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ABSTRACT 

SUPERCRITICAL WATER GASIFICATION OF BIOMASS 
 

by 

Fernando L. Pacheco de Resende 
 

 

Chair: Phillip E. Savage 

 

 

 We performed Supercritical Water Gasification (SCWG) for cellulose and lignin 

for the first time in the absence of catalytic effects from metallic walls, by using quartz 

reactors. We quantified the catalytic effect of metals by adding metal wires to the 

reactors. We also performed the first systematic study of the effect of variables on gas 

yields. We varied time (2.5 to 75 minutes), temperature (365-725°C), water density 

(0.00-0.18 g/cm3), and biomass loading (1.0 wt %-33.3 wt %). 

In the absence of metals, high temperatures and water densities provide the 

highest gas yields. Up to 3.3 mmol/g of H2 were obtained from cellulose (at 0.18 g/cm3) 

and up to 7.5 mmol/g (at 725°C) from lignin. Up to 2.6 mmol/g of CH4 were obtained 

from cellulose (at 600°C), and up to 9.0 mmol/g from lignin (at 725°C). The highest 
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energetic content (LHV gas/LHV biomass) was 20.0 % from cellulose (at 600°C), and 

37.4 % from lignin (at 725°C). 

 The presence of metals increases gas yields to a significant extent if the catalyst 

surface area/biomass weight ratio is at least 15.4 mm2/mg (5.0 wt % biomass loading). 

Nickel and copper provide high yields at 5.0 wt % loading, and nickel provides the 

highest yields at 1.0 wt % loading. Nickel at 240 mm2/mg provides 23.5 mmol/g of H2 

from cellulose and 21.1 mmol/g of H2 from lignin, which is close to equilibrium yields. 

CH4 yields are not strongly influenced by the presence of metals. With nickel, it is 

possible to generate a gas with almost 50 % energetic content from cellulose, and 45 % 

from lignin. 

 The non-catalytic results were used to fit the first kinetic model describing gas 

formation in SCWG. The proposed 11 reactions and the concept of a generic intermediate 

led to a model that can successfully fit the base case experimental data for cellulose and 

lignin. We verified that the model can predict yields at different biomass loadings and 

water densities. Its equilibrium predictions agree with thermodynamic calculations, and 

the rate constants obtained for the water-gas shift are in the range reported by previous 

authors.



 
 

CHAPTER 1 
1                                             INTRODUCTION 
 

1.1 Motivation for the Use of Biomass as an Energy Source 
Worldwide concerns about the depletion of fossil fuel reserves and the pollution 

caused by combustion of petroleum-based fuels make renewable sources of energy an 

attractive alternative to address environmental issues and reduce countries’ dependence 

on imported oil. Among the renewable sources of energy, substantial focus of research is 

currently on the use of biomass. The term biomass identifies all non-fossilized organic 

matter, from living and dead plant material to human waste, which is available on a 

renewable basis, including dedicated energy crops and trees, agricultural food and feed 

crops, agricultural crop wastes and residues, aquatic plants, and other waste materials. 

Many of these wastes, such as agricultural residues and sewage sludge, have been 

employed in thermo chemical conversion processes to produce fuels (gases and liquids) 

from biomass, and simultaneously eliminate residues.  

Besides being a renewable source of energy, there are many other advantages 

associated to the use of biomass. It is available abundantly in the world. Its use does not 

increase the net amount of CO2 in the atmosphere. The CO2 released from processing 

biomass originally came from the atmosphere itself, and was captured by the vegetation 

during the photosynthesis process, so that by thermally processing biomass we are simply 

promoting the CO2 cycle. 

An important question that arises in this discussion is whether the growth of 

biomass is sufficient to substitute main energy sources such as crude oil. Lieth and 

Whittaker [1] claim that the annual biomass growth on the continents amounts to 118 X 

109 tons, when calculated as dry matter. The energy equivalent of oil fuel on a weight 

basis is 2.5 times higher than that of dry plant biomass. The present crude oil production 

of 3 X 109 tons per year is therefore equivalent to 7.5 X 109 tons of biomass, which is just 
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6.4 % of the annual growth. This large amount of biomass is distributed on the earth’s 

surface with a greater degree of evenness than crude oil [2]. 

 

1.2 Chemical Composition of Biomass 
Biomass is typically composed of cellulose, hemicellulose, lignin, and small 

percentages of other substances, including minerals and organic molecules [2, 3]. 

Cellulose is a linear biopolymer composed of glucose units connected by ether bonds, 

with polymerization degree among 7,000 and 10,000 [3, 4]. Cellulose chains gather to 

form a structure where crystalline and amorphous zones can be found [3]. The chemical 

structure of glucose is shown in Figure 1.1. 

The hemicelluloses are a group of ramified and amorphous polymers made up of 

hexoses, pentoses and glicuronic acid. They have low polymerization degrees (50-300). 

The main components of hemicelluloses are shown in Figure 1.2. 

The lignins are crossed-linked and amorphous phenolic polymers. Its aromatic structure 

in a three-dimensional macromolecular network provides high chemical stability [2, 5]. 

The chemical structures of the main components of lignin are shown in Figure 1.3. 

Although cellulose, hemicellulose and lignin may add to up to more than 90 % of 

the global plant mass, there are additional plant components. Grain, potatoes, cassava, 

etc. have in their organic compounds approximately 50 % starch and 10 % protein. Ripe, 

sugar cane and sugar beet contain large amounts of sugar. Certain vegetables, such as 

beans, have an exceptionally high protein content [2]. 

Some of these additional plant components can be particularly useful when 

processing biomass if their elements can be recovered in useful form. For instance, many 

biomass feedstocks contain large amounts of nitrogen, phosphorus and potassium. These 

elements have a high commercial and environmental value if recovered in biologically 

available forms for use as fertilizer. The major components of fertilizers are chemical 

compounds of nitrogen, phosphorus, and potassium [6]. 
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Figure 1.1.Chemical Structure of Glucose [5]. 
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Figure 1.2. Chemical Structures of the main components of hemicelluloses [5].  
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Figure 1.3. Chemical Structure of the main components of lignin [5]. 
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Perhaps the most important difference between biomass and fossil fuels, in terms 

of composition, is the oxygen content. Biomass feedstocks often contain 40-60 wt % 

oxygen and conventional fuels are mostly hydrocarbons [6]. There are advantages and 

disadvantages for the use of biomass related to this topic. 

For fossil fuels, the reforming reactions between hydrocarbons and water to 

generate H2 are endothermic. Conventional steam reforming of petroleum depends on 

heat provided by the combustion of additional hydrocarbons. In contrast, oxygenated 

compounds such as the biomass components are able to form alkanes through exothermic 

reaction pathways, meaning that the energy required for the aqueous-phase reforming 

may be produced internally [7]. In this respect, the formation of a mixture of H2 and 

alkanes from aqueous-phase reforming of glucose is essentially neutral energetically, and 

little additional energy is required to drive the reaction [7]. 

On the other side, hydrocarbons are usually better quality fuels. For instance, for 

oils, high oxygen content can impart a number of undesirable qualities to the oil product, 

such as lower energy content, poor thermal stability, lower volatility, higher corrosivity, 

and a tendency to polymerize. For this reason, generally speaking, in producing fuels 

from biomass, one overall objective is to remove oxygen and create fuels with as high of 

a H:C ratio as possible [6].  

 

1.3 Technologies to Process Biomass 
There are a number of technologies used to obtain fuel/energy out of biomass. 

Normally they differ on the % of O2 present in the reactor. For instance, for combustion 

there is an excess of O2 relative to the amount necessary for stoichiometric oxidation of 

the feedstock. In this case the energy (heat) is obtained directly in one step, but if there 

are plans of using biomass as a source of energy for the transportation sector, the fuel 

needs to be in a form suitable for use in engines or fuel cells. 

In pyrolysis, a non-reactive gas is used in the reactor (absence of O2) to avoid 

oxidation and allow the heat to break the large molecules into smaller ones. Pyrolysis can 

produce oils and fuel gases as well. It usually employs high heating rates. 

Gasification is a technology that employs a reaction medium with O2 content 

below the stoichiometric one required for combustion. O2 (or air) causes partial 
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combustion and maintains the high reaction temperatures (> 973 K) [8], so that the 

biomass feedstock decomposes by pyrolysis reactions into lighter compounds such as H2, 

CH4, CO2 and CO [4, 9, 10]. Once produced, process applications for the obtained gas 

are very wide, for example, use in gas turbines, in fuel cells and for the synthesis of 

chemicals [11]. The present work focuses on gasification.  

Biomass gasification has been facing several technical difficulties that prevent its 

utilization in large scale. Much of the biomass resource is composed of material with 

higher levels of moisture, more typically 50 wt % and some even consists of wet biomass 

or biomass in water slurries at 85 % moisture or higher [12]. Examples are sewage 

sludge, cattle manure and food industry waste. For water contents above 40 %, the 

thermal efficiency of a conventional gasification plant decreases dramatically [13], 

because of the energy required to dry the feedstock. 

The conventional methods for thermal treatment of biomass, such as gasification, 

also have the inconvenient effect of producing significant amounts of char and tar (higher 

hydrocarbons) in addition to the desired light gases [10]. Any production of char 

represents an effective loss of gas. The formation of pyrolytic char and tar during 

gasification sets limits on the efficient production of H2 from biomass conversion under 

atmospheric pressure [14]. Furthermore, char and tar are difficult to gasify and to 

separate from the main stream [8, 13], compromising its use in further applications. 

For wet biomass, biomethanation has been the most common method used [15]. This is a 

cheap process that produces CH4 from biomass as well as fermentation sludge for 

fertilizer. Thirty days are required for fermentation and 10 h for active sludge treatment. 

[11]. So, biomethanation is a slow reaction and the treatment of fermentation sludge and 

wastewater from the reactors is now a large problem in Japan [15]. 

 

1.4 Supercritical Water (SCW): Definition and Properties 
The properties of SCW as a reaction medium have been shown to affect thermal 

degradation of organic wastes, and this is one reason SCW has been widely proposed as a 

solvent to carry out organic reactions. A pure substance is referred to as supercritical 

when temperature and pressure are both above those of the critical point (which for water 

is 374 ºC and 22.1 MPa) [16]. The critical point represents the highest temperature and 
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pressure at which the substance can exist as a gas and liquid in equilibrium. The 

phenomenon can be clearly explained with reference to the phase diagram shown in 

Figure 1.4. 

At the supercritical region, the high pressure keeps the density of the fluid close to 

those of liquids, increasing thermal conductivity [9]. The high temperature keeps 

viscosity close to those observed in gases, increasing diffusion rates [18]. These 

combined properties of gases and liquids make SCW a good option as a solvent for many 

reactions. 

When water is at supercritical conditions, the hydrogen bonds of water are 

weakened, causing its dielectric constant to decrease from about 78 at 298 K to the range 

2 to 20 near the critical point, which is similar to that of polar organic solvents at room 

temperature [19, 20]. This causes SCW to be able to dissolve many organic compounds 

completely, resulting in a single homogeneous phase [3, 8, 17, 21], and making rapid 

reactions of organic compounds possible [11, 22].  

Other interesting properties can be mentioned as well. The ion product (KW) of 

water goes through a maximum with temperature around the critical point. It first 

increases from 10-14 to 10-11 just below 350°C and then decreases by five orders of 

magnitude or more above 500°C [6]. In other words, at near-critical conditions there is 

large availability of H+ and OH- ions. This way, many acid-catalyzed or base-catalyzed 

reactions have their rates enhanced in the presence of water. Above the critical 

temperature, the ion product of water decreases dramatically, favoring radical-based 

reactions, which is necessary to form gases [8, 18]. As we will see later, this shift from 

ionic-based to radical-based is one of the reasons SCW can be used as a solvent for 

gasification reactions [8, 14, 23]. 

The advantage of using SCW as a solvent rather than common organic solvents is 

its environmentally benign nature and feasibility in the adjustment of solvent 

characteristics [24].  At supercritical conditions, water is compressible, and properties 

such as density and dielectric constant depend strongly on the pressure [25-27].  
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Figure 1.4. Phase diagram for a pure component [17]. 
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1.5 Supercritical Water Gasification (SCWG): Introduction 
SCW is completely miscible with O2. For this reason, SCW has been employed 

for oxidation of hazardous organic compounds in the process called Supercritical Water 

Oxidation (SCWO). The homogeneous conditions in SCWO eliminate the rate-

determining step of mass-transfer [4], leading to high destruction efficiencies with low 

residence times. Also because the supercritical process is fully contained, there are no 

vapor emissions or stack releases of products of incomplete combustion [6]. 

This ability to degrade organic compounds in a clean and efficient way has led to 

the idea of supercritical water gasification (SCWG), also called hydrothermal 

gasification, in which the organic waste is intended to generate fuel gases when 

eliminated. In SCWG, there is a large excess of water relative to the biomass. In the 

present work, the water-carbon ratio is typically 15-20 kg/kg. For comparison, the steam-

carbon ratio in conventional steam-gasification is typically 3 kg/kg [28].    

Hydrothermal gasification has emerged in 1985, initiated by the pioneering work 

of Modell at the Massachusetts Institute of Technology (MIT) [29]. Modell described 

experiments involving the immersion of maple wood sawdust in SCW, where it quickly 

decomposed to tars and some gas without the formation of char. Since then, many 

applications for thermal conversion of biomass have been proposed to use properties of 

SCW, such as gasification of glucose, cellulose, sewage sludge and organic wastes, with 

or without the use of catalysts, that usually decrease the temperature required for 

decomposition of theses materials [16]. 

There are several applications for the gases produced: compressed H2/CH4 could 

be used to substitute natural gas, compressed H2, if alone, can be used in fuel cells, and 

CO2 can be reused in other processes. The gas produced can be used as syngas to 

produce chemicals. 

Compared to the traditional gasification process, the following advantages can be 

expected for a wet biomass/organic waste feedstock in SCWG: 

- The water contained in the biomass is used as solvent in SCWG, and therefore the 

drying procedure is not required [14, 30];  

- A H2-rich gas with low CO yield can be produced by driving the water gas-shift 

reaction (CO + H2O → CO2 +  H2) [13, 14];  
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- The presence of water as reaction medium leads to hydrolysis reactions, for instance, 

hydrolysis of cellulose to glucose and oligomers, rapidly degrading the polymeric 

structure of biomass. This depolymerization via hydrolysis instead of pyrolysis is one 

important difference with thermal gasification. The intermediates formed via hydrolysis 

and consecutive reactions show a high solubility in hot compressed water, undergoing an 

extraordinary variety of isomeration, dehydration, fragmentation, and condensation 

reactions in homogeneous phase, ultimately forming gas and tars [10, 25, 31]. The 

homogeneous media depresses formation of char and increases the reactivity [3, 16, 31]; 

- Formation of tars (which are mainly composed of furfural and phenols) [31],which is 

the chief obstacle to complete gasification of biomass, can be inhibited. Strategies to 

achieve this may include increasing temperature: above 700 °C most (but not all) of the 

tar effectively is converted to gas [14, 32]. Catalysts may also be used for this purpose: 

when wood is gasified using a Raney nickel catalyst, it leads to a colorless aqueous phase 

with low DOC (dissolved organic carbon) content [29]; 

- The heteroatoms (S, N and halogens) leave the process with the aqueous effluent 

avoiding expensive gas cleaning [13]; 

- Products of SCWG will be available at high pressure, which is practically always 

needed for any further use [9, 14];  

- The water in SCWG is not only a solvent, but also a reactant which provides H atoms to 

form H2 [10, 33]. Evidences of this are data for glucose gasification that have achieved H 

yields (mass H in gas/mass H in glucose) higher than 100 % [3]. Direct evidence 

supporting this fact has been obtained by gasifying naphthalene in a RuO2-supercritical 

deuterium oxide (D2O) system [34]. In fact, it is believed that up to half of the H2 formed 

in SCWG originates from water rather than the biomass [25].  

One of the questions that originates from the use of SCW as a solvent is 

concerning the energy required to reach supercritical conditions, as opposed to the energy 

necessary in other more conventional methods. Yoshida [11] compared several 

technologies from the perspective of energy conversion, and concluded that for electricity 

generation, SCWG is the most efficient process when the biomass moisture content is 

above 40 %. Also, one important difference to conventional methods is the possibility of 
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avoiding a phase change to steam during the heating-up process. This avoids large energy 

penalties [6]. 

On top of this, the heat can be largely recovered from the reaction effluent for 

temperatures up to 600°C [4, 11, 14]. The efficiency of a heat exchanger has a strong 

effect on the overall energy efficiency [25]. High efficiency of heat recovery and quick 

heating of the feedstock to avoid char and tar formation should be considered in 

designing the heating-up section [14]. 

A large variety of biomass feedstocks could be used in SCWG. A cyclic biomass 

gasification process has been proposed. It is based on cultivating microalgae that are 

further gasified hydrothermally. The effluent from the gasification containing nutrients 

could be recycled to the algae [6]. 

It is also possible to use water in subcritical conditions (temperature and pressure 

slightly below the critical point of water) to degrade biomass, in which case the use of 

alkali catalysts may become necessary, and liquid products are more likely to be formed, 

depending on the reaction conditions (liquefaction). Gases are also produced in lesser 

amounts, consisting of CO2, H2, CH4 and CO [16]. The advantage of gasifying biomass 

at lower temperatures is to decrease the input thermal energy needed to carry out the 

process, and the role of catalysts becomes important to prevent the reaction from being 

slow [8]. If instead of the gases the purpose is to generate liquid fuels, then the overall 

objective is to remove oxygen; most readily by dehydration, which removes oxygen in 

the form of water, and by decarboxylation, which removes oxygen in the form of carbon 

dioxide. Since both water and carbon dioxide are fully oxidized and have no residual 

heating value, they are ideal compounds to remove oxygen without losing heating value 

[6]. 

SCWG opens a door to the effective thermochemical gasification of wet biomass. 

It is a novel process, under development since the late seventies. Large-scale commercial 

installations do not yet exist [14].  
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CHAPTER 2 
2                                      LITERATURE REVIEW 
 

 SCWG is currently receiving a great deal of attention from researchers, and 

several reviews have been published recently to summarize the current knowledge in the 

area [1-4]. These reviews cover a wide variety of topics, including SCWG with and 

without added catalysts, and also report research which is currently being performed to 

overcome technical problems.    

2.1 Reaction Mechanisms and Kinetics for SCWG 
Research concerning SCWG of biomass is recent and has intensified over the last 

years, but only recently relevant findings about the mechanisms and kinetics of 

gasification for the components of biomass have been published. The reason for this 

arises from the complex structure and chemistry of ligno-cellulosic materials, which 

makes it difficult to describe gasification by detailed chemical reaction pathways with 

well-defined single reaction steps, imposing a difficult challenge to overcome in this area 

[5].  

For this reason, the most common approach that has been employed is the use of 

simpler model compounds, which can provide information about fundamental aspects of 

gasification. Mainly methanol [6-8], ethanol [9], and glucose [10-14], have been 

employed to this purpose. The components of biomass: cellulose, hemicellulose and 

lignin have also been studied [15-20]. Some authors have performed research with real 

biomass, but in these cases the reaction mechanism is normally not addressed [21-24]. 

The fundamental research carried out with model compounds has revealed some 

features and trends of SCWG. Organic wastes decompose in homogeneous phase, but it 

is believed that smaller model compounds (such as methanol and ethanol), if formed, 

follow heterogeneous catalyzed mechanisms on the reactor surface. Some studies have 

been reported to evaluate catalytic effects of reactor walls such as those composed of the 
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nickel based Inconel 625 catalyzing methanol [6, 7] and glucose gasification, and 

Hastelloy C-276, which also catalyzes glucose gasification [10]. 

Despite the importance of a rate law and global kinetic parameters for the design 

of reactors, estimation of product distribution and energetic efficiency, not many results 

have been published concerning the kinetics of SCWG. Kinetic models were proposed 

for glucose [10, 13] and cellulose [18, 25]. These models focus solely on feedstock 

conversion, without capturing the chemistry leading to formation of gas species. The 

complexity of biomass feedstocks has been a major obstacle to advances in this area.  

Intermediates of biomass degradation often have double bonds and are able to 

polymerize. On the other hand, these compounds are dissolved in SCW. Coke formation 

is reduced if the molecules that may polymerize have a lower probability to meet. And 

solvation of the intermediate supports reactions with water or catalyzed by OH- or H3O+ 

ions, which are bond-fission reactions in most cases [2].  

For kinetics and mechanism studies, there is a new application with transparent 

quartz capillaries (1 mm ID and 150 mm length) as batch micro-reactors. It allows high 

speed and inexpensive testing, with the additional advantage of possible visual 

observations. The capillaries are heated rapidly (within 5 s) in a fluidized sand bath to the 

desired reaction temperature. A drawback however is that the pressure inside the 

capillary cannot be measured, rather it is derived indirectly. Quartz has no or hardly any 

effect on the reaction kinetics, and some of the reaction products are visible (tar, char) 

[26]. The following sections describe the most relevant findings about mechanisms for 

each model compound and biomass components in SCWG. 

2.1.1 Methanol 
The simplest model compound for these studies is methanol, a liquid miscible 

with water. Methanol gasification performed in continuous systems results in a H2-rich 

product stream with low concentrations of CO and CO2 [8]. It is possible to reach up to 

99 % methanol conversion without addition of a catalyst (25-45 MPa, 400-600°C, 3-100 

s, 5- 64 wt% methanol). Conversion increases sharply at 500 °C or higher temperatures, 

and also increases with higher residence time and lower concentrations. Soot and tar 

formation are usually negligible [6]. 

The following scheme of reactions is assumed for the reforming of methanol: 
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(1)  CH3OH ↔ CO + 2 H2 

(2)  CO + H2O ↔ CO2 + H2 

(3)  CO + 3 H2 ↔ CH4 + H2O 

(4)  CO2 + 4 H2 ↔ CH4 + 2 H2O 

H2 yield as a function of the residence time reaches a maximum due to increase in 

the rates of methanol decomposition and water-gas shift reaction (1 and 2), and after that, 

decreases because the rate for methanation reactions increase (3 and 4). [6]. The high 

concentration of CO observed is likely due to the fact that the water-gas shift reaction is 

much slower at lower temperatures, indicating a higher activation barrier than the 

methanol decomposition step. DiLeo and Savage [27] suggested a scheme including 

steam-reforming of the methanol: 

(1) CH3OH + H2O → 3 H2 + CO2 

(2) CH3OH → 2 H2 + CO 

(3) CO + H2O ↔ CO2 + H2 

To confirm that these are actually the main reactions taking place, they calculated 

the “H/C” ratio as in Equation 2.1: 

2COCO

COH

YY
YY

C
H 2

+

+
=                                               (2.1) 

Where Yi is the gas composition. Stoichiometry indicates that H/C should be 

three if the reactions taking place are the main ones. Experimentally, they found that the 

H/C ratio is indeed close to three, confirming the reactions suggested as the main ones in 

methanol SCWG. 

2.1.2 Ethanol 
Ethanol as a model compound in SCW produces H2 and acetaldehyde at 400-500 

°C and water density 0.20 g/cm3 [9]. Acetaldehyde is the only detectable component in 

the liquid phase, while H2, CH4, CO, CO2 and small amounts of ethylene and ethane are 

present in the gas phase. According to the authors, the initial step would be the 

dehydrogenation of ethanol, which is followed by the decomposition of acetaldehyde into 

CH4 and CO, and finally CO is converted into CO2 by the water-gas shift reaction, 
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according to the following scheme. All these processes can proceed without any catalyst 

[9].  

(1)   CH3CH2OH → CH3CHO (acetaldehyde) + H2 

(2)    CH3CHO  → CH4 + CO 

(3)    CO + H2O → CO2 + H2 

The presence of ethylene among the products suggests an additional reaction 

pathway, i.e., the elimination of a water molecule from ethanol. This process occurred 

with a smaller branching ratio relative to the dehydrogenation. A part of resulting 

ethylene could be converted to ethane by H2 addition. This is shown in the following 

scheme: 

 

(4)   CH3CH2OH → CH2=CH2 + H2O 

(5)   CH2=CH2 + H2 → CH3CH3 

2.1.3 Glucose 
Glucose is the monomer for cellulose and one of the monomers for hemicellulose. 

It is therefore an important model compound and many studies have been performed 

regarding its decomposition in SCW. As reported by Kruse [2], conversion of glucose 

leads to almost the same product distribution of gas, oil, and coke as that of cellulose at 

the different temperatures. The pathway for decomposition for glucose is practically the 

same as cellulose, so the mechanism for glucose decomposition will be described in the 

cellulose section.  

2.1.4 Cellulose 
As one of the main components of biomass, cellulose has been extensively used 

as a model compound, and its decomposition has been carried out at both subcritical and 

supercritical conditions [10]. Most researchers seem to agree in the reaction mechanism 

proposed for its decomposition, with small differences. 

In SCW, the first step is the dissolution of cellulose. After cellulose molecules are 

solvated by water, hydrolysis reactions take place, breaking the polymeric structure into 

glucose and oligomers [28]. There are very important differences in what concerns the 
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hydrolysis step in supercritical compared to subcritical conditions, and these are 

highlighted next. 

Around the critical point of water, there is a change in reaction mechanism for 

cellulose hydrolysis, from heterogeneous to homogeneous [29]. In other words, at sub-

critical conditions, the dissolution of cellulose does not take place to the same extent, and 

hydrolysis takes place on the cellulose crystal surface rather than a homogeneous medium 

[29]. 

Researchers believe this is one of the reasons why there is a discontinuity in 

reaction rates close to the critical point of water [5, 20]. At low temperatures, glucose and 

oligomers react much faster than cellulose hydrolyzes. Thus, even if cellulose hydrolyzes 

to glucose and oligomers, these further react rapidly and no hydrolysis products are left. 

