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Tri-reforming of methane (TRM) allows the production of syngas with a low environmental impact, an optimal
energetic consumption, and a modular Hy/CO molar ratio. However, despite a large number of publications
devoted to TRM reaction, this process is still in its infancy and faces technical issues due to the catalyst deac-
tivation by the formation of solid carbon, thermal sintering, vapor-solid reactions, and poisoning. Moreover,
TRM reaction is also highly dependent on the operational conditions. This article provides a critical analysis of
the last achievements on the TRM reaction. First, the thermodynamic, kinetic and mechanism aspects are pre-

sented and commented. Then, the impact of the operational conditions is analyzed. Finally, the main reasons of
catalyst deactivation and the associated methods for catalyst regeneration are discussed. In parallel, catalytic
efficiency is tentatively linked to physico-chemical properties of the catalyst, and recommendations are proposed
for the future work on TRM process.

1. Introduction

Tri-reforming of methane (TRM) refers to the reaction of methane
with a mixture of water, carbon dioxide and oxygen to produce syngas.
Thus, TRM simultaneously combines three reactions of steam reforming
of methane (SRM), dry reforming of methane (DRM) and partial
oxidation of methane (POM) in which methane is reformed with the
respective water, carbon dioxide and oxygen [1]. TRM is particularly
interesting for the valorization of biogas - a promising renewable
resource of which the global production continuously increases [2-4],
flue gas which simultaneously contains water, carbon dioxide and ox-
ygen and heat energy [5-7], as well as carbon dioxide recovered from
CCU (carbon capture and utilization) processes [8]. Thus, TRM can play
an important role in the development of renewable energy carriers such
as syngas, accompanied by CO2 emissions reduction — a main green-
house gas.

Compared to individual SRM, DRM and POM, TRM allows control-
ling the molar ratio of Hy/CO by varying feed composition. This is of
particular interest because various molar ratios of Hy/CO are required
for different downstream processes such as methanol synthesis, Fisher-
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Tropsch synthesis, hydrogen production via water-gas-shift, methana-
tion, etc. [5,9-11]. As discussed in the next section, TRM is generally
carried out at high temperature (ca. 700—900 °C) and atmospheric
pressure, because of the stability of the reactants [12]. Particularly, TRM
process needs a solid catalyst to drive the kinetic and the selectivity of
the reaction [13]. However, catalyst deactivation remains as a major
challenge in methane reforming, by various reasons such as thermal
sintering, re-oxidation of metallic active phase, coke deposition, etc. [3,
14,15].

During the last two decades, works devoted to TRM exponentially
increased. More than 120 papers have been identified by Web of Science
with “tri-reforming” and “methane” as keywords. The present work
firstly reminds the fundamental aspects of TRM reaction including the
thermodynamics and reaction mechanisms. Then, the impact of oper-
ating conditions is discussed. Finally, a critical analysis on the catalyst
deactivation and tentative regeneration solutions is addressed. For each
part, discussions with recommendations are provided.
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Fig. 1. Effect of the temperature and pressure on the equilibrium in TRM: (a) Ha, (b) CHy4, (c) CO, (d) CO,, and (e) H2O mole fractions. Feed composition: CH4/CO»/
H,0/0, = 1/0.475/0.475/0.1. Reprinted with permission from [16]. Copyright (2014) American Chemical Society.



2. Basics of TRM reaction
2.1. Thermodynamics

A detailed study on the thermodynamic aspects of TRM was done by
Zhang et al. [16]. Fig. 1 shows the effect of the temperature and pres-
sure. High temperatures (> 800 °C) are indispensable to obtain high
reactant conversions. On the other hand, the increase of the pressure
disfavors TRM reaction. However, reforming reactors typically operate
at high pressures (3-20 bar) to decrease reactor size and to meet the high
pressure needs of downstream applications of syngas [17]. H and CO
are formed as the two main products and their formation is strongly
favored at high temperature. Solid carbon as a by-product is omni-
present within the temperature range studied (100—1000 °C), but is
strongly limited above 850 °C (at 1 bar) [18]. Similar results were ob-
tained by Phan [19], and Borreguero et al. [20].

The increase of CO, or HyO contents in the feed composition is
favorable for methane conversion, and limits solid carbon formation
[16-19]. For example, by keeping unchanged the initial amounts of CHa,
CO5 and O at 2.0, 1.0 and 0.1 mol, respectively, the increase of the
initial amount of H30 from 0.8 to 1.0 mol allows lowering the temper-
ature for complete CH4 conversion from 1000 to 900 °C, and the tem-
perature for the nearly-complete suppression of solid carbon from 1000
to less than 850 °C. In parallel, the molar ratio of Ho/CO increases from
ca. 1.6-1.65 [18].

The increase of Oy content in the feed composition highly favors
methane conversion [16]. However, this also strongly decreases CO2
conversion because of the competition between O and CO2 for
reforming CH4 [16]. In some cases, CO2 conversion could be even
negative due to its formation by CH4 combustion [16].

2.2. Kinetic and mechanism aspects

To date, only few works are devoted to kinetic and mechanistic
investigation in TRM due to its complexity involving multiple main
reforming reactions. Song and Pan [6] studied TRM over nickel-based
catalysts prepared on various supports (Ni/MgO, Ni/AlyO3 and Ni/M-
g0/CeZr0), and proposed kinetic models based on power law and
validated them by experimental data. They mostly kept unchanged the
partial pressure of CH4 and O in order to only study the impact of H,O
and CO; reactants. Thus, the general kinetic equation is given below:

—Eupp,i @i X
T :Aexp( R;p )(Pcoz) (Pro) (€9)

where i: CH4 or COjy; r;: reaction rate; a and p: partial order; Egyp:
apparent activation energy; and A: pre-exponential factor.

From experimental data, the authors could calculate the conversions
of CH4 and CO; as functions of the reaction temperature, and partial
pressures of COy and Hy0. Then, from the Eq. 1, they could plot In(r
(cHa)) or In(r(coz)) versus In(Pcoz) or In(Pyzo), and In(r(cyqe)) or In(r
(co2)) versus 1/T in order to determine the activation energy and the
partial reaction order a and p. The results obtained showed that the
variation of the COp partial pressure impacted CH4 conversion.
Depending on support nature, this impact is favorable over Ni/Al,O3
and unfavorable over Ni/MgO [6]. It was tentatively explained by the
interaction of CO, with catalyst surface according to the Lang-
muir-Hinshelwood mechanism. Both CH4 and CO» adsorb on catalyst
surface via single- or dual-site mechanisms, followed by surface reaction
forming products. CHy dissociation was reportedly activated on Ni sites
[21] while the support surface was responsible for CO activation [6]. In
this context, Ni-support interface is of crucial importance for reforming
reaction where both surface-active intermediates from adsorbed CHy4
and COy species are readily presented [6,22,23]. Undeniably, the extent
of CO; activation is highly dependent on the CO- interaction associated
with support nature. However, a stronger CO-catalyst interaction (in

the case of Ni/MgO) could suppress the formation of active surface for
CH4 adsorption, which led to a decline in CH,4 conversion rate and as a
result, a negative reaction order of Pcp,. On the other hand, weak
H2O-catalyst interaction (in the case of Ni/Al,03) led to a positive re-
action order with respect to Pgp, [6]. The increase of HyO partial pres-
sure caused a decrease in CO, conversion, leading to a negative reaction
order for COy conversion with respect to Py,o [6]. This matches well
with thermodynamic prediction and confirms the competition of these
two oxidants to reform CHy4 [19].

Maciel et al. [13] performed TRM over Ni/a-Al;O3 in a fixed-bed
reactor to experimentally validate their four-step TRM mechanism.
The first step consists of three individual SRM, DRM and POM reactions
to produce syngas, and complete methane oxidation which are consid-
ered as heterogeneous catalytic reactions. These individual reactions
were described by a global observed equation as shown in the 3rd col-
umn of the Table 1. The second step is the methane cracking. The third
and the fourth steps correspond to the Boudouard reaction and reverse
water-gas-shift reaction (RWGS), respectively [13]. In this context, ki-
netic rate expressions were proposed for each step (Table 1) on the basis
of the Langmuir-Hinshelwood mechanism, which in turn allowed the
deriving CH4 and CO, consumption rates, and Hp and CO formation
rates (Table 1). By plotting experimental data of CH4, CO,, Hy and CO
concentration (mol m~3) as a function of space time (kg s m~>) and
comparing with the model, the proposed mechanism was successfully
validated, as shown in [13] (Fig. 2).

As previously stated, TRM combines three individual reactions of
SRM, DRM and POM. Low oxygen content (< 5 vol.%) in the initial
mixture is usually applied in view of landfill gas and flue gas valorization
[4-7]. Outlet oxygen concentration in TRM is usually undetectable [19,
24]. Thus, kinetic and mechanistic studies could be based on those for
SRM and DRM, as suggested by Garcia-Vargas et al. [24]. Three indi-
vidual reactions of SRM, DRM and WGS and associated kinetic models
available in the literature were considered as shown in Table 2 [25,26].
By comparing experimental data with theoretical models using
nonlinear regression procedure, the rate constant of each individual

Table 1
Four-step TRM mechanism and associated kinetic equations.

