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A B S T R A C T   

Oil refineries are responsible for ~5% of total global CO2 emissions and approximately 25–35% of these emis
sions are released from a single unit called Fluid Catalytic Cracking (FCC). Chemical Looping Combustion (CLC) 
has been recently proposed as a novel CO2 capture method from the regenerator of FCC units as an integrated 
process of CLC-FCC. In this study, for the first time, the combustion behaviour of three types of cokes, a model 
FCC coke (which is a low volatile semi-anthracite coal), and cokes deposited on commercial FCC catalysts by n- 
hexadecane cracking and Vacuum Gas Oil, were comprehensively investigated with oxygen carriers (Co3O4, CuO, 
and Mn2O3) in a fixed-bed reactor at 700–850 ◦C. The results demonstrate that a high coke combustion efficiency 
was achieved with CuO (98 vol %), Co3O4 (91 vol %), and Mn2O3 (91 vol %) at 800 ◦C for 30 min. CuO was the 
most effective oxygen carrier, at temperatures greater than 750 ◦C for 45 min of residence time. These are the 
regeneration conditions used in the conventional FCC regenerators.   

1. Introduction 

Heavy industries such as oil refining, cement, and iron-steel, account 
for ~22% of the global CO2 emissions [4,30,41,49]. As the largest single 
source of CO2 emitter, Fluid Catalytic Cracking (FCC) units are respon
sible for 20–35% of the total CO2 emissions [20,49] released from oil 
refining (which are collectively responsible for ~5% of global CO2 
emissions) [31,48,49]. The CO2 emissions from the FCC regenerators 
can be captured by post-combustion capture technologies, such as amine 
scrubbing [18,42]. Despite post-combustion being a mature technology 
for CO2 captures, chemical looping combustion (CLC) and 
oxy-combustion offer lower energy penalties [15,26,38,54]. In 
FCC-oxy-combustion, the combustion of coke (regeneration of catalysts) 
occurs with the oxygen mixed with recycled CO2 rather than air. How
ever, the process conditions and the effect of CO2 on coke regeneration 
in the application of oxy-combustion are needed to be investigated and 
improved before commercialisation [26,39]. 

CLC technology is identified as a novel CO2 capture technology 
thanks to its inherent separation of CO2 [35,36,54]. The CLC process is 
based on oxygen transfer between two interconnected reactors called 
fuel reactor and air rector, in which oxygen transfer from the air reactor 
to the fuel reactor via a solid oxygen carrier. In this process, air does not 

need to mix with fuel for combustion. Firstly, the fuel either solid or gas 
is introduced to the fuel reactor and oxidised to CO2 and H2O by a metal 
oxide [53] which is reduced to metal or any other reduced form during 
this reaction. After a condensation and purification step, the pure CO2 is 
ready for transport and storage [2]. Subsequently, in the air reactor, the 
reduced oxygen carrier is oxidised by oxygen in the air stream. The 
re-oxidised oxygen carrier gets ready for a new combustion cycle. The 
flue gas from the air reactor contains nitrogen and excess oxygen gases 
[2,13]. Thanks to the unique CO2 separation technology, chemical 
looping can be applicable in a wide range of technologies i.e. combus
tion, gasification, hydrogen production, direct oxygen production, gas 
cleaning, coke combustion etc. Since the application of chemical looping 
technologies have been investigated with various fuels such as fossil 
fuels i.e. methane, natural gas, syngas, coal, petroleum coke and re
newables i.e. biomass, biocoal, biochar, biooil, in various size pilot-scale 
reactors [26,37,46,53]. 

