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The activity of catalysts in reforming processes is greatly hindered by carbon deposition on their active
sites. In this vein, a number of studies on catalyst behavior in CH4 reforming processes have been
reviewed with focus on lanthanide series as catalyst, promoter and support to improve activity and elim-
inate carbon. Studies have shown that various catalyst combined with the lanthanide series have effec-
tively removed carbon from active metals sites. Therefore, this study has provided a detailed review of
several works on reforming processes that have applied lanthanide series as catalyst, promoter and sup-
port. Comparative data for various CH4 reforming processes using lanthanide series as catalyst material
have been outlined. Data from this study can be applied industrially to synthesize a catalyst resistant to
deactivation, hence, optimizing energy production and profit.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Fuel from Fossils is a major source of energy; hence, it plays a
major role in the day to day activities of man. Due to constant
exploration and refining, the depletion of fossil fuel is inevitable.
Therefore, there is a need for alternative feed stocks for clean fuel

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2020.115863&domain=pdf
https://doi.org/10.1016/j.ces.2020.115863
mailto:sumaiya@ump.edu.my
https://doi.org/10.1016/j.ces.2020.115863
http://www.sciencedirect.com/science/journal/00092509
http://www.elsevier.com/locate/ces


2 O.U. Osazuwa, S.Z. Abidin / Chemical Engineering Science 227 (2020) 115863
and chemical production (Naidja et al., 2003). Studies using alter-
native feed stocks have been carried out for glycerol (Veiga et al.,
2019), (Mohd Arif et al., 2019), (Bobadilla et al., 2015), ethanol
(Muñoz et al., 2013), (Da Silva et al., 2011), (Calles et al., 2009), pro-
pane (Azizzadeh Fard et al., 2019), (Im et al., 2018), (Natesakhawat
et al., 2005), butane (Schädel et al., 2009), iso octane (Al-Musa
et al., 2014) and natural gas/CH4 (Osazuwa et al., 2018), (Horlyck
et al., 2018), (Han et al., 2017).

In another perspective, there is also the need to utilize biogas
from the decomposition of organic materials anaerobically. This
source of fuel has been reported to possess both carbon dioxide
(CO2) and methane (CH4) which are the main components of
greenhouse gas (Izquierdo et al., 2013). So therefore, since CH4 is
the main constituent of natural gas from fossil fuel reserves, (Iyer
et al., 2004) and biogas (Kohn et al., 2010), (Barrai et al., 2007),
respectively, the reforming of CH4 to more valuable products
through various processes cannot be over emphasized in the pre-
sent day and nearest future. Various technologies for CH4 reform-
ing exist and have been reported. Amongst these techniques
reported include; CO2 (Osazuwa et al., 2018a, 2018b), (Osazuwa
and Cheng, 2018), steam (H2O) (Noh et al., 2019), partial oxidation
(La Parola et al., 2018), and autothermal (ARM), (Ni et al, 2014a),
(Zahedinezhad et al., 2009), (Choudhary et al., 1995). In addition,
some researchers have tried to reform CH4 by using a combination
of H2O, CO2 and O2 as reactants. This process is termed mixed or
tri-reforming of CH4 (TRM) (Anchieta et al., 2019), (Song and Pan,
2004). Tri-reforming process is employed so as to vary the product
ratio of the reaction by altering the ratio of H2O, CO2 and O2. There
is also the bi reforming process (Siang et al., 2019), (Singh et al.,
2018) which uses the combination of two reactants; CO2 and
H2O to shift the selectivity towards a particular product like H2

or minimize the amount of produced carbon from the CH4 reform-
ing process. The basic difference between the combined reactants’
reactions are the oxidant employed, product ratio obtained (M.
Gaddalla and E. Sommer, 1989) and reaction kinetics or mecha-
nism of the reaction.

The reaction pathways for the various reforming processes are
represented in Eqns. (1) – (6).

CO2 reforming of CH4 (Buelens et al., 2016), (Pakhare and
Spivey, 2014).

CH4 þ CO2¡2COþ 2H2 DH298K ¼ þ247kJmol�1
� �

ð1Þ

Partial oxidation of CH4 (Pakhare and Spivey, 2014).

CH4 þ 1
2
O

2
¡COþ 2H2 DH298K ¼ �36kJmol�1

� �
ð2Þ

CH4 þ 2O2¡CO2 þ 2H2O DH298K ¼ �803kJmol�1
� �

ð3Þ

Steam reforming of CH4 (Kechagiopoulos et al., 2017), (Dittmar
et al., 2013).

CH4 þH2O¡COþ 3H2 DH298K ¼ þ206:2kJmol�1
� �

ð4Þ

COþH2O¡CO2 þH2 DH298K ¼ �41kJmol�1
� �

ð5Þ

CH4 þ 2H2O¡CO2 þ 4H2 DH298K ¼ 164:9kJmol�1
� �

ð6Þ

Tri-reforming of CH4 (Zhao et al., 2018)

CH4 þ CO2¡2COþ 2H2 DH298K ¼ þ247kJmol�1
� �

ð1Þ

CH4 þ 1
2
O

2
¡COþ 2H2 DH298K ¼ �36kJmol�1

� �
ð2Þ
CH4 þH2O¡COþ 3H2 DH298K ¼ þ206:2kJmol�1
� �

ð4Þ

Autothermal reforming (Kohn et al., 2010).

CH4 þ CO2¡2COþ 2H2 DH298K ¼ þ247kJmol�1
� �

ð1Þ

CH4 þ 1
2
O

2
¡COþ 2H2 DH298K ¼ �36kJmol�1

� �
ð2Þ

CH4 þ 2O2¡CO2 þ 2H2O DH298K ¼ �803kJmol�1
� �

ð3Þ

CH4 þH2O¡COþ 3H2 DH298K ¼ þ206:2kJmol�1
� �

ð4Þ

COþH2O¡CO2 þH2 DH298K ¼ �41kJmol�1
� �

ð5Þ

Comparing the reforming processes, CO2 reforming of CH4

(CRM) seems to have gained more interest because of its economic
value (20% more efficient economically), even though it comes
with its own shortfalls which is severe carbon formation which
results in catalyst deactivation (Pakhare and Spivey, 2014). CRM
proceeds as an endothermic catalytic process which yields approx-
imately unity syngas ratio and traces of CO2 (Bitter et al., 2000),
(Galuszka et al., 1998). Application of this process is seen in the
solar-chemical energy transmission plants (Araujo et al., 2008),
(G. S. Gallego et al., 2008), where the heat energy from the sun is
directed to power the process because of the endothermicity of
the main reaction. Another advantage of the CRM process is the
utilization of two greenhouse gases which are abundantly present
in the atmosphere. These gases are converted to H2 and CO with
ratio of about unity. This type of product (H2 and CO) is required
as feedstock for industrialized processes like the Fischer-Tropsch
process. For the steam reforming process, which has been highly
commercialized for the production of H2, a significant amount of
carbon and CO2 is also produced. Removal of these undesired prod-
ucts adds additional cost to the process, thereby becoming a chal-
lenge in the petrochemical industry (Ross, 2005). More
significantly, the syngas ratio in the steam reforming process is
high, hence, making the process suitable for H2 production but
unsuitable for synthesis of liquid hydrocarbon and methanol which
require lower syngas ratio (Gronchi et al., 1997). For the partial
oxidation of CH4, resulting from the high exothermic reaction nat-
ure, the reaction space velocities must be closely monitored (Fan
et al., 2009). Therefore, as a result of the type of reactions (mainly
endothermic), in all these reforming processes there is a need to
introduce a catalyst that can increase the reaction rate and alter
its pathway. Several researchers have tried to apply various cata-
lysts to stimulate or change the reaction pathways and therefore
either increase conversion or enhance longevity in conversion. In
order to achieve this goal, several catalysts have been applied for
different reforming process. For example, Nickel (Ni) catalyst have
been used for steam reforming (Navarro et al., 2019), (Ali et al.,
2016), CO2 reforming (Li et al., 2018), (Li and Zhang, 2013), partial
oxidation (Jalali et al., 2019), (Pelletier and Liu, 2007), auto-thermal
reforming (Dega et al., 2019), bi-reforming (Siang et al., 2019) and
tri-reforming (Zou et al., 2016), (Yoo et al., 2015). According to
researchers, the functionality of these catalysts not only depends
on the metallic active site, but also on the support and more specif-
ically the promoters added to the catalyst formulation. Other
researches have tried to find solution to deactivation of catalyst
resulting from carbon deposited during the reforming of CH4.
Materials such as alumina (Lertwittayanon et al., 2017), (Kim
et al., 2017), silica (Zhang et al., 2019), SBA-15 (Chong et al.,
2019), (Abdullah et al., 2019), alkaline earth metals (Zhang et al.,
2019), (Alipour et al., 2014), rare earth metals (lanthanide series)
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(Jawad et al., 2019), (Al-Fatesh et al., 2014), have been used as cat-
alysts/promoters or supports to solve the emanating issues of
deactivation from carbon deposition. Amongst these supports, lan-
thanide series have been reported to have a huge impact on the
removal of deposited carbon during CH4 reforming processes. For
examples, Ceria (CeO2); one of the majorly used lanthanide series
plays a key role in inhibiting the formation of carbon deposits by
aiding its conversion. The compound CeO2; contains Ce and a high
amount of mobile O2 vacancy sites formulated by replacing some
of the Ce4+ ions present in the CeO2 lattice with Ce3+ ions
(Anjaneya et al., 2014). A lot of work has been done on the use of
lanthanides series as catalyst/promoter or support in the reforming
of CH4. However, a detailed review on the role of lanthanide series
on the various CH4 reforming reactions such as; CO2, partial oxida-
tion, steam, tri and autothermal reforming need more attention.
More also, comparison of the behavior of the lanthanide series in
various CH4 reforming reactions to ascertain the catalytic behav-
ioral differences has not being widely reported to the best of our
knowledge. Therefore, this study outlines the role played by the
lanthanide series in various reforming processes for H2 and syngas
production. The specific properties of the lanthanide series that
influences the reaction pathway of CH4 reforming processes have
been identified from reviews of existing literatures.

2. The role of lanthanide series in reforming processes

Researchers have used lanthanide series as promoter/catalyst
and support in various reforming processes such as CO2 (Khajeh
Talkhoncheh and Haghighi, 2015), partial oxidation (Ferreira
et al., 2010b), tri- reforming (Zou et al., 2016), autothermal
(Escritori et al., 2009) and bi-reforming (Kumar et al., 2015). In
addition, several hydrocarbons such as CH4 (Omoregbe et al.,
2016), ethanol (Da Silva et al., 2011), propane (Azizzadeh Fard
et al., 2019), and glycerol (Bobadilla et al., 2015) can be reformed
using these reforming processes/steps. In this section, we focus
on various reforming processes for converting CH4 to H2 and CO,
with specific interest on the influence of lanthanide series on the
reaction pathway.