Observed reaction Kinetic model

steps

Step  Reaction steps

a. CHy4(g) +
CO,(g) = 2CO
(8) + 2Hx(g)

b. CH4(g) +
H,0(g) = CO
(8) + 3Ha(g) CHy(g) + 5/802(g) == =
I c. CH4(g) + CO(g) + 7/4Hx(g) + 1/
05(g) = CO(®)  4H,0(g) K Cen, Ko, Co,
+ 2Hy(g) (1 + Kcn, Cen, + Ko, Co, )
d. CH4(g) +
204(g) =
CO4(g) + 2H,0
@
I e. CH4(g) + C CH4(g) = C(s) + kKo Can,
(s) = 2H(g) 2H2(8) n 2] + Kcn, Cen,
f. 2CO(g) = C 2CO(g) = C(s) + _ 2
T 9ico®  coxe i = ksCoo
8. COa(g) + _
IV Hyg) ~ COG) (ngig;:ol({gz)(g) ©C ik (cﬁz Coos — 7‘:“;((:*’20)
+ H,0(g) eq

Parameters
(consumption or
formation rate)

Consumption or formation
rate equation

CH4 consumption rate Rey, = -n—1g

CO, consumption rate Rco, =rm —nv

7
Ry, = Zrl + 2rp — 1y

Reco =r1—2rm+rny

H, formation rate

CO formation rate

Adapted with permission from [13]. Copyright (2010) Springer Nature.
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5.75 wt%Ni/c-Al,O3; Molar ratio of CH4:CO2:H20:02 = 1:0.49:0.3:0.04. Adapted with permission from [13]. Copyright (2010) Springer Nature.

reaction could be obtained within the temperature range studied, and
the proposed models could be validated with a relatively-acceptable
average error. Then, the pre-exponential factor (A) and the activation
energy (E,) of these reactions were determined (Table 2), which
matched with the values previously reported [24]. It is worth noting that
these models did not consider the formation of by-products such as solid
carbon.

Cho et al. [1] proposed and validated the kinetic model of TRM re-
action with a “burner tester” — a 2.5 L TRM reactor integrated in the
global process of dimethyl ether production from natural gas. The
burner tester was fed with preheated natural gas, CO,, steam and O,.
Natural gas is partially burned in the homogeneous zone. Then, the
mixture entered into the heterogeneous -catalytic zone where
NiO-Mg/Ce-ZrO5/Al203 catalyst was used. The authors also used global

catalytic surface reactions with the associated kinetic models available
in the literature, as well as JACOBIAN® dynamic modeling and opti-
mization software to describe the kinetics of the heterogamous zone.
Experimental data were well described by the model, even at high CH4
conversion (90-98 %) [1] (Fig. 3).

All the kinetic models presented above did not allow understanding
elemental steps of the TRM reaction. Specific characterizations of sur-
face and interface physico-chemistry involved in TRM reaction should
be conducted to determine reaction intermediates, and thus get access to
the details of TRM reaction mechanism. DFT calculations and micro-
kinetic simulations could be also performed as previously applied in
other processes such as DRM [27], and SRM [28,29].



Table 2

Chemical reaction and kinetic models considered in TRM by Garcia-Vargas et al.
[24]; k: rate constant; K: equilibrium constant, and P: partial pressure.

Chemical Kinetic model Pre- Activation
reaction exponential energy, Eq
factor, A (mol  (kJ mol 1)
s 'kpa )
SRM:
rsem = k1 +Pcp, *
CHa4(®) + 5
H,0(g) _ Poo-Py, 85.77 74.72
= CO(g) Pcy, *Ph,0 - Ksrm
4 3Hy(g)  With Ksuy —1.198-1077.
£(~26830/T)
DRM: rorM = k2 +Pep, * (1 -
CHa(g) + P2
CO4(g) = ___"CO"H 70.99 77.82
200(g) +  Fori*Pr.0* Kprm
oMy With Kony = 6.780-10'°.
o(~31230/)
WGS: e ks (PCO'PHzl) _ Pco, )
co+ TPy, Kues
H,0(g) 2 149.92 54.26
;C(f () (E - 2A029)
28 with Kwes =10\ T
+ Ha(g)

3. Impacts of operating conditions

As previously highlighted in the thermodynamic section, TRM is
highly sensitive to reaction conditions such as the temperature, pressure,
gas hourly space velocity (GHSV), and feed composition. These pa-
rameters not only affect the thermodynamic equilibrium and the kinetic
of the involved reactions in TRM, but also the stabilization of the catalyst
studied. Known as a synergetic combination of individual processes of
SRM, DRM and POM, and with the implication of many other equilibria
such as water-gas-shift reaction (WGS), reverse water-gas-shift reaction
(RWGS), methane cracking etc.), TRM involves in a series of complex
endothermic (SRM, DRM, RWGS etc.) and exothermic (POM, WGS etc.)
reactions. Thus, it is possible to perform TRM process at lower energy
demand compared to the SRM and DRM, or even under autothermal
mode by modifying feeding composition. In addition, the simultaneous
occurrence of different equilibria in TRM process, a conventional cata-
lyst devoted to the individual SRM, DRM or POM cannot be systemati-
cally applied to TRM [30]. A comprehensive study on the relationship
between the operating conditions of TRM and the catalyst efficiency is
needed, which is addressed within this section, allowing the

0.12 J

Molar flowrates [mol/s]

1 1

0.1 0.15 0.2 0.25 0.3
Axis of heterogeneous reactor section [m]

0.35

0.4

confrontation of experimental data

with the thermodynamic prediction presented above.

3.1. Operating temperature

The operating temperature is the most important parameter in TRM
as it determines the thermodynamic and the kinetic of the reactions and
also can impact catalyst properties such as the specific surface area, the
metal dispersion, etc. In general, TRM requires high operating temper-
atures, above 700 °C (Fig. 1).

Garcia-Vargas et al. [24] performed TRM over a Ni-Mg/p-SiC catalyst
within 407—737 °C (reaction conditions: different composition of inlet
gas with a total flow of 100 N mL min~! using Ny as balance,
GHSV = 60000 N mL h™! g™1). At low operating temperatures, WGS
reaction was predominant. Thus, instead of being consumed, CO could
be formed, which lead to a negative conversion of this reactant. On the
other hand, Hy production was favoured, which resulted to an increase
of the molar ratio of Hy/CO. At high operating temperatures, the
endothermic SRM and DRM reactions were favoured rather than WGS
reaction. Consequently, high CH4 and CO» conversions could be ob-
tained [24]. Regarding the characteristics of the catalyst system, the
reduction curve (TPR) started at around 387 °C, reached peak at 737 °C
and finished at around 920 °C. The quantitative TPR analysis showed
that the reduction degree reached 63.7 % at 920 °C, confirming that the
reduction of Ni was not easy with this catalyst system. Unfortunately,
the lack of information on the reduction temperature of the catalyst, and
on the characterisations of the used catalyst did not allow a further
assessment on the influence of the reaction temperature on the catalyst
system, especially in term of reducibility, specific surface, and carbo-
naceous deposition.

Maciel et al. [13] investigated TRM over Ni/Al,03 catalyst within the
temperature range of 650 and 950 °C (reaction conditions: 0.53 g of Cat.
Ni (5.75 wt%)/Al;03, 1.0 bar; CH4:CO2:Hp0:05 = 1:0.49:0.3:0.04).
Prior to the test, the catalyst was reduced at 700 °C for 2 h. Below
850 °C, RWGS was predominant resulting in a low hydrogen yield (4.4
%). At higher temperatures (> 850 °C), hydrogen yield increased up to
37 %, together with high methane conversion (96 %) and carbon dioxide
conversion (45 %). TPR analysis was not conducted, but it is possible
that the in-situ reduction at 700 °C before TRM test was not enough to
reduction totally Ni species into metallic Ni, since NiAloO4 was revealed
by XRD. Thus, the high methane and carbon dioxide conversions above
850 °C could be due to the impact of the reaction temperature, but also
the better Ni reduction during the TRM reaction its-self. This catalyst
system possessed a high thermal stability within the temperature range
investigated, explained by a relatively low carbon content (0.3—0.36 wt
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Fig. 3. Left: Comparison of measurements from burner tester (circles) and model predictions (lines); Right: Prediction of syngas ratio as a function of steam/carbon

ratio in feed. Reproduced with permission from [1], Copyright 2009 Elsevier.



%) in the used catalysts.

The performance of Ni/SiOy catalyst in TRM was investigated by
Majewski and Wood [31]. Fig. 4 (A) evidenced the dependence of CHy
and CO5 conversions and Hy/CO ratio on the reaction temperature at
550—750 °C. So, the catalyst was active at relatively moderate reaction
temperature of 550 °C. Unfortunately, only BET, XRD, FTIR and
TGA-TPO were performed with the fresh and/or used catalysts, which
were not enough to explain the catalytic activity observed at 550 °C.
Coke deposition was observed at 550 °C but it was negligible at 750 °C,
as highlighted by SEM analysis of the used catalysts (Fig. 4 (B) and (C)).
The authors also shown that the structure of the catalyst systems did not
significantly change after TRM reaction, as evidenced by the presences
of all the characteristic bands in FTIR. However, Ni sintering was
identified in the used catalyst at 750 °C as the FTIR bands of nickel
phyllosilicate (3649, 3629, 711 and 670 c¢m ') became less intensive
compared to those of the fresh catalyst and the used catalyst at 550 °C.
The sintering would be better evidenced by techniques such as HRTEM.

Walker et al. [32] performed TRM reactions over Ni-MgO-(Ce,Zr)Oy
under controlled temperatures between 750 and 850 °C. At 750 °C, a
low CO» conversion and a high Hy/CO ratio was produced due to the
predominance of SRM and WGS reactions. Then, as expected, COy
conversion increased with the increase of the temperature. At 800 °C
and with a feed composition of CH4/CO3/H20/02 = 1/0.7/0.085/0.2,
high CO2 and CH4 conversions of respectively 86 and 99 % and desired
H,/CO ratio of 2.1 could be achieved without catalyst deactivation. In
fact, this high temperature favored coke gasification as well as SRM and
POM reactions to produce desired Hy/CO ratio. At higher temperatures
(850 °C), CO4 conversion increased by its reforming reaction with CHy,
but Hy/CO ratio decreased since WGS reaction is less favorable. At

800 °C of operation, the catalyst surface area was decreased from
34.5-22.1 m? g~l. However, this change did not affect the catalyst
performance. In addition, the reduced Ni species in the cubic fluorite
phase of the the (Ni,Mg)O solid solution are stable under TRM
conditions.

