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� iG-CLC of plastic waste was proposed to control the formation of PCDD/Fs.
� 5 wt.% CaO-decorated Fe2O3/Al2O3 was used for dechlorination.
� Optimizing operation conditions mitigate undesirable influence of CaO decoration.
� Cl element accumulation and little ash deposition on OC surface were observed.
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a b s t r a c t

The use of solid waste such as plastic waste in Chemical Looping Combustion (CLC) becomes interesting,
with potential advantages of exploiting new energy sources, suppressing pollutants, and capturing car-
bon dioxide. However, the emission of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs)
which as toxic matter has aroused increasing attention during the utilization process of these solid
wastes, especially for plastic waste which contains a high chlorine content. Through applying CaO deco-
ration to Fe-based oxygen carrier (OC) is it possible to realize effective dechlorination during chemical
looping processes. In this study, a 5 wt.% CaO-decorated Fe2O3/Al2O3 as OC was used for in-situ gasifica-
tion chemical looping combustion (iG-CLC) of plastic waste, and the reactivity of the decorated OC par-
ticles was tested in a batch fluidized-bed reactor, compared with that of raw Fe2O3/Al2O3 OCs. Operation
conditions, including reaction atmosphere, supply oxygen ratio and reaction temperature, were investi-
gated to explore their influence on carbon conversion, maximum instantaneous rate of fuel conversion
and CO2 yield. Results indicated that CaO decoration results in a lower reactivity of OC particles.
However, by optimizing these operation conditions the undesirable influence of CaO decoration can be
mitigated. The stability of OC reactivity was evaluated through 10 redox cycles, where stable carbon con-
version, maximum instantaneous rate of fuel conversion and CO2 yield were observed. These used OC
particles were characterized by a surface area and porosity analyzer and an Environment Scanning
Electron Microscope coupling with Energy Dispersive X-ray spectroscopy (ESEM–EDX). The specific sur-
face area (BET) result indicated that CaO-decorated OC particles present lower BET and pore volume after
10 redox cycles, and the ESEM–EDX result also demonstrated little ash deposition on the surface of OC
particles, which both contribute to the slight deterioration of OC reactivity. It was also observed from
ESEM–EDX that there is the accumulation of Cl element on OC surface, providing sound evidence for
dechlorination during the iG-CLC of plastic waste.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Chemical Looping Combustion (CLC) has been regarded as a
very promising technology for inherent separation of greenhouse
gas CO2 during fuel combustion. So far, extensive researches have
focused on the utilization of solid fuels in CLC, which have been
widely proven to be feasible in different prototype reactors [1–4].
Currently there are three main strategies for CLC with solid fuels
[5]. The first is using synthetic gas from the gasification of solid
fuels in the fuel reactor [5,6]. The second is direct introduction of
solid fuels to the fuel reactor where the gasification of solid fuel
and subsequent reduction reactions with the oxygen carrier (OC)
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Fig. 1. The schematic of CLC process.
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particles will occur simultaneously, namely in-situ gasification
chemical looping combustion (iG-CLC) [7,8]. The third is to use
an OC which releases O2 in the fuel reactor and actually burns
the fuel with gas-phase oxygen. The last alternative is referred to
as chemical-looping with oxygen uncoupling (CLOU) [9,10].

To find suitable oxygen carriers (OCs) is a key issue for the
development of the CLC technology [11]. There have been a num-
ber of publications on evaluation of the OC particles, e.g., the oxi-
des of Fe, Ni, Mn, Co and Cu [12–15]. In order to increase the
reactivity and durability of the particles, they are often supported
with some inert materials like Al2O3 [1]. Thermodynamically, the
Cu-based, Co-based and Mn-based OCs are the most favorable
OCs for the CLOU process [15]. Among these OCmaterials for CLOU,
Cu-based OCs were investigated extensively because of their
greater oxygen transport capacity, high reactivity and low cost
[15]. However, the use of Cu-based OCs is also challenging due to
its low melting point [16]. Of the listed OC materials, Ni-based
OC results in a small presence of CO and H2 in the flue gas of the
fuel reactor because CO and H2 cannot be completely oxidized by
NiO in thermodynamics [17]. Fe-based OC is selected in this study
for low cost, environmental friendliness, low agglomeration or
attrition rate and stable reactivity compared to other metal oxides
[18], and, more importantly, thermodynamic impracticability in
reactivity with HCl.

