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Depletion of non-renewable energy sources such as coal and natural gas is paving the way
to generate alternative energy sources. Hydrogen, a very promising alternative energy has
the highest energy density (143 MJ/kg) compared to any known fuel and it has zero air
pollution due to the formation of water as the only by-product after combustion. Currently,
95% of hydrogen is produced from non-renewable sources. Hydrogen production from
renewable sources is considered a promising route for development of sustainable energy
production. Steam reforming of renewable sources such as methanol, ethanol and glycerol
is a promising route to hydrogen production. This review covers steam reforming of these
three alcohols using Ni-based catalysts with different supports. Chemistry of the steam
reforming reactions is discussed. Hydrogen yield depends on operating conditions, the
nature of active metal and the catalyst support. Supports play an important role in terms of
hydrogen selectivity and catalyst stability because of their basic characteristics and redox
properties. Synthesis of suitable catalysts that can suppress coke formation during
reforming is suggested.
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Introduction

Increase of worldwide demand on energy and environmental
issues are the major concerns of today, in the 21st century [1].
Currently, non-renewable materials such as fossil fuels are
the main energy sources. Depletion of fossil fuels and envi-
ronmental pollution are now triggering attention generating
emission-free alternative energy sources. Hydrogen is
considered as one of the clean and green energy sources as it
produces only water after combustion. Hydrogen has an en-
ergy density of 143 MJ/kg, that is three times greater than any
liquid hydrocarbon-based fuels [2]. At present, 95% of
hydrogen is produced from non-renewable resources such as
natural gas and other fossil fuels [3]. Hydrogen production
from renewable energy sources is an alternative strategy to
overcome the environmental problems.

Some of the major concerns for the use of H, as a fuel are
its storage and transportation. The use of metal hydrides is a
convenient way to store hydrogen; however, the capacity is
not enough due to the availability of a material capable of
minimizing diffusion and leakage of hydrogen during
handling [4]. Thus, on-site production of H, is an excellent
strategy to avoid its storage problems. There is some appli-
cation of hydrogen in many fields. Hydrogen has been used by
many rocket engines developers around the world. Those are
RL10 (Aerojet Rocketdyne- USA), LE-5 (Mitsubishi Japan),
HM7B (Snecma- France), YF-73 (CALT- China), KVD-1 (Russia),
CE-20 (HAL- India) [5]. There are lot of advantage to use
hydrogen as aviation fuel. It eliminates most of the green-
house gas (GHG) emissions including carbon-based emissions,
soot and sulphur oxides [6]. Hydrogen is used in the refining
industry as a petrochemical for hydrocracking and desul-
phurization. In the chemical industry, it is used for ammonia
production and fertilizer for agriculture. It has many other
applications such as metal production and fabrication,
methanol production, food processing and electronic sectors.

Several methods have been developed to produce
hydrogen such as water electrolysis, hydrocarbon reforming,
photocatalysis and biotechnology [7—9]. Among different
methods, catalytic steam reforming of gas, hydrocarbons
and alcohols is a promising technology to produce highly
purified hydrogen [10—13]. Industrially, methane is used as
the main fuel for hydrogen production and other hydrogen
carriers may be used for the reaction [14]. The worldwide
production of hydrogen comprises mainly 48% hydrogen that
is obtained through steam reforming of methane (SRM),
while 30% is produced from reforming of naphtha/oil, 18%
from coal gasification and 3.9% only from electrolysis [15].
The main drawback of methane steam reforming is that it
requires high temperature (800—1000 °C) compared to alco-
hols [16]. Further, CH, is also a non-renewable source. For
commercialization of PEMFC, a stable supply of hydrogen is
needed. The fuel cell with proton exchange membranes
(PEMFC) is one of the most promising systems to generate
electricity from hydrogen [17]. PEMFCs are zero-pollutants
emission system due to the electrochemical reaction be-
tween hydrogen and oxygen and the chemical energy is
transferred into clean electrical power [18,19]. The major
drawback of PEMFC is that it requires high purity hydrogen

because the anodic Pt-based catalyst can tolerate only less
than 10 ppm of CO [20]. So, the development of hydrogen
production technology from alternative and renewable en-
ergy sources has been considered as a very important strat-
egy in recent years [21]. Catalytic steam reforming of
renewable alcohols (methanol, ethanol and glycerol) is one of
the most promising routes to produce hydrogen for a fuel cell
to generate electricity [22]. Methanol is considered as a
renewable alcohol as it is produced from renewable sources.
It reduces the intensity of fossil fuel as the main feed of
methanol plant and reduces CO,emission. Methanol can be
produced from carbon dioxide and hydrogen that can be
obtained from electrolysis and employing renewable sources
[23]. Methanol formation by CO, hydrogenation reaction is
shown below:

3H; + CO, < CH30H + H,0

Like methanol, ethanol can be synthesized from renewable
resources. In recent years, ethanol is produced from agricul-
tural feedstocks such as corn or sugarcane in the US or Brazil
[24]. Ethanol can also be produced from biomass generated
from lignocellulosic feedstock. It has clear advantage such as
broad availability and low cost of the feedstock.

Glycerol is a main byproduct from biodiesel industry. Bio-
diesel is produced from vegetable oil (renewable source) and
alcohol via transesterification reaction. As biodiesel is pro-
duced from renewable source, glycerol is considered as
renewable alcohol because it also comes from renewable
source.

Methanol has several advantages in the reforming process.
It is the simplest alcohol as it contains one carbon atom. Due
to the presence of one carbon atom in methanol, it can easily
react with steam at low reaction temperature [25].

Methanol is a liquid at room temperature and biodegrad-
able, although it is toxic. It has high hydrogen to carbon ratio
[26—28]. Methanol steam reforming (MSR) (Eq. (1)) generally
occurs at low temperature (200—300 °C) [14] and the reaction
proceeds through multiple steps as shown below. Two side
reactions are commonly considered: methanol decomposition
(Eg. (2)) and water gas shift reaction (Eq. (3)) [29,30]:

CH3OH + Hzo « C02 + 3H2 AnggK = -4 k}/mol (1)

CH3;0H < CO + 2H, AGoggx = +25 kJ/mol (2)

CO + H,0 < CO, + H, AGoogx = —28.606 kJ/mol (3)

Another feedstock that can be used for hydrogen produc-
tion, via the steam reforming process, is ethanol. Ethanol has
several advantages due to its higher hydrogen content,
availability, non-toxicity, handling (it is a liquid at room
temperature) and safety issues [31,32]. As in MSR, ethanol
steam reforming (ESR) is an endothermic reaction. CO, and H,
are produced during the main reaction (Eq. (4)). Other carbon-
containing products such as CHy, CO, CH3CHO and C,H, are
also formed during the ESR reactions [33—37]. Side reactions
such as dehydrogenation (Eg. (5)), decomposition (Eq. (6)) and
dehydration (Eq. (7)) of ethanol take place in parallel with the
main reaction. The formation of CH3CHO is basically due to
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dehydrogenation of ethanol. C,H, is produced through
ethanol dehydration and CH, is formed due to ethanol
decomposition. While coke formation arises due to ethanol
dehydration, ethanol dehydrogenation favors hydrogen pro-
duction [37]. CO reacts with water through a water-gas shift
reaction to produce H; (Eq. (3)).

C,HsOH + 3H,0 — 2CO, + 6H, AGoggg = + 64 k]/mol (4)

CQHsoH > CH3CHO + H2 AnggK =+ 39.6 k]/mol (5)

CszOH > CH4 + CO + H2 AG298K =-20 k}/mol (6)

C,HsOH  C,Hj; + H,0 AGgosx = +8.4 kJ/mol 7)

Steam reforming of glycerol is also carried out at higher
temperature as in the case of EtOH. One of the attractive
reasons for using glycerol stems from its availability. 100 kg of
glycerol is produced per ton of biodiesel production via
transesterification (Scheme 1) of edible or non-edible oil
[38,39].

Anincrease in worldwide production of biodiesel has led to
an increase in production of crude glycerol [40]. However, the
cost of production of biodiesel is quite high. To minimize the
cost on production the by-product glycerol has become quite
important for production of valuable products such as
hydrogen via steam reforming. Glycerol steam reforming
(GSR) is relatively a new method to produce hydrogen [39]. GSR
is an endothermic reaction (Eq. (8)). There are several side
reactions such as glycerol decomposition (Eq. (9)), steam
reforming of methane (Eq. (10)) and water gas shift reaction
(Eq. (3)) that always occur along with the main reaction [41].

C3HgO3 + 3H,0 < 3CO; + 7Hy  AGgoegk = —49.51 kJ/mol  (8)

C3HgO3 < 3CO + 4H, AGoogx = +37.49 k]/mol (9)

CH, + 2H,0 © CO, + 4H, AGesx = +113.298 kJ/mol(10)

Carbon formation during steam reforming process is the
main issue on catalyst deactivation. Ethylene polymerization
(Eg. (11)), ‘Boudouard’ reaction (Eq. (12)) and methane
decomposition (Eq. (13)) [42—44] are responsible for coke
formation.