The contributions highlighted above confirm that high temperature
(> 700 °C) is required for TRM process to obtain high CH4 and CO»
conversions, high H; yield, and to limit coke deposition. However, high
reaction temperature also requires high energy supply and can cause
catalyst deactivation due to sintering. The latter will be discussed in
details in Section 4.

Recent advanced development in catalysis science, i.e. single atom
catalyst (SAC), shows a possibility of performing methane reforming at
relatively moderate temperatures (e.g. 500 °C). For instant, Duarte et al.
[33] investigated SRM at 500 °C over Rh supported alumina catalysts
(with or without cerium and/or samarium promoters). Three catalysts
were synthesized and compared in SRM: Rh/Al,03, Rh/Ce0,-Al;,03, and
Rh/Sm503-Ce05-Al503. After Hy reduction at 600 °C, all of them con-
tained Rh isolated atoms, but with a fraction of small clusters between
0.3 and 1.1 nm. In SRM at 760 °C, Rh/Al;03, Rh/Ce05-Al;03, and
Rh/Sm303-Ce0,-Al;03 showed the specific reaction rate of 1.5, 2.8 and
1.8 (numbers of molecule site™! s1), respectively, and the average
deactivation rate after 48 h of time-on-stream of 40, 17 and 33 %,
respectively. High catalytic deactivation of Rh/Al;03 was due to Rh
particle sintering. This latter is limited by Ce and Ce-Sm promotion,
which lowered the catalytic deactivation of the two promoted catalysts.
The highest activity of Rh/Ce03-Al;03 is explained by the cooperative
effect of Rh isolated atoms and Rh clusters on the surface of this catalyst.
Rh isolated atoms favor CHy4 activation, while Rh clusters favors solid
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Fig. 4. TRM at 500-750 °C over 11 %Ni@SiO, catalyst (reaction conditions: Feed molar ratio CHs/CO2/H>0/02/He = 1/0.5/0.5/0.1/0.4; CH,4 flowrate: 25 mL/min;
Ni@SiO, mass: 0.2 g). (A) effect of reaction temperature on CH4 and CO, conversion and H,/CO molar ratio; (B) and (C) SEM micrographs of the 11 %Ni@SiO,
catalyst after 4 h of reaction at 550 and 750 °C, respectively. Reprinted with permission from [31]. Copyright 2014 Elsevier.



carbon gasification into Hy and CO. Thus, the co-existence of both Rh
single atoms and Rh clusters was identified as an optimal recipe for SRM.
Tang et al. [34] studied DRM at 500—600 °C over catalysts containing
single atoms of both Ni and Ru supported on CeO; nanorods. By
experimental and DFT calculation, the authors revealed that the acti-
vation of CH4 and CO5 occurred and were promoted spontaneously on
the single atoms of Ni and Ru, respectively. The synergistic combination
allowed reaching high CH4 conversion (90 %) and high Hj selectivity
(nearly 100 %) at low temperature of 500—600 °C (reaction conditions:
50 mg catalyst, total gas flowrate of 2 000 mL min~! containing 1% CH,
and 1% COg). Interestingly, the single-atom sites of Ni and Ru was re-
ported to remain in a cationic state during catalysis, which allow the low
operating temperature of DRM. This new insight suggests a new
approach to overcome another deactivation factor in TRM by
re-oxidation of active phase, and merits further investigations. Note that
to date, any work has been reported yet on the application of SAC in
TRM. We believe that using metal isolated atoms with or without pro-
moters constitutes a promising approach to lower operating temperature
in TRM.

3.2. Pressure

As stated previously in Section 2.1, high pressure does not favor TRM
reaction. While most laboratory work have been performed at atmo-
spheric pressure, large scale processes usually operate at high pressure
to favor downstream applications of syngas [18]. To date, only few
experimental investigations in TRM were performed at high pressure
[35-37]. In an early work, Zhao et al. [35] studied TMR at 800—860 °C
and 1-6 bar over Ni/Mg/Ceg ¢Zry 402/Al503 pellet catalysts (SI 1). In
this pressure range, high CH4 conversion was obtained, which only
slightly varied from 93 to 99 %. On the other hand, CO, conversion was
largely influenced by pressure at all temperatures investigated.

Especially, at 860 °C, CO, conversion increased from 4 to 61 % as
pressure increased from 1 to 6 bar. The increase of the total pressure also
led to a decrease of the molar ratio of Hy/CO. The authors explained
these results by the impact of the total pressure on the RWGS reaction
[35]. This argument seems to be not really convinced since RWGS re-
action is theoretically not impacted by the total pressure. In addition, the
experimental results obtained in this work were contradictory compared
to the thermodynamic prediction (Fig. 1). The authors did not precise
the feed composition, in particularly the signification of HoO/CH4 ratio
at each temperature investigated.

In another work, TRM reaction was performed at 3 bar and 882 °C
over cylindrical NiMg/Ceg ¢Zro 402 pellet catalysts [36]. An increase of
the inlet H,O/CH,4 molar ratio from 0.35 to 1.16 resulted in a reduction
in CO, conversion from 56 to 20 %, but an increase of the Hy/CO molar
ratio from 1.5 to 2.2. No comparison with other pressure was reported in
this work [36].

Ren et al. [37] investigated TRM in the total pressure range of
1-10 bar over a Ni/SiO» catalyst. Fig. 5 shows the results obtained at
750 °C for the equimolar feed composition
CH4/CO2/H20/02 = 1.0/0.3/0.3/0.2. At atmospheric pressure, both
CH4 and COg conversions were relatively stable. Increasing the total
pressure to 5 and 10 atm negatively impacted TRM reaction, leading to a
decrease of CH4 and CO; conversions, with a larger extent for CO, than
for CHy. The authors explained this result by the negative impact of the
total pressure on DRM reaction. This latter is more negatively impacted
by high total pressure than SRM and POM, due to the weaker oxidation
of CO5 against H,O and O3 [37]. Thus, in view of a future deployment of
TRM at large scale, the design of an efficient catalyst, capable to work at
moderate temperature (e.g. < 700 °C) and high pressure (ca. 20 bar) is of
crucial important.

In methane catalytic reforming, the formation of solid carbon is
among the most important issues of the process, which causes the
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catalyst deactivation together with the thermal sintering. As previously
predicted by Phan et al. [19], in TRM reaction for a typical composition
of a landfill gas, the formation of solid carbon cannot be theoretically
avoided at 700 °C within 1—30 bar, but can be theoretically avoided
below 16 bar at 900 °C as shown in Fig. 6. However, to the best of our
knowledge, the influence of the total pressure on the formation of solid
carbon has not been experimentally studied yet. On the other hand, it
has particularly been reported for DRM reaction where the formation of
solid carbon is strongly favored by high pressure (> 1 bar) [38,39]. As
partial conclusion, only few works have been dedicated to the experi-
mental investigation of the impact of the total pressure in TRM, while
operating at high pressure seems to be inevitable at large scale. More
effort should be devoted on this part to better understand TRM process
at high pressure.

3.3. Feed composition

As previously introduced (Section 1), TRM process combines three
reactions of SRM, DRM and POM, each of them leads to a proper theo-
retical molar ratio of Hy/CO. Thus, by varying TRM feed composition,
the final Hy/CO ratio could be controlled, which is an indisputable
advantage of TRM in comparison to the individual SRM, DRM and POM
processes. However, the complex environment of TRM can also cause
the catalyst deactivation due to metal re-oxidation and/or sintering. We
discuss here the influence of feed composition on the individual re-
actions involved in TRM process, the conversion of methane and the
oxidants, and then on the structure of the catalyst systems.

In TRM, since CH4 can react with one of the three oxidants, which are
0O, H20, and CO». Thus, a competition between these oxidants can take
place when feed composition changes. According to the thermodynamic
study of Zhang et al. [16], increasing the steam/methane molar ratio
(S/C) allows increasing Hp/CO molar ratio, but decreases CO, conver-
sion. This was experimentally demonstrated by Izquierdo et al. [3]. In
this work, TRM reaction was investigated at various S/C ratios from
1.0-3.0, and Oy/CH4 ratios of 0.25 and 0.50, using different
nickel-based catalysts. Under the conditions used, high CH4 conversions
(> 95 %) were obtained. Thus, CH4 conversion could only slightly in-
crease with the increase of the S/C ratio. On the other hand, CO5 con-
version strongly decreased by increasing S/C ratio. This is explained by
the WGS reaction, which converts H,O and CO into CO, and Ho.
Accordingly, when the S/C ratio increases, more water is available for
promoting the WGS reaction. Consequently, more CO, and H; are pro-
duced while CO is consumed, which in turn increases the Hy/CO ratio.
Similar results were reported by Pino et al. [40] and Lo Faro et al. [41].
In addition to WGS, Garcia-Vargas et al. [24] explained the effect of S/C
ratio on the decrease of CO conversion by the competition of the three
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oxidants in methane reforming. According to these authors, COs is
thermodynamically less reactive than HoO and Oj to reform CHy4 in
TRM. The authors also highlighted the importance of the WGS reaction
in TRM. High H,0 and low CO; concentrations coupled with low tem-
peratures represent the most favorable conditions for the WGS reaction,
causing low CO, conversion. Walker et al. [32] also stated that H,O
adsorption blocks CO; adsorption and thus inhibits CO, reaction with
CH,.

