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Abstract

Oxygen carriers such as CuO/CeO, and CuO/Nb,O5 were found to have very good
selectivity to syngas products when used in chemical looping reforming. The oxygen
carriers with 10% CuO has been applied in partially oxidizing liquefied petroleum
gas in a chemical looping reforming process at 800 °C and the kinetic model of the
processes were developed and then validated with the experimental data. The results
show that first order kinetic, 3D contraction and third order kinetic models gave best
fits for CuO/CeO, powder, CuO/CeO, pellets and CuO/Nb,Os. These resulted in
rate constants of 0.0836 s™!, 0.0202 s™!, 0.1075 s™! and 0.0682 s™! for CuO/CeO,
powder, CuO/CeO, pellets, CuO/Nb,O5 powder and CuO/Nb,Os pellets. Using the
rate constants, the model results were found to give good correlations when com-
pared to experimental data.
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Introduction

Syngas is a gaseous fuel consisting of H, and CO [1-4] which can be produced
using different conventional processes such as partial oxidation, steam reforming
and chemical looping reforming [5, 6] in which hydrocarbon molecule in a fuel are
broken down by introduction of oxygen [7]. Syngas is an important component in
the production of many fuel and chemicals such as hydrogen, methanol and Fischer
Tropsch products [4, 8, 9] which are very essential in chemical industries.

Chemical looping is a novel technology that uses metal oxides called oxygen car-
rier for the transfer of both material and energy between two or more reactors for the
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oxidation of fuel with the aim of optimizing material and energy distribution [10].
There are oxidation—reduction processes between the oxygen carrier and the fuel
[11] which takes place in an air and a fuel reactors [10, 12, 13]. The reaction in the
air reactor is highly exothermic while that in the fuel reactor can either be endother-
mic or exothermic depending on the metal oxide used [10, 14—17]. Chemical loop-
ing can be applied in different forms depending on the intended products required
from the process, i.e. either to obtain energy with basic products being CO, and H,O
(chemical looping combustion) [18-20] or to partially oxidize the fuel thereby pro-
ducing syngas (chemical looping reforming) [1, 4, 21, 22] as indicated in reactions
R1-R3 [16, 23, 24].

1
Mexay_l + 502 b Mexoy (Rl)
(2n+mMe, O, + C,H,,, —> 2n+ m)Me, O,_, + mH,0 + nCO, (R2)

Me, O, + C,H,, — Me,O,_, + mH, + nCO (R3)

Here Me,O, is the oxidized form of the oxygen carrier while Me, Oy, is the
reduced form of the oxygen carrier, C H,,, is the fuel used.

The task of obtaining the desired product can be achieved by selecting a suitable
oxygen carrier that can oxidize the fuel either fully or partially [14, 15]. The redox
behavior of an oxygen transfer material which can have significant effect on the sys-
tem performance is highly dependent on the thermochemical properties of the metal
oxide [25]. Thermodynamics consideration shows that metal oxides are grouped into
three zones which can be used for complete combustion, partial oxidation or as an
inert material (support) in chemical looping as demonstrated in Ellingham diagram
[26].

Some of the materials in the zone for complete combustion such as CuO, Mn,0,
and Co,0; are reported to be very reactive due to their oxygen uncoupling charac-
teristics at a temperature of 850 °C [8, 26, 27] and CuO was reported to be the most
reactive [28—-30] but degrades quickly when used alone [31]. Meanwhile CeO, and
Nb,Os are reported to be good metal oxides for use in partial oxidation of fuel in
chemical looping as can be seen on Ellingham diagram [26]. Even though they have
high selectivity to syngas generation in chemical looping and can therefore be used
as chemical looping reforming oxygen carrier, they are found to have low reactivity
when used alone at moderate temperature of between 800 °C and 900 °C [3, 17, 32,
33]. It was observed that partial oxidation of methane to syngas can be achieved by
addition of only 1% Pt at a temperature of 600-800 °C but with low reactivity [34]
and it was also reported that with use of support, there is high selectivity to syngas
at a temperature of 870 °C and the support that gives the highest selectivity was
found to be Al,O; [35] but it was found that there is reduction in reactivity with
increase in CeO, composition in the oxygen carrier [36].