C,Hy — Polymers — Coke (11)
CH, < 2H, + C AGgegx = +51 kJ/mol (13)

The standard Gibbs free energy changes were taken from a
book [45].

Different catalysts based on noble (Rh, Ru, Pt, Pd) and non-
noble (Ni, Cu) metals have been used for steam reforming of
alcohols. Among them, Ni catalyst has shown promising ac-
tivity to facilitate the C-C bond cleavage in reforming re-
actions [46—48]. It is quite cheap and used industrially but
suffer deactivation in long term operations due to coke for-
mation [49]. However, the addition of Ce and Pr oxides to Ni
catalyst system can diminish the coke formation [50,51]. This
review focuses on the development of Ni-based catalysts for
steam reforming of three alcohols: methanol, ethanol and
glycerol. The performance of the catalysts for each alcohol is
described in the sections below. The catalyst for other
reforming reactions such as partial oxidation, dry reforming
and autothermal reforming processes are not considered in
this review.

Methanol steam reforming

Many researchers have investigated Ni-based catalysts activ-
ity based on different parameters such as preparation, addi-
tion of promoters and calcination and reduction temperatures
of the catalysts.

Ni-based catalysts

The activity of nickel-based catalysts depends on its physical
properties. High surface area with adequate nickel dispersion
along with small particle size are the key factors for the syn-
thesis of highly active catalysts. The physical properties of
different catalysts reported in literature are shown in Table 1.

Table 1 shows different Ni based catalysts with different
supports prepared for methanol steam reforming reactions.
Abrokwah et al. [22] synthesized Ni-MCM-41 catalyst by one-
pot hydrothermal method. The catalyst exhibit type-IV

R1-COO——CH2 R1-COO——CH3 HO—CH2
R2-COO——CH + 3CH30H : R2-COO———CH3 + HO—CH
R3-COO——CH2 R3-COO——CH3 HO——CH2
Triglyceride Methanol Methyl esters Glycerol

with R1, R2, R3 = hydrocarbon chains from 15 to 21 carbon atoms

Scheme 1 — Transesterification reaction for production of biodiesel.
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Table 1 — Physical properties of different Ni-catalysts reported in literature.

Catalyst Preparation method Sger (M%/g) Pore size (nm) Pore Volume (cm®/g) Reference
Ni-MCM-41 OPHM 824.6 3.8 0.84 [22]
Ni/Ce0,-Mg0-Al,0; IMP 78 7.0 0.19 [49]
NiSn/Ce0,-Mg0-Al,03 IMP 75 6.9 0.18 [49]
Ni/Ce0,-Mg0O-Al,03 PM 75 6.4 0.16 [49]
NiSn/Ce0,-Mg0-Al,03 PM 86 6.4 0.18 [49]
Cu-Ni/DND IMP 230 25 = [52]
CuNiZnAl COP 93 17 = [53]
CuNiAl COP 113 10 - [53]
v-ALO; = 223.9 5.4 0.30 [54]
10Ni/AL,05 IWMP 162.1 6.1 0.25 [54]
10La-5Ni/Al,05 IWMP 132.0 7.0 0.23 [54]
10La-7.5Ni/Al,0; IWMP 122.2 6.7 0.20 [54]
10La-10Ni/Al,05 IWMP 114.3 7.0 0.19 [54]
10La-12.5Ni/Al,0; IWMP 111.9 7.3 0.20 [54]
10La-10Ni/Si0, IWMP 227.3 13.6 0.74 [54]
10La-10Ni/MgO TWMP 11.9 29.4 0.09 [54]
MoC ICM 10.2 = = [55]
NiMoC ICM 19.3 - - [55]
Cu-Ni/TiO, IMP 98.2 22.41 0.59 [56]
10Ni-TiO, FOS 309.8 3.32 0.203 [57]
NiAl CoP 201.6 5.08 0.48 [58]
NiAl-Au COP 195.0 3.95 0.41 [58]
NiAl-Rh CoP 213.2 3.72 0.38 [58]
NiAl-Ir CoP 215.8 3.72 0.39 [58]
Nijo-Al IMP 84 53 0.73 [59]
Ni,Cus-Al IMP 78 58 0.77 [59]
NisCus-Al IMP 82 55 0.71 [59]
Ni;Cu;-Al IMP 78 58 0.78 [59]

OPHM: One-pot hydrothermal method, IMP: Impregnation method, IWMP: Incipient Wet impregnation method, COP: Co-precipitation method,
ICM: In-situ carburization method, FOS: Facile onestep synthesis, PM: Polyol method.

hysteresis loop in BET studies. The monolayer of N,-adsorbate
was found in the range of relative pressure (P/Py) 0—0.2. The
range between 0.2 and 0.4 is attributed to the capillary
condensation of N, in the MCM-41 framework. The steepness
of the step (P/Po = 0.2—0.4) suggested that narrow ordered pore
size distribution of MCM-41 framework. After addition of
metal, the steepness of the BET isotherm curve decreased.
This suggests some loss of ordered structure.

Bobadilla et al. [49] prepared Ni based catalysts, such as
NizSn intermetallic compound, by polyol and impregnation
methods. All catalysts exhibit type IV nitrogen adsorption-
desorption isotherms with Hs-type hysteresis loop (Fig. 1).
The surface area increases for the polyol method. However,
catalyst surface area slightly decreases upon addition of Sn
during the impregnation method. They also reported that both
methods were successful to produce nanoparticles although
the formation of the spinel structure after metal impregnation
depends on the calcination temperature. Nanoparticles pro-
duced by polyol method were very sensitive to the tempera-
ture of thermal treatment. The Hj type loop corresponds to
pore system formed by a complex structure of interconnected
pores with different shapes and sizes. Surface area decreased
with addition of Sn. So, the total volume decreased and pore
size slightly increased.

Lytkina et al. [52] prepared Cu-Ni/DND (detonation nano-
diamonds) catalyst by an impregnation method. The specific
surface area was determined based on dispersion of the car-
bon support. Average particle size obtained from BET analysis
is essentially equal to average carbon size particles. The

specific surface area was determined based on dispersion
degree of the carbon support. Average particle size, mainly the
carbon particle size, was obtained using the BET method.

Nibased layer double hydroxides were synthesized by a co-
precipitation method [53]. The surface area decreases after
addition of zinc. They reported that the addition of nickel may
develop mesoporous structures which provide a large surface
area. The pore size was increased due to incorporation of Zn
by co-precipitation method. So, the surface area increased.

Ni based catalysts with different supports (Al,03, MgO and
Si0,) were also used for methanol steam reforming studies
[54]. Incipient wet-impregnation method was used to syn-
thesize the catalysts. Incorporation of La in the catalysts
decreased the specific surface area of Ni/Al,03 catalyst. This
indicates that La entered into mesoporous channels and
blocked some of the pores. The surface area decreases
continuously with an increase of Ni loading. The adsorption-
desorption curves for catalysts (Al,03, 10Ni/Al,05, 10La-10Ni/
Al,03) were broad and nearly horizontal despite narrow pore
size distribution centered at 3.3 nm, 3.8 nm (Fig. 2 (inset)),
respectively. The results suggest that the materials contained
mesopores with an inter-communicating porous network.
Due to addition of La by incipient wet-impregnation method,
the pore size shifted from 3.3 nm to 3.8 nm and they blocked
some pores.

Ni on molybdenum carbide, shown in Table 1, was pre-
pared by an in-situ carburization method [55]. The surface
area increases approximately two times after incorporation of
Ni. This increment might suggest lower reduction potential of
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Fig. 1 — BET nitrogen adsorption/desorption isothermal plots of polyol-based catalysts (A) and impregnated catalysts (B). The
inset shows the mesoporous particle size distribution plot obtained using BJH method. Reprinted with permission from Ref. [49].

MoO; after addition of Ni. The particle size from BET tech-
nique was determined by the mobility of the metal ions. The
mobility was limited by low reduction temperature, which
leads to smaller particle size and higher surface area.
Impregnation method was also utilized to prepare Cu-Ni/
TiO, catalyst [56]. The catalyst exhibits BET hysteresis loop
between the relative pressure (P/Po) 0.4 to 0.9 and suggests that
capillary condensation occurs in the mesopores. They
observed a noticeable hysteresis loop, similar to type-IV, at
high relative pressure. All catalysts generally showed H1
(uniform size and shape) type hysteresis loops and correspond
to slit-like pores. The specific surface area and total pore

volume decreased due to addition of Ni. However, the pore
size increased. These results suggested that the smaller pores
were blocked first, which increased the average pore size.
Deshmane et al. [S57] prepared Ni on mesoporous TiO,
catalyst by facile one step synthesis method. They observed a
hysteresis loop associated with the BET isotherm that can be
attributed to capillary condensation. The BET analysis sug-
gests that a mesoporous structure is present in the catalyst.
This result is quite similar to that observed by Tahay et al. [56];
H2 type hysteresis loop was observed for TiO,. However, after
Ni incorporation, the hysteresis loop changed from H2 to H4.
This reflected the significant change in the textural properties.
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permission from Ref. [54].