Several authors reported that increasing oxygen content in the feed
leas to an increase of CH,4 conversion, and a decrease of CO, conversion
[3,24,31,40-44]. At the TRM reactor outlet, oxygen concentration was
usually reported to be equal to zero, indicating that it was totally
consumed in TRM reaction [3,31]. This rapid O consumption is
assigned to high affinity of oxygen with the metallic active sites [32].
For example, Majewski and Wood [31] studied TRM over Ni/SiO,
catalyst at 750 °C wusing a feed composition as follows:
CH,4/CO5/H30/02/He = 1/0.5/0.5/0 — 0.5/0 — 0.5. Thus, by increasing
the molar ratio of CH4/05 in the feed from 1/0-1/0.5, CH4 conversion
increased from ca. 70 to ca. 90 %, while CO, conversion decreased from
ca. 80 to 55 %. In parallel, the molar ratio of Hy/CO also increased from
ca. 2.3-2.6, and carbon deposition decreased. As mentioned above, O is
considered as more reactive with CH4 than H,O and CO,. It reacts with
CH4 by the partial or even total methane oxidation to produce syngas or
a mixture of CO3 and H,0, and thus impacts CO, conversion. However,
as a function of catalyst structure, increasing Oy content in the feed
could lead to a negative impact on CH4 conversion, as reported by
Solov’ev et al. [45]. Methane conversion decreased by adding O to the
feed in TRM over NiO/Al;O3 but increased when NiO/Al,03-LayO3 or
NiO/Al;03-CeO; were used [45]. In fact, depending on the operating
conditions, the metallic active phase of the catalyst bed could undergo a
re-oxidation, thus impacts the reforming activity of the catalyst. The
re-oxidation of the active phase will be specifically discussed in the
section 4.3.2.

Pino et al. [46] investigated the influence of CH4/CO; molar ratios
(1.04-2.47) on the TRM performance over a series of Ni/La-Ce-O mixed
oxides catalysts. They showed that at low CH4/CO» ratios (lower than
2.26), all catalysts had stable performances, with a progressive increase
in the CH4 and CO», conversions rates by increasing the CH4/CO ratio in
the feed. When this ratio increased to 2.47, light deactivations were
observed along the time on stream for all the catalysts. In addition, the
authors showed that the HyO conversion rate followed the same trend of
the CH4 and CO; conversion rates: increases by increasing the CH4/CO»
ratio, but the moles of converted steam result lower than the CH4 and
CO4 reacted. These observations suggest the simultaneous occurrence of
RWGS reaction with reforming reactions [46].

Feed composition strongly affects the performance of TRM process.
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Thermodynamically, increases in Oy and HyO contents in the feed
enhance CH4 conversion and carbon deposition elimination but reduce
of both CO, conversion and H yield [16]. To obtain the optimum feed
ratios in TRM, the objective is to maximize the Hy yield, considering the
following three constraints: (1) the conversion of CO; should be higher
than 90 %; (2) the Hy/CO ratio should be higher than 2.0, which is a
desirable value for downstream synthesis reactions, such as methanol
synthesis or Fischer — Tropsch reactions; and (3) the solid carbon for-
mation is forbidden during reactions. For example, Zhang et al. [16]
proposed an optimum feed ratio for TRM is
CH4/C0O2/H20/04 = 1:0.291:0.576:0.088. The results showed that the
H, yield reached a maximum of 94.5 %, with more than 90 % of COy
conversion and Hy/CO ratio equal to 2.0. Also, carbon formation was
found to be suppressed under the optimized operating variables.

Regarding the influence of feed composition on the structure of the
catalyst system, several works have identified the negative impact of
water content causing the sintering [15], and the negative impact of
oxygen content causing the re-oxidation of metal nanoparticles [30].
These points will be addressed in Section 4.

As partial conclusions, feed composition is a very important
parameter to adjust the final molar ratio of Ho/CO and to limit coke
formation. A competition between Oy, HoO and CO- exists for CHy
reforming, and Oy is firstly consumed. Taking into account the fact that
active phase could be re-oxidized during TRM, it is recommended to
work with low O5 contents in the feed (e.g. < 5% vol.) which fit with its
composition in a given biogas, landfill gas, or flue gas. It is also rec-
ommended to work with the molar ratio of (O + H,O + CO5)/CHy
slightly higher than the stoichiometry to optimize energy balance [19].

3.4. Gas hourly space velocity

Gas hourly space velocity (GHSV, mL h™! g71) is another operating
parameter which can influence TRM performance. This parameter in-
dicates the relative between the volumetric flowrate of the feedstock and
mass of catalyst used. In some cases, weight hourly space velocity
(WHSV, h’l), which refers to the ratio of mass of the feed per hour to the
mass of the catalyst can also be used. It is reported that GHSV affects
TRM performance through two mechanisms: (i) increasing or reducing
the contact time between the reactants and catalyst and (ii) determining
temperature distribution within catalyst bed. In detail, Sun et al. [42]
investigated the effect of GHSV on the reaction performances using 0.2 g
of Ni/SBA-15 catalyst. Their results are presented in Fig. 7. It was
observed that both the CH4 and CO, conversions declined, and the
Hy/CO molar ratio of the product increased with the increase of GHSV.
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Fig. 7. Effect of GHSV on the reaction performances of 10 wt%Ni/SBA-15
catalyst. Reaction conditions: CH4/CO>/05/H0 = 2/1/0.6/0.6; T = 800 °C;
catalyst 0.2 g. Reprinted with permission from [42], Copyright 2010 Elsevier.

The CH4 conversion decreased from 94.3%-90.0% and the CO, con-
version decreased from 82.4%-71.4% when the GHSV increased from
16,000 to 32,000 mL h™! g~!. In addition, the Hy/CO molar ratio
increased from 1.27 to 1.47. When the GHSV exceeded 32,000 mL
h™! g7, there was no obvious change in these three parameters. In
addition, Hy and CO yields kept invariant with the increase of GHSV, and
H, yield and CO yield maintained at 81.0 % and 99.0 %, respectively.
The author explained that the contact time between the reactants and
catalyst reduced with the increase of GHSV. So, the adsorption and
activation of reactant molecule decreased. Meanwhile, the real tem-
perature of the catalyst bed will be lowered since more reactants will
enter the reactor with a higher GHSV. This also leads to a decrease in the
CH4 and CO; conversions.

At moderate CH4 and CO, conversions (52-78 %), Kozonoe et al.
[47] found that decreasing GHSV allowed increasing both CH4 and CO4
conversions over 5%Ni@MWCNT/5%Ce catalysts. Similar results were
obtained by Jiang et al. [48], who investigated TRM over Ni/Al,O3
catalyst. They indicated that both the conversions of CH4 and CO5
decreased with the increase in GHSV, and the CO5 conversion decreased
more steeply than that of CH4. At high GHSV, the exothermic COM and
POM reactions continue at a high rate, whereas the endothermic
reforming reactions with relative slow rate may be incomplete. On the
other hand, the flowing gas brings heat from the inlet to the outlet in the
catalyst bed; increasing GHSV will enhance heat transfer. Singha et al.
[49] investigated the influence of GHSV in TRM over Ni/CeO2-ZrOs
catalysts at 800 °C, 1 atm, with feed composition of
0,/C02/H20/CH4/He = 1/1/2.1/5/18. Once again, they found that
increasing GHSV from 20,000-200,000 mL h~! g~! lowered CHy, CO
and H,0 conversions from 95, 94 and 96 % to respectively 68, 62 and 64
%. In parallel, the molar ratio of Hy/CO decreased from 2.1 to around
2.0 [49].

Walker et al. [32] investigated the influence of WHSV on the TRM
performance by varying the amount of catalyst used. They showed that
high WHSV (61,000 h™?!) yielded significantly higher H,/CO ratios
when compared to reactions run at lower WHSV (25,000 h’l). By
reducing the WHSV from 61,000-21,000 h~!, the CH,4 and CO, con-
versions were slightly lowered, while the Hy/CO ratios were signifi-
cantly reduced. The authors explained that the feed gas initially reacted
and created higher Hy concentration. Thus, the RWGS reaction became
more favorable further down the catalyst bed. This suggests that steam
reforming reactions are kept further from equilibrium at higher WHSV
and result in higher than expected H; production at lower steam ratios.

As partial conclusions, GHSV (or WHSV) directly impacts the per-
formance of TRM reaction. Low GHSV favors reactant conversions, but
can also reduce syngas production rate. A compromise between GHSV,
reactant conversions, and syngas production rate must be found to
determinate the appropriate reaction conditions. The development of
highly-performing TRM catalysts which efficiently work at high GHSV
(or WHSV) should be targeted.

4. Catalyst deactivation and regeneration

The long-term stability of a catalytic heterogeneous system is always
the challenging issue for implementing TRM technology in industrial
application, which is generally associated with the degree of catalyst
deactivation. Typically, catalyst deactivation in TRM could be attributed
to several main factors, namely, (i) carbon deposition, (ii) thermal
degradation, (iii) vapor-solid and/or solid-solid reactions, (iv) the
confinement and coverage of active phases and (v) catalyst poisoning
[14,50]. Although catalyst deactivation is unavoidable in methane
reforming reaction, its immediate and adverse influences can be largely
alleviated or counteracted via regeneration process. In recent years,
researchers have devoted efforts to study the catalyst deactivation with
the sole aim of providing an essential understanding for improving the
catalyst design and regenerating catalyst in TRM process. In this section,
a comprehensive discussion regarding deactivation processes and the



corresponding regeneration or prevention methods in TRM is provided. result of the corresponding CO, disproportionation and decomposition

of polymerized long-chain hydrocarbons [14,50], which lead to
blockage of active sites, surface and porosity on catalyst causing a loss in
4.1. Carbon and coke deposition catalytic performance [14,50]. To facilitate discussions in this paper, the
term “solid carbon” is used, covering both carbon and coke. As TRM is a
In methane reforming, carbon and coke are generally referred as a
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Fig. 8. TEM images of spent Ni/Al,O3 catalyst after 10 h time on stream of TRM study (reactions conditions: CH4:CO5:H50:04:N, = 1:0.23:0.46:0.07:0.28,
GHSV = 17,220 mL h™! g~!, Temp. 800 °C at 1 bar). Reproduced with permission from [52], Copyright 2018 Elsevier.