Metal oxides play a significant role in the integration of CLC tech
nology [21] to FCC units in which they are used as oxygen suppliers to 
combust the FCC catalyst cokes in regenerators. CLC technology has 
been proposed as an energy saving alternative process compare to post- 
and oxy-combustion capture technologies [33]. This is based on CLC 
being developed as one of the best alternative processed to amine 
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scrubbing to minimise the CO2 capture cost [32] as it does not need a 
separation process [34,37] unlike post-combustion [18,19,42] or 
oxy-combustion [14,16,17]. In our previous studies [24–26], CLC inte
gration to FCC was experimentally investigated with a novel CLC-FCC 
configuration, where the FCC catalysts (equilibrium catalyst – ECat) 
were modified by reduced form of oxygen carriers (Mn3O4, CoO, and 
Cu2O) [24,26] using physical mixing [24] and impregnation [27] 
methods. The reduced oxygen carriers (Mn3O4, CoO, and Cu2O) 
demonstrated insignificant effects on the yields (coke, gas, and liquid) 
and selectivity of cracking products [24]. Similar results were also 
observed for the catalysts prepared by wet-impregnation [27] but the 
ECat increased coke deposition [27,28]. Complete combustion of a 
model coke (a semi anthracite coal) was achieved with Mn2O3, Co3O4, 
and CuO at 800 ◦C with stoichiometric ratio of oxygen carrier/coke and 
40–60 min of regeneration time [24]. Furthermore, with CuO and 
Mn2O3 modified ECat, higher than 94 vol % of coke combustion was 
achieved at 750 ◦C for 45 min [27]. 

The previously proposed CLC-FCC configuration demonstrated very 
promising results for the regeneration of FCC catalyst with oxygen 
carriers [27], where a commercial FCC catalyst was impregnated with 
oxygen carriers [22,23,40]. Considering the general application of CLC 
with solid fuels [46,51,53], the direct regeneration of FCC coke with 
oxygen carriers (without any further modification) can be another 
possibility. The physical mixing of a model FCC coke with oxygen car
riers were previously investigated using a Thermogravimetric Analyser 
(TGA) [24] and provides very promising combustion efficiency. In this 

study, for the first time, (i) the combustion behaviour of the FCC cokes 
was investigated with oxygen carriers (CuO, Co3O4 and Mn2O3) in a 
fixed-bed reactor integrated with an online mass spectrometer at a 
temperature range 700–850 ◦C and (ii) the impact of mechanical mixing 
of oxidised oxygen carriers (Mn2O3, Co3O4, and CuO) on cracking of a 
model compound (n-hexadecane) was also identified in order to 
demonstrate the potential impact on cracking products using ASTM 
D3907-13. 

2. Materials and methods 

2.1. Preparation of the cokes 

Three different cokes were prepared before the CLC tests. The first 
coke is a model coke (low volatile semi-anthracite coal), showing 
elemental similarities with FCC coke. The remaining cokes were pre
pared via cracking of Vacuum Gas Oil (VGO) and model cracking feed 
(n-hexadecane, C16H34). The cracking reactions were investigated over 
commercial FCC catalyst (supplied by BASF) in a microactivity test 
(MAT) unit using ASTM D3907-13 [6], the standard method for testing 
of FCC catalysts. Further information about the MAT unit and test 
conditions were presented in previous studies [24,27]. The coke 
deposited on the FCC catalyst were designated “Coke-C16” for the 
cracking of n-hexadecane and “Coke-VGO” for the cracking of VGO. 

Fig. 1. The experimental set-up of FxB-MS unit, a) Flowchart and b) Picture [27].  
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2.2. Effects of oxidised oxygen carrier on cracking 

The catalytic cracking activity of ECat catalysts modified by oxidised 
oxygen carriers (M-Co3O4/ECat, M-CuO/ECat, and M-Mn2O3/ECat) 
were investigated by microactivity test (MAT) [6]. The details of the test 
conditions and experimental unit were presented in previous studies 
[24,25,27]. One of the most promising approaches for the use of solid 
fuels in CLC is the oxygen uncoupling (CLOU) process, where the oxygen 
carriers release oxygen due to thermal decomposition. As coke com
bustion with oxygen carriers may occur through a couple of mecha
nisms. Firstly, the soft coke released from the coke-deposited catalyst 
can combust with the solid oxygen carriers. Secondly, hard coke can be 
combusted with the solid phase oxygen carriers via solid-solid in
teractions between coke and oxygen carriers. The combustion of coke 
may occur by the gasification of coke thanks to CO2-Coke and H2O-Coke 
interactions. Finally, hard coke combustion may occur with gas-phase 
oxygen released from the oxygen carriers thanks to their CLOU prop
erties. Considering the hard coke ratio in the FCC catalyst, the CLOU 
properties is a significantly important and necessary to reach a high level 
of coke combustion (or catalyst regeneration. This study is therefore 
focused on CuO, Mn2O3, and Co3O4 as oxygen carriers thanks to their 
CLOU properties in which they release oxygen with the decomposition 
under temperature [2]. The oxygen uncoupling reactions of these metal 
oxides are previously provided [37,53]. 