Depending on metal ions, the pore size and pore volume
varied.

Another mesoporous structure such as Ni-M-Al (M = Au,
Rh and Ir) layer double hydroxides (LDH) catalysts were syn-
thesized by a co-precipitation technique [58]. All the catalysts
have high surface area. Smaller pore diameter and volume
were obtained after incorporation of M** into the NiAl-LDH
framework. Smaller pore diameter and pore volume were
obtained after addition of noble metals. Similarly, Nijo-Al
catalyst and that modified with Cu were prepared by an
impregnation procedure [59]. All the catalysts have type-IV
isotherms with hysteresis loop, indicating the formation of
mesoporous materials like Ni-M-Al catalysts [58]. The BET
plots reveals negligible pore volumes and BJH results suggest
that all the catalysts have an average pore diameter of 55 nm.
The lower surface area and pore volume were obtained due to
metal incorporation [59]. Incorporation of Ni/Cu might block
the Al,O5 pores during impregnation method.

Activity of different nickel-based catalysts for methanol
steam reforming

In this section, the activity of the different nickel-based cat-
alysts is discussed. A summary of the activity of the catalysts
is shown in Table 2.

Liu et al. [60] obtained 100% methanol conversion over Ni/
CeO, catalyst at 400 °C. The oxygen vacancy created on ceria
surface helps water dissociation and metal support interac-
tion which facilitated the transfer of oxygen between ceria
and Ni. This oxygen might be helpful for oxidation reaction
and responsible for high methanol conversion and selectivity

to H, at high temperature. They proposed a methanol steam
reforming reaction mechanism as shown below. They sug-
gested that the reactions occurred over the Ni sites or at the
Ni-ceria interface:

HCOO-(a) —H(a) + CO, (g), or HCOO- + O (lattice) — CO%
+ H (a) — CO; (g) + O (lattice) + % H, (g) (14)

A small amount of methoxy species (CH;0) is formed and
facilitated the undesired reactions.

CH50(a) —CO (a) + 3H (a) — C%NisC + 3/2 H, (g) (15)

CY%NisC + 20 (lattice)/OH — CO, + Ni° + H, (g) (16)

It was reported that Ni is the only metal that is involved in
the above reactions. Metal support interactions played an
important role to complete the reaction cycle. The H,/CO ratio
increased with the increase of Ni content initially. However, it
decreased at higher Ni loading. It reflects that more Ni content
decreases the catalyst activity and lowers H, production. The
Ni content more than 5 wt% favors decomposition reaction
more than steam reforming and the reverse water gas shift
reaction.

Bimetallic catalyst such as Cu-Ni/Al,0; with different
compositions were also tested for methanol steam reforming
by Khzouz et al. [61]. The reactions were carried out in the
temperature range of 225—-325 °C with steam/carbon ratio of
1.7 and liquid hourly space velocity of 0.77 h~%. They obtained
maximum methanol conversion at 325 °C. Methanol conver-
sion decreases from 94% to 90% with the increase of
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Table 2 — Ni-based catalyst activity for methanol steam reforming.

Catalyst Xcuson (%) Temperature (°C) Sy, (%)/H; yield Sco (%)/CO yield Sco, (%)/CO; yield H,/CO Reference
Ni/CeO, 100 400 = = 99 - [60]
5Ni-5Cu/Al,03 98.5 325 2.2 0.6 0.35 3.67 [61]
3Ni-7Cu/Al, 05 97 325 1.8 0.65 0.3 2.77 [61]
7Ni-3Cu/Al,04 98.5 325 2.0 0.7 0.2 2.86 [61]
2Ni5ZnAl 95 500 = 4 = = [62]
2NiAl 10 500 = 30 = — [62]
4Nil0ZnAl 97 500 - 6 - - [62]
4NiAl 30 500 = 29 = = [62]
8Ni20ZnAl 100 500 - 2.5 = = [62]
8NiAl 60 500 = 40 = — [62]
NiAl 16.1 340 73.4 6.4 20.2 11.47 [58]
Nial 35.0 380 73.6 46 21.8 16 58]
NiAl-Au 27.1 280 66.1 28.9 5 2.29 [58]
NiAl-Au 82.9 340 60.5 29 5 2.09 [58]
NiAl-Au 99.4 380 36.2 1.6 26 22.63 [58]
NiAl-Rh 36.7 280 63.4 354 0.6 1.79 [58]
NiAl-Rh 80.2 340 37.7 8.7 20.0 4.33 [58]
NiAl-Rh 82.6 380 32.2 0.3 26.1 107.33 [58]
NiAl-Ir 44.6 280 62.5 35.5 0.4 1.76 [58]
NiAl-Ir 85.3 340 46.9 20.9 9.3 2.24 [58]
NiAl-Ir 92.9 380 40.1 0.3 25.7 133.67 [58]
10Ni/Al, 05 100 500 80 2.7 24 29.63 [54]
10La-10Ni/Al,05 100 500 85 25 22.5 34 [54]
10La-10Ni/SiO, 100 500 80 5 17.5 16 [54]
10La-10Ni/MgO 100 500 79 5 20 15.8 [54]
Cu-Ni/TiOy/monolith 83.8 225 85.8 8.8 - 9.75 [56]
Cu-Ni/TiOs/monolith 92.6 300 92.7 9.6 - 9.66 [56]
Ni-MCM-41 45.1 350 99.9 99.0 0.9 1.01 [22]
Ni/MoC 97 350 70 5 20 14 [55]

temperature from 225 °C to 275 °C for 7%Cu-3%Ni catalyst.
There is a slight increase of water conversion within 225-275
°C. The water conversion decreases rapidly in the range of
300—325 °C, indicating that the increase of water conversion
was part of the methanol steam reforming reaction. Other
bimetallic catalysts such as 5%Cu-5%Ni and 3%Cu-7%Ni
showed an increase of methanol conversion with increasing
reaction temperature. This result indicates that methanol
decomposition might have occurred on the catalyst surface.
Men and Yang [62] prepared NiZnAl catalysts with different
metal loading for MSR reaction. They found that methanol
conversion and CO selectivity were strongly dependent upon
catalyst composition and catalytic properties. The catalytic
properties changed with the Ni and Zn loading. Ni catalyst
without Zn showed less activity in the reforming reaction.
Methanol conversion increases with the increase of metal
loading and it suppresses the undesired side reaction (CO
production). The full conversion was achieved with 8Ni20ZnAl
catalyst at 500 °C and weight hourly space velocity (WHSV) of
40.68h~*. Qi et al. [58] investigated NiAl LDH catalyst with and
without noble metals (Au, Rh and Ir) for MSR studies. They
used integrated-membrane reactor for MSR in the tempera-
ture range of 300—400 °C. Methanation reaction is favored
upon addition of noble metals at high temperature. So, for-
mation of CHy reduced the H, yield. H,/CO ratio increased with
reaction temperature for all catalysts. H, production increased
a little for NiAl-LDH catalyst. After incorporation of noble
metals (Au, Rh and Ir), the ratio of H,/CO increased with the

increase of temperature. It is due to CO production that
decreased drastically at higher reaction temperature (380 °C).

Lu et al. [54] synthesized Ni on different supports (Al,0s,
Si0,, MgO) modified by La. The reactions were carried out
between 300 and 600 °C (Fig. 3). H, selectivity increased after
the addition of La. Other products selectivity decreased due to
the presence of La in the catalyst. The highest H,/CO ratio was
achieved for 10La-10Ni/Al,05 catalyst. The ratio decreased due
to change of support, because it increased the CO selectivity.

Tahay et al. [56] prepared Cu-Ni catalyst on different sup-
ports (TiO, and monolith) for MSR reactions in a fixed bed
reactor. The catalyst supported onTiO, gave promising results
in terms of H, and CO selectivity over monolith catalyst.
However, changing the support from TiO, to mesoporous sil-
ica has a significant effect on conversion and selectivity of
MSR reactions. The selectivity of H, and CO increased with the
increase of temperature. So, the H,/CO ratio was also
increased.

Ni-MCM-41 catalyst, synthesized by one-pot hydrothermal
procedure [22], showed 45.1%conversion of methanol at 350
°C. This catalyst favored the CO selectivity and it was not
suitable for water gas shift reaction (WGSR). The H, and CO
selectivity were almost same for Ni-MCM-41 catalyst. So, the
H,/CO ratio was 1.01. This result suggested that Ni selectively
produced CO.

Ni/MoC catalyst was also prepared for methanol steam
reforming reaction [55]. Catalyst shows good activity in terms
of higher methanol conversion and hydrogen yield after Ni
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incorporation. The reaction was carried out in the tempera-
ture range of 200—400 °C. The highest conversion was ach-
ieved at 350 °C. H, yield was more than CO yield due to
addition of Ni on MoC support. So, the H,/CO ratio was high.

