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ABSTRACT  
Nowadays, substantial efforts are devoted to decrease 

our dependence on fossil fuels. This change will 

heavily rely on development of new and improved 

catalytic processes. Over the past two decades, 

catalytic hydrogen production from wet biomass and 

organic compounds in sub- and supercritical water 

(SCW) has gained significant attention. In this 

process, catalysts are employed to enhance the gas 

formation rate at moderate temperatures. Catalysts 

can be also utilized to shift the product distribution 

toward a more desirable compound (e.g. hydrogen). 

The effectiveness of various types of heterogeneous 

catalysts, mainly containing nickel and ruthenium, 

have been demonstrated for hydrothermal gasification 

of organic compounds. This paper overviews the 

major findings of hydrothermal gasification with the 

aid of heterogeneous catalysts in terms of activity, 

hydrogen selectivity and stability. Commercially 

available catalysts including supported and skeletal 

metal catalysts, activated carbon, oxides, metal wires 

and other innovative catalysts are considered. 

  

INTRODUCTION  
Gasification is an effective thermochemical route to 

convert carbon-containing feeds into carbon 

monoxide, hydrogen, carbon dioxide and methane. 

The resulting gas (i.e. collectively known as syngas) 

can be combusted to produce heat or it can be further 

processed to produce more hydrogen by water-gas 

shift reaction, methanol, and synthetic liquid fuels 

using Fischer-Tropsch process. Currently, hydrogen 

is mainly produced by steam reforming of natural gas 

and naphtha due to their lower costs compared to 

biomass. However, it is anticipated that biomass as 

feedstock for hydrogen production will have a more 

significant contribution in near future because of the 

increasing demand for natural gas and the undesirable 

environmental impacts associated with the excessive 

use of fossil fuels. Since biomass gasification is 

theoretically carbon neutral, it is expected to play a 

crucial role in future energy. In conventional 

gasification techniques, a controlled amount of 

oxygen and/or steam are injected into the gasifier to 

partially oxidize or reform the carbon, resulting in 

the formation of hydrogen, carbon monoxide and 

carbon dioxide. Partial oxidation releases energy that 

is used to keep the temperature of the gasifier at the 

desired value. Also, injection of steam into the 

reactor promotes hydrogen production by water-gas 

shift reaction. One important drawback of this 

process is the need for preprocessing of the feed to 

reduce its water content. As an alternative, 

researchers have studied the gasification processes 

in sub and supercritical water to address this issue. 

SCW can be used as both reaction media and 

reactant simultaneously. Hydrogen production is a 

promising application of the catalytic SCWG 

process. In this process, biomass is decomposed to 

form hydrogen, methane, carbon dioxide, carbon 

monoxide, and small amounts of higher 

hydrocarbons [1-9]. The unique properties of SCW 

such as harsh critical temperature and pressure along 

with its low dielectric constant make SCW an 

attractive solvent with tunable dissolving power. 

Many permanent gases and most organic compounds 

are soluble in SWC; therefore, the mass transfer 

barrier between different phases does not exist in 

reactions occurred in SCW. 

 

THE ROLE OF CATALYST IN SCWG  
Gasification of organics in SCW without catalyst has 

been studied thoroughly. Catalyst-free SCWG 

usually results in a higher CO concentration due to 

intrinsically low rate of water-gas shift reaction. 

Also, very high temperatures are required to achieve 

acceptable conversions. 
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In terms of reaction temperature, three ranges have 

been considered for SCWG process [2]: high 

temperature supercritical water, low temperature 

supercritical water and subcritical water gasification. 

