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Abstract: Waste Activated Carbon (WAC), as a typical solid waste, can be utilized by Chemical-Looping Gasification
(CLG) technology with an iron-based Oxygen Carrier (OC) to produce valuable synthesis gas. A series of experiments
on WAC of the CLG process has been performed in a fixed-bed reactor. The operation parameters and cyclic
performance of the iron-based OC have been investigated during CLG reactions. Fresh and cyclic reaction OC samples
have been analyzed by X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM). To obtain high-quality syngas
with high carbon conversion, the optimal OC/WAC mole ratio, steam flow rate and reaction temperature are 0.1, 0.10 mL/
min, and 950 °C, respectively. The iron-based OC exhibits a stable cyclic performance during multiple tests, following
the reaction path of Fe,O; to Fe, o0 in the individual reduction process. Moreover, the iron-based OC is oxidized to
almost its initial state after 10 redox tests without obvious sintering and agglomeration phenomena. The WAC of CLG
provides a new approach to the comprehensive usage of solid waste, especially with low volatile feedstock.

Keywords: chemical looping gasification, cyclic properties, iron-based oxygen carrier, synthesis gas, waste activated
carbon

Nomenclature
A Ash (wt. %)
AC Activated carbon
CLC Chemical looping combustion
CLG Chemical looping gasification
CLR Chemical looping reforming
FC Fixed carbon (wt. %)
GC Gas chromatography
LHV Lower heat value
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M The mass of WAC (g)

M Moisture (wt. %)

Me,O, Metal oxide

ocC Oxygen carrier

SEM Scanning electron microscopy

SBR Polymerized styrene butadiene rubber
TCD Thermal conductivity detector

A" Volatile (wt. %)

WAC Waste activated carbon

WGS Water-gas shift

XRD X-ray diffraction

1. Introduction

As the best versatile absorbent, AC is extensively used in various industrial processes for decades.”” Because
of the serious pore blockage, some of the spent AC is difficult to regenerate. The WACs are discarded as solid waste.
Considering the various disposal methods, gasification is a new way to treat WACs. The CLG technology has attracted
attention due to their ability to convert carbonaceous waste to valuable products.” Typically, WAC has the advantage of
high carbon content. Hence, it is a good candidate as feedstock in the gasification process.

CLG is achieved with OCs, such as Me,O,, which is employed as oxygen source. The OC is continuously
transported and circulated between two interconnected chambers. Lattice oxygen released from the OC provides the
oxygen required for gasification, which leads to a lower cost without air separation. Meanwhile, it is associated with the
inherent separation of CO,.” Moreover, the lattice oxygen is capable of avoiding combustion reactions by controlling
the mole ratio between fuels and OCs. The schematic of CLG process for the synthesis gas production is exhibited in
Figure 1.

Syngas/CO, N,
MeO,
A SN
Fuel reactor Air reactor
Me,O,
%
Fuel/Steam Air

Figure 1. Schematic illustration of the chemical looping gasification with WAC

For the CLG, the design and selection of a proper OC is a crucial point to produce the high quality of syngas.® At
present, along with transition metal oxides, i.e., Ni, Cu, Co, Mn, Fe, that have been investigated as possible oxygen
carriers for the CLG process, synthetic oxygen carriers are widely researched, while natural minerals are potentially
developed.”* From which, iron ore as a natural OC was largely used due to its low cost, environmental-friendliness and
sulfur resistance.”’’ And it indicated that the iron-based oxygen carrier promoted tar cracking and reforming during
biomass gasification process, which resulted in increased syngas production.'""” In particular, Fe,0,/AL,0, demonstrated
excellent performance and good stability in the usage of waste resources, such as biomass, sewage sludge, wastewater
and municipal solid waste.” The CLG of biomass was studied with OC of Fe,0,/Al,0; in a 10 kWth interconnected
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fluidized-bed reactor.'* However, because of the different elemental composition, proximate analysis and physical
properties of carbon raw material in the CLG process, the WAC has unique gasification characteristics.