Chemistry of methanol steam reforming

Several mechanisms have been described and there is some
agreement in the research community. The production of H,
basically happens due to methanol decomposition (Eq. (2)) and
water gas shift reaction (Eq. (3)) [63—66]. As per the mecha-
nism, CO concentration is higher than the equilibrium con-
centration. Another mechanism deals with the formation of
methyl formate intermediate [67].

2CH,OH — HCOOCH; + 2H,
HCOOCH; + H,0 — CH;OH + HCOOH

HCOOH — H; + CO,

At first, methanol dehydrogenates to produce methyl
formate and hydrogen. Then the methyl formate reacts with
water to give methanol and formic acid. After that, formic acid
is decomposed to form CO, and H,. In this mechanism, CO is
not formed by methanol decomposition, which reflects that
its formation due to the water gas shift reaction (Eq. (3)).

The other mechanism described two active sites: one for
MSR (Eq. (1)) and water gas shift reaction (Eq. (3)) and another
for methanol decomposition reaction [68].

Cu based catalysts are mainly used in methanol steam
reforming (MSR). However, some researchers used Ni
based catalysts for MSR. The effect of different parameters
such as metal loading, calcination temperature and prep-
aration method on the catalysts textural property is dis-
cussed. Many Ni based catalysts are mesoporous
materials. Different types of isotherms are obtained based
on the effect of those parameters. The catalyst activity in
terms of methanol conversion and product distribution is
reported. Finally, the chemistry of MSR reactions is
discussed.
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Ethanol steam reforming (ESR)

Metal catalysts play an important role on ethanol conversion
and hydrogen production in ethanol steam reforming (ESR).
Both noble (Rh, Ru, Pt, Pd, Ir, La) and non-noble metals (Ni, Co)
were used in ESR reactions [69—75]. These metals are able to
break the high energy C-C bond which is an important char-
acteristic of these catalysts for ethanol conversion [69—75].
Despite the active metal, the supports also interact with
ethanol and effect its conversion or transformation to other
products [43]. The support-metal interface is considered as
active sites for the reaction of C-C and C-H bonds [76]. Several
characteristics of the catalyst surface are required for ethanol
conversion during the steam reforming reactions [43]. These
characteristics are: (i) break the C-C bonds to form CO/CO, and
CH, rather than C-O activation; (ii) transform the C; in-
termediates to H, and CO,; (iii) activate water/oxygen to sup-
press the coke deposition.

Ni-based catalysts

Ni catalysts are commonly used for ESR due to their low cost
compared to noble metals. The physical properties of some of
the Ni based catalysts are shown in Table 3.

Ni on different supports were synthesized by an incipient
wetimpregnation method [77]. The mesoporous structure was
confirmed from pore size of the catalysts. The surface area of
HTc-type structure increases after calcination [89]. When
compared with other catalysts, Cu promoted Ni-Co/HTc
structure shows high surface area. Han et al. [78] prepared
Cu-Ni-Al,05-ZrO, xerogel catalysts with different Cu loading.
All catalysts exhibit type-IV isotherms. The pores shrink
during conventional drying. Thus, the ink-bottle shaped pores
were formed during sample preparation. The isotherm
exhibited larger adsorption volume at higher pressure region,
indicating that catalysts had high mesoporosity. The surface
area of the catalysts increased with the increase of Culoading.
Higher dissociation rate of hydrated Cu®* ions might be the
cause to increase the surface area. In the condensation pro-
cess of hydrated ions, H,0 was the leaving group, Cu®** shows
higher condensation rate than Ni** and Al** ions [79,80].

Single step evaporation induced self-assembly (EISA)
method was also used to prepare a dual templated Ni-Al,05
catalyst for ESR reaction [81]. Both catalysts exhibit type-IV
isotherm and H1-type hysteresis loop (Fig. 4(a)) and the cata-
lysts retain a mesoporous structure with uniform pore dis-
tribution [90]. This result is similar to that reported by Han
et al. [78]. Fig. 4(b) shows the pore size distributions for both
catalysts. P123-templated Ni-Al,05 catalyst (SNA) showed the
monomodal distribution at 10 nm. Other P123 and ionic liquid
templated Ni-Al,0O3 catalyst (SINA) depicted a major distribu-
tion centered at 10 nm and minor distribution centered at
3 nm. Mesopores around at 10 nm was due to compound mi-
celles of block copolymer with ionic liquid and mesopores
around at 3 nm was due to the individual micelles of ionic
liquid.

Ni-Mg-Al catalyst was prepared by a co-precipitation
method [82]. Ni-Mg-Al hydrotalcite catalyst exhibits high
surface area as shown in Table 3. Surface area decreases with

the impregnation of ceria. This was due to the clogging of the
pores by cerium oxide [91]. Ni-doped ordered mesoporous
carbon (NiOMC) was synthesized by EISA method [83]. The
catalyst exhibits type-IV isotherm, indicating the presence of
a mesoporous structure. Similar kind of structure was ob-
tained by Han et al. [78]. Ramirez-hernandez et al. [84] pre-
pared Ni/Al catalyst by sol-gel method. In addition, with an
increase of yttrium loading, the surface area and pore volume
decrease because of thermal sintering and the inclusion of
metal particles into the support pores.

Prasongthum et al. [85] observed 10NiSP (Nickel on silica
porous) catalyst exhibits type IV isotherms with H1-type
hysteresis loop in the relative pressure range (P/Pg) of
0.07—1.0. This result confirms the typical characteristics of
mesoporous structure with cylindrical pores [92]. The shape of
the isotherm of 10NiSF (Nickel on silica fiber) is linear with
relative pressure of P/Py of 0, indicating that the catalyst is a
non-porous material. Small surface area corresponds to non-
porous material [93]. After deposition of Ni, the surface area
increases up to 5 m?%/g due to Ni covered the support surface
[93]. Surface area decreases with the increase of Ni loading for
NiCNTs-SF. This was due to the blockage of pores by the Ni
particles [94]. Ni on SBA-15 catalyst was synthesized by
Rodriguez-Gomez and Caballero [86]. The surface area de-
creases with the increase of Ni loading. The catalysts were
prepared by deposition precipitation method. The channel
structure of the SBA-15 was preserved even though the sur-
face are decreased and fibrous structures of phyllosilicate
phases were obtained after the treatment [95—-97]. Ni/Mg/Al
catalysts with different Mg loading was prepared by Li et al.
[87]. All the catalysts were synthesized by a co-precipitation
method. NiMg10Al catalyst exhibits the lowest surface area
among all catalysts. Specific surface area increased with the
increase of Mg loading up to 8 wt%. Then, it decreased.

NSAZ-Ae (Ni-Sr-Al,03-ZrO,-Aerogel) and NSAZ-Xe (Ni-Sr-
Al,05-ZrO,-Xerogel) catalysts were synthesized by Song et al.
[88]. Aerogel catalyst shows higher surface area and pore
diameter compared to xerogel catalyst after calcination pro-
cess. This indicates that well-structured mesopore was
maintained by supercritical drying. The gel structure was
suppressed by effective removal of solvent molecules [98].
Both catalysts showed type IV isotherms, where capillary
condensation occurred in pore [88]. NSAZ-Ae showed H1
hysteresis loop and NSAZ-Xe depicted H2 hysteresis loop. The
H2 hysteresis loop resulted ink-bottle neck shaped structure
[90,99]. These two types of hysteresis loops arise due to
different drying methods utilized during the preparation
process.

Activity of different nickel-based catalysts used for ethanol
steam reforming

Ni based catalysts were widely used in ethanol steam
reforming reactions. Some of the catalytic activity results are
shown in Table 4.

Kumar et al. [100] studied the activity of Ni/ZSM-5 catalyst
from 450 °C to 650 °C for ethanol steam reforming (ESR)
studies. They obtained highest hydrogen selectivity and
complete ethanol conversion at 600 °C. They observed some
amount of acetaldehyde formed at a low temperature level. H,
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Table 3 — Physical properties of different Ni-based catalysts used for ethanol steam reforming.