complex system consisting of multiple reactions, solid carbon deposition
can occur simultaneously and be controlled through following
equations:

Methane cracking:

CH,& C+2H, AHY, =749 kJ-mol™ (2
Boudouard reaction:

2C0 & C+CO, AHj, =—1722 ki-mol™! 3)
Steam gasification of carbon:

C+H,0 & CO+H, AHy, =131.4 kJ-mol™ @)
Carbon dioxide gasification of carbon:

C+CO,& 2CO AHY, = 1722 kJ-mol™ 5)
Water-gas shift reaction:

CO+H,0&H, +CO, AHj, = —41 kJ-mol™ (6)
Complete carbon oxidation:

C+0,oC0, AHY = —393.7 kJ-mol™ )

Generally, solid carbon deposits on catalyst surface can be classified
into three types, namely, carbolic carbon (a-C), amorphous carbon (-C)
and graphitic carbon (y-C). The degree of graphitization is highly
relating to the location between carbon atom and metal nanoparticles.
The carbon atoms located in close vicinity of metal nanoparticles have
higher tendency to undergo graphitization forming graphitic carbon,
which is difficult to be removed in comparison with carbolic and
amorphous carbons [51]. In fact, graphitic carbon (y-C) can exist in
various forms such as coating carbon, carbon nanofiber and carbon
nanotube. Fig. 8 shows an example of the carbon deposits on a Ni/Al,O3
catalyst in TRM at 800 °C after 10 h-on-stream [52]. Notably, the fila-
mentous carbon with amorphous nature encapsulating the Ni particles
was clearly evidenced in TEM images.

Fundamentally, carbon deposits on the catalyst surface can (i)
partially or completely encapsulate active phase; (ii) block approach-
ability of reactants to active sites, (iii) clog micro- and mesopores result
in a hindrance of accessibility of reactant to the active phase located
inside these pores. The formation of filamentous carbon is facilitated at
higher temperature as carbon atoms readily diffuses through the lattice
structure of Ni particles and continuously nuclearize to form as filaments
from the back side, eventually pushes the Ni particles off the support
surface, as seen in Fig. 8. Filamentous carbon usually encapsulates Ni
particles hindering the exposure to gaseous reactants during reaction,
eventually resulting in attrition of catalyst pellets and plugging of
reactor void space [52].

As TRM is a complex system providing an oxidant-enriched sur-
rounding, the adverse effect of carbon deposition on the TRM perfor-
mance is expectedly to be addressed [6]. Kumar et al. [53] investigated
the deactivation over Ni-based pyrochlore catalyst in several methane
reforming reactions including: dry-reforming (CH4:CO5 = 50:50, mol
%), bi-reforming (CH4:CO2:H20 = 16:51:33, mol %), and oxy-reforming
(CH4:C0O42:02 = 20:60:20, mol %). Experiments were performed at
750 °C, 1 atm pressure and GHSV = 96000-100000 scc h™! ger. They
found that carbonaceous deposition on catalyst surface was the main
factor accounting for deactivation in the cases of dry-reforming and
oxy-reforming. Particularly, the degree of deactivation as a function of
time-on-stream reaction process reduced in following order: dry
reforming > oxy-reforming > bi-reforming. Given the degree of catalyst
deactivation is highly depending on the nature of carbon deposit, TPO
analyses (Fig. 9) were performed, which revealed that graphitic carbon
was largely produced under dry-reforming whereas in oxy-reforming, a
majority of the carbon deposit was the amorphous carbon. Interestingly,
no characteristic peaks corresponded to carbon deposit was observed
from the TPO measurement for bi-reforming case, indicating that total
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Fig. 9. Temperature program oxidation results for spent catalysts from
different reactions. Reaction conditions: 750 °C, 1 atm and GHSV = 96,000-
100,000 scc h™! gg.; dry-reforming (molar ratio of CH,4:CO, = 50:50, mol %),
oxy-reforming (molar ratio of CH4:CO2:0, = 20:60:20, mol %) and bi-reforming
(molar ratio of CH4:CO2:H0 = 16:51:33, mol %). Reprinted from [53] (open
access article distributed under the terms of the Creative Commons CC
BY license).

removal of carbon deposit through gasification is viable under
oxidant-rich environment, thus regenerating the active sites of catalyst.
In addition, the structure of the catalyst did not change after catalysis
under the three conditions, which is attributed to high dispersion of Ni
particles, high thermal stable of pyrochlore crystalline structure and
high interaction between Ni and support.

The catalyst deactivation due to carbonaceous deposition can be
solved or alleviated in the presence of highly active oxidizing agents
(viz., O, CO5 and H30), which efficiently hinders the nucleation process
of carbon atoms. However, it also tends to induce re-oxidation of hosting
metallic phase on catalyst resulting in a reduction in catalytic perfor-
mance. In the investigation of metal-support interaction of Ni-based
catalysts for TRM (reaction conditions: tubular reactor, at 800 °C,
1 bar, GHSV = 17,220 mL h™! g_l, molar ratio of CH4:CO2:H50:04:
N =1:0.23:0.46:0.07:0.28, TOS = 10 h), Kumar et al. [51,52] reported
that the Ni/SBA-15 possessed excellent resistance towards carbon
deposition and great confinement governing the TRM performance with
time-on-stream but re-oxidation of partial metallic Ni to NiO was un-
avoidable, as evidenced by XRD analyses. Such observation is in
accordance with the findings of Kim et al. in their study of TRM over
NiCe@SiOy, catalysts [77]. The TRM reaction was carried out in a fixed
bed reactor at atmospheric pressure, using 75 mg catalyst, GHSV of 60,
000 mL ¢! h™! at different O/M feed molar ratios, TOS of 20 h. They
assigned the deactivation of NiCe@SiO» to re-oxidation of the metallic
Ni form deteriorating the multi-yolk-shell nanotube configuration under
high feed ratio of oxidizing agents. In addition, they found that the rate
of carbon oxidation was higher than that of carbon formation over
NiCe@SiO», thus the insufficiency of carbon deposit on catalyst surface
causing the higher tendency of re-oxidation from metallic Ni to NiO,
thus causing catalyst deactivation. The re-oxidation of active metallic
phase under extremely oxidative environment will be further discussed
in section 4.3.2. In summary, the formation of solid carbon is generally
favored under the conditions employed for TRM reaction. It is identified
as a main reason causing the catalyst deactivation in TRM. The removal
of solid carbon can be done using oxidizing agents such as Oy, HoO
and/or CO,, but it must take into consideration the risk of re-oxidation
of the active phase.

As TRM is performed under high temperature and strongly oxidative
surrounding, one of the efficient ways to remove the coke deposit is to
gasify it using oxidizing agents (i.e., Oy, CO2 and H20). The diffusivity
and mobility of oxygen ions play an essential role at controlling the
equilibrium between rate of gasification and rate of carbon formation.
Thus, the capability of catalyst support to store oxygen atoms at
oxidizing environment and release oxygen atoms under reducing sur-
rounding, known as redox cycling, is an important feature prevailed for



TRM redox catalyst [54]. In general, promoter and support materials
such as Ce and La with high oxygen storage capacity (OSC) can facilitate
the mobility of oxygen atoms from lattice to the surface when combined
with the hosting active metals, thus promoting the redox cycling process
[55-57]. The existence of redox cycle reportedly enhanced the activa-
tion of oxidants, hence promoting the oxygen coverage on catalyst
surface and metal-support interaction, thereby reducing the amount of
carbon deposit [58,59]. In an effort of improving the OSC of redox
material, Shen et al. [60] prepared a double perovskite-type oxides
LaFeyCo1.xO3 catalysts and examined their catalytic behavior under
oxidant-enriched atmosphere (similar to TRM environment). By utiliz-
ing the redox cycling feature of the perovskite (Fig. 10), the syngas yield
could be maximized meanwhile effectively suppressed the carbon de-
posit. The CHy initially reacted with the adsorbed oxygen (total oxida-
tion of CH4) and lattice oxygen (partial oxidation of CHy4) in the
LaFe,Co; xO3 to form syngas and subsequently left abundancy of oxygen
vacancy and LaFe,Coj4Os3 in reducible form with deposited carbon. In
the CO, purging stage, the oxygen atoms were captured by oxygen va-
cancies and restored the LaFeyCo;4O3 back into oxide form whilst
deposited carbon was oxidized to form CO during the process. This
behavior allowed the LaFeyCoj.xO3 to achieve Hy selectivity of 99.6 %
and CO selectivity of 52.6 %, lasted for 10 cycles of reaction runs.
Along with the OSC, acido-basic character of a catalyst system has
also been identified to be an important parameter to promote the gasi-
fication of the carbon solid. Indeed, a high concentration of basic sites
was reported to enhance the adsorption of the acidic oxidant CO; mol-
ecules onto the catalyst’s surfaces. The subsequent adsorbed CO, mol-
ecules further react with neighboring carbon atom to form CO gas and
thus regeneration of the active sites for surface reaction [61-63]. Lino
et al. [74] studied various X-ZrO, addition (La, Ce, Sm, Y) on Ni/M-
gAl,04 for TRM by using advanced characterization techniques. Inter-
estingly, the in-situ XANES and XPS results revealed that only moderate
basicity contributed to the improvement of TRM activity by suppressing

carbon formation and contrarily, a high density of basic sites strongly
bind with CO, making it unavailable for carbon gasification process,
thus a decline in reactant conversions. In comparison to strong basicity,
moderate basic sites (hydroxyls and M""—0~2 pairs) reportedly played a
crucial role to enhance the surface reaction after activation of reactants,
particular to the case of CH4 adsorption sites (metallic phase) that are
closer to the CO, adsorption sites (metal-support interface). With this
finding, Lino et al. [54] further evaluated the Ce-Zr interaction on
Ni/MgAl,04 for TRM and suggested that the degree of graphitization
was dependent on the extent of basicity strength in a catalyst. The
embedment of Ce and Zr modified the basic site distribution which
reduced the quantity of disordered filamentous carbon on catalyst sur-
face without declining the total carbon conversion (COy + CHy4). The
disordered coke was reactive to react with oxidant to form CO or CO,,
which can be readily removed by gasification process. Such speculation
was further corroborated in their works about tuning concentration of
basic site by adjusting Zr/Ce molar ratio for TRM [64]. Similar finding
on the positive impact of basic sites on carbon limitation was reported by
other authors [40,52,65].

