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Abstract

The gasification of biomass with supercritical water,
also known as SCWG, is a sustainable method of
hydrogen production. The process produces a mix-
ture of hydrogen, carbon oxides, and hydrocarbons.
Upgrading this mixture through steam or dry re-
forming of hydrocarbons to create synthesis gas and
then extra hydrogen is a viable way to increase
hydrogen production from biomass. This literature
review discusses combining these two processes and
recent experimental work on catalytic SCWG of
biomass and its model compounds and steam/dry
reforming of produced hydrocarbons. It focuses on

1

catalysts used in these processes and their key criter-
ia, such as activity, selectivity towards hydrogen and
methane, and ability to inhibit carbon formation
and deposition. A new criterion is proposed to eval-
uate catalyst performance in biomass SCWG and
the need for further upgrading via reforming, based
on the ratio of hydrogen bound in hydrocarbons to
total hydrogen produced during SCWG. The review
concludes that most catalysts used in biomass
SCWG trap a large proportion of hydrogen in
hydrocarbons, necessitating further processing of
the product stream.

Keywords: Catalytic biomass gasification, Hydrocarbons, Product gas upgrading, Steam/dry reforming, Supercritical water

gasification

Received: January 31, 2023; revised: April 21, 2023; accepted: June 02, 2023

DOI: 10.1002/cben.202300007

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

1 Introduction

Climate change is considered one of the greatest threats to the
future life of humans and other living organisms [1]. Rising
global temperature drastically affects climate change and its
levels have increased rapidly due to human activities specifical-
ly related to energy and industrial sectors. Until now, most of
the energy and the products needed in daily human lives come
from fossil sources, which have generated enough carbon diox-
ide to significantly affect this rise in global temperature. On
December 2015 in Paris, the World Climate Summit set the
goal to reduce the emission of greenhouse gases and especially
of CO, to net-zero by 2050 and to 50 % by 2030 [1-3]. To
achieve this, the decarbonization of the energy sector and of
the chemical industry is necessary. A promising step towards
this goal is an energy transition based on various technologies
for the production and use of hydrogen [4, 5]. The importance
of hydrogen is high, as in addition to its crucial role as raw
material and intermediate product for the production of many
important chemicals, such as ammonia and synthetic fuels, in a
powerful energy carrier with combustion free of harmful car-
bon oxides [1].

Until today, hydrogen production is based mostly on the
utilization of fossil fuels [1]. Instead, renewable energy resour-
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ces must be utilized, one of them being biomass. Biomass origi-
nates from many resources mostly agricultural, municipal, and
animal [6]. Depending on its origin the composition may be
different with the most important categories being the oil-
based and lignocellulosic biomass. The model compounds of
the latter are the monomers that result from the breakdown of
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macromolecules that make up the biomass resources, e.g.,
glucose that originates from cellulose.

A technology that utilizes biomass for hydrogen production
is the gasification with water under supercritical conditions,
referred to as SCWG. This technology developed in the 1970s
has gained a lot of scientific interest since then [7]. Under
supercritical conditions, i.e., T >374°C and p >221bar, the
density of water, its viscosity, ion dissociation constant, and
dielectric constant decrease dramatically in comparison with
its values under near critical conditions. This leads to a drastic
decrease of its inorganic solubility and a significant increase of
its solubility in nonpolar substances [7].

Under noncritical conditions, the nonpolar compounds
would remain undissolved and could result in char and tar for-
mation. In addition, the low viscosity enhances the diffusivity
of the reactants, leading in turn to higher reaction rates [8]. In
the presence of supercritical water, biomass long-chain mole-
cules undergo hydrolysis and are converted into their respec-
tive monomers [7]. The main chemical reactions that govern
the process of SCWG can be divided into three main catego-
ries. The first category contains the reactions of the biomass
monomers and/or their pseudo-components with supercritical
water to form hydrogen and carbon oxides [9]:

CH,0, + (2x — 2)H,0 — xCO, + (2x —z +g) H, (1)
CH,0, + (x — 2)H,0 — xCO + (x 2 +%) H, @)

The second category contains the reactions that involve the
gas products from the steam reforming reactions, the methana-
tion reaction of CO (Eq.(3)) and the WGS, which stands for
water-gas shift (WGS; Eq. (4)):

CO + 3H, = CH, + H,0 AH¥¥ = 206 kjmol™!  (3)

CO+H,0=CO,+H, AH¥X = _412kImol™! (4

The third category is related to all the reactions that lead to
tars formation, e.g., dehydration and condensation reactions
[10,11] and to coke formation, i.e., coke from intermediates
decomposition (Eq.(5)), CO reduction (Eq.(6)), Boudouard
reaction (Eq. (7)) and CH, decomposition (Eq. (8)) [7,12]:

C,H,0, — Coke (5)
CO+H, = C+H,0 AH¥¥ = _131kJ mol™’ (6)
2CO0 = C+CO, AH»¥ = _172 kJ mol™* (7)
CH, = C+2H, AH® =75k] mol™’ (8)

The SCWG of organic substances involves reactions such as
water-gas shift and methanation, which have high activation
energies and therefore need a catalyst [8, 9, 11, 13-15]. Apart
from that it has been shown that catalysts can enhance carbon
gasification efficiency and facilitate the approach to equili-
brium gas yield [14,16]. Ni-based catalysts, e.g., favor the
cleavage of C-C bonds instead of dehydration and condensa-

tion reactions, inhibiting therefore tars formation [15]. Apart
from the heterogeneous catalysts, homogeneous ones based on
alkali metals, e.g., KOH, KHCO3, K,COs3, and Ca(OH),, have
been shown to promote hydrogen and carbon dioxide produc-
tion [7-9]. Their main disadvantage is that they are difficult to
recover from the output of the system and therefore a new
batch of catalyst is required for each new feed. In addition, the
inner surface of the reactor can act as a catalyst for the SCWG
of organic solutions [17].

Elliot and his group contributed significantly to the early
development of the catalytic hydrothermal gasification of bio-
mass [18]. They designed and patented Ni-based catalysts with
various metal promoters, facing the problems related with the
loss of activity, i.e., crystallite sintering and support breakdown
[19,20]. These authors were also among the first who worked
with continuous-flow gasification of biomass and addressed
the problems that are associated with its utilization, like reactor
plugging [20,21]. Vogel et al. contributed significantly to the
field of hydrothermal processing of biomass. Apart from inves-
tigating the performances of Ni-based catalysts supported on
a-alumina, they experimented on Raney-Ni catalysts and Ru/C
as well [21-24]. The work of Vogel et al. on process develop-
ment for the catalytic hydrothermal gasification [25,26], on
salt separation [27-29], and on the parameters that affect
mostly coke and tar formation [30], is also remarkable.

Correa and Kruse [8] summarized in their review the recent
progress in SCWG of biomass for hydrogen production, cate-
gorizing the main factors that affect it. The same topic was
investigated by Ferreira-Pinto et al. [7] for simple organic mat-
ter like ethanol and cellulose, and Lee et al. [9] for real biomass,
including both the thermodynamics of this process, reaction
mechanisms, and aspects of materials corrosion.

The SCWG of biomass generates a product gas that consists
of H,, CH,4, CO,, CO, and other hydrocarbons, mainly C,-Cs.
Part of the hydrogen produced is bound in the hydrocarbons
formed. In order to maximize pure hydrogen gas, a down-
stream upgrading process is necessary, which will transform
the bound hydrogen into molecular hydrogen. In their recemt
publication, Boukis and Stoll [31] described the work that has
been done at the Karlsruhe Institute of Technology (KIT)
regarding the SCWG of biomass in lab-scale and in a pilot
plant-scale unit called “VERENA”. They reported that to result
with pure hydrogen in the product stream, a reforming step of
the produced hydrocarbons is required. Azadi and Farnood
[32] mentioned a sequence of two steps including steam
reforming and WGS following the catalytic SCWG of organic
feed.

Steam methane reforming, generally known as SMR, is the
most common technology used for the production of hydrogen
[33]. A methane source, e.g., natural gas or biogas, is utilized
and reacts with steam at ratios of steam/CH, = 2.5-3 under
temperature ranging from 700 to 1000 °C and a pressure range
of 3-30bar [33-35]. The main reaction of this process, which
is the reverse reaction of Eq.(3), involving as co-reactants
methane and steam is highly endothermic [36]. A side reaction,
which takes place and is of high importance, is the WGS reac-
tion (Eq. (4)). If the feed consists also of hydrocarbons higher
than methane, their steam reforming reactions and their
decomposition should be also taken into consideration:
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C,H,, + HyO — nCO + (g ¥ n) H, ©)

m
CnHm e d T’lc—.—EHz (10)

The aforementioned side reactions that generate
coke, i.e., CO reduction, Boudouard, and the
decomposition of methane also take place in
the methane reforming process. A conventional
SMR process operates in the presence of a nickel
catalyst and produces syngas with a H,/CO ratio of
around 3.

Dry reforming of methane, referred to as DRM,
has also gained a lot of scientific interest in the last
decades. This process is preferred when the feed
consists of a significant amount of CO,, eg.,
biogas. DRM typically produces syngas with
H,/CO ratio of unity, which can be utilized in the
production of higher hydrocarbons via the
Fischer-Tropsch synthesis [37]. The DRM main

SCWG
reactar

i

Biomass

Steam methane
reformer

\t j/ =

Hz5 Absaorber Prereformer

P3A unit
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High-T and Low-T
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T

Figure 1. Simplified process diagram for the hydrogen production from bio-
mass resources via supercritical water gasification and sequential reforming of

reaction that is also highly endothermic is the  the generated hydrocarbons.

following:

CH, + CO, = 2CO +2H, AH?K =247k mol™ '  (11)

When CO, and H,O are both implemented as reactants,
under certain conditions, a combined steam and dry reforming
of methane takes place, which can be called bireforming, also
known as BRM [35].

LeValley et al. [38] presented the progress in steam reform-
ing catalysts for hydrogen production. Angeli et al. [33] crit-
ically reviewed the progress on catalysts for methane steam
reforming at low temperatures. Abdullah et al. [37] reviewed
the advances of Ni-based catalysts for DRM. Recently,
Mohanty et al. [3] discussed the progress on catalysts used at
BRM for syngas production. Catalyst development for biogas
dry, bi-and tri-reforming, i.e., steam reforming, dry reforming,
and partial oxidation, has been also reviewed [39,40]. Another
review article focusing on the main factors of catalyst design,
such as active metal size, promoters, support etc., that affect
their performance in SMR applications was recently published
[34]. Another team of researchers [41] reviewed novel Ni-based
catalysts, their production methods, and the innovative struc-
tures of their carriers.

To the best of the authors’ knowledge, there has not been
any literature specifically for the combination of the SCWG of
biomass and the sequential reforming of the produced hydro-
carbons. A simplified process flow diagram addressing this
novel concept is illustrated in Fig. 1. Biomass is gasified with
supercritical water in the first reactor. The product gas must be
purified from poisonous compounds like H,S, HCI, and COS,
which contaminate the catalysts and inhibit steam reforming.
Catalysts and adsorbents for this purpose are metal oxides of
ZnO, CuO, Cr,03, AL,O5 [42,43]. After the cleaning step, a
prereformer converts all the hydrocarbons higher than meth-
ane to H,, CO, CO,, and CH, [43]. The methane steam
reformer is located downstream of the prereformer and con-
verts the reactants into syngas.

Fig. 2 illustrates the classification of metal catalysts that can
be used for the SCWG of biomass and for the reforming of
methane and other hydrocarbons. The syngas is then converted
via the WGS reaction to H, and CO,. The last step of the proc-
ess scheme is the purification of H, which is usually carried out
in a pressure-swing adsorption (PSA) unit [44].

These two processes, if combined, provide an alternative
technology for syngas and especially for hydrogen production
based on renewable resources. There are many issues to con-
sider when designing such a tandem process scheme, one
of which is the selection of suitable catalysts and their support-
ing materials for SCWG of biomass and steam/dry reforming
of hydrocarbons, which constitutes the aim of the present
review.

The efficiency of processes like SCWG and SMR strongly de-
pends on the catalysts, which can become deactivated due to
various factors such as poisoning, fouling, thermal or chemical
degradation, and mechanical failure [45]. Deactivating agents
in SCWG mainly include sulfur, carbon deposition, salts, tars,
and sintering of active metals [32, 46-48]. In SMR, the main
causes of catalyst deactivation are carbon deposition, sulfur
poisoning, and sintering [49,50]. The disposal of those cata-
lysts can be a serious threat to the environment. The metals
that are present in the catalysts (e.g., Ni, Pt, Co, Pd, Rh) can be
drained away by water and reach various environmental com-
partments posing a threat to plant and animal life or produce
toxic gases such as HCN [51-53].

To address this issue in an environmentally and economi-
cally sustainable manner, it is important to consider the recov-
ery and reuse of the deactivated catalysts [47, 54]. Several tech-
niques have been developed and others are under investigation
for dealing with the recovery of the deactivated SMR and
SCWG catalysts. Generally, the carbon formed on catalysts can
be gasified with steam, oxygen, carbon dioxide, and hydrogen
[50]. Oxygen provides higher gasification rates than the other
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Figure 2. Classification of the metallic catalysts used in SCWG of biomass and reforming of the produced hydrocarbons.

gases, and thus, air is typically utilized at moderate tempera-
tures, e.g., 400-600°C [49]. Sulfur-poisoned catalysts are
treated with oxygen/air, steam, hydrogen, and mixtures thereof
(49, 50].

Using H,0, has also been proven effective for sulfur removal
in SCWG catalysts [46, 55]. In the catalytic reforming of hydro-
carbons on platinum-containing catalysts, sintering can be
dealt with by treating the used catalyst in oxygen and chlorine
under high temperatures [49]. Ni-based catalysts for SMR that
suffer from sintering can be redispersed with a mixture of CO,,
H,0, and O, at 700 °C [50].

2 Catalysts for Supercritical Water
Gasification of Organic Species

This chapter focuses on recent developments in catalysts for
the supercritical water gasification of biomass and its model
compounds. Two main criteria, namely, the carbon gasification
efficiency (CGE) and the yield of the produced gases, are uti-
lized for evaluating the performance of the catalysts.

The CGE is defined as the degree of conversion of carbon,
which is contained in the organic feed, towards the product
gases that contain it, i.e,, CHy, other hydrocarbons, CO, and
CO,:

e d .
CGE (%) = —tproductgas 1:11;: L:‘ gas (12)
Jfee

The best case for the SCWG is to attain complete gasification
of the organic feed. In this case, all the carbon that is present in
the organic feed can be found in the product gases. However,
this is an unrealistic scenario and, especially when real biomass
is used as feedstock, the CGE is a matter of optimization. In
most of cases, a relatively high CGE is found when not only
H,, CO,, and CO, are produced but also CH, and other hydro-

carbons, from Egs. (3)-(5). In addition to CGE, the yields of
H,, CH,, and total gas products are used in the discussion to
compare the activities of the studied catalysts:

Yi(mol kg™!) = %7 i=H, or CH, (13)
ee

If the yields of all produced gases are added together, the
total gas yield can be calculated as:

ny, + ncy, + neo + nco, + g,

Yiotal (mol kg_l) = (14)

Mfeed

Focus has been given on the catalysts that consist of a transi-
tion metal as the catalytically active phase and one or more
metal oxides as the support. The catalysts are classified based
on the supports, as their role is important both in the gasifica-
tion and in reforming. A summary table, i.e., Tab. 1, of the cata-
lysts discussed in the main text is provided. This table contains
the catalysts from the most representative sources. In this table,
a new evaluation criterion is introduced expressing the quan-
tity of hydrogen produced bound in methane and other hydro-
carbons versus the total quantity of hydrogen in the products
including the diatomic hydrogen:

MHydrogen in hydrocarbons (15)

RHydrogen bound = Rup = )
MHydrogen in hydrocarbons + My,

This parameter in combination with CGE indicates if the gas
produced needs to be upgraded with a subsequent reforming
process towards additional syngas production.

