
Experimental Evaluation Using Plastic
Waste, Paper Waste, and Coal as Fuel
in a Chemical Looping Combustion Batch
Reactor

A comparative study of chemical looping combustion (CLC) with paper, plastic,
and coal as fuel was carried out. Experiments were performed in a laboratory
fluidized-bed reactor by alternating between reduction and oxidation cycles. The
results obtained indicated that a higher temperature leads to an increase in the
CO2 yield and carbon conversion for all fuels. Paper had the highest fractional
conversion of CO to CO2 followed by polyvinyl chloride (PVC) and coal. This
was due to the higher fraction of volatiles in paper compared to PVC and coal.
Scanning electron microscopy (SEM) analysis of the oxygen carrier particle after
each of the solid fuel experiment was carried out. For the used ilmenite, there was
a slight difference in the morphology for the three different fuels.
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1 Introduction

The annual emission rate of CO2 worldwide needs to decrease
by 60–80 % to achieve global warming target levels of less than
1.5 �C [1]. Different strategies exist in reducing CO2 emission
into the atmosphere, which include reducing energy consump-
tion, increasing the use of renewable energy sources, and
enhancing the biological absorption capacity of forest and soils.
However, these efforts are not predicted to be sufficient to
attain the CO2 emission decrease required to meet the maxi-
mum 1.5 �C targets. Carbon capture and storage (CCS) has
been identified as a strategy for CO2 emission reduction that
can be used to attain a negative net CO2 emissions environ-
ment [2]. There exist different CCS technologies which are
employed to reduce CO2 emissions. Nonetheless, most of the
carbon capture technologies have a high energy cost which
lessens the energy efficiency of the process, while increasing the
cost of energy production [3].

Chemical looping combustion (CLC), on the other hand, is a
type of CO2 separation technology for combustion that has a
low energy consumption due to a non-direct contact between
fuel and air [4]. This CO2 capture technology has the ability to
combust fuel for efficient heating and electricity generation
purposes [5]. CLC has the potential to reduce nitrogen oxide
(NOx) and dioxin emission when municipal solid waste
(MSW) is taken as fuel [6, 7]. The increase in the amount of
MSW generated is connected with an increase in population
and urbanization and, if not properly managed, it could pose a
serious threat to the environment and health of humans [8, 9].

In CLC, the combustion system consists of an air reactor
and a fuel reactor. A metal oxide which is referred to as the
oxygen carrier (MxOy) is introduced into the fuel reactor and
as it is reduced, it provides the oxygen needed for the combus-
tion of the fuel [10]. The reduced metal oxide is transferred to
the air reactor where it reacts with air and is thus re-oxidized
before being reintroduced into the fuel reactor, hence forming
a loop. Since fuel and air do not mix in the same reactor, there
is no additional cost for CO2 separation in this method [11].

Fig. 1 presents the description of a CLC process as depicted
by Adanez et al. [12]. An oxygen carrier suitable for CLC must
be highly reactive to air and fuel [13]. The oxygen carrier must
have the ability to undergo repeated oxidation-reduction cycles,
and should be environmentally friendly and cheap [14]. Some
solid fuels contain large amounts of ash which can deactivate
the oxygen carrier. Due to this reason, it is beneficial to use an
oxygen carrier that is inexpensive and can be easily replaced.
Therefore ores, such as ilmenite, are often used as oxygen car-
riers for solid fuels [15, 16].
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CLC for solid fuels can be categorized depending on whether
the solid fuel directly or indirectly reacts with the oxygen car-
rier. The first approach is to carry out solid gasification in a
gasifier, and the syngas produced is then introduced into the
CLC system [17, 18]. The second approach is when the solid
fuel is introduced directly to the CLC fuel reactor (solid-fueled
CLC). The solid-fueled CLC is further classified into in-situ
gasification CLC (IG-CLC) and chemical looping oxygen
uncoupled (CLOU) [19]. Most experiments are operated under
a fluidized-bed condition using the IG-CLC process because it
does not require a gasifier and favors the solid-gas interaction
[20].

When the solid fuel is fed into the fuel reactor, devolatiliza-
tion takes place and volatiles and char are generated. The char
undergoes gasification with steam and/or CO2. The volatiles
and gasification products react with oxygen carriers to produce
the combustion products according to Eqs. (1)–(4).