Downsizing the active phase of TRM catalysts is another approach to
overcome carbon deposition issues. Recent studies provide both exper-
imental and theoretical analyses to proof the role of low coordinated
surface active sites, i.e. nanoclusters and single atoms in the intrinsic
limitation of the carbon solid formation [33,34,66,67]. Accordingly,
these low coordinated surface sites can take part in binding toward the
intermediates, lowering reaction barriers, changing the reaction
pathway. For example, Akri et al. [67] successfully prepared Ni/HAP-Ce
catalysts with highly active and carbon-resistant sites for DRM (condi-
tions: 750 °C, 1 atm, molar ratio of CH4:CO2:He = 10:10:30, total gas
flowrate =50 mL min~!, GHSV = 60,000 mL h! g{alt). Due to the
atomically dispersed Ni atoms, only first C-H bond in CH4 molecules was
cleavage which prevented the further CH4 dissociation forming carbon
atom based on their DFT calculation. Moreover, the Ce dopant created a
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strong metal-support interaction with HAP support which largely sta-
bilized the Ni single atoms towards agglomeration. These two factors
were responsible for the great 100 h of time-on-stream DRM perfor-
mance with negligible carbon deposit. Similar findings of single-atom Ni
for DRM were also reported by Tang et al. [34] which exhibited a higher
turnover rate of syngas yield and lower apparent activation barrier, most
importantly, the atomic size of Ni only allowed first formed H atoms
(H*) through CHy4 activation, hence no formation of carbon solid was
found. Furthermore, the authors also provided an important mechanistic
aspect on the synergistic effects of the two set of single- atom sites. Ni
single-atom sites promote CHy4 activation, while Ru single-atom sites
enhance CO; activation. The H* atoms generated at Ni single-atom sites
were then combine together to form Hy on Ni single-atom sites.

As a partial conclusion, solid carbon formed by methane decompo-
sition and Boudouard reactions causes catalyst deactivation in TRM.
However, under such oxidative conditions, solid carbon could be
partially or completely gasified to regenerate the catalyst’s active sur-
face. Downsizing the active phase to singly dispersed atoms coupling
with some modifications of the surface properties such as OCS, acido-
basic character, MSI, by using appropriate supports and promoters
could overcome the carbon solid deposition issues.

4.2. Thermal degradation

4.2.1. Active phase sintering

Sintering of heterogeneous catalysts is one of the main factors
resulting in deactivation of catalyst induced by loss of catalytic surface
area due to nucleation of small particles forming larger ones. In general,
the metal particle growth is a result of size-dependent mobility of
crystallites on support and their surface energy reduction which kinet-
ically favors at high temperature. It could be primarily categorized into
three mechanisms: (i) Ostwald ripening (atom migration), where metal
atoms released from one crystallite migrate over the support and are
captured by another crystallite; and (ii) vapor transport between parti-
cles at high temperatures. In fact, sintering is considerably a complex
process and largely influenced by parameters including temperature,
sintering time, chemical environment, catalyst structure, catalyst
composition, and support morphology [50]. Fig. 11 showed an example
of the evolution of Ni particles of a Ni/Al,03 after CO methanation re-
action at 500 °C [68]. Accordingly, the average particle size increased
from 50 nm for the fresh catalyst to 70 nm for the used catalyst. The
authors explained that the sintering in this case was considerably owing
to the agglomeration and migration of Ni nanoparticles.

In TRM conditions, steam could accelerate sintering by producing
portable surface hydroxyl groups that are consequently vaporized at
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higher temperatures. This could be rationally due to the Nis—OH species
formation at Ni particles surface promoting the sintering process
through particle migration. Such speculation has been proven by
Sehested and the co-workers in their study of nickel sintering in steam
reforming under various operating conditions (H2O:Hy = 0.2-10,
T = 483-682 °C, P = 140 bars) [15]. In the simultaneous presence of
H; and H;0, the formation energy of Ni,—OH dimers was reportedly
much lower than that of Ni adatoms based on their experimental results
and density functional theory (DFT) calculations. In particular, as tem-
perature grew, the activation energy and the corresponding sintering
rate were evidently increased, accredited to predominant sintering
process through Ostwald ripening.

As the active phase sintering is highly depending on catalyst
composition, structure and support morphology, the relationship be-
tween the parameters including particle size, surface area and metal-
support interactions has been studied for developing an appropriate
catalyst system in order to address the sintering problem. Generally, a
catalyst with good dispersion of small metal particles on high-surface-
area support undoubtedly governing the catalytic performance but
meanwhile, it has also a higher tendency for metal sintering due to
particle migration [50]. According to the literature [69], the degree of
interaction between active metal particles and support always plays an
important role in the catalytic activity and stability, particular to the
catalyst deactivation induced by sintering and at high temperature. A
stronger metal-support interaction of a catalyst system can largely retain
the metallic phase of hosting metal in association with metal particle
size and subsequently suppresses the side reactions such as combustion
and coke deposition in order to govern the high purity of syngas yield via
TRM. To restrain the mobility of small metal particles at elevated tem-
perature, support with high surface area and great anchor effect towards
loaded metal particles has been developed such as SBA-15. In the
investigation of metal-support interaction among Ni-based catalysts for
TRM in respect of catalytic activity and stability, Kumar et al. [51]
described that the micropore channels of SBA-15 not only created
stronger interaction with NiO species benefiting catalytic activity but
also resulted in a great Ni confinement from preventing sintering. In
their evaluation of 10 h experimental TRM reaction runs over various
Ni-loaded catalysts (Reaction conditions: 800 °C, GHSV = 17,220 mL
h™! g7, molar ratio of CH,:CO2:H30:02:Ny = 1:0.23:0.46:0.07:0.28),
Ni/SBA-15 exhibited an excellent catalytic stability with insignificant
reduction in conversion rates. From the XRD patterns of used Ni/SBA-15
catalysts after long-term TRM runs, no considerable rise in crystallite
size of Ni were discerned compared to their corresponding counterparts,
attributed to the strong confinement effect of SBA-15 supported
catalysts.

Fig. 11. TEM images of a Ni/Al,O3 catalyst before and after CO methanation at 500 °C. Other conditions: 0.2 g catalyst, molar ratio of Hy:CO:N; = 3:1:1, inlet gas
flowrate = 100 mL min~1). Adapted with permission from [68], Copyright 2018 Elsevier.



Singha et al. [44] synthesized nanocrystalline Ni-ZrOs catalysts with
various average Ni particle sizes (between 10-40 nm) for longevity test
of TRM (Reaction conditions: T = 500—-800 °C,
GHSV = 20000-400000 mL h! g7l 0,:CO.:Hy0:CHy:
He = 1:1:2.1:5:18) and reported that the smaller size of Ni particles
enhanced metal-support interaction due to high metal dispersion on
catalyst surface, which led to a superior 100 h-on-stream TRM run (CH4
conversion = 95 % and H,/CO ratio ~2).

By controlling the Ni size at atomic level, Zhang et al. [66], who
investigated the mechanism of DRM, found the effect of electron transfer
between Niy (cluster containing 2 Ni atoms) and the support of
boron-vacancy-containing h-BN sheet. This effect results in a strong MSI,
which in turn, favors strong resistance to sintering and to carbon
deposition. In addition, low temperature operation of reforming process
provided by application of SAC [33,34] is also a good solution for sin-
tering issue, as discussed in the Section 3.1. Operating temperature.

4.2.2. Support sintering

Apart from phase sintering, support sintering is also one of main
factors accounting for catalyst deactivation. In fact, supports sintering
can be resulted from one or more from the following processes, namely:
solid-state diffusion, surface diffusion, condensation/evaporation of
volatile atoms or molecules, phase transformation and grain boundary
diffusion [50]. For instance, Al,Os3 is widely used as a support in cata-
lytic heterogeneous reactions but it encounters phase transformations,
since Al,O3 owns a rich phase behavior as a function of preparation and
temperature. In fact, Al,O3 can exist as y-alumina at 300—450 °C,
S-alumina at around 850 °C, 6-alumina at about 1000 °C, and a-alumina
at around 1125 °C, with respectively cubic defective spinel, ortho-
rhombic, deformed monoclinic spinel, and hexagonal close pack as
crystalline structure [50]. According to Argyle and Bartholomew [50], a
drastic drop in surface area of alumina was reported during the phase
transition from 6-alumina to a-alumina, ascribed to the dense hexagonal
close pack phase formation and the collapse of the micro-structure with
increasing temperature.