Conversion of n-hexadecane (Equation (1) (overall conversion) and 
Equation (2) (excluding CLC conversion)), yields (gas, liquid, coke) 
(Equations (3)–(5)), and selectivities of cracking products such as C5-15 
(gasoline), C3-4 (LPG), and C1-2 (dry gas) (Equation (6)) were determined 
[25,27]. 

Conversion (overall,wt.%)=
wC16,0 − wC16,f

wC16,0
*100 (1)  

Conversion (excluding CLC,wt.%)=
wC16,0 −

(
wC16,f + wCO2

)

wC16,0
*100 (2)  

Gas yield (wt.%)=
wg

wC16,0
*100 (3)  

Coke yield (wt.%) =
wC

wC16,0
*100 (4)  

Liquid yield (wt.%) =
wC16,0 − wC16,f − wg − wC

wC16,0
*100 (5)  

Selectivity of i compounds (wt.%) =
wi

∑
wproducts

*100 (6)  

n-hexadecane in feed (WC16,0, g), uncracked n-hexadecane in the prod
ucts (WC16,f, g), carbon in carbon dioxide in the products (WCO2, g), coke 
(WC, g), total gas products (Wg, g), product i (Wi, g, C1-2, C3-4, C5-15, C16+, 
and coke), total products (ΣWproducts, g, C1-2, C3-4, C5-15, C16+, and Coke). 

2.3. Elemental analysis 

The elemental analysis of coke (deposited on FCC catalyst) and 
model coke were investigated by a Leco CHN-628 instrument. 

Approximately 0.15–0.20 g of used FCC catalyst placed in tin foil cups 
are dropped from an automated sample carousel to the combustion tube 
where the combustion temperature held at ~1000 ◦C [10,29]. The 
analysis was repeated three times to reduce any systematic error. 

2.4. CLC of the cokes in a fixed bed MS (FxB-MS) unit 

Combustion of Model coke, Coke-C16 and Coke-VGO with CuO: 
The combustion of model coke, Coke-C16 and Coke-VGO with CuO was 
investigated with a fixed-bed MS (FxB-MS) unit (Fig. 1) using the 
following experimental conditions: 48 mg of Model coke (low volatile 
semi-anthracite, consisting of 86.3 wt% of carbon and 4.3 wt% of 
hydrogen) were physically mixed with ⁓1.3 g of CuO (stoichiometri
cally required amount of oxygen carriers). Additionally, ⁓0.9 g of Coke- 
C16 (consisting of 4.6 wt% of carbon and 0.4 wt% of hydrogen) and 
⁓2.0 g of Coke-VGO (Consisting of 2.1 wt% of carbon and 0.3 wt% of 
hydrogen) with ⁓1.4 g of bulk CuO. The prepared mixtures of oxygen 
carriers and coke were loaded in a horizontal reactor (Fig. 1). The 
mixture was then heated from ~25 ◦C to 850 ◦C with 20 ◦C/min under 
inert (N2) atmosphere (35 ml/min). In CLC tests, the amount of carbon 
was kept same to get a comparison on the combustion behaviours and 
products. The combustion gases such as CO2, H2, and CH4 were analysed 
using an on-line mass spectroscopy (MS). 

The combustion percentage for CLC of coke was determined using 
Equation (7). 

Combustion (vol. %)=
VCO2,MS

VCO2,Coke

*100 (7) 

CO2 measured by MS in flue gas (VCO2,MS, ml), CO2 determined based 
on carbon content of coke (VCO2,Coke, ml). 