A commonly employed catalysts for CH4 reforming process is
Ni catalyst (Rathod and Bhale, 2014), (Jiang et al., 2007). Several
researchers have employed Ni in CH4 reforming reactions due
to the industrial importance of Ni (Kim et al., 2015). Noble metals
have also been extensively applied as catalyst in the reforming of
CH4 (Watanabe et al., 2016). However, in order for the reaction to
shift in the forward direction, catalyst employed should be highly
resistant to coking and possess high thermal stability (Singha
et al., 2016). Hence, even though Ni is highly active for CH4

reforming, the stability of Ni catalyst at elevated temperature
cannot be guaranteed due to its high affinity towards coking
which causes deactivation of the catalysts and termination of
the reforming process. For this reason, recent studies on the
reforming processes of CH4 using metallic catalysts have been
directed towards enhancing the morphology, reducibility and
structure of the catalysts, so as to enhance catalyst performance
(Anchieta et al., 2019). Consequently, according to Zhao et al.
(2018), the inclusion of support with redox properties could
reduce carbon deposition, eliminate sintering of the metal parti-
cles, increase the catalyst O2 storage strength and enhance the
behavioral interaction between the components of the catalysts.
Several researchers have applied lanthanide series as catalyst
(Zhu et al., 2018), promoter (Branco et al., 2020) and catalyst sup-
port (La Parola et al., 2018) to try to minimize/eradicate the prob-
lem of excessive carbon deposition. More also, with respect to
their different structures and atomic sizes the members of this
series can serve either as catalyst, promoter or support for differ-
ent reaction processes. For instance, as catalyst, Zhu et al. (2018)
applied [Ln(CH3CN)9]3+[(AlCl4)3]3-.CH3CN (Ln = lanthanide series)
as catalyst in the tandem Friedel-crafts alkylation reaction. When
compared with YbCl3, the increased activity of the catalyst was
attributed to the Lewis acidic content of Yb species. In subsequent
sub-sections of this paper, reviews on influence of the lanthanide
series as catalyst/promoter and support in various reforming pro-
cesses have been itemized from section 2.1 – 2.5.
2.1. Lanthanide series in CO2 reforming of CH4 (CRM).
2.1.1. Lanthanide series as catalyst/ promoter in CO2 reforming of CH4

(CRM)
One of the many reforming processes where CH4 can be con-

verted into H2 and syngas is CRM. It is a catalytic reaction requir-
ing the use of catalyst made up of several materials such as the
transition metals and lanthanide series etc. Several authors have
applied the lanthanides series as catalysts in this process. For
instance, a structurally different type of support called the meso-
porous carbon which was modified with lanthanides (Ce and La)
was applied for CRM by Goscianska et al. (2018). The catalyst/sup-
port material was analyzed and the activity tested in CRM with
result represented in Table 1. La and Ce catalysts on mesoporous
carbons had better performance when compared with catalyst on
SBA-15 and KIT-16. This was attributed to the introduction of La
and Ce into the support material which resulted in an increment
of the intensity of the peak observed in the XRD analysis. The peak
represented changes in the support material, thereby reforming
the hexagonal or cubic pore arrangement of the amorphous car-
bon (Goscianska et al., 2018), (Chen et al., 2013), (Maneerung
et al., 2011). However, the textural analysis of the Ce and La based
catalyst revealed reduced surface area when compared to the
support’s surface area. This led to reduction in pore size due to
blockage as a result of the particles agglomerating during
synthesis.

In another study by Gallego et al. (2009), La1�xAxNiO3�d per-
ovskite catalyst (A = Pr, Ce and X = concentration of dopants)
was prepared and utilized in CRM. The essence of their work was
to ascertain the effects of Pr and Ce on the perovskite’s perfor-
mance. The catalyst La0:9Pr0:1NiO3�d had the optimum activity
while possessing the ability to withstand about 100 h of reaction
time with no deactivation observed. The considerable shift in the
temperature of the hydrogenation patterns towards lower values
which is described by the TPR profile represented in Fig. 1 is the
reason for the improved activity. This catalytic property is also
related to reduced NiO particle size also reported by Fan et al.
(2009), coupled with the redox property of the Pr2O3 reported in
similar work by Ayodele et al. (2017). Arguments were made that
the Pr2O3 may become re-oxidized by CO2 to form PrO2 and CO in-
situ reaction. As a follow up reaction, PrO2 then combines with car-
bon deposits, thereby reforming Pr2O3 and gasifying the deposited
carbon. The various arguments were linked to characterization of
the catalyst material. For instance, the specific surface area of
La1�xAxNiO3�d varied directly with the concentration of dopants,
the XRD profile showed that increase in La and Ce varied directly
with the formation of NiO and CeO2. In addition, the concentration
of dopants varied with the crystallite size of the perovskite. How-
ever, for the La1�xPrxNiO3�d perovskite, no significant variance was
observed in the crystallite size as the dopant concentration chan-
ged. This behavior was however not similar for a series of Ni-
CeO2 catalysts which declined in crystallite size when doped with
La (Pino et al., 2011).

Another way the lanthanides series can be utilized in CRM is by
applying it as promoter. In a study carried out by Habibi et al.
(2014), La2O3 promoted Ni catalysts on cAl2O3 was synthesized
and employed as catalysts in CRM. From the surface area analysis



Fig. 1. TPR profile of (a) La1�xCexNiO3�d and (b) La1�xPrxNiO3�d perovskites series (Gallego et al., 2009).

Table 1
Activity parameters of CO2 reforming of CH4 (Goscianska et al., 2018).

Sample Initial activity(mmolg�1. min) Activity after 1 h(mmolg�1. min) Catalyst deactivation a (%) Kapp-deac
c � 10-2 (min-1) R2 d

SBA-15 1.0 0.0 100b – –
5-La/SBA-15 4.6 0.6 87 3.79 0.967
5-Ce/SBA-15 5.0 2.4 52 1.08 0.832
CSBA-15 0.5 0.0 100 – –
5-La/CSBA-15 5.4 1.0 81 2.83 0.977
5-Ce/CSBA-15 7.1 3.8 46 0.97 0.987
KIT-6 1.0 0.0 100b – –
5-La/KIT-6 3.7 0.6 84 3.81 0.987
5-Ce/KIT-6 3.5 1.0 71 2.04 0.987
CKIT-6 0.5 0.0 100 – –
5-La/CKIT-6 8.3 3.3 60 1.70 0.988
5-Ce/CKIT-6 10.3 5.2 50 1.37 0.989

Reaction Conditions: 650 OC, 0.10 MPa, 1 h
c Kapp-deac

c from the linear regression: Ln Initialactivity=activityattimetð Þ ¼ kapp�deac:t:
d linear regression correlation factor

a Deactivation values after 1 h of reaction, 1� activityafter1h=initialactivityð Þ100
b Deactivation values after 30 min
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represented in Table 2, adding La2O3 to the Al2O3 reduced the
specific surface area, a trend also reported for Ni on Al2O3 catalyst
by Nandini et al. (2005), while TPR analysis revealed the addition
Table 2
Textural properties of catalyst samples (Habibi et al., 2014).

Samples BET
(m2g�1)

Volume (pore)
(cm3g�1)

Size (Pore)
(nm)

Al2O3 204 0.41 5.30
1%La2O3-Al2O3 204 0.36 5.20
3%La2O3-Al2O3 196 0.34 4.90
6%La2O3-Al2O3 182 0.34 4.70
10%Ni/Al2O3 177 0.34 5.10
10%Ni/1% La2O3-

Al2O3

183 0.32 4.90

10%Ni/3% La2O3-
Al2O3

174 0.29 4.70

10%Ni/6% La2O3-
Al2O3

169 0.28 4.60

aObtained from the BET equation.
bBJH desorption pore volume.
c BJH desorption average pore diameter.
of La2O3 aided the Ni reducibility, a phenomenon also reported
by Rivas et al. (2008). Furthermore, the intensity of the reduced
NiO peaks became higher with the addition of La2O3. This property
affected the catalytic test carried out resulting in a substantial
increase in the conversion of CH4 with up to 3% La2O3 loading. Fur-
ther studies carried out on the carbon deposits showed there was
an inverse relationship between the addition La2O3 and the
amount of carbon deposited up to 3 mol%.

In a similar work, Charisiou et al. (2016) used CeO2 and La2O3 to
modify Ni/Al2O3 catalyst for CO2 reforming of biogas. The perfor-
mance of all the synthesized catalysts with respect to reaction
temperature, reactants conversion and product yield were studied.
They observed significant increase in the performance of the pro-
moted Ni/Al2O3. The result of the stability test represented in
Fig. 2 revealed Ni/Al2O3 catalyst (modified) remained active and
stable for over 20 h, while the unmodified Ni/Al2O3 remained
stable for only about 5 h. Also, according to De Llobet et al.
(2013), Ni/Al2O3 catalyst produces syngas and filamentous carbon
which does not deactivate the catalyst over 1 hr; a feat similar to
the report by Charisiou et al. (2016).

In another work, Omoregbe et al. (2016) used La and Ce as
promoters in a different type of support (SBA-15) for CRM. Upon



Fig. 2. Performance test for conversion and yield using Ni catalyst to modify CeO2 and La2O3 on Al2O3 support (Charisiou et al., 2016).
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promoting the catalyst, NiO reduced from 27.0 nm to 19.1 nm
which could be traced to the interaction between NiO, La and Ce
particles. TPO results were similar to the study by Akbari et al.
(2018) where better performance associated with a decline in the
deposited carbon was obtained for the 3 wt%-La promoted catalyst,
while the un-promoted Ni/SBA-15 showed loss of activity over
time. The catalyst with the smallest NiO particle size suppressed
graphite carbon formation. Other authors’ like Al-Fatesh et al.
(2014) who used La2O3 as promoter and support for Ni/Al2O3 in
CRM also stated that the incorporation of La2O3 into the catalyst
structure enhanced the dispersion of Ni and subsequently the
CO2 adsorption which resulted in improved performance.
Similarly, in the study by Sutthiumporn and Kawi, (2011) the
performance enhancement of Ni-La2O3 catalyst was due to the
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presence of abundance lattice O2 which enhanced the C-H cracking
in the reforming reaction. Also, Dębek et al. (2015), prepared NiM-
gAl mixed oxides and promoted it with Ce species before testing in
CRM reaction. Post test results compared the performance with
two reference catalyst 10Ni/Al2O3 and 10Ni/ (Ce-Zr). The introduc-
tion of Ce into the catalysts structure significantly improved the
activity and selectivity. This is attributed to increased reducibility
of Ni species resulting from introducing CeO2 which contributes
to enhance the basicity of the catalyst complex. In comparison with
the reference catalyst; 10Ni/Al2O3 and 10Ni/(Ce-Zr), NiMgAl mixed
oxides promoted with Ce showed better activity. The reference cat-
alyst showed signs of deactivation and loss of activity in a 5 h time
on stream (TOS) with CO2 conversion lower in the 10Ni/(Ce-Zr) and
excess CO produced in the 10Ni/Al2O3) catalyst. Akbari et al. (2018)
also reported CeO2 as promoter for CRM using Ni-MgO-Al2O3. Add-
ing Ce to the catalyst Ni-MgO-Al2O3 influenced the size of the
metallic crystals and the catalyst reducibility. In addition, carbon
on the surface was greatly minimized; hence, conversion
improved. Amongst all synthesized catalyst, the catalyst with
3 wt% Ce showed more resistance to coking. Furthermore, prior
to addition of CeO2, the reduction peaks from the TPR analysis
located at maximum temperature depicted NiO reduction linked
with the spinel phase (Wrobel et al., 1993). Whereas, for the Ni-
MgO-Al2O3 doped with Ce, broad peaks which appeared at about
800 �C were linked to bulk CeO2 reduction (Escritori et al., 2009).
This is a significant shift in terms of the reduction capability of
the Ce-Ni-MgO-Al2O3 catalyst. Hence, the catalyst behavior was
viewed to be associated with the strong linkage between the metal
and support resulting from a uniformly dispersed Ni on the sup-
port enhanced by doping with CeO2 (Li et al., 2018), (Whang
et al., 2017), (Abdullah et al., 2017). Fang et al. (2018) used a very
similar catalyst for the same process and promoted with Ce and
Nd. The textural analysis showed that the surface area was insuffi-
cient to ascertain the activity of the catalyst. The test carried out
for the doped Ni/Mg-Al-O, pure Ni/Mg-Al-O, Ni/MgAl2O4 and Ni/
Al2O3 catalyst revealed that the doped Ni/Mg-Al-O had better per-
formance and appreciable reduction in the amount of carbon
deposited. The catalytic behavior was ascribed to the improved
Ni dispersion coupled with the availability of active surface O2 as
a result of addition of promoters (oxides of Ce and Nd) which aided
reducibility according to the TPR results and similar studies (Harun
et al., 2018), (Theofanidis et al., 2016). Furthermore, below 900 �C,
there was no visible reduction of the Mg-Al-O support, which sup-
ports the claim that Al-O and Mg-O possess strong bond which are
extremely difficult to reduce. At about 850 �C, the Ni/Al2O3 showed
a main peak which depicted the reduction of NiAl2O4 (Abdollahifar
et al., 2014). At 400 �C, the catalyst (doped and undoped) revealed
a peak related to the reduction of Ni cations from NiO-MgO to Nio

(Djaidja et al., 2006). Furthermore, catalyst stability was also
enhanced when reduction occurred prior to the catalytic reaction
step. The active surface area of Ni improved the catalyst’s basicity
resulting from the introduction/availability of active oxygen spe-
cies supplied by the promoters.