Operating conditions play a key role in significantly influencing the process performance, especially the amount
of hydrogen in the product gas. Many researchers have studied the relationship between gasification temperature and
process performance, as well as hydrogen production. Elevated temperature improves gas yield and process efficiencies
during the CLG process. The CLG temperature of no less than 800 °C was needed for a complete redox of iron ore to
avoid calcium carbonation and enable a sustainable hydrogen.”” In a study of biomass CLG using NiFe,0,," carbon
conversion efficiency, and syngas yield increased approximately 26% from 700 °C to 850 °C. The steam flow rate is a
key parameter strongly affecting hydrogen production and carbon conversion efficiency, as well as the total gas yield.
In the presence of high steam content in the gasifier, there is an increase in both the yield and content of hydrogen.
Many researchers have reported that increasing SBR leads to a rise in hydrogen production and carbon conversion
efficiency, as well as a small amount of tar produced.® The mole ratio of OC to WAC (OC/WAC) is a key factor in CLG
process. OC/WAC strongly influences the composition of the product gas, gas yields, and the performance of the CLG
process. An increase in the amount of OC used leads to a further char gasification; therefore, high OC/WAC is beneficial
for carbon conversion efficiency. However, it was found that a rise in OC/WAC caused a low content and the yield
of H, and CO in the product gas. It is due to the higher quantity of oxygen carriers that would promote the oxidation
reactions of combustible gases including H, and CO. Alternatively, a high amount of OC results in a higher gasification
temperature, which enhances the gasification and improves the quality of the product gas to some extent.'*"’

The resource usage of WAC to produce synthesis gas would be achieved through CLG by opening a broader means
for treating carbonaceous solid wastes. This work aims to verify the feasibility of iron-based OCs for the treatment of
WAC in CLG, focusing on macroscopic research combined with various analytical methods. A series of experiments
were performed to investigate the effect of parameters including the mole ratio of OC to WAC (OC/WAC), reaction
temperature and steam flow in the gasification process. Afterward, the stability of the OC during multiple redox reactions
was also discussed, and 10-cycle experiments were conducted. Finally, fresh and used OC was collected and analyzed
with XRD and SEM to better reveal the crystalline phase transformation and surface morphology changes, respectively.
This study is expected to provide basic experimental support for the in-depth research of solid fuel CLG technology.

2 Materials and experimental details
2.1 Materials

A typical WAC was collected from sugar factory in Shandong Province, China. The samples were dried at 90 °C
for 2 h and then ground and sieved into an approximate size of 80-200 um. The proximate and ultimate analyses, and
lower heating values of the WAC are provided in Table 1.

Table 1. Proximate and ultimate analysis of WAC after pretreatment

Proximate analysis w,q (%) Ultimate analysis w,q (%) (I\I/HIElYg )
Sample
A M \ FC C H N S o'
WAC 11.87 1.40 37.43 55.14 71.62 2.96 3.83 1.64 3.84 14.14

ad: air-dried basis; A: ash (wt. %); M: moisture (wt. %); V: volatile (wt. %); FC: fixed carbon (wt. %)
': Wt. % of O element was calculated by difference

2.2 Oxygen carrier preparation

The Fe,0,/A1,0; OC was prepared by the impregnation method. A given amount of Fe(NO,);-9H,0 was dissolved
in deionized water for the preparation of the saturated solution. Here, Al,O, powder was added into the saturated
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solution as an inert support. Then, the mixture solution was stirred and heated at 80 °C until the water was evaporated.
After that, the residue was dried at 120 °C for 12 h. Then, it was transferred into a muffle furnace and calcined at 900 °C
for 3 h under an air atmosphere. Finally, the obtained precursors were crushed and sieved into ~100 pm.

2.3 Experimental procedure

To simplify the CLG reaction process of WACs, a series of experiments were implemented in a fixed-bed reactor to
test the feasibility of WAC disposal by CLG. The diagram is illustrated in Figure 2. The proposed apparatus is composed
of a quartz tube reactor, a mass flow controller, a steam generator section, a cooling system, an exhaust gas sampling
container, and an analysis system. An electronic furnace heated the tube reactor. A thermocouple surrounding the tube
controlled the temperature. The steam generator was composed of a constant flow pump for steam generation through
preheating by a furnace at 300 °C.

