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 Synthesis gas is a gaseous fuel that is composed of carbon II oxide (CO) and hydrogen 
(H2) which can be produced from various fuel either in gaseous, liquid or solid form 
with the gaseous fuel being the most predominant. There are various conventional 
means of producing syngas among which is chemical looping where metal oxides 
called oxygen carriers are used for transferring both material and energy between two 
or more reactors thereby interloping both exothermic and endothermic reactions in a 
cyclic form. CuO is one of the oxides with oxygen uncoupling characteristics, so it is 
very reactive and can be used to modify other metal oxides such as CeO2. It has been 
shown that CuO/CeO2 is a good material for production of syngas but their optimum 
combination has not been reported. This study therefore wishes to determine the 
optimum combination of CuO and CeO2 to form a composite of CuO/CeO2 oxygen 
carrier that gives the best desirability in terms of reactivity, selectivity and stability in 
the production of syngas. This is done by using liquefied petroleum gas (LPG) as fuel 
at a temperature of 800oC. The oxygen carrier material was synthesized using 
coprecipitation method and then used in a fixed bed reactor for the study. Response 
surface methodology (RSM) in Design expert 6.0.6 was used for the optimization. It 
was discovered that 10% CuO composition was found to be the optimum value in term 
of reactivity, syngas selectivity as well as stability of the material, with desirability of 
84.9%. The reactivity obtained for that combination was found to be 67.67% while the 
CO selectivity, H2 selectivity and degradation are found to be 84.28%, 91.11% and 
3.56% respectively. 
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1. Introduction 
Syngas is a gaseous fuel comprising H2 and CO as 

the major components [1]. It can be manufactured through 
a chemical reaction in which hydrocarbon molecules in the 
feedstock such as natural gas, Liquefied Petroleum Gas 
(LPG) and other solid and gaseous fuels are broken down 
by the introduction of oxygen (via air or steam) to produce 
hydrogen and carbon monoxide [24]. LPG can be obtained 
as a bye product during the processing of natural gas by 
removing excess propane and butane [2] or from distillation 
process of petroleum refining [3]. It is mainly composed of 
propane and butane and exists in liquid form at ambient 
temperature and moderate pressure of less than 1.5 MPa. 
LPG has a boiling point ranging between -44oC to 0oC and 
ignition temperature of around 482oC [3]. Chemical looping 
technology is a technology that involves the continuous 
circulation of oxygen carrier between the fuel reactor (FR) 
and the air reactor (AR) for its oxidation and reduction [4]. 
They are of two types; chemical looping combustion where 
complete combustion of the fuel to yield CO2 and H2O is 
achieved and chemical looping reforming where partial 
oxidation of the fuel to yield CO and H2 is achieved [5]. The 
diagram for chemical looping reforming is illustrated in 
Figure. 1. 

The various reactions involved as adopted from [6] 
are: 

MeO𝑥(𝑠) +
1

2
𝑂2(𝑔) ↔ 𝑀𝑒𝑂(𝑥+1)(𝑠)     𝛥𝐻 = −𝑣𝑒  

(1) 

𝐶𝑛𝐻2𝑚(𝑔) + 𝑛𝑀𝑒𝑂(𝑥+1)(𝑠)  ↔  n𝐶𝑂(𝑔) +

𝑚𝐻2(𝑔) + 𝑛𝑀𝑒𝑂𝑥(𝑠)Δ𝐻 =  +𝑣𝑒  (2) 

𝑀𝑂(𝑠)  +  𝐶𝑂2(𝑔) ↔  M𝐶𝑂3(𝑠) Δ𝐻 =  −𝑣𝑒
     (3) 

𝑀𝐶𝑂3(𝑠) ↔  M𝑂(𝑠)  +  𝐶𝑂2 (𝑔)  Δ𝐻 =  +𝑣𝑒
     (4) 