2.1 Catalysts Based on Al,03

Azadi et al. [56] tested Ni-based catalysts (5wt % Ni) with a
variety of different supports for SCWG of a 2wt % glucose-
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Table 1. Catalysts for SCWG of organic feedstock and their activity in terms of CGE and H, gas yield. The ratio Ry, is also given to show
how much of the produced hydrogen is bound to the hydrocarbons. The conditions to which each catalyst was subjected are also re-
corded, i.e. temperature, pressure, feed and residence time or space velocity, for batch or continuous processes respectively.

Catalyst Feed Temp. ' Pressure p  Space velocity Reaction time CGE H, yield Ry Ref.
[°C] [bar] [h] (h] (%] [mol kggeea T (%]
I Catalysts supported on Al,O; and Raney-Ni catalysts
Ni(4wt %)- C. vulgaris (73wt %) 600 240 - 0.033 62 - 7333 [14]
Mo (21wt %)/Al,05
Pt(0.63wt %)- C. vulgaris (7.3wt %) 600 240 - 0.033 65.8 - 83.02 [14]
Pd(0.68wt %)/Al,05
Co(5wt %)- C. vulgaris (7.3wt%) 600 240 - 0.033 64 - 8724  [14]
Mo (20wt %)/Al,05
Ni(65wt %)/Al,05-Si0,  Primary paper water 450 292 - 2 85.9 6 84.01 [16]
sludge (10wt %)
Raney-Ni (50wt % solid ~ Sugarcane bagasse 400 250 - 1.25 53.1 1.3 94.12  [11]
catalyst — 50 wt % water) (9wt %)
Ru-Ni(10wt %)/y-Al,O3 Glucose (5wt %) 600 240 6 - 99.2 25.5 34.25 [10]
(Ru/Ni molar ratio = 0.1)
Glucose (5wt %) 750 240 6 - 99.6 53.9 5.38 [10]
Ni(5wt %)/o.-AL, O, Glucose (2wt %) 380 230 - 1 67 243 2746  [56]
Ni(20wt %)- Glucose (9wt %) 400 - - 0.33 3213 109 2378 [61]
Cu(5wt %)/
7-ALO3
Ni(20wt %)- Glucose (9wt %) 400 - - 0.33 2102 85 19.05  [61]
Co(5wt %)/y-Al,O5
Ni(20wt %)- Glucose (9wt %) 400 - - 0.33 21.02 3.95 33.61 [61]
Sn(5wt %)/y-Al, 05
Ni(10wt %)- Cellulose (1.6 wt %) 350 165-180 - 0.33 55.08 59 10.06 [62]
Co(6wt %)/Al,04
Ru(5wt %)/o.-ALO; Glucose (5wt %) 550 360 - 0.166 96.2 10 6270 [71]
Cellulose (5wt %) 550 360 - 0.166 96.4 8.5 63.68 [71]
Ru(5wt %)/y-ALO; Bagasse (125 wt%) 400 - - 0.25 45 14 3.85 [74]
Ru(5wt %)- Bagasse (1.25 wt%) 400 - - 0.25 30 156 2.88 [74]
Zn(1.5wt %)/y-Al,O5
Ni(12wt %)/o-Al, 05 C. vulgaris (5wt %) 385 260 - 1.5 87 2.5 94.74 [75]
Raney-Ni(68.2wt %) C. vulgaris (5wt %) 385 260 - 1.5 88 2.5 95.22 [75]
Raney-Ni(93.57wt %)- Sewage sludge 450 214-286 - 0.42 90.1 18.13 55.39 [78]
Mo(0.31wt %) (8.9wt %)
Ni(20wt %)-Ce/Al,O5 Lignin (20wt%) 650 260 - 0.83 - 2.15 55.42 [65]
(Ce/Ni = 0.36, molar
ratio)
II) Catalysts supported on CeO, or CeO,-Al,0;
Ni(10wt %)/CeO,-Al,O3  Glucose (10wt %) 400 235 - 0.33 76.6 1 33.33 [66]
Ni(20wt %)/CeQO,-y- Glucose (9.09wt %) 400 245 - 0.33 58.05 12.7 31.35 [79]
ALO; (Ce: 5wt %)
Ni(10wt %)/CeO,-Al,O3  Glucose (12.5wt %) 400 - - 0.5 10 0.85 39.29 [80]
Ni(20wt %)/Ce0,-Al,O3  Glucose (9.09wt %) 400 245 - 0.33 33.03 12.99 23.54 [81]

(Ce = 8.46Wt %)
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Table 1. Continued.

Catalyst Feed Temp. T Pressure p  Space velocity Reaction time CGE H, yield Ry, Ref.
[°C] [bar] [h] (h] (%) [mol kgrea ] (%]

Ru(1wt %)/CeO, HTLY downs. Water 600 460-520 - 1 83.26 1.05 77.66 [82]
(no pure water added)

111) Catalysts supported on MgO or MgO-Al,0;

Mg sNij,0 Oil palm frond 400 250 - 0.5 - - 53.95 [84]
(3wt %)

Ni(5wt %)/MgO Glucose (2wt %) 380 230 - 1 72 26.9 31.55 [56]

Ni(2.6wt %)- Lignin (20wt %) 650 260 - 0.83 - 2.36 58.06 [58]

Co(5.2wt %)/Mg-Al

Ni(26.3wt %)/ Glucose (5wt%) 400 221 - 0.33 70 11.8 57.55 [59]

MgAL0,-ALO;

Ni(28.6wt %)/ Glucose (9wt %) 400 225-250 - 0.33 70 11.77 56.68  [63]

Mgos -Alyo

SGa)-Ni(30wt %)/ Glycerol (20wt %) 500 230 - 0.33 68.3 6.52 74.47 [70]

MgO-ALO;

SC-Ni(30wt %)/ Glycerol (20wt %) 500 230 - 0.33 55.3 9.77 57.14  [70]

MgO-AlL,0;

Ni(10wt %)/MgO Glucose (12.5wt %) 400 - - 0.5 - 0.8 39.39 [80]

Ru(1wt %)/MgO HTL® downs. water 600 460-520 - 1 7146  0.79 7824  [82]

1V) Catalysts supported on ZrO, or MgO-ZrO,

Ni(10wt %)/ZrO, Soybean straw/water 500 230-250 - 0.75 21.5 8.10 46.71 [57]
(1:10)

Ni(10wt %)- Soybean straw/water 500 230-250 - 0.75 335 10.90 47.09 [57]

Ce(1wt %)/ZrO, (1:10)

Ni(15wt %)/ZrO, Polyethylene glycol 390 240 0.05 - 48.50 37.30 15.42 [89]
(2gL™)

Ni(15wt %)-Co(5wt %)/ Polyethylene glycol 390 240 0.05 - 59 50 13.79 [89]

7r0, (2gL™

Ni/ZrO, (Ni/Zr molar Glycerol (20wt %) 500 230 - 0.5 93.8 4.78 53.19 [90]

ratio = 0.4:0.6)

Ni(20wt %)/MgO-ZrO, Glycerol (5wt %) 800 245 3600 - 95 70.58 17.72 [86]
Glycerol (5wt %) 700 245 3600 - - 58.64 2059  [86]

Ni(15wt %)/ZrO, Glycerol (3wt %) 425 252 0.83 - 97 12.92 5952 [91]

V) Catalysts based on yttrium-containing supports

Ni(5wt %)/Y,0; Glucose (2wt %) 380 230 - 1 59 26.5 3585  [56]

Ni(5wt %)/YSZ Glucose (2wt %) 380 230 - 1 51 11.5 3035 [56]

Ni(19.5wt %)/ Glucose (10wt %) 500 230-240 - 0.5 66 22 23.08 [93]

Zro8Y020:25

Ni(17.26wt %)/ Glucose (10wt %) 500 230-240 - 0.5 76 17 018 [93]

Zr0.4Ce0.4Y 02025

VI) Catalysts supported on ZnO or CaO

Ni(5wt %)-Zn(5wt %)/ Empty palm fruit 380 - - 0.5 - 135 mol L™! 2.58 [96]

CaO bunches (3.75wt %)

Ni/ZnO Glucose (10wt %) 400 241-256 - 0.33 21 0.2 2941  [83]
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Table 1. Continued.
Catalyst Feed Temp. T Pressure p  Space velocity Reaction time CGE H, yield Ry Ref.
[°Cl [bar] (h™] (h] (%] [mol kggeea '] [%]
\%1)) Catalysts supported on TiO,
Ni(10wt %)/TiO, Lignin (20wt %) 650 260 - 0.83 - 1.83 - [65]
Ni(10wt %)-Ce/TiO, Lignin (20wt %) 650 260 - 0.83 - 1.94 - [65]
(Ce/Ni molar ratio = 0.1)
Ni(5wt %)/TiO, Glucose (2wt %) 380 230 - 0.25 59 16.7 2954 [56]
Ni(15wt %)/TiO, Glycerol (3wt %) 425 252 0.83 - 95-100 15.96 50 [91]
Ni/TiO, Glucose (10wt %) 400 241-256 - 0.33 195 2.5 2857  [83]
Ru(2wt %)/TiO, C. vulgaris (7.3 wt%) 600 240 - 0.033 65 10 68.45 [14]
Ru(1wt %)/TiO, HTL downstream 600 460-520 - 1 88.7 0.91 77.19 [82]
water” (no pure
water added)
Zn(20wt %)/TiO, Furfural 10wt % 400 - - 0.33 12 17.38 31.36 [98]
Ni(20wt %)/TiO, Furfural 10wt % 400 - - 0.33 10 4.5 51.05 [98]

98C: synthesis of the catalyst with supercritical water; SG: corresponding sol-gel technique; YHTL: hydrothermal liquefaction of microalgae.

water solution in a batch reactor. Among the catalysts tested,
Ni/a-Al,O3 had the best performance, as mentioned in Tab. 1.
They reported the reasons that make a-Al,O; an ideal support
for SCWG of glucose. The first reason is the high reducibility
of Ni** cations on its surface. Secondly, a-Al,O5 has high sta-
bility under SCW conditions. In contrast, the y-Al,O; support
loses its stability when it is exposed to SCW and undergoes
phase transition to boehmite. This transition leads to obstruc-
tion of Ni active sites. Furthermore, among all alumina phases,
a-alumina has the least acidic sites, which are responsible for
tar and higher alkanes formation. Also, z-Al,O; has remark-
ably high mechanical strength and low solubility in SCW.

Louw et al. [16] compared a Ni/Al,O3-SiO, catalyst with a
homogeneous K,CO; for the SCWG of primary paper waste
sludge (PWS). The results shown in Tab.1 indicate that the
heterogeneous Ni catalyst could approach the equilibrium, in
contrast to the homogeneous one. The latter catalyst had very
high hydrogen yield but half the total gas yield that the Ni cata-
lyst produced, i.e., 18.50 and 40.62 molkgpws ', respectively.
The K,CO; catalyst promoted the WGS reaction, while
Ni/Al,05-8i0, promoted steam reforming and hydrogena-
tions. However, in the study of Okolie et al. [57], where the
catalytic SCWG of soybean straw was investigated on different
Ni-based catalysts, the Ni/Al,05-5i0, had the worst perform-
ance in terms of H, yield and selectivity. The best two catalysts
were Ni/ZrO, and Ni/Al,O; reaching H, yields of 8.1 and
7mmol g™, respectively (Tab.1), whereas the Ni/Al,05-SiO,
had only 3.5 mmol g . The total gas yield of the Ni/Al,O5 was
24.1 mmol g™', whereas the respective yield of the Ni/ZrO, was
17.4mmol g™'. H, selectivity of the Ni/ZrO, was double that of
the Ni/ALO;. The authors attributed the low H, yield of the
Ni/Al,05-5i0, to the poor dispersion of Ni on the support and
to possible hydrogenation reactions. By comparing these two
studies, it is obvious that the Ni/Al,O3-SiO, catalyst from

www.ChemBioEngRev.de
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Louw et al. [16] had higher H, yield. This difference in per-
formance could be attributed to the significantly higher Ni
loading in the catalyst used by Louw et al. [16] (65wt %) com-
pared to the catalyst used by Okolie et al. [57] (10 wt %).

Kang et al. [58] prepared Ni(2.6wt %)-Co(5.2wt %)/Mg-Al
catalysts for hydrogen production via SCWG of lignin. Two
different methods for catalyst preparation were tested, namely,
the coprecipitation and the impregnation. The catalyst that
performed the best was prepared by coprecipitation (Tab. 1).
They reported the positive effect of the Ni-based catalyst pro-
moted with Co on hydrogen production and on CH, conver-
sion via the steam reforming reaction at relatively high temper-
ature [8,59]. Cobalt may act as carbon formation inhibitor and
this was ascribed to the interaction with the Ni sites in Ni-Co
alloys [60].

Li et al. [61] also found that Co acts as a very efficient pro-
moter enhancing hydrogen selectivity for Ni-based catalysts.
The beneficial effect of cobalt was confirmed in the study of
Sun et al. [62] who reported a 1.44 times increased H, yield of
a Ni(10wt %)/Al,05 catalyst for hydrothermal gasification of
cellulose by adding 6 wt% Co as a promoter (Tab. 1), despite
the slightly lower specific surface area of the Co-promoted cat-
alyst. As the loading of Co increased, NiO and Cos;0, started
to transform into NiCo,Q,, increasing the interaction between
Ni and Co and therefore preventing carbon deposition on Ni.

Kang et al. [58] detected also that for the Ni(2.6wt%)-
Co(5.2wt %)/Mg-Al catalyst the method of coprecipitation in-
creased the amount of strong acidic sites, when compared to
the method of impregnation [59, 63]. Strong acidic sites benefit
the lignin decomposition and the accessibility of hydrogen
atoms [58,64]. Kang et al. [60,61] tested Ce-promoted
Ni-based (20 wt % Ni) catalysts supported on Al,O3; at SCWG
of lignin and cellulose feedstocks. They also tested unpromoted
Ni/AlLO; catalysts. The highest gas yield, both from lignin and
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from cellulose, was reported for Ni-Ce/Al,O5 (Ce/Ni = 0.36).
The Ni-Ce/Al,O; resulted in similar H, gas yields from both
lignin and cellulose of 2.15 and 1.90mmolg™', respectively
(Tab. 1).

Ce-promoted catalysts presented higher metal dispersion
and better coke resistance. As demonstrated in earlier studies
[65,66], Ce-promotion facilitates Ni dispersion and the weak-
ening of interaction between Ni and Al,Os, thus helping its
reducibility and the attenuation of carbon formation. Okolie
et al. [57] came up with this argument as well, when they used
Ce (1wt%) for the promotion of Ni(10wt%)/Al,0; and
Ni(10wt %)/ZrO, catalysts for SCWG of soybean straw. In
addition, they proposed that Ce promoted steam reforming
reactions and the oxidation of carbon deposits.