Lee et al. prepared various supported Ni catalysts and evaluated their
catalytic performance for the long-term TRM process (reaction condi-
tions: molar ratio of CH4:CO4:N5 = 1:1:1, molar ratio of H,O + O5/CO-
=2, GHSV = 72 000 mL h™! g%, T = 800 °C, P = 1 atm). [70]. The
higher degree of catalyst deactivation (64.9 %) for Ni/y-Al,O3 was re-
ported through 80 h-on-stream of reaction, accredited to the phase
transformation of alumina making the catalyst inactive at high tem-
perature. A similar observation was described by Pant and the
co-workers in their evaluation of Ni-based catalysts prepared at various
supports and calcination temperatures for TRM but the discussion was
controversial with the former reports [51,70]. For the Al,O3 support,
they observed that an increase in calcination temperature led to a higher
extent of NiAl,Oy4 crystallinity, which was responsible for a greater TRM
activity due to the reduction of NiAl;04 produced monodispersed Ni
atoms that highly related to Al;O3 phase, which subsequently activated
reaction intermediate species enhancing the rate of reforming reaction.
Particularly, the CH4 conversion rate was enhanced about 18.1 % as the
calcination temperature for Ni/Al;O3 catalysts increased from 400 to
950 °C. In the study of additive effect (i.e., Ce, Co, and K) on the catalytic
performance of NiMo-C/y-Al,O3 catalyst in TRM, Zou et al. found that
the phase transformation of the alumina support could be induced by
type of additives, which enormously counteracted the positive effect of
additives [71]. In comparison to other additive-doped catalysts, the
K-doped NiMo-C/y-Al203 only exhibited 17.4 % of CH4 conversion with
an insignificant syngas yield (< 10 %) at 850 °C. They assigned this
behavior to the phase transformation from active y-alumina into inactive
0-alumina in the presence of K, resulting in large aggregates of unevenly
dispersed particles and as a result, K-doped NiMo-C/y-Aly03 possessed
the poorest physical properties. However, Zou et al. [71] did not provide
the detailed discussion regarding the correlation between K additive and
the phase transformation of alumina at molecular level.

Apart from the alumina, the adverse effect of phase transformation
for TiOy in reforming reactions was also extensively reported and
studied by other researchers. By characterizing both fresh and spent Ni/
TiO2 and Ni/Mg 25Tip 750 catalysts after TRM reaction (reaction con-
ditions: 1 g of catalyst, 850 °C, 1 bar, molar ratio of CH4:CO2:H0:04
= 1:0.48:0.54:0.1, inlet CH4 flowrate =250 mL min’l), Jiang et al.
corroborated the formation of rutile-TiO, (after reaction) from its
anatase form (before reaction) [72]. Such phenomena led to severe
metal sintering and formation of carbonaceous species, as proven in the
TG analysis and SEM micrographs, due to a drastic decrease in specific
surface area of support and as a result, poorer catalytic activity. In the
investigation of calcination effect of TiOy supported catalysts on their
catalytic behavior, a phase evolution of anatase-TiO5 into rutile-TiO5
was evidently confirmed for Ni/TiO; case with rising calcination tem-
perature. This evolution contributed to the reduction in catalytic activity
of Ni/TiOz and a higher degree of catalyst deactivation during TRM
owing to the dramatic decline in specific surface area [50,51]. In com-
parison with Ni/TiO2 calcined at 400 °C (anatase-TiO3), the Ni/TiO,
calcined at 850 °C (rutile-TiO5) exhibited a considerably inferior rate of
CH4 conversion which was around 24.1 % lower, dropped from
5.81 x 1072 to 4.43 x 10~2 mmol gc’alt s~L. To correlate the TiO, phase
composition and catalytic performance in TRM, Mateos-Pedrero et al.
prepared two types of TiO, with different rutile/anatase compositions as
support for Rh/TiO5 catalysts [73]. They found that the anatase-rich
TiOy supported Rh catalyst exhibited greater CH4 conversion
(increased by around 30 %) and selectivity of Hy (increased by around
15 %) and CO (increased by around 20 %) in comparison with that of
rutile-rich counterpart. This could be accredited to the higher capability
of hosting active metal over anatase-rich TiO; support, which leads to an
enhancement in the degree of reducibility of Rh particles and well
dispersion as well as lower tendency of metal re-oxidation.

Such loss in specific surface area and catalytic reactivity along with a
degradation in mechanical stability due to support sintering at high-
temperature reaction were also found in pristine zirconia support as
reported by Lino et al. [74] in their study of various X-ZrO, addition on
Ni/MgAl,04 for TRM (reaction conditions: 750 °C, 1 bar, molar ratio of
CH4:CO2:H0:05:No = 3:1:1.4:0.5:2, inlet CHy4 flowrate = 51.5 N mL
min~!, TOS =6 h). This drawback could be counteracted by introducing
promoter on the catalyst surface, which not only facilitated the disper-
sion hosting active metal providing more active sites for surface reaction
but also effectively suppressing carbon deposition resulted from
strengthened basicity strength.

Apart from phase transformation, material vaporization would also
cause a damage towards support structure and resulted in sintering such
as silica. At a steam-enriched environment with high temperature, like
in TRV, silica support reportedly underwent silica vaporization [31].
The post-reaction characterizations including SEM and FTIR confirmed
the structural integrity of Ni@SiO, after TRM reaction as the
core-shelled Ni coating and the characteristic bands attributed to
Ni@SiO, were largely preserved. TRM reaction requires high reaction
temperatures (700—900 °C) which can cause the thermal sintering of
both the active phase and the support. A thermal pretreatment of the
support before the catalyst preparation can be useful to stabilize catalyst
structure, as previously demonstrated by Régo de Vasconcelos et al. for
DRM process [75].

4.3. Solid-solid or vapor-solid reactions

4.3.1. Active phase losses by dissolution with support

As discussed in the previous section, interaction between hosting
metal and support (i.e., Al,O3, MgO, TiO) can form inactive solid so-
lutions or composite materials during catalyst preparation and utiliza-
tion which leads to loss of active phase for TRM reaction [6,51,72]. As
the first research group investigated TRM process, Song and Pan found
that NiO/MgO solid solution was easily to form on Ni/MgO catalyst,
regardless of the calcination temperature [6]. They assigned this



observation to the similar ironic radii of both Mg and Ni cations and as a
result, they are easily to form a significant solid solution. In the presence
of NiO/MgO solid solution, the degree of reducibility for Ni/MgO
catalyst was substantially lower due to the increased energy barrier of
NiO reduction to metallic Ni particles. As a result, the low Ni dispersion
associated with the formation of NiO/MgO solid solution could
adversely influence the TRM activity. Such observation is also supported
by findings of Kumar et al. [51] in their TRM assessment over Ni/TiOy
catalysts that calcined at different temperature. The formation of NiTiO3
was significantly noticed at the elevated calcination temperature of
Ni/TiO; preparation. They found that the NiO particles required higher
temperature to complete the reduction process in the existence of
NiTiO3 and as a result, a relatively lower Ni reducibility and poorer Ni
dispersion were obtained. The subsequent adverse effect was reflected
on its catalytic performance in terms of conversion rate of methane due
to loss of Ni active phase. Interestingly, Jiang et al. discovered that the
formation of NiO/MgO solid solution could be enormously obstructed by
introducing Ti into the NiO-MgO system and subsequently improved the
reducibility [72]. An appropriate quantity of Ti addition into NiO/MgO
catalyst reportedly contributed to create a moderate metal-support
interaction, which was responsible for improvement in both degrees of
reducibility and catalytic stability.

4.3.2. Re-oxidation of the active phase

The number of active sites for activated metallic phase is always the
key element determining the corresponding catalysis activity in catalytic
heterogeneous reactions. At a highly oxidative environment such as
TRM, loss of active sites due to re-oxidation forming inactive metal
oxides could occur and causing undesired deactivation although the
excessive oxidizing agents (i.e., Oz, CO2 and Hy0) effectively promote
carbon elimination and catalytic activity [48]. In order to fundamentally
understand the re-oxidation process of metallic phase to metal oxides, a
study of thermal distribution along the catalyst bed (Ni/y-Aly03) for
TRM was conducted by Jiang et al. [48] (reaction conditions: 1 g of
catalyst, 950 °C, atmospheric pressure, molar ratio of CH4:CO2:H50:
09 = 50:12.5:12.5:25 mol%, WHSV = 10,000 h’l, TOS = 10 h). Based
on the disparity of temperature distribution along the reactor and
consideration of multiple reactions involved, they categorized the whole
reactor length into three zones, namely, oxygen adequate zone (where
complete oxidation of methane was predominant), oxygen inadequate
zone (where methane reforming processes were dominant) and oxygen
absent zone (where oxygen was absent) as shown in Fig. 12. Throughout
the transition of zones, they reported the corresponding transformation
of Ni oxidation state, where Ni2* in oxygen adequate zone could evolve

to a mixture of Ni>* and Ni°® in oxygen inadequate zone, and eventually
to Ni° in oxygen absent zone. This indicates the concentration level of
oxygen was the decisive factor to the re-oxidation degree.

In order to overcome the abovementioned issue, Jiang al. [76] syn-
thesized the Pt modified Ni/MgO catalysts and examined their resist-
ibility towards re-oxidation for TRM reaction. From their findings, the Pt
addition was able to preserve the metallic Ni° phase due to the formation
of Ni-Pt alloy on catalyst surface and hence, resist the re-oxidation. In
the presence of Ni-Pt alloy, they also surprisingly found that the TRM
reaction zone was divided into two zones, namely, auto-thermal
reforming zone and oxygen absent zone, which was different from
that over Ni/Al,Os. In both zones, the Ni-Pt alloy was actively activated
in metallic form and none of the corresponding metal oxides were
observed during TRM. Such a beneficial effect of second metal addition
on inhibition of re-oxidation is also justified by Jiang et al. [72] in their
research work about Ni/MgyTi;.xO catalyst for catalytic stability of
TRM. They found that re-oxidation of Ni° is the main reason accounting
for decrease in both CH4 conversion (from 93 % to 83 %) and CO,
conversion (from 82 % to 72 %) in 6 h-on-stream TRM reaction over
Ni/MgO catalyst. However, with the addition of TiOs, the Ni/MgyTi; xO
catalyst exhibited a consistent CH4 conversion and CO5 conversion
around 98 % and 80 %, respectively which lasted for 50 h-on-stream
TRM activity. Similar observation for Ni/MgO catalyst is reported by
Song et al. [6].