Many works on syngas production have reported that 
utilization of CeO2 in combination with other metal oxides 
such as CuO, Mn2NO5, Fe2O5 as oxygen carriers  gives high 
selectivity to syngas but it is associated with the problem of 
poor stability at high temperature of above 850oC and low 
reactivity at low temperature of less than 800oC [7, 8]. Even 
though it has been reported that combination of CuO and 
CeO2 as oxygen carriers can yield syngas, the optimum 
combination has not been reported 
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Figure 1: Demonstrating Chemical Looping Reforming 

 
Response surface methodology (RSM) embedded in 

Design expert 6.0.6 is an optimization tool that can be used 
to determine optimum phenomena by analysing various 
input and responses. The validity of the models used to 
obtain the optimum combination from design expert can be 
analysed using ANOVA. The F and P values of the ‘model’ 
and those of ‘lack of fit’ give an insight as regards the validity 
for use of the selected models [9, 10] while the Adj. R2, Pred. 
R2 and the adequate precision confirms the validity of their 
use. The model is considered to be valid if the data fits the 
model which can be seen from higher model F values and 
lower ‘lack of fit’ values [11]. The extent of their size is 
determined by the P values which are expected to be less 
than 0.05 [12]. The validity of the models can be confirmed 
by maximizing the adjusted R2, the predicted R2 and the 
adequate precision. The difference between the predicted 
and adjusted R2 is expected to be less than 20% for the 
model to be valid while the adequate precision is expected 
to be greater than 4 [11]. 

This research prepares oxygen carriers using different 
combination ratios of CuO and CeO2 which is used in the 
production of synthesis gas using LPG as fuel, with the aim 
of determining the optimum combination of the two oxides. 

2. Materials and Methods 
2.1 Oxygen carrier preparation 

For the preparation of composite of CuO and CeO2, 
Copper (II) nitrate trihydrate (Cu(NO3)2.3H2O) and cerium 
(IV) nitrate hexahydrate (Ce(NO3)3.6H2O) are dissolved in 
distilled water and then heated to a temperature of 80oC 
while stirring vigorously.  Ammonium hydroxide (NH4OH) is 
then added to achieve pH of 8.0 to 9.5 to form precipitate 
and it is then maintained at that temperature and stirring for 
further two hours to aid aging. The precipitate is then filtered 
and washed with deionized water after which it is dried in an 
oven at a temperature of 110oC for 5 hours. It is then 
crushed to powder form and calcined at a temperature of 
600oC for 2 hours and then at a temperature of 900oC for 
further 3 hours to obtain the oxygen carrier. 

 
2.2 Experimental procedure 

The experiment was carried out using a fixed bed 
reactor setup situated at the mini refinery of ABU Zaria and 
the process flow diagram of the setup is shown in Figure 2. 

 

 
Figure 2: Process Flow Diagram for the Setup 
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Three grams of the oxygen carrier is loaded into reactor 
supported on coarse sand (SiO2) and glass wool both below 
and above the oxide bed. The furnace is then switched on 
so as to heat up the reactor bed to the required temperature 
of 800oC where oxidation of the metal/metal oxide takes 
place for five minutes after which nitrogen is passed through 
the reactor for five minutes so as to create inert atmosphere 
for the subsequent reaction. Air is then allowed to flow to the 
reactor at a flow rate of 200 ml/min for five minutes for the 
oxidation of the oxygen carrier after which nitrogen is again 
allowed to flow to the reactor at the rate of 300 ml/min for 
about five minutes before switching on the flow of LPG at a 
flow rate of 100 ml/min flowing together with nitrogen at 200 
ml/min for five minutes which completes one cycle. The 
product gas after the first and twentieth cycles are collected 
in gas bags to determine the composition of the products 
using gas analyser. 