Due to high selectivity of CeO, and Nb,O5 oxygen carriers to syngas, attempts
has been made by numerous researchers to combine the metal oxide with some
other metal oxides that are highly reactive for the purpose of having products
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with high selectivity to syngas. He et al. (2009) [3] reported methane conversion
of around 70% with CO and H, Selectivity of around 90% using CeO,/Fe,0; at
a temperature of 850 °C meanwhile Yan et al. (2018) [17] reported maximum
conversion of around 85% and maximum selectivity of around 50% for CO and
70% for H, using the same oxygen carrier and at the same condition. On the other
hand Li er al. (2010) [37] and Li et al. (2011) [38] reported methane conversion
of around 90% and selectivity of around 95% for CO and H, when using CeO,/
Fe,0; oxygen carrier with 70% and 80% CeO, at a temperature of 900 °C mean-
while Gu et al. (2013) [6] reported methane conversion of about 25.5% with
CO and H, selectivity of about 90% when CeO,/Fe,0; oxygen carrier with 80%
CeO, was used at the same condition. There was also a report by dos Santos et al.
(2019) [39] that using 5% Nb,O5 in Nb,0s/Al,0; at a temperature of 900 °C,
conversion of around 90% was obtained but selectivity of CLR products was only
20% at the end of 6 min of operation. It was also reported that when CeO, and
Nb,O5 were combined, there was syngas production from methane at a tempera-
ture of between 900 K and 1000 K but it was observed that there was re-oxidation
of the hydrogen to form water and consequently, the products of the reaction are
mainly CO and H,O [40]. Wei et al. (2010) [41] reported methane conversion
of 48.80% and selectivity of 86.67% and 88.90% for H, and CO, respectively, at
800 °C when CeO,/NiO oxygen carrier with 90% CeO, composition was used.
There was also a report that methane conversion using 50% CuO/CeO, oxygen
carrier at a temperature of 850 °C gave about 95% selectivity of CO but there was
observed methane decomposition at that temperature [3].

For a kinetics model, mathematical expressions can be employed to express rela-
tionship between the conversion of a given component and time of reaction which
is the rate of change of conversion [42]. Since chemical looping involves a reac-
tion between gas and solid, a gas—solid expression is required to obtain a model that
describes the system. For a gas—solid reaction, the rate can be controlled by various
mechanisms, so there are various models that can be used to describe the mecha-
nism which include kinetic controlled model, diffusion controlled model, phase
boundary controlled model and nucleation and growth controlled model [1, 43]. The
rate of solid conversion of such a system can simply be written in term of the reac-
tion model and the kinetic rate constant [42], so rate of conversion of oxygen carrier
can be written as follows.

dX
i k(D)f (X) ()

Here k(T) is the rate constant and follows Arrhenius expression as;

K(T) = koy exp (%(%—%)) @
0

k), is the pre-exponential factor, E is the Activation energy, T and T, are the tem-

perature of operation and the reference temperature while R is the gas constant.
There are various reaction models given for solid state decomposition and

for model expression in Eq. 1, f(X) have been given in literature [42—45]. For an
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experimental data that is generated isothermally, the model function can be inte-
grated to obtain an expression shown in Eq. 3 [42].

X

_ [ 4X _
8(X) = J 700 k(T)t 3)

It has been widely reported that for an appropriate model describes the experi-
mental data, plotting the above function can yield a straight line with the slope being
the rate constant [42—45] but using this method has been found to be inappropriate
as it may give parameters that are not application in actual applications [46] giving
rise to force fitting [47]. In this case, the expressions will be evaluated with respect
to the dependent variable for use in MATLAB for calculating its values, meanwhile
for pseudo first order kinetics, an excel file suitable for use can be found at http://
lenteg.ttk.pte.hu/KinetFit.html. Statistical methods described by Lente (2015) [47]
is found appropriate for calculating standard error given by the expression in Eq. 4.