During recent years, solid waste has become an interesting fuel
because it has significant environmental benefits [19]. Plastic
waste as a major category of solid waste is considered potentially
applicable as fuel due to its high heating values [20]. However, the
utilization of plastic waste is not always environmentally feasible
because of potential secondary pollution, such as the emission of
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs).
Numerous researchers are in complete agreement that the forma-
tion mechanisms of PCDD/Fs include two major routes [21,22]: (1)
PCDD/Fs formation by heterogeneous catalysis condensation reac-
tion of direct precursors like chlorobenzene and chlorophenol; (2)
PCDD/Fs formation through an oxidative breakdown of macro-
molecular carbon structures, namely de novo synthesis from sim-
ple hydrocarbon and chlorine. On the one side, CLC, which
utilizes active lattice oxygen provided by an OC for fuel oxidation
in the absence of O2, provides a promising route to suppress the
de novo route of PCDD/Fs formation [23]. On the other side, a high
chlorine content in plastic waste may contribute to the formation
of PCDD/Fs in the furnace effluent [20], either directly or indirectly.
Consequently, it is essential to explore effective ways for dechlori-
nation during the utilization process of plastic waste based on the
formation mechanisms of PCDD/Fs. To our knowledge, little atten-
tion has been paid to the application of some adsorbents for
dechlorination in the CLC process of plastic waste, although the
feasibility of dechlorination have been illustrated through alkaline
adsorbents (CaCO3, CaO, Ca(OH)2) for conventional combustion in
the previous achievements [20,24,25].

This work focuses on iG-CLC of plastic waste using Fe-based
OCs. The schematic of an iG-CLC configuration is shown in Fig.1.
In the fuel reactor (FR), a mixture of OC and plastic waste is flu-
idized by a gasification agent which usually contains steam
[18,26]. According to reactions (1)–(3), initially plastic waste
quickly releases volatiles, then char is gasified by steam at high
temperatures. CO, H2 and CH4 are the main gasification products
generated in this process. The gasification products and volatiles
are then oxidized by the OC. Reactions (4)–(6) show the OC reduc-
tion reaction with the main products of plastic waste devolatilisa-
tion and gasification. Subsequently, the OC is transferred to the air
reactor (AR), where it is reoxidized (see (R7)) and sent back to the
FR to start a new redox cycle. If some adsorbents can be integrated
with OC particles to realize the dechlorination and these
adsorbent-decorated OC particles can still present a reliable reac-
tivity during the iG-CLC process of plastic waste, costly equipment
and energy consumption for dechlorination can be avoided on this
premise of the harmless utilization of plastic waste. It is worth not-
ing that, although the dechloridation and combustion efficiencies
have been comprehensively investigated for the CLC of HCl-
containing synthesis gas in our recent publication [23], it is still
essential to study the reliable reactivity during the iG-CLC process
of plastic waste due to the intrinsic difference between synthesis
gas and plastic waste.