Promotion of Ni/y-Al,O; with Cu was also tested recently.
Liu et al. [67] used a Ni(10wt %)-Cu/y-Al,O; for the SCWG of
kitchen waste, with different Cu compositions. The highest H,
yield (727.44 mmol L") was attained with 2.5wt % Cu loading.
Apart from promoting the WGS reaction, Cu enlarged the car-
bon capacity for methane decomposition. However, further ad-
dition of Cu suppressed the gasification. Hao et al. [68] per-
formed SCWG of indole and found that the promotion of Ni
with Cu on an activated carbon support aided the C-C bond
cleavage and the formation of CH,, provided a large specific
surface area to the catalyst, sustained the porous structure of
the catalyst during SCWG, and hindered Ni sintering. Other
promotions of Ni were Fe, Rb, and Ce, which showed an
increase in the CGE and yield of H, and CH,; at SCWG of
oilfield sludge [69].

As Li et al. [63] reported, small amounts of Mg in Mg-Al
supports could enhance the hydrothermal stability under
SCWG due to the formation of MgAl,O, and hinder the for-
mation of graphite carbon. However, Mg forms MgO, which
retards the reduction of nickel oxides to nickel nanoparticles
[63]. In one of their recent studies [59], they tested a Ni
(26.3wt %)/MgAL,0,4-Al,O5 catalyst prepared by coprecipita-
tion in SCWG of different feedstocks. The catalyst promoted
hydrogen production and reached extremely high gasification
efficiencies of hydrogen and carbon, ie., 160% and 70 %,
respectively, with a 5wt % glucose feed solution (Tab. 1).

A Ni(30wt %)/MgO-Al,O5 catalyst and a Ni/Al,O; catalyst,
prepared by supercritical water synthesis or SCWS, were
used for SCWG of glycerol [70]. Their performances were
compared with that of other catalysts that were synthesized by
SCWS, including Ni(30wt %)/ZrO,, Ni(30wt %)/CeO,-ZrO,,
Ni(30wt %)/activated carbon (AC) and Ni/carbon nanotubes
(CNTs). The first two outperformed all the other tested cata-
lysts in terms of CGE and hydrogen yield. Their high H,, CH,,
and CO, yields were attributed to their promotional effect on
the reactions of WGS, methanation and of decomposition of
organic molecules. It was reported that the Mg promotion led
to the formation of the highly dispersed MgAl,O, spinel, which
enhanced the stability of the Ni/Al,O; pore structure.

Ru-based catalysts supported on Al,O3 have been proved ef-
fective in SCWG of organic feedstock. Onwudili and Williams
[71] performed gasification of glucose, xylan, cellulose, and
sawdust in supercritical water using a Ru(5wt %)/a-Al,O5 cata-
lyst (Tab. 1). Implementation of this catalyst increased the yield
of gaseous products drastically, compared to the noncatalytic

gasification. NaOH and CaO addition was proved beneficial by
increasing the CH, and H, yields while decreasing the yield of
produced CO,, since they act as carbon capture agents, produc-
ing sodium carbonate and calcium carbonate, respectively. The
Ru(5wt %)/c-Al,O5 resulted in a CGE of 96% for glucose
SCWG.

Zhang et al. [10] used a RuNi(10wt%)/y-ALO5 (Ru/Ni
molar ratio of 0.1) for the SCWG of glucose as well (Tab.1).
The addition of this catalyst reduced the tar yield effectively.
The Ni-Ru/Al,O; bimetallic catalyst was also considered very
effective in the SCWG of phenol and especially in catalyzing
the reforming of phenol to H,, the CO methanation, and the
WGS reaction [72]. It was shown recently that small Ru nano-
particles, around 1.0 nm, benefit the catalytic performance of
glycerol SCWG and that under reaction conditions they tend
to form larger particles in the range of 2-3 nm [73].

Promoting a Ru(5wt %)/y-Al,O; catalyst with Zn for bio-
mass SCWG can increase the total gas yield as well as the H,
and CO yields. Barati et al. [74] investigated the gasification of
bagasse with water under supercritical conditions. The carbon
gasification yield and hydrogen production increased signifi-
cantly with the use of a Ru(5wt %)-Zn(1.5wt %)/y-Al,O5 cata-
lyst (Tab. 1). The promotion with Zn also affected the total gas
yield. More specifically, increasing the Zn concentration raised
the total gas yield and the H, yield, while it decreased the CH,
yield. They attributed this trend to the blocking effect of Zn on
the adsorption of H, and CO on the catalyst surface, leading
therefore to inhibition of the methanation reaction.

Raney-nickel catalysts have been proved effective in the
heterogeneous SCWG process since decades now [13,75,76]
but they continue to attract research interest. Three different
Raney-nickel catalysts were employed by Jin et al. [77] for the
SCWG of grounded peanut shell particles at 400°C, 220-
240 bar, and for 20 min reaction time. It was found that they
enhance the CGE, two or even three times the value it had
without catalyst. The highest CGE was obtained with the
Raney-nickel catalyst which contained ~90wt % Ni and was
promoted with 1wt % Mo. While the one promoted with such
a low Mo loading provided the highest CGE, the one that
resulted in the highest H, yield was the one promoted with
15wt % Fe.

Chen et al. [78] tested also Raney-Ni(93.57wt %) catalysts
promoted with Mo (0.34 and 0.31 wt %) and Fe (7.86 wt %) for
the SCWG of sewage sludge (Tab. 1). They found that both the
highest CGE and the highest H, selectivity were achieved with
the Raney-nickel catalysts with 0.31wt% Mo. This catalyst
exhibited higher catalytic activity because of its larger specific
surface area and pore volume. Their experiments were con-
ducted under low temperatures (350-450 °C), hence the metha-
nation and the WGS could be promoted, especially when the
catalyst loading was increased from 0.2 to 1.4 gatalyst gsludge’l.
They reported that the raise in catalyst loading increased the
CGE and the total gas yield but it decreased slightly the H,
selectivity.

Sheikhdavoodi et al. [11] studied the SCWG of sugarcane
bagasse on a commercial Raney-nickel catalyst with 50 wt %
solid catalyst and reached approximately similar CO, and CH,4
yields that were very high in comparison with the H, yield
(Tab.1). They argued that Raney-nickel facilitates the C-C

www.ChemBioEngRev.de © 2023 The Authors. ChemBioEng Reviews published by Wiley-VCH GmbH ChemBioEng Rev. 2023, 10, No.0,1-30 8

These are not the final page numbers! »»

95U8017 SUOLUWIOD dA1I.D) 3{cedl|dde aupy Ag peusenob ake sapie VO '8sn JO S9Nl 1oy Akeiq i 8UIIUO A8]IAN UO (SUOTPUOD-PUR-SULBIAL0D" A 1M Ale.q [BUlUO//SdIY) SUORIPUOD pue SIS 18U 88S *[£202/.0/92] Uo Ariqiauliuo A8 (1m 9160jouuos L 4 uonminsu| Jsunisieyt Aq 20000202 Ugo/Z00T OT/I0p/uuiod™A8|im Ake.q1ul|uo//sdny wouy pepeojumod ‘0 ‘vr2696T2



Wiley Online Library

ChemBioEng

evieas

bond cleavage and that it is a very efficient catalyst in CO
hydrogenation/methanation. Its CGE, however, was only
53.1% and this was attributed to the increased amount of sul-
fur in bagasse. Their results regarding hydrogen production
were comparable with the ones by Azadi et al. [15] who showed
that the H, selectivity from the SCWG of different biomass
resources on a Raney-Ni catalyst (50 wt % solid content) was
lower from the corresponding values on a Ni(5wt %)/Al,0O3 or
a Ni(5wt %)/hydrotalcite. In their study, however, Raney-nickel
demonstrated the highest CGE.

Tiong et al. [75] examined the SCWG of two different
microalgae species on a Ni(12wt %)/a-Al,O5; and a Raney-
Ni(68.2wt %) catalyst in a batch reactor at 385 °C, 260 bar for
short and long reaction times, i.e., 15 and 90 min, respectively.
Regardless of the feed, the Raney-nickel catalyst showed higher
CGE and higher H, and CH, yields than the Ni/a-Al,O;. The
Raney-nickel catalyst contained traces of Na, which possibly
enhances hydrogen production. The substantial difference in
the activity of the two catalysts could be ascribed to the differ-
ent surface areas, with the Raney-nickel having a larger surface
area than the Ni/a-Al,Os.

Alumina can be considered as the most common support for
metal oxide catalysts, in the forms of a-Al,O; and y-Al,O;.
Many researchers prefer a-Al,O; due to its overall better per-
formance under supercritical water. Both Ni and Ru are com-
monly used as active metals on Al,O;. The effect of the active
metal promoters on the catalytic performance has been widely
studied on this support with the more efficient ones being Ru,
Mo, and Co. Promoters of the Al,O; support are also investi-
gated. According to the literature data, coprecipitation and the
SCWS methods are considered the most effective.

2.2 Catalysts Based on CeO,

Ceria, well-known for its redox behavior, has been also used as
support in SCWG. Lu et al. [66] conducted SCWG of glucose
utilizing Ni catalysts with different supports in order to com-
pare their performances, as reported in Tab. 1. Based on hydro-
gen yield, they ended up in the following descending order:
Ce0,-Al,0; >Lay05-ALO; >MgO-ALO; >ALO; >ZrO,-
AL, O;. The descending order, based on H, selectivity was:
Ce0,-AL,0; >La,05-ALO; >ZrO,-Al,O; >ALO; >MgO-
AL O;. Regarding the carbon formation, they observed that
graphitic coke was formed on Ni catalysts supported on mixed
La-Al, Zr-Al, and Mg-Al oxides; amorphous carbon, on the
other hand, was formed on alumina. No significant carbon for-
mation was observed on Ni supported on mixed Ce-Al. They
argued that the redox properties of ceria and its high oxygen
storage capacity and mobility played a significant role in the
prevention of carbon formation.

Lu et al. [79] also demonstrated the superiority of a
Ni(20wt %)/CeO,-y-Al,O5 over a Ni(20wt %)/y-Al,O5 catalyst
for the gasification of glucose under supercritical water condi-
tions. The results are given in Tab. 1. The performance superi-
ority was firstly based on the higher H, yield and selectivity
and, secondly, on the better resistance to coke deposition.
However, the surfaces of the used catalysts were covered with
carbon and agglomeration of the Ni particles was also appa-

rent. Nevertheless, the carbon formed on Ni/y-Al,O; was of
graphitic structure, whereas that on the Ni/CeO,_.,-Al,O3 was
of filamentous type. In another study, addition of CeO, on
Al O; support was found to suppress the formation of carbon
filaments on a Ni catalyst [80]. In addition, the effect of Ce
loading in a Ni(20wt %)/CeO,-Al,O; on the H, yield and on its
selectivity [81] was explored, with the maximum H, yield
attained for CeO, loading of 8.46wt% out of a range of
1.22-10.83 wt %.

In another study [82], which dealt with SCWG of the down-
stream water from microalgae hydrothermal liquefaction, a
Ru(1wt %)/CeO, catalyst was used and its H, and CH, yields
were the highest among all the other Ru-based catalysts. How-
ever, it did not have the highest CGE.

In most of the studies, ceria was selected as a support in mix-
ture with Al,O; for Ni-based catalysts. It is therefore consid-
ered that the ability of ceria to prevent carbon formation was
combined with the ability of alumina to provide supports of
large surface area and high mechanical and thermal stability as
well.

2.3 Catalysts Based on MgO

Ding et al. [80] reported that a Ni(10wt %)/MgO catalyst in-
creases the H, yield of glucose SCWG process by 62 % (Tab. 1),
compared to the noncatalytic process and other Ni-based cata-
lysts, a Ni(10wt %)/Al,0; and a Ni(10wt %)/CeO,/Al,O;. Yin
et al. [83] described similar results for maximum H, yield with
a Ni/MgO catalyst, among other heterogeneous catalysts. Apart
from the H, yield, the CGE was also the highest for the
Ni/MgO. However, similar CH; composition among all the
tested Ni-based catalysts was reported indicating that Ni/MgO
catalysts promote effectively the WGS reaction.

Mastuli et al. [84] synthesized Ni-Mg solid solutions as cata-
lysts for SCWG of oil palm leaves. They reported an increase in
H, and CO, concentration in the product gas with increasing
Ni content. This behavior was related to the WGS reaction that
was promoted by the Ni catalyst and to the unpromoted metha-
nation reaction. Mgy sNiy ,O exhibited the highest number of ba-
sic sites that react with H,O, producing H,. The results from its
activity are given in Tab. 1. It also had the largest surface area and
the smallest crystallite size. The authors tested later the doped
Mg 95Nig 05O catalyst with a Ni-based one supported on MgO
(Ni/MgO) [85]. They found that the supported Ni/MgO catalyst
generated lower H, and higher CO composition than the MgO
with a dopant of 5wt % Ni. They ascribed this to the higher dis-
persion of the active metal and the specific surface area of the
doped catalyst than that of the supported catalyst.

Liu et al. [86] demonstrated that the promotion of
Ni(20wt %)/ZrO, with MgO increases the H, yield in SCWG of
glycerol (Tab.1). They argued that the promotion with MgO
leads to the formation of alkaline centers on the catalyst sur-
face, which adsorb acidic intermediates. The alkaline centers of
the MgO support act mainly as catalytic sites for the decompo-
sition and generation of intermediate reactive compounds
forming light gas products [87]. A drawback is that they can
form char-like carbonaceous species and also form Mg(OH),,
which has lower catalytic activity [88].
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2.4 Catalysts Based on ZrO,

Okolie et al. [57] prepared a Ni(10wt %)/ZrO, with superior
H, yield against all other catalysts, that were Ni-based (with
10wt % Ni) as well, but on different supports, namely, Al,Os3,
Al,03-Si0,, activated carbon, SiO,, and CNTs. The main reas-
ons for this were ascribed to the high Ni dispersion on ZrO,
support, strong metal-support interaction, minimized coke for-
mation, and the ability of the catalyst to participate in reactions
between intermediate products and reactants.

In a study where SCWG of a model polyethylene glycol
wastewater was carried out [89], different active metals all
supported on ZrO,, namely, Ni(15wt%)/ZrO,, Co(15wt %)/
Zr0,, W(15wt%)/ZrO,, Ni(15wt %)-Co(5wt%)/ZrO,, and
Ni(15wt %)-W (5wt %)/ZrO,, were tested for their performance
in terms of gas product yields, gasification, and H, efficiencies.
The study revealed the crucial role of ZrO,, inhibiting the
methanation and providing a 2.7 times higher H, yield than
the noncatalytic case. Among the various metals used, the
activity of Ni was higher than that of Co and W (Tab.1). Zhu
et al. [90] and Liu et al. [86] attributed this to the ability of this
catalyst to promote the WGS reaction.

Zhu et al. [90] tested different compositions of Ni/ZrO, for
the SCWG of glycerol. The catalyst with the highest activity in
their study was the Ni/ZrO, with a molar ratio of Ni**/Zr*" =
0.4:0.6. This catalyst, compared to the SCWG without a hetero-
geneous catalyst, reached approximately double H, and CO,
yields and the smallest CO yield. Liu et al. [86] tested also
Ni/ZrO, catalysts with varying Ni loading from 5wt % up to
20wt % for glycerol SCWG. From their results it could be
concluded that the highest H, yield was attained with the
highest Ni loading catalyst. Similarly with the above research-
ers, Li et al. [91] prepared a Ni(15wt %)/ZrO, catalyst, which
performed stably in the SCWG of glycerol under 80 h time-on-
stream (TOS). The presence of the catalyst was beneficial as a
3-fold, 5-fold, and a 150-fold increase in H,, CO,, and CH,
yields, respectively, were observed, compared with the same
noncatalytic experiments. The CGE of the catalyst was approx.
97 %. It was reported that the phase and pore structure of
Ni/ZrO, were altered during exposure under the SCWG condi-
tions for this long TOS, a process called catalyst in-situ activa-
tion.