\/M—ls(cl, >, Cs,...C)

N-—-m

“

oc; =

Here M~ is the inverse of matrix of derivatives of the function with respect to the

parameteTs, C, is a parameter, N is the number of data points, m is the number of
parameters, S(C;, C,, .....C,) is the sum of squares error.

The kinetics of many oxygen carriers in chemical looping have been modeled
but the kinetics model for CuO/CeO, and CuO/Nb,O5 oxygen carriers in chemical
looping reforming has not been reported in open literature, so there is need to device
model expressions that will describe chemical looping reforming using the oxygen
carriers.

Experimental procedure
Oxygen carrier preparation

For the preparation of CuO/CeO, oxygen carrier using coprecipitation method, the
precursors were Copper (II) nitrate trihydrate (Cu(NO;),.3H,0) and cerium (IV)
nitrate hexahydrate (Ce(NO;);.6H,0) both obtained from FamousChem, China,
while the precipitating agent was ammonium hydroxide (NH,OH) purchased from
a chemical shop in Samaru, Zaria. The two precursors were dissolved in distilled
water making up 350 g/l [48] in such a way to obtain CuO/CeO, oxygen carrier
with 10% CuO. The solution was heated to a temperature of 80 °C while stirring
vigorously and adding the NH,OH in drops to adjust the pH to between 8.0 and 9.5
so as to form precipitate. It was then aged for further 2 h while heating under the
same temperature and stirring, after which the precipitate was filtered and washed
for about 4 to 5 times using distilled water. The precipitate was then air dried for
24 h before being dried in an oven at a temperature of 110 °C for another 5 h after
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which it was crushed using mortar to form powder. Part of the powder was mixed
with distilled water and starch [49, 50] to form paste which was then extruded in a
syringe, cut into small pieces to form pellets and then dried in an oven at a tempera-
ture of 110 °C for 5 h. The material was then calcined at a temperature of 600 °C for
2 h and then at a temperature of 900 °C for further 3 h to obtain powder and pellets
oxygen carrier.

To prepare 10% CuO/Nb,Os oxygen carrier, the precursor Ce(NO;);-6H,O was
changed with Nb,Os also obtained from FamousChem which was dissolved in 40%
hydrofluoric acid by heating it at a temperature of 100 °C for 4 h before being mixed
with the other precursor.

Characterization of the oxygen carrier

The oxygen carrier was characterized using x-ray powder diffraction (XRD) pattern
using 20 angle range of 0° to 75°.

Reactivity studies

The reactivity of the oxygen carrier with the fuel was studied using a fixed bed reac-
tor with 12 mm internal diameter and a length of 400 mm as illustrated in Fig. 1.
Three grams of the oxygen carrier was loaded into the fixed bed reactor in each
case; which is placed between coarse sand to enhance the distribution of the air/
fuel and the bed was heated to a temperature of 800 °C in the flow of nitrogen (N,)

- LI
Air FM1
— Vent
LI
N FM2

ﬁ]

Reactor
Fuel FM3
Furnace — 7
Oxygen
Carrier Z
TIC
Gas
Vent <— Analyzer
Cooler

Fig. 1 Illustration of a fixed bed reactor setup for reactivity studies
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at 200 ml/min to create a neutral atmosphere in the reactor. Air was then passed
through it at a flow rate of 200 ml/min to oxidize the oxygen carrier for a period of
5 min after which Liquefied petroleum gas (95% normal butane and 5% propane
LPG) was passed through the bed together with nitrogen at a flow rate of 300 ml/
min in a ratio of 1:2 to be oxidized by the oxygen carrier. The product was then ana-
lyzed using Hubei RS232 gas analyzer to determine the composition of the products.