Plastic waste pyrolysis ! volatilesþ Char ðR1Þ
CþH2O ¼ COþH2 ðR2Þ
COþH2O ¼ CO2 þH2 ðR3Þ
COþ 3Fe2O3 ¼ CO2 þ 2Fe3O4 ðR4Þ
H2 þ 3Fe2O3 ¼ H2Oþ 2Fe3O4 ðR5Þ
CH4 þ 12Fe2O3 ¼ CO2 þH2Oþ 8Fe3O4 ðR6Þ
4Fe3O4 þ O2 ¼ 6Fe2O3 ðR7Þ

One purpose of this study was to evaluate the reactivity of CaO-
decorated Fe-based OC particles in a batch fluidized bed reactor in
terms of carbon conversion, maximum instantaneous rate and CO2

yield. The second purpose was to examine the feasibility of
dechlorination during the iG-CLC process of plastic waste using
an Environmental Scanning Electron Microscope coupled with an
Energy Dispersive X-ray spectroscopy system (ESEM–EDX, FEI
Quanta 2000). In these experiments, the Fe-based OCs, 60 wt.%
Fe2O3/40 wt.% Al2O3, were synthesized by the co-precipitation
method and subsequently 5 wt.% CaO (mass ratio of CaO to OCs)
was used to decorate these OC particles through wet impregnation.
Note that using 40 wt.% Al2O3 as support has been demonstrated to
give stable conversion and good reactivity [27,28]. In our recent
publication [23], wet impregnation has been considered as the
optimizing decoration method and 5 wt.% CaO loading reached
an optimized level of dechloridation. The CLC performance of the
CaO-decorated Fe2O3/Al2O3 OC particles was compared with that
of the raw Fe2O3/Al2O3 OC particles to examine the effect of CaO
decoration. It is expected that this study can provide useful
information on the chemical looping utilization of plastic waste.
2. Experimental section

2.1. Materials

A medical perfusion tube as a typical plastic waste was selected
for this study. First, the sample was dried in an oven at 105 �C for
24 h. Next, it was milled and sieved to 0.5–0.6 mm prior to tests.
Table 1 summarizes the proximate and ultimate analysis and lower



Table 1
Proximate analysis, ultimate analysis (on wt.%, as received) and lower heating value of the medical plastics.

Sample Proximate (wt.%, as received) LHV (MJ/kg, db) Ultimate (wt.%, d.a.f)

M FC V A C H N S O Cl

Medical plastics 0.03 0.08 93.79 6.1 33.87 73.89 10.82 0.72 0.16 3.39 4.92

Table 2
Ash analysis of the medical plastics (on wt.%, as received).

Sample Component analysis (wt.%) Else elements

Al2O3 SiO2 SO3 CaO Mn2O3 Fe2O3 CuO ZnO

Medical plastics 15.63 34.92 4.48 19.54 1.39 19.23 1.89 2.39 0.53
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heating value of medical plastic, and its ash analysis is listed in
Table 2.

The OC was synthesized by co-precipitation route using Fe
(NO3)3�9H2O (ACS reagent, purity >98.5 wt.%) and Al(NO3)3�9H2O
(ACS reagent, purity >98.5 wt.%) as original materials. The prepared
mixture solution of Fe/Al metal nitrates ensured that Fe2O3/Al2O3

mass ratio was fixed at 60 wt.%: 40 wt.%. In the process, the aque-
ous solution of ammonia was slowly added into the obtained solu-
tion until the pH value reached to 9–10. The mixture was stirred at
90 �C in the thermostatic stirring apparatus for 3 h and the metal
complex was precipitated. The obtained precipitate was dried in
air at 105 �C for 24 h and then calcined in a muffle furnace at
1000 �C for 6 h. These nitrates turned into corresponding metal
oxide, and finally the generated OC particles were sieved to the size
range of 0.2–0.3 mm.

Ca(NO3)2�4H2O (purity >99.0 wt.%; size <5 lm) was selected as
adsorbent precursor, and the wet impregnation method was
adopted for decorating these OC particles. First, the adsorbent
precursor was dissolved in 100 mL deionized water, and then the
prepared raw Fe-based OC particles were soaked in this solution.
Next, the mixture was stirred for 12 h at ambient temperature
and dried in the air at 105 �C. Last, Ca(NO3)2�4H2O turned into
CaO after it was calcined in air at 1100 �C for 3 h, and they were
received to the uniform particles from 0.2 mm to 0.3 mm. During
the wet impregnation process, a mass ratio of CaO to OCs (CaO/OC),
5 wt.%, was designated.
2.2. Apparatus and procedure