Combustion profiles of coke with CuO in TGA and FxB-MS: The 
combustion of model-coke with CuO was repeated using thermogravi
metric analysis (TGA-Discovery) under the same experimental condi
tions. 48 mg of model coke (consisting of 86.3 wt% of carbon and 4.30 
wt% of hydrogen) were physically mixed with ⁓1.27 g of CuO, which 
consists of stoichiometrically required amount of oxygen carriers. The 
mixture of model coke and CuO was loaded in the reactor and heated 
from ~25 ◦C to 850 ◦C with 20 ◦C/min under an inert (N2) atmosphere 
(35 ml/min). Comparison of the combustion profiles in TGA and FxB-MS 
can also validate the CLC tests investigated by TGA presented in previ
ous study [24]. The TGA tests were triplicated in order to reduce sys
tematic errors. 

Effect of oxygen carriers: The coke deposited FCC catalysts were 
mixed with oxygen carriers, Mn2O3, CuO, and Co3O4 in order to inves
tigate the effects of oxygen carrier types in order of stoichiometrical 
amount. For example, ⁓0.92 g coke deposited FCC catalyst was mixed 
with ⁓1.38 g of CuO, ⁓0.89 g of coke deposited FCC catalyst was mixed 
with ⁓2.02 g of Co3O4 and ⁓0.93 g of coke deposited FCC catalyst was 
mixed with ⁓4.17 g of Mn2O3. Then, the coke combustion was inves
tigated in the FxB-MS unit using the same experimental procedure 
described above at a combustion temperature of 800 ◦C. The combustion 
gases were screened by on-line MS as ion current and transformed to 
CO2 flowrate using the calibration graph. 

Effect of the CLC temperatures: The effect of temperatures on the 
combustion was investigated with the mixture of coke deposited FCC 
catalyst (⁓0.88 g) and CuO (⁓1.32 g) in a quartz reactor. The mixture 
was then heated from 25 ◦C to the combustion temperatures, 700, 750, 
800, and 850 ◦C, with 20 ◦C/min as a heating rate under an inert (N2) 
atmosphere (35 ml/min). 

3. Results and discussion 

3.1. Coke characterization 

The proximate and ultimate analyses of model coke (a low volatile 

Table 1 
Proximate and ultimate analyses of the model coke.  

Proximate analysisa (wt.%) Ultimate analysisa (wt.%) 

TMb VM FC Ash C H N S Oc 

0.5 16.2 70.3 13.5 86.3 4.3 1.5 2.2 5.7  

a Dry basis. 
b as received basis. 
c Determined by difference. FC: Fixed carbon, TM: Total moisture, VM: Vol

atile matter. 
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semi-anthracite coal) are presented in Table 1. Additionally, the per
centage of carbon and hydrogen in coke, and normalised composition 
are presented in Table 2. The carbon and hydrogen composition in the 
cokes (model and produced by the cracking of n-hexadecane and VGO) 
demonstrate similar elemental composition with the FCC coke [9]. 
However, the soft coke and hard coke distribution in the coke show 
differences based on the coke type, which may be attributed to the type 
of cracking feed. 

3.2. n-hexadecane cracking over oxidised oxygen carriers mixed with 
ECat 

Fig. 2 demonstrates the conversion of n-hexadecane cracking over M- 
Mn2O3/ECat, M-Co3O4/ECat, M-CuO/ECat catalysts. As previously 
mentioned in Section 2.2, two different conversions were defined; the 
first one is the overall conversion in which CLC during cracking reaction 
was included. The second one is excluding CLC conversion, in which the 
amount of C in the CO2 produced with additional feedstock combustion 
with oxidised metal oxide within the cracking reaction was excluded. In 
terms of the conversion (excluding CLC), the mixing of both CuO and 
Co3O4 with ECat has an insignificant effect on conversion, which was 
about 40 wt%, whereas the mixing of Mn2O3 with ECat slightly 
enhanced it from 40 wt% to nearly 47 wt% as illustrated in Fig. 2. This 
increase may be attributed to the volumetrically expansion of catalyst 
bed after mixing oxygen carriers which increase the residence time of n- 
hexadecane in the catalyst bed. As the volume of the catalyst bed 
increased about 25 vol% with the mixing of Mn2O3 due to the higher 