Catalyst Preparation method Sper (M%/g) Pore size (nm) Pore Volume (cm?/g) Reference
Ni/Al, 05 IWMP 44.53 3.581 0.29 [77]
Ni/MgO IWMP 25.41 2.332 0.13 [77]
NiSn/HTc-type material IWMP 102.4 10.67 0.43 [77]
Cu-Ni-Co/HTc type material IWMP 136.2 16.84 0.65 [77]
CNAZ SG 246 6.5 0.40 [78]
0.1CNAZ SG 247 7.3 0.45 [78]
0.2CNAZ SG 276 6.1 0.42 [78]
0.3CNAZ SG 283 6.7 0.48 78]
1.0CNAZ SG 295 6.2 0.45 [78]
SNA EISA 168 116 0.49 [81]
SINA EISA 212 10.8 0.57 [81]
Ni-Mg-Al Cop 11.50 5.278 0.019 [82]
5%Ce/Ni-Mg-Al IMP 8.15 6.424 0.009 [82]
10%Ce/Ni-Mg-Al IMP 5.64 9.114 0.007 [82]
NiOMC EISA 156 3.5 0.73 [83]
NiOMC-R 400 EISA 118 3.4 0.62 [83]
Ni/Al SG 245 12.4 0.64 [84]
Ni/Al-5Y SG 204 7.0 0.34 [84]
Ni/Al-10Y SG 165 8.5 0.33 [84]
Ni/Al-15Y SG 148 9.6 0.35 [84]
SE SG 3 12.5 0.001 [85]
10NiSP IMP 240 11.8 1.170 [85]
10NiSF IMP 5 7.4 0.013 [85]
5NiCNTs-SF IMP 152 10.9 0.362 [85]
10NiCNTs-SF IMP 132 10.7 0.245 [85]
10Ni/SBA-15 DP 283 10.3 - [86]
8Ni-2Co/SBA-15 DP 272 11.1 - [86]
5Ni-5Co/SBA-15 DP 261 12.0 - [86]
2Ni-8Co/SBA-15 DP 269 10.3 = [86]
NiMg6Al COP 177 11.8 0.43 87]
NiMg8Al Cop 212 14.3 0.48 [87]
NiMg10Al COP 157 12.6 0.42 87]
NSAZ-Ae SG 385 13.7 1.35 [88]
NSAZ-Xe SG 279 8.0 0.56 [88]

SG: Sol-gel method, IMP: Impregnation method, IWMP: Incipient Wet impregnation method, COP: Co-precipitation method, DP: Deposition
precipitation method, EISA: Single-step evaporation-induced self-assembly method.
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Fig. 4 — (a) N, adsorption-desorption isotherm, (b) pore-size distributions of dual templated Ni-Al,0; catalysts. Reprinted
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Table 4 — Ni-based catalysts activity for ethanol steam reforming.

Catalyst X, HsOH (%) Temperature (°C) Sy, (%)/H; yield Sco (%)/CO yield Sco (%)/CO, yield Hy/CO Reference
Ni/ZSM-5 100 600 75 20 28 3.75 [100]
LaMgNi,; 100 600 78 10 12 7.8 [101]
LaAlINi, 100 600 71 10 18 7.1 [101]
10Ni-Bzeolite % 550 78 2 18 39 [102]
10Ni-mpzeolite 95 550 78 1 20 78 [102]
12%Ni/TiO, 53.77 500 37.48 0.87 12.80 43.08 [103]
12%Ni/20%MMT-TiO, 83.78 500 51.68 1.29 20.21 40.06 [103]
Ni/Al 100 450 100.1 5.1 55.3 19.62 [104]
Ni/Al-0.05La 100 450 108.7 8.3 62.4 13.09 [104]
Ni/Al-0.1La 100 450 124.3 8.9 63.9 13.97 [104]
Ni/Al-0.15La 100 450 117.9 10.4 61.8 11.34 [104]
Ni/Al-0.2La 98.9 450 64.1 12.3 58.9 5.21 [104]
15Ni/Ceg 7Pr0.30, 100 450 65 2 20 325 [105]
10NiSP 100 500 30 30 40 1 [85]
10NiSF 100 500 47 20 55 2.35 [85]
5NiCNTs-SF 99 500 32 20 49 1.6 [85]
10NiCNTs-SF 99 500 50 28 52 1.79 [85]
10%Ni-W/Al,03 100 600 68.53 14.34 7.79 4.78 [106]
30%Ni-W/Al,05 100 600 69.94 15.76 10.52 4.44 [106]
Ni/CeSmO 100 550 60 22 43 2.73 [107]

selectivity was more than CO selectivity due to addition of Ni
on ZSM-5 support. So, the H,/CO ratio was high.

LaMgNi; catalyst was used by Aguero et al. [101]. They
obtained the highest hydrogen selectivity at temperature 600
°C. They reported that ethanol steam reforming is a sequential
reaction [34,108]. Acetaldehyde and hydrogen forms through
dehydrogenation of ethanol (Eq. (5)). Acetaldehyde may
further convert to acetone and hydrogen. Acetone can be
polymerized to give coke. In other context, acetaldehyde,
acetone and coke reacted with water to give methane, CO and
H,. Other reactions such as methane steam reforming (Eq.
(10)) and water gas shift reaction (Eq. (3)) also occurred
simultaneously with ESR. H, yield increased due to incorpo-
ration of Mg compared to Al. As a result, the H,/CO ratio
decreased a little bit. This result reflected that the presence of
Mg favors ethanol steam reforming reaction.

Ni/p m zeolite and Ni/B zeolite with varying Niloading were
tested in ESR studies [102]. 10% Ni loading shows promising
activity in respect of H, yield and ethanol conversion. They
found that the coke formation for Ni/f m zeolite was less
compared to the other zeolite. This catalyst was more stable
compared to Ni/p zeolite in terms of time-on-stream study. So,
coke deposition depends upon the structure and morphology
of the catalyst. The hierarchical zeolite (B m zeolite) support
showed good activity in ESR. CO selectivity was reduced for
mesoporous B zeolite. So, the H, to CO ratio increased. This
means that intracrystalline mesopores had a great influence
on catalyst properties. The selectivity was reduced due to
water gas shift reaction (Eq. (3)).

Fig. 5(A),(B) shows the variation of H, yield and ethanol
conversion with reaction temperature. H, yield and conver-
sion increases with temperature for both catalysts. But at
higher temperature, in the range from 550 to 600 °C, H, yield
decreases. 10Ni-MBeta (G) catalyst shows better activity than
10Ni-MBeta (N) at low temperature region. Wang et al. [102]
concluded that difference in activity of two catalysts was the
method of loading active metal during synthesis.

Other Ni based supported catalysts such as 12% Ni/TiO,
and 12%Ni/20%MMT-TiO, were synthesized for ethanol steam
reforming [103]. The MMT (montmorillonite clay) supported
catalyst shows good catalytic activity in terms of high ethanol
conversion and H, yield. The increase in the formation of CHy
decreased the CO yield due to addition of MMT in the catalyst.
The methanation reaction decreases the H, and CO yield [109].
Methanation reaction is favored at high temperature due to
specific structure of MMT. Methane can also be converted to
carbon and Hj, [110]. The addition of MMT created more active
site with efficient Ni dispersion. So, the catalyst activity
increased and H, to CO ratio decreased.

Ni/Al with different La-loaded xerogel catalysts were
prepared by Song et al. [104]. Among all the catalysts, Ni/Al-
0.1La shows good activity in terms of hydrogen yield and
ethanol conversion. All the catalyst exhibits complete
ethanol conversion except Ni/Al-0.2La xerogel catalyst.
Catalyst without La produced some ethylene. This ethylene
was produced mainly from dehydration of ethanol over acid
sites of Al,O5 [111]. They reported that ethylene formation
was suppressed due to addition of La. The H,/CO ratio
decreased with the increase of Ni loading. H, and CO pro-
duction increased with increasing La loading up to 0.15 wt%.
However, at higher 0.2 wt% loading, H, production decreased
and CO production increased.

Hong et al. used a different support to prepare Ni/
Ceo 7Pr 30, catalyst for ESR studies by varying Ni loading from
1to 15% [105]. The 15Ni/Ceg sPro 30,catalyst shows the highest
activity in the ESR studies. They reported that the addition of
Pr into ceria favored the generation of oxygen vacancy, which
can increase the anti-carbon deposition property. Another
advantage of Pr addition was an increase in incorporation of
some nickel ions into ceria lattice, thus increasing the inter-
action between nickel and the support. This also helped to
improve anti-sintering property of Ni metal. H, selectivity was
more than CO selectivity for 15Ni/Ceg ;Pro 30, catalyst. So, the
H,/CO ratio was high.
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NiSP (Nickel on porous silica), NiSF (Nickel on silica fiber)
and carbon nanotube (CNTs) added to NiSF were used in ESR
studies by Prasongthum et al. [85]. Nickel loading was also
varied. 10NiCNTs-SF shows good catalytic activity in terms of
ethanol conversion and hydrogen yield. They found acetal-
dehyde and trace amount of ethylene as Ni metal was weaker
to break the C-C bond at lower temperature. When the reac-
tion temperature increases, the selectivity of acetaldehyde,
ethylene and methane decreases. Methane selectivity de-
creases due to methane steam reforming occurring at higher
temperature [112]. The unique characteristics of CNTs with
large area of m-electron could help in coke gasification and
facilitated the catalyst regeneration. In comparison of all
catalysts, 10NiSF showed the highest value of H,/CO ratio.
This is due to less CO production.