 

2.3 Reactions involved in chemical looping 
The reactions of one mole for each of the components 

in the fuel with the oxygen carrier for complete combustion 

and partial oxidation are as adopted from [13–15] given 
here; 

3 8 2 13 3 4 3x y x yC H Me O CO H Me O −+ → + +  (5) 

4 10 2 14 4 5 4x y x yC H Me O CO H Me O −+ → + +  (6) 

3 8 2 2 25 3 4 5x y x yC H Me O CO H O Me O −+ → + +  (7) 

13 13
4 10 2 2 22 2

4 5x y x yC H Me O CO H O Me O −+ → + +  (8) 

The conversion of the fuel can be determined by using the 
expression 

%
Fuel in - fuel out

x 100
fuel  in

=    (9) 

 

3 Results and Discussions 
3.1 Characterisation 

The XRD spectra of the oxides for some selected 
percentages of CuO loading were cascaded and presented 
in Figure. 3.

 

 
Figure 3: XRD spectra for CuO/CeO2 with Different Percentages of CuO as Shown 

 
From Figure 3, it can be observed that crystal peaks 

corresponding to CuO and CeO2 are shown at the 2θ 
positions of 36, 38 48 and 68 for CuO and 28, 34, 47 and 56 
for CeO2 as presented by researchers such as [16–18] 
where CuO peaks intensity increases with increase in CuO 
loading. The sharpness of the peaks indicates that the 
materials are crystalline in nature as reported by [16] that 
when calcined at low temperature, the peaks were observed 
to be diffused because crystals are only formed when 
calcined at higher temperature. Further observation of 
Figure. 3 shows that there are no other peaks present apart 
from those reflected from either CuO or CeO2 whose XRD 
are presented as single materials which is an indication that 
there was no interaction between the two materials for the 
formation of other compounds. The fuel (LPG) was analysed 
using GC-MS and it was found to contain 16.445% propane 
(C3H8) and 83.555% butane (C4H10). 

 

3.2 Experimental Results 
After the experiment, the responses are obtained and 

presented as shown in Table 1. 

From Table 1, it can be observed that there are two 
values of each response i.e the conversion, selectivity and 
the degradation presented for each oxygen carrier. The first 
value represents the data obtained after the first cycle of 
operation while the second value represents the value 
obtained after the 20th cycle of operation. This is done to 
determine the extent of degradation of the oxygen carrier 
after long time operation as one of the criteria for 
determining the quality of oxygen carrier [19, 20]. This is 
done by calculating the percentage difference between the 
reactivity of the first cycle and that of the 20th cycle. The table 
shows that there are instances where the reactivity after 20th 
cycle is higher than that after first cycle. This is an indication 
that some materials become more active as it is continually 
used for the reaction [21].  

 

3.3 Optimization results 
The ANOVA table result for the analysis is shown in 

Table 2 where F is the fit value, P is the probability of fittings, 
R2 is the regression coefficient, Adj. is adjusted values, 
Pred. is the predicted value, Adeq. Prec. Is the adequate 
precision.
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Table 1: Conversion and Selectivity of the Products from the Reaction for CuO/CeO2 

S/No  Trial  
% of CuO in 
CuO/CeO2 

Mole Composition Conv. 
(%) 

Selectivity (%) 
Degr. (%) 

CO CO2 H2 CO CO2 H2 

1 1 92.45 Cu/Ce 0.001206 0.002520 0.000000 11.33 32.37 67.63 0.00 11.272 

   0.001129 0.001986 0.001197 10.06 36.24 63.76 11.15  
2 1 80.00 Cu/Ce 0.002608 0.002356 0.000000 10.60 52.54 47.46 0.00 0.000 

   0.001864 0.002242 0.002394 12.33 45.40 54.60 18.19  
3 1 50.00 Cu/Ce 0.004515 0.001333 0.000000 6.00 77.20 22.80 0.00 0.000 

   0.004233 0.001170 0.000000 5.26 78.35 21.65 0.00  
4 1 20.00 Cu/Ce 0.003121 0.000316 0.015563 16.00 90.82 9.18 91.12 0.000 