Solid fuel fi volatile matterþ char (1)

Char Cð Þ þ CO2 fi 2CO (2)

Char Cð Þ þH2O fi COþH2 (3)

MxOy þ volatileþ COþH2 fi MxOy�1 þ CO2 þH2O (4)

The steam is condensed and pure CO2 is obtained. The
reduced oxygen carrier gets re-oxidized in the air reactor as
seen in Eq. (5):

MxOy�1 þ
1
2

O2 fi MxOy (5)

One of the challenges faced with the IG-CLC is the incom-
plete conversion of char in the fuel reactor. When this occurs,
the unconverted char moves to the air reactor where CO2 is
produced. This reduces the CO2 capture efficiency of the pro-
cess. Several solutions were proposed for limiting the amount
of unreacted char that is being transported to the air reactor.
The application of a carbon stripper was found to improve the
performance of the system by separating the unreacted char
from the oxygen carrier before being transported to the air
reactor [21, 22]. Also, an oxygen polishing step was proposed
by Gayan et al. to complete the combustion process and hence
reduce the amount of unreacted char available [23].

Different solid fuels such as coal, wood pellets, biochar, bio-
mass, and even some components of MSW were tested in
experimental CLC systems to evaluate combustion efficiency,
carbon capture efficiency, and the effects of different oxygen
carriers [24, 25]. Studies were performed on different oxygen
carriers and their impact on the efficiency in CLC. Low-cost

oxygen carriers such as iron ore [15, 26], manganese ore
[27, 28], ilmenite [25, 29] ,and industrial waste materials such
as bauxite [30] were used for various CLC experiments. A mix-
ture of different oxygen carriers was also studied and improved
gas conversion was noticed as a result [31].

Perez-Vega et al. [32] evaluated the effect of manganese-iron
mixed oxide doped with titanium as an oxygen carrier in
CLOU of coal. The oxygen carrier showed high potential and
the combustion efficiency of the solid fuel improved as the
oxygen uncoupling capability was enhanced at suitable operat-
ing conditions in the air reactor. Bhui and Vairakannu [33]
reviewed the chemical looping co-combustion of coal and
biomass to reduce carbon emission. The blending of coal and
biomass in CLC was noticed to have a higher carbon con-
version due to the presence of ash which serves as a catalyst
and the high proportion of volatile matter present in the solid
fuels.

Fan et al. [34] investigated the performance of a coal gasifi-
cation CLC combined with cooling, heating, and power
production. The thermodynamic evaluation of the process
indicated that the overall energy efficiency of the process
was between 58–60 %. The CLOU and the IG-CLC processes
were also compared based on the reactivity using CuO as an
oxygen carrier and coal as solid fuel [35]. A lower carbon con-
version rate was noticed in the IG-CLC when compared to the
CLOU.

With regard to MSW as solid fuel, few CLC studies were car-
ried out. Bi et al. [36] combusted a type of plastic waste, poly-
vinyl chloride (PVC) and kitchen waste using Fe2O3 as the oxy-
gen carrier. The oxygen carrier was found to absorb the
chlorine after the reduction stage and reduce the amount of
dioxins emitted [36].

The adsorption property of copper- and iron-based oxygen
carriers in cadmium was investigated by Chen et al. [37]. Cad-
mium, which is present in MSW, can lead to the formation of
cadmium oxide during combustion. It was observed that 90 %
of the cadmium in the MSW was distributed in the oxygen
carrier and can be detached gradually in the chemical looping
gasification process [37]. Ma et al. [38] evaluated the perfor-
mance of iron ore and a CaO adsorbent as an oxygen carrier in
IG-CLC of plastic waste. A combustion efficiency of 98 % was
achieved, and the results also showed that the addition of the
adsorbent helps to reduce the formation of dioxins without
altering the properties of the oxygen carrier.