Ni-W/Al, O3 catalyst with varying Ni loading (10% and 30%)
were tested between temperature of 300—600 °C by Hernandez
et al. [106]. 30% Ni based catalyst shows better activity in ESR.
The presence of Ni favors to form active sites and help to
rupture the C-C and C-H bonds [113,114]. The H,/CO ratio
decreased a little with the increase of Ni loading. This means
that the selectivity of two gases did not change abruptly.

Ni/CeSmO catalyst was prepared for ESR reaction by
Rodrigues et al. [107]. They reported long term stability of the
catalyst (192 h) for the reaction carried out at 550 °C (Fig. 6).
Incorporation of Ni into ceria exhibits high oxygen vacancy
and suppresses coke deposition over the catalyst surface. CO
selectivity was quite high for Ni/CeSmO catalyst. So, the H,/
CO ratio was less.

Chemistry of ethanol steam reforming

There are several proposed mechanisms based on real ethanol
conversion over different catalyst surfaces [115—-119]. How-
ever, there is still no evidence for the actual reaction pathways

due to complexity of large catalyst components and reaction
conditions (temperature, steam to ethanol molar ratio and
residence time). Generally, the reaction steps are:
Ethanol dehydrogenation to acetaldehyde (Eq. (5)).
Ethanol decomposition to CH4, CO and H, (Eq. (6)).
Acetaldehyde decomposition to CH4 and CO:

CH3CHO — CH4 + CO

Methane steam reforming:

CH4 + H,O — CO + 3H,

Water gas shift reaction (Eq. (3)).

However, many other side reactions also occur based on
properties of active metal and support, which results in the
coke formation and less hydrogen yield [120—122]. The side
reactions are stated below:

Ethanol dehydration to ethylene

C2H50H il H2O + C2H4
Ethylene polymerization to coke (Eq. (11))

Production of acetone via acetaldehyde condensation, fol-
lowed by decarboxylation:

2CH3CHO — CH3COCH;3 + CO + Hj
Methane cracking (Eq. (13)).

Boudouard reaction (Eq. (12)).
Reverse of carbon gasification

CO+H2—’HQO+C

Ethanol steam reforming (ESR) over Ni based catalysts is
considered in this review basically due to their low cost. It
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reduces the whole production cost of ESR process. The
structure of Ni-based depends on preparation method and
metal loading. Different Ni based catalysts activity are re-
ported based on reaction conditions. The main drawback of
Ni based catalyst is coke deposition during reforming pro-
cess. Several strategies such as promoters and different
supports are used to enhance the activity of the catalyst.
ESR reaction mechanism is discussed.

Glycerol steam reforming

Very recently, GSR has become a very attractive topic
compared to other processes such as auto-thermal reforming,
partial oxidation gasification, aqueous-phase reforming and
supercritical water reforming to produce H, [123]. In order to
industrially adopt this process, it requires only feedstock
change from natural gas or naphtha to glycerol [124]|. How-
ever, several challenges are associated with GSR process. The
main challenges are:

GSR is an endothermic process; so, it requires high
temperature and consequently high operating cost. There
are several side reactions that occur simultaneously in
parallel with the main GSR reaction. These side reactions
affect the product distribution and purity of hydrogen.
Theoretically 7 mol hydrogen are produced per each mole of
glycerol; many researchers reported an upper yield of
hydrogen lower than 7 [125—127]. Although GSR is a ther-
modynamically controlled reaction, glycerol conversion de-
pends on operating conditions, particularly at lower
temperatures [128]. The formation of coke, during the GSR
process, deactivates the catalyst. CO, generated along with
H,, is an environmental concern.

In order to overcome these challenges, new catalysts have
been developed. Ni, Pt, Co and Ru based catalysts were
investigated by many researchers for GSR [128]. Some others
metal such as Rh, Ir and Pd were also used in this process [44].
However, all the noble metals are quite expensive.

Ni-based catalysts for GSR studies

Ni-based catalysts were broadly used for GSR studies. The
textural properties of some of the Ni-based catalysts are pre-
sented in Table 5.

Senseni et al. [129] synthesized 15%Ni/Al,O5 catalyst by an
impregnation method. The catalyst exhibits type IV isotherm
with H,—shaped hysteresis loop according to IUPAC classifi-
cation. This type of shape confirmed the mesoporous nature
of the material. The hysteresis loop revealed the spherical
nature of the material consisting of nonuniform agglomer-
ated particles. Ni-ATP catalyst was prepared by co-
precipitation method [130]. The catalyst showed type III
isotherm with Hs-type hysteresis loop based on IUPAC clas-
sification that was confirmed by the Wang et al. [140]. The
volume of adsorbed N, at a relative pressure greater than 0.40
signifies the presence of appreciable mesoporous particles in
the catalyst. The hysteresis loop confirmed that the material
consists of aggregates of rod-like particles forming slitlike
pores [141].

Ni and CeO, impregnated y-Al,03 catalysts were also
prepared for GSR studies [131]. The surface area and pore
volume decrease due to blockage of pores during impregna-
tion of active metal and the modifier. Despite the reduction
of surface area, the available area used for catalysis was in
good agreements with the results of other researchers
[142,143]. Ni/Al,05 catalyst with varying Ni loading were
tested in GSR [132]. Fig. 7 shows the pore size distribution and
N, adsorption/desorption isotherms of Ni/Al,O3 catalysts
with different Ni loading. Surface area and pore volume
decreased with the increase of Ni loading. This is due to the
partial collapse of Al,0; pores with nickel oxide particles;
which affects partially the mesoporous structure of the
support [144]. The catalyst exhibits type IV isotherm and H,
type hysteresis loop based on IUPAC classification (Fig. 7).
This loop suggested that the mesoporous material contained
agglomerated or interconnected particles with nonuniform
pores [129,145].
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Table 5 — Textural properties of different Ni-based catalysts.

Catalyst Preparation method Sger (M%/g) Pore size (nm) Pore Volume (cm?/g) Reference
15Ni/Al, 04 IMP 158.3 7.8 0.39 [129]
Ni-ATP Cop 140.6 7.65 0.38 [130]
10Ni/Al,05/5Ce0, WIMP 112 6.4 0.50 [131]
10Ni/AL,05 WIMP 122 6.4 0.56 [131]
10Ni/Al,05/10Ce0, WIMP 104 6.6 0.49 [131]
AlO3 = 1883 8.1 0.66 [132]
5Ni/Al, 04 WIMP 183.5 8.75 0.53 [132]
10Ni/AL,0; WIMP 176.6 8.0 0.47 [132]
15Ni/Al, 05 WIMP 158.3 7.8 0.39 [132]
20Ni/Al,03 WIMP 143.3 7.4 0.36 [132]
Ni/y-ALO; WIMP 160 12.4 0.60 [133]
Ni/B,05-Al,03 WIMP 192 9.2 0.53 [133]
Ni/La,05-Al,05 WIMP 83 16.1 0.37 [133]
Ni/Al,05-Z10, SG 234.9 2.330 0.2761 [134]
Ni-Pd/Al,03-Zr0, SG 234.6 2.305 0.2719 [134]
Ni-Pd/Al,05-Zr0,-La,05 SG 118.1 3.611 0.2174 [134]
Ni/Olivine SG 5.861 16.89 0.04925 [134]
2.5% Ni/FA WIMP 12.2 5.4 0.0114 [135]
5% Ni/FA WIMP 11.4 5.3 0.0138 [135]
7.5% Ni/FA WIMP 10.4 5.4 0.0141 [135]
10% Ni/FA WIMP 9.0 5.2 0.019 [135]
10%Ni/30%MgO-SiO,-ET WIMP 136 - - [136]
10%Ni/30%MgO-Si0,-AC WIMP 72 = = [136]
10%Ni/30%Mg0-Si0,-D PM 86 = = [136]
Ni/Al WIMP 136 20.1 0.32 [137]
Ni/LaAl WIMP 126 21.1 0.43 [137]
Ni/SBA-15 WIMP 545 8.3 0.91 [138]
Ni/Mg/SBA-15 WIMP 313 7.4 0.62 [138]
Ni/Ca/SBA-15 WIMP 291 7.3 0.58 [138]
10Ni-MCM-41 OPHM 824.6 3.78 0.84 [139]
10Ni5TiO,-MCM-41 OPHM 787.3 3.78 0.82 [139]
10Ni5Ce0,-MCM-41 OPHM 716.3 3.65 0.75 [139]

IMP: Impregnation method, COP: co-precipitation method, WIMP: Weight impregnation method, SG: Sol-gel method, PM: Physical mixture

method, OPHM: One-pot hydrothermal method.