amount of Mn2O3 required for the same oxygen capacity compare with 
Co3O4, and CuO (increased only about 3 wt% of bed volume). The 
mixing of oxidised oxygen carriers increased the overall conversion due 
to the additional combustion of feedstocks with oxidised oxygen car
riers. The differences between overall and excluding CLC conversions 
are about 4 wt% for M-CuO/ECat and 1 wt% for both M-Co3O4/ECat, M- 
Mn2O3/ECat. The differences can be attributed to the reduction stages of 
oxygen carriers; CuO → Cu, Co3O4 → CoO, and Mn2O3 → Mn3O4+MnO 
(as demonstrated in XRD patterns Fig. S1) while oxidising (combusting) 
the FCC feedstocks. This differences also represent the loss of the feed
stocks due to the combustion reaction over oxidised oxygen carriers 
while the cracking reaction occurs. The feedstock loss due to combustion 
is obviously dependent on oxygen carrier type. The better the low 
temperature CLC, the greater the loss. The maximum of 4 wt% feedstock 
lost is not that great and the heat load for cracking will be reduced due to 
this combustion. 

Based on reduction stage calculations and XRD analysis, CuO 
reduced to Cu with the combustion of liquid hydrocarbons (n-hex
adecane) at a low temperature such as 482 ◦C. The CuO reduction to Cu 
at such a low temperature has been attributed to the minimal external 
mass transfer at low combustion temperatures [25]. The reaction be
tween CuO and carbon starts at 482 ◦C and the reaction between Cu2O 
and carbon starts at 624 ◦C [47]. The product yields and selectivity over 
M-CuO/ECat, M-Co3O4/ECat, and M-Mn2O3/ECat are presented in 
Figs. S2 and S3 in supplementary. The product distribution (analysis 
with GC) are presented in Figs. S4 and S5 in supplementary. In the 
presence of CuO, Co3O4, and Mn2O3 with ECat in the cracking reaction 
of n-hexadecane have limited impact on the coke yield and product 
selectivity. The presence of Co3O4 and Mn2O3 have a similar gas yield, 
approximately 22 wt%. However, the gas yield was enhanced from 
about 22 wt% to 33 wt%, which can be attributed to CO2 production, 
thanks to the combustion of hydrocarbons with CuO. 

3.3. CLC of the cokes in a fixed bed MS (FxB-MS) unit 

3.3.1. Combustion profiles of model coke with CuO in FxB-MS and TGA 
Fig. 3 demonstrates that the derivative weight (red line) consisted of 

three weight loss steps, the first one (S-1) had approximately 1.1 wt % at 
the temperatures between 420 and 600 ◦C, which must be attributed to 
removing volatiles from coal and combustion with solid CuO. The low 
weight loss for the first step may explain the type of model coke, which is 
a low volatile semi-anthracite coal. These findings are in line with Wang 
et al. [50], lower volatile matter contents produce lower CO2 for the first 
stage in the combustion of LPS and YQ coals with CuFe2O4. The second 
one (S-2) had about 1.2 wt % at the temperatures 600–780 ◦C, which 
may be due by solid-solid interaction of model coke and CuO. The final 
one (S-3) was approximately 10.4 wt % at the temperatures 780–850 ◦C, 
which must be due to the combustion of FC with oxygen released from 
CuO. As thermal decomposition of CuO to Cu2O starts at 790 ◦C [45] and 
having a partial pressure of oxygen about 1.0*10− 3 at 800 ◦C [37]. 

The reduction of CuO induced by volatile matters released at the 
temperatures around 400 ◦C and the combustion of fixed carbon induced 
by the oxygen supplied by the thermal decomposition of CuO at about 
800 ◦C [45]. The mass loss observed between 450 and 790 ◦C can be 
attributed to solid (coke) – solid (CuO) interaction [45]. Similarly, the 
three TGA reaction steps for the combustion of another coal, Illinois #6, 
with CuO were also presented by Ref. [46], where the steps were defined 
at 300–460 ◦C, 460–550 ◦C and 550–810 ◦C. 