In the reduction stage of each test, a mixture of WAC and OC with various OC/WAC ratios (0, 0.1, 0.15, 0.2,
and 0.25) was initially loaded in a quartz boat and placed on the cool zone of the tube. High-purity argon was used as
the purge gas at 200 mL/min for 15 min in advance to remove the air. When the reactor reached the desired reaction
temperature (750, 800, 850, 900, and 950 °C), argon was replaced by a mixture stream of different steam flow rates (0,
0.05, 0.10, 0.15, and 0.20 mL/min). Next, the argon was used to flush the gasification reactor for 5 min. After that, the
quartz boat was rapidly moved into the heating zone, and the gasification time was 60 min, which was sufficient for the
reaction. The exit gas was passed through cooling, purifying and drying. Finally, the generated gases were collected
via a group of sampling bags at 5-min intervals. During the oxidation period, the reduced OC was oxidized by air at
a volumetric flow rate of 200 mL/min in a tubular furnace. The oxidation time was set for 60 min. Since the reaction
system was a batch system, the OC particles were alternatively exposed to oxidation and reduction stages to simulate
the circulating experiments. The compositions of the flue gas were measured by off-line GC with a TCD detector. After
the reactor cooled to ambient temperature, the selected OC particles were collected for characterization analysis.

Electrical heating

~ tube furnace Quartz tube
Water vapor generator

1T T Porcclainboat ]|

Wet gas flow meter

oo 1] j I

Temperature
Constant pump controller Ice/water mixture

E
i

2.4 Oxygen carrier characterization

GC

Figure 2. Schematic of a fixed bed reactor

To better understand the reaction mechanism, a series of characterization methods was employed. The crystalline
phase of the OC samples was confirmed with XRD using Cu-Ka radiation with 40 kV and a current of 40 mA. The
samples were scanned in the 20 range of 5-80 © with a step range of 0.02 °. Moreover, SEM using a Hitachi S4800 was
used to evaluate the morphology surface features of the OC samples at different stages.
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2.5 Data processing

(1) In each part, the relative gas content (C;) of each component in the dry basis outlet gas can be evaluated as
follows:

c :M (1)
Jov-ydt

Where y, represents the actual volume fraction of gas species i (H,, CO, CH,, and CO,) in dry outlet gas; v denotes
the volume flow rate of the dry basis flue gas in the outlet.
(2) The lower heating value (LHV, MJ/Nm") of the generated gas products can be calculated as follows:

LHV = 126C, + 108Cy, +358C, Q)

(3) The gas yield (G,, Nm’/kg) is the volume of dry basis gas product yielded from the unit mass of WAC sample,
calculated as follows:

t
G = Iov.(yCO+yC02+yCH4+yH_, )dt
v M

€)

wAC

(4) The carbon conversion efficiency of the WAC (7., %) is the proportion of the carbon fraction of carbon-
containing gas in the outlet gas to the carbon fraction of the WAC fed into reactor, where C,. percentage is the carbon
content of the WAC:

12(Cpp +Cep, +Ce, )-G

v

= 4
e 24.45-C,% M, )

(5) The effective gas content (¥,, %) is defined as the ratio of the volume of effective gases (H,, CO, CH,) to the
total amount of gas produced by WAC:

Yg - JOV'(VCO+ VH2+ VCH4 )dt 5)
_[OV'(VCO+ Veo, ¥ Ve, + Vi, )dt

(6) The syngas yield (Nm?/kg) is the addition of effective gas yield:

t
/- [V o+ Yoo, +yen, )it ©
M

wAacC

3 Results and discussion
3.1 Effect of (OC/WAC) ratio

The OC was displayed as an oxygen source and heat carrier. A series of comparison experiments were conducted to
obtain the optimal OC/WAC value. Additionally, without an active role, Al,O, was used as the bed material for the blank
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experiment for comparison.
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Figure 3. Gasification characteristics of WAC with different mole ratio of OC and WAC at temperatures of 900 °C,
steam flow rate at 0.10 ml/min, reaction time of 60 min