Kumar et al. [51,52] observed the re-oxidation with Ni/MgO,
Ni/TiOg, Ni/SBA-15, Ni/Al,O3 catalysts during TRM. Solov’ev et al.
[45] reported that NiO/Al,Os3 catalyst achieved almost 100 % of CHy4
conversion during DRM and SRM but it only exhibited 15 % of CHy4
conversion during TRM rationally due to the re-oxidation of Ni. Pino
et al. [40] also observed the -catalytic deactivation of
Ceo.25Lag 50Nip 25025 catalyst resulted from the re-oxidation of Ni. The
authors assigned this behaviour to the excessive oxygen that not
involved in the interactions of vacancies presenting in catalyst surface,
which oxidizes both the carbon deposits and the dispersed Ni particles
on catalysts surface which owns a weak metal-support interaction. Kim
et al. [77] inspected the effect of various (CO3 + H20 + O3) to methane
(O/M) feed compositions on catalytic performance of NiCe/SiOs
multi-yolk-shell nanotube catalyst in TRM. They found that the catalyst
exhibited an outstanding carbon resilience under reducing conditions
(O/M < 1) whilst re-oxidation of active metallic Ni° to Ni®* tends to
occur under oxidizing conditions (O/M > 1). In addition, employment of
that ZrO, and mixed oxides of CeOy-ZrO, as the support reportedly
could overcome the re-oxidation of metallic Ni form, accredited to the
oxophilic and redox property [52]. A strong interaction between
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primary metal and secondary metal is also beneficial to the suppression
on the re-oxidation of metal in TRM. Kumar et al. [78] synthesized Zn
promoted Ni/Mg-Al mixed oxide for of TRM, the catalyst showed a
remarkable TRM activity with 20.12 X 102 mmol g{alt s of CHy4
conversion rate, 5.56 x 10”2 mmol gc_alt s~! of CO, conversion rate and
9.14 x 102 mmol g{alt s~ ! of H,0 conversion rate. This was attributed to
the excellent electronic and geometric effects of Zn, which facilitated
electron transfer from Zn to Ni creating a strong interaction to promote
the CH4 activation. In addition, the geometric isolation of active Ni sites
owing to the existence of Zn caused the hindrance of coke formation,
thus prolonged the catalyst lifespan.

High temperatures and oxidizing atmosphere of TRM can provoke
chemical modification of the catalyst during the reaction, including the
re-oxidation and the dissolution of the active phase with the support. If
the oxidized metal can be reactivated by hydrogen reduction, the
dissolution of the active phase generally causes the irreversible catalyst
deactivation. This can be limited by using an appropriate additive agent
as demonstrated by Jiang et al. [72].

4.4. Catalyst poisoning

In methane reforming processes, catalyst poisoning due to the strong
chemisorption of impurities on active sites of catalyst is unpreventable
as the methane source (i.e., biogas and natural gas) typically contains a
minor amount of HyS [79]. According to literature [50,80], the
adsorption of H,S molecules on metal surface would lead to surface
coverage and subsequently dissociates through the formation of a bulk
sulfide phase. The formation of sulfur-containing compounds on the
metal surface inhibits the accessibility of reactants to the active sites of
metal particles and thus, suppression on the surface reaction. In the
investigation of catalyst poisoning caused by gas impurities (i.e., HaS
and NHj) for biogas reforming process over Ni-Rh/MgAl;04 catalyst
(reaction conditions: 20 mg of catalyst, inlet gas flowrate = 100 mL
min~!, 9.5 mL min~! of Ny, 7.5 ppm of HyS, molar ratio of
05/CHy4 = 0.375, molar ratio of O/C = 3, balanced with Ar), Yin et al.
[81] reported that the rapid catalyst deactivation due to the blockage of
reforming and oxidation sites was observed in the presence of gas im-
purities. In addition, the removal of gas impurities, particularly HoS gas
from the reactant feeds, did not result in the restoration of reaction
activity. This speculation is supplemented by their EDS analyses for
spent catalysts after tested with various amounts of H,S gas in reactant
feeds, which revealed that the increase in sulfur deposition on Ni par-
ticles was directly related to the growing HsS concentration.

Kantserova et al. [80] scrutinised the -catalytic activity of
Ni-containing composites (i.e., Ni-Cu-CeOg, Pd-Ni, and Pt-Ni) and their
resistance to sulfur poisoning for TRM (reaction conditions: 800 °C,
1 bar, molar ratio of CH4:CO2:H30:02:Ar = 4:6:5:0.5:84.5, inlet gas
flowrate =90 mL min !, 3500 ppm H,S). The Ni-Cu-CeO, catalyst per-
formed a low resistance to sulfur poisoning as it was promptly lost up to
42 % of CHy4 conversion after 70 min of reaction run. Conversely, Pd-Ni
and Pt-Ni catalysts demonstrated the greatest resistance to the poisoning
effect of HyS, in particular the CH4 conversion only dropped by 15 %
after 2 h of reaction duration although the clogging of active sites by
surface sulfur-containing compounds was evidenced. The authors
concluded that the catalyst resistance to HyS poisoning increased as the
corrosion resistance order of the metal active components for the com-
posites in the air where saturated with water vapor containing a trace of
hydrogen sulfide: Cu, Ni < Pt < Pd. Regarding the regeneration, the
authors suggested that a double treatment (HO oxidation over 10 h,
followed by Hj reduction at 800 °C) and increasing time for the regen-
eration could be the promising solution for restoring the initial activity
of the Pd-Ni catalyst [80].

Since the study of HyS concentration on TRM is still vague, we can
refer to the relevant works on DRM and SRM as the TRM involves these
two reforming processes in the system. In order to assess the poisoning
effect of HaS concentration on catalysis activity, Chattanathan et al.

conducted DRM as a function of temperature under various HoS contents
[82]. The work found that a minor amount of HyS (0.5 mol%) intro-
duction could lead to about 20 % decline in both CH4 and CO, con-
versions compared to their initial catalytic activity (65 % of CHy
conversion and 85 % of CO, conversion) in the absence of H,S. Addi-
tionally, they reported that there was no obvious difference in surface
morphology between the fresh and used catalysts before the introduc-
tion of HyS. However, the agglomeration of sulfur crystals was clearly
observed for the spent catalyst after HpS introduction during reaction.
An analogous finding was also stated by Appari et al. in their study about
the regeneration and deactivation of Ni catalyst during biogas steam
reforming at various temperature and HyS concentration [83]. They
reported that the deactivation rate was independent of temperature at
high HS content (50 and 100 ppm), suggesting the catalyst deactivation
was completely attributed to the sulfur deposition. Apart from that, the
catalytic activity of sulfur deposited catalyst could be partially recov-
ered up to 32 % of CH,4 conversion at high temperature by removing HoS
gas from the feedstock. Izquierdo et al. [83] studied the different
regeneration methods, namely, self-regeneration and low-temperature
oxidative regeneration for sulfur poisoned catalysts in TRM. Similar to
other reported TRM works, all catalysts were rapidly deactivated in the
presence of HyS during TRM process. Results of regeneration processes
showed that the restoration of catalytic activity for Ni/Ce-Zr-Al,03 and
Ni/Ce-Al»03 catalysts could be completely recovered, which was com-
parable to their initial activity before sulfur poisoning. However, a small
amount of sulfur was still evidently identified on the surface of regen-
erated catalysts by the XPS measurement after regeneration processes.

5. Conclusions and outlook

In the quest for commercializing and implementing TRM in the in-
dustrial syngas production, it is essential to develop an excellent catalyst
system in terms of catalytic performance and stability. In the TRM sys-
tem, the highly endothermic nature of SRM and DRM resulting in high
energy requirement can be compensated by the co-existing exothermic
total or partial oxidation of methane. To date, theoretical and experi-
mental studies reported in the literature reveal that the efficiency of
TRM process strongly depends on the operating conditions. Accordingly,
TRM reaction is favored by high temperature, but disfavored by high
pressure and high GHSV. Feed composition determines the TRM per-
formance as it strongly affects the individual SRM, DRM and POM re-
actions, and in turn, determines the compositions of syngas produced.

In comparison with other methane reforming processes, the
encountered technical difficulties for implementing TRM reaction are
more challenging as its catalyst deactivation is not only caused by
carbonaceous deposition. Factually, in TRM reaction, catalyst deacti-
vation due to coke deposition, thermal degradation, vapor-solid re-
actions and poisoning of gas impurities seems to be inevitable. As a
result, studies in association with excellent resistance and regenerability
to overcome abovementioned problems have been extensively con-
ducted for catalyst development by utilizing various metals groups and
supports. The employment of appropriate metals or supports possessing
unique catalyst structure, and redox or basic characteristics contributes
to avoid the deterioration of catalyst system mainly induced by sintering
and the deposition of carbonaceous species or gas impurities. Specified
groups of metals with great basicity strength can contribute to maintain
a balance between formation and oxidation of carbonaceous species,
hence resulting in an excellent and prolonged catalytic performance.
Using appropriate catalyst synthesis approaches, different extents of
metal-support interaction or surface configuration can be created for
solving catalyst deactivation through enhanced resistance to metal sin-
tering. The formation of oxygen vacancy sites is closely related to the
capability of support releasing and storing oxygen atoms under
reducing-oxidizing cycles. These defects act as active sites to dissociate
the oxidizing agents and provide O species to carbon removal process.
Nevertheless, bibliographic information regarding the TRM is still vague



in research works. In order to efficiently design a carbon-resistant and
sintering-resistant catalyst system, the study of advanced strategies for
catalyst synthesis in association with physicochemical attributes (i.e.,
the dispersion of metal particles, and degree of metal-support interac-
tion) is crucial. Additionally, studies about mechanism-derived kinetic
modelling are important for catalyst and reactor design as well as pro-
cess optimization. In this regard, the future works are expectedly tackled
the issue of kinetic study and advanced strategies for catalyst synthesis
approaches to further improve the catalytic stability and performance in
TRM process for realizing its application in industrial realm.
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