Furthermore, the investigation of LPS coal combustion with Fe2O3 
has occurred in three reaction stages, as presented by Ref. [7]. In 
Fig. 3-b, the weight derivative line (red line) obtained in TGA experi
ments were compared with the CO2 evaluation (green line) obtained 
from the FxB-MS unit. The CO2 recorded by MS demonstrates three 
different steps, which are in line with the steps measured by the TGA 
experiments. However, the derivative weight continued to decrease 
after 60 min, although no CO2 is released after that point. This further 

Table 2 
Element analysis of model coke and FCC cokes prepared in the lab-scale cracking 
unit (as mentioned in Section 2.1).  

Coke 
type 

Coke on catalysta Coke structure 

Carbon (C, wt. %) 
(±0.04) 

Hydrogen (H, wt. %) 
(±0.07) 

SCc (wt. 
%) 

HCb (wt. 
%) 

Model 
coke 

86.3 4.30 18.7 81.3 

Coke-C16 4.55 0.37 0.5 99.5 
Coke- 

VGO 
2.06 0.31 4.5 96.5  

a Carbon and hydrogen percentages measured by elemental analysis. 
b Hard coke, the remaining coke % after solvent extraction for FCC cokes and 

FC for model coke. 
c Soft Coke was measured by the differences of 100-HC. 

Fig. 2. Conversion of n-hexadecane over the commercial ECat and oxidised 
oxygen carriers mixed forms (M-CuO/ECat, M-Co3O4/ECat, and M- 
Mn2O3/ECat). 
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decrease may be attributed to excessive oxygen released from excess 
oxygen carriers since some of the volatiles was removed from the 
mixture without combustion or adding a slightly higher oxygen carrier 
than required. 

3.3.2. Identification of the CLC products (flue gas) 
Fig. 4 shows that the MS detected three main gases; H2 and CH4, and 

a large amount of CO2, released from combustion of both model coke 
(Fig. 4-a) and Coke-C16 (Fig. 4-b) with CuO. Additionally, the intensity 
of the CO2 peaks was about the same since an equal amount of carbon 
was combusted in both experiments. 

As mentioned previously, the model coke combustion profile with 
CuO presents in three steps at (i) 420–600 ◦C, (ii) 600–780 ◦C, and (iii) 
780–850 ◦C (Figs. 3 and 4-a), whilst the combustion of Coke-C16 with 
CuO occurred in one stage, which started from ⁓580 ◦C and accelerated 
after ⁓700 ◦C. The amount of coke deposited on commercial FCC 
catalyst was 4.8 wt % after the cracking of n-hexadecane, which was 
composed of 0.5 wt % soft coke and 99.5 wt % of hard coke (Table 2). 
The combustion step for soft coke was not, therefore, visible due to the 
low amount of soft coke. Furthermore, low-temperature combustion, 
(starting at ⁓580 ◦C and accelerating at ⁓700 ◦C) may be attributed to 
the solid-solid interaction thanks to the coke dispersion on the catalyst 
surface. Although, below 713 ◦C, the decomposition of CuO is not 
thermodynamically favourable, oxidation of carbon with CuO can be 
favourable between 200 and 1000 ◦C based on the positive Gibbs free 
energy analysis [47]. The carbon in the coke may induce Cu–O 
bond-breaking process to initiate the combustion at a temperature of 
580 ◦C. Similarly, the combustion of pure carbon with CuO occurred at 
480 ◦C [47]. Additionally, the shift on the CO2 to the lower temperature 
for Coke-C16 combustion with CuO may also be attributed to the coke 
dispersion over the catalyst unlike bulk model coke. The combustion of 
model coke might have driven by the shrinking core model where the 
outer carbon combusts first and then the combustion continuous to 

inside [12]. Thus, a clear transition step due to the solid-solid interaction 
was observed for model coke combustion with CuO in Fig. 4. In terms of 
Coke-C16, the transition stage, however, connected with the hard coke 
combustion with oxygen released from thermal decomposition of oxy
gen carriers thanks to the coke dispersion on the catalyst surface, which 
may enable high interaction surface of coke and CuO. 