The experimental tests for the iG-CLC of plastic waste were con-
ducted in a laboratory-scale fluidized bed. A detailed description of
this system can be found elsewhere [25,29–31]. In these experi-
ments, a mixed gas of steam and N2 was used as the fluidizing
agent, and the flow of fluidizing agent was 600 mL/min. Deionized
water was introduced into the steam generator with a constant
flow pump (TBP5002, Shanghai Tauto Biotech), preheating the
water to 350 �C. The steam flow rate was controlled by the flow
rate of water through the pump. Initially, 30 g of OC particles were
fed into the reactor through the hopper located on the top of the
tube and fluidized by pure air at an established temperature for
30 min to ensure thorough oxidation. Determinated mass of plastic
waste were inserted into the hopper in stable conditions and then
pushed into the reactor by pressurized nitrogen gas. The off gas
from the top of reactor was first led to a filter to remove particulate
matter and an electric cooler to remove the steam carried by gas,
and then to on-line gas analyzer (Gasboard-3151) to detect the
concentration of CO2, CO, CH4, H2 and O2. Concentration values
were instantaneously recorded by a data logger connected to the
computer. After these experiments, the crystalline phase was
detected by a X-ray diffraction (Shimadzu, XRD-7000), the surface
area of the OC was determined using the BET method by adsorp-
tion/desorption of nitrogen at 77 K in a Surface Area and Porosity
Analyzer (Micromeritics ASAP3000) and the morphologies and sur-
face composition of OC particles were examined using an Environ-
mental Scanning Electron Microscope coupled with an Energy
Dispersive X-ray spectroscopy system (ESEM–EDX, FEI Quanta
2000).

To investigate the effect of the mass of plastic waste fed on the
reactivity of OCs in CLC, the supply oxygen ratio, /, was introduced
in this work and it can be calculated by

/ ¼ nO;OC

nO;plastic:waste
ð1Þ

where nO,OC is the molar amount of oxygen in the OCs available for
the CLC process and nO,plastic.waste is the molar amount of oxygen
needed for full combustion of plastic waste.

nO;OC ¼mOC�
bFe2O3

3MFe2O3

ð2Þ

nO;plastic:waste ¼mplastic:waste
0bN

MN
þ2bC

MC
þ2bS

MS
þ bH

2MH
� bO

MO
� bCl

2MCl

� �
ð3Þ

here bi is the mass fraction of active component i(Fe2O3) in the OCs
or (N, C, S, H, O, Cl) in the plastic waste, mOC is the mass of the oxi-
dized the OC, mplastic.waste is the mass of the plastic waste fed into
the reactor, and Mi is the molar mass of species i. Eq. (3) was based
on the assumption that plastic waste is only oxidized to N2, CO2, SO2

and H2O in the FR by OCs and HCl is the only form of chlorine-
containing reactants.

2.3. Data evaluation

Carbon conversion in the system relies mainly on the combined
process of plastic waste pyrolysis and OC reduction with plastic
waste syngas in the FR rather than on the process of residual char
combustion in the AR, especially for the high-volatile plastic waste.
It is noted that the effect of residual char combustion in the AR can
be ignored because plastic waste contains a lower FCad content
(shown in Table 1). In the FR the molar flow of inlet N2 (FN2 ) under
the standard conditions is known, and the molar flow of gaseous
product species i, Fi,out (i = CO2, CO, CH4, H2) can be calculated by
N2 mass balance as follows:

Fi;outðtÞ ¼ FN2

ð1�P
iyiÞ

yi ð4Þ

where yi is the molar fraction of component i(CO, CO2, CH4, H2) in
the outlet gas flow on a dry basis.