The effect of OC and WAC mole ratio on gas distribution and LHV is shown in Figure 3a. H, is consumed at first,
due to the low activation energy as shown in the reaction (7). Thus, H, content gradually decreases with the increase
of OC/WAC. Reaction (10) was put rightward with the supplement of suitable lattice oxygen. In this condition, the CO
concentration firstly increases when OC/WAC is lower than 0.1. However, CO declines sharply while the CO, increases
monotonously as the OC/WAC increases from 0.10 to 0.25. A similar result could also be found in a study on iron ore
as an oxygen carrier to oxidize biomass char in a fixed bed reactor.'® This can be explained that excess lattice oxygen
promoted the reactions shown in reactions (7) and (8). The combustible gases were consumed with the generation of
CO, and H,O. In this case, the gasification process was gradually replaced by combustion process. CH, content slightly
declines with increasing OC/WAC, because of the reaction (9). Meanwhile, LHV firstly increases at the OC/WAC range
of 0 to 0.15, reaching its maximum of 7.67 MJ/Nm’. Then, it abruptly decreases when OC/WAC is exceeded 0.15 with
the minimum value of 5.66 MJ/Nm’ at OC/WAC of 0.25. The results meant that extra OC would provide excess lattice
oxygen, causing the consumption of large amount of synthesis gas.

To further understand the effect of OC/WAC in the CLG process, the vital variables of carbon conversion,
syngas concentration and syngas yield are shown in Figure 3b. Due to the promotion of the WAC conversion, carbon
conversion gradually increases from 32.72 to 75.53% as the increase of OC/WAC from 0 to 0.25. Meanwhile, the
syngas concentration and syngas yield are up to 67.41% and 1.12 Nm’/kg, respectively. The result was similar to the
study of chemical looping co-gasification of biomass and polyethylene.'” It resulted that the syngas generation was
evidently enhanced with the addition of OC. The OC was prone to achieve WAC’s partial oxidization by producing
the target gaseous products.” Besides, the OC enhanced the WGS reaction to generate more H,.”” However, when the
OC/WAC was more than 0.1, syngas concentration and syngas yield drastically decreased. This was mainly attributed
to a part of combustible gas that was completely oxidized by the excess lattice oxygen of OC, which was averse to
syngas generation. Generally, higher OC/WAC meant more OC added in reactor, which significantly promoted WAC
conversion but sacrificed synthesis gas yield. To high-efficiently use WAC, the OC/WAC ratio was determined at 0.15,
where the highest LHV value 7.67 MJ/Nm® was obtained. The reactions associated with OC are listed as followed:

H, + 1.042Fe,0; — 2.127Fe,0 + H,O  AH, 75 > 0 AG 55 < 0 )
CO + 1.042Fe,0; — 2.127Fe, 0 + CO,  AH, 175 <0 AG 1< 0 (8)
CH, + 4.17Fe,0; — 8.511Fe, 050 + CO, + 2H,0  AH, 3¢ > 0 AG 75 < 0 )
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C + 1.042Fe,0; — 2.127Fe, 00 + CO  AH,jp¢ > 0 AG,p5¢ <0 (10)

3.2 Effect of steam flow rate

For further enhancing the WAC conversion and synthesis gas yield, especially the H, yield, steam was employed as
a gasifying agent during the CLG of WACs.

The flue gas concentration and LHV variation under different steam flow rates are shown in Figure 4a. In the
absence of steam, the H, concentration and LHV are the lowest at 17.69% and 4.18 MJ/Nm’, but CO, is the highest
at 65.07%. With the increasing of steam flow rate, the H, concentration shows an evident uptrend. Whereas the
concentration of CO decreases overall. The CH, concentration remains invariable. Based on the evaluations of synthesis
gas concentration, the LHV increases substantially from 4.18 MJ/Nm’ to 6.95 MJ/Nm’ as the steam flow rate reaches 0.05
mL/min. Subsequently, the LHV increases mildly with increasing steam flow rate when the flow rate is higher than 0.10
mL/min.