The reaction mechanism changes from free radical to 

ionic by decreasing the temperature [3,10]. A typical 

temperature range for high temperature supercritical 

water gasification is between 550 and 700 ℃. Thanks 

to high reaction rates, complete gasification is 

achievable in the absence of catalysts or by utilization 

of carbon (e.g. coconut shell activated carbon) or 

alkali salts to inhibit tar formation [2,11]. For low 

temperature (374-550 ℃) supercritical water 

gasification, transition metal catalysts, such as nickel 

and ruthenium, are usually employed to overcome the 

energy barriers at lower reaction temperatures 

[2,3,12]. Although complete gasification of cellulose 

and lignin has been reported for this range of 

temperature, catalyst deactivation is still problematic 

and needs further improvements. In subcritical 

region, only highly active metal catalysts such as 

Raney nickel and platinum at low space velocities are 

useful for gasifying oxygenated organic compounds 

[13]. Gasification in SCW is overall an endothermic 

reaction. Since SCWG is operated at very high water 

content and given the considerably high specific heat 

of water, it is of great interest to reduce the reaction 

temperature as much as possible. Also, it is crucial to 

recover the thermal energy of the reactor’s effluent to 

heat up the feed [1,14]. In this paper, different aspects 

of SCWG with heterogeneous catalysts are critically 

overviewed. Without underestimating the possible 

roles of homogeneous catalysts for conversion of 

biomass into gases in SCW, this paper solely focus 

on catalytic SCWG catalyzed by solid catalysts. The 

heterogeneous catalysts are categorized in three 

major groups: activated carbon, metal, and oxide 

catalysts. Metal catalysts are further divided to 

unsupported (e.g. metal wires and skeletal catalysts) 

and supported catalysts.  

 

CURRENT STATUS OF CATALYTIC SCWG  
Being the subject of research for more than 20 years, 

SCWG has been now established as one of the most 

promising routes for converting wet biomass to gaseous 

fuels. Three different scenarios for SCWG are 

practically possible, each of which offers its own 

advantages and drawbacks: a) high temperature SCWG 

either in absence of catalysts or with activated carbon 

as the catalyst; b) gasification in the presence of 

homogeneous alkali catalysts and c) gasification at 

milder conditions with the aid of active metal catalysts. 

Majority of commercially available catalysts applied in 

SCWG process are industrially practiced for 

hydrogenation (e.g. Raney nickel) and steam 

reforming of methane and naphtha (e.g. Ni/Al2O3). In 

addition to this, supported noble metal catalysts (e.g. 

Ru/C, Ru/Al2O3 and Pt/Al2O3) prepared by catalyst 

manufacturers are widely used for their high activity 

and ease of use as there is often no need for reduction 

of the active metal prior to the experiment. Also, 

dispersion of the noble metals in commercial catalysts 

are rather high (e.g. 30-50%), providing a greater 

number of catalytic sites per mass of active metal and 

thus, lowering the price of the catalyst. Modification 

of some industrial nickel catalysts have been carried 

out aiming at increasing the life time of the catalyst or 

improving the selectivity [15-17]. 

  

PERFORMANCES OF SOLID CATALYSTS 
Review of literature indicates that three types of 

heterogeneous catalysts have been used for 

accelerating the reactions associated with the 

gasification of organics in SCW: activated carbon, 

transition metals, and oxides. In this section, we 

overview the major findings in the field of catalytic 

SCWG and present the achievements in gasification of 

biomass in SCW. 

 

Activated carbon: Carbons obtained from natural 

sources such as trees, plants, shells, coal and wood 

can be treated in high temperature inert gas, carbon 

dioxide and/or steam to tailor its properties for being 

used as a catalyst support or as a catalyst by itself. 

The physical and chemical properties of carbons are 

not only affected by the treatment conditions but 

also by the source of carbon. Treatment of carbon at 

a moderate temperature and an active atmosphere 

results in the production of activated carbon of ultra-

high surface area. On the contrary, treatment at 

higher temperatures an inert atmosphere produces 

low surface area graphite. The pore size and surface 

area of the activated carbons typically varies 

between 0.5 and 1 nm and 800-1500 m
2
/g, 

respectively. Due to their superior stability in 

reducing environments, negligible effects on the 

reaction, and high degree of metal dispersion, carbon 

supported metal catalysts are widely used in industry 

for hydrogenation reactions in production of fine 

chemicals.  The idea of using activated carbon as a 

catalyst was possibly originated from their 

previously proven performance for tar cracking in 

downdraft gasifiers. Despite the fact that activated 

carbon is the best known heterogeneous catalyst for 

high temperature (e.g. > 600 ℃) SCW applications 

in terms of cost, the exact mechanism of its action as 
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a catalyst in the context of SCWG is still unknown. 