Analyses of data and model presentation

Conversion of the fuel can be obtained by using the following reactions [51, 52];
C3Hg + 3Me, O, — 3CO + 4H, + 3Me O,_, (R4)
CyH\o +4Me, O, — 4CO + 5H, + 4Me, O, _, (R5)

And the conversion can be calculated using the following expressions;

Fuel Consumed

Conversion = Fuelln x 100% (&)

C3Hs consumea = 1CO +nCO, + i(”Hz —4nCO0) (0)
CyH,,Consumed = 1CO +nCO, + < (nH, — 5nCO) 7

Fuel Consumed = 0.05 X C3Hg cpusumea + 0-95 X CoH g consumed 8)

Oxygen carrier conversion can be calculated using the following expression [48];

Rco, 2 nCO, + Re 3 nCO

Oxygencarrier — ol mole of oxygen in oxygen carrier

Here R; is the stoichiometric ratio of the oxygen carrier to component i while
Y ni is the summation of the moles compositions of component i.

The system is modeled based on the kinetic expression presented in Eq. 6 where
model expressions presented in literature [44, 45, 53] are tested to obtain the model
with the best fit where it is expected to minimize the standard error from the param-
eters and the sum of squares errors from the data points and the model results
[47]. Since only one parameter is required in this case, the standard error is calcu-
lated using the modified form of the expression presented by [47] as follows;

(10)

Various models tested are presented in Table 1.
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Table 1 Kinetic models selected for use in this work

Kinetics Model 2(X) Evaluated as

First Order Kinetic Model —In(1-X) X =1-exp(—kt)

1.5 Order Kinetic Model 2((1-X)"12-1) X=1-1/((kt)/2+1)*
2nd Order Kinetic Model (1-X)""-1 X=1-1/(k(t+1))

3rd Order Kinetic Model 2((1-X)"2-1) X =1-[2(1/(kt+2))]""?
3D Contraction Model [1-(1-X)"7] X=(kt—1)3+1

1.5 Order Nucleation Model
3D Gingstein-Brounstein Model

[~In(1-X)1**
(1=2/3X)+ (1-X)*3

X = 1—exp(—(kt)*?)
t=1/k((1-2/3X) + (1-X))*?

Results and discussion
Oxygen carrier characterization

The oxygen carrier was characterized using x-ray powder diffraction (XRD) and
the images for CuO/CeO, and CuO/Nb,Os oxygen carriers are shown in Fig. 2.
From the XRD images, clear peaks of CuO as compared to those of [27, 54],
CeO, as compared to those of [22, 55] and Nb,O5 as compared to those of [56,
57] can be clearly seen which is an indication that the materials are crystal in
nature since amorphous materials have XRD images with diffuse intensity. The
crystalinity of the materials were obtained due to high calcination temperature
used because it has been reported that high temperature of calcination leads to
crystalline materials [58]. When the XRD peaks of the oxygen carrier with 10%
CuO was compared with those of CuO and CeO, in CuO/CeO, oxygen carrier,
CuO and Nb,Os5 in CuO/Nb,O5 oxygen carrier, it can be seen that the peaks
formed are the reflections from those of CuO and CeO, and CuO and Nb,Os;,
which is an indication that there were no extra materials formed as a result of
interaction between the two materials. Therefore the only materials involved

Nb05
Nb05  cuo Nog05

o W

ceo, o205 Nb,05 Nbz05

Intensity (a.u.)
!
Intensity (a.u.)
|

10%CulCo

T T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 3 60 70 80

0 40
2 Theta (Degree) 2 Theta (Degree)

Fig.2 XRD images for CuO/CeO, and CuO/Nb,O5 oxygen carriers for CuO, CeO, and 10% CuO/CeO,
on left and CuO, Nb,O5 and 10% CuO/Nb,O5 on the right
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Fig. 3 Experimental result for rate of oxygen carrier conversion for CuO/CeO, powder on left and pellets
on right performed at 800 °C for a period of 6 min
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Fig.4 Experimental result for rate of oxygen carrier conversion for CuO/Nb,O5 powder on left and pel-
lets on the right performed at 800 °C for a period of 6 min

in chemical looping are pure materials of CuO/CeO, and CuO/Nb,O5 oxygen
carriers.