Above the critical point, dissolution leads to a hydrolysis rate jump to more than an order 

of magnitude higher and it becomes faster than the glucose decomposition rate, leading to 

many hydrolysis products in the liquid phase [20]. Evidence of this is the observation 

made with a diamond-anvil cell, showing that in subcritical water, the hydrolysis of 

cellulose takes place nearly at the same time as its dissolution [3]. 

Furthermore, as mentioned previously, it is believed that around the critical point, 

the main reaction mechanism changes from ionic in subcritical to free radical in the 

supercritical region, favoring formation of gases [26, 30].  At subcritical conditions, the 

relatively high ion product of water leads to the formation of five-atom-ring species 

(furfurals) and to a smaller extent aromatic compounds via water elimination. These ionic 

reactions can be dominant because of the liquid like properties of subcritical water. Free-

radical reactions, which are necessary to form gases, are less pronounced [30]. 

Next we discuss what takes place following hydrolysis. The hydrolysis reaction 

breaks ether bonds to form oligomers: cellobiose, cellotriose, cellotetraose, cellopentose 

and cellohexaose, and the oligomers further hydrolyze to single units of glucose [18, 20, 

26, 31], which can isomerize to fructose [13]. Glucose undergoes fast decomposition 

reactions [28]. The complete conversion of cellulose to glucose/fructose and its oligomers 

can be achieved at temperatures as high as 400 °C in 0.05 s [10, 19]. 

Glucose and fructose undergo a variety of reactions: 

- dehydration, leading to either 1,6 anhydroglucose or 5-HMF (5-hydroxymethyl furfural) 
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- retro-aldol condensation, leading to erythrose and glycolaldehyde 

- hydrolysis, to form levoglucosan 

- generation of dihydroxyacetone [5, 30]. 

If recovered, erythrose can be used as a raw material for erythritol, a low calorie 

sweetener, and glycolaldehyde can be used to produce biodegradable plastics [29]. When 

erythrose, glycolaldehyde and 5-HMF decompose, they can form a variety of low-

molecular weight alcohols, carboxylic acids, aldehydes and ketones. The 

dihydroxyacetone (formed from fructose) isomerizes to glyceraldehyde and also 

decomposes to phenols. The phenols further lead to alcohols, carboxylic acids, aldehydes 

and ketones, which could also be formed directly from fructose decomposition. Note that, 

in biomass decomposition, aromatic compounds are normally assumed to originate from 

lignin, but as this mechanism shows, they can originate from cellulose as well [4]. 

The steps leading to gas formation are the decomposition reactions of the low-

molecular weight alcohols, carboxylic acids, aldehydes and ketones via decarbonylation 

and decarboxylation to form CO2, CO, CH4 and H2. Tars can be formed when 5-HMF 

reacts to form polyphenols. The reactions described compete with the formation of 

furfurals and phenols, which are preferred at ionic conditions (T < 374 °C). This free-

radical mechanism dominates at high-temperature and low-density regions. [30].  

In order to avoid tar formation, either the 5-HMF has to decompose rapidly, or 

polyphenols formed from it must decompose to low-molecular-weight compounds. The 

excellent solvation properties of SCW are probably enhancing the reforming of the 

polyphenols. Polyphenols tend to form dark and oily oligomeric compounds when heated 

and/or exposed to O2. In a low-pressure vapor phase, these compounds would not be 

solubilized and would, therefore, be difficult to gasify. Care must be taken not to enter 

the vapor region during heat-up to avoid tar formation. High pressure should be kept 

during reactor heat up to always keep a dense, liquid phase in the reactor [32].  

The gas formed consists mainly of CO2, H2 and CH4 and CO [33]. Once the gas 

species are formed, they can be converted one into the other by water-gas shift, 

methanation, and hydrogenation. 

Above the critical point of water, there is a drastic increase in the yields of H2 and 

CH4 and decrease in CO [28]. One of the reasons for this is the conversion of CO and 
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water to CO2 and H2 via the water-gas shift reaction. The rate of CO formation is faster 

than that of water-gas shift reaction at low temperatures. It is well known that the water-

gas shift reaction rate is slow at low temperatures and that its equilibrium constant 

decreases with increasing temperature in gas phase [34]. However, the water gas-shift 

reaction becomes very fast at temperatures as high as 700 °C [10], increasing H2 rapidly. 

Therefore, in the absence of catalysts, high temperatures are necessary to increase high 

H2 yields from gasification of cellulose/glucose in SCW. 

The mechanism for SCWG of cellulose is shown in Figure 2.1. Figure 2.1 is 

based on information collected from literature and previously discussed. 

2.1.5 Hemicellulose 
The most important fact about hemicelluloses is that all possess side chains and 

pendant groups, such as glucuronic acid and acetic acid, which inhibit the formation of 

H-bridges. This makes hemicellulose much more accessible to hydrolytic attack, and 

therefore much more soluble in water and/or alkali than cellulose (xylans are hydrolyzed 

60-80 times more quickly than cellulose). Hydrothermolysis dissolves approximately all 

hemicellulose in the 180 - 200°C temperature region [35]. This is only true, though, if 

hemicellulose is separated from plant matter. Within the plant, hemicelluloses are mostly 

connected to lignin by covalent links and are thus fixed in the fiber structure [35]. 

Hemicellulose breaks down to form a number of monosaccharides, the most prevalent 

being the 5-carbon sugar xylose [4, 28]. 

2.1.6 Lignin 
When isolated lignin is used as a starting material for SCWG, it must first be 

remembered that it undergoes modification during the separation procedure used to 

extract it from the plant material. In most cases, it can be assumed that lignin isolation 

leads to more highly condensed, cross-linked materials. The degradation of lignin 

contained in plant materials is therefore usually more readily achieved than for the case 

of pre-isolated lignin samples [35]. 

Lignin decomposition in SCW also starts by hydrolysis, forming phenolics. 

Although its aromatic structure provides lignin high thermal stability, much of the 

connections among their monomeric components are ether bridges, and hydrolysis leads 
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to cleavage of ether and ester bonds by the addition of one molecule of water for every 

broken linkage. In addition, the low activation energies suggest that lignin degradation 

could be achieved at temperatures below 200 °C. These facts suggest that lignin 

macromolecular structure could be easily dissolved under hydrothermal conditions [35]. 

In reality, this is not observed, and the main reason is the high chemical activity of the 

low molecular weight lignin fragments such as formaldehyde, syringols, guaiacols, and 

catechols. Recondensation of dissolved products by cross-linking reactions between these 

fragments can take place. This leads to heavier molecular weight compounds which 

correspond to the solid residues [29, 30], with low yield of gases [29]. 

Differences are observed for different types of lignins. Softwood lignin (based on 

conyferyl alcohol linkages) is highly resistant to degradation because of its cross-linked 

structure, and it gains H atoms when decomposed (it consumes H atoms if they are 

available). Hardwood lignin (termed guayaciyl-syringil lignin, composed of conyferyl 

alcohol and sinapyl alcohol) eliminates H and O atoms from the side-chain [36]. The 

mechanism for lignin decomposition as proposed is shown in Figure 2.2. 

2.1.7 Interactions among model compounds 
Once the main reaction pathways for the three main components of biomass are 

known, it is essential to understand the interactions among them [37]. Gasification of a 

mixture of cellulose, xylan and lignin does not behave as a sum of the degradation for the 

individual components, because interactions among them change the product distribution 

[37].  

If there were no interaction between the components, data for the mixture should 

fall on a weighted-average for contributions for each compound. For cellulose and 

hemicellulose mixtures, this is observed, indicating the behavior of these two components 

is summative and no significant interaction exists. On the other hand, a large deviation 

from this average is observed for lignin-cellulose mixtures and lignin-hemicellulose 

mixtures. It is observed that when lignin is present, production of H2 is suppressed [26]. 

It is believed that cellulose and xylan donate H atoms to lignin. This 

hydrogenation uses atoms that otherwise would turn out to generate H2, and thus 

interactions among cellulose and xylan with lignin tend to decrease H2 production. 
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Figure 2.1. Reaction Pathway for SCWG of Cellulose. 
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Figure 2.2. Pathway for lignin decomposition in SCWG [30]. 
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Yoshida and Matsumura [37] fitted a model to predict how interactions affect production 

of H2, CH4 and CO2. 

It has been suggested that added phenol supports lignin SCWG. Apparently, the 

presence of phenol can prevent polymerization because it avoids recombination of 

intermediate species, which would lead to heavier fragments. This increases the yield of 

smaller phenolic compounds and decreases char yields at these conditions [3, 5]. 

2.1.8 Other materials 
Organic materials other than cellulose, hemicellulose and lignin may also affect 

the yield and composition of gas products. Gasification of amino acids is important for 

gasification of animal matter, because proteins may be contained in biomass feedstocks. 

Studies with glycine as a model compound showed that it is rather resistant to 

gasification [2]. DiLeo reported that a significant portion of the carbon in glycine 

remained in aqueous phase even after reaction times of up to 1 h at 600°C [38]. It has 

been suggested that glycine forms a heterocyclic, free radical scavenger inhibiting further 

gasification reactions. A free radical scavenger is a stable free radical that is not reactive 

enough to start a free radical chain reaction, but interacts with the reactive free radicals, 

reducing their number and inhibiting the free radical reaction chain. The other possible 

explanation for this behavior is oligomerization [2]. Also, the presence of minerals in 

biomass has a significant effect on the gasification properties [26]. 

 

2.2 Catalysis in SCWG 
Reducing energy inputs for SCWG is an important accomplishment in order to 

make the process feasible. Catalysts can be used to reduce temperature and pressure 

necessary for the production of fuel gases. Many catalysts have been tested for model 

compounds and real biomass. 

The general agreement on how catalysts achieve complete conversion of biomass 

feed is centered on the catalyst’s ability to gasify reactive intermediates that are rapidly 

formed from the feed molecules by hydrolysis and dehydration. The gasification of 

intermediates must be fast enough to avoid the formation of polymeric materials and 
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eventually char. Reactive intermediates that are water-soluble have been identified to be 

mainly phenols and furfurals [4]. 

A good catalyst should be able to help break C-C bonds, especially for opening 

aromatic rings (phenols), and it should also dissociate H2O to yield reactive O and OH 

adsorbed intermediates on the catalyst surface. These radicals will then combine with the 

adsorbed CxHyOz fragments, and finally release CO and CO2. The adsorbed hydrogen 

atoms from water splitting and from the cleaved CxHyOz fragments will combine to form 

H2. These are some of the mechanistic features that a good gasification catalyst must 

exhibit. Others features are a fast equilibration of the water-gas shift reaction, and the 

hydrogenation of CO and CO2 to CH4 and H2O [4, 39]. 

Catalysts are used not only to increase the rate of a desired chemical reaction 

(activity), but also to steer the product distribution toward the desired one (selectivity). 

Therefore, a catalyst may still be useful in the case of unfavorable thermodynamics, if 

reaching chemical equilibrium is not the goal [4]. 

It must be kept in mind that performing a truly non-catalytic experiment in 

supercritical water media is complicated by a number of factors: 

- Reactor walls may act as heterogeneous catalysts; 

- Alkali salts present in real biomass may act as homogeneous catalysts; 

- Corrosion products from the reactor (transition metal ions such as Ni, Fe, and Cr) may 

act as catalysts [4]. 

Metals are typical catalysts for SCWG, because they promote a high level of 

carbon conversion to gas at relatively low temperature [26]. But, as mentioned, they are 

also typical components of the reactor walls, interfering with reaction rates even when no 

catalyst is added to the system. To our knowledge, the only studies of SCWG in the 

absence of metals are the ones performed by Potic [40] and DiLeo [38], using capillary 

quartz reactors. Potic gasified glucose, and DiLeo gasified methanol, glycine, and phenol. 

Data for non-catalytic SCWG of more complex model compounds, such as cellulose and 

lignin, are not available. This adds an obstacle to the understanding and quantification of 

the true effects of catalysts added to SCWG systems. 

Also, when catalyst metals are added to SCWG reactors, a common result is the 

oxidation of the metal in the hydrothermal system. In Elliott’s study, nickel and copper 
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were the only base metals found to remain reduced in the metallic form after the test [1]. 

The next sections describe results reported for the most common catalysts used in 

SCWG.  

2.2.1 Alkali Catalysts 
Basic conditions promoted by alkali catalysts increase the rates of several 

gasification reactions. With NaCO3, the degradation of cellulose starts at 180 °C, 

accelerating formation of liquid products from cellulose [15, 17]. Alkali catalysts lower 

the onset temperature of the cellulose degradation [26].  

Alkali salts usually support the splitting of C-C bonds [28] and have the ability to 

prevent tarry material formation thus enhancing gasification efficiency [29]. NaOH, 

K2CO3, KHCO3 and KOH severely attack monomeric and dimeric carbohydrates, such 

as glucose, fructose or cellobiose, even below 100 °C [26, 35]. When gas products are 

finally formed, the alkali also influences composition since they effectively promote the 

water-gas shift reaction, increasing H2 and CO2 yields, and decreasing CO [5, 28, 33, 

41]. Lignin also has its macromolecular structure decomposed by hydrolysis enhanced by 

alkali (mostly NaOH) [35].  

The use of alkali catalysts to gasify real biomass has been reported. Straw is 

completely gasified using alkali catalysts with a batch-type reactor at 773 K, 35 MPa 

during 120 min, obtaining mainly H2 and CO2 [30]. However, the use of homogeneous 

alkali catalysts has the inconvenience of difficult recovery from the effluent stream, 

which could make the process expensive [42]. 

2.2.2 Nickel Catalyst 
Nickel has been found to greatly improve gasification yields, even at subcritical 

conditions. Gasification of cellulose in near-critical water at 350 °C and 16.5 MPa with a 

reduced nickel catalyst prevented the formation of char and led to 70 % carbon 

gasification [3]. 

Extensive use of nickel has been reported for SCWG. Nickel catalyst is known to 

largely suppress tar formation by cracking it, and is also known to promote water-gas 

shift reaction, methanation, and hydrogenation reactions, leading to a higher yield of gas 

product, especially H2, CO2 and CH4 [1, 26, 36, 43]. Nickel catalyst causes cellulose to 

 
 

28



 
 

start decomposing between 260 and 320 °C, strongly promoting formation of gases [15]. 

Nickel can also lead to complete gasification of lignin at a temperature as low as 470 K. 

A large amount of catalyst (1.2 g catalyst/g biomass) is needed for effective gasification 

of lignin to take place [36]. 

The main problem associated with nickel is its rapid deactivation [36]. Elliott’s 

studies suggested that only nickel in a reduced form had any significant amount of 

activity. In his work, nickel sintered and deactivated rapidly, but could be stabilized by 

doping with another metal [4]. Vogel’s group also reported that nickel sinters rapidly at 

400 °C [1]. Stable nickel metal catalysts were developed by Elliott’s group by 

impregnating promoting metals onto the most stable nickel catalyst formulation. The 

most useful promoter metals were copper, silver, and tin, impregnated at 1 wt %. This 

stabilization method was attempted by Vogel, and although stability was improved over 

their earlier results, deactivation was still evident over 100 h of operation [1]. 

Raney nickel catalysts are porous nickel frameworks covered by hydrated alumina 

particles [39]. With Raney nickel as a catalyst, high CH4 yields are achieved in the 

gasification of wood from 370°C to 420°C. Also, the water resulting is nearly tar-free. 

Continuous-flow reactor experiments showed that Raney nickel is deactivated over time 

in a 50-h experiment [1]. It has been found that addition of Sn to Raney-Ni catalysts 

significantly decreases the rate of CH4 formation without inhibiting the rate of H2 

formation [39]. The beneficial effect of Sn on the selectivity for production of H2 may be 

caused by the presence of Sn at Ni-defect sites and by the formation of Ni-Sn alloy 

surfaces. The decoration of defect sites by Sn may thereby suppress methanation 

reactions. It is also possible that methanation reactions are suppressed by the presence of 

Sn on Ni3Sn alloy surfaces [39]. Raney nickel with Sn leads to gas products which are 50 

to 70 mole % H2, 30 to 40 % CO2, and 2 to 11 % alkanes. A slight increase of carbon 

deposits on the used Raney nickel surface can be observed after the reaction. Also, 

according to the manufacturer, aging is an issue to the Raney type catalysts and storage 

should not be prolonged to more than one year [32, 39]. 

2.2.3 Zirconia Catalyst 
Recently it was found that zirconia (ZrO2), which is a solid acid-base catalyst and 

stable in SCW, is an effective catalyst for the decomposition of carbonyl compounds such 
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as carboxylic acid in SCW. Since decomposition of biomass such as glucose and 

cellulose in SCW produces aldehydes and ketones intermediates, the yield of H2, as well 

as CO2, could be promoted by using zirconia as a catalyst in SCWG, although in smaller 

extent than NaOH and Na2CO3 [41, 42]. 

For glucose and cellulose the gasification efficiency with zirconia is twice as 

much as that without catalyst [42]. For lignin, the yields of H2 with ZrO2 are almost 

twice as much as that without catalyst [41].  

2.2.4 Ruthenium Catalyst 
Ruthenium catalyzes the gasification of cellulose, lignin, formaldehyde and real 

biomass [24] with better performance than other catalysts such as NaOH and Ni/AlO3 

[26]. In fact, ruthenium on carbon support has been shown to be more active than nickel 

[1], and other metals such as rhodium, palladium and platinum [30]. This effectiveness is 

probably a result of the high activity of ruthenium in breaking C-C bonds [30]. By 

breaking these bonds, ruthenium gasifies reactive intermediates such as formaldehyde, 

which otherwise participate in cross-linking reactions to form solids [33, 44]. It has been 

suggested that RuII exists as an intermediate in the catalytic mechanism, and that the 

catalytic effect of ruthenium oxide results from a redox couple of RuIV/RuII[44]. Tests 

made by Elliott et al. [1] showed that for phenolic model compounds, ruthenium has 

useful levels of activity. Ruthenium showed long-term stability when used in gasification 

of phenol as a model compound, especially with a carbon-supported form. 

2.2.5 Other Catalysts 
The majority of the published research concentrates on the catalysts previously 

mentioned, but some groups have tested less common catalysts in SCWG. Yanik et al. 

[45] report that iron can be an effective catalyst for the gasification of red-mud (a by-

product of the electrochemical process of aluminum production). Arita [9] has reported 

that the addition of copper wires accelerates gasification of ethanol considerably. Since 

nickel and many other metals that have been shown to be active catalysts for tar 

gasification are subject to severe corrosion by SCW at the temperatures needed to secure 

high yields of H2, carbon catalyst has been used and is particularly effective because it is 

stable in supercritical water, especially in the presence of H2 [8, 26, 46]. Activated 
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carbon catalysts are effective for inhibiting formation of char [30]. The main issue with 

activated carbon is the rapid drop in carbon gasification efficiency below 823 K [29].  

2.2.6 Catalyst Supports 
The effectiveness of catalysts in hydrothermal gasification can be greatly 

improved by the use of support materials with long-term stability in hot liquid water. 

Many alumina and silica based materials commonly used for catalyst formulations in the 

petroleum and gas processing industries are less useful for hydrothermal gasification. The 

better supports for SCWG include activated carbon, mono-clinic zirconia, titania, and α-

alumina [1]. 

 Nickel, for instance, has high activity and generates more CH4 with a magnesia 

support than without the support [17, 28]. Ruthenium has been evaluated on many 

supports [39, 47]. Ruthenium on rutile titania extrudate is particularly effective in this 

process. It is easily reduced to its active form and maintains its activity for long periods 

of operation [26]. Osada [30] obtained high carbon gasification yields with ruthenium on 

titania for repetitive uses. In general, γ-alumina as a support leads to higher gas yields 

than carbon [47]. But it is not a useful catalyst support for more than a few hours in 

aqueous systems because it does not survive in long-term processing [47, 48].  

2.2.7 Catalysis at Reactor Walls 
Nickel/chromium super alloys such as Inconel and Hastelloy, which are excellent 

materials of construction for high-pressure and high-temperature steam process, have 

been shown to have catalytic effects in hydrocarbon-reforming systems [7]. The nickel-

based Inconel 625 is believed to catalyze the water-gas shift reaction and suppress CH4 

formation when gasifying glucose, acetic acid and formic acid, resulting in a H2-rich 

product stream [14]. Previous oxidation of Inconel 625 with H2O2 in water (3 wt %) 

catalyzes methanol gasification to achieve up to 99 % conversion (600 °C and 25 MPa). 

This treatment dissolves Cr and Mo from the reactor walls, increasing the concentration 

of nickel oxides in the surface. The oxides can be formed during the treatment with 

H2O2, and are later reduced to Ni during gasification. This reduction accelerates 

methanol decomposition and the water-gas shift reaction, decreasing CO yields [6]. The 
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alloy Hastelloy C-276 influences gasification of glucose [46], especially after treatment 

with aqueous salts such as NaCl solution [14, 26].  

To evaluate the effect of added catalysts, it is desirable to eliminate catalysis from 

the reactor walls. Different reactor types can be used for this purpose: 

- Quartz reactors 

- “Seasoned” or “aged” reactors. The reactor is exposed to reaction conditions in the 

presence of the feedstock for one or two weeks until the planned experiment starts. New 

reactors show a significant catalytic effect that vanishes with operation time. These 

reactors have a lower and constant catalytic effect 

- Metal reactor with ceramic liner: Use in supercritical water total oxidation [2]. 

 

2.3 Effect of Reaction Conditions on Products 
Effects of parameters such as concentration of biomass and temperature on 

products have been evaluated [46]. The next sections describe the main findings on how 

reaction conditions affect gas yields. 

2.3.1 Concentration 
Concentration is an important variable, as observed for methanol gasification. 

Gasification yields decrease at high feed concentrations, which can be explained by 

saturation of the active sites in the reactor wall with adsorbed methanol [26, 48]. Glucose 

in tubular reactors is completely gasified only in small concentrations: 0.001 M and 0.1 

M (600 °C and 24.6 MPa) [26, 29]. Concentrations lower than 0.6 M, as well as residence 

times of at least 60 s, avoid formation of soot and tar [17]. Concentrations higher than 5-

10 % lead to significant drop of the H2 yield [26]. However, higher concentrations of 

biomass must be handled to commercially use SCWG [11], since low concentrations 

would not be economically practical [48]. 

Concentration can be also important for selectivity. Higher methanol 

concentration (less water present) decreases the rate of water-gas shift reaction, 

increasing CO and decreasing CO2 [7]. The selectivity for production of H2 also 

decreases as concentration increases [39].  
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Antal et al. pointed out that the feed concentration was a reason for the formation 

of soot and tar during supercritical water gasification [3]. Lu et al. [49] found that high 

concentrations of biomass have a negative effect on the gas yield and lead to the plugging 

of the reactor. 

2.3.2 Temperature 
Temperature has a strong effect on product distribution. As temperature increases, 

solid product is consumed, liquid and oil formation go through a maximum, and gas 

formation increases [15, 17, 28]. This suggests the pathway solids → liquids → gases, 

which proceeds further as temperature increases.  

At high temperatures, the CH4 steam reforming reaction is driven to increase H2 

yields at the expense of CH4 [46].  From 873 to 973 K and 25-30 MPa, glucose and 

vanillin can be completely gasified to H2 and CO2 within 140 s [30]. Packed carbon 

gasification in SCW of granular coconut shell activated carbon using a packed bed 

reactor at 600-650 °C, 25.5-34.5 MPa obtained H2 (64 %), CO2 (33 %), CH4 (2 %) and 

CO (1%), by mole. By increasing the reaction temperature above 650 °C, the yields of H2 

and CO2 sharply increase, while the yield of CO decreases because there is stronger 

water gas-shift activity above 650 °C. The CH4 yield is not affected [26]. 

2.3.3 Water Density 
The water density affects the interaction between catalysts and reactants. It is 

believed that rates and equilibrium of the reaction can be controlled by changing water 

density. High water densities increase the breakdown of lignin for the production of oil 

and gases, presumably by enhanced hydrolysis [4]. It has been shown, for alkyl phenols, 

cellulose and lignin gasification, that the yield of liquid products has a maximum, and 

yields of gases such as CH4 and CO2 increase with water density up to 0.2 g/cm3, 

remaining then constant. It is suggested that a larger number of water molecules in space 

promotes formation of CH4 and CO2 from alkyl phenol or alkyl benzene [33, 47, 50]. 

Gasification of these fragments occurs over metal catalysts and condensation between 

fragments can be suppressed, which means that char formation can be reduced [30]. Sato 

et al. [47] found gasification efficiency to decrease when the density increased beyond 
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0.4 g/cm3, and explained it using the Le Chatelier’s principle (the increasing pressure 

inhibits gas formation) [4]. 

2.3.4 Heating Rate 
The heating rate in SCWG strongly influences phase behavior, since lower 

heating rates cause the biomass to spend more time at lower temperatures, leading to 

heterogeneous conditions for hydrolysis. Higher heating rates take the biomass above the 

critical point of water promptly, being rapidly dissolved achieving homogeneous 

conditions. Therefore, increase in the heating rate leads to higher yields of gas [3, 15]. It 

has been observed that slower heating rates favor the formation of refractory compounds 

when gasifying wood, as well as coke/char, tarry materials, resulting in more CH4 (rather 

than H2) production [26, 29, 32]. 

2.3.5 Partial Oxidation 
It was observed that introduction of O2 to perform partial oxidation enhances H2 

and CO2 yields at all times [41]. When H2O2 is added to the biomass-SCW mixture, 

carbon gasification efficiency improves. But if the concentration of H2O2 is too high, 

oxidation of the product gas into water and carbon dioxide takes place [29], decreasing 

the energetic value of the product. 

 

2.4 Operational Issues in SCWG 
This section describes the main challenges researchers working with SCWG have 

been facing, and some of the solutions that have been employed. 