The carbon conversion, XC(t), is calculated by integrating the
ratios of mole of carbon in the flue gas to the mole of carbon added
to the reactor (NC,fuel).
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XC ¼
R t
0ðFCO;out þ FCO2 ;out þ FCH4 ;outÞdt

NC;fuel
� 100% ð5Þ

where t is the duration of monitoring outlet gases (yi, i = CO2, CO,
CH4, H2). And NC,fuel is the mole of carbon fed to the reactor.

The instantaneous rate of fuel conversion, rC,inst, is calculated as
the gasification rate per unit of non-gasified carbon in the reactor.
In this study, the maximum instantaneous rate, rC,inst,max, is
selected for evaluating the reaction process.

rC;instðtÞ ¼ 1
1� XC

dXC

dt
� 100% ð6Þ

The CO2 yield, gCO2
, is calculated as the ratio of CO2 concentra-

tion to the total carbon concentration in the FR flue gas.

gCO2
¼

R t
0 FCO2 ;outdtR t

0 FCO;out þ FCO2 ;out þ FCH4 ;out
� �

dt
ð7Þ
3. Result and discussion

3.1. Comparison with raw Fe2O3/Al2O3

To determine the effect of CaO decoration on the reactivity of
OC particles, the same experiments were conducted in a batch
fluidized bed reactor using raw Fe2O3/Al2O3 or CaO-decorated
Fe2O3/Al2O3 as OCs at a reactor temperature of 900 �C. The supply
oxygen ratio was 1, and the fluidization gas contained 40% steam
and 60% N2. The volume concentrations of the main gaseous com-
ponents in iG-CLC of plastic waste were respectively shown in
Fig. 2(a) and (b). The peaks of CO2, CO and H2 were presented in
the initial 100s for both OCs. Notably, no CH4 was measured
continuously in the present setup. In chemical looping systems,
CH4 undergoes indirect combustion and most likely starts with
its partial oxidation to produce H2 and CO [32]. Another reasonable
explanation is the decomposition of CH4 under high temperature
[33]. Among them CO2 should be mainly derived from the release
of volatiles and the reaction of syngas with the Fe2O3/Al2O3 OC
particles. When using raw Fe2O3/Al2O3 OCs, little CO and H2 still
exist in the exhaust gas, which indicated that the OC particles can-
not fully oxidize these combustible gases due to limited residence
Fig. 2. Volume concentrations of main gaseous components in the iG-CLC of p
time in the batch fluidized bed reactor. In general, CO and H2 are
mainly originated from the pyrolysis of plastic waste and the
release of volatiles [34], and the segregation of volatile matter from
plastic particles is expected to cause the poor contact between OC
particles and volatile matter. Another factor is that the suspension
of some plastic particles (with relatively low density) in the FR
leads to by-pass of some gasification/pyrolysis products and short
residence time [35]. Note that higher CO and H2 peak values were
shown in Fig. 2(b) when using 5 wt.% CaO-decorated OCs. A
reasonable explanation is that partial active oxides were hindered
by CaO adsorbent, restraining the transfer of active lattice oxygen
and then the oxidation of partial combustible gases. It is expected
that the negative effect of CaO decoration on the reactivity of OCs
can be weakened through optimizing operating conditions,
including reaction atmosphere, supply oxygen ratio and reaction
temperature.
3.2. Effect of reaction atmosphere

The effect of reaction atmosphere on carbon conversion, maxi-
mum instantaneous rate and CO2 yield for the iG-CLC of plastic
waste using 5 wt.% CaO-decorated Fe2O3/Al2O3 were investigated
at 900 �C and supply oxygen ratio was1. For reaction atmosphere,
the steam content was varied between 0%, 20%, 40% and 60%.
Fig. 3(a) presents that more steam content contributes to a higher
carbon conversion, especially when compared with pure N2 atmo-
sphere. The possible reason is that more steam can promote resid-
ual coke gasification [8]. Note that the maximum instantaneous
rate obviously decreases with the increase of steam content, as
shown in Fig. 3(b). Generally, H2 and CO can be considered as the
main combustible components [36]. More steam can restrain the
reaction of R5, resulting in more H2 existing in reaction atmo-
sphere. The existence of the pyrolysis components would hinder
the following devolatilisation [37,38], which could be mainly
responsible for this phenomenon. Thermodynamically, the amount
of steam during the gasification process was in excess to decrease
external mass transfer, and the high steam concentration may also
have detrimental effect on the reduction of OCs [35]. Fig. 3(c)
showed that more steam content gives rise to higher CO2 yield
with the exception of 60% H2O. The inhibition of devolatilisation
lastic waste using (a) raw Fe2O3/Al2O3 and (b) CaO-decorated Fe2O3/Al2O3.