3.3.3. Combustion of model coke, Coke-C16, and Coke-VGO with CuO 
It is important to compare the combustion behaviours of the cokes; 

(i) produced by the vacuum gas oil (Coke-VGO) cracking, which is a real 
feedstock, (ii) produced by cracking of model compound (Coke-C16), n- 
hexadecane, and (iii) model coke, with CuO, as shown in Fig. 5. The 
Coke-VGO and model coke combustions started at a temperature of 
~420 ◦C, which is most probably due to the soft coke combustion in the 
Coke-VGO or volatiles combustion in model coke with solid CuO. 
Furthermore, an apparent delay in the combustion of hard coke for 
Coke-VGO can be observed compared with that of Coke-C16, which may 
be attributed to various coke composition. As the properties of coke such 
as location, nature and amount depend on the cracking feed composi
tion, catalyst type and reaction conditions [8]. Cerqueira et al. [11] 
categorised the cokes in five main groups; catalytic coke, catalyst to oil 
coke, thermal coke, additive coke, and contaminant coke. Additionally, 
as demonstrated previously, the Coke-C16 contained a minimal amount 
of soft coke. However, complete combustion was achieved for the 
Coke-C16 and Coke-VGO using stoichiometrically required amount of 
CuO as an oxygen supplier, as indicated in Table 3. Furthermore, high 
combustion (96 vol %) was also achieved for model coke combustion 
with CuO at same conditions. 

3.3.4. Effect of CLC temperature 
Although high temperatures (higher than 800 ◦C) are usually 

investigated for the CLC application with solid fuels [1,51,52], it is 
preferable to 650–760 ◦C for the coke combustion due to the limitations 

Fig. 3. TGA and FxB-MS profiles of combustion (model coke with CuO at 850 ◦C), a) TGA results, b) comparison of TGA and FxB-MS results (“IC” refers to ion current 
measured by MS). 
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of commercial catalyst regeneration [11,43]. Fig. 6 and Table 4 show the 
CO2 flowrates produced by the Coke-C16 combustion with CuO at four 
different temperatures and combustion %, respectively. Fig. 6 and 
Table 4 demonstrate a decrease in the combustion efficiency with 
decreasing the combustion temperature. Whereas the efficiency of coke 
combustion with CuO is above 90 vol % at the temperatures higher than 
750 ◦C, this was reduced to 59 vol % at 700 ◦C. The required time to 
reach complete combustion at 700 ◦C is much higher than that at the 

temperatures higher than 750 ◦C. This decrease in the combustion may 
be attributed to the oxygen releasing rate of CuO being slower at lower 
temperatures [3,37,44]. The lower temperatures result in lower partial 
pressure of oxygen from CuO, which can be observed as a long tail in 
Fig. 6. However, as clearly seen from Table 4, >90 vol % of coke was 
removed with CuO at temperatures higher than 750 ◦C for 45 min which 
is within the range of standard regenerator operating conditions [5,11, 
43]. 

Fig. 4. Comparison of the combustion products of a) model coke, which is a semi-anthracite, and b) Coke-C16 (deposited on commercial catalyst during n-hex
adecane cracking at 482 ◦C), with stoichiometrically required amount CuO in FxB-MS unit at 850 ◦C (1st and 2nd refer replicate tests). 

Fig. 5. Comparison of the combustion behaviour of Coke-C16, Coke-VGO and model coke with CuO in FxB-MS unit at 850 ◦C.  
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3.3.5. Effect of oxygen carrier 
The effect of CuO, Co3O4, and Mn2O3 on the Coke-C16 combustion 

were investigated under the same experimental conditions and the re
sults presented in Fig. 7 and Table 5. There was no, or minimal CO2 
observed due to the soft coke combustion with Co3O4 and CuO, was 
shown in Fig. 7. The hard coke combustion with Mn2O3 was shifted to a 
lower temperature and completed earlier compared to the combustion 
with both CuO and Co3O4. The differences in the combustion times and 
shifting on the CO2 may be attributed to the oxygen releasing temper
ature and capacity of these oxygen carriers at the same conditions [2,3, 
44]. 90 vol% of coke was combusted with CuO, Co3O4, and Mn2O3 for 
less than 30 min at a temperature of 800 ◦C, as shown in Table 5. The 
results are in line with model coke combustion with bulk oxygen carriers 
in a TGA presented in the previous paper [24], in which the combustion 
efficiency of model coke was 90 wt% for Mn2O3 (12 min) and Co3O4 (15 
min), and 100 wt% for CuO (19 min). 

