously, which may be attributed to the ash
paticles deposition or the sintering of relative low-valence phase during
the CLG process. Additionally, the mechanical strength of all used OCs
only presents slight decrease, which is worth further investigation
during a multi-cycle test.

Fig. 15 shows the ESEM-EDX images of the fresh and used CaO/
Fe,O3; OCs. With respect to the surface morphology of the used OC
particle, both the FeCa0 and FeCa20 display relatively rough as well as
some surface particles aggregation. While FeCa50 and FeCa70 remain
smooth structure and change little. Sintering phenomenon is not ob-
served on the surface of both OC particles. The EDX results indicate that
Fe, Ca, and O are detected in both Ca-containing samples, while Si is
only detected in used FeCa20, which may come from the ash deposition
during the CLG process. To be noted, the detected C is derived from the
carbon coating on the particles (to enhance the electrical conductivity
of the particles) before the ESEM tests. Additionally, the peak intensity
ratio of Ca to Fe in the used FeCa50 is obviously higher than that in the
fresh one, which can be attributed to the enrichment of Ca element
during the conversion of CaFe,0,4 to CayFe,0s.

OCs Specific surface area (cmz/g) Pore volume Pore size Mechanical strength(N)
(ml/g) (nm)
Fresh Used Fresh Used Fresh Used Fresh Used
FeCa0 0.75 0.36 0.0023 0.0009 12.27 11.14 3.23 = 0.12 3.21 = 0.12
FeCa20 0.82 0.42 0.0024 0.0012 11.76 10.23 3.19 = 0.13 3.18 = 0.10
FeCa50 0.98 0.67 0.0028 0.0015 11.43 10.08 2.78 + 0.15 2.72 + 0.11
FeCa70 1.46 1.08 0.0047 0.0023 12.84 12.03 1.89 = 0.11 1.86 = 0.12
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Fig. 15. ESEM images (magnification of 2500 x ) and EDX analyses of fresh (a) and used (b) samples (oxidation state) from char CLG tests.

3.5. Discussion

Undoubtedly, CaO/Fe,O3; OCs have a promoting role in the char
gasification, mainly including two routes: active lattice oxygen con-
tribution and catalytic effect. The former is tightly associated with
lattice oxygen donation ability which is crucial for chemical looping
process regardless of full or partial oxidation of fuel. To be close to an
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industrial process without enough residence time for deeper reduction,
the designed gasification tests mainly consider the step of oxygen do-
nation from Fe,05 to Fe;0,, which is also confirmed by the total oxygen
loss amount listed in Table 4 and the XRD patterns presented in Fig. 9.
In the initial period, the former contribution is prominent, which is
ascribed to fuel gas consumption in R7 (decreasing the gasification
inhibitation and producing heat) facilitating the forward movement of
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Fig. 16. Crystal structure of CaFe,Os. (Geometrically optimized and the lattice
constant of unit cells adopted from reference [51].)

R2. On the other side, the catalytic effect is usually highlighted at the
later stage of solid fuel reaction when the lattice oxygen donation
ability of OC reduces. During this period the reduced phases play an
important catalytic role in solid fuel gasification. However, the catalysis
from some saturated oxides like Ca,Fe,O5 should also be noted.

The crystal structure of Ca,Fe,Os, which is geometrically optimized
(the lattice constant of unit cells is adopted from reference [51]) based
on the Gibbs free energy minimization, is depicted in Fig. 16. Iron atom
is coordinated with oxygen atom to form two polygonal structures of
octahedron and tetrahedron (FeO™® and FeO™ %), and the structure
contains alternating parallel iron-oxygen octahedra and tetrahedra with
calcium atoms in holes between the polyhedra of nine oxygen atoms
[52]. The oxygen vacancies forming from the slight shift of the iron
atoms from the cubic perovskite structure will contribute to the mobi-
lity of oxygen [53,54], which is favorable for the oxygen ions dis-
sociation from water by active sites, then further combining with CO to
form CO, [34]. Generally, the presence of Ca,Fe,Os is beneficial to the
forward contribution of the WGS reaction, together with a better se-
lectivity for R4. The catalytic properties of Ca,Fe,Os have been re-
ported in some literatures [49,55,56], but mainly focusing on the gas
fuel conversion at below 500 °C and less getting involved in the solid
fuel conversion at higher temperature. However, excessive temperature
possibly strengthens the thermodynamic limitation and also increases
the risk of sintering. Taking these two sides as well as economic cost
into consideration, the temperature should be controlled in a reason-
able range. In addition, the reduction phase, CaFe3Os, is also found to
own moderate catalytic activity, which is not surprising because Fe;04
had been proved to have the catalytic ability for the WGS reaction at
high temperature [57]. Note that the addition of CaO intensifies the
catalytic activity, and is also favorable for the sintering-resistance.