Since the activity of the carbon catalyst was not a 

strong function of its total surface (i.e. sum of outer 

and pore surfaces), it was concluded that only the 

external surface of carbon particles takes part in 

gasification [18]. Furthermore, the presence of 

different minerals in the activated carbons from 

various sources did not alter the gasification rate. 

Using carbon in low temperature SCW cannot 

enhance the rate of gasification [19]. Thus, useful 

data on activity of carbon for catalyzing SCWG 

reactions are limited to high temperature SCWG 

region. However, due to high conversion of 

gasification at such high temperature SCW even in 

absence of catalyst (typically above 80%), 

comparison between the results obtained from 

uncatalyzed and carbon-catalyzed experiments is 

challenging. Nevertheless, the gas mixtures obtained 

from carbon-catalyzed SCWG in continuous reactors 

contain significantly smaller amounts of carbon 

monoxide. Overall, more fundamental research 

should be conducted to clearly explain the role of 

carbon in SCWG reactions, particularly for tar 

cracking and water-gas shift reactions, and to better 

demonstrate its usefulness in practical applications. 

Separation and recovery of activated carbon catalyst 

is an important practical consideration when catalyst 

is suspended in the reactor [20].  

 

Transition metals: There is a wide range of metal 

catalysts with adjustable physicochemical properties 

that, in contrast to activated carbon catalyst, could be 

tailored to meet the requirements of the catalytic 

process of interest. In SCWG process, metal catalysts 

have been employed in both supported and 

unsupported forms. 

 

Unsupported catalysts: Within the context of 

catalytic SCWG, unsupported metal catalysts can be 

categorized in two groups: powders and wires with 

low specific surface area and skeletal structures (i.e. 

Raney catalysts). Applications of both forms in 

SCWG are discussed in details below. 

 

Powders and wires: Few researchers have used 

metals and metal oxides in forms of powder or wire 

as a catalyst for SCWG process. There are two 

motivations behind using such materials in laboratory 

experiments: 1) demonstrating the inherent ability of 

different metals for catalyzing SCWG reactions 

(mostly in case of metal wires), and 2) to examine the 

possibility of using these unsupported metal particles 

as the actual catalyst in real large scale gasification 

process. It should be noted that, in most cases, the 

specific surface areas of these two forms of metallic 

materials are very small (i.e. <<1 m
2
/g). Indeed, 

metal powders and wires have an extremely limited 

number of catalytically active sites. Nickel [21], 

nickel oxide [22], inconel [23], ruthenium [24], 

ruthenium oxide [25], and platinum have been tested 

for catalyzing gasification of organics in 

supercritical water. Pt-black, which has an 

appreciable surface area, showed considerable 

turnover frequency for gasification of ethylene 

glycol at low temperatures [26]. However, given the 

high price and low dispersion of platinum or other 

noble metals in powder form, application of such 

materials has been limited to fundamental laboratory 

studies. Except Pt-black, other metal powders have 

exhibited insignificant activity at low temperatures. 

For instance, complete gasification of cellulose was 

achieved at 450 ℃ in presence of RuO2 powder 

whereas no improvement over uncatalyzed 

experiment was observed for the same reactions at 

350 ℃ [22]. Moreover, lignin and lignin-containing 

mixtures inhibited the catalytic effects of RuO2 [25]. 

It has been hypothesized that the flexible structure of 

lignin’s aliphatic chains captured the RuO2 catalyst 

and diminished its catalytic effects. However, more 

detailed investigations on this issue are needed to 

validate this hypothesis. Metal wires have been used 

to act as catalyst in capillary quartz reactors. In such 

reactors, the distance between the reactants and the 

metallic surface (i.e. catalyst) is small and it is 

always less than the tube diameter. 

 

Raney (skeletal) catalysts: Raney catalysts are 

prepared by leaching out aluminum from a metal-

aluminum alloy, resulting in formation of the target 

metal with a spongy structure. The remaining 

material typically contains a few percents of 

aluminum . Among various skeletal catalysts, Raney 

nickel is found to be most active in SCWG [27]. 