2.4.1 Reactor Plugging 
One of the main issues with SCWG is reactor plugging, which usually leads to 

system shut downs in tubular reactors [7, 23]. The plugging is generally caused by 

precipitation of feedstock inorganic impurities [12, 29]. Plugging by salts is mainly a 

problem of gasification with solid bed catalysts [2]. Other causes for plugging are the 

small size of the bench-scale demonstrations used, the robustness of tubing structures in 

enduring high-pressures, formation of char at the heating section and the buildup of ash 

inside the reactor [51]. Reactors can plug after only 2-3 hours on stream [46].  
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To avoid plugging by precipitation, some possible solutions have been tested. One 

of them is to treat the biomass prior to delivering the feedstock into the reactor. Attempts 

to pretreat biomass to allow extended use of catalysts, by removing certain components 

like alkaline earths [22] and biomass slurry preparation in a temperature range 150-200°C 

have been documented. Careful monitoring and control of feedstock trace components 

(e.g., calcium, magnesium, sulfur, and phosphorus) are critical for maintaining long-term 

operability and catalyst activity [22]. 

Another possibility is the use of multiple reactors. Having one reactor with a 

system for residues removal is described as an attempt to prevent reactor plugging. It 

requires a cleaning procedure with water, air and a soft metal brush, after some time of 

operation. Cleaning with H2O2 is also cited [46].  

Penninger and co-workers flash pyrolyze their feed, which consists of beechwood 

sawdust. In this way, the minerals are concentrated in the char produced and not fed to 

their reactor. They use the condensate of this reaction, which is now a liquid and easier to 

pump, to feed their supercritical reactor, operated at 600-650°C and 28 MPa. Problems 

were encountered in their runs associated with tar build-up in their preheater exit [4]. 

2.4.2 Feeding/Pumping 
It is not easy to feed biomass against high pressures [35]. Feeding a mixture of 

solids into a reactor operating at 22 MPa is challenging especially at smaller scales [4]. A 

reliable high pressure feeding system is needed for slurries [12]. 

Groups have solved this problem by a number of means, including using starch 

gels with cement pumps, pre-hydrolyzed feeds, solid-free feeds, or by pumping water 

against a piston containing the biomass slurry [4]. Antal’s group succeeded in feeding 

sawdust continuously by suspending it in a starch gel. Also, a successful device to 

feeding slurries with a coaxial reciprocating feeder has been suggested [26]. 

Limitations of conventional high-pressure pumps also have to be considered for 

continuous SCWG systems. In general, there is a limit of dry-matter content which these 

pumps can still work with biomass/water slurries, which is usually 20 wt % or less, 

depending on the type of biomass and its pretreatment. For example, sewage sludge can 

be pumped up to 40 wt % dry-matter content [2]. The use of wastewater and pyrolysis 
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condensates has the advantage of pumping to high pressure being very easy and 

homogeneous solutions being used instead of slurries or suspensions [2]. 

2.4.3 Corrosion 
A major drawback of applications in SCW is the corrosion of reactor materials. 

Water is an aggressive reaction medium: under certain reaction conditions, corrosion can 

be extremely high, especially when chlorine, sulfur, or phosphorous-containing 

compounds are oxidized and the corresponding acids are formed [52]. Still, as expected, 

corrosion is much less of a problem than in supercritical water oxidation [2]. 

There is evidence of corrosion in several SCWG experiments with alkali salts. For 

example, Kruse et al. [2] support a theory that this alkali environment may be dissolving 

the protective metal oxide layer on the reactor walls. If the outer metal oxide layer 

dissolves, it exposes fresh, temporarily reduced metal to SCW. The metal can quickly 

oxidize in SCW, producing hydrogen. As a consequence, change in material properties 

(ductility, tensile strength) and a subsequent embrittlement take place. 

Severe corrosion is observed for high-nickel alloys such as Hastelloy and Inconel, 

meaning these might not be proper for use in SCWG [46]. Boukis et al. [6] and Habicht 

et al. [53] observed no corrosion and severe ductility loss for a Ni-based alloy 625 (which 

is the widest applied alloy for SCW applications) exposed to methanol-SCW (reactor was 

previously treated with 3 wt % H2O2), at 25 MPa and 600 °C, at 5 wt % methanol. It has 

been suggested [53], based on results with the alloys C-22 (superior in resistance at 

various environments) and 625, that subcritical conditions force a partial dissolution of 

the major and minor alloying elements and therefore, cause maximum corrosion [52, 53]. 

In the supercritical region, the previously dissolved alloying elements and the appropriate 

anions precipitate. Corrosion products dissolved at subcritical conditions can precipitate 

at supercritical conditions and plug the reactor [52]. 

2.4.4 Catalyst Deactivation 
When using nickel, catalyst deactivation in SCWG takes place primarily by 

deposition of tarry intermediates on the catalyst [1]. Ash and carbon buildup on the wall 

of the reactor can also reduce access of the reactant to the catalytic metal, causing 

changes in gas composition with time [46].  
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For nickel, Elliott [1] attributed the deactivation to decomposition of the nickel 

and poisoning by mineral content in the feedstocks. He attempted to solve this problem 

by liquifying the biomass solids prior to entering the catalyst bed. However, mineral 

precipitates from the biomass remained a significant problem leading to plugging at the 

front end of the catalyst bed.  

2.4.5 Other issues 
Besides the problems already mentioned, Peterson [4] listed other challenges 

involved in SCWG: 

- capital cost; 

- pumping expenses for moving all of that water through the plant; 

- heat transfer and recovery: hydrothermal technologies operate at high temperatures, and 

have severe heating requirements to reach these temperatures, although these are lower 

than the heating requirements if the system were unpressurized (which would result in 

water vaporization). This emphasizes the importance of heat integration; that is, 

recovering the heat from the hot effluent stream to heat the incoming cold stream. 

- Recovery of homogeneous catalysts; 

- It is difficult to separate the wall effects of catalysts from the effects of the intended 

catalyst. This may ultimately lead to scale-up issues if not properly understood. 

 

2.5 Separation of Components  
Separation of components might be desired depending on the application of the 

gas produced. For instance, if the H2 produced is intended to be used in fuel cells, it is 

necessary to separate the H2 from the main gas stream. For use in PEM fuels cells, a 

concentration of CO as low as 10 ppm has an unacceptable effect on the performance 

[54]. The gaseous effluents separated from the main product H2 could be combusted to 

generate the energy necessary for the reactor [48]. 

After complete gasification, cooling down and depressurization of the effluent 

stream will separate gas and water automatically [25]. All tarry materials and char, if any, 

remain in the liquid phase, and a completely tar free product gas is available. This is an 

advantage of SCWG over conventional gasification processes. Thus, it is expected that 
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the product gas may be fed to gas engines or gas turbines without any treatment [26]. The 

problem then becomes only separation of components in the gas phase.  

Usually, an easy separation of CO2 is possible, because CO2 is much more 

soluble in water at high pressure and ambient temperature than CH4 and H2 [2]. If the 

amount of CO2 to be removed is large, additional water may be used to absorb the CO2 

[26]. 

ls. This separation method is aided by the high 

ressure at which the gases are available.  

 

2.6 U

igh as 90-98% with feedstocks of 9-25% ethanol, pyroligneous acid and corn silage [4].  

 

.7 S

There are a couple different ways to separate H2 from the gas mixture. Lee et al. 

[10] suggested the use of a pressure swing adsorption and a palladium-alloy membrane. 

Although CO can poison palladium-alloy membranes at low to moderate temperatures, its 

ability to block H2 permanent sites is reduced at temperatures greater than 300 °C. Taylor 

et al. [7] suggested the recovery of the H2 cooled using a polymer membrane separator. 

This would avoid the use of precious meta

p

nits in Operation 
In Germany, the VERENA test facility was built to process 100 kg/h, becoming 

the largest SCWG test facility existing so far. It consists of components suitable for 

further scale-up. It operates up to 700°C and 35 MPa, and has hot-components made of a 

nickel-based alloy. Biomass is crushed, the water content is adjusted to the desired dry 

matter content, subjected to pressure using membrane pumps, and heated up by a tube-in-

tube heat exchanger, The pre-heater and reactor are fired by hot flue gas from a propane 

burner. The gas-phase is separated from the liquid phase still under pressure. In this way, 

a large part of CO2 remains dissolved in the aqueous phase. Afterwards, the H2-rich gas 

phase is CO2 depleted in a scrubber [2]. VERENA has achieved gasification yields as 

h

2 ummary of Relevant Gaps in the Literature 
 There are three major aspects which are missing in the literature, which we would 

like to point out. The present work makes contributions which address these three 

aspects. First, as mentioned by Peterson [4] and Kruse [2], when catalysts are added to 
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SCWG, it is difficult to separate the wall effects of catalysts from the effects of the 

intended catalyst. This may lead to scale-up issues if not properly understood. The lack of 

information on reactions in the absence of metals makes it difficult to quantify the true 

effect of metals when these are added to the reactors. For this purpose, some studies in 

quartz reactors were reported for glucose and ethanol. This work is the first one to report 

CWG

cellulose and lignin focus on one 

me, te

 developed in the present work. This information is useful in 

designing SCWG systems. 

S  for cellulose and lignin in the absence of metals. 

 Second, there is no systematic study on the effects of experimental conditions. 

The information available in the literature for effects of variables in SCWG deals with a 

large variety of model compounds at different experimental conditions, many of them in 

the presence of different catalysts. In this work we perform a systematic study of the 

effects of time, temperature, water density, and biomass loading for cellulose and lignin. 

We performed this study in the absence of metals and also in the presence of added 

nickel, iron and copper. Most previous studies with 

ti mperature, water density and biomass loading. 

 Third, there are no kinetic models dealing with gas yields for SCWG. The few 

attempts to fit kinetic models to biomass decomposing in hot compressed water focus 

solely on feedstock conversion [13, 20], without capturing the chemistry leading to 

formation of gas species. Despite the knowledge available on the reaction pathways for 

SCWG, especially for cellulose, not much is known at the moment about the rates at 

which these reactions occur, and the main routes of gas formation are unclear. For 

instance, it is known that the methanation reaction takes place in SCWG systems, but it is 

not known if most of the CH4 formed actually originates from methanation or possibly 

from other gasification routes, such as direct pyrolysis of methyl groups present in lignin. 

If most of the CH4 originates from methanation, how close to equilibrium are we at 

typical SCWG conditions? Can we substantially improve CH4 yields by adding a catalyst 

that promotes methanation? These are some of the questions we aim to answer with the 

aid of the kinetic model we
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CHAPTER 3 
3                                  EXPERIMENTAL METHODS 
 

This chapter describes the procedure developed to obtain experimental data in the 

present work. The experiments were performed in quartz batch reactors. A fluidized sand 

bath is used for temperature control, and gas samples are analyzed in a gas 

chromatograph (GC). 

 

3.1 Reactor Preparation 
For each experiment, the solid biomass model compound was either cellulose or 

lignin. Microcrystalline cellulose powder (0.6 g/cm3, particle size 0.1 wt. % +60 mesh, 70 

wt. % +325 mesh) and organosolv lignin (0.5 g/cm3, particle size 5.5 % +40 mesh, 92.4 

% +100 mesh) were purchased from Sigma-Aldrich and used as received. Quartz 

capillary tubes (2 mm ID, 6 mm OD, 18.0 cm length) served as mini-batch reactors. The 

internal reactor volume was 0.58 cm3 (calculated from the dimensions given). Deionized 

water was obtained from Professor Burn’s laboratory (3005 Dow). The water is deionized 

by passing city water through an ion exchange water softener, reverse osmosis, and high 

capacity ion exchange units. The purified water is then continuously circulated through a 

system that contains ultra pure ion exchange, UV sterilization, and submicron filtration 

units [1]. 

The water was loaded into the reactor before the cellulose/lignin, so its expansion 

during heating would favor mixing. The water was loaded with 50 μL or 150 μL gas-tight 

syringes from Fisher Scientific. We used needles 20 cm long to load the water directly at 

the bottom of the reactors. The biomass was weighed with an analytical balance 

(American Scientific, B1240-1) and loaded with the aid of a glass funnel. For the non-

catalytic experiments, only water and biomass were loaded. For the catalytic experiments, 

we typically added a metal wire (16 cm long, 0.25 mm diameter). The total surface area 
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of the catalyst wire was 40 mm2 (or 125 mm2/g). Using a catalyst in wire form is 

appropriate for the geometry of the reactor, because the maximum distance between any 

particle reacting and the catalyst is the internal diameter. The wire metals tested were 

copper, iron, nickel, zinc, and zirconium. The wires were purchased from Alfa-Aesar and 

Sigma-Aldrich, wiped with 320 grit sand paper (3M Imperial Wetordry 413Q sandpaper 

9x11 02004) to reduce the amount of oxides on the wire surface, and loaded into the 

reactors. 

The exceptions to this were the ruthenium (purchased from Alfa Aesar) and 

Raney nickel (Raney 2800 nickel, slurry in water, active catalyst purchased from Sigma 

Aldrich) catalysts. Ruthenium was a powder (~325 mesh) and Raney-nickel a 50 wt % 

slurry in water. We calculated the amount of ruthenium needed to be 3.6 mg (for 40 

mm2). The idea of using Raney nickel is to verify the effect of a high surface area nickel 

catalyst that has been reported as an effective catalyst for SCWG. When working with 

Raney nickel, loading only 40 mm2 of active nickel is not even possible considering its 

high surface area. Instead, we based our loading on the amount of water needed for the 

experiment (43 μl). Therefore, 86 μl of the Raney-nickel slurry were loaded to each 

reactor. This corresponds to 148 mg of catalyst, with total surface area 1.34x107 mm2. 

The amounts of cellulose and water loaded varied with the reaction conditions to 

be used.  Setting the reaction temperature and pressure fixed the water density. All water 

densities were obtained from the steam tables. The desired water density and the reactor 

volume then set the mass of water to be loaded. Finally, the desired biomass loading (wt 

%) was used to calculate the mass of biomass that should be loaded into the reactor. The 

water loadings used in these experiments ranged from 0 μl (water density 0.00 g/ cm3) to 

103 μl (0.18 g/cm3), and the biomass loadings ranged from 0.5 mg (1 wt % loading) to 

26.0 mg (33.3 wt.% loading). After being loaded, the reactors were flame sealed. The 

length and external volume of sealed reactor were measured for the purpose of 

calculating the yields. The reactor external volume was measured by inserting it into a 

pipette containing water and measuring water displacement. 
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3.2 Carrying Out SCWG 
SCWG was performed by placing the sealed capillary either in a preheated, 

isothermal fluidized sand bath (Techne model SBL-2) or in a tube furnace (Type F21100 

Tube Furnace from Barnstead Thermolyne). For the sand bath, a Techne model TC-8D 

temperature controller keeps the temperature constant to within ± 1°C. After the reaction 

time had elapsed, the reactors were removed from the sand bath/tube furnace and placed 

in front of a fan for cooling. Reactions were performed for batch hold times ranging from 

2.5 to 75 minutes (2.5; 5.0; 10.0; 15.0; 30.0; 45.0; 60.0; and 75.0 minutes). Experiments 

at 10 minutes were repeated four times to determine representative standard deviations. 

At other times, 2 replicates were made, unless standard deviations were high, in which 

case additional replicates were performed. In all cases, mean values are reported. 

The heat-up time of the quartz reactors was measured by DiLeo [2]. DiLeo 

measured the temperature profile with a thermocouple in an open quartz reactor placed in 

a fluidized sand bath at 600°C, as shown in Figure 3.1. In Figure 3.1, the pressure is a 

function of temperature and is estimated with steam tables, assuming the water density to 

be 0.08 g/cm3. Even though the reactor had no water, DiLeo calculated the heat absorbed 

by the water during heat up to be less than 4% of the heat absorbed by the quartz itself, 

being therefore negligible. The heat-up time is about 30 seconds at 600°C. It should be 

kept in mind, therefore, especially for the shorter experiments (2.5 minutes), that part of 

the experiment is carried out at non-isothermal conditions. 

Quartz is slightly soluble in supercritical water, but at 600°C, only about 0.04 % 

of the reactor material would be leached out at equilibrium [3]. Dissolution of quartz, if 

occurring, did not compromise the structural integrity of the reactors. Di Leo [1] showed 

that SCWG of formic acid at 600°C for several hours led to experimental gas yields that 

agreed well with yields expected at equilibrium. This agreement indicates that the 

reactors maintained their structural integrity (no microcracks or gas leaks). 
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Figure 3.1. Temperature profile for the quartz reactors [1]. 
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3.3 Experimental Conditions 
For cellulose, we arbitrarily designate SCWG at 500°C, 9.0 wt. % biomass, and 

0.08 g/cm3 water density (22 MPa) as the base case. From this starting point, we varied 

one parameter at a time to evaluate its effect on the gas yields and composition. We 

considered temperatures of 365 °C (to evaluate yields at subcritical conditions), 400, 500, 

and 600°C, biomass loadings of 1.0, 5.0, 9.0 and 33.3 wt %, and water densities of 0.00 

(no water), 0.05, 0.08 and 0.18 g/cm3. For lignin, all conditions except temperature are 

identical. We observed very low gas yields at the lowest temperature (400°C), and for 

this reason the base case temperature was switched to 600°C (27 MPa water partial 

pressure). The other temperatures used for lignin were 500°C and 725°C. 

At some of the high-temperature, high-density, and high biomass loading 

conditions evaluated, reactors consistently burst at the longer reaction times. For these 

conditions, results could be obtained only for the shorter times (for instance, for cellulose, 

data could only be obtained up to 30 min). In general, we attempted to perform 

experiments for residence times as long as possible. Table 1.1 summarizes the 

experimental conditions used. 

 

Table 1.1. Experimental Conditions. 
 T (°C) biomass wt. % Water Density (g/ml) 

Base Case 500 (cellulose) / 600 (lignin) 9.0 0.08 

Low Temperature 400 (cellulose) / 500 (lignin) 9.0 0.08 

High Temperature 600 (cellulose) / 725 (lignin) 9.0 0.08 

Subcritical Temperature 365 9.0 0.08 

Lowest Biomass Loading 500 (cellulose) / 600 (lignin) 1.0 0.08 

Low Biomass Loading 500 (cellulose) / 600 (lignin) 5.0 0.08 

High Biomass Loading 500 (cellulose) / 600 (lignin) 33.3 0.08 

Low Water Density 500 (cellulose) / 600 (lignin) 9.0 0.05 

High Water Density 500 (cellulose) / 600 (lignin) 9.0 0.18 

Pyrolysis 500 (cellulose) / 600 (lignin) 100.0  0.00 
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3.4 Gas Sample Analysis 
To collect the gases formed during SCWG, the cooled quartz reactor was first 

inserted into a 1/2-in x 20 cm long metal tube, which is sealed with a 1/2-in cap at one 

end and has a valve at the other. The tube was then connected to a helium cylinder, 

pressurized to 10 psi, and removed from the cylinder. The helium provides the driving 

force needed to push the gas sample out of the tube for GC analysis. Next the metal tube 

was struck sharply to shatter the quartz reactor within and release the product gases into 

the helium-filled metal tube. 

The metal tube was then connected to a gas sampling valve on a 5890 Series II 

Hewlett Packard gas chromatograph (GC) with a thermal conductivity detector (TCD) 

equipped with a HP model 3394A integrator. The employed column was a 10-ft x 1/8-in 

O.D. stainless steel tube packed with 100/200 mesh Supelco Carboseive S-II. We used 

argon as the carrier gas, because helium was used to pressurize the metal tube. This way 

we could quantify the helium used to pressurize the metal tube. Also, argon gives positive 

peaks for H2 on the TCD. The GC was operated with a temperature program of 35°C for 

5 minutes, then increased to 225°C at a rate of 20°C/min, and held at 225°C for 5 

minutes. The GC separates and detects H2, O2, N2, CO, CO2 and CH4. Prior to the 

analysis of reaction products, the GC was calibrated with ten commercial gas standards 

containing the components of interest in the range of concentrations observed during 

experiments. N2 (present from the residual air in the reactor and metal tube) served as a 

standard during the gas analysis. Knowing the amount of N2 present and then 

determining its mole fraction from the GC allowed us to calculate the number of moles of 

all other gases present. More details will be provided later in this chapter. 

 

3.5 Calculations 
The first step in our calculations was to verify whether the results obtained 

experimentally were within the expected bounds based on the theoretical calculations. 

We defined a range of possible molar % of N2 that should originate from air in the 

samples. For example, if we have no gas formation in the reactor, based on the amount of 

helium used to pressurize the metal tube, the N2 molar % should be 76 %. This is the 

maximum possible molar % of N2. Any formation of gas from SCWG should decrease 
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this percentage. The minimum molar % of N2 should be observed when there is 

maximum yield of gases formed from SCWG. To calculate this amount, we assumed the 

biomass reacts completely with water via a typical steam-reforming reaction, producing 

CO2 and H2. The resulting mole % depends on the specific experimental condition. For 

instance, for cellulose at the base case, the minimum molar % of N2 obtained should be 

44 %. In other words, we expected these reactors to show a N2 molar % in the range 44 – 

76.0 %. The vast majority of the reactors showed N2 molar % within the acceptable 

range. In few cases this was not observed, and these experiments were neglected. 

The next step is actually calculating the gas yields. The GC analysis provides only 

the gas composition. The absolute amount of each component present in the gas phase 

was calculated using N2 (from air initially in the reactor, the metal tube and cylinder 

connections) as an internal standard. Since the amount of N2 from air is known (and it 

does not react during gasification), and the molar ratio of any gas to N2 is determined 

experimentally from the GC analysis, the yields in mmol gas/g of biomass for each gas 

species can be calculated. The volume of air in the tube is the sum of the air initially 

inside the reactor and the air between the external wall of the reactor and internal wall of 

the metal tube. Each of these is given as follows: 

volume of air inside quartz reactor = internal volume of reactor – water volume – 

biomass volume – wire volume (when added) 

volume of air outside reactor = volume of metal tube – external volume of reactor 

Besides these two components, there is also air coming from the connections that 

go from the metal tube to the regulator of the helium gas cylinder during pressurization, 

and this has to be taken into account. The internal volume of the metal tubing is 15.1 ml, 

and the internal volume of the connections mentioned is 6.0 ml (total volume 21.1 ml). 

Given the experimental setup, one could wonder if, during consecutive runs, the lines will 

be completely filled with air, or if helium can remain in the line and contaminate the 

following sample. The total length of the connections is 28.4 cm (1/4-in ID), and the 

diffusivity coefficient of He in air is 7.20x10-5 m2/s [4]. Using Fick’s Law, we estimate 

that all the helium diffuses out of the line in 12.5 minutes. Since the minimum interval 

between consecutive gas analyses is 45 minutes, we are assuming the line to be 

completely filled with air for every analysis. As experimental confirmation of this 
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finding, we performed a series of GC analysis using the metal tube without a glass reactor 

inside. The metal tube, initially filled only with air, was connected to the helium cylinder 

and pressurized with 10 psi. 45 minutes later, the mixture was analyzed in the GC. The 

procedure was then repeated, to verify if potential helium contamination of the line 

changed results. Based on the dimensions of the tubing/connections, we estimated the 

composition of this gas to be 65.7 % N2, 17.5 % O2, and 16.8 % He in a molar basis. 

Experimentally, we obtained 70.2 ± 0.0 % N2, 18.3 ± 0.1 % O2, and 11.4 ± 0.1 % He. 

The agreement between the calculated and experimental compositions suggests that our 

volume estimates are close to the real values. Also, the very small standard deviations for 

consecutive analysis of the gas sample suggest no contamination of the line with helium 

from the previous sample.     

The product gases from SCWG, especially CO2, are partially soluble in water. To 

account for this, we applied Henry’s Law to the reactor (equation 3.1) : 

g

a
H P

c
k =                                                                          (3.1) 

Where kH is Henry’s constant at temperature T (M/atm), Pg is the partial pressure 

of the gas species (atm) and ca is the concentration of the gas species dissolved in water 

(M). Pg is known for each gas species from GC information and assumption of ideal gas 

behavior. kH for each species is shown in Table 3.1. Table 3.1 shows data collected from 

the literature [5] for this purpose. 

 

Table 3.1. Henry’s Constants at 25°C. 
Species kH (M/atm) 
O2  

 1.3 x 10-3

H2   7.8 x 10-4

N2 6.5 x 10-4
 

He 3.8 x 10-4
 

Ar 1.4 x 10-3
 

CH4 1.4 x 10-3
 

CO 9.5 x 10-4
 

CO2   3.4 x 10-2
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kh for each gas can be used to calculate ca with Henry’s Law, leading to 

information about the number of moles of each gas dissolved in water. Results indicated, 

though, that the amount of gas dissolved in water was negligible relative to the amount in 

the gas phase, even for CO2.  

 

3.6 Problems with Gas Analysis 
Figure 3.2 shows typical results when analyzing the same gas sample (lignin, base 

case, 10 min) from the metal tube for 3 consecutive times. The first sample is injected 

immediately after breaking the glass reactor tube. The second sample is injected when the 

GC is ready for the next run, 45 min later. The third and last sample is injected 90 

minutes after breaking the reactor. 

The pattern shown here is observed with every other sample we ran multiple 

times. The yields from the sample injected immediately after breaking the glass reactor 

are always lower, because of poor mixing of the gases within the metal tube. Based on 

these results, we decided to wait 45 minutes after shattering the reactor before the 

injection of each sample. 