There exist no reports on the CLC of paper, which is a key
component of MSW. Also, no study compared the CLC of plas-
tic, paper, and coal in a fluidized-bed CLC. However, Chemcad
software was used to predict the performance of CLC of waste
paper, plastic components, and paper/plastic blends which was
compared with that of South African coal. The result of the
simulation indicated a close CO2 yield between paper, plastic,
and coal but a better yield was observed for the blends at all
different blend ratios tested [39]. This study evaluates the com-
bustion efficiency of waste paper, plastic waste, and coal in a
fluidized-bed reactor using ilmenite as the oxygen carrier at
different temperatures.
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Figure 1. Layout of a CLC process [6].
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2 Methodology

2.1 Experimental Setup

The experiment was conducted at the Environmental Inorganic
Chemistry Laboratory of the Chalmers University of Technolo-
gy, in a batch fluidized-bed reactor. The experimental proce-
dure was the same as that described by Keller et al. [40]. A
schematic overview of the laboratory setup is depicted in Fig. 2
and by Leion et al. [14].

2.2 Material Preparation

South African ilmenite ore served as oxygen carrier. Ilmenite
has been reported to have a high oxygen transport capacity and
good fluidization behavior [41]. The ilmenite sample was cal-
cined in air at a temperature of 900 �C at a heating rate of 5 �C
min–1 for 3 h and cooled at 10 �C min–1 to remove any organic
impurities present. Calcining the oxygen carrier before experi-
ments also guaranteed that the oxygen carrier was introduced
into the reactor in its most oxidized state. This also helps to
avoid mass gain during heating up of the oxygen carrier during
experiments and thus simplifies the mass balance during calcu-
lations. The treated metal oxide was crushed and sieved and a
particle size of 125–180 mm was selected in this experiment.

Syngas activation was done to evaluate the reactivity of the
oxygen carrier before testing with the solid fuels [42]. In this
case, syngas was used as fuel in the reduction cycle with the
oxygen carrier. This was done by placing 15 g of the oxygen
carrier inside the fluidized-bed reactor and exposing it to
450 mL min–1 of syngas for four cycles at a reaction tempera-
ture of 950 �C. This is to ensure the stability of the reactivity of
the oxygen carrier before being used for the solid fuel. For the
solids fuel experiment, a gas flow of 900 mL min–1 was chosen
for both reducing and oxidizing periods. The experiments were
performed at a reactor temperature of 800–950 �C. Steam and
nitrogen served as a fluidizing gas and were introduced at the
same time as the solid fuel was introduced into the reactor.

Nitrogen gas was also added to the top of the reactor to sweep
down the solid fuel and to prevent condensation of the steam
in the inlet of the solids fuel. However, the sweep gas never
reached the reaction zone of the reactor. The flue gas from the
cooler gets transferred to the gas analyzer (Rosemount
NGA-2000) and the concentrations of CO, CO2, CH4, and O2

were measured and recorded.
The oxidation in the fluidized bed was done at 5 % O2 in

nitrogen. The re-oxidation of the oxygen carrier for each cycle
was carried out until the outlet oxygen concentration was
stable and the initial oxygen concentration was 5 % in volume.
After each oxidizing and reducing period, nitrogen gas was
introduced (inert period) to avoid mixing of the gases from
oxidizing and reducing phases. Each cycle was performed
at least twice to ensure a steady reaction. The reduced form
of ilmenite used was FeTiO3 and the most oxidized form
Fe2TiO5 + TiO2, which stoichiometrically corresponds to
Fe2O3 + 2TiO2 [43], being 5 % of the theoretical oxygen trans-
fer capacity [41]. It should be noted that the oxygen carrier was
heated up until 950 �C and cooled to room temperature at the
end of each experiment.

South Africa coal, paper, and PVC samples were selected as
solid fuels. The particle size of the solid fuels ranged from
125–180 mm. The properties of the fuels used are stated in
Tab. 1. For each reduction cycle 0.1 g of the solid fuel sample
was taken. Each experimental cycle was repeated at least twice
and the average value was used to analyze the result.

2.3 Data Evaluation

The degree of carbon conversion helped to evaluate the prog-
ress of char conversion during reduction. It is defined as the
ratio of the mass of carbon already gasified to the total mass of
carbon entering into the reactor. This is evaluated by integrat-
ing the carbon-containing flue gases during reduction and
dividing by the integration of the carbon-containing flue gas
during reduction and oxidation as described by Keller et al.
[40]. The reduction phase was evaluated to range between 30 %
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Figure 2. Laboratory setup of the fluidized-bed system used in the experiment [14].
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and 70 % carbon conversion by Keller et al. [40]. The gasifica-
tion period was used to determine the overall performance of
the CLC system since it is the limiting reactant step. The degree
of carbon conversion can be calculated as Eq. (6):

Xc ¼
mc tð Þ
mtotal

(6)

where mc(t) is the mass of carbon converted up until time t,
and mtot is the total mass of carbon that entered into the reac-
tor from the beginning of the gasification up until the end of
the oxidation cycle.