Another factor found to strongly affect the structure of the
Ni/ZrO, catalyst and therefore its activity is the calcination
temperature [92]. Kou et al. [92] performed SCWG of a diesel
solution in an autoclave at 500 °C, 235-245 bar, and for 30 min
reaction time. They used Ni/ZrO, catalysts with different calci-
nation temperatures and found that low calcination tempera-
tures in the range of 500-600 °C led to Ni crystallites with sizes
similar to that of the support pores, which were around 20 nm.
Thus, the Ni particles blocked the pores of the support, totally
prohibiting the diffusion of the reactants. High calcination
temperatures (800 °C), on the other hand, led to microporous
or nonporous structures upon which the Ni particles formed
agglomerates. Medium calcination temperatures of 650 °C up
to 750 °C provided catalysts with wide pore distributions. The
highest carbon gasification efficiency was achieved in the pres-
ence of the catalyst with a calcination temperature of 700 °C.

This catalyst had a Ni loading of 17.9 wt % while the loading of
the other catalysts ranged from 17.3 to 17.5 wt %.

Zirconia is a highly promising support for Ni-based catalysts.
It interacts strongly with Ni and thus prevents its sintering and
coke formation. It provides also high dispersion to the active
metal.

2.5 Catalysts Based on Oxides that Contain
Yttrium (Y)

As reported previously in Sect. 2.1, Azadi et al. [56] tested also
Ni-based catalysts with 5wt% loading supported on two
yttrium-containing supports, Y,05; and YSZ, short for yttria
stabilized zirconia, for the SCWG of glucose. They observed
that the Ni/Y,0O; catalyst resulted in a moderate CGE and in a
high hydrogen gasification efficiency (Tab.1). This catalyst
generated H, with a yield among the highest found in this
study. Ni/YSZ did not perform as well as Ni/Y,O5. In compari-
son with other catalysts, Ni/Y,O5; was the third most active
catalyst in terms of H, yield and selectivity, after Ni/CNTs and
Ni/MgO. Ni/YSZ surpassed Ni/CeO,, Ni/AC, and Ni/ZrO,.
YSZ was found to be the only stable catalyst support after 1h
of exposure at SCW, without any structural alterations.

Another team of researchers employed a Ni/Zrg3Y(,0,5
catalyst with varying Ni content for the gasification of glucose
with supercritical water [93]. The maximum hydrogen yield
and selectivity were reported for the Niys/ZrosY0,05
(Tab. 1), which was ten times the yield without catalyst. The
very low concentration of CO indicated that the catalyst effec-
tively promoted the WGS reaction and the hydrogenation of
CO as well. Addition of CeO, to the support to enhance the
gasification efficiency did not have any positive effect. Com-
pared with the activity of the Nigs/ZrosY(,0,5 catalyst, the
Nig 5/Zry4Cep4Y 20,5 decreased the H, yield and selectivity,
whereas it increased the CH, yield. It was therefore argued that
CeO, addition promoted further the methanation reaction.

Yttrium was also employed as promoter of Ni(25wt %)/acti-
vated carbon for the SCWG of valine [94], where it showed
high activity in reforming light hydrocarbons such as C,Hg
and C;Hg and in the WGS reaction.

Three different types of Y-containing support for Ni-based
catalysts for the SCWG of glucose were found in the literature,
the Y,0;, the YSZ and the Ce-promoted YSZ. It was found that
all catalysts gasify efficiently glucose and promote methanation,
but the higher CGE and CH, yield were obtained with the
Ni-based catalyst supported on YSZ promoted with Ce.

2.6 Catalysts Based on ZnO

Sinag et al. [95] used ZnO and SnO, as active catalytic compo-
nents for the gasification of cellulose at different reaction tem-
peratures. The ZnO formed mostly H, and CO, at low temper-
atures, i.e., 300 °C and subcritical pressure, i.e., 80 bar, while the
SnO, generated also a considerable amount of CO, indicating
that only the ZnO catalyzes effectively the WGS reaction. At
higher temperatures, they reported the increase in the content
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of hydrocarbons, attributed mainly to the catalytic effect of the
autoclave wall. The utilization of ZnO for sulfur removal
upstream of catalytic beds in continuous microalgae SCWG
processes kept the catalyst active for 55h of operation, under
400 °C and 280-290 bar [28, 46].

Yin et al. [83] tested a Ni/ZnO catalyst in glucose SCWG
(Tab. 1). It was shown that Ni/ZnO could multiply the H, gas
yield observed at noncatalytic gasification by approximately
five times. Its carbon gasification efficiency was the second
highest after that of Ni/MgO. However, Ni/ZnO generated the
lowest volume percentage of H, compared with the other tested
catalysts in this study: Ni/MgO, Ni/Al,O3, and Ni/TiO,, while
its CO and CO, concentrations were the highest.

Sivasangar et al. [96] used ZnO (5wt % Zn) as a catalytic
dopant into Ni(5wt %)/CaO, resulting in the highest H, yield
(Tab. 1) among other tested Ni(5wt %)/CaO catalysts, which
were doped with other elements. It was mentioned in this study
that the catalyst doped with ZnO consisted of metallic Ni,
Zn0O, and NigZn,0 supported on CaO. The latter structure was
highly effective in the WGS reaction, the steam reforming reac-
tions, and the cleavage of C-C bonds, as the researchers stated.
They also observed an enhancement of the methanation reac-
tion with longer reaction time.

Cao et al. [97] tested different molar ratios of CuO/ZnO for
lignin SCWG. A higher content of CuO resulted in higher CGE
but lower H, selectivity. They attributed these findings to the
weaker bond of Cu-O than the Zn-O bond that meant higher
reduction rate of the CuO species and thus, more active oxygen
species. The larger amount of active oxygen promoted the
decomposition of lignin but at the same time promoted the
oxidization of H, and carbon formed on the catalyst. Their best
performing catalyst was CuO(50wt %)/ZnO(50wt %) and its
activity is given in Tab. 1.

Integrating ZnO as a dopant of the active metal, mostly
nickel, is an approach that has been proven beneficial for the
generation of hydrogen from the SCWG of organic com-
pounds. Zinc is known for its promotion of the WGS reaction.
However, the utilization of zinc oxide as a support for Ni
proved to be less efficient than other oxides in terms of H, yield
and CGE.

2.7 Catalysts Supported on TiO,

In the study of Azadi et al. [56], the Ni(5wt %)/TiO,, demon-
strated moderate CGE of 60 % and high H, yield of around
16molkg™, in the SCWG of glucose (Tab.1). The yields of
CO and CH, were in the range of 0.3-0.6molkg™ and
1.8 - 3.5molkg™", respectively. The range of CO, yields were
comparable with that of H,. At higher concentration of glucose
(10 wt % solution), it was shown elsewhere [83] that the CGE
and the H, yield of a Ni/TiO, were reduced significantly, but
no information about the active metal loading could be found.
Kang et al. [65] demonstrated the better activity of a
Ni(10wt %)/TiO, against other Ni-based catalysts with different
supports, e.g., MgO and ZrO,. The addition of Ce (Ce/Ni
molar ratio of 0.1) slightly enhanced the H, yield and decreased
the CGE. The improvement in H, yield was attributed to the
increased Ni dispersion.

Another team compared catalysts on TiO, support but with
different active metals (Ni, Zn, Cu, and Co) [98]. They found
that the Ni-based catalyst performed better in terms of stability
under SCWG conditions for 20 min of reaction time, whereas
the Zn-based catalyst had the highest H, yield. Li et al. [91]
prepared Ni-based catalysts (15wt % Ni) supported on TiO,,
ZrO,, and Ta,Os. They evaluated these catalysts in a conti-
nuous SCWG process of glycerol. It was found that while the
Ni/TiO, catalyst gasified the glucose very effectively, its activity
gradually decreased with TOS. From their analysis of the mor-
phology of the used catalysts, it turned out that the Ni particles
in the Ni/TiO, had formed aggregates and NiTiO;. They also
reported the formation of a superficial layer of deactivating
graphite. Tab. 1 demonstrates these results.

Chakinala et al. [14] used a Ru(2wt %)/TiO, catalyst in the
gasification of microalgae in supercritical water and compared
their results with a noncatalytic experiment under similar
conditions. The Ru/TiO, catalyst reached complete gasification
of algae at 700°C. In the SCWG of downstream water from
hydrothermal liquefaction from Shan et al. [82], Ru(1lwt %)/
TiO, had a higher CGE than all the other Ru-based catalysts
supported on other metal oxides: CeO,, ZrO,, Al,O3, MgO.

Titania is an effective support for Ni- and Ru-based catalysts,
which showed high gasification efficiencies and satisfying CHy4
and H, yields. The Ru-based catalysts performed better than
the Ni-based ones in terms of CGE and CH, yield, even with
more complex biomass resources.

From Tab.1 it can be concluded that the best performing
catalysts in terms of high CGE and high H, yield, i.e., low Ry,
(ratio of hydrogen bound in hydrocarbons to total produced
hydrogen) were a Ru-Ni(10wt %)/y-Al,O5 with a Ru/Ni molar
ratio of 0.1 and a Ni(20wt %)/MgO-ZrO,. These two catalysts
were highly efficient in gasifying dilute feedstocks of biomass
model compounds. They likely promote the reactions of SMR
and WGS in the gas phase resulting in high H, yield of around
54 mol kgpeeq ' for the Ru-Ni/y-AL,O; and 71 molkgp..q ™" for
the Ni/MgO-ZrO, and consequently in low Ry, ratios. The
main characteristic of the SCWG operating conditions under
which these catalysts were evaluated, were temperatures in the
range of 700-800°C and pressures between 240 and 245 bar.
This is indicative of the harsh conditions in terms of tempera-
ture needed during gasification with supercritical water to
achieve high H, production. It should be stressed though that
the feeds used were model compounds highly diluted in water
and not real residual biomass.

On the other hand, catalysts tested under lower tempera-
tures, i.e., 400-600°C and medium to high pressures, ie.,
250-500 bar, were efficient in attaining CGEs over 50 % and
very high Ry, ratio in the range of 60-99 %, which means that
a high percentage of hydrogen was bound in the light hydro-
carbons formed. In these cases, Ru as active metal or the
Raney-Ni or the Ni(15wt %)/ZrO, proved to be very active
catalysts. More specifically, Ru on a-AlL,O3 or TiO, or CeO,,
with low concentrations in the range 1-5wt %, achieved CGEs
in the range of 83-96 % and Ry, 63-77.6% for dilute feed-
stocks of cellulose and glucose, but also for actual feedstocks
such as the downstream water from an hydrothermal lique-
faction (HTL) process. The same trend was observed for the
two other catalysts, Raney-Ni and Ni(15wt %)/ZrO,, which
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were subjected to low temperatures (385°C and 425°C) and
medium pressures (260 and 252 bar), respectively. In particular,
the Raney-Ni yielded a very high Ry, ratio of 95%, with a
dilute feed of 5wt % Chlorella vulgaris.

Overall, the presence of catalysts in SCWG is highly benefi-
cial for the carbon gasification efficiency under mild conditions
and in most of the cases the Ryy, ratio achieved is greater than
30 %, i.e., a significant amount of the produced hydrogen is
bound in the form of H-C bonds in the produced hydro-
carbons, mostly in methane.

3 Catalysts for Hydrocarbons Reforming

The literature gathered in the previous chapter leads to the
conclusion that most of the catalysts were efficient in gasifying
bio-based feedstocks generating enough hydrogen, part of
which was bound with carbon in light hydrocarbon molecules.
In order to obtain the highest possible amount of hydrogen in
the form of Hy(,), a downstream process is needed that will
upgrade the SCWG product gas. This process should be cata-
lytic aiming at the highest possible conversion of the hydro-
carbons into H,, CO, and CO,. This is done by implementing
catalysts that are active either in steam and/or dry reforming of
hydrocarbons.

Therefore, this chapter focuses on metal-based catalysts for
the steam and dry reforming of the intermediates of SCWG,
namely, methane and higher hydrocarbons, covering the re-
search progress that has been performed over the last decade.
With this approach an integrated overview of the catalysts and
the processes for maximizing the hydrogen formed from resid-
ual biomass is provided covering the gap in the open literature.

Catalysts are divided into categories, depending on their sup-
port, as in Sect.2. The parameters used for the evaluation of
the catalytic activity and performance are the yields of the
desired products, i.e., H, and CO, the conversion rates of CH,
and other hydrocarbons as well:

YHZ _ MH, (produced) (16)
RRy, x nc, u,,(in)
n
Yoo = CO(produced) (17)
RRco % nc 1, (in)
n i) — 1
Hydrocarbons conversion = Coly (in) Cutty (0ut) (18)

¢, H, (i)

In Eq. (16) and Eq. (17) the RRy;, and RR¢ are the stoichio-
metric factors from the reforming reactions of the hydrocarbon
CyHy,. For example, for the SMR reaction, RRy, = 3 and
RRco =1, respectively. In many studies, the selectivity of CO
and H, are also used. These two parameters refer to the ability
of the catalyst to drive the products distribution in favor of the
desired product and can be given as follows:

n oul
H, selectivity(%) = Hy(om) % 100 (19)
NcH,(in) — MCH,(out)
n
CO selectivity (%) = COlout) x 100 (20)

NcH, (in) — MCH, (out)

3.1 Al,03-Supported Catalysts

Karakaya et al. [99] tested different catalysts based on Rh, Pt,
Ru, and Ni supported on alumina, for syngas production via
SMR. Rh(2wt %)/6-Al,O5 was the most active catalyst in terms
of CH,4 conversion and CO selectivity. The Ni-based catalyst
(10wt % Ni) came second in terms of CH, conversion. The
activity of the first catalyst remained quite stable, i.e., methane
conversion was between 65-75% and CO selectivity around
20%. The activity of Ni(10wt%)/0-Al,05 corresponded to
methane conversion between 30-40% and CO selectivity
between 10-20%. Rh was the most CO-selective among the
catalysts and next was Pt. Ru and Ni had similar CO selectivity.
The data from these catalysts can be found in Tab. 2.

Further studies regarding Rh as active metal in steam
reforming and with alumina as its support have been con-
ducted [100, 101]. Zapf et al. [101] synthesized nanoparticles of
Rh via the chemical reduction method and used them as pre-
cursor for the Rh/AlLOj; catalysts for propane steam reforming.
By reducing the Rh content from 5 to 2.5 and 1wt %, the
catalysts remained active enough.

Malaibari et al. [102] used a catalyst with 15wt % Ni/Al,O;
with amounts of Mo 0.1 and 0.5 wt % for oxidative and simple
steam reforming of propane. Experiments under steam reform-
ing showed that the 0.1 wt % Mo sustained the highest propane
conversion during 6h TOS (Tab.2). The catalyst promoted
with 0.5wt% Mo had the lowest conversion but the H, and
CO yield were higher for 0.5wt % Mo. The CO, yield was al-
most similar for the 0.1 wt % promoted catalyst and the unpro-
moted and much lower for the 0.5wt % Mo catalyst. By meas-
uring also the catalytic bed weights after the experiments, the
authors reported that the unpromoted catalyst had a weight
gain of 30 % via the formation of carbon, whereas the catalyst
promoted with 0.1 wt % Mo had a weight gain by 6 %. This in-
dicated that Mo improved the resistance to carbon formation
and deposition. They observed also that by the addition of Mo,
NiO reduction temperatures were shifted to lower values and
more Ni was present as NiO rather than NiAl,O,. Low Mo
loading however, did not have any effect on Ni dispersion.