   0.003617 0.000245 0.018676 18.59 93.66 6.34 94.08  
5 1 7.57 Cu/Ce 0.007029 0.002634 0.070394 77.78 72.74 27.26 84.77 1.328 

   0.007269 0.002155 0.071591 76.75 77.13 22.87 87.37  
6 2 92.43 Cu/Ce 0.001796 0.002095 0.000000 9.42 46.15 53.85 0.00 0.000 

   0.001385 0.002318 0.000838 11.21 37.41 62.59 7.00  
7 2 50.00 Cu/Ce 0.004626 0.001616 0.001437 8.62 74.11 25.89 15.62 0.000 

   0.004549 0.002046 0.005148 14.03 68.98 31.02 34.38  
8 2 7.57 Cu/Ce 0.007816 0.001736 0.077457 80.36 81.83 18.17 90.28 0.000 
   0.007653 0.001442 0.087513 88.46 84.15 15.85 92.67  

 
Table 2: ANOVA Table for CuO/CeO2 Oxygen Carrier Optimization 

Response Model 
Model Lack of Fit 

R2 Adj. R2 Pred. R2 
Adeq. 
Prec F P F P 

Reactivity CBC 28.74 0.0036 8.45 0.0622 0.9557 0.9224 0.7529 11.575 
CO 
Select. 

CBC 
57.92 0.0009 0.97 0.3981 0.9775 0.9606 0.9106 17.133 

H2 Select. QRC 17.18 0.0058 2.19 0.2588 0.8730 0.8222 0.6984 8.237 
Degrad. QRC 1.09 0.4048 0.17 0.8529 - - - 2.305 

 
From Table 2, it can be observed that CBC model was 

selected for both reactivity and CO selectivity while QRC 
model was selected for both H2 selectivity and degradation. 
The model P values are all below 0.05 for the selected 
models, save for degradation which is around 0.0622 which 
is an indication that the selected models are valid and the 
data will accurately fit the models. 

To confirm the validity of the model, it can be observed 
from the table that the differences between the adjusted and 
predicted R2 values are less than 20%. Large values of 
adequate precision can also be observed from the table with 
most of the values being above 4, recommended for validity 
of model [12]. It is therefore reasonable to conclude that the 
selected models are adequate for use in the analyses of the 

optimum CuO loading for this process. The models can 
further be validated by normal plots of the residuals for 
various responses as shown in Figure 4. 

From Figure. 4, it can be observed that the data points 
of the residuals for all the responses are evenly distributed 
around the model line, which is an indication that there are 
minimal errors in using the selected models. 

The selected models were then used with the 
responses obtained from laboratory analyses to determine 
the CuO loading between the values of 10% and 90% that 
will yield best desirability in terms of the responses. The 
numerical optimization settings  is as presented in Table 3 
while the numerical optimization results is shown in Table 4. 

 
Table 3: Numerical Optimization Settings for CuO/CeO2 

Constraints 
Name 

Goal 
Lower 
Limit 

Upper 
Limit 

Importance 

CuO Load Is in range 10 90 3 
Reactivity (%) Maximize 0 100 3 
CO Selectivity (%) Maximize 0 100 3 
H2 Selectivity (%) Maximize 0 100 3 
Degradation (%) Minimize 0 100 3 

 
Table 4: Numerical Optimum Result for CuO/CeO2 

Solutions      

No CuO Load Reactivity 
(%) 

CO Selectivity. 
(%) 

H2 Selectivity. 
(%) 

Degradation 
(%) 

Desirability 

*1 10.00 67.67 84.28 91.11 3.56 0.849 
2 61.80 14.46 60.88 15.68 9.65 0.292 

* Selected 
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Figure 4: Normal Plot of Residuals for CuO/CeO

2
 Oxygen Carrier (A) Reactivity (B) CO Selectivity (C) H

2
 Selectivity (D) 

Degradation 
 

From the results obtained in Table 4, it can be 
observed that the CuO loading with the maximum 
desirability is that with 10% loading with desirability of 
84.9%. The reactivity obtained for that loading was found to 
be 67.67% while the CO selectivity, H2 selectivity and 
degradation are found to be 84.28%, 91.11% and 3.56% 
respectively. Since our desire is to have a sample with high 
selectivity to syngas without compromising high reactivity 
and low degradation of the material, these values obtained 
here is found to be the best from the data analysed. It will 
therefore be reasonable to conclude that the material with 
10% CuO loading is expected to give the best outcome for 
the desired reaction under study. 