Reactivity studies

The reactivity of the oxygen carriers were studied using a fixed bed reactor with
12 mm internal diameter and 40 mm length in which 3 g of the oxygen carriers
were placed in the reactor between coarse sand and the temperature of operation was
800 °C. The oxygen carrier conversions for 6 min of operation were plotted against
time as indicated in Fig. 3 for CuO/CeO, oxygen carrier powder and pellets while
that of CuO/Nb,Os oxygen carrier powder and pellets is shown in Fig. 4.

The results in Figs. 3 and 4 shows that the rate of conversion of oxygen carrier is
higher for the carriers in powder forms compared to those in pellets forms. This can
be as a result of surface area for reaction which is higher for oxygen carrier powder
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compared to those of pellets. There may also be mass transfer effect that contributes
to the resistance in pellets [59] which may lead to their conversion being lower.
Models were selected from those presented in Table 1 and plotted using expres-
sions presented in the table for each of the oxygen carriers to obtain the model that
exhibit the best fit by comparing the correlations (R?) of the various models and
determining their errors. The best model is expected to maximize the correlation and
minimize both the standard and the sum of squares errors. The plots are shown in
Figs. 5, 6, 7, and 8 for CuO/CeO, oxygen carrier powder, CuO/CeO, oxygen carrier
pellets, CuO/Nb,Os5 oxygen carrier powder and CuO/Nb,Os oxygen carrier pellets.
Fig. 5 shows that the model with the highest correlation is first order kinetics
model while three dimensional contraction model has the best correlation as shown
on Fig. 6 which is an indication that those models can best be used to describe the
kinetics of the oxygen carrier reactions. The first order kinetics of the powder form
of oxygen carrier is due to abundance of oxygen in the oxygen carrier [30] that will
readily react with the fuel thereby making all other resistances negligible. As for
the contraction model of the pellets form of the oxygen carrier, the size of the pel-
lets make it difficult for the release of oxygen by the oxygen carrier which therefore
leads to the shrinking of the core of the oxygen carrier as the gas reacts with the
vacant oxygen on the surface of the sphere. For CuO/Nb,O5 oxygen carrier (Figs. 7
and 8), it can be seen that the model with best correlation is third order kinetics
model for both powder and pellets form of the oxygen carrier. This is an indication
that the reaction is kinetics control which is non-linear and there is no any other
resistance controlling the reaction between the oxygen carrier and the fuel.

0.45 T
O Experimental
1 Kinetics
0.4r- .
1.5 Nucleation
1.5 Kinetics
0.351| — 3D Contraction B
[e]
0.3- y B
3
c 0.25 B
o
2 °
$
c 0.2 i
o
(8
0.15- B
(e}
0.1+ B
o
0.05- B
0 L L L | |
0 1 2 3 4 5 6

Time (Mins)

Fig.5 Rate of conversion for different models (solid lines) as presented on the legend as well as the
experimental values (°) for CuO/CeO, oxygen carrier powder
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Fig.6 Rate of conversion for different models as presented on the legend as well as the experimental val-

ues (°) for CuO/CeO, oxygen carrier pellets
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Fig. 7 Rate of conversion for different models as presented on the legend as well as the experimental val-
ues (°) for CuO/Nb,O5 oxygen carrier powder
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Fig. 8 Rate of conversion for different models as presented on the legend as well as the experimental val-
ues (°) for CuO/Nb,Os oxygen carrier pellets

Using the models with the best fits, the slopes obtained from the plots are the
rate constants (k(T)) which are 0.0837 s' for CuO/CeO, oxygen carrier powder,
0.0202 s™! for CuO/CeO, oxygen carrier pellets, 0.1075 s~ for CuO/Nb,O5 oxy-
gen carrier powder and 0.0682 s™! for CuO/Nb,O5 oxygen carrier pellets. Since the
rate of conversion of the oxygen carrier is directly proportional to the rate constant
as shown in Eq. 1, this implies that the higher the value of the rate constant, the
higher the conversion rate. Consequently, the conversion rates of the oxygen carriers
in powder form are higher than those of the pellets as confirmed by the conversion
rates shown in Figs. 3 and 4.