In general, Mo and other non-noble metals, such as Cu, Sn,
Re, and W, have been found to act as inhibitors of coke forma-
tion, enhancing the interaction of Ni with the support and
altering the Ni** redox properties [103,104]. As far as Mo is
regarded, species of MoOj at the catalyst surface interact with
Ni by transferring their electrons to it, increasing its electron
density and therefore preventing carbon formation [105].
However, Mo addition may not result always in enhanced cata-
lytic activity [106]. Yao et al. [106] investigated a bimetallic
Ni(10wt %)-Mo(10wt %)/Al,05 catalyst, a Ni(10wt %)/Al,05
catalyst, and a Mo(10wt %)/Al,O; catalyst for DRM, under
550-850 °C and atmospheric pressure. From their results it was
apparent that the Ni-Mo/ALO5 catalyst had lower CH, and
CO, conversion than the unpromoted Ni-based catalyst. The
reduced performance of the bimetallic catalyst was attributed
to three main reasons. First reason was the lack and/or weak-
ness of basic sites, i.e., lower basicity, which promote the DRM
activity. Secondly, MoNi, species formed that inhibit Ni disper-
sion since Ni is not any longer widely present as a separate Ni’
phase. Ni’ are the sites that are responsible for methane
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Table 2. Catalysts for hydrocarbons reforming based on Al,O3 supports and their performance in terms of hydrocarbons conversion
and H, yield, not only initially but also after TOS. The conditions to which each catalyst was subjected are also recorded, i.e. temperature,
feed and space velocity. The pressure was in all cases atmospheric unless otherwise specified.

Type Temp.  Feed ratio TOS [h]  Space velocity or  Hydrocarbons H, yield Ref.
[°C] residence time conversion [%]
Initial After TOS Initial After TOS
Rh(2wt %)/5-Al,05 800 S/CH, (3:1) 72 1554 Lg,'h' 75 65-75 - - [99]
Ni(10wt %)/5-Al,05 800 S/CH, (3:1) 72 1476 Lg, ' h™ 40 30-40 - - [99]
3 gcat
Rh(5wt %)/Al,05 750 S/CsHg (4:1) 120 120L g, 'h™" 100 100 - - [101]
Ni(15wt %)- 450 S/CsHg (3:1) 6 339.8Lg, 'h' 76 76 6 mol molcsps™ 6 mol molesys ' [102]
Mo(0.1wt %)/
y-AlLO3
Ni(15wt %)- 450 S/CsHg (3:1) 6 339.8 Lg., 'h' 50 50 8 mol molcsps™ 8 mol molesys ' [102]
Mo(0.5wt %)/
y-AlLOs
SrNiO;/y-ALO5 700 CO,/C3Hy 50 6Lgq 'h'! 88 88 - - [103]
(3:1)
Ni(10wt %)- Re/ 850 S/CH,/O, 25 24L g, 'h' 100 - 67% 67% [104]
Ceg52r050,/Al,03 (1:1:0.75)
Re/Ni=0.03
Ni(10wt %)- 850 CH,/CO, (1:1) - 20,000 h 90 - - - [106]
Mo(10wt %)/A1,0;
Ni(15wt %)- 600 S/CH, (1:2) 6 105Lge 'h™ 20 20 - - [107]
Ag(0.3wt %)/Al,05
Ru(3.1wt %)/ 700 S/Biogas (3:2), 0.5 850 h* 95 95 60% 60% [119]
y-ALO; CH,/CO, (3:2)
Ni(7.4wt %)/ 850 0.5 850 h™! 100 100 60% 60% [119]
NiAL O,/
v-ALO;
Ni(20wt %)/y-ALO; 900 S/CH, (3:1) 12 240,000 h™* 86" 85 - - [120]
Ni(20wt %)/AL,0; 500 S/C3Hg (4:1) 19 204Lg 'h' 65 55 50% 45% [121]
(SG)”
Ni-Co/Al,O3, Ni/Co 700 S/CH, (2:1) 12 37Lgeq ' h! 91 88.4 86 82 [115]

mass ratio = 2:1,
total active metals
load = 20wt %

Ni(10wt %)- 700 S/CH, (2:1) 12 37L g ' h! 97.3 92 99 94 [113]
Co(10wt %)-

Ce(1wt %)/A1,05

Pt(1wt %)/ 800 S/CH, (3:1) 400 80,000 h™ 95 50 - - [110]
Ceg.sNb,0,

(20wt %)/A1,054

Ni(10wt %)/ 550 S/CH, (2:1) 24 288Lg. 'h' 45 40 - - [111]
Nb(10wt %)-AL,05

Ni(20wt %)- 700 S/IC 12 30L g, ' h'! 88 84.03 97.5 92.4 [116]
Ce(3wt %)/A1,05

Ni(20wt %)- 700 S/CH, (2:1) 12 37Lgeq ' h! 90 86 98 85.5 [117]

Ce(1.5wt %)/ALO;

“Pressure: 20 bar; VSG: sol-gel technique for the preparation of the catalyst.
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decomposition. The third reason was the weak interaction be-
tween NiO and Al,O;. More information about these catalysts
regarding their activity can be found in Tab. 2.

The effect of adding other metals in Ni/Al,O; such as Ag has
also been investigated [107-109]. Ag can change the superficial
structure of Ni sites and decrease the carbon deposition rate on
Ni [107]. A team of researchers [108,109] examined the mech-
anism and the effect of Ni sites substitution with Ag on the
catalyst performance and stability. They found that an increase
in Ag fraction on the surface of the Ni catalyst leads to an in-
crement in the energy required for activation of the C-H bond
in the CH, molecule, which is the basic reaction step in steam
reforming on Ni-based catalysts [108]. The substitution of Ni
with Ag affects in a negative manner the Ni dispersion as well
[108]. They argued that Ag serves not only as a blocking agent
of the more active Ni sites, but also as a modifying agent of the
adjacent Ni sites around substitute Ag atoms on the catalyst,
making them inactive to C-H activation [108]. This fact has a
negative effect on the turnover frequency on these catalysts.
Ag can, at the same time, block the carbon nucleation sites and
it can prevent the formation of filamentous carbon as well
[109].

Matus et al. [104] conducted a study, which compared differ-
ent bimetallic catalysts in the autothermal reforming of meth-
ane, also known as ATR. The catalysts had the chemical formu-
la Ni(10wt %)-M/ Cey5Zros0,/ALO; with M being Pt, Pd, Re,
Mo or Sn and with a molar ratio M/Ni = 0.003, 0.01 or 0.03.
For temperatures of 850-900°C, bimetallic catalysts with Pt,
Pd, Re, and Mo provided CH, conversions of at least 50 % and
even almost 100 %. However, almost complete CH, conversion
at the lower applied temperature range was given by the two
bimetallic catalysts that contained noble metals, the Ni-Pt
and Ni-Pd. Pt has been used lately as active metal in Pt(1wt %)/
CepsMey,0,/AL 05 (with Me being Gd, Nb, Pr and Zr) cata-
lysts for SMR at 800 °C, different gas hourly space velocities
(GHSVs) and at 400 h TOS [110]. The primary cause of deacti-
vation seemed to be the sintering of active metal and the most
active and stable catalyst was the one with Nb in its support
(Tab.2). Niobium was believed to stabilize the alumina by
forming AINbO, and to aid in the stronger interaction between
Pt and Nb,Os. Zeng et al. [111] tested a 10 wt % Ni-based cata-
lyst supported on Nb(10wt %)-Al,O; for SMR (Tab. 2). Prior to
experiments, they tried three different treatments, the first with
H,, the second with N,, and the last with air, all at 600 °C for
2h. The treatment with H, increased the Ni-Nb interaction
and formed small homogeneous Ni particles (6 nm) that were
stable during the reaction.

The use of Co as promoter of Ni has been considered benefi-
cial. Its use in Ni-based catalysts in SMR can promote carbon
gasification due to its high oxygen mobility [112, 113]. Another
positive aspect is the formation of Ni-Co alloys, which hinder
carbon formation [114, 115]. Zarei-Jelyani et al. [115] tried dif-
ferent Ni/Co mass ratios in bimetallic Ni-Co/Al,O3;. They
found that the bimetallic catalyst with Ni/Co mass ratio of 2:1
generated the highest H, yield and CH, conversion (Tab.2).
Zolghadri et al. [113] achieved very high activity and stability
by incorporating also Ce in the catalyst and synthesizing a
Ni(10wt %)-Co(10wt %)-Ce(1wt %)/Al,O5 (Tab.2). The latter
researchers argued that by adding Ce there was an increase in

Ni and Co dispersion, in their interaction with alumina and in
the Brunauer-Emmett-Teller (BET) surface area.

Ce was used as a dopant of Ni(20wt %)/Al,05 in two recent
studies [116,117]. In both reports Ce improved the dispersion
of Ni and suppressed the formation of coke, resulting in cata-
lysts with higher activity and stability than the unpromoted
ones. Meshksar et al. [117] investigated the effect of Ce load-
ings of 1.5 and 3 wt % and found that the most active catalyst
was the one with 1.5wt % Ce. The increases Ce loading resulted
in agglomeration of Ni and Ce particles, decreasing the activity.
Khosravani et al. [116] tested a wider range (1.5-4.5wt %) to
find out that higher activity and stability belonged to the
catalyst with 3wt % Ce. Both catalysts activities can be seen in
Tab. 2.

Several types of deposited carbon can be found on the used
catalyst surfaces depending on the kind of feed and on the
reforming conditions. Three main categories distinguish the
kinds of deposited carbon based on the temperature under
which they undergo oxidation: polymeric or monoatomic, fila-
mentous and graphitic carbon [35, 118]. Polymeric and mono-
atomic carbon deposits require the least temperature to be
oxidized, starting from 300 °C, filamentous carbon needs tem-
peratures higher than 500 °C, and the graphitic carbon can be
oxidized above 650 °C [35,118].

GrofSmann et al. [118] studied the carbon formation on the
surface of the three different catalysts, two nickel-based and
one rhodium-based catalysts. They experimented with SMR at
S/C ratios of 0 and 0.1 and at reaction temperatures between
450°C and 500°C. Main carbonaceous species found on the
nickel catalysts were of filamentous nature whereas on the
noble metal catalyst two different types of carbon were found
with monoatomic or polymeric structure and at much lower
amount. The nickel catalysts deactivated within several minutes
at S/C = 0 and within a few hours at S/C = 0.1. The measured
lifetime of the noble metal catalyst was approximately 100
times higher than that for the two nickel-based catalysts.

3.2 Ceria-Supported Catalysts

Ceria has been studied extensively studied as a promoting
agent of the supports of the catalysts used for dry, steam, and
autothermal reforming of methane and other organic substan-
ces. As a catalyst support material, it seems promising in limit-
ing the deactivation by coking, due to its high oxygen storage
capacity since oxygen takes part in the in-situ oxidation of
carbonaceous species on the surface of the catalyst [122-128].
Ceria contributes to the adsorption and sequential dissociation
of water molecules to -O and to ~-HO. The decomposition of
H,O on the support surface provides active oxygen, which dif-
fuses through ceria. These oxygen species oxidize any carbon
deposited on the surface of the catalyst, forming CO, CO,, and
H, [129]. The latter characteristic enhances the catalytic stabil-
ity and H, yield.

Many researchers also employed mixed oxides of CeO, and
ZrO,. Addition of ZrO, to CeO, results in a support with high
oxygen mobility and thermal stability [125,127]. Liu et al
[130] studied the production of hydrogen thermodynamically
and experimentally through methane steam and oxidative
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reforming on a Ni(12wt %)/Ce-ZrO,/0-Al,05. Their catalyst
showed very high activity and approached the equilibrium con-
version of CH,. In addition, the catalyst had a very long lasting
stability (Tab. 3).

Roh et al. [122] used a similar catalyst for SMR at 600 °C
with varying ratio of CeO,/ZrO,. The best catalyst was the
Ni(15wt %)/Ceg sZry,0,, which exhibited the highest conver-
sion of methane and was the most stable during TOS due to
high oxygen capacity. The same analogy of supports for a
15wt % Ni-based catalyst was employed by Min-Ju Park et al.
[131] for bireforming. They reported maximum a H, yield at
700 °C. Above 700 °C sintering of the catalyst was apparent and
thus deactivation. Excess steam, i.e., higher S/CH, ratios, pro-
moted methane conversion but decreased H, yield. They con-
cluded that excess steam resulted in the SMR reaction being
dominant over DRM and that the use of biogas as feed requires
low S/CH, ratios. Their optimum S/CH, ratio was 1 (Tab. 3).

Goula et al. [123] compared the catalytic performance of a
8wt % Ni catalyst supported on CeO,-ZrO,, with a Ni catalyst
supported on ZrO, and an another on La,03-ZrO, at biogas
dry reforming. These catalysts are referred simply as Ni/Zr,
Ni/CeZr, and Ni/LaZr. The latter two reached higher CH, and
CO, conversions than the Ni/Zr. The H,/CO ratio was higher
for Ni/LaZr and Ni/Zr than for Ni/CeZr for low temperatures,
but at higher temperatures it reached for Ni/CeZr and Ni/LaZr
a similar value higher than the respective for Ni/Zr. Ni/CeZr
had better stability than the other catalysts. Their results from
the H,-TPR indicated that the oxygen storage capacity and its
lability followed the order: CeZr >>LaZr >Zr.

Makri et al. [124] reported a bifunctional mechanism regard-
ing DRM on Ni/Ce; 4Zr,O; 5. This mechanism considers CH,
activation as the rate-determining step that takes place on the
Ni surface, while CO, activation occurs both on Ni and on
oxygen vacancies at the Ni-support interface. Therefore, a big
amount of labile oxygen ions and of oxygen vacancies on the
support have a significant effect on catalytic activity and stabil-
ity.

Angeli et al. [132] developed 10 wt % Ni and 1 wt % Rh cata-
lysts supported on La,0;-ZrO, and La,0;-CeO,-ZrO, for
steam methane and biogas reforming at low temperatures in
the range of 400-550°C. The most active and stable catalyst
was the Ni supported on La,03-CeO,-ZrO,, which had almost
stable CH,4 conversion during 90h on stream (Tab.3). They
reported also that La,O; contributes to the inhibition of coke
formation as well, through the reaction of La,0,COj; with the
deposited carbon. They observed the formation of amorphous
carbon in contact with the Ni particles. For the Rh-based spent
catalyst, only some scarce parts that were not in contact with
the Rh particles were observed. Therefore, the loss of activity
for the Rh-based catalyst might have been due to changes in
the oxidation state of the metal nanoparticles. They also
reported that the carbon, which had been formed, could be
easily removed by hydrogenation, utilizing a part of the pro-
duced hydrogen.

Ceria has been compared to alumina as more suitable Pd cat-
alyst support in the steam reforming of hydrocarbon fuels and
the first exhibited higher hydrocarbons conversion rates for
most reactions [133]. CeZrO,-Al,05 supports with different
composition for Pd-Rh metals were studied at biogas steam

reforming by Roy et al. [134]. High CH,4 conversions were
found for all tested catalysts with a very small increase in the
conversion with increased CeZrO, content. Only the catalyst
without any CeZrO, performed dramatically worse for the
entire range of tested temperature. A higher CeZrO, content in
the alumina support resulted in reduced coke formation. All
the catalysts maintained steady performances with insignificant
changes for 200 h on stream, thus the inhibition of catalyst de-
activation was not attributed to the CeZrO, addition. Sintering
of the metal particles had taken place. Sintering of Rh particles
on a CeO, and on a combined CeO,-Al,0; support could be
inhibited if the catalysts are prepared in forms of nanorods and
nanocubes [127]. In a similar way, ceria and zirconia seemed to
inhibit the aggregation of Ni nanoparticles through intense
interaction of Ni with those two oxides [128].