Despite the fact that many different Ni-Al phases 

can be treated with a solvent to leach away 

aluminum, the ratio between nickel and aluminum in 

the initial alloy plays an important role on the 

activity of such catalysts. Ni2Al3 (59% Ni) and 

NieAl3 (42% Ni) are the two most commonly used 

proportions for synthesis of Raney nickel catalysts. 

Dissolving of NieAl3 in an alkali solution occurs 

more effectively than Ni2Al3. In the early stages of 

development of Raney nickel catalysts, the Ni-Al 

alloys were used to treat with excess amounts of 

sodium hydroxide at relatively high temperatures at 

prolonged times. It should be noted that reaction of 
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aluminum with sodium hydroxide is extremely 

exothermic and digestion of aluminum at high 

temperatures and long treatment times would result in 

formation of alumina hydrate (i.e. Al(OH)3) through 

hydrolysis of sodium aluminate. The specific surface 

area of fresh Raney nickel ranges from 50 to 

100m
2
/g. However, there are evidences that Raney 

nickel may undergo aging even at room temperature 

and partially lose its active area and the stored 

hydrogen and slowly forms nickel oxide on the 

surface . Therefore, it is suggested that skeletal nickel 

catalysts should be used within a year after synthesis. 

Raney nickel is often available in the slurry form in 

degassed water and it is often used without any 

pretreatment (such as reduction). It should be also 

noted that depending on the preparation method, 

Raney nickel may contain a considerable amount of 

stored hydrogen in its structure. This amount can be 

as much as one order of magnitude greater than the 

amount of hydrogen that is chemisorbed on catalyst 

surface [28]. When Raney nickel catalyst is subjected 

to hydrothermal environment, it may release the 

stored hydrogen. 

carbon conversion and hydrogen yield strongly 

depend on the nature of the feed, feed to catalyst ratio 

and the contact time between the feed and the 

catalyst. Raney nickel has been applied to a variety of 

feeds at a wide range of operating conditions in 

SCWG process. it should be highlighted that 

whenever Raney nickel and other catalysts were for 

in the same reaction, Raney catalysts resulted in one 

of the highest conversions compared to other 

catalysts. Fresh skeletal nickel catalyst has a 

considerable capability in cleaving C-O bonds. 

Therefore, if used for gasification of oxygenated 

compounds, it consumes a portion of the produced 

hydrogen and results in a methane-rich gas mixture. 

This is particularly more pronounced at lower 

operating temperatures and higher feed 

concentrations which both favor high methane 

concentrations at equilibrium. If hydrogen production 

is the target of gasification, three approaches can be 

utilized to address this concern and increase the 

hydrogen selectivity. Firstly, reaction time (or 

equivalently weight hourly space velocity) can be 

optimized to achieve maximum amount of hydrogen 

before substantial methanation occurs. Consequently, 

the maximum hydrogen yield may not translate to 

complete carbon gasification and its exact value 

depends on the feed type, concentration as well as the 

reaction temperature. However, there is always a risk 

associated with this strategy: partial carbon 

gasification could result in faster catalyst deactivation 

and/or reactor clogging due to formation of tarry 

materials over time. The second strategy to address 

the low hydrogen selectivity of Raney nickel catalyst 

is to modify its surface chemistry to retains its high 

C-C breaking activity but retards C-O breaking 

ability. The third strategy to increase the hydrogen 

selectivity, which is only applicable to the supported 

catalysts, is utilization or modification of the 

supports. For instance, it has been shown that 

addition of ceria to alumina support can enhance the 

selectivity of the catalyst [29]. 

 

Supported catalysts 

Supported nickel catalysts: A wide variety of 

supported nickel catalysts have been used for 

catalyzing SCWG In the absence of an organic feed, 

nickel is found to react with SCW to form nickel 

oxide and hydrogen. Nickel oxide hardly has any 

catalytic activity for the reactions involved in SWG. 