Another possible problem for gas analysis was the contamination of the metal 

tube with traces from previous samples, when analyzing multiple samples on a day. To 

avoid this contamination, we always flushed the metal tube with air for five minutes 

before placing another reactor in it. We tested this cleaning method by analyzing gas 

samples without reactors (only air and 10 psi of helium), and observing no 

contamination. 
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Figure 3.2. Consecutive analysis of the same sample (lignin, 600°C, 0.08 g/ml, 9.0 wt %, 
10 min). 
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3.7 Effect of the Heating Rate 
For most of the experiments performed in this work, the fluidized sand bath was 

used to control temperature. The sand bath provides uniform conditions for temperatures 

that can be as high as 600°C. However, for lignin experiments we had to go to 725°C, 

which the sand bath cannot reach. For these experiments, we used a F2100 type Tube 

Furnace from Barnstead International. Heating rates in fluidized systems like a sand bath 

could be higher than in systems like a tube furnace. To determine what influence this 

difference has on gas yields, we performed base case experiments for lignin (10 min) in 

both the sand bath and the tube furnace. Figure 3.3 shows a comparison of results for the 

two heaters. 

There is little difference between the yields obtained in the tube furnace and the 

ones from the sand bath. If it was possible to go as high as 725°C with the sand bath, we 

would expect differences in heating rates between the two devices to be even smaller. For 

these reasons, we believe results from the sand bath and the tube furnace can be directly 

compared. 

  

3.8 Effect of Oxygen 
The presence of air inside the quartz rectors raised the question of whether the O2 

from air can influence gas yields by promoting combustion reactions. To evaluate the 

effect of O2, we conducted a set of experiments where we purged the air from the 

reactors with a different gas, immediately before sealing. We injected the purge gas at the 

bottom of the reactor with a gas-tight syringe. The volume injected was 5 ml, 10 times 

the volume of the reactor. The purge gas to be injected was collected from a glass tube 

(through a septum) connected to a gas cylinder. In one of the cases, the purge gas was 

pre-purified argon, so that no residual O2 is left inside the reactor. In the other case, the 

purge gas was O2, so that the gas phase would be enriched in oxygen. The results are 

shown in Figure 3.4.   

There is no clear difference between the experiments regardless of the % of O2 

left in the reactor. The results agree with expectations, since even when the entire reactor 
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is filled with O2, only 8.3 % of the stoichiometric amount is available for combustion. 

When air is present, this percentage drops to 1.7 %. Also, if all the O2 present in the 

reactor is consumed for combustion, 1.0 mmol/g of CO2 would be formed as a result. In 

conventional gasification, for instance, typically 25 % of the stoichiometric amount 

required for complete combustion is present [6, 7]. We are therefore neglecting the effect 

of O2 in our experiments. 
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Sand Bath vs. Tube Furnace at 600 C
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Figure 3.3. Comparison between Sand Bath and Tube Furnace (600°C, 0.08 g/ml, 9.0 wt 
%, 10 min). 
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Figure 3.4. Effect of O2 on the gasification of lignin (600°C, 0.08 g/ml, 9.0 wt %, 10 
min). 
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CHAPTER 4 
4 NON-CATALYTIC GASIFICATION OF CELLULOSE IN 

SUPERCRITICAL WATER 
 

This chapter presents the results of experimental work for the gasification of 

cellulose powder in quartz reactors. This is the first study involving SCWG of cellulose 

in non-metal reactors, in such a way that catalysis from metal reactor walls is avoided.  

We start by presenting results obtained at the base case conditions (500°C, 0.08 g/ml 

water density and 9.0 wt %) until 30 minutes of gasification. We then discuss the effects 

of experimental conditions on SCWG. We varied temperature, biomass loading and water 

density. Lastly, we compare experimental data in quartz reactors to experiments 

performed at the same conditions in stainless steel reactors, in order to gain insight on the 

effects from the reactor material of construction. 

 

4.1 Introduction 
Table 4.1 summarizes previous work on cellulose SCWG in the absence of an 

added catalyst. Most previous work considered a single temperature, water density, 

biomass loading, and reaction time. The focus in these earlier studies was often on the 

effect of different catalysts on SCWG. These previous studies make it difficult to learn 

the effects of the process variables. This chapter provides results for the first systematic 

study of the effects of temperature, biomass concentration, water density, and reaction 

time on cellulose SCWG. 

The work presented here is also unique because it is the first to report SCWG of 

cellulose in a metal-free reactor. We used quartz capillary tubes as mini batch reactors. 

Previous studies with no added catalyst have been performed in stainless steel reactors. 

The internal walls of these reactors catalyze some of the reactions in SCWG, so at this 

moment it is not clear how much influence the metal catalyzed reactions have on the 

product yields. DiLeo and Savage [9] and Kersten et al. [10] report on SCWG of simple 
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compounds in quartz reactors, and the two studies show that gas yields are strongly 

influenced when a metal catalyst is added to the system. One of our motivations for the 

present work was to obtain results for cellulose gasification in SCW that would be 

attributable exclusively to non-catalytic reactions. This information would be very useful 

for subsequent evaluation of different catalysts, because the non-catalytic contribution 

could be subtracted out and the effect of the catalyst alone can be more clearly seen.  

 

Table 4. 1. Summary of Previous Research on SCWG of Cellulose (all in stainless steel 
reactors). (NR = Not Reported) 

Reference Temp Water Dens. (g/cm3) Cellulose Time (min)
Yoshida, Matsumura[1] 400 0.166 NR 20 

Watanabe et al.[2] 400, 440 0.2, 0.35 4.8 10, 15 
Williams, Onwudilli [3] 380 0.2 5 up to 120 

Osada et al.[4] 400 0.33 5 up to 180 
Minowa et al.[5, 6] 400 0.05 20, 40 60 

Hao et al.[7] up to 650 up to 0.094 10 20 
Lu et al.[8] 500 0.071 9 20 

 

We arbitrarily designate SCWG at 500°C, 9.0 wt. % biomass, and 0.08 g/cm3 

water density (22 MPa) as the base case. From this starting point, we varied one 

parameter at a time to evaluate its effect on the gas yields and composition. We 

considered temperatures of 365 (to evaluate yields at subcritical conditions), 400, 500, 

and 600°C, biomass loadings of 5.0, 9.0 and 33.3 wt %, and water densities of 0.00 (no 

water), 0.05, 0.08 and 0.18 g/cm3.  

 

4.2 Results and Discussion 
Sasaki et al. [11] showed that cellulose is completely converted in water at 350 °C 

and 25 MPa after only 4 s. We are interested in gas formation, however, and not only the 

disappearance of the reactant. Once the cellulose is quickly consumed, it forms 

intermediates that take longer to decompose and form gases. These gases can also react 

further among themselves, changing the product distribution. 

Visual observation of the quartz reactors after SCWG experiments indicates the 

presence of char (a black residue adhering to the reactor internal walls) in all cases. The 
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char strongly adhered to the quartz, making it impossible to collect samples in enough 

quantity for analysis. 

As a reference for our discussion and results, we suggest a reaction scheme, based 

on literature information [2, 4, 6, 12-14] that accounts for the main solid and liquid-phase 

reactions and focuses on the main routes for gas formation. We use the following scheme 

to describe cellulose SCWG. CxHyOz indicates generic intermediate species resulting 

from glucose decomposition. 

Cellulose Hydrolysis: (C6H10O5)n + n H2O→ n C6H12O6 

 

 

Glucose Decomposition: C6H12O6 → CxHyOz

Steam-reforming I: CxHyOz  + (x-z) H2O → x CO + ⎟
⎠
⎞

⎜
⎝
⎛ +−

2
yzx  H2 

 Steam Reforming II: CxHyOz  + (2x-z) H2O → x CO2 + ⎟
⎠
⎞

⎜
⎝
⎛ +−

2
yzx2  H  

 

z 

z 

z 

2

Intermediate Pyrolysis (to form CO): CxHyOz → CO + CxHyOz

Intermediate Pyrolysis (to form CO2): CxHyOz → CO2 + CxHyO

Intermediate Pyrolysis (to form CH4): CxHyOz → CH4 + CxHyO

Intermediate Pyrolysis (to form H2): CxHyOz → H2 + CxHyO

Char formation through intermediates: CxHyOz → w C + Cx-wHyOz  

Water-Gas Shift: CO + H2O ↔ CO2 + H2 

Methanation: CO + 3 H2  ↔ CH4 + H2O  

 

Chapter 6 deals with this model in greater detail when using it to fit the rate 

constants to base case results. The reaction scheme does not include combustion via 

residual air in the reactor because as shown in Chapter 3 (Experimental Methods), this 

amount of oxygen is not enough to play a significant role on the gasification yields. 

4.2.1 Base Case Results 
We first present results for the base case conditions (500 °C, 0.08 g/cm3, 9.0 wt% 

cellulose), and then proceed to analyze how changes in reaction parameters affect the 

results. Figure 4.1 shows the temporal variation of the molar composition (dry basis) of 

the gases formed for the base case. The error bars in all the figures represent the standard 
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deviation. The lines in the graphs connecting experimental data points are intended only 

to help the reader see the trends. CO2 and CO are the major products initially, with CO2 

constituting about 50 % of the gas, and CO 35 %. CO2 remains the major product at all 

times and its mole % remains stable at all times examined. The mole % of CO, which is a 

highly undesirable component for some applications (e.g., PEM fuel cells), appears to 

decrease after the initial 2.5 minutes. The mole % of H2 appears to slightly increase with 

time, as does the mole % of CH4. Figure 4.1 also shows equilibrium compositions, 

calculated by ASPEN Plus. We used the RGibbs reactor block in ASPEN. This block 

calculates equilibrium concentrations without requiring knowledge of reaction 

stoichiometry, by minimizing the Gibbs free energy. For properties calculation, the 

UNIQUAC method was used. Our starting material for the calculation is glucose. The 

feed contains cellulose and water in the same initial compositions as the base case. The 

product can contain glucose, water, CO, H2, CO2 and CH4. The pressure was set to 22 

MPa. 

The equilibrium H2 molar % (29.5 %) and CH4 molar % (27.8 %) are twice as 

high as the experimental molar % of these species at 30 minutes. The CO2 molar % in 

equilibrium (42.4 %) is smaller than the experimental value, and the equilibrium CO 

molar % is much smaller than the experimental one. Considering the slow change in 

molar % as function of time for all gases, it seems the system is far from reaching 

equilibrium. 

Figure 4.2 shows the yields of CO, CO2, CH4, and H2 as a function of time for 

cellulose SCWG at the base case conditions. The yield of CO2 appears to increase during 

the first five minutes, and then its yield is relatively stable at about 6.0 mmol/g, until it 

increases again to 8.4 mmol/g at 30 minutes. CO2 can be formed from steam-reforming, 

pyrolysis of intermediate compounds, and from water-gas shift. During the first minutes, 

the rate of CO formation is high. Therefore water-gas shift does not appear to be a 

dominant reaction at this point. Instead, pyrolysis of intermediates could be taking place, 

forming both CO and CO2. 
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Figure 4.1. Temporal variation of gas composition (base case). 
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Figure 4.2. Temporal variation of yields (mmol/g) of CO, CO2, H2, and CH4 (base case). 
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The yield of CO remains stable at about 2.5 mmol/g after 5 minutes. In our 

reaction scheme, CO is formed by steam reforming and decomposition of intermediate, 

and later consumed by water-gas shift and methanation. The CO initially formed drives 

the rate of these reactions.  

Small amounts of H2 and CH4 are detected at 2.5 minutes. H2 can be formed from 

steam-reforming, intermediates and water-gas shift. CH4 formation can be a result of 

methanation and decomposition of the intermediate.  

In gasification systems, several quantities are normally used to provide an 

assessment of the overall gasification efficiency. The total gas yield is defined as the sum 

of the masses of all the gas products (CH4, H2, CO, and CO2 in our case) divided by the 

mass of cellulose loaded into the reactor. This quantity measures how much of the 

cellulose was converted into gases. Similarly, the H, C, and O yields are the percentages 

of the total mass of H, C, or O atoms from the initial cellulose that appear in the product 

gases. This information is important for estimating the potential to make certain products 

via further processing of the gases. For instance, if the main goal is to produce H2, and 

the H2 yields are relatively low but the H yield is high (because of a high CH4 content), 

this goal can still be achieved by converting the H atoms in CH4 to H2. 

Another important definition is the energy content of the gas (%). This can be 

defined as the Lower Heating Value of the product gas (the mole fraction weighted 

averages of the LHVs for CH4, H2 and CO) relative to the LHV of the original feedstock 

(cellulose in our case). The energy content of the gas is largely influenced by the yields 

of CH4 obtained (0.80 MJ/mol). H2 (0.24 MJ/mol) and CO (0.28 MJ/mol) influence the 

energy content the LHV to a much smaller extent than CH4. 
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Figure 4.3. Temporal variation of C, H, O and total gas yields (base case). 

 
 

66



 
 

 

Figure 4.3 shows the total gas yield, the energetic content and the H, C, and O 

yields for the base case conditions. 25.0 wt % of the cellulose is converted into gases in 

the first 2.5 minutes. This conversion increases in the first 5 minutes to about 35 %, after 

which the yield remains approximately stable, only increasing again at 30 minutes to 49.0 

%. Since the most abundant product gas is CO2, the C yield follows a trend similar to that 

species. The O and H yields also increase with time. The O yield is 63.4 % after 30 

minutes, and the H yield is 23.7 %. The energy content of the gas remains almost 

constant at 11 % until 30 minutes, when it increases to 19.1 %. For comparison, if we 

assume cellulose completely undergoes steam-reforming producing H2 and CO2, the 

energetic content would be 103.4 %. For steam-reforming producing H2 and CO, the 

energetic content would be 112.3 %. 

4.2.2 Effect of Temperature 
The effect of temperature was evaluated by keeping the cellulose loading and 

water density fixed at the base case values (9.0 wt% and 0.08 g/cm3) and running 

experiments at 365, 400, 500, and 600 °C. 

Figure 4.4 shows the effect of temperature on the composition of the product gas 

at 5 minutes. As temperature increases, the mole fractions of H2 and CH4 increase, the 

mole fraction of CO goes through a maximum, and the mole fraction of CO2 decreases. 

H2, CO and CH4 are gases we wish to produce because of their economic importance, 

while lower mole fractions of CO2 are interesting from an environmental point of view. 

The H2 mole % at 600°C is about 5 times larger than it is at 365 °C, and a similar 

increase is observed for CH4. 

Figure 4.5 shows the effect of temperature on the C, H, O and total gas yield. In 

general, the yields increase with temperature, and there is a particularly large jump from 

400°C to 500°C. The reactions that consume solids and liquids (such as pyrolysis and 

steam-reforming) must have their rates increased to provide the results we observe. The 

increase in H and O yields is impressive at 600°C, especially considering the short 

reaction time (5 minutes). The results in Figure 4.5 clearly show that temperature can be 

used to increase gas yields from SCWG of cellulose. 
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Figure 4.6 shows how the molar yields of individual gases are affected by changes 

in temperature. The effect of temperature is similar for all species. Yields for all gases are 

lowest at 365°C. The major effect of temperature is to accelerate the rates of steam-

reforming and decomposition of intermediates into gases. This effect is very important 

above 500 °C. A large increase in yield occurs when going from 500 to 600 °C. The CO2 

yield at 600°C and 5 minutes (7.3 mmol/g) is twice as big as the ones at the lower 

temperatures. After 5 minutes, the yield of H2 is more than 4 times higher at 600 °C than 

at 500°C, reaching 2.9 mmol/g. CH4, which is barely produced at 400 °C, reaches 2.8 

mmol/g at 600 °C.  

4.2.3 Effect of Cellulose Loading 
The second parameter we varied to determine its effect on gas production was the 

loading of cellulose. From an engineering perspective, one desires to process 

biomass/water mixtures with as high a biomass content as possible. Doing so would 

reduce the capital and operating costs for a SCWG process. For cellulose, a 

stoichiometric mixture with water would be 56.25 wt% (if the final products were CO2 

and H2). We used 5.0 wt % and 33.3 wt % cellulose mixtures in addition to the 9.0 wt % 

loading used in the base case, therefore water was always present in excess. The 

temperature (500 °C) and water density (0.08 g/cm3) remained at their base case values. 
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Figure 4.4. Gas composition at 5 minutes as function of temperature (9.0 wt % loading, 
0.08 g/ml water density).  
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Figure 4.5. C, H, O and total gas yields at 5 minutes as a function of temperature (9.0 wt 
% loading, 0.08 g/ml water density). 
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Figure 4.6. Gas yields at 5 minutes as function of temperature (9.0 wt % loading, 0.08 
g/ml water density). 
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Figure 4.7. Gas composition at 10 min as function of cellulose loading (500°C, 0.08 g/ml 
water density). 
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Figure 4.7 shows how the composition of the gas is affected by the cellulose 

loading. Experiments at low loadings (5.0 wt %) seem to strongly favor the formation of 

CO. Increasing the loading to 9.0 wt.% and to 33.3 wt % significantly reduces the mole 

fraction of CO. The CO2 mole fraction increases with cellulose loading at 33.3 wt %. The 

H2 mole fraction also increases with concentration. This is important information because 

higher loadings are an important aspect for the commercial viability of SCWG.  

Figure 4.8 shows the effect of cellulose loading on the yields of C, H, O, energetic 

content, and total gas at 10 minutes. The data show that the yields are largely independent 

of the cellulose loading. At all loadings, the C yield is about 25 %, the H yield about 10 

%, the O yield about 42 % and the total gas yield about 33 %. The energy content of the 

gas remains at about 10 %. 

Figure 4.9 shows the molar yields of all gases as a function of cellulose loading. 

The cellulose loading is not a powerful variable to increase gas yields, as was the case for 

temperature. While CH4 and CO2 remain nearly constant at the range of cellulose loading 

studied, the most noticeable effects are a slight increase in H2 yield and the decrease in 

CO yield from about 3.0 mmol/g at 5.0 wt % to about 1.0 mmol/g at 33.3 wt %. Given 

that changes in the cellulose loading affect only H2 and CO, the cellulose loading can be 

used to change the selectivity to the different products. Higher loading will shift the 

selectivity towards H2 at the expense of CO.  
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Figure 4.8. C, H and O yields at 10 min as function of cellulose loading (500°C, 0.08 
g/ml water density). 
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Figure 4.9. Gas yields at 10 minutes as function of cellulose loading (500°C, 0.08 g/ml 
water density). 
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4.2.4 Effect of Water Density 
The effect of water density on cellulose SCWG was evaluated by examining one 

density lower than the base case (0.05 g/cm3) and one higher (0.18 g/cm3). We also 

performed experiments without addition of water (0.00 g/cm3). The base case 

temperature (500 °C) and the biomass loading (9.0 wt %) were retained. 

Figure 4.10 shows the effect of water density on the gas product composition at 

7.5 minutes. The H2 mole fraction, which was only 1.0 % without water added, increases 

with water density from 4.5 % at 0.05 g/cm3 to 25.8 % at 0.18 g/cm3. CO is nearly absent 

at 0.18 g/cm3. The CO2 mole fraction remains high at all densities, and only increases at 

0.18 g/cm3 to 65 %. The CH4 mole fraction is not affected by water density, and it is not 

even affected by the presence of water. 

Figure 4.11 shows the effect of water density on the C, H, O and total gas yields. 

The yields were lowest when no water was present. As expected, the major effect of 

adding water is the increase in H and O yields. This experimental evidence suggests the 

participation of water as a reactant in the system. The C yield increases from 19.2  to 26.9 

% when water is added, and remains nearly constant for all water densities. The H yield 

gradually increases with water density, going from 5.9 % with no water to 18.3 % at 0.18 

g/cm3. The O yield increases from 32.4 % with no water to 47.3 % when water is added. 

The total gas yield increases from 24.9 % without water to 35.8 % in the presence of 

water. The energy content of the gas is nearly constant at 10 %. The water density of 0.18 

g/cm3 was the most severe condition used in this work. No reactors lasted longer than 7.5 

minutes, and we estimate the pressure here to be about 510 atm, and the mixture density 

to be about 0.7 mmol/ml. 
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Figure 4.10. Gas composition at 7.5 min as function of water density (500°C, 9.0 wt % 
cellulose loading). 
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Figure 4.11. C, H, O and total gas yields at 7.5 min as function of water density (500°C, 
9.0 wt % cellulose loading). 
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Figure 4.12 shows how water density affects gas yields. The major effect of 

increasing the water density is the increase of the H2 and CO2 yields and decrease in CO 

at the high density (0.18 g/cm3). The CO2 yield at 0.18 g/cm3 is more than twice as much 

as the yield with no water. When the density increases from 0.08 g/cm3 to 0.18 g/cm3, the 

CO2 yield increases from 5.8 to 8.3 mmol/g (increase of 2.5 mmol/g). Accordingly, the 

H2 yield increases from 0.7 mmol/g at 0.08 g/cm3 to 3.3 mmol/g at 0.18 g/cm3 (increase 

of 2.6 mmol/g). The CO yield decreases from 2.7 mmol/g at 0.08 g/cm3 to 0.1 mmol/g 

(decrease of 2.6 mmol/g). The H2 and CO2 yields increase by the same amount as the CO 

decrease, which is consistent with the water-gas shift reaction being the reason for the 

effects of water density from 0.08 g/cm3 to 0.18 g/cm3. For smaller water densities, H2 

and CO2 also increase but by smaller amounts, and CO does not seem to be affected. In 

these cases, steam-reforming rather than water-gas shift could be the reason for water 

density effects. There is also the possibility of the rates of H2 and CO2 formation from 

intermediates affecting these yields. The yield of CH4 remains unchanged for all water 

densities, including the situation where no water is present. 
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Figure 4.12. Gas yields at 7.5 minutes as function of water density (500°C, 0.08 g/ml 
water density). 
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4.2.5 Comparison with Previous Results 
Having just presented the first published results for cellulose gasification in 

supercritical water in a metal-free reactor, we now compare some of these results with 

previous work on SCWG of cellulose with no added catalyst. This previous work was 

done in metal reactors (stainless steel), so this comparison may provide some insight into 

the contribution of catalytic reactions from the metal reactor wall during nominally 

uncatalyzed SCWG. 

Table 4.2 compares some of our results with those of Hao et al. [7]. We replicated 

exactly the conditions used by Hao, which happen to be very close to what we used as 

our base case scenario. Hao also used microcrystalline cellulose. From information 

provided in the article, we estimate the reactor surface area/biomass weight to be about 

18 mm2/mg. Table 4.2 shows that the yields of H2, CH4, CO and CO2 reported by Hao et 

al. for SCWG in a stainless steel autoclave with no added catalyst are all higher than the 

yields we obtained from SCWG in quartz with no added catalyst. While the increase in 

CO2 is relatively small, the CO and CH4 yields were more than twice as high in stainless 

steel than they were in quartz, and the H2 yield was more than three times higher. As a 

consequence, the total gas yield was also higher in their experiment. Thus it appears that 

a significant portion of the gas yields observed by Hao et al. may be attributable to 

heterogeneous reactions catalyzed by the reactor wall.  

  

Table 4.2. Gas Yields (mmol/g) from SCWG of Cellulose with no added catalyst (500 
°C, 20 min, 0.07 g/ml, 9.1 wt % cellulose). 

 This work Hao et al. [7] 
Reactor Material Quartz 316 stainless 

CO2 5.1 ± 0.5 6 
CO 2.4 ± 0.3 5.5 
H2 1.2 ± 0.2 4 

CH4 1.3 ± 0.2 3 
Sum 10.0 ± 0.6 18.5 

 

We now look at a different situation in terms of experimental conditions. Table 

4.3 compares other results in quartz with previous results obtained in stainless steel 

reactors with no added catalyst. In this case, the experimental conditions used by 
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Watanabe [2] and Osada [4] are very high water densities (0.33 g/cm3) and low cellulose 

loading (about 5.0 wt %). From information provided in the articles, we estimate the 

reactor surface area/biomass ratio in both cases to be about 19 mm2/mg. The outcome 

now suggests a different trend, with H2 and CO2 yields higher in quartz than in stainless 

steel, and CO yields in quartz being lower. CH4 is nearly absent in all cases. This trend is 

very similar to the one we observed for effects of water density, but here we would not 

expect the water-gas shift to play a significant role because of the temperature (400°C). 

The conditions presented here (low cellulose loading and high water density) strongly 

favor SCWG reactions. The reason why the yields in quartz are higher in comparison to 

stainless steel is unclear, though. Perhaps the relative importance of catalysis by metal 

walls depends upon the water density and biomass loading. We will consider this 

possibility later in the chapter on SCWG with added metals.  

 

Table 4.3. Gas Yields (mmol/g) from SCWG of Cellulose with no added catalyst (400 

°C, 15 min). *Yields in mmol/g were calculated from data provided in the article. 

 This Work Watanabe et al. [2] Osada et al. [4] 
W Dens. (g/cm3) 0.33 0.35 0.33 
Wt % cellulose 5.0 4.8 % 5 % 

Reactor quartz 316 stainless 316 stainless 
CO2 5.9 ± 0.4 4.1 2.6 
CO 0.4 ± 0.1 1.8 1.4 
H2 1.4 ± 0.2 0.6 0.8 

CH4 0.1 ± 0.0 n.d. 0.1 
Sum 7.3 ± 0.4 6.5 4.9 

 

4.3 Conclusions 
1.) In this chapter we reported the first study of SCWG in the absence of catalytic effects 

from metal walls. In Chapter 7, these results will be used to evaluate the real effect of 

added catalysts in SCWG. We also performed the first systematic study of the effects of 

experimental conditions on gas yields, and showed that gas composition in SCWG can be 

controlled by manipulating process variables. 

2.) In some cases, results from SCWG of cellulose in quartz reactors differ from those 

obtained from nominally “uncatalyzed” SCWG in stainless steel reactors. In quartz at 
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mild water densities, the total gas yields are lower and the H2 mole fraction in the gas is 

also lower. These comparisons indicate that the reactor surface influences both the rate of 

gas formation and the composition of the gas. At high water densities and low cellulose 

loadings, however, H2 and CO2 are higher in quartz then they were in stainless steel 

reactors. These comparisons indicate that the relative influence of metal surfaces is likely 

a function of the precise reaction conditions employed. 