Sepehri and Rezaei [135] compared four catalysts, a
Ni(25wt %)/Al,05 catalyst and a Ni(25wt %)/Al,03-CeO,,with
different contents of ceria (1, 3, and 6 wt %), in autothermal
reforming of methane. It was found that the Ni catalyst with a
ceria content of 3 wt % exhibited higher activity (Tab.3) than
the other catalysts with 1 and 6 wt % Ce-Al,O; and higher re-
sistance to coke deposition. It was also found that Ni supported
on CeO,-Al,O; [136] and on gadolinium-doped ceria [137]
could convert light hydrocarbons higher than methane to H,,
CO,, CO, and CHy, even at low temperatures in the range of
400-500 °C and high pressures of 8.5 and 30 bar.

Dan et al. [125] compared also the effects of addition of
CeO, and La,0; on 7wt% Ni catalysts for SMR. Turnover
frequency and CH, conversion followed this series for both
high and low temperatures: Ni/Ce-Al >Ni/La-Al. At 700 °C,
Ni/La-Al was progressively deactivating, while Ni/Ce-Al was
very stable. Tab. 3 presents the data for the Ni/Ce-Al catalyst.
Addition of CeO, to the Ni/Al catalysts resulted in the forma-
tion of porous amorphous carbon instead, whereas the addition
of La,0; led to graphitic carbon. For Ni/Ce-Al, there is a pres-
ence of Ce’" ions at the CeO, surface. These ions enhance the
adsorption of H,O and its dissociation, generating a supple-
mentary afflux of oxygenated species to the metal surface,
which react with adsorbed CHy inhibiting the formation of
stable, crystalline carbon deposits.

The effect of cerium is dependent on the preparation method
of the catalyst because it affects the dispersion of the active
metal and the metal support interaction. In this way, the large
surface area and stability of y-Al,O; is combined with the oxy-
gen storage and release capability of CeO,, as Luisetto et al.
[138] argued. These researchers studied different catalyst prep-
aration techniques of Ni(10wt %)/Al,0;-CeO, and their per-
formances on DRM. The methods applied were coprecipita-
tion, wet impregnation, sol gel and citric acid methods. Their
abbreviations are, respectively, CP, W1, SG, and CA. The cata-
lytic activity depended strongly on the preparation method. At
600 °C the activity of the catalysts prepared by the aforemen-
tioned methods followed this sequence: SG <WI <CA <CP
whereas at 800 °C the sequence of activity was the following:
WI <SG << CA <CP. Highest CH, conversion was obtained
for the catalyst prepared by CP (Tab. 3).

Santander et al. [129] and Bao et al. [139] utilized this meth-
od as well, preparing catalyst supports with the incorporation
of MgO. The addition of magnesium oxide improves the
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Table 3. Catalysts for hydrocarbons reforming based on Ce-containing supports and their performance in terms of hydrocarbons con-
version and H; yield, not only initially but also after TOS. The conditions to which each catalyst was subjected are also recorded, i.e. tem-
perature, feed and space velocity. The pressure was in all cases atmospheric unless otherwise specified.

Type Temp.  Feed ratio TOS [h]  Space velocity Hydrocarbons conversion [%] H, yield [%] Ref.
°C
el Initial After TOS Initial After TOS
Ni(15wt %)/ 600 S/CH, (1:1) 6 155426 h™* 60 55-60 - - [122]
CegZ1y,0,
Ni(8wt %)/ 800 CH,4/CO, 30 120L g 'h™ 60 60 43 36 [123]
Ce0,-Zr0O, (1.5:1)
Ni(7wt %)/ 700 S/CH, (4:1) 48 3L g 'h! 100 100 - - [125]
Ce0,-ALO;
Rh(5wt%)/CeO, 630 S/PGY (3.5:1) 100 94Lg,'h? 100 100 - - [127]
Ni(12wt %)/ 630 S/PG (3.5:1) 30 94Lg, 'h' 99 99 - - [128]
Ce0,-Zr0,-SBA-15
Ni(7wt %)/ 600 S/C,HsOH 18 49Lg,'h' 100 100 - - [129]
Ce0,-MgO (3:1)
Ni(12wt %)/ 645 S/CH, (2.98:1) 200 1.25 85-90 85-90 100 100 [130]
CeZr0,-0-AL,0; Lema 8 D7
Ni(15wt %)/CeZrO, 700 S/CH,/CO, 25 18.2x10* h™ 90 90 89 89 [131]
(3:3:2)
Ni(10wt %)/ 500 S/CH, (1.5:1) 90 3x10*h™! 16" 16 - - [132]
La0,-CeO,-Zr0O,
Rh(1wt %)/ 500 S/CH, (1.5:1) 90 3x10*h! 14Y 10 - - [132]
La0,-Ce0,-Zr0O,
Pd-Rh(1.31wt%)/ 800 S/CH, (1.5:1) 200 1400 h™ 96 96 - [134]
CeZrO,-Al, 03
Ni(25wt %)/ 700 S/CH, (1:3) 20 22L g, ' h! 70 70 - [135]
Ce0,-ALO;
Ni(13wt %)- 480- S$/(Cs—Csg) 300 6000 h™! 739 73 - - [136]
Ce(1.02wt %)/AL,05  580- (2.7:1)
850*°
750 S/CH, (3:1) 10 10000 ™' (CH,) 0.19Lg'min"? 019Lg'min" - - [136]
Ni(19.5wt %)- 450 $/(C,—Cs) 900 5000 h™! 100 99 - - [137]
Ru(0.05wt %)/ (3:1)
cGo?
Ni(10wt %)/ 800 CH,/CO, 5 9L g, 'h” 75 75 - - [138]
CeO,-AL,04 (1:1)
Ni(15wt %)/ 750 CH,/CO, 100 4.8x10*h™ 94 88 - - [139]
CeMgAl (0.96:1) o
2.4x10*h 98 - 85 - [139]
Ni(10wt %)/ 700 CH4/CO, (1:1) 5 12L g 'h! 70 (CP)? 47 (SG) 60 (CP) 47 (SG) - - [144]
Ce.95Mng 950,

YPG: propylene glycol; ¥ Angeli et al. conducted stability tests at severe conditions for a model biogas feed, where the pressure was 7 bar, SG: sol-gel;
9Yang et al. (2016) evaluated their catalyst at 30 bar for its activity in hydrocarbons steam reforming. For their steam methane reforming experiments,
the temperature of the catalytic bed at its entrance was 480 °C, at its point where its length was 2/3 of its total length was 580 °C and at its exit 850 °C.
They also reported the activity of the catalyst in terms of converted volume of methane per unit of time and mass, i.e. mL/g/min; ?CGO: ceria doped
with gadolinium, their catalytic experiments were at 8 bars; “Different stabilities depending on the catalyst preparation method; CP: coprecipitation.
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oxygen storage capacity and mobility in the support, leading to
lower carbon deposition rate [140-143]. Mousavi et al. [144]
added Mn into the structure of a CeO, support for a 10 wt %
Ni-based catalyst used for DRM. They reported that the addi-
tion of Mn into ceria enhances the redox behavior of the latter
oxide, increases the oxygen mobility and the resistance against
carbon formation. The coprecipitation method resulted in the
highest CH, conversion among other methods, i.e., sol-gel and
hydrothermal method. However, it is worth noting that after
TOS the catalyst prepared by coprecipitation had a reduction
in CH, conversion as opposed to the other one prepared by the
sol-gel method, which resulted in stable catalytic performance.

Borges et al. [145] combined ceria and silica in different
compositions and tested the resulted supports of a 10wt %
Ni-based catalyst at steam reforming of propane. Through the
BET method, they reported higher specific surface area and
smaller Ni crystallite size with increasing silica content. The
catalyst with the higher conversion, around 75 % of propane
and no deactivation after 25h on stream, had a CeQO,:SiO,
molar ratio of 75:25. The catalysts described before are listed in
Tab. 3.

3.3 Silica-Supported Catalysts

Silica dioxide has been used recently as a Ni catalyst support
for methane reforming [146-148] and for ethanol steam
reforming [149]. Silica fibers (SFs) have been used recently as a
catalyst support material. In the study of Mhadmhan et al.
[149], the Ni(11wt %)/SF catalyst was used for ethanol steam
reforming and had an almost complete conversion of ethanol

at 500 °C whereas the Ni(11wt %)/SiO, catalyst reached com-
plete conversion at 700 °C (Tab. 4). They reported also different
performances of the catalysts based on various preparation
methods of the supports: impregnation, deposition precipita-
tion, and strong electrostatic adsorption. The Ni/SF, prepared
by the latter method, had the highest ethanol conversion since
it had smaller Ni particle sizes and higher dispersion. Amor-
phous carbon had widely covered the active sites of the Ni/SF
catalyst prepared by impregnation whereas filamentous carbon
formed on the one prepared by strong electrostatic adsorption.
Ni nanoparticles were located on the carbon filaments and thus
the activity of the catalyst prepared by strong electrostatic
adsorption had not been affected as much as that of the one
prepared by impregnation.

Silicon carbide is another type of support, which has been
studied in heterogeneous catalysis due to its high thermal con-
ductivity, high mechanical strength, low specific weight, and
chemical inertness. Nevertheless, it has a low specific surface
area [150,151]. Palma et al. [150] used a ceria/alumina-based
slurry as a wash coating means to increase the specific surface
area of a 5wt % Ni catalyst supported on silicon carbide; its
performance is reported in Tab. 4.

Other forms of silica which have been used are the SBA-15,
the acronym for Santa Barbara-15 [126,128,152] and
MCM-41, the acronym for Mobil Oil Corporation-41 [153],
which are two different types of mesoporous forms of silica.
SBA-15 and MCM-41 have a high specific surface area, well-
ordered hexagonal structure, and large pore volume [126, 153].
More specifically, SBA-15 can maintain the dispersion of active
metal nanoparticles by confining them in its pore channels and
it can also provide high thermal stability [128]. MCM-41, on

Table 4. Catalysts for hydrocarbons reforming based on silica supports and their performance in terms of hydrocarbons conversion and
H, yield, not only initially but also after TOS. The conditions to which each catalyst was subjected are also recorded, i.e. temperature, feed

and space velocity. The pressure was in all cases atmospheric.

Type Temp. Feed ratio TOS [h]  Space velocity or ~ Conversion of H, yield [%] Ref.
[°C] residence time hydrocarbons [%]
Initial After TOS Initial After TOS
Ni/Y-SBA-15 (Ni/Si 800 CH,/CO, (1:1) 6 15x10° h™! 58 50 - [126]
molar ratio = 0.1)
Ni(12wt %)/CeO,- 630 S/propylene gly- 30 94Lg, 'h' 98-99 98-99 - - [128]
7r0,-SBA-15 col (3.5:1) Air/
) PG (0.15:1) o
Ni(12wt %)/CeO,- 630 30 94Lg., 'h 98-99 98-99 - - [128]
7r0,-SBA-15
Ni(5wt %)/SiO, 750 S/CH, (1:1) 60 60 L g, 'h! - - 90 90 [146]
Ni(5wt %)/Ce-Si0, 750 CH,/CO,/0, 100 66432 L g, 'h™' 80 80 - [147]
(1.5:1:0.25)
Ni(26wt %)/ 900 S/CH, (4:1) - 2.1x10*h! 98-100 - - [148]
Si0,-ALO;
Ni(11wt %)/SF-SEA® 600 S/EtOH (9:1) 16 18 gch mol™® 100 100 65 65 [149]
Ni(5wt %)/Ce0,-SiC 700 S/CH, (3:1) - 10°h™ 73 - - [150]
Ni/Y,05-MgO- 750 CH,/CO, (1:1) 20 12L g, 'h! 79 75 - [153]
MCM-41

YSF: silica fibres; SEA: strong electrostatic adsorption; DW/E,o: catalyst mass/inlet molar flow rate of EtOH in g ,sh mol ™.
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the other hand, is preferred for industrial applications due to
its low-temperature synthesis [153].

3.4 Catalysts with Spinel Structure

Supports that are based on the aluminum spinel group have
been mentioned in the literature for reforming applications.
They consist mainly of Mg (MgAlL,O,) or Zn (ZnAlL,O,). A
spinel structure that can be also found in those applications is
the NiAL,O,4 and its effect on the catalyst performance is dis-
cussed further {99,119, 120, 127].

Habibi et al. [154] studied the effect of Ni addition in
MgAl, Oy spinel for biogas dry reforming implementing a novel
sol-gel method for the preparation of the catalysts without a
surfactant. The best catalyst by means of reforming activity was
the one with the highest Ni content, i.e., the Mg, gNip,Al,O4
(Tab.5). With the Ni addition, they reported a strong metal
support interaction due to the formation of NiAl,O, spinel and
due to the formation of the NiO-MgO solid solution. The for-
mation of the latter solid solution contributed to the thermal
stability of the catalyst.

Khani et al. [155] compared three different metals, namely,
Ni, Pt, and Ru, with 3wt % loading supported on ZnLaAlO,
for DRM, SMR, and combined reforming of CH,. The greatest
catalytic activity and stability were reported for Ru/ZnLaAlO,
and the worst for Pt/ZnLaAlO, (Tab.5). They also reported
that the ZnLaAlO, supported catalysts could be reduced by H,
at much lower temperatures and that their H, consumption
was less compared to that of Ni/AlL,Os.

Another team [156] studied the addition of Pt to
Ni(15wt %)/MgAl,O,4 The addition of the noble metal on Ni
catalysts increased Ni dispersion over the catalyst support and
enhanced the reducibility of the catalyst. The catalytic activity
increased with raise in Pt doping until 0.1 wt % (Tab.5). Fur-
ther addition of Pt led to a decrease in catalytic activity. An
increase of Pt content up to 0.1 wt % reduced the particle size
of the active metals, but further Pt addition raised it. Alloys
formed by the noble metal and nickel decrease the formation
of unreactive metal complexes, such as NiAl,O, and reduce the
carbon formation over the catalyst surface.

High calcination temperatures, e.g., 900°C, can result also in
the formation of the NiAl,O, spinel [99]. This spinel phase is
difficult to activate/reduce due to its thermal stability [120].

Table 5. Catalysts for hydrocarbons reforming based on spinel supports and their performance in terms of hydrocarbons conversion
and H, yield, not only initially but also after TOS. The conditions to which each catalyst was subjected are also recorded, i.e. temperature,
feed and space velocity. The pressure was in all cases atmospheric, unless otherwise specified.

Type Temp. Feed ratio TOS [h]  Space velocity Hydrocarbons conversion — H, yield [%] Ref.
[°C] [%]
Initial after TOS Initial after TOS

Ni(7.5wt %)/ 850 CH,4/CO, 0.5 850 h* 98-100 98-100 60 60 [119]
NiALO4-y-AL O3 (1.5:1), S/C

(1:1)
Mg, sNig,ALO, 700 CH4/CO, (1:1) 13.3 18 L ge 'h 75 70-75 - - [154]
Ru(3wt %)/ 700 S/CH, (3:1) 30 10500 h™! 95-97 95-97 78-79  78-79 [155]
ZnLaAlO,

CH,/CO, (1:1) 68-70 68-70 60 60
Pt(0.1wt %)- 600 S/CH, (5:1) 8 0.34 geoch mole ¥ 67 (Latm) 67 (1 atm) - - [156]
Ni(15wt %)/MgAl,O4

Rh(1wt %)/MgAL,O, 600 S/C5HgO5 (9:1)  18.6

Ni(10wt %)-Ce/ 700 CH4/H,0/CO, 16
MgAlL,O, (1:0.8:0.4)
(Ce/Ni molar ratio =
0.25)
Ni(12.5wt %)/ 700 CH,/CO, (1:1) 8
Ce(5wt %)-ZnAl,O

(5w1%)-Z0ALO, i
Ni(10wt %)- 400 SIC,HO (8.6:1) -
Co(10wt %)-
Ce(7wt %)/MgAlLO4
Ni(15wt %)- 700 S/CH, (1:1) 7
Co(5wt %)/MgALL,O4

35L g 'h!