The steam flow rate is a key parameter strongly affecting hydrogen production and carbon conversion efficiency,
as well as total gas yield. Due to the addition of H,O, the H, generation and CO consumption were facilitated with the
reaction (14) shifting toward the right. It was noteworthy that the CO content presented a fluctuation trend, because
of the competition effects between reactions (11), (12) and (13). Because the fixed carbon of WACs preferentially
reacted with steam to generate CO rather than undergoing solid-solid reactions between OC and WAC particles. The
CO, concentration decreased overall, and it was much lower than that of without steam. This result suggested that an
appropriate steam addition significantly improves the syngas yield, especially H, generation, which contributed to
enhancing the quality of synthesis gas.”

Along with the enhancement of hydrogen production, the higher amount of steam used in the gasifier promotes
the tar decomposition, which is one of the most serious issues in biomass gasification. It is attributed to tar cracking
reactions with the presence of steam. Steam strengthens participation of tar in steam gasification, which leads to a
decrease in tar content at higher steam flow rate. Consequently, hydrogen and total gas yields can enhance as products
of tar cracking reaction (tar reforming reaction). The addition of steam mainly brings about favorable aspects. Yet, in
a large-scale process steam addition is one of the main sources of energy consumption. Hence, one would always try
minimizing steam addition to the lowest possible level.

100 12 100 : 2.5
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S 80 | —-—CO —e—LHV - g0 —*—Syngas concentration 4 2.0 o
X 4 9 NS — . 4
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g ] g g £
2 60 F Z = 60 [ 115 2
B S £ <
E 16 = £ e
S 40 L > S 40 L 10 2
= < T =) 2
3 13 = 3 2
& 20 & 20t 105 &
0 0 0 0.0
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
Steam flow rate (mL/min) Steam flow rate (mL/min)
Figure 4. Gasification characteristics of WAC with different steam flow rate at temperatures of 900 °C,
OC/WAC of 0.15, reaction time of 60 min
C+CO,—2CO  AH, 5 = +168.84 kJ/mol (11)
C+H,0—>CO+H,  AH, s =+135.71 kJ/mol (12)
C+2H,0 > CO,+H, AH, =+141.3 kJ/mol (13)
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CO+H,0—CO,+H, AH, 5 =-41.18 kJ/mol (14)

Additionally, the effect of steam flow rate on carbon conversion, syngas concentration and syngas yield is displayed
in Figure 4b. The carbon conversion presents an increasing tendency and then decreases slightly as the increase of steam
flow rate with a maximum value of 60.3% at 0.10 mL/min. The syngas concentration first decreases and then gradually
increases to 66.9% at 0.20 mL/min. The syngas yield presents an overall uptrend with the first growing rapidly and
then moderates. This have resulted from the reduction reactions being close to chemical equilibrium. On the one hand,
the steam evidently promotes carbon conversion and improve the contact between solid reactants as an oxygen source.
Accordingly, solid-solid reactions between OC and WAC were improved.'® However, the more steam facilitated the
WGS reaction to the right to generate more H,. The steam accelerated the syngas yield, especially H, yield. However,
it was notable that the excessive steam (>0.10 mL/min) had no plain impact on carbon conversion. Simultaneously,
the more steam would shorten the residence time between the gas phase and solid phase. The reactions between the
WAC and steam were particularly inhibited. Thus, the WAC conversion and gas yield were restricted within high steam
amounts. The flow rate of 0.10 mL/min was selected as the proper steam flow rate, where the carbon conversion of
60.3% and LHV of 7.15 MJ/Nm’ were achieved.

3.3 Effect of reaction temperature

The reaction temperature was a key parameter for fuel conversion and OC performance in the CLG processing.”
In this study, a series of experiments corresponding to the effect of gasification temperature on WAC in the CLG was
implemented.