Amin et al. (2015) used different lanthanide series (Nd, Ho, Eu,
Er, Dy, Pr, Sm, Tm, Gd, and Tb) to alter the activity and structure of
Ni/c-Al2O3 in CRM. The promoted catalysts were far more superior
to the unpromoted catalyst over a 60-h TOS. From all experiments
they carried out, Er- Ni/c-Al2O3 catalyst was seen to exhibit the
optimum performance in terms of conversion of CH4. They attrib-
uted the superior performance of Er- Ni/c-Al2O3 to the optimum
size of Ni particle and enhanced reducibility which led to reduced
formation of reactive carbon during the reaction. However, some
authors have also argued that increased Ni size may be as a result
of carbon formed on the Ni particle. For instance, according to Han
et al. (2017), Ni particle size increased due to catalyst deactivation
resulting from carbon formation. Other authors who have studied
lanthanide series as promoters and obtained similar results
include; Foo et al. (2011) who used Ce, Pr and Sm to reduced car-
bon deposit by half and identified a reactive and unreactive type of
carbon in CRM, Sarkar et al. (2016) who used Gd as promoter to
obtain catalyst longevity of over 100 h TOS and Taherian et al.
(2017) who reported at an optimum Sm wt% of 1, while obtaining
a conversion of 58% at 700 �C with decreased rate of carbon
formation.

2.1.2. Lanthanide series as support in CO2 reforming of CH4 (CRM)
Lanthanide series have been used in CRM as support for active

catalysts. Usually, the catalysts are affixed to the support in order
to create a larger surface area for the catalytic processes to occur.
In a study carried out by Han et al. (2017), several Ni-Ce-Al oxides
were prepared and applied for natural gas reforming of CO2 to pro-
duce syngas. After several investigations, they selected 10 wt% Ni-
CeAl catalyst and tested it in a 30 h reaction to ascertain its perfor-
mance in CRM. Their results showed CH4 and CO2 conversion
decreased by 2.8% and 2.6%, respectively. The result was achieved
by the creation of the interlinking structure between NiO and
CeO2 formed by Ni2+ which bonded to the CeO2 matrix replacing
Ce4+ ions. Furthermore, as a result of charges imbalance and the
disturbances created by the CeO2 structure, O2 vacancies were cre-
ated in-situ reaction which aided gasification of the carbon depos-
its (Wang et al., 2013), (Shan et al., 2003). Li et al. (2017), used
mesoporous silica enhanced with Nd as support for Ni catalyst in
CRM. The process applied CO2 and/or O2 as the reformer to give
syngas. Nd was embedded in the structure of mesoporous silica
which in turn improved the metal (Ni) dispersion. The embedment
which resulted in the dilation of the mesoporous silica peak was in
conformity with the study by Chong et al. (2019). In addition, there
was a direct relationship between the molar ratio of Nd/Si up to
0.04 and the point of inflection in the isotherm (P/Po) which indi-
cated an enlargement of the pore size (one of the importance of
a good support) (Li and Zhang, 2013). Nonetheless, embedding
Nd into the mesoporous structure reduced the catalyst BET surface
area and pore volume but for the catalyst in the gas phase reaction,
the pore size distribution which increased until 0.04 was more sig-
nificant. In a similar analysis of textural properties, Li and Zhang
(2013) also reported that surface area of Nickel/yttrium increased
steadily as yttrium (Y) increased up to Y/Si = 0.04 and then
decreased with continuous increase in yttrium content. For all
molar ratio of the catalyst tested, Ni/0.04Nd-mesoporous silica
gave the best performance in a 12 h TOS. The improved perfor-
mance was linked to high dispersion of the Ni particle (Wang
et al., 2012), increased basicity (Muñoz et al., 2013), coupled with
the enhanced Ni-support inter-linkage (Li et al., 2017). Upon cat-
alytic test over a longer time frame, the catalyst showed poor per-
formance and high deactivation as a result of intensive oxidation of
the Ni particle during reaction. Another way lanthanide series can
be used for CRM is by modification of the support. Goula et al.
(2017) tried this by modifying Zr using La2O3 and CeO2-ZrO2. Three
supports; ZrO2, La2O3-ZrO2 and CeO2-ZrO2 were utilized on Ni for
CRM. Surface areas of the catalysts obtained are represented in
Table 3. Ni/Zr had the highest surface area value, followed by Ni/
LaZr and Ni/CeZr. This behavior was ascribed to the difference in
the pretreatment of the support during calcination (at 800 �C).
Goula et al. (2015) also linked this kind of behavior to the blockage
of the support pores by Ni o which occurs during calcination. Ni-
LaZr and Ni-CeZr showed improved basicity and O2 ion values as
compared to Ni-Zr. This is reflected in the catalytic performance
shown in Fig. 3 (a) – (e), where CH4 conversion and H2 production
is much higher for catalyst containing lanthanide series than the
plain Ni/Zr. Post reaction studies of the catalyst surface revealed
filamentous tube-like carbon components of the graphitic 2H form
present on the Ni/Zr and Ni/LaZr catalysts surfaces which Singha



Table 3
BET specific surface area (SSA) of the catalyst (calcined and reduced) (Goula et al., 2017).

Catalyst Ni loading(wt%) SSA(m2 g�1) Ni average particle size(nm)a Ni dispersion (%)

Calcined Ni/Zr 7.7 50.0 15.7 4.2
Reduced Ni/Zr 7.7 43.0 23.0 2.9
Calcined Ni/LaZr 7.6 31.0 20.1 3.3
Reduced Ni/LaZr 7.6 29.0 20.2 3.3
Calcined Ni/CeZr 7.9 22.0 25.7 2.6
Reduced Ni/CeZr 7.9 28.0 15.2 4.3

a from Scherrer’s equation.

Fig. 3. Performance of Ni/Zr, Ni/CeZr and Ni/LaZr (Goula et al., 2017).
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et al. (2017) also reported. Surprisingly, the Ni/CeZr spent catalyst
had no traces of carbon deposits due to the high amount of lattice
O2 present in the Ni/CeZr catalyst. Ce has high O2 storage capacity
as a result of its ability to exist in various states of oxidation,
thereby allowing it to take part in various redox processes using
the carbon formed as its reactant (Otsuka et al., 1993). Also,
according to Wang and Lu (1998), Nandini et al. (2005), and
Laosiripojana et al. (2006), CeO2 redox behavior coupled with its
high availability of lattice O2 are responsible for enhanced activity,
stability as well as removal of carbon from the catalyst surface.
Generally, embedding metals into the support matrix improves
catalytic activity as revealed by Li et al. (2017) and De Rogatis
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et al. (2010). In this sub-section, we have been able to identify
some literature where lanthanide series have been applied as cat-
alyst/promoter and support. Table 4 summarizes the literature
reviewed in this section.

2.2. Lanthanide series in partial oxidation of CH4 (POM).
2.2.1. Lanthanide series as the catalyst / promoter in partial oxidation
of CH4 (POM)

In this sub-section, the application of lanthanide series as cata-
lyst/promoter in the partial oxidation of CH4 has been reviewed. In
a typical example, the partial oxidation of CH4 using LaNiO2, La2-
NiO4 in combination with CeO2 was investigated by La Parola
et al. (2018). At 60% conversion, the sample without CeO2 deacti-
vated rapidly, whereas the sample containing CeO2 remained
stable for 18 h TOS; same behavior reported by Nandini et al.,
(2005). In line with the mechanism, CH4 cracking is activated by
the presence of LaNiO3-CeO2 with the release of CO/CO2 in a large
temperature span thereby consuming the released carbon. Also,
according to Feio et al. (2008) CH4 conversion is highly dependent
on the amount of CeO2 added to the catalyst. The behavior was dif-
ferent for LaNiO3 which cracks CH4 in a narrow temperature span
with no significant evolution of CO/CO2 thereby allowing carbon to
remain on the catalyst surface. This was further proven by the TPR
analyses represented in Fig. 4 which portrayed good interaction
between Ni and Ce resulting in better and improved performance
(Wang and Lu, 1998). In addition, significant carbon was found in
the catalyst without CeO2, while the catalyst with CeO2 had traces
of carbon deposits.

Nd was also used in synthesizing NdCaCoO3.96 for the partial
oxidation of CH4 by Dedov et al. (2015). In-situ reaction,
NdCaCoO3.96 decomposed to CaO, Nd2O3, Co and CoO resulting in
90% conversion of the reactants with over 90% selectivity of H2/
CO. The behavior of the catalyst over 140 h TOS was reported to
be very stable. Even though formation of carbon was observed, this
had no significant effect on the catalyst behavior. In another study,
Ferreira et al. (2010b) prepared CuCeO2 catalyst and tested the per-
formance in the partial oxidation of CH4 for 18 h. CuCeO2 was
stable at elevated reaction temperature; a property linked to the
morphology of the catalyst. Post catalytic test results were CH4

conversion of over 90%, H2 selectivity of over 99% and syngas ratio
of approximately 2.0 at 750 �C. CeO2 and Cu interaction aided inhi-
bition of the catalyst deactivation (Lima et al., 2006), (Tsipouriari
and Verykios, 2001).

2.2.2. Lanthanide series as the support in partial oxidation of CH4

(POM)
Applying lanthanide series as support for partial oxidation of

CH4, bimetallic Ni-lanthanide oxides (lanthanides = Pr, Gd and
Lu) were prepared by Ferreira et al. (2010a). Result from the study
suggests that the selectivity of the bi-metallic Ni-lanthanide oxides
were derivatives from the conventional single metal oxide cata-
lysts which are majorly reported in literature. When Gd or Lu
was used to replace Pr, the catalyst activity was enhanced. The
TPR profile related the shift to higher value of the temperature at
maximum water evolution rate (Branco et al., 2008). Whereas,
for the second reduction peak, the temperature at maximumwater
evolution rate for Pr is much higher (about 532 �C) than that of Gd.
TPR analysis of Lu showed single reduction peak as against Pr
which showed double peaks. Furthermore, there was a noticeable
inter-linking effect between the two metallic oxides (NiO and
Lu2O3). Hence, CH4 conversions and product selectivity increased.
Also, the performance of Gd and Lu metallic catalysts behaved sim-
ilar to the conventional Pt catalyst (5 wt% Pt/Al2O3). In another
study, where lanthanides series were applied as support, the
effects of the interaction between the metal and support on the
performance of Ni-CeO2 during partial oxidation of CH4 was
reported by Singha et al. (2017). The highlight of this catalyst
was its ability to resist deactivation during the partial oxidation
of CH4 while producing syngas of ratio approximately 2.0. Interest-
ingly, the reduced temperature at which CH4 was activated
(400 �C) was largely as a result of the presence of CeO2 as catalyst
support (Laosiripojana et al., 2006). This finding is ascribed to the
interactive effect between Ni � and CeO2 which aids gasification.
Feio et al. (2008) also used lanthanide series as support; combining
two types of supports; CeO2 and Al2O3 to obtain the catalyst
Pd/CeO2-Al2O3 for partial oxidation of CH4 studies. There is a direct
relationship between CeO2 loading and Pd crystalline size. This
relationship is also affected by the increase in calcination temper-
ature from 500 to 900 �C during preparation (Ruiz et al., 2008). This
was evident in the surface area values obtained per weight of
Al2O3. In contrast, the density of Pd sites varied inversely with
CeO2 loadings. This behavior was ascribed to the blockage of the
metallic sites by lanthanide oxide species (Nandini et al., 2005).
The control catalyst (Pd/Al2O3) had very poor longevity in the par-
tial oxidation process as a result of excess carbon deposits, while as
Ce loading increased, the catalysts became more resistant to cok-
ing, hence, better stability was observed. This is evident in the
TPR analysis represented in Fig. 5 which shows increased con-
sumption of H2 for the catalyst promoted with CeO2.