Different from the OCs' catalytic effect on the WGS reaction, the
iron-containing substances with low oxygen potential (e.g., the reduced
iron oxide and calcium ferrites) act as reactants in the steam-iron re-
action. Therefore, the reduction ability of iron-containing phases is
closely correlated with the H, yield. While the forming Ca,Fe;Os pos-
sesses bad reduction ability thermodynamically, which will definitely
limit the H, yield. Nevertheless, from the analysis in Section 3.3.2,
CaoFe,05 plays an active role in the hydrogen production rate, which is
attributed to active sites provided by Ca,Fe,Os. However, the me-
chanism is still not clear, which is worth further pursuing. Taking both
the H, yield and H, production rate into consideration, the molar ratio
of CaO to Fe,O3 should be controlled at 0.2:0.8.

Generally, the effect of the bimetallic Ca—Fe based OCs on the hy-
drogen productivity is four-fold. (1) active lattice oxygen provided by
the OCs may combust H; from coal pyrolysis / char gasification, leading
to the decrease of H, yield in the initial stage of coal/char conversion;
(2) catalytic substance (e.g., CaFe;Os) in the partially reduced OC
particles may enhance char gasification, generating more H, in the
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latter stage; (3) the partially reduced OCs will catalyze the WGS reac-
tion, and more CaO addition contributes the elevation of CO conver-
sion, subsequently resulting in a higher H, yield; (4) the deeply reduced
OCs containing metallic iron or low-valent iron oxides can be oxidized
by steam to generate H,, where dre-FeCa0 and dre-FeCa20 can acquire
higher H2 yield compared to dre-FeCa50 and dre-FeCa70. As a com-
prehensive result, the H, yield is generally elevated as the increase of
CaO addition. There is an exception for FeCa50 in the char CLG test
(Fig. 7), which may be ascribed to its excellent lattice oxygen donation
ability and quite large total oxygen loss percentage (Table 4), con-
suming more combustible gases like Hy.

Generally, the H,/CO ratio increases as the content of CaO in both
coal and char CLG tests (Figs. 4 and 7). However, FeCa70 with the
highest CaO content shows negative effect on the H,/CO ratio, which
may be due to the least oxygen loss amount (Table 4) for this kind of
Ca—Fe based OC.

4. Conclusion

In this work, calcium ferrites, prepared by the wet-impregnation
method, are chosen as oxygen carriers (OCs) in the coal-derived CLG
process. Both the promoting and regulating effects of these CaO/Fe,05
OCs are investigated detailedly, using coal (char) as fuels.

The coal CLG results indicate that increasing CaO addition can
elevate the gas LHV, which is attributed to less syngas consumption
with the decrease of active content. The maximum H,/CO ratio of 4.6 is
achieved as well as 1.4 Nm® syngas /kg coal is yielded in FeCa50.
During this process the gasification inhibitation and catalytic con-
tribution may co-exist.

Subsequently, the gas distribution and evolution are further in-
vestigated using coal char as fuel. It is found that stronger combustion
reactions are accompanied in the initial gasification stage. And the
FeCa50 can achieve the maximum oxygen loss rate of 1.2 X 10~ 3g/s
owing to its excellent oxygen donation ability. The total gas distribution
suggests that the rich active oxygen favors fuel gas combustion, in other
words, FeCa0 tends to obtain the lowest syngas yield. Note that the
highest H,/CO ratio is also achieved in the presence of FeCa50, which is
same as the coal-derived CLG test, and this implies that FeCa50 has an
advantage for hydrogen production. In addition, by analysis of the
(instantaneous) rate of carbon conversion based on all fresh and re-
duced samples, Ca,Fe;Os is deduced to be the catalytic substance.
Nevertheless, the catalytic effect is prominent at the later stage of char
gasification. And the initial contribution relies more on active oxygen
release.

The WGS experiments indicate that the catalytic activity of partially
re-OCs is elevated with the increases of reaction temperature from 600
to 800 °C. Moreover, increasing CaO content also contributes the ele-
vation of CO conversion, and the CO conversion can attain the highest
value of 77% for re-FeCa70 at 800 °C. Additionally, increasing CaO
content and elevating reaction temperature can both help improve the
selectivity of R4. The order of catalytic activity to the WGS reaction
based on CO conversion and selectivity can be both determined as
Ca,Fe,05 (strong), CaFe30Os (moderate) and FesO,4 (weak).

The experimental results based on the steam-iron reaction indicate
that the deeply reduced FeCa0O and FeCa20 OCs (dre-FeCa0 and dre-
FeCa20) can acquire higher H, yield compared to dre-FeCa50 and dre-
FeCa70. While dre-FeCa20 and dre-FeCa50 can obtain higher rate peaks
than dre-FeCa70 and dre-FeCa0. Additionally, Ca,Fe,Os is validated to
promote the hydrogen production rate.
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