Fig. 3. Carbon conversion (a), maximum instantaneous rate (b) and CO2 yield (c) for 5 wt.% CaO-decorated Fe2O3/Al2O3 with different reaction atmospheres.
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from steam can extend the residence time for these pyrolysis gases,
resulting in more sufficient oxidation of combustible gases. For 60%
steam content, the lower CO2 yield (compared with 40% steam con-
tent) should be derived from the inferior reductions of OCs with
these pyrolysis gases.

3.3. Effect of supply oxygen ratio

The effect of supply oxygen ratio was also evaluated. And these
iG-CLC experiments of plastic waste were conducted at 900 �C, and
the fluidization gases contained 40% steam and 60% N2. Fig. 4
shows carbon conversion, maximum instantaneous rate and CO2

yield of plastic waste using 5 wt.% CaO-decorated Fe2O3/Al2O3 with
Fig. 4. Carbon conversion (a), maximum instantaneous rate (b) and CO2 yield (c
different supply oxygen ratios (1, 1.5, 2, 2.5). As shown in Fig. 4(a),
more than 98.3% of carbon conversion can be obtained when the
supply oxygen ratio was 1, which indicates that the effect of supply
oxygen ratio on carbon conversion was not significant. This should
be related to the low FCad content (seen in Table 1). It can be found
that a higher supply oxygen ratio improved the maximum instan-
taneous rate in Fig. 4(b). One reasonable explanation is that more
OC particles can enhance the opportunity of OC particles reacting
with combustible gases and subsequently the consumption of the
gasification intermediates by OCs eliminates the inhibition effect
of gasification products [35], accelerating the devolatilisation.
Another minor reason is that a small supply oxygen ratio may lead
to the emergence of FeO and Fe, resulting in a lower reactivity of
) for 5 wt.% CaO-decorated Fe2O3/Al2O3 with different supply oxygen ratios.
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OC particles in thermodynamics [35,39]. Fig. 4(c) shows that CO2

yield can be improved with the increase of supply oxygen ratio.
Note that CO2 yield can reach 97% when the supply oxygen ratio
was 2.5, which should be an acceptable value in iG-CLC.

3.4. Effect of reactor temperature

Four reaction temperatures, 850 �C, 875 �C, 900 �C, 925 �C, were
chosen to investigate the effect of temperature on carbon conver-
sion, maximum instantaneous rate and CO2 yield using 5 wt.%
CaO-decorated Fe2O3/Al2O3OC particles. The supply oxygen ratio
was 2.5 and the fluidization gases contained 40% steam and 60%
N2. As shown in Fig. 5(a) and (b), carbon conversion and maximum
instantaneous rate at high temperatures were generally higher
than those at low temperatures. Generally, volatiles are, due to
the high temperature, rapidly released when the plastic waste par-
ticles were introduced in the reactor and can therefore react
directly with the metal oxide. Higher temperature can accelerate
the release of volatile [40,41] and subsequent oxidation of com-
bustible gases promotes carbon conversion, especially for plastic
waste containing a high volatile content (93.79%). Hence higher
temperatures eventually improve CO2 capture efficiencies with
the exception of 925 �C, as shown in Fig. 5(c). Inevitably, more
combustible gases exist in exhaust gas due to the faster release
of volatile and shorter residence time at higher temperatures,
which finally leads to a lower CO2 yield at 925 �C than at 900 �C.