In this sub-section we have identified some literature where
lanthanide series have been applied as catalyst/promoter and sup-
port for partial oxidation of CH4. Table 5 represents a summary of
selected literature reviewed in this paper.

2.3. Lanthanide series in steam reforming of CH4 (SRM).

Lanthanide series have been employed in various steam reform-
ing of CH4 (SRM) studies (Kho et al., 2017), (Kyriakou et al., 2016),
(Wattanathana et al., 2015). One of the elements of the series, CeO2

(ceria), is particularly exceptional due to its high O2 surface geom-
etry which can be optimized to obtain a fully functional Hellmann–
Feynman force storage capacity (OSC). This interesting property
plays a key role in improving the resistance of metallic catalysts
towards deactivation by carbon deposits, allowing rapid CHx oxi-
dation and CO or CO2 release to the gas phase depending on exper-
imental conditions (Purnomo et al., 2008), (Huang and Wang,
2007), (Xu et al., 2006). Interestingly, the lanthanide series can
be employed as catalyst, promoter or support for SRM. Some exist-
ing works previously published are outline in this section.

2.3.1. Lanthanide series as the catalyst/promoter in steam reforming of
CH4 (SRM)

Lanthanide series can be applied as catalyst and promoter
simultaneously. In a typical example of such study, un-promoted
and promoted (Gd, Pr) CeO2 catalysts were synthesized for steam
reforming of CH4 (SRM) by Florea et al. (2018). CeO2 was used as
catalyst due to its high O2 storage capacity, mixed ionic electronic
conductivity in a reducing environment and its good mechanical
and thermal resistance. Pr enhanced the catalyst redox and cat-
alytic properties by shifting the reduction temperature to a lower
value, thereby indicating that substituting Ce4+ ions with other
cations promotes anionic (O2–) diffusion. Furthermore, Gd had a
positive effect on the stability of the catalyst towards deactivation.
This result was affirmed by Krishna et al. (2007) who also reported
doping with lanthanide series such as Pr and Gd minimized or
eradicated CeO2 sintering during reforming processes. Lanthanide
series can also be applied as promoter and catalyst for SRM. For
instance, Salcedo et al. (2018) synthesized Pr-promoted CeO2

based catalyst for CH4 activation in steam reforming process.
Firstly, the use of CeO2 as support ensured availability of lattice



Table 4
Lanthanide series in CO2 reforming of CH4 (CRM).

Reforming
processes

Catalyst type Lanthanide series Function of
lanthanide
series

Aim of study Outcome of study References

CRM La and Ce- carbon/
SBA-15 and/or KIT-
6

La and Ce Catalyst Investigation of the
catalyst performance

� Better performance when compared to SBA-
15 and KIT-6

� Decreased surface area on the introduction
of La and Ce

(Goscianska
et al., 2018)

La1�xAxNiO3�d Ce and Pr Catalyst Effects of Ce and Pr on
performance

� CH4 and CO2 conversion of 49% and 55%,
syngas ratio 0.81

� Longevity up to 100 h of reaction time
� No deactivation observed

(Gallego
et al., 2009)

Ni-cAL2O3 La2O3 Promoter Improve
Catalystperformance

� Reduced surface area
� Increased NI reducibility
� Optimum La2O3 loading was 3 wt%.
� Inverse relationship between amount of
carbon deposited and La2O3 loading up to
3 wt%

(Habibi
et al., 2014)

Ni/Al2O3 CeO2 and La2O3 Promoter Catalyst performance � La2O3 promoted catalyst had optimum
performance

(Charisiou
et al., 2016)

Ni-SBA-15 La and Ce Promoter Synthesis and catalytic
testing

� Addition of promoter reduced the NiO oxide
phase from 27 nm to 19.1 nm

� Using 3%- La-10%-Ni-SBA15 reduced the
amount of carbon deposit

� 3% La-10%Ni/SBA-15 suppressed the forma-
tion of graphite carbon

(Omoregbe
et al., 2016)

Ni/-Al2O3 La2O3 promoter and
support

Synthesis and catalytic
test

� Enhanced dispersion of Ni and CO2

adsorption
(Al-Fatesh
et al., 2014)

NiMgAl mixed
oxides

Ce Promoter Effect of Ce on
performance

� Improved performance
� Basicity enhanced

(Dębek
et al., 2015)

Ni-MgO-Al2O3 CeO2 Promoter Improve catalyst
performance

� Alters the size of Ni crystals
� Improved reducibility
� Minimized carbon deposits
� Improved conversion of reactants
� 3 wt% of Ce loading had highest coking
resistance

(Akbari
et al., 2018)

Ni/MgO-Al-O Ce and Nd oxides Promoter Catalytic test and
characterization

� Surface area was insignificant in relation to
catalyst performance

� Promoted Ni/MgO-Al-O showed better
performance

� Reduced carbon deposit
� Reduction prior to catalyst test improve the
stability of the catalyst

(Fang et al.,
2018)

Ni-cAL2O3 Tb, Tm Pr, Sm, Gd,
Nd, , Er, Dy, Eu,
Ho,

Promoter Alter the structure and
performance

� Initial low conversion due to reduced pore
sizes.

� Longevity up to 60 h showed improved per-
formance of promoted catalysts

� Reduced carbon deposits
� Er- Ni/c-Al2O3 exhibited the optimum
performance

(Amin et al.,
2015)

Co-Ni catalysts on
alumina

Ce, Pr and Sm Promoter Effect of Ce, Pr and Sm as
promoter on
performance

� Ce, Pr and Sm had no effect on consumption
rate of reactants

� Increase in production rate
� Carbon deposit reduced by half
� Resistance to carbon; Ce > Pr > Sm
� Two types of carbon were observed (reac-
tive and unreactive)

(Foo et al.,
2011b)

GdNi/ZSM-5 Gd Promoter Effect of mass transfer � Increased mass transfer of the reactants
� Increased O2 mobility
� Longevity over 100 h of reaction

(Sarkar
et al., 2016)

Ni and Co/SBA/15 Sm Promoter Tested in CRM � Optimum Sm wt % was 1 wt%.
� Sm-Ni/SBA-15 had the best conversion of
58% at 700 �C

� Decrease rate of carbon formation

(Taherian
et al., 2017)

Ni-Ce-Al oxides Ce-Al Support Synthesis and catalytic
test

� CH4 and CO2 conversion reduced with a 2.8%
and 2.6%, respectively after 30 h using Ni/
10-Ce-Al

� Improved gasification of carbon deposit

(Han et al.,
2017)

Ni catalyst Mesoporous silica
enhanced with Nd

support Synthesis and catalytic
test

� Improved metal dispersion
� Direct relationship between the molar ratio
of the support; Nd/Si and pore size
enlargement

� Reduction in the area and volume of the
pores.

(B. Li et al.,
2017)

(continued on next page)
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Table 4 (continued)

Reforming
processes

Catalyst type Lanthanide series Function of
lanthanide
series

Aim of study Outcome of study References

� For gas phase reactions, pore size distribu-
tion is more significant

� Ni/0.04Nd/Si gave the best performance for
a 12 h reaction run

� Poor stability and high deactivation
Ni-Zr CeO2 and La2O3 Support Syngas from biogas CO2

reforming
� Incorporation of La and Ce reduced surface
area in the order Ni/LaZr > Ni/CeZr.

� Ni/LaZr and Ni/CeZr showed improved
basicity when compared to Ni-Zr

� Improved catalytic performance
� Filamentous tube-like carbon deposited on
Ni-Zr and Ni/LaZr

� Ni/CeZr spent catalyst had no carbon tube-
like deposits.

(Goula et al.,
2017)

Fig. 4. TPR profile of the various Ni-based catalysts (a) perovskite formulation (b)
spinel containing samples (La Parola et al., 2018).

Fig. 5. TPR profile of Pd/Al2O3 (PDA) and Pd/xCeO2-Al2O3 catalysts from supports
calcined at 500 �C and 900 �C (xCA900) with varying load CeO2 wt. % (Feio et al.,
2008).
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O2. Subsequent doping of the catalyst with Pr improved the O2

storage capacity of the catalyst. The closeness of the ionic radii of
Pr (0.97 Å) and Ce (0.96 Å) was responsible for the increased O2

storage capacity (Shannon, 1976). Hence, movement of O2 species
was enhanced without any significant change in the crystal struc-
ture (Gupta et al., 2010), (Chiba et al., 2009). In addition, the Pr-
promoted CeO2 catalyst surface had lower energy requirement
for the formation of O2 vacancy than the pure CeO2 (Milberg
et al., 2017), (Poggio-Fraccari et al., 2014), (Poggio-Fraccari et al.,
2013). The ability of Pr to form Pr4+/Pr3+ reduction–oxidation pair
allows for improved reduction capability of Ni CeO2-based catalyst
hence, enhancing the catalyst ability to oxidize carbon at the cata-
lyst surface. In a similar study, Harshini et al. (2014) synthesized
un-promoted and promoted (Pr) Ni/CeO2-hafnia based metal oxi-
des and tested the effect of the support and promoter in SRM.
The Ni/CeO2-hafnia-Pr promoted catalyst had better performance
over Ni/ CeO2-hafnia un-promoted catalyst as a result of the
enhanced O2 mobility of the promoted catalyst. Also, the redox
ability and size of the promoter played a major role in enhancing
the O2 storage capacity (OSC) of the CeO2 supported catalyst.

In an attempt to control the selectivity of SRM, La and Ce was
employed as promoters for Ni/Al2O3-MO (M: La, Ce) by Gubareni
et al. (2018). The highest selectivity for CO was obtained with
the Ni/Al2O3-CeO2/cordierite catalyst. The decrease in the rate of
the water gas shift reaction was the main reason for the result
obtained with the Ce containing catalyst. In addition, the amount
of CO2 by-products decreased significantly in the presence of Ni-
CeO2-Al2O3/-cordierite catalyst due to O2 from the CeO2 structure
oxidizing the carbon deposited on the active sites. Also, the pres-
ence of CeO2 in the catalyst slightly reduced the Lewis acid sites,
while La2O3 yielded two types of Lewis acid sites; La3+ cation
responsible for the dissociative adsorption of water vapor and



Table 5
Lanthanide series in partial oxidation of CH4 (POM).

Reforming
processes

Catalyst type Lanthanide
series

Function of
lanthanide series

Aim of study Outcome of study References

POM LaNiO2 and
La2NiO4

La and Ce Catalyst and
Promoter

Catalytic test and CH4

reforming
� Sample without CeO2 deactivated after reaching
60%

� Sample with CeO2 remained stable for 18 h TOS
� LaNiO3-CeO2 activated CH4 decomposition in a
wide temperature span

� LaNiO3 activated CH4 decomposition in a narrow
temperature span.

� LaNiO3 had carbon deposits while LaNiO3-CeO2

had traces of carbon deposits

(La Parola
et al., 2018)

NdCaCoO3.96 Nd Catalyst Production of syngas � 90% conversion of CH4 O2

� 90% selectivity of H2/CO
� Catalyst stable over 140 h TOS.
� Carbon was formed but no significant effect on
the activity.

(Dedov et al.,
2015)

CuCeO2 Ce catalyst Catalytic test and CH4

reforming
� CeO2 and Cu interaction inhibited catalyst
deactivation

� Catalyst stable over high tempertaure

(Ferreira et al.,
2010b)

Ni-
lanthanide
oxides

Pr, Gd and
Lu

Support Synthesized and
applied as catalyst

� Gd and Lu enhances catalytic activity more than
Pr

� Lu showed single reduction peaks as against Pr
with double reduction peaks

� Gd and Lu performance was similar to 5 wt% Pt/
Al2O3.