The rate of carbon conversion, rw, was evaluated by defining
carbon conversion as a function of time. This was used to com-
pare the CLC conversion rate of the fuel samples (Eq. (7)).

rw ¼
dXc

dt
(7)

The CO fraction was defined as the cumulative amount of
carbon converted to CO at a given conversion divided by the
total amount of fuel released as CO, CH4, and CO2 during an
entire cycle. This was used to analyze the effect of temperature
on unconverted CO (Eq. (8)).

CO fraction ¼ COCUM

COþ CO2 þ CH4ð Þtotal
(8)

3 Results

3.1 CLC of Paper Waste

The outlet concentrations of the measured gases, when paper is
used as fuel, as a function of time for the reducing period at
800 �C are displayed in Fig. 3a. The devolatilization occurs
immediately when the fuel sample entered the reactor as the
paper contains a high fraction of volatiles. The char reaction
and the devolatilization occur almost simultaneously and could
not be separated, unlike when compared with the slow reacting
petroleum coke used by Leion et al. [44] where different peaks
were noticed for the devolatilization and char gasification reac-
tions. The gas concentrations start to decrease after an average
of 15 s and all the paper samples are completely reacted after
1.5 min. The presence of CO in the gas concentration is due to
the insufficient contact between the gasification products and
the oxide carrier, hence it could not be fully converted to CO2.

During the oxidation stage, the oxygen present in the oxi-
dation flow reacts with the reduced oxygen carrier while the

nitrogen (N2) is inert in the reactor. The oxidation of the oxy-
gen carrier takes place at 5 % oxygen concentration. All oxygen
is consumed during the first 20 s. The oxygen concentration
then increases rapidly until it becomes constant at 5 % as seen
in Fig. 3b. It can be observed that little outgoing carbon-con-
taining gases are present during the oxidation. This is because
no char exists in the bed and all the carbon present iss con-
sumed during the gasification process. The small amount still
detected is assumed to be carbon left in the feeding system and
the upper filter of the reactor.

3.2 CLC of Plastic Waste

A similar trend for the gas concentration profile in the reduc-
tion phase is noticed when PVC is used as the solid fuel
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Table 1. Characterization of the three solid fuel samples.

Fuel Proximate analysis [wt %] Ultimate analysis [wt %] Heating value [MJ kg–1]

Volatile Moisture Ash C H N S O Cl

Waste paper 76 3 12 35.6 4.6 0.6 – 43.3 0.9 12.28

PVC 69 – 14 35.6 4.01 0.5 – 0.5 59.3 15.55

South Africa coal 22.7 2.1 37.5 78.4 4.5 1.8 1.0 14.3 – 19.82
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Figure 3. (a) Gas concentration profile during the reduction of
CLC of paper waste (800 �C), (b) gas concentration profile during
oxidation of ilmenite of CLC of paper waste (800 �C).
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(Fig. 4), but with lower outlet gas concentration and a longer
fuel conversion time compared to paper in Fig. 3a in Sect. 3.1.
This is because the volatile content in PVC is lower than that
of paper, hence the rate of reaction will be lower. The shape of
the gas concentration curves also indicates an initial peak with
mainly volatile conversion followed by a tail with slower char
conversion. It should also be noted that the concentration of
methane in the outlet gas when PVC was used as fuel was high-
er than that of CO at the beginning of the gasification cycle
and reduces drastically towards the end of the cycle as observed
in Fig. 4 below. This is because the initial devolatilization step
occurs quickly at the initial stage and favors the production of
hydrocarbons [7, 45]. It was found that the oxygen concentra-
tion trend during oxidation is the same for all the different sol-
id fuels tested as the same parameters were employed.

3.3 CLC of Coal

The CLC of South African coal was also performed to evaluate
the effect of the reduction time compared to the other fuels. It
was noticed that it takes a longer time for
the coal to be converted (Fig. 5) compared
to paper and plastic. This is because of its
low volatile matter in comparison to paper
and PVC. The char gasification step in coal
is very slow, and some amount of char is
still present in the reactor which still reacts
after the 120 s presented in the plot.