530 L g 'h

18 Lge 'h

60 L g, 'h™!

10L goo 'h!

53 (10 atm) 45 (10 atm) - -

98 98 - (157]
81.3 - - [158]
70 59-60 72.56 70.63 [159]
78 - 88.54 - [159]
100 - 55 - [161]
83 83 - - [160]

YW/Fao: catalyst mass/inlet molar flow rate of methane g ,ch mol™".
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However, NiAl,O, may form an interfacial stabilizing layer for
the formation of small size nickel particles with high dispersion
and distribution across the support, inhibiting Ni sintering
[119]. In the study of Tuna et al. [119], a Ni(7.5wt %)/NiAl,O,/
y-Al,O; catalyst working at 850 °C demonstrated similar CH,
conversion, H, yield, and H,/CO ratio with a Ru(3.1wt %)/
y-ALO; working at 700°C, in a bireforming process under
atmospheric pressure (Tab.5). Carbon deposition on the Ni
catalyst was considered insignificant.

Experiments of glycerol steam reforming on catalysts based
on noble metals, i.e,, Rh, Ru, Pt, and Ir, with 1 wt% loading,
which are supported on MgAL,O,, from Senseni et al. [157],
demonstrated the superiority of Rh as active catalytic metal
over the rest ones. H, selectivity was found to be the highest
for the Rh catalyst, followed by Ir, Ru, and at last by Pt. Rh had
a high and stable glycerol conversion (Tab.5), while the other
catalysts were losing their activities. The next most stable found
to be Pt/MgAL,O, with its activity falling from 95 % to 76 %
after 5h on stream.

Addition of Ce on the Ni(10wt %)/MgAl,O, may result in
high dispersion of active metal, as Koo et al. [158] demon-
strated. They found that there was an optimum Ce/Ni ratio of
0.25 that increased Ni metal dispersion and BET surface area.
With Ce/Ni increasing, the interaction of metal with support
was promoted. The catalyst with a ratio Ce/Ni = 0.25 per-
formed better catalytically in combined DRM and SMR than
the rest and had minimum carbon deposition because of its
high Ni dispersion. Movasati et al. [159] studied the effect of
Ce promotion on the ZnAl,O4 with Ni (12.5wt %) being the
active metal. They reported that Ce addition leads to activity
and stability increase up to a point, where further increase
results to aggregation of CeO, on the catalyst surface. Their
optimal catalyst consisted of 5wt % cerium and is listed in
Tab. 5.

MgAl,O, has been utilized as a support for bimetallic Ni-Co
catalysts, with investigations indicating that the loading of Co
has a significant impact on the catalytic activity of 15wt %
Ni/MgAl,O4 SMR [160]. As the amount of Co added to the
catalyst increased, coke formation decreased and CH, conver-
sion improved. Interestingly, the catalyst with 5wt % demon-
strated slightly higher CH, conversion than the one with
9 wt %; the activity of the former is given in Tab. 5. It was found
that in the as-prepared fresh catalys, Ni and Co covered the
Mg-deficient tetrahedral sites in MgAL,O, lattice, forming
NiAl,O, and CoAl,O,, while the rest Ni had formed NiO
particles. Upon reduction, Ni and Co were exsolved from the
lattice, forming Ni-Co alloys on the catalytic surface. This
process was influenced by the Co loading, with higher Co load-
ing resulting in more Ni and Co particles on the catalyst sur-
face that could be reduced at a lower temperature. The exsolved
cluster of Ni and Co also provided a high metal support inter-
action, which contributed to the catalyst’s performance.

3.5 CaO-Based Catalysts

CaO is used in steam/dry reforming catalysts due to its basicity
and coke prevention [152, 162-164].

A catalyst based on 9.3 wt % Ni and supported on CaO-ZrO,
was used for DRM in the study of Wang et al. [162]. Its cata-
Iytic activity reached approximately the conversion predicted
from thermodynamic equilibrium and could remain almost
steady after 50h on stream (Tab.6). The surface structure of
the used catalysts depended on the CH,/CO, feed ratio. At the
lowest ratio value, the surface of the spent catalyst was free of
carbon residuals with a specific morphology. With this ratio
increasing, formation of whisker carbon and Ni aggregation
had begun to take place. Carbon formed on top of those aggre-
gates blocking the metal actives sites.

Lertwittayanon et al. [163] used Ni(10wt %)/a-Al,O5 cata-
lysts promoted by CaZrO; perovskite nanoparticles for steam
methane reforming experiments. Reduction of the promoted
catalysts with H, resulted in large pores at the CaZrO; lattice
by the release of oxygen atoms. More CaZrO; nanoparticles
meant more oxygen vacancies, which in turn signified more
sites for steam adsorption and dissociation.

Vizcaino et al. [152] performed ethanol steam reforming
experiments with 7wt % Co and Ni catalysts modified by Mg
and Ca and supported on a silica structure. Addition of Ca led
to the lowest coke deposition. Best performance was evidenced
for the Ni catalyst modified by Ca with complete and stable
ethanol conversion after 50 h TOS. Charisiou et al. [164] com-
pared the performance of an 8 wt % Ni catalyst supported on
MgO-AlL,O; with an 8wt% Ni catalyst supported on CaO-
Al,O; and with an unpromoted Ni(8wt %)/Al,05 catalyst, at
biogas dry reforming. Both promoted catalysts exhibited higher
CH, and CO, conversions than the unpromoted nickel catalyst
for temperatures ranging between 550°C and 750 °C. Above
750 °C the opposite behavior was evident which may be attrib-
uted to the increased activity of the Ni/Al,O; catalyst for
methane decomposition. The addition of CaO to the support
resulted also in smaller Ni particles than those on the unpro-
moted AL,O; support. Tab.6 summarises the results of these
studies.

3.6 Yttria-Supported Catalysts

Supports with yttrium in different formulations have resulted
in satisfying performances for SMR [165] and biogas dry
reforming [126, 153, 166-175].

Li and Zhang [126] tested a Ni-based catalyst supported on
Y-containing SBA-15 for DRM (Tab.7). They used different
molar ratios of Y/SBA-15 and a constant 10 wt % Ni loading.
They found that the catalytic activity was not constantly in-
creasing with Y content but it reached a maximum perform-
ance at the molar ratio Y/SBA-15 = 0.004. The behavior of this
catalyst was attributed to its higher specific surface area, larger
pore diameter, and smaller Ni particle size. The other three
catalysts with Y/Si ratios of 0.02, 0.06, and 0.08 resulted in
higher CH,4 conversion than that of CO,, due to methane
decomposition. Addition of Y has shown to increase methane
decomposition on NiO/Y,0; catalysts [176]. They concluded
that the support of Y-SBA-15 could result in the formation of
Ni particles with small size and that Y promoted the reduction
of NiO, due to oxygen vacancies on the surface of the catalyst.
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Table 6. Catalysts for hydrocarbons reforming based on Ca-containing supports and their performance in terms of hydrocarbons con-
version and H, yield, not only initially but also after TOS. The conditions to which each catalyst was subjected are also recorded, i.e. tem-
perature, feed and space velocity. The pressure was in all cases atmospheric.

Type Temp.  Feed ratio TOS Space velocity Hydrocarbons H, yield Ref.

[°C] [h] conversion [%]

Initial After TOS Initial After TOS

Ni(7wt %)/ 700 S/C,HO 50 22.3x10°h™ 100 100 - - [152]
CaO-SBA-15 (3.7:1)
Co(7wt %)/ 700 50 100 100 - - [152]
Ca0-SBA-15
Ni(9.3wt %)/ 750 CH,/CO, 50 48 L g, 'h! 95 93 - - [162]
Ca0-ZrO, (1:2)
Ni(9.3wt %)/ 750 CH,/CO, 50 48 L g, 'h! 68 50 - - [162]
Ca0-ZrO, (2:1)
Ni(10wt %)/ 700 S/CH, (3:1) 10 60 L g, 'h™" 65 67 3.5 mol molcy,™ 3.2 mol moley, ™' [163]
CaZrO;-a.-Al, O3
Ni(8wt %)/ 850 CH4/CO, - 120 L g 'h! 67 - 35% - [164]
Ca0-ALO; (1.5:1)

Muinoz et al. [168] evaluated a Ni/CeO,/yttria-stabilized
zirconia (Ni/CYSZ) and a Ni/Ceg ;5721 550, (Ni/CZ), in DRM
(Tab. 7). The initial CH4 and CO, conversions of those catalysts
were almost complete, and this was attributed to the coexis-
tence of side reactions like reverse WGS and methane decom-
position. Under more severe DRM conditions, the Ni/CZ cata-
lyst could not perform due to the rapid coke formation,
whereas the Ni/CYSZ had a decrease in CH, conversion. For-
mation of filamentous carbon nanotubes took place, upon
which were the Ni particles. The placement of the Ni particles
at the top of the filaments resulted in accessible active metal
particles for the dry reforming reactions. The Ni particle size
and dispersion were similar for those two catalysts. Therefore,
this difference in the stability of those catalysts may arise from
the enhanced ability of the CYSZ support to oxidize the carbon
accumulated on its surface. They argued that the structure of
the CYSZ support is the reason for this enhanced carbon
oxidizing ability.

Fakeeha et al. [169] compared under conditions of DRM
Ni/CYSZ catalysts with Ce loadings in the range 1-3 wt % with
a Ni/yttria-stabilized zirconia (Ni(5wt%)/YSZ) catalyst. The
Ni/CYSZ with Ce loadings of 2 and 3wt % outperformed the
reference Ni(5wt %)/YSZ catalyst in terms of initial activity
(Tab.7). The Ce-promotion contributed to larger Ni particle
size and facilitated the NiO reduction, i.e., weakened the metal
support interaction. The formation of carbon filaments on the
Ce-promoted catalyst was evident, compared to the unpro-
moted. These findings led the authors to suspect that Ce addi-
tion promoted side reactions that generate carbon, such as
methane decomposition. The authors point to a lack of sites
that function as strong bases and the formation of a CeO,-
ZrO, solution resulting in the weakening of the redox reaction
of Ce that ultimately releases oxygen:

Ce*™ — 0 — Ce*™ - Ce*™ — Vacancy — Ce*T +1/20, (21)

On the one hand, oxygen vacancies act as adsorption sites of
DRM reactants and on the other hand, released oxygen gasifies
the adsorbed carbon, producing CO [166].

Swirk et al. [170] conducted DRM on Ni-Mg-Al double-lay-
ered hydroxides (Nin’/Mg2+ of 0.33), referred to as DLHNI,
with different yttrium contents of 0.6 and 1.5wt%. The
double-layered hydroxides (DLHs) have the general chemical
formula [M";_ M™ (OH),]*"(A")y/n-mH,0, where M" are the
divalent cations of metal and M™" the trivalent ones, A™ is a
n-valent anion and m is the number of water molecules. The
catalyst with the maximum CH, and CO, conversions was the
one with the highest yttrium content (Tab.7). This catalyst
demonstrated the highest stability as well. By comparing their
results with the ones from Li et al. [126], who prepared Ni/Y-S-
BA-15 catalysts (molar ratio of Ni/Si of 0.1), they suggested
that their yttrium-modified DLHs could suppress more effec-
tively the methane decomposition reaction. The extensive Ni
dispersion and high specific surface area caused the high cata-
lytic performance.

In one of their recent studies [171], where similar catalysts
were employed but with Y contents of 3, 4, and 8 wt %, it was
found that the most active catalyst in terms of CH, conversion
was the one with 4wt % Y content, which was related to the
smallest Ni’ particle size. Nevertheless, the most resistant cata-
lyst to coke deposition was the DLHNi-Yj o due to its improved
Ni reducibility and strongest basicity. The reason for the lower
activity of this catalyst lied in the formation of bigger Ni par-
ticles that cannot facilitate the DRM.

The same team tested Ce- and Y-promoted double-layered
hydroxides, namely, DLHNiCe, DLHNiCe-Y ,, DLHNiCeY 4,
and DLHNiCe-Yy¢ for DRM [172]. A decrease in CH, and
CO, conversion for the DLHNiCe-Y,¢ catalyst was found,
compared with the other catalysts. Further tests on the
best performing catalysts resulted in the following sequence
in terms of CH, conversion: DLHNi <DLHNiCe-Y4
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<DLHNiCeY,, <DLHNiCe. The promotion with Ce rather
than with Y [170] resulted in an increase of the basicity, i.e.,
formation of more strong basic sites, improved Ni dispersion,
and smaller Ni crystallite size.

Wang et al. [173] tested the effect of Y addition on NiO-
ZrOy,. The addition of Y on the catalyst resulted in smaller Ni
particles and in increased amount of weak and medium-strong
basic sites. These two characteristics contributed to reduced
carbon deposition on the catalyst surface. Y enhanced the inter-
action between Ni and ZrO,, and subsequently the Ni disper-
sion. Nevertheless, the promoted NiO-ZrO,,-YO,, catalyst had
lower specific surface area and smaller pore volume and its
activity at DRM was lower than that of the NiO-ZrOy,.

Damyanova et al. [174] studied the dry reforming of meth-
ane on 10wt% Ni- and 1wt% Rh-based monometallic and
bimetallic catalysts, supported on alumina oxide and on a
Y-modified alumina support. The Y addition on the support
increased the CH, conversion of the monometallic Ni catalyst.
This was due to the increased agglomeration of Ni particles on
the alumina support compared to the Y-modified support.
Y-modified Ni/Al catalyst was more active than the Ni/Al. They

suggested that the higher stability of Y-modified Ni/Al catalysts
comes from the increased number of basic sites on the yttria-
alumina support. These basic sites contribute to the formation
of oxycarbonates via the interaction of Y,05 species with CO,,
which in turn provide a plethora of active oxygen species for
the oxidation of deposited carbon [167]. However, the bimetal-
lic catalyst supported on alumina performed better, not only in
terms of CH, conversion but of CO, as well. The Rh/Al was
more stable than the Rh/Y-Al Larger NiO species were ob-
served on the RhNi/Y-Al than on the RhNi/Al catalyst, which
are more difficult to reduce and might result in less dispersive
Ni particles.

Supports that contained yttrium in pyrochlore form, perov-
skite, or in the form of MCM-41 have also drawn attention as
catalysts for reforming processes [36]. Recently, Taherian et al.
[153] tested Ni/MgO-MCM-41 catalysts promoted with Y,03
with different concentrations of yttrium oxide. The concentra-
tion of 2wt % Y,0; resulted in a larger BET specific surface
area and smaller active metal particle diameters than the other
Y-promoted catalysts. The catalysts were evaluated at DRM,
where the Y,05-Ni/MgO-MCM-41 with 2wt % Y,O; was the

Table 7. Catalysts for hydrocarbons reforming based on Y-containing supports and their performance in terms of hydrocarbons conver-
sion and H, yield, not only initially but also after TOS. The conditions to which each catalyst was subjected are also recorded, i.e., temper-
ature, feed and space velocity. The pressure was in all cases atmospheric, unless otherwise specified.