3.) Based on the observed trends, one should use high temperatures (600°C) and high 

water densities (0.18 g/cm3) in order to maximize H2 production. In short, as the severity 

of the reaction conditions increased, the H2 yield increased. The highest H2 yield in this 

study was 3.3 mmol/g, obtained at the high water density (0.18 g/cm3). 

4.) If the product gas is to be used as a fuel, the LHV is maximized by the use of higher 

temperatures (to increase H2 and CH4 yields), high water density (to increase H2 yield), 

and low biomass loading (to increase CO) yield. The highest energy content was 20.0 %, 

obtained at the highest temperature (600°C). In general, conditions that favor CH4 

formation greatly increase the energetic content, because of its high LHV. The highest 

CH4 yield was 2.6 mmol/g, obtained at the high temperature (600°C). 

5.) If there is interest in producing CO, low biomass loadings and short residence times 

are recommended, since CO yields decrease with loading and time. At 33.3 wt %, it is 

possible to obtain a 1:1 CO/H2 ratio. At the base case conditions (500°C, 9.0 wt % 

loading, 0.08 g/cm3, 5 min), a gas with 1:2 CO/H2 ratio is produced. This ratio is proper 

for use of the product as syngas to produce methanol.  

6.) Manipulating the cellulose loading (wt %) and water density provides a means to 

control the selectivity to H-containing gases. The relative amounts of H2 and CH4 were 

strongly influenced by these two process variables. The molar ratio of CH4 to H2 

decreased from 1.6 to 0.9 as the cellulose loading increased from 5.0 to 33.3 wt %, at 

500°C and 0.08 water density. Likewise, this ratio decreased from 1.9 to 0.4 as the water 

density increased from 0.05 to 0.18 g/cm3, at 500 °C and 9.0 wt % cellulose. 

7.) CO2 was the major product at all experimental conditions in this work. 

8.) There is slow formation of H2, CO2 and CH4 with time, and slow CO consumption. 

The results indicate that after 30 minutes at 500 °C, the system might not yet be at 

equilibrium. This opens the possibility of the use of catalysts to achieve higher yields. 
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CHAPTER 5 
5 NONCATALYTIC GASIFICATION OF LIGNIN IN SUPERCRITICAL 

WATER 
 

This chapter presents results for the non-catalytic gasification of lignin in 

supercritical water, in a similar fashion to what was presented for cellulose. Gasification 

of lignin in supercritical water in the absence of metals was performed for the first time 

by using quartz reactors. We also performed the first systematic study of the effects of 

experimental conditions on gas yields. Temperature, water density, lignin loading and 

time were evaluated. The aromatic structure of lignin and the possibility of recombination 

of the reactive intermediates that originate from lignin make it a difficult feedstock for 

gasification. For this reason, the base case temperature was switched to 600°C instead of 

the 500°C used for cellulose.  

 

5.1 Introduction 
Table 5.1 summarizes previous work on lignin SCWG in the absence of added 

catalysts. It is interesting to observe that none of the previous work was performed above 

400 °C. At this temperature and without a catalyst added to the reactor, though, total gas 

yields are usually low, (5 to 10 mmol/g at most) according to Watanabe [1]. In the 

present research we use temperatures as high as 725 °C. The articles in Table 5.1 

generally consider only one temperature, water density, lignin loading, and reaction time. 

This chapter provides results for the first systematic study of the effects of temperature, 

biomass loading, water density, and reaction time on lignin SCWG.  

The work presented here is also unique because it is the first to report lignin 

SCWG in a metal-free reactor. We used quartz capillary tubes as mini batch reactors. We 

sought results for lignin gasification in SCW that would be attributable exclusively to 

non-catalytic reactions. This information would be very useful for subsequent evaluation 
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of different catalysts, because the non-catalytic contribution could be subtracted out and 

the effect of the catalyst alone can then be clearly seen.  

 

Table 5.1. Summary of Previous Research on SCWG of Lignin with no added catalyst. 
Reference Temp (°C) Water Dens. (g/cm3) Lignin wt. % Time (min) 

Watanabe [1] 400 0.35 12.6 15-60 

Osada [2] 400 0.33 5 15 

Sato [3] 400 0.3 up to 16 120 

Osada [4] 400 0.33 5 15 

 

Results obtained from methods other than SCWG to generate fuels from lignin 

have been previously reported. Font et al. [5] performed direct combustion and pyrolysis 

of Kraft lignin under a variety of N2/air flows and temperatures. Ferdous et al. [6] 

performed gasification using steam and a commercial catalyst at 750°C. Hanaoka et al. 

[7] gasified lignin using air and steam simultaneously at 900°C. Some studies using 

supercritical water in partial oxidative environments have also been reported. Watanabe 

et al. [1] performed partial oxidation of lignin in supercritical water, evaluating NaOH 

and ZrO2 as catalysts. General Atomics [8] has developed a pilot plant facility that 

performed Supercritical Water Partial Oxidation (SCWPO) of several biomass feedstocks 

(corn starch, coal, wood, etc.). We cannot compare our results with those from these 

technologies because the experimental conditions used are vastly different (the sole 

exception is the work from Font et al., to which we later compare our results from 

experiments with no water added). 

 

5.2 Results and Discussion 
We arbitrarily designate SCWG at 600°C, 9.0 wt. % biomass, and 0.08 g/cm3 

water density (31 MPa water partial pressure) as the base case. From this starting point, 

we varied one parameter at a time to evaluate its effect on the gas yields and composition. 

We considered temperatures of 365 (to evaluate yields at subcritical conditions), 500, 

600, and 725°C, lignin loadings of 5.0, 9.0 and 33.3 wt %, and water densities of 0.00, 
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0.05, 0.08 and 0.18 g/cm3. Reactions were performed for batch hold times ranging from 

2.5 to 75 minutes (2.5; 5.0; 10.0; 15.0; 30.0; 45.0; 60.0; 75.0).  

Visual observation of the quartz reactors after SCWG experiments indicates the 

presence of char (a black residue adhering to the reactor internal walls) in all cases. The 

char strongly adhered to the quartz, making it impossible to collect samples in enough 

quantity for analysis. Char was found along the entire length of the reactors, which 

suggests good mixing and reasonably uniform distribution of lignin in the reactor. 

At the longer reaction times and higher temperatures, the reactors showed a thin 

white layer in their walls, indicating that SCW might be attacking the reactor walls. 

Quartz is slightly soluble in supercritical water, but at 725°C, only about 0.24 % of the 

reactor material would be leached out at equilibrium [9]. 

To provide a basis for our discussion of results, we suggest a reaction scheme for 

lignin SCWG, based largely on literature information [2, 10-17] which accounts for the 

main solid- and liquid-phase reactions and focuses on the main routes for gas formation. 

Although the complex structure of lignin and variety of monomeric structures makes the 

elaboration of a simplified reaction scheme a difficult task, we can start by defining a 

molecular formula for a typical lignin monomer. Elemental analysis of organosolv lignin 

[1, 3, 18] leads to C10H10O3 as the appropriate formula for the hypothetical monomer for 

lignin. This formula will be used for the monomer in our reaction scheme, which follows 

below. CxHyOz indicates generic intermediate species resulting from the monomer 

decomposition. 

Lignin Hydrolysis: (C10H10O3)n + n H2O→ n C10H12O4 

 

 

 

Monomer Oligomerization: n C10H12O4 → (C10H12O4)2 + (C10H12O4)3 + …

Monomer Decomposition: C10H12O4 → CxHyOz

Steam-reforming I: CxHyOz  + (x-z) H2O → x CO + ⎟
⎠
⎞

⎜
⎝
⎛ +−

2
yzx  H2 

 Steam Reforming II: CxHyOz  + (2x-z) H2O → x CO2 + ⎟
⎠
⎞

⎜
⎝
⎛ +−

2
yzx2  H  

 

z 

z 

2

Intermediate Pyrolysis: (to form CO): CxHyOz → CO + CxHyOz

Intermediate Pyrolysis (to form CO2): CxHyOz → CO2 + CxHyO

Intermediate Pyrolysis (to form CH4): CxHyOz → CH4 + CxHyO
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Intermediate Pyrolysis (to form H2): CxHyOz → H2 + CxHyOz 

utes. 

Char formation through intermediates: CxHyOz → w C + Cx-wHyOz  

Water-Gas Shift: CO + H2O ↔ CO2 + H2 

Methanation: CO + 3 H2  ↔ CH4 + H2O  

5.2.1 Base Case Results 
We first present results for the base case conditions (600 °C, 0.08 g/cm3, 9.0 wt% 

lignin), and then proceed to analyze how changes in reaction parameters affect the 

results. The error bars in all the figures represent the standard deviation. The line 

segments connecting experimental data points are provided only to guide the reader.  

Figure 5.1 shows the temporal variation of the molar composition (dry basis) of 

the gases formed for the base case. The gas is composed mostly of CO2 and CH4 at all 

times. The CO2 molar % remains relatively stable around 35-40 %. Likewise, the CH4 

mole % is relatively stable and between 30-35 %. The CO mole % decreases from about 

22 % at 2.5 minutes to 10 % after 75 minutes, and H2 rises from about 10 % in the first 

minutes to about 15 % after 60 minutes. The base case conditions, therefore, strongly 

favor the formation of CH4 and CO2. Although the CO mole % decreases with time, it 

appears that a long reaction time would be necessary to completely eliminate CO.   

Figure 5.1 also shows equilibrium compositions. ASPEN Plus was used for the 

calculations. We used the RGibbs reactor block in ASPEN. This block calculates 

equilibrium concentrations without requiring knowledge of reaction stoichiometry, by 

minimizing the Gibbs free energy. For properties calculation, the UNIQUAC method was 

used. Our starting monomer from lignin is C10H12O4. The feed contains the monomer 

and water in the same initial compositions as the corresponding situations in the 

experiment. The product can contain the monomer, water, CO, H2, CO2 and CH4. The 

pressure was 28 MPa. Figure 5.1 shows that the H2 equilibrium molar % (35.8 %) is 

much higher than the experimental H2 molar % at 75 minutes (17.0 %). The CH4 and CO 

equilibrium molar % (26.1 and 0.9 % respectively) are both lower than the experimental 

values. The equilibrium CO2 molar % (37.2%), though, is very close to the experimental 

value at 75 minutes (40.1 %). It seems, therefore, that the system is far from equilibrium 

at 75 min
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Figure 5.1. Temporal variation of gas composition (base case). 
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Figure 5.2. Temporal variation of yields (mmol/g) of CO, CO2, H2, and CH4 (base case). 
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Figure 5.2 shows the temporal variation of the molar yields of the gaseous 

products. During the first 2.5 minutes, 4.4 mmol/g of CO2 and 4.1 mmol/g of CH4 are 

formed. Recalling our reaction scheme, we can infer the reactions that possibly lead to 

formation of CO2 during these early minutes of gasification. CO2 is a product of steam 

reforming of the intermediate species, intermediate pyrolysis, and water-gas shift. The 

relatively large amount of CO and small amount of H2 present at 2.5 minutes suggest that 

water-gas shift is not a dominant reaction during the early minutes. It appears, therefore, 

that the large amount of CO2 is a direct result of intermediate and steam-reforming. For 

the longer reaction times, the CO2 contribution from water-gas shift could be greater. It is 

interesting to note how the molar yields of CO, CO2 and H2 change from 2.5 minutes to 

75 minutes. The H2 yield increases from 1.4 to 3.2 mmol/g (plus 1.8 mmol/g), the CO 

yield decreases from 2.7 to 1.6 mmol/g (minus 1.1 mmol/g), and the CO2 yield increases 

from 4.4 mmol/g to 7.6 mmol/g (plus 3.2 mmol/g). This means that, during this period of 

time, H2 and CO2 must originate from at least one source other than the water-gas shift 

reaction. 

CH4 can result either from reactions of other gas species (CO and H2) via 

methanation, or from reactions of the organic material in the reactor. The large CO 

content in the first minutes suggests methanation is not a dominant reaction, so the 

intermediates could be the main precursors of the CH4 initially formed.  

Figure 5.3 shows the total gas yield, the energetic content, and the H, C, and O 

yields for the base case condition. The total gas yield is 34 % at 2.5 minutes and increases 

only slightly with time, reaching 49 % after 75 minutes. It appears that the reactions that 

convert lignin and intermediate species into gases take place mostly during the first 2.5 

minutes. After that time reactions among gas species and water, such as water-gas shift 

and methanation, dominate. This conclusion is further supported by the individual yields 

of C, H and O. The C yield stays relatively stable at about 20-25 %, but the H yield 

increases from 32 to 53 % with increasing time. This behavior suggests that H atoms in 

water are converted into gases, which again is consistent with water-gas shift being the 

dominant reaction after the initial minutes. The energetic content of the gas stays stable at 

20-25 % for all times. 
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Figure 5.3. Temporal variation of C, H, O and total gas yields (base case). 
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5.2.2 Effect of Temperature 
The effect of temperature was evaluated by keeping the lignin loading and water 

density fixed at the base case values (9.0 wt% and 0.08 g/cm3) and running experiments 

at 365, 500, 600 and 725°C. The experiments at 365°C (below the critical point of water, 

374°C) were performed to determine the extent of gasification at subcritical conditions, 

which are encountered during the 30 seconds heat-up time in the SCWG experiment. 

Figure 5.4 shows the effect of temperature on the composition of the product gas at 45 

minutes. Results at other reaction times showed similar trends. 

Below the critical point of water, the gas formed is mostly CO2 (70 %), with 

lesser amounts of CO and CH4 (16 and 12 % respectively). H2 is less than 2 % of the gas 

formed at 365 °C. As the temperature exceeds the critical value, the H2 and CH4 mole 

fractions substantially increase, the CO2 molar % decreases and the CO molar % remains 

unchanged.   

In the supercritical region (500°C and above), temperature does not seem to affect 

strongly the molar percentages of CH4 and CO2. CH4 is about 30-35 % of the gas 

produced, and CO2 is about 35-40 %. The main effect of temperature is on the molar % 

of H2 and CO. The H2 mole % is about four times greater at 725°C than it was at 500°C. 

The CO mole % is about 13 times smaller at 725°C than at 500°C. Temperature is 

therefore an important tool to accomplish a nearly CO-free product when gasifying lignin 

in supercritical water. 

Figure 5.5 shows the effect of temperature on the C, H, O and total gas yield. All 

of the yields generally increase with temperature. At 725°C, the H yield is about 20 times 

higher, the O yield is about 3 times higher, and the C yield is about 4 times higher than at 

365°C. There is a particularly large jump from 600°C to 725°C for the H and O yields, 

suggesting more gas formation from water through the water-gas shift reaction at 725°C. 

The total mass of gases relative to the initial mass of lignin increases from 19 % to 64 % 

when the temperature increases from 365°C to 725°C. The energy content of the gas also 

increases with temperature. It increases from 3 % at 365°C to 38 % at 725°C. 
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Figure 5.4. Gas composition as function of temperature (45 minutes, 9.0 wt % lignin 
loading, 0.08 g/ml). 
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Higher temperatures are therefore extremely important to obtain higher gas yields for 

uncatalyzed lignin SCWG.  

Figure 5.6 shows how the molar yields of gases are affected by changes in 

temperature. The effect of temperature is similar for all species except CO. The molar 

yields of H2, CH4 and CO2 increase with temperature, and there is a large jump from 

600°C to 725°C. The species most strongly affected by temperature is H2. It is barely 

produced at 365°C (only 0.1 mmol/g), but it is produced in amounts 75 times larger at 

725°C (7.5 mmol/g). It is interesting to note that the absolute increase in H2 yield (5.5 

mmol/g) from 600°C to 725°C is very close to the absolute increase in CO2 yield (5.6 

mmol/g). This trend is consistent with both H2 and CO2 formation being accelerated 

mainly by an increase in the rate of water-gas shift and steam reforming. The change in 

the CO yields is smaller, though, which suggest that the CO yields are influenced by 

reactions in addition to water-gas shift. The CH4 yield is also strongly affected by 

temperature, most likely because of intermediates pyrolysis. CH4 yields increase from 0.6 

mmol/g to 8.9 mmol/g as the temperature increases from 365°C to 725°C. The results 

also show that part of the CO2 yields might be attributable to reactions taking place at the 

subcritical region, during the heat-up time. 

5.2.3 Effect of Lignin Loading 
The second parameter we varied to determine its effect on gas production was the 

loading of lignin in water. From an engineering perspective, one desires to process 

biomass/water mixtures with as high a biomass content as possible. Doing so would 

reduce the capital and operating costs for a SCWG process. For lignin, a stoichiometric 

mixture with water would be 36.8 wt% (if the final products were CO2 and H2). We used 

5.0 wt % and 33.3 wt % lignin mixtures in addition to the 9.0 wt % loading used in the 

base case, therefore water was always present in excess. The temperature (600 °C) and 

water density (0.08 g/cm3) remained at their base case values. 

Figure 5.7 shows how the composition of the gas at 75 minutes is affected by the 

lignin loading. Results at other reaction times were similar. The CO2 molar % is the one 

that was least influenced. It was consistently around 40 mole %.  
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Figure 5.6. Gas yields as function of temperature (45 minutes, 9.0 wt % lignin loading, 
0.08 g/ml). 
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Figure 5.8. C, H, O, and total gas yields as function of lignin loading (75 minutes, 600°C, 
0.08 g/ml). 
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Figure 5.9. Gas yields as function of lignin loading (75 minutes, 600°C, 0.08 g/ml). 
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CH4 formation appears to be favored by higher lignin loadings, especially at 33.3 wt %, 

where it becomes the major product. On the other hand, higher lignin loadings reduce the 

H2 molar %, which decreases from 14 % at 5.0 wt% to 10 % at 33.3 wt %. Therefore, the 

CH4/H2 ratio is strongly affected by the lignin loading. The CO mole fraction decreases 

substantially at 33.0 wt %. 

Figure 5.8 shows the effect of lignin loading on the C, H, O, and total gas yields 

at 75 minutes. All of the yields are largely independent of the lignin loading. The C yield 

stays around 25 %, the H yield around 50 %, the O yield around 80 %, the total gas yield 

about 40 %, and the energy content about 25 %. Based on these results, the highest 

biomass loading (33.3 %) would be recommended, since there is no advantage in 

lowering the concentration in terms of changing the yields. 

Figure 5.9 shows the molar yields of the individual gases as a function of the 

lignin loading. In general, the lignin loading is not a powerful variable to change the gas 

yields. The most noticeable effects is on CO. The CO molar yield decreases from 3.0 

mmol/g at 5.0 wt % to only 0.3 mmol/g at 33.3 wt %.  

5.2.4 Effect of Water Density 
The effect of water density on lignin SCWG was evaluated by examining one 

density lower than the base case (0.05 g/cm3) and one higher (0.18 g/cm3). We also 

performed experiments with no water added (0.00 g/cm3) to establish a basis for 

comparison with pyrolysis. The base case temperature (600 °C) and biomass loading (9.0 

wt %) were retained. 

Figure 5.10 shows the effect of water density on the gas product composition at 

60 minutes. Results at other times were similar. The CH4 mole fraction is largely 

insensitive to changes in the water density. Even the absence of water does not affect its 

molar fraction. The H2 molar % is about 15 % at all water densities, as long as water is 

present. In the absence of water, it drops to 9 %. The CO and CO2 mole fractions are 

about the same at the two intermediate water densities. SCWG at the highest water 

density, however, reduced CO to only 1 %, and increases CO2 to 44 %. In the absence of 

water, the CO molar % increases to 28 %, and the CO2 molar % decreases to 27 %.  
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Figure 5.10. Gas composition as function of water density (60 minutes, 600°C, 9.0 lignin 
loading). 

 
 

103



 
 

Therefore, the main effect of water density on molar compositions at 60 minutes is the 

increase in CO2 and decrease in CO at 0.18 g/cm3. 

Figure 5.11 shows the effect of water density on the C, H, O, total gas yields and 

energetic content. For pyrolysis, the yields are generally lower than for SCWG at any 

water density. With water present, H and O yields substantially increase (as expected). 

 The influence of water density is small as long as water is present. The C yield 

stays at about 20-25 %, the H yield stays at about 50-55 %, and the O yield stays at about 

90 %. The results suggest the use of low water densities would be preferred, since the use 

of higher water densities requires higher pressures, and it does not seem higher densities 

generate any advantage in terms of increasing yields. 

Figure 5.12 shows how water density affects the yields of individual gases at 60 

minutes. For pyrolysis, the yields of H2, CH4 and CO2 are lower than for SCWG. For 

SCWG, the H2, CH4, and CO2 yields are nearly the same at all densities. In contrast, the 

CO yield keeps decreasing as the water density increases. Almost all the CO formed at 

0.18 g/cm3 had reacted away at 60 minutes. In a previous work, Font et al. [5] pyrolyzed 

Kraft lignin at 850°C in a N2 atmosphere and obtained 3.8 mmol/g of CH4, 1.7 mmol/g 

of CO2 and 9.4 mmol/g of CO. These yields (except for CO) were similar to the ones we 

found with no water present. This agreement with previously published pyrolysis results 

suggests that pyrolysis is the dominant reaction in our system when no water is present. 

This result is consistent with our findings about O2 effect in Chapter 3: even though there 

is O2 from air in the quartz reactor, combustion is not a major reaction in determining gas 

yields. 
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Figure 5.11. C, H, O, and total gas yields as function of water density (60 minutes, 
600°C, 9.0 lignin loading).  
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Figure 5.12. Gas yields as function of water density (60 minutes, 600°C, 9.0 % lignin 
loading). 
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5.2.5 Comparison with Stainless Steel 
 In Chapter 4, we found that the gas yields from cellulose SCWG can be higher 

than yields in stainless steel reactors in some cases. In others cases, such as high water 

density and low biomass loading situations, the yields from quartz reactors can be higher 

than the ones from stainless steel at the same conditions. In this section we present results 

from experiments in quartz reactors that were performed at the same conditions as the 

ones previously reported in the literature for stainless steel, in order to establish the same 

comparison for lignin SCWG. 

 Table 5. 2 makes a comparison with the work of Watanabe [1] in stainless steel, at 

400°C, 60 min, 0.35 g/cm3, and 12.6 wt %. From information in the article, we calculate 

the reactor surface area/biomass weight ratio to be about 6 mm2/mg. The CO2 yield is the 

same in quartz and stainless steel. All the other yields are higher in stainless steel than in 

quartz. The CO yield is 85 % higher, the H2 yield is 52 % higher, and the CH4 yield is 99 

% higher in stainless steel. As a result, the sum of the yields is 33 % higher in stainless 

steel. These results suggest that catalysis from the stainless steel walls can significantly 

increase gas yields in lignin SCWG at these conditions.    

 

Table 5. 2. Gas yields (mmol/g) from SCWG of lignin with no added catalyst (400°C, 60 
min, 0.35 g/cm3, 12.6 wt %). 

 This Work Watanabe [1] 

Reactor Material Quartz 316 Stainless Steel 

CO2 3.3 3.33 

CO 0.3 0.56 

H2 0.5 0.76 

CH4 1.4 2.78 

Sum 5.6 7.42 

  

Table 5.3 shows a comparison of results in quartz reactors with results obtained in 

stainless steel from Osada [2, 4], at 400°C, 15 min, 0.33 g/cm3, 5.0 wt %. From 

information in the articles, we estimate the reactor surface area/biomass ratio to be about 
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19 mm2/mg for both studies. The two studies reported by Osada, even though at the same 

conditions, are inconsistent in places. The range of molar % reported for CO and H2 are 

close to the ones we obtained in quartz reactors. It seems, though, that CO2 is present in 

higher % in quartz, and CH4 is present in higher % in stainless steel. The C, H and O 

yields are all higher in quartz reactors. The C yield is 83 % higher, the H yield is 31 % 

and the O yield is 118 % higher in quartz than in stainless steel. It is interesting to note 

that Osada’s experiments were performed at high water densities and low biomass 

loadings. These conditions provided a similar outcome for cellulose as well, with yields 

in quartz being higher than the ones in stainless steel. The results suggest that the water 

density and biomass loading affect the relative importance of catalytic effects from 

reactors walls for SCWG of both cellulose and lignin.  

Table 5.3. Molar % from lignin SCWG with no catalyst added (400°C, 15 min, 0.33 
g/cm3, 5.0 wt %). 

 This Work Osada [2] Osada [4] 

Reactor Material Quartz 316 Stainless Steel 316 Stainless Steel 

CO2 (%) 53.2 ± 0.9 42 19 

CO (%) 17.8 ± 0.1 16 7.4 

H2 (%) 4.5 ± 0.0 7 3.4 

CH4 (%) 24.5 ± 0.1 33 69.5 

C yield (%) 6.8 ± 0.3  3.7 3.7 

H yield (%) 7.6 ± 0.5 5.8 - 

O yield (%) 29.4 ± 1.4 13.5 - 

 

5.2.6 Comparison with Cellulose 
In Chapter 4, we presented results for the gasification of cellulose in supercritical 

water. Having just described a similar work for lignin, we are now in a position to 

compare the gasification of the main components of biomass in supercritical water in the 

absence of catalytic effects.  

Figure 5.13 shows the yields of each of the individual gases from SCWG of both 

cellulose and lignin at 600°C. Lignin provides substantially more CH4 than cellulose, 
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which is reasonable given the potential direct formation of CH4 from cleavage of methyl 

groups in lignin. Cellulose lacks these methyl substituents. Cellulose formed 2.6 mmol/g 

of H2 after 10 minutes, and lignin only formed 1.8 mmol/g. Perhaps lignin produces less 

H2 than cellulose because a larger quantity of H atoms is taken from lignin during 

formation of CH4. While the CO yields are larger for lignin, cellulose provided a much 

higher yield of CO2. This result could be related to cellulose containing 49 wt % O 

whereas lignin contains only 27 wt % O.  