3.4 Average Rate of Reaction in
the CLC of Paper, Plastic, and
Coal

The average rate of fuel conversion as a
function of fuel converted during the CLC
of South African coal, PVC, and paper
sample was compared. This was done at
800 �C and is illustrated in Fig. 6. The rate
of reaction rises as the conversion increases
until it gets to a certain conversion when
most of the carbon has been converted and

the rate decreases. Paper has the highest rate of reaction fol-
lowed by PVC and lastly coal. It takes less than 30 s for 95 %
conversion to be achieved for paper, about 3 min for PVC while
that of coal was around 10 min. However, it should be noted
that in the case of coal there was still char left in the reactor
and the full conversion is then even longer. The reason is the
higher volatile content present in the paper as compared to
PVC and coal according to Tab. 1. Similar results were reported
by Leion et al. [46, 47] for different solid samples in a wide
range of volatile content.

3.5 Effect of Temperature on the CLC of Paper,
Plastic, and Coal

Fig. 7a demonstrates the trend of the mass of carbon converted
to CO and CO2 during the reduction cycle of CLC of paper at
different temperatures. The change in temperature is very little
on the mass of the carbon converted to flue gases. This is again
due to the very high volatile content since the volatiles leave as
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soon as the fuel enters the reactor even at the lower 800 �C.
However, the case is different for PVC and coal as the influence
of the increase in temperature was quite noticeable (Figs. 7b
and 7c). As the temperature rises, the mass of the carbon-con-
taining gases also increases from 800–950 �C. This is due to
higher rates of gasification of the char fraction as the tempera-
ture increments [48]. However, the highest concentration of
carbon-containing flue gas for PVC seems to be similar at
900 �C and 950 �C as opposed to that of coal (Fig. 7c) below

which it was increased up to 950 �C. This could be
because of the comparably low fraction of char in
the PVC making it hard to see any difference in
conversion at these temperatures.

The same trend is also observed when the aver-
age rate of reaction of PVC is plotted against its
conversion (see Supporting Information). This
infers that increasing the temperature for CLC of
PVC to 950 �C is not necessary to reach high con-
version. Fig. 8 illustrates how the average rate of
conversion rises during gasification (30–70 % con-
version) at higher temperature for all the fuels
tested. It can be inferred that at a higher tempera-
ture the rate of conversion is also increased. Thus,
at a higher temperature higher carbon capture
efficiency and carbon conversion can be achieved
as also illustrated in the literature [49]. The effect
of CO fraction from the flue gas at different tem-
peratures for the three solid fuels is also analyzed
and further explained in the Supporting Infor-
mation.

3.6 Morphology of Oxygen Carrier Used
in CLC of Paper, Plastic, and Coal

Fresh ilmenite after heat treatment and ilmenite
obtained after CLC of paper, plastic, and coal ex-
periments were investigated with scanning electron
microscopy (SEM). The SEM micrographs are pre-
sented in Figs. 9a–d. The used ilmenite has smooth-
er edges and rougher surfaces than the fresh ilmen-
ite. Similar results have been reported before [46].
The changes in the surface edges are due to the
high temperature and compression of particles that
occurred during the oxidation and reduction reac-
tion and also due to attrition during fluidization
[50]. Sintering is observed on the surface of the
reacted ilmenite. This could be due to the reactivity
deterioration of the oxygen carrier [51], high tem-
perature or as a result of ash from the fuel. How-
ever, no ash was detected.

The Brunauer-Emmett-Teller (BET) analysis of
the fresh and used ilmenite was performed. The
surface area of the fresh ilmenite (1.76 m2g–1) was
found to be higher than that of the used ilmenite
for paper (0.44 m2g–1), PVC (0.73 m2g–1), and coal
(0.26 m2g–1). The ilmenite particles in CLC of coal
has the highest surface roughness followed by PVC

and lastly that of paper. The reason for the slight difference in
the morphology of the used ilmenite for the three fuels might
be related to the degree of reactivity deterioration of the oxygen
carrier. This means that used ilmenite of coal has the highest
degree of deterioration, followed by that of paper and lastly
PVC. However, Khakpoor et al. [52] indicated that the slight
change in the surface area of fresh and used ilmenite could be
considered insignificant and has little or no effect on the reac-
tivity of the oxygen carrier.
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Figure 7. Mass of carbon converted to CO and CO2 as a function of time during
reduction at different temperatures for (a) paper, (b) PVC, and (c) coal.
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4 Discussion