Given that, a minimum feed concentration is needed 

to keep the nickel surface reduced. Due to the high 

turnover frequency associated with nickel (mostly 

edges and steps [30]) for cleaving C-O bonds, high 

carbon conversions in batch reactors are always 

associated with low hydrogen selectivity whereas 

higher hydrogen selectivity may be obtained in a 

continuous reactor with the same catalyst at the 

same carbon conversion. Until now, no useful 

support or promoter has been found to be able to 

significantly improve the hydrogen selectivity of 

supported nickel catalysts. Typically, if a 

nickel/support catalyst is found to be active for 

gasifying a certain type of biomass or a model 

compound under hydrothermal condition, the same 

catalyst will be effective for the decomposition of 

other organic feeds under similar operating 

conditions. One major exemption from this rule is 

gasification of lignin which is highly cross-linked 

biopolymers as well as the humic substances. 

 

Supported ruthenium catalysts: Ruthenium is 

found to be very active for reactions involved in 

SCWG. Ruthenium as well as other noble metal 

catalysts usually have a higher metal dispersion 

compared to nickel catalysts, partly because their 

lower metal loadings on the support (typically below 

5%), limited surface mobility and hence better 

resistance against sintering due to their high melting 

points and finally their milder reduction 

temperatures.  The most frequently used supported 

ruthenium catalysts for SCWG are Ru/C, Ru/TiO2 

and Ru/Al2O3. Carbon is widely used as a catalyst 

support that would not have a solid acid-base 
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properties; however, it is difficult to create and retain 

high dispersions of metals on the surface of carbons 

due to the lack of metal-support interaction. In 

general, there are two approaches to anchor an active 

metal onto the surface of carbon: fixing the active 

metal to the defects as well as attachment of metals to 

the previously created oxygen functional groups [28]. 

Wide varieties of different functional  groups may 

exist on the surface of carbon and the performance of 

carbon as both catalyst and support is highly related 

to the types and concentrations of these functional 

groups at the surface. The most abundant hetro-atoms 

found on the surface of carbon are hydrogen and 

oxygen. It has been also suggested that the chemical 

vapor deposition (CVD) techniques can be used to 

apply carbon on the uncovered surface of a 

conventional oxide-supported catalyst to suppress its 

acid-base properties. Ruthenium is more resistant 

than nickel against oxidation as well as hydrothermal 

sintering. Ruthenium supported on rutile titania [12] 

and carbon [31] are confirmed to benefit from a good 

long term stability. However, presence of sulfur 

containing compounds even at very low 

concentrations dramatically deactivates the catalyst 

by successive adsorption and/or solid state reaction 

on the metal surface [31-33]. One possible solution to 

address this concern is to remove sulfur in a 

hydrothermal salt separator before passing the feed to 

catalytic bed [34]. Other precious metals such as 

platinum [17,26,35] and palladium [35,36] have been 

also found to be active for catalyzing the 

decomposition reactions in SCW. 

 

Oxides: Few oxides such as CaO [37], ZrO2, and 

CeO2 [38] have been also employed for catalyzing the 

SCWG. CaO in known to capture the produced 

carbon dioxide (and forms carbonate); hence, it 

resulted in an increase in the hydrogen concentration 

[37]. Zirconia was found to increase the hydrogen 

yield in SCWG of glucose. Using ceria as a catalyst 

did not significantly increase the carbon gasification 

efficiency [38]. Red mud, a byproduct of Bayer 

process for aluminum production from bauxite has 

been also used as a potential catalyst for SCWG. Red 

mud contains large amounts of iron oxides (typically 

30-60%) and smaller quantities of other oxides (such 

as CaO and NaO). Red mud can facilitate the rate of 

hydrogen production in SCWG likely through 

accelerating the wateregas shift reaction [39]. 

 

CONCLUSIONS 
In this paper, a comprehensive overview of the recent 

advancements in heterogeneous catalysis for 

supercritical water gasification has been provided. 

Performance and durability of commercially 

available catalysts including supported and skeletal 

metal catalysts, activated carbon, metal wires and 

other innovative catalysts for the purpose of 

hydrothermal hydrogen production from biomass are 

discussed. This information can be served as a useful 

tool for the selection and design of new catalysts and 

SCWG processes. Despite all advances, there is a 

need to better understand the relationship between 

chemical and physical properties of solid catalysts to 

their performance in catalyzing different reactions 

involved in SCWG. 
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