Figure 5.14 shows the C, H, O, and total gas yields for cellulose and lignin at 

600°C and 10 minutes. The total gas yields (slightly over 40 %) are about the same for 

cellulose and lignin. Cellulose gasification produces a higher C yield than lignin (33.0 

compared to 24.2 %), but H and O yields are higher for lignin. The H yield for lignin is 

42.3 % (compared to 25.4 % for cellulose), and the O yield is 84.4 % (compared to 56.6 

% for cellulose). The energy content is similar (about 20 % for cellulose and lignin). It 

seems, therefore, that lignin SCWG consumes more water than cellulose, leading to 

higher H and O yields, even though a larger fraction of the carbon is gasified in the case 

of cellulose. In most instances, the gas yields from cellulose and lignin respond similarly 

to changes in temperature, water density, and biomass loading. A few differences in the 

responses to changes in process variables can be highlighted, however. CH4 responds 

differently for cellulose and lignin as the biomass loading changes. For cellulose, the 

CH4 yield is not affected by increasing the loading, but it slightly increases for lignin. 

Actually, the biomass loading is an important tool to control CH4/H2 for SCWG of lignin 

and cellulose.  

Figure 5.15 shows the CH4/H2 molar ratio as a function of the biomass loading 

for cellulose and lignin. Increasing the biomass loading decreases the CH4/H2 ratio from 

cellulose, but it increases the ratio from lignin. Therefore, the loading of cellulose and 

lignin can be adjusted to control the CH4/H2 ratio. For real biomass the optimum loading 

will depend on its cellulose/lignin ratio, as well as the intended use of the gas produced. 
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Figure 5.13. Gas yields for cellulose and lignin at 600°C, 10 minutes, 0.08 g/cm3 and 9.0 
wt % loading. 
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Figure 5.14. C, H, O, and total gas yields for cellulose and lignin at 600°C, 10 minutes, 
0.08 g/cm3 and 9.0 wt % loading. 
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Figure 5.15. CH4/H2 molar ratio as function of biomass loading for cellulose and lignin 
(500°C/10 min for cellulose and 600 °C/75 min for lignin).  
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5.3 Conclusions 
1.) This chapter presented the first results for lignin SCWG in the absence of catalytic 

effects from metal walls. These results will be helpful to evaluate effects of added metals 

in Chapter 7. We also presented the first systematic study of variables influencing gas 

yields from lignin SCWG. 

2.) Yields in quartz reactors can be higher than the yields in stainless steel in some 

situations. At situations with low biomass loading (5.0 wt %) and high water density 

(0.33 g/cm3), yields in quartz reactors can be higher. It seems that water density and 

biomass loading strongly affect the relative importance of catalysis from reactor walls in 

SCWG. 

3.) The temperature is the most important variable controlling yields on lignin SCWG. 

Manipulating the lignin loading (wt %) provides a means to control the selectivity to H-

containing gases.  

4.) Unless a product gas with low CO yield is required, it is recommended to perform 

lignin SCWG always at low density (0.05 g/cm3). The water density has little effect on 

yields (except for CO, that decreases with increasing water density). It is advantageous, 

therefore, to use low water densities to minimize energy consumption. 

5.) To maximize H2 and CH4 production, high temperatures should be used. The highest 

H2 yield (7.5 mmol/g) and the highest CH4 yield (9.0 mmol/g) were obtained at the 

highest temperature (725°C). As a consequence, the highest energy content of the gas 

(37.4 %) was also obtained at this condition. If lignin SCWG goes to completion and 

forms exclusively CO and H2, the product gas could contain 134 % of the original 

chemical energy. These higher gas yields can likely be obtained via catalyzed SCWG. 

6.) CO yields decrease with increasing lignin loading and water density. At low water 

density (0.05 g/ml), a 1:1 CO/H2 ratio is obtained. At the base case (600°C, 9.0 wt % 

loading, 0.08 g/ml), a 1:2 CO/H2 ratio is obtained after 75 minutes. 

7.) In the absence of catalysts, CH4 and CO2 are always the major products from SCWG 

of lignin. In the absence of SCW, CH4 replaced CO2 as a major product, the yields of H2 

and CO2 are smaller, and the yield of CO is higher.  
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8.) SCWG of lignin appears to take place in two stages. During the first stage, gases are 

formed from solid and liquid species. During the second stage, the total gas yield remains 

roughly constant, but the product distribution changes because gas species react between 

themselves. The water-gas shift is a predominant reaction during the second stage. For 

lignin SCWG at the base case conditions, the first stage occurs during the initial 2.5 

minutes, and the second stage occurs at longer times.  
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CHAPTER 6 
6 A KINETIC MODEL FOR SUPERCRITICAL WATER GASIFICATION 

OF BIOMASS 
 

Chapters 4 and 5 presented the first results for gasification of cellulose and lignin 

in supercritical water in the absence of potential metal catalysts. When describing the 

experimental results, we provided possible explanations for the observed trends in terms 

of chemical phenomena commonly reported in SCWG systems. In this chapter, we 

develop a kinetic model and fit our data to it in order to gain understanding of the 

chemical reactions taking place. In this fitting process, we used information on the 

temporal variation of the gas yields (H2, CO2, CO and CH4) at the base case conditions 

for cellulose and lignin. The objective of the model is to identify the reaction pathways 

leading to the formation of gases and quantify rates of formation. This information is 

useful to identify potential catalysts for SCWG. The first part of this chapter is devoted to 

explaining the concepts involved in the elaboration of the model. The second part shows 

rate constants, quality of fittings and predictions, and comparisons to equilibrium 

calculations. In the last part, we use the model to identify the most important reactions 

forming the gases. 

 

6.1 Introduction 
Kinetic models dealing with gas yields for SCWG are non-existent. The few 

attempts to fit kinetic models to biomass decomposing in hot compressed water focus 

solely on feedstock conversion [1, 2], without capturing the chemistry leading to 

formation of gas species. The complexity of biomass feedstocks has been a major 

obstacle to advances in this area. Chapter 2 provides a description of the currently 

accepted reaction pathways for SCWG, especially for cellulose, but not much is known at 

the moment about the rates at which these reactions occur, and the main routes of gas 

formation are unclear. For instance, it is known that the methanation reaction takes place 
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in SCWG systems, but it is not known if most of the CH4 formed actually originates from 

methanation or possibly from other gasification routes, such as direct pyrolysis of methyl 

groups present in lignin. If most of the CH4 originates from methanation, how close to 

equilibrium are we at typical SCWG conditions? Can we substantially improve CH4 

yields by adding a catalyst that promotes methanation? These are some of the questions 

we aim to answer with the aid of our kinetic model. This information is useful in 

designing SCWG systems. 

The model is largely based on the pathways currently accepted in the literature for 

SCWG. It focuses on reactions involving gas species and simplifies reactions involving 

intermediates, by defining a generic intermediate species. Following, we define the 

reactions involved in the model. 

 

Reaction 1. Hydrolysis 

For Cellulose:                          (C6H10O5)n + n H2O  n C   

 4 

⎯→⎯ 1k
6H12O6                                             

For Lignin:                              (C10H10O3)n + n H2O  n C⎯→⎯ 1k
10H12O

 

When cellulose (or lignin) is placed in water at supercritical conditions, the first 

step, as reported by Matsumura [3], is the physical process of solvation of the organic 

polymer molecules by water. This physical process takes place simultaneously with the 

hydrolytic attack of the polymeric structures by the water surrounding it. Water 

hydrolyzes cellulose and lignin by attacking ether bonds connecting its monomers. This 

step often leads to the formation of oligomers, such as cellobiose and cellotriose 

originating from cellulose. These oligomers can be further hydrolyzed, forming the 

monomer glucose. For the purpose of this model, we will assume hydrolysis leads 

directly to the monomers. While the monomer for cellulose is glucose, the monomer for 

lignin is simply based on the average composition of organosolv lignin, which is 

decomposed into monomers by the addition of one molecule of water. It is known that the 

hydrolysis step is very fast. Sasaki [1] showed that cellulose is completely converted in 

water at 350 °C and 25 MPa after only 4 s. Bobleter [4] reported that over 90 % of lignin 

disappears after only 0.4 min at 365°C. For this reason, we assume that the initial reactant 
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is the monomer instead of the polymer itself. Therefore, for the gasification of cellulose, 

our initial reactant is glucose. Calculation of the amount of monomer initially present is 

based on the amount of carbon present in the cellulose/lignin. 

 

Reaction 2. Intermediate Formation. 

For cellulose:                                          C6H12O6  C⎯→⎯ 2k
xHyOz                                       

 

  

  

For lignin.                                              C10H12O4  C⎯→⎯ 2k
xHyOz                                 

 

Once the monomer is formed, it can undergo a variety of reactions leading to a 

great number of decomposition products. Glucose, for instance, can undergo 

isomerization forming fructose, dehydration, retro-aldol condensation, and hydrolysis [5, 

6]. A key concept in the present model is the treatment of all the different intermediate 

compounds as a single pseudo-component. It is not practical to monitor and explicitly 

account for every possible intermediate compound, so we adopted this lumping scheme 

for the intermediates. We define the intermediate species as CxHyOz, which represents 

any reactive intermediate originating from glucose or the lignin monomer. These 

intermediates ultimately lead to the formation of gases.  

 

Reactions 3 and 4. Steam-Reforming. 

Steam-Reforming I      CxHyOz + (x-z) H2O  x CO + (x-z + y/2) H⎯→⎯ 3k
2                           

Steam-Reforming II   CxHyOz + (2x-z) H2O  x CO⎯→⎯ 4k
2 + (2x-z + y/2) H2    

 

One of the ways organic compounds decompose in the presence of water to form 

gases is via steam-reforming. The intermediate CxHyOz reacts with the water in excess 

leading to CO and H2 (Steam-reforming I), or CO2 and H2 (Steam-Reforming II). For the 

purposes of our steam reforming calculations, we assume that the intermediate species is 

chemically similar to the original monomer, just as fructose is similar to glucose. So, for 

cellulose, x = 6, y = 12 and z = 6. For lignin, x = 10, y = 12 and z = 4. 

  

Reactions 5 to 8. Intermediate Decomposition 
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CO from Intermediate                   CxHyOz  CO + C⎯→⎯ 5k
xHyOz                   

 CO2 from intermediate                  CxHyOz ⎯→⎯ 6k  CO2 + CxHyOz  

   

   

CH4 from intermediate                  CxHyOz ⎯→⎯ 7k  CH4 + CxHyOz                   

H2 from intermediate                    CxHyOz ⎯→⎯ 8k  H2 + CxHyOz                 

 

Steam-reforming by itself cannot accurately describe the way gases are formed in 

SCWG. There are multiple ways the intermediates can decompose forming gases. For 

instance, in the case of lignin decomposition, the methyl groups in the monomer structure 

can be pyrolyzed, directly leading to the formation of CH4. To account for these 

phenomena, we introduced the possibility of direct formation of the gas species from the 

reactive intermediate. Also, each intermediate molecule can undergo decomposition 

reactions multiple times, releasing small molecules such as H2 or CO in each step and 

creating a new intermediate molecule.  

Reaction 9. Char Generation. 

                                CxHyOz ⎯→⎯ 9k  wC + Cx-wHyOz                       

ate. 

Intermediate species in SCWG can react forming char. In our model, the 

formation of char is also a termination reaction of the active intermediate CxHyOz, 

forming a non-reactive intermediate Cx-wHyOz. Reaction 9 does not generate any 

products of interest, so ideally its rate should be as small as possible in order to maximize 

the production of H2, CH4, CO and CO2 from the intermedi

 

Reactions 10 and 11. Gas-phase reactions. 

Water-Gas Shift                          CO + H2O ↔  CO2 + H2                                   

Methanation                                CO + 3 H2 ↔  CH4 + H2O                                    

 

Once the gas species are formed, reactions 10 and 11 can change gas product 

composition. The water-gas shift reaction consumes CO and is usually believed to be one 

of the main reaction pathways for the production of H2. Likewise, methanation is 

believed to be an important route for the formation of CH4. In situations where H2 is the 

target product, the forward methanation reaction should be avoided. Water-gas shift and 
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methanation are the only reversible reactions in this model. We considered the possibility 

of adding other typical gasification reactions such as hydrogenation and the Boudouard 

reaction, but equilibrium calculations done in ASPEN showed that these reactions do not 

take place to any appreciable extent in the conditions of this work. We used the REquil 

reactor block in ASPEN to perform the calculations. This block is designed to provide 

equilibrium concentrations for a given reaction or set of reactions defined by the user. For 

properties calculation, the UNIQUAC method was used. For the input concentrations, we 

used the base case experimental concentrations obtained at 2.5 minutes. We then 

calculated the equilibrium concentrations for the hydrogenation and Boudouard reaction  

at each temperature. To keep the water density at 0.08 g/ml (base case), the pressure was 

set to 25 MPa at 500°C and 31 MPa at 600°C. 

 

6.2 Reaction Engineering. 
We used constant-volume quartz batch reactors for all the experiments, so the 

reaction engineering analysis is relatively simple. Following are the main assumptions 

used in writing the rate equations: 

- The initial reactant is the monomer instead of the polymer (hydrolysis is fast) 

- The intermediate species is chemically identical to the monomer for steam reforming 

reactions 

- The intermediate species is only consumed when it undergoes a termination reaction, 

forming char and a non-reactive intermediate. 

- Only the water-gas shift and methanation reactions are reversible. 

 

Following are the rate equations for each of the species involved. 

CO: 

Cellulose: 

W4CHi112HCO112HCOi10WCO10I5I3
CO CCkCCkCCkCCkCkCxk

dt
dC

2
+−+−+=                      (6.1) 

Lignin:
W4CHi112HCO112HCOi10WCO10I5WI3

CO CCkCCkCCkCCkCkCCxk
dt

dC
2

+−+−+=                      (6.2)    
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CO2: 

2H2COi10WCO10I6WI4
CO CCkCCkCkCCxk

dt
dC

2 −++=                                             (6.3) 

 

CH4: 

W4CHi112HCO11I7
4CH CCkCCkCk

dt
dC

−+=                                                                 (6.4) 

 

H2: 

Cellulose: 

2HC2COCi10kCCOC10kIC8kCIC4k)2/yzx2(IC3k)2/yyx(
dt

2HdC
Ww −+++−++−=

WC4CHCi11k32HCCOC11k3 +−                                                                                            (6.5) 

Lignin: 

2HC2COCi10kCCOC10kIC8kCIC4k)2/yzx2(CIC3k)2/yyx(
dt

2HdC
WwW −+++−++−=

WC4CHCi11k32HCCOC11k3 +−                                                                                        (6.6) 

 

Intermediate: 

For cellulose: 

I9WI4I3M2
I CkCCkCkCk

dt
dC

−−−=                                                                         (

For lig

6.7) 

nin: 

I9WI4wI3M2
I CkdC

= CkCCkCCk
dt

−−−                                                                (6.8) 

 

mer: Mono

M2
M CkdC

dt
−=                                                                                                              (6.9) 

 

Water: 

ose: Cellul
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W4CHi112HCO112H2COi10WCO10WI4WI3
W CCkCCkCCkCCkCCk18CCk6

dC
dt

−++−−−=  

(6.10) 

Lignin: 

W4CHi112HCO112H2COi10WCO10WI4
W CCkCCkCCkCCkCCk6

dt
dC

−++−−=    (6.11) 

Non-reactive species: 

 

I9
Non Ck

dt
dC

=                                                                                                               (6.12) 

Equation 6.12 accounts for what we call a non-reactive species (Non). This is 

 the char (C) and the non-reactive intermediate (Cx-wHyOz) from 

reaction 9 altogether. By using this definiti  of 

material left unreacted after SCWG.  

4, CO2, CO, and H2 (mol/l) as functions of time, 

e case conditions are 500°C (cellulose), 600°C  (lignin), 0.08 g/ml water 

0 wt % biomass loading. Experiments were performed from 2.5 to 30 

inute

ate. In the present work, the 

simply accounting for

on it is possible to quantify the amount

 

6.3 Method 
 The experimental data reported as the base case in Chapters 4 and 5 for non-

catalytic SCWG of cellulose and lignin were used in fitting the model. The fitted 

variables were the concentrations of CH

and the bas

density, and 9.

m s for cellulose, and from 2.5 to 75 minutes for lignin. 

 The average particle size for cellulose is 116 μm, and for lignin it is 289 μm. 

Simmons [7] has shown that pyrolysis of cellulose in the range 450-500°C is free from 

mass transfer limitations for particles as large as 200 μm. Vamvuka [8] performed TGA 

for several biomass feedstocks and was able to measure kinetics without mass-transfer 

limitations using particles of 250 μm at 10°C/min heating r

use of SCW as solvent along with the high heating rates of our experimental setup should 

minimize mass transfer limitations in comparison to pyrolysis at low heating rates. For 

this reason, we believe that mass transfer limitations can be safely neglected in the 

present study. 
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 The objective function minimized is the Sum of the Square of Prediction Errors 

(difference between calculated and measured gas concentrations). Scientist 3.0 from 

Micromath was used to fit experimental data. Initial guesses for the rate constants were 

found manually by trial-and-error method. Polymath 5.1 was used for the simulations 

after the rate constants were known. 

 The rate constants fitted were k2, k3, k4, k5, k6, k7, k8, k9, k10 and k11. The rate 

constants for the reverse reactions (k10r and k11r) were related to the forward rate 

constants (k10 and k11) by the equilibrium constant K: 

K
k

k f=                                                          (6.13) r

vide equilibrium concentrations for 

a given reaction or set of reactions defined by the user. For properties calculation, the 

UNIQUAC method was used. For the input c

experim

The equilibrium constant for the water-gas shift and methanation reactions were 

obtained from the ASPEN Plus Software. We used the REquil reactor block in ASPEN to 

perform the calculations. This block is designed to pro

oncentrations, we used the base case 

ental concentrations obtained at 2.5 minutes. We then calculated the equilibrium 

constants using the equilibrium concentrations for the water-gas shift and methanation at 

each temperature. To keep the water density at 0.08 g/ml (base case), the pressure was set 

to 25 MPa at 500°C and 31 MPa at 600°C. shows the input concentrations and the 

resulting output concentrations obtained from ASPEN. Using the output concentrations in 

Table 6.1, we calculated K10 (equilibrium constant for the water-gas shift) and K11 

(equilibrium constant for methanation) using equations 6.14 and 6.15: 

O2HCO

2CO2H
10 C.C

C.C
K =                                                   (6.14) 

3
2HCO

O2H4CH
11

C.C
C.C

K =                                                   (6.15) 

For the water-gas shift reaction, we obtained the equilibrium constant 5.15 at 

500°C and 2.68 at 600°C. For methanation, the equ

at 500°C and 1.02x104 l2/mol2 at 600°C. 

 

ilibrium constant is 3.62x105 l2/mol2 
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Table 6.1. Input and output Gas Concentrations (mol/L) in ASPEN. 
Water-Gas 

Shift 

Input (500° C) Output (500° C) Input (600° C) Output (600° C)

CO 2.22x10  6.36x10-5
 2.22x10-2

 1.56x10-4
 

-2

H2O 4.12x100
 4.10x100

 4.12x100
 4.10x100

 

CO2 2.97x10-2
 5.18x10-2

 2.97x10-2
 5.17x10-2

 

H2 3.71x10-3
 2.59x10-2

 1.11x10-2
 3.32x10-2

 

Methanation Input (500° C) Output (500° C) Input (600° C) Output (600° C)

CO 2.22x10-2
 2.42x10-2

 2.22x10-2
 3.68x10-2

 

H2 3.71x10-3
 9.45x10-3

 1.11x10-2
 5.48x10-2

 

CH4 3.71x10-3
 1.79x10-3

 2.97x10-2
 1.51x10-2

 

H2O 4.12x100
 4.12x100

 4.12x100
 4.10x100

 

 

6.4 Results 
The rate constants obtained are shown in Table 6.2. 

 

Table 6.2. Rate Constants at 500°C (Cellulose) and 600°C (Lignin). 
 Cellulose Lignin 

k2 (min-1) 2.00x101
 1.67x100

 

k3 (min-1) or (L.mol-1.min-1) 5.15x10-3
 5.00x10-4

 

k4 (L.mol-1.min-1) 0.00x100
 2.73x10-3

 

k5 (min-1) 2.44x10-1
 5.39x10-1

 

k6 (min-1) 4.22x10-1
 7.67x10-1

 

k7 (min-1) 1.11x10-1
 9.42x10-1

 

k8 (min-1) 5.56x10-4
 0.00x100

 

k9 (min-1) 4.26x10-1
 9.38x10-1

 

k10 (L.mol-1.min-1) 6.09x10-3
 2.80x10-3

 

k10i (L.mol-1.min-1) 1.18x10-3
 1.05x10-3

 

k11(L.mol-1.min-1) 0.00x100
 7.71x10-2

 

k11i (L.mol-1.min-1) 0.00x100
 7.52x10-6
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Figure 6.1. Base case fitting for cellulose SCWG (500°C, 0.08 g/ml, 9.0 wt %). 
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Figure 6.2. Base case fitting for lignin SCWG (600°C, 0.08 g/ml, 9.0 wt %). 
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igure 6.3. Model Predictions for Cellulose (10 min for wt %, 7.5 min for g/ml). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

H2 CH4

CO

CO2

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5 6 7 8 9

Predicted yields (mmol/g)

5 wt %
33.3 wt %

F

 

E
xp

er
im

en
ta

l y
ie

ld
s 

(m
m

ol
/g

)

0.05 g/ml
0.18 g/ml
0.00 g/ml

H2

CO

CO2



 
 

 

 

 

 

 

 

 

 

 

 

 

CO2

CO

CH4

H2

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5 6 7 8 9

E
xp

er
im

en
ta

l y
ie

ld
s 

(m
m

ol
/g

)

Predicted yields (mmol/g)

5 wt %
33.3 wt %
0.05 g/ml
0.18 g/ml
0.00 g/ml

H2

CO

CO2

CH4

H2

CO2

CH4
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Figures 6.3 and 6.4 show that the model can predict the results for most of the gas 

ields at the several biomass loadings for both cellulose and lignin with good proximity. 

We can also look at the same information in a different way to evaluate more specific 

tuations. In Figures 6.5 – 6.7, we examine the trends of how the yields change with 

iomass loading and water density, comparing experimental results with model 

predictions. For cellulose, there was no effect of the biomass loading on yields. This 

nding is in good agreement to what was already reported on Chapter 4, where changes 

in cellulose loading have little effect on gas yields in the range 5.0 to 33.3 wt %. For 

gnin, the biomass loading has a larger effect on yields, and this effect is shown in Figure 

.5. The model captures the slight decreases in H2 and CO yields as the lignin loading 

increases, as well as the slight increase in CH4, while CO2 appears to remain constant. 

The effect of water density on gas yields in shown for cellulose in Figure 6.6 and 

for lignin in Figure 6.7. The model identifies the main trends for cellulose and lignin, 

reases with 

water density, while H2 increases. The CO2 yield slightly increases with water density, 

nd CH4 remains nearly unchanged. The largest disagreement between experimental data 

nd model predictions seem to take place at the highest water density, 0.18 g/ml 

specially for cellulose). These differences are possibly due to changes in the rates of the 

ater-gas shift reaction as function of the water density. As has been reported by Rice et 

al [9] and Araki et al [10], the kinetics of the water-gas shift depends on water density.  
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Figure 6.5. Effect of lignin loading (75 min). 
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igure 6.6. Effect of water density for cellulose (7.5 min). 
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e 6.7. Effect of water density for lignin (60 min). 
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Having tested our model by making predictions at different biomass loadings and 

ater densities, we turn our attention to equilibrium. If the model actually represents the 

orrect chemistry taking place in SCWG, it should be able to provide realistic equilibrium 

roduct distributions. We simulated equilibrium SCWG by running the model for long 

eriods of time until the yields stopped changing. This type of approach was only 

ossible for lignin, because for cellulose at 500°C the rate of methanation is very small 

itted as zero), making it impossible to reach equilibrium. For lignin, the yields for all 

e gas species become constant at about 40,000 minutes (almost 28 days), indicating that 

t the experimental conditions we worked, we are very far from reaching equilibrium and 

ould certainly need good catalysts for water-gas shift and methanation if we are to 

chieve this goal. 

Once equilibrium is achieved with the kinetic model, we can compare its results 

ith thermodynamic calculations. ASPEN Plus was used for this purpose. We used the 

Gibbs reactor block in ASPEN. This block calculates equilibrium concentrations 

ithout requiring knowledge of reaction stoichiometry, by minimizing the Gibbs free 

nergy. For properties calculation, the UNIQUAC method was used. Neglecting the 

ompressibility factor to be 1.0 at 

these conditions, which means water behaves as an ideal gas. Just as in the kinetic model, 

ur starting monomer from lignin is C10H12O4. The feed contains the monomer and 

water in the same initial compositions as the corresponding situations in the model. The 

product can contain the monomer, water, CO, H2, CO2 and CH4. The pressure was set 

according to the water density (which was one of the variables in the study). Figure 6.8 

shows a comparison of model predictions with thermodynamic calculations for lignin at 

the base case conditions (600°C). Model predictions agree extremely well with 

thermodynamic equilibrium calculations. H2 and CO2 are the major products (35 – 45 % 

each), with about 25 % of CH4 and very small molar % of CO. It is important to make a 

note here about the water-gas shift reaction. Even though under more conventional fuel 

processing conditions water-gas shift systems at this temperature have a much higher 

fraction of CO in equilibrium, in SCW systems a large excess of water is present, which 

pushes the equilibrium in the direction of product formation and consuming CO.  
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Figure 6.8. Equilibrium Composition for Lignin, Base Case. 
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It is also important to know if the model predictions for equilibrium respond 

ppropriately to variations in biomass loading and water density. We varied the biomass 

ading over a wide range (1.0 – 50.0 wt %) to verify the accuracy of model predictions 

 this range (Figure 6.9). The model and the thermodynamic calculations agree to within 

 few percent. The CO molar % is less than 2 % up to 50 % lignin loading. The CO2 

olar % slowly increases with loading. The H2 molar % in equilibrium decreases and the 

H4 molar % increases. The biomass loading is an important tool to control equilibrium 

lectivities towards H2 or CH4. 