(Ferreira et al.,
2010a)

Ni catalyst CeO2 Support Performance of catalyst � High ability to resist carbon formation
� Syngas ratio of about 2.
� Reduced CH4 activation temperature (400 �C)

(Singha et al.,
2017)

Pd/CeO2-
Al2O3

CeO2 Support Catalyst synthesis and
activity

� Direct relationship between CeO2 loading and Ce
crystalline size.

� The density of Pt sites varied inversely with CeO2

loading
� CeO2 loading improved the catalytic stability

(Feio et al.,
2008).
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the Al3+ cation (Del Angel et al., 2005). Hence, CeO2 did not func-
tion as a Lewis acid site.

Employing a different type of support, Arcotumapathy et al.
(2015) promoted Ni/SBA-15 with Ce and tested the catalyst in
SRM. Promoting with Ce decreased the acid-to-base concentration
of the catalyst by about 12%. Srivastava et al. (2006) had previously
reported that SBA-15 possesses weak Lewis acid and basic sites at
between 465 and 690 K and 365–430 K, respectively. Alumina sup-
port on Ce promoter was also used by Duarte et al. (2014) to carry
out transient pulse studies to ascertain the catalytic effects of the
catalyst on the reaction steps in SRM. CeO2 catalyzed the oxidation
of carbon. Several other authors have attempted to establish the
relevance of the support to the kinetic step in SRM. For instance,
Halabi et al. (2010a) and Halabi et al. (2010b) reported a mecha-
nism where the activation of CH4 occurred on rhodium while
H2O was adsorbed on CeO2. According to Craciun et al. (2002),
metal-support interaction is vital for the catalyst activity,
Kurungot and Yamaguchi (2004) revealed that the results obtained
from Rh/Al2O3 catalysts was due to the O2 storage capacity of CeO2

which aided minimization of carbon deposition during the SRM
process. Furthermore, according to Zhuang et al. (1991), CeO2

enhanced the CHx species and H2O reaction at the metal and sup-
port interface. Hence, it significantly suppressed the formation of
carbon deposits, thereby allowing the catalyst to remain active.
Moreover, the rate at which CH4 was activated increased with
the degree of metal support interaction and dispersion (Van
Santen, 2009). Other authors like Berger-Karin et al. (2012),
Buyevskaya et al. (1994) claimed CH4 cracking to carbon occurred
on the reduced metallic sites. Hence, the overall rate of reaction
depends on surface O2 availability and type of support.

2.3.2. Lanthanide series as support in steam reforming of CH4 (SRM).
Iglesias et al. (2019b) prepared Zr promoted Ni catalyst sup-

ported on CeO2 for steam reforming of CH4 (SRM) varying the feed
ratios and contact time. The main role of CeO2 was to improve the
chances of gasification during the reaction process. During the
reaction, as more carbon is produced, the chances of producing
CO2 reduce. However, with the presence of CeO2 which has a high
lattice O2 storage, conversion of carbon to CO2 was achieved and
enhanced. In similar studies by Ochoa et al. (2017) and Zhang
and Verykios (1994), as time of stream increased, the chances of
gasification occurring reduced due to the presence of excess car-
bon. In another work by Iglesias et al. (2019a), Ni catalyst on Zr
and CeO2 support was prepared and characterized in order to
obtain a deeper understanding of the interaction between the cat-
alyst and CeO2 support. Even though addition of Zr significantly
enhanced the O2 mobility (Aneggi et al., 2006), (Bedrane et al.,
2002), (Boaro et al., 2000), the O2 storage capacity was higher for
catalyst with CeO2-d support (104 mmol CO2 g�1) than for the cata-
lyst doped with Zr (less than100 mmol CO2 g�1). This had a signif-
icant effect on the catalyst reduction as Ni and CeO2 reduced
effectively in the low temperature region, hence, confirming good
Ni/ CeO2 support interaction. In another study, Iglesias et al.
(2017) synthesized Ni based catalysts on pure and promoted
CeO2 (5% Zr, Pr, and La) for SRM under mild conditions. High
reducibility which led to better catalytic activity was observed
for catalysts calcined at 750 �C as a result of Ni-Ce interaction. Fur-
thermore, promoting CeO2 with other lanthanide series ensured
the combination of CeO2 with trivalent cations like La3+ and Pr3+

to produce vacancies which created electronegativity in the cata-
lyst. Moreover, these vacancies favored O2 mobility within the
CeO2 structure. Previous studies by Poggio-Fraccari et al. (2014)
and Ran et al. (2011) reported similar increase in O2 mobility when
Pr was employed as a promoter. Cheah et al. (2018) studied SRM
over Ir/Ce0.9Gd0.1O2-x (Ir/CGO) catalyst. The activity of this catalyst
was totally dependent on the metallic site (Ir site). This site was
responsible for the activity while the support (CGO) influenced
the reduction of carbon on the catalyst surface. During the reaction
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process, Ir was completely reduced, thereby resulting in smaller
particle size of 1.7 nm. The complete reduction was attributed to
the very good synergistic interaction between the metal and the
support during the reaction. After complete reduction, the activity
improved as a result of synergistic interaction between well dis-
persed metal species interacting with CGO support during the
reaction process. According to Mosqueda et al. (2009), CGO catalyst
activated CH4 forming reactive CHx species, thereby reducing Ce4+

to Ce3+ and producing syngas. Therefore, the steam reforming reac-
tion rate is dependent on the slow reaction of CH4 with O2 present
in the promoted- CeO2 and the fast reaction between water and
already reduced CGO (Ramı́rez-Cabrera et al., 2004). Postole et al.
(2015) provided an efficient iridium-doped CeO2 catalyst prepared
by solution combustion for SRM. The effect of support on the cat-
alyst was tested and compared to result obtained from the same
catalyst prepared by wet impregnation method. Furthermore, the
activity of Ir-CeO2, Ir/SiO2-Al2O3 and Rh-CeO2 were compared in
the SRM process. The use of CeO2 as support and Ir as catalyst
ensured the process was highly efficient for SRM in terms of carbon
resistant and permanent removal of sulfur poisoning. Ir/Si-Al2O3

deactivated in the presence of sulfur, while Rh-CeO2 was unable
to obtain initial activity after being exposed to feed containing
H2S. The performance of SRM lies in the in-situ reaction balance
between CH4 decomposition rate over the metal particles and the
carbon removal rate from the catalyst surface. Hence, as a result
of its excellent reduction–oxidation properties, CeO2 strives in this
kind of process which entails oxidizing the carbonaceous deposits
on the catalyst surface during reaction (Höhlein et al., 2000). A
comparison of CeO2 and Al2O3 supported catalyst was carried out
by Italiano et al. (2018). Rh catalysts supported on CeO2, CeO2-
Al2O3 and Al2O3 for SRM were prepared. The results were in line
with conclusion reached by Goula et al. (2017), Vita et al. (2014),
and Bereketidou and Goula, (2012), where lanthanide series metals
like CeO2 were responsible for inhibiting carbon formation due to
their excellent redox properties and capacity to store O2.

In this sub-section, literatures where lanthanide series have
been employed as catalyst/promoter and support for steam
reforming of CH4 have been reviewed. Table 6 represents a sum-
mary of selected literature reviewed.

2.4. Lanthanide series in Tri-reforming of CH4 (TRM).
2.4.1. Lanthanide series as catalyst / promoter in tri-reforming of CH4

(TRM
The main aims of combining various reforming processes is to

tilt the reaction towards a particular product and to effectively
control the deposition of carbonaceous compounds which deacti-
vates the catalyst in methane reactions. In order to obtain these
goals, researchers have used processes like bi-reforming (Siang
et al., 2019), (Singh et al., 2018) and tri-reforming (Alipour-
Dehkordi and Khademi, 2020), (Fedorova et al., 2020) of methane
reaction. These processes allow for more effective catalyst usage
as there would be less carbon available to deactivate the catalyst.
Adding water (bi reforming) and O2 (tri-reforming) to the reactants
oxidizes the carbon species (Kumar et al., 2015). In this sub-section
we focus on the role of lanthanide series in the tri-reforming of
methane as it offers better route for gasification of carbon due to
the added advantage of more oxidants such as CO2, H2O and O2

in one process. Moreover, the addition of steam and O2 enhances
the efficiency of the methane reforming process (Fedorova et al.,
2020). Studies on the application of lanthanide series as catalyst/
promoter in the TRM have been discussed in this section. In one
of such studies, simultaneous CO2, steam and partial O2 reforming
of CH4 known as tri-reforming of CH4 was reported by Pino et al.
(2011). La- doped Ni-CeO2 were synthesized and used for TRM.
Promoting the Ni-CeO2 catalyst with La (10 at %) improved the
reactants conversion from 93% and 83% to 96% and 86.5%, respec-
tively. However, promoting Ni-CeO2 with La of more than 10 wt%
as shown in Fig. 6 resulted in a drop in conversion of reactants
and product ratio, respectively. The increment was ascribed to
the surface O2 vacancies of Ce present in the active sites (Su
et al., 2014), (Shyu et al., 1988). This effect aids Ni-dispersion by
improving the basicity of the catalyst, hence, creating improved
interaction of surfaces with CO2 (Anchieta et al., 2019).

In a recent study, Zr, Ce and Ce-Zr were applied as promoters on
Ni/MgAl2O4 and tested in TRM by Lino et al. (2019). Two reaction
temperatures were tested; 650 �C and 750 �C. Deposits of carbon
which were attached to the catalyst surface during reaction were
minimized in the catalyst promoted by Zr and Ce-Zr, and this led
to improved conversion of reactants. Furthermore, filamentous
carbon formed during reaction using the un-promoted catalyst is
responsible for the instability in the catalyst; an idea shared by
other researchers who carried out similar studies (Lino et al.,
2019) ,(Kambolis et al., 2010), (Ermakova et al., 2001). The drift
to lower Ni 2p3/2 binding energy in the fresh Ni-Ce-Zi-Mg-Al cata-
lyst spectra when compared with the spectra of fresh Ni-Mg-Al
catalyst was responsible for this behavior. In the course of this
shift, electron is transferred from the promoters Zr and Ce to the
Ni. Hence, Lino et al. (2019) related the transfer of electrons to
the consumption of H2 tabulated in Table 7. Furthermore, the elec-
tron transfer is as a result of the chemical reaction resulting from
the incorporation of Zr and Ce into NiO. For the Ni-Ce-Mg-Al cata-
lyst, there was a shift to a lower binding energy as a result of the
electron transfer which occurred between Ni and Ce (Daza et al.,
2011). In addition, for the Ni-Ce-Mg-Al catalyst, the uniform dis-
persion rather than the interaction between Ni and Ce was respon-
sible for the strong metal support interaction (Kaddeche et al.,
2017). Thus, the amount of carbon deposited was in the order:
NMA > NCZMA > NZMA ~ NCMA. Hence, the promoters aided the
modification of the basic site component of the catalysts, thereby
reducing the filamentous carbon type which remained as carbon
deposits on the Ni-Mg-Al catalyst during reaction.