4. Conclusions 

The cracking reactions, the conversion, yield (liquid, gas, solid), and 
selectivity did not show a significant change in the presence of CuO, 
Co3O4, and Mn2O3. However, these oxygen carriers result in limited 
combustion (<4 wt% of feedstocks) due to the CuO reduction to Cu, and 
<1 wt% due to the reduction of Mn2O3 to Mn3O4, and Co3O4 to CoO 
during the cracking reaction. The feedstock loss due to combustion is 
obviously dependent on oxygen carrier type and reduction stages of 
these oxygen carriers. Considering the oxygen carriers quantity used in 
this experiment (stoichiometric amount) for the regeneration of coke, 
circulation of these oxygen carriers to the FCC riser reactor does not 
have a significant impact on cracking. The maximum of 4 wt% feedstock 

lost is not that great and the heat load for cracking will be reduced due to 
this combustion. The model coke, Coke-C16, and Coke-VGO had similar 
element compositions but with a different level of soft and hard cokes. 
The CLC of model coke with CuO took place in three distinct steps at 
420–600 ◦C, 600–780 ◦C, and 780–850 ◦C, depending on the amount of 
soft coke. However, the combustion of Coke-C16 with CuO occurred in a 
single stage starting at ⁓580 ◦C and accelerated at ⁓700 ◦C. Complete 
combustion (99 vol %) was achieved for the CLC of Coke-C16 and Coke- 
VGO with the stoichiometrically required amount of CuO at 850 ◦C. 
Furthermore, a high combustion (96 vol %) was also achieved for the 
coke combustion at 850 ◦C with CuO. As for oxygen carriers, high 
combustion of Coke-C16 was achieved with CuO (98 vol %) and fol
lowed by Co3O4 (91 vol %), and Mn2O3 (91 vol %) at 800 ◦C for 30 min. 
For, Coke-C16 with CuO, >93 vol % was achieved at the temperature of 
>750 ◦C for the residence time of 45 min. 
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Table 3 
Combustion of Coke-C16, Coke-VGO and model coke with CuO in FxB-MS unit at 
850 ◦C.  

Coke 
source 

Oxygen 
carrier 

Temperature 
(◦C) 

VCO2, 

Coke
a 

(ml) 

VCO2, 

MS
b 

(ml) 

Combustion 
(vol. %) 

Model 
coke 

CuO 850 80.5 77.5 96 

Coke- 
C16 

CuO 850 78.6 78.2 99 

Coke- 
VGO 

CuO 850 71.9 71.1 99  

a Maximum CO2 volume can be produced. 
b Measured CO2 volume in Fig. 5. 

Fig. 6. Effects of temperatures (700–850 ◦C) on Coke-C16 combustion with CuO in FxB-MS.  

Table 4 
Combustion efficiency at temperature ranges 700–850 ◦C.  

Coke 
source 

Oxygen 
carrier 

Temperature 
(◦C) 

VCO2, 

Coke
a 

(ml) 

VCO2, 

MS
b 

(ml) 

Combustion 
(vol. %) 

Coke- 
C16 

CuO 850 78.6 78.2 99 

Coke- 
C16 

CuO 800 78.6 77.4 98 

Coke- 
C16 

CuO 750 74.8 69.5 93 

Coke- 
C16 

CuO 700 74.8 44.3 59  

a Maximum CO2 volume can be produced. 
b Measured CO2 volume in Fig. 6. 
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Table 5 
Combustion efficiency of Coke-C16 with CuO, Co3O4, and Mn2O3.  

Coke 
source 

Oxygen 
carrier 

Temperature 
(◦C) 

VCO2, 

Coke
a 

(ml) 

VCO2, 

MS
b 

(ml) 

Combustion 
(vol. %) 

Coke- 
C16 

CuO 800 78.6 77.4 98 

Coke- 
C16 

Co3O4 800 75.6 68.7 91 

Coke- 
C16 

Mn2O3 800 79.6 72.7 91  

a Maximum CO2 volume can be produced. 
b Measured CO2 volume in Fig. 7. 
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