Figure 6.10 shows the effect of water density on the equilibrium molar %. Once 

ore, the more predictions agree reasonably well with thermodynamic calculations. The 

ater density has a small effect on the equilibrium product composition. CO molar % is 

lose to zero, CO2 remains at 35- 40 %, H2 remains at about 30 – 35 %, and CH4 at about 

5-30 %. 

We have shown that the kinetic model can successfully predict experimental data 

for a range of biomass loadings and water densities studied in this work, and that 

quilibrium predictions also agree with thermodynamic calculations. These successes 

ad us to believe that the reactions we included in the model and the parameter estimates 

n and cellulose under the 

experimental conditions used in this study. Focusing now more specifically on the rate 

onstants, we can establish a few comparisons with work previously reported in the 

terature. In our model, the intermediate species can be dependent on the type of 

feedstock used (cellulose or lignin), but the water-gas shift and methanation reactions do 

not involve the intermediate and therefore do not depend on the type of feedstock used. 

This means we can compare the rate const ts of the water-gas shift and methanation 

reactions obtained from cellulose and lig n, and we can also compare them with 

previous work reported in the literature. W ethanation reaction without added 

catalysts has not yet been studied in SCW, some researchers have studied the kinetics of 

the water-gas shift in SCW [9, 11]. Table 6.3 shows the rate constants obtained in these 

studies compared to the water-gas shift rate constants obtained in this work at 500°C 

(cellulose experiments) and 600°C (lignin experiments). 
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Figure 6.9. Effect of Lignin Loading on Equilibrium Composition. 
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Figure 6.10. Effect of Water Density on Equilibrium Composition (Lignin). 
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Table 6.3. Rate constants for water-gas shift in SCW. 

 T (°C) Water Density (g/cm3) k (L.mol-1.min-1) 

Rice [9] 480 0.07 6.00x10-3
 

Rice [9] 520 0.06 2.00x10-4
 

Sato [11] 440 0.12 2.95x10-2
 

This Work 500 0.08 6.09x10-3
 

This Work 600 0.08 2.80x10-3
 

 

From the data set in Table 6.3, the conditions used from Rice (480°C and 0.07 

/cm3) are the closest ones to experiments in the present work (500 °C and 0.08 g/cm3). 

he rate constants agree almost perfectly in this case. When looking at slightly different 

onditions, the difference between the two works becomes larger. The main point here, 

ough, is to show that these rate constants are in the same order of magnitude. This is 

ue despite the fact we did not isolate the water-gas shift reaction in our study, and 

udied a much more complex system. Sato obtained a rate constant about 5 times the one 

e had at 500°C, but his water density was 50 % higher than ours, and we already know 

 shift 

and methanation, for the two temperatures we have results for (500°C and 600°C). Table 

 shows these results. 

 

Table 6.4. Rate constants for water-gas shift and methanation. 
k (L/mol-1.min-1) 500°C 600°C 

g

T

c

th

tr

st

w

this variable can influence rates of reaction. Next, we compare the rates of water-gas

6.4

Water-Gas Shift 6.09x10-3
 2.80x10-3

 

Methanation 0.00x100
 7.71x10-2

 

 

We would expect the rates for both reactions to increase as the temperature 

increases. That does not happen for the water-gas shift reaction. While it is difficult to 

assure the precise values of these rate constants are exactly correct, it is important to keep 

in mind that our objective is to focus on finding approximate rate constants. These rate 

constants allow one to identify the most important routes for gas formation in SCWG, 

rather than stating exact values. The exact rate constants can only be found by performing 
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the actual reactions l 00°C is very 

small (fitted as zero), but its r mes h

now in a posi o use the rate equations to quantify how much each 

indivi ion affects form n and consumption of each gas species, by calculating 

rates o n / consumption. For instance, referring back to equation 5, we know the 

rate o ion from the ard water-gas shi 10CCOCW. Figures 6.11 – 6.18 

show the rates of formation / umption for each of the gas species as a function of 

me, for cellulose and lignin. 

ift slowly decreases with time. The other gas species seem to 

originate mostly from the intermediate. Direct formation of CH4 from the intermediate is 

the most impo

catalyst needs to be used. For CO, the in te is also the main source, with smaller 

contri m-reforming I. el indicates the wa ift is the 

reaction O at longer time iginates from interm uring the 

rst minutes, but it can also be formed at much smaller rates from water-gas shift at 

longer 

ike Sato and Rice did. The rate of methanation at 5

ate beco igh at 600°C. 

We are tion t

dual react atio

f formatio

f H2 format  forw ft is k

 cons

ti

Inspection of figures 6.11 – 6.18 allows one to visually determine the reactions 

leading to formation of each gas species. We can divide the SCWG in two periods: the 

first 5 minutes, with high rates of formation for all gas species, and after 5 minutes, 

where the rates are smaller and reactions that change product distribution are dominant. 

For H2, the high rates of formation in the first minutes are due to steam-reforming. There 

are differences concerning cellulose and lignin: steam-reforming I (forming CO) is the 

dominant type of steam-reforming for cellulose, while steam-reforming II (forming CO2) 

is prevalent for lignin. In both cases, the rate of steam-reforming quickly decreases after a 

few minutes, in such a way that the rate of the forward water-gas shift becomes the 

largest one for longer periods of time. After reaching a maximum at about 7-8 minutes, 

the rate of water-gas sh

rtant reaction for CH4 formation. For methanation to become significant, a 

termedia

butions from stea  The mod ter-gas sh

 consuming C s. CO2 or ediates d

fi

times. 
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Figure 6.11. Rates of formation / consumption for H2 (cellulose, 500°C, 9.0 wt % 
loading, 0.08 g/ml). 
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Figure 6.12. Rates of formation / consumption for CH4 (cellulose, 500°C, 9.0 wt % 
ading, 0.08 g/ml). 
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Figure 6.13. Rates of formation / consumption for CO (cellulose, 500°C, 9.0 wt % 
loading, 0.08 g/ml). 
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igure 6.14. Rates of formation / consumption for CO2 (cellulose, 500°C, 9.0 wt % 
l). 
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Figure 6.15. Rates of formation / consumption for H2 (lignin, 600°C, 9.0 wt % loading, 
.08 g/ml). 
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Figure 6.16. Rates of formation / consumption for CH4 (lignin, 600°C, 9.0 wt % loading
0.08 g/ml). 
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igure 6.17. Rates of formation / consumption for CO (lignin, 600°C, 9.0 wt % loading, 
.08 g/ml). 

 

igure 6.17. Rates of formation / consumption for CO (lignin, 600°C, 9.0 wt % loading, 
.08 g/ml). 
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Figure 6.18. Rates of formation / consumption for CO2 (lignin, 600°C, 9.0 wt % loading, 
0.08 g/ml). 
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To confirm our findings about the key reaction paths, a sensitivity analysis is 

seful. It can determine responses in the model predictions when the rate constants are 

aried. The sensitivity coefficient can be defined as in equation 6.16: 

u

v

j

j

i

i

j

i
j,i

k
k

C
C

kln
ClnS

Δ

Δ

=
∂
∂

=                                              (6.16) 

In equation (16), i is one of the gas species and j is one of the reactions. In order 

 calculate the sensitivity coefficients Si,j, model simulations were run applying a 

ositive 5 % variation on each rate constant to calculate ΔCi. Our analysis of the reaction 

tes has already shown that we can divide non-catalytic SCWG in two time periods: the 

rst 5 minutes, with high rates of formation for all gases, and after 5 minutes, where the 

tes become smaller. For this reason, we chose to look at the sensitivities at short times 

1 min) and long times (30 min for cellulose and 75 minutes for lignin). Tables 6.5 – 6.8 

ow the results, and the sensitivity coefficients of at least ± 0.1 are highlighted.  

At 1 min, the formation and consumption of intermediate forming char are very 

 

strongly affects CO, CO2 and CH4 formation, while steam-reforming is important for H2 

rmation. These findings are in agreement with our reaction rates study. At long times, 

eam-reforming, char formation and gas formation from intermediate are still important, 

but the water-gas shift also plays an important role for all gases except CH4. CO from 

intermediate becomes an important reaction for CO, CO2 and H2 since it provides the CO 

necessary for the water-gas shift.   

 
Table 6.5. Sensitivity coefficients for cellulose (1 min). 

  Cellulose Sensitivities at 1 min 

to

p

ra

fi

ra

(

sh

sensitive reactions for all the gas species involved. Decomposition from intermediate

fo

st

 CO CO2 CH4 H2
Intermediate Formation 2.25x10-1

 2.30x10-1
 2.28x10-1

 2.55x10-1
 

Steam-Reforming I 1.77x10-1
 6.67x10-2

 6.54x10-2
 9.79x10-1

 

Steam-Reforming II 0.00x10-0
 0.00x100

 0.00x100
 0.00x100

 

CO from Intermediate 8.87x10-1
 6.62x10-3

 5.55x10-4
 8.14x10-2

 

CO2 from Intermediate 0.00x100
 9.93x10-1

 5.55x10-4
 0.00x100

 

CH4 from Intermediate 0.00x100
 0.00x100

 1.00x100
 0.00x100

 

H2 from Intermediate 0.00x100
 0.00x100

 5.55x10-4
 1.59x10-2

 

Char Formation -1.31x10-1
 -1.29x10-1

 -1.30x10-1
 -1.19x10-1

 

Water-Gas Shift -1.15x10-2
 7.34x10-3

 0.00x100
 9.03x10-2

 

Methanation 0.00x100
 0.00x100

 0.00x100
 0.00x100
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Table 6.6.  Sensitivity coefficients for cellulose (30 min). 

  Cellulose Sensitivities at 30 min 
 CO CO2 CH4 H2

Intermediate Formation -1.52x10  -8.38x10  2.31x10  -4.80x10-2
 

-2 -4 -2

Steam-Reforming I 8.69x10-2
 1.55x10-2

 1.26x10-2
 2.14x10-1

 

Steam-Reforming II 0.00x100
 0.00x100

   0.00x100 0.00x100

CO from Intermediate 8.73x10-1
 2.16x10-1

   2.49x10-2 6.69x10-1

CO2 from Intermediate -1.32x10-2
 7.53x10-1

 2.31x10-2
 -4.95x10-2

 

CH4 from Intermediate -1.40x10-2
 -1.13x10-3

 1.02x100
 -4.88x10-2

 

H2 fro     m Intermediate -1.40x10-2 -1.13x10-3 2.31x10-2 -4.56x10-2

Char Formation -1.01x100
    -9.31x10-1 -9.21x10-1 -9.44x10-1

Water-Gas Shift -6.78x10-1
    1.66x10-1 -9.23x10-4 5.53x10-1

Methanation 0.00x100
    0.00x100 0.00x100 0.00x100

 
Table 6.7. Sensitivity coefficients for lignin (1 min). 

Lignin Sensitivities at 1 min 
 CO CO2 CH4 H2

Intermediate Formation 4.96x10 5.01x10 4.99x10 5.03x10-1
    

-1 -1 -1

Steam-Reforming I 1.72x10 -1.97x10 -1.98x10 6.94x10-2
    

-2 -2 -2

Steam-Reforming II -2.77x10 9.90x10 -2.77 x10 8.64 x10-2
    

-2 -2 -1

CO from Intermediate 9.63x10 4.93x10 8.73x10 1.43 -1
   x10-2

 

-3 -5

CO  from Intermediate 0.00x100 8.68x10-1 0.00x100 0.00x102    

0
 

CH4 fr     om Intermediate -1.19x10-3 -1.21x10-3 9.99x10-1 -8.93x10-4

H2 from Intermediate 0.00x100
    0.00x100 0.00x100 0.00x100

Char Formation -6.35x10-1
    -6.37x10-1 -6.37x10-1 -6.37x10-1

Water-Gas Shift -9.34x10-3
    3.91x10-3 -1.13x10-3 1.49x10-2

Methanation -2.96x10-4
    -9.30 x10-5 8.73 x10-5 -1.49x10-3

 
Table 6.8. Sensitivity coefficients for lignin (75 min). 

Lignin Sensitivities at 75 min 
 CO CO2 CH4 H2

Intermediate Formation -7.56 x10 1.17x10 2.46x10 1.37x10-3
    

-3 -4 -3

Steam-Reforming I 2.89x10 6.73x10 1.28 x10 5.02x10-2
    

-3 -3 -2

Steam-Reforming II -5.59x10-2
 7.69x10-2

 6.58x10-3
 3.73x10-1

 

CO from Intermediate 9.30x10-1
 2.47x10-1

 4.12x10-2
 3.55x10-1

 

2 from Interm -3
 

-1
 

0
 -1.47x10-3

 ediate 3.02 x10 6.46x10 0.00x10CO
CH4 from In    1.25x10-2

 termediate 5.40 x10-3 4.83x10-4 9.66x10-1

H2 from Intermediate 0.00x100
 0   0.00x100

 .00x100 0.00x100

Char Formation -8.84x10-1
 -9.30x10-1

 -9.66x10-1
 -7.60x10-1

 

Water-Gas Shift -8.44x10-1
    1.60x10-1 -3.34x10-3 4.10x10-1

Methanation -7.64x10-2
 -    7.69 x10-3 2.67x10-2 -1.79x10-1

 

At 1 min, the formati nsum term ing char are very 

s  th cies i ecom rom te 

strongly affects CO, CO2 an ation, while steam-r  imp 2 

form ent w actio dy. A  

on and co ption of in ediate form

e s lln itive reactions for a e gas spe nvolved. D position f intermedia

d CH4 form eforming is ortant for H

ation. These findings are in agreem ith our re n rates stu t long times,
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steam-reforming, char formation and gas formation from intermediate are still important, 

but the CH4. CO from 

intermediate becomes an important reaction for CO, CO2 and H e it provid e CO 

 s

 

6
1 t no kine r SC mass. Contrary to 

previous studies on the field, we used data o s to  und of 

the m utes for tion i

2.) The proposed tive intermediate 

built a m t can successfu fit the bas a for cellu e and 

e pred t dif ass loadings and 

w libri ons a ther calc d 

t d f r-ga in th ge a y 

p

3 ere r th  of nd C e 

inte his se e ma y fo ion o es 

at the n SCWG 2 oes not appea  

intermediates. 

4.) H2 is m formed via ste forming es, and fr

t

5. del , our

e r-g  met his o oor f 

c th s. 

6.) Catalysts that can promo  of inte n b l, 

in th an avo iate ion 

 water-gas shift also plays an importa ept nt role for all gases exc

2 sinc es th

nec gasessary for the water- hift.   

.5 Conclusions 

.) We elaborated the firs n-catalytic tic model fo WG of bio

n gas yield  provide an erstanding 

ost important ro  gas forma n SCWG. 

set of 11 reactions and the concept of a generic reac

odel tha lly e case experimental dat los

lignin. We verified that th model can ict yields a ferent biom

ater densities. Its equi um predicti gree with modynamic ulations, an

he rate constants obtaine or the wate s shift ar  e e same ran s reported b

revious authors. 

.) H s wigh rate constant  obtained fo e formation CO, CO2 a H4 from th

rmediate species. T ems to be th jor pathwa r the format f these gas

 first minutes i . H  is the only gas that d r to originate from

o ly st am-re  d  the first 5 turing  minu om water 

water-gas shift after 5 minu es.  

) According to the mo predictions  experimental data were far from achieving 

qui ibrium for both watel as shift and hanation. T pens the d for the use o

atalysts that can promote ese reaction

te formation gases from rmediates ca e also usefu

e sense that they c id interm de decompo its into char.  
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CHAPTER 7 
7 GASIFICATION OF CELLULOSE AND LIGNIN IN THE PRESENCE OF 

 non-catalytic SCWG. With this information 

 added 

n 

tive of this study is to establish 

catalytic contribution from the metals can be quantified by this direct comparison. The 

ature (400 - 725°C), biomass loading 

rmine the conditions that maximize catalytic 

 improve 

ea/biomass ratio in our system. For this study we also tested zirconium, zinc, ruthenium 

 

main catalysts and their effects are summarized in . Researchers have used mostly basic 

 – 6], there is little mention of other 

inexpensive metals such as iron and copper [7, 8]. Deactivation of nickel has been 

ADDED METALS 
 

We have concluded our study of

available, we are in a position to evaluate differences in gas yields when metals are

to quartz reactors. This chapter presents results for the gasification of cellulose and ligni

in supercritical water in the presence of metals. The objec

the first comparison of metal-free SCWG data with SCWG data with added metals. The 

approach used in this study is very similar to the one in Chapters 4 and 5, starting with 

the same base case conditions and varying temper

(5.0 – 33.3 wt %) and water density (0.08 – 0.18 g/ml). The first part of this chapter 

shows the effect of these variables in the presence of inexpensive metals such as copper, 

on and nickel. This part intends to deteir

activity within the range studied in this work. In the second part, we attempt to

catalytic activity over this optimum condition by increasing the catalyst surface 

ar

and Raney nickel. We have also evaluated the possibility of deactivation by oxidation,

exposing the nickel catalyst to supercritical water for 2 hours prior to gasification. 

 

7.1 Introduction 
Chapter 2 provides an overview of studies involving catalysts in SCWG. The 

and metal catalysts to promote gas formation in SCWG. This work focuses only on 

metals. While nickel has been widely studied [1
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reported [4, 9], and ruthenium appears as a good option for a metal catalyst that can keep 

catalytic activity over longer periods of time [4]. 

 
Table 7.1. Summary of Catalysts used in SCWG. 

Catalyst Reactions Comments promoted 

Basic (NaOH, K2CO3) C-C splitting [10], water-gas shift [10 - 

13] 

Difficult to recover [14] 

Nickel Tar cracking, water-gas shift, Increases gas yields 

methanation, hydrogenation [1 – 4]  substantially [1 - 4] 

Raney-Nickel Same as Ni, suppresses methanation 

[15] 

Provides colorless aqueous 

phase [16] 

Zirconia Decomposes aldehydes and ketones [13 

– 14] 

Promotes H2 and CO2 

formation [13 – 14] 

Ruthenium Actively breaks C-C bonds [17] Maintains activity for long time 

[4] 

 

One of the issues with the work currently available in the literature is the absence 

of information on metal-free experiments, because all of them were performed in metallic 

reactors such as Inconel and Hastelloy. For instance, experiments with added ruthenium 

in stainless steel reactors also suffer interference from the catalytic effect of nickel in the 

reactor walls. This unintended catalytic effect makes it difficult to quantify the real effect 

of ruthenium on SCWG.  

The primary contribution of the present chapter is to study the catalytic effect of 

added metals by comparing these results with the metal-free experiments reported in 

hapters 4 and 5. This approach allows one to quantify the real effect of each catalyst 

metal in SCWG, free from external catalytic effects. 

effect on the gas yields and composition. We considered temperatures of 400, 500, 600, 

c

 

7.2 Method 
 We arbitrarily designate SCWG at 9.0 wt. % biomass, and 0.08 g/cm3 water 

density as the base case. For cellulose, the base case temperature is 500°C, and for lignin 

it is 600°C. From this starting point, we varied one parameter at a time to evaluate its 
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and 725°C, biomass loadings of 5.0, 9.0 and 33.3 wt %, and water densities of 0.05, 0.08 

and 0.18 g/cm3. We used metal wires as catalysts. Copper, nickel, iron, zinc and 

zirconium were used in wire form The wires were wiped with 320 grit sand paper (3M 

Imperia ry 

w

The wires are 16 cm long in order to occupy most of the length of the quartz 

reactors, 25 mm diam  wires is 2/g). 

Ruthenium and Raney ni , so ru n the 

form 4 μm el n 

water). In order to keep the total surface area of 40 mm2, 3.6 mg of Ruthenium powder 

were u Raney

surface area catalyst on the yields, so in this case we simply added the slurry amount 

needed to reach the same water den

surface area of the Raney nickel catalyst was 1.34x107 mm2. 

 

when compared to the metal-free case: the yields for all gases 

except CO increas

ecially at 600°C. The H2 yield 

increases from 2.6 to 4.7 mmol/g, CO2 increases from 7.9 to 12.4 mmol/g, and CO 

 1.7 to 1.1 mmol/g, with the CH4 yield being unaffected at about 2.7 

mol/g

. 

l Wetord 413Q sandp ount of oxides on the aper 9x11 02004) to reduce the am

ire surface, and loaded into the reactors. 

 and 0. eter. The surface area of the

ckel are not available in wire form

40 mm2 (or 125 mm

thenium was used i

 of powder (4  particle diameter) and Raney nick in slurry form (50 wt % i

sed. The -Nickel experiments were designed to study the effect of a high 

sity as the base case experiments (86 μl). The total 

7.3 Results 

7.3.1 Effect of Temperature 
The effect of copper, iron and nickel as a function of temperature at base case 

conditions is shown in Figure 7.1 for cellulose, and in Figure 7.2 for lignin. In Figure 7.1, 

the trends do not change 

e with temperature. In most situations, little (if any) catalytic activity is 

detected as the temperature changes for cellulose and lignin, with the yields in the 

presence of metals nearly matching the metal-free case. For cellulose, nickel seems to be 

the catalyst with the largest influence on the yields, esp

decreases from

m . For lignin, the catalytic effect is smaller: the largest influence of the metals also 

appears to take place at 600°C. SCWG with iron for lignin produced 3.3 mmol/g of H2, 

2.3 mmol/g of CO, 6.1 mmol/g of CH4, and 6.3 mmol/g of CO2.  
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7.1. Effect of metals presence as a function of temperature (Cellulose), at 10 min. 
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Figure 7.2. Effect of metals presence as 

 
 
 

a function of temperature (Lignin), at 15 min.
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7.3.2 Effect of Water Density 
Figures 7.3 and 7.4 show the effect of water density at the base conditions for 

ellulose and lignin in the presence of metals. The trends are the same as in the absence 

f metals: the yields at 0.05 and 0.08 g/ml are nearly the same, but at 0.18 g/ml the H2 

nd CO2 yields increase, with the CO yield decreasing. We expect catalysts that promote 

as shift reaction, such as nickel, to become more effective as the water density 

creases. But small   catalytic activity is detected as the water density changes. In most 

tuations, the yields in the presence of metals match the yields from the metal-free case. 

or cellulose, iron and nickel provide a slight increase in H2 and CO2 yields at the 

ighest density (0.18 g/cm3).  For lignin, the yields seem to be higher in the presence of 

e metals at 0.05 g/cm3. At 0.05 g/cm3 with iron, the H2 yield increases from 1.2 to 4.4 

mol/g. 

.3.3 Effect of Biomass Loading 
Figures 7.5 and 7.6 show the effect of cellulose and lignin loading at base case 

on yields is small compared to temperature and water density effects. The yields at 9.0 wt 

etals are almost the same for cellulose 

nd lignin. At the lowest biomass loading (5.0 wt %), though, the metals make a 

ifference on gas yields and this trend appears to take place for cellulose and lignin. 

hile in the absence of metals there is not a biomass loading that provides higher yields 

than others, in the presence of metals the 5. wt % is clearly the best option in terms of 

creasing gas yields. The effect is more evident for cellulose, even though it also takes 

nin. The 5.0 wt % loading is the tic activity is highest 

ithin the set of experimental conditions used in this study, and that is valid for the three 

etals used: nickel, iron and copper. 

 

c

o

a

the water-g

in

si

F

h

th

m

 

7
 

conditions on catalytic activity. For the non-catalytic case, the effect of biomass loading 

% and 33.3 wt % in the presence and absence of m

a

d

W

0 

in

place for lig situation in which cataly

w
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Figure 7.3. Effect of metals presence as a function of water density (cellulose), at 7.5 
min. 
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Figure 7.4. Effect of metals presence as a function of water density (lignin), at 15 
minut
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igure 7.5. Effect of metals presence as a function of cellulose loading, 10 min. 
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Figure 7.6. Effect of metals presence as a function of lignin loading, 15 min. 
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Since the 5.0 wt % loading is the situation in which catalytic activity was highest 

for all the metals, we will focus on this situation. Figure 7.7 compares the non-catalytic 

ata with the experiments with metals added at this loading. For cellulose, without added 

etals, the H2 yield is 0.5 mmol/g. In the presence of metals, it is 3.3 mmol/g with 

nickel, 1.6 mmol/g with iron, and 2.6 mmol/g with copper. The CO yield is 3.1 mmol/g 

ithout metals, and it increases to about 5 mmol/g in the presence of any of the metals. 

The CH4 yield is not largely affected by the presence of the metals, remaining stable at 

bout 1 mmol/g for all situations except for copper, which increases it to 2 mmol/g. The 

O2 yield is 4.9 mmol/g without metals, and it increases to 10.5 mmol/g with nickel, 7.1 

mmol/g with iron and 14.9 mmol/g with copper. The effects of nickel and copper are 

rger than iron, especially promoting H2 and CO2 yields.  

For lignin (Figure 7.8), the presence of any of the metals increases the H2 yield 

from 1.3 mmol/g to 3-4 mmol/g. Nickel and iron also increase the CO2 yield from 4.4 to 

.2 and 8.7 mmol/g, respectively. The CH4 yield increases from 4.1 mmol/g non-catalytic 

nd to 6.0 with copper. The effect of the metals on CO yields 

is small. For comparison, our kinetic model predicts that, in equilibrium, lignin SCWG at 

ol/g of CO2. 