To validate the model prediction, 10% CuO loading 
was synthesized for each of the oxygen carriers and 
experiments were performed for validation as shown in 
Table 5.  
 
Table 5: Comparison between the experimental result and 

the predicted model 
 Model Experimental Variation 

Reactivity 67.6700 68.4500 0.6700 
H2 Selectivity 84.2800 84.0700 0.2100 
CO Selectivity 91.1100 88.1400 2.9700 
Degradation 3.5600 3.5600 0.0000 

 
From Table 5, there is agreement between the 

experimental result and the model with little disparity which 

is an indication that the model gave accurate prediction of 
the system thereby confirming that the 10% CuO loading 
predicted is the actual optimum for the system.  

The morphology of the oxygen carriers with 10 % CuO 
loading for both fresh material and material after 15 cycles 
were investigated using scanning electron microscope 
(SEM) and the images for CuO/CeO2 oxygen carrier is 
shown in Plate I. 

From Plate I, it can be observed that the material is 
made of granular surfaces in sizes ranging from less than 1 
μm to around 50 μm which shows that the particles can be 
described as having microsize. Observing the two images in 
Plate I, it can be seen that there is no significance difference 
between the fresh oxygen carrier and oxygen carrier after 
15 cycles of operation which is an indication that there is no 
degradation of the material in term of their structure. This 
means that the material can be used for a long period of time 
without significance change in the reactivity of the material.  

The physical properties of oxygen carriers with 10% 
CuO content are presented in Table 6. 

 
Table 6: Physical Properties of CuO/CeO2 Oxygen Carriers 

Oxygen 
Carrier 

Pore Volume 
(cm3/g) 

Pore Size 
(nm) 

BET Surface 
Area (m2/g) 

CuO/CeO2 0.0810 2.647 251.5 
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Plate I: SEM Images of Oxygen Carrier with 10 % CuO for fresh CuO/CeO2 oxygen carrier  

(A) and CuO/CeO2 Oxygen Carrier after 15 cycles (B) with 1500x Magnification 
 

From Table 6, it can be observed that the BET surface 
areas of the two oxygen carriers are much higher when 
compared to those of single particles which are reported to 
be 79.50 m2/g for Nb2O5 [22] and 131.1 m2/g for CeO2 [23] 
which is an indication that there is an improvement in the 
surface area of the oxygen carriers when CuO is added to 
the individual materials. These show that when CuO is 
added to the individual oxygen carriers, the surface needed 
for the reaction of the fuel are increased which means that 
the reactivity of the materials is expected to increase 
compared to those without the addition of CuO. The pore 
sizes of the oxygen carriers are 2.647 nm. 
 

4 Conclusion 
The CuO/CeO2 oxygen carriers prepared are found to 

be crystalline in nature with high XRD intensity peaks and 
the oxygen carrier with 10% CuO composition is granular in 
nature with CuO/CeO2 having grains of 1 to 50 µm and high 
BET surface for reaction having surface area of 325.4 m2/g. 
Oxygen carrier with 10% CuO composition gives the best 
desirability of 84.9% for CuO/CeO2 in terms of syngas 
selectivity, reactivity and stability at 800oC in both oxygen 
carriers and the physical feature shows that CuO/CeO2 
oxygen carrier is stable after long usage as evident from 
their SEM images before and after 15 cycles of operations. 
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