3.5. Experiments with multiple redox cycles

Ten successive cycles experiments were conducted at 900 �C
using two kinds of OC particles to test the durability of these
CaO-decorated OC particles reactivity and the raw Fe2O3/Al2O3

OC particles was used as a reference. The supply oxygen ratio
was 2.5 and the fluidization gases contained 40% steam and 60%
N2. As shown in Fig. 6(a) and (b), the average values of carbon con-
version and maximum instantaneous rate for CaO-decorated OCs
are not far below those of raw Fe2O3/Al2O3OCs. Note that the CO2

capture efficiencies (shown in Fig. 6(c)) obtained using CaO-
decorated Fe2O3/Al2O3 OCs are not less than 97%, which can be
Fig. 5. Carbon conversion (a), maximum instantaneous rate (b) and CO2 yield (c)
accepted in the iG-CLC of plastic waste although they are still
lower than those of raw Fe2O3/Al2O3 OCs. Thus, these results indi-
cated that CaO-decorated Fe2O3/Al2O3 as OC can be used for the iG-
CLC of plastic waste.

3.6. Physicochemical characterization

To analyze crystalline phase after single reduction under the
optimized condition (reaction atmosphere contained 40% steam
and 60% N2, supply oxygen ratio was 2.5 and temperature was
900 �C), the used raw Fe2O3/Al2O3 and CaO-decorated Fe2O3/
Al2O3 OC particles were examined by the X-ray diffraction. Also,
in order to evaluate the effect of CaO decoration on the surface area
and to examine the morphologies and surface composition of OC
particles, two kinds of OC particles after ten successive cycles
under the optimized condition were respectively detected by a
Surface Area and Porosity Analyzer and an Environmental Scanning
Electron Microscope coupled with an Energy Dispersive X-ray
spectroscopy system.

3.6.1. Crystalline phase analysis
As shown in Fig. 7(a) and (b), there were three main phases:

Fe2O3, Fe3O4 and Al2O3 in these two kinds of OC particles except
for CaO derived from adsorbent decoration. Compared with raw
Fe2O3/Al2O3 (shown in Fig. 7(a)), it can be seen that no new phases
of Fe are produced after reduction reaction for CaO-decorated
Fe2O3/Al2O3 in Fig. 7(b). These XRD results demonstrate the residue
of active Fe2O3, indicating that the incomplete conversion of CO
and H2 should be derived from the poor contact between OC parti-
cles and combustible gases, which is consistent with the statement
in Section 3.1.

3.6.2. BET analysis
The BET specific surface area and pore volume of fresh and used

Fe2O3/Al2O3 OCs with or without 5 wt.% CaO decoration after ten
successive cycles were tested. First, it was obtained that the BET
area and pore volume (BET = 3.49 m2/g; Pore volume = 21.72 �
10�3 cm3/g) of fresh Fe2O3/Al2O3 OCs after CaO decoration is greater
than that (BET = 2.75 m2/g; Pore volume = 19.71 � 10�3 cm3/g)
for 5 wt.% CaO-decorated Fe2O3/Al2O3 with different reaction temperatures.



Fig. 6. Carbon conversion (a), maximum instantaneous rate (b) and CO2 yield (c) in the iG-CLC of plastic waste using raw Fe2O3/Al2O3 and CaO-decorated Fe2O3/Al2O3 within
ten successive cycles.