Type Temp.  Feed ratio TOS Space velocity ~ Hydrocarbons conversion ~ H, yield Ref.
[°C] (h] (%]
Initial After TOS Initial After TOS
Ni/Y-SBA-15 (Ni/Si 750 CH,/CO, (1:1) 6 15000h™ 56-57 50 - [126]
molar ratio = 0.1)”
Y,05(2wt %)-Ni/ 750 CH,4/CO, (1:1) 20 12 Lgcath’1 79 75 - [153]
MgO-MCM-41
Ni(5wt %)/ 800 S/CH, (1.5:1) - 13649.7h™" 90 - 64% - [165]
ALO;-YSZ*!
Ni/CeO,-YSZY 750 CH,/CO, (1:1) 70 60Lg, ™ 80 60 - [168]
Ni(5wt %)- 700 CH,/CO, (1:1) 7 42Lg b - 67.5%  63.7% [166]
Y(15wt %)-ZrO,
Ni(5wt %)- 700 CH,4/CO, (1:1) 7.6 42 Lgcath’l 85 76 - [169]
Ce(2wt %)/YZ
Ni/Mg-Al-Y 700 CH,/CO, (1:1) 10 20000h™" 75 75 - [170]
(1.5wt %) DLH®
Ni(23wt %)/Mg- 700 CH,4/CO, (1:1) 5 20000h™ 80 85 - [172]
Al-Ce-Y,, DLH?
Rh(1wt %)Ni 550 CH,/CO, (1:1) 5 120Lg.h™! 46 46 30% 30% [174]
(10wt %)/
Y,05-AL0;
Ni(5mol.%)/ 750 CH,/CO, (1:1) 100 60000h™" 70 70 - [175]
SIYTIO5
Ni(10wt %)/ 800 S/CH, (2:1) 100 (1 atm)  72Lg.uh™ 100 (1 atm) 100 (1 atm) - [177]
Y,Zr,0, -1
200 (20 atm) 18 L g.,h 65 (20 atm) 65 (20 atm) -

“The molar ratio of Ni/Si was fixed at 0.1; ¥’YSZ: yttria-stabilized zirconia; Ni content was 0.04 mmolm™ of support oxide; “DLH: double-layered

hydroxides; molar ratio of Ni**/Mg** 0.33.

www.ChemBioEngRev.de

© 2023 The Authors. ChemBioEng Reviews published by Wiley-VCH GmbH

These are not the final page numbers! »»

ChemBioEng Rev. 2023, 10, No. 0,1-30 21

95U8017 SUOLUWIOD dA1I.D) 3{cedl|dde aupy Ag peusenob ake sapie VO '8sn JO S9Nl 1oy Akeiq i 8UIIUO A8]IAN UO (SUOTPUOD-PUR-SULBIAL0D" A 1M Ale.q [BUlUO//SdIY) SUORIPUOD pue SIS 18U 88S *[£202/.0/92] Uo Ariqiauliuo A8 (1m 9160jouuos L 4 uonminsu| Jsunisieyt Aq 20000202 Ugo/Z00T OT/I0p/uuiod™A8|im Ake.q1ul|uo//sdny wouy pepeojumod ‘0 ‘vr2696T2



Wiley Online Library

ChemBioEng

evieas

most active and stable (Tab.7). The addition of 2wt % yttria
enhanced the reduction of Ni** to Ni’. The authors argued that
the one-pot synthesis is a method for catalyst preparation that
can result in a uniform distribution of magnesium, nickel, and
yttrium on the support surface.

Pyrochlores have a major drawback when they are prepared
by regular methods, such as coprecipitation and sol-gel,
because they result in low dispersion of Ni active sites [177].
Fang et al. [177] tested different preparation methods of those
supports and found that the support prepared by glycine-
nitrate combustion gave the highest conversion and was stable
for a very long TOS (Tab.7). Perovskites, on the other hand,
provide very extensive dispersion of the active metals. Their
general chemical formula is ABOs, where A-site cation is in
the lattice center and B-site ions at the lattice corners. The
active metal particles are integrated in the positionB of the
chemical formula ABO; and inhibit the carbon formation
[163,178].

In this chapter, attention has been paid to catalysts for SMR.
The most active ones, in terms of CH, conversion, were either
Ni-based or based on Pd-Rh and Ru. The Ni-based ones were
supported on CeO,-Al,O; or Y,Zr,0,. Their operating tem-
peratures ranged from 645 °C up to 800 °C and their S/C ratios
from 2 up to 4. Their active metal loadings were in the range of
7-12wt %. They achieved CH, conversions higher than 95 %.
The ones based on noble metals were supported on CeZrO,-
Al,O; and ZnAlLO,. They required much lower active metal
loadings, i.e., 1.3 and 3 wt % and less steam than the Ni-based
ones, at the same temperature. For example, the bimetallic
Pd-Rh/Ce0O,-Al,0; was operated at 800°C, like the
Ni/Y,Zr,0,, but at lower S/C ratio of 1.5, compared with the
Ni/Y,Zr,0;, with S/C = 2. Similarly, the Ru/ZnAlO,, operated
at 700 °C, required less steam, i.e., S/C = 3, than the Ni/CeO,-
Al,O3 which had an S/C of 4.

From the studied SMR catalysts, there were two catalysts
with very high H, yields. These were the Ni(12wt %)/CeZrO,-
0-Al,03, used at 645°C and S/C = 3, with a H, yield of 100 %
and a Ni(5wt %)/SiO, used at 750 °C and S/C = 1, with a yield
of 90 %. Although both catalysts resulted in high H, yields, the
first one provided a slightly higher yield than the second one.
This can be attributed to the higher S/C ratio and to the sig-
nificantly lower GHSV of the first catalyst, which was
1.25 Lepa gca[lh’l, compared to the second one with a GHSV
of 60 Lcyiy gcat’lh'l.

The stability of the catalysts in SMR applications was also
considered. Only those catalysts that were subjected to long-
term experiments were included in this study. The longest
experiment duration found was 200h and was used for three
catalysts:  Ni(12wt %)/CeZrO,-0-Al,0;,  Pd-Rh(1.31wt %)/
CeZrO,-Al, 03, and Ni(10wt %)/Y,Zr,0O,. All of them showed
stable conversion of methane. Therefore, these two supports
confer high and stable catalytic activity.

Catalysts for the DRM were also the focus of research in this
chapter. The catalysts with the highest CH, conversion were a
Ni(15wt %)/CeMgAl catalyst, used under 750 °C and CH,/CO,
ratio of 0.96, generating a CH, conversion of 98 %, and a
Ni(9.3wt %)/CaO-ZrO, catalyst, used under the same tempera-
ture but lower CH,/CO, ratio of 0.5, resulting in 95 % conver-
sion of CH,.

Higher methane concentrations are associated with more
unfavorable conditions for the catalyst, since higher concen-
tration of CH, can result in increased coke formation and loss
of activity. Thus, the Ni(15wt %)/CeMgAl is considered as a
more active catalyst in terms of CH,4 conversion and more
resistant to deactivation. This is evidenced by the stability
experiments, which showed a reduction in methane conversion
from 94 % to 88 %, after 100 h of TOS. Slightly enhanced stabil-
ity was observed for the Ni(5wt %)/SrYTiO3, which showed no
loss of its initial activity, which accounted for 70 % CH, conver-
sion, under the same TOS, same temperature, and CH,/CO,
ratio.

The Ni(15wt %)/CeMgAl also produced hydrogen with very
high yield, equal to 85 %. However, the catalyst with the highest
H, yield was the Ni(12.5wt %)/Ce-ZnAl,O4, which under
750 °C and CH,4/CO, ratio of 1:1 resulted in a yield of 88.54 %.

The hydrocarbons higher than methane, mostly C,-C, alka-
nes and alkenes, are by-products from the SCWG of biomass.
The criteria for the selection of catalysts suitable for hydrocar-
bons steam reforming are their high conversion and their long-
lasting stability, since the hydrocarbons have to be removed
from the SCWG product gas before the SMR reactor. There
were two catalysts effective in complete conversion of the hy-
drocarbons. The first one was a Ni(19.5wt %)-Ru(0.05wt %)/
CGO, operated at 450 °C and with a feed of C,-Cs hydrocar-
bons with S/C ratio of 3. Apart from the complete conversion
of hydrocarbons, this catalyst was stable for 900 h of TOS. A
Rh(5wt %)/Al,0; had also complete conversion of propane at
750°C and S/C of 4, for 120h. Long-lasting activity of 300 h
was also reported for a Ni(13wt %)-Ce(1.02wt %)/Al, 05 cata-
lyst, for a feed of Cs—Cg with a S/C ratio of 2.7, nonetheless
without very high activity of 73 %.

Although some more technologies and different feedstocks
are reported here, their analysis goes beyond the scope of this
review.

4 Conclusions

This literature review introduces the combined process of bio-
mass gasification in supercritical water and reforming of the
produced methane and the rest hydrocarbons. Hydrogen is the
desired product of this process. Many studies of SCWG of
organic resources have shown that the produced hydrogen is
not only found in the form of H,, but also bound to hydrocar-
bons and especially to CH,. Therefore, a downstream process
that will convert the hydrocarbons into H, and carbon oxides
should be implemented to produce hydrogen from biomass.
An important aspect of this work is the selection of the right
catalysts, one for the SCWG step and the other for the subse-
quent step of steam/dry reforming.

Recent advances in the catalytic gasification of biomass with
supercritical water highlight that the catalysts which offer high
carbon gasification efficiency and hydrogen yield are those
based on nickel with supports of magnesia, ceria, zirconia, and
alumina or mixtures thereof. Other metals, like Co and Ru, can
act as promoters of the Ni, since they have been found to in-
crease the yield of H, and the total gas yield. These catalysts
were found to promote extensively the steam methane reform-
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ing reaction under 700-800 °C and 240-250 bar. Under low or
moderate temperatures, i.e., 385-425 °C or 550-600 °C, respec-
tively, and/or high pressure in the range 250-520bar, high
CGE, high CH, yield, and low yield of H, was provided by the
Raney-nickel catalysts. These catalysts facilitate the C-C bond
cleavage and promote the methanation. Other effective cata-
lysts that acted similarly were the Ni/MgO, the Ni/ZrO,, and
the Ru supported on Al,O3 or TiO, or CeO,.

The temperature range covered by the literature for biomass
SCWG lies between 380 °C and 800 °C. Many studies work with
glucose as model biomass compound. The transition to contin-
uous processes with the aim to design catalysts with high activ-
ity and resistance to coke and tar formation should be an
aspect of future research. Most of the literature regarding the
SCWG of organic substances is based on batch processes. More
specifically, all the studies that have used biomass resources as
a feedstock concern batch processes with relatively short reac-
tion times. Those data cannot provide information about the
long-lasting stability of the SCWG catalysts. Prior to the cata-
lytic biomass gasification and the reforming of hydrocarbons,
gas-cleaning steps are necessary, so that any impurities that can
deactivate the catalysts, like sulfur, are removed. A suitable
material for that purpose is ZnO.

One process of reforming the hydrocarbons resulting from
biomass gasification to convert them into hydrogen is steam
reforming. The most suitable catalysts for this purpose are
those that offer high activity, i.e., high methane conversion and
hydrogen yield, and long-term stability. The most active cata-
lysts with the highest stability had nickel or noble metals such
as Ru or Pd-Rh as the active metal. The supports used for
nickel were CeQ,-Al, 05, CeZr0O,-AlL, 05, Y,Zr,0,, and SiO,,
while the supports for the noble metals were correspondingly
CeZrO,-Al, 03 and ZnAl,O,. In addition to the steam reform-
ing of methane, ceria, doped with gadolinium, was also used as
a support for catalysts for the steam reforming of heavier
hydrocarbons, offering stable complete conversion of C,-Cs
hydrocarbons.

The second option for the catalytic treatment of the SCWG
product gas is the dry reforming of methane, since CO, is also
produced in a comparable amount with hydrogen and meth-
ane. The catalysts with the highest methane conversion and
hydrogen yield in dry reforming were nickel-based and sup-
ported by CeO,-MgO-AL,O; or CaO-ZrO, or Ce-ZnAl,O,.
These supports, together with the SrYTiO;, provided the
highest stability as well.

Ceria has been considered as a very promising support for
catalysts in steam/dry reforming of methane. Its properties help
in the oxidation of carbonaceous deposits on the surface of
catalysts. Addition of other metal oxides, such as ZrO, or
Al,O; in the catalyst support can enlarge the surface area and
enhance the overall oxygen mobility and thermal stability,
reducing coke formation. CaO together with ZrO, or ALO;
was used also as a support for steam and dry reforming of
methane. Calcium offers an increase in the basicity of the
catalyst and acts preventing coke formation.

In conclusion, the integrated SCWG reforming process
option presents high potential to be applied for green hydrogen
production from biomass. The plethora of catalytic formula-
tions with promising performance in both process steps needs

to be further fine-tuned towards minimization of activity loss
in extended TOS evaluation in parallel with studies to optimize
process variables and reactor configurations for continuous-
flow operation using real biomass as feedstock.
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Symbols used

CGE [%] carbon gasification efficiency

p [bar] pressure

Ry, [%] ratio of hydrogen bound in
hydrocarbons to total produced
hydrogen

RRco [-] stoichiometric coefficient of carbon
monoxide from the reforming reactions
of hydrocarbons

RRyy» [-] stoichiometric coefficient of hydrogen
from the reforming reactions of
hydrocarbons

T [°C] temperature

Y; [molkg™] vyield of methane or hydrogen from the
gasification of organic compounds
in supercritical water

Yiotal [mol kg’l] yield of total product gas from the
gasification of organic compounds in
supercritical water

Greek letter

AHPK [kJ mol™"] enthalpy of chemical reaction at 298 K

Abbreviations

AC activated carbon

BET Brunauer-Emmett-Teller

BRM bireforming

CA citric acid

CGE carbon gasification efficiency

CGO ceria doped with gadolinium

CNT carbon nanotube

CP coprecipitation

CYSZ ceria/yttria-stabilized zirconia

cz ceria-stabilized zirconia

DLH double-layered hydroxide

DRM dry reforming of methane

GHSV  gas hourly space velocity

HTL hydrothermal liquefaction

MCM-41 Mobil oil corporation-41

PSA pressure swing adsorption

PWS paper waste sludge

SBA-15  Santa Barbara-15

SCW supercritical water

SCWG  supercritical water gasification

ChemBioEng Rev. 2023, 10, No. 0, 1-30 24

These are not the final page numbers! »»

95U8017 SUOLUWIOD dA1I.D) 3{cedl|dde aupy Ag peusenob ake sapie VO '8sn JO S9Nl 1oy Akeiq i 8UIIUO A8]IAN UO (SUOTPUOD-PUR-SULBIAL0D" A 1M Ale.q [BUlUO//SdIY) SUORIPUOD pue SIS 18U 88S *[£202/.0/92] Uo Ariqiauliuo A8 (1m 9160jouuos L 4 uonminsu| Jsunisieyt Aq 20000202 Ugo/Z00T OT/I0p/uuiod™A8|im Ake.q1ul|uo//sdny wouy pepeojumod ‘0 ‘vr2696T2



Wiley Online Library

ChemBioEng

evieas

SF
SG
SMR
TOS
WGS
WI

silica fibers

sol-gel technique

steam methane reforming
time-on-stream
water-gas shift

wet impregnation
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water is a sustainable method of
hydrogen production. Recent research
on this topic is reviewed,
demonstrating that this process
produces not only hydrogen gas but
also a mixture of hydrocarbons, which
bind a part of it in the H-C bonds.
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