As with Ni/Al,0s, the deposition of lanthanum oxide on the
surface of y-Al,O; decreases the surface area due to sintering
from calcination and blockage of some of the pores in alumina
[133]. However, there was no significant change in surface
area due to addition of B,0;. The structure of the support
slightly deteriorates from the deposition of particles. Kousi
et al. [133] concluded that the metal loading and calcination
temperature were the main factors to obtain textural prop-
erties. Yurdakul et al. [134] prepared Ni based catalysts with
different supports. The textural property of the catalyst
changed after addition of La,05. Surface area and pore volume
decreased, but pore size increased. Olivine (a mineral used as
fluidizing material in biomass gasifiers) supported catalyst
showed less surface area compared to other catalysts. The
pore size of the catalyst increased. Ni/flyash catalyst with
different loadings of Ni were also used in GSR studies [135].
The surface area and pore volume decrease due to blockage of
small pores with nickel particles. Pore diameter increases up
to 7.5% Ni loading. However, when the loading was increased
above 7.5%, the pore diameter decreased as Ni particle was
adsorbed in the inner surface of the pore [146]. Ni/Mg-SiO,
catalysts were synthesized with the help of two different

solvents - ethanol and acetone [136]. The highest surface area
was achieved with ethanol using an wet impregnation
method. They reported that the increase in surface area was
due to interaction of Ni with Mg and modifying the interaction
between MgO and SiO,. Thus, Ni particle dispersion increased.
Different solvents used for preparation of catalysts changed
the dryingrate and solvent diffusion rate through the material
pores. Ni/Al and Ni/LaAl catalysts were prepared by a wet
impregnation method [137]. Surface area decreased with the
modification of support with La. N, adsorption and desorption
isotherms of catalysts exhibited same shape (type IV(a)).
Minor adsorption of N, was observed at relatively lower
pressure (P/P° < 0.05) and major adsorption occurred at higher
pressure (0.7 < P/P° < 1.0) [147]. The type of isotherms indi-
cated that the material was mesoporous. Ni/Al catalyst
showed H,(b) type hysteresis loop and other Ni/LaAl showed
Hj; type hysteresis loop. Small hysteresis loop was observed in
both cases due to desorption rate lower than adsorption rate
(percolation effects on porous media) [148]. The BJH data
showed that most of the population of pores were in the
mesopore ranges. They observed that Ni/LaAl catalyst con-
tained mainly meso, some macropores.
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Calles et al. [138] prepared Ni on SBA-15 containing pro-
moters (Mg and Ca) by wet impregnation method. N,
adsorption-desorption isotherm showed that all the catalysts
exhibit type IV isotherm with a hysteresis loop. The N,
adsorbed volume decreases with the addition of Mg and Ca.
This result suggests that there was loss of porosity due to
incorporation of promoters. Ni-MCM-41 with the addition of
Ce and Ti catalysts were synthesized by one pot hydrothermal
synthesis method [139]. Surface area decreased with the in-
crease of metal loading. This result indicates that incorpora-
tion of metallic oxides blocked the mesoporous matrix and

decreased the average porosity. The pore size and pore vol-
ume were same after metal loading.

Activity of different nickel-based catalysts for glycerol steam
reforming

Table 6 shows catalytic activity in terms of glycerol con-
version and composition of gaseous products. Suffredini
et al. [149] synthesized different Ni and Al based catalysts
for GSR reaction. All the catalysts showed good results. H,
and CO, were the major products of the main GSR reaction
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Table 6 — GSR activity of Ni-based catalysts.

Catalyst Xc,HgOs3 (%) Temperature (°C) Sy, (%)/Hz yield Sco (%)/CO yield Sco, (%)/CO, yield H,/CO Reference
Ni/Al, 05 99 600 69 6 24 11.5 [149]
NiALO, 99 600 67 9 24 7.44 [149]
NiAl,04/Al,05 99 600 70 6 24 11.67 [149]
NiALO4+ALO; 99 600 68 7 24 9.71 [149]
NiLaCeZr 99.9 650 63.7 3.7 30.1 17.21 [150]
NiLaTi700 99.5 500 57.1 7.6 29.8 7.51 [151]
NiLaTi700 99.7 650 66.3 4.1 27.7 16.17 [151]
NiLaTi850 99.3 500 55.8 8.0 29.6 6.98 [151]
NiLaTi850 99.5 650 66.4 5.0 23.6 13.28 [151]
Ni30Ce0,/C 45 350 32 5.0 91 6.4 [152]
NiSn30CeO,/C 52 350 48 28.0 65 171 [152]
Ni/Zr ) 600 65 60 60 1.08 [153]
Ni/SiZr 90 600 80 32 30 2.5 [153]
Ni/La,05 70 650 68.3 35 27.7 19.51 [154]
Ni/Al, 05 80 650 75.1 8.3 12.6 9.05 [154]
Ni/ZrO, 57 650 60.7 43 26.1 14.12 [154]
Ni/SiO, 48 650 45.9 8.9 16.2 5.16 [154]
Ni/MgO 73 650 55.4 5.6 16.8 9.89 [154]
Ni/CeZrO-1 90.7 600 53.3 61.9 33 0.86 [155]
Ni/CeZrO-2 96.7 600 71.2 29.7 66.5 2.4 [155]
Ni/CeZrO-3 97.9 600 76.3 28.2 68.6 271 [155]
Ni/CeZrO-4 97.4 600 73.9 25.3 71.8 2.92 [155]
Ni/SBA-15 46.0 600 52.6 24.0 22.4 2.19 [138]
Ni/Mg/SBA-15 97.5 600 53.2 15.0 30.1 3.55 [138]
Ni/Ca/SBA-15 98.4 600 53.0 16.3 28.9 3.25 [138]
10Ni-MCM-41 91.9 650 81.0 215 71.4 3.77 [139]
10Ni5TiO,-MCM-41 98.9 650 86.0 18.0 78.5 4.78 [139]
10Ni5Ce0,-MCM-41 97.3 650 88.4 254 71.6 3.48 [139]

(Eq. (8)). All the catalysts deactivated slowly due to carbon
deposition over the catalyst surface. NiAl,0, catalyst
showed long term stability during GSR due to less carbon
deposition (8.8%) on the surface. They also observed that Ni°
particle size was an important factor for carbon deposition.
Large particle size played a role on the initiation step via
nucleation-growth mechanism [156]. NiAl,04/Al,05 catalyst
yielded the highest value of H,/CO ratio. This was due to
high production of H, and less production of CO compared
to other catalysts.

NiLaCeZr catalyst was also prepared for glycerol steam
reforming reaction [150]. The catalyst showed good catalytic
activity in terms of glycerol conversion and H, yield. The
catalyst also showed good stability with respect of carbon
removal from the active sites due to high basicity and the
smaller size of nickel crystal. High basicity of the catalyst
involved higher amount of oxygen vacancies which improved
catalyst stability against sintering and coking [155,157]. The
lower amount of CO was produced for NiLaCeZr. So, the H,/CO
ratio increased.

NiLaTi catalyst was prepared by Veiga et al. [151] at two
different calcination temperature (700 °C and 850 °C). Both the
catalysts showed high glycerol conversion. NiLaTi700 showed
low carbon deposition, suggesting that this catalyst promotes
coke gasification involving H,O, CO, and lattice oxygen.
Catalyst also contained small size nickel particles with
permissible discernible activity. There was stronger interac-
tion between Ni and other two metal oxides in NiLaAl700. This
also contributed to good catalytic performance in GSR. Many
researchers found that La,0; facilitated Ni dispersion and
increased the basic sites of the support [137,158,159]. Stronger

interaction between active metals Ni and Ti prevented the
catalyst from sintering and improved stability during steam
reforming reactions [160]. Another catalyst NiLaTi850 con-
taining LaTiO5; perovskite with oxygen vacancies, improved
mobility of lattice oxygen and increased interaction with
carbon formed over Ni particles [161]. NiTi700 catalyst showed
the highest H,/CO ratio among all the catalysts. The CO yield
was found less compared to other catalyst at higher
temperature.

Ni30CeO,/C and NiSn30CeO,/C catalysts were also tested
for GSR [152]. The composition of product gases varied due to
addition of tin and is independent of ceria content (Fig. 8).
NiSn30Ce0,/C catalyst showed good activity in terms of H,
yield (48%). This possibly happened due to interaction be-
tween Ni and Sn, resulting in the formation of Ni-Sn on the
surface. Ni3Sn alloy formed and maintained the high rates of
C-C cleavage; needed for H, production [162]. NiSn30CeO,/C
catalyst gave good stable performance due to presence of
accessible reduced Ni and Sn°. So, the synergistic effect
influenced catalyst performance. 30% CeO, also provides
higher number of accessible active sites. Upon addition of Sn
in the catalyst, CO production increased. So, the H,/CO ratio
was reduced.