In their quest to improve H2 production, Izquierdo et al. (2013)
used catalysts with varying Ni and Rh-Ni on Mg or Al2O3 support
promoted with CeO2 and ZrO2. Rh-Ni/Ce-Al2O3 produced the max-
imum amount of H2 for O2/CH4 = 0.25 and S/C ratio of 1.0 in CRM
and TRM. The catalyst behavior was attributed to the metal parti-
cles which were uniformly dispersed. Using similar operating con-
ditions, Ni-Ce-Zr-Al2O3 had the highest production of H2 for biogas
tri-reforming. Furthermore, emphasizing on the structural buildup
of the catalyst for TRM, varying sizes of York-Ni-Ce-@SiO2 multi-
York shell nanotube represented in Fig. 7 was synthesized and
applied in TRM (Kim et al., 2019). The conventional Ni-Ce-/SiO2

synthesized by impregnation technique showed lesser stability
than the Ni-Ce-@SiO2 multi-York shell nanotube catalyst material.
This behavior is ascribed to the morphological and synergistic link-
ages between Ni/Ce and Ni/Si species. When using 1.0 reactant
ratio, Ni-Ce-@-SiO2 catalyst with yolk less than 20 nm showed bet-
ter carbon resistance than NiCe@SiO2 of larger sized yolks. This
could be related to oxidation of carbon as explained by Wang
et al. (2003). Whereas, NiCe@SiO2 with larger sizes (i.e. yolk size
greater than 30 nm) showed better stability in TRM at increased
reactant ratio of 1.10. The deactivation of Ni-Ce-@-SiO2 when smal-
ler York sizes at 1.1 reactant ratio was used is attributable to the
re-oxidation of Ni active species controlled by the redox character-
istics of Ce3+/Ce4+, formation of carbon and the oxidation rates. As
further proof, Table 8 shows that the ratio of a/b H2 uptake for Ni-
Ce-@-SiO2 multi-York-shell nanotube (A and C = water to surfactant
ratio) was much larger than that of the Ni-Ce/SiO2 impregnation



Table 6
Lanthanide series in steam reforming of CH4 (SRM).

Reforming
processes

Catalyst type Lanthanide
series

Function of
lanthanide series

Aim of study Outcome of study References

SRM Pr-Ce catalyst Pr and Ce Catalyst/
Promoter

Investigation of the
catalyst performance

� Availability of lattice O2 due to
presence of Ce

� Increased O2 storage capacity

(Salcedo et al.,
2018)

Ni/ceria-hafnia Pr and Ce Promoter/
support

To improve
performance

� Enhanced O2 mobility (Harshini et al.,
2014)

Ce- (Gd, Pr) catalyst Ce, Gd, Pr Catalyst/
Promoter

Investigation of catalyst
performance

� Reduction temperature was
shifted to lower values

� Enhanced redox and catalytic
properties

(Florea et al.,
2018)

Ni/Al2O3-MxOy La. Ce Promoter Controlling the
selectivity of SRM

� Ni/Al2O3-CeO2 had the highest
selectivity

� Decreased CO2 by-products
� La2O3 yields two types of Lewis
acid sites

(Gubareni et al.,
2018)

Ce-Ni/SBA-15 Ce Promoter Activity test for SRM � Decreased acid-base concentra-
tion of the catalyst by 12%

(Arcotumapathy
et al., 2015)

Ce-Al2O3 Ce Promoter Catalytic effect of
catalyst in SRM

� Effective oxidation of carbon (Duarte et al.,
2014)

Zr-Ni/Ceria Ce Support Investigation of the
catalyst performance

� Enhanced gasification
� Increased CO2 production

(Iglesias et al.,
2019b)

Zr-Ni/Ceria Ce Support Preparation and
characterization

� High O2 storage capacity (Iglesias et al.,
2019a)

Ni/Ce- (5%, Zr, Pr and La) Ce, La and
Pr

Promoter/
Support

Investigation of the
catalyst performance

� High reducibility
� High catalytic activity
� Good Ni-Ce interaction
� Improved O2 mobility

(Iglesias et al.,
2017)

Ir/Ce0.9Gd0.1O2-x Ce, Gd Support Investigating steam
reforming of CH4

� Reduction of carbon on catalyst
surface

� Good synergistic interaction
between Ir and support

(Cheah et al.,
2018)

Ir/CeO2 Support Activity test for SRM � High carbon resistant
� Permanent removal of sulfur
poisoning

(Postole et al.,
2015)

Rh catalysts supported on CeO2,
CeO2-Al2O3 and Al2O3

Ce Support Activity test for SRM � Inhibition of carbon
� Improved redox properties
� Availability of O2 storage
capacity

(Italiano et al.,
2018)

Fig. 6. La effects on performance in the tri-reforming of CH4 (Pino et al., 2011).
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Table 7
TPR analysis showing the H2 consumption of the synthesized catalysts (Lino et al., 2019).

Sample Consumption Of H2

(±5lmol)
consumption of H2 by Ni
species (±5lmol)

H2 consumption if all Ni� is
reduced (±5lmol)

Ni wt% from
EDS

Ni
reducibility
(%)

Weak
(%)

Moderate
(%)

Strong
(%)

MA 0 – – – – – – –
NMA 86.4 86.4 78 9.1 100 4.0 32.4 63.6
ZMA 2.1 – – – – – – –
NZMA 82.8 80.7 88 10.4 92 15.5 31.0 53.5
CZMA 3.4 – – – – – – –
NCZMA 75.0 71.6 68 8.0 100 7.7 40.0 52.3
CMA 8.6 – – – – – – –
NCMA 96.1 87.5 78 8.8 100 2.5 17.6 79.9

Fig. 7. Core and shell sphere, yolk and shell sphere and multi-yolk and shell cylindrical structures (Kim et al., 2019).
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(imp) prepared catalyst. This means that majority of H2 consumed
was by the bulk of NiO coupled with particles of NiO which inter-
acted with CeO2.

2.4.2. Lanthanide series as support in the tri-reforming of CH4 (TRM)
The role played by lanthanide series employed as support in

TRMwas studied by Lee et al. (2004). The performance of three cat-
alysts; Ni/ZrO2, Ni/Ce-ZrO2, and Haldor Topose R67-7H were com-
pared. Carbon deposits on the catalysts’ surfaces were effectively
minimized. More specifically, Ni/Ce-ZrO2 showed evidence of
strong basicity and reduction–oxidation capacity in TRM (Dębek
et al., 2015). Ce in the catalyst Ni/Ce-ZrO2 impacted on the catalyst
efficiency by improving the catalyst longevity and increasing the
amount of O2 species mobility. Furthermore, the dependency of
carbon formation is tied to the oxidant (steam or O2) rather than
just the strength of the support material, which is in agreement
with Kim et al. (2019). In another study where Ce and Zr were uti-
lized for the production of syngas by Walker et al. (2012), the cat-
alyst (Ni-MgO- (Ce, Zr)O2) parameters such as Ce:Zr ratio, metal
loading techniques, metallic wt.% were studied. An even ratio of
Ce:Zr and Ni:Mg gave optimum catalyst performance. Embedding
ZrO2 into CeO2 formed mixed metal oxides which enhanced the
capacity to store O2 and the redox properties of the catalysts
(Pérez-Camacho et al., 2014). Upon co-precipitation of the two oxi-
des (ZrO2 and CeO2), there were no noticeable ZrO2 peaks present
Table 8
H2 consumption during H2-TPR analysis with Ni-Ce-@-SiO2 multi-York-shell nanotube (A a

Catalystssymbol TotalNi/mmol H2 cons
a

Ni-Ce-@-SiO2
A 0.07 0.08

Ni-Ce@-SiO2
C 0.06 0.06

Ni-Ce/Si-O2
imp 0.05 0.02
in the formed support material. All peaks mirrored the cubic struc-
tural matrix of pure CeO2. The catalyst was able to effectively pro-
duce the required H2: CO ratio (2.2) with insignificant amount of
deactivation, very good reaction conversion (conversion of CH4

and CO2 were 99.6% and 65.6%, respectively) and high stability of
the Ni-MgO-(Ce, Zr) O2 catalyst maintained at the given operating
conditions.

Lanthanide series have also been used as bi-metallic supports
for several TRM processes. One of such processes was the study
by Pino et al. (2014). In their study, Ni catalyst supported on La-
Ce-O oxides with varying Ni content were synthesized and used
for tri-reforming of simulated biogas. The effect of reactants’ ratio
on the catalyst productivity was determined. At 800 �C, the cata-
lyst; Ce0.7La0.2Ni0.1O2-d had the best performance when biogas to
CO2 ratio was 1.5. CH4 and CO2 conversion rates were 1.56 and
0.56 mmols�1 gNi, respectively, while the H2/CO ratio was 1.57
with no trace of carbon deposited in the 150-h TOS. From the sam-
ple analysis carried out, incorporation of Ni and La ions into the
CeO2 structure occurred partially. In addition, the CeO2 cubic fluo-
rite matrix was not destroyed even at high La doping. Also, the
strength of Ni � and La2O3-CeO2 interaction was reported to be
the most significant property responsible for the catalyst’s perfor-
mance (Omoregbe et al., 2016). This interaction between the Ni-La
and surface O2 from Ce enhanced the dispersion of Ni (Usman et al.,
2015). LaO species increased the Ni atoms d-electron density,
nd C = water to surfactant ratio) and NiCe/SiO2 impregnation (imp) (Kim et al., 2019).

umptionmmol�1 a/ b
b c

0.01 0.02 6.50
0.01 0.01 7.00
0.06 0.00 0.30
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hence, inhibiting the deposition of carbon. High loading of Ni and
La can promote metal sintering, re-oxidation of Ni sites and cover
the La species, thereby deactivating the catalyst.

In this sub-section we have identified some literature where
lanthanide series have been applied as catalyst/promoter and sup-
port for partial oxidation of CH4. Table 9 represents a summary of
selected literature reviewed in this section.

2.5. Lanthanide series in autothermal reforming of CH4 (ATRM)
2.5.1. Lanthanide series as catalyst/promoter in the autothermal
reforming of CH4 (ATRM)

The application of lanthanide series as catalyst/promoter in the
ATRM by various researchers has been outlined in this section. In
one of such report by Akri et al. (2016), several Ni-Ce on illite clay
Table 9
Lanthanide series in tri-reforming of CH4.

Reforming
processes

Catalyst type Lanthanide
series

Function of
lanthanide
series

Aim of s

Tri -reforming
of CH4

Ni-CeO2 La and Ce PromoterAnd
support

Synthesi
catalyst

Ni Catalysts
supported on
MgAl2O4

Ce Promoter Catalytic

Ni and Rh-Ni catalyst
on Mg alumina
promoted on ZrO2

CeO2 Promoter Improvin
producti
biogas

York NiCe@SiO2

multi-York shell
nanotube

CeO2 Catalyst /
promoter

Synthesi
catalytic

Ni-based catalyst(Ni/
ZrO2, Ni/Ce-ZrO2, and
Haldor Topose R67-
7H)

Ce Support Compari
catalyst

Ni-MgO-(Ce,Zr)O2 Ce Support Effects o
metallic
preparat

Ni catalyst La-Ce-O
oxides

Support Synthesi
of cataly
the cata
perform
with varied Ce loading were employed as catalysts in the ATRM.
Adding O2 to the reactant affected the reaction process due to
the carbon imbalance observed when compared with the CH4/
CO2 mixture (Enger et al., 2009). Also, addition of Ce significantly
impacted on the specific surface area due to the improved meso-
porosity observed (Gallego et al., 2009). For the Ni metal particles,
they diminished in size because of the presence of Ce. This led to a
new Ni particle size of 16.3 nm from an initial value of 34.2 nm for
10Ni and 10Ni-15Ce. The optimum catalyst performance (observed
in the catalyst with 15 wt% Ce) was attributed to the reduction–ox-
idation ability of the promoted catalyst coupled with the improved
dispersion of Ni due to the presence of Ce promoter. Addition of Ce
varied directly with the shift in NiO peak to lower temperature.
The enhancement effect of Ce on NiO reduction is as a result of
Ce3+/Ce4+ reduction–oxidation cycle which allowed the transfer
of electron to favor the reduction of the NiO species (Daza et al.,
tudy Outcome of study References

ze and test
in TRM

� 10 wt% of La significantly improved
conversion from 93% and 83% to 96%
and 86.5% of CH4 and CO2, respectively.