This paper describes the CLC of solid waste (paper and PVC)
and coal using a batch fluidized-bed reactor. Previous work on
CLC of MSW [7, 38] described the effect of different strategies
to improve the carbon conversion, combustion efficiency, and
suitable oxygen carriers that can help in reducing dioxin emis-
sions, a persistent organic pollutant that is usually emitted

during incineration of MSW. This experiment
shows the prospect of capturing CO2 using MSW
in a fluidized-bed reactor with ilmenite as an oxy-
gen carrier. The presence of unreacted gases (CO,
CH4) in the CLC of solid fuels can be due to differ-
ent reasons: the amount of volatiles present in the
fuel, the low reactivity of the oxygen carrier, or bad
mixing in the reactor with gasification in the upper
part of the reactor not giving gasification products
enough time to react. This can be reduced by either
separating and recycling the unconverted gas or by
adding another fuel reactor in series with the first
[53]. It is also possible that a different reactor
design can improve the conversion where fuel is
inserted into the bed and not, as in this case,
dropped on top of the bed. Also, different oxygen
carriers with higher reactivity to H2 and CO or an
oxygen carrier with CLOU properties would help
in increasing the carbon conversion.

Cuadrat et al. [54] also examined the influence
of adding limestone (CaCO3) to the reactor bed to

increase the gas conversion by experimenting with the CLC of
pet coke with ilmenite as an oxygen carrier. The presence of
lime would serve as a catalyst in the water-gas shift reaction
and improves the CO2 capture by increasing the char gasifica-
tion rate [54]. Also, potassium-modified ilmenite was found to
improve the CO2 capture in CLC of coal due to the catalytic
effect of potassium on char conversion [55, 56].

The rate of carbon conversion of MSW (paper and PVC)
was compared with that of South African coal. The graph in
Fig. 6 in shows a faster residence time and a higher rate of
carbon conversion in paper and PVC than in coal. This further
indicates the operability and the adaption of the fluidized-bed
system in the CLC of MSW.

A different trend of carbon mass converted to CO and CO2

was observed for the solid fuels tested at different temperatures
with coal having a higher amount of carbon converted as the
temperature increases. This trend is similar to that found in
literature irrespective of the oxygen carrier used [57, 58]. As
explained in previous works, increasing the temperature
enhances the char gasification and also raises the reaction rate
between oxygen carriers and volatiles. However, for PVC the
smaller amount of carbon converted is likely due to the low
amount of char present and the high amount of chlorine in the
sample. This might have led to the blow-off of some of the
PVC samples during the reduction process which makes it
difficult for most of the carbon to be converted.

The CLC experiment carried out on the waste samples
(paper and plastic) and coal demonstrates a high CO2 capture.
The high CO2 concentration produced during CLC makes the
process a clean and efficient waste-to-energy technology. The
experimental analysis can be used to optimize the design of the
CLC unit by scaling up and further development of the tech-
nology. However, the challenge with scale-up is reducing the
amount of unburnt char present in the combustion chamber.
Several measures have been proposed to reduce the presence of
unburnt char. This includes the addition of a carbon stripper
and improving the gas-oxygen carrier contact by incorporating
new designs into the current CLC unit [54].
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Figure 8. Average rate of conversion from 30–70 % conversion for paper, PVC,
and coal at different temperatures. Note: the error bars for the coal experiment
are very narrow, hence not seen in the figure.

a) b)

c) d)

Figure 9. SEM micrograph of (a) fresh ilmenite, (b) ilmenite used
in CLC of paper, (c) ilmenite used in CLC of PVC, (d) ilmenite
used in CLC of coal.
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5 Conclusion

Based on the comparative analysis of CLC of paper, plastic, and
coal with ilmenite, the following conclusions can be drawn:
– The average rate of reaction of paper was faster than that of

PVC and coal. This was due to the higher volatile content of
paper compared to PVC and coal.

– The mass of carbon converted improved when the tempera-
ture was increased, which can be attributed to a higher reac-
tion rate as the temperature increases.

– The fractional conversion of CO to CO2 was highest in
paper, followed by PVC and lastly coal.
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