Figure 5 depicts the gas distribution and LHV as functions of reactor temperature. The high temperature can
drastically improve the WAC conversion and syngas yield. The concentrations of H, and CO increase with the increase
of temperature, while CO, presents the opposite trend. For the biomass gasification, the concentrations of H, reached a
peak from 820 °C to 860 °C.”*** The concentration of CH, remains constant. According to the increase in combustible
gas concentrations, the LHV increases rapidly from 3.72 MJ/m’ at 750 °C to 7.39 MJ/m’ at 950 °C. Furthermore, the
effects of temperature on carbon conversion and syngas concentration are shown in Figure 5b. As a result, the syngas
concentration presents a monotonically increasing trend with the ramping temperature. The carbon conversion increases
drastically from 26.59 to 71.54% as the temperature increased from 750 °C to 950 °C. Meanwhile, the syngas yield
attains the maximum values of 1.47 Nm’/kg at 950 °C. Accordingly, the high temperature was conducive for WAC
thermal conversion and syngas yield.

Temperature is one of the most significant factors in gasification since gasification process is a thermochemical
conversion process that uses heat to convert fuel into product gas. Generally, most of the gasification reactions are
endothermic reactions, an increase in temperature promotes them. Additionally, higher temperatures increase the
heating rate among the particles resulting in effective destruction of the particles and proceeds for complete gasification
reactions.”” Consequently, more yield of gaseous products is generated, and the amount of unreacted char reduces.
The possible explanation supporting this trend can be referred to Le Chatelier’s principle. Elevated temperatures
favored endothermic reactions (11), (12) and (13), which generated more combustible gases. Additionally, the
endothermic reaction (14) was inhibited by a high temperature, which led to the decreasing of CO,."" This indicated
that high temperatures were favorable for generating syngas with high calorific values. In addition, the OC presented
poor reactivity under low temperatures, leading to limited carbon conversion and syngas products. Accompany the
temperature rising, the more lattice oxygen was released. So the WAC conversion was enhanced. A high reaction
temperature was necessary to WAC thermal conversion and high-quality synthesis gas yields. At the temperature of
950 °C, the carbon conversion, syngas yield, and LHV attained maximum values were 71.54%, 1.47 Nm’/kg, and 7.39
MIJ/Nm’, respectively.

3.4 Effect of numbers of cycles

For the OC, one of the main challenges of these processes is to stabilize their performance over prolonged redox
cycling. To evaluate the reactivity stabilization of OCs in the CLG process, the multi-cycle tests were performed in a
fixed-bed reactor. The reaction temperature, OC/WAC, steam flow rate, and reaction time were fixed at 950 °C, 0.15, 0.10
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mL/min and 60 min, respectively.
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Figure 5. Gasification characteristics of WAC at different temperatures at OC/WAC of 0.15,
steam flow rate of 0.10 ml/min, reaction time of 60 min

As illustrated in Figure 6, the concentration of CO, shows a slight downward trend with increasing cycle numbers.
The CO concentration presents a slight upward trend. The concentration of H, also increases at the range from 49.50 to
53.21% over the cycles. There is no remarkable change in CH, content. The value of LHV increases from 7.67 MJ/Nm’
in the first redox cycle to 7.75 MJ/Nm’ in the tenth cycle. The carbon conversion shows a downward trend from 60.31 to
54.11% during the tests. The syngas concentration gradually increases and reaches the maximum value of 66.88% in the
tenth cycle. Meanwhile, the syngas yield slightly decreases but remains above 1.03 Nm®/kg. Although, the OC reactivity
shows a slight deactivation trend after 10 cycles, especially when the oxidation ability of the OC tends to be moderate,
leading to a slight decreasing of CO, concentration and an elevated calorific value of gases."” The Fe,0,/Al,0; still
presented a favorable cycle performance in a comparatively long run of cycles for the CLG of WAC.
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Figure 6. Effect of cycle number on the gasification characteristics of WAC

3.5 Characterization of OCs

To further understand the reactivity variation of OCs during the CLG test, the crystalline phase transformation
and surface morphology of the OCs were characterized by XRD and SEM. The fresh OC and OC samples after the first
reduction and the tenth redox cycle were collected for analysis.