� Improved basicity

(Pino et al., 2011)

test � Promoted catalyst minimized carbon
deposition

� Improved conversion of reactants
� Reaction with Unpromoted catalyst
formed filamentous carbon which
cause catalytic instability during
reaction

� Promoters aided the modification of the
catalyst’s basic sites component

(Lino et al., 2019)

g Hydrogen
on from

� Ni-Ce-Zr-Al2O3 catalysts produced the
highest amount of H2

� Improved Ni dispersion

(Izquierdo et al.,
2013)

s and
test

� NiCe/SiO2 prepared by impregnation
technique showed lesser stability than
Ni-Ce-@S-iO2 multi-York shell

� NiCe@SiO2 with yolks less than 20 nm
showed better carbon resistance when
compared with Ni-Ce-@-SiO2 with lar-
ger sized yolks

� Ni-Ce-@SiO2 with larger sizes were
more stable in the TRM

(Kim et al., 2019)

son of � Carbon deposit was minimized and
improved catalytic performance

� Improved longevity of Ni/Ce-ZrO2

� Carbon formation is related to the oxi-
dant in reforming process

(Lee et al., 2004)

f catalyst
ratio and
ion method

� Optimum performance when using
even ratio of catalyst and support
material

� Wet impregnation method reduced
coking more than the precipitation
technique

� Insignificant amount of deactivation
� High catalyst conversion and stability

(Walker et al.,
2012)

s and effects
st ratio on
lyst
ance

� Ce0.7La0.2Ni0.10O2-d had the best
performance

� CH4, CO2 conversion rates were 1.56
and 0.56 mmols-1gNi, respectively

� while the H2/CO ratio was 1.57
� No trace of carbon deposited in a 150-h
reaction span

� strong links between the Nio and La2O3-
CeO2 resulted in good catalytic
performance

� High loading of Ni and La can promote
metal sintering, thereby deactivating
the catalyst

(Pino et al., 2014)
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2010). Another study utilizing Ni as catalyst and Ce as promoter
was reported by Sepehri and Rezaei (2017). In their investigation,
they used Ni catalyst and tried to find out the effects of adding
trace amount of Ce on Al2O3 support. Ni on Ce-Al2O3 (Ce- 3 wt%)
showed better activity in relation to the Ni on Al2O3 and catalyst
promoted with 1 wt% and 6 wt% of Ce. Significant stability was also
experienced during a 20 h longevity test. In addition, the Ni cata-
lyst on Ce-Al2O3 (3 wt%) had the best resistance to carbon, thereby
positively altering the autothermal reforming process. Further-
more, adding Ce increases the surface area and catalyst promoted
with 3 wt% Ce and 6 wt% Ce improved the NiO dispersion by relo-
cating other species of Ni to NiAlxOy species, while Ce (1 wt%)
enhanced the catalyst reduction ability as evident in the TPR pro-
file represented in Fig. 8. The profiles revealed two major peaks
at temperature of about 450 �C (Kim et al., 2005) and 890 �C
(Damyanova and Bueno, 2003). The former peak is assigned to
the bulk NiO (Kim et al., 2005), while the later is reduced into three
segmented components namely: the reduction of weak Ni2+ ions
with Al2O3 (Patcas and Hönicke, 2005), reduction of Ni2+ linked
with the non-stoichiometric NiAlxOy species and the stoichiomet-
ric NiAl2O4 species (Juan-Juan et al., 2009). Worthy of note was
the shift in the reduction peaks towards the NiO-Al2O3 species with
no changes seen in NiAl2O4. This is indicative of the interaction
between Ni and Ce, thereby making the interaction between the
support and Ni easily achievable, hence, enhancing reducibility
(Iriondo et al., 2010). According to the authors, the elevated reduc-
tion temperature species were related to the uniformly dispersed
NiO.

Lanthanide series can be used as catalyst/promoter by combin-
ing metals on support. In one of such studies, NiCoMgOx and
NiCoMgCeOx on Zirconia-haffnia (Ni-Co-Mg-Ce = 1/0.2/1.2/1.2)
catalysts were tested in ATRM by Choudhary et al. (2005). Upon
increasing the temperature of the reaction to over 2000 �C for 0.5
hr, the catalyst remained stable for all processes with conversion
of reactants not altered by the temperature change. When the cat-
alyst sample without CeO2 was tested at elevated temperature,
similar catalyst activity was observed in the partial oxidation of
CH4; however, reduced activity was noticed in CRM and SRM.
The superiority of the catalyst with CeO2 in steam and CO2 reform-
ing reactions is ascribed to the incorporation of CeO2 which is rich
in O2 and has the ability to improve the O2 lattice mobility present
Fig. 8. H2 consumption vs temperature profile of
in the catalyst matrix (Sutthiumporn et al., 2012), (Choudhary
et al., 2005).

Apart from Ni catalyst, other catalysts have been employed for
the ATRM. For example, Ni et al., (2014a) synthesized Rh/Al2O3 cat-
alysts and promoted with Ce-LaOx , Ce-GdOx, Ce-ZrOx, and Ce-
SmOx. Addition of Ce-ZrOx reduced CO in the product stream. With
the ratio of Ce/Zr equal 1:1, a catalyst with the ability to remain
stable and active at high temperature was obtained. The effects
of adding CeO2 on conversion of CH4 and concentration of CO is
shown in Fig. 9. In addition, after several test, they obtained an
optimized catalyst 0.1%-Rh-2%-MgO-40%-Ce0.5Zr0.5O2-Al2O3 which
was then analyzed for its stability and compared with the un-
promoted Rh-Al2O3. The longevity study was carried out for over
80 h TOS and the result was compared to results obtained from
0.1Rh-Al2O3 which was tested for 50 h. For the promoted catalysts,
deactivation trend was insignificant as compared to the steep
deactivation observed in the result from the longevity test carried
out with the 0.1% Rh/Al2O3 catalyst. The changes in catalysts
behavior was attributed to the addition of Ce-Zr and MgO species
to the 0.1% Rh/Al2O3 catalyst (Ni et al., 2014a). According to the
reduction analysis, new species of Rh-oxides were formed. Weak
peaks at around 200 �C occurred for the Rh2O3-Al2O3, which could
have been due to the interaction between Rh and Al occurring at
various points up to 550 �C. The strong links existing between
the oxides of Rh and Al which led to the formation of RhAlO3

was ascribed to the peak present at 700 �C (Fornasiero et al.,
1995). When the catalyst was promoted with Ce0.5Zr0.5O2 and
MgO, the peak at 700 �C completely fades off indicating the sup-
pression of the strong links between Rh and Al2O3. Furthermore,
reduction peaks observed at 900 �C was ascribed to the overall bulk
reduction of CeO2 to form the interaction of Ce-Zr which existed in
the mixed metallic oxides. In addition, the broad peaks observed
between 160 and 560 �C in Rh2O3-MgO-Ce0.5Zr0.5-Al2O3 catalyst
is linked to the oxides of Ce-Zr and Rh, respectively. The improved
catalyst increased the movement of O2 in the catalyst resulting in
enhanced performance during the ATRM.

2.5.2. Lanthanide series as support in the autothermal-reforming of
CH4

Researchers have also used lanthanide series as support for CH4

autothermal reforming. In one of such investigations, various load-
catalyst samples (Sepehri and Rezaei, 2017).



Fig. 9. Conversion / CO mole fraction versus temperature: catalytic effect of adding
Ce-based oxide (NI et al., 2014a).

Fig. 10. Spent Ni/CeO2 catalysts using TPH analysis (Sepehri et al., 2018).
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ings of Ni (10, 15, 20 and 25) on Ni-CeO2 were utilized in the ATRM
by Sepehri et al. (2018). The characterizations of the catalyst pre
and post reaction were obtained to analyze the catalytic behavior
of Ni-CeO2. From all the catalyst prepared, 20 wt% Ni-CeO2 was
the optimum in terms of activity (over 60% conversion at 700 �C),
while 25 wt% Ni-CeO2 had the best H2 selectivity. The catalyst effi-
ciency was tied to the high metal dispersion (Khajeh Talkhoncheh
and Haghighi, 2015), the specific surface area of CeO2

(Natesakhawat et al., 2005) and the effectiveness of the support
in enhancing the reduction of Ni particles (Chen et al., 2013). Upon
investigation of the longevity, the catalyst was stable for the first
10 h and a gradual deactivation commenced afterwards. The deac-
tivation was attributed to the Ni nanoparticles sintering. To con-
firm this, TPH analysis was carried out on the spent catalyst to
ensure the deactivation was not as a result of carbon formation.
Interestingly, the results represented in Fig. 10 shows no carbon
was deposited on the 20Ni-CeO2 catalyst. Peaks centered around
200 – 250 �C depicted high reactive carbon species which were
converted in-situ reaction (Mirodatos et al., 1987). For the 25 wt
% Ni/CeO2 catalyst, a broad peak representing inactive carbon on
the metal surface was located at around 400 – 680 �C (Mirodatos
et al., 1987), while the peak at 900 �C was ascribed to CeO2 reduc-
tion. The major reason for the inability of carbon to remain as a sin-
gle element but rather is converted to useful compounds is the
presence of CeO2 which provides a support platformwith sufficient
surface area for the dispersion of metallic Ni�. In addition, CeO2

affinity for acidic CO2 due its high basicity allows for the formation
of carbonate species which cleans carbon off the catalyst surface.

A different type of catalyst (Pt catalysts and support) was used
by Ruiz et al. (2008) for ATRM. In order to cleanse carbon from the
catalyst surface more effectively, they performed ATRM using var-
ious ratio of CeZrO2 support on platinum catalyst. From their study,
the best catalyst in terms of stability was found to be Pt/Ce0.75-
Zr0.25O2. The catalyst ability to remain stable even at elevated tem-
perature was linked to the amount of O2 vacancies in the support
material and the catalyst particle size (Goula et al., 2017). The
unique property of the optimal catalyst was its ability to be
reduced by the support (Shan et al., 2003), (Branco et al., 2008).
In addition, its enhanced O2 storage capacity aided the uninter-
rupted cleansing of carbon deposits from the catalyst active site
by simple oxidation technique. Other factors which influenced
the catalyst behavior were: molar ratio of H2O/CH4 which
increased CH4 conversion and ratio of syngas, adding CO2 to reac-
tants and alteration of the reaction temperature. In this sub-section
we have identified few literatures where lanthanide series have
been applied as catalyst/promoter and support for partial oxidation
of CH4. Table 10 represents a summary of selected literature
reviewed in this paper.

3. The role of lanthanides series on the reaction mechanism,
kinetics and carbon formation.

A major variable in methane reforming processes that controls
the rate of conversion and formation of carbon species is the intrin-
sic chemical reaction kinetics which is determined by the mecha-
nism of the reaction. Researchers have attempted to postulate
various reaction mechanisms and fit experimental data into exist-
ing kinetic models. In relation to lanthanide series as catalyst/pro-
moter or support some studies on the mechanism, kinetics and
carbon formation have been reported. In one of such studies, the
mechanism and kinetic study of CRM using Pr2O3-supported Co
catalysts was investigated by Ayodele et al., (2017). In order to
reduce the effect of carbon deposits on the reaction carried out
at temperature of 750 �C, the experimental data was fitted into
several Langmuir-Hinshelwood (LH) models. Consequently, the
best fit was a double step dual site model with activation of CH4

by Co to form H2 and carbon (Gallego et al., 2008). Furthermore,
carbon was gasified by the lattice oxygen from Pr2O3 during the
activation of CO2 which is adsorbed on the support site (Pakhare
et al., 2014), (Moradi et al., 2010). Oxides of lanthanide series such
as Pr2O3 have been reported to have very good capacity to store
oxygen thereby producing highly mobile oxygen species on the
catalyst surface (Harshini et al., 2014). The obtained activation
energies for CH4 and CO2 were 61.67 and 32.52 kJ mol�1, respec-
tively, indicative of lower energy barriers for CO2 activation than
CH4.

Using a different type of catalyst, Pakhare et al., (2014) investi-
gated the mechanism and kinetics of CRM using Rh substituted
La2Zr2O7 pyrochlores catalyst. The catalyst’s activity site for CH4



Table 10
Lanthanide series in autothermal reforming of CH4 (ATRM).

Reforming
processes

Catalyst type Lanthanide
series

Function of
lanthanide
series

Aim of study Outcome of study References

ATRM Ni-Ce catalysts on
illite clay

Ce Catalyst Catalytic test � Addition of Ce reduced the Ni particle size from
� 15 wt% Ce catalysts gave the optimum performance
� Addition of Ce reduced the temperature of NiO peak
in the TPR analysis which minimizes the amount of
carbon deposited.