Ni/Zr and Ni/SiZr catalysts were synthesized by Charisiou
et al. [153]. Addition of Si on the support influenced the dis-
tribution of product gases and mainly increased H, production
and not favored reverse the water gas shift reaction (CO, to
CO). So, the selectivity of CO decreased. Ni with different
support catalysts were used in GSR [129]. The small Ni particle
favored formation of CH, [163]. Ho/CO ratio increased a little
due to addition of Si at 600 °C.
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Zamzuri et al. [154] observed that the crystal size of Ni/
La,05 catalyst was large and it showed good activity during
the reaction. Dehydration of glycerol to ethylene takes place
over the surface of SiO,, ZrO, and MgO supported catalyst.
Ethylene subsequently produced coke (Equation (11)). So, the
catalysts were deactivated within the operating conditions
studied. Ni/Al,03 and Ni/La,05 catalysts were active enough to
favor methane steam reforming and water gas shift reaction.
Ni/Al,O5 catalyst showed good glycerol conversion and H,
selectivity among all catalysts studied. Ni/La,03 catalyst gave
the highest value of H,/CO ratio compared to other supported
catalyst. This reflects that this catalyst selectively produced
less amount of CO.

Ni/CeZrO catalyst with varying Ce loading influenced the
product gas distribution [155]. The glycerol conversion and H,
selectivity increased with the increase of Ce loading. Cerium
content favored nickel dispersion over the catalyst support.
They reported Ni/CeZrO-3 catalyst contained higher Ni active
sites due to higher dispersion of Ni. Thus, this catalyst
exhibited good activity [164]. CO selectivity decreases with
increase of Ce content; which favors the water gas shift re-
action. Water gas shift reaction occurred because cerium
oxide enhances dissociation of H,O and influenced reaction
between steam and the adsorbed materials on the nickel
catalyst [165,166]. Fig. 9 shows the time on stream behavior of
the catalysts in terms of glycerol conversion and selectivity of
product gases. Among all the catalysts, Ni/CeZrO-3 catalyst
showed good catalytic activity. Glycerol conversion was stable
with this catalyst up to 700 min. All catalysts except Ni/CeZrO-
1 showed almost same H,/CO ratio. Ni/CeZrO-1 catalyst pro-
duced more CO than H,.

GSR reaction was also performed with mesoporous silica
supports. Ni/SBA-15 modified with Mg and Ca was prepared
and their activities were studied at 600 °C [138]. Ni/Ca/SBA-15
catalyst showed good catalytic activity in terms of glycerol
conversion. Nickel dispersion increased with the incorpora-
tion of Mg and Ca and it affects the catalytic activity. Glycerol
conversion decreased after 5 h for Ni/SBA-15 due to

deactivation. However, Ni/Mg/SBA-15 and Ni/Ca/SBA-15
maintained high conversion (>95%), which reflects higher
thermal stability due to metal support interaction. After
addition of Mg and Ca, CO production was reduced for Ni/SBA-
15 catalyst. So, Hy/CO ratio increased for Mg and Ca containing
catalyst.

Ni-MCM-41 and promoted catalysts were also used for GSR
studies in the temperature range of 450—700 °C [139]. Abrok-
wah et al. [139] obtained 650 °C as the optimum reaction
temperature for these studies. H, selectivity increased with
temperature and attained maximum at 650 °C. Modification of
support with Ce and Ti increased H, selectivity as well as
glycerol conversion. The authors concluded that the metal
support interaction enhanced metal dispersion and could be
the main factor to increase H, selectivity in these reactions.
10Ni5TiO,-MCM-41 catalyst exhibits the highest value of H,/
CO ratio compared to other catalysts. This was due to less
amount of CO production.

Chemistry of glycerol steam reforming

The overall glycerol steam reforming reaction (Eq. (8)) is
endothermic and it is the combination of glycerol decompo-
sition (Eqg. (9)) and water gas shift reaction (Eq. (3)) [167]. The
product distribution basically depends on the reaction con-
ditions and the catalyst used. The CO is produced from glyc-
erol decomposition which may further react with water to
form CO, and H, via water gas shift reaction. In addition,
methane formation can proceed by hydrogenation of CO or
CO, and both of them are exothermic reactions [168].

CO + 3H2 « CH4 + H20
COQ + 4H2 « CH4 + 2H20
For high production of H, through glycerol steam reform-

ing, the catalyst must work on cleavage of C-C, O-H and C-H
bonds in the oxygenated hydrocarbons and should favor the
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water gas shift reaction to remove CO from catalyst surface as
CO, [169].

Many noble (Rh, Pt, Ru) and non-noble metals (Co, Ni) are
used in glycerol steam reforming (GSR) reaction. Among non-
noble metals, Ni based catalysts are generally used for GSR.
The effect of preparation method, metal loading and different
support on the catalyst structure is discussed. Catalyst activity
based on reaction temperature and metal loading is reported.
GSR reaction mechanism is also discussed.

Discussions

In summary, Ni based catalysts have shown good catalytic
behavior in steam reforming of methanol, ethanol and glyc-
erol. Generally, Cu based catalysts are suitable for methanol
steam reforming. However, some researchers developed Ni
based catalysts for MSR. These catalysts gave promising cat-
alytic activity in terms of methanol conversion and desired
product distribution. In order to obtain high methanol con-
version and desired products, researchers modified Ni cata-
lysts with other noble metals and used different supports.
Some side reactions also occur with the main methanol steam
reforming reaction. These reactions can be suppressed
through catalyst activity and reaction conditions. Develop-
ment of suitable catalysts is still facing major challenges in
the field of MSR reaction.

Ethanol steam reforming is more complicated than MSR.
Several simultaneous side reactions occur during the main
reaction. In ESR also, catalyst activity and reaction conditions

are the main controlling parameters to reduce the side prod-
ucts. Coke formation over the catalyst surface is the main
drawback in ESR. The active metal is needed to act on C-C
cleavage of ethanol and to stop polymerization of intermedi-
ate products during ESR. Ni is the best suitable metal
compared to other non-noble metals to act on C-C cleavage of
ethanol. Decreasing the rate of coke production, increases the
catalyst lifetime. Modification of catalyst by modifying metal,
support and both are the key to reduce coke formation and
can increase ethanol conversion and desired product
distribution.

GSRis also complicated like ESR and MSR. The GSR reaction
mainly occurs at higher temperature. Glycerol can be easily
decomposed to form CO, CO,, olefins, water hydrogen and
oxygenates to reach the catalytic surface [170]. So, metal to
activate C-O (typical of oxygenated compounds), C-C and C=C
bonds to take consideration for the development of suitable
catalysts. Ni is the suitable metal to work on the cleavage of C-
C bond. Modification of Ni with different supports and other
metals increased the catalytic activity. This also helped to
reduce coke formation during GSR.

Conclusions

In the 21st century, hydrogen is a very promising energy
carrier. It has major applications in different fields. Produc-
tion of hydrogen from non-renewable resources (natural gas,
naphtha, coal etc.) is currently carried out in industry.
However, the sustainability of these non-renewable sources
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are major concerns of today. Steam reforming of alcohols
with different noble and non-noble metals is a highly effi-
cient sustainable process for hydrogen production. Ni-based
catalysts have been used extensively due to its low cost
compared to noble metals. In methanol steam reforming,
catalysts with high stability, catalyst activity and suppres-
sion of carbon monoxide at low temperature are the main
objectives. For Ni-based catalysts, researchers pursued
different approaches to improve the catalyst activity. In
addition to high surface area, small particle size and metal
support interactions have strong influence on its catalytic
activity. In ethanol steam reforming, most studies are based
on catalyst and catalyst-support interactions. The main
criteria of ESR is that active metal (Ni) should be able to break
the C-C bond. Several supports -TiO,, Al,03, ZSM-5, SF (sili-
con fiber) and B-zeolite have been investigated to ensure
active metal dispersion, stability, and participation in the
ESR reactions. Like ESR, GSR is also a promising route to
produce hydrogen. The choice of a good catalyst is important
to enhance GSR performance for improved hydrogen pro-
duction. Interaction between metal and support, metal
loading and high surface area are basically important for the
catalyst activity. Several approaches have been made for Ni-
based catalysts to increase its performance. Different metal
oxides such as ZrO,, Al,03, SiO,, MgO and La,05; have been
studied as a support in GSR reactions. The main drawback of
all the steam reforming reactions is the deactivation of the
catalyst. Catalyst deactivation can be mainly classified into
the following types: (i) coke formation; (ii) active metal sin-
tering or oxidation. In order to overcome these problems,
several strategies have been reported such as catalyst
modification with promoter, small particle size, presence of
lattice oxygen and increasing water to alcohol ratio of the
reactions.

The main objective of this review is to concentrate on Ni
based catalyst development which gives prominent activity
and stability on three different steam reforming processes.
Catalyst needs to be resistant to carbon deposition as well as
sintering at higher reaction temperature. Combining reform-
ing reactions can also be considered such as steam reforming
with partial oxidation because heat released from partial
oxidation can be used in endothermic steam reforming re-
actions. So, no external source of energy is required for this
process.

The size of the catalyst particle is also responsible for
catalyst activity in terms of reactants conversion and products
yield. In order to increase the catalyst activity, further
research can be focused on metal dispersion over high surface
area containing amorphous materials. In addition, catalyst
supports prepared from waste material can also be considered
in steam reforming process.
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