The XRD patterns of the OC samples in different stages are shown in Figure 7. The fresh OC mainly consists
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of Fe,O; and AL,O;. The Fe,O; is the active component and OC to release lattice oxygen. While, the Al,Oy, is the inert
carrier. After the first reduction process of the OC in the CLG process, the crystalline phases of Fe, O and Al,O; are
detected. This indicated that Fe,,sO was the predominant crystal formed from the active component after individual
reduction. Meanwhile, little change was observed in the inert Al,O; phase. In the tenth cycle sample, the results of main
diffraction peak show that Fe,O, (PDF: 33-0664) still is the main active constituents and Al,O; is the inert constituent.

The active OC component Fe,O; was reduced to Fe, O after CLG of the WAC. The reduction process of
Fe,0,/Al1,0, followed the path of Fe,O, to Fe,,O. Negative changes to the particles including through sintering and
agglomeration occurred during the phase transition from FeO to Fe.”® Although it had no ability to release lattice oxygen
and directly reacted with the WAC at high temperature, the unreacted fuel and WAC ash covered the OC surface, which
was responsible for the reduction of the Al,O; phase. The iron-based OC was regenerated to its original state over the
oxidation stage after multi-redox cycles. Therefore, the XRD results indicated that the iron-based OC had a favorable
cycle performance in the CLG process.

b—Fe.,0; (c) after 10th cycle
¢—Fe,0, - -oT-
Ao & s +a o s
2 V—Feys0 (b) after 1st reduction
E
g A
g Ay ™ 9 Ay
)
E
(a) Fresh OC
o
L)
L) A L]
A
) 1 N 1 L 1 L 1 A 1 L
10 20 30 40 50 60 70
2 Theta (degree)

Figure 7. XRD patterns of fresh and used OC samples

SEM was used to evaluate the morphology of OC samples. As illustrated in Figure 8a, the surface structure of the
fresh sample is tough and loose with a porous structure. It was beneficial for the diffusion and reactions of reactants.”
After the first cycle, the greater porosity structure was observed than that of fresh sample. It was ascribed to gas
escaping from the interior of OC particles.” In this case, the structure was conducive for penetrating gaseous reactants
into the core of the OC particles. Therefore, the performance of OC was increased in the former cycles. Finally, as
shown in Figure 8c, agglomeration is observed in the tenth sample. Some small granules merge into larger granules. It
was averse to the reaction between the OC and other reactants. The surface of the obtained OC was more compact with
several agglomerated particles, which was ascribed to the sintering of Fe,O, during CLG process, as specified by former
papers.”” Meanwhile, some WAC ash block the pore and cause a negative change to the surface structure as well.”
However, it remained porous. These results indicated that iron-based OC was a promising candidate in the WAC CLG

process.
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Figure 8. SEM images of Fresh and used OC samples

4. Conclusions

This work focused on the production of syngas gas with the WAC as carbon source. An iron-based OC was used
in the CLG process. The iron-based OC showed favorable reactivity for syngas generation and WAC conversion. The
following conclusions are drawn based on the results:

(1) The introduction of steam promotes WAC conversion and hydrogen generation. The high carbon conversion of
60.31%, yield of syngas product of 1.12 Nm’/kg and the LHV of 7.67 MJ/Nm® are reached at the steam flow rate of 0.10
mL/min, reaction temperature of 950 °C.

(2) The cyclic performances of the OC during 10-time cycle tests are evaluated. Over the long run, no obvious
change occurs in the crystalline phase and morphology structure based on the XRD and SEM results. The iron-based
OC exhibits good cycling performance.

(3) The OC follows the reaction path of Fe,O, to Fe, 4O in the individual reduction process. Then, it is oxidized to
the initial state after 10 redox cycle tests. Generally, the comprehensive disposal of WAC by the CLG process with the
iron-based oxygen provides a highly efficient and environmentally friendly way.
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