If the experimental gas yields match equilibrium predictions from our kinetic model (runs 

r long times), one possible explanation is that the catalyst is promoting water-gas shift 

and methanation, but it is not interfering with the rates of intermediate decomposition 

rming gases. In the present situation, the experimental CH4 yield with copper is about 

ol/g higher than the equilibrium prediction from the model. One possible 

explanation is that the catalyst accelerates the rate of CH4 formation from intermediates, 

creasing CH4 yields. Another possibility is shown with the aid of Figure 7.9, where the 

model predictions for the non-catalytic case at 5.0 wt % are shown as function of time 

ntil 5000 min. The CH4 yield reaches 5.5 mmol/g at 350 minutes, then slowly decreases 

e to eventually get to the 4.0 mol/g in equilibrium. If we look at the prediction 

in, the CO yield is negligible, the H2 yield is 4.5 mmol/g, and the CO2 yield is 

.9 mmol/g. These yields agree exceptionally well with the results shown for copper at 

Figure 7.8. It could be that copper is promoting water-gas shift and methanation only, 

d

m

w

a

C

la

 

6

to 5.2 with nickel and iron, a

5.0 wt % forms 9.7 mmol/g of H2, no CO, 4.0 mmol/g of CH4, and 9.3 mm

fo

fo

2.0 mm

in

u

with tim

for 350 m

7
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causing

 The presence of the metals 

 the system to achieve yields (in 15 minutes) that would take 350 minutes in its 

absence. If this is the case, copper would have little or no effect on intermediate 

decomposition.   

Figures 7.10 and 7.11 show the same results from the standpoint of C, H yields 

and energetic content of the product gas. For cellulose, the non-catalytic C yield is 24.2 

%. It increases to 45.3 % with nickel and 60.2 % with copper. The non-catalytic H yield 

is 7.9 %. It increases to 20.4 % with nickel and 21.4 % with copper. The non-catalytic 

energetic content is 10.2 %, and it increases to 19.3% with nickel, 15.0 wt % with iron 

and 21.7 % with copper.  

For lignin, the non-catalytic C yield is 21.6 %.

provides a small increase on the C yield, up to 30 wt %. The non-catalytic H yield is 34.1 

%, and it increases to 45-55 % in the presence of any of the metals. For lignin, just a 

slight increase in energetic content of the gas is achieved, from 19.0 wt % to about 25 % 

with each metal.  
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Figure 7.7. Catalysts comparison at 5.0 wt % (cellulose), 10 min. 
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Figure 7.8. Catalysts comparison at 5.0 wt % (Lignin), 15 min.
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Figure 7.9. Model predictions for 5000 min at 5.0 wt % (lignin, 9.0 wt %, 0.08 g/cm3). 
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Figure 7.10. Comparison of Efficiencies at 5.0 wt % (cellulose), 10 min. 
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igure 7.11. Comparison of Efficiencies at 5.0 wt % (Lignin), 15 min. 
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In general, it seems nickel and copper are better catalysts than iron for cellulose, 

and they promote H2 and CO2 formation to a better extent with cellulose in comparison 

to lignin. For lignin, the three metals seem to imilar in terms of catalytic effect. At the 

5.0 wt % loading, each reactor contains 2.6 mg of biomass exposed to 40 mm2 of catalyst 

surface area. That corresponds to a ratio of 15.4 mm2/mg biomass. Our experiments 

suggest this ratio might be close to the mi um surface area ratio needed to provide 

catalytic activity for metals in SCWG. The previous SCWG studies reported in literature 

with stainless steel reactors had a surface area/biomass ratio of about 18-19 mm2/mg. 

This suggests the possibility of catalytic effects from the reactor walls in those studies. In 

the present work at base case conditions, where small catalytic activity is evident, this 

ratio is 9.3 mm2/mg. In order to improve cat ytic activity, it is interesting to increase the 

catalyst surface area per unit biomass weight to verify if higher yields are possible. We 

can increase the ratio either by increasing the total surface area of the catalyst, or by 

decreasing the biomass loading. We start by ass loading from 5.0 wt 

% to 1.0 wt % (0.5 mg). This increases the surface area/biomass ratio to 80.0 mm2/mg. 

We ran experiments at 1.0 wt % loading and non-catalytic conditions. We also ran 

experiments with added nickel, iron, copper and ruthenium. Figures 7.12- 7.15 show the 

in the experiments 

at 1.0 wt % were higher than at other conditions because of the small amount of biomass 

(0.5 mg) loaded and small GC peaks generated as a result. In general, decreasing the 

biomass loading did not improve catalytic effects to the extent expected.  

For cellulose (Figure 7.12), the non-catalytic H2 yield is 0.7 mmol/g. Iron and 

copper increase it to about 2.5 mmol/g, ruthenium increases it to 3.9 mmol/g, and nickel 

increases it to 8.3 mmol/g. Iron appears to be the only catalyst increasing CO from 2.7 to 

5.3 mmol/g. Nickel and iron increase the CH4 yield from 1.7 mmol/g to 6.3 and 7.7 

mmol/g, respectively. Nickel increases CO2 yield from 6.8 mmol/g to 10.8 mmol/g, and 

ruthenium increases it to 9.7 mmol/g. Despite promoting increase in H2 and CO2 yields, 

ruthenium as a catalyst was not as effective as reported previously in the literature. We 

believe the main reason for this discrepancy is due to the physical form of ruthenium: 

powder instead of wire. The wire form is very appropriate for use in the quartz reactors 

 be s

nim

al

decreasing the biom

results at 1.0 wt % loading for cellulose and lignin. The uncertainties 
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because it guarantees any biomass particle will not have to travel any distance higher than 

the reactor internal diameter in order to interact with the catalyst. When using ruthenium 

as a powder, there is no guarantee the catalyst is readily available for the biomass 

particles to interact. 

Figure 7.13 compares the catalysts at 1.0 wt % loading at base case conditions for 

lignin. The non-catalytic H2 yield is 3.3 mmol/g. Nickel and iron increase it to 6.8 

mmol/g. The CO yield is 6.9 mmol/g non-catalytic, and it increases to 10.1 mmol/g with 

copper. No catalytic effect on CH4 and CO2 yields can be noticed. CH4 remains at about 

9.0 mmol/g and CO2 at 16.9 mmol/g (nickel).  

Figure 7.14 shows the effect of the metals at 1.0 wt % loading for cellulose on C, 

H yield and the energetic content of the gas. The non-catalytic C yield is 30.3 %, which is 

increased to 50-55 % by nickel and iron. The H yield, 13.3 % at the non-catalytic case, 

can be increased up to 60-70 % with nickel and iron. The energetic content goes from 

13.2 % non-catalytic to about 50 % with nickel and iron. Figure 7.15 shows the effect of 

metals on the efficiencies for lignin at 1.0 wt %. The H yield increases from 74.7 % to 

85-90 % in the presence of nickel and iron. The C yield and energetic content are not 

influenced by the presence of metals. The C yield remains at about 60 % and the 

energetic content remains at about 40 %. 
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Figure 7.12. Catalysts comparison at 1.0 wt % (cellulose), 10 min. 
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Figure 7.13. Catalysts comparison at 1.0 wt % (lignin), 15 min. 
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10 min. Figure 7.14. Comparison of efficiencies at 1.0 wt % (cellulose), 
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Figure 7.15. Comparison of efficiencies at 1.0 wt % (lignin), 10 min. 
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Besides nickel, iron, copper and ruthenium, we used zinc, zirconium and Raney-

Nickel in our experiments at 1.0 wt % loading. A common result for these three 

additional metals was the oxidation of the metal, producing large amounts of H2. This 

phenomenon was mentioned by Elliott in his recent SCWG review [4]. Oxidation is more 

evident for zirconium and zinc, where changes in the visual aspect of the material inside 

the reactors took place. The zinc and zirconi m wires disappeared, leaving a solid white 

powder inside the reactor (which match the descriptions of ZnO and ZrO2). To verify the 

possibility of oxidation, we performed sets f experiments with only water and metals 

added to the reactors, at 500°C and 600°C. For zinc, the 16 cm of wire corresponds to 

0.86 mmols. If the zinc completely reacts with water, it would form 0.86 mmols of ZnO 

and 0.86 mmols of H2. Experimentally, we observed 650 μmols of H2 formed at 500°C, 

suggesting that a large % of the mass of the wire was oxidized in SCW. High H2 yields 

were obtained from the zirconium, zinc and Raney nickel reactors. At 500°C, the H2 

yield was 34 μmols from zirconium, and 411 mols from Raney nickel. At 600°C, the H2 

yield was 561 μmols from zirconium, 609 μmols from zinc and 365 μmols from Raney 

nickel. Figures 6.16 and 6.17 show the yields obtained when the metals used in this work 

were exposed to SCW in the absence of biomass. The H2 yields mentioned above were 

omitted from the plots for scale purposes. Figures 6.16 and 6.17 reveal that not only H2 is 

produced in the interaction of the metals with water. CH4 is produced from ruthenium at 

500° C.  At 600° C, CO is produced from the zirconium reactor, CH4 from Raney nickel, 

n was intentionally 

added to the reactors, it is possible that some of the metals had carbon impurities 

contaminating them, generating CO, CO2 and CH4 in some cases. This seems to be the 

only possible reason for the appearance of these gases, since similar experiments carried 

out with copper and water at 600°C did not show any formation of C-containing gases. 

 

 

 

u

o

 μ

and CO2 from iron, nickel and ruthenium. While no source of carbo
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Figure 7.16. Yields of gases with only water and metal (10 min, 500°C, 0.08 g/ml). 
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Figure 7.17. Yields of gases with only water and metal (15 min, 600°C, 0.08 g/ml). 
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The other way to increase the surface area/biomass ratio is to increase the total 

surface area of the catalyst. We accomplished this by adding multiple wires to the quartz 

reactor. We chose nickel as the metal to perform this study, since it is an effective 

catalyst at 1.0 wt % loading. We performed experiments with 2 wires and 3 wires added 

at this loading. The surface area/biomass ratio is 80 for one wire, 160 mm2/mg for two 

wires, and 240 mm2/mg for 3 wires. Results are shown in Figure 7.18 for cellulose. The 

non-catalytic H2 yield is 0.7 mmol/g, and nickel wire increases it to 8.3 mmol/g. With 2 

wires, the H2 yield increases to 15.5 mmol/g, and 3 wires increase it to 23.5 mmol/g. This 

is the highest H2 yield from all the conditions studied in this work. The CO yield remains 

at about 3 mmol/g at most cases, except with 3 wires, where it nearly vanishes. The CO2 

yield increases from 7.0 mmol/g non-catalytic to 11.0 mmol/g with 1 wire, and about 

20.0 mmol/g with 2 or 3 wires. The CH4 yield stays around 2.5 mmol/g with 2 or 3 wires. 

At 240 mm2/mg (3 wires), there are great improvements in the H2 and CO2 yields, and 

nearly a CO-free gas, with the CH4 yield unaffected. The trends are very similar for 

lignin ( ), with high H2 and CO2 yields with three nickel wires. The H2 yield 

increases from 3.3 non-catalytic to 21.2 mmol/g. The CO yield decreases from 6.9 to 4.9 

mmol/g 4 stays around 8.7-8.9 mmol/g, and the CO2 increases from 16.7 mmol/g to 

22.1 mmol/g. At equilibrium, the model predicts 21.7 mmol/g of H2, 12.3 mmol/g CO2, 

1.0 mmol/g CH4 and no CO.  

While decreasing the biomass loading does not increase catalytic activity 

substantially, increasing the number of nickel wires effectively increases H  and CO2 

rface 

area/biomass weight ratio from 15.4 mm2/mg to 80.0 mm2/mg. Increasing the number of 

wires to 3 increases the ratio to 240.0 mm2/mg. At 15.4 mm2/mg we are close to the 

minimum ratio at which any catalytic activity is observed, so it seems the increase from 

80.0 to 240.0 mm2/mg is much more significant in terms of increasing catalytic activity.   

In what concerns gasification efficiencies, the H yield is largely affected by the 

addition of multiple wires. For cellulose (Figure 7.20), the non-catalytic H yield is 16.2 

%, it increases to 60-65 % with 1 or 2 nickel wires, and it increases to 94.2 % when 3 

nickel wires are present. The energetic content and the C yield do not significantly 

Figure 7.19

. CH

2

yields. Decreasing the biomass loading from 5.0 wt % to 1.0 wt % increases the su
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improv

f nickel wires, do not decrease when pretreatment is 

performed at 500° C. The results suggest that no deactivation takes place in the nickel 

wire af

e with the addition of multiple wires. The reason for this is lack of improvement 

of CH4 yields with increase in the catalyst surface area. The C yield remains at about 65 

% and the energetic content of the gas is about 45 % with 3 nickel wires. For lignin 

(Figure 7.21), the H yield is also strongly affected by the addition of multiple nickel 

wires. It increases from 74.7 % at the non-catalytic case to 137.0 % when 3 wires are 

present. The C yield stays at around 60 % even with 3 wires, and the energetic content 

increases from 40.2 to 54.6 %. 

Previous studies in the literature have reported deactivation of nickel catalysts in 

SCWG systems. Elliott [4] mentioned that only nickel in its reduced from can have any 

type of catalytic activity, and our results suggest oxidation when metals are exposed to 

SCW. To test for the possibility of deactivation by exposure to SCW at 0.08 g/ml, we 

defined a pre-treatment in SCWG, consisting of 2 hours of exposure to SCW in quartz 

reactors at the same temperatures we used for the gasification experiments (500°C and 

600°C). We repeated the 1.0 wt % loading experiments with nickel wires after pre-

treating them in SCW. The results are shown in Figures 7.22 and 7.23. Different results 

are observed for cellulose (500° C) and lignin (600° C). For cellulose, only the CH4 yield 

is smaller after the SCW pretreatment. H2 and CO2 yields, which are the yields strongly 

promoted by the addition o

ter 2 hours exposure to SCW at 500° C. For lignin, though, all the gas yields 

decrease compared to the case with no pre-treatment, suggesting that at 600° C, 2 hours 

of exposure to SCW seems to deactivate nickel. At least in the time frame studied, 500° 

C would be advisable over 600° C in order to decrease the likelihood of deactivation by 

oxidation of the nickel. 
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Figure 7.18. Effect of multiple Nickel wires (cellulose, 500°C, 10 min, 1.0 wt %, 0.08 
g/ml). 
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Figure 7.19. Effect of multiple Nickel wires (lignin, 600°C, 15 min, 1.0 wt %, 0.08 g/ml). 
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igure 7.20. Efficiencies for multiple Nickel wires (cellulose, 500°C, 10 min, 1.0 wt %, 
0.08 g/ml). 
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Figure 7.21. Efficiencies for multiple Nickel wires (lignin, 600°C, 15 min, 1.0 wt %, 0.08 
g/ml). 
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Figure 7.22. Effect of Nickel Exposure to SCW for 2 hours (cellulose, 500°C, 10 min, 1.0 
wt %, 0.08 g/ml).   
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Figure 7.23. Effect of Nickel Exposure to SCW for 2 hours (lignin, 600°C, 15 min, 1.0 wt 
%, 0.08 g/ml). 
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7.4 Conclusions 
1.) We quantified the catalytic activity of metals in SCWG by performing the first 

comparison of results in the absence of metal catalysts to results with added metals in 

quartz reactors.  

2.) The highest H2 yield from all the conditions in this work was 23.5 mmol/g from 

cellulose, and 21.1 mmol/g from lignin. They were obtained at 1.0 wt % biomass loading 

 the presence of 3 nickel wires. At these conditions, 94.0 % of the mass of H originally 

present in the cellulose was recovered in the gases (137.0 % for lignin). This corresponds 

 a surface area/biomass weight ratio of 240 mm2/mg.  

.) In order to produce high H2 yields in SCWG from cellulose, one should use high 

temperatures, high water densities, low loadings and nickel wire with 240 mm2/mg 

rface area/biomass weight ratio. For lignin, water density does not affect yields 

bstantially. In practice, the biomass loading will have to be higher than 1.0 wt % to 

make SCWG a feasible process, but the catalytic activity might still be kept high at 

ilibrium H2 yields quickly decrease as the biomass loading increases. 

4.) In general, catalysts do not affect the CH4 yields to a significant extent. This is in 

agreement with model predictions, in which CH4 yields are equal or even lower than the 

experimental ones. Despite the lack of improvement on CH4 yields, it is possible to 

generate a gas with almost 50 % energetic content from cellulose at 1.0 wt %, and about 

45 % from lignin, using nickel or iron as catalyst. With 3 nickel wires, one can also 

gasify 66.0 % of the C from cellulose, and 63.0 % from lignin.  

5.) Oxidation is a common result for metals exposed to SCW. From the set of metals 

studied, we observed oxidation for all metals except copper. Strong oxidation takes place 

for zinc, zirconium, and Raney nickel. Previous studies in the literature have reported 

Raney-Nickel as an effective catalyst for SCWG [4, 15, 16]. All these studies were 

performed at milder conditions when compared to our work, so it is unclear whether 

results reported by those authors may be affected by oxidation of the catalyst. 

in

to

3

su

su

higher biomass loadings if the 240 mm2/mg ratio is kept. One should keep in mind, 

though, that equ
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6.) Previous work in literature reports ruthenium as a catalyst than can actively break C-C 

ting recombination of intermediates. We believe this is a 

result of the physical form of the ruthenium metal (powder), which is not ideal for use in 

bonds, increasing gas yields [11, 18]. In the present work, though, ruthenium had little 

catalytic activity, especially for lignin SCWG, where it has been previously shown to 

increase gas yields by preven

quartz reactors. In quartz reactors, metal wires can increase the likelihood of interactions 

among the catalyst and the biomass.   
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CHAPTER 8 
CONCLUSIONS AND FUTURE WORK 

t the SCWG 

alytic SCWG. Without data in the absence of metals, it is very difficult to 

addition of 385 m  of a Pd/C catalyst increases the H  yields from cellulose (500 °C, 20 

f Pd/C catalyst with about 13 cm2 of stainless steel in the 

actor walls. If the walls were built from a different material, or if the total surface area 

f the reactor was different, the conclusions about the Pd/C catalyst were likely to be 

different. In the present work, we performed SCWG in quartz at the same conditions and 

found the H2 yield to be 1.2 mmol/g. This result suggests the stainless steel wall by itself 

provides an increase in H2 yield of 2.8 mmol/g, which is almost as large as the increase 

provided by the added Pd/C catalyst itself. The increase in H2 yield due exclusively to the 

Pd/C catalyst could be different than what is reported by Hao. By confusing the catalytic 

effects of added catalysts with that of the reactors walls, we might make erroneous 

conclusions. This lack of proper understanding in catalytic effects may lead to problems 

in the scale-up of the reactors [2].  

The present work marks the first time cellulose and lignin, the main components 

of biomass, were gasified in supercritical water in the absence of catalytic effects from 

metallic walls. This information is the basis to quantify the effect of any added catalyst in 

 

 In this chapter, we conclude our study by identifying the main contributions from 

the present work and their potential impact on the current knowledge abou

process. We also point out some aspects of SCWG that need additional understanding, 

based on the outcomes of the present work, and outline the research work that can be 

suggested to generate this knowledge.    

Recent reviews by Kruse [1] and Peterson [2] mention the lack of information 

about non-cat

quantify the effect of added catalysts in SCWG, because the metallic walls in stainless 

steel reactors also catalyze SCWG reactions. For instance, Hao [3] has reported that 
2

2

min, 0.07 g/ml, 9.1 wt % cellulose) from 4.0 to 7.5 mmol/g. In fact, this result is a 

combined effect of the 385 m2 o

re

o
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SCWG. In the previous example, the true effect of the Pd/C catalyst could be quantified 

by performing the catalytic experiment in quartz and comparing it to the non-catalytic 

case. In this sense, every catalyst to be used in SCWG should be evaluated in non-

catalytic conditions prior to experime rs, so that its real effect can be 

seen. The results prese terizing the catalytic 

ffect of added metals in SCWG. We found the catalytic effects from nickel, iron and 

on to over 20 mmol/g. H yields over 100 % and 

C yield

n the catalyst. Nikolla [5] has shown that the use of 

alloys 

nts in metallic reacto

nted in Chapter 7 are the first step in charac

e

copper to be small when the surface area/biomass weight is below 15 mm2/mg. In 

previous studies with stainless steel, the ratio reactor wall surface area/biomass weight is 

typically 18-19 mm2/mg, so its catalytic effect is large enough to be significant. In the 

present work, at high ratios (up to 240 mm2/mg), nickel appears to be an effective 

catalyst to promote H2 and CO2 formati

s of about 70 % can be obtained at these conditions. The highest energetic 

contents are about 50 %. In terms of future work, the study of effects of variables for 

catalytic SCWG could be expanded, by setting a high constant surface area/biomass ratio 

(such as 240 mm2/mg) and quantifying the catalytic activity as a function of temperature 

and water density. At these conditions for cellulose, we also did not observe clear 

deactivation of the nickel catalyst after 2 hours exposed to SCW. 

Further consideration should be given to copper as a catalyst for SCWG. The 

resistance to oxidation shown by this inexpensive metal when exposed to SCW can 

potentially overcome deactivation problems that other metals experience. In this work, 

nickel provided the highest yields at 1.0 wt % loading, but at 5.0 wt % copper is the 

catalyst that provides yields closer to equilibrium for lignin. It is possible that the use of a 

higher surface area/biomass weight ratio can lead to higher yields using copper as a 

catalyst in SCWG. Catalyst deactivation is one of the main issues reported currently for 

SCWG. Even though oxidation is not the only cause for catalyst deactivation in SCWG, 

the search for metal catalysts that do not oxidize is important and has been reported 

recently by Elliott [4]. Another common cause for deactivation is the contamination by 

deposition of tarry intermediates o

such as Ni/Sn can avoid deactivation by carbon deposition for reforming of 

hydrocarbons. The use of alloys instead of pure metals as catalysts for SCWG could be 

an option in terms of avoiding deactivation. Also, while in the present work we focused 
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on identifying the metals which are active catalysts on SCWG, the use of supported 

metals in quartz is important in evaluating catalysts that can provide long-term stability in 

SCW.  

  Another contribution from the present work is the evaluation of the effects of 

variables on cellulose and lignin non-catalytic SCWG. Researchers have previously 

reported the effects of variables, as described in Chapter 2. These studies use a number of 

different model compounds, at different experimental conditions, and at the presence of a 

number of different catalysts. By performing the systematic study of the effects of 

variables for cellulose and lignin, we were able to isolate and quantify the effects of these 

variables for non-catalytic SCWG. In general, we found the yields to increase with the 

severity of conditions. High yields, and consequently high energetic content of the 

product gas (up to 50 %), are obtained at high temperature (600-725°C) and water 

densities (0.18 g/cm3). Increase in water density increases yields from cellulose, but does 

not substantially increase yields from lignin in the range up to 0.18 g/cm3. In other words, 

the composition of the biomass dictates the water density. Biomass feedstocks with high 

cellulose content should be gasified at high water densities. If the lignin content is high, 

though, low water densities should be used to minimize energy consumption without 

decreasing gas yields. The effect of biomass loading on non-catalytic SCWG is small. 

The most important effect is the decrease in CO yield with loading. This is an important 

finding, because we aim to use high biomass loadings to minimize energy consumption 

as well. Thus, for a feedstock with high lignin content, we can minimize energy 

consumption by decreasing the water density and increasing biomass loading, without 

interfering on the yields obtained. In addition, this study demonstrated the exceptional 

ability of manipulating the product composition in SCWG by changing experimental 

conditions. With other variables kept at base case conditions, the CO: H2 ratio for 

cellulose ranged from 0.0 (at 0.18 g/cm3) to about 6.5 (at 400°C). The CH4:H2 ratio 

ranged from 0.0 (365°C) to 2.3 (1.0 wt %). This ability to change product composition as 

function of experimental conditions increases the potential applications of syngas from 

SCWG. 

The kinetic model we developed is the first one to describe gas formation in 

SCWG. The main contribution from the model is to identify the most important reaction 
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pathways leading to gas formation. With the aid of the model and ASPEN 

thermodynamic calculations, we found that we were far from equilibrium conditions in 

all the non-catalytic experiments described in this work. And, even if methanation and 

water-g

nts to be performed at more severe conditions which in this work led to reactors 

burstin

as shift equilibria are achieved, this will not substantially increase the yields in 

SCWG compared to the highest yields we obtained in this work. The model introduced 

the concept of a reactive intermediate species, which represents all the intermediates that 

can be generated from the monomer after cellulose or lignin is attacked by water. Most of 

the CH4, CO and CO2 originate from the intermediates, and the key to increase gas yields 

seems to be the competition between intermediate decomposition and char formation 

reactions. Given the importance of these intermediates in gas generation, a more detailed 

study of these species deserves consideration. Many of the intermediates involved in 

SCWG are already known, but there are no kinetic models available detailing the 

pathways for intermediate decomposition forming gases. This type of study could 

potentially help on selection of catalysts to promote intermediate decomposition, 

preventing those species from forming char and non-reactive material. For H2, steam-

reforming and water-gas shift are important sources. Catalysts that promote steam-

reforming are necessary to increase H2 yields above the 20 mmol/g observed 

experimentally in this work. 

Cellulose and lignin are the most important compounds in biomass. The study of 

these two model compounds provides a reasonable picture of the biomass decomposition 

in SCWG. The next step in this study is to actually gasify real biomass feedstocks. It 

would be interesting to verify how wet biomass feedstocks such as DDGS (distillers dried 

grains with solubles) decompose in SCWG. The use of high moisture feedstocks with 

catalysts in the conditions recommended in this work can potentially provide an 

interesting alternative to conventional methods of processing these feedstocks.  

  The value of further studies with quartz reactors could be enhanced if there are 

also ways to overcome the experimental limitations we found in this work. Experimental 

work aiming to avoid reactors bursting could be of great value in the sense of allowing 

experime

g. At these more severe conditions, H2 yields are higher. 
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The findings in the present work bring contributions to the evaluation of catalysts 

for SCWG, to the search of optimum experimental conditions, and to the understanding 

of the chemistry involving the product gases. We believe these contributions can play an 

important role in obtained high gas yields in SCWG, therefore making the process more 

economically attractive. 
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