The validity of the models can be evaluated statistically by examining the errors
in using the selected models. The standard error (SE) was evaluated using Eq. 10
while sum of squares error (SSE) was evaluated using the expression presented by
Lente (2015) [47] and the results obtained are presented in Table 2.

Table 2 Statistical data and rate constant values k for the selected models

Oxygen carrier Model k R? SE SSE

CuO/CeO, powder First order kinetic 0.0837 0.9954 0.0019 0.0006
CuO/CeO, pellets 3D contraction 0.0202 0.9760 0.0126 0.0022
CuO/Nb,O5 Powder Third order kinetic 0.1075 0.9947 0.0103 0.0002
CuO/ Nb,Os pellets Third order kinetic 0.0682 0.9897 0.0091 0.0002
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From Table 2, the values of the correlations are observed to be very high with
the minimum of 0.9760 for CuO/CeO, Pellets which are indications that the devel-
oped models agree with the experimental data, which is further confirmed from the
low values of the standard errors and the sum of squares error (SSE) with the high-
est value being 0.0126 and 0.0022, respectively, which are equivalent to 1.26% and
0.22% SE and SSE, respectively, which are all for CuO/CeO, Pellets.

Using the rate constants in the integrated forms of the models, the relationship
between conversion and time can be obtained for each of the oxygen carriers. This
can be used for the validation of the model by plotting the model output together
with the experimental data which was done by developing a code for the plot in
MATLAB which can be used as models for each of the oxygen carriers and the plots
are as shown in Fig. 9.

From Fig. 9, it can be seen that there is a close correlation between the model and
the experimental data with negligible error which can be seen from the closeness of
the experimental data to the model lines for each of the oxygen carriers.

Conclusion

From the study which was aimed at establishing a kinetic model for oxygen
carrier conversion in chemical looping reforming, it was discovered that using
CuO/CeO, oxygen carrier and CuO/Nb,O5 oxygen carrier, the powder form of
the oxygen carrier were found to have higher rate of conversion of the oxygen

0.4 T T T T T
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CuO/CeO, Pellets
0.35 H i
-~ (:uOINbZO5 Powder
2 *
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‘E‘ 0.25 - . B
o +
4 t
[
E 0.2 B
o
o
) 3
2 oasf ]
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2 0.1} * Bl
& *
o *
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*
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0 1 2 3 4 5 6

Time (mins)

Fig.9 Selected models rate of oxygen carrier conversions (solid lines) for the various oxygen carriers as
shown on the legend compared with their experimental data (*)
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carrier where CuO/CeO, oxygen carrier powder was found to have a conversion
of around 40% after 6 min compared to that of pellets which was around 31% for
the same period. Meanwhile for CuO/Nb,O5 oxygen carrier, the conversion of the
powder oxygen carrier was found to be around 21% which is higher than that of
pellets which was found to be around 16% for the same period of 6 min. Among
the models tested, first order kinetics was found to give best fit for CuO/CeO,
oxygen carrier powder with rate constant of 0.0836 s~! and 3D contraction model
was found to give best fit for CuO/CeO, oxygen carrier pellets with rate constant
of 0.0202 s™!, meanwhile for CuO/Nb,Os oxygen carrier, the best fit was obtained
using 3rd order kinetic model for both powder and pellets with rate constants of
0.1075 s~! and 0.0682 s~! for powder and pellets, respectively. To validate the
model, the model result show close correlation when compared with the experi-
mental data with slight error, which was found to be around 1.26% and 0.22% for
SE and SSE which are all for CuO/CeO, oxygen carrier pellets.
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