Fig. 7. Phase composition of the reduced status of (a) raw Fe2O3/Al2O3 and (b) CaO-decorated Fe2O3/Al2O3.
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without CaO decoration. Generally, CaO has a greater BET area [42]
and pore volume [43] than Fe2O3/Al2O3 OCs, which should be
responsible for this result. Second, it was found that the BET area
(2.61 m2/g) of used Fe2O3/Al2O3 OCs is slightly less than that of
fresh Fe2O3/Al2O3 OCs, which should be derived from little ash
deposition and slight sintering at successive high-temperature pro-
cesses. Correspondingly, pore volume (12.35 � 10�3 cm3/g) of used
Fe2O3/Al2O3 OCs is obviously less than that of fresh Fe2O3/Al2O3

OCs, which indicated that ash has blocked the pore of OC particles.
Note that the BET area and pore volume (BET = 1.86 m2/g; Pore vol-
ume = 10.60 � 10�3 cm3/g) of 5 wt.% CaO-decorated Fe2O3/Al2O3

particles after ten successive cycles were distinctly reduced,
compared to those fresh 5 wt.% CaO-decorated Fe2O3/Al2O3 OCs.
The reasonable explanation is that ash and part CaO migrated into
the pores of Fe2O3/Al2O3 particles.

3.6.3. SEM–EDX characterization
As shown in Fig. 8(a) and (b), Fe, Al, C, O, Ca and Si were

detected in both particles. Among these elements, C was derived
from coating the samples with carbon to enhance the sample’s
electrical conductivity. Integrated with the ash analysis of the
medical plastics (Table 2), Ca and Si should be derived from ash
deposition for raw Fe2O3/Al2O3OC particles (shown in Fig. 8(a)).
Besides, chlorine was detected on the surface of CaO-decorated
OCs after 10 redox cycles (Fig. 8(b)), whereas it was not found
on the non-decorated OC surface (Fig. 8(a)). This observation
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demonstrated that the dechlorination using CaO adsorbent during
the iG-CLC process of plastic waste is feasible. Similarly, Si was
detected in Fig. 8(b), indicating a little ash deposition on the sur-
face of CaO-decorated OCs. In addition, no obvious sintering/
agglomeration has been presented on the surface of these OC par-
ticles. Note that these used CaO-decorated OC can be reproduced
through being washed by a dilute hydrochloric acid solution and
then being decorated again [23].
4. Conclusions

This work first evaluated the reactivity of 5 wt.% CaO-decorated
Fe2O3/Al2O3 as an OC during the iG-CLC process of plastic waste,
and the CaO decoration was used for suppressing the
Cl-containing components, which possibly help to control the
emission of PCDD/Fs. First, the CaO decoration effect was evaluated
in a batch fluidized bed reactor through detecting gas compositions
in exhaust gas when compared with raw OCs. Following that, oper-
ation conditions (including reaction atmosphere, supply oxygen
ratio and reactor temperature) were investigated in the same
reactor using 5 wt.% CaO-decorated OCs to analyze their effect on
carbon conversion, maximum instantaneous rate and CO2 yield.
Results indicate that CaO decoration results in more combustible
gases existing from the reactor, and optimizing these operation
conditions can obviously improve carbon conversion, maximum
instantaneous rate and CO2 yield. The optimizing operation condi-
tion is 900 �C for reaction temperature, 2.5 for supply oxygen ratio,
and 40 vol.% steam/60 vol.% N2 for fluidizing agent. Last, the
durability of CaO-decorated OCs reactivity was verified through
ten successive redox cycles. No sintering or agglomeration
phenomenon occurred and little ash deposited on the surface of
OC particles. Notably, the ESEM–EDX result also demonstrated
the accumulation of Cl elements on the surface of CaO-decorated
Fe2O3/Al2O3OC particles. In summary, these results demonstrated
that in situ dechlorination using CaO-decorated Fe2O3/Al2O3 OC
particles during the utilization of plastic waste as energy is
feasible, and iG-CLC process of plastic waste is a promising route
for the inhibition of the formation of PCDD/Fs.

In this work, PCDD/Fs cannot be detected in exhaust gas due to
a very limited sample used in the batch fluidized-bed reactor
experiments. The feasibility of suppressing the formation of
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PCDD/Fs would be further examined through detecting the
accumulative PCDD/Fs in subsequent continuous iG-CLC experi-
ments of plastic waste.
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