(Akri et al.,
2016)

Ni/Al2O3 CeO2 Promoter Effect of doping � 3 wt% Ce-Al2O3 showed better activity than Ni/Al2O3

� 3 wt% Ce-Al2O3 catalyst was stable over a 20 h test
time

� Improved Ni dispersion

(Sepehri
and Rezaei,
2017)

NiCoMgOx and
NiCoMgCeOx
supported on
Zirconia-haffnia

CeO2 Catalyst/
promoter

Catalyst behavior � 98% conversion of reactants
� 95% selectivity of products
� High temperature up to 2000 �C did not alter the cat-
alyst activity

� Catalyst without CeO2 showed reduced activity for
steam and CRM.

(Choudhary
et al., 2005)

Rh/Al2O3 catalysts Ce-GdOxCe-
ZrOx, Ce-SmOx,
Ce-LaOx,

Promoters Synthesis and
catalytic test

� Addition of Ce-ZrOx reduced CO in the product
stream.

� Ce/Zr with ratio 1:1 remained stable and active at
high temperature

� 0.1-Rh-2.0-MgO-40-Ce0.5Zr0.5O2-Al2O3 was the opti-
mum catalyst

� when compared to Rh-Al2O3, 0.1-Rh-2.0-MgO-40-
Ce0.5Zr0.5O2--l2O3 catalyst had better resistance to
deactivation.

(NI et al.,
2014a)

Ni/CeO2 catalyst CeO2 Support Catalyst behavior � 20 wt%Ni/CeO2 showed best activity
� 25 wt% Ni/CeO2 had the best H2 selectivity
� The support enhanced the high metal dispersion, sur-
face area of CeO2 and reducibility of the metal
particles.

� Deactivation of catalyst due to sintering was
observed after the first 10 h of reaction.

(Sepehri
et al., 2018)

Pt catalyst on CeZrO2

support
CeO2 Support Carbon cleansing

from catalyst
surface

� Pt/Ce0.75Zr0.25O2 showed the best stability
� The CeZrO2 support had high ability to reduce the Pt
oxide.

(Ruiz et al.,
2008)
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and CO2 activation and their roles in determining the mechanism
of CRM was reported. The kinetic rate equation postulated was a
dual site mechanism, meaning the activation of the reactants
(CH4 and CO2) occurred at different sites. Out of all kinetic models
tested, two models showed good fit with the data from this study.
The activation of CH4 and CO2 were the rate determining step for
the two different models, respectively. Furthermore, the basic nat-
ure of La-O sites activates the acidic CO2 to yield carbonate com-
plexes (Zhang and Verykios, 1996a). However, CH4 activation and
dissociation site was the Rh site which was verified by transient
pulsing of CH4 on the carbonates. The apparent activation energy
for CH4 and CO2 obtained in the temperature range 520–605 �C
was 21.8 and 18.7 kCal mol�1, respectively. Results from other
studies in literature showed that Rh supported catalyst had activa-
tion energy of 21.8 and 11.8 kCal mol�1 (Múnera et al., 2007), and
22 and 19.28 kCal mol�1 (Ghelamallah and Granger, 2012),
respectively.

The kinetic study of CRM on promoted (with Ce) and
unprompted Ni/Al2O3 was studied by Foo et al., (2011a). The study
revealed an insignificant change in activation energy and reaction
rate of CH4 (less than 5% increment). However, Ce promoted Ni/
Al2O3 had better resistance to carbon deposit on the catalyst sur-
face attributable to the equilibrium between various oxidation
states of Ce ions. Consequently, two carbon types emerged; Ca
and Cb. Ca is removed by H2 and CeO2 during redox reaction, while
non-reactive Cb is removed by O2. A dual site Langmuir-
Hinshelwood model was postulated with activation energy of
56.40 kJ mol�1 and 54.52 kJ mol�1 for the un-promoted and pro-
moted catalyst, respectively.
The kinetics of CRM over Ni/La2O3 at temperature of 750 �C
have been investigated by Tsipouriari and Verykios, (2001). The
mechanism steps involves adsorption of CH4 on the metallic site,
CH4 cracking and deposition of carbon. The controlling step was
the CO2 reaction with La2O3 which formed carbonates that reacted
with carbon at the catalyst surface. The kinetic model of Ni/La2O3

suggests that more stable catalyst sites are formed on the catalyst
surface in-situ reaction, thereby leading to the adoption of the
mechanism used previously in literature (Zhang and Verykios,
1996b), (Zhang and Verykios, 1996a) which postulated similar
behavior.

Another study using similar catalyst was investigated by
Slagtern et al., (1997). In the study, the mechanism of CRM over
Ni/La2O3 was studied using the transient kinetic experiment and
comparison was made with the conventional Ni catalyst. The exis-
tence of a close interaction between the Ni particles and the in-situ
formulated carbonate phase was essential for the reaction process.
Dual functional mechanism translates to the eventual kinetic
behavior where CH4 activation occurs on the Ni particles and CO2

interaction is on the La2O3 forming carbonates. This La carbonate
species reacts with carbon at the catalyst interface thereby remov-
ing carbon species from the metallic phase. In addition, the mor-
phological structure of the existing active phase had an impact in
hindering carbon deactivation which translates to a very stable
catalyst. Similar mechanism and kinetic have been reported in
existing literature (Gallego et al., 2008), (Mu et al., 2007). In the
study by (Gallego et al., 2008), when compared with literature
for noble metal catalyst, Ni/La2O3 catalyst (from LaNiO3) per-
formed better using similar mechanism to obtain lower activation



O.U. Osazuwa, S.Z. Abidin / Chemical Engineering Science 227 (2020) 115863 19
energies. Activation energies of CH4 and CO2 at 973 K were 68 and
77 kJmol�1, respectively, surpassing the performance of noble
metal catalyst which gave activation energy values of between
83 and 125 kJ mol�1 (Erdohelyi et al., 1993). The rate controlling
step was considered to be the CH4 cracking on the metallic nickel
particles to yield carbon. CO2 is subsequently adsorbed by La2O3

to yield its carbonate which then reacts with carbon at the inter-
face to produce CO and clean up the metal surface.

The kinetics of steam reforming of methane over Rh/CeaZr1-aO2

catalyst was reported by Halabi et al., (2010a). The activation
energy for the steam reforming process was 83.8 kJ mol�1 which
was comparable to activation energy of Rh catalyst supported on
Gd promoted CeO2 (92 kJ mol�1) (Hennings and Reimert, 2008)
and Rh on Al2O3 (109 kJ mol�1) (Wei and Iglesia, 2004). Lower acti-
vation energy observed for the Rh/CeaZr1-aO2 catalyst can be
linked to the metal support interaction. Furthermore, a dual site
adsorption surface hypothesis alongside 14 basic reaction steps
was adopted. According to the model, CH4 is adsorbed on the metal
sites while steam is adsorbed on the CeO2 support site. This means
that there was no competition between the reactants adsorbing on
the same site. Additionally, the kinetic rate of reaction model
adopted was according to Langmuir-Hinshelwood expression.
CeO2 was responsible for the rate controlling step as it provided
sufficient lattice oxygen which gasified the carbon species to form
CO and CO2.

Also, studies have been carried out attempting to develop a sub-
stantial mechanism for the formation of carbon in CH4 reforming
processes when lanthanide series were used. In a study by Wang
et al., (2006), the metal support interaction between Rh and CeO2

in the catalyst Rh-CeO2/Al2O3 for CRM was reported by Wang
et al., (2006). Carbon formation on Rh/Al2O3 was resisted by pro-
moting with CeO2. Following the reaction mechanism, dissociation
of reducing agents H2 and CH4 is activated on the metallic site,
thereby freeing electrons to attack the CeO2 which is in close inter-
action with the metal forming Ce4+/Ce3+ and Rh�/Rhd+ couples
(Bernal et al., 1999). The activation of the reactants; CH4 and CO2

is carried out by these couples, with the Ce4+/Ce3+ couple
responsible for the activation of CO2. Free electrons from Ce3+ are
responsible for the formation of CO from deposited carbon on the
surface.

In another study, Foo et al., (2011b) determined the influence of
lanthanide series (Ce, Pr and Sm) on Co-Ni/Al2O3 in CRM. Results
showed an increase in the rate of production of syngas resulting
from usage of carbon species. Carbon deposit was substantially
reduced by about 50% with the lanthanide series having a notice-
able effect in the order Ce, Pr and Sm at reaction temperature of
700 �C. The study showed that the promoted catalyst’s H2 and
CO formation rate constants, coupled with their reaction orders,
enthalpy and entropy of CH4 adsorption were slightly better than
that of the un-promoted catalyst. The enhanced behavior is linked
to the Pauling’s electronegativity of the promoted catalyst. This
resulted in the formation of dual carbon species; a reactive species
found in the promoted catalyst and an unreactive species which
was present in both catalysts (promoted and un-promoted). The
kinetic study at 700 �C was also carried out using the Langmuir
Hinshelwood model with both promoted and un-promoted cata-
lysts having similar activation energy values of about 47 kJ mol�1.

Nonetheless, carbon species and carbon formation on supported
metals are moderately understood. Carbon structures of varying
carbon species need to be well defined. Several literatures have
attempted to establish relationships between the quantity of car-
bon deposited on catalyst surface and the extent of catalyst deac-
tivation. More rate data are required for these steps which
entails the formation of various types of carbon molecules for var-
ious methane reforming processes. Increased data will provide bet-
ter understanding of the basic fundamentals for developing more
effective catalyst that can withstand severe deactivation and sub-
sequently increase productivity.

4. Conclusions

The need to substitute the depleting fossil fuel reserves and to
switch to clean fuel from natural gas reserves is now becoming a
reality. Also, the utilization of biogas from decomposing organic
biomass which is high in CH4 and CO2 (two major environmental
pollutant) is of great interest. A technique to utilize CH4 effectively
is to carry out its reforming with reactants such as steam, O2 and
CO2 to form more valuable products like H2 and syngas. Several
researchers have achieved scintillating outcomes from trials of
these reforming techniques as reported in this comparative study.
However, a common setback in CH4 reforming processes is the for-
mation of substantial amount of carbon enough to halt the reaction
process. Researchers have tried to eliminate carbon by introducing
specific catalysts which alters the reforming reaction pathway.
According to existing literatures which have been extensively
reviewed in this paper, lanthanide series play a major role in for-
mulating a befitting catalyst that can effectively minimize carbon
formation during any form of reforming process. Specific qualities
such as improved basicity, reduction - oxidation properties, high
O2 mobility and storage capacity are some of the properties of
the lanthanide series which have altered the reaction pathways
and enhanced the longevity of the reforming reaction. Some of
the catalyst’s properties altered by the lanthanide series include:
the reducibility (identified by TPR), pore volume (identified by N2

physisorption), crystalline structure/size (identified by XRD) and
the catalyst morphology (identified by TEM and FESEM). Also, wor-
thy of note is the use of lanthanide series as support or promoter in
steam reforming of CH4 (SRM) to effectively eliminate by-products
(carbon and CO2) which are major challenges in the SRM.

Lanthanide series have also played key roles in the mechanism
and kinetics of CH4 reforming reactions by taking part in the rate
determining step. Hence, they are mainly involved in the removal
of carbon species since the formation of carbon is a key step in CH4

reforming processes. However, the formation of carbon species on
catalyst materials is a complex process. Attempts have been made
to establish the relationships between deactivation and the
amount of carbon on catalyst surfaces. Moreover, specific rate data
are needed for these steps as this would provide the fundamental
data required to formulate and commercialize highly resistant cat-
alysts that can withstand deactivation. Hence, this study is benefi-
cial for sustaining the life of an industrial catalyst over time as it
brings together comparative data on the role of lanthanide series
in CH4 reaction over various reforming processes.
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